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Preface

I have lived within the Cross Timbers for 10 years, observing its many changes. It
did not take me long to realize that many of the processes maintaining this eco-
tone—between eastern deciduous forest and tallgrass prairie—may also control
how trees invaded the ecotone defined after abandonment from agriculture in New
Jersey, USA which was the subject of my Ph.D dissertation and included in my first
book. Not only were many of the dominant species and genera the same (e.g.,
Quercus spp., Ulmus spp., Rubus spp., Juniperius virginiana) but the ecotonal
dynamics itself could be looked at as an interplay between the process of tree inva-
sion on the forest side of the ecotone and those processes that present barriers to that
invasion on the prairie side. Consequently I could combine my previous knowledge
of the biology and ecology of many of the trees, shrubs, forbs, and grasses with
refined field experimentation, to investigate this Cross Timbers ecotone and set the
stage for this new book. I have been fortunate to work with these generous col-
leagues at Oklahoma State University (OSU): Drs. John Weir, Stephen Hallgren,
Edwardo Lorenzi, and Chris Stansberry at OSU—Stillwater, and Drs. Edward Vezey
and Armando Cruz-Rodz at OSU—Oklahoma City.

Oklahoma City, OK, USA Randall W. Myster
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Chapter 1
Introduction

Randall W. Myster

1.1 Rationale

The Oxford English Dictionary (OED: www.oed.com) defines an ecotone as
“A transitional area between two or more distinct ecological communities” and
gives the etymology of both “eco” and “tone” as deriving from ancient Greek. The
OED goes on to give this first usage by Clements (1904):

Zonation in a habitat... The line that connects the points of accumulated or abrupt change
in the symmetry is a stress line or ecotone. .. Ecotones are well marked between formations,
particularly where the medium changes: they are less distinct within formations. It is obvi-
ous that an ecotone separates two different series of zones in the one case, and merely two
distinct zones in the other.

Whereas terrestrial vegetation can be organized into large-scale biomes com-
posed of species having common adaptations to conditions within each biome
(Walter 1979), ecotones are still today thought of as dynamic border regions of
abrupt transition between communities, ecosystems or biomes (Holland et al. 1991;
Gosz 1993). Ecotones can have a major influence on those bordering ecosystems
(e.g., material flow: Cadenasso et al. 2003) and indicate both local and global
changes (Hufkens et al. 2009). As major components of landscapes, ecotones can
(1) move unidirectionally through time although the rate may be variable (direc-
tional ecotones), (2) have no net change over relatively long periods but with move-
ment of patches across the ecotone for a period of time (shifting ecotones), or (3) be
relatively stable over scales of decades with little movement from one biome into
another (stationary ecotones: Peters et al. 2006).

The dynamics of all three of these kinds of ecotones are controlled by the relative
importance of abiotic drivers (e.g., climate), positive (e.g., facilitation) and negative
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2 R.W. Myster

(e.g., competition) biotic feedback mechanisms, inherent abiotic constraints (e.g.,
parent material), and abiotic feedback mechanisms (e.g., organic matter accumula-
tion: Peters et al. 2006). Ecotones can arise naturally, such as at a lakeshore, or they
can be the product of human activity, such as clearing a forest to create an agricul-
tural field (Myster 2007a). While ecotones can retain some characteristics of the
ecosystems on either side, they often have their own unique properties such as phys-
iognomic change, the existence of a vegetational mosaic, ecotonal species not found
in the adjacent communities, and a spatial mass effect (Walker et al. 2003). Among
these traits, the pronounced, sharp spatial change in vegetation compared to the
bordering plant communities is often of greatest interest to ecologists.

Just as there are many kinds of ecosystems and communities, there are many
kinds of ecotones such as forest/grassland, grassland/desert, tundra/forest, forest/
marsh, land/fresh water, land/salt water, ground water/surface water, and forest
riparian zones. As humans increasingly disturb and fragment the landscape in the
future, ecotones will become even more common and important to the dynamics of
the ecosystems on either side, redefining their boundaries and influencing their
structure and function.

As past studies have shown, and as the chapters in this book will illustrate, an
ecotone’s structure, size, and scope can change considerable over the millennia,
expanding and shrinking as other conditions also change. For example, today’s eco-
tones are changing at a rate not seen for many years with woody plants increasingly
invading grasslands worldwide (Scholes and Archer 1997). Indeed many believe
that current climate change and temperature increases are major “drivers” determin-
ing those changes because ecotones are more sensitive to climate change than the
biomes on either side, perhaps due to them being located at sharp climatic and/or
species range boundaries. If so then ecotones can serve as early indicators of pend-
ing climate change before it is detected elsewhere (Kupfer and Cairns 1996; Allen
and Breshears 1998). In this regard, the middle Holocene (approximately 8,000—
4,000 year BP) may be a useful analog for current and future global warming. In
addition to these direct effects of warming, climate change may also affect ecotones
by altering the frequency of disturbances, e.g., fire and the strong wind events of
Hurricanes and Tornados (Myster and Malahy 2010). Finally ecotones are impor-
tant because they direct evolution and speciation (Simonetta 1990), helping to gen-
erate biodiversity worldwide (Smith et al. 1997).

Various techniques have been developed for the analysis of spatial and temporal
patterns of ecotones (Hufkens et al. 2009) which will also be explored in this book.
In addition to the importance of the patterns themselves, patterns are of interest
because they may suggest the underlying mechanisms, tolerances, and processes
that cause them, for example, fire, precipitation, grazing, solar radiation, tempera-
ture, wind disturbance, soil resources, canopy cover, litter, pathogens, crop signa-
tures (Myster 1993, 2007a), livestock effects, seed rain, and species invasion which
produce both the ecotone itself and those alterations in species distributions and
other structures that define the ecosystems on either side. Furthermore, any of these
ecotonal mechanisms, tolerances, or processes can involve negative feedbacks
within the ecotone and positive feedbacks in the ecosystems on both sides (Stevens



1 Introduction 3

and Fox 1991). For example, plant-soil feedbacks can be either positive or negative,
mediated by nematods and fungal pathogens (Peltzer 2001). Such information can
have great utility for mangers who wish to restore and/or maintain biomes and
their ecotones.

Many of the most common and most studied ecotones involve transitions between
woody and nonwoody vegetation, often between forests and various kinds of grass-
lands (Butler et al. 2009; Holtmeier 2009) where tree—grass interactions are key to
their dynamics (Scholes and Archer 1997). Whether the forests are tropical, temper-
ate, or boreal, grasslands are often found naturally at their borders due to, for exam-
ple, precipitation levels where trees can no longer maintain a positive carbon balance
(Cairns and Malanson 1998). Tropical forests are often bordered by savannas
(Hoffmann et al. 2004) and 1lanos (Marchant et al. 2006), temperate forests by prai-
ries (Nelson and Hu 2008), steppes (Dulamsuren et al. 2008) and pampas (Mazia
et al. 2001), and boreal forests by mires/bogs (Anschlag et al. 2008), tundra
(Jia et al. 2006), and both alpine and temperate grasslands (Bergengren et al. 2001).

To fully understand forest-grassland ecotone dynamics, many approaches are
needed. As the chapters in the book will illustrate, these include (1) forest and grass-
land sampling of both the current vegetation, soils and other ecosystem parameters
but also those of the past, (2) field experimentation, and (3) modeling. In all these
approaches, I suggest that the focus be on the process of tree invasion (Myster 1993,
2010) rather than the process of grass invasion because investigations need to be
individualistic and it is difficult to identify individual grass plants in the field. This
basic structural issue places strong limits on what can be easily known in other
grassland studies, often forcing them to focus on the grassland community and eco-
system rather than on individual grass plants and grass populations (see chapters in
Knapp et al. 1998).

Over the past few decades, a number of conceptual models have been proposed
for plant community dynamics. These have been reviewed (e.g., Czaran and Bartha
1992; McCook 1994; Chave et al. 2002; Lortie et al. 2004; Myster 2012a) and
various shortcomings have been discussed. I suggest these additional issues need to
be incorporated into future plant community models: while (1) some models have
included a spatial context, the real spaces that plants occupy and influence—and/or
are influenced by—need to be added, (2) some models have included one-to-one
plant replacements, the actual replacement dynamic should also include one-to-
many, many-to-one and even one or many-to-none, and (3) the controls of these
replacements have been vaguely discussed, they need to be strictly defined in terms
of mechanisms and tolerances. This is assuming that plants already occupy spaces
(i.e., it is not primary succession like found in landslides: Myster and Walker 1997),
otherwise it would be a tree invasion and establishment without replacement.

Since plants are sessile organisms, and thus space is intimately related to how
they grow and reproduce (e.g., Myster 2003; Myster and Pickett 1992b; Van
Gardingen et al. 1997), I suggest that the best plant community models contain for
each individual plant both a “neighborhood-space”—outside its plant body where it
interacts with the environment through mechanisms and tolerances (sensu Turkington
and Harper 1979)—and a “phyto-space” which is made up of both its necromass
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Tree population patterns at
the forest-grassland ecotone

Mechanisms and Tree-plant
tolerances acting on trees replacements
Tree responses that can be Tree phyto-spaces and

used to build tree species niches neighborhood-spaces

Fig. 1.1 A conceptual model of tree population dynamics at the ecotone between forest and grass-
land. Mechanisms and tolerances operating on individual trees lead to responses (e.g., survivor-
ship, growth, allocation, architecture) which create spaces both within and without trees which
change as trees are replaced by other plants (which can include other trees), creating tree popula-
tion patterns. The new plants that compose those patterns are then acted on by mechanisms and
tolerances as the cycle continues

and its biomass. While I agree with some past models that the fluid and continuous
process of plant—plant replacement is at the core of plant community dynamics
which generates all higher-level plant community patterns (Fig. 1.1: Busing 1996;
Myster 2007b), I would focus mainly on replacements at the seed/seedling stage of
the plant life cycle (Grubb 1977) where the neighborhood spaces and phyto-spaces
of the seeds and seedlings “free-up” and are often reoccupied over time as replace-
ments proceed.

I differ with past community models fundamentally, however, that conceptualize
these spaces as equal among individual plants and, thus, present all replacements as
one-to-one. In fact most replacements actually involve (1) a single individual plant
being replaced by several other plants, (2) several plants being replaced by a single
individual plant (common during succession: Myster 2007a), and/or (3) a plant or
plants replaced by the growth of the still living plants which surround it (e.g., the
thinning phase of forest stand development: Yoda et al. 1963). This complexity of
the replacements can be seen by analysis of long-term permanent vegetation plots
(see Myster 1993, 2007b and references therein).

I agree with those models that give replacements as caused by mechanisms and
tolerances, but suggest that the niche (Gause 1934) of a plant species’ does not pre-
exist in communities “waiting to be filled” but instead is build from the responses of
the individual plants of that species (Pickett and Bazzaz 1978; Parrish and Bazzaz
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1982; Burton and Bazzaz 1991). Finally I suggest that an individual plant responds
to a mechanism when it interacts directly with another living thing (e.g., dispersal,
predation, pathogenic disease, herbivory) but tolerates a nonliving part of the envi-
ronment by either responding to it directly (e.g., germination) or indirectly through
another living thing (e.g., competition: Myster 2012b). As a plant fulfills its life
cycles over time, these two spaces (phyto, neighborhood) change in response to the
plant’s genes and to the continuing reaction to mechanisms and tolerances.
Eventually every plant will die. At which point, the neighborhood space will be
available to other plants immediately, but for the phyto-space this will depend on
local decomposition rates.

Taken together then I am suggesting that the best way to investigate forest-
grassland ecotone patterns is to focus on these aspects of tree population dynamics
(Mazia et al. 2001): (1) how mechanisms and tolerances affect tree seeds and seed-
lings producing responses, (2) how spaces both within and without these tree indi-
viduals change as a result, and (3) how those changes lead to trees replacing (or not
replacing) grasses and forbs.

1.2 Case Study: The Cross Timbers

In the United States, a broad transitional boundary between the eastern deciduous
forest and the tallgrass prairie of the southern Great Plains makes up a large and
important ecotone called the Cross Timbers (Fig. 1.2: Dyksterhuis 1948; Engle
et al. 1991; Johnson et al. 1972; Kroh and Nisbet 1983; Risser 1995). At one time,
the Cross timbers may have covered nearly 8,000,000 ha (Kuchler 1964) from cen-
tral Texas into eastern Kansas with most of it in Oklahoma (Duck and Flecher 1945).
Humans have lived in the Cross Timbers for at least 7,000 years where Native
Americans changed the Cross Timbers through hunting (including fire), gathering,
fishing, and settlement (Francaviglia 2000). After white settlement much of the
Cross Timbers was burned and then used for agriculture leaving today mostly sec-
ondary forest in those places where closed-canopy forest exists (Pogue and Schnell
2001), although small remnants of primary- or old-growth forest remain (Fig. 1.2:
Therrell and Stahle 1998; Griffin et al. 2005).

Today the Cross Timbers ecotone is a mosaic characterized by patches of oak
(Quercus sp.) dominated closed-canopy eastern deciduous forest, patches of tall-
grass prairie, and patches containing large clones of shrubs (e.g., Rhus copallina)
with a mix of small trees, grasses, and forbs (Arevalo 2002). Forest patches coalesce
and increase in size as you move east across the Cross Timbers and/or into lower-
lying, wetter areas. Likewise prairie patches coalesce and increase in size as you
move west across the Cross Timbers and/or into higher, dryer areas (author, pers.
obs). Shrubs and small trees are found in patches not dominated by forest or prairie
species. Consequently, grass litter (Myster 2006), herbivory (Myster 2011), and
competition (Weatherford and Myster 201 1a, b; Myster 2012b) may be very impor-
tant in controlling this ecotone.
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The Ancient Cross Timbers |

Tree-Ring Laboratory
University of Arkansas

Il Probable Old-Growth Forest ||
(890,747 Acres)

[_]Cross Timbers Ecosystem
(17,875,026 Acres)

Fig. 1.2 Location of the Cross Timbers ecotone, between eastern deciduous broadleaf forest and
tallgrass prairie in Oklahoma, Texas, Kansas, and Arkansas USA (reprinted with permission from
D. W. Stahle, Tree-Ring laboratory, University of Arkansas)

The most dominant oaks are blackjack oak (Quercus marilandica) and post oak
(Quercus stellata: Arevalo 2002), but Shumard oak (Quercus shumardii), bur oak
(Quercus macrocarpa) and chinquapin oak (Quercus muhlenbergii) are also com-
mon (Petranka and McPherson 1979; Hoagland et al. 1999; Clark and Hallgren
2003). Other trees include red bud (Cercis canadensis L.), species of hickory (Carya
sp. L.), slippery elm (Ulmus rubra Muhl.) and american elm (Ulmus americana L.).
Understory trees, which may also associate with shrubs, include dogwood (Cornus
drummondii C. A. Mey), red cedar (Juniperus virginiana L.), and mexican plum
(Prunus mexicana S. Wats.). Dominant grasses include indiangrass (Sorghastrum
nutans), little bluestem (Schizachyrium scoparium), switchgrass (Panicum virgatum
L.) and big bluestem (Andropogon gerardii: Hoagland et al. 1999), and common
forbs are milkweed (Ascelepias sp.), leadplant (Amorpha sp.), and various asters
(Francaviglia 2000). Also within the Cross Timbers are streams where you find
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riparian trees such as willow (Salix nigra), cottonwood (Populus deltoids), hackberry
(Celtis occidentalis), and pecan (Carya illinoensis).

Upland areas in the Cross Timbers have coarse textured soils derived from sand-
stone parent material and grassland areas tend to have finer textured soils (Johnson
et al. 1972) but all soils have low fertility (Therrell and Stahle 1998). Furthermore,
soils in the eastern part of the Cross Timbers have more sand and are more acidic,
compared to the western areas (Francaviglia 2000). Temperatures range between 38
and —18 °C and annual precipitation ranges between 60 and 90 cm per year occurring
mainly during the spring and summer (Hoagland et al. 1999; Francaviglia 2000).

I found at a Cross Timbers area near Lake Carl Blackwell (36’ 47"N, 96’ 25"W)
that the average percentage of tree seed left in forest, prairie, and mixed patches after
9 days was 40% (Myster in press, similar to Haught and Myster 2008). Wind-
dispersed white ash (Fraxinus americana) had more predation in the prairie patches
compared to forest and shrub. American elm (U. americana) showed the opposite
trend. For the bird-dispersed hackberry (C. occidentalis) and dogwood (C. drum-
mondii), there was also more predation in the prairie and shrub patches compared to
the forest. The bird-dispersed red cedar (J. virginiana) suffered little predation any-
where. Finally all three mammal-dispersed tree species, two Oaks (Q. stellata,
Q. marilandica) and the pecan (C. illinoensis) showed the most predation in the forest
and shrub patches compared to the prairie. In addition to these mechanistic results
helping to fill out these tree niches and helping us understand tree replacement in
this ecotone, seed predation may also alter fire intensity by removing biomass.

Also at Lake Carl Blackwell, 29% of tree seedlings set out in grass, red cedar,
oak forest, and shrub microsites were alive after 1 year, mainly when protected from
herbivores (Myster 2009b). Eastern redbud (C. canadensis), osage orange (Maclura
pomifera), and lacebark elm (Ulmus parrifolia) all survived over 30%, rough-leaf
dogwood (C. drummondii) at 25% and shumard oak (Q. shumardii) only at 5%.
For those that survived, elm seedlings grew the fastest among all the test species but
was hindered in the shrub patches with osage orange also growing well especially
in grass patches (Myster 2009b). Another experiment at Lake Carl Blackwell found
that Shumard Oak (Q. shumardii) seedlings without below-ground competition sur-
vived twice as much as those with it, seedlings in unburned areas survived up to four
times more than those in burned areas, reduced below-ground competition lead to
twice as much growth, and watering and placement under a shrub also lead to a
twofold increase in growth (Myster 2009a).

In addition to the killing of oak and other tree seedlings, fire can facilitate grass
growth by removing mats of dead grass biomass, thereby helping grass meristems
get light and water. Advancing fires stop at the forest edge, however, because of the
mineral and water content of the oak litter (Hoagland et al. 1999) and oaks may be
able to allelopathically suppress other species by accumulation of their own tree leaf
litter. Consequently global warming may be promoting grasslands by increasing
fires, while managed fire suppression and introduction of large grazers should help
trees invade.

The shrub effects I found conform well with other studies in the Cross Timbers
that suggest that shrubs, after encroaching into the grassland asexually, can serve as
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“nuclei” for tree establishment, facilitating by shading and reducing herbaceous
cover and vigor (Petranka and McPherson 1979), assuming that trees can avoid pos-
sible allopathic effects. This is a major similarity with tree invasion and establish-
ment in eastern deciduous forests after agriculture, where shrub facilitation also
included an increase in tree seed dispersal by birds (Myster 1993). Another similar-
ity is the success of red cedar (J. virginiana L.) which may be a combination of its
ease in dispersal, low seed predation and herbivory levels, and high resistance to
moisture stress (Myster and Pickett 1992a, b, 1993; Myster 1994). Red cedar, how-
ever, cannot tolerate fire (Lassoie et al. 1983). Future experimentation in the Cross
Timbers should include tree seed dispersal patterns (Myster and Pickett 1992b), lit-
ter effects on tree seed predation, germination, and seed losses to fungus (Myster
and Pickett 1993; Myster 1994), and effects of herbivory, tree competition, and
frost-heaving (Myster and McCarthy 1989; Myster and Pickett 1992a). Permanent
plots are also needed to flesh out ecotone dynamics, spatial changes, and tree
replacements.

Finally, due to the large number of severe wind events in Oklahoma, tornados are
potentially important in structuring the Cross Timbers. I set up plots at Osage Hills
State Park, seven miles west of Bartlesville, Oklahoma, USA (36’ 74"N, 98' 17"W)
in both an undisturbed and a Tornado touchdown area. I found that while clumping
was observed in the undisturbed forest at the small spatial scale of 1-8 m and at the
medium spatial scale of 30-36 m, after a Tornado clumping was only seen at small
the spatial scales and then only for stems of medium size, for stems with branch
damage and for stems that resprouted at or below 1 m height. In addition, the blow-
down area showed domination by post oak (Q. stellata) with small stems (also seen
by Shirakura et al. 2006), branch damage and stem resprouting above 1 m most
common, had no trees that either lost their leaves without branch or stem damage or
lived without some sort of resprouting, and showed a significant negative correla-
tion between damage and resprouting (Myster and Malahy 2010). While a tornado
may eliminate a forest’s spatial heterogeneity and influence future growth and archi-
tecture, it can also increase tree persistence through resprouting. Because Tornados
create large piles of woody debris, they can increase the risk and severity of future
fires and fungal pathogen attack. These piles create refugia for small mammals,
increasing their populations and consequent predation on seeds and seedlings.

In summary, Oak invasion into this ecotone is slowed down by mammalian seed
dispersal (author, pers. obs.) as in old fields (Myster and Pickett 1992b) but can be
helped by root sprouting if it as common in the ecotone as in the adjoining closed-
canopy forest (Clark and Hallgren 2003). Likewise resprouting after a tornado may
help trees to persist. If trees seeds can be dispersed into grassy patches, they will suf-
fer low seed predation compared to shrub patches and underneath trees, and are
likely to germinate (Myster 1994). After germination, those trees seedlings that can
escape herbivory have a major advantage (Myster and McCarthy 1989). Oak seed-
lings growing under trees have a low mortality, but high mortality if growing under
shrubs and in grass patches, perhaps due to intense blow-ground competition for
water. Taken together then the slow oak invasion, and ecotonal change, that has been
observed for decades (Dyksterhuis 1948; Engle et al. 1991; Johnson et al. 1972; Kroh
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and Nisbet 1983) may be due to poor oak dispersal and the lack of patches which
have high survivorship and growth for both oak seeds and oak seedings. Suppression
of fire may be the major reason behind any woody advance across this ecotone.

1.3 About This Book

The organizing theme in this book will be how forest-grassland ecotones have
changed in the past, how they are changing today, and how they are likely to change
in the future. Authors will investigate how the drivers for those changes (e.g., cli-
mate change, human disturbances, tree recruitment mechanisms, stress) differ now
compared to the past where conceptual models will focus on the replacement, or
barrier to replacement, of grasses/forbs by individual trees. This book has advan-
tages over other ecotone books in that it focuses directly on forest-grassland eco-
tones, exploring the variation among forest and grassland types. The specific
objectives are (1) to sample, plot and analyze this ecotone around the earth examin-
ing both its current spatial and temporal variation, and that of the past, (2) to relate
the results of field experimentation along these ecotones, and (3) to use all available
data to construct models of how these ecotones will change into the future.

The book is divided into three sections based on the kinds of grasslands that
border each of three general forest types:

1. Ecotones that include these grasslands that border temperate forests: prairies,
steppes, and pampas.

2. Ecotones that include these grasslands that border tropical forests: old fields,
savannas, and llanos.

3. Ecotones that include these grasslands that border boreal and cloud forests:
paramo, and other alpine grasslands.

After this introduction, we begin with exploration of changes in the Charpatian
Basin during the Holocene and Weichselian periods using pollen sequences within
macrobotanical, charcoal, and phytolite remains. We then examine how synergistic
relations between disturbance, climatic variability, and human impacts have dynam-
ically shaped present forest-steppe ecotones in northern Patagonia, Argentina tree
rings, repeat photography, and historical maps. We finish this first section with Larix
sibirica water relations and photosynthetic performance in the steppe-forest eco-
tone of Northern Mongolia and the role of canopy disturbance, litter, and biotic
interactions in limiting tree invasion in the pampa-forest ecotone in Argentina.

In the second section of the book, we start with an examination of a common and
much studied old field ecotone in the Neotropics found in Puerto Rico as part of the
National Science Foundation’s Long-term Ecological Research (LTER) program.
We then investigate how climate change interacts with fire frequency to affect
woody plants of different functional types in the Brazilian savanna. We continue
with a species replacement model which predicts changes to savanna and dry forest
with conservation implications in Bolivia, and finish with using pollen data assigned
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to plant functional types and biomes along the llanos-forest ecotone in Colombia
to prime a vegetative model that also uses climatic data to investigate the role of
temperature and moisture.

In the third section of the book, we first use pollen analysis to document altitudi-
nal migrations and the composition of the upper forest line of the pdramo ecotone in
Ecuador prior to deforestation and then use a stable carbon isotope analysis to
explore how the competitive balance between C, and C, plants have changed in the
ecotone over time. Then we map recent Pinus uncinata alpine tree line demograph-
ics in the Spanish Pyrenees in order to investigate recruitment trends and effects of
human disturbance. Next we examine current demographic trends for Pinus sylvestris
dynamics along the alpine treeline in Sweden and explore linkages to winter air and
soil temperatures which include positive feedbacks and nonlinear responses. We
conclude with how Picea glauca alpine tree lines change due to global climate
change altered by wind exposure and proximity to the Atlantic coast.

We finish the book with a synthesis of specific results from each kind of ecotone
first, followed by a view concerning forest-grassland ecotones in general, and finally
a consideration of how ecotones and their research may change in the future, that is
what lies ahead. Because ecotones will become more common in the future, and
thus more important to the human race, we hope that this book can serve as a frame-
work for that future research. Within the book chapters themselves, and the papers
they reference, will be data that can be used by managers to more skillfully predict
those changes but also to change the suggested social policies.
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Chapter 2

Woodland-Grassland Ecotonal Shifts

in Environmental Mosaics: Lessons Learnt

from the Environmental History of the Carpathian
Basin (Central Europe) During the Holocene
and the Last Ice Age Based on Investigation

of Paleobotanical and Mollusk Remains

Pal Siimegi, Gergé Persaits, and Sandor Gulyas

2.1 Introduction

A treeline is a boundary used for marking the edge of the habitat at which trees are
capable of growing. In ecology an upper and lower treeline is generally highlighted
(@dum 1979) with an additional transitional zone (ecotone) found between the
referred boundary and the adjacent open vegetation areas. Temperature besides
precipitation is the major factor that controls the growth and sustainment of trees in
an area. Nevertheless, several local ecological factors including such parameters as
soil type, local vegetation, snow cover, elevation, geomorphology, rainshadow,
gravity-induced mass movement, lightning, volcanic eruptions, wildfires caused by
meteorite impact or wind shear can alter or prevent the sustainment of an arboreal
vegetation in an area locally or regionally.

In areas of alpine or arctic, also recorded as upper treeline low temperatures
generally reduce biomass production. This is strikingly disadvantageous for trees as
their ecological potential is based on the storage of large biomass, rendering them
ideal in ousting other competitive plants. The emergence of transitionary zones
between woodlands and grasslands (ecotone) is generally controlled by the avail-
ability of water/humidity as a limiting factor. This boundary is mostly referred to as
lower or dry treeline (Stevens and Fox 1991) in contrast to the alpine and arctic
treelines. The area of the Carpathian Basin is highly unique from the point that both
treeline zones are present.

Within the belt of the Alps, Dinarides and the Capathians, embracing the basin
itself, an ecotone related to the upper or alpine treeline developed roughly at an
elevation of 1,700-2,300 m due to mainly temperature constraints. Conversely, cli-
matic and geomorphological endowments within the heart of the basin favored the
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emergence of a forest-steppe ecotone along a dry or lower treeline. A treeline does
not necessarily indicate that beyond the referred boundary no arboreal elements are
present at all (Arno and Hammerly 1984). Dwarf bushes are characteristic elements
of a tundra or alpine landscape. These plants however remain dwarf even among
better conditions as well, say at lower altitudes.

Thus a timberline would rather mark the zone of closed woodland beyond which
scattered tree stands may occur. However, these are generally small and often do not
reproduce due to the unfavorable conditions. Nevertheless, this clearly illustrates
the problem that the exact determination of the timberline is fundamentally based
on how the concept of tree is understood. Based on size measures trees are generally
considered to fall between 2—8 m in height. This approach is often used in distin-
guishing tree line and the actual woodland boundary as trees higher than 8§ m are
generally confined to the woodland areas below the upper and above the lower
treeline. According to another definition, the criterion of woodland is based on the
presence of a closed canopy with a closure rate of 30—40 % and a soil intervowen by
roots of arboreal elements.

There is a drastic fall in total biomass in the transition zone between the actual
woodland and the tree line from ca. 20 to 0.6 kg/m? due to the replacement of trees by
smaller bushes and non-arboreal elements. The average annual biomass production
is also significantly reduced; in the Alps this value is from ca. 1,000 to <200 g/m?*year.
The actual height of the tree line also varies from area to area in accordance with
latitude, rainfall, and exposition. The referred alpine ecotone is relatively narrow
corresponding to an altitudinal difference of ca.100-200 m. Anthropogenic
influences however may enhance the widening of this ecotone (Myster 2007). Thus
this zone can even reach a width of 300400 m as well, as a result of extensive pas-
toralism in alpine pasturelands. The zone of the ecotone connected to either the
arctic or the dry lower tree line can have extremely large spatial extent due to the
emergence of a parkland type landscape studded by widely spaced stands of trees.

The area of the Great Hungarian Plains hosts a lower or dry treeline with an unusu-
ally wide ecotone, where the actual steppe zone is not uniform (Molnéar et al. 2007a, b)
but rather constitutes a mosaic of more or less isolated grassland patches (Stimegi
2011). Nevertheless, it must be kept in mind that the modern landscape is highly
transformed due to intensive human activities present during the past 8,000 years. So
the original vegetation must have been only partially preserved. One must turn to
various environmental historical archives including pollen, charcoal, phytolith, and
plant macrofossil data, as well as terrestrial mollusks if he or she wants to reconstruct
shifts in the lower and upper treeline for the late ice age and the Holocene.

Investigations aimed at reconstructing fluctuations of the timberline are gener-
ally focusing on the analysis of lacustrine and marshland catchment basins and their
paleoecological records. In case of an upper treeline, the analysis of cave or rock-
shelter sediments is likewise informative. All these sequences yield rich pollen
material in good preservation in general. On the other hand, wind-borne transporta-
tion of pollen grains to large distances largely hampers the identification of small-
scale regional fluctuations in the tree line. Analysis of plant and animal macrofossils
including plant tissue, seed and fruit remains, as well as charcoal and mollusks, not
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to mention plant opalites (phytoliths), which are preserved locally without transpor-
tation offer a better tool in such investigations. The spatial resolution and reliability
of information gained from these archives is thus a couple of meters instead of kilo-
meters in contrast pollen grains. This makes them ideal in small-scale spatial vege-
tation reconstructions. Not to mention the higher reliability of taxonomic
identification of macro remains to the lowest level (species or even subspecies) in
contrast to pollen grains.

In order to understand the development of forest-steppe ecotone at the boundary
of woodland, grassland biotopes nestled in the heart of the Carpathian Basin, one
must understand the present and past characteristics, as well as behavior of ecologi-
cal factors responsible for the emergence and sustainment of the referred ecotone.
To accurately capture past fluctuations of these factors we turned to archives of
loess/paleosol sequences and catchment basins recording environmental fluctuations
for the terminal part of the last ice age. For the Holocene the records preserved in
smaller lacustrine and marshland basins, as well as rock-shelters were utilized. For
archives we relied on data from pollen and plant opalites, as well as charcoal and
macrobotanical remains. As an independent control, we turned to terrestrial mol-
lusks, which on the basis of the ecological needs of taxa identified indirectly reflect
the composition of the vegetation, as well as other nonliving (abiotic) ecological
parameters such as humidity and temperature (Ant 1963; Horsak et al. 2010; Meng
and Hoffmann 2009). Furthermore, the taxa used in our study are highly sensitive to
vegetational shifts and that of the referred abiotic parameters.

2.2 Modern Woodland-Grassland Ecotone in the Carpathian
Basin and Controversies Around Definitions

Identification of woodland-grassland ecotone connected to a lower or dry tree line in
the heart of the Carpathian Basin, known and termed also as the Pannonian forest-
steppe, is in a certain sense the so-called “holy grail” of Hungarian botanical research.
Controversies between representatives of various Hungarian botanical schools and
researchers hampered the correct definition of the concept and is a constant subject of
scientific debates. Issues debated include aspects, age, and trajectories of vegetation
development in general. The majority of the hard data comes from modern phyto-
geographic and botanical surveys and resulted in such a diversity of scientific views
between schools that even the actual definition of a forest-steppe has not been
uniformly accepted yet (Varga et al. 2000: p. 7).

These debates stem from the overwhelming pressure from a group of Hungarian
botanists, who tried to decide the question on the basis of postulations from modern
survey data alone regardless of the initial results of paleobotanical studies (Kerner
1863; Borbas 1900; Boros 1929; Rapaics 1918; So6 1926, 1929; Tuzson 1915).
Consequently, these early hypotheses must be regarded as working hypotheses
rather than accepted scientific theories. It’s highly unfortunate though that the
uniform prevalence of these early postulations in the scientific mind is still distorting
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Fig. 2.1 The geographical setting of the Carpathian Basin in the heart of Europe and the extension
of the European forest-steppe belt and the Pannonian forest-steppe with the location of meteoro-
logical stations referred (after C.S. Hammond’s World Atlas, 1936)

the evaluation and acknowledgement of results of recent paleobotanical studies.
Nevertheless, the true cause must be linked to the unique geographical setting of the
Carpathian Basin found in the heart of Europe (Fig. 2.1). As a result of its location,
in contrast to the rest of the European continent, a unique climatic interface devel-
oped here seen in the overlap of four major (Stimegi 1995, 1996, 2004a, b, 2005)
climatic (Oceanic or Atlantic, Continental, Submediterranean and Alpine) influences
(Fig. 2.2) (Réthly 1948; Borhidi 1961; Bacs6 1959; Zoélyomi et al. 1992).

Besides the referred versatility in the climate, a similarly large-scale variance is
observed in the geology (bedrock, soils) of the area (Trunké and Foldvari 1996)
hosting a likewise highly heterogenous vegetation. As a consequence, oak and beech
woodlands characteristic of Central and Western Europe are complemented by
woodlands containing floral elements of the West and East Balkans as well. Not to
mention the zone of the woodland-grassland ecotone subject of this paper covering
an area of ca. 100,000 km? nestled in the heart of the basin (Fig. 2.3).

According to our present scientific knowledge, woodland-grassland ecotones gen-
erally emerge at the continental interface of large closed woodlands and adjacent grass-
lands, such as the case of the North American oak prairie. A major question to be
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Fig. 2.2 The climate of the area of the Carpathian Basin (numbers correspond to POE values of
Fig. 2.3) (Szelepcsényi et al. 2009)

decided in our case, whether or not the same holds true for the area of the Carpathian
Basin. If yes, then what factors and how did they influence the emergence and sustain-
ment of a woodland-grassland ecotone. In general three prevailing theories are avail-
able in the literature for the development of the so-called Pannonian forest-steppe.

According to the first, the forest-steppe found in the heart of the Carpathian
Basin is an interim continuation of the Eastern European forest-steppe belt, which
emerged as a result of the extreme drought literally exterminating arboreal elements
in the area (Kerner 1863). This concept, held for over 150 years with only slight
modifications (So6 1926; Borhidi 1961, 2003; Varga 1989), considers the modern
Pannonian forest-steppe as an independent westernmost island-like fragment of the
European continental oak forest-steppe, which emerged at the transitionary climatic
zone of closed woodlands and grasslands separated from the main belt by the ranges
of the Carpathian Mts (Lavrenko 1980; Lavrenko and Karamyseva 1991). This con-
cept regards the woodland-grassland ecotone in the basin as local manifestation of
the climate-zonal vegetation belt stretching roughly 8,000 km from the heart of
Europe to the Far East (Varga et al. 2000).

The second one considers so-called edaphic factors (soil, geomorphology) being
responsible primarily for the emergence of forest-steppe ecotone in the basin
(Zo6lyomi 1942, 1958, 1987). According to this concept, the heart of the Carpathian
Basin is considered to be a part of the woodland belt from the point of climate-zonal
classification. Thus the opening of closed woodland and the appearance of parkland
and grassland patches must be attributed to local abiotic ecological factors. Some of
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Fig. 2.3 The Holdrige type classification of the vegetation of the Carpathian Basin (Szelepcsényi
et al. 2009)

these factors might have direct influence on vegetation development, such as the
interaction of soils and groundwater in relation to local geomorphology (shallow
soils, alkaline and calcareous sandy soils and low groundwater table).

Edaphic forest-steppes generally emerge along the northern margin of the steppe
belt, where favorable soil, morphology and hydrological conditions enable the
emergence of woodlands patches. The opposite may also be true when unfavorable
local hydrology, soil, and morphology brings about the opening up of closed wood-
land creating isolated grassland patches. Unfortunately, these edaphic factors
cannot explain the collective presence of phytogeographically, climatically exclusive
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Continental and Submediterranean forest-steppe elements in the Carpathian Basin
(Z6lyomi 1952, 1957; Zélyomi and Fekete 1994; Borhidi 1956, 1966).

The third explanation claims human activities being responsible for the opening
of the original woodland vegetation and the emergence of a Pannonian forest-steppe
(Bernatsky 1914; Rapaics 1918). The first such disturbances are linked to the first
farming cultures settling in the basin. Initial clearings gradually expanded as human
activities intensified parallel with cyclical population growth. These activities thus
contributed to the sustainment of a highly variegated, mosaic-like forest-steppe veg-
etation in the Great Hungarian Plains as early as prehistoric times. This concept is
still widely acknowledged despite the contrasting results of recent paleoecological
investigations which pointed to the emergence of natural steppe-forest-steppe com-
munities here, covering several 100 km?, as early as the terminal part of the last ice
age and the opening of the Holocene (Stimegi 1989, 1995, 1996, 2005).

Conversely, these paleoecological data have corroborated the importance of first
farming groups in enhancing the expansion of forest-steppe areas within an originally
woodland environment and the creation of the modern forest-steppe in the basin.

2.3 Profiles Selected and Methods Applied in Modeling
Woodland-Grassland Ecotone Shifts
in the Carpathian Basin

Unfortunately, methods applied so far for studying the Quaternary deposits of the
Carpathian Basin are extremely heterogenous starting from sampling through pro-
cessing and evaluation, hampering correct correlation and comparison of findings
and often yielding contrasting results (Stimegi 2001a). For the sake of accurate
modeling, only those results and profiles were included in our work where certain
common prerequisites of methodological congruence were present. Among these
criteria were undisturbed sampling and reliable chronology based on radiocarbon
and/or OSL, IRSL or uranium-series dating.

Pollen data using the spore tablet approach (Stockmarr 1971) was accepted
alone. Similarly, results on plant macrofossil remains were included only if they had
been evaluated using the QLCMA method developed in Southampton (Barber et al.
1994), or a modified version of it (Jakab and Siimegi 2004). During the phytolith
extraction of samples deriving from loess/paleosol sequences, infills of archeologi-
cal features, soils, marshlands, lakes, burial mounds and tells a method developed
on the basis of personal experienced was systematically adopted (Persaits et al.
2008; Persaits 2010; Persaits and Siimegi 2011), which was primarily based on the
methodologies postulated by Dolores R. Piperno and Marco Madella and colleagues
(Piperno 2006; Madella et al. 1998). For mollusk studies, an aliquot of 5.7 kg of
sediment sample was generally screen-washed to retrieve the shells. However, in
case of archeological sites and where material was available and the investigation
aims made it necessary sometimes several tons of sediment samples were processed
using a sieve of 0.5 mm mesh size (Stimegi 2005).
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2.3.1 The Climate-Zonal Hypothesis Put to the Test

One of the most significant pitfalls of this hypothesis is that macro-climate condi-
tions generally characteristic of the steppe belt (Lavrenko and Karamyseva 1991:
p- 254) have never fully developed and stabilized in the Carpathian Basin during
the Quaternary (Réthly 1933; Bacs6 1959; Dobosi and Felméry 1977). Winters are
not cold and summers are not dry enough in the referred study area to enable the
long-term macroclimatic sustainment of such vegetation (Fig. 2.4), as it is clearly
seen in the map of the western, European margin of the Eurasian steppe belt as well
(Figs. 2.4 and 2.5). Thus proving the macroclimatic nature of the ecotone in the area
of the Carpathian Basin between the belt of European woodland and Eurasian steppe is
quite ambiguous.

Climatic influences characteristics of the Képpen type steppe zone (BS) (Koppen
1923) are traceable in the heart of the Carpathian Basin alone and appear with a
frequency of two to three times during a decade. Furthermore, their development
is by no means regular and cyclical but rather sporadic (Dobosi and Felméry 1977).
So by using the Koppen type climate classification system, the area of the Carpathian
Basin falls mainly into the category Cfb and subordinately into Cfa. The marginal
hilly and montane areas belong to the category D according to this system (Fig. 2.6)
(Szelepcsényi et al. 2009).

Conversely, in order to better highlight the climatic background of the woodland-
grassland ecotone system, which is present in the heart of the Carpathian Basin, the
vegetation classification system of Holdridge (Holdridge 1947, 1967) is better
suited than the climate classification system of Koppen (Szelepcsényi et al. 2009).
According to the Holdridge classification (Fig. 2.3), the major part of the basin is
put to the transitional category found between those of cold, temperate grasslands,
cold, temperate humid woodlands and warm, temperate dry woodlands, where the
first (steppe) and the last categories (dry woodland) also turn up climatically in the
form of scattered patches. This grassy area forming an ecotone between the actual
grasslands and dry and humid woodlands corresponds to the Pannonian forest-
steppe vegetation of the Great Hungarian Plains.

From the point of geographical setting, the area of the Carpathian Basin is found
between the latitudes 45—47°N. The affinity of the study area with the western part
of the Eurasian forest-steppe belt is even more apparent when the climate diagrams
presented on Fig. 2.1 are compared with those of Eastern Europe along the latitude
46°N (Chisinau, Kiev, Rostov) (Figs. 2.4 and 2.5). Nevertheless, it is also clearly
visible that there are major differences regarding the frequency of strong cold winter
episodes and annual average temperature fluctuations (continentality), which are
considered as the most important control of arboreal vegetation development. The
strong continentality observable in Eastern Europe occurred with a frequency of
only 30 % during the past century in the Carpathian Basin. Despite these climatic
differences, the heart of the Carpathian Basin and the Great Hungarian Plains itself
has strong affinities with the forest-steppe zone of Eastern Europe and thus must be
regarded as an isolated fragment of it.
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Fig. 2.4 Walter-Lieth diagrams of selected stations located between the latitudes 46-47°N
(a) Tidrkeve, (b) Kecskemét, (¢) Chisinau, (d) Rostov. 1. First rainfall maximum in early summer,
2. Average high temperature, 3. Second rainfall maximum in fall, 4. Average low temperature, 5.
Daily mean temperature, 6. Precipitation (mm)

As similarly to the presented climatic parameters, an unambiguous floral rela-
tionship exists between the areas of Eastern Europe and the Carpathian Basin (Berg
1958; Borhidi 1966; Fekete 2000; Jakucs et al. 1959; Molnar et al. 2007a, b, 2008;
So6 1958; Zolyomi 1957).
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Fig. 2.7 The location of loess/paleosol profiles used for the modeling (after Siimegi 2005, and
new data). 1. Basaharc, 2. Tokaj, 3. Hajdinanas, 4. Hajdiboszormény, 5. Hajduszoboszlo, 6.
Debrecen, 7. Pocsaj, 8. Piispokladany, 9. Karcag, 10. Kisdjszallas, 11. Lakitelek, 12. Tiszaalpar,
13. Szentes, 14. Hodmezdévasarhely, 15. Mako, 16. Békéscsaba, 17. Szeged, 18. Madaras (Hupuczi
and Stimegi 2010), 19. Katymar, 20. Csaszartoltés, 21. Kecel, 22. Kiskunfélegyhaza, 23. Szaszvar,
24. Dunaszekcs®, 25. Zmajevac, 26. Crvenka (Zech et al. 2010; Stevens et al. 2011)

2.3.2 Testing the Model of Edaphic Ecological Factors

The unique salt transport observed in connection with numerous local upwellings of
the groundwater in several parts of the Great Hungarian Plains (Siimegi 1989; 1997;
Szo6r et al. 1991) and the related alkalization of these areas (Stimegi 1989; Stimegi
et al. 1999), as well as the precipitation of freshwater carbonates in some of these
alkaline lacustrine systems (Mihaltz 1954; Molnar 1961; Mucsi 1963; Siimegi et al.
2005a) are the best evidences available to justify the importance of so-called edaphic
factors in the development of the unique forest-steppe vegetation. A relative high-
stand of the groundwater and concomitant enrichment of the root zone and near-
surface layers in dissolved salts, as well as the presence of large inundated areas
related to the elevated zone of saturation in certain parts of the Great Hungarian
Plains largely limited the sustainment and spreading of arboreal vegetation giving
way to non-arboreal elements.

In other parts mostly characterized by a complex elevated geomorphology, like
those of loess plateaus, loess-covered island-like lag-surfaces on the floodplain
(Stimegi 1989, 2003, 2004a, 2005; Stimegi et al. 2005b), the extremely low level of
groundwater, often below 5 m preceding the period of modern canalizations and
river regulations (Rénai 1961), in times of extensive drought hampered the coloni-
zation of arboreal elements and thus contributed to the spread of non-arboreal
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vegetation. The morphology and the presence of so-called microforms played and
still play a crucial role in the emergence and evolution of alkaline areas (Strompl
1931). These morphologies along with the bedrock (Scherf 1935) and the frequent
fluctuations of the groundwater table related to cyclical floods and droughts on the
floodplain yielded local and regional upwellings of the groundwater (Férizs 2003)
and concomitant enrichment of dissolved salts and elements precipitated in the
near-surface layers as a result of evaporation-induced oversaturation (Stimegi 1989,
1997, 2004b; Szoor et al. 1991; Stimegi et al. 2000). Arboreal elements are usually
not able to colonize in areas of high alkalinity. Furthermore, the referred frequent
fluctuations in salinity and elemental transport can also wipe out an incipient, rather
fragile community of trees.

Numerous geological features linked to similar local groundwater upwellings
and highly fluctuating zones of saturation could have been observed in the central
areas of the basin in interdune areas of wind-blown sand dunes and ridges. Within
these interdune areas, local upwellings of the subsurface water created shallow
ponds, where the CO, binding activity of calcareous algae as well as oversaturation
connected to strong evaporation and high fluctuations of the water level resulted in
the precipitation of freshwater carbonates in basinal and near-shore areas (Mucsi
1963; Molnar et al. 1981).

The resulting carbonate beds also limited the areas suitable for the colonization
of trees in bedrock of wind-blown sand. According to our recent paleoecological
findings presented in the following chapters, alkalization was continuously present
in the area for the past 40 kys and thus must have been an important edaphic factor
contributing to the development of steppe, forest-steppe areas of the Great Hungarian
Plains. The formation of freshwater carbonates could have been attested from the
opening of the Holocene. Although constrained to certain areas, the responsible
ecological components must have been present as well continuously since the ter-
minal part of the ice age and must have affected the development of the vegetation
besides alkalization.

Based on our findings (Stimegi 1989, 2004b), the geochemistry of the bedrock,
the depth and fluctuations of the groundwater table, and the local geomorphology
must have been the most influential ecological factors controlling and being respon-
sible for the modern pattern of forest-steppe development in the area of the
Carpathian Basin as we shall see in the following chapters. The mutual interaction
of these factors must have contributed to the opening of the woodland vegetation
locally and regionally by either hampering colonization of the arboreal elements or
wiping them out. However, these factors alone cannot be blamed for the develop-
ment of a unique forest-steppe covering several 100 km? in the study area.

2.3.3 Testing the Idea of Human-Induced Ecotone Development

The hypothesis of human-induced forest-steppe development was first postulated at
the opening of the twentieth century in relation to modern paleobotanical and
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phytogeographical surveys implemented in the area of the Carpathian Basin.
Archeology and the identification of potential influences of archeological cultures
were highly incipient at this stage. Although the oldest archeological excavations
date back as far as 1860 in the Great Hungarian Plains, the question of influences of
settling cultures on their environment, including the vegetation as was rather subor-
dinate at this time. Similarly, the application of paleoecological methods including
archeobotany and archeozoology was also negligible. The lack of reliable, quantita-
tive data regarding the number of sites, the size of the population further hampered
the correct answering of such hypothetical questions.

Nevertheless, it is important to note, that it was this period when the first major
war (WW1) restricted wide-scale scientific studies on the one hand. On the other
hand, the first negative outcomes of the nineteenth century river regulations also
began to turn up during this period fueling notions of devastating human activities
on local ecosystems. The general lack of archeological data on local cultures ham-
pered the deduction of correct postulations regarding the influence of humans on the
environment. Thus often the findings of similar scope studies related to distant high
cultures of Egypt, Mesopotamia, and the Near East were erroneously adapted to the
area of the Carpathian Basin as well. These initial postulations were so influential
that they still influence the acknowledgement of the results of new archeological,
paleobotanical, and archeozoological studies using correctly obtained hard data in
Hungarian environmental historical research.

The emergence of new archeological theory and methodology in Hungary (Kosse
1979; Sherratt 1982, 1983; Jerem et al. 1985, 1986; Bokonyi 1992) was accompa-
nied by the introduction of complex paleoecological investigations of catchment
basins serving as environmental background areas local cultures (Stimegi 2001a, b,
2003, 2004b, 2005, 2007, 2010, Siimegi et al. 2005a, 2009, 2011). A combination
of the correctly dated archeological and paleoecological results enabled the
clarification of long-term spatial and temporal interaction of man and environment
in the basin. Despite the promising outcome of these first efforts, findings of archeo-
botanical studies from archeological sites are still not fully disseminated in modern
Hungarian botanical studies aimed to elucidate the development of the forest-steppe
vegetation of the Great Hungarian Plains.

2.4 The Vegetation History of the Great Hungarian Plains
as Inferred from the Evaluation of Quaternary
Paleoecological and Environmental Historical Data

The original ecosystem of the Great Hungarian Plains hosting the Pannonian forest-
steppes was fundamentally altered during the middle of the nineteenth century as a
result of human intervention into probably the most important ecological compo-
nent of the landscape: the fluvial system of the Tisza and its watershed. As a result
of the extensive river regulation and flood protection measures, a 4,000 km-long
dike system and a canal system of 22,000 km was established. Thanks to these
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activities in addition to the artificial cut of selected meanders the complete
hydrological system of the Great Hungarian Plain was transformed seriously affect-
ing not only the landscape and the vegetation but also the trajectory of regional and
local climate as well.

The active floodplain originally covering an area of ca. 30,000 km? was reduced
to a mere 3,000 km?. The dried up floodplain areas were transformed into arable and
pasturelands. The major part of the gallery forests fringing the riverbed was logged
down to reduce costs of the regulation measures. Not only the majority of the origi-
nal floodplain vegetation was destroyed, but by modifying the natural hydrological
link between the river and the floodplain the hydrological system transporting the
excess waters of the surrounding mountains coming from the precipitation was fun-
damentally altered as well during the past 160 years.

As only a single cartographic map sequence, prepared on a nongeometric basis,
is available for the landscape of the Great Hungarian Plains preceding the nine-
teenth century river regulations (Map of the first Austrian Military Survey, 1782:
Timar et al. 2008), the only way to track the vegetation history including those of
forest-steppes is to turn to environmental historical and paleoecological records.

In order to highlight the vegetation history of the Carpathian Basin for the period
from the terminal part of the last ice age, results of extensive paleoecological inves-
tigations implemented on 20 selected loess/paleosol sequences, including charcoal
analysis (Rudner and Siimegi 2001), mollusk analysis (Stimegi 2005; Siimegi and
Krolopp 2002; Hupuczi and Siimegi 2010; Molnér et al. 2010), and phytolith analy-
sis (Persaits and Siimegi 2011) has been adopted (Fig. 2.7). In addition, findings of
similar type of studies (palynology, mollusk and plant macrofossil analyses) deriv-
ing from radiocarbon-dated, undisturbed core sequences of 20 catchment basins
have been utilized (Fig. 2.8). These data have been complemented by records of
mollusk, pollen and phytolith analysis implemented on nearby archeological sites
(Fig. 2.8). A combination of data enabled us to track not only temporal but also
spatial differences in the trajectory of vegetation evolution.

2.4.1 Vegetation Development During Last Ice Age

Based on our findings, two major paleoenvironmental regions could have been
identified within the area of the Carpathian Basin, which were characterized by
fundamentally different endowments and developmental histories during the course
of cyclical coolings characterized by loess formation and intervening warm-ups
resulting in the temporary cessation of dust accumulation (Stimegi 1996, 2005).
The resolution of our records enabled us to capture the environmental history of
the northern region for the past 70 kys (Stimegi and Hertelendi 1998). The warm-up
periods were all characterized by the general spread of spruce. Within the emerging
open parkland type spruce woodland ecosystems (Willis et al. 2000), sheltered spots
hosted stands of Scots pine and hornbeam (Rudner and Stimegi 2001), while the
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Fig. 2.8 The location of catchment basins and archeological sites used for the modeling.
A =Bitorliget, marshland, B=Csaroda, Nyires—lake, C=Kelemér, Kis-Mohos, D=Kelemér,
Nagy-Mohos,E =Polgir, F=Hortobagy—Halasfenék, G=Nagyivan—Kunkdpolnds,
H=Ecsegfalva—Kiritd, [=Tiszapiispoki—Karcstér, J=Jaszberény, Megyes-forest, K=Sirok,
Nyirjes peatbog, M=Nagybarkany, Nadas Lake, N=Ocsa—Selyemrét, O=1zsak, Lake Kolon,
S=Kardoskit, Fehér (White) Lake, T=Soéskit, Benta creek, U=Sarkeszi—Sarrét,
V =Balatonederics—Lake Balaton, W =Fenékpuszta—Little-Balaton, Z=Kasz6, Lake Balata,
AA =Mez6lak—Szélmezd, AB=Osli—peatland, AC=Hidegség, Lake Ferty, AD=Sopron—
Kismalomt6 pond, AE=Zanat, Suranyi creek. 1. Tarcal, Citrom mine, 2. Bodrogkeresztir, Henye-
tetd, 3. Polgar, Csdszhalom, 4. Polgar Kenderfold, 5. Polgér, Ferencihdt, 6. Tedej, Lyukashalom
(kurgan), 7. Hortobagy, Szalkahalom (kurgan), 8. Nagyivan, Ecsehalom (kurgan), 9. Salgétarjan,
Tesco parkold, 10. Pilismardét, Palrét, 11. Jaszfelsészentgyorgy, Szinyogos, 12. Jaszberény, Kaplar-
tanyag, 13. Dunatetétlen, Oltéhalom (kurgan), 14. Ecsegfalva, Kiritd, 15. Tiszapiispoki, karancs-
part, 16. Felgyd, road excavation, 17. Maroslele, Pana, 18. Kiskundorozsma, Vagéhid, 19. Dusnok,
road excavation, 20. Fajsz, Garadomb, 21. Alsényék, 10b site, 22. Bataszék, Mérnoktelep, 23.
Zamardi, Kutvolgyi-dild, 24. Keszthely, Fenékpuszta, 25. Szombathely, Oladi-plato, 26.
Szombathely, Zanat, 27. Vit, 86-os road excavation, 28. T6koz, middle age trenches

higher areas were populated by stands of Swiss pine and larch. Water bank areas
hosted populations of willow, hairy birch, and green alder (Fig. 2.9).

Moving towards the centre of the Great Hungarian Plains arboreal elements
become less frequent components of the vegetation yielding a special tree-steppe
ecosystem characterized by the dominance of non-arboreal elements even during
the warm-ups as well (Fig. 2.9). At the same time, the inner, drier areas, character-
ized by a prevalence of grassland-type vegetation also hosted scattered stands of
Scots pine, juniper, alder, birch, and willow (Siimegi et al. 2005c¢), restricted mainly
to the banks of watercourses. One of the driest areas of the Great Hungarian Plains,
the Hortobagy, which is extensive alkaline grassland today, was hosting some alka-
line elements (Artemisia maritima, Sueda) even during this early period as well.
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Fig. 2.9 The inferred vegetation of the Carpathian Basin between 32 and 25 kys cal Bp. 1. Upper
Palaeolithic site, 2. Warmth-loving, open forest-steppe—steppe dweller snails, Granaria frumen-
tum site, 3. Spruce (Picea) remains, 4. Scotch pine (Pinus sylvestris) remains, 5. Birch, willow,
alder (Betula, Salix, Alnus) remains 6. Swiss pine (Pinus cembra) remains, 7. Fir (Abies) remains,
8. Juniper (Juniperus) remains, 9. Larch (Larix) remains, 10. Pine (Pinacae) remains, 11. Oak
(Quercus) remains, 12. Hazel (Corylus) remains, 13. Elm (Ulmus) remains, 14. Hornbeam
(Carpinus) remains, 15. Beech (Fagus), 16. Herbs (Non-arboreal plants)

However, the banks of minor watercourses also hosted a loose canopy gallery forest
composed of Scots pine, alder, and birch here as well.

The same warm-up period was characterized by similar tree-steppe vegetation in
the region south of the centre of the Great Hungarian Plain. However, this similarity
was true for the structure of the vegetation alone. The taxonomic composition of the
flora and the fauna was fundamentally different (Fig. 2.9). The dry loess plateaus of
the southern part of the Carpathian Basin hosted a mix of arboreal elements (Scots
pine, birch, and fir) during the referred warm-ups (Rudner and Stimegi 2001; Stimegi
2005). However, as shown by data from charcoal and phytolith analysis, the pres-
ence of arboreal elements was spatially highly dissected and highly subordinate
compared to that of non-arboreal forms. Conversely, areas with an ideal hydrology
and higher groundwater table, like along the banks of rivers and watercourses, lush
mixed gallery forests emerged characterized by a 70-80 % closed canopy. Thus the
dry tree-steppe vegetation of the Great Hungarian Plains studded by scattered stands
of trees was highly dissected at the regional or meso level by closed-canopy gallery
forests along the riverbanks during the ice age.

Furthermore, in accordance with the local morphological, geological, and hydro-
logical endowments the emergence of full hydro series from the riverbed up to the
elevated dry plateaus of the floodplain could have been attested. This hydro series
started off with a belt of bulrush (Typha) and reed (Phragmites) right at the littoral
zone and was exchanged by tall herb meadows (Thalictrum, Sanguisorba, Angelica,
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Campanula, Filipendula) and arctic fens (Armeria maritima, Selaginella
selaginoides, Pinguicaula) moving inwards the floodplain besides stands of willow
still hosted by the littoral zone. The interfluvial ridges were populated by represen-
tatives of the taxa Hippophaé rhamnoides, Ephedra, and cold continental steppe
communities (Poaceae, Artemisia, heliophyte compositae). The presence of some
alkaline plants such as A. maritima refers to the emergence of scattered spots of
alkaline soil on the floodplain at the end of the Pleistocene.

The pollen spectrum of the catchment basin of White Lake at Kardoskat (Stimegi
et al. 1999) shows high relative frequencies of arboreal pollen types (70 %) with
pine, spruce, and birch being the most abundant in this interstadial phase. This indi-
cates the presence of boreal forest-steppe vegetation around the referred lake.
Forested areas around the lake likely included Pinus sylvestris, Pinus mugo, Pinus
cembra, and Larix. In addition, Pinus, Picea with frequencies around 10 % in this
zone suggest the local occurrence of habitats with more humid conditions, likely in
the floodplain zone. The sporadic appearance of broad-leaved deciduous tree pollen
grains like Betula, Quercus, Carpinus betulus, Acer, Populus, Ulmus is also charac-
teristic for this zone and indicates scattered presence of these trees in the lowland
pine woodlands. Away from the riverbank the proportion of arboreal elements was
significantly reduced parallel with a decrease of the groundwater table. In the higher
elevated areas, their presence is highly subordinate. An increase in dry grassland
areas was accompanied by the spread of xerophylous, grassland mollusk taxa. It
was this zone, where the representatives of the character species of modern
Pannonian steppe/forest-steppe areas Granaria frumentum first turn up in the south-
ern parts of the basin. The accessory fauna is very similar in composition to that of
the modern Pannonian forest-steppe areas.

Accordingly, the warmer periods of the terminal Pleistocene must have created
ideal conditions for the spread of this type of mollusk fauna in the southern parts of
the Carpathian Basin. On the basis of the paleodistribution of the mollusk species
G. frumentum, the area of the Pannonian steppe/forest-steppe belt must have
expanded as far north as the heart of the basin during the interstadials (Siimegi and
Krolopp 2002). However, this zone managed to conquer the foothills of the
Carpathian Mts. during the last interglacial (Siimegi and Krolopp 2006; Siimegi
et al. 2002).

Nevertheless, despite the structural similarities, the general composition of the
vegetation during the interstadials of the terminal ice age was utterly different from
the modern one. Deciduous elements (elm, hornbeam, maple, oak, birch, poplar)
were only subordinately present under a dominance of Scots pine complemented by
spruce, fir, larch, and Swiss pine. The contradiction between a cold climate vegeta-
tion and a warmth-loving mollusk fauna is only seemingly important. During the
interstadials, a relative increase in the continentality is discernible in the area of the
Carpathian Basin; i.e., the emergence of cold winter spells besides mild, dry sum-
mers and an increase in the average annual temperature fluctuations. As the winter
season is a period of hibernation for mollusks this enables them to survive unfavor-
able conditions as well. On the other hand, a major part of plants, including the
temperate deciduous arboreal elements are very sensitive to negative shifts observed
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Fig. 2.10 The inferred vegetation of the Carpathian Basin during the interstadial between 25 and
18 kys cal BP. 1. Upper Palaeolithic site, 2. Cryophilous, recent Central Asian xeromontane snails,
Vallonia tenuilabris site 3. Spruce (Picea) remains, 4. Scotch pine (P. sylvestris) remains, 5. Birch,
willow, alder (Betula, Salix, Alnus) remains 6. Swiss pine (P. cembra) remains, 7. Fir (Abies)
remains, 8. Juniper (Juniperus) remains, 9. Larch (Larix) remains, 10. Pine (Pinacae) remains, 11.
Herbs (non-arboreal plants)

in the length of the growth period, the onset of early winters and high annual
temperature fluctuations. Coniferous elements to a certain extent are much more
resistant to these negative influences.

The temporal resolution of our records enabled us to continuously capture veg-
etation changes in the southern parts of the Carpathian Basin for the past 140 kys;
i.e., from ca. the last interglacial (Zech et al. 2010). The presence of a steppe/forest-
steppe vegetation hosting the marker taxon G. frumentum could have been attested
in the area of the Great Hungarian Plains and the marginal part of the Carpathians
as early as 110-130 kys (Fig. 2.9). In contrast, the foothills hosted a closed wood-
land vegetation (Krolopp 1983; Lozek 1964). Nevertheless, besides the warm-ups
during the terminal part of the ice age referred earlier, significant coolings could
have also inferred cause a drastic reduction in the temperature of the summer
months, the length of the growth season resulting in a transformation of the flora
and the fauna of the basin as well (Fig. 2.10). Taxa characteristic of alpine cold
steppes and the tundra turn up and become dominant in the northern part of the
basin bringing about a retreat of open parklands hosting spruce, Scots pine, and
scattered deciduous elements locally and regionally.

The dominant taxa of the arboreal vegetation are Swiss pine (P. cembra), juniper
(Juniperus), and larch (Larix). However, the proportion of arboreal elements and
woodlands was highly reduced surviving only in sheltered refugees of the basin
(Willis et al. 2000). The dominant elements of the flora during these times were
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heliophyllic non-arboreal plants including artemisia (Artemisia), grasses
(Gramineae), and members of the orpine family (Crassulaceae). At the same time,
several cold-loving tundra elements like stone-breakers (Saxifraga) and other peren-
nial elements (Androsace) also turn up. A dominance of a treeless steppe vegetation
could be postulated mixed with perennial elements and scattered trees. Thus despite
the emergence of a dominantly loess steppe environment in the northern areas of the
Carpathian Basin, the mosaic development of environmental parameters enabled
the sporadic survival of a forest-steppe vegetation with an extremely low proportion
of arboreal elements as well.

During the LGM, vegetation development in the northern part of the Carpathian
Basin followed a clear and characteristic path. Namely, the prevalence of a treeless
steppe was interrupted by rapid phases of forest expansion lasting for several centuries
twice. This is seen in the trajectories of open parkland boreal pine forest expansion and
the accompanying woodland element of the Carpathian spindle snail (Vestiga turgida).
These forest expansion periods were first identified on the basis of shifts observable in
the composition of the mollusk fauna (Siimegi and Krolopp 2002; Stimegi 2005), and
later corroborated by pollen (Magyari et al. 1999; Willis et al. 2000), charcoal (Rudner
and Siimegi 2001) and plant alkane data (Schatz et al. 2011) (Fig. 2.11). The inferred
LGM mosaic of cold steppe studded by spots of tundra and woodland patches could
have been correlated with the modern landscape of the Altai Mts and its foothill areas
on the basis of the composition of the accessory mollusk fauna (Siimegi 1996, 2005;
Horsak et al. 2010; Meng and Hoffmann 2009). Thus, the modern alpine boreal forest-
steppe areas of Southern Siberia serve as an ideal analogy for the ice age vegetation of
the Carpathian Basin (Stimegi 1996, 2005; Stimegi et al. 1999).

During the most prominent coolings, the cold-resistant and cold-loving elements
turned up in the southern parts of the Carpathian Basin parallel with a gradual retreat
of warmth-loving Southeastern European mollusk elements, including the character
elements of the Pannonian forest-steppe. The analysis of mollusk faunas dated to
the LGM in profiles from the Southern Great Hungarian Plains yielded surprising
results. Here the expansion of cold-loving turndraic elements (Columella columella,
Vallonia tenuilabris) was accompanied by the spread of Central European wood-
land elements (Clausilia dubia, Clausilia pumila, Cochlodina laminata, Macrogastra
ventricosa, Aegopinella ressmanni, Discus ruderatus, Orcula dolium) (Slimegi
2005; Hupuczi and Siimegi 2010). On the basis of these findings, we may postulate
only a slight decrease in the temperature for areas located at lower latitudes during
the LGM. At the same time this decrease in the temperature resulted in a significant
rise in relative humidity favoring the spread of arboreal elements (trees, bushes).
The general composition of the mollusk fauna indicates the emergence of a forest-
steppe vegetation in the southern parts of the Carpathian Basin during the LGM,
extremely rich in species and with a dominance of cold-resistant and eurytopic spe-
cies (Fig. 2.12).

On the basis of pollen data (Siimegi et al. 1999, 2011), the dominant arboreal
elements were those of Scots pine, spruce, birches, and subordinately deciduous
elements (oak, elm, alder, hazel, and willow). This pollen spectrum displays good
affinity with the dry intamontane forest-steppes of the Altai and Sajan Mts (Pelankova
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Fig. 2.11 Changes observed in the composition of plant alkanes and the terrestrial mollusk fauna
in the area of the Northern Great Hungarian Plains for the past 70 kys. TSO=Tokaj, modern soil,
TL1L1 =late Pleniglacial loess layer, TL1S1=middle Pleniglacial paleosol layer, TL1L2=middle
Pleniglacial loess layer, TIL1S2=early Pleniglacial paleosol layer, TL1L3=early Pleniglacial
loess layer

and Chytry 2009). These results of mollusk and pollen analysis were clearly cor-
roborated by those of the analysis of plant alkanes (Zech et al. 2010) (Fig. 2.12).
Based on the collective evaluation of these findings, it seems to us that the inferred
higher temperatures of the warmings must have favored the sustainment of a tem-
perate steppe/forest-steppe in the southern parts of the basin by decreasing humidity.
Conversely, the coolings resulted only in a minor drop of the temperatures but a
more prominent increase in relative humidity favoring the emergence of a boreal
open parkland-type forest-steppe present in Southern Siberia today.
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Fig. 2.12 Changes observed in the composition of plant alkanes and the terrestrial mollusk fauna
in the area of the Southern Great Hungarian Plains for the past 130 kys. V SO= Vojvodina, modern
soil, V L1L1=late Pleniglacial loess layer, V L1S1=middle Pleniglacial paleosol layer, V
L1L2=early Pleniglacial paleosol layer, V S1=1last interglacial and early Weichselian paleosol
layers, V L2 =Saalian loess layer

To sum up, based on our results, a relatively stable woodland-grassland ecotone
with fluctuating proportion of arboreal elements and taxa was the dominant vegeta-
tion type of the Carpathian Basin between ca. 140 and 16 kys. This ecotone, as
shown by the paleoecological record was by no means uniform, but a multiple
mosaic patterning is presumed observable on local, regional, and basinwide scale as
well. The emergence of macro or basin-scale mosaic patterning was attributable to
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the interplay of climatic influences, including the rainshadow effect of the basin and
the actual distance from the continental and alpine ice cover. As a result, the pres-
ence of two distinct paleoenvironmental, paleobiogeographical units covering an
area of ca. 50-100,000 km? could be postulated for the ice age of the Carpathian
Basin. One of these entailed the northern areas, while the other the southern areas
of the basin. Regional and local differences in the bedrock geology, soils, geomor-
phology, and hydrology further dissected these two major units to smaller mosaic
components at a scale of some 100 or some km?.

This multiple mosaic patterning of the paleoenvironment attributable to climatic,
orographical, geological, and hydrological endowments was the most important of
feature of the Carpathian Basin enabling the collective presence and survival of
floral and faunal elements sometimes with contrasting ecological needs. It was this
mosaic patterning of the paleoenvironment which enabled the long-term sustain-
ment of a woodland-grassland ecotone in the basin within the course of fluctuating
climatic evolution of the ice age (Siimegi 1996). Furthermore, the presence of mul-
tiple ecological habitats also ensured the survival of cold-resistant taxa during the
warmings and warmths-loving taxa during the coolings in specially sheltered habi-
tats. This phenomenon is known as the dual refugee effect in the literature (Willis
et al. 1995). The general structure of a woodland-grassland ecotone was preserved
even during the largest coolings, during phases of a treeless steppe. However, locally
there must have been some homogenization of the vegetation in the northern parts
and plant mosaics must have been preserved in shelters of favorable microclimate,
along the watercourses or on slopes, walls, valleys with a southern exposure (Willis
et al. 2000).

2.4.2 Vegetation Development During the Terminal
Part of the Last Ice Age

The first emergence of the Pannonian forest-steppe, corresponding to the western-
most isolated part of the Eastern European forest-steppe belt, is generally dated to
the opening of the Holocene (between ca. 10 and 8.5 kys cal BP); i.e., the Boreal in
the literature (Jarai-Komlédi 1987, 2000; Z6lyomi and Fekete 1994). According to
this concept, the emergence of an extremely dry climate during the referred period
must have triggered the opening of the mixed taiga hosted by the area of the Great
Hungarian Plains due to specific edaphic factors enhancing the invasion of helio-
phyl steppe and Pontic elements into the initial clearings and the retreat of pine to
the higher, cooler areas and cold-spots of the basin. This hypothesis considers the
opening of a mixed taiga as the main trigger in the formation of a temperate forest-
steppe during the initial part of the Holocene.

Conversely, as it was stated in the previous chapter, the emergence of a stable
forest-steppe could have been attested even during the ice age as well on the basis
of paleoecological data. Furthermore, representatives of the Southeast European
warmth-loving mollusk G. frumentum, which is also a character element of the
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Fig. 2.13 The findings of paleoecological investigations for the catchment of Lake Kolon

modern Pannonian forest-steppe were present during this period in the southern
parts of the basin and managed to survive even the largest coolings (Siimegi et al.
1998; Siimegi and Krolopp 2002). So on the basis of our findings, the most impor-
tant elements of the forest-steppe within a mosaic setting were present preceding
the Holocene as well (Siimegi 1996). In order to test this idea, a radiocarbon-dated
profile was chosen, where environmental changes could have been continuously
traced back as far as 24 ky cal Bp (LGM). The core of our analysis was given by the
profile of the catchment basin of Lake Kolon located in the centre of the Pannonian
forest-steppe (N: 46° 46" 23.82", E: 19° 20" 42.49") where 17 radiocarbon dates
(Stimegi et al. 2011) enabled us to capture environmental changes within a section
of 2.8 m for the past 24 kys (Fig. 2.13). In order to highlight regional differences
and capture a spatial pattern of vegetation development, the results of this profile
was correlated with those of 32 additional radiocarbon-dated undisturbed core
sequences along N-S and W-E transects (Fig. 2.13).

Between 24 and 16 kys cal Bp the deposition of silt-rich, minerorganic lacustrine
clays with minimum organic content was inferred for the catchment of the Kolon
Lake. The proportion of plant macrofossils was negligible. Nevertheless, the com-
position of the mollusk fauna with a dominance of cold-loving elements (Valvata
pulchella, Bithynia leachi, Gyraulus riparius) refers to the emergence of a cold,
clear lake with a water depth of ca. 3 m during this period within an interdune basin.
The general pollen composition (ratio of AP:NAP between 40:60 and 60:40 %)
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implies a forest-steppe vegetation fringing the lacustrine basin. The dominant plant
types of the LGM were arctic fens plants, cold continental steppe elements, such as
sedge (Cyperaceae), goosefoot (Chenopodiaceae), grasses (Gramineae), worm-
wood (Artemisia) mixed with tall herb meadows (Thalictrum, Angelica, Campanula,
Centaurea, Filipendula) and cold-resistant plants such as H. rhamnoides, Ephedra,
S. selaginoides, heliophyte compositae, and Pinguicaula. Arboreal elements formed
scattered patches with a dominance of pine (P. mugo, P. cembra, P. sylvestris),
spruce (Picea), larch (Larix), birch (Betula nana, Betula pubescens) and willow
(Salix).

Not a single thermo-mesophylous taxon could have been identified in the hori-
zon dated between 24 and 16 kys cal Bp. This implies the emergence of a Southern
Siberian, Mongolian boreal forest-steppe, characterized by extremely scattered
stands of arboreal elements in the study area during the LGM. A similar vegetation
type was inferred for the central and northern parts of the Carpathian Basin for the
same period based on the evaluation of other coeval pollen profiles (Siimegi et al.
1999, 2011; Magyari et al. 1999).

There is a marked transformation in the pollen composition of the starting profile of
Lake Kolon between 16 and 11.5 kys cal Bp. It is characterized by a general retreat
and complete disappearance of cold-resistant and cold-loving plants (P. mugo,
B. nana) accompanied by an increase in pine, primarily P. sylvestris sometimes
exceeding 60 %. Thus, Scots pine must have been a dominant element of the local
arboreal vegetation during the referred period. Besides Scots pine, the proportion of
birch, willow, and alder was outstanding. The total ratio of AP exceeded 70 % in
this horizon. The presence of several warmth-loving elements could have also been
attested like oak, elm, lime, hornbeam, and hazelnut.

The total ratio of thermo-mesophylous APs was around 5-10 % here. The ratio
of NAPs was around 30 % with a dominance of reed, bulrush and grasses
(Gramineae), wormwood (Artemisia), goosefoot (Chenopodiaceae), and heliophyl
compositae. Conversely, the scattered presence of Achillea, Aster, Centaurea,
Filipendula, Thalictrum pollen grains indicate the preservation of large open areas
within a mixed pine woodland, characterized by a dominance of birch and pine.
Natural grasslands hosting warm steppe elements intervened the referred wood-
lands. This implies the emergence of a mesophylous forest-steppe in the heart of the
Carpathian Basin during the terminal part of the ice age.

The appearance of warm steppe, forest-steppe elements in the pollen spectrum
could have been correlated with the intrusion of warmth-loving, steppe/forest-steppe
dweller mollusks in the loess profiles of the Southern Great Hungarian Plains dated
between 16 and 15 kys cal BP and including the character species of the Pannonian
forest-steppe G. frumentum. Based on the paleorecords, a woodland-grassland
ecotone emerged in areas of higher and lower groundwater table of the plains. The
dominant elements were those of temperate steppe in areas of lower groundwater
table with a subordinate presence of trees. Conversely, areas with more favorable
hydrologies hosted a mixed taiga studded by grassland spots of Artemisia steppe.
So according to these records, the immigration of warmth-loving floral and faunal
elements responsible for the creation and sustainment of a modern temperate



2 Woodland-Grassland Ecotonal Shifts in Environmental Mosaics. .. 41

forest-steppe in the basin must have initiated as early as 16/15 kys cal BP in the
southern parts of the Carpathian Basin.

These changes observed in the terrestrial vegetation were equally attested in the
aquatic habitats of Lake Kolon as well, characterized by a rapid increase in the
organic content and the proportion of Chara remains in the lacustrine deposits dated
to this period. Plant macrofossils rich in these deposits talk about the same story
(Phragmites communis, Typha, Juncus, Carex elata, Carex rostata). A clear altera-
tion in the aquatic habitat is attested by an increase in water lily remains as well
(Nymphae). The mollusk fauna was likewise characterized by the presence of
warmth-loving elements (Bithynia tentaculata, Vertigo antivertigo, Vertigo angus-
tior, Helicopsis striata) and forest-steppe dwellers (Vallonia costata, Vitrea
crystallina).

2.4.3 Vegetation Development During the Pleistocene/Holocene
Transition

There is a marked transformation in the aquatic habitats of Lake Kolon, our starting
profile dated between 11.5 and 9.5 kys cal. Bp. Here, a general increase in the organic
content of the deposit was observed parallely with a rise in the proportion of reed,
bulrush, and sedge macro remains. The proportion of plant remains marking a rela-
tively high water level was also significant here. The appearance of mosses and
some character elements of marshy reeds (Senecio paludosus) as well as ostracod
shells and Chara remains in increasing proportions mark an incipient paludification
of the lacustrine basin. The aquatic mollusk fauna also refers to a marshy lake with
the general warming of the water (Anisus vorticulus, Physa fontinalis, Gyraulus
albus). Water lily remains also have a peak here. The proportion of pine pollen
grains goes below 10 % here giving way to the advent of thermo-mesophylous trees
and bushes including oak, lime, elm, hornbeam, and alder. The high concentration
of flue ash within this horizon marks the outbreak of natural fires in elevated tem-
peratures. No wonder the ratio of AP:NAP was reduced to 50 % in this horizon. The
dominant APs were wormwood and grasses besides Achillea, Aster, Centaurea,
and compositae. All this indicates the development of a Subcontinental-
Submediterranean oak forest-steppe in the area of our central profile. For the same
time period, the areas of hills and foothills of Transdanubia and northern Hungary
as well as the main watercourses witnessed a rapid expansion of temperate wood-
lands composed of mainly oak, lime, elm, hornbeam, and hazelnut (Willis 1997,
2007, Willis et al. 1995, 1997, 2000; Stimegi 1999, 2004b, 2005; Magyari et al.
1999, 2002). In contrast, the heart of the basin witnessed changes similar to the one
observed in the profile of Lake Kolon leading to the emergence of a species-rich
temperate forest-steppe studded by alkaline steppes (Siimegi 1989, 2001a, b, 2004b;
Siimegi and Tordcsik 2007; Stimegi et al. 2000, 2004, 2006).

Thus according to the paleorecord, the environmental changes dated to the
Pleistocene/Holocene transition favored the spread of woodlands (mixed taiga
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exchanged by deciduous woodlands) in the marginal foothills of the Carpathians as
well as the hilly and mid-mountain regions of the basin. At the same time, the heart
of the basin witnessed the emergence of a temperate forest-steppe. According to the
data available, the intrusion of thermo-mesophylous trees and steppe elements
occurred within a mesophylous mixed forest-steppe vegetation after the LGM
between 16 and 15 kys cal Bp. Then increasing temperatures and a rise in natural
fires contributed to the disappearance of cold-resistant elements and the emergence
of a Subcontinental-Submediterranean oak forest-steppe. Based on investigation
results from the profile of Lake Kolon, a marked local and regional decrease in rela-
tive humidity could have been inferred during the opening of the Holocene parallel
with increasing temperatures. This might have favored the general reduction of
woodlands, expansion of grasslands and thus the sustainment of temperate forest-
steppes during the Holocene in the area of the Great Hungarian Plains.

All in all, paleoenvironmental changes preceding the Holocene transition must
have favored the intrusion and expansion of thermo-mesophylous elements from
their refugees found in the southern parts of the Carpathian Basin into a mosaic of
boreal type forest-steppe, which had emerged in the terminal ice age (Slimegi et al.
1998). By ousting the previously dominant cold-resistant and mesophylous taxa,
they must have contributed to the gradual emergence of a temperate oak forest-
steppe in the Carpathian Basin even preceding the actual boundary of Pleistocene/
Holocene. Natural fires set in a woodland of easily flammable pines must have
significantly accelerated the development of forest-steppes. A very similar vegeta-
tion change leading to the emergence of a Subcontinental-Submediterranean oak
forest-steppe was modeled for the area of the Eastern European Plains based on
paleobotanical records (Novenko et al. 2011). However, as shown by the chronol-
ogy, this type of transformation must have occurred much earlier in the area of the
Carpathian Basin, probably as a result of heightened drop of humidity attributable
to the basin effect related to increasing temperatures, plus the relative vicinity of
refugees of the warmth-loving, steppe elements aiding quick colonization (Willis
et al. 1995, 2000; Stimegi et al. 1998).

To sum up, the development of an end-Pleistocene forest-steppe, characterized
by comparable structural makeup but different composing taxa to its Holoocene
counterpart, was mainly controlled by global climatic changes. However, the local
and regional climate, morphology, hydrology, and geology have significantly
influenced the trajectory of evolution. Nevertheless, one must also bear in mind the
potential influences of ice age megaherbovires of the so-called mammoth steppes in
the sustainment of a woodland-grassland ecotone (Guthrie 2001; Zazula et al. 2002,
2003, 2007). The presence of mammoth, wild horses, reindeer, moose, and buffalos
could have been univocally attested in the study area for the referred period (Kretzoi
1977; Janossy 1979; Voros 1987; Kordos 1987; Pazonyi 2004). The general compo-
sition of this Upper Wiirmian mammal fauna also indicates a species-rich forest-
steppe vegetation in the area of the Carpathian Basin (Stimegi 2005) as numerous
woodland elements (moose, reindeer) were collectively present with typical steppe
dwellers (Guthrie 2001).
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Furthermore, these herds of megaherbivores must have significantly contributed
to the reduction of arboreal vegetation in the area. The notion of a forest-steppe is
corroborated by data on rodents (Kordos 1977; Kordos and Rinder 1991) and birds,
where typical steppe or tundra elements like the great bustard (Otis tarda), or ptar-
migan (Lagopus lagopus, Lagopus mutus) are complemented by typical woodland
elements like various taxa of woodpeckers (Caprimulgus europaeus, Dendrocopos
major, D. medius, D. leucotos, Picus canus, Jynx torquilla) in sites dated to the
terminal part of the last ice age (Janossy 1979).

A characteristic feature of the Carpathian Basin is that the extant megaherbivores
of the ice age were replaced woodland elements like roe-deer, deer, auroch, wild
boar. At the same time in sites of the Great Hungarian Plains remains of typical
steppe elements like wild horse (Equus ferus) and onager (Equus hemionus) turn up
in large numbers (Voros 1987). The presence of wild horse could have been attested
from 62, while that of onager from 21 Holocene sites in Hungary (Vo6ros 1987).
Remains of steppe dweller wild ass (Asinus hydruntinus) have also been retrieved
from various archeological sites of the Great Hungarian Plains dated between 7,000
and 11,000 years (Bokonyi 1984, 1992). This latter taxon went extinct ca. 6-7 kys
ago, but the presence of wild horse and onager could have been traced as far as the
Bronze Age (3000-3500 BC).

Domesticates replacing these wild forms and other grazers (caprines, cattle,
horses, pigs) have also ensured the sustainment of a forest-steppe, steppe environ-
ment in the basin. The collective presence of new woodland elements and steppe/
forest-steppe elements of the wild fauna is another independent proof of the mosaic
patterning of the Holocene forest-steppe vegetation of the Great Hungarian Plains
well before the emergence of first agricultural groups. A similar duality is seen in
the record of early Holocene rodent remains. Woodland elements are complemented
by typical steppe/forest-steppe elements like birch mouse (Sicista), mole rat
(Spalax), gopher (Citellus citellus), hamster (Cricetus cricetus) (Cserkész et al.
2009; Kordos 1978). The early Holocene avifauna of the Great Hungarian Plains is
likewise dominated by steppe/forest-steppe elements including the Great bastard
(0. tarda), the Blacktail Godwilt (Limosa limosa) in same proportions as other
woodland elements (Gal 2007).

Thus besides the referred edaphic and climatic factors, the new steppe/forest-
steppe grazers and rodents must have contributed to the sustainment of a
Subcontinental-Submediterranean oak forest-steppe of the Early Holocene of the
Carpathian Basin.

2.4.4 Vegetation History of the Carpathian Basin
Jrom the Settlement of the First Farmers

The first farming groups, connected to the early Neolithic Koros culture turn up in
the Holocene Subcontinental-Submediterranean oak forest-steppe of the Great
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Hungarian Plains roughly 8,000 years ago (Kutzidn 1944; Kalicz 1970; Kosse 1979;
Sherratt 1982; Bokonyi 1992; Whittle 2007). Many researchers blamed these first
farming groups for the initial human-induced vegetation changes. However, recent
paleoecological and paleoenvironmental studies of Mesolithic and Neolithic cul-
tures of the Carpathian Basin and the Great Hungarian Plains yielded surprising
results. In the horizon of woodland profiles dated to the Late Mesolithic a clear,
iterative signal of vegetation changes could have been identified seen in periodic
increases in flue ash, the appearance of open area taxa and the cyclical reduction of
elm and hazelnut pollen concentrations (Siimegi 1999, 2004b, 2005, 2008). These
changes were interpreted as the side-effects of human activities related to the cre-
ation of seasonal hunting camps and paths, intensive foraging and the use of twigs
and leaves as fodder (Stimegi 1999) favoring the expansion of open areas in closed
woodlands and the spread of heliophyl marginal vegetation.

Conversely, no such changes could have been identified in the horizons of catch-
ments of small lacustrine basins and marshlands from the heart of the basin (Great
Hungarian Plains) found next to Early Neolithic sites and dated to the Late Mesolithic
and Early Neolithic (Willis 1997, 2007; Siimegi 2004b). Furthermore, besides an
obvious increase in cereal pollen grains, no other signs of vegetation disturbance
related to agricultural activities could have been attested (Siimegi 2004b). Despite
their extensive settlement of more than 3,000 sites identified, no clear sign of fire-
induced deforestation by members of the Early Neolithic Koros culture could have
been proven in the heart of the basin (Willis 2007). The same holds true for our
primary profile of Lake Kolon, where no significant transformation in the formerly
emerged oak forest-steppe could have been observed in the horizon dated to the
Early Neolithic either. Conversely, results of phytolith and mollusk analysis imple-
mented on material from the Early Neolithic sites themselves (Madella 2007;
Windland 2007; Persaits and Siimegi 2011; Stimegi 2007; Gulyas and Stimegi 2011)
have corroborated the presence of extensive grassy spots and arable lands in the
direct vicinity of the sites.

Representatives of the Koros culture chose to settle on the floodplain of the Tisza
River and its tributaries. These settlements however were not confined to the actual
riverbed but were placed on top of the flood-free, loess-covered island-like lag-
surfaces at an interface of multiple ecotones as shown by the findings of detailed
geoarcheological investigations implemented in the vicinity of Koros sites in
Hungary (Fig. 2.14) (Siimegi 2003, 2004b, 2007, 2011; Stimegi and Molnar 2007).
These island-like lag-surfaces were covered by chernozem soils, which developed
on the loessy bedrock, hosting a steppe/forest-steppe vegetation. The sites thus were
located at the interface of the higher floodplain hosting a steppe/forest-steppe and
the adjacent low floodplain hosting a hardwood gallery forest. This mosaic of mul-
tiple ecotones ensured the engagement of multifocal subsistence on the one hand.
On the other hand, thanks to the relative openness of the natural highs hosting the
settlement there was no need of deforestation for the creation of living space and
arable/or pasturelands.

This is a highly intriguing example of how the mosaic-like multiple ecotone of
woodland-grassland areas influenced settlement and subsistence strategies of first
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Fig. 2.14 Geomorphology and inferred vegetation of the Early Neolithic Koros site of Nagykorii
Orchard. 1. Koros settlement, 2. Steppe, 3. Forest-steppe, 4. Backswamp, 5. Elm of modern hard-
wood gallery forest, 6. Lime of modern hardwood gallery forest, 7. Oak of modern hardwood
gallery forest

farming groups of the Great Hungarian Plains. It is interesting to note though that
numerous even more extensive steppe-forest-steppe areas are found several kilome-
ters away from the rivers like those of the Hortobdgy and the Hajdisdg (Siimegi
1989, 1997, 2004b, 2005; Siimegi et al. 2000, 2005b) yet they were colonized dur-
ing the second half of the Neolithic only. All in all based on our data, the continuous
presence of a forest-steppe nestled in the heart of the Carpathian Basin made human
disturbances obsolete for ensuring economic activities of the first farming groups.
Sings of human disturbances could have been attested in the marginal areas of
the basin, where the natural development of the landscape favored the sustainment
of closed woodland and did not result in the emergence of forest-steppe areas
(Willis et al. 1995; Juhasz 2007).

Vegetation changes related to conscious human intervention in the landscape like
burning, the expansion of weeds, and the reduction of the arboreal vegetation in a
forest-steppe environment are traceable from the Late Neolithic and Early Copper
Age (Willis et al. 1995; Willis 2007). This pattern is visible in the profile of Lake
Kolon as well (Fig. 2.13). Here the observed increase in cereal pollen concentra-
tions were concomitant with a rise in weed pollen grains marking treading and sig-
naling the creation of arable lands and pasturelands. Furthermore, a significant rise
in NAPs marks the opening of the vegetation. These human influences are gradually
intensified in the Great Hungarian Plains from the Copper Age. However, their spa-
tial and temporal appearance is by no ways uniform but changes from area to area
and period to period (Stimegi and Torécsik 2007). This must be attributed to the
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differential demography and settlement, subsistence strategies of the various cultures
settling in the area (Sherratt 1982, 1983). Nevertheless, certain well-traceable stages
of human-induced vegetation transformation can be clearly identified. Five such
stages were differentiated from the Late Neolithic, Early Copper Age.

Stage one is hallmarked by the settlement of the Late Copper Age Badenian
and the Pit Grave Cultures. Settlement was so extensive that human influences
were attested in alkaline areas of the Great Hungarian Plains as well. Stage two is
put to the Middle Bronze Age and the emergence of multilayered (tell) settlements
hallmarking the height of preurban societal evolution in the area. The vicinity of
the tell settlements was intensively exploited hallmarked by such activities as the
establishment of floodplain orchards (walnut production), a complete transforma-
tion of hardwood gallery forests etc. (Stimegi 1999, 2010; Siimegi and Bodor
2000; Willis et al. 1998). The extremely focused exploitation of the landscape
during the establishment of the tell settlements brought about a complete disap-
pearance of the boundaries between closed woodlands and adjacent forest-steppe
areas contributing to the expansion of the ecotonal elements to the former areas of
gallery forests and the closed woodlands of the hills and foothills as well as mid-
mountains of the basin. Signs of deforestation are most pronounced in fortified
tell sites, where the creation of palisades required large amounts of timber (Siimegi
et al. 1998).

The continuation of human disturbances characteristic of the Middle Bronze Age
is postulated for the Late Bronze Age and the Early Iron Age as well. However, the
foci of human activities were displaced from the area of the original, natural forest-
steppes to those of natural woodlands in Transdanubia and the Subcarpathian region
(Stimegi and Bodor 2005; Siimegi et al. 2008). Around the newly established
fortified military centers, located in a woodland setting a full transformation of the
landscape and the vegetation is discernible yielding the emergence of wide open
areas. These transformations favored the intrusion of non-arboreal elements indig-
enous of adjacent natural forest-steppes as well as that of weeds. The resulting
woodland-grassland ecotone in a natural woodland setting was the clear outcome of
human activities here dated to the Late Bronze and Early Iron Ages.

Signs of extensive deforestation during the referred periods are recorded in the
catchment basins, hallmarking intensive soil erosion and inwash and contributing to
the paludification and silting up of minor creek beds, ponds under the Early Iron
Age rainfall maximum. The littoral region of larger lakes and the banks of larger
rivers were silted up to such an extent, that a clear advent of reed, bulrush, and sedge
was traceable there (Siimegi and Bodor 2005).

The next stage is connected to the invasion of Celtic tribes conquering the entire
basin and in possession of high-tech iron tools. Human-induced forest-steppe devel-
opment could have been attested along numerous settlement points (Jerem et al.
1986). Based on the analysis of plant remains retrieved from Celtic features, a clear
transformation of the agricultural activities can be postulated. A drastic drop in the
areas under woodland cover is likewise discernible parallel with the expansion of
arable lands, orchards, and pasturelands becoming the focus of economic activities
during the Late Iron and the Imperial Ages. The array of plants cultivated during the
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Early Iron Age (wheat, oat, barley, rye, and grapes) was complemented by new
elements including cherry, walnut, pear, chestnut, poppy, cucumber, rowan, horse
bean, and cress. An increase in weeds such as brome-grass, corn-poppy, bearbind,
mercury, and dandelion marks a clear expansion of pastures and arable lands. Thus
these Celtic tribes were engaged in extensive plant cultivation, high-class garden-
ing, and animal husbandry. The strong presence of wine grapes and chestnut in the
array of plants cultivated by the Celts is outstanding in our understanding of the
emergence of Submediterranean agriculture of the Imperial Age as it clearly shows
the local roots of such activities.

The highly intertwined agricultural activities of the Late Iron Age and Imperial
Age reach such heights in the area of the Carpathian Basin, that they are even
recorded in the diaries of imperial travelers as well dated to the third and fourth
centuries AD. Other hallmarks of intensive human activities include the well-con-
structed and maintained network of roads and the defense line of the limes. The
transformation of the floodplain of the Danube valley during the reign of the Roman
emperors reached such heights that it brought about a complete disappearance of
the natural woodlands on the side of Pannonia province. When counter-fortresses
were constructed on the other side of the Danube, it also resulted in the disappear-
ance of the natural woodland there as well.

An excellent canary in the coal mine of the period hallmarking the extent of
human disturbances in the landscape is the dry, rock-dweller and steppe-dweller
Northern Balkanic Helicella obvia. This mollusk species was able to invade even
the westernmost Alpine foothills along the Danube, where the original climatic and
vegetation conditions would clearly hamper its settlement (cool, humid, woodland).
The creation of artificial steppes accompanying the construction of roads and
defense systems favored the colonization of the species to these areas as well.

It must be noted here that although human-induced transformations of the land-
scape are largely recorded in the Transdanubian side of the Pannonia province for
the referred period, changes were likewise large-scale on the other side of the basin
populated by barbarian herds. Sarmatian tribes characterized by extensive animal
husbandry and high population numbers and later adopting Roman type economic
activities had similarly large impact on the landscape of the Great Hungarian Plains.
Incipient wind-blown sand movements in areas under an original forest-steppe
cover are perhaps the best markers of intensified landscape exploitation (Kiss et al.
2006). Overgrazing of sandy steppes, forest-steppes by members of a group charac-
terized by nomadic pastoralism was an important trigger of anthropogenic sand
movement.

These changes however by no means were unique. Similar negative outcome
could have been attested to tribes settling the area during the Migration Age, includ-
ing the nomadic Avars and the Hungarians as well. Cumanians settling the area
before and after the Mongolian invasion caused similar landscape changes in the
wind-blown sandy areas of the Great Hungarian Plains (Stimegi 2001b; Kiss et al.
2006). The pastoral practices of these nomadic tribes, when complemented by dry
spells of the climate resulted in the creation of semi-desert environment in certain
parts. These were counterbalanced by periods of higher rainfall and the transformation
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of agricultural practices to avoid the full degradation of the landscape yielding a
forest-steppe again in the long run. Nevertheless, these highly degraded landscapes
have also pointed to the high vulnerability of this unique ecosystem. Although these
transformations clearly highlighted periods, when the limit of sustainability was
reached no truly irreversible transformations can be inferred in the landscape until
the nineteenth century.

The period of the Middle Ages, although characterized by intensive human
activities, favored the preservation of mosaic patterning present in the vegetation
thanks to the array of productive techniques adopted ensuring the collective pres-
ence of meadows, pasturelands, cultivated arable lands, fallows, remnant natural,
and artificial woodlands. Thus the original structure of the forest-steppe ecotone and
the most important composing taxa was more or less preserved. The appearance of
Turkish rule and the desertification of certain urban areas of the Great Hungarian
Plains further enhanced the natural regeneration of the Pannonian forest-steppe and
these conditions prevailed up to the second half of the seventeenth century. It was
the time when maize (Turkish wheat in original name) was first introduced via
Turkish means to the area of the Great Hungarian Plains. This crop altered the way
people thought about animal husbandry and resulted in the introduction of intensive
stall-feeding where corn gave the main fodder.

The introduction of this new line of thinking fundamentally transformed the
way landscape was treated. The traditional system of meadows-pasturelands and
arable lands was abandoned and there was a huge hunger for the exploitation of
new lands to provide higher yields. This could have been achieved by the drainage
of waterlogged areas, peatlands, and the plowing of meadows and pasturelands
alone. The lack of male labor force as an outcome of the Napoleon wars resulting
in extremely high wheat prices was a further push factor to achieve these goals in
hope of a greater profit putting the owners of the agrarian system to the side of
river regulations and the acquisition of new land for production. The complete
destruction of the original structure and composition of the Pannonian forest-
steppe is attributable to the nineteenth century flood protection and river regula-
tion measures seen in the creation of vast dike and canal systems and the drainage
of the landscape to acquire new land suitable for intensive cereal production
(Fig. 2.15). It was this time when the ecological foundation of the area was over-
thrown: the hydrology.

As the natural supply of climate-induced loss of water of the landscape via floods
ceased, the ecological systems whose functioning is based on the availability of
water collapsed. Industrial agricultural production resulted a complete homogeniza-
tion of the vegetation creating a so-called cultural landscape or better to say cultural
desert. This process is still active and the extreme droughts and increasing tempera-
tures of the past 50 years favored the emergence of a steppe-like environment in the
heart of the basin (Pdlfai 1989). A major deal is whether or not this process will halt
at a certain point or will result in a complete degradation of the landscape. It’s quite
clear though that the natural system of multiple ecotones was seriously damaged
and could be restored by special measures of experts working collectively for the
restoration and conservation of the landscape.
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Fig. 2.15 The trajectory of Pannonian forest-steppe evolution within the framework of global
climate change (d180 GRIP) for the past 16 kys

2.5 Summary

As a result of its unique natural endowments a boreal type of forest-steppe vegeta-
tion emerged in the heart of the Carpathian Basin during the LGM, which was
invaded by numerous thermo-mesophylous elements initiating around 16 kys cal Bp.
This species-rich forest-steppe characterized by the dominance of coniferous ele-
ments was transformed into a Subcontinental-Submediterranean oak forest-steppe
by the beginning of the Holocene. These vegetation changes display strong affinity
with the processes observed in the Eastern European Plains at a later period.

However, as a result of its geographic location, the area of the Carpathian Basin
was characterized by an overlap of strong Atlantic, Submediterranean, and
Subcarpathian climatic influences not present in the Eastern European Plains. As a
result of the fluctuating interface of these climatic influences, numerous elements
with Pontian, Balkanic, Atlantic, and Subcarpathian affinity are present in the con-
tinental forest-steppe yielding an interface and overlap of vegetation zones in the
basin similar to the system of climatic influences.

The most important climatic parameters favoring the development and sustain-
ment of a forest-steppe are those of the average temperature of the summer months,
rainfall and evaporation as well as evapotranspiraton. The spatial distribution and
patterning of these parameters is clearly congruent with the observed boundaries of
the forest-steppe vegetation of the Great Hungarian Plains. The forest-steppes nes-
tled in the heart of the basin are fringed by closed woodlands in the higher, marginal
hilly and alpine areas enjoying higher rainfall. According to the Holdridge
classification system, the major part of the basin is put to the transitional category
found between those of cold, temperate grasslands, cold, temperate humid woodlands
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and warm, temperate dry woodlands, where the first (steppe) and the last categories
(dry woodland) also turn up climatically in the form of scattered patches. This
grassy area forming an ecotone between the actual grasslands and dry and humid
woodlands corresponds to the Pannonian forest-steppe vegetation of the Great
Hungarian Plains. The trajectory of evolution of the Pannonian temperate forest-
steppe was fundamentally controlled by local edaphic factors (orography, geology,
hydrology, soils) besides the interplay of the referred climatic influences. The
influences of these edaphic factors on the landscape are best visible in the alkaline
areas, which emerged as a result of the unique subsurface hydrological cycle and the
rock—soil-water interaction of the area discernible from the last ice age. Natural
fires induced by increasing temperatures as well as the invasion of the megaherbi-
vores and rodents enhanced the sustainment of the original vegetation. The highly
complex mosaic of woodlands, grasslands, and intervening transitional ecotones
hosted the first foraging Mesolithic and farming Neolithic groups of the basin.

As the settlements of the first farmers were confined mainly to the open vegeta-
tion areas, these communities caused no significant alteration of the original forest-
steppe, although their activities have contributed to its sustainment. New elements
of the vegetation were also introduced as a side effect of human activities. At the
same time, the marginal vegetations of the ecotone corresponding to the zone of
cool, fresh woodlands was significantly transformed by representatives of the same
communities favoring the expansion of heliophyl elements. Based on the available
data, besides the macroclimatic and regional edaphic environmental factors human
activities from the Mesolithic have significantly contributed to the sustainment of
the original woodland-grassland ecotone.

A general increase in the animal stock as well as the population characterizes the
period from the Late Neolithic and the Early Copper Age favoring the expansion of
open areas and weeds and reflecting intensifying human influences on the landscape.
Another major change occurred in the wild fauna around 1500 Bc hallmarked by a
complete disappearance of large-bodied wild herbivores enhancing the preservation
of the mosaic nature of the vegetation. This change is attributable to either overhunt-
ing of the natural population or the increase in domestication. At the same time, the
new domesticates substituted the previous wild grazers in the sustainment of the
original structure of the vegetation. As a result of population growth, higher social
hierarchy and preurban settlement development during the Bronze Age characterized
by intensive forest burning and landscape exploitation the trajectory of natural evo-
lution was distorted resulting in the emergence of artificial steppes and woodlands.
The proportion of disturbed vegetation areas continued to rise with the emergence
of the metal cultures and human influences on the vegetation were extended to new
areas formerly hosting closed woodlands.

This brought about the emergence of artificial forest-steppe ecotones. These
transformations further intensified during the Late Iron and Imperial Ages turning
almost the entire basin into an artificial forest-steppe. The nomadic pastoral groups
invading the area of the basin from the East European Plain fundamentally altered
the evolution of this transformed landscape. Overgrazing of steppes complemented
by extreme dry spells has initiated the emergence of semi-deserts and wind-blown
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sand movement. These wounds were quickly healed as a result of altered agricultural
techniques and landscape exploitation complemented by recurrent periods of height-
ened rainfall. Agricultural techniques during the Middle Ages and the initial part of
the New Age have contributed to the enhancement of species-richness and the sus-
tainment of the structure of the Pannonian forest-steppe. Unfortunately the intro-
duction of in-stall animal husbandry and the acquisition of new farmlands to ensure
higher crops and profits initiated a full transformation of the landscape via river
regulation measures dated to the second part of the nineteenth century.

By intervening in the basis of the ecological system, the hydrology, these mea-
sures managed to put the Pannonian forest-steppe to its margin of existence. Only the
last minute conservation measures of the twentieth century could save the witness
of old times from complete extirpation via the revitalization of overdeveloped agri-
cultural areas, reintroduction of forest-steppe floral elements and wild fauna (wild
horses) ensuring the sustainment of a natural forest-steppe ecotone. Nevertheless,
the fate of the Pannonian forest-steppe, a unique woodland-grassland ecotone is still
not settled partly because global warming favors the conquest of steppe vegetation
by increasing aridity. Furthermore, as the area of modern forest-steppes enjoying
protection is highly constrained and fragmented, this ecosystem is highly vulnerable
to both natural and artificial environmental changes.
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Chapter 3

Ecotones as Complex Arenas of Disturbance,
Climate, and Human Impacts:

The Trans-Andean Forest-Steppe

Ecotone of Northern Patagonia

Thomas Kitzberger

3.1 Introduction

Terrestrial ecotones are possibly the most dynamic regions of the world where
global change impacts will earlier become most evident. It has been therefore sug-
gested that ecotones could be considered indicators of global changes where moni-
toring efforts should be primarily directed (di Castri et al. 1988; Nielson 1991).
A basic assumption for this is that small changes in some (limiting) condition, bottom
up resource or top down process will, when approaching some threshold, produce
rapid and abrupt responses such as shifts in the distribution of dominant species and
associated communities or patches.

This rather simplistic view of ecotone dynamics has been challenged because
environmental changes are complex usually involving interacting conditions,
resources, and processes (Kupfer and Cairns 1996), so that changing one driver
(e.g., temperature) may amplify the effect of another driver (e.g., fire) thus pro-
ducing complex ecotone responses. Another complicating issue is that responses
are scale dependent so that large shifts in dominant species may produce large phys-
iognomic changes without necessarily producing biome boundary shifts (Nielson
1991). Furthermore, changes in ecotones are more likely to occur in response to
changes in variability and frequency of extreme events rather than to changes in
mean conditions.

Finally, ecotones (particularly low elevation forest grassland transitions) are
often regions that have been heavily used by humans and where land use and land
use changes have largely influenced its dynamics. A better understanding of the
nature of ecotones and the complexity of interrelated natural and anthropogenic
controls that regulate their internal dynamic is necessary before adequate assessments

T. Kitzberger (><)

Laboratorio Ecotono, Universidad Nacional del Comahue, INIBIOMA-CONICET,
Quintral 1250, 8400 Bariloche, Argentina

e-mail: kitzberger @ gmail.com

R.W. Myster (ed.), Ecotones Between Forest and Grassland, 59
DOI 10.1007/978-1-4614-3797-0_3, © Springer Science+Business Media New York 2012



60 T. Kitzberger

of their usefulness as early warning indicators of global changes can be made. In
this chapter I will attempt to illustrate some of these complexities by synthesizing
extensive research performed along the trans-Andean forest-steppe ecotone of
northern Patagonia during the last 3 decades.

3.2 Physical and Biological Setting of Forest-Steppe
Ecotone of Northern Patagonia

3.2.1 Abiotic Transition

Biomes location and boundaries in southern South America are controlled by large-
scale atmospheric circulation patterns modified by the topographic effects of the
Andes (Hueck 1978). In particular at mid-latitudes, south of c. 37°S, within the
realm of the dominant westerly circulation, this continuous N-S stretching moun-
tain range forces the orographic uplift of moist Pacific air producing annual rainfalls
on the windward slopes of 3,000-5,000 mm. By the time air masses have reached
the Patagonian plains, normally about 100 km eastwards of the main continental
divide, annual rainfall has declined an order of magnitude (Veblen 2007).

Concomitant with these strong rainfall gradients are also steep W—E gradients in
continentality. Western slopes of the Andes and the Chilean central valley lowlands
are strongly buffered by the Pacific Ocean from extreme temperatures, while the
Patagonian plateau, usually drier and cloud free, displays larger diurnal and inter
annual temperature amplitudes with regular frosts periods and warmer summer tem-
peratures (Burgos 1985; Kleinebecker et al. 2007). Because of the seasonal influence
of subtropical high pressure building up during the summer, Mediterranean-type
precipitation seasonality develops over mid-latitudes producing stronger water
deficits to plants during the summer warmer on the drier eastern slopes and
Patagonian plains.

An additional effect of the Andean Cordillera is the existence of chains of active
volcanoes, mostly located in Chilean territory (c. 50 between 36°S and 44°S; Besoain
1985) which, in combination with the dominant westerly wind direction, largely con-
trol soil parent material. Therefore western soils that lie within the domain of volca-
nic plumes are Andesitic soils of distance decreasing granulomery from the ejection
sources, whereas eastern soils are more relatively more dominated by gaciofluvial
deposits. While physical fertility is higher in western volcanic-derived soils, chemi-
cal fertility is higher in eastern soils derived from glaciofluvial deposits (Gaitdn and
Lopez 2007; Morales et al. 2010). Volcanic soils are rich in allophanes (amorphous
clays), have low bulk density, high water retention capacity and contain more organic
carbon, therefore providing high macroporosity, aeration, and drainage capacity.
However, on the other hand, amorphous Al associated to allophanes and humic com-
plexes effectively retain available P. In high precipitation areas where volcanic depos-
its are coarser, pumicite base lixiviation is higher. Therefore base cations, cation
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exchange capacity, and P availability all decrease from east to west thus decreasing
chemical fertility (Morales et al. 2010). Low physical fertility (soil compaction due
to high clay contents with depth) has been proposed as an impediment for root devel-
opment in eastern soils so that toward the eastern extreme of the rainfall gradient
plants remain shallow-rooted and thus unable to compensate with rooting depth for
lower water availability (Schulze et al. 1996).

3.2.2 Ecosystem Properties Across the Transition

As in many other rainfall-controlled ecotones total plant biomass sharply decreases
with decreasing rainfall (and physical soil fertility despite higher chemical fertility).
Mean annual precipitation explains more than 60% of the variance in NDVI, an
estimator of aboveground net primary production which varies from c. 2,500 kg ha™"!
in the wettest portion (i.e., forests) to ¢. 500 kg ha™! in the driest extreme (i.e., steppe)
of the biogeographical transition (Paruelo et al. 1993, 1998). However, belowground
biomass decreases at a lower rate, thus increasing root: shoot ratios. Irrespective of
the position along the rainfall gradient most roots are located in shallow layers
despite availability of deeper water at least during parts of the year (Schulze et al.
1996). Therefore water balance alone cannot fully explain vegetation along this
ecotone and poses the question of why native trees do not invade the grassland and
vice versa. One explanation is that zonation could be reflecting more establishment
conditions than adult growth conditions. So that trees may not be able to success-
fully establish in the grasslands where they could potentially grow as adult individu-
als and grassland plants could not establish in wetter habitats due to light competition
despite having abundant water availability for potential growth as adults (Schulze
et al. 1996). This may be one reason why trees planted as juveniles or adults (e.g.,
exotic plantations) are successful in grassland areas.

3.2.3 Plant Communities and Plant Diversity Across
the Transition

Broad-scale native vegetation types mirror the sharp W-E climatic gradients
(Fig. 3.1). At mid-latitudes of Southern South America (37-43°S) temperate
Valdivian rainforests dominate low-mid elevations of the western windward slopes
of the Andes with some outskirts of rainforest occurring on the leeward westernmost
areas of Argentinean Andes where low passes allow produce high precipitation and
mild temperature microclimates.

The Valdivian rainforest represent the forests with maximum biomass and arbo-
real species richness (Arroyo et al. 1995) due to regional coexistence of disturbance-
dependent emergent shade intolerant trees (Nothofagus dombeyi, Eucryphia
cordifolia, Weinmannia trichosperma, Fitzroya cupressoides) with shade-tolerant
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Fig. 3.1 Topographic profile across a trans-Andean gradient at c. 41°S in southern South America
indicating mayor vegetation types (source: Lara et al. 2000). Number indicate species richness of
trees, epiphytes, vines, and shrubs recorded at five localities across the transition (indicated with
stars in the inset map): Puyehue National Park, Puerto Blest, Llao Llao Municipal Park, San Carlos
de Bariloche and Eastern Nahuel Huapi National Park (after Ezcurra and Brion 2005; Aizen and
Ezcurra 2008)

cold-sensitive rainforest tree components (Aextoxicon punctatum, Saxegothea con-
spicua, Laureliopsis philippiana, Gevuina avellana, Podocarpus nubigena, Persea
lingue, numerous mirtaceae, etc.) typical of old-growth undisturbed forests (Veblen
et al. 1996).

On the leeward slopes of the Andes in the Argentinean Lake District, a pure
Nothofagus forest develops due to the loss of shade tolerant tree taxa at lower pre-
cipitation levels and higher elevations of the Patagonian Plateau (baseline levels of
Atlantic draining lakes range from c. 500-1,000 m a.s.1.). These include evergreen
N. dombeyi-dominated forests between lake level and 1,100 m of elevation and
deciduous Nothofagus pumilio-dominated forests in the altitudinal range of 1,100-
1,600 m. North of 40° 35’ (Sabatier et al. 2011), two deciduous trees (Nothofagus
alpina, and Nothofagus obliqua) can codominate with N. dombeyi and more sel-
domly dominate the forests. In stressful sites such as frost prone/flood prone valley
bottoms, xeric or disturbed slopes, the small tree/tall shrub Nothofagus antarctica
replaces these forest types. Nothofagus forest may be codominated by conifers,
such as the long lived F. cupressoides (at mesic sites > 2,500 mm year' south of c.
40° 57'S; Kitzberger et al. 2000a), Araucaria araucana (north of c. 40° 20'S), or
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Austrocedrus chilensis. Occurrence of conifers in coexistence with Nothofagus in
mesic sites is related to infertile conditions such as waterlogged bogs (Fitzroya),
thin soils or rocky outcrops (Araucaria and Austrocedrus; Veblen et al. 2005).
Understories are dominated by the 2—5 m tall bamboo Chusquea culeou.

Eastwards, with further decreases in precipitation (1,500-1,000 mm year™)
Araucaria and Austrocedrus, being the relatively more drought tolerant conifers,
form monospecific forests or coexist within a matrix of tall shrublands composed
mainly by the bamboo (C. culeou), N. antarctica and several other small trees or tall
shrubs (Maytenus boaria, Lomatia hirsuta, Embothrium coccinueum, Diostea jun-
cea, Schinus patagonicus, etc.). With further decreases in precipitation (<1,000 mm
year™), this matrix changes into a bunchgrass (Stipa speciosa, Festuca pallescens)/
cushion shrub (Mulinum spinousum)-dominated steppe where Austrocedrus or
Araucaria intersperse either as isolated trees forming a woodland or small forest
patches in wetter topographic positions, or rocky/stony outcrops, the former at low-
mid elevations (800—1,300 m) the latter at higher elevations (1,000-1,800 m a.s.l) in
association with the outskirts of high elevation N. pumilio forests and N. antarctica
shrublands. Last outlier populations of Austrocedrus populations within the patago-
nian steppe are found at c. 300 mm year' (Pastorino and Gallo 2004) and of
Araucaria at c. 450 mm year!, while easternmost angiosperm trees are small V.
pumilio and N. antarctica forest clumps growing at c. 450-500 mm year' on radi-
ation-protected south-facing slopes.

Between 40 and 42°S on western slopes of the Andes, the southern temperate
rainforests host the maximum regional vascular plant species richness of southern
South America with a total of 44 species of trees (Fig. 3.1; Arroyo et al. 1995). East
of the continental divide Brion and Ezcurra (2005) list 15 tree species for the wet for-
est environment, 6 tree species for the transitional forest environment, and no trees for
the steppe environment. Tree species list for specific locations along a W—E gradient
(modified from Aizen and Ezcurra 2008) show a similar decline from 24 tree species
at Puyehue National Park (Chile), 15 trees species in the Puerto Blest area, 12 trees in
the Lla Llao Municipal Reserve area, 6 tree species in the Bariloche area, and 3 tree
species in the transitional steppe in East Nahuel Huapi National Park (Fig. 3.1).
Epiphytes show a similar decline with no species on the eastern slopes of the Andes,
whereas climbers show a strong decline just at eastern end of the gradient. Shrub
species show maximum richness in the transitional forests and woodland of the east-
ern slopes (Fig. 3.1). Speziale et al. (2010) show a similar patterns of plant richness
variation within the eastern watershed, with a strong reduction tree species richness
east of ¢. 71.4°W, coincident with a peak in shrub species richness (c. 71.5°W). At these
intermediate portions of the transition herbs increase in richness peaking over the
eastern end of the gradient (c. 71°W). Local plant species richness across the gradient
is strongly controlled by precipitation and daily temperature range.

Woody species richness in particular, is strongly related to productivity. An
increase of plant cover coupled with higher allocation to woody biomass, to increase
the height and to have an advantage in competing for light, often occurs when water
stress decreases and carbon fixation is enhanced across precipitation gradients. Tree
cover (and its correlated litter cover), however has a strong negative influence on
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shrub and herb richness thus explaining the reduction in richness and suggesting
strong competitive interactions between these life forms in the wetter portion of the
transition (Speziale et al. 2010). Therefore shrub species richness is probably con-
trolled in wetter portions of the gradient by light competition and in the drier portion
of the gradient by reduced precipitation. Thus, although similar richness of shrubs
is evident over the extremes of the gradient, species turnover is very high. Only five
shrubs species (10-15%) are shared between the westernmost and easternmost
floras in Fig. 3.1. These different shrub floras are largely different in ecological
traits such as shade and drought tolerance, possibly reflecting important differences
in evolutionary and biogeographic histories between forest and steppe taxa.

Based on these patterns, rather than defining a single ecotone, three sharp zones of
transition can be defined across a trans-Andean gradient. First, the western transition
(c. 72°W) from the tree/epiphyte species rich Valdivian rainforest to the structurally
more simple species poor Nothofagus-dominated forests. This transition zone coin-
cides approximately with the 600—700 m a.s.l. altitudinal limit and 3,000-2500 mm
year™! precipitation boundary on the western slopes of the Andes or in some low passes
that cross into the eastern watershed of the Andees. A second sharp transition occurs
further east (c. 71.6°W) where the continuous Nothofagus forest cover breaks up giving
rise to first patchy but further east more extensive species rich shrublands composed of
helliophylous species. This transition occurs where annual precipitation drops below c.
1,800 mm year'. Finally, a third transition takes place at c. 71.0-71.2°W where east-
ernmost small outpost trees population (A. chilensis and N. pumilio) intermingle within
the Patagonian steppe matrix. This transition coincides with the belt of maximum herb
diversity (Speziale et al. 2010) in rainfall areas below C. 600-800 mm year.

3.3 Disturbance Variation and Forest Dynamics
Across the Transition

3.3.1 Fine-Scale Disturbances

Dominant disturbances that largely control forest dynamics vary strongly across the
transition (Fig. 3.2b). Andean Valdivian rainforest is dominated by two superim-
posed disturbance regimes: fine-scale tree fall gap dynamics and coarse-scale
disturbances of tectonic origin. Landscapes dominated by the fine-scale distur-
bances consisting of small openings produced by large, emergent shade intolerant
trees but where shade tolerant trees have gradually colonized the understory induces
an autogenic successional change towards dominance of shade tolerant trees such as
S. conspicua, L. philippiana, A. punctatum, P. lingue, and several mirtaceous trees.
In absence of large-scale disturbances, shade intolerant trees such as N. dombeyi
cannot establish in dense understory populated by the shade tolerant trees and the
rapidly and vigorously proliferating Chusquea bamboos (Veblen et al. 1996).
While gaps created by individual tree fall or the disturbance created by small
groups of trees are a pervasive disturbance across the transition, the ecological role
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Fig. 3.2 (a) Potential distribution of vegetation types across a elevation (m)-precipitation (mm year™")
space in at c. 41°S. Note that given the elevated plateau and base lake level on the eastern slope
of the Andes, elevation <800 m a.s.1. are not available for precipitation levels <3,000 mm year™'.
(b) Distribution of dominant disturbance regimes across a elevation-precipitation space at c. 41°S
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Fig. 3.3 Ecological role of fine-scale (tree-fall gap) (a) and coarse-scale disturbance (b) regimes
across a elevation-precipitation space at c. 41°S

of such disturbances in the dynamics of the forest varies geographically (Fig. 3.3a;
Veblen 1989). Over the wettest portion of the transition (>2,500 mm year') and at
lower altitudes (<600 m a.s.l.), tree fall gaps generate opportunities for succession
towards communities dominated by shade tolerant trees. With the disappearance of
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shade tolerant trees on the eastern slopes of the Andes, understories at elevation
<1,200 m a.s.l. are almost purely dominated by the bamboo C. culeou. When tree
fall gaps are generated, this species aggressively responds by rapidly filling up the
gaps with dense bamboo clumps that preclude N. dombeyi regeneration except
where large nurse logs in tree fall gaps of 500-1,000 m? occasionally permit suc-
cessful seedling establishment above much of the bamboo (Veblen 1989). At higher
elevations (>1,200 m) or intermediate precipitation levels (2,000-1,600 mm year™),
C. culeou bamboo thickets loose vigor and eventually disappear so that N. pumilio
(Heinemann et al. 2000; Heinemann and Kitzberger 2006) and N. dombeyi can,
respectively, regenerate as small even-aged cohorts in smaller gaps (Veblen 1989).

Importance of tree fall gaps in low elevation dry forests is lower because frequent
fires have prevent the development of old-growth forests. However, given strong
reduction in modern fire frequency, many tall dense N. dombeyi postfire cohorts are
undergoing synchronous senescence opening medium-sized gaps. A similar pattern
is produced in wet tall Austrocerdus forests that, triggered by Pytophtora root attack
are producing massive mortality and large forest openings (LaManna et al. 2008).
These larger gaps have the potential of developing even-aged cohorts; however,
high cattle and exotic deer densities are effectively impeding regeneration and pro-
moting the “emptying” of understories or the development of understory communi-
ties dominated by unpalatable/spiny shrubs (Veblen et al. 1989, 1992a; Relva et al.
2009). Another source fine-scale gaps are extreme drought events that periodically
trigger Nothofagus canopy mortality or partial crown dieback. A modern example
of this is a massive N. dombeyi dieback event triggered by a century record drought
occurred in 1998-1999 (Suarez et al. 2004). Drought gaps created by this event are
rapidly filled by preestablished shrub understories preventing the regeneration of
N. dombeyi and favoring the relatively more shade tolerant establishment of the
conifer Austrocedrus (Suarez and Kitzberger 2008).

In dry old-growth N. pumilio subalpine forests, tree fall gaps and dieback gaps
regeneration dynamics is more controlled by facilitative effects than by the classic
idea of competition release (Heinemann et al. 2000). Understory vegetation, mesic
microclimates (e.g., shady gap boundaries, decomposed logs, etc.) are microsites
where N. pumilio is successful within gaps. Finally at lower altitudes and lower
precipitation levels in the realm of the Austrocedrus woodlands, the concept of gaps
does not hold as these open woodlands are not limited by light but by water avail-
ability and thus, regeneration is largely controlled by rainfall variability and nurse-
shrub facilitation (Villalba and Veblen 1997; Kitzberger et al. 2000b).

3.3.2 Coarse-Scale Disturbances

Being located at a boundary between two major crustal plates, the Valdivian Andean
region is an area of great volcanic and tectonic activity, which results in ecological
disturbances. Forest disturbances associated to tectonism such as earthquake-
triggered landslides, mudflows, debris avalanches, river floods and associated volcanic
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lava flows, and regional volcanic sand/ash depositions promote the massive
establishment of shade intolerant trees such as N. dombeyi, W. trichosperma,
E. cordifolia, and eventually F. cupressoides. Composition and structure of most Andean
Valdivian rainforest show the prevalence of old, large emergent shade intolerant trees,
thus suggesting the importance of relatively frequent coarse-scale disturbances in
promoting coexistence of shade tolerant and shade intolerant trees, and therefore, high
tree species diversity (Veblen and Ashton 1978; Veblen et al. 1980, 1996).

Because of its location in the area of influence of an annually southward migrating
Pacific anticyclone, the northern Patagonian transition displays relatively strong
precipitation seasonality with relatively dry spring-summers and wet-cool fall-winters.
Thus, fire encounters spatially variable fuel quantities and fuel desiccation condi-
tions to become a coarse-scale disturbance with different recurrences and ecological
roles across the transition (Kitzberger et al. 1997).

In the eastern steppe, fire is limited by the amount of horizontal fuel continuity.
Similar to other steppes (Miller and Heyerdahl 2008), when the amount of bare
ground is above a certain threshold (<c. 50%; e.g., overgrazed areas, rocky or stony
outcrops), fire is not able to freely spread across the landscape. Counterbalancing
this limitation, fine fuels (e.g., grasses) are desiccated and readily burnable every
summer.

Conversely, in the wettest portion of the transition, large amounts of are avail-
able, yet very exceptional prolonged drought events are able to desiccate coarse
fuels of rainforests and create opportunities for these communities to ignite and
spread fires. Very occasionally and associated to strong droughts, and/or the mas-
sive flowering and dieback of several bamboos species, wildfires can affect hyper-
humid forests. However, once spreading under these conditions, events become
very large due to the high horizontal fuel continuity. Possibly the best of these two
worlds for fire is found across the transition at intermediate-dry positions and lower
elevations where abundant fuels are still produced in large quantities but where the
water deficit is high enough (or fuels are fine enough) to generate frequent fuel
desiccation opportunities for fires to spread.

Estimates of fire recurrence across the transition has been derived from annually
resolved tree ring fire scar records, particularly from the conifers, the relatively fire-
resistant F. cupressoides in the mesic forests and scar-forming A. chilensis at the dry
end of the transition (Veblen et al. 1999). Mean composite fire intervals (i.e., the time
lapses between fires dates recorded by different trees in a site) suggest that prior to
the arrival of Euro-Argentineans to northern Patagonia, fires recurred at individula
sites every c. 100 years in a mesic Fitzroya-Nothofagus forest (3,000 mm year™) and
every c. 7-20 years for dry Austrocedrus woodlands (Veblen et al. 1992b, 1999;
Kitzberger and Veblen 1997). Mean point fire intervals (i.e., the time lapses between
fires dates recorded by single trees), a more conservative indication of presettlement
local fire recurrence is not available for Fitzroya-Nothofagus rainforest but is esti-
mated to be >3-5 centuries and was 2742 years in the dry Austrocedrus woodlands
(Kitzberger and Veblen 1997). Fire severity changes across the transition with high
severity fires at intermediate rainfall and wet forests as well as for higher elevation
forests, while dryer woodlands carry mixed severity regimes.
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Temporally fire regimes have changed differently across the transition due to
different histories of land occupation, cultural changes and therefore ignition
frequency changes. In the dry woodlands and steppes, highest fire frequencies
correspond to aboriginal times (pre-1877), a period of frequent active fire use for
guanaco and rhea hunting, communication, warfare, etc. by ancient nomadic
Tehuelche cultures. With military occupation of these lands and land conversion to
large sheep and cattle ranches, fire frequency dropped dramatically (Veblen and
Lorenz 1987; Kitzberger and Veblen 1997). In contrast, mid to wet portions of the
transition (north Patagonian Lake District) was less inhabited and used less fire,
thus infrequent wet forest fire during presettlement times may have primarily been
naturally ignited. During the 1890s and early 1900s, colonization of forested areas
was primarily driven by European settlers with a strong culture of forest opening
with fire to create cattle pasture (Veblen et al. 2003). During dry enough summers,
many of these forest clearing fires escaped and went out of control and thus a sharp
increase in fire frequency took place during the turn of the nineteenth to twentieth
centuries. By the 1940s, with the creation of the Argentinean National Park system
and the cultural change towards negative connotations of wildfires, fire frequency
drastically reduced up until the late 1980s after which large fires occurred related to
drought and bamboo flowering/withering (Veblen et al. 2008).

Ecological consequences of fire and fire regime change across the transition
(Fig. 3.3b). Similar to tectonic mass disturbances, fire in the western mesic forests
induces strong colonization pulses and the development of dense even-aged cohorts
of shade intolerant trees such as N. dombeyi or N. pumilio (Veblen et al. 1992b;
Kitzberger 1994). If present, emergent thick-barked long lived conifers F. cupres-
soides or A. araucana (further north) may survive crown fires and endure at the site
several fire cycles and generations of angiosperm (Veblen et al. unpubl.). However,
given long fire free intervals mesic forest attain old-growth stages which at lower
elevations on the western Andes develop into diverse Valdivian rainforest domi-
nated by shade tolerant trees. At higher elevation or on eastern slopes of the Andes
forest are typical old-growth or old even-aged pure Nothofagus stands with under-
stories largely dominated by the bamboo C. culeou. Despite the lack of Nothofagus
gap-phase regeneration in both Valdivian and pure wet Nothofagus forests, coarse-
scale disturbances such as rare fires are frequent enough to ensure persistence and
dominance of this shade intolerant species.

At intermediate portions of the transition and at higher elevations crown fires
induce the formation of large even-aged stands of N. dombeyi and or Austrocedrus
at lower altitudes (Veblen and Lorenz 1987). Given the high frequency of fires dur-
ing the settlement period, this portion of the gradient is currently dominated by c.
one century old even-aged stands that are undergoing cohort senescence. Contrasting
with typical massive, large crowned tree falls in the old-growth forest, these forests
develop tree toppling of tall self-thinned trees. In some cases when fires are too
severe or too frequent, thin barked obligate-seeded N. dombeyi and N. pumilio trees
fail to reestablish and the site becomes dominated by shrublands dominated by
resprouting species (N. antarctica, C. culeou, S. patagonicus, D. juncea, M. boaria,
L. hirsuta, etc.; Mermoz et al. 2005; Kitzberger et al. 2005) which in turn for being
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more flammable than the Nothofagus forest, induce alternative self-maintaining
mosaic of states of shrubland and forest (Kitzberger et al. 2012).

Finally, at the eastern end of the transition, fire has an important role in regulat-
ing the relative extent of forest (mainly Austrocedrus in lowlands and N. pumilio
in highlands) and steppe. During periods of higher fire frequency/severity,
Austrocedrus retracts into suboptimal rocky/stony fire refugia where the amount of
burnable biomass decreases and fires do not spread or are less lethal to adult trees
(Veblen and Lorenz 1988; Kitzberger et al. 2012). Similarly, during high fire activity
N. pumilio forests retract into moister aspects and higher elevations at the expense
of steppe advances (Fig. 3.5; Gowda et al. 2012).

3.4 Direct and Disturbances-Mediated Influences of Climate
Variability Across the Transition

Climatic variability can affect ecotone dynamics by directly influence on demog-
raphy of dominant plant species, and by indirectly modifying the occurrence, fre-
quency or severity of disturbances. Across the north Patagonian transition, climatic
variability influences forest dynamics by affecting different key processes (Suarez
and Kitzberger 2010). Near the eastern distribution limit of both Austrocedrus (c.
600-800 mm year™) and N. dombeyi (c. 1,200-1,400 mm year™), strong droughts
produce massive tree mortality (Villalba and Veblen 1998; Suarez et al. 2004;
Fig. 3.4a). In the conifer, episodes of massive tree mortality coincide with excep-
tionally dry springs and summers during the 1910s, 1942—-1943, and the 1950s,
whereas for the angiosperm, the exceptionally hot dry summer of 1998-1999
global change-type drought triggered the episodic death and partial crown die-
back of N. dombeyi trees over c. 11,000 ha in Nahuel Huapi National park (Suarez
et al. 2004). Interestingly, this recent drought did not affect Austrocedrus, and,
apparently, early century droughts that affected the conifer did not induce massive
mortality of N. dombeyi (Suarez and Kitzberger 2010). It is likely that timing and
duration of drought may be having influence on different tree species across the
transition (Allen et al. 2010) with multiyear droughts affecting more drought-
adapted conifer and episodic seasonal droughts affecting the more moisture-
demanding angiosperm.

In the mesic forests, droughts had only a minor effect on tree mortality but here,
exceptionally rainy or snowy or windy winters seem to be the drivers of tree mortal-
ity by either uprooting or snow breakage events (Suarez and Kitzberger 2010). This
is particularly the case of N. dombeyi which, due to a swallow rooting and evergreen
habit, offers high aerodynamic resistance to wind and low wind firmness. Ever
greenness and right branch angles in N. dombeyi also cause the accumulation of high
snow loads which can produce high levels of branch fall and eventually entire crown
breakage. Therefore, in these mesic lowland forest dynamics is largely linked to
mechanical-type disturbances (water, wind, and snow) promoting death and regenera-
tion, whereas dry forests dynamics tend to be controlled by physiological-type
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Fig. 3.4 Direct (demographic; (a)) and indirect (disturbance mediated; (b)) influence of climatic
variability on forest dynamics across a elevation-precipitation space at c. 41°S

agents (e.g., soil water deficit, atmospheric demand, heat shock, etc. Suarez and
Kitzberger 2010).

Climatic variability can control forest dynamics by modifying tree establishment
rates. In the drier portion of the transition Austrocedrus seedling establishment rates
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are largely controlled inter annual and supra annual cycles in spring-summer
temperature and precipitation (Fig. 3.4a; Villalba and Veblen 1997). For instance a
cool-wet period spanning 1963—1979 generated a regional cohort of Austrocedrus
of most woodlands in drier portion of its distribution, whereas the warm-dry decades
of the 1980s and 1990s were characterized by near absence of regeneration (Villalba
and Veblen 1997).

From a more mechanistic perspective based on plant—plant interactions it has
been shown that climatic variability (by modifying year—year moisture availability)
is modifying the balance between facilitation and competition (Aguiar and Sala
1994) and thus regulating tree establishment (Kitzberger et al. 2000b). Retrospective
tree ring-based studies show that during average spring-summer rainfall Austrocedrus
establishes in open woodlands exclusively under fire-resprouting nurse shrubs, sug-
gesting important site amelioration and facilitation by shrubs. Only during excep-
tionally wet spring-summers a low rate of establishment is detected in open areas
outside shrubs (together with high establishment within shrubs), suggesting that
facilitation is less important during rainy periods. Finally during drought years
establishment fails in all microsites (Kitzberger et al. 2000b). Because, once trees
establish and overtop the shrubs, shading induces the death of heliphyllous shrubs
(Veblen et al. 1992a, b), important but complex linkages between shrubland dynam-
ics, fire, climate, and woodland dynamics are involved in regulating this boundary
between mayor biomes.

At treelines, tree radial growth and seedling establishment of N. pumilio show
important influences of climatic variability (Fig. 3.4a). In general tree growth at
xeric treelines is promoted during cooler years of increased precipitation whereas
tree growth at mesic treelines is promoted during warmer years, thus suggesting
strong switches in limiting factors (Villalba et al. 1997; Lara et al. 2005). Similarly,
conditions for tree growth show important time instabilities (Daniels and Veblen
2004). Irrespective of treeline position across the transition, between 1957 and 1976
(a period generally considered cool-wet) radial growth at treeline was promoted
during warmer growing seasons. In contrast, during 1977-1996 (a warm-dry period),
cooler moister summers promoted growth. Seedling establishment at treelines
across the gradient is less understood, but drier sites generally need cooler-wetter
growing seasons to promote tree establishment, contrasting with wetter sites at
which seedling establishment is only promoted by higher growing season precipi-
tation. These results suggest that directional increases in temperature, as predicted
by current global climate scenarios, will not necessarily result in a upslope expan-
sion of the N. pumilio forests but more complex responses of treelines across the
transition (Daniels and Veblen 2004).

The occurrence of wildfires is largely controlled by climatic variability through
its action of modifying fine fuel buildup rates and fuel desiccation (Fig. 3.4b). On
the easternmost portions of the transition where steppe bunchgrasses dominate, fires
are limited by fuel amounts and continuity. Because fine fuels (grasses) are highly
responsive to precipitation pulses, during rainy growing seasons, ecosystems that
normally do no spread efficiently due to lack of fuel loads suddenly become more
prone for developing large fires (Morgan et al. 2003).
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In Austrocedrus woodlands fine fuels coexist with coarse fuels. In these ecosystems
as in other woodlands worldwide widespread fires are triggered by a sequence con-
sisting of a pluvial year followed by a drought year. Such inter annual sequences are
often tele-connected and driven by El Nifio Southern Oscillation (ENSO) so that
widespread fires in these regions tend to be phase-locked with ENSO (Swetnam
and Betancourt 1990; Kitzberger and Veblen 1997). Thus, the strength and ampli-
tude of the climatic oscillation is directly related to fire frequency in the northern
Patagonian synchronizing power over other woodlands worldwide (Kitzberger
et al. 2001).

Further west in the transition or higher at altitude, in the realm of the tall
Nothofagus forests, fine fuels are less important and coarse fuels that require long
drying periods dominate. Here fires are exclusively associated to strong droughts
lasting several months, beginning during the winter, the time when soils are replen-
ished with water. Whenever dry winter-springs associate with warm summers, wet
forests ignite and spread fire without significant natural fire breaks (Mermoz et al.
2005). These strong drought events not only produce larger fires but also more severe
events that create conditions that provide less regeneration opportunities to obligate
seed dispersed species (such as N. dombeyi or N. pumilio; Kitzberger et al. 2005) and
more opportunities for the rapid expansion of resprouting shrubland species such as
N. antarctica, C. culeou, and other resprouting shrub species (Mermoz et al. 2005).

Climatic variability strongly controls via fire severity the landscape scale the
regeneration probabilities as well as the transition probabilities from forest to shru-
blands (Mermoz et al. 2005; Gowda et al. 2012). Presumably many mid-slope shru-
blands that dominate north Patagonian forested landscapes are the result of large
severe fires of the past (Veblen and Lorenz 1988; Kitzberger and Veblen 1999).
An important fuel component that interacts with climatic variability in western wet and
hyperhumid forests are the bamboos. Whenever drought coincides with postflowering
massive die-off of bamboo culms (particularly of the dense, tall C. culeou or the
climbing Chusquea quila) extremely large fires burn the wet forests. This was pos-
sibly the case of large fires reported in Puelo and Nahuel Huapi National Parks in
1944 which presumably coincided with a C. culeou flowering in the early 1940s in
combination with a 2-year drought in 1943 and 1944 (Veblen et al. 2008). Likewise,
in the mid-late 1990s large fires developed in the wet Valdivian district related to the
1993-1995 flowering of C. quila and associated to strong drought years (Veblen
et al. 2008).

3.5 Climate, Fire, Land Use, and Long-Term Vegetation
Changes Across the Transition

Vegetation changes occurred nonhomogeneously across the transition as a response
to different spatio-temporal changes in human occupation, land use, and climate, so
that there is a need to partition these changes by belts.
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3.5.1 Xeric Steppe-Woodland Belt

High resolution pollen/charcoal from L. Mosquito a relatively dry site (mean annual
precipitation 750 mm year) shows that fire has been a prevalent disturbance that
controls woodland-steppe dynamics since at least 9 ky Bp (Whitlock et al. 2006).
Fire episodes based on charcoal peaks suggest that the fire free interval was lower
(c. 70 year) during 9-7 kyr BP, increased to 50 year during 62 kyr BP and decreased
sharply during the last 500 years of the record to present day fire regime with fire
free intervals of c. 200 years (Whitlock et al. 2000).

Although initial occupation in South America dates back c. 13 kyr BP. in the form
of extinct mega faunal hunters, in northern Patagonia it was possibly not until about
8,000 years BP when indications of a new cultural assemblage utilized more special-
ized hunting techniques and tools (e.g., fire, boleadoras) indicative of guanaco and
rhea hunting (Markgraf and Anderson 1994). Given the main habitat of guanacos
hunting activities remained largely restricted the ecotonal grasslands and open
woodland portion of the transition where game was more abundant and easier to
hunt with substantial impacts on the landscape as recorded by early (nineteenth
century) explorers and missionaries that mention large-scale fires set by Indians to
hunt guanacos and rheas (Cox 1863; Musters 1871; Fonck 1896). Possibly, the
extent of marginal eastern forest (Austrocedrus, N. pumilio) relative to grasslands
during the last millennia may have been largely controlled by the amount of human
set fires with periods of forest advance during more fire active periods (e.g., higher
population density) and perhaps increased climate variability and/or an increase in
convective storms (Markgraf et al. 1997; Whitlock et al. 2006).

During the early/mid-Holocene anthropological human occupation hiatus (Gil
et al. 2005), despite being characterized by increased aridity (Salemme and Miotti
2008), forests ecotonal forests may have increased in extent and continuity due to
reduced fire frequency. Genetic and niche modeling evidence suggests that small,
isolated Austrocedrus forest patches in the grassland matrix are neither glacial rel-
icts nor the results of recent migration, but rather evidence of a late Holocene more
extensive forests and woodlands (Kitzberger et al. 2009).

During the mid/late Holocene as the Andean foothills were increasingly being
used and populated by more organized hunter-gatherer societies, and as climate
became more variable (e.g., Holocene ENSO onset), Austrocedrus forests may have
become fragmented and confined to in rocky/stony fire refugia were fuel amount
and continuity makes fire less lethal for these trees or unable to spread (Kitzberger
et al. 2009). These forest retreats probably accentuated during the last stages of
Aboriginal domain (seventeenth to nineteenth centuries), a period of large societal
changes such as the adoption of horses and dogs in combination with fire as hunting
tools, and increase in the use of fire for warfare related to strong migrations of
Mapuche into the eastern slopes of the Andes forced by and earlier Spanish coloni-
zation period in south-central Chile.

With the collapse of the aboriginal domain after the Argentinean Army Desert
Campaign in 1877, land was converted into large Euro-Argentinean owned sheep
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Fig. 3.5 Long-term (last centuries; (a)) and recent (last decades (b)) land cover/land use changes
and related impacts across a elevation-precipitation space at ¢.41°S

and cattle ranches, and with this fire frequency declined abruptly and Austrocedrus
forests began a new period of expansion (Veblen and Lorenz 1987; Kitzberger and
Veblen 1997; Fig. 3.5a). This expansion however, became rapidly limited by the
new set of introduced, namely herbivores sheep, cattle, exotic deer, and European
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hares which exert pressure on the regeneration of trees (Veblen et al. 1989, Veblen
et al. 1992a, b). Successful forest expansion may have been restricted to small
portions neighboring fire refugia, or larger forest advances during periods/areas
with reduced herbivore pressure in combination with climatically favorable periods/
sites (rainy decades or mesic topographic aspects; Veblen and Lorenz 1987, 1988;
Villalba and Veblen 1997; Kitzberger 1994). Around the mid-twentieth century the
region experienced the historic peaks in sheep and cattle loads with consequent
desertification of the steppe, possibly a further reduction in fire frequency due to
low fuel continuity but no apparent forest advances due to high herbivory pressure
(Fig. 3.5a).

Since 1970, pine plantations have been promoted as an alternative land use in
Patagonia, leading to the introduction of several fire-adapted species such as Pinus
ponderosa, P. contorta var. latifolia, and Pinus radiata (Schlichter and Laclau 1998)
so that planted areas increased 15-fold during the last 30 years (Fig. 3.5b; Gowda
et al. 2012). During the last decades, considerable population growth (8.4-21.3%
increase 1991-2001) and rapid urbanization (79.9-84.4% urban population from
1991 to 2001) has occurred in Northern Patagonia (INDEC 2001). All major cities
in northern Patagonia (San Martin de los Andes, Bariloche, Esquel-Trevelin) are
located in woodland steppe transition and, generally bordering westwards protected
areas they tend to grow towards the drier end of the gradient. The combination of
more flammable more continuous vegetation types in combination with increased
ignitions sources related to periurban areas and higher climatic variability is starting
to change fire regimes again into large fires ecotonal fires, thus inducing reduction
in forest extent. While the process of urbanization and plantations is still incipient
in terms of areal extent, it occurs spatially in the same areas (flat, areas, near roads,
and urban areas, etc.), thus, the impacts of periubran fires on nearby native vegeta-
tion can be locally important (Mermoz et al. 2005; De Torres Curth et al. 2008;
Gowda et al. 2012).

3.5.2 The Nothofagus Forest-Shrubland Belt

High resolution pollen-charcoal records for the intermediate forest-shrubland transi-
tion area of northern Patagonia (L. El Trebol, mean annual rainfall 1,700 mm year™")
suggest that shortly after ice retreat, by c. 11 Kyr Bp fire was already present in rela-
tion to an open Nothofagus forest/shrubland mosaic (Whitlock et al. 2006). During
the early Holocene, fire frequency was low in wetter areas, possibly reflecting the
fact that forests offered much less resources to hunter-gatherer tribes than steppe ter-
ritories and were therefore much less populated and used. These intermediate
Nothofagus-dominated forest areas had estimated fire free intervals based on char-
coal peaks of c. 100-500 years (Whitlock et al. 2006) thus, old-growth forests may
have been dominant features.

By 6 kyr fire interval began to shorten from c. 200 years to c. 100 years in 3.5 kyrs
BP with highest fire activity during 2.5 kyr BP, possibly in response to increased inter
annual climate variability has been noted in many South American records after
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6,000 cal yr Bp (McGlone et al. 1992) and is attributed to the onset (Markgraf and
Diaz 2000) or increased importance (Rodé and Rodriguez-Arias 2004) of ENSO
variability. The last two millenia reflect an increase of Nothofagus and reduction of
Austrocedrus in response to wetter conditions, however fire intervals remained rela-
tively short (c. 100 years) with high grass (or bamboo) charcoal (Whitlock et al.
20006), suggesting that forest openings were burning creating shrubland patchiness.

By the late nineteenth century European settlers arrived to this landscape and
sharply increased fire frequency in the need of opening forests for cattle raising and
strongly amplified vegetation shifts. During the early twentieth century fire intervals
shortened approximately one order of magnitude (e.g., 1675-1920: 82 years, 1920—
1950: 8 years based on fire scar data at L. Roca; Kitzberger et al. 1997; Veblen et al.
1999). Large escaped burns, well documented by early explorers and surveyors (Willis
1914; Rothkugel 1916), depending on the severity, converted large areas into shru-
bland dominated by resprouting shrubs and bamboo in severe fires (Mermoz et al.
2005; Gowda et al. 2012) or, when sufficient trees survived regenerated in vast even-
aged stands of N. dombeyi in wetter areas, N. pumilio at higher elevations, N. dombeyi-
Austrocedrus at intermediate rainfall, or pure Austrocedrus forests in drier positions
(Veblen and Lorenz 1987, 1988; Fig. 3.5a). Shrublands originated from those fires
became permanent features of the landscapes because they are more flammable than
adjacent forests and therefore carry a self-reinforcing fire regime that maintains shru-
bland-forest boundaries (Kitzberger et al. 2012), because forests are unable to rees-
tablish due to lack of near seed sources, lack of appropriate microclimatic conditions
(Kitzberger et al. 2005; Gowda et al. 2012), or because dominant trees are shade intol-
erant and unable to establish under the shrub canopy. An exception to this is
Austrocedrus whose establishment is facilitated by under the shrub canopy (Kitzberger
et al. 2000b; Gobbi and Schlichter 1998; Letourneau et al. 2004).

Since the early twentieth century fires Austrocedrus forests that retreated into
wet rocky fire refugia as a response to settlement period fires, is successionally
replacing many shrublands at a regional scale (Gowda et al. 2012). A recent land
cover comparison between historical maps and satellite imagery shows that that
during the last century, northern Patagonian forests expanded as even-aged forest
over almost 50% of settlement-related burned land, and on > 60% of the shrublands
(Gowda et al. 2012, Fig. 3.5a). However, these trends were far from homogeneous
in time and space: net forest expansion took place mainly during the wetter mid-
twentieth century (Villalba and Veblen 1997), whereas since the 1970s a marginal
forest retraction (and conversion to shrublands) is evident probably due to recent of
recent severe fires associated to extreme droughts (Mermoz et al. 2005).

Superimposed to these fire—vegetation interactions are also important changes in
mammal herbivory levels. Native herbivores in these forests are two small endan-
gered deer species. After European colonization high herbivore loads have been
introduced into the forest in the form of extensive cattle raising regimes as well as
introduction of exotic game species such as red and fallow deer (Cervus elaphus and
Dama dama, respectively).

These herbivores have radically changed structure, composition, and diversity
of most understory plant communities and are seriously deterring or impeding
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gap-phase, postfire and advance regeneration of most forest types (Relva and Veblen
1998; Veblen et al. 1989, 1992a; Tercero-Bucardo et al. 2007; Relva et al. 2009;
Barrios-Garcia et al. 2012). Synergistic effects of herbivores and severe disturbances
(Relva et al. 2009) are likely inducing conversion to shrublands because herbivores
actively select disturbed habitat or, in the case of fire because same traits that protect
plants from browsing also confer higher flammability thus making resprouting
shrubs more prone than fire sensitive trees to dominate heavily browsed disturbance
prone situations suggesting a self-reinforcing effect mediated by herbivores (Veblen
et al. 2011; Raffaele et al. 2011).

Finally, the intermediate belt of the transition dominated of forests and shru-
blands is also witnessing recent, dramatic exotization of its flora (Fig. 3.5b).
Shrublands at intermediate positions in the gradient are the habitats that show
higher levels of exotization (c. exotics represent 19% of total cover) (Speziale and
Ezcurra 2011). Important human activities in the shrublands that include plantation
forestry and sheep, cattle and horse raising, high propagule pressure from roads,
relatively high productivity, high radiation levels, nurse effects and empty niches all
contribute to this trend (Speziale and Ezcurra 2011). Particularly worrisome is the
ongoing invasion of the tree Pseudostuga menziezii from plantations and gardens
into native forests and shrublands, a species that apparently found an empty niche
related to high shade tolerance and with the potential of largely altering long-term
successional trajectories of native communities, ecosystem processes, and fire
regimes (Veblen et al. 2011).

3.5.3 The Wet Rainforest Belt

Despite high precipitation levels fire has been present in the rainforests since the
late glacial (c. 15 kyrs BP; Moreno 2004; Whitlock et al. 2007). Until c. 11 kyrs, fire
frequency was low (fire intervals based on charcoal peaks 500-1,100 years, Abarzia
and Moreno 2008). During the early Holocene (c. 11-9 kyrs BP) a relative increase
in fire frequency occurred with fire intervals of c. 250 years. This shift in fire regime
is coincident with a period of widespread warmth and aridity along mid-high lati-
tudes in southern South America (Whitlock et al. 2007), increased human burning
activities (Moreno et al. 2001) or past increased convective activity and fire ignition
by lightning (Abarzia and Moreno 2008) in this modern-day atmospherically sta-
ble region. Higher fire frequency periods in some areas are related to more open
forest conditions and increases in shade intolerant trees such as W. trichosperma
together light demanding understory taxa such as Poaceae (bamboos). During the
mid-Holocene, fire frequency declined (500-1,000 year fire intervals) to increase
again at some rainforest sites during the late Holocene (3 kyr BP) to c. 250 years
intervals (Abarzia and Moreno 2008).

Despite occurrence of local fires, tectonic and volcanic events, pollen evidence
suggests that the western slopes of the Andes have supported evergreen temperate
rainforests throughout the entire Holocene. Millennial-scale climate changes
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have however induced several events of floristic changes. Tree composition has
fluctuated from north Patagonian forests dominated by cold-resistant taxa (P.
nubigena, F. cupressoides, Pilgerodendron nubigena, S. conspicua) during cool
late glacial conditions to Valdivian forests with thermophilous, summer-drought
resistant species (E. cordifolia, Caldcluvia paniculata) during warming trend
from the early to mid-Holocene. Coincident with ENSO onset and the strengthen-
ing of the southern westerlies, several cooling trends during the mid-Holocene
led to several reexpansion events of cold-resistant rainforest trees at the expense
on thermophyllous taxa. Since c. 3 kyrs warming has led to the decline of cold
tolerant trees and the establishment of modern vegetation (Moreno 2004).

Humans inhabited this region concurrently with the onset of the postglacial cli-
mate warming and the period of maximum fire activity in the past 15,000 years.
Starting in the mid-Holocene, a shift occurs from nomadic to social more organized
sedentary communities that trigger an agricultural expansion in the form of slush-
and-burn agriculture (Dillehay 1997). Local openings created by these activities
may have generated extensive clearings and agricultural fields especially along the
main river basins which later with the demise of aboriginal during Colonial time
may have presumably been reinvaded by Nothofagus (Armesto et al. 2010;
Fig. 3.5a).

During the Colonial time 1500s—1800s large-scale deforestation was associated
with the expansion of wheat farming and cattle introduction (Armesto et al. 2010).
This trend intensified during the late 1800s and early 1900s with extensive burning
practices by settlers as ownership of the land was gained by clearing forests (Rozzi
et al. 2000). Enormous extension of forest that had remained as such since their
arrival after the last glacial period were extirpated within a few years during the late
1800s in the Chilean Lake District, one of the most rapid deforestation events to be
recorded in Latin America (Veblen 1983). These areas remained deforested due to
limited conditions for tree reestablishment.

Finally, starting in the mid-twentieth century industrial forestry developed based
on the extensive replacement of native forests, secondary forests, and agricultural
land with fast-growing exotic tree plantations (Fig. 3.5b). Fueled by government
subsidies and market economy the area planted with P. radiata and Eucalyptus tri-
pled between the years 1980 and 2000 (Armesto et al. 2010). Replacement to plan-
tation of exotic species is currently the greatest threats of native temperate rainforest
(Neira et al. 2002) without an adequate reserve network (Wilson et al. 2005).

3.6 Conclusions

The north Patagonian forest-steppe transition has usually related to a classic rain
shadow effect. It is however increasingly clear that vegetation is responding not only
to a simple gradient of water but also to whole complex multivariate set of correlated
physical conditions such as cloudiness, frost frequency, thermal regime, soil physical,
and chemical fertility among other factors. Adding further complexity, the physical
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Fig. 3.6 Proposed hypothetical explanation of tree and shrub richness patterns across the trans-
Andean north Patagonian transition from Valdivian rainforest to Patagonian steppe based on spe-
cies trade-offs between shade tolerance and drought tolerance (modified from Smith and Huston
1989)

microscale conditions experienced by plant across the transition are themselves
modified by other plants so that neighboring plants can exert competitive or facilita-
tive effects based on resources, physical, soil amelioration, etc. (Holmgren 2000).

Plant physiological and demographic responses to these sets of factor are also
complex and in some case counterintuitive. Invariance in rooting depth along the
gradient is one example. Contrasting establishment vs. growth requirement may
also create counterintuitive patterns such as the existence of large portions of the
transition were certain species (or functional types) can grow but do not exist due to
limitation during critical establishment phases (Schulze et al. 1996).

Community responses are even more complex. Richness patterns along the tran-
sition are largely dependent on the functional/structural group. Species or functional
trait sorting along the transition has been shown to generally respond to changes in
major resources such as light availability and water availability and the fact species
display life history trade-offs so that single species cannot be at the same time toler-
ant to two limiting resources (Smith and Huston 1989). In this transition, tree spe-
cies richness peak at high precipitation (Figs. 3.1 and 3.6) can be partially explained
by the coexistence of shade tolerant/drought intolerant species (functional group A,
Fig. 3.6) with shade intolerant/drought intolerant species (functional group C) that
has opportunities of establishment mediated by frequent during coarse-scale distur-
bances that open up the closed forest canopy (Veblen et al. 1980). Species richness
declines towards the dry end because only shade intolerant/drought tolerant (group B)
can establish under these aridity/high light conditions. Shrubs instead peak in



3 Ecotones as Complex Arenas of Disturbance, Climate, and Human Impacts... 81

richness at intermediate to dry conditions along the transition. At the wet extreme
closed shady conditions or rapid canopy closure after disturbance does not allow the
existence of shade intolerant/drought intolerant species (functional group C) and
only shade tolerant/drought intolerant shrubs are able to survive under the canopy
(functional group A). High radiation conditions at the arid end allow the existence
of shade intolerant/drought tolerant shrubs (group B) which may have an ameliorat-
ing facilitative microclimatic effect (Holmgren 2000; Raffaele and Veblen 1998)
thus promoting the coexistence with shade intolerant/drought intolerant shrubs
(functional group C, Fig. 3.6).

Ecotones can be defined at multiple hierarchical spatial scales from local patch
boundary scales driven by dispersal, demography etc., meso-scale transitions
defined with species turnover and beta diversity, to the classic biome boundary con-
ception. Northern Patagonian ecotone forest-steppe patch boundary dynamics
occurs where forest islands contact the grass/shrubland matrix or where grass/shrub
patches perforate the forest matrix and an intermediate state where neither forest
patches nor forest holes are discernible (Gruyere structure, sensu, Rapoport 1982).

Small-scale ecotone dynamics in northern Patagonia is driven by the balance
between forest-promoting and grassland/shrubland-promoting factors. Factors that
promote forests expansion (both by tree island expansion or forest gap filling) are
increases in spring-summer precipitation and reductions in summer temperature
over multiannual periods, fire frequency reductions, heterogeneity in the form of
rock/stony fire refugia, herbivore pressure reductions and facilitate effects of shrubs
on trees. Factors that favor shrub expansion (either by forest island reduction or for-
est gap expansion) are increased frequency of droughts and warm spells promoting
forest die-off and severe large wildfires, increased ignition and fire frequency reduc-
ing forest resilience to subsequent fires or promoting self-reinforcing shrubland/
grassland states, increased herbivory reducing tree establishment (directly or by
affecting facilitation) and promoting more flammable vegetation. Interactive effects
of climate fire and herbivory can further promote shrublands/grassland expansion in
detriment of forest.

At the meso-scale the northern Patagonian ecotone can be defined from W—E by
three main transitions, (1) a wet transition with loss of structural complexity and
tree richness that defines the limit of Valdivian and pure Nothofagus forest, (2) an
intermediate transition with loss of forest continuity at expense of extensive shru-
blands, and (3) a dry transition where tree and elements gradually fade into the
steppe matrix. Each of these transitions is likely to be controlled by different sets of
factors. The loss of shade tolerant elements is probably regulated by temperature
and coarse disturbance frequency, the second transition a function of fire severity
which in turn relates to drought frequency, and the third transition is governed by
climate, herbivory, and long-term fire regimes.

Finally the macro scale defines the classic concept of boundaries between major
biomes in this case temperate forests and grasslands. At this scale the boundary is
defined by some average lines that divides functional type dominance in this case tree
vs. grass dominance can be broadly predicted from temperature and precipitation and
correlate well with water balance (Woodward 1987). However, the role of fire in
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globally preventing ecosystems from achieving the potential height, biomass, and the
dominant functional types is increasingly being acknowledged (Bond et al. 2005).
For this ecotone, “fire off” Dynamic Global Vegetation model simulations show that
the forest biome boundary shifts eastwards, thus suggesting a strong fire control on
the current northern Patagonian forest-steppe boundary (Bond et al. 2005). Even at
these coarse scales it is evident that other factors besides average climate (e.g., dis-
turbance, climate variability, anthropogenic impacts) control ecotones dynamics.

Clearly the nature regime and consequences of disturbances vary markedly
across the northern Patagonian ecotone. Tectonism and tree fall gaps has a decreas-
ing W-E influence while fire has the reverse pattern. Consequences of tree falls on
forest dynamics are radically different along the transition. On the most productive
species rich end fine-scale gaps release suppressed trees from light competition
mobilizing succession towards shade tolerant species or resource preempting under-
story species (e.g., bamboos). On the arid end, fine-scale gaps, when present, do not
trigger immediate responses but slow reestablishment in biotic (tree shade, nurse
shrub protection, decomposing coarse woody debris) or abiotic (south slopes) “safe”
microsites (Heinemann et al. 2000; Heinemann and Kitzberger 2006).

The role of coarse-scale disturbances is also variable across the transition. In the
core Valdivian rainforest, fires or tectonic disturbances favors the opportunities of
less competitive shade intolerant trees promoting higher tree diversity. At mid-sec-
tions of the transitions, fires generate landscape heterogeneity in terms of producing
a mosaic of even-aged stands or bi-phase mosaics of forests and shrublands. Finally,
at the xeric end, frquent fires have a homogenizing role in promoting the retraction
of forests and advance of grasslands.

Climatic variability has also a variable role across the transition both directly and
mediated by fire. Direct effects of climatic fluctuations have clearly more marked
effects at the drier end of the transition. Forest die-off related to inter annual or
multiannual droughts tends to occur at eastern limits of the dominant trees species
(Austrocedrus: Villalba and Veblen 1998, N. dombeyi: Suarez et al. 2004) with
important consequences on plant community composition (Suarez and Kitzberger
2008). Rainfall variability is also largely controlling tree establishment rates of
dominant tree species across local forest-steppe and forest-shrubland boundaries
(Villalba and Veblen 1997; Heinemann 2007) as well as in postfire situations
(Tercero-Bucardo 2009).

Direct effects of climatic extremes in more productive portions of the transition
are related mechanical disturbance (extreme snowfall, wind, or rainfall events) driv-
ing mortality and subsequent growth and establishment (Suarez and Kitzberger
2010).

Interestingly, in opposition to direct effects rainfall variability, indirect effects of
droughts mediated by fire are more important in wet than in dry extremes of transi-
tion. Much deeper/longer droughts are necessary to generate fires in the coarse fuel
dominated hyperhumid western forests or high altitude subalpine, while average
summers generate conditions for burning in fine fuel—dominated shrublands, grass-
lands, or dry woodlands (Kitzberger et al. 1997). Therefore, increases in rainfall
variability may have a dual role across transitions, generating more demographic
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dynamism at the xeric end (establishment pulses during extremely wet periods, and
mortality events during deep or persistent droughts). In the wetter portion of the
transition climatic variability increases physical disturbance dynamisms more fine-
scale tree falls during extremely windy, snowy, rainy periods, and more coarse-scale
disturbances in the form of large fires during deep seasonal droughts.

Long-term records across the transition suggest that both climate and fire has
fluctuated markedly throughout the Holocene. In addition, patterns of pre-Hispanic
human occupation have been widely different between the westerns slope of the
Andes with relatively more inhabited eastern slopes and widely used woodland areas.
Patterns of settlement are also largely different with a long settlement history on the
Chilean slopes, little impact on the eastern Andes and a relatively young settlement
history of the eastern slopes. Modern patterns of land use vary wildly across the
transition. Highest degrees of human intervention and impacts are being witnessed at
both the wet and the dry extremes of the transition but based on radically different
mechanisms. Western rainforest have been converted to agriculture and more recently
to plantations based on short period of brute-force events fragmentation by burning,
agriculture, cattle raising, and industrial tree planting. In contrast, the dry extreme of
the transition is witnessing a high levels of human intervention based on a more dif-
fuse pattern of land degradation by fire, exotic herbivory, exotization, and local plan-
tations and urbanization. Possibly produced by the inaccessibility of the Andes and
the creation of an important National Park system, mid-sections of the gradient have
witnessed the least amount of anthropogenic changes and impacts.

The northern Patagonian transition between one of the most structurally and bio-
logical diverse temperate forest and treeless Patagonian steppe develops over only
70 km. Despite being this one of the steepest vegetation transitions on earth I have
attempted to show providing the model of the northern Patagonian forest-steppe
transition that (1) no single environmental factor explains biological variation, (2)
ecotones are not boundary lines but a complex entity of hierarchically structured
spatial patterns, (3) ecotones have a complex set of natural disturbance regimes with
spatially varying roles, (4) different portions of ecotones are affected by climatic
variability in rather different and finally (5) ecotones are areas differentially used by
humans and thus differently impacted by different land use. All these characteristics
identified call for a more integrated understanding of the complex internal dynamics
to gain better understanding of worldwide consequences of anthropogenic global
changes on these important biological spatial transitions.
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Chapter 4
Woody-Herbaceous-Livestock Species
Interaction

Temuulen Tsagaan Sankey

4.1 Introduction

Woody and herbaceous species interaction in disturbed and natural environments
has attracted a great deal of research attention due to its implications for land cover
change, land surface—atmosphere interaction, global carbon budget (House et al.
2003), biodiversity, primary and secondary productivity, and the associated land use
management (Archer 1994). Ecosystems of mixed woody and herbaceous plants
comprise 15-35% of the terrestrial surface area and are distributed from hot tropical
to cold temperate climates across varying topography and soils (House et al. 2003).
Mixed woody—herbaceous ecosystems are often heavily impacted by natural and
anthropogenic factors such as fire and grazing (House et al. 2003).

When woody—herbaceous species balance is disturbed, one of the two life-forms
is likely to dominate the other and a shift occurs in the density of woody and herba-
ceous plants and the location of woody—herbaceous boundaries, known as a kind of
ecotone. Proximate causes of shifts in woody—herbaceous ecotones have been stud-
ied in many different parts of the world to understand the dynamics and balance
between woody and herbaceous species. A few of these causes have been widely
agreed upon to be the main driving factors. Most conceptual models of woody—
herbaceous balance shifts acknowledge the interactive effects of multiple factors
rather than a single driving force (Daly et al. 2000; House et al. 2003; Kupfer and
Miller 2005). Among them are climate change, increased CO,, nitrogen pollution,
drought, fire suppression, and grazing (Dando and Hansen 1990; Archer 1994;
Bachelet et al. 2000; Bartolome et al. 2000; Asner et al. 2004). Topographic slope
and aspect, snow accumulation, and soil texture and depth further influence changes
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in the balance and determine spatial patterns of the balance shift (Brown 1994;
Walsh and Butler 1994; Kupfer and Cairns 1996).

Livestock grazing is known as one of the major factors that influence woody and
herbaceous species interaction (Werner 1990a, b, c, d, e) throughout the world,
as livestock grazing occupies 25% of the global land surface (Asner et al. 2004).
Over the last 300 years, livestock grazing systems have increased 600% in extent
and are projected to continue to increase with growing global human population and
the associated increase in demand for meat and dairy products (Asner et al. 2004).
A recent review of livestock grazing effects and ecosystem responses by Asner et al.
(2004) identifies three major responses of ecosystems to livestock grazing observed
at regional scales: desertification, woody species encroachment, and deforestation.
In Asner et al.’s definition, desertification refers to grassland and steppe conversion
to desert shrubland in arid regions of the world, while woody encroachment refers to
grassland conversion to savanna and woodland in semiarid regions. In this chapter,
I discuss and combine both ecosystem responses into a single-term woody
encroachment.

Livestock grazing interacts with multiple other physical and biological factors at
various spatial and temporal scales while influencing woody—herbaceous species
balance. The complex interaction of livestock grazing with other factors such as
climate, topography, fire, and soils has often made it difficult to quantitatively assess
livestock grazing effects on woody-herbaceous species interaction at decadal and
centennial scales (Archer 1994). To fully understand livestock grazing effects, all
variables need to be controlled simultaneously in various environments and at a
range of spatial and temporal scales. Due to the logistics involved in such a study
and the lack of quantitative historical data, most ecological research is not able to do
this. The current knowledge of woody—herbaceous —livestock species interaction is
largely based on short-term studies and ecological investigations of only one or two
variables with limited control on other potential factors.

4.2 Woody-Herbaceous Species Interactions
and Associated Models

Mixed woody—herbaceous communities are diverse in composition, structure, func-
tional forms, and spatial patterns due to their wide-spread distribution across the world
(House et al. 2003). The interaction of woody and herbaceous species and the key
driving factors that facilitate the interaction have been well studied (Fig. 4.1),
although different conceptual models emphasize different driving factors (Belsky
1990). Woody and herbaceous species can influence each other in many different
ways and the effects can be expressed in various forms.

The effects of woody plants on herbaceous species can be positive, neutral, or
negative depending upon the characteristics of the woody and herbaceous growth-
forms, ecophysiological features, photosynthetic pathway (C, vs. C)) and habit
(deciduous vs. evergreen), and water and nutrient requirements (Scholes and Archer
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Fig. 4.1 Key driving factors for mixed woody-herbaceous systems (from House et al. 2003).
Water, nutrients, fire, and herbivory are defined as the determinants of structure and function in
woody-herbaceous systems and they collectively affect the innermost level, the balance between
tree and grass

1997 and references therein). The effects of woody plants can also be expressed in
varying forms. Firstly, woody plants can affect herbaceous species composition
(Burrows et al. 1990). In mixed woody—herbaceous communities, herbaceous spe-
cies composition under a tree canopy might be very different compared to that in the
inter-tree space. C, grasses might be found mostly under the tree canopy, while C,
grasses might dominate in-between trees in subtropical and temperate regions.
Furthermore, herbaceous species composition can vary under the canopy from the
tree trunk to the edge of the canopy (Scholes and Archer 1997). Secondly, woody
species can influence herbaceous species production, biomass allocation, and phe-
nology. Trees can often reduce herbaceous species biomass production (Burrows
et al. 1990). However, herbaceous biomass production under tree canopies can also
increase (Burrows et al. 1990) due to improved nutrient supply, reduced evapotrans-
piration (Reid and Ellis 1995), and increased water availability (Walker et al. 1981).
Alteration of the geologic parent material and soil characteristics and the improve-
ment of harsh environmental conditions are considered other facilitation effects of
woody species for herbaceous plants. These facilitation effects might not be observed
for many years after tree establishment, because the effects are dependent on tree
size, age, and density and are not obvious until woody species reach a critical size
and age (Scholes and Archer 1997). In other cases, trees/shrubs can have facilitation
effects for herbaceous plants only when they are young. As the trees/shrubs grow
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bigger, the facilitation effects might be outweighed by their competition effects on
herbaceous plants. This competition often results in a strong, negative correlation
between tree density or cover and grass cover or biomass (Stuart-Hill and Tainton
1989). Herbaceous production and diversity, therefore, might be low at high tree/
shrub density (Burrows et al. 1990). The negative correlation might be due to the
tree/shrub litter accumulation (which might increase soil acidity), canopy shading,
reduced rainfall under the canopy, and root competition.

The effects of herbaceous species on woody plants are most critical during woody
seedling establishment stage, although the effect can be variable. Firstly, herbaceous
species can impact woody seedling establishment and recruitment directly by effec-
tively competing for light, water, and nutrients (Knoop and Walker 1985). The com-
petition can prevent woody seedling emergence, increase the mortality of newly
established woody seedlings, and reduce woody seedling growth and recruitment.
Even the growth of mature woody plants can be reduced by herbaceous species
competition for water in wetter years, when herbaceous biomass is high (Knoop and
Walker 1985). Secondly, herbaceous species can influence woody seedling recruit-
ment indirectly (Scholes and Archer 1997 and references therein). Herbaceous spe-
cies biomass can increase fine fuel loads, which increases fire frequency and
intensity, leading to increased mortality of small woody seedlings that are especially
vulnerable to fire (Dando and Hansen 1990; Archer 1994). However, the direct and
indirect influences of herbaceous species on woody plants are often not enough to
completely exclude woody plants and to prevent woody encroachment. Woody
plants still might be able to expand into adjacent grassland with a wide range of
herbaceous species composition and production (Scholes and Archer 1997). Woody
plants can establish during wet periods, when competition from herbaceous species
are limited. Once woody seedlings establish and grow beyond the height of the her-
baceous layer, they can establish vertical dominance and herbaceous species might
have little or no influence on them. Scholes and Archer (1997) summarize that
experimental studies in savanna environments largely found no significant effects on
woody species, when herbaceous plants were cut and cleared. Only on fine textured
soils with greater clay content herbaceous species appeared to limit water recharge
from rainfall deeper in the soil profile where tree roots uptake water.

In mixed woody—herbaceous communities, the interaction between woody plants
themselves has been considered important. Tree—tree interaction or shrub—shrub
interaction can lead to competition for belowground resources such as water and
nutrients as well as competition for light. This intraspecific competition is often
assumed to lead to self-thinning and ultimately a regular spatial pattern of woody
plants. Clumped and random spatial patterns are also possible in savanna tree distri-
bution due to fire effects, topography, soils, and resource patchiness (Scholes and
Archer 1997 and references therein). Clumped and random spatial patterns can be
associated with some level of facilitation effects such as increased seed dispersal and
improved environmental conditions under canopies and nearby existing trees/shrubs.

Three different types of models in the literature describe woody-herbaceous spe-
cies interaction and coexistence, particularly in savanna ecosystems: niche separa-
tion models, balanced competition models, and disequilibrium models (Scholes and
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Archer 1997 and references therein). Niche separation models are based on the
assumption that a variable, such as water, is a limiting factor and woody and herba-
ceous species, therefore, have to use resources at different times or places (House
et al. 2003). For example, grasses and shrubs can have different root systems at dif-
ferent depths in the soil profile so that they can use water at different soil depths to
coexist (Walker et al. 1981; Knoop and Walker 1985).

Balanced competition models are based on the concept of intraspecific competi-
tion, which is assumed to be stronger than interspecific competition (House et al.
2003). In other words, competition between herbaceous species is assumed to be
stronger than competition between woody and herbaceous species. Likewise, com-
petition between woody species is assumed to be stronger than competition between
woody and herbaceous species. The result would be woody species that outcompete
herbaceous species and establish dominance or herbaceous species that outcompete
newly establishing woody seedlings and prevent woody establishment and encroach-
ment. Balanced competition models, therefore, predict two stable states: woodland
and grassland. Similar to the balanced competition models, Walker and Noy-Meir’s
1982 model predicts the two stable states after adding grazing as a factor to a niche
separation model centered on soil water, which was initially proposed by Walter in
1971 (Jeltsch et al. 2000).

Following the simpler models that predict stable equilibrium of woody and
herbaceous vegetation, newer concepts emerged modeling and predicting nonequi-
librium dynamics in the woody-herbaceous interactions (Jeltsch et al. 2000).
Equilibrium models might explain the coexistence of woody and herbaceous spe-
cies at smaller scales, whereas disequilibrium models are more appropriate for
describing landscape- and decadal-scale dynamics (Sharp and Whittaker 2003).
Disequilibrium models predict cycles and oscillations in the relative abundance of
woody and herbaceous species at larger scales (Sharp and Whittaker 2003). They
suggest that mixtures of woody and herbaceous species only exist due to distur-
bances such as fire and grazing and, therefore, represent a transitional state between
the possible stable states (Jeltsch et al. 2000). Further development of the disequi-
librium models predicts multiple stable states with varying tree-grass ratio (House
et al. 2003). Disequilibrium models have also been extended to include a spatial
aspect and a concept of patches of disequilibrium which result from stochastic pro-
cesses such as gap dynamics (Jeltsch et al. 2000).

4.3 Woodland and Grassland Stable States and Conceptual
Models

Ecosystems respond in different ways when external conditions change over time.
Some ecosystems might respond gradually in a smooth, continuous manner, while
others respond abruptly, especially after a certain threshold is passed in external
conditions (Fig. 4.2). Many different ecosystem studies in the literature have demon-
strated the existence of alternative stable states and multiple stable states in different
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Fig. 4.2 Alternative stable states and their basins of attraction (modified from Scheffer et al.
2001). Stable equilibria correspond to the valleys or attraction basins, while unstable transitional
periods correspond to the hill between the valleys. If the size of the attraction basin is small, eco-
system resilience is small and even small changes in the external conditions might move the
system into an alternative stable state

environments (Werner 1990a, b, c, d, e; Scheffer et al. 2001 and references therein).
Studies of woody—herbaceous interactions have been common among such research
demonstrating two possible alternative states: woodland and grassland. Scheffer
et al. (2001) term the changes between the two alternative stable states “catastrophic
shift,” because shifts occur very rapidly and there is often no “early warning signals.”
Moreover, it is extremely difficult to recover an ecosystem after such shifts and
many ecosystems remain in the new alternative state (Walker et al. 1981; Sharp and
Whittaker 2003), even if previous environmental conditions are restored.

Numerous studies documented a shift from a grassland stable state to a woodland
stable state (Fig. 4.3) in Africa, southwestern USA, drier parts of India, and in
Australia (Walker et al. 1981), while shifts from a woodland state to a grassland
state have also been observed (Burrows et al. 1990). African grasslands, for example,
were kept open by herbivory and fire until herbivore numbers drastically declined
allowing successful establishment of woody plants. Once successfully established and
recruited, the woody species were no longer kept in balance by herbivores and their
canopy shade reduced herbaceous biomass accumulation, which then reduced fire
frequency. Reduced fire frequency further increased successful woody establish-
ment and encroachment (Scheffer et al. 2001). Returning this ecosystem to the
grassland stable state would require drastic measures taken at substantial spatial and
temporal scales. In contrast, conditions in dry environments can enable a shift from
a woodland stable state to a grassland stable state (Scheffer et al. 2001 and refer-
ences therein). In dry environments, if well-established tree populations are heavily
disturbed and killed due to fire and other factors, conditions might be too harsh to
allow woody seedlings to establish in the absence of nurse trees and herbaceous
species might dominate. Restoring the woodland stable state might require a rare
combination of adequate precipitation and reduced grazing effects.
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The dynamics and shifts between woodland and grassland are dependent upon
processes and mechanisms that influence the resistance, resilience, and persistence
of the associated woodland and grassland ecosystems. Both ecosystems create posi-
tive feedbacks to persist. Such positive feedback mechanisms in woodlands include
tree suppression of grass through shading (Menaut et al. 1990), increased seed input
within areas around tree patches (Archer 1990), and reduced fire frequency (Archer
1990; Menaut et al. 1990). Woody—herbaceous ecotones exist as a result of a bal-
ance in such feedback mechanisms. Equally strong persistence and feedback mech-
anisms of the two ecosystems create a stable ecotone that does not change rapidly
in space over time. In contrast, imbalance in the feedback systems might result in
unstable conditions over time (Werner 1990a, b, c, d, €) and constant fluctuations in
ecotones.

4.4 Woody-Herbaceous Ecotones

Ecotones play a vital role in understanding the interaction between woody and her-
baceous species. The ecological importance of ecotones and their roles in under-
standing global environmental changes have long been recognized (Holland and
Risser 1991). Ecotone characteristics, including their location, size, shape, and
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composition are more sensitive to global environmental changes than those of
homogenous landscape units (Turner et al. 1991). Ecotones thus provide good early
indicators of such changes (Gosz 1991).

Biophysical characteristics of forest-grassland ecotones are defined by a com-
plex interaction of biotic and abiotic factors, including plant interactions, distur-
bance regime, physiography, topography, geologic parent materials, soil properties,
and climate variables (Alverson et al. 1988; Tilghman 1989; Smit and OIff 1998;
Carmel and Kadmon 1999; Mast and Veblen 1999; Zald 2002). Changes in these
factors can have a substantial impact on woody—herbaceous ecotones and cause a
shift in their location (Camarero et al. 2000; Taylor 1995). Shifts in forest-grassland
ecotones impact carbon sequestration and land surface—atmosphere interactions and
have important implications for biodiversity, primary and secondary productivity,
soil development, and populations and carrying capacity of both domestic and wild
animals (Archer 1994).

4.5 Rates and Patterns of Woody—Herbaceous Ecotone Shift

Varying rates and patterns of forest encroachment into the adjacent grassland can be
observed. I documented encroachment by a dominant tree species along northern
Mongolian forest-grassland ecotones, Siberian larch (Larix sibirica) (Sankey et al.
2006a, b). My results indicated that the ecotones shifted into the adjacent grassland
in different patterns compared to aspen (Populus tremuloides) and Douglas-fir
(Pseudotsuga menziesii) observed in my other study in southwestern Montana of
western USA that used dendrochronological data with individual tree maps along a
lower ecotone (Sankey et al. 2006a, b). I also documented western juniper encroach-
ment into sagebrush steppe vegetation in southwestern Idaho, USA using satellite
imagery and airborne lidar data along with dendrochronological data (Sankey et al.
2010). In this latter study, I documented encroachment patterns observed in both of
the previously mentioned studies thus demonstrating that different patterns of
encroachment can occur simultaneously. The patterns observed in my studies as
well as other woody encroachment studies can be divided into three general patterns
of tree encroachment into the adjacent grassland (Fig. 4.4).

Type I change is a shift in the forest-grassland boundary location into the adja-
cent grassland. This type of ecotone change results from a mechanism where new
trees establish in the adjacent grassland advancing the ecotone location towards the
grassland (Sankey et al. 2006a, b). Type I ecotone change might mostly occur in
systems where the dominant tree species regenerates through seed dispersal,
although it can be observed in systems with vegetatively-reproducing species. For
example, Douglas-fir is a seed-dispersed species. Its seeds are dispersed through
wind, animals, and birds (Hermann and Lavender 1965). Seeds usually fall within
100 m from a seed tree or a stand edge, but they can fall 1-2 km away from the seed
sources (Hermann and Lavender 1965).
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Fig. 4.4 Patterns of tree encroachment into the adjacent grassland observed in grazed areas. Trees
might encroach into the adjacent grassland in three different patterns. These patterns are not mutu-
ally exclusive and can occur simultaneously. Type I pattern is a shift in the forest-grassland ecotone
location over time into the adjacent grassland (a). Type II pattern is tree density increase within the
same forest-grassland boundary location (b). Type III pattern is fairy ring establishment that
advances the forest-grassland boundary into the adjacent grassland (c). Forest-grassland ecotones
might also retreat and herbaceous species might expand into the adjacent forest over time (d)

Type II change is an increase in tree density at the forest-grassland boundary
(Arno and Gruell 1986). During this change, new trees establish within the same
boundary location and do not advance the boundary towards the adjacent grassland.
Type II ecotone change occurs in systems where tree establishment sites are avail-
able under the forest canopy, but no establishment occurs outside of the forest
boundary due to unfavorable site conditions and disturbance. Type I ecotone change
can occur with Type I ecotone change at the same time, if conditions outside of the
forest boundary change allowing Type I ecotone change. Type II change can be
observed in systems with both tree species that regenerate vegetatively and through
seeds. For example, Douglas-fir, aspen, western juniper, and Siberian larch all can
result in Type II ecotone change.

Type III change is an establishment of a fairy ring in the grassland along the edge
of the forest (Sankey 2007). This change occurs when new trees establish as a fringe
in the grassland, adjacent to the forest boundary. Fairy rings consist of new stands
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of densely distributed new stems of similar age. Fairy ring establishment is often
associated with wave regeneration mechanisms. During this mechanism, new regen-
erations occur as pulses advancing the forest boundary into the adjacent grassland.
Both seed-dispersed and vegetatively-reproducing species can regenerate in pulses.
For example, aspen regenerates in pulses after a fire disturbance event (DeByle and
Winokur 1985), whereas Siberian larch can regenerate in pulses following reduc-
tions in grazing disturbance forming a fringe (Didier 2001).

4.6 Woody-Herbaceous-Livestock Species Dynamics

Most ecological processes in woody—herbaceous species dynamics can be impacted
by herbivory, an important local control over vegetation. Vertebrate and invertebrate
herbivores can regulate plant cover types, their composition, structure, and produc-
tivity (Alverson et al. 1988; Tilghman 1989; Mast et al. 1997; Carmel and Kadmon
1999; Mast and Veblen 1999; Bachelet et al. 2000; Bartolome et al. 2000; Scheffer
et al. 2001; Wahungu et al. 2002). Herbaceous and woody plant species react to
herbivory differently due to their differences in tolerance to grazing and palatability
(Archer 1994). This makes their interaction in grazed environments more complex
than in undisturbed environments. This complexity has generated abundant interest
in the interaction between herbaceous and woody plant species and, in particular,
the changes from herbaceous vegetation cover to woody species cover due to graz-
ing. Some studies show that the processes of woody species seedling emergence,
growth, and survival are facilitated by grazing (Walker et al. 1981; Dando and
Hansen 1990; Reid and Ellis 1995; Archer 1994; Sharp and Whittaker 2003), while
others suggest a conflicting result that these processes are inhibited by grazing (Reid
and Ellis 1995; Carmel and Kadmon 1999; Bartolome et al. 2000). In most cases,
the assumption is that coexisting herbaceous species and woody species within an
ecosystem show the opposite trends under livestock grazing effects. If woody spe-
cies increase with increasing grazing effects, herbaceous species are assumed to
decrease and vice versa.

Woody species encroachment due to grazing has been demonstrated throughout
the world, including southern Asia, Australia, Africa, South America, and North
America (Walker et al. 1981; Archer 1989). Ecological processes described in
studies that proposed woody species encroachment due to grazing are (1) Grazing
decreases seed production, seedling establishment, biomass, and basal area of palat-
able herbaceous species and increases their mortality; (2) Reduced herbaceous
species ground cover increases sunlight levels on the ground, which increases seed
germination and early establishment of woody species seedlings; (3) Reduced
herbaceous species biomass decreases fine fuel accumulation and reduces fire fre-
quency, which increases woody species invasion; (4) Invading woody species are
less palatable than herbaceous species and are not browsed enough to be eliminated;
(5) Grazing makes herbaceous species less able to compete for resources and unable
to limit woody species growth and their seedling establishment; and (6) Livestock
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Table 4.1 Long-term averages of grazing pressure esti-
mated in AUM ha™! in the Sankey et al. (2006a, b) study in
Montana, USA

Grazing levels AUM ha™
Grazing level 1 0.00
Grazing level 2 0.11
Grazing level 3 0.12
Grazing level 4 0.17
Grazing level 5 0.28
Grazing level 6 0.41
Grazing level 7 0.50
Grazing level 8 0.79
Grazing level 9 1.00
Grazing level 10 2.00

disperse woody species seeds across the landscape, which facilitates woody species
expansion (Archer 1994).

The opposite effects of grazing on woody species establishment have also been
demonstrated (Carmel and Kadmon 1999; Bartolome et al. 2000). Studies of these
effects suggest that grazing can inhibit tree seedling establishment, survival, and
growth. Grazing, therefore, might be expected to control woody species encroach-
ment into grasslands. Ecological processes described in studies of negative effects
of grazing on woody species include (1) Slow growth rate of most woody species
allows repeated grazing in their seedling stage when they are most vulnerable to
grazing (Alverson et al. 1988; Tilghman 1989); (2) Intense grazing causes shoot
loss, tissue damage, and biomass loss for woody species (Hjalten et al. 1993), which
decreases their seedling growth (Alverson et al. 1988; Tilghman 1989) and increases
seedling mortality (Hjalten et al. 1993); (3) Increased seedling mortality reduces
recruitment into the tree population (McInnes et al. 1992; Rooney et al. 2002); and
(4) Trampling and rubbing against the bark by grazing animals damage woody species
and their seedlings (Kay and Bartos 2000).

The current literature indicates two seemingly conflicting linear relationships
between grazing effects and woody species (i.e., increasing woody species with
increasing grazing effects and thus decreasing herbaceous species or vice versa).
The vast majority of grazing impact studies in the current literature, however, has
compared only two or three levels of grazing intensity. Such comparisons of limited
number of grazing levels might provide only a simple linear relationship between
woody species establishment and grazing effects. The potential variability in woody
establishment due to varying levels of grazing intensity needs to be investigated
across a wider gradient of multiple levels of grazing intensity.

I examined aspen and Douglas-fir tree encroachment into the adjacent grassland
in Montana, USA under ten different levels of livestock grazing intensity using
nonexperimental observational data of 60 years (Table 4.1) (Sankey et al. 20064, b).
The objective of my study was to determine if tree establishment-livestock grazing
relationship always had a simple linear trend as suggested by previous studies or if
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Fig. 4.5 Aspen (Populus tremuloides) and Douglas-fir (Pseudotsuga menziesii) tree establishment
with varying grazing pressure in Sankey et al. (2006a, b) study in Montana, USA. Number of new
tree stems established (expressed in percent) under each grazing level is on the Y-axis. The ten
grazing levels on the X-axis in (a, b) correspond with categorical classes of grazing pressure, while
the grazing levels in (c, d) are livestock grazing pressure estimated in animal unit months per hect-
are (AUM ha™). Grazing pressure was significantly (4=0.10) correlated with aspen and Douglas-
fir tree establishment (p=0.01 and p=0.07, respectively)

patterns were different at decadal time scales. When aspen tree establishment was
analyzed using an analysis of variance (ANOVA) model with all pair-wise compari-
sons with a gradient of all ten grazing levels, increasing in intensity from 1 to 10
(Table 4.1), grazing levels 2, 8, and 10 had significantly greater aspen establishment
than all other grazing levels (p-value <0.001) (Fig. 4.5a). Grazing level 3 had
significantly greater aspen establishment than grazing levels 4, 5-7, and 9 (p-value
<0.001). There were no other significant differences in aspen establishment along
this gradient. A similar test indicated that grazing level 1 had significantly greater
Douglas-fir establishment compared to grazing levels 4 and 7 (p-value of 0.002)
(Fig. 4.5b). There were no other significant differences in Douglas-fir establish-
ment. There was no apparent trend of linear increase or decrease in aspen and
Douglas-fir establishment with increasing grazing intensity along this gradient.
In addition to the ANOVA model, a regression model of all 10 grazing levels (AUM
ha™') (Table 4.1) and aspen establishment was built with a significant squared term
(Fig. 4.5¢). The statistically significant squared term might suggest a possibility of
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a curvilinear relationship between aspen establishment and grazing levels. The
regression model of all ten grazing levels (Table 4.1) and Douglas-fir establishment
did not have a statistically significant squared term, but indicated a linear relation-
ship between Douglas-fir and grazing levels with a trend of decrease (Fig. 4.5d).
However, the regression model produced a low correlation coefficient and did not
suggest a strong relationship.

Collectively, my results indicated varying relationships between tree establish-
ment and livestock grazing intensity. The relationships were not always simple lin-
ear increase or decrease in tree establishment with increasing livestock grazing
intensity, although linear relationships were observed in some cases. At decadal time
scales, simple linear trends of inhibition and facilitation effects as suggested by pre-
vious studies did not appear to hold across varying gradients of grazing levels and
two different tree species. Indeed, complex curvilinear trends might be possible at
decadal time scales across wider gradients of grazing intensity (Sankey et al. 2006a, b).
This is consistent with other studies that suggest that mixed woody—herbaceous
systems can have nonlinear trends in woody plant abundance and rates of change in
tree abundance (McPherson 1992; Archer et al. 1988; Miller and Wigand 1994).

Taken together, previous studies indicate that multiple trajectories might be
observed in livestock grazing effects on woody species. Most of these trajectories
might be difficult to discern in long-term studies with limited control on grazing
treatments and other potential factors that influence woody-herbaceous species
interaction. Better-controlled experimental designs and process-based studies might
allow conclusive tests of the possible trajectories that have been hypothesized in the
current literature. Currently proposed, but not exclusively tested, trajectories in the
relationship between woody establishment and livestock grazing effects include
four possible trends: (1) facilitation effect or a simple linear increase in woody spe-
cies with increasing grazing intensity (Fig. 4.6a, Archer 1994), (2) inhibition effect
or a simple linear decrease in woody species with increasing grazing intensity
(Fig. 4.6b) (Carmel and Kadmon 1999; Bartolome et al. 2000), (3) a curvilinear
relationship in which inhibition effects dominate at low and high grazing intensities,
but facilitation effects dominate at medium grazing intensities (Fig. 4.6c) (Cairns
and Moen 2004), and (4) a curvilinear relationship in which facilitation effects dom-
inate at low and high grazing intensities, but inhibition effects dominate at medium
grazing intensities (Fig. 4.6d) (Sankey et al. 2006a, b).

The first two trajectories can be explained by the ecological processes described
in the positive and negative effects of livestock grazing discussed earlier in this sec-
tion. The first trajectory, facilitation effects, predicts decreasing herbaceous species
and increasing woody species with increasing grazing intensity. This trend might be
observed in systems where herbaceous species are palatable and are preferred by the
livestock species over the woody species. The second trajectory, inhibition effects,
predicts increasing herbaceous species and decreasing woody species with increas-
ing grazing intensity. This trend might be observed in systems where woody species
are palatable and are commonly grazed or browsed by livestock. In this case, woody
establishment can be greatest under low grazing intensity. In the third trajectory,
woody and herbaceous species are balanced at medium grazing intensity, but woody
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Fig. 4.6 Currently proposed trajectories in the relationship between tree establishment and live-
stock grazing effects. Herbaceous species compete for similar resources and are assumed to
show the opposite trend compared to trees. Livestock grazing can have facilitation (a) or inhibi-
tion (b) effects on tree establishment resulting in simple linear trends. Facilitation and inhibition
effects can also dominate at varying levels of grazing pressure resulting in complex curvilinear
trends (¢ and d)

species are expected to decrease at low and high grazing intensities. This trend is
expected to occur where grazing effects largely include woody species trampling,
seed dispersal, and seed predation, but woody species foliage consumption is rela-
tively low (Cairns and Moen 2004). It is also expected to occur in systems where
multiple grazing animal species are present (Cairns and Moen 2004).

In the fourth trajectory, woody and herbaceous species are hypothesized to be
balanced at medium grazing intensity, but woody species are expected to increase at
low and high grazing intensities. This trajectory might be explained by the grazing
optimization hypothesis. The grazing optimization hypothesis, developed for herba-
ceous species, states that herbaceous species productivity increases with increasing
grazing intensity at low grazing levels due to overcompensation (McNaughton 1979).
This trend continues up to a point called “the level of optimal grazing” and then
declines with increasing grazing intensity at high grazing levels. Since coexisting
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herbaceous and woody species compete for largely similar resources, woody species
might be expected to show the opposite trend. Therefore, at lower levels of grazing
intensity, we might expect tree establishment to be relatively high. Even if woody
species are grazed/browsed at this intensity, they can show increasing competitive-
ness due to stimulatory effects of grazing (Stuart-Hill and Tainton 1989). Tree
establishment might then decrease with increasing grazing intensity as herbaceous
species productivity increases due to overcompensation. At medium levels of graz-
ing intensity, tree establishment might reach its minimum because herbaceous spe-
cies productivity is highest at these levels and, thus, tree competition with herbaceous
species is greatest. At higher levels of grazing intensity, however, we expect tree
establishment to increase because herbaceous species at these levels show a trend of
decrease.

Walker et al. (1981) proposed conceptual models of woody-herbaceous—livestock
interaction that the four trajectories in Fig. 4.6 don’t fully describe. Walker et al.’s
conceptual models describe the stability of woody-herbaceous species balance
under livestock grazing effects in semiarid savanna ecosystems. In their definition,
semiarid savanna includes regions in which scattered to numerous trees/shrubs are
distributed across continuous grass cover. They first describe the effects of livestock
grazing on grass recruitment curve (Fig. 4.7a) based on McNaughton’s (1979) graz-
ing optimization hypothesis and suggest that grazing has the greatest stimulating
effect at intermediate values of grass. They also describe the effects of woody
vegetation on grass recruitment curve (Fig. 4.7b), because woody and herbaceous
species compete for the same water resource in the top-soil in semiarid regions
(Walker et al. 1981). Their conceptual model suggests that small and medium
amounts of woody species (W) have greater effects on high amounts of grass (G)
than small amounts of grass. Walker et al. (1981) then describe the effects of grass
on woody vegetation (Fig. 4.7c) and suggest that high values of grass (G) do not
have strong effects on the woody vegetation recruitment curve, because woody spe-
cies have exclusive access to subsoil water. Lastly, Walker et al. (1981) describe
the zero-isocline or zero recruitment of grass as related to grass, woody species, and
the effects of grazing (H) (Fig. 4.7d). The zero grass recruitment curve indicates the
equilibrium between woody plants and grass under grazing effects. Similar to some
of the previously discussed trajectories, this model suggests a curvilinear relation-
ship in the woody-herbaceous-livestock species interaction. However, this model
suggests varying curves with increasing grazing pressure. The equilibrium always
indicates a similarly shaped curve at varying grazing pressure, but the curve falls at
varying amounts of total vegetation and varying woody:grass ratios. Unlike the other
models, which largely assume unvarying total vegetation amount, this model assumes
decreasing amounts of total vegetation with increasing grazing pressure. The assump-
tion might depend on the relative palatability and tolerance of the plant species
involved to grazing as well as the forage preferences of the grazing animal species.
Total vegetation amount might decrease with increasing grazing pressure in some
systems, while in other systems only the palatable species might decrease and unpal-
atable species might remain constant or increase with increasing grazing pressure.
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Fig. 4.7 Livestock grazing effects, grass and woody species recruitment, and their interactions
(from Walker et al. 1981). (a) Shows the hypothesized effects of increasing grazing pressure on
grass recruitment, where grazing pressure ranges from none (H,) to heavy (H,). (b) Shows the
hypothesized effects of woody species on grass recruitment, where woody plant density ranges
from W, or no woody plants to high density or W,. (¢) Demonstrates the potential effects of grass
on woody species recruitment, grass density ranges from G or no grass to G, or high density of
grass. (d) Shows the zero grass recruitment in relation to increasing grazing pressure, grass, and
woody species simultaneously

I also examined the relationship between Siberian larch forest-grassland ecotone
shift and a gradient of five different livestock grazing regimes dominated by differ-
ent livestock species (Table 4.2) in northern Mongolia (Sankey et al. 2006a, b). The
five grazing regimes varied in overall grazing intensity from 3.3 to 5.9 AUM ha™'.
They varied in species composition such that each site represented either sheep-
dominance, sheep-goat mix, sheep-goat-cattle mix, or cattle-dominance (Table 4.2).
Forage preferences between these animal species are known to be substantially dif-
ferent (Vallentine 2001). Cattle are grazers and consume mostly graminoids. Sheep
are intermediate feeders and consume grasses, forbs, and woody species. Goats are
browsers and prefer leaves and tender twigs of new growth on trees and shrubs. My
results indicated that Siberian larch forest-grassland ecotone response to grazing
varied among different grazing regimes and tree establishment varied statistically
significantly. The number of new trees established varied significantly between Site
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Table 4.2 Long-term averages of grazing intensity observed in the Sankey et al. (20064, b) study
in northern Mongolia

Dominant Number of
Sites Grazing level AUM ha™' livestock species households at the site
Site 1 Very low 33 Sheep 20
Site 2 Low 4.2 Goat-sheep 32
Site 3 Medium 4.8 Cattle-sheep-goat 56
Site 4 Medium 4.9 Cattle 36
Site 5 High 59 Sheep 43
2.0 b be

Tree establishment

1 2 3 4 5
Sites

Fig. 4.8 Mean (SE) Siberian larch (Larix sibirica) tree establishment with different grazing
regimes in Sankey et al. (2006a, b) study in northern Mongolia. The significant differences are
indicated by different letters in the figure. Site 2 (goat-sheep-dominated and low overall grazing
intensity) had significantly lower tree establishment than Site 5 (sheep-dominated and high overall
grazing intensity) (Table 4.2). Sites 2 and 3 (cattle-sheep-goat mix and medium overall grazing
intensity) also had significantly lower tree establishment than Site 4 (cattle-dominated and medium
overall grazing intensity) (Table 4.2)

2 (goat-sheep-dominated and low overall grazing intensity) and Site 4 (cattle-
dominated and medium overall grazing intensity) and between Site 2 (goat-sheep-
dominated and low overall grazing intensity) and Site 5 (sheep-dominated and high
overall grazing intensity) (Fig. 4.8). The number of new stems established also var-
ied between Site 3 (cattle-sheep-goat mix and medium overall grazing intensity)
and Site 4 (cattle-dominated and medium overall grazing intensity). There was no
statistical difference between sheep-dominance at low and high overall grazing
intensities. This might indicate that sheep, in general, do not have substantial nega-
tive effects on tree establishment regardless of sheep grazing intensity, which might
be explained by their lower consumption of woody species compared to herbaceous
species. The sites with high numbers of goats had lower tree establishment than all
other sites with lower numbers of goats, regardless of overall grazing intensity. The
implications of this study are important for future studies of woody-herbaceous—
livestock species interaction and future land resource management. It is not only the
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Fig. 4.9 Potential factors influencing grazing effects on woody-herbaceous dynamics

overall grazing intensity that researchers and land managers should be concerned
with, but also the types of grazing animal species and the different combinations of
varying grazing intensities and livestock species (Sankey et al. 2006a, b).

I also found that many new trees established during the decades when livestock
were distributed in numerous small herds in northern Mongolia (Sankey et al. 2006a, b).
Prior to these decades (1930-1950), livestock were distributed in a few large herds
owned by a few religious leaders. A major political regime shift occurred in
Mongolia causing drastic socio-economic changes. Due to the resulting land man-
agement changes, the large herds were redistributed into small herds. A pulse of tree
regeneration appears to have established following the herd redistribution (Sankey
et al. 2006a, b). This indicates that herd distribution at the landscape scale and
the driving socio-economic changes and policy changes are important variables to
consider when studying woody-herbaceous—livestock interaction. Human legacies
can have lasting effects on this interaction at varying spatial and temporal scales.
Several variables appear important to consider in livestock grazing effects on
woody-herbaceous dynamics. They include overall grazing intensity, grazing animal
species and their forage preferences (herbaceous vs. woody species), spatial distri-
bution of grazing pressure (few large herds vs. many small herds), and temporal
distribution of grazing pressure (winter grazing vs. summer grazing), tree and her-
baceous species composition, their palatability, and tolerance to grazing (Fig. 4.9).
Accurate understanding of these variables has important implications for modeling
and managing woody-herbaceous—livestock species interaction. Different combina-
tions of varying grazing intensities and livestock species composition, for example, can
be used to either facilitate or inhibit directional changes in the woody-herbaceous
species balance. Forest-grassland ecotone shift can be influenced by both overall
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grazing intensity and different grazing animals, if a shift is occurring. Different
gradients of overall grazing intensity and grazing animals might correspond with
different trajectories of change in woody-herbaceous balance. Grazers, for example,
might facilitate tree encroachment, while browsers might inhibit tree encroachment
and facilitate increased herbaceous species distribution. Furthermore, different levels
of grazing effects might be observed in different tree species due to their differences
in palatability and their response to grazing. Douglas-fir, for example, is unpalatable
to most livestock species, while aspen is highly palatable to livestock species.
Siberian larch can also be highly palatable to livestock species. Changes in woody-
herbaceous species balance, therefore, might be facilitated or inhibited to different
levels depending upon the dominant tree species.

4.7 Other Potential Factors Influencing Woody-Herbaceous
Species Dynamics

In addition to livestock grazing, several other variables have been proposed as poten-
tial factors in woody-herbaceous dynamics that cause a shift in the ecotone (Fig. 4.10).
In savanna environments, four factors have been acknowledged as the main determi-
nants that create and maintain the coexistence. These four determinants are water,
nutrients, herbivory, and fire (Werner 1990a, b, c, d, e). In other mixed woody-
herbaceous systems, atmospheric CO, increase has been suggested as one of the
potential factors that can cause woody-herbaceous shift. Carbon dioxide affects plant
photosynthetic rates, stomatal conductance, water-use efficiency, resource allocation,
growth, and architecture (Bazzaz 1996). An increase in CO, from 270 to 370 ppm in
the last 200 years has been proposed as a possible cause of woody species expansion
(Archer 1994 and references therein). Increased CO, is expected to change competi-
tive abilities of different plant species, altering the interaction among species and,
consequently, species composition in the community (Bazzaz 1996). Archer (1994)
summarizes that increased atmospheric CO, is hypothesized to favor woody plants
over herbaceous species due to the following specific reasons: (1) woody plants
have C, photosynthetic pathway, while many grass species have C, photosynthetic
pathway, (2) C, species have greater advantage for growth and competition with
increased CO,, (3) C, grasses evolved at lower CO, concentrations (~200 ppm) and
woody encroachment into C, grasslands occurred during a 30% increase in atmo-
spheric CO, over the last 200 years. However, Archer (1994) argues that C, grasses
would also be expected to invade C, grasses, if atmospheric CO, increase was a
probable cause of C, woody species encroachment. C, grasses, however, have not
invaded C, grasses. Furthermore, Archer (1994) suggests that C, cold desert and
temperate grasses have also been invaded by woody species.

Changes in climate variables such as mean annual temperature, rainfall, and
evapotranspiration are expected to influence the balance between herbaceous and
woody species, because the distribution of many grasslands and savannas throughout
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Fig. 4.10 Multiple interacting factors that are commonly proposed as causes of shifts in the
woody-herbaceous species balance. In grazed woody-herbaceous systems, the effects of these fac-
tors might reduce or increase the effects of livestock grazing

the world are closely related to these variables (Archer 1994 and references therein).
Potential changes that might lead to woody encroachment at the expense of herba-
ceous species include increased or decreased rainfall, shifts in the seasonality of
rainfall, shifts in the distribution of precipitation events, increased temperature, and
drought (Archer 1994 and references therein). Increased rainfall might facilitate
increased woody species establishment in mixed herbaceous-woody communities.
Under normal precipitation conditions, herbaceous and woody species would utilize
soil moisture at different depths and herbaceous species would not competitively
eliminate woody species. However, when precipitation increases, woody species
have the advantage to utilize deeper and more abundant soil moisture. This might
increase successful establishment of more woody plants, after which woody and
herbaceous species would continue to exploit soil moisture from different depths
and herbaceous species would not eliminate newly established woody species.
When precipitation decreases, herbaceous species mortality might increase leading
to gaps that can be colonized by woody species that are more drought tolerant
(Archer 1994).

Archer (1994) summarizes that shifts in seasonality of rainfall in the last century
might have contributed to shrubland expansion in southwestern USA and future
shifts from summer to winter precipitation associated with increased atmospheric
CO, might make the current grasslands vulnerable to woody encroachment. In arid
and semiarid environments, cool season moisture favors woody plants, while warm
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season precipitation favors grasses. When precipitation falls during the cool season,
soil moisture percolates down the soil horizons and accumulates at deeper depths.
Woody species with deeper root systems are able to utilize such soil moisture.
Grasses, however, are unable to exploit such soil moisture and can be especially
vulnerable during summer drought. Small frequent precipitation events would favor
herbaceous species with shallow root systems, while larger precipitation events
would benefit woody species with deeper roots. Therefore, a shift in precipitation
distribution would have important implications for herbaceous-woody species bal-
ance. In arid environments, changes in extreme climatic events might have more
profound effects on vegetation than the gradual change in mean conditions.

Increased atmospheric CO -increased temperature models predict that woodland
distribution would increase in extent in tropical, subtropical, and cool temperate
regions of the world under increasing temperature conditions, potentially because
woody species are more stress-tolerant than herbaceous species (Archer 1994 and
references therein). Similarly, during drought periods woody species are better able
to persist, while herbaceous species decline. The resulting gaps can be occupied by
woody species. Periodic droughts, therefore, might be associated with episodic
woody plant establishment.

Fire suppression is another explanation that has been proposed for increased
woody species distribution. Fire has been shown to be a primary factor that creates
and maintains grasslands (DeByle 1981; Arno and Gruell 1986; Dando and Hansen
1990; Covington and Moore 1994; Mast et al. 1997). When fire is suppressed,
woody species encroach into grasslands (DeByle 1981; Arno and Gruell 1986;
Dando and Hansen 1990; Covington and Moore 1994) through increased woody
seedling establishment (Mast et al. 1997; Archer 1994) and survival (Dando and
Hansen 1990; Archer 1994). Once seedlings reach a sufficient size and age, they are
able to tolerate fires and dominate grasslands (Archer 1994). When fire was sup-
pressed, many different grasslands of varying composition were encroached by
woody species of Juniperus, Artemisia, and Prosopis in western and southwestern
USA (Burkhardt and Tisdale 1976; Blackburn and Tueller 1970; Young and Evans
1981; Johnson 1987; Brown and Archer 1989; Miller and Wigand 1994; Miller and
Rose 1995, 1999; Baker and Shinneman 2004), and by Pseudotsuga and Pinus in
other parts of the USA (Arno and Gruell 1986; Dando and Hansen 1990; Mast et al.
1997; Mast and Veblen 1999).

Mixed woody-herbaceous ecosystems are sensitive to land use changes (Werner
1990a, b, c, d, e). However, land use in many savanna environments are intensifying
around the world (Werner 1990) and the extent of area modified by human use is
continually increasing (House et al. 2003). The above described factors, especially
changing climate and increasing carbon dioxide accelerate the effects of land use
and changes in land use on woody-herbaceous—livestock species interaction (House
et al. 2003). Land use policies and socio-economic interests of the pastoral livestock
industry, the most common land use in mixed tree-herbaceous ecosystems, are
increasingly focused on improved pasture production through additions of fertiliz-
ers and supplements, improved breeds and types of livestock, and manipulations
of the plant species composition through introducing new species (e.g., legumes)
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and removing trees (Werner 1990a, b, c, d, e). Lastly, many different local factors
have been proposed, in addition to the proximate factors discussed above, as impor-
tant variables influencing the woody-herbaceous interaction and leading to a transi-
tion into grassland or a transition to woodland. Jeltsch et al. (2000) reviewed these
local factors from studies around the world to propose ecological buffering mecha-
nisms as their unifying theory that explains long-term tree—grass interaction.

4.8 Current and Future Research on Woody-Herbaceous—
Livestock Species Interaction

Current studies provide detailed, field-based observations of woody-herbaceous—
livestock species interactions (Sankey et al. 2006a, b). Tree/shrub age and distribu-
tion are often characterized with livestock grazing information and the data are used
to make inferences regarding woody-herbaceous—livestock species interaction and
to build empirical models (Burrows et al. 1990). However, models of interactions
have not been explicitly tested outside of the regions and sites for which they were
developed (House et al. 2003). Further studies need to use such data in quantitative
models and simulation-based approaches (McKeon et al. 1990) and test the validity
of empirical models that are based on site-specific data and relationships. Future
research can also include process-based studies with carefully designed experi-
ments. Such studies, although they are likely to be short-term, would provide impor-
tant details on ecological processes involved in the woody-herbaceous—livestock
interaction. Using the detailed understanding of the processes involved, accurate
empirical relationships and simulation models could be built to observe potential
patterns and changes at longer time scales (Daly et al. 2000). This would further
enhance our understanding of woody-herbaceous—livestock species dynamics and
their changes at different spatial and temporal scales. Process-based studies should
also have more controlled experiments, where effects of different grazing intensities
and the effects of varying grazing animals can be statistically separated. This can
further improve our understanding of the effects of overall grazing intensities and
different grazing animals and allow an understanding of the importance of overall
grazing intensity vs. grazing animal species.

Another trend in current studies of woody-herbaceous species dynamics with or
without livestock grazing effects is the use of digitally available data such as satel-
lite imagery and digital aerial photography to map and monitor changes in woody-
herbaceous plants. In northwestern USA, for example, several studies have used
digital imagery to detect the commonly field-observed expansion of juniper and
pinyon-juniper woodlands into adjacent shrublands and grasslands (Strand et al.
2006; Weisberg et al. 2007; Sankey et al. 2010). Field-based approaches for detect-
ing woody cover increase provide highly accurate and valuable results, but they can
be labor-intensive, time-consuming, and limited in the spatial extent they can cover.
In comparison, the application of remote sensing methods can be more cost-effective
and timely due to the large areal extent they cover. Digital satellite imagery also
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provides opportunities for more robust and comprehensive analysis of change, as
the imagery can be easily integrated with other sources of digital data, such as digi-
tal maps of grazing lands and topography. Moreover, data from satellite platforms,
such as Landsat, can be acquired in retrospect to examine past changes or past veg-
etation distribution and to compare with current distribution in order to quantify the
extent and rates of change. Such analysis of remote sensing data along with detailed
field data could provide information on indicators of global environmental changes
and enhance our understanding of processes, signals, extent, and rates of woody-
herbaceous vegetation changes under herbivory effects. The information would also
be useful in grazing management and land use decision making regarding desired
vegetation patterns across the landscape.

Quantitative models woody-herbaceous—livestock species interaction could also
include data of other important factors that contribute to changes in woody-herba-
ceous species such as climate change, CO, increase, and fire suppression. This
would enhance our ability to quantitatively describe the combined effects of multi-
ple interactive factors on ecotone shift. This would also improve our predictive abil-
ity and forecasting skills regarding when, where, and under what conditions changes
occur leading to a regional environmental change. Finally, currently proposed
hypotheses and empirical models should be quantitatively tested in varying regions
with different plant and livestock species.
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Chapter 5

Woody Plant Invasions in Pampa Grasslands:
A Biogeographical and Community Assembly
Perspective

Enrique J. Chaneton, Noemi Mazia, William B. Batista,
Andrés G. Rolhauser, and Claudio M. Ghersa

5.1 Introduction

Grasslands provide a number of ecosystem services that have been essential to
human well-being since pre-historical times (Gibson 2009). Yet they also represent
the most endangered terrestrial biome due to conversion into agricultural systems
(Sala 2001). The grassland biome covers 15 million km? (11 %) of the Earth’s
surface with non-woody vegetation, excluding deserts and savannas (Sala 2001).
Natural grasslands encompass vast regions including the North American Great
Plains, the Eurasian steppes of Russia, China and Mongolia, and the South American
Pampas (Gibson 2009).

Temperate grasslands occur in areas with ¢. 250-1,200 mm of annual precipita-
tion, being replaced by deserts and forests at lower and higher precipitation, respec-
tively. With mean annual temperatures above c. 16 °C and 500-1,200 mm/year,
grasslands give way to savannas and open woodlands (Whittaker 1975). Nevertheless,
grasslands often occupy areas that are wet enough to support forests (Bond 2008).
The existence of grassy—treeless—vegetation where climate would permit forests
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has long intrigued researchers (Christy 1892; Parodi 1942; Ellenberg 1962; Walter
1967). While climatic grassland/forest boundaries have been maintained for
millennia, modern grasslands appear to be changing as a result of woody invasions
(Bond 2008; Simberloff et al. 2010; Lamarque et al. 2011).

Woody plant encroachment reflects the synergistic influence of various drivers of
global environmental change (Hobbs 2000). Land-use changes associated with agri-
culture and domestic grazing have caused the widespread loss or fragmentation of
large areas of temperate grasslands (Sala 2001; Gibson 2009). These landscape-
level modifications have often been followed by the introduction of exotic tree spe-
cies, many of which became invasive of natural or seminatural grasslands (Richardson
and Rejmének 2011). In addition, anthropogenic changes in disturbance regimes
created novel opportunities for woody species establishment within herbaceous
vegetation (Hobbs and Huenneke 1992; Bond 2008). These changes may interact
with altered precipitation patterns, affecting expansion rates of native or exotic tree
species (Dukes and Mooney 1999; Sankaran et al. 2004). Successful invasions by
exotic trees draw attention towards biogeographic and phylogenetic constraints that
might have limited the presence of trees in the original grasslands (Ricklefs and
Schluter 1993; Mack 2003). Hence, questions regarding the historical existence of
treeless grasslands as well as present shifts in woody cover may be integrated within
a common framework, by emphasising the role of multiple processes that control
vegetation structure at different spatio-temporal scales.

In this chapter, we examine the ongoing process of tree invasion in South
American Pampa grasslands. In doing so, we consider two broad phenomena,
namely, the dynamics of native woody species across grassland/forest boundaries
and the spread of exotic trees over heterogeneous habitat mosaics. We argue that the
latter occurs primarily through “diffuse” ecotones created by anthropogenic land-
scape fragmentation. Overall, grassland invasion by either native or exotic tree spe-
cies represents the assembly into a local community of a novel life form that
managed to pass various ecological “filters” (Funk et al. 2008; Fig. 5.1). Our central
thesis is that human activity facilitates woody species establishment in grasslands
by altering assembly filters for either exotic or native tree taxa. We shall use the term
“invasion” to denote the successful addition of a new species to a recipient system,
regardless of whether it was introduced from other continents or expanded its range
from an adjacent biogeographic zone (see Vermeij 2005).

We focus on the humid Pampas of Argentina, the largest portion of the Rio de la
Plata grasslands, which also comprise the Campos of Uruguay and southern Brazil
(Soriano 1992). Woody invasions in the Campos have recently been assessed by
others (De Patta Pillar et al. 2009). We begin by discussing grassland invasion by
woody plants in the light of a hierarchical model of community assembly. Second,
we introduce the main biogeographical features of the study region, before revisit-
ing hypotheses for the absence of forests in the Pampas. We close the section with a
consideration of multi-causal constraints to the presence of trees in pristine grass-
land. Third, we summarise empirical evidence from different scenarios of tree inva-
sion in Pampa grasslands. We conclude by suggesting how facilitative interactions
between exotic and native woody taxa could play a key role in accelerating a state
shift towards a novel, woody-dominated ecosystem.
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Fig. 5.1 Hierarchical model of community assembly. Horizontal lines represent ecological filters
for species addition to a local grassland community. Small symbols denote herbaceous species;
large symbols denote tree species, including native species of wet subtropical origin (white), native
species from dry savannas (grey), and introduced exotic species (black)

5.2 Woody Invasions as Hierarchical Assembly Processes

The assembly of new species into a local community is hierarchically constrained
by dispersal from the regional species pool and niche limitations created by habitat
conditions and biotic interactions (Ricklefs and Schluter 1993; Funk et al. 2008;
Myers and Harms 2009). Factors affecting the chances of successful species estab-
lishment can be seen as a series of ecological “filters” (Fig. 5.1). Only species in the
regional pool having certain adaptive traits will be able to pass these filters (Keddy
1992; Funk et al. 2008; see also Theoharides and Dukes 2007). Assembly filters
roughly correspond to processes operating at different spatio-temporal scales.
Species may be added to a regional pool as a result of speciation processes or by
immigration from another region (Ricklefs and Schluter 1993). Biotic exchanges at
large biogeographical scales are aided by human transport (Williamson 1996;
Theoharides and Dukes 2007), which may act to enrich the phylogenetic background
of aregional flora (Mack 2003). Exotic invasions are a manifestation of the re-shuffling
of regional species pools caused by human activities on a global scale. In this context,
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the absence of woody life forms in a grassy ecosystem may just reflect the evolutionary
history of the flora, including major events deep in the regional past (Ricklefs and
Schluter 1993; Mack 2003). It also suggests that native trees growing in nearby forest
habitats may not have the “right” functional traits to establish successfully in a grass-
land environment (Bredenkamp et al. 2002; see Fig. 5.1).

For a species to occur at a given locality, it must first arrive via dispersal from
available propagule sources (Fig. 5.1). The chance of seed arrival is a function of
landscape configuration, including site isolation, as well as species fecundity and
dispersal mode (anemochory, zoochory, etc.) of the focal species. The existence of
appropriate vectors (e.g. frugivorous birds) can be critical for animal-dispersed
species. Seed dispersers interact strongly with landscape structure in determining
the spatial pattern of dispersal, both within and across biomes (Nores et al. 2005).
Propagule “pressure” (i.e. the quantity and frequency of propagule arrival) has been
indicated as a primary determinant of exotic invasions that is highly influenced by
human activity (Williamson 1996). Low propagule pressure may increase the
chances that an invading species will be eliminated by stochastic events (Simberloff
2009). Exotic tree species that were planted at several points within a region, pro-
duce large seed crops with a short age at maturity, and are readily dispersed by wind
or animals (e.g. cattle, birds) may exhibit high invasion potential (Rejmanek and
Richardson 1996; Lamarque et al. 2011). Conversely, native woody species found
in grassland/forest ecotones might have yet to disperse in sufficient numbers to
become established in grassland habitats.

Species lacking the functional traits to cope with local habitat conditions will fail
to become established or to persist in the long term (Fig. 5.1). Therefore, successful
invaders should be pre-adapted to abiotic conditions in the recipient system
(Williamson 1996; Mack 2003). This involves the ability to tolerate various envi-
ronmental stresses (e.g. frost, drought, waterlogging), which can be recurrent fea-
tures of certain localities. For instance, soil aridity or low temperatures may limit
the presence of trees in natural grasslands (Bredenkamp et al. 2002). Climate
fluctuations may create resource opportunities for episodic seedling recruitment as
observed for resident savanna trees (Sankaran et al. 2004). Natural disturbances
may act to facilitate or prevent exotic species establishment (D’ Antonio et al. 1999;
Chaneton et al. 2002). For instance, effects of burning and grazing on woody
encroachment are mostly idiosyncratic and context-dependent (Hobbs 2000; Bond
2008), although some invasive taxa like Pinus spp. appear to thrive in frequently
disturbed habitats (Simberloff et al. 2010).

Only a small fraction of the species arriving at a site do establish persistent popu-
lations without being excluded by interactions with other species (Fig. 5.1). Biotic
limitations to establishment can reflect either negative impacts from competitors and
consumers (e.g. seed predators) or the absence of specific mutualists (Crawley 1987;
Levine et al. 2004). Elton (1958) regarded the network of resident species interac-
tions as the prime barrier against invaders (cf. Levine et al. 2004). Tree seedling
growth in grasslands can be strongly limited by competition from herbaceous plants
(Davis et al. 1998). Selective removal of the grass cover may release resources and
increase woody recruitment (Sankaran et al. 2004). Exotic trees with high growth
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rates at the seedling stage appear to be better equipped for invading undisturbed
grasslands (Rejmanek and Richardson 1996; Lamarque et al. 2011). Lastly, positive
interactions (facilitation) between woody invaders, or between tree seedlings and
resident plants, may be important as a means of ameliorating the effects of physical
or biotic stress during tree establishment (e.g. Tecco et al. 2006; Smit et al. 2006).

It follows that grassland invasions by woody species (native or exotic) should be
seen as multi-causal processes that integrate the effects of several putative factors
acting at various scales. The existence of treeless grasslands such as the humid
Pampas could be traced back to the influence of historical processes that shaped the
composition of the regional pool as well as to the roles of propagule pressure, envi-
ronmental stress, disturbance, and biotic interactions (Fig. 5.1). Tree invasion of
primary grasslands begs the question of which filters were modified and what were
the intervening causes.

5.3 The Humid Pampas: A Phytogeographic Overview

The temperate humid Pampas extend over c¢. 400,000 km? between 31 and 38 °S in
east-central Argentina (Fig. 5.2). The Pampean phytogeographic province is sur-
rounded by the Espinal province, a belt-shaped system of open woodlands and
savannas (Cabrera 1958, 1976; Cabrera and Willink 1980). Native forests also occur
along riparian corridors of the Uruguay and Parand rivers, which extend from the
subtropical Paranaense province into the northern part of the Pampas (Nores et al.
2005). Precipitation decreases from the north-east to the south-west of the region
(1,000-500 mm/year). Rainfall occurs throughout the year, with mild summer water
deficits in the east, and more severe, winter dry periods in the west. Mean annual
temperature is 18 °C, although frosts are common in winter (Soriano 1992). The
landscape developed on Andean loess deposits and alternates vast flat areas with
gently rolling hills. Rocky outcrops form the Tandilia and Ventania ranges (1,500 m
a.s.l.) in the southern Pampas (Fig. 5.2). The dominant soils in the wetter, eastern
areas are Mollisols with a heavy argillic B horizon, while towards the west, soils are
mostly Entisols with a coarse, sandy texture (Soriano 1992).

The origin of the Pampas flora reflects the influence of the Neotropical and Antarctic
realms (Cabrera and Willink 1980; Ribichich 2002). The primary vegetation corre-
sponds to mesophytic grasslands with a mix of C, and C, perennial grasses (Burkart
1975; Soriano 1992). Common genera include Stipa, Poa, Piptochaetium, Melica,
Briza, Bothriochloa, Aristida, Panicum, and Paspalum. Exotic herbaceous forbs are
common throughout the region (Ghersa and Le6n 1999; Perelman et al. 2001; Burkart
et al. 2011). The Pampas comprise five phytogeographic districts (Fig. 5.2), differing
in the degree of landscape transformation by humans (Baldi et al. 2006):

Mesopotamic pampa—This is most humid and warmer section of the Pampas. The
vegetation structure and composition have strong affinities with the Espinal and
Chaco provinces (Cabrera 1958, 1976; Soriano 1992). This district is surrounded by
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Fig. 5.2 Limits of the Pampa grasslands and Espinal woodlands in east-central Argentina.
Phytogeographic districts (dotted lines) of the Pampa province (thick line) are denoted by different
letters: M Mesopotamic pampa; R Rolling pampa; F Flooding pampa; / Inland pampa; S Southern
pampa. Districts of the Espinal province (stippled area) are denoted by bold-type letters: N
Nandubay; A Algarrobo; C Caldén; T Tala. Lightly shaded areas within S show the Ventania and
Tandilia mountain ranges. Symbols indicate the location of long-term research sites: El Palmar
National park (rectangle) and Estancia San Claudio (triangle)

different types of forest formations, including subtropical gallery forests along the
Uruguay and Parana riverbanks. Grasslands are dominated by C, tussock grasses
and several native shrubs. Palm trees (Butia yatay) are scattered across large grass-
land areas, creating a conspicuous savanna-like physiognomy. Wildfires likely were
a recurrent disturbance agent in the past, but nowadays have been largely
suppressed.

Rolling pampa—This section of the Pampas has been the most deeply transformed
by rowcrop agriculture, cattle husbandry, and human settlement since the Europeans
arrived in the mid-1500s. Darwin (1893) described the grasslands as being heavily
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invaded by exotic thistles. The potential vegetation is a “flechillar” with a species-rich
mixture of C, and C, tussock grasses (Cabrera 1976; Soriano 1992). Yet seminatural
grasslands occupy only a small fraction of the area, and no relicts of native grass-
land exist today (Parodi 1947; Burkart et al. 2011).

Inland pampa—The eastern side of the district is a mosaic of croplands and range-
lands. Native grasslands are confined to relictual fragments extending along aban-
doned railway tracks and secondary roadsides (Soriano 1992). In contrast, the western
side comprises extensive natural grasslands, which are mainly used for cattle graz-
ing. Prescribed burning is used as a management tool in the drier western areas. The
dominant community is a steppe-like “flechillar” with tall-tussock grasses forming
dense, species-poor, homogeneous stands (Burkart et al. 2011).

Flooding pampa—The area comprises extremely flat, flood-prone landscapes
devoted to domestic grazing on natural grasslands and sown pastures (Soriano
1992). Crops have been sown only in the most elevated areas. Grazed grasslands are
dominated by short tussock and prostrate grasses and harbour high numbers of low-
growing exotic forbs. The C./C, native grass ratio increases southward (Perelman
et al. 2001). Periodic ﬂoods and soil salinity limit plant species richness in low-
lands areas.

Southern pampa—This is the cooler and drier section of the Pampas. The landscape
mosaic is dominated by winter crops, pastures, and natural grassland remnants. In
unploughed, well-managed grazed sites the grassland is made up of a species-rich
ensemble of C, grasses and forbs, thriving within a matrix of tall bunchgrasses
(Soriano 1992). Montane grasslands occurring on rocky outcrops and elevated
hills (>500 m) contain high species richness and many endemismes.

All five pampean districts are in contact with the Espinal province (Fig. 5.2). The
Espinal comprises xerophytic forests, parklands, and savannas (Cabrera 1976). The
climate is warm and humid in the north, and temperate semiarid in the west and
south sections. Annual precipitation varies from 1,200 mm in the north to less than
500 mm in the south-west. Mean temperatures range between 20 and 14 °C. The
tree overstorey has varying densities, being dominated by Prosopis and Acacia spe-
cies (Fabaceae, Mimosoideae). Tree species richness declines southwards. Woody
species have a neotropical lineage, including Celtis, Schinus, Jodina, and Geoffroea.
Much of the original vegetation has been modified by logging and livestock man-
agement, and presumably by fire suppression as well. The Espinal can be divided
into four main districts (Cabrera 1976).

Nandubay district—The northern section of the Espinal (Fig. 5.2) comprising low
forests (<10 m height) dominated by Prosopis algarrobillo (fiandubay) and Prosopis
nigra (algarrobo negro). Other common woody species include Acacia caven
(espinillo), Geoffroea decorticans (chafar), Aspidosperma quebracho-blanco,
Celtis tala (tala), Schinus molle (molle), Jodina rhombifolia (sombra de toro), and
Scutia buxifolia (coronillo). There is a well-developed shrub understorey. The her-
baceous layer comprises a diverse community of C, grasses, forbs, and bromeliads
(see Cabrera 1976).
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Algarrobo district—The western section of the Espinal corresponds to a once
extensive xerophytic woodland (see Fig. 5.2), which has been largely lost to logging
and agriculture. There remain a few relicts of native forest in which the dominant
trees are Populus alba (algarrobo blanco), P. nigra, and several other species shared
with the Nandubay district, except P. algarrobillo (Cabrera 1976).

Caldén district—The southern section intergrades with the western Inland pampa
along a wide ecotone (Fig. 5.2). The dominant species is Prosopis caldenia (cal-
dén), which forms open woodlands and savannas with a sparse shrub layer and
35-50 % grass cover. This area has been severely degraded by cattle grazing and
wood extraction, and therefore the actual limits with the Pampas are a source of
controversy (cf. Cabrera 1976; Leén and Anderson 1983). Common subdominant
woody species include Prosopis flexuosa (algarrobo), P. nigra, G. decorticans,
J. rhombifolia, and Schinus spp. (incienso). The grass layer (flechillar) comprises
several bunchgrasses including Elyonurus muticus, Piptochaetium stipoides, Poa
ligularis, Poa lanuginosa, and various species of Setaria and Stipa (Cabrera 1976).

Tala district—It extends southward as a narrow coastal forest along the lower sec-
tion of the Parana river and the coast of Buenos Aires on the Atlantic (Parodi 1940;
Cabrera 1958, 1976; Fig. 5.2). The so-called “talares” are xerophytic hardwood for-
ests growing on well-drained coastal dunes or calcareous soils formed on ancient
marine (shell) deposits. Forest patches intermingle with lowland grasslands (Soriano
1992). The community is dominated by a deciduous thorny tree, C. tala (Ulmaceae),
and contains a mixture of woody natives such as S. buxifolia, A. caven, Stellaria
longifolia, J. rhombifolia, P. alba, Phytolacca dioica (ombti), and Sambucus austra-
lis (sauco). The original forest has been deeply fragmented by logging and few
patches remain undisturbed (Cabrera 1976). In some areas, the forest was cleared
during colonial times (Garavaglia 1999a). Forest remnants are being colonised by
nearly 20 exotic tree species, of which the evergreen Ligustrum lucidum is the worst
invader (Cagnoni et al. 1996; Ribichich and Protomastro 1998).

5.4 Why Were There No Trees in the Pristine Pampas?

The existence of treeless natural grasslands in virtually all continents has attracted
much controversy (Bredenkamp et al. 2002; Bond 2008). Broadly speaking, expla-
nations for the lack of trees in grassy steppes and prairies can be divided into “bot-
tom—up” and “top—down” arguments. The former emphasise the influence of
climatic conditions and abiotic stress on tree growth potential, whereas the latter
focus on the role of woody biomass consumption by fire and herbivores (Bond
2008). On the one hand, the global distribution of forests would be limited by
macroclimatic aridity and soil texture (Walter 1967; Whittaker 1975). On the other
hand, there is little doubt that human-induced fire suppression and reduction of
native herbivore populations provide opportunities for woody encroachment on
grassy vegetation (Sankaran et al. 2004; Bond 2008; Bond et al. 2005). We notice,
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however, that both these perspectives implicitly assume that ill-adapted tree
genotypes would be available in the regional pool, and hence focus on environmen-
tal and biotic filters to species assembly (see Fig. 5.1). We shall come back to this
point later in this section.

Vegetation scientists have often regarded the Pampa grasslands as an anomaly,
since other regions with similar temperate humid climates typically support decidu-
ous or mixed forests. Were the Pampas a climatically determined (primary) grass-
land or an anthropogenic one? (Schmieder 1927; Parodi 1942; Ellenberg 1962;
Walter 1967). It has also been questioned why is that forests do not occur naturally
in the Pampas when many introduced tree species grow spontaneously in old fields,
along road verges and fencelines, and within forest plantations (Parodi 1942;
Ellenberg 1962; Ghersa et al. 2002). In the following, we briefly revisit traditional
ideas for the paucity of trees in the pristine Pampas. We stress that hypotheses thus
far have largely been articulated around single causes. We then integrate the various
putative causes for the existence of treeless Pampa grasslands within a multi-causal,
hierarchical framework.

5.4.1 Single-Cause Explanations for Treeless Grasslands

Perhaps the most frequently cited cause for the paucity of trees in temperate grassy
systems is the occurrence of seasonal drought (Bredenkamp et al. 2002). For
instance, the absence of trees in Eurasian primary grasslands and North American
prairies has been associated with an aridity gradient. Where conditions become too
dry, forests and woodlands give way to grassland. It is then common to find trees
where the local moisture regime is more favourable for tree growth, like in river
valleys or flood plains immersed within steppe or prairie zones (Bredenkamp et al.
2002). This is indeed a common feature of the Rolling pampa landscape, where
woody species typical of the Espinal occur along tributaries of the Parand river
(Walter 1967; Ghersa and Leén 1999).

A related hypothesis states that the root systems of resident grasses exert strong
competition for water, limiting the establishment of tree seedlings (Parodi 1942).
There is much experimental evidence that grass competition can significantly reduce
seedling or sapling growth under water-limiting conditions (Davis et al. 1998;
Sankaran et al. 2004; Riginos 2009). This suggests that the regeneration niche of the
trees would overlap with that of resident grasses (Facelli and Leén 1986; Bond
2008). Taken together, a negative water balance during part of the year and the
higher competitive ability of grasses would determine the existence of natural
“climatogenic” grasslands, and the Pampas would be no exception (Walter 1967).
Forestry practices provide stress-free microsites for seedlings, which explains why
many planted tree species grow well in the humid Pampas.

Some researchers have pointed out the role of soil texture in tipping the com-
petitive balance for water between grasses and trees (Walter 1967). Heavy, clayed
soils may favour grass dominance by limiting tap-root penetration, whereas trees
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would become dominant in lighter, sandy soils. In the Pampas, the ecotones
between grassland and woodland (Espinal) roughly correspond with transitions
from heavy loessic soils to coarser-textured soils (Cabrera 1976; Yazawa 1989).
The combination of fine-textured soils and summer drought would make it difficult
for tree seedlings to establish in bare-soil spaces among grass tussocks (Parodi
1942). This seemingly strong effect of soil texture on life-form balance may
account for the sharp boundaries between xerophytic forests (talares) and grass-
lands on the north-eastern side of the Rolling and Flooding pampas (Ribichich and
Protomastro 1998; see Fig. 5.2).

Temperature has been proposed to control the presence of trees in some regions.
In particular, frost periods may limit seedling recruitment for subtropical woody
taxa. For instance, according to Bredenkamp et al. (2002), it is not aridity that
excludes trees from Southern African grasslands. The cooler climates prevailing in
some temperate grasslands, especially during the winter, would exclude subtropical
trees. Many cold- and frost-tolerant tree species from the northern hemisphere and
Australia do grow well when planted in these grasslands (e.g. Eucalyptus camaldu-
lensis, Platanus acerifolia, P. alba). Some of these species even become invasive
(e.g. some pines and acacias). However, native trees do not survive when planted, as
they are killed by winter frosts. This suggest that while aridity excludes cold-resistant
trees from temperate steppes, low temperatures (and frost) may exclude subtropical
trees (Bredenkamp et al. 2002). Such a causal scenario might explain why, when
occurring at higher latitudes, trees originating in the subtropical Paranaense prov-
ince remain confined to mild riparian habitats, without invading adjacent Pampa
grasslands (Cabrera 1958; Nores et al. 2005).

Fire has been invoked as a major determinant for the absence of woody plants in
grassy biomes worldwide (Bond et al. 2005). In particular, frequent burning used by
early human societies for land clearing, hunting, and agriculture has been impli-
cated in the origin of anthropogenic (secondary) grasslands in western Europe (see
Bredenkamp et al. 2002). Some authors have suggested that fires set by native
American Indians were the cause for the existence of treeless North American prai-
ries (Christy 1892). This hypothesis was extended to South American grasslands,
on the basis that burning was found to be a common practice among native Indians,
at least, during the early period of European settlement in the Pampas (Schmieder
1927; Ellenberg 1962; Henning 1988). In this light, the Pampa grasslands would be
anthropogenic, rather than a natural vegetation type in equilibrium with climate and
soil conditions. This notion has been rejected for reasons that will soon become
clear (Parodi 1942; Walter 1967; Soriano 1992).

The other top—down force with the potential to control vegetation structure is
herbivory, especially by large-bodied grazers and browsers (Johnson 20009).
Temperate South American grasslands developed without supporting high densi-
ties of large vertebrate herbivores since the late Pleistocene extinctions (Burkart
1975; Barnosky and Lindsey 2010). However, a rich fauna of megaherbivores
roamed the region for much of the Tertiary (Webb 1978). Did plant consumers play
arole in precluding the expansion of trees onto grassy plains in the Pampas? May
be, although megaherbivores coexisted with open woodlands and gallery forests in
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areas like the Great Chaco and Patagonia. Medial Miocene to Pliocene fossil faunas
became dominated by pampas and steppe adapted forms, while gallery forests
likely persisted along stream borders (Webb 1978). Since the megafauna extinc-
tions of southern South America coincided with the drying of the climate and
occurred after the arrival of early humans (some 13,000 year BP; Barnosky and
Lindsey 2010), and even so the region remained covered by grassland up to the
present (Tecchi 1983; Prieto 1996), there is no compelling evidence that extinct
herbivores were a primary driver of the prehistoric paucity of trees in the Pampas
(cf. Johnson 2009).

A final hypothesis for the absence of forests emphasises the geomorphological
youth and changing climatic history of the Pampas (Parodi 1942; Iriondo 1999;
Iriarte 2006). There is strong fossil evidence from phytoliths (Tecchi 1983), pollen
records (Prieto 1996), and faunal assemblages (Tonni et al. 1999) that grassy veg-
etation occupied the Pampas from the early Miocene and through the Quaternary.
The late Pleistocene (c. 14,810-10,000 *C year BP) of the Pampas was defined by
drier and cooler conditions (Iriondo 1999), as shown by the presence of C,-
dominated psamophytic steppes (Iriarte 2006). These conditions prevailed until the
onset of a humid period in the early Holocene (c. 10,000-6,600 “C year BP), which
saw the emergence of extensive wetlands and the replacement of C, pooid by C,
panicoid grasses (Iriarte 2006). Dry steppes were displaced by humid grasslands
(Prieto 1996, 2000). During the mid-Holocene, around 6,600 '“C year BP, began a
new period of dryness, which led to the expansion of halophytic vegetation in flat
lowlands. After c¢. 4,000 “C year BP, a decline in halophytes signals the onset of
more humid and stable climatic conditions, characteristic of the late Holocene to
the present (Prieto 1996; Tonni et al. 1999). Overall, evidence suggests that the
Pampas are a relict of drier past climates. Recurrent drying—wetting cycles might
have also acted to constrain the presence of tall woody plants.

5.4.2 A Multi-causal Perspective: Putting History and Ecology
Back Together

Hypotheses for the paucity of trees in the humid Pampas have referred to either
proximate causes (e.g. tree seedlings cannot successfully compete with grasses) or
distant causes (e.g. the Pampas are a relict of a drier past climate). Yet single-cause
explanations may fail to account for the absence of tree life forms in grassland
(Bond 2008), as for biotic invasions in general (Theoharides and Dukes 2007).
Moreover, univariate models of vegetation structuring are inconsistent with modern
ecological theory, which embraces the role of long-term evolutionary and historical
processes as well as local niche relations in shaping present-day community pat-
terns (Ricklefs and Schluter 1993; Valiente-Banuet et al. 2006; Fig. 5.1). We stress
that the former absence of trees in the Pampas likely resulted from multiple interacting
factors (i.e. filters) operating at disparate scales. Limitations to tree occurrence were
probably fourfold.
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Species pool—It appears that the regional species pool for the Pampas did not
contain autochthonous trees with evolved adaptations to the local environment. Yet
the region was surrounded by forests of subtropical affinity since pre-historic times
(Webb 1978; Cabrera and Willink 1980). It is unknown why the dry woodland and
wet forest lineages did not give rise to a “Pampas tree genotype”. We may think of
two reasons. First, there might have been strong phylogenetic constraints to the
evolution from northern South American ancestors of temperate tree genotypes
adapted to cool, subhumid climates (see Mack 2003). Southern lineages from the
Antarctic domain were confined to the Andes after the last glacial period and the
emergence of vast semiarid steppes in Patagonia (Markgraf et al. 1995). Second, the
unstable climatic and geological conditions that characterised the Pampas from the
late Tertiary through the Quaternary (Webb 1978; Prieto 1996, 2000; Iriarte 2006)
could make it difficult for any marginal or founder long-lived tree population to
develop the “right” suite of adaptive traits. Moreover, prior to the late Pleistocene
mass extinctions, resident megaherbivores also probably helped to maintain a tree-
less grassy biome (Webb 1978; Johnson 2009).

Seed dispersal—Even if pre-adapted tree genotypes were available in past species
pools along the margins of the Pampas, successful invasion by trees could have been
precluded by low dispersal rates and hence low propagule pressure. Dispersal limi-
tations to native trees could reflect lack of seed sources, as determined by the north-
ward retreat of tropical forests during the late Tertiary—early Quaternary period of
increased aridity in southern South America (Markgraf et al. 1995). Further, low
seed arrival may result from reduced activity of dispersal agents. Birds may act as
long-distance dispersers, but may fail to transport tree seed into grassland areas with
few perch structures (Milton et al. 2007).

Abiotic stress—Although several tree species were actually present in the broader
regional pool of the Pampas (encompassing the ecotones with Espinal woodlands
and Paranaense riparian forests), most seemed to lack the functional traits to estab-
lish and reproduce in a temperate subhumid environment (Fig. 5.1). Provided enough
seed of either xeromorphic or subtropical tree genotypes was dispersed into adjacent
grasslands, then colonisation would have been impeded by heavy soils, drought, or
frosts, especially during periods when climate was much drier than at present (Prieto
1996, 2000). Such niche limitations should create demographic bottlenecks during
early life stages, thus reducing the chances of invasion (Bond 2008). Indeed, native
trees from savanna and gallery forests generally do not survive when planted, as
they are often killed by winter frosts.

Biotic interactions—The potential for woody species from adjacent communities to
establish in the Pampas was also probably limited by competition from resident
grasses (Parodi 1942; Walter 1967). Tussock grasses strongly suppress tree seedling
growth and survival in humid grasslands (Mazia et al. 2001; Chaneton et al. 2004),
and may indirectly prevent seedling emergence by providing cover to granivorous
rodents (Mazia et al. 2010). These factors alone only rarely repel invasion, unless
immigrating species are propagule-limited (Levine et al. 2004; Lockwood et al. 2005),
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which is the case at increasing distance from seed sources. In addition, root
symbionts such as mycorrhizal fungi must be available for successful recruitment of
many trees. Dominant tree taxa in the Espinal belong to the Fabaceae and require
certain Rhizobium strains for nitrogen fixation. Thus, absence of specific soil micro-
bial partners can add another, often underestimated barrier to tree invasion (see
Simberloff et al. 2010).

Overall, we expect that low propagule pressure, abiotic stresses, biotic resis-
tance, and a paucity of specific symbionts might have exerted a synergistic influence
in slowing tree invasion rates (Crawley 1987; Lockwood et al. 2005). These factors
operated under a higher-level constraint, that is, the palaeoclimatic history of the
region and its long-term influence on species pool evolution.

5.5 Contemporary Patterns and Mechanisms of Tree Invasion

The original treeless physiognomy of the Pampas began to change dramatically
with the arrival of European settlers to the Rio de la Plata in the mid-1500s. Human
activity was instrumental in shaping all four stages of the process of invasion by tree
species alien to South America, from transport through colonisation and establish-
ment, to landscape spread (Theoharides and Dukes 2007). Species pool limitations
were overridden by the introduction of temperate tree genotypes pre-adapted to the
Pampas environment. Since the seventeenth century trees and other woody species
became conspicuous features of “estancias” in the northern (Rolling) pampas.
Frequency of planted trees in urban and countryside areas increased between the
eighteenth and nineteenth centuries (Garavaglia 1999b), with both native and exotic
species being introduced for living fences, shade, wind barriers, and as ornamental
plants (Ghersa and Le6n 1998, 1999). Native woody species included Acacia bonar-
iensis (anapindd), Parkingsonia aculeata (cina-cina), P. dioica (ombu), and C. tala
(tala), while early exotics were L. lucidum, Gleditsia triacanthos (acacia negra),
Melia azedarach (paraiso), Morus alba (mora blanca), and Phoenix canariensis
(palmera), and later Eucalyptus spp. Pollen records for G. triacanthos in the eastern
Rolling pampa date back to the late 1700s (Prieto et al. 2004). This process re-
shaped the regional pool by adding species with novel functional traits (Fig. 5.1).
Widespread plantation of woodlots and tree lines increased the number of seed
sources and hence propagule pressure. Main roads served as corridors for the early
dissemination of introduced tree species. Planted trees created new habitat for wild-
life, including native birds and mammals, which likely contributed to accelerate the
spread of woody plants (Ghersa and Ledn 1998). By the early 1800s, native trees of
the Espinal like G. decorticans, J. rhombifolia, and Prosopis spp. could be found in
small forest patches in northern and eastern sites of the Pampas (Garavaglia 1999a).
On the northwestern Pampas ecotone, Espinal woody species were dispersed into
dry grasslands by cattle herds driven by indigenous people (Leén and Anderson
1983). Rapid tree encroachment was facilitated by the land-use changes that domi-
nated the Pampas in the late 1800s after the Indian wars (Tapson 1962). Before that,
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burning of tall tussock grasslands by the aborigines (Darwin 1893) possibly slowed
the spread of invasive woody plants.

During the 1900s, the profound anthropogenic transformation of the original
landscape involved the division of the land by linear elements such as roads, fence-
lines, channels, and railways. This created a network of seminatural vegetation cor-
ridors that now harbour many exotic tree species (Ghersa et al. 2002). Bird species
(e.g. Turdus rufiventris, zorzal) find perching sites along these corridors and in
domestic woodlots, thus transporting the seeds of introduced woody plants across
the landscape (Ghersa and Le6n 1998). Riparian zones have also been invaded by
frost-tolerant exotic trees such as G. triacanthos, L. lucidum, and M. alba (Ghersa
et al. 2002), probably induced by directed, bird-mediated dispersal (Nores et al.
2005). Lastly, the modern Pampas landscape contains many human-disturbed areas
of noncultivated or waste land, which are invaded by exotic trees like G. triacanthos
and Ulmus pumila (olmo) forming dense forest patches (Facelli and Leon 1986;
Mazia et al. 2001). Only the vast grazed plains of the Flooding pampa remained
relatively free of woody invasions (Fig. 5.3).

Overall, anthropogenic landscape fragmentation generated a diffuse, reticulated
“ecotone” between modified habitat patches and remnant grasslands. Whereas his-
torical (biogeographical) boundaries with adjacent forested regions remained mostly
stable, the ecotones created by human activity in the Pampas interior promoted
encroachment of introduced woody species onto once treeless landscapes. In the
remaining of this section, we review evidence for contemporary patterns of woody
plant invasion in the Pampas. We highlight two separate phenomena, namely, woody
encroachment across geographic ecotones and spread of exotic trees onto human-
disturbed grasslands.

5.5.1 Dynamics Across Natural Grassland/Forest Ecotones

5.5.1.1 Humid Palm Savannas

Savannas dominated by the palm tree B. yatay occur on sandy soils in the eastern
Chaco and Espinal provinces (Martinez-Crovetto and Piccinini 1950; Carnevali
1994). The largest area of B. yatay palm savannas extends over the watersheds of
several streams that flow eastward into the Uruguay River, on the northern limit
of the Pampas (Fig. 5.2). Stands with widely varying densities of B. yatay occur on
the highlands and river terraces, while alluvial plains support tall grasslands and
riparian subtropical forests (Cabrera 1976). Since the creation of El Palmar National
Park in 1970, a large track of palm savannas has been protected under a policy of
cattle exclusion and fire control. The area had previously been used for cattle
ranching, and the savannas were structured by a tall palm tree layer and a short
species-rich herbaceous layer (Martinez-Crovetto and Piccinini 1950). Scarcity of
juvenile palms suggested that cattle were preventing palm recruitment (Dimitri and
Rial 1955; Cabrera 1976). Hence, cattle exclusion should allow palm recruitment,
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Fig. 5.3 Views of the Pampas. (a) Treeless landscape in the central Flooding pampa, (b) trees invad-
ing a roadside corridor in the Rolling pampa, (c) invasion of an old-field grassland by Ulmus pumila
in the Inland pampa, (d) a thicket formed by Gleditsia triacanthos and Ligustrum lucidum (dark
tree) in an old pasture field, Inland pampa (photos by E. Chaneton (a, ¢, d) and F. Weyland (b))

while maintaining the open savanna/grassland physiognomy. Yet palm savannas
were rapidly encroached by native bushy species, whereas denser savannas have
been invaded by both native and exotic tree species (Ciccero and Balabusic 1994;
Goveto 2006; Fig. 5.4).

Tree encroachment on B. yatay savannas has been examined at the landscape and
local (stand) scales. In 2000, a total of 26 tree species were recorded in the under-
storey at El Palmar (Table 5.1). Most invading trees are native to riparian forests and
are distributed over the Paranaense or Espinal provinces (Cabrera 1976). In addi-
tion, palm savannas were invaded by tree species exotic to South America, espe-
cially M. azedarach. Among the encroaching tree species, the majority have their
seeds dispersed by birds (Table 5.1). High-palm density savannas on lower terraces
have been encroached by many tree species from nearby riparian forests, while
sparser savannas on uplands have fewer trees and include hardwood species from
the Nandubay forests (Table 5.1; Fig. 5.4).

Current landscape distribution of three of the most common native trees,
Allophylus edulis, Myrcianthes cisplatensis, and Sebastiania commersoniana, sug-
gest that dispersal syndrome, adult palms, and fire frequency may all have a role in
the encroachment process (Rolhauser et al. 2007). After 35 years of cattle exclusion
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Fig. 5.4 Aspects of the B. yatay palm savannas in (a) cattle grazed and (b) protected areas at El
Palmar National park. Cattle exclusion and fire control triggered invasion by both native and exotic
tree species, especially in dense palm savanna stands (photos by A. Rolhauser)

and relative fire control, densities of A. edulis and M. cisplatensis, two bird-dispersed
species, were found to decline with distance from the riparian forest edge. Since in
1970 trees were virtually absent from the palm savanna, the observed pattern is
consistent with populations expanding as a front wave (Skellam 1951). For M.
cisplatensis, the estimated distance of tree expansion in dense palm stands unburned
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Table 5.1 Tree species recorded in the understorey of Butia yatay palm savannas at El Palmar
National Park (Mesopotamic pampa)

Species name (family) Distribution Dispersal mode

Frequent in dense/sparse palm savannas

Allophylus edulis (Sapindadeae) P E Birds

Mpyrcianthes cisplatensis (Myrtaceae) P E Birds

Sebastiania spp. (Euphorbiaceae) P Elastic dehiscence
Mpyrcia ramulosa (Myrtaceae) P Birds

Schinus longifolius (Anacardiaceae) P E Birds

Sapium haemaospermum (Euphorbiaceae) P Birds

Melia azedarach (Meliaceae) Exotic Birds, bats
Frequent in dense palm savannas

Hexachlamys edulis (Myrtaceae) P Gravity + mammals
Guettarda uruguensis (Rubiaceae) P Birds

Maytenus ilicifolia (Celastaceae) P Birds

Frequent in sparse palm savannas

Acacia caven (Fabaceae) E Gravity + mammals
Prosopis affinis (Fabaceae) E Gravity + mammals
Occasional in palm savannas

Acacia bonariensis (Fabaceae) P E Gravity
Blephalocalyx salicifolius (Myrtaceae) P Birds

Celtis tala (Cannabaceae) P E Birds

Erythrina crista-galli (Fabaceae) P Gravity + water
Nectandra angustifolia (Lauraceae) P Birds

Ocotea acutifolia (Lauraceae) P Birds

Pouteria salicifolia (Sapotaceae) P Gravity + water
Mpyrsine laetevirens (Myrcinaceae) P Birds

Scutia buxifolia (Rhamnaceae) P E Birds

Fraxinus pennsylvanica (Oleaceae) Exotic Wind

Gleditsia triacantos (Fabaceae) Exotic Gravity + water + mammals
Ligustrum lucidum (Oleaceae) Exotic Birds

Magnolia grandiflora (Magnoliaceae) Exotic Birds

Prunus persica (Rosaceae) Exotic Gravity +animals

The occurrence of each species in other phytogeographic units and its dispersal mode are shown.
P riparian habitats supporting forests of the subtropical Paranaense province; £ Nandubay forests
of the Espinal province. Exotics refer to species not native from South America

over the previous 25 years (~2 km) was significantly longer than in either sparse
palm stands or stands burnt within the previous 15 years (~1.5 km).

In contrast, the distribution of S. commersoniana, a self-dispersed species, exhib-
its no clear trend with distance from the forest edge. Density of this species is higher
in dense than in sparse palm stands, where it is extremely rare. These patterns
suggest that, under current conditions of cattle exclusion and fire suppression, palm
trees would have facilitated tree encroachment. For bird-dispersed species, this may
be partly generated by the palm trees acting as perches for dispersers. However,
association of S. commersoniana with dense palm stands further suggests that other
forms of facilitation or environmental control might be relevant. For M. cisplatensis,
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burning appears to have limited tree encroachment rates in these savannas (Rolhauser
et al. 2007).

Field experiments revealed the local influences of B. yatay and established adults
of A. edulis and S. commersoniana on seed arrival and seedling performance of the
latter two riparian species (Rolhauser et al. 2011). Seed traps and seedlings of both
species were placed in open grassland patches, and beneath palm trees, A. edulis
adults and S. commersoniana adults. Palm tree and grassland microsites were used
to evaluate the influence of resident palm trees on early encroachment. Seed traps
under palm trees captured more seeds of the bird-dispersed A. edulis than those in
herbaceous patches, whereas no seeds of the self-dispersed S. commersoniana were
trapped. Survival of A. edulis seedlings was lower under palm trees than in grass-
land, mainly because seedlings were more likely to be damaged by trampling and
burrowing animals. Survival of S. commersoniana seedlings did not differ between
palm trees and grassland.

Patterns of seed arrival and seedling performance under established A. edulis and
S. commersoniana trees were used to examine intra- and interspecific effects during
advanced stages of encroachment (see Rolhauser et al. 2011). A. edulis seed occurred
massively under conspecific trees, but seedling growth was strongly suppressed under
conspecific adults. S. commersoniana seeds were rare and were trapped only under
Sebastiania trees. Seedlings of this species also showed reduced growth rates
under conspecifics, but increased survival beneath heterospecific, A. edulis trees.

Species-specific influences of direct and indirect biotic interactions appear to be
instrumental in the encroachment process (Rolhauser et al. 2011). Whereas palm
trees may not affect the early dynamics of S. commersoniana, they exert animal-
mediated indirect effects that may either boost or slow early encroachment by
A. edulis. Further, seedlings of both riparian species grew better in heterospecific
than in conspecific adult microsites, a pattern consistent with the “escape hypothe-
sis” (Howe and Smallwood 1982). Lastly, A. edulis trees might facilitate establish-
ment of S. commersoniana provided seeds arrive in A. edulis patches. The ongoing
encroachment of dense palm stands by these riparian trees (Rolhauser et al. 2007)
suggests that, under current management regimes, the role of palm trees as perches
for frugivorous birds outbalances their role as attractors of disturbing animals. In
contrast, lack of a long dispersal mechanism appears to limit the expansion of
S. commersoniana across these savannas.

5.5.1.2 Espinal Semiarid Savannas

The vegetation physiognomy of the southern Espinal (Caldén district, Fig. 5.2)
varies from typical P. caldenia-grass savannas to dense P. caldenia woodlands in
relatively humid lowlands and open treeless grasslands on drier sandy soils
(Cabrera 1976; Lerner 2005). Current limits between these plant associations as
well as between the southern Espinal and the Pampas have been notoriously
modified by human activity. Since the mid-1800s, land clearing for agriculture has
kept pushing the Espinal forest boundary in both west- and southward directions
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(Cabrera 1976). Also, domestic grazing promoted the encroachment of semiarid
savannas and grasslands by native trees, mainly P. caldenia and G. decorticans
(Le6n and Anderson 1983; Distel et al. 1996; Peldez et al. 1992).

Livestock generally facilitates woody encroachment in the southern Espinal. The
introduction of cattle likely increased seed dispersal of P. caldenia and G. decorti-
cans (Le6n and Anderson 1983), as these were dispersed by native herbivores such
as Lama guanicoe (guanaco) and Odococeilus bezoarticus (pampa deer). Ingestion
of seed pots by cattle enhances seed viability by preventing predation by bruchids,
and also increases germination via scarification (Lerner and Peinetti 1996). Grazing
indirectly enhances tree seedling recruitment by creating safe microsites where
grass competition is relaxed, and this effect likely increased under domestic stock-
ing rates (Villalobos et al. 2005). Further, grazing impacts would have shifted when
sheep were replaced by cattle as main domestic grazer. Sheep removal presumably
decreased consumption of tree seedlings, thus accelerating tree encroachment on
overgrazed areas (Dussart et al. 1998).

In addition, domestic grazing modified the natural fire regime (Dussart et al.
1998; Ferndndez and Busso 1999) with varied impacts on grass/woody species
dynamics. Fire facilitates recruitment of P. caldenia seedlings by reducing grass
biomass and increasing soil temperature and nutrient content (Villalobos et al.
2007). However, frequent burning may prevent seedling development into older life
stages (Bond et al. 2005). The current disturbance regime of the Espinal, which is
characterised by a low frequency of wildfires, increases the chances of tree seedling
establishment by providing enough time for tree development between fire events.

5.5.1.3 Coastal Xerophytic Forests

The Tala district of the Espinal forms a narrow, discontinuous strip of xerophytic
forests bordering the northern and eastern Pampa grasslands (Fig. 5.2). The limits
between the two vegetation types are abrupt and determined by soil properties
(Parodi 1940; Cabrera 1958). The extent of these coastal forests has been progres-
sively reduced through human disturbance (Arturi and Goya 2005). Although abun-
dant C. tala seeds are dispersed from mature trees, seedlings are typically scarce
within the forest. Seedling densities up to 10 plants/m? can be found, but they mostly
die by early winter. High winter mortality is related to low frost tolerance, which
may account for the lack of C. fala establishment in open areas, away from the for-
est understorey (Arturi and Goya 2005).

Fruits of C. tala are readily consumed by birds, which disseminate seeds away
from the forest. It is not uncommon to find isolated trees (<50 cm height) in nearby
ungrazed grasslands, but there is no evidence of grassland encroachment by this
native tree (Arturi and Goya 2005). Given that seeds would be easily dispersed onto
adjacent grasslands, competition from resident grasses may be preventing C. tala
encroachment (Arturi and Goya 2005). However, roadsides, channels and fencelines,
and forestry plantations are focal points for the natural spread of C. tala. Disturbances
removing the herbaceous cover, and planted woods where grasses are suppressed by
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canopy shading, both provide suitable microsites for tree seedling recruitment and
survival.

Most C. tala forests are being heavily invaded by several exotic trees, including
L. lucidum, Ligustrum sinensis, M. azedarach, G. triacanthos, M. alba, Acer
negundo, Fraxinus sp., Pinus spp., and Populus spp. (Cagnoni et al. 1996). Patches
of coastal forest may represent stepping stones for dispersal and subsequent inva-
sion of adjacent grasslands by species like L. lucidum and G. triacanthos, which
produce large seed crops and are dispersed by native fauna or cattle (Montaldo
1993; Ghersa and Le6n 1999; see Table 5.1). Thus, a combination of anthropogenic
disturbance and forested patches would promote grassland encroachment by either
native or exotic tree species.

5.5.2 Invasion by Introduced Tree Species

5.5.2.1 Rolling Pampa: Exotic Trees in Agricultural Landscapes

The Rolling pampa is the main agricultural zone of Argentina and represents the
most heavily transformed section of the Pampas (Ghersa and Leén 1999). At pres-
ent, trees are virtually everywhere, and invasive species threaten to become prob-
lematic weeds too. By the end of the twentieth century, all fields had been converted
into zero-tillage cropping, which involves growing glyphosate-resistant soybean
transgenic cultivars (De la Fuente et al. 2006). This shift to no-till agriculture
increased the likelihood of tree invasion, which was previously prevented by annual
disturbance from tillage practices.

A recent survey of the area by Ghersa et al. (2002) recorded a total of 40 woody
species, mostly trees, invading roadside and riparian corridors (Fig. 5.3b). The
exotic trees G. triacanthos, M. azedarach, and M. alba showed the highest occur-
rence, and the former two species were also frequent components of weed commu-
nities in zero-tillage cropfields (Ghersa et al. 2002; De la Fuente et al. 2006). The
current extent of woody encroachment indicates that the restoration of native grass-
lands in the Rolling pampa would be highly unlikely (see below) without targeted
control of invasive tree species.

5.5.2.2 Inland Pampa: Tree Species Invasion in Old Fields

Factors limiting the establishment of exotic trees in grassland patches have been
experimentally evaluated in a long-term study site in the eastern Inland pampa
(Fig. 5.2). The area comprises planted woodlots and windbreaks with species like
Eucalyptus sp., L. lucidum, G. triacanthos, U. pumila, and Robinia pseudoacacia
(acacia blanca). As in other areas of the Pampas, trees have escaped from plantation
and invade noncropped, ungrazed fields and peridomestic areas, as well as abandoned
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railway corridors with relictual tussock grasslands (Facelli and Leén 1986; Mazia
et al. 2001; Chaneton et al. 2004).

Early work documented the invasion of old-field communities by U. pumila from
nearby woodlots (Facelli and Leén 1986; Fig. 5.3c). The magnitude of invasion was
inversely correlated with the grass cover and plot age. Removal of resident grasses
in a 4-year-old plot enhanced tree seedling recruitment. Still, copious arrival of
wind-dispersed seeds partly counteracted the negative effect of grasses, as tree seed-
lings also occurred in intact vegetation plots (Facelli and Le6n 1986). In another study,
we manipulated vegetation cover in a 15-year-old seral community dominated by
pasture grasses (Mazia et al. 2001). To control for propagule pressure and test
different tree genotypes, we added seed of three exotic (G. triacanthos, U. pumila
and L. lucidum) and one native species (P. caldenia). The experiment was replicated
in understorey and treefall-gap microhabitats in a L. lucidum plantation. We asked
whether woodlots provide suitable conditions for tree establishment, and may thus
work as “stepping stones” for invasive tree species.

Only G. triacanthos and P. caldenia were recruited in grassland. Removal of
herbaceous cover increased seedling emergence and first-year survival of both tree
species. Yet, 5 years later, only G. triacanthos had established successfully in dis-
turbed plots, whereas all P. caldenia seedlings failed to survive. Established trees
were 4-5 m in height and produced abundant seed pots. Surprisingly, L. lucidum
and U. pumila did not emerge from sown seeds, possibly due to low viability and/or
seed predation (Mazia et al. 2001). These results confirmed that, once dispersal
limitation is removed, resident plants remain a major barrier to tree invasion
(Fig. 5.1). Further, how effective are local filters to invasion will depend on the
specific identity of the tree coloniser, regarding its susceptibility to various biotic or
abiotic stresses. Although P. caldenia occurs in the “marginal” species pool of the
western Inland Pampa, this xeromorphic species apparently lacks the seed/seedling
traits to regenerate in mesic grassland.

In the forest experiment, all four sown trees emerged in both gap and understorey
conditions, but did not survive pass the first summer from emergence in understorey
microsites. Survivorship of G. triacanthos and P. caldenia was high during 1.5 years
in the forest gap. However, all seedlings eventually died with gap closure in the
ensuing years (Mazia et al. 2001). Thus, while forest patches may not offer better
conditions for tree establishment than old-field grasslands, they provide early
recruitment opportunities that vary depending on species identity and microhabitat.
The common presence of L. lucidum and G. triacanthos saplings in tree plantations
suggests that increased seed arrival may enhance the chance of successful invasion
of forest patches by these exotics.

Both anthropogenic and natural disturbances may favour exotic invasions (Hobbs
and Huenneke 1992; D’ Antonio et al. 1999). Studies in the Inland pampa show that
disturbance effects on tree establishment can be context-dependent. In a large-scale,
4-year experiment, we examined the influence of two disturbance agents, burning
and animal diggings, on G. triacanthos recruitment in a late-successional old field
and a relict of native tussock grassland (Chaneton et al. 2004; Mazia et al. 2010).
To adjust for propagule pressure, 40 seeds/m? were added in each of several sowing
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Fig. 5.5 Overall recruitment of G. triacanthos in old-field and relict tussock grasslands in the
Inland pampa. Data show cumulative number of plants from two seedling cohorts (2000-2001)
over 240 m>. Vertical bars (grey) depict monthly rainfall (mm)

events to 12-m? plots, which were either burned or “burrowed” to simulate the dig-
ging activity of hairy armadillos (Chaetrophractus villosus) in a full factorial design
(for details, see Mazia et al. 2010).

Emergence of G. triacanthos was fivefold higher in the old field than in the tus-
sock grassland during the first, drier spring, but differences were reduced during the
second, wetter spring (Fig. 5.5). Burning increased recruitment of the second-year
cohort in both grasslands. Simulated armadillo disturbances prevented tree seedling
emergence in the tussock grassland, especially in burned plots, and slightly increased
recruitment in the old field (Fig. 5.6). Large- and small-scale disturbances thus
promoted tree recruitment in the old field, whereas they exerted antagonistic effects
in the relict tussock community (Mazia et al. 2010). Final establishment of G. tria-
canthos was twice as high in the old field as in the tussock grassland (Fig. 5.5).
The greater resistance to tree invasion of the tussock grassland likely reflected the
combined effects of grass competition and rodent granivory (Chaneton et al. 2004;
Mazia et al. 2010). Indeed, seed loss to predators was higher in the tussock than in
the old-field grassland (Fig. 5.7a), presumably because old fields offer a greater
diversity of alternative food items to granivores. Hence, once propagule pressure is
factored out, invasion by exotic trees becomes contingent on the recipient community,
local disturbance regime, and annual rainfall patterns.

Recruitment of P. caldenia was similarly evaluated in the same grassland plots.
Seedling emergence of P. caldenia from sown seed was abundant in both study grass-
lands. However, no seedling managed to survive beyond the first winter. Seed loss to
granivores was greater in tussock than in old-field grassland (Fig. 5.7a). Rodent exclu-
sion markedly increased P. caldenia emergence, while litter cover blocked seedling
emergence within rodent exclosures (Fig. 5.7b). These findings show that different
biotic factors may contribute to repel invasion by this native tree in both grasslands.
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In contrast, we found that even undisturbed grasslands were not fully immune to
invasion by G. triacanthos (Mazia et al. 2001, 2010; Chaneton et al. 2004).

5.5.2.3 Southern Pampa: Pine Invasions in Montane Grasslands

The western limit of the Southern pampas forms a dynamic ecotone with the semi-
arid Caldenal savannas (Cabrera 1976; Fig. 5.2). Present environmental conditions
suggest that P. caldenia might have dispersed towards the east, although fossil pol-
len records indicate that the southeastern limits of the Espinal remained rather stable
throughout the Quaternary (Prieto 1996). It has then been suggested that biogeo-
graphical barriers could have prevented colonisation of the Southern pampas by
native trees (Arturi and Goya 2005).

Exotic tree species were introduced to the area since the early nineteenth century.
Although the landscape physiognomy was drastically altered, trees were not origi-
nally reported to invade open grasslands. Widespread tree invasions in the Southern
pampas began with Pinus and Eucalyptus plantations in the 1970s (Zalba and
Villamil 2002). Successful tree introductions were mediated by an intensive selec-
tion process of ecologically pre-adapted genotypes. Historical (dendrochronologi-
cal) records indicate that both Pinus halepensis and Pinus radiata were the most
invasive forestry species, and that their landscape spread has been assisted by large
fire events (Zalba and Villamil 2002). Factors promoting pine invasions after fire
include massive seed crops and seedling recruitment, which continued for 12 years
in the case of P. halepensis (Zalba et al. 2008). Grazing by feral horses has also been
found to facilitate the spread of P. halepensis by reducing the competitive ability of
native grasses outside plantations (Villalobos et al. 2011).

As shown for other southern hemisphere regions (Simberloff et al. 2010), the
novel presence of pirogenic species (Pinus) increased the flammability of the sys-
tem, enhancing the likelihood of tree establishment by relaxing the intensity of grass
competition. Most importantly, attempts to restore grasslands on invaded sites have
been highly encouraging. Four years after disturbance from intensive pine removal,
native grasses replaced pioneer forbs without the need to augment grass seed avail-
ability through sowing (Cuevas and Zalba 2011). The reversal of tree-induced veg-
etation changes in the Southern pampas contrasts with the lack of recovery of native
plant assemblages during old-field succession in the Rolling and Inland pampas
(Ghersa and Ledn 1999; Tognetti et al. 2010).

5.6 Conclusion: Future Trends in Grassland/Forest Dynamics

Biotic interchanges between adjacent regions have been common throughout the
history of the Earth, and still are to be expected as a result of species’ range expan-
sions (Elton 1958; Vermeij 2005). However, natural shifts in biogeographical limits
take time to develop and rarely involve long-distance dispersal events. By contrast,
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human-assisted biotic invasions bridge large geographic scales, put in contact biotas
with no co-evolutionary past, and occur at surprisingly fast rates (Williamson 1996;
Vermeij 2005).

We have argued that in the humid Pampas pre-historic boundaries between natu-
ral grasslands and adjacent forest formations have remained largely stable, with
little encroachment from native tree species. However, the last 300 years of human
occupation have changed that pattern by creating a rural landscape mosaic with
dynamic interfaces between cropland, forest stands, and grasslands (Vega et al.
2009). Anthropogenic activity has accelerated the addition of tree life forms to rem-
nant grassy vegetation on a regional scale, by introducing woody genotypes with
novel traits, by increasing propagule pressure and facilitating dispersal, and by
altering disturbance regimes. These processes implied the removal of long-standing
barriers to tree species establishment in open grassland (Fig. 5.1).

Furthermore, recent surveys suggest that the spread of exotic invasive trees might
exert a cascading influence on the distribution of native woody species from adja-
cent forests. A screening of the central Pampas in 2 x 2 km cells using Google Earth
revealed that trees occur in over 80 % of the cells. Interestingly, field observations
indicate that many planted woodlots are being invaded by native forest species, such
as C. tala, A. caven, and S. australis, and by widespread exotics, mainly G. triacan-
thos, M. alba, and L. lucidum. This pattern strongly suggests that tree patches
increase the chance of directed immigration of other tree species via animal dispers-
ers. The extent to which such spatial associations are only a matter of increased seed
arrival or they reflect some kind of local facilitation to tree recruitment (Tecco et al.
2006; Rolhauser et al. 2011) is not as yet clear. It thus appears that several invasive
tree species are past the initial lag-phase characteristic of invasion dynamics at land-
scape to regional scales (Williamson 1996), and that there might still be a substan-
tial “invasion debt” (sensu Richardson and Rejmédnek 2011) to be paid in the
Pampas.

Historically, successional pathways in the study region have been driven by
changes in grazing pressure, soil disturbance from cropping, and pasture ageing
(Ghersa and Ledn 1999; Chaneton et al. 2002; Tognetti et al. 2010). Despite obvious
alterations of the original grassland composition, the herbaceous life form remained
the primary state of the system. Grassland fragmentation and the pervasive intro-
duction of exotic invasive trees have given way to novel, woody-dominated com-
munity states developing in old fields, noncultivated areas, and grassland relicts.
The overarching implication is that the Pampa grasslands may be doomed, as they
would be inevitably converted into savannas or parklands if energy subsidies are not
applied to control tree encroachment.
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Part 11
Tropical Forest-Grassland Ecotones:
Old Fields, Savannas, and Llanos



Chapter 6
Post-agricultural Ecotones in Puerto Rico

Randall W. Myster

6.1 Introduction

The study of pastures and other ecotones recovering from agriculture—old fields—is
important to world-wide social and environmental issues such as forest regenera-
tion, forest ecosystem restoration, sustainability of agriculture, maintenance of
biodiversity, and impacts of global climate change on forest dynamics. Furthermore
these ecotones may serve as buffers between more pristine “primary” forest and
urban/suburban areas (Brown and Lugo 1990a). Indeed because the amount of land
area either converted to, or recovering from, agriculture is expected to only increase
in the future everywhere on earth, studying the recovery of these areas will continue
to be vital to human density.

Recovering fields in Puerto Rico, and elsewhere in the tropics, form an ecotone
between tropical forests and various kinds of grasslands. These grasslands may
include (1) native grasses that have established naturally, (2) native grasses that cattle
have facilitated through various means, (3) exotic grasses that were either transported
by accident or planted purposely, (4) remnants of previous planted crops that are
grasses such as sugarcane (Saccharum officinarum) and banana (Musa spp.), and/or
(5) grasses which associate with previously planted grass crops.

6.2 A Brief History of Cultivation in Puerto Rico

The Tainos were the indigenous peoples of the Bahamas, the greater Antilles, and
the northern lesser Antilles. They lived in and used the coastal forests of Puerto Rico
for cultivation of manioc (Manihot esculenta) and corn (Zea mays: Gomez and
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Ballesteros 1980). The Tainos cultivation techniques were probably similar to the
“slash and burn” cultivation still common throughout Central and South America
today (Myster 2007). That technique consists of first cutting down the forest trees to
the ground and then burning them. Although this produces a short pulse of nutrients
like phosphorus, it generally volatilizes both organic matter and nitrogen while rais-
ing soil temperature and, in the long term, makes soil poor in both nutrients and the
seed bank. This technique may have also included a rotation of fields rather than
crops, accompanied by long fallow periods, where the decision as to when to rotate
fields and how long to leave them fallow depends on such factors as weed and insect
loads in the fields, soil fertility, production, labor availability, and local dietary
needs. Given the low soil fertility and other conditions, productivity in these fields
would eventually decline below the effort needed to maintain them, at which time
they would be abandoned and new forested areas cleared.

With the arrival of the Spanish—along with their oxen, cows, and horses—in
1493 AD, cultivation on the island changed dramatically. The Spanish added slave
and animal power to the techniques of the Taino and expanded cultivation to higher
elevational forested areas (but guava [Psidium guajava] trees hindered initial efforts)
to promote export, not the sustainable, low impact cultivation done by the Tainos.
In particular, sugarcane (S. officinarum) was first planted in Puerto Rico in 1523 AD
and considerable deforestation accompanied its development as a crop throughout
the seventeenth and eighteenth centuries (Dominguez Cristébal 2000). Since then
“cane” has became the major agricultural crop in Puerto Rico covering, at one time,
14 % of the island’s total land area (Pico 1969). Much of it was planted on alluvial
soils on the coastal plains of Puerto Rico, and so these alluvial valleys were the first
lands to be significantly deforested in Puerto Rico because they represented the best
agricultural conditions (flat lands, deep fertile soils) available.

Sugarcane plantations were often converted to pasture—by letting in cattle which
facilitated passive grass establishment and growth by trampling of vegetation, cre-
ation of hummocks, deposition of dung, and soil compaction, rather than by active
grass planting or seeding (as was done with the exotic grass Setaria sphacelata in
Ecuadorean pastures: Myster 2004a)—when they were no longer productive
(Thomlinson et al. 1996). As the industrial revolution came to Puerto Rico, cultiva-
tion came to use less animal power and more mechanical field clearing techniques
(e.g., using a bulldozer) as well as applications of fertilizers, pesticides, and herbi-
cides, bringing about changes in both the physical and chemical properties of the
soil. With the development of manufacturing on the island after World War II,
sugarcane cultivation declined and was terminated in the 1980s leading to the aban-
donment of large areas to pastures and a variety of secondary forests (Foster et al.
1999; Ramos-Gonzalez 2001; Grau et al. 2003).

Coffee (Coffea spp.) was introduced in 1736 AD but its cultivation was always very
secondary in scope to sugarcane, becoming a dominant crop only in higher elevational
forests where sugarcane cultivation was not profitable (Dietz 1986). Coffee was
planted and grown as other crops are—called “sun” coffee—but also underneath
Inga vera or Erthrina poeppigiana trees—called “shade” coffee—presumingly for
the nitrogen (N) enrichment of the soil that these trees can provide (Weaver and
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Birdsey 1986; Marcano-Vega et al. 2002). Coffee was also largely abandoned after
World War II (Rudel et al. 2000). Other crops included banana/plantain, tobacco,
pineapple, corn, cotton, rice, and various fruit trees but they were cultivated at much
smaller scales and often for local consumption. Tree plantations (e.g., Leucaena
leucocephala, Casuarina equisetifolia, Eucalyptus robusta, Pinus caribaea) will
not be considered here as agriculture. As for pastures and other post-agricultural
ecotones, I only consider published studies performed on the island of Puerto Rico
in this review (but see Myster 2004b, 2007; Zimmerman et al. 2007 for other
Neotropical areas).

6.3 Cultivation and the Establishment of the Old Field Ecotone

The nature of the recovery of pastures and abandoned agricultural ecotones is heav-
ily influenced by their disturbance regime, characterized by severity, size, spatial
location, and frequency (Myster 2007). The severity of these areas is moderate,
compared to landslides (Myster and Walker 1997) because after agricultural use
there remains an intact soil profile, roots, and humus layer, but more severe than
natural treefall gap formation (Everham et al. 1996) and hurricanes (Zimmerman
et al. 1995; Pascarella et al. 2004) because all initial vegetation has been removed.
Hurricanes, however, may have their greatest effect when they interact with other
disturbances. For example, hurricanes may reduce basal area in older pastures but
increase it in younger pastures (Flynn et al. 2010), and recovering fields closer to
hurricanes may contain less Cecropia schreberiana (Zimmerman et al. 1995) and
less Spathodea campanulata (Flynn et al. 2010) compared to those farther away

Fields in Puerto Rico usually do not exceed a few tens of hectares in size (Grau
et al. 2003) but their crops often require specific locations on the island, as noted
above. Frequency includes the number of times a field has been cultivated, the dura-
tion of each cropping period, the time between fallow periods, and the order of crop
rotation. As the length of time an area is in crop increases, the length of successional
recovery time may also lengthen. For example, a short cropping period can lead to
large recruitment from the seed bank where trees regenerate quickly from remaining
stump or root sprouts. But as the cropping period increases the seed bank and other
plant remnants decay thus slowing tree invasion. Sustained cropping may also cause
loss of soil carbon (C), a mixing of the soil horizons, and a higher degree of soil
aeration.

Among other conditions that influence recovery are (1) lingering effects of the
past crop—its “signature”—such as the crop itself remaining and/or facilitating the
invasion and growth of other plants (Chinea and Helmer 2003), (2) the year and
season of abandonment, (3) the amount of border the field shares with the forest or
other sources of seed rain and the general fragmentation of the surrounding land-
scape, and (4) what happened at the time of abandonment, for example, was the
field plowed under or left fallow (Myster 2007). The use of fire in Puerto Rico is
infrequent (Grau et al. 2003).
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6.4 Long-Term Permanent Plot Studies and Permanent Plot
Studies That Incorporate Chronosequences

It has long been known that the establishment and regular sampling of permanent
vegetative plots, set up at the time of the abandonment, provides the best information
about the nature of vegetative recovery and dynamics of fields by showing the actual
sequences of plant abundance and species change over time (Pickett 1982). The pat-
terns revealed from these plot data are important in their own right, but they also help
to guide field experimentation (Myster 1993, 2007) and provide parameters for mod-
eling (Myster 2010b). Among the most important patterns are those that show struc-
tural and conceptual stages of post-agricultural succession. For example a first stage
dominated by the field’s past crop and its various signature effects, a second stage of
patch dynamics among grasses, fast-growing herbs, past crop remnants and their
plant associates, vines, asexual shrubs, and early “pioneer” tree invaders, a third
stage of wholesale invasion of tree species of differing shade and other strategies,
leading to a fourth stage, development of a closed-canopy “secondary” forest. Perhaps
most importantly we may observe, by careful mapping of individual plants within
these fields (Myster 2003b), the plant—plant replacement process which creates all
subsequent population and community patterns (Myster 2012a). In these recovering
fields, replacements are working everywhere and at all times.

A long-term permanent plot study was set up in a natural, unseeded pasture in
Puerto Rico that had been grazed for decades before it was abandoned. This study
pasture borders the Luquillo Experimental Forest (LEF) of northeastern Puerto Rico
(18°20'N, 65°45'W), close to the town of Sabana. The LEF is classified as tropical
montane wet forest (Walter 1979), dominated by tabonuco (Dacryodes excelsa),
ausubo (Manilkara bidentata), and motillo (Sloanea berteriana), and is one of the
sites maintained by the US long-term ecological research (LTER) program. The
pasture itself is located at low elevation, receives between 2 and 5 m of rainfall/year,
has an average temperature of 18 °C, and has soils that are fertile and volcaniclastic
in origin (Thomlinson et al. 1996). Twenty-five 5 m x 2 m contiguous plots (the total
plot was 25 mx 10 m) were laid out on the border with the LEF in 1996 (Myster
2003b) with the long side parallel to the forest in order to maximize any forest edge
effects. There were not any remnant trees or sprouting tree roots in the plots at the
beginning of the study. Starting in May of 1997 and continuing annually for 10
years, the plots were sampled for percent cover of each plant species. Percent cov-
er—an indication of a species’ ability to capture light and, therefore, to dominate
these areas in the process of becoming forested communities (Myster 2003b)—was
estimated visually in relation to each plot’s area. The complete data set is archived
as LTERDATB #97 at the web site http://www.luq.Iternet.edu.

The first analysis of this data used only the first 5 years of sampling and showed
that (1) grass dominated peaking at year 3 but still constituting 75 % of the total
plant cover after 5 years, (2) forbs also peaked at year 3 and then declined to 40 %
after 5 years, and (3) both ferns and woody species increased steadily to 45 and
15 % total cover respectively after 5 years (Myster 2003b). During these first 5 years
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Table 6.1 All tree (T) and shrub (S) stems, at least 50 cm in height, sampled in the Sabana pasture
permanent plot during the first 5 years of succession

Species Year 1 Year 2 Year 3 Year 4 Year 5
Syzygium jambos (T) 18 80 76 70 65
Calophyllum calaba (T) 5 45 31 18 8
Clidemia hirta (S) 1 39 29 17 9
Tabebuia heterophylla (T) 4 11 10 12 5
Miconia impetiolaris (S) 4 24 22 21 20
Miconia prasina (S) 3 39 29 22 19
Citrus spp. (T) 2 3 3 3 3
Guarea guidonia (T) 1 4 3 5 2
Eugenia pseudopsidium (T) 2 7 6 8 7
Myrcia splendens (T) 0 2 3 1 1
Prestoea montana (T) 0 1 2 2 2
Inga laurina (T) 2 5 4 5 3
Ocotea leucoxylon (T) 0 0 1 2 1
Andira inermis (T) 0 2 5 8 6
Inga vera (T) 2 9 11 12 10
Casearia sylvestris (T) 1 3 1 4 4
Miconia racemosa (S) 3 12 13 7 5
Psychotria berteriana (S) 0 2 1 2 2
Piper hisperdium (S) 2 23 10 3 3

of succession, total percent cover ranged between 160 and 300 due to strata forma-
tion, percent species turnover declined to 25 in year 4, species richness plateaued at
20 and species evenness stayed around 0.75. Focusing only on the trees and shrubs,
the woody plants were present in the first sampling (Table 6.1) with greatest density
close to the forest edge. The dominant species were the trees Syzygium jambos (an
exotic species), Calophyllum calaba, and Tabebuia heterophylla and the dominant
shrubs Clidemia hirta and Miconia spp., all peaking in abundant individualistically
(Pickett 1982) in different years. Tree species found after tree fall (Devoe 1989) and
landslide (Myster and Walker 1997) in Puerto Rico and, consequently, thought to be
common “pioneer” trees (e.g., Cecropia spp., Shefflera spp.) were not present in
these data. Together these woody species showed (1) a maximum productivity of
400 g/m?/year and a maximum total number of stems of 300, both in year 2, (2) an
increasing mean height of 240 cm in year 5, and (3) a plateauing of total basal area
of 950 cm? after year 2 (Myster 2003b). The spatial locations of each tree by basal
diameter and species in year 5 were mapped and showed that trees invaded and grew
from the forest edge, again in an individualistic manner.

Next the first 10 years of sampled plot data were used to implicate plant interac-
tions by generating Spearman coefficients of rank associations (Table 6.2) because
controlled field experiments performed elsewhere have confirmed that species that
interact significantly also form significant associations with each other (Tirado and
Pugnaire 2005). The pasture in Puerto Rico had a total of 307 significant pair-wise
positive associations between species and 55 significant pair-wise negative associations
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Table 6.3 Estimates of above-ground biomass (in g/m?) for each of the ten most common tree
species in each of the 10 years of the study

Species Year 1 Year2 Year3 Year4 Year5 Year6 Year7 Year8 Year9 Year 10
S. jambos 35.1 2024 7777 1105 1022 899 822 766 857 779
P. berteriana 0.8 07 1.7 0.7 27 32 2.9 33 4.5 5.8
Piper 2.1 83 7.6 6.1 122 98 125 94 13,6 144
glabrescens
M. impetiolaris  17.2 37.6 21.8 31.1 258 266 293 333 37.6 4438
M. prasina 133 53.4 25.6 339 266 284 277 369 422 489
C. calaba 9.5 1155 369 206 215 205 199 156 223 188
M. racemosa 0.7 33 34 32 23 33 4.5 4.2 3.1 39
Clibadium 21.1 494 26.1 385 379 444 488 522 462 543
umbella
Piper hispidum 1.1 73 7.1 62 137 144 148 157 151 1638
1. vera 22 244 28 4.1 74 98 122 138 155 177

over the 10 year sampling time period. Because most of the significant associations
were positive, facilitation may be more common than competition in these stressful,
early successional environments (Callaway and Walker 1997). Care must be taken,
however, not to fall into the Nietzsche’s “Cornaro” misinterpretation, because spe-
cies that associate together may not be reacting to each other but to some other
species or environment factor. Species that formed the most positive associations
with other plants were the trees S. jambos, Guarea guidonia, Ocotea leucoxylon,
and Prestoea montana. Species that formed the most negative associations with
other plants were the grass Panicum spp., the fern Gleichenia bifida, and the tree
T. heterophylla. The positive associations from Table 6.2 were also used to construct
a clustering hierarchy of increasing species inclusiveness, in order to define post-
agricultural communities (Myster 2012b).

Using the first 10 years of sampling, allometric above-ground biomass equations
were developed for each of the ten most abundant tree and shrub species, which account
for over 90 % of the total stems and over 90 % of the total basal area. Above-ground
biomass was computed (Table 6.3) and the most productive species were S. jambos,
Miconia impetiolaris, Miconia prasina, C. calaba, and Clibadium umbella. This pro-
ductivity data was then plotted against turnover. The first 2 years of succession showed
a slightly positive slope between productivity and turnover, but starting in year 3 there
was a significant negative slope which became more negative with time. Turnover was
also plotted against richness. There was a slightly negative slope between richness and
turnover in the first year which became more negative with time.

The same plot design and sampling protocol was employed in a sun coffee planta-
tion located on private land in 1996. The plots were sampled in 1997 and in 1998, but
could not be continued because the farmer wanted the land back for other purposes.
Plots showed that the coffee trees themselves persisted, having 30 % cover in year 1
and 23 % cover in year 2. Like the pasture plot, grass dominated (94 % in year 1, 90 %
in year 2) and Ichnanthus pallens most common, with forbs (45, 50 %: Phytolacca
icosandra and Musa spp. most common) and woody vines (64, 67 %: same species as
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in the pasture plots) also common. Ferns were at low cover (5 % in year 1, 6 % in year
2: same species as in the pasture plots) but at greater levels than in the pasture plots
(Myster 2003b). Trees were much less common after coffee cultivation than in the
pasture plots and the three most dominant trees and shrubs found in pasture were
absent in coffee. However, T. heterophylla, Miconia spp., and fruit trees were just as
common. Andira inermis and G. guidonia attained greater cover in coffee than in
pasture but Inga spp. was not found. There were several species unique to the coffee
plots (Myster 2003b) and C. schreberiana was again absent.

The same plot design and sampling protocol were again employed in four pas-
tures of different starting ages located close to the LEF: CoRd (5 years old), Los
Davilas (13 years old), CoRd 9948 (18 years old), and Puente Roto (23 years old).
These four pastures were first sampled in 2000 and then sampled annually. All those
data are archived as LTERDATB #100 at the LEF web site http://www.luq.lternet.
edu. The first 10 years of sampling in the permanent plots of the Sabana pasture was
then combined with the first 5 years of sampling in the other four pastures, started
at different times. This hybrid study, combining permanent plot data with chronose-
quences, hoped to provide enough overlapping of sampling years and pastures to
predict succession in these pastures better than using chronosequences by them-
selves. Total plant richness and total plant cover did form long continuous patterns
among the samplings, but species composition was too unique to each pasture to be
able to combine into a single timeline. Consequently this approach may work best
for broad structural parameters, but not for predicting individual species abundances
(Myster and Malahy 2008). Finally the three permanent plot data sets (Sabana pas-
ture, coffee plantation, the four pastures that start in different years) were used for
an analysis of dominance—diversity curves. All pastures and the coffee plantation
showed a significant log-normal pattern, with only the Los Davilas pasture not
flattening over successive samplings over time. Also, there was no lag time seen for
any pasture compared to coffee plantation (Myster 2010a).

6.5 Chronosequence Studies Only

When the establishment of permanent plots in newly abandoned pastures or agricul-
tural fields is not possible, many have turned to the use of chronosequences. There
researchers sample fields of different ages—years since abandonment—and arrange
that data chronologically, assuming that however these fields differ, their age is most
important in determining their structure and function. Given the complexity of the
disturbance regime and the range of factors that can influence how fields recover (as
discussed previously), however, this is very unlikely. Indeed, this assumption has
never been validated (Myster and Malahy 2008). Even so these studies may be use-
ful in generating and focusing hypotheses (see Fig. 4.3 in Zimmerman et al. 2007)
for future testing using permanent plots, or perhaps hybrid plots as outlined above.
But care must be taken, in every such study, not to present these data as “trends,”
they are simply a collection of individual fields, sampled in various ways, which
differ at least in year since abandonment.
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6.5.1 Vegetation

Near the LEF, woody plant density, basal area, species number, and species diversity
were low in 10-year pastures, but increased rapidly in 10- and 15-year-old pastures
(Aide et al. 1995, 1996). Also pastures above 100 m in elevation had M. prasina as
the dominant pioneer species, with a larger group of pioneers at lower elevations
(Aide et al. 1996). Pastures of age 40 years have densities, basal areas, aboveground
biomass, and species richness similar to old growth forest sites, but with a different
species composition with several exotic species (Aide et al. 2000).

Similarly in other parts of Puerto Rico, pastures and abandoned coffee planta-
tions 25-30 years since abandonment had basal area and species richness similar to
surrounding forests, but not in species composition with several exotic species
(Pascarella et al. 2000). In Cordillera Central of Puerto Rico, forest structure was
similar in 30-year-old pastures, sun coffee plantations, and shade coffee plantations
(Marcano-Vega et al. 2002). Coffee arabica, I. vera, and E. poeppigiana persisted in
shade coffee, while pastures and sun coffee also contained species commonly found
there. In the Karst region of Puerto Rico, abandoned pastures had greater woody
species diversity and greater woody stem density than coffee plantations of similar
age but basal area was similar between them with S. campanulata and G. guidonia
as the dominant species in pastures and coffee plantation, respectively (Rivera and
Aide 1998). The dryer forests of southwestern Puerto Rico were dominated by
introduced species and after 45—60 years these recovering pastures and agricultural
fields lagged behind both mature forests and similar post-agricultural areas in public
land in basal area, tree density, and species richness (Colon et al. 2011). On recover-
ing farmland in the Humacao municipality, soil type had effects on basal area,
species diversity, and abundance of exotics—lower on alluvial compared to plutonic
or volcanic substrates, higher areas of age 13-30 years had more exotics compared
to lower areas, and bulldozing prior to abandonment reduced species diversity but
increased percent exotics (Chinea 2002).

Three stands of recovering sugarcane plantations of ages 25-40 years old on
moist alluvial sites had high basal area, intermediate tree density, high complexity
index, and relatively low species richness compared to more mature forests. Of the
31 species, 11 species were introduced including S. campanulata, a wind-dispersed,
nearly deciduous introduced species (Martinez and Lugo 2007).

6.5.2 Carbon

Aboveground carbon (C) accumulation showed significant log-linear trends with
time for pastures and recovering agricultural areas in Puerto Rico (see Marin-Spiotta
et al. 2007b and references therein). Silver et al. (2000) found that overall aboveg-
round biomass had significantly faster biomass accumulation during the first 20
years of succession (6.17 Mg/ha/year) than the subsequent 60 years. Typically,
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forest regeneration on former croplands and pastures results in net C sequestration
aboveground due to greater C stocks in longer-lived trees with the accumulation
of woody biomass (Marin-Spiotta et al. 2007a, b). As shown in Silver et al. (2000),
C accumulation on abandoned agricultural fields is greater than abandoned pastures,
which is greater than previously cleared sites. In a wet secondary forest chronose-
quence on abandoned pastures in Puerto Rico, 80-year-old secondary forests had
greater aboveground biomass than primary forests because of the dominance of
woody species in the former, and a heavy dominance of palms in primary forests
(Marin-Spiotta et al. 2007b). The specific species planted, and whether they are
native or exotic, can have a strong effect on later composition of the stand. One
advantage of some exotics is that they are fast growing and rapidly accumulate C.

Secondary forests attain high rates of litterfall relatively quickly, faster than
above-ground biomass, within the first 25 years of succession and soon after plateau
to a production rate of a primary forest (Ostertag et al. 2008), but litter chemistry
and leaf decomposition rates were not different between young and old pastures.
Indeed, litterfall biomass is likely to reflect development of biomass during succes-
sion. During secondary succession, coarse woody debris should be accumulating,
but initially may be quite low as decomposition rates and slow inputs may initially
diminish stocks after land clearing.

The type and intensity of prior land use may affect the direction and rate of soil
organic matter (SOM) content during reforestation. Studies in Puerto Rico (Silver
et al. 2004) have reported increases in SOM associated with an increase in plant
biomass after pasture abandonment. While aboveground biomass typically increases
with secondary forest age, soil C pools often show no relationship with time since
agricultural or pasture abandonment (Marin-Spiotta et al. 2007a, b). One study,
however, found that 26-year-old pastures had more SOM than areas recovering from
crops (Sotomayor-Ramirez et al. 2009). In the Cayey Mountains of southeastern
Puerto Rico, gains of new secondary forest C were compensated by losses of pas-
ture-derived C from the soil, resulting in no net change with reforestation or during
80 years of secondary succession (Marin-Spiotta et al. 2006). Conversion of forest
to pasture leads to less soil C and N loss than conversion of forest to crops, taking
40-50 years for C and 15-20 years for N to return to forest levels after abandonment
(Brown and Lugo 1990b).

6.5.3 Soil Biota

Land conversion from forests to pasture or agricultural land, and the resulting loss
of SOM, soil nutrients such as nitrogen (N), phosphorus (P), and potassium (K), and
water holding capacity, often lead to considerable changes in soil macrofauna, fungi,
and microbes which in turn greatly affect biogeochemical processes and cycling.
Chief among these processes is decomposition comprised of (1) fragmentation,
which is the breaking of larger pieces of organic matter into smaller ones and is
largely a consequence of the feeding activity of soil macrofauna, and (2) chemical
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alteration, which is the change of chemical elements of dead organic matter
into other chemical compounds and is primarily associated with the activity of fungi
and bacteria.

Among the macrofauna, earthworms may be particularly important and agricul-
ture enhances the introduction of exotic earthworm species (Gonzélez et al. 2006,
2007) which is dominant over native species in pastures. With the conversion of
pastures to secondary forests, (1) the richness of earthworm species increases due to
the presence of native, anecic species (Zou and Gonzalex 1997) but (2) the exotic
earthworms are still dominant in terms of biomass and density during early succes-
sion, which can accelerate leaf litter decomposition (Hendrix et al. 1999; Liu and
Zou 2002). The density of the exotic species, Pontoscolex corethrurus, can decrease,
however, over time (Sdnchez-de Le6n and Zou 2004). Earthworm density is highest
in active pastures, decreases during their recovery to forest (25—40 years since aban-
donment), and is lowest in mature forest (at least 77 years old: Sdnchez-de Ledn
et al. 2003). One pasture was sampled and it had a greater density of endogeic earth-
worms and no anecic earthworms, compared to a near-by forest (Zou et al. 20006).
Among three sampled coffee plantations, the most stressed field had the most exotic
earthworms, but there was no other clear taxonomic pattern (Ramos et al. 2010).

Together with bacteria, fungi are the main initial decomposers of dead plant and
animal materials and account for 80-95 % of the total decomposer biomass and
heterotrophic soil respiration. Two groups of fungi common to soils are the single-
celled organisms called yeasts and the multicellular filamentous organisms, such as
molds, mildews, smuts, and rusts. The four most common genera of molds in soils
are Penicillium, Mucor, Fusarium, and Aspergillus (see Li and Gonzilez 2007).
Fungi are usually the most abundant and effective decomposers, although bacteria
play a key role in N fixation. Even so, the primary route by which N enters this soil
is through the breakdown of legume leaf litter inputs that are enriched with N,
mainly by fungi. Soil microbes are actively involved in the cycling of P as well.
Land conversion disrupts the structure and activity of the soil fungi and microbial
community, affecting biogeochemical cycling. Total fungal and microbial biomass
is significantly reduced following conversion from forest to pasture or agricultural
land. Consequently in pastures, the total amount of immobilized P in litter
significantly decreased because of less fungal biomass in the pasture litter.
Conversion from forest to pasture also dramatically reduces the abundance of spores
and the diversity of arbuscular mycorrhizal fungi.

In a 20-year-old pine P. caribaea (Morelet) plantation and a secondary forest
originating from the same abandoned farmland in the Guzman sector of the LEF,
total fungal biomass was reduced 84.6 and 87.5 % and total bacterial biomass was
reduced 62.1 and 56.9 %, respectively, in the plantation and the secondary forest.
Total and active fungal biomass was significantly higher in the plantation than in the
secondary forest in all treatments during both the wet and dry seasons. Total and
active fungal biomass was significantly greater in the wet season than in the dry
season everywhere. Also, microbial activity in the plantation was more sensitive to
the litter input than the secondary forest. Soil CO, efflux had higher correlation with
total fungal biomass but lower correlation with total bacterial biomass in the
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plantation than in the secondary forest, suggesting that the fungal communities may
dominate soil heterotrophic respiration in the plantation, while bacterial communities
may take the control in the secondary forest. Active fungal biomass demonstrated
higher correlations with soil CO, efflux than their corresponding total fungal and
bacterial biomass (Li and Gonzalez 2007).

6.6 Field Experiments

Because these pastures and post-agricultural areas were once rainforest, and
because they are recovering back into types of rainforest, the dynamics of the trees
within them is the major vegetative concern. In the past sections, I reviewed what
is known about the structure and function of that recovery. Now I examine how, or
if, tree seeds and seedlings (Grubb 1977) overcome various mechanisms and toler-
ances in order to invade, establish, and grow in these fields (Myster 2004b). One of
the most important early issues is the nature and extent of any woody vegetation
still remaining in the field after clearing from forest. Trees can sprout from cop-
piced tree trunks or root stocks, for example, and then function as “nurse” trees
facilitating seed dispersal and perhaps other ways such as shading and killing lower
growing forbs and grasses. Forest trees or shrubs may also spread into the field
asexually (e.g., Miconia spp. in Puerto Rican fields) from the woody remnants
allowing trees to invade quickly from the forest edges, not dependent on the seed
bank or the survival of newly dispersed seed. Because of the intensity of the mech-
anisms which remove tree seeds, these woody functions may be a significant part
of facilitation in these fields.

6.6.1 Tree Seed Mechanisms and Tolerances

Tree seeds have been found to be rare in the soil seed bank of pastures and fields
(Zimmerman et al. 2000; Cubina and Aide 2001; Myster 2004a, 2006). They
have been somewhat more common in the seed rain, but decrease sharply with
distance from the forest edge in young pastures (Cubina and Aide 2001). This is
to be expected because early trees are more wind-dispersed than later-invading
species and also any seed-dispersing animals avoid the open field, preferring
areas next to forests and woody patches for perching and hiding, creating a posi-
tive feedback loop for tree dispersal which slows tree invasion out into the field.
Woody tree density was only 0.01 seeds/m? after 6 months in a pasture
(Zimmerman et al. 2000) and they were a small part of the approximately 20
plant seeds/m? sampled in young Puerto Rican fields after 3 months (Myster
2004a). They did increase, however, under shrubs growing naturally in the pasture
(Myster 2006).
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After tree seeds are dispersed, they face a host of tropical predators where even
quick germination without dormancy may not save them. Detailed studies performed
in Puerto Rico have always shown huge and immediate seed losses to predators
including 50-75 % lost after 14 days in coffee plantation and pasture (Myster
2003a), 50-79 % lost after 14 days in a pasture (Myster 2003c), and 67-90 % lost
after 14 days in various fields (Myster 2004a). Within those general results,
however, are important sources of variation (SOV) that show how some seeds
survive. Those SOV include species-specific predator preferences, litter effects and
different starting seed densities, field-types, patch-types seasons, ages, and seed
sizes. In particular results imply that the density of predators—ants and small
mammals have been implicated (Myster 2003c)—and their behavior and availability
are affected by the structure of plant cover.

The analysis of data from the Puerto Rican pastures shows SOV in these
significant main effects in (1) species (S. jambos had 50 % losses, Solanum tor-
vum had 65 % losses, M. prasina had 76 % losses, and Piper aduncum had 79 %
losses), (2) density (78 % losses at 5 seeds/dish, 69 % losses at 10 seeds/dish,
51 % losses at 20 seeds/dish), and (3) patch type (grass patches had 69 % losses,
Miconia spp. patches had 65 % losses). There were also SOV in these significant
interaction effects (1) between species and density for P. aduncum and S. torvum
(88 % losses at low density vs. 85 % losses at medium density vs. 56 % losses at
high density, 83 % losses at low density vs. 70 % losses at medium density vs.
27 % losses at high density, respectively), and (2) between species and patch-type
for M. prasina (93 % losses in grass patches vs. 55 % losses in Miconia spp.
patches). Another experiment in the same pastures and in a Puerto Rican coffee
plantation again showed large species differences (G. guidonia had 34 % losses,
Gonzalagunia spicata had 55 % losses, Miconia racemosa had 66 % losses, and
Casearia arborea had 72 % losses), with predators taking seeds at spatial scales
of 2-11 cm (Myster 2003a). Puerto Rican banana plantations and sugarcane
plantations also demonstrated significant differences in species (G. spicata had
80 % losses, Palicourea riparia had 63 % losses, P. aduncum had 74 % losses, and
Miconia pracina had 86 % losses) (Myster 2003c¢).

Seeds lost to pathogenic diseases have always been much less than those lost to
predation, in the ranges 20-45 % after 14 days in coffee plantation and pasture
(Myster 2003a) and 5-10 % 21 days in various fields (Myster 2004a) but may be
more important in places such as sugarcane plantations with large mats of decaying
cane biomass. Seed pathogens showed no clear spatial preferences in the coffee
plantation (Myster 2003a). Germination percentages were low for most species,
15-35 % after 14 days in a coffee plantation and pasture (Myster 2003a), 5-10 %
in various fields (Myster 2004a), and 2-90 % in a pasture which was reduced by
removal of vegetation (Zimmerman et al. 2000). Germination occurred at larger
spatial scales than predation, 11-23 cm, in the coffee plantation (Myster 2003a).
Greenhouse and shadehouse studies, however, suggest that these percentages
could be greater in other fields and studies (Myster and Everham 1999; Zimmerman
et al. 2000) and that many tree seeds could germinate if they can escape predation
and pathogens.
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6.6.2 Tree Seedling Mechanisms and Tolerances

Detailed studies performed in Puerto Rico have shown 30-50 % survival of tree
seedlings after 6 months in various fields (Myster 2004a) and 2-90 % survival after
6 months in a pasture (Zimmerman et al. 2000) with G. guidonia, C. calaba, and
A. inermis surviving best, Psychotria brachiata least. There were also significant SOV
among pasture tree species in (1) survival: P. aduncum 21 %, C. schreberiana 34 %,
G. guidonia 45 %, Veronica patens 47 %, S. torvum 51 %, and M. prasina 55 % and
(2) growth parameters: Cecropia (85 cm in mean height, 1.18 cm mean basal diameter,
3.1 leaves on average, 350 cm? mean leaf area), Solanum (90 cm, 0.76 cm, 5.5, 150 cm?),
Piper (66 cm, 0.82 cm, 5.9, 75 cm?), Veronica (95 cm, 0.92, 7.2, 104 cm?), and Miconia
(72 ¢cm, 0.75, 4.9, 122 cm?). In general, seedlings had fatter stems and more leaves in
the forest/pasture border and taller stems 5—10 m from the forest edge. Competition for
light is implicated as a major mechanism affecting seedling establishment in fields
and pastures, because forest trees compete primarily for light, but competition with
grasses for water and soil nutrients may be more important in early succession.
Herbivory levels (<2 % of leaf area on average) and pathogens levels (even less:
Myster 2004a) are perhaps too low even to affect competition (Myster 1993).

6.6.3 Tree Mechanisms and Tolerances

Even though studies at the seed/seedlings stages are most important in understand-
ing the present and future dynamics of these areas (Grubb 1977), studies with larger
trees may also be needed. Such manipulations could include removing trees from
field plots and manipulating herbivory and pathogenic levels. Indeed, association
analysis (Table 6.2) along with these kinds of experiments may be able to address
the relative roles of competition and facilitation in these fields (Callaway and Walker
1997). Competition may become more common as succession proceeds (Myster
1993, 2007) with facilitation occurring mainly in early succession when abandon-
ment creates harsh, stressful conditions that are ameliorated by neighbors. As fields
age, however, facilitation may become rarer as plants become bigger and competition
increases for fewer resources.

6.7 Restoration Strategies

Because of the ubiquity of recovering pastures in Puerto Rico and the common
practice of converting crop fields to pastures after abandonment, pasture restoration
should take center stage in post-agricultural restoration in Puerto Rico. The pur-
poses of pasture restoration involve attaining vegetation structure and functional
characteristics as close as possible to the original rainforest, which in turn has the
compound objectives of increasing biodiversity and recovering soils.
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Consequently, restoration strategies should seek to overcome the negative effects,
or to amplify the positive effects, of mechanisms and tolerances controlling pasture
succession. Factors limiting tree regeneration in abandoned pastures can include
scarcity of nutrients, soil compaction, lack of or excess soil humidity, high solar
radiation, and intra- and inter-specific competition. To restore abandoned pastures,
strategies have to counter these factors. Active measures are needed to encourage
and favor forest regeneration including soil treatments, control of invasive vegeta-
tion, and planting appropriate tree species to serve as perches for dispersal agents
and to ameliorate soil and microenvironmental conditions. Strategies to encourage
natural regeneration of degraded pastures may also involve (1) care and manage-
ment of remnant trees in pastures, (2) planting individual trees, or (3) groups of trees
in blocks and windbreaks (Montaguini 2007).

First, there may be isolated trees in the pasture that are remnants of the original
forest. Often the microenvironment below tree crowns is favorable for the establish-
ment of species that cannot grow in pastures. For example, they may facilitate tree
seed dispersal by birds, and create shade and accumulate litter to diminish grass and
herbaceous growth. If those individuals are seedlings or saplings, then addition of
artificial structures can increase their survival by providing protection against excess
insulation, drought, or frost. Second, restoring abandoned pastures can involve
planting trees individually, as seedlings, saplings, or mature trees, which may con-
tribute to the recovery of environmental conditions favorable to tree regeneration
processes, such as Inga spp. trees increasing soil nitrate concentration and organic
matter. Native tree species are preferred over exotics, except in cases where the
performance of native species is still not well known. It is often best to plant fast-
growing trees. However, it may be necessary to first removing the invasive vegeta-
tion using herbicides, fire or mechanical weeding, and may involve tillage and root
removal. Exotic tree species can also play an important role in the restoration of
degraded pastures, especially when conditions of extreme degradation persist, such
as eroded, denuded soil. Exotic species that can thrive in highly adverse conditions
can be planted initially and later serve as facilitators for the introduction of native
species (Lugo and Helmer 2004). However, one must guard against them escaping
and becoming invasive.

Third, trees can be planted in monocultural groups—plantations—and multiply
individual tree improvements of soil and microclimatic conditions, also serving as
perches for birds, bats, and other seed dispersers. In Puerto Rico, the understory
of plantations of the exotic Albizia lebbek, contained 22 species of trees and
shrubs, compared to only one species in control plots (Parrotta 1992). Mixed
plantations, however, may offer a more favorable environment for natural regen-
eration than pure plantations due to their multi-strata architecture. Mixed planta-
tions may have a higher variety of microhabitats for seed dispersers and potentially
create a greater variety of ecological niches allowing for the establishment of
diverse regeneration, for example creating different conditions of shade and litter
accumulation. Finally, in pastures that are far from sources of propagules, wind-
breaks may be important reservoirs of native tree species. Windbreaks can increase
forest seed recruitment by serving as habitat and/or movement corridors for
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seed-dispersing birds. Indeed windbreaks within the landscape may increase tree
recruitment if (1) connected to a forest, (2) connecting forest patches, and (3)
including native, fruit-producing trees. Finally some degraded pasture soils can be
recovered through application of fertilizers or the planting of trees that have a
positive influence on soil properties.

6.8 Modeling and Future Research

The focus on trees should continue into modeling, which is just as important as field
experimentation. Indeed, these two kinds of investigation need to work together
where field experiments can supply parameters for modeling and modeling can
direct experimental design. The fluid and continuous process of plant—plant replace-
ment (Busing 1996) is at the core of old field community dynamics, generating all
population and community patterns found there. Consequently, modeling in these
fields and pastures should focus on how trees replace trees and other plants over
time and space.

Because plants are sessile organisms, and thus space is intimately related to how
they grow and reproduce, these models must contain for each individual (Gleason
1926) plant both a “neighborhood-space”—outside its plant body where it inter-
acts with the environment through mechanisms and tolerances (sensu Turkington
and Harper 1979)—and a “phyto-space” which is made up of both its necromass
and its biomass (Myster 2012a). Models should also focus mainly on replacements
at the seed and seedling stage of the plant life cycle (Grubb 1977). Tree neighbor-
hood-spaces and phyto-spaces would become occupied, available, and then often
reoccupied over time as replacements proceed. These replacements are not one-by-
one, however, because most replacements actually involve (1) a single individual
plant being replaced by several other plants, (2) several plants being replaced by a
single individual plant (common during old field succession), and/or (3) a plant or
plants replaced by the growth of the still living plants which surround it (e.g., the
thinning phase of forest stand development). Plants respond to a mechanism when
they interact directly with another living thing (e.g., dispersal, predation, patho-
genic disease, herbivory) but tolerate a nonliving part of the environment by
responding to it either directly (e.g., germination) or indirectly through another
living thing (e.g., competition).

Many of these spaces, and thus the complexity of the plant—plant replacement
process, can be seen and mapped by analysis of long-term permanent vegetation
plots (Myster 2003b). In addition, field experiments can help us understand the
mechanisms and tolerances which cause plant responses and thus create these
neighborhood and phyto-spaces. Eventually every plant will die. At which point,
the neighborhood space may become available to other plants immediately, but for the
phyto-space this will depend on local decomposition rates.

Taken together then I am suggesting that the best way to investigate old field
dynamics is to focus on: (1) how mechanisms and tolerances affect tree seeds and
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seedlings producing responses, (2) how spaces both within and without these tree
individuals change as a result, and (3) how those changes lead to trees replacing (or
not replacing) grasses, forbs, and other trees. Based on the field experiments and
analysis from permanent plot sampling already completed and reviewed above, dis-
persal, seed predation, facilitation, and competition have major roles in controlling
tree invasion, establishment, and growth in recovering pastures and fields in Puerto
Rico. Facilitation may, however, take many forms. For example, trees can facilitate
seed dispersal by supplying woody perches for birds and cover for ground animals.
Also patches that are less preferred by predators may facilitate establishment for
those seeds found there.
In addition to this modeling, I suggest these field samplings and experiments:

—_—

. Studies in other parts of the island away from the LEF should be continued.

2. Permanent plots need to be set up and sampled annually in sugarcane, coffee,
and other pastures, even if they are already some years old. In that case hybrid
studies, like reviewed previously, can be done.

3. Sampling of ecosystem parameters, concerned with energy flow (e.g., light, C,
temperature) and biogeochemical cycling (e.g., NPK, water, CO,), needs to be
done in the same way as the vegetation.

4. Along with the sampling and analysis of that data, field experiments need to be

expanded with a focus on dispersal, seed predation, facilitation, and competition.

Plot data and field experiments can then be used for extensive modeling of plant—
plant replacements. Finally, many more restoration projects need to be done using
many of the techniques discussed.
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Chapter 7

South Brazilian Forest-Grassland Ecotones:
Dynamics Affected by Climate, Disturbance,
and Woody Species Traits

Sandra C. Miiller, Gerhard E. Overbeck, Carolina C. Blanco,
Juliano M. de Oliveira, and Valério D. Pillar

7.1 Introduction

The southernmost part of Brazil is characterized by extended grasslands—the
southern Campos. In some parts of the region, these grasslands occur in close
contact with different forest types of the Atlantic forest biome or riparian forests,
forming mosaics. Otherwise, they form large and continuous areas toward south and
southwest, where they reach the Pampa grassland of Uruguay and Argentina.
Throughout this region, forest expansion and/or shrub encroachment can be observed
and have been related both to site conditions (abiotic variables and disturbance
regimes) and climatic changes. We know today, based on studies of pollen records
from peat profiles, that expansion of woody vegetation throughout the past centuries
was driven by changes in the climatic conditions towards a climate increasingly
favorable for forest development, and evidence exists that this process is halted or at
least slowed down as consequence of land use and disturbances. Current vegetation
dynamics in forest-grassland ecotones thus likely are linked both to climatic
changes (on the regional scale) and vegetation management and/or disturbance
regime (on the local scale).
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In this chapter, we offer a synthesis of the current understanding of forest-
grassland dynamics in southern Brazil. First, we present principal features of the
region’s vegetation and briefly discuss some features of the grasslands (known as
Campos, in Portuguese or Spanish) compared to the Brazilian savannas (Cerrado).
Then we address principal questions on grassland-forest dynamics in the region:
Which are the main factors that maintain forest-grassland ecotones under current
climatic conditions that allow for forest establishment? Which types of woody
species—in terms of functional characteristics—effectively manage to establish in
grasslands? In which way is this related to land use? Is there any evidence that the
current spatial patterns of vegetation types will change as a consequence of expected
climate change? The findings that we present to answer these questions mostly
come from studies conducted in the southernmost state, Rio Grande do Sul (RS);
other parts of southern Brazil—the states of Parand and Santa Catarina—have been
poorly studied regarding these questions. At the end of this chapter, we present
prospects for further research.

7.2 Vegetation Patterns in Southern Brazil

The southern part of Brazil is situated at a transitional zone between tropical vegeta-
tion types to the north, and temperate vegetation to the South (Overbeck et al. 2007).
Current climate in the southernmost state, Rio Grande do Sul, is Koppen’s Cfa, with
some parts with higher altitude under Képpen’s Cfb (Kuintcher and Buriol 2001).
Mean annual precipitation varies from 1,200 mm in the southern part to above
2,000 mm in the northeast; mean annual temperatures range from 15 to 20 °C, with
mean temperatures in the coldest month ranging from 11 to 14 °C (Nimer 1990).

The natural vegetation is a mosaic of grassland, shrubland, and different forest
types (Rambo 1956; Teixeira et al. 1986; Leite and Klein 1990). While grasslands
prevail in most parts of southern RS, in the Pampa biome, the northern half of RS
shows more pronounced mosaics of forest and grassland, which are part of the
Atlantic Forest biome (IBGE 2004). This biome includes tropical rainforest (Atlantic
forest sensu stricto), mixed ombrophilous forest (Araucaria forest), and seasonal
forests (both deciduous and semideciduous) (Oliveira-Filho and Fontes 2000).
Atlantic rainforest sensu stricto occupies the slopes and valleys in the east of the
South Brazilian Plateau in northeastern RS and the coastal plain and highland slopes
of the adjacent states of Santa Catarina (SC) and Parand (PR). Araucaria forest,
characterized by the conspicuous presence of the Brazilian Pine, Araucaria angus-
tifolia, in the upper stratum, occurs on highlands above 500 m altitude and as patches
in less altitudes areas of the Serra do Sudeste (Carlucci et al. 2011). Seasonal forests
can be found in western SC and PR, northwestern RS and in river basins in the cen-
tral lowlands of RS, as well as gallery forests in the Pampa biome. Both Araucaria
forest and seasonal forests form mosaics with natural Campos.

Therefore, natural Campos are differentiated by both a phytogeographical
perspective (Cabrera and Willink 1973) and in the current biome classification in
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Brazil (IBGE 2004) that separates grasslands in the Pampa biome (occurring in
larger extended areas with forests mostly restricted along rivers and to the granitic
shield) from those forming more pronounced mosaics in the Atlantic forest biome.
Edaphic and climatic variations contribute to physiognomic and floristic differences
(Waechter 2002), e.g., with the presence of shrublands and semideciduous forests in
the so-called Serra do Sudeste, on the granitic shield in southern RS, or the Acacia-
Prosopis parkland, which can be considered a transition to the Chaco and Espinal
formations further to the west. Composition of the species-rich grasslands likewise
reflects the geographical situation between temperate and tropical climate, as C, and
C, species co-occur, despite the dominance of the C, grasses in terms of biomass
(Boldrini 2009).

The presence of extensive grasslands under a climate that apparently is adequate
for the development of forests had puzzled the first European explorers and naturalists
who traveled in the region and has been debated by ecologists for decades (Lindman
1906; Walter 1967; Eriksen 1978; Box 1986). Phytogeographical evidence, palaeocli-
matic records, and data on origin of soil organic matter suggest that the grasslands are
relicts of cooler and dryer glacial and postglacial phases that preceded the present-day
climate, and are not the result of modern forest destruction by man (Rambo 1957,
1961; Klein 1975; Martin et al. 1993; Behling 2002). Palaecoecological data from sites
presently covered with Araucaria forests confirm forest expansion from refugia in
deep valleys and riverine areas over Campos is a recent process, which had already
been suggested by Hueck (1966) who studied form and shape of gallery forests.
Stratigraphic and palynological investigations in mires with peat layers (Behling
2002; Behling et al. 2004, 2007) showed that the climate was colder and drier than
today until about 10,000 years before present (BpP) and warmer, drier from 10,000 to
about 4,000 years: grasslands dominated under these conditions. The process of
forest expansion started in the Late Holocene, around 4,000 years Bp, from then on
under a cool and moist climate, and accelerated around 1,000 years BP, probably in
response to the emergence of an even moister climate. Fire and grazing by domestic
animals introduced by European settlers are considered to be the principal factors
impeding expansion of forest over grassland vegetation in the past centuries and
under current climatic conditions (Pillar and Quadros 1997).

7.3 Open Vegetation Types in Southern Brazil:
Grassland, Not Savanna

Shrubs and some trees are conspicuous elements of the grassland vegetation in
southern Brazil. At the beginning of the twentieth century, the Swedish naturalist
Lindman (1906) noted that in the state of RS it was virtually impossible to find a
grassland patch without presence of woody species. These woody species can be
divided into two groups: pioneer species from the different forest communities that
manage to establish within the herbaceous matrix, and grassland shrubs, principally
members of the Asteraceae family, that can be found both sparsely distributed or in
dense patches.
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The presence of a continuous herbaceous layer and a woody component as well
as the mosaic-like vegetation patterns of forest and grassland in many parts of the
region have lead to the application of the term savanna to grasslands in southern
Brazil, for example in the RADAMBRASIL classification of vegetation types
(Teixeira et al. 1986; Leite and Klein 1990; IBGE 2004). The vegetation structure
of the South Brazilian Campos, especially when abandoned or under the influ-
ence of fire and thus with dominance of high caespitose grasses (Overbeck 2005),
certainly can resemble that of open savanna physiognomies, such as in the Cerrado
(Brazilian savanna). However, the term savanna includes a climatic component.
Walter (1971) defines savanna as “natural, homogenous zonal vegetation of the
tropical summer-rain zone showing a closed grass cover and scattered, individual
woody plants, either shrubs or trees.” This climatic component of the definition of
savannas clearly does not apply to the grasslands in the southern Brazil and the use
of the term savanna is inappropriate.

The different vegetation physiognomies of Cerrado form a gradient of tree
cover, from pure grassland (in Portuguese: “campo limpo”), grassland with scat-
tered woody species (“‘campo sujo” or “campo cerrado,” with a more pronouncedly
expressed tree component in the latter case), savanna with a distinct two-layer
structure and tree cover up to 30 % (“‘cerrado sensu stricto”) to an open forest physi-
ognomy (“cerraddo”) (Eiten 1972; Furley 1999; Cruz Ruggiero et al. 2002; Oliveira-
Filho and Ratter 2002). Such a gradient does not exist in the southern Campos
grassland. Cover of woody species may differ considerably in southern Campos,
mostly depending on land management (grazing intensity and/or fire), but the woody
component of the grassland itself almost exclusively consists of shrubs, some of
them not even exceeding the grass layer, not of trees, as in the Cerrado, where total
number of tree and shrub species in the savanna vegetation is roughly 800 (Oliveira-
Filho and Ratter 2002). Those trees that are present in the South Brazilian Campos
are pioneer species from forests that are not fully adapted to fire and the occurrence
of them is linked to the dispersal from nearby forest patches. This contrasts with
the situation in the Cerrado biome, where density of savanna trees increases with
time since the last fire both in open and closed vegetation physiognomies and where
savanna trees show a number of adaptations to frequent fires, such as thick bark that
protected meristematic tissues, nutrient and carbohydrate reserves or high resprout-
ing capacity (Hoffmann and Moreira 2002). Additionally to this increase in savanna
species over intervals between fires, an increase of forest species, not adapted to
fire, is possible at sites in proximity to forest when fire is excluded (Geiger et al.
2011)—a process similar to the situation in southern Brazil (see discussion below).
Just as in the Cerrado, the cover of woody species (shrubs, in the case of Campos)
may differ greatly among different Campos areas, but this does not allow for the
definition of such a clear physiognomic gradient as in the Cerrado, even though
the terms “campo limpo” and “campo sujo” have been used as well.

This brief account on the vegetation history in southern Brazil and on the differ-
ences in the physiognomy between southern Campos and the Cerrado suggest that
we may expect rapid and strong processes of forest expansion in southern Brazil, at
least if disturbance regimes or land management do not impede the recruitment and
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establishment of forest species and if soil conditions do not prevent forest vegetation.
In the following section, we wish to briefly discuss the relative importance of the
disturbance regime and of climate on vegetation processes at the forest-grassland
interface and on processes of shrub encroachment in grasslands.

7.4 Factors Responsible for the Maintenance of Forest-
Grassland Ecotones and Evidences of Forest Expansion
in Southern Brazil

The dynamics of the often very sharp transition between forest and grassland,
and the mechanisms of forest expansion processes that can be observed at some
locations have been subject of a number of studies in the past 10 years (Oliveira and
Pillar 2004; Duarte et al. 20064, b; Miiller et al. 2007; Schiiler-da-Silva 2009; Santos
et al. 2011). No evidence for restriction of forest vegetation by soil properties has
been found (Lindman 1906; Rambo 1956; Garcia Martinez 2005). Shifts in domi-
nance between forests and grasslands have been occurring since at least the Late
Quaternary (Behling et al. 2004, 2007). Evidence from fossil pollen records (Behling
2002) and soil carbon isotopes (Duemig et al. 2008; Silva and Anand 2011) shows
that forests have been expanding very slowly since at least the Late Holocene
(<100 m in the past few millennia; Silva and Anand 2011), which enabled persis-
tence of the mosaics under the modern humid climatic conditions, which favor
forests. In addition, results from the application of the adaptive Dynamic Global
Vegetation Model (DGVM) developed by Scheiter & Higgins (2009) to the region
showed that this relative stable coexistence of forests and grasslands in southern
Brazil even under the current mesic climate is maintained by strong feedbacks of
grass biomass on fire frequency, suggesting that grasslands have persisted as an
alternative stable state (Blanco 2011). Nowadays, transitions from forest to grass-
land are unlikely to occur without anthropogenic deforestation, and hence only two
scenarios are conceivable: forest-grassland coexistence or forest dominance.
Grazing and fire are considered to be the main factors that impede forest expan-
sion over grassland under current climatic conditions (Pillar and Quadros 1997).
Grasses and grasslands are well adapted to defoliation by both herbivores and fire:
grasses generally do not have chemical defences, while intercalary meristems at
base of leaves ensure continued growth of the plant after top parts of leaves were
removed, either by grazing or fire (Anderson et al. 1999). On the other hand, the
establishment and posterior survival of woody species in grazed grasslands are
constrained by continuous grazing and trampling, with the magnitude of the effect
depending on grazing pressure. The grasslands of southern Brazil have been under
grazing influence for a long time. Large mammals were present until 8,000 years BP,
when species of Equidae (Equus), Camelidae and Cervideae became extinct in the
fossil record (Schiile 1990; Kern 1997) Later, in the seventeenth century, Jesuit mis-
sionaries introduced cattle and horses. Until today, beef cattle production on Campos
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remains as an important land use of the region, with currently 31 % of the territory
of RS under grazing (Cordeiro and Hasenack 2009). Although grazing by large
mammals thus has been absent for a period of more than 7,000 years, before the
introduction of cattle, no pronounced forest expansion took place, as apparently
climatic conditions still were restrictive (see above). Recent studies indicate that
grazing (and fire) suppression increases shrub and tree cover (Boldrini and Eggers
1996; Pillar and Quadros 1997; Oliveira and Pillar 2004).

Fire likely has been—from the extinction of native herbivores until the introduc-
tion of cattle—a key factor to explain the maintenance of current forest-grassland
boundaries in southern Brazil, and still is in some parts of the region. Data from peat
profiles with countings of charcoal particles indicate that fire became frequent
around 7,000 years BP at one site (Behling et al. 2004) and 9,000 years Bp at another
site further west (Behling et al. 2005). This may be consequence of human influence
coupled with climatically related increased fuel accumulation in the grassland. The
seasonal forest and the Atlantic rainforest in southern Brazil are not flammable, that
is, grassland fire will not go beyond the forest edge, while in the Araucaria forest it
can occur but is rare. In contrast, the Campos, even where dominated by shrubs, are
highly flammable if sufficient grass senescent biomass has accumulated (Overbeck
2005)—which can be the case after as little as 1 year. Regular fires inevitably cause
the abrupt boundaries between grassland and forest communities, which has been
observed in southern Brazil (Oliveira and Pillar 2004; Adelmann et al. 2011).

Our understanding of forest expansion processes and of factors that may main-
tain the ecotone patterns is primarily based on studies carried out in two conserva-
tion units on the highlands of South Brazilian Plateau, both protected from fire and
cattle grazing, and an area in the northernmost portion of the granitic shield in
the state of RS, with recurrent fire events but without grazing. The study sites on
the highlands, Pr6-Mata Center for Research and Nature Conservation (in the
following: Pr6-Mata) and Aracuri Ecological Station (Aracuri), are characterized
by mosaics of Campos grasslands and Araucaria forests. Aracuri and Pr6-Mata
were excluded from grazing and fire in 1974 and 1994, respectively. Before serving
for biodiversity conservation, the sites were used for cattle grazing and management
included burning of the grassland every two or three winter seasons in order to
remove accumulated senescent biomass. Forests were used for selective logging of
A. angustifolia and other timber species. The site on the granitic shield is a hill
(Morro Santana; “morro” is Portuguese for “hill”’) inserted in the urban matrix of
the capital of RS, Porto Alegre, and represents the mosaic of Campos and Seasonal
forest (although with presence of a high number of floristic elements from the
Atlantic rainforest). Currently, the grasslands on Morro Santana are subject to
frequent man-made fires. In both of these regions (Plateau highlands and granitic
shield), two different types of forest expansion can be identified: formation of forest
patches within the grassland matrix through nucleation and gradual advance of the
forest border over grassland.

On Morro Santana, the comparison of aerial photographs spanning over a period
of 40 years (from 1941 to 1985) has shown that the forest-grassland border has
been remarkably stable under the current fire regime (anthropogenic fires with a
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frequency of roughly 3 years on average (Adelmann and Overbeck 2009)): little
changes in cover of the main vegetation types have occurred. However, the past 20
years had a somewhat faster increase in forest cover (increment of 8.9 % in forest
cover from 1985 to 2002), than those observed in the previous period (increment of
3.6 % in forest cover from 1941 to 1985) (Blanco 2011). While fire clearly can be
considered responsible for the persistence of forest-grassland ecotones under
current climatic conditions, the establishment of forest tree species within adjacent
grasslands in clearly visible, as discussed further on.

Analyses of aerial photographs taken before (1974) and 5 years after fire and
grazing suppression (1999) at Pr6-Mata showed pronounced encroachment of
woody species grasslands at sites close to forest borders, therefore suggesting a
succession from grasslands dominated by tall tussock grasses to grasslands with
shrubs and, finally, even though it is not known how long this process will take,
forests (Oliveira and Pillar 2004) (Fig. 7.1a). Still at Pr6-Mata, seed rain of forest
tree species across the forest-grassland ecotones was higher in number and richer in
terms of species in grasslands with presence of tall shrubs (dominant shrub species:
Baccharis uncinella) and under isolated Araucaria trees within the grassland matrix
than in tall tussock grassland without prominent woody species (Fig. 7.1b). Thus, the
attractiveness of isolated trees or of shrub islands to bird dispersers contributes to
the gradual increase of shrubs and trees close to the forest-grassland edges, and to
forest nucleation under nurse Araucaria trees (Santos et al. 2011). At the Aracuri
Ecological Station, after the exclusion of grazing and fire (1974), the colonization
rate of Araucaria trees in grasslands was inversely related to the distance of the
forest edge (Fig. 7.1c¢), clearly indicating a gradual advance from the forest border
(Schiiler-da-Silva 2009). In addition, it is interesting to note the higher frequency of
young individuals (<20 years) colonizing the most distance grassland sites, evidenc-
ing the faster forest expansion beyond the forest border after exclusion of distur-
bances following the creation of the Ecological Station in 1974.

At the forest-grassland boundaries, young trees may succeed in establishing in
the grassland matrix near the forest edge, but the probability of tolerating fires
before reaching a certain height seems to be low. Young individuals of some forest
pioneer tree species may resprout (see later), even though slowly, from the stem
base or present clonal growth by producing root suckers (Hermann 2007). Likely,
tree survival will be a function of stem height and fire intensity (as proposed in the
model by Higgins et al. 2000 for African savannas), but empirical data on survival
capacity of trees of different age or size under fire is missing for southern Brazil. It has
been shown for grasslands both in the granitic hills as well as on the South Brazilian
plateau that presence of isolated forest patches can also be associated to rock out-
crops (Miiller et al. 2007; Carlucci et al. 2011), likely due to two effects: On the one
hand, rock outcrops and initial pioneer vegetation serve as perching structures and
thus attract animal-dispersed seeds (Duarte et al. 2006b). On the other hand, at rock
outcrops, it has been suggested that the grass layer and thus flammability is strongly
reduced, which allows for establishment of trees at these safe sites (Pillar 2003).
In addition, a recent study evaluating patterns of forest expansion on the highlands
in South Brazil have found that once established, forest trees colonizing grassland
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Fig. 7.1 Evidences of forest expansion: (a) Direction of vegetation change from 1974 to 1999 in
Pro-Mata ecotones: at left the numbers refer to percentages of change relative to the area covered
by each vegetation type in 1974, and at right, they refer to change relative to the total altered area
that showed different vegetation types comparing 1974 and 1999 (campos—CAM, campos with
low shrubs—CLS, campos with tall shrubs—CTS, forest—FOR) (data from Oliveira 2003;
Oliveira and Pillar 2004). (b) Patterns of seed rain (density of seeds from woody species per square
meter) under six vegetation physiognomies at forest-grassland ecotones at Pro-Mata: forest (FL),
boundary (BO), campos with Baccharis uncinella (CB), tall tussock campos without shrubs (CG),
natural perches of B. uncinella (BU) or of Araucaria angustifolia (AA) (data from Santos et al.
2011); (c) Relationship between the distance of the forest border and age of A. angustifolia
individuals that colonized the grassland (data from Schiiler-da-Silva 2009)
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sites may enhance nutrient uptake due to symbiotic interactions (Silva and Anand
2011). This corroborates the nurse effect of isolated trees (Duarte et al. 2006b) on
grasslands favoring further local wood encroachment, a positive feedback to forest
expansion (Silva and Anand 2011) and another source of spatial heterogeneity gen-
erated by isolated forest patches growing in grasslands.

Nonetheless, it is well know that variation in site conditions, such as soil patchi-
ness, topographic factors (declivity, exposition) as well as unpredictable seasonal
drought, can promote spatial or temporal stress for the establishment and recruit-
ment of tree individuals, especially for rainforest species (Knoop and Walker 1985;
Kauffman et al. 1994). Differences in these conditions can be responsible for
differences in the colonization of forest species in adjacent grassland both in space
and time, leading to different structural patterns of forest-grassland boundaries.
Further, the effects may be even stronger due to the interaction with disturbance.
The number of studies in southern Brazil still is too small to allow a more detailed
discussion of these factors.

7.5 Which Functional Traits Allow for Establishment
and Persistence of Woody Species in Burned Grassland?

The woody species that occur in grasslands adjacent to forest patches in southern
Brazil can be divided into main types: grassland shrubs and forest trees. Grassland
shrubs are principally species from the Asteraceae family, especially from the genus
Baccharis, but also from Fabaceae, Euphorbiaceae, and Malvaceae, among others
(Boldrini 2009). In contrast, forest tree species establishing in the grassland
matrix are species that commonly occur in the forests of the region. The species
that are important colonizers in grasslands and are frequently seen as pioneers in
grassland are A. angustifolia (Araucariaceae), Myrsine coriaceae, Myrsine umbellata
(Primulaceae), Symplocos uniflora (Symplocaceae), Eugenia uniflora, Blepharo-
calyx salicifolius (Myrtaceae), and species from the genus Schinus and Lithraea
(Anacardiaceae) (Oliveira 2003; Duarte et al. 2006b; Dadalt 2007, 2010; Miiller
et al. 2007; Schiiler-da-Silva 2009). Curiously, not only typical pioneer species are
advancing to adjacent grasslands: Myrciaria cuspidata (Myrtaceae) and Matayba
elaeagnoides (Sapindaceae), for example, both are species that are preferentially
found within forests (Miiller et al. 2003, 2007). Except for A. angustifolia, those
colonizers species are also found further in Uruguay, characterizing shrublands and
woodlands, which considerably expanded over grasslands between nineteenth
and twentieth centuries (Gautreau and Lezama 2009; Gautreau 2010).

One of the most important functional trait of woody species that persist in grass-
lands subject to fire is the ability to resprout after aboveground parts damage due
disturbance events (Miiller et al. 2007), as has been pointed out for Mediterranean,
Australian and African ecosystems (Pausas 1999; Bond and Midgley 2001; Pausas
et al. 2004; Esther et al. 2010). For grassland woody species that do not resprout
after fire, however, the colonization of burned areas by seed dispersal or from the
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soil seed bank, as well as fast establishment (recruitment and survival of seedlings)
seems to be successful alternative strategies, while for forest trees the current time
intervals between fires may be too short.

It can be assumed that the proportion of resprouting species in the community
increases with an increasing disturbance frequency and that seeder species must
have higher relative growth rates and set seeds earlier than the resprouters
(Bellingham and Sparrow 2000). In the forest-grassland study on Morro Santana,
individuals from 76 woody species were found in the grassland areas (including
border plots, i.e., plots still with a relatively dense grass stratum but adjacent to the
forest), including both typical grassland shrubs and forest trees (Miiller 2005, 2007).
From these species, 65.8 % were resprouters, that is species with the ability to
resprout from basal or underground structures after fire events, as can easily be
observed directly in the field. More than 90 % of the individuals were grassland
woody species (average of 1.95 individuals per square meter; ind./m?). Forest trees
were represented by 36 species, but with a very low number of individuals (average
of 1.09 ind./m? in border plots—0-4.5 m from forest edge—and 0.13 ind./m? in
grassland plots unburned for 4 years).

Figure 7.2 shows a spatial pattern of grassland and forest woody species that
occur along a forest-grassland border on Morro Santana, in an area where grassland
had not been burned for at least 4 years (in addition, the forest is too moist to burn
and fires always stop at the boundary in this site) (Miiller 2005). At this study site,
the proportion of resprouter species is much greater than that of nonresprouters.
When comparing adjacent grassland areas with fire return intervals of 4 and 1 year
(Fig. 7.2a, b), it becomes clear that the density of resprouting grassland woody
species increases considerably in more recently burned plots, indicating high resil-
ience of these species to frequent fire disturbance. Current fire return interval in the
grassland lies between 2 and 4 years (Overbeck et al. 2005; Miiller et al. 2007,
Fidelis et al. 2010a). Once established in interstitial places between tussock grasses,
resprouting woody species individuals should persist regularly burns as species
with the persistence niche strategy (Bond and Midgley 2001).

In frequently burned grassland ecosystems, most woody species depending on
sexual reproduction (especially forest trees) need to develop to a height that allows
them to survive fires (i.e., usually above the lethal fire zone, in our case, the grass
layer), within the period between burns or despite the burns (Bond and van Wilgen
1996). An alternative successful establishment for such species can be to germinate
in “safe sites,” that is, at sites protected from at least very intense fires. Termite
mounds (Furley 1999; Guillet et al. 2001), thickets or adult trees (Hochberg et al.
1994), and rock outcrops (Clarke 2002a, b; Pillar 2003; Miiller and Forneck 2004;
Carlucci et al. 2011) have been considered safe sites for woody plants in a matrix of
frequently burned vegetation, due to the lower density and growth of grasses,
decreasing thus, flammability, as discussed before (see photos in Fig. 7.3). Once
safely established, adult individuals may serve as facilitators, being attractors to
seed dispersers and/or improving seedling establishment by diminishing local water
deficit (Hoffmann 1996; Li and Wilson 1998; Holl 2002; Duarte et al. 2006b), which
can lead to the process (discussed above) of forest expansion by nucleation.
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Fig. 7.2 Spatial patterns of resprouter and non-resprouter grassland woody species and forest
tree species established on grassland adjacent to forests, i.e., along a forest-grassland border. Data
are based on results of Miiller (2005), on Morro Santana, Porto Alegre, RS. All woody plants with
at least 10 cm height were considered. The graphs show in (a) plots in grassland unburned for at
least 4 years, while in (b) plots of nearby areas that were experimentally burned 1 year before,
considering the time of survey. The vertical scale of the last graph differs from the others

Furthermore, sexual reproduction is a strategy usually observed in grassland
shrub species, mainly for anemochoric species of Asteraceae that may be resprouters
or not, and usually produce great amounts of seeds. In all studied sites that we
discuss in this chapter to illustrate the processes at forest-grassland ecotones in
southern Brazil (Pr6-Mata, Aracuri and Morro Santana), it is possible to observe an
increase in density of seeder Asteraceae species (i.e., nonsprouters) in grassland
where fire and grazing have been suppressed (see photos in Fig. 7.3). Heterothalamus
psiadioides, Baccharis dracunculifolia and B. uncinella are some of the most abun-
dant species with such a strategy in those areas (Oliveira 2003; Miiller et al. 2007;
Schiiler-da-Silva 2009; Fidelis et al. 2010b; Santos et al. 2011); they are normally
taller than the cogeneric resprouter species. On Morro Santana, H. psiadioides
reached 10 ind./m? by seed germination after 1 year after a fire event (Miiller 2005);
before the fire event, density of H. psiadioides at the same survey plots had been
only 0.53 ind./m? These species thus seem to be profit from after-fire condi-
tions and high fire frequency. This dependence on postfire conditions possibly is a
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Fig. 7.3 Examples of woody species established in grasslands of the Morro Santana forest-
grassland ecotone, Porto Alegre, RS, Brazil. (a) Grassland area dominated by Heterothalamus
psiadioides—a seeder shrub; (b) sprouts of Baccharis cognata after the burn; (¢) individuals of
Myrciaria cuspidata and Maytenus casseniformis at rocky outcrops; (d) seedlings of Myrsine
umbellata established very close to the forest border

mechanism to avoid population senescence without new establishment (DeSimone
and Zedler 2001). Shrub seedling density has been shown to be related to postfire
conditions in chaparral and savanna-type vegetations, with some species depending
on fire to persist in the community (Smith and Taiton 1985; Tyler 1995; DeSimone
and Zedler 2001).

In addition to sexual reproduction and resprouting ability, vegetative reproduc-
tion from belowground structures is an important strategy in ecosystems under
disturbance (Bond and van Wilgen 1996; Hoffmann 1998; Bellingham and Sparrow
2000; Drewa et al. 2002). In southern Brazil, no studies assessing the importance of
vegetative reproduction on grassland shrub species neither on forest species that
colonize grasslands have been conducted so far. There is only one study that
identifies bud bank features along a gradient of grassland disturbance, indicating
different types of underground structures and how many buds were present on them
(Fidelis 2008), but the main focus of this study was on grasses and forbs, not on
woody species (shrubs or forest trees). Field observations indicate that some
species, like M. coriaceae, one of the most abundant forest tree species in excluded
grassland areas nearby forests (Miiller 2005; Schiiler-da-Silva 2009), can show
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clonal growth by producing root suckers. The importance of undergrowth structures
to resprouting ability and/or vegetative reproduction should be high for woody
species in forest-grassland ecotones, as shown for Cerrado species (Hoffmann
1998), but there is no sufficient information for the species of southern Brazilian
Campos. A continuum of responses concerning seeder and resprouter species espe-
cially under conditions of less intense disturbances, which are often associated with
spatial heterogeneity of both abiotic variables and vegetation structure, can be
observed in different species groups and vegetation types worldwide (Lloret et al.
1999; Guo 2001; Vesk and Westoby 2004).

Plant functional traits that are used to predict the plant responses to different
environmental conditions or the effects of the plants on ecosystem functions are
frequently related to leaf and stem features, biomass, maximal plant height, and seed
mass (Westoby 1998; Diaz et al. 1999; Weiher et al. 1999; Westoby et al. 2002;
Cornelissen et al. 2003). In the study on Morro Santana, in addition to the already
mentioned resprouting ability, the traits habit (maximal species height), mean plant
height, stem base (single or multistemmed), leaf area and leaf texture of woody
plants were also found to be relevant for defining plant functional types associated to
distance from the forest limit and time since fire (Miiller et al. 2007). Such traits were
measured in homogeneous populations according to plant phase (classes of height)
and stem base within the same species. This approach helps revealing consistent
vegetation patterns, since trait-stage shifts within a species from seedlings to adults
(Cornelissen et al. 2003), and plants of the same species may have different responses
to environmental factors when growing in different habitats (Bellingham and Sparrow
2000; Vesk and Westoby 2004). For example, variability of crown architecture has
been considered a response to disturbance in a hierarchical framework along a con-
tinuum of disturbance severity or site productivity (e.g., moisture and/or fertility)
(Bellingham and Sparrow 2000). Forest species growing as a monopodial tree on
moist/fertile habitat (such as inside the forest), can present a multistemmed architec-
ture if under adverse site conditions or periodic disturbance (such as in grasslands),
as observed for species in Morro Santana hill (Miiller 2005).

7.6 Interactions Between Fire and Climate Change on the
Patterns of Woody Species in Forest-Grassland Ecotones

Present structural patterns of woody species in the grassland vegetation of southern
Brazilian forest-grassland ecotones, in areas excluded from grazing, seem to be
defined by current fire regime and spatial heterogeneity (distance from forest bound-
aries, aspect and presence of safe sites, e.g., rock outcrops) (Pillar 2003; Miiller
et al. 2007; Carlucci et al. 2011). Grassland shrubs species, either seeders or
resprouters, predominate compared to forest tree species due to their successful
strategies to survive or recruit despite fire events and to their fast life cycle.
Additionally, many adult forest species respond to fire events with resprouting
ability as well, but for the initial establishment phase they seem to be directly
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limited to safe sites (less flammable areas) or, between fire-intervals, those indi-
viduals that are able to germinate and grow under grassland conditions need to
growth higher than the lethal zone (grass stratum) to survive recurrent burns by
resprouting ability (Bond and van Wilgen 1996; Hoffmann et al. 2003). Most of the
forest species can thus be considered as fire-sensitive species at least in their early
development.

An increase in density of woody species by shrub encroachment and invasion of
forest species has been observed worldwide (Archer 1990; Van Auken 2000; Roques
etal. 2001; Cabral et al. 2003; Puyravaud et al. 2003), changing the vegetation phys-
iognomy by vegetation shifts at boundaries and by increased presence of dense bush
stands and woody thickets within the grassland matrix. These increases in woody
vegetation have been related to climatic changes, that is to alterations in precipi-
tation, temperature and CO, concentration, and may increase as the result of a
complex trade-off with grass production and disturbance management (Bond and
Midgley 2000; Roques et al. 2001; Sternberg 2001; Langevelde et al. 2003).

For southern Brazil, detected trends of increasing temperature (Marengo and
Camargo 2008) and rainfall (Haylock et al. 2006) over the last decades (1960-2000,
2002) have been reported. The IPCC (2007) SRES scenarios project atmospheric
CO, levels between 540 and 970 ppm (parts per million) in 2100, depending on the
scenario and model used (and with some uncertainties), which will enhance even
more the ongoing increases in local temperature and rainfall in this region. In a
comparison of results from different global climate models for southern Brazil,
Marengo (2007) showed possible temperature rises between 2 and 3 °C for climate
scenario B2 and between 2 and 5 °C for A1 (mean temperatures), as well as changes
in precipitation ranging from —0.5 to +0.5 mm/day, respectively, compared to 1961—
1990 values. Local predictions from a bidimensional Dynamic Global Vegetation
Model (2D-aDGVM), considering projected climate change from the IPCC (2007)
A1B emission scenario (mean changes in temperature and precipitation from 2000
to 2100: mean annual temperature +1.8°; mean precipitation +300 mm/year),
showed that potential vegetation growth (increments on tree height and grass bio-
mass with no grass—tree interactions) and fecundity may be enhanced by elevated
temperature and atmospheric CO, levels from preindustrial to future climate sce-
narios, and irrespective of plant type physiology (C,-tree and C,-grass) (Fig. 7.4)
(Blanco 2011). However, according to the model, when considering grass—tree
interactions, the predicted advantage on the rate of stem growth of C,-trees
compared to the increment in C,-grass fine fuel biomass caused a reduction in the
proportion of trees killed by fire in burned cells under rising CO, levels (not shown),
and hence a slight increase in the rate of forest expansion, even under frequent fires,
mainly for the next decades (Blanco 2011). This suggests that the photosynthetic
advantage of C,-trees over C-grasses in the presence of fire under the fertilization
effect of rising CO, levels, which has been proposed as an explanation of shrub
encroachment phenomena in grasslands and savannas worldwide (Bond and Midgley
2000), could also potentially affect the relative stability of forest-grassland bound-
aries observed until present and maintained under frequent fires, leading to a gradual
advance of forest over grassland.
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7.7 Forest-Grassland Ecotones in Southern Brazil:
Overview and Perspectives

In the past paragraphs, we discussed which factors are responsible for the
maintenance of relatively stable forest-grassland boundaries in areas under the
influence of fire in grasslands and which plant traits may be important for woody
species establish into grasslands. The available data explain why grasslands have
persisted in the region until now, under climatic conditions increasingly favorable
for development of forest vegetation, and why forest expansion over grassland is
slow: forest species are not able to become established in grassland under frequent
fires, and grass biomass promotes frequent fires in a positive feedback loop. Under
intensive disturbances, forest species can establish successfully only at safe sites
where they are protected from fire. On the other hand, stochastic events related to
climate, population level processes, and spatial variability of site conditions may
cause differences in spatio-temporal patterns of woody species distribution and
density, both in patches or scattered in the grasslands. In general terms, the situation
in southern Brazil thus corresponds to the increasing shrub encroachment in grass-
lands throughout the world in consequence to climatic shifts and changes in man-
agement. According to recent models, future climate change is expected to lead to a
slight increase in velocity of forest expansion, even under fire.

The data that forms the basis of the studies discussed in this chapter comes from
forest-grassland ecotones where grasslands are not used for grazing, mostly situated
in conservation units that form ideal laboratories for ecological studies and experi-
mentation. However, both grasslands under fire but without grazing, as on Morro
Santana, and grasslands without any disturbance (both fire and grazing), as in the
Pr6-Mata and Aracuri reserves, are the exception rather than the rule in southern
Brazil: the greatest part of the grassland areas is under continuous grazing. Grazing
management and grazing intensity may differ greatly—and this will have conse-
quences on possible forest-expansion processes: under intensive grazing (high pres-
sure), survival chances of trees germinating in the grassland should be extremely
low due to herbivory and trampling. Under a less intensive grazing, on the other
hand, chances for survival of tree individuals might be higher, as grassland hetero-
geneity will increase, possibly allowing for recruitment of shrubs and trees and
formation of forest nuclei, leading thus to an advancement of forests. Traits that
influence these processes will differ from ecosystems under fire: while resprouting
capacity should be important as well, defense structures against herbivory also
should be of high importance, allowing also for facilitation processes. These hypoth-
eses, however, have not been tested so far in southern Brazil. Likewise, the effect of
grazing animals entering into forests at the forest-grassland boundary on the struc-
ture of forest and forest border has not been studied so far.

At any rate, the discussion of effects of fire and grazing on ecosystem dynamics
show how many natural processes at the forest-grassland interface in southern Brazil
are marked by human action. Human induced disturbance apparently has main-
tained grassland-forest ecotones over the past millennia, and will continue to do so
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even under conditions of (anthropogenic) climate change. The study of dynamics
and mechanisms of forest-grassland ecotones in southern Brazil thus continues to
be an interesting field of research.
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Chapter 8

Long-Term Perspectives on Tropical
Forest-Savanna Dynamics in Lowland Bolivia
from the Last Ice Age Until Present

Francis E. Mayle and Bronwen S. Whitney

8.1 Introduction

Tropical forest—savanna ecotones are of considerable interest to biologists due to
their high habitat heterogeneity (beta diversity), importance in rainforest speciation
(Smith et al. 1997), and, for those climatically controlled ecotones, the manner of
their response to future climate change (IPCC 2007). Forest—savanna transitions
may be governed by any number of factors, including soil type, fire, hydrology,
disturbance (both natural and anthropogenic), as well as climate, in particular the
seasonality of precipitation (Furley et al. 1992). Determining the underlying control
for a forest—savanna transition in a particular location may therefore not be straight-
forward and may differ markedly among forest—savanna ecotones, even when in
relatively close geographic proximity.

A palaeoecological approach that investigates the long-term history of forest—
savanna dynamics spanning centuries and millennia has the potential to reveal the
key underlying driver(s) of such vegetation shifts that are not resolvable from
ecological studies alone, which span years to decades. For example, palaeoeco-
logical data can demonstrate whether a forest—savanna ecotonal shift observed
over recent decades merely constitutes a minor short-term oscillation about an
essentially stable ecotone, or instead is part of a much longer term (e.g. millennial-
scale) unidirectional ecotonal shift forced by climate change.

A consideration of archaeological data, in particular pre-Columbian (before
1492) earthworks in seasonally flooded landscapes of tropical South America, can
shed light not only on whether the spatial patterns of forest—savanna mosaics are
hydrologically controlled (i.e. depth and duration of flooding) but also on whether
these changes in hydrology are natural or instead a function of large-scale landscape
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Fig. 8.1 Location of case studies of four types of forest—savanna boundaries discussed in this
chapter. Key ecosystem classes of lowland Bolivia and western Brazil are based on data from
Olson et al. (2001). Detail of inset box is presented in Fig. 8.2

modification by pre-Columbian earthmoving cultures (e.g. via construction of
raised fields, canals, and large habitation mounds; e.g. Erickson 2010; Lombardo
etal. 2011).

8.2 Aims and Approach

This chapter examines the long-term histories of four contrasting forest-savanna
environments in lowland Bolivia (Fig. 8.1), chosen to allow the respective roles of
glacial-Holocene climate change, geomorphology, and pre-Columbian (before
1492) land-use to be investigated in terms of shaping the current forest—savanna
mosaic in SW Amazonia and the Pantanal savanna wetlands. The four types of
Bolivian tropical forest—savanna transitions/ecotones examined are (1) humid
rainforest—savanna wetland (type 1 ecotone), (2) humid rainforest—upland
(cerrado) savanna (type 2 ecotone), (3) seasonally dry tropical forest (SDTF)—
savanna wetland (type 3 ecotone), and (4) savanna wetland—forest island mosaic
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(type 4 ecotone). The long-term pattern and underlying drivers of vegetation
dynamics for each of these forest—savanna transitions will be considered by
reference to previously published palacoenvironmental and archaeological data.

8.3 Noel Kempff Mercado National Park

Noel Kempff Mercado National Park (NKMNP) is a 15,230 km? biological reserve
that straddles forest—savanna ecotones in NE Bolivia on the Precambrian Shield
near the SW margin of Amazonia, adjacent to the Brazilian States of Ronddnia and
Mato Grosso. It was designated a UNESCO World Heritage Site in 2000 due to the
diversity of intact tropical forest and savanna ecosystems that it contains and conse-
quent high habitat heterogeneity or beta diversity. The lowland, western half of the
park, is dominated by ferra firme (non-flooded), riparian, and seasonally flooded
humid evergreen forests, which have sharp boundaries with expanses of seasonally
flooded savanna wetlands (type 1 ecotone). Toward the southern boundary of the
park lies the ecotone between humid Amazonian rainforest and SDTF (semi-decid-
uous Chiquitano Dry Forest). The eastern half of the park comprises the Huanchaca
plateau, a table mountain between 600 and 900 m above sea level (a.s.l.), composed
of Precambrian sandstone and quartzite (Litherland and Power 1989). This plateau
is blanketed by a mosaic of humid evergreen rainforest and cerrado (upland) sava-
nana (type 2 ecotone). Full details of the ecosystems within this park are given in
Killeen and Schulenberg (1998).

The gradual ecotonal transition—spanning tens of kilometres—between the
southernmost limit of humid evergreen Amazonian rainforest and semi-deciduous
dry forest across the southern border of NKMNP (Fig. 8.2) coincides with a strong
rainfall gradient, pointing to climatic control, with mean annual precipitation
approximately 1,500 mm per annum (pa) and a 4 months dry season between June
and September when mean monthly precipitation is less than 30 mm. Precipitation
falls mainly in the austral summer, originating from a combination of deep-cell
convective activity over the Amazon Basin and southerly extension of the
Intertropical Convergence Zone (ITCZ) due to peak insolation in the austral summer
(Bush and Silman 2004). Although the mean annual temperature is 25-26 °C,
temperatures frequently decrease to 10 °C for several days at a time during the dry
season (June—July—August) when cold dry Patagonian air masses (surazos) reach
the area.

However, the sharpness of the forest—savanna transitions within NKMNP point
to non-climatic controls at these finer spatial scales, where forest—savanna mosaics
are strongly influenced by edaphic factors, hydrology, and fire. The importance of
edaphic factors is clearly evident on the Huanchaca plateau. Where the substrate is
rocky, and soils very thin, open savanna (campo cerrado) predominates, but where
soils are sufficiently deep, evergreen forest islands are found. In contrast, the adja-
cent lowland peneplain beneath the plateau to the west (200-250 m a.s.l.) is blan-
keted by thick Tertiary and Quaternary alluvial sediments, on which are growing
humid evergreen rainforests. The patches of seasonally flooded savannas that



192 F.E. Mayle and B.S. Whitney

0 20 40 60
| = s s

[ outiine NKMNP Kilometers
MOIST TERRA FIRME EVERGREEN FOREST DECIDUOUS AND SEMI-DECIDUOUS DRY FOREST
- Tall terra firme evergreen forest . Inundated semi-deciduous dry forest
| Evergreen terra firme liana forest - Semi-deciduous dry forest
Dwarf terra firme evergreen forest Deciduous dry forest

|| Evergreen terra firme mixed liana forest || semi-deciduous palm forest
MOIST INUNDATED EVERGREEN FOREST TERRA FIRME SAVANNA

| Tallinundated evergreen forest Open savanna
Low inundated evergreen forest Shrubby savanna
[ Tall riverine evergreen forest .~ Open savanna woodland
| Pioneer riverine evergreen forest . Closed savanna woodland
SEASONALLY-INUNDATED SAVANNA OTHER CLASSIFICATIONS
Seasonally-inundated open savanna [ Rivers and lakes

[l seasonally-inundated shrubltermite savanna | Agricultural land
[ Inundated scrubland
~ Savanna marsh

Palm marsh

. Marsh

Fig. 8.2 Vegetation classification of Noel Kempff Mercado National Park (NKMNP) (derived
from Landsat TM data) (modified from Killeen and Schulenberg 1998). Laguna Chaplin and
Laguna Bella Vista are marked with circles (reproduced from Mayle et al. 2007)

interrupt this lowland rainforest are found primarily in association with the
blackwater rivers—and likely owe their spatial arrangement to local edaphic condi-
tions and micro-topography, as well as hydrological conditions associated with the
river flood regime (Killeen and Schulenberg 1998).
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In some areas of the park, rainforest is clearly encroaching into savanna, as old
relict savanna trees can be found beyond the forest-savanna boundary among
closed-canopy rainforest. However, in other areas, savanna appears to be encroach-
ing into forest, with savanna fires creating sharp rainforest—savanna boundaries. Of
interest to biologists is the predominant long-term process—savanna expansion into
rainforest, or vice versa—and the underlying driver(s). An examination of palaeo-
ecological data can potentially address these issues.

8.3.1 Glacial-Holocene History of Lowland Rainforest,
Dry Forest, and Savanna Ecotones

Laguna Chaplin (14 °28'S, 61 °04'W) is a large flat-bottomed lake that lies below
the Huanchaca plateau, surrounded by tall humid evergreen rainforest, approxi-
mately 30 km north of the ecotone with the semi-deciduous Chiquitano Dry Forest
(Fig. 8.2). Full details of the fossil pollen and charcoal data from this site can be
found in Burbridge et al. (2004) and Mayle et al. (2000). Unlike the rainforest-
dominated catchment of today, over most of the past 50,000 years this lake was
surrounded by a mosaic of semi-deciduous dry forest and savanna communities
under climatic conditions drier than present. Throughout the glacial period, between
approximately 50,000 and 11,400 year BP (calendar years before present), the domi-
nance of Poaceae and Cyperaceae pollen, together with Mauritia/Mauritiella palm
pollen, indicates that low-lying areas which are today dominated by seasonally
flooded rainforest were instead covered by seasonally flooded termite savannas and
savanna marsh. Consistent presence of Paullinia/Roupala, Celtis, Machaerium-
type, and Erythroxylum pollen suggests that semi-deciduous dry forests may have
occupied higher ground presently covered by terra firme evergreen rainforest.
However, absence or negligible abundance of pollen of Curatella americana and
Anadenanthera, which are important elements in present-day termite savannas and
dry forests, respectively, shows that these glacial-age ecosystems were floristically
distinct from those that occupy the region today. These Pleistocene (glacial-age)
plant communities are consistent with reduced precipitation (e.g. longer or more
severe dry season) and lowered atmospheric CO, levels, both of which would have
favoured expansion of C, grasses and sedges and drought-adapted savanna and dry
forest tree species. Continuous presence of pollen of the predominantly Andean
genus Podocarpus throughout the glacial sediments corroborates other palaeocli-
matic evidence (e.g. Stute et al. 1995) for an Amazon-wide cooling of approxi-
mately 5 °C at the Last Glacial Maximum (LGM; approximately 21,000 year BP).
The Holocene history (past 11,500 years) of forest—savanna dynamics of lowland
NKMNP comes not only from the Laguna Chaplin record but also from pollen data
from Laguna Bella Vista, a lake of similar size located approximately 100 km north
of Chaplin and also surrounded by tall humid evergreen rainforest. Through the
early-mid Holocene, the catchment of both sites was dominated by seasonally
flooded savannas in the immediate vicinity of the lakes and around the floodplains
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of the neighbouring rivers and streams—habitats which are today occupied by
seasonally flooded evergreen forest. Evidence for this comes from pollen assem-
blages dominated by Cyperaceae, Poaceae, Mauritia/Mauritiella, and C. americana.
That the landscape was open at this time is corroborated by minimal pollen per-
centages of the wind-pollinated Moraceae family (<10 %), which dominates rain-
forest communities in the region today (Gosling et al. 2005). Well-drained (terra
firme) areas around both lakes were covered by a mosaic of upland (cerrado) savannas
(e.g. C. americana) and SDTF (Anadenanthera, Astronium, Gallesia). Presence
of C. americana, Anadenanthera, and Gallesia in these Holocene assemblages
suggests that, unlike those of the Pleistocene, these Holocene savanna and dry forest
communities were floristically similar to those of today.

This mosaic of savanna and SDTF in the catchments of both Chaplin and Bella
Vista in the early-mid Holocene (until approximately 6,800-3,200 year BP) is coin-
cident with lower-than-present lake levels at Lake Titicaca (which lies at a similar
latitude on the Altiplano of the Andes to the west) (Baker et al. 2001), providing
strong evidence that these vegetation communities reflect lower mean annual
precipitation (<1,500 mm) and a longer dry season (>5 months with <100 mm) than
today. The gradual rise in Moraceae pollen percentages, beginning between 6,800
and 3,200 year BP at Bella Vista, and approximately 2,800 year Bp at Chaplin, coin-
ciding with a decline in relative abundance of savanna and SDTF taxa, reflects an
expansion of humid evergreen rainforest communities into NKMNP (Burbridge
et al. 2004; Burn et al. 2010). The timing of this trend correlates with rising lake
levels at Lake Titicaca (Cross et al. 2000), demonstrating that this expansion of
humid evergreen rainforest was likely driven by increasing precipitation. The catch-
ments of these lakes were dominated by tall, closed-canopy rainforest by 2,000 year
BP at Bella Vista and 650 year Bp at Chaplin, when pollen assemblages were similar
to present. Recent modern pollen rain studies (Burn et al. 2010) and advances in
Moraceae pollen taxonomy (Burn and Mayle 2008) reveal that this late Holocene
ecotonal shift involved expansions in geographic extent of both riparian, seasonally
flooded, and terra firme upland, humid evergreen rainforest. Although the relative
contributions of atmospheric CO, concentrations, precipitation, temperature, and
geomorphology as controls of glacial-age vegetation in NKMNP are difficult to
discern, it is clear that a precipitation increase was the primary driver of this late
Holocene rainforest expansion not only because of the close correlation with
Andean lake-level histories (e.g. Baker et al. 2001) but also because CO, concentra-
tions and temperature remained relatively constant through the Holocene. Further
support for precipitation as the dominant long-term control for this rainforest expan-
sion comes from the application of a climate—vegetation model (Punyasena 2008),
based on the modern abundance distributions of 154 Neotropical rainforest fami-
lies, to the Chaplin pollen dataset. This model, employing family-level analysis,
suggests that the savanna/dry forest pollen assemblages signify early-mid
Holocene mean annual precipitation approximately 300-400 mm/year below present
(Punyasena et al. 2008).

It is possible, though, that some of this forest expansion in the lowlands of
NKMNP was only indirectly driven by climate and that local climate-driven
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Fig. 8.3 Stable carbon isotope data from soil pits sampled across an ecotonal boundary between
open cerrado savanna and tall forest on the Huanchaca plateau, NKMNP, northeastern Bolivia
(modified from Killeen et al. 2003)

geomorphologic changes played a more direct role. For example, increased
precipitation may have led to higher rates of deposition and aggradation in the
floodplains, thereby changing the hydrological conditions to facilitate expansion of
riparian forest in the floodplains and on the levées (Mayle et al. 2007).

8.3.2 Late Holocene History of the Rainforest—Cerrado Savanna
Ecotone on the Huanchaca Plateau

One might expect that the strong edaphic control upon the spatial distribution of
forest vs. cerrado savanna atop the Huanchaca plateau observed today would mean
that forest—savanna boundaries were essentially static, and that the heavily weath-
ered sandstone rocks supporting only a thin veneer of soil can only sustain open
savanna (Killeen and Schulenberg 1998). However, stable carbon isotope studies
have shown that this forest—savanna mosaic is far from static. Killeen et al. (2003)
examined the 3"*C profiles of 15 soil pits (each 1 m deep) dug along a 60 km transect
in the centre of the plateau spanning open savanna (campo cerrado), savanna wood-
land (cerrado and cerraddo), and high closed-canopy evergreen forest. Changes in
the 8"°C profiles reflect changes in the relative proportions of C, savanna grasses vs.
C, woody vegetation, with progressively lighter isotopic values indicative of increas-
ing abundance of trees (Fig. 8.3). 8"*C values of high forest soil surface samples
range between —29.5 and —28.5 %o, while those from savanna are heavier but cover
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a wide range across a gradient of tree density and C, grass cover; i.e. —=26.5
(dense savanna woodland, cerraddo) to —15.5%0 (open savanna grassland). The
humin fraction of the soil samples at the base of the pits (100 cm depth) dates to
approximately 3,000 year BP (S. Panfil, unpublished data). The savanna soil profiles
reveal continuous savanna cover over at least the past 3,000 years, although they
appear to have been more open in the middle of the profiles. The soil profiles for the
forest sites show progressively heavier 8°C values with increased depth, suggesting
that a more open forest (e.g. cerraddo) or savanna woodland (e.g. cerrado) existed
approximately 3,000 year BP, which was gradually invaded by forest tree species,
eventually resulting in the closed-canopy tall forest that surrounds these soil pits
today. Consequently, there appears to have been progressive forest encroachment
into savanna in ecotonal areas on the plateau over the last few millennia, consistent
with the pollen data from the lakes below the plateau. It therefore appears that the
late Holocene precipitation increase forced ecotonal changes not only in the low-
lands of NKMNP but also on the plateau as well, at least in areas where edaphic
conditions permitted such responses (Mayle et al. 2007).

8.3.3 Implications for Understanding Patterns of Biodiversity
and the Rainforest—Savanna Mosaic in NKMNP

The terra firme humid evergreen rainforests of NKMNP have lower alpha diver-
sity (local species richness) than rainforest communities in more central parts of the
Amazon Basin, a pattern which is true not only for tree species (Killeen 1998) but
also for birds (Bates et al. 1998) and mammals (Emmons 1998). For example, a
Rapid Assessment Program (RAP) report (Killeen and Schulenberg 1998) found
that several species usually common in Amazonian rainforests were unexpectedly
rare (e.g. frugivorous bats and howler monkeys (Alouatta)) or absent (e.g. squirrel
monkey (Saimiri) and titi monkey (Callicebus)). It has been hypothesized (Killeen
and Schulenberg 1998) that the lower alpha diversity of these rainforests may be
due to drought stress in this ecotonal region, lying at the precipitation threshold of
many Amazonian species. While this may be true, our fossil pollen data point to an
additional or alternative explanation, in that the lower-than-expected alpha diversity
of these rainforests may be a function of their relatively recent establishment in the
park within the last one to three millennia, whereby they may still be undergoing
succession and species recruitment and have yet to fill all their available niches
(Mayle et al. 2007).

In contrast to the young lowland rainforests, the cerrado savannas atop the
Huanchaca plateau are highly diverse in comparison with other South American
savannas, especially with respect to their avifauna (Bates et al. 1998; Da Silva and
Bates 2002). The soil stable carbon isotope data are consistent with the hypothesis
that this high biodiversity is due to their long geological history and isolation.
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Although there is evidence for both encroachment of lowland rainforest into
savanna and vice versa over recent decades (e.g. from satellite imagery; Killeen
1998), the pollen data from Chaplin and Bella Vista indicate that rainforest expan-
sion into savanna is part of a long-term uni-directional trend of climate-driven rain-
forest expansion over at least 130 km (distance between Bella Vista and the current
rainforest ecotone) that began at least 3,000 year Bp (Mayle et al. 2000). At the
forest—savanna ecotone near Brasilia (15 °57'S, 47 °56'W), over 1,000 km eastward,
Ratter (1992) has observed giant, relic cerrado trees growing 4-5 km within rain-
forest as evidence of recent forest encroachment into savanna. The Holocene palae-
ovegetation data from NKMNP, as well as from other sites in ecotonal areas across
southern and eastern Amazonia (e.g. Carajas; Absy et al. 1991) suggest that this too
could be part of a late Holocene climate-driven trend.

However, while the pollen and stable carbon isotope data indicate substantive
climate-driven rainforest encroachment into savanna, both in the lowlands and atop
the Huanchaca plateau, geomorphology and edaphic conditions are clearly over-
riding factors in certain physical settings. Where soils are sufficiently thick, rain-
forest does grow atop the Huanchaca plateau, but large expanses of the plateau are
rocky open ground with virtually no soil (Killeen and Schulenberg 1998)—a habitat
which clearly cannot, and likely never has, supported rainforest. The essentially
treeless campo cerrado that grows in such settings is clearly edaphically controlled
and has likely grown atop this plateau for millions of years.

8.4 The Chiquitano Dry Forest and Pantanal Wetlands

A key uncertainty with the Chaplin fossil pollen record from NKMNP is the extent
to which reduced rainforest cover during the last glacial period was a function of
lower temperatures, lower precipitation, lower carbon dioxide concentrations, or
some combination of the three. However, the much higher resolution, and better
dated, fossil pollen record from Laguna La Gaiba (LLG) permits identification of
the key climatic parameter limiting tropical forest growth. This site is located at a
critical biogeographic position straddling the Bolivian/Brazilian border, between
the Chiquitano Dry Forest to the west, and seasonally flooded savannas of the
Pantanal to the east. This large, flat-bottomed lake is surrounded by closed-canopy
semi-deciduous tropical dry forest on upland well-drained hills and slopes which
border much of the lake, while the low-lying seasonally flooded portion of the lake
basin connects with the Paraguay river and neighbouring seasonally flooded savannas
of the Pantanal wetland to the east (Fig. 8.4a). Lake level at LLG is strongly con-
trolled by the flood regime of the Paraguay river and Pantanal savanna wetland,
which is in turn a function of seasonal passage of the South American Summer
Monsoon (SASM) (Alho 2005).

Whitney et al. (2011) describe in detail the pollen- and diatom-based palaeo-
climatic history of this site, spanning the past 45,000 years. Prior to 12,500 year BP,
diatom, sedimentological, and macrofossil data indicate that the lake was much



198 F.E. Mayle and B.S. Whitney

57'44'W

17°40S -

17°44'S

17°48'S -

12,200 yrs BP to present - warm and wet 19,500 to 12,200 yrs BP - warm and dry

====Lake and river margins
(non-parmanent)

Aguatic Seasonally-dry
17°44'S - vegetation tropical forest
9 Upland open
Pall
Sim swame vegetation
17°48'S
Inundation-tolerant Lowland open
forest vegetation

45,000 to 19,500 yrs BP - cold and dry

Fig. 8.4 Schematic of environmental change at Laguna La Gaiba (LLG), western Pantanal
(seasonally dry tropical forest-wetland savanna ecotone) from 45,000 year Bp until present.
(a) The modern lake environment; seasonally dry tropical forest (SDTF) grows on the steep
Amolar hills that surround the lake, but because of the hydrological linkages between the Pantanal
and LLG, the pollen signature at this site also reflects the Pantanal savanna wetlands. (b) Full
glacial; a colder- and drier-than-present climate resulted in reduced flooding in the Pantanal and
favoured open, savanna-like vegetation. (c) Late-glacial period; increasing temperatures enabled
the establishment of tropical forest. Seasonally inundated forest invaded low-lying terrain
around the lake, and likely elsewhere in the Pantanal, and SDTF became established on higher,
non-flooded terrain. Flooding in the Pantanal remained low due to a drier climate (modified from
Whitney et al. 2011)

smaller and shallower than today, indicating that the SASM must have been
significantly weaker than present. Between 45,000 and approximately 19,500
year BP the lake catchment was an almost treeless open grassland (Fig. 8.4b), the
pollen assemblages dominated by grass, sedge, and Alternanthera herbs.
However, at approximately 19,500 year BP the upland herbaceous community
was replaced by a tropical dry forest community (Maclura type [Moraceae],
Urticaceae, Acalypha, Celtis, Astronium), while the herbaceous flora of the



8 Long-Term Perspectives on Tropical Forest—Savanna Dynamics in Lowland Bolivia... 199

seasonally flooded exposed lake shallows was simultaneously replaced by a
riparian forest community dominated by the inundation-tolerant tree species
Symmeria paniculata and Piranhea trifoliata (Fig. 8.4c).

Several independent lines of evidence show that this forest expansion was driven
by deglacial warming. First, precipitation can be discounted as a causal factor
because lake levels remained low until 12,500 year BP, when rising precipitation at
the onset of the Holocene drove a sharp increase in lake level (replacement of shal-
low water by deep water diatom communities) that drowned the floodplain forest
community dominated by S. paniculata and P. trifoliata (Whitney et al. 2011).
Second, Antarctic ice-core data (Monnin et al. 2001) indicate that no significant
increase in carbon dioxide concentrations occurred around 19,500 year BP, so this
potential vegetation control can also be ruled out. This leaves deglacial warming as
the most parsimonious explanation, for which strong support comes from temperature-
driven deglaciation in the Southern Hemisphere tropical Andes (Seltzer et al. 2002).
Further corroboratory evidence for a temperature-driven ecotonal shift comes from
application of a likelihood model of modern plant climatic distributions (Punyasena
2008; Punyasena et al. 2008) to the LLG fossil pollen dataset, which gives a tem-
perature rise of 4 °C at 19,500 year Bp (Whitney et al. 2011). These findings strongly
imply that the climate was too cold to support tropical forest taxa around LLG
during the LGM (prior to 19,500 year BP). They also strongly suggest that the
absence of rainforest in NKMNP during the LGM is also primarily due to cold
glacial temperatures rather than insufficient precipitation or decreased water-use
efficiency due to low carbon dioxide concentrations.

8.4.1 Implications for Understanding Patterns of Biodiversity
in the Chiquitano Dry Forest and Pantanal Wetlands

8.4.1.1 The Chiquitano Dry Forest

The fossil pollen data from LLG have a bearing on understanding some interesting
features of the current biodiversity of the Chiquitano Dry Forest of eastern Bolivia
and its biogeographic history. The Chiquitano Dry Forest is arguably the largest
intact swathe of SDTF remaining in the Neotropics (Parker et al. 1993; Killeen et al.
2006), and despite exhibiting some of the highest alpha (local) diversity of any
Neotropical SDTF (Killeen et al. 1998), levels of endemicity are significantly lower
here than in other SDTF communities, such as those in western Mexico, and in
particular, the inter-Andean valleys of Peru where endemism is recorded to be as
high as 38 % of all recorded plant species (Gentry 1995; Pennington et al. 2006,
2010). A likely explanation for the discrepancy in number of endemics among these
two SDTF communities is their difference in antiquity. Whereas high endemicity
in the inter-Andean dry forests reflects several million years of geographical isola-
tion (Pennington et al. 2006, 2010), the absence of SDTF taxa in the catchment of
LLG prior to 19,500 year Bp shows that the Chiquitano SDTF is very young by
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comparison and was absent from eastern Bolivia during full glacial times due to the
significantly cooler temperatures that then prevailed. Much greater antiquity would
be required for endemic tree species to evolve (Hughes and Eastwood 2006).

Furthermore, the LLG pollen record sheds light on the biogeographic history of
SDTF in tropical South America, the current disjunct distribution of which has been
hypothesized by some authors to represent refugia or remnants of a much greater,
contiguous geographic distribution that existed during drier intervals of the
Pleistocene (the Pleistocene Dry Forest Arc (PDFA); Prado and Gibbs 1993;
Pennington et al. 2000). The PDFA hypothesis is supported by the distribution of
several key SDTF taxa, such as Anadenanthera colubrina (Fabaceae) and Astronium
urundeuva (Anacardiaceae), common to all these isolated dry forest communities,
implying past linkages (Prado and Gibbs 1993). Although recent floristic compari-
sons have highlighted greater dissimilarity between the ancient dry forests of the
inter-Andean valleys and the adjacent lowland SDTF of Bolivia (Pennington
et al. 2006), implying a separate biogeographic history, recent genetic analysis of
A. urundeuva populations suggests there may have been Pleistocene linkages
among disjunct blocks of SDTF in the South American lowlands, including the
Chiquitano Dry Forest (Caetano et al. 2008). However, the pollen record of LLG
demonstrates that, rather than extending far back into the last glacial period, the
history of A. urundeuva at this site dates back only to 19,500 year Bp, which marks
the beginning of deglacial warming in tropical South America (Seltzer et al. 2002,
Bush et al. 2004), and A. colubrina, a key pollen indicator of SDTF (Gosling et al.
2009), migrated to the region as recently as 10,000 year Bp. Thus the pollen data
point to a biogeographic history of recent (Holocene) expansion in the geographic
ranges of key dry forest taxa such as A. colubrina, as argued by Mayle (2004), rather
than contraction from a formerly larger Pleistocene distribution. Furthermore,
Whitney et al. (2011) show that low glacial temperatures prior to 19,500 year BP
restricted the distribution of SDTF in eastern lowland Bolivia, and likely also else-
where in South America at similar latitudes. Therefore, during cool glacial periods,
lowland SDTF probably persisted as small isolated patches under favourable
microclimates.

8.4.1.2 The Pantanal Savanna Wetlands

The seasonally flooded savanna wetlands that dominate the Pantanal comprise the
largest tropical wetland on Earth (135,000 km?). The close hydrological linkage
between LLG and the adjacent Pantanal wetlands means that significant reductions
in Pleistocene water levels recorded at LLG (relative to present) are likely to have
corresponded with a significant reduction in flooding of the Pantanal. Insights into
the impact of such a decline in flooding upon the Pantanal wetland savannas can be
gleaned from the impact of precipitation fluctuations over recent decades. From
1960 to 1973, reduced precipitation in the Pantanal resulted in an average 3 m low-
ering of the maximum stage of the Paraguay River and a consequent 50 % reduction
in the total area of inundation of the Pantanal, compared with preceding decades
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(Hamilton et al. 1996; Hamilton 2002). This major reduction in flooding enabled
forest encroachment upon the savanna floodplains (Hamilton 2002), but a return to
higher precipitation levels in the mid-1970s caused renewed widespread flooding
which drowned the forests, the dead stumps of which are still visible in water-
logged areas today (Hamilton 2002).

This observed link between precipitation and forest—savanna dynamics over
recent decades in the Pantanal strongly implies that, during the late-glacial period
(approximately 19,500-12,500 year BP), when lowered lake levels enabled flood-
plain trees S. paniculata and P. trifoliata to invade the seasonally exposed shorelines
of LLG, similar floodplain forest communities must also have expanded their cover
throughout a drier Pantanal basin, with a consequent major decline in the geographic
extent of inundated savanna. It therefore appears that the forest—savanna mosaic in
the Pantanal basin is highly dynamic over all timescales, from inter-decadal to
glacial-interglacial. We hypothesize that this dynamism in flood regime and con-
tinual shifting in forest—savanna extent is an important contributory factor to the
low levels of endemism (Prance and Schaller 1982; Alho 2005) in the Pantanal
flora. Major changes in hydrology and temperature, operating over millennial times-
cales, means that environmental selective pressures do not operate in the same
direction long enough to enable speciation through natural selection (Bennett 1990;
McGlone 1996; Willis and Niklas 2004). Given that the Pantanal biota is not geo-
graphically isolated, its flora comprising taxa common in adjacent biogeographical
regions (humid rainforest, Chiquitano SDTF, Bolivian and Brazilian savannas)
(Prance and Schaller 1982), spread of plant taxa to and from these adjacent biomes
allowed for rapid assembly, disassembly, and re-assortment of constituent species
of vegetation communities in the Pantanal throughout glacial-interglacial cycles.

8.5 Forest-Savanna Mosaic of the Seasonally Flooded
Beni Basin

The Beni basin of northern lowland Bolivia is characterized by a vast swathe of
seasonally flooded savanna (the Llanos de Moxos), approximately 160,000 km? in
area, interspersed with a complex mosaic of forest islands and riverine gallery
forests. Numerous white-water rivers and hundreds of shallow, rectilinear lakes
cover the landscape. The spatial distribution of forest and savanna is closely related
to micro-topography. The impermeable clay sediments of the extremely flat basin
support only treeless savanna and are unsuitable for tree growth because they are
flooded throughout the rainy season and are baked hard during the dry season. Trees
grow only as forest islands (islas) upon topographic highs (mounds) which are
raised sufficiently to escape flooding.

The extent to which this forest—savanna mosaic is natural, or instead a human
artefact, has been debated since the 1960s (e.g. Denevan 1966; Beck 1983; Erickson
1995, 2000). Many forested mounds are clearly natural, such as sinuous river levées
supporting ribbons of gallery forest, or small regularly spaced termite mounds



202 F.E. Mayle and B.S. Whitney

supporting clumps of trees <10 m diameter. However, large areas of forest are
demonstrably artificial in the sense that they only exist because pre-Columbian
(before 1492) indigenous peoples built the underlying terra firme mounds that
support them. The most obvious examples include the colonization by trees of
abandoned pre-Columbian raised fields, appearing as linear parallel forest strips
within open savanna, which can be clearly seen in Google Earth imagery north of
Santa Ana de Yacuma, west of the Mamoré€ river.

However, raised fields have also been found beneath extensive areas of tropical
forest long assumed by many tropical ecologists to be essentially pristine “old
growth”, such as the forested region between Trinidad and San Borja (J. Iriarte,
2010, personal communication). Such forests must therefore be secondary forest
regrowth that arose after abandonment of the raised fields around the time of
European Contact in the region. Elsewhere, such as in the Casarabe region east of
Trinidad, forest islands associated with river levées also appear superficially to be
natural, but have in fact been constructed, or at least built up extensively, in pre-
Columbian times by earth-moving cultures into large habitation mounds, as evident
by the dense accumulations of ceramics throughout excavated mound sections
(Erickson and Balée 2006; Lombardo and Prumers 2010). These forests must there-
fore also be post-contact (after 1492) secondary forest regrowth.

Further evidence for a strong anthropogenic influence upon the forest—savanna
mosaic comes from the Baures region in the NE of the Beni, where many forest
islands among seasonally flooded savanna are covered by large geometric ring-
ditches or “geoglyphs” (100-300 m in diameter, with ditches up to 4.5 m deep and
10 m wide) hidden beneath the forest (Erickson 2010). Although it is unclear
whether such mounds were forested prior to geoglyph construction, the geoglyphs
clearly demonstrate that the overlying forest in this region is also secondary forest
growth, most likely post-dating European Contact.

Clearly, across much of the Beni basin, the process of tropical forest expansion
is not a long-term and natural climate-driven process akin to forest expansion
during the late Holocene in NKMNP (increasing precipitation) and during deglacia-
tion at LLG (increasing temperature), but is instead a function of landscape
modification over a vast geographic scale by pre-Columbian earthmound cultures.
In some regions of the Beni, forest expansion was only possible because humans
created new terra firme topography for this to happen—e.g. forest growth upon
abandoned raised fields among open seasonally inundated savanna. Elsewhere,
forest expansion may simply have been due to an ongoing process of secondary
forest succession over recent centuries following abandonment of previously forested
landscape that was cleared for construction of raised fields (e.g. between Trinidad
and San Borja) (J. Iriarte, 2010, personal communication) or ring-ditches/geoglyphs
(Baures; Erickson 2010).

Although the fine-scale spatial configuration of the forest—savanna mosaic across
much of the Beni has clearly been heavily influenced by pre-Columbian cultures,
either through deforestation and subsequent abandonment and forest regrowth
(as demonstrated elsewhere in the Neotropics; e.g. Myster 2008) or through creation
of new terra firme habitat (e.g. raised fields), evidence for vertebrate endemicity
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demonstrates that forest—savanna mosaics (albeit of changing configuration) have
characterized the Beni for many thousands and possibly millions of years. Examples
of vertebrates endemic to the Llanos de Moxos (forest—savanna mosaic) of the Beni
are as follows: the Beni anaconda (Eunectes beniensis), the blue-throated macaw
(Ara glaucogularis), and the Beni and Olalla’s titi monkeys (Callicebus modestus
and Callicebus olallae, respectively). The Beni anaconda lives only in the season-
ally flooded savannas, while the macaw and titi monkeys are restricted to forest
islands. The latter are most significant because they are not found in larger contiguous
forests or extensive gallery forests (Mayle et al. 2007).

8.5.1 Implications for Understanding Patterns of Biodiversity
and the Rainforest—Savanna Mosaic in the Beni

The extent to which pre-Columbian indigenous peoples altered the floristic compo-
sition of the rainforests of NKMNP is unknown, but the widespread evidence for
wholesale landscape transformation in the Beni basin (through construction of
raised fields, habitation mounds, geoglyphs, canals and causeways) is clear and
indisputable (Erickson and Balée 2006; Erickson 2010). Rather than having a
negligible impact upon rainforests, as commonly assumed (Meggers 1971), it is
therefore highly likely that the high population density required to engineer the
physical landscape through massive programs of earthwork construction had a
similarly profound impact upon the species composition (alpha diversity) of the
forests via preferential selection of economically important species. If so, one would
predict today’s forests to have a strong legacy of pre-Columbian management/
disturbance. This hypothesis is supported by botanical inventories of forest com-
munities atop the large pre-Columbian habitation mound complex Ibibate around
the village Casarabe by Erickson and Balée (2006). These authors found that as
much as 45 and 50 % of the tree species of the forested mound complex, and in the
adjacent pampas, respectively, were fruit-bearing, economically important species
for the Siriono indigenous tribes living among the forests today, and were likely to
have been similarly important to the ancient earth-moving cultures too. The edible
palm species, Astrocaryum murumuru var. murumuru, comprises as much as 25 %
of all trees in the mound forest inventories. Similarly, Sorocea guilleminiana
(Moraceae) occurs only in the mound inventories where the ancient mound-builders
created habitat required for this culturally and economically prized taxon. These
peoples left a strong anthropogenic legacy not only on the floristic composition of
the mound forests but also on the neighbouring local pampas (seasonally flooded
savanna), which were found to have higher alpha diversity than savanna communi-
ties further away from the forest mounds.

When attempting to understand the patterns and causes of floristic diversity
among rainforests in the Beni basin, tropical ecologists need to appreciate that such
diversity likely contains a strong legacy of pre-Columbian human disturbance when
indigenous populations were much higher than those of today.



204 F.E. Mayle and B.S. Whitney

8.6 Conclusions

The different case studies considered in this chapter demonstrate the dynamic nature
of different kinds of tropical forest—savanna ecotones in lowland Bolivia across a
range of timescales, extending from the last glacial period to the late Holocene.
Fossil pollen data from NKMNP show that the rainforest—savanna ecotone of southern
Amazonia is currently at its most southerly extent over at least the last 50,000 years
and that rainforest has been expanding southward and encroaching into a mosaic of
savannas and tropical dry forests through the late Holocene (the last approximately
3,000 years). This long-term ecotonal shift was driven by increasing austral summer
precipitation associated with a progressively stronger SASM, in turn driven by
increasing insolation in tune with the precession orbital cycle.

Late Quaternary fossil pollen data from the margin between the Bolivian
Chiquitano Dry Forest and Pantanal wetland show that temperatures at the height of
the last glacial period (prior to 19,500 year BP) were too cold to support tropical
trees, and that easternmost lowland Bolivia, which is today covered by SDTF, was
instead covered by largely treeless grassland. Millennial-scale changes in the
flooding regime of the Pantanal likely influenced the abundance of wetland savanna
vs. inundation-tolerant floodplain forest, particularly at the onset of the Holocene,
when rising precipitation caused major flooding.

Examination of the long-term history of the ecosystems in the Beni basin
reveals that climate change has not been the only driver of long-term forest—savanna
dynamics. Pre-Columbian (before 1492) indigenous cultures played a key role in
forming the current forest—savanna mosaic of the Beni basin by creating micro-
topography (earthmounds) available for tree colonization following post-Contact
(after 1492) earthmound abandonment. Rather than comprising “old growth”
primary forest, many forest expanses across the Beni overlie a variety of earth-
mounds, including raised fields, ring-ditches, and large habitation mounds, and are
therefore secondary forest regrowth.

An appreciation of both natural (climate) and human-driven disturbance over past
centuries and millennia is therefore needed to understand the underlying reasons for
the current forest—savanna mosaic across lowland Bolivia. Forest—savanna ecotones
have clearly responded dynamically to past climate change and are likely to do so
again in response to global warming over the twenty-first century (Mayle et al. 2007).
A policy of landscape corridors spanning forest—savanna ecotones would be needed
to allow any future climate-driven ecotonal shifts. Rather than assuming that any
form of human land-use is inherently detrimental to the conservation of forest biodi-
versity in some imagined pristine state (the Yellowstone National Park model), a key
lesson from the forest—savanna mosaic of the Beni is that the biodiversity that con-
servationists seek to conserve may hold a strong legacy of past human land-use,
spanning centuries and millennia. The Beni basin is home to several indigenous
tribes—the Moxo, Movima, Canichana, Baure, and Itonama. Conservationists need
to appreciate the importance of land-use practices of such tribes in shaping current
patterns of biodiversity among these forest—savanna mosaics.



8 Long-Term Perspectives on Tropical Forest—Savanna Dynamics in Lowland Bolivia... 205

References

Absy ML, Cleef A, Fournier M, Martin L, Servant M, Sifeddine A, Silva MF, Soubies F, Suguio
K, Turcq B, Van der Hammen T (1991) Mise en évidence de quatre phases d’ouverture de la
forét dense dans le sud-est de 1’Amazonie au cours des 60,000 dernieéres années. Premiére
comparaison avec d’autres régions tropicales. C R Acad Sci Paris 312:673-678

Alho CJR (2005) The Pantanal. In: Fraser LH, Keddy PA (eds) The world’s largest wetlands:
ecology and conservation. Cambridge University Press, Cambridge

Baker PA, Seltzer GO, Fritz SC, Dunbar RB, Grove MJ, Tapia PM, Cross SL, Rowe HD, Broda JP
(2001) The history of South American tropical precipitation for the past 25,000 years. Science
291:640-643

Bates JM, Stotz DF, Schulenberg TS (1998) Avifauna of Parque Nacional Noel Kempff Mercado.
In: Killeen TJ, Schulenberg TS (eds) A biological assessment of Parque Nacional Noel Kempff
Mercado, Bolivia, RAP working papers 10. Conservation International, Washington, DC

Beck SG (1983) Vegetationsokologische Grundlagen der Viehwirtschaftin den Uberschwemmungs-
Savannen des Rio Yacuma (Departamento Beni, Bolivien). Diss Bot 80:1-186

Bennett RD (1990) Milankovitch cycles and their effects on species in ecological and evolutionary
time. Paleobiology 16:11-21

Burbridge RE, Mayle FE, Killeen TJ (2004) Fifty-thousand-year vegetation and climate history of
Noel Kempff Mercado National Park, Bolivian Amazon. Quat Res 61:215-230

Burn MJ, Mayle FE (2008) Palynological differentiation between genera of the Moraceae family
and implications for Amazonian palaeoecology. Rev Palacobot Palynol 149:187-201

Burn MJ, Mayle FE, Killeen TJ (2010) Pollen-based differentiation of Amazonian rainforest
communities and implications for lowland palacoecology in tropical South America.
Palaeogeogr Palaeoclimat Palaeoecol 295:1-18

Bush MB, Silman MR (2004) Observations on Late Pleistocene cooling and precipitation in the
lowland Neotropics. J Quat Sci 19:677-684

Bush MB, Silman MR, Urrego DH (2004) 48,000 years of climate and forest change in a biodiver-
sity hot spot. Science 303:827-829

Caetano S, Prado D, Pennington RT, Beck S, Oliveira-Filho A, Spichiger R, Naciri Y (2008) The
history of seasonally dry tropical forests in eastern South America: inferences from the genetic
structure of Astronium urundeuva (Anacardiaceae). Mol Ecol 17:3147-3159

Cross SL, Baker PA, Seltzer GO, Fritz SC, Dunbar RB (2000) A new estimate of the Holocene
lowstand level of Lake Titicaca, central Andes, and implications for tropical palaeohydrology.
The Holocene 10:21-32

Da Silva JMC, Bates JM (2002) Biogeographic patterns and conservation in the South American
Cerrado: a tropical savanna hotspot. Bioscience 52:225-233

Denevan WM (1966) The aboriginal cultural geography of the Llanos de Mojos of Bolivia. Ibero
Americana 48:1-60

Emmons LH (1998) Mammal fauna of Parque Nacional Noel Kempff Mercado. In: Killeen TJ,
Schulenberg TS (eds) A biological assessment of Parque Nacional Noel Kempff Mercado,
Bolivia, RAP working papers 10. Conservation International, Washington, DC

Erickson CL (1995) Archaeological methods for the study of ancient landscapes of the Llanos de
Mojos in the Bolivian Amazon. In: Stahl P (ed) Archaeology in the American Tropics: current
analytical methods and applications. Cambridge University Press, Cambridge

Erickson CL (2000) An artificial landscape-scale fishery in the Bolivian Amazon. Nature
408:190-193

Erickson CL (2010) The transformation of environment in landscape: the historical ecology of
monumental earthwork construction in the Bolivian Amazon. Diversity 2:618-652

Erickson CL, Balée W (2006) The historical ecology of a complex landscape in Bolivia. In: Balée
W, Erickson CL (eds) Time and complexity in historical ecology. Columbia University Press,
New York, pp 187-233



206 F.E. Mayle and B.S. Whitney

Furley PA, Proctor J, Ratter JA (1992) The nature and dynamics of forest-savanna boundaries.
Chapman and Hall, London

Gentry AH (1995) Diversity and floristic composition of Neotropical dry forests. In: Bullock SH,
Mooney SA, Medina E (eds) Seasonally dry tropical forests. Cambridge University Press,
Cambridge

Gosling WD, Mayle FE, Tate NJ, Killeen TJ (2005) Modern pollen-rain characteristics of tall
terra firme moist evergreen forest, southern Amazonia. Quat Res 64:284-297

Gosling WD, Mayle FE, Tate NJ, Killeen TJ (2009) Differentiation between Neotropical rain-
forest, dry forest, and savannah ecosystems by their modern pollen spectra and implications
for the fossil pollen record. Rev Palaeobot Palynol 153:70-85

Hamilton SK (2002) Hydrological controls of ecological structure and function in the Pantanal
wetland (Brazil). In: McClain ME (ed) The ecohydrology of South American rivers and wet-
lands, TAHS special publication no. 6. IAHS Press, Centre for Ecology and Hydrology,
Oxfordshire

Hamilton SK, Sippel SJ, Melack JM (1996) Inundation patterns in the Pantanal wetland of South
America determined from passive microwave remote sensing. Arch Hydrobiol 137:1-23

Hughes C, Eastwood R (2006) Island radiation on a continental scale: exceptional rates of plant
diversification after uplift of the Andes. Proc Natl Acad Sci USA 103:10334-10339

IPCC (2007) Climate change 2007: the physical science basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge

Killeen TJ (1998) Vegetation and flora of Noel Kempff Mercado National Park. In: Killeen TJ,
Schulenberg TS (eds) A biological assessment of Parque Nacional Noel Kempff Mercado,
Bolivia, RAP working papers 10. Conservation International, Washington, DC

Killeen TJ, Schulenberg TS (1998) A biological assessment of Parque Nacional Noel Kempff
Mercado, Bolivia, RAP working papers 10. Conservation International, Washington, DC

Killeen TJ, Jardim A, Mamani F, Rojas N (1998) Diversity, composition and structure of a tropical
semideciduous forest in the Chiquitania region of Santa Cruz, Bolivia. J Trop Ecol
14:803-827

Killeen TJ, Siles TM, Grimwood T, Tieszen LL, Steininger MK, Tucker CJ, Panfil S (2003) Habitat
heterogeneity on a forest-savanna ecotone in Noel Kempff Mercado National Park (Santa Cruz,
Bolivia): implications for the long-term conservation of biodiversity in a changing climate. In:
Bradshaw GA, Marquet PA (eds) How landscapes change: human disturbance and ecosystem
fragmentation in the Americas, Ecological studies 162. Springer, Berlin

Killeen TJ, Chavez E, Pena-Claros M, Toledo M, Arroyo L, Caballero J, Correa L, Guillen R,
Quevedo R, Saldias M, Soria L, Uslar Y, Vargas I, Steininger M (2006) The Chiquitano dry
forest, the transition between humid and dry forest in Eastern Lowland Bolivia. In: Pennington
RT, Lewis GP, Ratter JA (eds) Neotropical savannas and seasonally dry forests: plant diversity,
biogeography, and conservation, vol 69. CRC Press, Boca Raton, pp 213-233

Litherland M, Power G (1989) The geological and geomorphic evolution of Serrania Huanchaca
(Eastern Bolivia): the lost world. J South Am Earth Sci 2:1-17

Lombardo U, Canal-Beeby E, Fehr S, Veit H (2011) Raised fields in the Bolivian Amazon:
a prehistoric green revolution or a flood risk mitigation strategy? J Archaeol Sci 38:502-512

Lombardo U, Priimers H (2010) Pre-Columbian human occupation patterns in the eastern plains of
the Llanos de Moxos, Bolivian Amazonia. J Archaeol Sci 37:1875-1885

Mayle FE (2004) Assessment of the Neotropical dry forest refugia hypothesis in the light of palae-
oecological data and vegetation model simulations. J Quat Sci 19:713-720

Mayle FE, Burbridge R, Killeen TJ (2000) Millennial-scale dynamics of southern Amazonian rain
forests. Science 290:2291-2294

Mayle FE, Langstroth RP, Fisher RA, Meir P (2007) Long-term forest-savannah dynamics in the
Bolivian Amazon: implications for conservation. Philos Trans R Soc B 362:291-307

McGlone MS (1996) When history matters: scale, time, climate and tree diversity. Glob Ecol
Biogeogr 5:309-314



8 Long-Term Perspectives on Tropical Forest—Savanna Dynamics in Lowland Bolivia... 207

Meggers BJ (1971) Amazonia: man and culture in a counterfeit paradise. Aldine, Chicago

Monnin E, Indermuhle A, Dallenbach A, Fluckiger J, Stauffer B, Stocker TF, Raynaud D,
Barnola JM (2001) Atmospheric CO, concentrations over the last glacial termination. Science
291:112-114

Myster RW (2008) Post-agricultural succession in the Neotropics. Springer, New York

Olson DM et al (2001) Terrestrial ecoregions of the world: a new map of life on Earth. Bioscience
51:933-938

Parker TA, Gentry AH, Foster RB, Emmons LH, Remsen JV (1993) The lowland dry forests of
Santa Cruz, Bolivia: a global conservation priority, RAP working papers 4. Conservation
International, Washington, DC

Pennington RT, Prado DE, Pendry CA (2000) Neotropical seasonally dry forests and Quaternary
vegetation changes. J Biogeogr 27:261-273

Pennington RT, Lewis GP, Ratter JA (2006) An overview of the plant diversity, biogeography and
conservation of Neotropical savannas and seasonally dry forests. In: Pennington RT, Lewis GP,
Ratter JA (eds) Neotropical savannas and seasonally dry forests: plant diversity, biogeography,
and conservation, vol 69. CRC Press, Boca Raton, pp 1-29

Pennington RT, Lavin M, Sirkinen T, Lewis GP, Klitgaard BB, Hughes CE (2010) Contrasting
plant diversification histories within the Andean biodiversity hotspot. Proc Natl Acad Sci USA
31:13783-13787

Prado DE, Gibbs PE (1993) Patterns of species distributions in the dry seasonal forests of South
America. Ann Mo Bot Gard 80:902-927

Prance GT, Schaller GB (1982) Preliminary study of some vegetation types of the Pantanal, Mato
Grosso, Brazil. Brittonia 34:228-251

Punyasena SW (2008) Estimating Neotropical palacotemperature and palaeoprecipitation using
plant family climatic optima. Palaecogeogr Palaeoclimat Palacoecol 265:226-237

Punyasena SW, Mayle FE, McElwain JC (2008) Quantitative estimates of glacial and Holocene
temperature and precipitation change in lowland Amazonian Bolivia. Geology 36:667-670

Ratter JA (1992) Transitions between cerrado and forest vegetation in Brazil. In: Furley PA,
Proctor J, Ratter JA (eds) Nature and dynamics of forest-savanna boundaries. Chapman and
Hall, London

Seltzer GO, Rodbell DT, Baker PA, Fritz SC, Tapia PM, Rowe HD, Dunbar RB (2002) Early
warming of tropical South America at the Last Glacial-interglacial transition. Science
296:1685-1686

Smith TB, Wayne RK, Girman DJ, Bruford MW (1997) A role for ecotones in generating rain-
forest biodiversity. Science 276:1855-1857

Stute M, Forster M, Frischkorn H, Serejo A, Clark JF, Schlosser P, Broecker WS, Bonani G (1995)
Cooling of tropical Brazil (5°C) during the Last Glacial Maximum. Science 269:379-383

Whitney BS, Mayle FE, Punyasena SW, Fitzpatrick KA, Burn MJ, Guillen R, Chavez E, Mann D,
Pennington RT, Metcalfe SE (2011) A 45 kyr palaeoclimate record from the lowland interior of
tropical South America. Palacogeogr Palacoclimat Palaeoecol 307:177-192

Willis KJ, Niklas KJ (2004) The role of Quaternary environmental change in plant macroevo-
lution: the exception or the rule? Philos Trans R Soc B 359:159-172



Chapter 9

Using Paleoecological Data to Define Main
Vegetation Dynamics Along the Savanna—Forest
Ecotone in Colombia: Implications for Accurate
Assessment of Human Impacts

Juan-Carlos Berrio, Hanne Wouters, Henry Hooghiemstra,
Andrew S. Carr, and Arnoud Boom

9.1 Introduction

In recent decades there has been increasing interest, from scientists of many
disciplines, in the origins and dynamics of tropical savanna—forest boundaries.
These boundaries are rarely present as a smooth gradient from tropical forests to
scattered trees and open grassland (Bond and Parr 2010); rather, they are often
patchy and irregular, occurring where at first sight no driver for an ecosystem shift
is apparent (Sarmiento 1984). In general terms, savanna ecosystems cover approxi-
mately 40% of the tropics or 23 million km? (Cole 1986; Gardner 2006) and host
around one-fifth of the world’s human population (Young and Solbrig 1993). These
people are imparting a growing impact on savanna systems, as agriculture and
other subsistence activities occupy increasingly larger land areas (Gardner 2006).

A fundamental research question, yet to be fully addressed, concerns the main
environmental drivers creating savannas within what appear to be otherwise
continuous and extended tropical forest landscapes. Seasonal variability in climate,
spatial variation in soil properties in relation to regional geology and geomorphology
have all been identified as potential explanations (Cole 1982). The origin of the
tropical savannas is however still debated, a debate which increasingly revolves
around the extent to which these biomes are a natural or anthropogenic in origin
and/or whether they represent a transition process or a stable ecosystem state
(Cavelier et al. 1998; Marchant 2010).
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There are several reasons why forest-savanna boundaries or ecotones are of
special interest. First, these boundaries are characterized by high levels of biodi-
versity, as they encompass a mosaic of different ecosystems (Mayle et al. 2007,
Ndidi and Suleiman 2009). It has been proposed that these ecotones play a crucial
role in tropical forest speciation (Bush 1994; Smith et al. 1997). Second, it has
been observed that these boundaries are not stable and are likely to shift in response
to climate change over a range of timescales, as well as under anthropogenic
influence (Mayle et al. 2007). Worldwide, forest—savanna boundaries are thought
to have varied greatly over geological timescales as a consequence of climate
fluctuations associated with the glacial-interglacial cycles of the Quaternary Period
(Mariotti and Peterschmitt 1994; Cavelier et al. 1998; Van der Hammen and
Hooghiemstra 2000). Paleoecological evidence indicates periodic replacement of
forests by savannas when climate conditions became more arid (Pennington et al.
2004a, b; Pérez-Garcia and Meave 2006; Rull 2008). The mechanisms behind
these shifts, however, are still poorly understood and the available data thus far
shed little light on how these boundaries will respond to future climate change
(Mayle et al. 2007).

Recent work has suggested that small differences in soil properties, topog-
raphy, and climate may determine the presence of either savanna or forest in a
specific area (Prance 2006). Furthermore, paleoecological data have demon-
strated that many tropical savannas represent natural ecosystems and are not the
result of anthropogenic influence (e.g., Wijmstra and van der Hammen 1966; Van
der Hammen 1974; Berrio et al. 2002b; Montoya et al. 2011). Nonetheless, climate,
natural and anthropogenic fires, soil properties, and drainage are thought to be
the key factors in the maintenance of contemporary savannas (Sarmiento 1984;
Furley 2004; Cavelier et al. 1998). Both natural and anthropogenic fires play an
important role in the distribution of the forest—savanna boundary (Bush et al.
2008), widening the savanna—forest boundary as a result of a loss in the tree
density and habitat discontinuity (Hoffman and Franco 2003). Such impacts have
extensive effects on species composition and change across the ecotones within
a savanna ecosystem (Williams et al. 1998). When the fire approaches the
savanna—forest ecotone it kills forest seedlings close to savanna boundary before
it is extinguished where dry grass is replaced by the moist leaf litter of the forest
(Ratnam et al. 2011). It is thought that suppression of fires will result in the
expansion of forest into the savanna (Biddulph and Kellman 1998), and it has
been further suggested that under present environmental conditions and in the
absence of fire, tropical forests of South America would be able to invade savannas
by as much as 200 km at certain savanna—forest boundaries (Hirota et al. 2010).
This situation is somewhat more complicated though, as the suppression of fires
also leads to a short-term increase in fuel loading in the savannas, favoring the
occurrence of high-intensity fires at a later stage (Bilbao and Medina 1996; Bond
et al. 2004).

On the other hand, savannas can invade forests when the latter are felled and
burned for agricultural needs. It has been shown that, at least for the past 3,000
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years, this has encouraged the invasion of forest by savannas. Evidence for
this is observed in paleoecological data from the Colombian savannas (Wijmstra
and van der Hammen 1966; Berrio et al. 2000; Behling and Hooghiemstra 2000).
In addition, Cavelier et al. (1998) argue that the savannas of the Sierra Nevada
de Santa Marta in Colombia originate from the time when indigenous tribes
frequently used fire to the clear land. In this area, tree patches are scattered
among the savannas, indicating the existence of a much larger area of moist forest
in the past.

In South America, many other grasslands can be found that resemble natural
savannas, which are, in fact, the result of agricultural transformations in areas of
tropical forest (Boada 2006). Examples include the Gran Pajonal in Peru (Scott
1977) and the Caribbean Cordillera in Venezuela (Tamayo 1943; Vareschi 1968;
Cavelier et al. 1998). In these areas, the progress of pre-Columbian (pre-Columbian
refers to before 1492) and post-Columbian agriculture undoubtedly has brought
about the deforestation of large areas, creating secondary savannas which might
be easily confused with the natural savannas (Camacho 1994; Berrio et al.
2002a).

As previously mentioned, paleoecological data such as pollen records may be
used to address the question of whether or not savannas are naturally occurring
ecosystems. Such data can also be applied to investigate when and how savanna—
forest boundaries shifted during recent millennia and whether these shifts are the
signature of a large-scale climate fluctuations or rather are a function of smaller,
local-scale biome replacement process (Mayle et al. 2007; Mayle and Power 2008).
Based on the distinct pollen classes which are representative of the savanna and
forest species, changes in the ecotone position can be reconstructed over time.
Differences in the stable carbon isotope ('*C) ratios of savanna (primarily grasses
using C, photosynthesis) and forest (C, photosynthesis) vegetation can also be used
in a similar manner, as these ratios, derived from the plants are generally preserved
in sedimentary organic matter (Pessenda et al. 1998a, b; Silva et al. 2008).
Furthermore, such data can be coupled to charcoal records to unravel how resilient
or responsive these boundaries are to variations in fire regime (Bush and Silman
2007; Bush et al. 2007).

In the neotropics, where the focus of this chapter lies, major savanna systems are
found in the Cerrados and the Roraima of Brazil, the Llanos de Moxos in Bolivia
and the Llanos of Colombia and Venezuela (Sarmiento 1984; Cavelier et al. 1998,
Fig. 9.1). The Llanos Orientales of Colombia and the Orinoco Llanos of Venezuela
represent the main tropical savanna of northern South America (Berrio 2002,
Fig. 9.2).

For this chapter, we focus on the Colombian Llanos Orientales and the savanna—
forest ecotones found in the area. In the northwest these savannas are bordered by
the Andes, while to the southwest an ecotone of mosaic savannas and tropical
forests can be found before the dense vegetation of the Amazon rainforest appears.
More locally within the Llanos, smaller-scale ecotones are found between savannas
and patches of gallery forest scattered amongst the landscape.
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Fig. 9.2 The Llanos Orientales of Colombia are part of the Llanos savanna system covering part
of Colombia and Venezuela (after Berrio et al. 2002b)
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9.2 General Characteristics of the Colombian Llanos
Orientales

9.2.1 Location

The Llanos Orientales are located in the northeast of Colombia, between 2.5 to 7°N
and 74 to 67°W (Botero 1999). Together with the Orinoco Llanos of Venezuela, the
Llanos Orientales constitute the main neotropical savanna system north of the
Equator (Sarmiento 1984), stretching over around 1,243,200 km? (Behling and
Hooghiemstra 1998). The area lies at an altitude ranging from 200 to 400 m above
sea level (Behling and Hooghiemstra 1998; Romero-Ruiz et al. 2010), and is topo-
graphically diverse, with different natural drainage systems and a marked NE-SW
environmental gradient (Malanson 1993; San-José et al. 2010).

9.2.2 Physiography and Geomorphology

Goosen (1971) attributes the presence of the current surface of the Llanos to the
transportation of alluvial sediments from the Eastern Cordillera during the
Pleistocene. The area is located on a vast geosyncline spreading from the Andes to
the highlands of the Guiana Shield in the northeast of the continent. The Colombian
Llanos Orientales extends over a large portion of the Precambrian basement
(Guiana Shield) which dates to the Proterozoic Eon ca. 1,700 Ma. The main phys-
iographic units of this rather flat plain are piedmont and alluvial overflow plains.
The latter were deposited during the Cretaceous Period, and include some marine
sediment at the western part of the Colombian Llanos. The main alluvial terraces
were formed during the Miocene (25-to-12 Ma), while Quaternary sediments
derived from the Eastern Cordillera have been deposited as alluvial plains and fans,
some of which has been reworked by aeolian processes, including a veneer of loes-
sic material in the southwestern limits of the Llanos (Goosen 1971; Iriondo 1997,
Botero 1999; Rippstein et al. 2001; Naiman et al. 2005). Aeolian land forms, pri-
marily source bordering parabolic dunes associated with NW/SE draining river
systems, become increasingly prominent landscape features towards the northeast
and into Venezuela (Goosen 1971; Roa 1979; Khobzi 1981). Vegetation associated
with these dunes is often visually distinct, reflecting the increased drainage capacity
of this sandy substrate. The soils of the Llanos Orientales are generally acid and poor
in nutrients (Blydestein 1967). However, the gallery forests, which are found as
patches of trees scattered among the savannas, are typically marked by greater
nutrient and water levels (Silva et al. 2008).

Several rivers cross the Llanos as they run from the Andes towards the Rio
Orinoco drainage system that ultimately flows into the Atlantic Ocean. The largest
of these comprise the Rios Meta, Vichada, Guaviare, and Inirida (Flantua et al.
2007). The Rio Arauca borders the Llanos to the north while the Rio Ariari and Rio



214 J.-C. Berrio et al.

Tropical Forest Ecotone Savanna with gallery forests and morichales
I I\

Fig. 9.3 An illustrated overview of a savanna—forest ecotone. A dense tropical forest zone (left)
which gradually moves towards the transition zone (ecotone) with some stands of trees scattered
amongst the landscape (middle) which become more open savanna vegetation followed by gallery
forests and morichales (Mauritia flexuosa palms) (right)

Guaviare intercept the ecosystem in the south (Behling and Hooghiemstra 1998).
To the northeast, the border between Colombia and Venezuela marks the political
transition from the Colombian Llanos Orientales to the Venezuelan Orinoco
Llanos (Fig. 9.3).

9.2.3 Climate

The Inter-Tropical Convergence Zone (ITCZ) and rain from the Atlantic Ocean
dominate the climate of the Llanos, driving the distinct rainfall seasonality, and wet
and dry seasons that the region experiences. The area is marked by a warm and rainy
season from April to November as the ITCZ moves southwestwards, while the
dry season ranges from November to February (Rangel et al. 1995). In the southern
and southwestern part of the Llanos (Provinces Meta and Vichada), however, this
dry season is shorter than in the north of the region (province of Arauca) (Behling
and Hooghiemstra 2000). Annual precipitation ranges from 1,200 to 2,800 mm, of
which 90% falls during the wet season. Higher precipitation rates are observed
towards the Colombian Amazon in the south and southwest of the region (Berrio
et al. 2000; Haug et al. 2001). The mean annual temperature lies around 26-27 °C,
but daily oscillations may vary up to 15 °C with maximum daily mean temperatures
of 33.6 °C and a minimum daily mean temperature of 19 °C (Rangel et al. 1995).

9.2.4 Vegetation

The Llanos Orientales are not represented by a homogeneous area of grassy vegeta-
tion (Fig. 9.3), but encompass a variety of savanna ecosystems with a range of plant
communities and ecotones (San-José et al. 2010). Within the Llanos of Colombia,
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different types of savanna can be found, including floodplain savannas, seasonally
flooded savannas, and relict savanna forests (Berrio et al. 2002b). Several authors
have provided general information on the flora and ecology of the area (e.g., Goosen
1971; Cuatrecasas 1989; Rangel et al. 1995). Blydestein (1967) documented ten
different savanna communities in the Llanos. The differing composition and distribu-
tion of the distinct savanna plant communities reflects a range of environmental fac-
tors, including physical, e.g., soil type and landscape units (Veneklaas et al. 2005),
and climatic factors (Behling and Hooghiemstra 1998). The total annual precipita-
tion and the length of the dry seasons are particularly important climate variables,
influencing the vegetation distribution of the area. During prolonged dry seasons the
forest ecotone retreats and is replaced by grassy savanna (Wille et al. 2003). Scattered
among the grassy vegetation of the savannas, small patches or strips of gallery forest
can be found, typically along rivers or on the river plains. These forests have a
species composition similar to that of the Amazon forest, rendering their biodiver-
sity much higher than their surroundings. Dense stands of the Mauritia flexuosa
palm, often referred to as “morichales” by the local population, typically follow
water courses or border lakes and swampy areas (Sarmiento 1984).

The open savanna areas are predominately covered by grassy species belonging
to the Poaceae, Cyperaceae, and Xyridaceae families. The more important genera of
the grassy savanna are Andropogon, Aristida, Axonopus, Eragrostis, Paspalum, and
Ctenium, with Trachypogon vestitus (Poaceae) and Axonopus purpusii being
present in the seasonally inundated savanna plains, while Paspalum pectinatum and
T. vestitus are more dominant in the well-drained savannas. Typical trees and shrub
genera of the gallery forest and ecotone transitions are Clitoria, Miconia, Pavonia,
Sida, Tibouchina, and Waltheria. In general the most important tree families of the
forest and scrub formations are Apocynaceae, Burseraceae, Chrysobalanaceae,
Clusiaceae, Combretaceae, and Melastomataceae, while characteristic low trees are
Byrsonima crassifolia, Curatella americana, and Palicourea rigida. Aquatic vege-
tation present in the flooded savannas, springs, lakes, and the so-locally-called
“esteros” include Eichhornia azurea (Pontederiaceae) and Pistia stratiotes
(Araceae). Other important aquatic taxa are Eriocaulon sp., Limnocharis flava,
Neptunia natans, Polygala sp., Rynchospora sp., Syngonanthus sp., Typha angusti-
folia, and Utricularia sp. For more specific details of the plant species composition
of the savannas of Colombia readers should refer to Cuatrecasas (1989), Pinto-
Escobar (1993), Rangel et al. (1995), and San-José et al. (2010).

9.3 Approaches to Reconstructing Savanna—Forest
Ecotone Dynamics

Beyond the time ranges of historical or documentary records, sedimentary archives
and associated proxy evidence for paleoecological change must analyzed in order to
reconstruct savanna—forest dynamics. Such information provides a longer-term
perspective on vegetation dynamics, particularly for periods prior to significant
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Fig. 9.4 Selection of principal published pollen records from the Colombian Llanos Orientales.
From left (west) to right (east) are shown: Laguna Las Margaritas and Laguna Loma Linda, Laguna
El Pifial, Laguna Angel and Laguna Sardinas (after Berrio et al. 2002b; Behling and Hooghiemstra
2000; Wille et al. 2003)

human impacts (e.g., Willis and Birks 2006). The study of fossil pollen in particular
has provided useful insights into long-term vegetation and climatic shifts. Typi-
cally, sedimentary archives such as lakes and wetlands may be cored, with chrono-
logical control provided by the application of radiocarbon dating. Depending on
the length, depositional rate, and type of sedimentary record in question, these
data have enabled the consideration of past ecological changes over a range of
timescales comprising decades (Groot et al. 2011) to thousands of years (e.g., Berrio
et al. 2002b).

Soil profiles may also preserve information on past vegetation change, as the
organic matter within them may be preserved from periods before the present
(see below).

9.4 Fossil Pollen Analysis

Several sedimentary records from the Colombian Llanos Orientales have provided
detailed paleoenvironmental reconstructions for the savanna biome of northern South
America (Hooghiemstra and Berrio 2007). Figure 9.4 shows a selection of stacked
pollen diagrams from a total of ten studied records, representing five different lakes
located along a 500 km transect from west-to-east in the Colombian savannas.
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The pollen records from Lagunas Las Margaritas (3°23'N, 73°26'W, 290 masl;
Wille et al. 2003) and Loma Linda (3°18'N, 73°23'W, 310 masl; Behling and
Hooghiemstra 2000) lie near to (ca. 100 km) the Colombian eastern cordillera and
about 30 km away from one another. Lagunas Sardinas (4°58'N, 69°28'W, 80 masl)
and EI Angel (4°28'N, 70°34'W, 200 masl; Behling and Hooghiemstra 1998) lie at
the eastern margins of the Colombian Llanos, while those from Laguna El Pifial
(4°04'N, 70°14"W, 180 masl; Behling and Hooghiemstra 1999) are located near to
the center of the Colombian Llanos Orientales.

These pollen records show evidence of distinctive climatic and vegetation change
since the Last Glacial Maximum (LGM) ca. 21,000 years before present and
throughout the Holocene (the last 11,500 years). The oldest pollen record (Laguna
El Pifial) dates back to ca. 21,800 cal years BP (Before Present) and is indicative of
drier climate conditions during the LGM, consistent with other evidence from South
America (Peterson et al. 2000; Mayle 2004; Punyasena et al. 2008). The Younger
Dryas cold reversal was clearly evident at lakes Sardinas (11,600 cal years Bp), El
Angel (12,300 cal years BP) and El Pifial (12,000 cal years BP) and is manifested in
an increase of gallery forest (Fig. 9.4); similar environmental conditions and eco-
logical responses have been recorded at Lake Chonita in the Venezuelan Gran
Sabana (Montoya et al. 2011). The beginning of wetter conditions were recorded at
7,800 cal years BP across the Llanos Orientales (Hooghiemstra and Berrio 2007)
promoting the development of gallery forest elements such as Alchornea,
Acalypha, Cecropia, Croton, and species from the Moraceae/Urticaceae and
Melastomataceae/Combretaceae families (Eden 1974; Behling and Hooghiemstra
1999; Berrio et al. 2002b; Marchant et al. 2006). The significant presence of open
savanna (mainly Poaceae) and few savanna shrub elements (Byrsonima and
Curatella) is indicative of a prolonged dry period that lasted ca. 3,000 years between
early and middle Holocene period (Wirrman and De Oliveira-Almeida 1987).

From mid-to-late Holocene (the last 4,000 years) the Colombian Llanos
Orientales experienced a more significant increase in moisture conditions (Behling
and Hooghiemstra 1999; Berrio et al. 2002b; Wille et al. 2003; Hooghiemstra and
Berrio 2007) as a result of the intensive rainfall due to a more rapid change in the
migratory position of the Intertropical Convergence zone (Haug et al. 2001; Bird
et al. 2011). Such wetter conditions are not reflected at El Pifial pollen record indi-
cating a low abundance of gallery forest in the surrounding areas. Nonetheless, most
studied lakes along the 500 km transect clearly indicate the expansion of gallery
forest and the development of “moriche” palm M. flexuosa as a result of the increased
precipitation in the region (Berrio et al. 2002b; Velez et al. 2005).

Pollen records from lakes Loma Linda (Behling and Hooghiemstra 1999) and
Las Margaritas (Wille et al. 2003) clearly show a smooth transition of the savanna—
forest ecotone during the mid-late Holocene. The strategic location of both lakes
with respect to the Amazon rainforest ecosystem (80 and 100 km southwards
respectively), and the sedimentary settings of the cores allow for a detailed recon-
struction of the savanna—forest boundary during the last ca. 5,000 years. Nearby,
lies Laguna Agua Sucia (3°359 S, 73°319 W, 300 masl) from which the pollen
record shows a notable forest—savanna transition since middle Holocene that was
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initially interpreted as the “origin” of the neotropical savannas (Wijmstra and Van
der Hammen 1966).

Overall, it is seen that pollen records from sites situated in close proximity to the
forest—savanna ecotones display vegetation changes in response of climate change
over timescales of 10°~10° years. Interestingly, lakes Loma Linda and Las Margaritas
(Fig. 9.4) both provide a relatively high-resolution record of the forest—savanna
ecotone during the Holocene. Important pollen types indicative of this transition
are Poaceae and Asteraceae (grass savanna) and Cecropia, Didymopanax, Moraceae/
Urticaceae, Leguminosae, and Sapindaceae (Wille et al. 2003). The gallery for-
ests of the Llanos Orientales tend to show a very positive response (i.e., forest
expansion) to wetter conditions, as driven by the annual position of the ITCZ
(Hooghiemstra and Berrio 2007).

9.5 Stable Carbon Isotope Analysis

Aside from the previously discussed application of palynology, stable carbon
isotope data derived from soils and sediments may also be used to reconstruct
savanna—forest ecotones. The natural difference in stable carbon isotope composi-
tion of plant tissue derived from plants using the C, (Calvin—Benson) and C,
(Hatch—Slack) photosynthetic pathways offers a method to reconstruct past vegeta-
tion dynamics, as well as climate conditions over a range of timescales (Lloyd et al.
2008). Typical 5"°C values for C, grasses lie within the range —15 to =10 %o, while
8"C values of C, trees and shrubs are typically =30 to —24 %o (Smith and Epstein
1971). These isotopic differences are preserved in soil organic matter (SOM) as
plant debris are buried and preserved within the soil profile over time (Boutton et al.
1998; Silva et al. 2008). SOM comprises a complex mixture of organic components;
therefore, bulk isotopes data are not generally used to directly calculate percentage
C,/C; however, trends in isotope data can be seen as indicative of changing vegeta-
tion types. In many savanna ecosystems around the world this has proved an
extremely useful approach, and has been used to understand SOM dynamics associ-
ated with vegetation change (e.g., Jackson et al. 2002) and the long-term develop-
ment of Savanna ecosystems (Cerling et al. 1993). Ratnam et al. (2011) emphasize
the utility of this technique, stating that for most savanna systems it is the domina-
tion of C, grasses in the understory that differentiates savannas from forest,
regardless of the level of tree cover in the savanna biome. Such approaches have
also proved useful in African savanna environments (e.g., Gillson et al. 2004).
In the neotropics, a rare exception to this rule is the Brazilian cerrado, where C,
vegetation dominates the savannas (Lloyd et al. 2008; Edwards et al. 2010; Ratnam
et al. 2011).

This stable isotope approach has been applied successfully at several forest—
savanna boundaries (Fig. 9.5). For example, Boutton et al. (1998) demonstrated that
C, woodlands have invaded C, savannas over the past century in the Rio Grande
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Fig. 9.5 Changes in 8"C of superficial soil organic matter at a forest-savanna ecotone of the
Brazilian cerrados (after Silva et al. 2010)

Plains of Texas. Mariotti and Peterschmitt (1994) also employed this method to
demonstrate the recent invasion of the Indian savannas by tropical forest. In
Madagascar, Grubb (2003) applied the technique to reveal how savannas in hyper-
seasonal locations invade evergreen forest after a fire episode. This method has not
thus far been applied to the Colombian Llanos, although it has been proved valuable
in other parts of the country and continent. In the Colombian Andes for example,
Boom et al. (2001, 2002) demonstrated that decreased atmospheric pCO, during
glacial times favored the expansion of C, grasses, while C, plants were able to
spread when atmospheric pCO, increased and climate conditions became more
humid. In Bolivia, Mayle et al. (2007) recorded an ecotone shift in the Noel Kempff
Mercado National Park near the Llanos de Moxos, where rainforest invaded the
savannas of the park as a result of more humid conditions. In the Amazon, the past
presence of woody savannas in areas now occupied by forests has been demon-
strated by Sanaiotti et al. (2001). Silva et al. (2008) sampled the gallery forest—
savanna boundaries of the Brazilian cerrado for stable isotope analysis, identifying
an expansion of gallery forests from at least 4,000 *C years BP due to a regional
increase in rainfall. More recently the same authors (Silva et al. 2010) explored
savanna ecotone dynamics in this region in more detail; this time in areas bordering
deciduous and xerophytic forests. While the forest—savanna boundary had generally
remained stable, the authors found that the deciduous forest had retreated at least
50 m since around 870 cal year BP. Based on these results, they concluded that
deciduous and xerophytic forests may not have respond to climate changes in a
similar manner to tropical humid forests, as their flora are adapted to survive strong
seasonality in water regimes (Silva et al. 2010).
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9.6 Evidence of Human Impacts During the Past

Archaeological evidence in the area suggests that pre-Columbians settled close to
the rivers in order to cultivate crops from the mid-Holocene (Marwitt 1973; Reichel-
Dolmatoff and Dussan 1974; Mora and Cavelier 1983; Alarcon and Segura 1998).

Archaeological information suggests that Guayavero I (8,080 cal years BP) is one
of the earliest sites of the Llanos Orientales (Correal et al. 1990), while at the Maporita
(Casanare Province, Colombia) the site dates back to 3,950 cal years Bp (Barse 1995).
On the Venezuelan side of the Orinoco River, Barse (1990) discovered what seems to
be the oldest (ca. 10,400 cal years BP) evidence of human occupation of the Orinoco
savannas. Mora and Cavelier (1983) unearthed palaoebotanical remains from the
Meta piedmont (site A2 of age 418 cal years BP) belonging to Zea mays, Arachis
hypogaea (Fabaceae), Guilielma gasipaes (Arecaceae), and Anadenanthera pere-
grina (Leguminosae). Evidence of organic rich black soils (Terra Preta) has also
been recorded in the Colombian Llanos Orientales near to Aguazul (Casanare
Province) which date back to 1,339 cal years BP (Alarcén and Segura 1998).

Indigenous communities are still present in the Llanos Orientales of today. The
main groups are the Guahibos, Chiricoas, Yaruro and the Guamos who were still
typically hunter-gatherers groups previous to the contact with Spanish colonists
(Hern4dndez de Alba 1948). Some of these groups might be the same people who
were present 380 cal years BP at Catanga in Casanare (Mora and Cavelier 1989).

Estimations of the human impacts on the savanna ecosystem during the Holocene
period have not yet been determined in any detail. We rely mainly on palynological
evidence to infer human impact on the environment. Unfortunately, charcoal analysis
has been neglected in most of the Llanos Orientales sedimentary records (Behling
and Hooghiemstra 1999; Berrio et al. 2000), although it has great potential as a
proxy for human impact (either natural and/or induced) and environmental change
in the neotropical savannas (Dull 2004; Armenteras et al. 2006; De Toledo and Busk
2008). Today significant parts of the Llanos in the Meta province are used for
extensive agriculture and have experienced a massive deforestation (72.6% human-
related) between 1939 and 1997 (Madrifian et al. 2007).

Many of the Llanos Orientales pollen records show evidence of “morichales”
expansion (M. flexuosa-dominated) since middle Holocene (last 4,000 years Bp),
which is indicative of the cultivation of moriche palm mainly for local consump-
tion and handcrafting (Castafio-Arboleda et al. 2007). At present this represents
some of the best evidence of human alteration the Llanos landscape and ecology
(Berrio 2002).

9.7 Summary

In this chapter we have explored some of the environmental drivers that create
savannas in the neotropics using case studies from the Colombian Llanos Orientales.
These savannas are typically controlled by the annual distribution of the ITCZ,
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which creates a complex suit of vegetation types such as gallery forests,
“morichales,” and open grass savanna.

Botanical and paleoecological studies have shown that forest—savanna ecotones
are characterized by high biodiversity and that they are sensitive to climate change
over a range of timescales. During the LGM savanna vegetation expanded, seem-
ingly as a result of drier environmental conditions. Towards the Holocene and mod-
ern times climate became wetter allowing expansion of gallery forest.

Finally the complex relation between climate and savanna ecotones cannot be
seen as separate from human interference. Throughout this region it seems that
humans have affected the natural ecotone dynamics since at least the early Holocene,
primarily through burning and clearance of forest.
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Chapter 10
The Dynamic History of the Upper Forest Line
Ecotone in the Northern Andes

Henry Hooghiemstra, Juan Carlos Berrio, Mirella H.M. Groot,
Raul G. Bogota-A, Marcela Moscol Olivera, and Zaire Gonzalez-Carranza

10.1 Introduction

In the Andean cordilleras very conspicuous ecotones can be found. The transition
from continuous upper montane forest to treeless herbaceous vegetation, regionally
known as “paramo” (Cleef 1981; Luteyn 1999) is known as the “upper forest line”
(UFL) or “timber line” (Holtmeier 2009). Above the UFL trees may occur forming
small patches with diameters of ten to several hundreds of metres. The elevation
where individual trees find their altitudinal limits is at significantly higher altitudes
and this limit reflects the “upper tree line”. In the Colombian Andes the upper tree
line, most formed by dwatf trees of Polylepis, may be up to 800 m above the UFL.
Therefore, it is relevant to differentiate between both ecotones. Across the Andes
the altitudinal position of the UFL varies much depending latitude (Schmithiisen
1976) but in the area under consideration located between 0 and 11°N the altitudinal
position of the UFL mostly varies between 3,000 and 3,800 m. In this paper we
focus on the tropical Andes of northern Ecuador and Colombia. The spatial and
temporal dynamics of the UFL ecotone, which has scientific and economic rele-
vance is explored and discussed.

Knowledge of altitudinal distributions of individual plant taxa in tropical moun-
tains is still insufficient and is subject to vigorous discussions (Céardenas et al. 2011;

H. Hooghiemstra (><0)

Department of Paleoecology and Landscape Ecology, Institute for Biodiversity and Ecosystem
Dynamics, University of Amsterdam, Amsterdam, The Netherlands

e-mail: H.Hooghiemstra@uva.nl

J.C. Berrio
Department of Geography, University of Leicester, University Road, Leicester LE1 7RH, UK
e-mail: jcb34 @leicester.ac.uk

M.H.M. Groot * R.G. Bogotd-A « M.M. Olivera * Z. Gonzilez-Carranza
Department Paleoecology and Landscape Ecology, Institute for Biodiversity and Ecosystem
Dynamics, University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands

R.W. Myster (ed.), Ecotones Between Forest and Grassland, 229
DOI 10.1007/978-1-4614-3797-0_10, © Springer Science+Business Media New York 2012



230 H. Hooghiemstra et al.

_ Present-day
A7 Y apserate  pyrace B som

45004  0.6°C/100m

4000

Reconstructed Purace
Lapse rate
40004 0.76°C/100m

3500

4500

3500 +

3000 3000

Rio
Cal'lca

3ab/\4abc Andean
5 forest

Altitude (m)
Altitude (m)

2000 s PIT 20004 > PIT
a8
1500 subandean 1500 /'/Andean 13‘\9‘ forest \ 1
1000 1000 subandean ‘"LA forest
5004 lowland forest N 500 lowland forest
o | o
1) H 10 15 20 25 30 0 5 10 15 20 25
Measured mean annual temperature (°C) Reconstructed mean annual temperature (°C)
NW 107 km SE NW 107 km SE
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temperature gradient (lapse rate) for both time-slices is shown (for further explanation see Wille
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Punyasena et al. 2011). Model studies are helpful to explore the sensitivity of
ecosystems and ecotones to various climatic variables. For tropical ecosystems the
development from the bioclimatic model (Smith et al. 1992) to the coupled climate—
vegetation models (e.g. Marchant et al. 2002a, b) significantly improved under-
standing of the contribution of various drivers to environmental change. From the
paleoecological point of view the improved spatial resolution of studied sites
(Marchant et al. 2009) and the high temporal resolution of an increasing number of
studies documented a new level of understanding of ecological change in the tropics
(Flenley 1992).

In the northern Andes the altitudinal vegetation distribution has been studied in
great detail and we refer to the main phytosociological studies further on in this
paper. Initial studies of the altitudinal distribution of main plant species were
provided by Von Humboldt and Bonpland (1807) and Cuatrecasas (1934, 1958).
Van der Hammen (1974) placed the altutudinal vegetation distribution in a paleo-
ecological perspective. Van’t Veer and Hooghiemstra (2000) identified along the
altitudinal range the most responsive taxa to climate change. Wille et al. (2001)
defined more precisely for southern Colombia the altitudinal migration of main veg-
etation belts since the last glacial maximum (LGM) and the different levels of com-
pression (Fig. 10.1). The transition from tropical lowland vegetation (forest or
savanna) to lower montane forest is located between 800 and 1,000 m altitude and
mainly constrained by humidity and temperature. The transition from lower mon-
tane to upper montane forest is around 2,300 m altitude and mainly constrained
by a rapidly increasing frequency of night frost. In the northern Andes the upper-
most limit of continuous forest (UFL) is located between 3,200 and 3,800 m and
constrained by a mean annual temperature (MAT) of ~9.5 °C (e.g. Van der Hammen
and Gonzdlez 1963; Hooghiemstra 1984; Van’t Veer and Hooghiemstra 2000;
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Groot et al. 2011). There is increasing evidence that changes in atmospheric pCO,
are also an important factor for the altitudinal position of the UFL (Boom et al.
2002; Marchant et al. 2002a, b; Groot et al. 2011). The lowermost zone of paramo
vegetation is dominated by shrub and is known as subpdaramo. The transition from
shrubby subpdramo to herbaceous grassparamo may occur at some 50-300 m
above the UFL and is mainly constrained by humidity and intensity of night frost
(Cleef 1981). The transition from grassparamo to superparamo reflects the highest
altitudinal ecotone and is mainly constrained by intensity of night frost, mechanical
damage to the vegetation by falling rocks, UV radiation and lack of substrate.

Species’ climatic and environmental tolerances reflect a conservative character.
Under changing climate conditions plant species move to track their preferred
climatic conditions, known as their ecological envelope. Plants respond to climate
change in species specific ways (Chen et al. 2011), hence specific taxa may only
occur at particular altitudinal intervals. Therefore, species that currently form robust
associations may move at different rates and in different directions to form new
associations in the future. For the same reason plant associations in the past may
differ from present ones making phytosociological studies ephemeral (Gleason
1926; see also Dickinson and Murphy 1998). However, many plant species move in
concert to climate change and therefore higher-ranked plant associations, such as
upper montane forest and paramo vegetation respond as a quasi-unit. Individual
species may deviate from current altitudinal ranges. Therefore plant associations
constituting the present-day UFL are subject to change and efforts to recognise past
UFL positions in pollen records should allow that various plant species may domi-
nate at the forest—paramo transition. In the Colombian Andes Polylepis formed
extensive woods at the UFL between 38,000 and 32,000 calibrated years before
present (cal yr BP) (Bogotd-A. et al. 2011b) and this setting did not return up to
present-day.

Many vegetation studies in the northern Andes have substantiated the character-
istics of major ecotones at various altitudes. However, this information is mainly
descriptive and a better understanding of the major physiological constraints of
ecotones, expressed in climatological variables, is needed to improve quantitative
reconstructions of past UFL changes and to feed combined climate—vegetation
models (Marchant et al. 2002a, b). Understanding the impact of climate change and
greenhouse gases on the biology of plants varies from insufficient to absent. This
explains that coupled climate—vegetation models are not fed with information at the
species level rather with information at the level of plant functional types or traits
(Young and Leén 2007).

In the following paragraphs aspects of ecotone forest such as present-day floral
composition, changes in composition during Holocene and late Pleistocene time,
and estimations of rates of change are presented and discussed. Here we focus on
three well studied areas (Fig. 10.1): Guandera Reserve in northern Ecuador
(00°36'N, 77°42'E, 3,400 m alt.), Lake La Cocha in southern Colombia (01°08'N,
77°09'W; 2,780 m alt.) and Lake Fiquene in central Colombia (05°27'N, 73°46'W,
2,540 m alt.).
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10.2 The Upper Forest Line in the Northern Ecuadorian Andes

At many places in northern Ecuador the natural altitudinal position of the UFL is
unknown due to severe deforestation. In the literature an UFL position around
4,000 m alt. (Laegaard 1992; Lauer et al. 2001) and an UFL position around 3,600—
3,700 m have been claimed (Bakker et al. 2008). The consequences are significant.
If the UFL is around 3,650 m paramo vegetation at higher elevations reflects a
natural ecosystem, and forest plantations above 3,700 m damage the paramo vegeta-
tion. If the UFL is around 4,000 m paramo vegetation has expanded downslope
due to deforestation and should be considered anthropogenic. In that case forest
plantations between 3,700 and 4,000 m can be considered as a type of reforestation.
The most recent reconstructions of the natural position of the UFL was attained
using vegetation analysis, modern pollen rain analysis, and pollen and biomarker
records along an altitudinal gradient.

In Guandera Reserve near the Ecuadorian—Colombian border, vegetation plots
were studied along altitudinal gradients between 3,000 and 4,000 m. Distinct altitu-
dinal ranges of trees and paramo herbs were documented and the specific elevation
with maximal cover identified (Bakker et al. 2008) (Fig. 10.2). Most trees have a
maximum range up to ~3,700 m, while pdramo herbs have their altitudinal ranges
from 3,400 to >4,000 m. This altitudinal distribution documents continuous forest
cover reach up to ~3,700 m maximally where vegetation cover is changing into
herbaceous paramo vegetation with scattered patches of trees. Analysis of succes-
sional stages in ecotone forest showed that the present-day UFL had maximally
shifted downslope over 50 m due to incidental occurrence of fire, grazing and clear
cutting (Moscol Olivera and Cleef 2009a) (Fig. 10.3).

Modern pollen rain was studied along the vegetational transect between 3,000
and 4,000 m. At 3,650 m a sharp transition from herb-dominated spectra to tree-
dominated spectra was registered reflecting the elevation of the UFL (Moscol
Olivera et al. 2009).

Sediment sequences with adequate chronological control showed changes of the
altitudinal distribution of individual plant taxa and ecotones. A pollen record from
3,400 m elevation (Bakker et al. 2008) showed during the last 6,000 years the UFL
shifted between 3,200 and 3,650 m, maximally up to 3,700 m. This result supports
the low UFL hypothesis. A sediment record from 3,810 m elevation showed con-
tinuous presence of paramo during the last 3,000 years supporting the view that the
natural undisturbed UFL was significantly below 3,810 m (Moscol Olivera and
Hooghiemstra 2010). In conclusion, pollen analysis calibrated by vegetation analysis
and modern pollen rain shows that piramo vegetation between 3,650 and 4,000 m
elevation reflects a natural ecosystem. The assumption that paramo between 3,650
and 4,000 m is the result of downslope expansion of paramo vegetation after clear
cutting (a process locally known as “paramisacién”) is rejected.

Pollen grains of plants making up upper montane forest and pdramo vegetation
are partly wind transported (Moscol Olivera et al. 2009). Therefore pollen spectra
from paramo sites in particular include the pollen signal of local paramo vegetation
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as well as signals of vegetation of the wider area. This hinders precise conclusions
about the altitudinal position of the UFL. Sediments of bogs and lakes often include
plant macro-remains allowing one to infer whether a site was surrounded by paramo
or forest. However, in peaty sediment infills of small depressions, but also in lakes
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and in soil profiles in particular, plant macro-remains may be poorly or not conserved
preventing precise conclusions about the distance of the studied site to the UFL.
A new approach based on molecular biomarker analysis was developed to circumvent
this drawback.

Biogeochemical markers are produced by all major plants and are relatively well
preserved in soils (Otto and Simpson 2005). Straight-chain lipids of 20-36 carbon
atoms originate exclusively from the epicuticular wax layers on leaves and roots of
terrestrial higher plants (see Jansen et al. 2008 and references therein). Biomarker
ratios of the concentration of a limited number of n-alkanes and n-alcohols that
differ between relevant plant groups are indicative of the local vegetation cover
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(Jansen et al. 2008). Biomarker-based vegetation reconstructions were even
improved with a model enabling to unravel mixed biomarker patterns (Jansen
et al. 2010). We compared biomarker-based and pollen-based records of vegetation
change in a peat sequence at 3,400 m elevation, at present-day located at 200 m
below the UFL. The pollen-based record includes the ecologically indecisive group
of Asteraceae as representatives do occur in forest as well as in paramo. Moreover,
Asteraceae are wind pollinated plants and therefore, it is not possible to precisely
indicate the moment the UFL migrated across the study site. In contrast, the bio-
marker record showed precisely the moment biomarkers from trees were replaced
by biomarkers from paramo herbs (Jansen et al. 2010), reflecting the moment the
UFL passed along the site. Potentially plants may be more precisely characterised
by specific biomarkers rather than by their pollen morphology. This is in particular
the case for plants belonging to the families of the Poaceae, Asteraceae and Ericaeae.
The present calibration sets for biomarker analysis are in need of improvement but
first results show the combined pollen-biomarker method has good potential to be
developed into a powerful method in reconstructions of past environments.

10.3 The Upper Forest Line in the Southern Colombian Andes

In the south Colombian Andes uppermost montane forest is relatively well pre-
served. The natural position of the UFL is estimated at 3,550 m (Gonzdlez et al.
2012). The area of Lake La Cocha (2,780 m altitude, 01°08'N, 77°09"W) has moun-
tains up to 3,600 m elevation. This region reflects the southernmost distribution of
oak forest (Quercus humboldtii) (Hooghiemstra 2006) and therefore the floral com-
position of ecotone forest is changing substantially across this latitude.

The 12 m deep core Cocha-1 was collected with a hand-operated Russian Corer.
Chronological control of the sediments is based on 18 accelerator mass spectros-
copy (AMS) C ages. The pollen record Cocha-1 shows changes of the altitudinal
vegetation distribution, as well as changes in the floristic composition of the eco-
tone forest during the last 14,000 cal yr Bp. This pollen record shows a long-term
gradual increase of the UFL from 2,400 m elevation in the period from 11,200 to
10,350 cal yr bp up to 3,600 m in the period from 1,900 to 1,400 cal yr BP
(Fig. 10.4). Although fluctuating, the UFL needed some 8,000 years to reach the
highest elevations (Gonzdlez et al. 2012). Inferred changes in climatic moisture at
Lake La Cocha parallels the history of increasing climatic moisture inferred from
the pollen records obtained in the adjacent savannas of the Llanos Orientales
(Behling and Hooghiemstra 1999; Berrio et al. 2002). Both areas receive precipita-
tion from trans-Amazonian atmospheric moisture transport. Thus, it is suggested
that increasing atmospheric moisture flows, and related increasing MAT and
decreasing night frost frequency are in this area the main constraints of the altitu-
dinal position of the UFL.

During the Holocene Hedyosmum, Myrsine and Urticaceae—Moraceae are
continuous representatives of the montane forest near the ecotone. Other taxa start
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their share in the ecotone forest at a later moment: the palm Ceroxylon and the
conifer Podocarpus at ~6,450 cal yr Bp, Miconia and Weinmannia at ~4,200 cal yr
BP, and representatives of the Rosaceae increased at ~3,000 cal yr Bp. The increasing
share of Ceroxylon and Hedyosmum in particular suggest climatic humidity
increased in the second half of the Holocene. Asteraceous shrub is abundant in the
paramo, but may also have representatives in the ecotone forest. Therefore a part of
the Asteraceae may be indicative of forest and, in that case, the UFL reached highest
altitudes already at ~3,400 cal yr BP instead of ~1,900 cal yr Bp. This interpretation
of the age of the first maximum altitude of the UFL after the last glacial coincides
with the upslope migration of the UFL in northern Ecuador (Bakker et al. 2008).
Quercus, an important taxon of the montane forest in the Colombian Andes is nei-
ther registered in the La Cocha pollen record nor in the forests surrounding the lake.
This confirms the identified southernmost limit of Quercus near the Colombian—
Ecuadorian border (Hooghiemstra 2006). Similarly, the absence of Polylepis in the
La Cocharecord, as well as in the Guandera record from northern Ecuador, confirms
that the distribution of Polylepis from ~30°S to ~10°N is interrupted between 2 and
4°N latitude (Baumann 1988). The pollen record shows plant associations forming
ecotone forest have varied over time, reflecting that example plant species responded
individually to climate change. However, most plant taxa show a concerted response
allowing the recognition of main vegetation formations (vegetation belts) restricted
to altitudinal intervals.

The pollen record Cocha-1 shows at ~1,400 cal yr BP a sudden start of deforesta-
tion and this is strong evidence of the start of the period of human occupation. The
pollen record shows that the palm Ceroxylon and Podocarpus were most prone to
clear cutting. Trees belonging to the families of the Urticaceae and Moraceae, and
Weinmannia have been harvested after ~1,100 cal yr BP in particular. All these taxa
may be frequent in the ecotone forest near the UFL and the selection of these taxa
for clear cutting by the pre-Columbian people shows that ecotone forest contains a
high proportion of economically attractive timber. This observation makes it plau-
sible that a great deal of the current UFL suffered during the last millennia from
clear cutting and burning and explains that caution should be taken in accepting the
present-day UFL as a natural ecotone. The study in northern Ecuador showed that
the relatively undisturbed UFL was still lowered by ~50 m (Fig. 10.3; Moscol
Olivera and Cleef 2009a).

10.4 The Upper Forst Line in the Central Colombian Andes

The area of the basins of Bogotd and Fiquene is most intensively studied during
the past decades. Van der Hammen and Gonzélez (1963) characterised the transi-
tion from upper montane forest to paramo in terms of changing vegetation, modern
pollen rain and MAT. The UFL lies here at 3,200 m, is characterised in the modern
pollen rain by ~40% arboreal pollen, and coincides with ~9.5 °C MAT (Van der
Hammen and Gonzilez 1963; Hooghiemstra 1984). Based on these relationships
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Fig. 10.5 Altitudinal ranges of selected taxa in the area of Lake Fiquene, Eastern Cordillera of
Colombia. Taxa are arranged after ecological preference. (a) Main ecological groups; (b) modern
altitudinal range (dotted line=full range; solid line=inteval of optimum cover), (¢) mean annual
temperature (MAT) along altitudinal gradient, (d) estimated anual precipitation (after Bogota-A.
et al. (2011a, b) with permission)
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Cleef and Hooghiemstra (1984) provided a concise description of the main forest
and paramo associations on the slopes of the Eastern Cordillera. We recognise that
present-day vegetation associations are ephemeral, and may have repeatedly
changed of floral composition during intervals of the past. Moreover, the taxonomic
level of pollen identification is mostly at the genus level, sometimes at the higher
ranked family level (e.g. Poaceae, Asteraceae, Ericaceae, Urticaceae—Moraceae), or
at the lower ranked species level in case only one, or few species with characteristic
pollen morphology do occur. Therefore, palynologists should work with a general
framework of the altitudinal vegetation distributions allowing for deviations at site-
specific conditions such as the high precipitation levels in the Tatam4 area, and
anticipate the presence of no-analogue vegetation types in the past.

The altitudinal distribution of pollen taxa selected as most informative to charac-
terise environmental conditions in the area of Lake Fiiquene was revisited (Bogota-A.
et al.,, 2011a) (Fig. 10.5). Most species turnover is located between 3,000 and
3,500 m elevation showing that vegetation at 3,200 m elevation, where we find
today the UFL, has much opportunity to vary in composition in space and time.

Lake Fuaquene sediments were cored up to 60 m depth in the deepest part of the
lake. Pollen, and a suite of other proxies (grain size distributions and geochemical
element analysis), were analysed at 1-cm distance along the full length of the com-
posite record (Fg-9C) and show 284,000 years long records. The age model of this
record is based on *C dating and a few biostratigraphical events in the top, and
cyclostratigraphy in combination with orbital tuning in the remaining older part of
the record (Groot et al. 2011). The temporal resolution is ~60 years between 284
and 27 ka (4,646 samples) and ~400 years for the last 27 ka (102 samples). This new
record was compared with earlier palynological records from Lake Faquene
(Bogota-A. et al. 2011b). It was demonstrated that all records show a consistent and
robust sequence of environmental and climatic changes and differences between
records could be related to the proximal or distal position of the core with respect to
the lake border.

The pollen record shows changes in altitudinal vegetation distributions
(Fig. 10.6). The position of the UFL shifted between ~2,000 and ~3,400 m elevation
and was used to infer past changes in MAT. The main drivers of long-term climate
change were the 41-kyr cycle of the obliquity band and the atmospheric concentra-
tion of greenhouse gases (Groot et al. 2011). Century up to millennial scale varia-
tion of 2-3.5 °C are registered all over the record and extreme temperature changes
up to ~10 °C were registered at the last three glacial Terminations (Groot et al.
2011). Temperature variability in the northern Andes during the last two glacial
cycles mimics temperature variation known from Greenland and Antarctic ice
cores. The millennium-scale climate variability of the last glacial cycle, known as
Dansgaard—Oeschger cycles (DO-cycles), also occurred during the previous glacial
cycle and apparently is a stable characteristic of north Andean ecosystem variability.
Based on distinct short-lived upslope excursions of the UFL we identified 28
DO-cycles during the last interglacial—glacial cycle (reflecting marine isotope stages
5-1), 20 DO-style cycles during the previous interglacial—glacial cycle (reflecting
marine isotope stages 7 and 6), and 6 DO-style cycles during the last part of the
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Fig. 10.6 Top: reconstruction of the MAT for the northern Andes based on the arboreal pollen
percentage (AP%) record reflecting altitudinal migrations of the UFL ecotone. Bottom: recon-
structed MAT for Greenland (NGRIP and GRIP records) and Antarctica (Epica Dome C record).
Numbers 1-28 indicate Dansgaard—Oeschger (DO) cycles reflecting millennium-scale climate
change. For additional explanation see Groot et al. 2011 (after Groot et al. (2011) with
permission)

period reflecting marine isotope stage 8. The arboreal pollen percentage (AP%)
record shows cycles of 119, 35, and 18 kyr, and at sub-orbital time-scale cycles of
10, 8,7, 5, 4 and 1.49 kyr (Bogota-A. et al. 2011a) which resemble the periodicities
of the DO-cycles (Rahmstorf 2003). Cycles of 10 kyr have been related to half a
precession cycle. Cycles of 7 and 5 kyr are interpreted as to reflect the third and
fourth harmonics of the precession cycle (Berger et al. 2006). These sub-Milanko-
vitch cycles are reported from low latitude records and explained as the reflection of
variations in annual precipitation driven by variation on the strength of the monsoon
systems (Tuenter et al. 2007). Changes in montane forest composition are led by
Alnus, Myrica, Quercus and Weinmannia and these taxa apparently respond most
rapidly to change. Later Podocarpus, Miconia and Hedyosmum show a response.
The high resolution pollen record of Lake Fiquene shows a high level of forest
dynamics that was unknown so far. Ecotone forest apparently is able to respond at
century-scale to rapid climate change. A new framework of past tropical montane
forest dynamics is established with significant implications to assess current
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effects of Global Change. Observed migrations of ecotones and other altitudinally
constrained distribution patterns of elements of flora and fauna, are expected to
include a natural and an anthropogenic component. Records of UFL changes with
decadal resolution spanning the last millennium are required to discriminate between
natural trends and possible superimposed anthropogenic effects.

10.5 Discussion

In the frame of the Ecoandes project the altitudinal vegetation distribution was
studied along altitudinal transects in several Cordilleras of Colombia. Here the most
relevant results with respect to the ecotone reflecting the UFL are summarised and
integrated with the previous case studies. For more specific information the reader
is referred to the book series.

In the Parque Los Nevados (Central Cordillera, ~5°N) a clear altitudinal struc-
tural and floristic gradient can be observed. Upper montane rain forest (UMRF)
(sensu Grubb 1974, 1977) is transitional to subalpine rain forest (SARF) which
forms the UFL. This subdivision applies for the equatorial Andes. SARF is charac-
terised by trees from 3 to 8 m height dominated by representatives of the Asteraceae,
and a conspicuous shrub layer with more than 50% cover (Cleef et al. 1983, 2003).
In downslope direction SARF is transitional to UMRF with trees of 20-35 m height
with frequent Rosaceae, Brunelliaeae and Cunoniaceae and below this canopy hori-
zons consisting of smaller trees and shrubs. Where condensation leads to maximum
humidity briophytes are abundant. In general on the wet slopes of the mountains
hepatics are more frequent and at the dry side of the mountains mosses. A synthesis
of observed plant associations in the Parque Los Nevados transect (Central
Cordillera) shows an UFL at ~3,600 m elevation (Van der Hammen 2003). In the
Tatamd transect at ~5°N (Van der Hammen 2005) reflecting the westernmost
extension of the Parque Los Nevados transect montane forest is replaced by shrubby
wet bamboo pdaramo at 3,800 m elevation. This remarkably high position of the UFL
is explained by the high precipitation levels which reduce the frequency of night
frost significantly. In general, in pollen records from the northern Andes the contri-
bution of asteraceous pollen is shown as reflecting subparamo vegetation (e.g. Van’t
Veer and Hooghiemstra 2000). However, at sites where at present-day asteraceous
ecotone vegetation is abundant, percentages of Asteraceae are better shown as a
separate ecological group potentially indicative of forest or paramo (e.g. Bakker
et al. 2008).

For the Cordillera de Santa Marta (~11°N) the most common trees and shrubs of
the high Andean forest were listed and include the following taxa: Abatia, Alnus,
Befaria, Berberis, Bocconia, Brunellia, Buddleia, Ceroxylon, Cinchona, Clethra,
Clusia, Cordia, Daphnopsis, Durantha, Drimys, Eugenia, Gaiadendron,
Geissanthus, Hesperomeles, lIlex, Ladenbergia, Meriania, Monochaetum,
Nectandra, Ocotea, Oreopanax, Palicourea, Persea, Piper, Podocarpus, Prunus,
Psychotria, Rapanea (=Myrsine), Rhamnus, Schefflera, Symplocos, Ternstroemia,
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Tibouchina, Tournefortia, Vallea, Veronica, Weinmannia and Xylosma (Cleef
et al. 1984). Outside the Santa Marta massif and as far south as the Colombian—
Ecuadorian border area also Quercus is an important element (Hooghiemstra 2006).
These taxa have a general distribution in the northern Andes and are relevant for
all studies of modern and past vegetation. Over 15 genera are palynologically not
recognised due to lacking pollenmorphological keys. Therefore, there is a potential
to increase the accuracy of pollen-based reconstructions of the UFL. According to
different studies the UFL lies between 3,200 and 3,500 m (Cleef et al. 1984). Of the
palms the genera Ceroxylon and Geonoma may reach up to 3,100 m, thus close to
the UFL. Therefore, in palynological studies the record for palms need a specification
in order to infer conclusions with respect to paleo-altitude and past temperature.
Van der Hammen (1984) summarised the zonal ecosystems of the Santa Marta
Massif and concluded that 3,300 m altitude is the best estimate for the position of
the UFL.

Summarising UFL positions show an altitudinal range of some 500 m: 3,650 m
in Guandera (northern Ecuador), 3,550 m in the area of Lake La Cocha (southern
Colombia), 3,200 m in area of Lake Fiquene, 3,600 m in the parque Los Nevados,
(Central Cordillera, Colombia), 3,800 m in Tatama (Western Cordillera) and 3,200
to 3,400-3,500 m in the Cordillera de Santa Marta (northern Colombia). MAT,
anual precipitation, fog persistence, edaphic factors, levels of UV radiation, and
concentration of atmospheric greenhouse gases have been put forward as forcing
factors of the altitudinal position of the UFL. Using an altitudinal temperature
gradient of 0.6 °C/100 m UFL displacement the observed maximum 600 m varia-
tion in UFL positions potentially reflect a maximum temperature range of ~3.5 °C.
However, inter-site variation of UFL positions in the northern Andes seems mainly
related to stable topographical differences, or changes in the global setting of
climate. This implies that during the period reflected by a pollen records driving
factors are relatively stable. Therefore, establishing the natural altitudinal position
of the UFL at the study site is sufficient to calibrate UFL changes into a record of
past temperature change.

Past altitudinal positions of the UFL are estimated on the basis of the cumulative
signals of all trees, i.e. on the basis of AP%. Today, databases on the distribution of
neotropical plant taxa have developed into increasingly reliable sources of informa-
tion (Punyasena et al. 2011). It should be explored if multiple genus-specific estima-
tions of the altitudinal position of the UFL could lead to more accurate
reconstructions.

10.6 Conclusions

The UFL is the most distinct ecotone along the slopes of tropical mountains.
Notwithstanding regional variation in the northern Andes of the altitudinal position
of the undisturbed UFL from 3,200 to 3,800 m, and various factors driving altitudinal
change, the AP% record is the best parameter reflecting altitudinal UFL changes
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(Groot et al. 2011). Main altitudinally restricted plant formations such as “upper
montane forest” and “pdramo” are characterised by suites of plant taxa which
respond in concert to climate change. However, pollen records also show that
species composition of ecotone forest has varied over time, reflecting examples of
plant species that responded individually to climate change. The implication is that
current plant associations are to some degree ephemeral. The search for categories
of plants to reflect climatic parameters should allow for this temporal variation.
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Chapter 11

Climatic Drivers of Tree Growth and Recent
Recruitment at the Pyrenean Alpine

Tree Line Ecotone

Enric Batllori, J. Julio Camarero, and Emilia Gutiérrez

11.1 Introduction

Global climate is currently warming at an unprecedented rate with potentially
profound and widespread effects on the distributions of plant species and ecological
communities (IPCC 2007; Lenoir et al. 2008). Mountain ecosystems and their
unique biota are particularly sensitive to such changes (Beniston 2003). In high
elevation forests, climate has been considered to be the main limiting factor for
tree growth, reproduction and establishment (e.g. Tranquillini 1979; Korner 1998;
Ettinger et al. 2011). The upper elevational limit of forest and tree growth on moun-
tain slopes, the alpine tree line ecotone (ATL), represents an abrupt transition in life
form dominance and is one of the most prominent vegetation boundaries between
ecosystems (Holtmeier 2009). On a global scale, heat deficiency remains the most
likely explanation of ATL elevation irrespective of the latitude and the tree line
forming species (Korner and Paulsen 2004). Hence, based on the traditional tree
line paradigm, warm temperature is favourable to both tree radial growth and repro-
ductive success, and thus the ATL may be exceptional for the potential it offers for
the assessment of the impacts of anthropogenic warming on mountain forests.
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Ongoing climate warming is expected to cause significant changes in the
structure, dynamics and position (e.g. upward shifts) of the ATL (Grace et al. 2002;
Harsh et al. 2009), which is of concern due to potential loss of biodiversity and
ecosystem function as alpine grasslands are replaced by woody species. Indeed,
many studies around the globe report important population changes at the ATL
during the twentieth century in response to climate change (e.g. Camarero and
Gutiérrez 2004; Gamache and Payette 2005; Kullman 2005; Danby and Hik 2007,
Batllori and Gutiérrez 2008; Fang et al. 2009; Kharuk et al. 2010; Liang et al. 2011).
However, despite broad-scale constraints on tree lines imposed by global-scale
thermal trends, inverse relationships between growth and climate warming have
also been described (e.g. Lloyd and Graumlich 1997; Lloyd and Fastie 2002;
Wilmking et al. 2004), evidencing that even at the ATL trees can be negatively
affected when temperatures warm beyond a physiological threshold (D’ Arrigo et al.
2004). Moreover, ATL stability and differential tree line responses (e.g. Dalen and
Hofgaard 2005; Payette 2007; Green 2009; Bogaert et al. 2011; Liang et al. 2011)
have been reported under the global warming context. ATL heterogeneity and factors
controlling its position and structure are highly scale-dependent (Sveinbjornsson
et al. 2002), and regional to local-scale factors other than temperature (e.g. wind
regime, topographic and geomorphologic features, biotic interactions) can be
responsible of ATL stability, abrupt changes and reversible responses at the tree line
(Noble 1993; Holtmeier and Broll 2010; Kharuk et al. 2010; Stueve et al. 2011).
This may preclude general projections of global change assuming simple, linear
ecological responses. Overall, despite over a century of research at the tree line, the
varying sensitivity of ATL responses to climate among sites, the degree to which
ATLs dynamic may lag climate change, as well as the reasons of such site-dependent
responsiveness remain largely unknown (but see Harsh and Bader 2011).

Climate warming is only one aspect of environmental change that affects the
location and dynamics of ATL. Among the other factors, anthropogenic distur-
bances (i.e. land-use) may be the most important in shaping tree line dynamics in
many regions across the globe, determining and constraining actual ATL advances
under a warming climate (Bogaert et al. 2011). However, in spite of the fact that
responses due to human-induced changes can initially mask or even override
climatic controls (e.g. land-use abandonment, Hofgaard 1997), after disturbance
cessation tree lines formerly disturbed by anthropogenic use become sensitive to
climate under sustained warming conditions (Holtmeier and Broll 2005). For
instance, unfavourable site conditions constrain the invasibility of subalpine grass-
lands by trees more than in low elevation forests (Dullinger et al. 2004). If such
limiting conditions for tree establishment improve due to changing climate, subse-
quent ATL dynamics (e.g. seedling survival and growth) could be considered as
climatically driven even though it actually occurs below the climatic tree line
(Gehring-Fasel et al. 2007). This may be the case in many ATLs in the Pyrenean
range where, as in many other Eurasian mountain systems (e.g. Alps), local human
activities (e.g. seasonal farming) were common at the tree line but they have
decreased drastically during the twentieth century (Garcia-Ruiz et al. 1996). ATL
advances can be initially associated with a change in height growth of previously
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Fig. 11.1 Location of the 12 alpine Pinus unicnata tree line ecotones studied in the Catalan
Pyrenees, NE Spain, and Andorra (see Table 11.1 for sites and codes). Dotted lines depict the four
climatic sub-regional areas considered in this study to analyse the relationships between climate
and tree growth and recruitment

established individuals (Batllori and Gutiérrez 2008; Aune et al. 2011), but further
upward shifts are dependent on new regeneration and survival of recruits beyond the
current ATL position. The establishment of new recruits has such a fundamental
potential impact on spatial change at the ATL that it has been proposed to be crucial
to the study of its dynamics (Malanson et al. 2007).

In this study we describe the spatial patterns of tree recruitment, examine the age
frequency distribution of recruits and evaluate the influence of climate factors on
both recruitment and radial growth of Pinus uncinata ATLs at a regional scale in the
Pyrenees. Our study focuses on 12 sites close to the potential ATL altitude, includ-
ing sites whose dynamics is climatically driven and sites influenced by the after-
effects of human-induced perturbations (see Batllori and Gutiérrez 2008, for further
details). Despite land-use changes have played a major role in driving the dynamics
of P. uncinata forests over its distributional range in the Pyrenees, especially at low
altitudes (Améztegui et al. 2010), without a reactivation of pastoral use and under
future climate warming predictions (IPCC 2007), changing environmental condi-
tions may become the most important factor in determining the dynamics of the
studied ATLs (Holtmeier and Broll 2005; Gehring-Fasel et al. 2007). Moreover,
similar recruitment processes have been reported between the study sites irrespec-
tive of past disturbance regime (Batllori et al. 2010).

A preliminary analysis of the climatic influence on tree growth and recruitment
at each ATL precluded a site-specific approach (see Sects. 11.3 and 11.4). Thus,
we evaluated the climatic influence on ATL in the Pyrenees at a sub-regional scale
(Fig. 11.1). We specifically address the following questions: (1) Which is the
spatiotemporal pattern of recent recruitment at the study sites? (2) Are synchronous
responses in tree growth and recruitment pulses present over the studied range?
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(3) Which are the main climatic factors related to seedling establishment and tree
growth? We aim towards a deeper understanding on which climate conditions may
favour or limit future ATL responses.

11.2 Materials and Methods

This study was conducted on P. uncinata (Ramond ex DC.) ATLs at the eastern
range of the Spanish Pyrenees (Catalan Pyrenees) and Andorra, located in four
sub-regional climatic areas (Fig. 11.1, Table 11.1). Homogeneous sub-regional
climatic areas were defined on the basis of major topographic features at the
study range (e.g. catchments) and of previous ecological studies of tree growth
(e.g. Macias et al. 2006). P. uncinata is a shade-intolerant conifer presenting
several attributes typical of good invaders (e.g. light-winged seeds, short pre-
reproductive period) which dominates most of the subalpine forests in the Pyrenees
(Ninot et al. 2007); its potential tree line elevation ranges between 2,200 and 2,450 m
a.s.l. depending on continentality, exposure and landform (Carreras et al. 1996).
A combination of field visits and interpretation of aerial photographs was used to
select 12 sites where a rectangular plot, its longer side parallel to the elevational
gradient, was set up from the closed forest to the treeless alpine communities. Plot
area varied from 940 to 7,600 m2. The study sites were located on uniform north-
facing slopes out of avalanche paths, and no evidence of recent fires or current
human use were found in any of the stands (i.e. they were no longer intensively
grazed). However, the 12 sites can be classified in two groups according to the
influence of recent (ca. 50 years) human-induced disturbances as inferred from tree
height and age and their transition patterns across the ecotone (Batllori and Gutiérrez
2008). Seven of the plots were representative of climatic ATLs whereas the other
five were regarded as sites influenced by the after effects of land-use changes
(Table 11.1). Important densification trends have been reported at all sites starting at
1950s, in parallel with land-use changes and warming trends. Since the mid-1970s
warming has accelerated in the study area (Fig. 11.2).

The Pyrenees constitute a transitional area between more humid conditions in their
northern margin and drier conditions southwards (Vigo and Ninot 1987). A second
longitudinal gradient is caused by the location of the range between the Atlantic
Ocean westwards and the Mediterranean Sea eastwards. The climate in the study area
is continental with oceanic (western sites) or Mediterranean (eastern sites) influences.
The Mediterranean influence is characterized by higher summer temperatures, and
plausibly water deficit, than westwards.

11.2.1 Field Sampling

The location of all tree stems, using rectangular coordinate axes, was noted in each
plot. Positions of all living trees were recorded in Cartesian coordinates using tapes



251

Climatic Drivers of Tree Growth and Recent Recruitment...

11

PagINISIpuN Se PaIAPISUOD 2IoMm suonisuer) 1YS1oy pue a8e [enpeis Yirm SO)IS SLaIoyMm ‘QUOJ0Id dUI| 921) Y Suo[e 9ZIS Jo/pue
33e ur suroned uonisuery AYI[-dals YIIm soy) se papredar arom (3urzeid ‘Surdfof) aouequnisip oruagodoryiue £q (SOSHT Y A0UIS) PAjoaJe A[IUAIAT SAIS

ai-das - oyi-daig RN N w@ IWTT181°C 00S°1 61 T ¥ty Nd
oyi-daig  oyif-daig RUN N LT 80¢T-1¥TT 00S°1 80 oC £Cocy N0 srrodry
[enpelH [enpern RUN AN 91 S9€TTIET 00S°1 Vol LTy ND
[enpeln [enpern QuIry N 6¢ Y1€7-992°C 086 ILE o] Feocr  [IN
[enper) [enperd QB[S M ¥C 1LTT9€TT 0S9°T CEol OT.cy N eAuepio)
[enpern  oyi-daig awng MN 9¢ L6TT0STT 091°1 STol £E.Cy  ND
[enpeLn [enpeln RN MN ¥C SEY'TTSET 009°L £Col Loy Nd
[enpelH [enpeln RUN N 1 SOP'T€9€C 081°1 ACTol Jdeocy N1 SIe[red
[enpern  oyI[-delg  dJLIOIpOURID M ¥C 6€€°T-66CC 016 9S o0 oy Nd
[enpeln [enpern QuIry MN LT 8€€T-0LTT 00S°T /€5 00 Leocy 1S
[enpeln [enpeld QuwIry N 0¢ 690°C-010C 00T°T 67 o0 8Ty Nd
fenpein  Mi-daig oy N 8C 89T°T-661°C 0009 S¥ 50 d€.Tr  Nd - edodeqry
9zIs 9a1],  a8e 291], yooipag  10adsy () odo[S  (rsew)opmnyy  (;w)9zisjold  (Ised) opmiSuo  (Yuou) opmne] 9IS uordal-gns
QWD

wroned uonIsuely,

euopuy pue ‘uredS gN ‘seauaIfd Ue[E)ED) 9U) UI PAIPNJS SAUO)0ID SUI| 91} vIvutdun snuig durde g y) Jo sonsLjoeIey) [T dqeL



252 E. Batllori et al.

Annual —0—  Winter —=&— Summer

25+

o
e.
g
=2
o
2 10
£
FG_J P, A
i . P ) Jo) P s A -Wal
P L\:{F\— \A},O/:‘E-’D%Vf&fg ot —~ »(\-'Obvoc sevei AT'C«'C
0 —
f T T T T T T T T ! |
1950 1960 1970 1980 1990 2000
Years

Fig. 11.2 Climatic trends during the second half of the twentieth century in the eastern Spanish
Pyrenees and Andorra. Meteorological data were taken from the CRU TS 2.0 0.5°-gridded data set
(Mitchell et al. 2004, 2005) considering the region encompassed by coordinates 42° 30'—43° 00’ N
and 0° 30'-2° 30" E. Linear models (black lines) for the periods 1950-1974 and 1975-2000 are
depicted to highlight temperature trends

along the shorter (x-axis) and longer (y-axis) sides of the plot. Point (x,y)=(0,0) was
located in the lower left corner looking upslope. Additional tapes were placed every
5 m to subdivide the plot and measure the coordinates of the centre of each tree to
the nearest 0.1 m. Basic biometric measurements (e.g. diameter at breast height;
d.b.h., total tree height; h.t.) and age determination by means of core extraction or
counting of bud scars or internodes was performed for 3,639 P. uncinata trees (see
Batllori and Gutiérrez 2008, for details). Trees were classified by size as follows:
large upright trees (d.b.h.>7.5 cm), saplings (d.b.h.<7.5 cm and h.t.>0.5 m) and
seedlings (h.t. <0.5 m). All individuals big enough (d.b.h.> 10 cm) were cored at ca.
1.30 m to develop ATL ring-width chronologies, and natural regeneration was care-
fully examined in each plot for the demographic analysis of recruitment. Field
sampling was conducted during the summers of the period 2003-2006.

11.2.2 Laboratory Methods

Cores were prepared following the standard dendrochronological techniques (Stokes
and Smiley 1968). All samples were visually cross-dated under a stereomicroscope.
Light rings, frost and narrow rings of each core were used as signature rings
(Yamaguchi 1991). In accordance with Tardif et al. (2003), false or incomplete rings
were rarely encountered. Afterwards, ring widths were measured to a precision of
0.01 mm using the Lintab measuring device (Frank Rinn Heidelberg, Germany) and
the program TSAP-Win (Rinn 2003). Finally, cross-dating quality and measurement
errors were further validated using the program COFECHA (Holmes 1983).
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A ring-width chronology was developed for each site (Table 11.2). The measured
and crossdated ring-width series from each tree were detrended and standardized
using the “dpIR package” in R.2.13 (Bunn 2008, R Development Core Team 2011).
Given the short length of the measured series, we used a conservative detrending
method to remove age-related growth trends while preserving as much low-
frequency variation possible. Detrending involved fitting a negative exponential
curve to each series, which were then standardized by transforming ring-width
values into a dimensionless index (RWI) by dividing the observed by the expected
values given by the negative exponential function. Site chronologies were obtained
by averaging the RWI value for each year across all trees. Then, autoregressive
modelling was performed on each chronology to remove temporal autocorrelation.
RWI series were averaged by site (site ATL chronologies) and by each of the four
sub-regional climatic areas included in the study region (sub-regional ATL chronolo-
gies). Comparison of tree growth patterns among sites were made by calculating
Pearson’s product-moment correlation coefficients among all pairs of ATL chro-
nologies for the period 1955-2000 (Table 11.3). Despite significant and positive
correlations (P<0.05) were observed among many of the tree line chronologies,
correlation coefficients were on average higher between sites in the same climate
sub-region than between sites from different sub-regions. Accordingly, sub-regional
tree line composite chronologies were computed by averaging the RWI value for
each year across all trees in each sub-region (DU growth series were excluded from
this analysis because they were poorly related to the other series in the same region).
The sub-regional chronologies were well replicated and showed strong common
signal for the period 1951-2000 (see Table 11.2 for details).

11.2.3 Data Analysis

11.2.3.1 Spatiotemporal Patterns of Recruitment

We used spatially corrected Spearman correlation coefficients to examine the
spatial relationship, at plot scale, between densities of two regeneration periods
(1950-1974 vs. 1975-1999). Such approach may indicate whether recent recruit-
ment dynamics reflects ATL shifts or densification processes (ecotone infilling). To
perform this analysis we used 5-m distance gridded density data to compute
Spearman rank correlation coefficients between the two recruitment periods.
Correlation coefficients were calculated using the program Spatial Analysis in
Macroecology (SAM) (Rangel et al. 2006). We evaluated the spatial pattern of
consecutive life stages (seedlings, saplings and large trees) and assessed changes
from one class to another (univariate point-pattern analyses). Further, we analysed
the spatial interaction between life stages (bivariate point-pattern analyses) to
determine if they are primarily positive (aggregation) or negative (segregation)
(see Batllori et al. 2010, for further details).
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Table 11.3 Pearson product-moment correlation coefficients between the 12 tree line chronologies
DU SU EU LU FU CU RU NU GU OU BU

PU 0.018 0.572* 0.557* 0.638* 0.601* 0.471* 0.194 0.316* 0.616* 0.572* 0.537*

DU 0.053 0.192 0.065 0.049 0.165 0.296* 0.183 0.192 -0.052 0.231
SU 0.738* 0.773* 0.802* 0.597* 0.268 0.474* 0.688* 0.603* 0.076
EU 0.693* 0.758* 0.253* 0.512* 0.586* 0.831* 0.483* 0.198
LU 0.909* 0.716* 0.385* 0.548* 0.693* 0.626* 0.209
FU 0.581* 0.365* 0.436* 0.674* 0.690* 0.341*
CU 0.476* 0.576* 0.703* 0.409% 0.113
RU 0.510* 0.568* 0.088 0.124
NU 0.644* 0.195 0.080
GU 0.437*% 0.216
ou 0.571%*

*Significant correlation coefficients at P <0.05 level are highlighted in bold

11.2.3.2 Recruitment Age Frequency Distributions

Based on the dating error of 270 collected small individuals at the study sites
(Batllori and Gutiérrez 2008), and of a recent evaluation of growth forms and age
estimation of tree line species conducted by Caccianiga and Compostella (2011),
we developed 5-year age-class frequency distributions. Although we intensively
examined all area inside each plot, field sampling may have underestimated the
frequency of newly established recruits due to the difficulty of detecting very small
pine seedlings (1-3 years old). Thus, we restricted age structures and spatiotem-
poral analyses of recruitment to the period 1950-1999, which covers the period of
increasing ATL density reported at the study sites. Spatiotemporal patterns of
recruitment were evaluated for each site, whereas the climatic influence (due to
climate data limitations) was evaluated at a sub-regional scale. Temporal patterns of
recent recruitment (age frequency distributions in 5-year classes) were compared
between sites using paired Kolmogorov—Smirnov tests (with Bonferroni adjust-
ment of the significance level; o=0.05/number of comparisons; Gamache and
Payette 2005). Despite maximum recruitment pulses varied between sites, and that
demographic age structures were visually different between the studied ATLs,
Kolmogorov—Smirnov tests yielded no significant differences between the temporal
patterns of recruitment between any of the study sites. Thus, we computed sub-
regional demographic structures of recent recruitment at the ATL, which represent
the total number of recruits per hectare recruited over time in each of the four
climatic sub-regions.

11.2.3.3 Relationships with Climate

We assessed growth and recruitment relationships with climate for ATL sub-regional
composite chronologies and age frequency distributions using correlation analyses
(Fritts 1976). We used two sets of climatic data: (a) sub-regional climatic series
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developed by Macias et al. (2006) based on 18 meteorological stations located
throughout the eastern Pyrenees, and (b) meteorological data from the CRU TS 2.0
gridded (0.5° resolution) data set (Mitchell et al. 2004, 2005).

Relationships between RWIs and monthly average temperature and cumulated
precipitation were examined over the period common to the chronology and the
instrumental climatic record (1955-2000 period for site-specific chronologies and
1951-2000 period for composite ATL chronologies). For these analyses tempera-
tures and precipitation from October prior to the year of growth (z—1) to October
of the year of tree-ring formation () were used. We extended the period to October
since latewood development and the synthesis of carbohydrates in P. uncinata and
other conifers growing in cold environments also occur during fall (Camarero
et al. 1998; Rossi et al. 2008). To evaluate the stationarity of the growth—climate
associations over time, we computed moving correlations; we adopted a 25-year
interval progressively shifted over time every year to compute the correlation
coefficients for the same monthly variables. Both correlations and moving corre-
lations were computed using the “bootRes package” (Zang 2011) with 1,000
bootstrap iterations; their significance was tested using the 95% percentile range
method (Dixon 2001).

Given the characteristics of the generated age frequency distributions (encom-
passing only 10 age-classes), recruitment—climate relationships were computed by
correlation analyses between recruits density and seasonal climate. Following Lloyd
and Fastie (2002) we created the following seasonal variables: winter temperature
(average November—March), spring temperature (average April-May), summer
temperature (average June—August), and fall temperature (average September—
October). By using this approach, we aimed to avoid a reduced robustness of the
regression analysis, and thus of incorrect inferences, as a result of a too large
number of independent variables in the models. Since climate also influences post-
establishment survival and growth of recruits (e.g. Gamache and Payette 2005) we
also performed correlations between recruitment and 5-years forwarded climate data.

11.3 Results

11.3.1 Radial-Growth Patterns

Overall, the dendrochronological statistics revealed a high common growth signal
among trees sampled in each ATL (for instance the mean correlation between trees
ranged 0.47-0.75; see Table 11.2). The mean radial-growth rate (1.72 mm) was
high, probably because of the youthfulness of most trees, whereas the mean sensi-
tivity was relatively low (range 0.12-0.27) and increased eastwards significantly
(r=0.71, P=0.008). The mean correlation between trees’ growth series in each ATL
also increased significantly eastwards (r=0.70, P=0.01).
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P. uncinata growth year to year variations for the period 1955-2000 are held in
common by most of the study sites as illustrated by the significant (P <0.05) corre-
lation coefficients between site chronologies (Table 11.3). DU and BU are the sites
that present a more dissimilar growth pattern in relation to the other ATLs. Despite
such similarity in growth variations among ATLs at regional scale, correlation
coefficients were on average higher between sites in the same climate sub-region
than between sites from different sub-regions. Sites in the Pallars sub-region
presented the highest correlation coefficient between them (r=0.73 compared to
r=0.54 with the other sub-regions), followed by sites at the Ribagor¢a, Cerdanya
and Ripolles (r=0.62, r=0.57, r=0.57 respectively). Correlation coefficients with
the other sub-regions for the latter were r=0.53, r=0.43 and r=0.33, respectively.

11.3.2 Spatiotemporal Patterns of Recruitment

No significant spatial segregation between recruitment periods (1950-1974 and
1975-1999) was detected in any of the ATL studied (Fig. 11.3). Five of the sites had
slightly negative but non-significant spatially corrected Spearman correlation
coefficients between recruitment periods, whereas values for the other seven sites
were positive and mostly non-significant. The analysis of small-scale distribution
patterns at the study sites (Fig. 11.4; Batllori et al. 2010) revealed that recruitment
was characterized by a strong clustering of seedlings at small distances (0-3 m).
Saplings showed clustering at the same scale range and strength as seedlings did,
but to a lesser degree, and large trees’ distribution was not significantly different
from a random distribution. Both saplings and seedlings showed spatial segregation
from large trees in the vast majority of studied ATLs. Small-scale distribution
patterns were very similar between climatically driven ATLs and the ones more
influenced by the cessation of human-induced perturbations.

Despite temporal patterns of recruitment were more variable between sites than
growth year-to-year variations, paired Kolmogorov—Smirnov tests yielded no
significant differences in the age frequency distribution of recruits between any of the
studied ATLs for the period 1950-1999. Sub-regional demographic age structures in
S5-year classes are presented in Fig. 11.5. Increased recruitment after 1970s is observed
in all sub-regions. Maximum recruitment rates occurred during the second half of the
1980s and first half of the 1990s, followed by a reduced number of recently recruited
individuals (1995-1999 period) in all sub-regions (Fig. 11.5). Significant differences
in the temporal patterns of recruitment between sub-regions were only observed
between Ribagor¢a and Pallars sub-regions (P <0.025 Kolmogorov—Smirnov test).

11.3.3 Climatic Drivers of Recruitment

Analysis of recruitment—climate relationships was done between sub-regional
patterns of establishment and mean seasonal temperature using the CRU TS 2.0
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Fig. 11.3 Mapped point patterns (left scatter plots) and density by 10 m altitudinal bands
(right bar plots) of all Pinus uncinata individuals recruited during the period 1950-1999 in the 12
tree line ecotones studied. Two recruitment periods are illustrated: 1950-1974 (white dots; white
bars) and 1975-1999 (black dots, black bars). The spatially corrected Spearman’s correlation
coefficient (r) between the two recruitment periods is noted for each site; symbol asterisk denotes
significant (P<0.05) r, coefficients. Note that scales and plot sizes vary between sites (modified
from Batllori et al. 2010)

climate dataset (Fig. 11.5). Summer temperatures were positively and significantly
related with the established number of recruits in all sub-regions, except for
Ribagorc¢a were summer temperature had a positive but non-significant relationship.
Spring and fall temperatures showed weaker (non-significant) and more variable
relationship with the abundance of recruits. Winter temperatures showed a positive
significant relationship with recruitment only in Cerdanya. Forwarded climate anal-
ysis evidenced also a positive and significant relationship between density of recruits
and summer temperatures, as well as with winter temperatures, in all the sub-regions
and also with spring temperature in Pallars.
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Fig. 11.4 Summary of the univariate and bivariate point-pattern analyses in the 12 Pinus uncinata
tree line ecotones studied. The frequencies of significant clustering (left plot) in at least some
analysed distance for each tree class, and the negative spatial relationship (repulsion; right plot)
between tree classes are illustrated. Light grey bars correspond to the undisturbed sites and dark
grey bars correspond to the disturbed sites (see Table 11.1 for details; figure modified from Batllori
et al. 2010)

11.3.4 Climatic Drivers of Radial Growth

The preliminary analyses of growth—climate relationships for site ATLs yielded
very weak, non-consistent and only few significant relationships (results not pre-
sented). Correlation analyses revealed important differences in the growth—climate
relationships obtained when using specific climate datasets (i.e. CRU TS 2.0 and
sub-regional meteorological datasets described in Macias et al. 2006). Differences
were striking, and of concern, when evaluating the precipitation effects on tree
growth; both direction and significance of the obtained correlation coefficients
were largely inconsistent between the two data sets. In light of these results, and
adopting a conservative approach, we decided not to interpret the relationships
between radial growth and precipitation. Growth—temperature relationships pre-
sented much more consistent results between the two climate datasets, being the
CRU TS 2.0 dataset the one presenting higher and more significant correlation
coefficients with tree growth year-to-year variations. Results from the four sub-
regional ATL composite chronologies and monthly temperature are presented in
Fig. 11.6.

Tree growth showed significant and mostly positive responses to the climate
conditions of the year of growth, mainly spring and summer months (May through
August), and to the late fall (November) prior to the growing year (Fig. 11.6).
A significant and positive relationship between growth and temperatures of the
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Fig. 11.5 Age frequency distributions (leff) and bootstrapped correlation coefficients performed
between regional recruits density and current and forwarded seasonal temperatures (right).
Significant correlation function coefficients (P <0.05) are indicated by dark grey bars

current August and prior November was detected in all sub-regions, whereas
current May temperature related positively and significantly in three of the four
sub-regions. Current April, June, July and September temperatures showed a more
sub-region specific relationship with tree growth, having only significant coefficients
in one of the sub-regional ATL chronologies.

The moving correlations temperature patterns for the growing season (May to
October) generally confirm the results obtained from correlation analyses (Fig. 11.6).
In many cases, growth—temperature correlations show a relatively stationary
response over time (e.g. current June and July months in Pallars, current July and
September in Cerdanya, previous November in Ripolles). In contrast, monthly tempera-
tures to which the sub-regional ATL chronologies exhibit a significant response
display in some cases more dynamic or unstable responses with important
fluctuations over time (e.g. current May and August months in Ribagorga, current
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Fig. 11.6 Bootstrapped correlations coefficients (left bar plots) and moving correlation
coefficients (right line plots) performed between the indexed radial growth of the four regional tree
line chronologies (period 1951-2000) with monthly averaged temperature from prior October
(year t—1) to October of the year (7) of tree-ring formation. Moving correlation coefficients are
only depicted for months with a climatic variable showing a significant influence on tree growth in
the studied sub-regions. Lowercase: prior-year months; capitals: current-year months. Significant
correlation coefficients (P <0.05) are indicated by dark grey bars (left), and by values falling outside
the shaded area (right)

September in Cerdanya). September temperatures of the growing season showed,
despite being non-significant, a clear decrease trend in all the sub-regional ATLs
after ca. the 1970s.

11.4 Discussion

We expected large variation in radial growth and patterns of recruitment establish-
ment between ATLs due to the influence of topography on local climate regimes
in the studied high-elevation forests. However, the tree lines studied mostly
exhibit synchronous growth year-to-year variations at a regional scale for the
period 1955-2000, and surprisingly, the abundance of recruitment and its fluctua-
tions over time were not significantly different between sites. Our results are in
accordance with those of Tardif et al. (2003), who reported the influence of macro-
climatic environmental conditions on tree ring growth of P. uncinata stands from
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the Central Pyrenees. The coupling of upright trees’ to general atmospheric
conditions may explain the common growth fluctuations observed at the ATL over
the Pyrenees mountains (Korner 2007). On the other hand, we attribute the lack of
significant differences between sites in recruits’ density over time to the resolution
of the analysis (5-year classes). When analysing fluctuations of recruitment at a
yearly resolution, 50% of paired Kolmogorov—Smirnov tests (with Bonferroni
correction of the significance level, P<0.001) yielded significant differences
between ATLs. However, the dating error in establishment dates needs careful con-
sideration when defining the width of age-classes, since it can significantly change
the shape of age frequency distributions (Wong and Lertzman 2001). This justifies
our approach based on 5-year classes, which at the same time reduces the ability to
detect important variations in recruitment trends over time, both within and between
sites. The importance of microsite conditions (e.g. microtopography), of the inter-
play between abiotic and biotic controls, and of mechanisms operating at small-
spatial scales on regeneration dynamics has been largely documented at the ATL
(Smith et al. 2003; Resler 2006; Korner 2007; Batllori et al. 2009; Bekker et al.
2009; Aune et al. 2011; Elliot 2011). Hence, we believe the demographic trends
presented in this study are representative of general P. uncinata recent dynamics in
ATL environments in the Pyrenees rather than indicative of site-specific responses.

As expected, due to the shade intolerance of P. uncinata (Bosch and Gutiérrez
1999), the spatial characterization of the study sites evidences significant segrega-
tion between large trees and seedlings and saplings (Batllori et al. 2010). P. uncinata
recruits establishes predominantly above the forest limit where favourable micro-
sites for regeneration occur (Camarero et al. 2000; Batllori et al. 2009), and, in
common with other tree line species (e.g. Srutek et al. 2002; Alftine et al. 2003),
seedlings and saplings—to a lesser degree—appear strongly clustered at small
distances (0—3 m). Despite a remarkable increase in tree recruitment after the
1970s observed in all climatic sub-regions (see also Batllori and Gutiérrez 2008), as
summer temperatures rose, all ATL sites are characterized by an absence of spatial
segregation between the 1950-1974 and 1975-1999 recruitment periods. This
suggests that a continuous infilling process of the ecotone (densification), rather
than upward encroachment, has characterized ATL dynamics in the Pyrenees
during the last 50 years.

The small-scale clustering, together with remarkable increases in tree recruit-
ment observed in all sub-regions since the 1970s (acceleration period) followed by
years of limited establishment (period 1995-1999), may be indicative of positive
feedback processes coupled with accelerated warming rates (Alftine et al. 2003).
Tree clumping at the ATL promotes a more favourable microenvironment by
enhancing snow retention, which increases recruits survival (Batllori et al. 2009;
Smith et al. 2003, 2009). However, climatic variability over time disrupts establish-
ment and survival of recruits, limits feedback processes, and may explain the recent
recruitment drop observed in the study sites (Alftine et al. 2003; Camarero and
Gutiérrez 2004).

In agreement with other studies from cold environments, summer tempera-
tures were the most important factor related to tree growth (e.g. Pfeifer et al. 2005;
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Wieser and Tausz 2007; Carrer et al. 2007; Mathisen and Hofgaard 2011) and
recruits abundance (e.g. Camarero and Gutiérrez 2004, 2007; Vittoz et al. 2008).
Warm Novembers in the year before growth, and warm Mays and Augusts
during the year of tree ring formation dominated the growth—climate association at
P. uncinata tree lines. Moving correlation functions point to a general increase in
the sensitivity of May and August temperatures (except in the Cerdanya sub-region)
and the relative stability of November temperatures over the last ca. 50 years. This
finding is in agreement with the summer warming trend observed during the last 2
decades of the twentieth century which might enhance cambial activity through an
extension of the earlywood growing season at the ATL. Furthermore, the eastward
increase in mean sensitivity and correlation of growth series within sites indicates a
greater importance of summer conditions for growth as we moved towards the
Mediterranean Sea. Such relevance may not only refer to temperature because
eastern sites, particularly in the Cerdanya sub-region, were also subject to stronger
drought conditions than western sites. The low responsiveness of Cerdanya trees to
summer warming trends may also be caused by long-term adaptive growth patterns
of these ATL populations to warm and dry summer conditions. The lack of adequate
local precipitation data at high-elevation sites precludes testing this idea throughout
most of the Pyrenean range.

The general positive climate—growth relationship during fall may indicate the
negative influence of cold temperatures during this season in the synthesis and accu-
mulation of carbohydrates for following year radial growth (Rolland and Schueller
1994; Kagawa et al. 2006). The described positive response to May temperatures is
consistent with the xylogenesis of P. uncinata in the Pyrenees (Camarero et al.
1998), and with the fact that cambial reactivation of evergreen conifers is triggered
by temperature rise in spring (Tranquillini 1979). Furthermore, May temperatures
show an increased influence during the second half of the twentieth century (Tardif
etal. 2003), as we generally detected at the ATL, suggesting that trees begin to grow
earlier due to an enlargement of the growing period (Menzel et al. 2006). Similarly,
despite being non-significant, we observed a decrease in the positive influence of
September temperatures on tree growth at all sub-regions. This may illustrate a
trend towards potentially increased drought stress in early fall (Macias et al. 2006).
Oberhuber et al. (2008) reported that the strongest long-term stable climatic signal
on tree growth at the ATL is a direct response to July temperature. However, that
was not the case at the study sites where August temperature exhibited a strongest
relationship with tree growth. This may be due to age-dependent responses to
climate. Carrer and Urbinati (2004) described a strongest influence of July tempera-
ture on growth in old trees and of August temperature in young trees, thus the
relatively young age of the trees sampled at the study sites may explain the observed
growth—climate relationships. Moreover, we suggest the divergence of radial growth
and July temperature since the mid 1980s in ATL environments (Oberhuber et al.
2008), which might be due to the impact of temporary drought stress during the
growing season, may have a varying influence in young and old trees. Unfortunately,
we could not evaluate the influence of precipitation on P. uncinata radial growth at
the study sites due to climatic data constraints. While a local and high-elevation
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climate station can be highly representative of year-to-year variability in temperature
across the study region (Agusti-Panareda et al. 2000), precipitation presents much
variability at local scales due to the topographic complexity in mountain regions
and to site-specific factors as slope or exposure to wind (Barry 1992; Wilmking and
Juday 2005). Additional studies must be performed (e.g. with other proxies for
precipitation) to determine the influence of precipitation on ATL tree growth at the
eastern range of the Spanish Pyrenees.

Recruits—climate relationship evidenced that temperature is among the most
important factors in determining recruits establishment and survival at the ATL
(Korner 1998). Recruitment density appeared positively correlated with winter and
summer temperatures both for current and forwarded climate as has been found in
nearby ATLs (Camarero and Gutiérrez 2004), and in isolated P. uncinata popula-
tions in the Iberian range growing under continental conditions (Camarero and
Gutiérrez 2007). Camarero and Gutiérrez (2004) also attributed low levels of recruit-
ment and tree line advance due to summer droughts. We cannot rule out an equivalent
response at the study sites. First, we could not evaluate the influence of precipitation
on the temporal variation of recruitment. Second, the resolution (age class width)
and seasonalized climate is not comparable with the previous studies. Our analysis
shows that forwarded winter temperatures are also consistently related to recruits
density, they have a positive and significant relationship with recruitment fluctuations
in all the sub-regions. This confirms that winter conditions in the following years
after establishment may be among the most limiting factors for seedling survival at
the ATL (Batllori et al. 2009). The analysis presented here is not suitable to perform
an accurate evaluation on the effects of climatic conditions and their variability on
P. uncinata recruitment dynamics at local scales. Thus, as recently highlighted by
Malanson et al. (2011), we emphasize the need of explicitly assess the role of local
climatic conditions and its temporal variability in tree establishment and survival at
the tree line.

11.5 Conclusions

Results presented here evidence that sub-regional response patterns of growth and
recruitment to temperature are rather homogeneous at the Pyrenean ATL ecotone.
Both radial growth and recruitment have had similar responses to climate variability
over the second half of the twentieth century. In light of the positive effects of
warm temperature at the study range, one could expect little inertia to climatically
induced shifts of the Pyrenean ATLs to recent and future warming trends. However,
while environmental conditions during the second half of the twentieth century may
have enhanced radial and height growth of already established trees and favoured
increased recruitment within the ecotone, tree line shifts have not been ubiquitous
(Batllori and Gutiérrez 2008; Batllori et al. 2010). Thus, even if the described sub-
regional trends could suggest potential conspicuous future changes in ATL position
(Malanson et al. 2007; Aune et al. 2011) varying recent site-specific dynamics
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preclude such generalization. Our results highlight the importance of spatial and
temporal scale in linking process and pattern at the ATL (Levin 1992; Resler 2006),
and evidence the importance of small-scale detailed studies to detect and gain
understanding on contingent factors that may distort expected regional ATL
responses at local (e.g. microsite conditions for regeneration) and regional (e.g. extreme
climatic events for growth) scales.
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Chapter 12

The Alpine Treeline Ecotone

in the Southernmost Swedish Scandes:
Dynamism on Different Scales

Leif Kullman

12.1 Introduction

Alpine (altitudinal) treeline ecotones are elusive, spatially heterogeneous and
dynamic transitional zones between closed mountain forest and treeless alpine
tundra. From a distance the may look sharp, but a closer view usually reveals a
highly complex structural pattern (Kullman 1979). Thermal growth limitation is
considered as the fundamental part of the mechanism that creates and maintains
the treeline ecotone (Grace et al. 2002; Hoch and Korner 2003; Holtmeier 2003;
Kullman 1998, 2007a, 2010a; Diaz et al. 2003; Lloyd and Fastie 2002). At finer
scales, the straight thermal forcing is modulated by other agents, e.g., topography,
geomorphology, wind, soil depth, species interactions, fire, herbivory, human
impacts, and site history (Walsh et al. 1994; Holtmeier and Broll 2005; Gehrig-
Fasel et al. 2007; Kullman and Oberg 2009; Leonelli et al. 2011; Aune et al. 2011).
Among these, wind appears to have a superior role (cf. Seppild 2004; Holtmeier
and Broll 2010; Kullman 2010a).

In recent years, treeline ecotones have received increased attention in their
postulated roles as sensitive ecological indicators of climate change (Gosz 1993;
Kullman 1998; Skre et al. 2002; Holtmeier 2003; Nagy 2006). However, from a
theoretical perspective, there has been some doubt and discussion as to the respon-
siveness and usefulness of treeline ecotones for the purpose of early detection and
monitoring of climate-mediated ecological change in high-mountain regions
(Noble 1993; Baker and Weisberg 1995; Kupfer and Cairns 1996; Koérner 1999;
Bekker 2005). On the other hand, paleoecological studies strongly support the
contention of perceivable elevational dynamics of alpine treelines on centennial
and longer timescales, mainly as a response to climate change (e.g., Tinner and
Kaltenrieder 2005; Kullman and Kjallgren 2006; Paus 2010). Also on shorter scales,
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treelines are found to respond by position, structure, and composition to climate
variability. For example, during the past century treelines of different species in
the Swedish Scandes have shifted upslope by a common maximum of little more
than 200 m, in balance with recorded air temperature change (Kullman and
Oberg 2009).

Recent treeline rise has become a circumboreal phenomenon, ultimately condi-
tioned by predominant climate warming during the past century (cf. Shiyatov 2003;
Esper and Schweingruber 2004; Lloyd 2005; Tape et al. 2006; Kapralov et al. 2006;
Danby and Hik 2007; Holtmeier and Broll 2007; Harsch et al. 2009). A more
detailed mechanistic understanding of ecotonal control and performance on decadal
to centennial scales is urgently needed as a basis for dynamic modeling and accurate
projection of the transformation of the treeline landscape under the auspices of
hypothetical future climate change (cf. Malanson 2001; Butler et al. 2007; Elliot
and Kipfmueller 2010; Leonelli et al. 2011). For that purpose, the importance of
real-world data on treeline performance, representing multiple temporal and spatial
scales cannot be overstated (Korner 1999; Fagre et al. 2003).

Alpine treeline ecotones may be relictual (lacking reproductive capacity) or
newly shaped (ongoing establishment). The present chapter strives to explore this
issue by reconciling observed/reconstructed regional scale (10° m) and local
(10>~10° m) positional dynamics of the alpine treeline ecotone on different times-
cales. This effort synthesizes and reviews experiences from a regional treeline
monitoring program in the southern Swedish Scandes (TREENET), comprising
multisite data on treeline performance over the past 100 years (Kullman and Oberg
2009; Kullman 2010a) and paleoecological (megafossil) treeline data for the same
region and the entire postglacial period (Kullman 2004a; Kullman and Kjillgren
2006; Oberg and Kullman 2011a, b).

The “treeline ecotone” is taken as the elevational belt between the uppermost
closed forest (irrespective of species) and the treeline of the species which reaches
the highest elevation. The concept treeline, as distinguished from the treeline
ecotone (cf. Hustich 1979), is narrowly defined as the elevation of the uppermost
individual of a particular tree species with a minimum height of 2 m (e.g., Smith
1920; Miehe and Miehe 2000; Kullman 2010a). This very precise definition allows
adequate comparisons in time and space and is useful as an index and expression of
prevailing growth conditions for trees and other plant species at high elevations in
the mountains.

In the Scandes, the altitude of the treeline coincides with more or less abrupt
changes in certain vegetation and flora qualities in the understory layer (Smith
1920; Hofgaard and Wilmann 2002; Sundqvist et al. 2008). Furthermore, several
studies have demonstrated that elevational treeline shifts (progression or regres-
sion) are paralleled with corresponding transformations of tree and ground cover
vegetation in the entire treeline ecotone as well as in the alpine zone (Hustich
1978; Kullman 2001a, 2005a, 2007b, ¢, 2010c; Sundqvist et al. 2008; Hallinger
etal. 2010). For example, species which previously did not ascend above the birch
treeline, e.g., Maianthemum bifolium and Cornus suecica, have recently shifted
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upslope in concert with the treeline. Thus, the treeline, as defined above, integrates
positional and structural trajectories in subalpine/alpine vegetation. As clearly
realized long ago by experienced field botanists (e.g., Enquist 1933; Nigeli 1969),
the treeline rather than any “forest line” provides the most clear-cut and direct
relationship to the regional climate (cf. Kérner 2007). In addition it can be
objectively assessed, which is not the case for the forest line, irrespective of its
definition (Samuelsson 1914; Hustich 1937; Kullman 2010a). Thus, the treeline
appears as a most appropriate tool and target for climate impact monitoring
(Kullman 1998).

Each tree species has its own tree species line, at a highly variable distance
above the respective treeline. This is the highest occurrence irrespective of size and
age. Scientifically, this feature has received less attention than it actually deserves,
as part of an “early warning system” with focus on climate-mediated ecological
change.

The nomenclature of vascular plant taxa is according to Mossberg and
Stenberg (2003). When not otherwise stated, the photographs are taken by Leif
Kullman.

12.2 Research Region

The Swedish Scandes (the Caledonides) trend north—south from 69 to 61 °N lat. In
the north, the highest mountains reach about 2,000 m a.s.l., with the upper treeline
stopping about 700 m a.s.l. In the south corresponding figures are 1,200 and
1,100 m a.s.l., respectively. This study concerns the latter region (province of
Dalarna), approximately 61-62 °N lat., where southwards ascending treelines
approach the highest mountain tops. This regional-scale landscape pattern takes
the form of an “archipelago” of widely scattered and southwards progressively
smaller caps of open alpine tundra in a matrix of closed boreal forest (Figs. 12.1
and 12.2).

In the following, these objects will be termed “low fells.” On the local scale, each
of them possesses a structurally unique alpine treeline ecotone as a mosaic of tree
stands and open patches of alpine tundra (Kullman 1979, 2010a).

Given the small alpine caps, which characterize most of the low fells, it appears
likely that even relatively insignificant climate shifts would rapidly and profoundly
alter the vegetation landscape as the local ecotones adjust to new climatic condi-
tions. It is commonly speculated, although with little empirical support from tree-
line history, that future hypothetical climate warming (IPCC 2007) would cause the
replacement of most of the alpine tundra with forest in the Scandes (e.g., Bernes
1996; Moen et al. 2004). This prospect appears realistic for the low fell region
concerned here, but may be questioned for most of the Scandes, where much higher
and windier mountains prevail (Kullman and Oberg 2009).
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Fig. 12.1 Mt. Storfjillet. (a) Characteristically, most low fells have a smooth and rounded topography.
The treeline ecotone extends diffusively over more than a kilometer. 15 June 2010. (b) During the
past 30-35 years, scattered trees of mountain birch, spruce, and pine have emerged right at the
highest point of the mountain. 10 July 2007
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Fig. 12.2 Map showing the study area in the county of Dalarna. All low fells that existed by the

early twentieth century (shaded) were mapped by Samuelsson (1917). Today, only those objects
at the highest peak

marked with an X remain as low fells, i.e., without tree-sized individuals of any species growing

12.3 The Alpine Treeline Ecotone: General Features

As a rule, the alpine treeline ecotone in this region is formed as a relatively broad

sparse, and indistinct belt with variable proportions of mountain birch (Betula
pubescens ssp. czerepanovii), Norway spruce (Picea abies), and Scots pine (Pinus
sylvestris). In contrast to more northerly parts of the Scandes, a discrete and
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monospecific birch belt, as the major part of the ecotone, is mostly lacking or
fragmentarily developed. Only particularly steep and snow-rich sites support an
upper birch belt, with a vertical extension of 50 m or less. As a rule, mountain birch
is the uppermost species displaying tree form. In some cases, however, outpost
individuals of pine and spruce reach even higher elevations than birch, which owes
to the relatively dry and continental climate with virtually no persistent snow in the
summer (cf. Lundqvist 1948; Kullman 2004a).

Birch and spruce reproduce mainly vegetatively by basal sprouts and layering,
respectively, thereby forming clones of infinite age (spruce in particular) and vari-
able form and size, concurrent with shifting climate trends and variations.
Accordingly, treeline shifts for these species are predominantly phenotypical (Oberg
and Kullman 2011a). Pine, on the other hand, lacks these abilities and therefore
has to rely exclusively on seed reproduction in order to maintain its presence and
to raise its treeline. A detailed account of these species and their high-mountain
ecologies is given by Kullman (2010a).

Asindicated above, the local spatial structure of the treeline ecotone is extremely
complex. The transition from closed forest to treeless alpine tundra may be rela-
tively abrupt or broadly diffuse. In many cases it takes the form of distinct patches
or “fingers,” surrounded by open alpine heath or mire (cf. Kullman 1979, 2010a;
Moen et al. 2008). Complexity and heterogeneity also concern the tree growth
forms. Mountain birch displays great variation between monocormic and polycor-
mic types, which reflects snow cover, water and nutrient availability, and herbivory
(Carlsson et al. 1999). Spruce and pine perform with a broad spectrum of forms,
ranging from erect-growing individuals to krummbholz (stunted forms) (cf. Holtmeier
1981). Ultimately, these modes originate from wind- and winter stress conditions
(Holtmeier 2003).

Oligotrophic dwarf-shrub heaths with predominant Calluna vulgaris and
Empetrum hermaphroditum prevail in the ecotone and slightly above. The most
wind-exposed sites support a sparse cover of species with true alpine affinities,
Loiseleuria procumbens, Arctostaphylos alpinus, Carex bigelowii, Juncus trifidus,
Hieracium alpinum, Diphasiastrum alpinum, and variable proportions of reindeer
lichens (Cladina spp.). The actual abundance of lichens is largely dependent on the
intensity of reindeer grazing. Perennial snow patches do not exist, but scattered and
relatively species-poor (low herbs and bryophytes) snow bed plant communities
prevail in the alpine belt, where snow may stay until the mid-summer. Sites with
relatively deep and persistent snow cover are characterized with Vaccinium myrtillus
as the dominant species. The cover of mires is exceptionally small.

Widely scattered old-growth and vegetatively regenerating trees and krummbholz
individuals of spruce and birch form the core of a savanna-like landscape and add
conservative aspects to the treeline ecotone. Particularly the spruces constitute an
ancient structural component in this and many other low fell regions of northern
Fennoscandia (e.g., Kihlman 1890; Hustich 1958; Kullman 2001b). As revealed by
4C-dating of wood remnants preserved in the soil beneath the canopies, certain
spruce clones are relics from the early and mid-Holocene (Kullman 2005a; Oberg
and Kullman 2011a) (Fig. 12.3). The “eternal” nature of many krummbholz spruces
presupposes a harsh and open landscape, which prevents spruces from attaining
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Fig. 12.3 Old-growth layering spruce, which attained tree size during the past century. Radiocarbon-
dated wood pieces, preserved in the peat underneath the canopy, indicate that the individual spruce
existed 7,940 cal year Bp. Mt. Koarskirsfjillet (825 m a.s.l.). Source: C)berg and Kullman (2011a)

senescence (cf. Oberg and Kullman 2011a). Thus the prevalence of ancient spruce
clones indicates that the treeline ecotone contained open spaces even during the
early Holocene, when treelines potentially reached higher than the highest moun-
tains in the region.

The influence of human activities in the past has been virtually negligible for the
current position of the treelines. This contention is based on the fact that there is no
significant positional difference between treelines at sites with different degrees of
past human utilization, e.g., livestock grazing, haymaking, reindeer husbandry
(Kullman 1979; Kjillgren and Kullman 1998).

12.4 Holocene Retreat and Transformation of the Alpine
Treeline Ecotone

A continuous Holocene chronology of elevational pine treeline change has been
constructed for the Swedish Scandes. The basis is a large set of radiocarbon-dated
tree megafossils (stems, roots, cones) (Fig. 12.4), retrieved from numerous sites at
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Fig. 12.4 (a) Mt. Storvitteshagna (1,180 m a.s.l.). Unearthed megafossil pine, which has been
preserved in peat close to the highest mountain in the region. Radiocarbon dating yielded 10,390
cal year BP. 15 Aug 2002. (b) Treeline chronology valid for the Swedish Scandes. The graph is
based on the highest megafossil pine for each 250-year period and relative to the early twentieth
century position of the pine treeline at the respective site. Source: Kullman and Kjillgren (2006);
Oberg and Kullman (2011b)

different elevations above the modern treeline along the entire Swedish Scandes
(Kullman and Kjillgren 2006; Oberg and Kullman 2011a, b). It appears that the
pine treeline has descended virtually steadily by about 50 m per millennium since
the Holocene Thermal Maximum, 10,000-9,000 years ago. An analogous course of
treeline retraction is obtained from southern Norwegian mountains (Paus 2010).
Ultimately, this process has been a response to orbitally driven insolation decline
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and associated summer temperature cooling (cf. COHMAP 1988; Renssen et al.
2009). Drawing of this rate, the first emergence of all low fells and implicit, an
alpine treeline ecotone, may be tentatively reconstructed in the study region, by
back-counting from the current treeline elevation.

For example, the highest mountain in the region Mt. Storvitteshdgna rises to
1,204 m a.s.l., which is 230 m higher than the current (2004) treeline of pine. This
implies that the inception of alpine tundra took place about 4,500 years ago.
Thereafter the width of the treeless cap has increased gradually until about a century
ago, when its Holocene maximum was reached (Oberg and Kullman 2011a). At this
point of time, the majority of the low fells in the region were mapped by Samuelsson
(1917) (Fig. 12.2). The majority extended less than 100 m above the contemporary
treeline and consequently they had gradually evolved during the past 2,000 years
and in many cases over the past millennium (Kullman 2004a; Kullman and Oberg
2009). As a consequence, a plethora of new low fells emerged and their latitudinal
distribution limit was shifted by several tens of kilometers southwards. This pro-
gressive “alpinization” of the concerned region after the mid-Holocene is consistent
with the Neoglacial cooling, which has stressed high-altitude ecosystems over major
parts of Scandinavia (cf. Karlén 1976; Caseldine and Matthews 1987; Paus 2010).

Another Neoglacial phenomenon concerns the spruce, which in line with its role
as a late interglacial successor (Robertsson 1997), has gained its present-day codom-
inant position in the ecotonal tree species mixture during the past 3,000 years.
Concurrently, broadleaved thermophilous tree species, e.g., Quercus robur, Corylus
avellana, and Ulmus glabra, which immigrated to the southern Scandes during the
early Holocene (Kullman 2004a; Bang-Andersen 2006), were extirpated from the
levels of the modern treeline ecotone during the cooling late Holocene (Lundqvist
1951; Giesecke 2005; Kullman 2005a, 2008; Oberg and Kullman 2011a). In addi-
tion, the minute alpine and northern floral elements in this mountain region seem to
have spread to the low fells in parallel with the Neoglacial cooling and associated
treeline descent (cf. Samuelsson 1910; Smith 1920; Hustich 1937; Almquist 1949).
In particular, snow bed plant communities in and slightly above the treeline ecotone
appear to have evolved mainly in response to this cooling phase (cf. Velle et al.
2005; Kullman 2003).

Most of the alpine ground cover species, which have spread to the region during
the Neoglacial, are such which tolerate and regenerate on acidic forest soils with a
raw humus layer, e.g., Pedicularis lapponica, Phyllodoce caerulea, H. alpinum, and
Athyrium distentifolium. To a large extent, their low fell habitats may be character-
ized as “forest without trees,” since the ground cover and top soils are residuals from
the relatively warm early Holocene and have not yet fully adjusted to the Neoglacial
climate (cf. Kullman 1997, 2005d; Hofgaard and Wilmann 2002). To some extent,
this circumstance may explain the poverty of the alpine flora, as most genuine alpine
plant species are less competitive on these soils.

Many low fells owe their existence to a particularly cool Neoglacial subperiod,
the so-called “Little Ice-Age,” approximately 1300-1900 ADp. (Grove 1988; Kullman
2005¢; Ljungqvist 2009). This contention is supported by exploratory studies by
botanists and geographers active at the end of this period. They witnessed a miserable
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Fig. 12.5 Mt. Storviitteshagna,
900 m a.s.l. About a century
ago, the victims of prolonged
Little Ice Age cold could be
witnessed somewhat above
the treeline, which then had
retracted to its lowest position
ever during the postglacial
period. Photo: Karl-Erik
Forsslund 1912. Reproduced
by permission of Dalarnas
Museum, Falun

state of forest vitality in the alpine treeline ecotone, with predominance of dead and
dying trees and virtually no regeneration at all (e.g., Kellgren 1891; Forsslund 1921;
Kullman 2000 and literature cited therein). Photographs from the final part of the
Little Ice Age highlight a common situation with dead standing pine snags remain-
ing in an open alpine landscape (Fig. 12.5), which was previously a part of the
treeline ecotone. From adjacent parts of Norway, contemporary eyewitness reports
tell of previously entirely forest clothed mountains, which were transformed to
untreed low fells (Grove 1988). Possibly, low fells came into existence in Sweden
even somewhat south of Mt. Tand6vala during the Little Ice Age. Today, some high
mountains here display a summit area with sparse, even-aged, and fairly young tree
stands and a flora with a few alpine/subalpine plant species, e.g., A. alpinus and
B. pubescens ssp. czerepanovii (Kullman 2004a and literature cited therein).
Presence of more alpine plant species in the surrounding boreal forest than on the
low fells (Samuelsson 1910; Almquist 1949) may further support the contention of
a substantial and still remaining biogeographic impact of the Little Ice Age.

The national park, Sonfjillet, in the southern Swedish Scandes was established
in 1909, with the outspoken purpose to preserve a suitable site for scientific study of
the ongoing “battle” between alpine and forest, which was felt as a great problem to
forest authorities (Oberg 2009).

To some extent, disturbance by fire and cattle grazing may have interacted with
late Holocene climate cooling as drivers of this course of landscape evolution
(Kullman 1980; Kardell et al. 1982; Oldhammer 2005). Possibly, fire (natural or
intentional), in combination with different geological substrates and positions along
regional climatic continentality-maritimity gradients, has some role for the local
variations in the relative proportions of spruce and pine in the treeline ecotone.
Prevalence of fire-sensitive spruce clones in the treeline ecotone may signal a little
(if any) fire-impacted environment.
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12.5 Post-little Ice Age Evolution of the Alpine Treeline
Ecotone

12.5.1 Meteorological Background

Instrumental meteorological records (1876-2007), representative of the study
region, show a positive linear trend of 1.4 °C for the mean annual temperature and
approximately the same for summer and winter periods. Precipitation has increased
continuously over the past century (Alexandersson 2006; Kullman and Oberg 2009).
Despite this fact, the treeline ecotone has become progressively drier during the
summer period, mainly as a consequence of increased evapotranspiration and
earlier disappearance of late-lying snow patches, which previously irrigated the
slopes for most of the summer (Smith 1957; Kullman 2004a, 2007b, c). A decreasing
trend of snow cover duration has been recorded over the past century (Moberg
et al. 2005).

12.5.2 From Alpine Tundra to Forest: A Case Study
on Mt. Tandovala

The mountain Tanddvala (60°50'N, 13°11'E) reaches 774 m a.s.l., and for long it
was considered to be the southernmost low fell in Sweden (Samuelsson 1917,
Forsslund 1921; Lundqvist 1951). The last-mentioned author made a photographic
survey of the summit area. Recent repeat photography of some of these images is
presented below and shows a trend of tree and forest encroachment over the entire
mountain cap (755-774 m a.s.l.), which therefore cannot be characterized as a low
fell today (Figs. 12.6, 12.7, and 12.8).

The summit area has become covered with a sparse and patchy, 4-7 m high forest
of mixed spruce, pine, and mountain birch. Some spruces and birches are old-growth
individuals, which existed as prostrate krummholz prior to the twentieth century, as
evidenced by ground observations and the historical photographs displayed above.
Many trees have broken tops, as a consequence of heavy snow load in combination
with strong winds. In accordance with a more common pattern in the southern
Swedish Scandes, some trees suffered from frost desiccation injuries (needle loss)
during the 1980s (cf. Kullman 1997), further indicating the marginal position of this
new forest.

The static age structure of spruce (Fig. 12.9) was assessed in a plot within the
newly established summit forest. Coring was carried out close to the root collar of
the largest and most ancient-looking stem belonging to each individual, most of
which were multistemmed. Since this kind of retrospective analysis expresses both
natality and subsequent mortality, it should be interpreted with great caution. In the
present case, absence of remains of dead saplings and young trees suggests that
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Fig. 12.6 Mt. Tandovala, previously the southernmost low fell in Sweden. (a) By 1919, the
summit area was devoid of trees. A few krummholz individuals of birch and spruce are strewn
over the peak area. Photo: Karl-Erik Forsslund. (b) Throughout the twentieth century and up to the
present day, a tree cover of spruce and birch has gradually emerged. 16 June 2010



Fig. 12.7 Mt. Tandovala. (a) View westwards from the summit. The landscape is virtually
treeless. Photo: Karl-Erik Forsslund 1919. (b) By 1974, a tree cover (predominantly pine) has
become established and the ground cover has increased in density and height. (¢) The progressive
trends of the tree and ground cover have proceeded further. Up-growing birches in the foreground
preclude retake of the photo from the same point as previously. 16 June 2010
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Fig. 12.8 Mt. Tandovala. (a) Boulder fringing open alpine tundra over the summit plateau. Photo:
Karl-Erik Forslund 1919. (b) Today, this landscape supports fairly dense tree stands of pine. 16
June 2010

the obtained age spectrum reproduces the major variations in reproductive output,
which peaked during the particularly warm decades 1935-1944 and 1995-2004.

It is confirmed by the age distribution that a few spruces grew here during the
early nineteenth century, likely as krummholz. This situation still prevailed in the
early twentieth century, as Forsslund (1921) explicitly reports that a few “dwarfed”
spruces and “low growing birches” existed close to the summit. During the past
century, and particularly after the 1920s, the number of emerging spruce stems has
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Fig. 12.9 Age frequency distribution of all spruces growing in a plot of 80x 80 m, which covers a
major part of the view depicted in Fig. 12.6. In order to minimize the uncertainty caused by coring
slightly above the true root—stem interface, the datings are grouped into 10-year classes. Source:
Kullman (2005b)

increased substantially, as emphatically evidenced by the re-photo record. Also the
pine age structure (not shown) supports that the build-up of the present-day popula-
tion is exclusively an affair of the twentieth century (Kullman 2005b). Tree ring
count on a large and multistemmed birch at the top plateau shows that at least one
specimen existed as a low-growing shrub by the mid-1880s.

Overall, the field-layer in the summit area is dominated by C. vulgaris, while
E. hermaphroditum occupies more exposed sites in the microtopography. V. myrtillus
prevails in minor depressions with ample snow cover and wind shelter. A sparse
shrub layer of prostrate Juniperus communis is spread over the summit plateau.
Some plant species, characteristic of natural low alpine heaths in the region, exist in
the understory. These are L. procumbens, A. alpinus, C. bigelowii, D. alpinum, and the
lichen Flavocetraria nivalis. In perspective of the ongoing tree cover closure, the
persistence of these vascular plant species reasonably relates to their clonal and
mat-forming growth modes, which do not invite the establishment of colonizers. No
indications of substantial human impacts in the past are perceived.

Based on the photo record from the early twentieth century (Fig. 12.7), it is
evident that the field-layer has grown denser, higher, and lusher. Minor boulders
and stones, which were clearly visible some decades ago, are currently more or less
overgrown with vegetation.

Relative to a species list compiled in 1915 for the summit plateau (Samuelsson
1917), the plant species richness has increased and not a single species has disap-
peared (Kullman 2005b). Most newcomers are genuine “forest species,” some with
relatively high thermal demands, e.g., Acer platanoides and Betula pendula. Pinus
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Table 12.1 The magnitude of treeline rise (1915-2007) for different species in the study area
(county of Dalarna)

Species Mean (m) Range (m) Number of sites
Birch 55 0-125 17
Spruce 70 0-185 14
Pine 110 40-180 15

Source: Kullman and Oberg (2009)

contorta is an escape from forestry plantations at lower elevations in the region.
This course of biodiversity transformation is consistent with current trends in other
high mountain regions of the Scandes (Klanderud and Birks 2003; Kullman 2007b, c,
2010b; Odland et al. 2010).

In addition to Tand6vala, there are some other, less intensively studied low fells
in this region, which signals corresponding pending trajectories and have experi-
enced a fundamental ecosystem shift in the same way (cf. Kullman 2005b, 2010a;
Oldhammer 2005).

12.5.3 Treeline Change: The Regional Perspective

Recent repetition of historical altimeter measurements, in combination with dendro-
chronological analyses, forms the basis for assessments of elevational treeline
change. This endeavor concerns birch, spruce, and pine over the period 1915-2007
at a large number of sites (belt transects) in the study region (Kullman and Oberg
2009). Practically all sites experienced an upslope shift and in no case has the
treeline descended (Table 12.1). The maximum rises of all species concur with a
pattern recorded along the entire Swedish Scandes, showing values around 200 m
(Kullman and Oberg 2009; Oberg and Kullman 2011b). Advances by this order
should be expected for a case with treelines in balance with ambient air temperature,
assuming a common lapse rate 0.6 °C per 100 m altitude (Laaksonen 1976) and
recorded secular warming by 1.4 °C. Thus, the largest extents of upward treeline
movement represent treelines predominantly controlled by temperature. Localities
with relatively lesser upshifts, i.e., the majority, are more or less constrained by
local factors, e.g., geology/geomorphology, wind, etc. (Kullman and Oberg 2009).

A noteworthy implication of the results outlined above concerns the possibility
to use treeline dynamics for the purpose of climate change monitoring (cf. Baker
and Weisberg 1995). Treeline surveillance at selected localities with the largest
advances during the past century and where the treeline has performed in near-
perfect equilibrium with climate may serve as a complement to and a proxy check
of instrumental climate trend records.

Pine displays the most consistent elevational trend, with an average rise by more
than 100 m (Fig. 12.10). That is double the figure expressed by birch, although birch
responded most readily during the early phase of warming, prior to the mid-twentieth
century (Kullman and Oberg 2009). Age structure analyses of pine treeline populations
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Fig. 12.10 Young pine (30-35 years old), representing treeline rise by 145 m since the early
twentieth century. Mt. Fulufjillet, 07 Aug 2004

show discrete recruitment pulses coincident with intervals with relatively high
temperatures during the past century (Kullman 2000, 2004a, 2005b). Obviously,
climate evolution over the entire past century has favored population expansion of
the drought-tolerant pine more than birch and spruce, which both prefer a higher
level of soil water availability (Tallantire 1977; Kullman 1986b). Increasing soil
drought, correlated with recent warming and earlier and more complete annual
melt-out of late-lying snow patches (Kullman 2004a, 2005a), is likely to have
constrained the establishment of both birch and spruce in this region (Kullman and
Kjillgren 2006). Already by the early twentieth century, Samuelsson (1917) inferred
that climatic dryness (cf. Lundqvist 1951) prevents birch from attaining its upper
thermal limit in these mountains, a situation which has obviously become further
aggravated during the past century (cf. Smith 1957). Field-experimental results have
evidenced the pivotal role of summer soil moisture for the growth and survival of
birch seedlings in the treeline ecotone (Kullman 1986a). A supporting and more
large-scale manifestation of this circumstance is provided on Mt. Storvitteshagna,
where birch stands reach about 100 m higher on the moister north facing slope than
on the relatively dry south slope. Likewise, the exceptionally dry Mt. Stiadjan
displays treelines of pine, spruce, and birch at 1,045, 1,130, and 960 m a.s.1., respec-
tively. During the past century, these treelines were displaced upslope by 180, 135,
and 60 m, respectively (Kullman and Oberg 2009).

The constraint of further altitudinal birch expansion during recent decades
may to some extent also depend on the fact that birch, as usually the highest ascend-
ing tree species, rapidly reached an elevation where wind velocity rather than
temperature limits growth and survival and thwarts further elevational advance
(Kullman and Oberg 2009; Kullman 2010a). As wind stress in general increases
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with altitude (e.g., Baker and Weisberg 1995), this is an important insight with
relevance for projective treeline modeling.

Age structure analyses indicate that a majority of pines in the treeline ecotone
has become established after 1990 (Kullman 2000, 2004a, 2005b). In general they
have grown rapidly (10-30 cm/year) during this period, as winter-desiccation
injuries, which in the past frequently checked the height increment, have been
rare (cf. Kullman 2007a). However, the winters 2009/2010 and 2010/2011 were
unusually cold in the perspective of the past 2 decades, which has caused severe
damage to many young pine saplings and small trees in the treeline ecotone (Kullman
and C)berg 2009, updated; Kullman 2010d). Also if this is a passing short-term
extreme, the effects may remain for several years. Evidently, the new and rising pine
treeline and tree species line are still in a vulnerable state, which should caution
against taking projections too definitely, particularly as climate models for the
future are unable to account for the balance of natural vs. human secular forcings
(e.g., Karlén 2008).

The obtained coherence in maximum displacement magnitudes among species,
despite widely different regeneration strategies, indicates that the treeline phenom-
enon may relate primarily to constraints operating well after the seed and establish-
ment stages (cf. Kullman 1993, 2010a; Aune et al. 2011).

12.5.4 Recent Treeline Rise in a Long-Term Perspective

The current displacement and restructuring of the alpine treeline ecotone tend to
resemble the situation prevailing by the earliest (and warmest) part of the
Holocene, 10,000-9,000 years ago. During this interval, pine constituted the core
of the treeline ecotone and covered most present-day low fells in the region up to
the summits. Pure birch stands were strictly confined to isolated spots and slope
sections with wind-accumulated and late-lying snow patches (Lundqvist 1951;
Kullman and Kjillgren 2006; Oberg and Kullman 2011b). In the warm and dry
climate, scattered spruces were restricted to north facing slopes and sites adjacent
to wells (Kullman 2001b).

By projecting regional maximum treeline pine line rise by 180 m during the past
century on the postglacial treeline chronology displayed in Fig. 12.4, it appears that
the recently raised pine treeline position and associated climate forcing may be
unsurpassed during at least the past 5,000 years (cf. Kullman and Kjéllgren 2006;
Velle et al. 2005; Bakke et al. 2008; Oberg and Kullman 2011a, b). However, any
such projection should be judged cautiously, since in some cases the new and higher
treeline is still formed by rather tiny trees (Fig. 12.10), sharply contrasting with the
stout trees which formed the treeline about a century ago (Fig. 12.11). Such young
treeline markers might easily succumb to short-term cooling episodes, possibly
leaving few traces in the paleorecord (cf. Kullman 1997). Thus, the existence of one
or a few prior short-term advances of similar magnitude as that of the twentieth
century cannot be entirely ruled out, e.g., during the warm Medieval period
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Fig. 12.11 The pine treeline by the early twentieth century is represented by this more than
500-year-old tree. Mt. Fulufjillet, 25 May 2011

(cf. Kullman 1998, 2000, 2010a; Ljungqvist 2009). A further complicating aspect
is that evolutionary processes throughout the Holocene may have changed the
genetic structure and climate requirements of pine (cf. Rehfeldt et al. 2002).
Moreover, the precise interpretation in degrees Celsius of the long-term Holocene
treeline descent is complicated by the fact that the pine treeline integrates both long-
term trends and short-term climatic extremes of summer and winter temperatures
(Kullman 2007a, 2010a).

12.5.5 Local Spatial Aspects of Recent Treeline Evolution

It is a common observation that treeline markers of all species, birch in particular,
seek wind shelter in close association with large boulders and other topographic
irregularities. Likewise, mutual protection and facilitation by other specimens and
various, still poorly understood seed and seedling mechanisms contribute to the
structuring and maintaining of the treeline ecotone, as often discussed (Germino
et al. 2002; Alftine and Malanson 2004). A certain clustering of pine seedlings
around old seed bearers at the treeline is likely explained merely by the simple fact
that most seeds hit the ground underneath their canopies (Kullman 2007a).
Typically, seed regeneration by spruce and birch in open patches is currently rare
in the treeline ecotone. In great contrast, pine has reproduced prolifically during the
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past 3 decades, even far beyond and above putative “mother trees.” Pine seedlings
and saplings of all sizes are currently strewn over subalpine and lower alpine
heaths and the pine tree species line is definitely on the rise. Even the highest moun-
tains in the region harbor some pine saplings in their summit areas (Kullman 2000;
Oberg 2008).

12.5.6 Recent Changes in a Broader Biogeographic Context,
with Some Bearing on the Future

A continuation of the current climate and treeline trends over some coming decades
would further alter and latitudinally contract this low fell landscape, both upslope
and northward. With reference to the standard definition of a fell or alpine tundra,
i.e., land above the highest treeline (e.g., Smith 1920; Hustich 1937; Bernes 1996;
Nagy 2006), a major part of the alpine world at the southern periphery of the Scandes
has already been lost, as young pine, spruce, and birch trees now grow on practically
all summits up to about 950 m a.s.1. Thereby, the southern limit of low fells in Sweden
has been displaced about 80 km northwards, from Mt. Tandovala to Mt. Fulufjillet
(Fig. 12.2). Merely lack of seed delays the infilling of the remaining gaps in the
treeline ecotone and the final complete conversion to continuous forest (cf. Hustich
1948; Shiyatov 2003; Holtmeier 2003; Kullman 2007a), as described explicitly for
Mt. Tandovala.

The progressive secular trend for pine in particular is a phenomenon which may
herald the advent of a new and distinct pine belt, largely replacing the subalpine
birch belt and thereby forming a major part of the treeline ecotone as a subalpine
pine belt (Kullman 2004a, 2007b, 2010a, b). It appears that this is a fairly common
process, which has progressed at variable rates on low fells over much of northern
Fennoscandia since the 1930s (Hustich 1948, 1958; Wistrand 1981; Holtmeier and
Broll 2007).

The likelihood of a major pine advance stands out even more distinctly as moun-
tain birch has lost some of its vigor and competitive power and spruce reproduces
poorly. In fact, on many of the low fells, birch displays a conspicuous geriatric age
structure, with a preponderance of old-age trees from the mid-nineteenth century,
and a conspicuously low regeneration rate for most of the twentieth century
(Figs. 12.12 and 12.13) (Kullman 1987, 2004a). In more northerly regions of the
Scandes, with a less continental climate, a putative takeover by pine is likely to
procrastinate, since pine has to penetrate and compete with a more or less dense and
still relatively vital birch forest belt (cf. Kullman 2010a). These regions are less
marginal with respect to summer soil moisture availability, and therefore birch
forest demise is conditional upon relatively severe warming-induced drought
(cf. Young et al. 2011).

A further indication of the overriding role of climate change for the current and
future reorganization and upward displacement of the treeline ecotone is provided
by the fact that many low fells have received some new and particularly warmth
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Fig. 12.12 Age frequency distribution of all occurring birches, sampled close to the ground in a
plot of 200x200 m in the upper treeline ecotone on Mt. Koarskirsfjillet (850-865). For multi-
stemmed individuals (the majority), the seemingly oldest-looking stem was cored. In many cases,
the ages do not represent establishment, but rather the inception of accelerated vertical growth of
old-established krummbholz birches. Source: Kullman (2005b)

Fig. 12.13 A major proportion of the mountain birches are of strikingly old age. This individual
existed by the early nineteenth century, presumably as low-growing krummbholz, which has attained
tree-size over the past century. Mt. Koarskirsfjillet, 18 July 2010

demanding and exotic plant species from lower regions during the past few decades.
Striking examples are e.g., A. platanoides, B. pendula, Larix sibirica, P. contorta,
Pteridium aquilinum, and Lupinus polyphyllus. This complies with results from
more northerly parts of the southern Scandes, showing recent establishment of
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thermophiles such as Q. robur and U. glabra close to the birch treeline (Kullman
2008). Some of these newcomers may be “cultural fugitives,” while others have a
more uncertain origin (Kullman 2004b). Given that the concerned mountain region
is the part of the Swedish Scandes, which is nearest to large human population
centra, this kind of enrichment and floral adjustment to a new climatic situation will
proceed most readily here in the case of future warming.

Repeat photography highlights that in tracts without a continuous history of
pasturing by reindeer herds, tendencies for increasing stature and density of the
dwarf-shrub layer are perceivable (Kullman 2000, unpublished; Oldhammer 2005).
In particular, semi-permanent snow bed communities have been commonly con-
verted to V. myrtillus-heaths (cf. Virtanen et al. 2003; Kullman 2004a, b, 2005a,
2007b). In the northern part of the region, reindeer grazing and trampling have
substantially reduced the mats of reindeer lichens (Cladina spp., F. nivalis) over the
past 5-6 decades. Comparing landscape photos from the mid-1940s (Lundqvist
1948, 1951) with the present-day situation reveals marked lichen decline and trans-
formation of a prior whitish/yellowish landscape into a darker phase, leaving mats
of dwarf-shrubs and spots with lichen fragments or bare mineral soil (Allard 2003;
Kullman 2004a). Possibly, this course of change has promoted seed germination
and early plant development and thereby having some role in the current pine expan-
sion (cf. Sedia and Ehrenfeld 2003; Tgmmervik et al. 2009). However, pine regener-
ates abundantly also in tracts virtually without reindeer presence during the past
century and with a preponderance of thick lichen mats (Kullman 2004a, 2005a). In
contrastto low fells in continental regions of northernmost Fennoscandia (Temmervik
et al. 2009), birch reproduction has not gained from reduced reindeer lichen mats
in this region.

Current changes of the treeline ecotone fit a more widespread and ongoing
reorganization of Fennoscandian biogeography. One aspect of this dynamism is the
transformation and upward shifts of the principal alpine vegetation belts (Kullman
2004b, 2010b, c; Odland et al. 2010). For example, the mid-alpine belt in the
Scandes is currently colonized by subalpine and low alpine species. The cover of
J. trifidus is growing denser, which facilitates the establishment of other species, as
Juncus has an excellent ability to collect snow leeward of the tufts, thereby amelio-
rating the microenvironment (Kullman 2004b). The high alpine belt, previously
virtually devoid of higher vegetation, except for some scattered specimens, experi-
ences primary succession of snow bed plant communities in the wake of receding
permanent snow and ice (Kullman 2010c).

Another facet of recent climate-driven biogeographical disorder concerns the
tendencies for poleward migration of the main phytogeographical border
(regional ecotone) between southern (boreo-nemoral) and northern (boreal)
Sweden, the so-called Limes norrlandicus (Sjors 1999). This interface, which is
defined from presence/absence of certain thermophilic tree species, retreated to
its early twentieth century position in response to climatic stress during the Little
Ice Age (e.g., Erkamo 1956; Huldén 2001; Molinari et al. 2005). Currently, it
appears to be on the move northwards, spontaneously or somewhat aided by human
activity (Erkamo 1956; Mascher 2007; Kullman 2008 and literature cited therein;
Lidberg and Lindstrom 2010).
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12.6 Conclusions

1. At broad spatial and temporal scales, alpine treelines in the Swedish Scandes
perform in near-equilibrium with climate change.

2. At fine spatial and temporal scales, the magnitude of treeline responses to
climate forcings is species-specifically constrained and modulated by various
site characteristics (present and past).

3. Since the Holocene Thermal Maximum (10,000-9,000 years before the present)
and until about a century ago, treelines descended in altitude more or less
constantly, following orbitally driven insolation changes and correlated decrease
of temperature and seasonality.

4. Treeline rise by 200 m over the past century has reversed the long-term trend of
treeline descent and southward spread of alpine tundra. This course of biogeo-
graphic evolution appears anomalous in the perspective of several millennia.

5. P sylvestris seems to be the tree species most favored by the new climatic situa-
tion. In case of continued warming it may regain the dominant position it held by
the warm and dry early Holocene. The present-day ecotonal dominant B. pubescens
ssp. czerepanovii is likely to regress substantially as the supply of meltwater
tends to diminish in the mid- and late summer.

6. Given the responsiveness recorded for the near and distant past and considering
the importance of local site characteristics, treelines appear well suited for moni-
toring and projecting climate change impacts of high-elevation ecosystems.

7. A multisite approach based on a narrow and precise treeline definition is essen-
tial to capture the entire spectrum of responses occurring in the heterogeneous
mountain landscape.
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Chapter 13

How Climate and Fire Disturbances Influence
Contrasted Dynamics of Picea glauca Ecotones
at Alpine Tree Lines in Atlantic and Continental
Eastern North America

Guillaume de Lafontaine and Serge Payette

13.1 Introduction

White spruce (Picea glauca (Moench) Voss.) is considered as the tree most character-
istic of the North American boreal forest biome (Takhtajan 1986). Yet, in boreal east-
ern North America (Québec—Labrador Peninsula) it is rather a secondary, companion
species (c. 10 % of the forest cover) of the balsam fir (Abies balsamea (L.) Mill.)—
white birch (Betula paryrifera Marsh.) dominated forest assemblage (Jurdant 1959;
Lafond 1964, 1974), typical of the closed-crown boreal forest south of 49°N (Fig. 13.1).
Noticeable exceptions however exist in eastern North America where white spruce is
locally the dominant species. On the maritime coast of Hudson Bay and Labrador,
monospecific white spruce stands are initiating the colonization (primary succession)
of barren surfaces (Payette and Filion 1985; Caccianiga and Payette 2006; Payette
2007; Laliberté and Payette 2008). Other maritime white spruce populations are form-
ing a strip along the Acadian coast where it is a pioneer species of the secondary suc-
cession following forest openings by wind blowdowns (Davis 1966). White spruce
also readily colonizes abandoned agricultural fields in maritime Canada and New
England (Davis 1966; Nienstaedt and Zasada 1990). On Anticosti island in the Gulf
of St. Lawrence, selective grazing of balsam fir by overpopulated white-tailed deer
(Odocoileus virginianus Zimmerman) resulted in a shift from former balsam fir stands
to white spruce dominated stands over the last century (Potvin et al. 2003) .
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Fig. 13.1 Location of the ecotonal, subalpine white spruce stands in eastern North American
boreal forest. The main bioclimatic zones of Québec—Labrador are represented; the zones corre-
sponding to the boreal biome are between the two red lines. Note that the closed-crown forest is
roughly subdivided along 49°N in two ecological regions represented by different shades of green;
the paler green represents the balsam fir—white birch zone whereas the darker green represents the
black spruce—feathermoss zone

Other old-growth white spruce stands are found in ecotonal environment, at the
altitudinal tree lines of the highest plateaus of the boreal forest in eastern North
America. Such subalpine white spruce stands are not found southward in the
Appalachian Mountains where the tree line, from north to south is either red spruce
(Picea rubens Sarg.), or balsam fir or Fraser fir (Abies fraseri (Pursh) Poir.),
respectively (Cogbill and White 1991). The southernmost subalpine white spruce
stands are distributed on extensive high plateaus (c. 1,200 m above sea level) within
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Fig. 13.2 Biogeographical model illustrating subalpine white spruce and balsam fir stands in
boreal eastern North America. (From de Lafontaine and Payette 2010)

Fig. 13.3 Example of ecotonal subalpine white spruce stands from (a) Gaspé Peninsula high
plateaus with lowland balsam fir—white birch forest in the foreground; and (b) Monts Otish with
lowland black spruce—feathermoss forest (interspaced with jack pine stands) in the foreground

the balsam fir—white birch forest assemblage of the (Atlantic) Gaspé Peninsula
(Fig. 13.1). These stands form a subalpine ecotonal belt between the balsam fir
forest (typical of the lowlands) and the alpine tundra (Payette and Boudreau
1984; Figs. 13.2 and 13.3). The other (northern) subalpine white spruce stands are
restricted to three high plateaus (Monts Otish, Monts Groulx, Montagnes Blanches;
c. 1,000 m above sea level) in continental central Québec. There, the regional low-
land matrix is dominated by closed crown black spruce (Picea mariana (Mill.)
B.S.P.)—feathermoss forests and monospecific jack pine (Pinus banksiana Lamb.)
stands typical of the boreal landscape north of 49°N (Fig. 13.1). In the subalpine
belt of this area, old-growth white spruce stands co-occur with balsam fir stands
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Fig. 13.4 Altitude of balsam fir stands (solid circles) and white spruce stands (open circles)
according to latitude. (From de Lafontaine and Payette 2010)

forming the ecotone between continuous black spruce forest in the lowlands and
alpine tundra at higher elevations, a pattern roughly similar to that found on the high
plateau of the Gaspé Peninsula, albeit with a different lowland forest community
(Figs. 13.2 and 13.3).

Throughout eastern North America, the elevation of both subalpine balsam fir
and white spruce stands decreases with increasing latitude. However, the altitudinal
position of white spruce stands drops more rapidly with latitude than that of balsam
fir stands (Fig. 13.4). This results in the altitude of white spruce stands being
significantly higher than balsam fir stands south of 49°N, whereas there is no differ-
ence in altitude between white spruce stands and balsam fir stands north of 49°N
(Fig. 13.4). In other words, on the high plateaus of the Gaspé Peninsula, white spruce
stands form a distinct subalpine belt above the balsam fir forest whereas the two
stand types coexist at the same elevation in the ecotonal subalpine belts of the high
plateaus of central Québec. This pattern is due to the distinct origin and dynamics of
the subalpine old-growth forests north and south of 49°N (de Lafontaine and Payette
2010). Ultimately, all subalpine white spruce stands originated from an ecological
sorting of the balsam fir—white birch assemblage allowing local dominance of the
companion species (white spruce) over the regionally dominant one (balsam fir).
However, the main environmental factors driving the ecological sorting processes are
different north and south of 49°N. These environmental factors causing the observed
patterns of the ecotonal old-growth subalpine belts are discussed below.

13.2  Origin of the Subalpine Stands North of 49°N

Of all the widespread boreal tree species, white spruce and especially balsam fir are
the least adapted to fire, whereas jack pine and black spruce are fire-adapted species
(Heinselman 1973; Rowe and Scotter 1973). This suggests that fire might be a major
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forcing accounting for the distinctiveness of the southern balsam fir—white birch
zone (balsam fir zone thereafter) and northern black spruce—feathermoss zone (black
spruce zone, thereafter) in eastern North America. Indeed, by studying fire records
of subalpine stands of the black spruce and balsam fir zones, de Lafontaine and
Payette (2010, 2011) found distinct fire regimes. Subalpine stands from the black
spruce zone were all subjected to fire disturbance whereas no fire was found in sub-
alpine stands distributed on the high plateaus of the Gaspé Peninsula. On the one
hand, north of 49°N, old-growth stands were all regenerated after a wildfire between
230 and 940 calibrated years BP (cal year BP). On the other hand, south of 49°N, the
minimum age of subalpine stands varied between 3,500 and 5,300 cal year BP with
no field evidence of past fire activity.

An analysis of macrofossil charcoal buried in the mineral soil allowed direct
inferences of the Holocene (i.e., the last 11,000 year) fire regimes (de Lafontaine
and Payette 2011, 2012). This analysis showed that subalpine stands from the black
spruce zone were subjected to recurrent fires since the second half of the Holocene
(5,600 cal year Bp) (Fig. 13.5). According to deglaciation data, this area (north of
49°N) was entirely free of ice sometime between 7,800 and 7,450 cal year Bp (Dyke
2004). This leaves a conservative 2,200-year window after ice melting during which
a there was probably only a few or no fire disturbance in the region. The ecological
conditions prevailing during this period were thus favorable for the northward
expansion of the fire intolerant balsam fir and its companion species, white spruce.
According to published pollen data, postglacial migration of Abies may have reached
the lowlands surrounding the high plateaus of the black spruce zone sometime
between 7,300 and 6,200 cal year BP (King 1986). In all published pollen diagrams
from the black spruce zone a decrease in Abies pollen was contemporary with an
increase in Picea pollen (most likely black spruce) (de Lafontaine and Payette 2011
and references therein). These data suggest that a change in wildfire regime around
5,600 cal year BP was responsible for a zonal transition from the early Holocene
northern expansion of fire intolerant balsam fir (and perhaps its associated flora) to
the current extensive fire-prone black spruce forest north of 49°N (de Lafontaine
and Payette 2011). The distinct subalpine flora in this area (with respect to the black
spruce lowlands) represents the remains of past balsam fir expansion. The oro-
graphic effect of the high plateaus of central Québec increases atmospheric mois-
ture, resulting in a relatively long mean fire-return interval of 542 year over the last
5,600 year allowing the maintenance of fire intolerant taxa despite a regime of
recurrent fires (de Lafontaine and Payette 2012). Shorter fire intervals in the black
spruce lowlands (between 100 and 270 year [Bouchard et al. 2008; Cogbill 1985;
Parisien and Sirois 2003; Payette et al. 1989]) resulted in the regional collapse of
the fire intolerant balsam fir forest and its replacement by the fire-prone black
spruce forest.

This pattern of isolation of the balsam fir forest left its imprint on the genetic
diversity and structure of white spruce chloroplast DNA (cpDNA) (de Lafontaine
et al. 2010). Subalpine white spruce populations in central Québec display patterns
of reduced genetic diversity with respect to other populations throughout Québec—
Labrador. Genetic structure also shows strong differentiation between the subalpine
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Fig. 13.5 Regional fire histories of the white spruce stands (a), the balsam fir stands (b), and all
subalpine stands (c¢) north of 49°N. The histograms represent cumulated probability of calibrated
14C dates. (From de Lafontaine and Payette 2012)

population and the other populations of Québec—Labrador. Moreover, there is
strong genetic differentiation across subalpine populations from each high plateau
(Monts Otish, Monts Groulx, and Montagnes Blanches). These genetic patterns
(typical of genetic bottlenecks) corroborate the regional demographic decline and
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local isolation of subalpine white spruce stands associated with the fire driven
collapse of the historical northern expansion of the balsam fir forest (de Lafontaine
et al. 2010).

13.3 Dynamics of the Subalpine Stands North of 49°N

By analyzing the size structures of subalpine balsam fir and white spruce stands, de
Lafontaine and Payette (2010) have shown that old-growth subalpine white spruce
stands in central Québec correspond to the late individuals of the ageing first
cohorts which initially established after fire disturbance. A chronosequence studying
the postfire dynamics in the southern balsam fir forest showed that white spruce
is the pioneer species initiating secondary succession on large openings created by
wildfire (Galipeau et al. 1997). After a prolonged period without fire, old-growth
stands gradually become dominated by balsam fir with white spruce persisting as a
secondary species with reduced regeneration (Galipeau et al. 1997). Given the fact
that subalpine forests north of 49°N form residual, disjunct stands originating from
a former northern expansion of the balsam fir zone, one might expect that the
postfire dynamics in these stands should be similar to that found in the southern
balsam fir zone.

Indeed de Lafontaine and Payette (2010) showed that the northern old-growth
subalpine forests become structurally similar to that of balsam fir stands of the
southern balsam fir zone as time since fire increases. The complete successional
process of seral replacement of white spruce by balsam fir may take several centu-
ries due to the long life span of white spruce delaying the massive balsam fir
infilling into the canopy. Empirical data indicated that old-growth postfire white
spruce stands are 370 year on average, whereas the mean age of subalpine balsam
fir stands is 480 year (de Lafontaine and Payette 2010). Although the change in
stand dominance is gradual, subtle, and probably highly dependent on site-specific
ecological factors, a period of 370-480 year after fire is a rough estimate of the
time needed to achieve the transition from white spruce stands to balsam fir stands
in subalpine belts of central Québec. The process of changing dominance appears
somewhat similar to that observed in the subalpine fir (Abies lasiocarpa (Hook.)
Nutt.)/Engelmann spruce (Picea engelmanii (Engelm.) Parry) montane forests
(Day 1972; Romme and Knight 1981; Aplet et al. 1988; Antos and Parish 2002).
In the Canadian Rockies, Engelmann spruce dominates stand structure from 50
to 250 year after fire before being replaced by subalpine fir (Day 1972; Antos and
Parish 2002).

The wildfire regime north of 49°N was instrumental in shaping the landscape of
boreal northeastern America (i.e., the zonal replacement of the balsam fir forest by
black spruce forest north of 49°N), but it is also the proximal factor explaining the
persistence of white spruce stands in subalpine belts of continental central Québec.
Fire thus caused a regional decline in the lowlands but also a local concentration of
early seral white spruce communities in the subalpine belts.
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13.4 Origin and Dynamics of the Subalpine Stands South of 49°N

In sharp contrast with subalpine stands north of 49°N, those of the high plateaus
of the Gaspé Peninsula were not submitted to wildfire for at least 3,500 year
(de Lafontaine and Payette 2010). Moreover, no charcoal was found in the mineral
soils of the subalpine belt in this area. The analysis of macrofossil soil charcoal
was used to reconstruct Holocene fire history up to 10,440 cal year Bp (Talon et al.
2005) and 9,170 cal year Bp (de Lafontaine and Payette 2011) in other parts of
Québec—Labrador. Using the same methodological approach, the complete absence
of buried soil charcoal in the subalpine belt of the Gaspé Peninsula was interpreted
as an absence of fire in these stands over the Holocene period (de Lafontaine and
Payette 2011).

Without fire disturbance, the origin and dynamics of subalpine white spruce
stands in Gaspé Peninsula are obviously different from those of central Québec.
Remember that in this area old-growth subalpine white spruce stands are located at
higher elevation than the subalpine balsam fir stands (Fig. 13.4). A study of tree size
structure shows a decrease in balsam fir regeneration relative to its abundance in the
canopy as well as a decline of overall balsam fir dominance with increasing altitude
towards white spruce dominated stands (de Lafontaine and Payette 2010).
Conversely, white spruce regeneration is more abundant that in the canopy at higher
elevations implying that white spruce dominance in the upper subalpine belt is
maintained by high density of seedlings and saplings. Keeping in mind that the
lowlands surrounding the high plateaus of the Gaspé Peninsula are dominated by
balsam fir forest with increasing altitude, there is a progressive shift from the
balsam fir forest (typical of the lowlands, up to the lower subalpine belt) to white
spruce dominated forest in the upper subalpine belt. It has been suggested that harsh
high-altitudinal climate in the Atlantic (high wind exposure on ridges, deep snow
cover in snowbeds, and overall lower temperature in upper subalpine belt) has
inhibitory effects on balsam fir which limits its capacity to dominate stands at high
elevation (de Lafontaine and Payette 2010). White spruce appears more tolerant to
altitudinal climate in the Atlantic and takes advantage of the virtual absence of
interspecific competition to dominate the upper subalpine belt on the high plateaus
of the Gaspé Peninsula.

13.5 Similar Ecotonal Subalpine Forest, Different Ecological
Sorting Processes: Prospects

The balsam fir forest within the black spruce zone (north of 49°N) was maintained
in the subalpine belts of this region for several millennia as demonstrated by the
continuous presence of Abies sp., Picea sp. (Fig. 13.6), and Betula sp. (de Lafontaine
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and Payette 2011) charcoal since 5,600 cal year Bp. The isolated subalpine balsam
fir and white spruce stands within the black spruce zone form a distinct species
assemblage (with respect to regional vegetation) maintained over the Holocene time
scale by fire disturbances occurring on average every c. 540 year. In central Québec,
the old-growth subalpine forests are thus a mosaic of different postfire successional
stages coexisting at similar elevation on the high plateaus. Under current climatic
conditions, without the fire regime, it was expected that subalpine stands in central
Québec would likely become more similar to the balsam fir forest of the balsam fir
zone, thus reducing the number and extent of coexisting white spruce stands
(de Lafontaine and Payette 2010).

One can speculate on the fate of the subalpine ecotones under different con-
tinental climate change scenarios in central Québec. Under a dryer climate
scenario, the fire regime is expected to become more active in the subalpine belt.
This would result in the collapse of the residual subalpine balsam fir/white spruce
stands and their replacement by fire prone black spruce stands, following the
same process inferred earlier in the Holocene in the surrounding lowlands. A
wetter, colder climate would allow the maintenance of old-growth white spruce
stands in the upper subalpine belt and balsam fir stands in the lower subalpine
belt, a pattern similar to that currently observed on the high plateaus of the Gaspé
Peninsula influenced by the Atlantic high-altitude climate. A change towards
wetter and warmer climatic conditions could allow the expansion of the balsam
fir forest at higher elevation, ultimately resulting in the afforestation of the
alpine tundra.

The analysis presented here focused exclusively on old-growth stands of the
subalpine belts. It should however be acknowledged that above the old-growth
stands on the high plateau of central Québec, one will find early successional tree
line white spruce stands expanding upslope into the alpine tundra (Fig. 13.7a, b).
These stands most likely developed subsequent to climate warming following the
Little Ice Age. Whether these tree line stands are transient and will ultimately
develop into balsam fir forest (as are the old-growth subalpine white spruce stands
located at lower elevation) or if they will remain stable old-growth white spruce
stands in equilibrium with a harsher climate in the upper subalpine belt (as are
the subalpine white spruce stands of the Gaspé Peninsula) cannot be assessed at
the moment due to the young age of these recently expanding stands.

On the high plateaus of the Gaspé Peninsula, where no fire evidence was recorded
in the subalpine ecotone, the maritime high-altitude climate alone directly limits
balsam fir regeneration and growth allowing dominance of white spruce in the upper
subalpine belt (Fig. 13.7c, d). There, the tree lines appear in direct equilibrium with
climate and the various subalpine vegetation belts might directly track ongoing
climate change. One might expect that climate warming would allow a progression
of both balsam fir and white spruce subalpine belts to higher elevation while keeping
relatively constant the white spruce and balsam fir belts at upper and lower eleva-
tion, respectively.
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Fig. 13.7 Example of white spruce stands at the tree line. (a) Early successional white spruce
stand forming the tree line in the Monts Otish, central Québec. The stunted growth form of the
dead stump (white spruce) suggests that the tree died during the climatically harsh Little Ice Age.
This contrasts with the upright position of the living tree suggesting favorable current climatic
conditions. (b) Aerial view of the old-growth (closed crown) subalpine forest in the Montagnes
Blanches, central Québec with example of advancing tree line composed of young white spruce
trees (rectangle). Note that this colonizing tree line takes the form of an open woodland in which
the virtual absence of dead individuals illustrates the young age of this colonizing front. (¢, d) Old-
growth white spruce stand forming the tree line at Mont Jacques-Cartier, Gaspé Peninsula. The
stunted growth form of the living trees (white spruce and balsam fir) exemplifies the current harsh
Atlantic high elevation climatic conditions

13.6 Conclusion

Lloyd and Fastie (2003) documented advances of altitudinal white spruce tree lines
from 1,800 AD to present at several sites in the Brooks Range in Alaska. Lloyd et al.
(2003) also found an upslope expansion in the shrub tundra in several sites of the
Seward Peninsula, Alaska. However, Payette and Filion (1985) found no significant
upslope shift in white spruce tree line on the coast of Hudson Bay. Instead the
response to warming was an increase in cover density. Szeicz and MacDonald
(1995) found a pattern similar to that of Payette and Filion (1985) at the white
spruce tree lines of several mountain ranges in north-western Canada (Yukon and
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western Northwest Territories). Other studies have indicated that the response of
white spruce to climate change at high elevation was a reduced growth caused by
temperature-induced drought stress (Barber et al. 2000; Wilmking et al. 2004).
Danby and Hik (2007) and Stueve et al. (2011) have studied interior Yukon and
Alaskan white spruce tree lines, respectively. Both studies concluded that the
ecological processes controlling tree establishment are spatially variable and thus
highly site specific at the tree lines.

We stress that the subalpine white spruce/balsam fir ecotones in eastern Canada
might constitute valuable ecosystems to monitor and to model climate change on
altitudinal tree lines. Further studying these ecosystems should allow disentangling
of the many instrumental ecological factors that could obscure the multiple tree line
responses to climate change. For example, assessing the response to climate/fire
disturbance interaction can be achieved by comparing alpine tree lines (and subal-
pine stands) of continental central Québec with that of the maritime Gaspé Peninsula.
Monitoring the recent upslope shift can be achieved by further studying the white
spruce belt of central Québec. The expanding pattern in this area appears similar to
that documented in Alaska by Lloyd and Fastie (2003) and Lloyd et al. (2003). Such
recent expansion of white spruce into the tundra was not observed on the high
plateaus of the Gaspé Peninsula, suggesting that these tree lines might currently be
responding to warmer climate by increasing cover density rather than expanding
upslope (similar to the pattern suggested in Payette and Filion (1985) and Szeicz
and MacDonald (1995)). Further studying subalpine white spruce/balsam fir
ecotones in Québec—Labrador will hopefully help in reconciling the literature on
this topic.
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Chapter 14
Conclusion, Synthesis, and Future Directions

Randall W. Myster

14.1 Conclusions

In this section I summarize all previous chapters by reviewing what has been said
about the Holocene and last ice age, and also about the current structure, function,
and dynamics of each of the three general types of ecotones covered. Specific refer-
ences are to be found back in the original chapters.

14.1.1 Temperate Forest and Grasslands

Ecotones between deciduous forest and grasslands include prairies (Chaps. 1 and 2),
steppes (Chaps. 3 and 4), and pampas (Chap. 5). Natural temperate grasslands
encompass vast regions including the North American Great Plains, the Eurasian
steppes of Russia, China and Mongolia, and the South American Pampas. These
grasslands occur in areas with 250—1,200 mm of annual precipitation, being replaced
by forests at higher precipitation. While climatic grassland—forest boundaries have
been maintained for millenia, modern grasslands appear to be changing as a result
of woody invasions which may be in response to changes in variability and fre-
quency of extreme events rather than to changes in mean conditions.

Temperature and precipitation are major factors controling tree establishment
and growth here upon which the effects of other ecological factors—soil type, local
vegetation, snow cover, elevation, geomorphology, rainshadow, gravity-induced
mass movement, lightning, volcanic eruptions, wildfires caused by meteorite impact
or wind shear—interact. Temperate forest—grassland ecotones are also often regions
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with rich soils that have been heavily used by humans, and so land-use changes can
largely influence its dynamics. Both the historical existence of these ecotones and
the present shifts in tree cover can be integrated within a common framework, con-
taining the hierarchical influence of multiple forces acting at different spatiotempo-
ral scales.

In the Cross Timbers of Oklahoma USA, oak invasion into this ecotone is slowed
down by mammalian seed dispersal but can be helped by root sprouting if it as com-
mon in the ecotone as in the adjoining closed-canopy forest. Likewise resprouting
after a tornado may help trees to persist. If tree seeds can be dispersed into grassy
patches, they will suffer low seed predation compared to shrub patches and under-
neath trees, but are likely to germinate anywhere. After germination, those tree seed-
lings that can escape herbivory have a major advantage. Oak seedlings growing
under trees have a low mortality, but suffer high mortality if growing under shrubs
and in grass patches, perhaps due to intense blow-ground competition for water. Oak
seedlings without below-ground competition survived twice as much as those with
it, seedlings in unburned areas survived up to four times more than those in burned
areas, reduced below-ground competition lead to twice as much growth, and water-
ing and placement under a shrub also lead to a twofold increase in growth. Taken
together then the slow oak invasion, and ecotonal change, that has been observed for
decades may be due, in part, to poor oak dispersal and the lack of patches which
have high survivorship and growth for both oak seeds and oak seedlings.

Several authors of chapters in this section have believed that the climate of the
Holocene and/or the last ice age can act as a mirror, helping us to see much of cur-
rent ecotone structure, and thus we may use that analysis to infer dynamics and
construct models. If so, authors suggest that pollen, charcoal, phytolith, and plant
macrofossil data, as well as terrestrial mollusks, may be of use in reconstructing
shifts in the lower and upper treeline. Terrestrial mollusks, in particular, imply com-
position of the vegetation, as well as abiotic ecological parameters such as humidity
and temperature. The wind-borne transportation of pollen grains over large dis-
tances, unforunately, hampers the identification of small-scale regional fluctuations
in the treeline. Plant and animal macrofossils, preserved locally without transporta-
tion, can however give reliable information down to a couple of meters, and they are
easier to identify than pollen. The current ecotone structure is also the product of
intensive human activities present during the past 8,000 years where the original
vegetation may be only partially preserved. In just the last 300 years livestock graz-
ing systems have, for example, increased 600% in extent.

The most important climatic parameters favoring the development and sustain-
ment of forest—steppe ecotones are average temperature of the summer months,
rainfall, and evapotranspiration. A treeline is a boundary used for marking the edge
of the habitat at which trees are capable of growing, where upper and lower treeline
can define the transitional ecotone between the referred boundary and the adjacent
open vegetation areas. The lower treeland may be a place with a closed canopy of
30-40% and a soil intervowen by roots of arboreal elements, with C3 grasses are
found mostly under the tree canopy and C, grasses dominating between trees. There
may be a drastic fall in total biomass in the transition zone due to the replacement
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of trees by smaller bushes and nonarboreal elements. Trees and shrubs can reduce
herbaceous species biomass, but it may also increase under tree canopies due to
improved nutrient supply and reduced evapotranspiration.

Herbaceous species can increase fine fuel loads, fire frequency and intensity,
leading to increased mortality of small woody seedlings that are especially vulner-
able to fire. Herbaceous species can reduce woody seedling establishment by effec-
tively competing for light, water, and nutrients. Woody plants may then only
establish during wet periods, when competition from herbaceous species are lim-
ited. Once woody seedlings establish and grow beyond the height of the herbaceous
layer, they become vertically dominant and shade out grasses. This is an important
positive feedback mechanism in these ecotones where trees suppress grass through
shading and also increased seed input within areas around tree patches. Models
predict that woodland distribution would increase in extent in tropical, subtropical,
and cool temperate regions of the world under increasing temperature conditions.
Similarly, during drought periods woody species are better able to persist than her-
baceous species. Periodic droughts, therefore, might be associated with episodic
woody plant establishment.

The increasing livestock production systems around the world, at present occu-
pying 25% of the global land surface, suggest that woody—herbaceous—livestock
species interactions affect ecotones significantly now and will also into the future.
Grazing decreases seed production, seedling establishment, and biomass of palat-
able herbaceous species, decreases fine fuel accumulation thereby reducing fire fre-
quency, and thereby increasing tree seed germination and woody establishment.
Grazed herbs are also less able to compete for resources with woody plants.
Livestock disperse woody species seeds across the landscape, which facilitates
woody species expansion, but they can also graze on tree seedling and both trample
and rub against the bark of seedlings, saplings, and trees.

The structure and function of the Pannonian temperate forest—steppe is funda-
mentally controlled by local edaphic factors, best visible in the alkaline areas. Their
dynamics may be characterized as (1) a shift in the forest—grassland boundary loca-
tion into the adjacent grassland, resulting from mechanisms and tolerances—espe-
cially seed dispersal—which help new trees establish in the adjacent grassland, (2)
an increase in tree density at the forest—grassland boundary, or (3) the establishment
of a “fairy ring” in the grassland along the edge of the forest when new trees estab-
lish as a fringe in the grassland, adjacent to the forest boundary. Fairy rings consist
of new stands of densely distributed new stems of similar age where new regenera-
tion—both seed-dispersed and vegetatively reproducing—occurs as pulses advanc-
ing the forest boundary into the adjacent grassland. The northern Patagonian
transition between one of the most structurally and biological diverse temperate for-
est and treeless Patagonian steppe develops over only 70 km and has been tradition-
ally directly related to a typical rain shadow effect. Ecotones are structured and
controlled by a complex set of natural disturbance regimes with spatially varying
roles, different portions of ecotones are unequally affected by climatic variability,
and ecotones are areas that are and have been differentially used by humans and
thus differently impacted by different land use.
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Tree invasion in the Pampa grasslands of Argentina consists of native taxa across
natural grassland—forest boundaries and the spread of exotic tree species across
habitat mosaics. The latter occurs through “diffuse” ecotones created by anthropo-
genic landscape fragmentation, and is facilitated by the introduction of preadapted
tree genotypes, the addition of dispersal corridors, and the disturbance of resident
grasses. Land-use changes associated with agriculture and domestic grazing have
caused the widespread loss or fragmentation of large areas of temperate grasslands.
The humid Pampas of Argentina are the largest portion of the Rio de la Plata grass-
lands, which also comprise the Campos of Uruguay and southern Brazil. Multicausal
constraints to the presence of trees in pristine grassland are key. Facilitative interac-
tions between exotic and native woody taxa could play a key role in accelerating a
state shift towards a novel, woody-dominated ecosystem.

14.1.2 Tropical Forest and Grasslands

Ecotones between tropical forest and grasslands include neotropic old fields
(Chap. 6), savannas (Chaps. 7 and 8), and llanos (Chap. 10). The dynamics of tropical
forest—grassland ecotones may be governed by soil type, fire, hydrology, disturbance
(both natural and anthropogenic), as well as climate, in particular the seasonality of
precipitation. Determining the underlying control for a forest—savanna transition in
a particular location may therefore not be straightforward and may differ markedly
among forest—savanna ecotones.

Within the postagricultural ecotones of Puerto Rico, I suggest that the best focus
is on how mechanisms and tolerances affect tree seeds and seedlings producing
responses, how spaces both within and without these tree individuals change as a
result, and how those changes lead to trees replacing (or not replacing) grasses,
forbs and other trees. Based on the field experiments and analysis from permanent
plot sampling already completed in Puerto Rico, dispersal, seed predation, facilita-
tion, and competition have major roles in controlling tree invasion, establishment
and growth in these ecotones, i.e., their dynamics. Facilitation may, however, take
many forms. For example, trees can facilitate seed dispersal by supplying woody
perches for birds and cover for ground animals. Also patches that are less preferred
by predators may facilitate establishment for those seeds found there.

In the southernmost part of Brazil, the southern Campos, grasslands occur in
close contact with different forest types. Expansion of woody vegetation throughout
the past centuries was driven by changes in the climatic conditions but slowed down
as consequence of land use and disturbances. Dynamics in forest—grassland eco-
tones are thus linked to climatic changes, vegetation management, and disturbance
regime. Maintenance of relatively stable forest—grassland boundaries in areas under
the influence of fire in grasslands are due to the inability of forest species to become
established in grassland, and because grass biomass promotes frequent fires in a
positive feedback loop. Under intensive disturbances, forest species can establish
successfully only at safe sites or very close to the forest border, leading to a slow
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process of forest expansion over grassland, corresponding to increasing shrub
encroachment in grasslands. Future climate change is expected to lead to an increase
in velocity of forest expansion, even under fire.

Paleoecological data can show whether a forest—savanna ecotonal shift consti-
tutes a minor short-term oscillation about an essentially stable ecotone, or instead a
much longer, unidirectional ecotonal shift forced by climate change. For example,
pre-Columbian earthworks in seasonally flooded landscapes of tropical South
America can tell us whether the spatial pattern of forest—savanna mosaics is hydro-
logically controlled and whether these changes are natural or a function of large-
scale landscape modification by ancient construction of raised fields, canals, and/or
large habitation mounds.

14.1.3 Boral/Cloud Forest and Grasslands

Ecotones between boreal/cloud forest and grasslands include paramo (Chap. 10)
and other alpine grasslands (Chaps. 11, 12, and 13). Temperature is considered as
the fundamental factor that creates and maintains the treeline ecotone, modulated by
other agents, e.g., topography, geomorphology, wind, soil depth, species interac-
tions, fire, herbivory, human impacts, and site history. Alpine treeline ecotones may
lack reproductive capacity or have ongoing establishment. Not surprisingly then,
climate warming is expected to cause significant changes in the structure and
dynamics of alpine ecotones, which is of concern due to potential loss of biodiver-
sity and ecosystem function as alpine grasslands are replaced by woody species.
Treelines are a good choice for monitoring and early warning of climate change
impacts on ecological systems in high mountain areas.

In the paramo the most significant transition is from continuous forest to treeless
herbaceous vegetation, located at higher elevation. The speed of its altitudinal
migrations during Holocene and late Pleistocene times (last 180,000 years) varied
significantly: from ~1,400 m (~8 °C) in ~7,000 years from the Late glacial up
to mid-Holocene time (at 1°N), frequent oscillations of 300-700 m (2-3.5 °C) at
millennial time scales throughout the last two glacial periods, up to rapid shifts of
maximally 1,500 m (~10 °C) triggered by temperature and green house gases at
glacial-interglacial transitions.

Among other alpine ecotones, the long-term (Holocene) perspective is one of
virtually monotonous treeline descent by about 50 m per millennium since the
Holocene Thermal Maximum, 10,000-9,000 years before the present. This trend of
treeline retreat and compositional change was distinctly broken and reversed about
a century ago, correlated with a warming of 1.4 °C. Since then treelines have
advanced by a maximum of 185 m, resembling the situation during the warmest part
of the Holocene.

Old-growth white spruce stands are found at the altitudinal treelines of the highest
plateaus of the boreal forest in eastern North America. In the southern boreal zone,
however, subalpine white spruce stands are distributed on extensive high plateaus
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within the balsam fir—white birch forest assemblage of the (Atlantic) Gaspé
Peninsula. Pinus sylvestris seems to be the tree species most favored by the new
climatic situation, where the present-day ecotonal dominant Betula pubescens ssp.
czerepanovii is likely to regress substantially. In addition exotic plant species from
lower regions during the past few decades have ascended, leaving mats of dwarf-
shrubs and spots with lichen fragments or bare mineral soil which may promote
pine seed germination. Birch and spruce reproduce mainly vegetatively by basal
sprouts and layering, while pine relies exclusively on seed reproduction. Also,
Juncus trifidus is growing denser facilitating the establishment of other species. In
addition to climate warming, wind appears to have a superior role.

Finally in these ecotones, low temperatures generally reduce biomass production
reducing their competitive abilities. Human-induced changes in land-use can ini-
tially mask or even override climatic controls, but after disturbance treelines for-
merly disturbed by anthropogenic use become sensitive to climate under sustained
warming conditions. Recruitment patterns show a strong clustering of recruits at
small distances (0-3 m) with both saplings and seedlings segregated from large
trees. Synchronous year-to-year growth variations suggest that tree growth sensitiv-
ity is greatly affected by macroclimatic conditions, such as summer temperatures
affecting tree radial growth and recruitment over time, and winter conditions having
a large influence on recruits’ survival.

14.2 Synthesis

In the introductory chapters, I defined plant—plant replacements as the fundamental
process of community dynamics. Plants respond—given hierarchically as survival
[germination if a seed], growth, allocation, and architecture—to various mecha-
nisms and tolerances by creating space which they can physically occupy (called
phyto-space) and by influencing, or being influenced by, other space (called neigh-
borhood space). These spaces change as replacements continue. Forest—grassland
ecotones are defined by those replacements that involve trees and grasses. If an
ecotone does not change over a certain space and time, then those replacements
would be dominated by grasses being replaced by other grasses and trees being
replaced by other trees. If an ecotone changes, however, and that change moves the
grasses move into areas previously occupied by trees, then individual replacements
must be dominated by trees being replaced by grasses. Alternately if the ecotone
changes and that change causes trees to recruit into areas previously occupied by
grasses (happening more and more around the world), then individual replacements
must be dominated by grasses being replaced by trees.

Among the three general kinds of forest—grassland ecotones described in this
book, the spatial and temporal heterogeneity of temperature and precipitation are
primary controlling factors that both grasses and trees respond to. Within that con-
text, human land-uses also set the stage upon which mechanisms and tolerances
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operate. Among those mechanisms and tolerances, the chapters suggest a key role
for (1) seed dispersal, especially when asexual advancement is limited, (2) seed
predation, (3) facilitation, and (4) competition. Facilitation may be particularly
important in the harsh conditions of alpine ecotones, and competition very impor-
tant in the species rich environment of tropical ecotones.

14.3 Future Directions

Based on these results, forces at work maintaining (in the short term) and/or
changing (in both the short and long term) these forest—grassland ecotones include
precipitation and temperature gradients operating along the ecotone (represented by
the thick red arrows in Fig. 14.1) and both positive feedback and negative feedback
mechanisms and tolerances working within each forest and grassland ecosystems,
or also between them (represented by the thin black arrows in Fig. 14.1). These are
the major drivers of ecotonal dynamics.

The conceptual frameworks and the studies of forest—grassland ecotones pre-
sented in this book hold the following recommendations for future research that
needs to be done at each individual site:

1. Sample the evidence for investigation of the Holocene to construct past ecotone
structure and dynamics.

2. Set up permanent vegetation plots across the ecotone, spanning the closed-canopy
forest on one side and the open grassland on the other, including areas of land-
use change, sample them for decades with the aim of investigating the pace and
nature of plant changes.

3. Sample soil and environmental factors also across these ecotones (e.g., tempera-
ture, precipitation, carbon and energy pathways, biogeochemical cycles).

4. Determine with controlled field experiments how mechanisms and tolerances
affect tree seeds and seedlings, how spaces both within and without these tree
individuals change as a result of these responses, and how those changes lead to
trees replacing (or not replacing) grasses. This entails an exploration of the
ecophysiology of these plants, their niches, and other aspects of their biology and
ecology.

5. If possible, perform restoration experiments in the field based on the results of
these investigations.

I suggest work focusing on plant responses (together niches) and how the local
environment (phyto- and neighborhood spaces) determines when and if ecotone
trees and grasses replace each other over time and space. There should be no short-
cuts, for example in the use of “surrogate” plant parameters instead of direct mea-
surements of plant structure and function. The conceptual framework from Chap. 1,
and results from the other chapters, show how to proceed: key species and replace-
ment patterns can be ascertained by using permanent plots, plant niches can be
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Fig. 14.1 An artistic representation of the forces at work in ecotones entitled “unstable equilib-
rium” by the Swiss painter Paul Klee

determined through various kinds of field and greenhouse experiments, and plant—
plant replacements can be investigated by sampling local environmental factors and
combining them with plant niches. The primary emphasis should be on the ways in
which plants respond to and interact with both the living and nonliving constituents
of the environment. When these studies are complete they will show how these
ecotones are structured, and that they are, I believe, much more individualistic and
much more dynamic than are often assumed.
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