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Abstract We assessed the effects of thinning (0, 20 and

30 % extraction of basal area) and canopy type (pine–beech

vs. pine plots, beech accounting for 12 % of total basal area)

on radial growth of dominant and codominant Scots pine at

inter-annual scale and on microclimatic conditions, radial

growth and xylogenesis 9 years after thinning at intra-

annual scale. Thinning weakly affected pine growth, which

was enhanced 3 years after harvesting. Over time, a gradual

reduction in pine growth in mixed canopy relative to pure

canopy occurred only in unthinned plots apparently due to

beech expansion. Indeed, 9 years after thinning, a higher

seasonal radial increment and a greater number of tracheids

were produced under pine canopy in the unthinned plots,

whereas no differences between canopy types were

observed in the thinned plots. Radial increment and tracheid

production were mainly affected by tree water status (air

and soil humidity, throughfall). The differences of tree

water status caused by treatments, and plausibly disparities

in tree size and tree-to-tree competition, were the main

drivers explaining the patterns observed for radial incre-

ment and xylogenesis. Our results suggest that the negative

effects of beech competition on Scots pine growth in similar

mixed forest may be controlled to some extent by thinning.

Keywords Competition � Forest management � Growth �
Mixed forest � Xylogenesis

Introduction

Thinning is a widespread practice to manage forest stands

(Oliver and Larson 1990). A great deal of knowledge has

accumulated over decades about the effects of thinning on

tree growth in monospecific stands, but much less is known

about its effects on growth in mixed stands. Understanding

growth dynamics of mixed forests is difficult, in part due to

complex interactions among tree species and to the fact

that species may differ greatly in functional traits such as

growth rate and competitive ability.

Historically, pure conifer forests have been prioritized

over mixed conifer–broadleaf ones in the European tem-

perate zone to enhance wood production (Spiecker 2003;

Pretzsch 2005). Nevertheless, mixtures could lead to a

potential increase in stand productivity due to inter-specific

processes (Kelty 1992). Indeed, the effects of mixture on

productivity have been the target of numerous researches,

the bulk of them with Scots pine as the dominant tree

species. However, little is known about how tree-to-tree

interactions in mixed Scots pine (Pinus sylvestris L.)–

beech (Fagus sylvatica L.) stands and management affect

growth and wood formation at different time scales.

Pine–beech forests constitute a frequent vegetation type

in the south-western Pyrenees (e.g., Navarre), where they

account for over 40 % of mixed woodlands (Government
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of Navarre 2010). The present study is part of a long-term

project that focuses on one managed forest site where cover

of beech is expanding relative to that of Scots pine. Our

main objective in this investigation is elucidating how

thinning can alter the functioning of pure Scots pine pat-

ches versus mixed beech–pine ones. In this work, we focus

on inter-annual growth dynamics of Scots pine in the

dominant stratum in relation to thinning and the presence

or absence of beech. The effects of thinning and type of

canopy on microclimatic conditions were also studied at

intra-annual scale 9 years after thinning, providing a

baseline for the assessment of the effects of a second

thinning, applied in 2009, on the intra-annual growth pat-

terns of Scots pine.

To characterize tree growth dynamics, most thinning

studies involve either the measurement of changes in

diameter at breast height (DBH) between regular intervals

([3 years) or the use of tree-ring analysis. The study of

inter-annual tree growth responses to thinning is important

as growth in thinned plots may interact with climate (e.g.,

dry vs. humid years), but patterns may not be observed if

sampling intervals are too ample. Relating microclimatic

variation to intra-annual patterns of growth may allow

better understanding of the main drivers of tree growth

(Bréda et al. 1995; Ma et al. 2010; Rambo and North

2009). Therefore, we employed an integrative approach to

describe thinning effects on Scots pine growth in this

mixed forest using the following: (1) tree-ring chronologies

to characterize inter-annual growth patterns and (2) band

dendrometers and microcores for describing the intra-

annual dynamics of stem radial increment and xylogenesis,

respectively (see Mäkinen et al. 2008).

The study of xylogenesis is paramount to understand

mechanisms underlying growth patterns. Xylogenesis is

controlled by several abiotic and biotic factors (Antonova

and Stasova 1993; Vaganov et al. 2006). Most xylogenesis

research has omitted to some extent how the interaction

between microclimate and competition might affect wood

development in closed forests (Deslauriers et al. 2008;

Gruber et al. 2009). In this respect, changes in inter-annual

tree growth sensitivity to climate as a function of different

competition levels have been reported for F. sylvatica

(Cescatti and Piutti 1998; Piutti and Cescatti 1997) and

Pinus nigra (Martı́n-Benito et al. 2010). Additionally, dif-

ferent canopy types might modulate xylogenesis affecting

microclimate (Horn 1971). Nevertheless, to our knowledge,

there is no information about how competition may modify

the response of xylogenesis to microclimatic variation. The

lack of similar data is unjustifiable for areas experiencing

water deficit such as Mediterranean mountain forests, where

thinning may be an appropriate management tool to coun-

teract the negative effects of a warming-induced reduction

in water availability (Linares et al. 2009).

In this context, our specific objectives were (1) to

evaluate the effects of thinning and presence of beech on

the inter-annual growth dynamics of dominant Scots pines;

(2) to assess whether thinning intensity and canopy type

affected microclimatic variables 9 years after thinning; (3)

to determine and compare the relationships between mi-

croclimatic variables and intra-annual radial-increment

rates and xylogenesis of dominant Scots pines for the dif-

ferent treatments and (4) to evaluate the effects of thinning

intensity and canopy type on intra-annual radial increment

and xylogenesis of dominant Scots pines.

Materials and methods

Study site

The study site (Aspurz, 42�4203100N, 1�0804000W) is located

in the western Spanish Pyrenees, Navarre. It is one of the

most productive Scots pine forests in Spain (Puertas 2001),

with a site index of 29 m at 80 years. The site is an even-

aged mixed stand dominated by Scots pine, with mean age

of 40 years and mean dominant tree height of 18.4 m. The

second most abundant tree species is beech, with a mean

crown cover of ca. 38 % and mean age of 35–40 years.

Beech trees cover all strata, from suppressed to dominant

ones. Plots are North oriented, located at a mean altitude of

642 m and a mean slope of 7 %. The forest is developed on

a Haplic Alisol (Blanco 2004), with a mean annual pre-

cipitation of 913 mm and a mean annual temperature of

12.0 �C (data from nearby Navascués station located at

2.7 km from the study site, 42�4300600N, 1�0605500W,

615 m; period 1984–2008). The climate corresponds to a

cold wet Mediterranean type with water deficit usually in

July and August, and frequent frosts in winter and early

spring. The meteorological conditions during the study

year, 2008, did not significantly differ (paired T test,

P [ 0.05) from the historical mean (1984–2008).

Experimental design

Nine rectangular plots (30 m 9 40 m) were installed by

the Forest Service of the Government of Navarre, follow-

ing a complete randomized block design (Andrew 1986). In

1999, different thinning intensities were carried out

applying the same treatment in a buffer zone of 5–10 m

around the plots. The experimental design consisted of

three treatments with three replicates: unthinned plots

(hereafter abbreviated as U plots); light-thinning plots

(20 % of basal area removed—hereafter abbreviated as

T20 plots); moderate-thinning plots (30 % of basal area

removed—hereafter abbreviated as T30 plots). Only Scots

pine trees were thinned following the silvicultural trends
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applied currently in Navarre on mixed stands with beech as

secondary species. Thinning was carried out with selection

of crop trees, mainly removing suppressed or intermediate

trees, and some dominant or codominant trees with mal-

formed stems. Logs and branches from the felled trees

were transported to the edges of the buffer zones.

According to litterfall biomass data, canopy cover recov-

ered from thinning in 2005–2006 (data not shown).

Each plot was divided into two discontinuous subplots

based on the crown cover of beeches taller than 2 m:

mixed beech–pine and pure pine subplots (hereafter

abbreviated as MC and PC subplots). Six subplots are

determined: UM (unmanaged mixed beech–pine), UP

(unmanaged pure pine), T20 M (T20 mixed beech–pine),

T20P (T20 pure pine), T30 M (T30 mixed beech–pine) and

T30P (T30 pure pine). Thus, the experimental design can

be specified as a split plot (von Ende 2001), which includes

three replicates of six subplots (Table 1). Although data of

beech trees are not available for 1999, comparison between

data of beech cover in 2000 and 2008 suggests that mixed

canopy area has remarkably spread over the plots within

that period. There has not been pine regeneration between

those years.

Dendrochronological methods

Two Scots pine trees were randomly selected in each

subplot (n = 36) from those included in the xylogenesis

study (see below). In March 2009, stem slices of the

selected trees in the thinned plots and two cores per tree

(with a Pressler increment borer) in the unthinned plots

were extracted at 1.3 m. The cores were mounted on wood

boards, and both, the stem slices and cores were air-dried

and polished with sandpaper grits until tree rings were

clearly visible. The wood samples were visually cross-

dated, and the cross-dating was checked using the program

COFECHA (Holmes 1983). Tree rings were measured to

the nearest 0.001 mm using a binocular scope and a

LINTAB measuring device (Rinntech, Heidelberg, Ger-

many). Due to technical problems, rings data for 2008 were

available only for 26 trees. Tree-ring width in 2008 of the

90 trees included for the xylogenesis study was measured

on the microcores gathered at mid November as described

below.

Microclimatic data

Two meteorological stations were placed in each plot (one

per subplot; n = 18). From March to November 2008,

continuous measurements of photosynthetically active

radiation (PAR, QUANTUM-QSO sensor) at 2 m above

the ground and soil humidity (ECHO-10 sensor) and

temperature (TMCx-HD sensor) at 0.1 m depth were T
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recorded every 30 min by Hobo U12 data loggers (Onset

Co., USA). Relative humidity and air temperature at 1 m

above ground were also recorded every 30 min using Hobo

Pro.v2 data loggers. Rather than light intensity, we used

understorey day length (i.e., number of hours per day when

PAR radiation is higher than the minimum detectable level,

0.81 W m-2) in further analyses. Daily minimum, maxi-

mum and mean air temperature and humidity were esti-

mated. Monthly throughfall was determined with 54

containers placed in the plots (3 per subplot). These data

were regressed against monthly precipitation data obtained

from the nearby Navascués station. The resulting regres-

sion model was used to estimate daily throughfall by using

daily precipitation as an independent variable.

Seasonal dynamics of radial increment

Two Scots pine trees per plot (one per subplot; n = 18)

were selected from those included in the xylogenesis study

(see below). At the beginning of March, the dendrometers

(AEC, Tucson, USA) were placed at about 1.3 m height

after removing carefully the rhytidome. From March to

July, the dendrometers were read biweekly, while from

August to November, they were read monthly. The mea-

surements were done to the nearest 0.1 mm and corrected

for temperature effects taking into account the dendrometer

thermal expansion (11.2 9 10-6 mm-1 �C-1). To avoid

biases during recording, all measures were always taken

before midday, and they were never taken after a rainy day.

We used radial increment data for the study, as patterns of

radial and basal area increment were similar in the different

treatments.

Xylogenesis

Ten dominant or codominant Scots pine trees per plot

(n = 90) were randomly selected (Table 2). One wood

microcore per tree (2.0 mm thick and 15 mm long) was

collected in early April, May, June, July, September and

October. Only samples from May, June, July and September

were fully processed, as this is the period when the main

xylogenesis phases of Scots pine occur in the area (Cama-

rero et al. 1998). Several randomly selected subsamples

from the April and October samples were processed just to

determine the beginning and ending of tracheid production.

Wood microcores were collected following a spiral around

the stem at a height of 1.3 m using a Trephor borer (Rossi

et al. 2006a). The microcores were placed in Eppendorf

tubes filled with a solution of formaldehyde, acetic acid and

ethanol (5:5:90). Transversal wood sections 20–40 lm

thick (n = 360) were obtained with a freezing microtome

(Anglia Scientific AS 200). Wood sections were stained

with cresyl fast violet (0.35 % in water) and fixed with

Eukitt� for examination with a light microscope or under

polarized light. The number of tracheids in different

development phases of the last tree ring was counted along

five radial rows, averaging the number for each date. Four

cell development phases were considered according to cell

shape and staining (Antonova et al. 1983; Antonova and

Stasova 1993): cambium cells, radially enlarging tracheids,

cell-wall thickening tracheids and mature tracheids. The

first cells with evident radial diameter increments, but still

containing a protoplast enclosed by a thin wall were

regarded as radially enlarging tracheids. The end of radial

expansion and the onset of secondary cell-wall thickening

were defined by the appearance of cell corner rounding and

because cell walls glistened when observed under polarized

light. Tracheid lignification corresponded to a color change

from violet to blue. The maturation zone ended when visible

traces of cytoplasm were not observed within the tracheid

lumen. Mature cells exhibited completely blue cell walls.

Mature tracheids were classified as earlywood and latewood

tracheids using Mork’s method in relation to their radial

lumen and cell-wall thickness (Denne 1989), where late-

wood tracheids are those with single cell-wall thick-

ness 9 4 C tracheid lumen. The total number of tracheids

was the sum of the radially enlarging cell-wall thickening

and mature tracheids.

Statistical analyses

The following statistical analyses were carried out using R

2.13.0 (R Development Core Team 2011).

The effects of thinning intensity and type of canopy on

Scots pine growth variables and the microclimate were

assessed using linear mixed-effects models (nlme package)

following a split-plot design with a repeated measure

(Pinheiro and Bates 2000). The proposed model included

thinning intensity, canopy type and date as fixed effects and

subplot or tree code as random effects. A correlation

Table 2 Characteristics of the trees selected for the study of

xylogenesis

Treatment

(code)

Height (m) DBH (cm) Crown

length (m)

Competition

index (CI)*

UM 18.6 ± 0.2 21.8 ± 0.8 5.9 ± 0.3 5.25 ± 0.43

UP 19.2 ± 0.3 24.0 ± 0.8 6.6 ± 0.3 4.41 ± 0.42

T20M 18.6 ± 0.3 21.6 ± 0.8 6.3 ± 0.3 4.62 ± 0.42

T20P 18.5 ± 0.4 22.7 ± 0.5 6.4 ± 0.2 4.14 ± 0.37

T30M 18.0 ± 0.4 21.0 ± 1.2 6.1 ± 0.2 5.16 ± 0.57

T30P 16.8 ± 0.9 21.0 ± 0.8 5.7 ± 0.5 4.67 ± 0.40

* CI = R ((Dj Di
-1)/ DISTij

-1), where Dj is the DBH of neighbor tree,

Di is the DBH of subject tree and DISTij is the distance between

neighbor and subject tree (see Daniels et al. 1986). The influence

radius was 5 m. Abbreviations are as in Table 1. Mean ± SE
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structure was included to account for the repeated measures

on the same subplot or tree. The significance of the fixed

effects was analyzed with Wald tests and by comparing

nested models with and without the effect using the likeli-

hood ratio test and based on the maximum likelihood (ML)

estimation procedure (Zuur et al. 2009). Similar results

were obtained with both methods, and therefore, only Wald

tests are shown. Linear contrasts were used for post hoc

comparisons. Log transformations of the data were used to

fulfill the requirements of the statistical analysis for normal

distribution and homogeneity of variance.

Principal component analysis (PCA) (data not shown)

was used to select the main microclimatic variables

involved in the Scots pine growth dynamics: mean air

temperature (meanT), minimum relative humidity (min-

RH), minimum soil humidity (minSH), understorey day

length (DL) and throughfall (Th). The values of these

variables were averaged (mean or summed in the case of

throughfall) 5, 10 and 15 days before the sampling date to

take into account potentially lagged climate-growth

responses (Camarero et al. 1998). Temporal autocorrela-

tion of the microclimatic variables showed significant

values for lags lower than five days. The selected period

(10 days) was determined by fitting linear models between

the different growing responses and the microclimatic data

(5, 10 and 15 days mean), selecting the one with the lowest

Akaike Information Criterion (Burnham and Anderson

2002). Relationships between the microclimatic variables

and the radial-increment rates and tracheid number data

were analyzed using Spearman’s rank correlation coeffi-

cient. The growing season was split in three periods in

relation to the radial increment and microclimatic data

based on previous studies with Scots pine (Camarero et al.

1998): (1) spring, March–May; (2) summer, June–July; (3)

late summer and fall, August–November. The Gompertz

function was fitted to the cumulative radial increment of

each tree (Camarero et al. 1998). Afterward, the residuals

between the observed values and the Gompertz predictions

were calculated in order to eliminate the annual intrinsic

pattern of tree growth and elucidate relationships with

microclimate that could have been otherwise disguised.

Relationships between the microclimatic variables and the

radial-increment rates and the residuals were analyzed for

the three periods. On the other hand, the effects of the

microclimatic variables on xylogenesis were analyzed

directly on the number of cells in the different phases and

on the total number of tracheids. As similar results were

obtained for the three periods and the whole growing

season, only data for the latter are shown. In this case, the

fitting of a sigmoidal function such as the Gompertz one to

the number of tracheids was considered to be meaningless

due to the reduced number of sampling points along the

growing season (4 sampling dates).

The relationships between the radial growth assessed

through dendrometer measurement and xylogenesis data

were analyzed using Pearson’s correlations.

Results

Inter-annual basal area increment and tree-ring width

Neither TRW nor BAI of Scots pines showed significant

differences among groups of plots before thinning

(Fig. 1a), although plots were initially highly variable in

Scots pine densities (from 2492 to 5667 trees ha-1). TRW

and BAI were significantly affected by the interaction

between thinning intensity and year (P \ 0.01 and

P \ 0.05, respectively). Thus, T30, followed by T20 and U

plots (Fig. 1a) produced the highest BAI in 2002

(P = 0.08), and the highest TRW in 2000 (P = 0.05),

2002 (P \ 0.05) and 2003 (P = 0.07). However, previ-

ously existing differences in BAI and TRW between U and

T30 plots (i.e., 1999) generally increased little after thin-

ning (i.e., \15 %), except for two relatively important

increases that occurred for BAI in 2002 (30.4 %) and 2003

(40.2 %).

Scots pine showed higher growth rates in pure patches

even before 1999, these differences becoming significant

after thinning (P \ 0.05, Fig. 1b). Between the types of

canopy, differences were significant for BAI and TRW

from 2002 to 2004, and in 2007, for BAI (P \ 0.05).

Almost significant differences (0.05 \ P \ 0.07) were also

found for both variables in 2000 and 2005, as well as in

2007 for TRW. However, the divergence between types of

canopy after thinning was mainly due to increasing dif-

ferences between canopy types in the unthinned plots

(Fig. 1c). In the unthinned plots, Scots pine grew less in

pine than in mixed canopy before thinning (-13.4 %), but

after thinning, it grew more in pine than in mixed patches

(17 %). Contrastingly, in the thinned plots, Scots pine grew

more under pine than under mixed canopy during the

whole study period (1990–2008), being the differences

between canopy types similar before and after thinning.

Unexpectedly, unthinned and T20 plots appeared to

recover faster from a severe drought in 2005 than T30.

Intra-annual microclimate

During the study year, most precipitation was recorded

between May and June, whereas soil humidity decreased

sharply in July, reaching minimum values in August, when

the warmest air temperature was observed (Fig. 2). All the

daily microclimatic variables showed a significant date

effect (Table 3). The 1999 thinning still affected minimum

soil humidity (minSH P = 0.015), being significantly
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higher (P \ 0.05) in unthinned (30.02 ± 0.26 %;

mean ± SE) than in thinned plots (27.34 ± 0.27 % and

27.30 ± 0.25 % in T20 and T30 treatments, respectively).

Moreover, minimum relative humidity (minRH) and daily

throughfall (Th) showed a significant (P \ 0.001) thinning

intensity 9 date interaction. Hence, differences in Th

between unthinned and thinned plots were detected

(T20 = T30 [ U) only at high daily precipitation values,

whereas minRH was higher in U and T30 plots than in T20

plots for several dates.

The interaction between type of canopy and date had a

significant effect (P \ 0.001) on all the microclimatic

variables, as differences became significant once beech had

completely spread out its leaves. Thus, during the growing

season, pure patches showed higher mean air temperature

(meanT), minSH, understorey day length (DL) and Th, but

lower minRH.

Additionally, the triple interaction between thinning

intensity, canopy type and date had a significant effect

(P \ 0.001) on daily throughfall, caused by frequent higher

Th values under pine canopy in U and T30 plots, but no

differences between canopy types in T20 plots.

Seasonal dynamics of radial increment

Cumulative radial increment and radial-increment rates of

Scots pine were significantly affected by date and the

interaction between thinning intensity, canopy type and

date (P \ 0.05, Fig. 3a). This interaction may be explained

due to the finding of significant and consistent differences

between treatments for some dates. Thus, growth values in

the unthinned plots were always higher in pine canopy,

whereas in the thinned ones, both, higher values in mixed

patches or no significant differences between types of

canopy were observed. Therefore, at the end of the growing

season T20M and UP plots showed the highest cumulative

radial increments (ca. 2.0 mm), followed by T20P and

T30M (ca. 1.5 mm) and finally, by T30P and UM (ca.

1.0 mm).

Most radial increment (ca. 90 %) occurred from early

April up to early September (Fig. 3a). Cumulative radial

increment was higher for the first study period, from March

to May (40 %), than for the other two periods (June to July,

ca. 26 %; August to November, ca. 36 %). Cumulative

radial increment achieved a maximum value around October

Fig. 1 Annual basal area

increment (BAI, mean ± SE)

from 1990 to 2008 versus

thinning intensity (a) and type

of canopy (b) and relative

difference of tree-ring width

between UM versus UP, T20M

versus T20P and T30M versus

T30P (c). Calculations have

been made as follows for each

pair of comparisons, for

instance, UP versus UM:

(TRWUP-TRWUM)*100/

TRWUM. U unthinned plots,

T20 light thinned plots, T30

moderate thinned plots, MC
mixed canopy, PC pine canopy,

UM unthinned mixed canopy,

UP unthinned pine canopy,

T20M light thinning mixed

canopy, T20P light thinning

pine canopy, T30M moderate

thinning mixed canopy,

T30P moderate thinning pine

canopy. Significance levels:

* P \ 0.05; ** P \ 0.01;

*** P \ 0.001. Significant

differences for BAI are

indicated above and for tree-

ring width, below. The vertical
line indicates the date of

thinning
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for all treatments excepting for T20P, whose maximum

values were observed in mid November. The radial-incre-

ment rates showed two main peaks, one in late spring and the

other in early autumn. The major peak occurred from April

to the middle of June and was centred in mid May, whereas

the second and minor peak was observed from July to

October, being centred in September (Fig. 3b).

The effects of the microclimatic variables on the radial-

increment rates (RIr) and on the residuals of the cumulative

radial increment versus Gompertz fitting (RI-G) were

Fig. 2 Temporal patterns of

selected microclimatic

variables. Unders. understorey,

DOY day of the year, MC mixed

canopy, PC pine canopy,

U unthinned plots, T20 light

thinning, T30 moderate thinning

Table 3 Split plot with a repeated measure ANOVA (F values) for the selected microclimatic variables

Thinning intensity (TI) Type of canopy (C) TI 9 C Date (D) TI 9 D C 9 D TI 9 C 9 D

meanT (�C) 0.88 7.85* 1.98 26628.61*** 0.41 4.34*** 0.46

minRH (%) 0.88 8.88* 0.86 665.74*** 1.27*** 1.39*** 0.59

minSH (%) 14.23* 1.19 2.17 165.68*** 0.88 1.32*** 0.41

DL (no. hours) 0.01 64.65*** 0.15 166.80*** 0.77 28.87*** 0.78

Th (mm) 1.93 18.26** 1.78 7620.45*** 1.44*** 13.00*** 1.64***

Bold values indicate significant (P \ 0.05) effects

TI thinning intensity, C type of canopy, D date, meanT mean air temperature, minRH minimum relative humidity, minSH minimum soil humidity,

DL understorey day length, Th throughfall

* P \ 0.05; ** P \ 0.01; *** P \ 0.001
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similar, although some differences were observed during

the third period (Fig. 4). At the early growing season

(March–May), both variables were positively influenced by

meanT (P \ 0.01 and P \ 0.001 for RIr and RI-G,

respectively) and DL (P \ 0.01 and P \ 0.001) and neg-

atively by Th (P \ 0.001). From June to July, RIr and RI-G

were positively correlated with minRH (P \ 0.001),

minSH (P \ 0.001) and Th (P \ 0.01 and P \ 0.001), and

negatively with meanT (P = 0.080 and P \ 0.001).

Finally, at the late growing season from August to

November, only RI-G showed significant relationships with

the microclimatic variables. Thus, RI-G showed positive

correlations (P \ 0.001) with minRH, minSH and Th, and

negative associations with meanT and DL.

Fig. 3 Cumulative radial increment (a) and radial-increment rates

(b) calculated from dendrometer data for the six treatments classified

by type of canopy and thinning intensity (mean ± SE). DOY day of

the year. Abbreviations of treatments are as in Fig. 1. Symbols above

lines indicate dates when the interaction between thinning intensity

and canopy type was significant or marginally significant. Signifi-

cance levels: # P \ 0.1, * P \ 0.05; ** P \ 0.01; *** P \ 0.001

Fig. 4 Spearman’s rank correlation coefficients calculated between

selected microclimatic variables at 10-days lags and radial-increment

rates (RIr) and the residuals of the fits of Gompertz functions to

cumulative radial increment (RI-G) for three study periods: March–

May, June–July and August–November. Microclimatic variables:

mean air temperature (a), minimum relative humidity (b), minimum

soil humidity (c), understorey day length (d) and throughfall (e). The

statistical analysis was carried out on the whole data set. Significance

levels: P \ 0.05 (dotted line); P \ 0.01 (dashed line)
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Xylogenesis

The onset of tracheid formation in Scots pines occurred in

March or April, and in May several rows of radially

enlarging tracheids were detected. No additional latewood

formation was observed in October when compared with

September samples.

The number of mature latewood tracheids (LW) showed

marginally significant differences (P = 0.080) among thin-

ning intensities (T20 [ T30 = U, Table 4). The interaction

between thinning intensity and date had a significant effect

on the number of mature tracheids (P \ 0.05), as different

effects of thinning intensity (T20 [ T30 = U) were detec-

ted only for one date (DOY 246). Furthermore, the total

number of tracheids was significantly affected by the

interaction between thinning intensity, canopy type and date

(P \ 0.05). A consistent temporal pattern was observed;

Scots pines in pine canopy showed a higher number of total

tracheids in unthinned plots, whereas in the thinned plots, no

differences between canopy types were found. In summary,

T20M and T20P plots showed the highest number of total

tracheids, followed by T30P and UP and finally, by T30M

and UM plots (Fig. 5). Significant differences were found for

all types of tracheids according to their developmental phase

as a function of date (P \ 0.001). The number of cambial

cells peaked between May and June, whereas radially

enlarging tracheids reached maximum values in June. The

cell-wall thickening phase of tracheids began in May and

ended in October, reaching its maximum number in June–

July. Mature tracheids were observed since early June.

Table 4 Split plot with a repeated measure ANOVA (F values) for the number and type of tracheids

Factor No.

cambial

cells

No. radially

enlarging tracheids

No. cell-wall

thickening tracheids

No. mature

earlywood

tracheids

No. mature

latewood

tracheids

No. mature

tracheids

No. total

tracheids

Thinning

intensity

(TI)

1.518 2.176 0.032 0.560 5.009# 0.354 0.072

Type of

Canopy (C)

0.842 0.675 0.830 0.346 0.356 0.271 0.021

TI 9 C 0.991 0.921 0.054 0.804 0.619 0.649 0.024

Date (D) 16.854*** 87.494*** 163.621*** 453.733*** 552.331*** 311.401***

TI 9 D 0.297 0.538 0.338 1.931 2.865* 1.244

C 9 D 0.842 0.620 0.892 1.673 1.910 1.764

TI 9 C 9 D 0.278 0.696 1.364 1.512 1.372 2.703*

Bold values indicate significant (P \ 0.05) effects

The factor Date was not included in the split-plot analyses for No. mature latewood tracheids as they were only detected on one sampling date
# P \ 0.1; * P \ 0.05; ** P \ 0.01; *** P \ 0.001

Fig. 5 Number of cambial cells, radially enlarging, cell-wall

thickening and earlywood (EW) and latewood (LW) mature tracheids

of Scots pine by treatment in the sampling months plus the final

number of EW and LW tracheids estimated for October. Abbrevia-

tions of treatments are as in Fig. 1
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All types of cells except the production rate of mature

tracheids (no. cells day-1) showed positive correlations with

minRH and Th, but their response to other variables was more

diverse (Fig. 6). Thus, radially enlarging tracheids, which

were the type of cells most influenced by the microclimatic

variables, significantly decreased as meanT increased (in pine

and mixed canopies, PC and MC) and as minSH (PC and MC)

and DL (MC) decreased. On the contrary, the production rate

of mature tracheids increased as meanT increased (PC and

MC), but minSH (PC and MC) and DL (MC) decreased.

Finally, the production rate of tracheids was positively related

with minRH for trees in U and T30 plots.

Fig. 6 Spearman’s rank

correlation coefficients

calculated between

microclimatic variables

(10-days lag) and number of

cambial cells (a), radially

enlarging tracheids (b), cell-

wall thickening tracheids

(c) and production rate of

mature tracheids (d) and total

tracheids (e) of Scots pine

(n = 12) for the different

treatments. meanT mean air

temperature, minRH minimum

relative humidity, minSH
minimum soil humidity, DL
understorey day length, Th
throughfall. Abbreviations of

treatments are as in Fig. 2. Gray
bars mixed beech–pine canopy,

white bars pure pine canopy,

empty bars unthinned plots,

hatched bars thinned plots.

Significance levels: P \ 0.05

(dotted line); P \ 0.01 (dashed
line)

130 Eur J Forest Res (2013) 132:121–135

123



Thinning increased sensitivity of growth to climate (Fig. 6)

in radially enlarging tracheids for understorey day length

(MC), cell-wall thickening tracheids for throughfall (PC) and

understorey day length (PC), and production rate of mature

tracheids for mean air temperature (PC and MC). Conversely,

thinning decreased sensitivity of growth to climate in cell-wall

thickening tracheids for understorey day length (MC).

Relationships between radial-increment dynamics

and xylogenesis

Dendrometers captured the main dynamics of radial

increment since the radial-increment rates were signifi-

cantly correlated with the number of radially enlarging

tracheids (r = 0.47, P = 0.058; r = 0.40, P = 0.021 and

r = 0.70, P = 0.001, for the first, second and third period,

respectively). Moreover, the patterns of cumulative radial

increment and number of total tracheids were generally

similar for the common sampling dates of dendrometer and

xylogenesis (DOY 184 and 246, Fig. 7).

Discussion

Effects of thinning and canopy type on inter-annual

Scots pine growth

Pre-thinning Scots pine density was highly variable among

plots, becoming similar between T20 and T30 plots after

thinning. This may be one reason why only a weak and tem-

porary (1 or 3 years based on BAI or TRW, respectively)

effect of thinning on growth of dominant and codominant

Scots pine trees was detected. Moreover, the thinning effect

might have been disguised after the severe drought of 2005,

when an abrupt decrease in BAI was observed. It apparently

caused high tree mortality via auto-thinning of Scots pines in

the unthinned plots, and to a lesser extent in T20 plots,

resulting in more similar densities among thinning intensities

(mean density reduction of 38 and 8 % and BA reduction of 13

and 2 % in U and T20 plots, respectively). This levelling off of

densities, particularly in pure patches, may be related to the

fact that tree-growth recovery at the highest thinning intensity

after the drought was not the fastest as expected, a pattern that

is supported by several studies (Bréda et al. 1995; Gracia et al.

1999). Mäkinen and Isomäki (2004) attributed the lack of

response or slight effect of thinning on growth of dominant

trees found in several P. sylvestris studies to insufficient

thinning intensity (i.e., light thinning). Therefore, our domi-

nant trees might have had a stronger response than that for

moderate thinning (i.e., 30 %) had the foresters carried out

heavy thinning in our site. Moreover, thinning from below in

other Scots pine stands in Spain appears to mainly favor the

development of intermediate trees (Del Rı́o et al. 2008).

Reduction in Scots pine growth in mixed patches as

compared with pure ones appears to result from competition

between Scots pine and beech. Indeed, lower increments of

BAI and TRW under mixed than under pine canopy were

observed for several years after thinning. The reduction in

Scots pine radial growth may have been caused by an

increase in competitive pressure by beech trees as they

reached the upper canopy layers. Indeed, beech trees may

have also benefited from thinning due to their efficiency in

space occupation (Pretzsch 2005). Nevertheless, the reduc-

tion in tree growth in response to the type of canopy after

thinning was more noticeable in the unthinned plots. Thus,

thinning might have been able to counteract the increasing

competitive effects of beech on Scots pine by reducing pine

density. Accordingly, in 2008, although not significantly,

tree-ring width was higher in pure than in mixed patches in

unthinned plots, but no differences between canopy types

were found in the thinned plots (Fig. 7). Indeed, similar

responses were obtained after the second thinning carried out

in 2009 in the study site in U and T20 plots (data not shown).

Long-term effects of thinning and canopy type on intra-

annual microclimatic conditions

Higher soil humidity values were recorded in the unthinned

than in the thinned plots, even though throughfall was

higher in the thinned plots at high precipitation events.

Fig. 7 Effects of the interaction

between thinning intensity and

canopy type on cumulative

radial increment estimated from

dendrometer data in DOY 246

(a), total number of tracheids in

DOY 246 (b) and tree-ring

width (TRW) measured on the

microcores in DOY 311 (c).

Mean ± SE. MC mixed canopy,

PC pine canopy. Lines don’t

imply continuous relationships
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These differences could be explained by a higher transpi-

ration rate of the canopy in the thinned plots, as no sig-

nificant differences in understorey day length or cover of

the canopy and main understorey species (e.g., Pteridium

aquilinum and Rubus ulmifolius, data not shown) were

found as a function of thinning. The transpiration rate of

individual trees increases after thinning as the wind speed

within the stand raises, enhancing evaporation (Aussenac

2000). Nevertheless, transpiration may increase (Lagergren

et al. 2008), decrease (Morikawa et al. 1986) or remain

similar (Vesala et al. 2005) after thinning.

Soil humidity, throughfall and understorey day length

were lower under mixed than under pine canopy in summer

and fall, after the sprouting of beech leaves. Beech crown,

contrarily to pine crown, involves multiple layers of leaves

with higher leaf area than pine needles (Horn 1971).

Transpiration rate has been directly related with leaf area

index (LAI) until a threshold value (Granier et al. 2000).

Thus, transpiration of mixed canopy may be higher than

that of pine canopy, enhancing the differences of soil

humidity between canopy types. This result is supported by

the idea that the beech root system is highly plastic,

allowing them to be highly competitive for water and

nutrient resources (Curt and Prevosto 2003).

The differences in canopy cover structure plus the dif-

ferences observed in stand characteristics (density, crown

height) may be the reason why the triple interaction

between thinning intensity, canopy type and date had a

significant effect on daily throughfall. Thus, for several

dates, throughfall was higher in pure patches in U and T30

plots, while no differences between canopy types occurred

in T20 plots.

Effects of microclimate on the dynamics of radial

increment and xylogenesis

Tracheid formation started between March and April, when

mean daily air temperatures higher than 8 �C were achieved.

However, the first positive radial-increment rates observed

in mid-March, before the onset of tracheid formation, were

probably due to stem water replenishment after winter de-

hydratation (Zweifel et al. 2001). From March to May,

radial-increment rates were positively influenced by mean

air temperature. In agreement, earlier researches have sug-

gested that in spring, radial growth and cambial activity are

mainly controlled by temperature in temperate or boreal

conifer forests since soil water availability is usually high

(Brix and Mitchell 1980; Deslauriers and Morin 2005;

Schmitt et al. 2004). Moreover, the radial increment was

also enhanced by the understorey day length in this period,

which also concurs with previous findings (Camarero et al.

2010; Rossi et al. 2006b). From June to July, the noticeable

reduction in radial-increment rates coincided with a sharp

decrease in soil humidity. This reduction in radial increment

may be a tree response to summer drought through stem

shrinkage (Zweifel et al. 2001), but it might be also caused

by a decline in the cambial activity, possibly constrained by

water-deficit stress (Camarero et al. 1998; 2010). In fact,

radial increment was positively influenced by soil humidity

and throughfall, suggesting that tree water status may be the

main constraining factor for radial increment during sum-

mer. The abrupt decline in soil moisture synchronized with

high temperatures may be also linked to the beginning of

latewood formation (Cregg et al. 1988; von Wilpert 1991),

as our data suggest. In the study site, although water stress

could have produced the cessation of tracheid production

(Gruber et al. 2010; Oberhuber and Gruber 2010), we

observed a noticeable second growing peak from July–

August to October. Similar bimodal patterns are common

for other conifers growing under continental Mediterranean

conditions characterized by two mild and wet seasons in

spring and autumn (Camarero et al. 2010). Nevertheless,

unimodal xylogenesis of Scots pine has also been observed

in more mesic sites in northern Spain (Camarero et al. 2010),

suggesting that this may be a plastic feature of Scots pine.

The number of cambial cells and radially enlarging

tracheids was enhanced by soil humidity and throughfall,

which was in agreement with previous studies (Horacek

et al. 1999; Rossi et al. 2006b). Moreover, the number of

radially enlarging tracheids augmented when increasing the

understorey day length, which reflects the annual pattern of

above-crown day length. This enhanced cambial activity

may be linked to the increasing production of carbohydrates

and growth regulators in the crown (Larson 1994). The

number of wall-thickening tracheids was mainly positively

related to minimum relative humidity. This result was dif-

ferent from the one obtained by Antonova and Stasova

(1993), who noted a positive relationship between the

number of wall-thickening tracheids and temperature, and

to the findings of Yasue et al. (2000) who found that cell-

wall thickness is influenced positively by summer temper-

ature. However, cell-wall thickening may also respond to

water availability which would explain the relationship

found with air humidity. For instance, in Norway spruces

subjected to induced drought, cell-wall thickness of late-

wood tracheids increased in response to water deficit (Jyske

et al. 2010). The production rate of matured tracheids was

positively influenced by mean air temperature and nega-

tively by minimum soil humidity. Such responses suggest

the effect of a temperature threshold for tracheid matura-

tion, probably related to colder conditions after summer.

However, the temperature-constrained maturation phase in

Scots pine supports the idea that air temperature positively

influences lignin deposition in the cell walls (e.g., Antonova

and Stasova 1993) and, therefore, tracheid maturation.

Finally, the production rate of tracheids was mainly
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enhanced by minimum relative humidity, highlighting that

the main constraining factor for tracheid production in our

study site was the tree water status.

Reducing tree competition by thinning has been shown to

increase sensitivity of radial growth to temperature in

P. nigra (Martı́n-Benito et al. 2010), while unthinned plots

responded more to precipitation. In our study, the effects of

thinning intensity on growth sensitivity to climate was

observed for xylogenesis, but not for radial increment data,

probably because the response of the latter was masked by

changes in water status of the trees. Our results for the

production rate of mature tracheids support the idea that the

sensitivity of growth to temperature is higher at low com-

petition levels. However, the responsiveness in the pro-

duction of wall-thickening tracheids to precipitation was

higher in thinned than in unthinned plots, which does not

fully agree with the aforementioned studies. Indeed,

enhanced soil humidity in our control plots may explain

differences among studies. Furthermore, our study also

shows that the type of canopy may modulate sensitivity

responses to climate.

Effects of thinning and canopy type on intra-annual

radial increment and xylogenesis

Thinning usually leads to higher rates of radial increment

and/or tracheid number (Corcuera et al. 2006; Jaakkola et al.

2005; Linares et al. 2009; Mörling 2002) due to the modi-

fication of several factors, such as an increase in soil water

and nutrients availability (Blanco et al. 2005), or the pho-

tosynthetic capacity of the canopy through the increment of

the foliar mass of the crown (Aussenac 2000). However, the

inexistence of significant increases in radial growth after

thinning has also been recorded, particularly after light

thinning from below or even after moderate thinning when

light and water might be the limiting factors (Martı́n-Benito

et al. 2010). Our results may have been disguised by several

factors: (a) the stand structure was initially highly variable

among plots; (b) the stronger thinning applied may have

been insufficient; (c) the auto-thinning process occurred in

the unthinned plots after a severe drought.

In our study, even 9 years after thinning, differences of

radial increment were detected for the interaction between

thinning intensity, canopy type and date. Thus, for those

dates when significant differences for the interaction

between thinning intensity and canopy type were found, a

consistent higher radial increment in the pine canopy was

observed in unthinned plots, while no differences between

canopy types occurred in the thinned ones. This result

coincides with the treatment effects on the total number

of tracheids and the tree-ring width in 2008 (Fig. 7).

Indeed, these effects remained from 2009 to 2011 in U

and T20 plots (data not shown) after a second thinning

was carried out at the beginning of 2009. The disparities

between the results obtained from dendrometer measure-

ment and xylogenesis data could be explained by differ-

ences in tree water status or in tracheids diameter.

Moreover, xylogenesis provides reliable estimates of

radial growth and cambial dynamics, but only for local-

ized points around the stem.

The aforementioned patterns were in accordance with

those observed for tree water status, as this was the main

constraining factor for Scots pine radial growth and xylo-

genesis. Furthermore, the observed trend for Scots pine

growth among treatments coincided also with those for

crown length and tree height of Scots pine (Table 2).

Actually, tree growth has been associated with crown

length (Assman 1970), crown area and tree height (Rath-

geber et al. 2011). Furthermore, the response of Scots pine

radial growth to the treatments seems to be also caused by

small disparities in competition status of the trees

(Table 2).

In Navarre, managed mixed Scots pine–beech forests

with beech as secondary species have been lately described

as forest sites with potential to produce higher quality of

Scots pine wood than pure forests (G. Oyaregui, personal

communication). If this is the case, the enhancement of a

Scots pine–beech mixed forest would be desirable due to

the benefits that mixed stands may provide, such as greater

diversity, protection from disease, resistance to abiotic

stress or stability to disturbances (Kelty 1992; Pretzsch

2005) among others.

Conclusions

Light and moderate thinning from below in our beech–

Scots pine stand caused a weak and temporary effect on

BAI and tree-ring width of dominant or codominant Scots

pine trees. As beech developed and reached the upper

canopy layers, a gradual reduction in Scots pine radial

growth relative to pure patches was only observed in the

unthinned plots. Nine years after thinning, growth rates and

the number of tracheids produced by pines were higher

under pure than under mixed canopy patches in the un-

thinned plots, but no differences between canopy types in

the thinned plots were detected. Actually, in the study site,

where Scots pine and beech are close to their south-western

distributional limit in Europe, the tree water status was the

main limiting factor for Scots pine radial growth and xy-

logenesis. Indeed, between-treatments differences in tree

water status plus differences in competition status and tree

size (height, crown length) explained the radial growth and

xylogenesis patterns observed on Scots pine. Our results

show how negative effects of beech on Scots pine growth

may be mitigated by silviculture.
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responses to thinning. In: Rodà F, Retana J, Gracia CA, Bellot J

(eds) Ecology of Mediterranean evergreen forests. Springer,

Berlin, pp 328–329
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