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Abstract In trees, reproduction constitutes an important

resource investment which may compete with growth for

resources. However, detailed analyses on how growth and

fruit production interact at the shoot level are scarce. Pri-

mary canopy growth depends on the development of cur-

rent-year shoots and their secondary growth might also

influence the number and size of fruits supported by them.

We hypothesise that an enhanced thickening of current-

year shoots is linked positively to acorn production in oaks.

We analysed the effect of acorn production on shoot

growth of two co-occurring Mediterranean oak species

with contrasting leaf habit (Quercus ilex, Quercus faginea).

Length and cross-sectional area of current-year shoots,

apical bud mass, number of leaves and acorns, xylem and

conductive area, number of vessels of acorn-bearing and

non-bearing shoots were measured in summer and autumn.

Nitrogen and carbohydrates analyses were also performed

in stems and leaves of both shoot types. Stem cross-sec-

tional area increased in acorn-bearing shoots when com-

pared with non-bearing shoots for both species and such

surplus secondary growth was observed since summer. In

bearing shoots, the total transversal area occupied by ves-

sels decreased significantly from basal to apical positions

along the stem as did the xylem area and the number of

vessels. Leaves of bearing shoots showed lower nitrogen

concentration than those of non-bearing shoots. Carbohy-

drate concentrations did not differ in stems and leaves as a

function of the presence of acorns. Such results suggest that

carbohydrates may preferentially be allocated towards

reproductive shoots, possibly through enhanced secondary

growth, satisfying all their carbon demands for growth and

reproduction. Our findings indicate that acorn production in

the two studied oaks depends on shoot secondary growth.

Keywords Acorns �Mediterranean climate � Quercus ilex

subsp. ballota � Quercus faginea � Stem diameter � Xylem �
Nitrogen � Non-structural carbohydrates

Introduction

Reproduction represents an important resource sink for

trees (Roff 1992). This resource investment can compete

with other growth processes in trees leading to different

trade-offs, for instance between fruit production and veg-

etative growth (Tuomi et al. 1983; Koenig and Knops

1998; Obeso 2002; Monks and Kelly 2006; Hirayama et al.

2007). These trade-offs are thought to act hierarchically in

trees (Obeso 1997), as they might be more apparent at low

modular levels, i.e. among shoots within a branch, than at

high modular levels, i.e. among branches within a tree,

because the overall costs of reproductive modules could be

compensated by the growth of vegetative ones (Watson and

Casper 1984).

The crowns of trees are formed by populations of shoots

of various ages and sizes (Hallé et al. 1978). Current-year

shoots hold buds and leaves (Kozlowski 1971) and they

become net exporters of carbohydrates soon after bud

break (Johnson and Lakso 1986; Hasegawa et al. 2003;

Keel and Schädel 2010; Landhäusser 2010). Consequently,
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the development of flowers and fruits depends on photo-

synthates provided by the reproductive shoot and the

neighbouring ones (Lauri et al. 1996; Hoch 2005). In fact,

the number of leaves held by reproductive shoots may have

a stronger influence on the fruit set than the number of

flowers (Watson 1986; Lauri et al. 1996).

Stem secondary growth accounts for most of the bio-

mass gain of shoots and, in trees with shoot growth limited

to a restricted period as in most oak species, it occurs

generally after the cessation of the main peak of shoot

extension (Barnola and Crabbé 1993). Such thickening

constitutes a strong sink for carbohydrates, which can

affect positively the fruit set of the shoot (Forshey and

Elfving 1989). The interactions between secondary shoot

growth and fruit production have received little attention in

trees, in spite of the need to find mechanistic links between

growth and reproduction at the shoot level. However, the

studies show contrasting results for the relationship

between growth and fruiting. For instance, fruit develop-

ment is affected differently by primary and secondary

growth in current-year shoots of fruit-trees (Barnola and

Crabbé 1993; Farina et al. 2006; Solar et al. 2006; Lauri

et al. 2010). According to George et al. (1996) and Porter

et al. (2002), shoot diameter is related positively to fruit set

and fruit size.

In this study, we analysed the effect of acorn production

on the current-year shoot growth and chemical composition

of two co-occurring Mediterranean oak species with con-

trasting leaf habits: the evergreen Quercus ilex and the

winter deciduous Quercus faginea. We hypothesised that

the presence of fruits leads to an enhanced thickening of

current-year stems, i.e. stems bearing acorns should be

thicker than non-bearing stems. To test this hypothesis, we

analysed the influence of fruit production on growth vari-

ables (stem length and cross-sectional area, xylem anat-

omy, number of leaves and acorns, bud size) and stores

(nitrogen and carbohydrates concentrations in stems and

leaves) in current-year shoots bearing and not bearing

acorns in two study species.

Materials and methods

Study area

The study site was located in Agüero, Aragón, north

eastern Spain (42�180N, 0�470W, 750 m a.s.l.). Climate is

Mediterranean and continental being characterised by dry

summers and cold winters with 635 mm and 13.8�C of

total annual precipitation and mean annual temperature,

respectively. Soil in this area is a Calcisol (FAO 1998),

formed on Miocene clays with bedrock of calcareous

sandstone. Vegetation is an open tall scrub with scattered

low trees, dominated by Q. ilex L. subsp. ballota (Desf.)

Samp. (hereafter abbreviated as Q. ilex), Q. faginea Lam.,

Arbutus unedo L. and Pinus halepensis Mill., approxi-

mately with similar dominance, and other less abundant

woody species (Montserrat-Martı́ et al. 2009).

Study species

Quercus ilex is an evergreen oak tree with semi-ring porous

wood (Campelo et al. 2007), which in Iberian Peninsula

grows preferentially inland and in many continental areas

(Amaral Franco 1990). Quercus faginea is a deciduous oak

tree with ring-porous wood (Corcuera et al. 2004) and with

a wide distribution in sub-Mediterranean areas of the Ibe-

rian Peninsula (Amaral Franco 1990). Both oak species

frequently coexist in the study area forming multi-stemmed

trees, although Q. faginea usually grows in moister areas

than Q. ilex. Montserrat-Martı́ et al. (2009) reported that

the period of fruit development was quite similar at both

species and acorns performed most of their development

from July to October in the study site. Meanwhile sec-

ondary stem growth occurs mostly from June to September

(Alla, unpublished data).

Field sampling and measurements

To evaluate the period when acorn-bearing may affect stem

secondary growth, two samplings were carried out in late

June 2010 (summer sampling) when current-year shoots

have fully extended and in mid October 2010 (autumn

sampling) when secondary growth and acorn development

were almost finished. In each sampling ten individuals of

each species with similar size and with abundant acorn

production ([90% crown covered by shoots bearing

acorns) were selected (Table 1). Since percentage esti-

mates of crown covered by acorns vary among observers

and localities, all estimates were performed by the first two

authors. We randomly selected five trees per species with

maximum number of shoots bearing acorns which were

considered fully covered by acorns (100%). These trees

were used as reference trees with ‘‘maximum-fruit load’’ to

correct for observer bias in estimates of fruit load of similar

sized trees in the study area (Graves 1980).

Table 1 Morphological features of studied trees (mean values ± SE)

Species Number of

trees

Diameter at

1.3 m (cm)

Height (m) No. stems

per tree

Q. ilex 10 10.6 ± 0.6b 4.1 ± 0.1b 9 ± 1a

Q. faginea 10 13.8 ± 0.9a 5.5 ± 0.3a 4 ± 1b

Different letters indicate significant differences between species

(P \ 0.05, ANOVA)
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In each sampled tree, 25 current-year non-bearing shoots

(hereafter abbreviated as S-) and 25 bearing shoots

(hereafter abbreviated as S?) were randomly collected on

the south light-exposed side of the crown, yielding a total

of 500 current-year shoots per species and sampling time.

These shoots were kept in separate bags at 4�C until

measured in the laboratory. Stem length and diameter (the

average of two perpendicular measures taken in the stem

after converted to stem cross-sectional area), number of

leaves, acorns and stalks were measured in each sampled

shoot. All sampled shoots were fractionated (stem, leaves

and acorns) and samples were oven dried at 60�C to a

constant weight. The dry weight of each fraction was

obtained with a precision scale (stem mass, leaf mass,

acorn mass). In autumn, additionally, the apical bud of

each shoot was removed. Buds were oven dried at 60�C to

a constant weight before being individually weighted to the

nearest 0.001 g to obtain the apical bud mass.

Wood anatomy of current-year shoots

In October 2010, we collected five bearing shoots with two

acorn stalks (S? shoots) and five non-bearing shoots (S-

shoots) for each species. To evaluate the effects of acorn

production on xylem anatomy of shoots avoiding the pos-

sible effect of shoot size on xylem development, we

selected S- and S? shoots whose mean length did not

differ significantly (P [ 0.05, ANOVA). In the case of S?

shoots, cross sections of 10–20 lm thick were taken con-

secutively at low (L), middle (M) and high (H) positions

with respect to the two scars left by acorn stalks in the stem

using a sliding microtome (Leica SM2010R, Germany)

(Fig. 1). We followed the same procedure with S- shoots

taking cross-sectional cuts in three positions similar to

those considered for S? shoots. Stems were fixed in

formaldehyde–ethanol–acetic acid solution and stored in

50% ethanol. Cross sections were stained with safranin

(0.5 g in 100 ml 96% ethanol) solution, mounted using

Eukitt� (Merck, Germany), and photographed by Olympus

BH2 light microscope at 1009 magnification attached to a

digital camera (Leica DFC290). Photographs were pro-

cessed and converted into black-and-white images using

Photoshop (Adobe Systems Incorporated, USA). The

xylem and pith area, the number of vessels and their total

vessel-area were analysed using the ImageJ software

(Rasband and Ferreira 2011). Only vessels whose area was

greater than 0.0001 mm2 were considered. Finally, we

calculated the relative conductive area (CA) as the ratio

between the total lumen area of vessels and the total ana-

lysed area, as well as the predicted hydraulic conductance

which was calculated as the sum of the fourth power

diameters of all the vessels from each section assuming that

the vessel area had a circular shape (Sperry et al. 2006).

Chemical analyses

Nitrogen, soluble sugars and starch concentrations were

measured in the stems and leaves of current-year shoots of

the two species sampled in autumn 2010. Samples were

oven dried and milled to a fine powder (IKA MF10, IKA-

Werke, Staufen, Denmark). Nitrogen mass-based concen-

trations were measured with an elemental analyser

(Elementar VarioMAX N/CM, Hanau, Germany). Soluble

sugars were extracted with 80% (v/v) ethanol and con-

centrations were determined colorimetrically using the

phenol–sulphuric method of Dubois et al. (1956) as mod-

ified by Buysse and Merckx (1993). Starch and complex

sugars remaining in the undissolved pellet after ethanol

extractions were enzymatically reduced to glucose and

analysed as described in Palacio et al. (2007). The sum of

soluble sugars and starch measured in glucose equivalents

are referred to as total non-structural carbohydrates.

Statistical analyses

All data were checked for normality and homoscedasticity

prior to statistical analyses. The variables stem length and

cross sectional area were log-transformed to reach nor-

mality. To evaluate differences in stem length and cross-

sectional area, number of leaves, stem mass, leaf mass and

apical bud mass between acorn-bearing and non-bearing

shoots for the different samplings and to compare mean

values of these variables among sampling seasons (summer

and autumn) we used linear mixed models with ‘‘shoot

type’’ and ‘‘seasons’’ as fixed factors and ‘‘trees’’ as ran-

dom factors (Littell et al. 2006). We used the Restricted

Maximum Likelihood method (REML) and Type III sum

of squares within the MIXED procedure (SAS 9.0, Institute

Inc., Cary, USA). Mean values of shoot types and cross-

sectional cuts were compared using Bonferroni tests when

variances were equal or Dunnett’s T3 tests otherwise. We

also assessed differences in the distributions of vessels

according to their transversal areas using the G test (Sokal

and Rohlf 1995).

Results

Effect of shoot variables

Most of the measured shoot variables showed significant

differences between bearing (S?) and non-bearing (S-)

shoots in the summer and autumn samples (Table 2). In

Q. ilex, S? presented higher values than S- for most

variables (stem length and cross-sectional area, number of

leaves, stem and leaf mass) in both studied seasons. In

Q. faginea, only stem cross-sectional area of S? showed

Trees (2012) 26:841–850 843
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higher value than S- in both seasons and stem mass in

summer. In this species, S- showed significantly higher

number of leaves in both seasons and leaf mass in autumn

than S?. In addition, all variables except leaf mass in

Q. ilex differed significantly between seasons. No significant

differences in the apical bud mass were observed between

1 mm 

H 

M 

L 

Q. ilex Q. faginea

S- 

* 

* 

20
 m

m
 

S+ S- S+

Fig. 1 Cross-sectional images

of four current-year non-bearing

(S-) and bearing (S?) shoots of

Q.ilex and Q. faginea trees

sampled in 2010. The

photographs correspond to three

consecutive sections done

below (L), between (M) and on

top of (H) two consecutive scars

(asterisks) of acorns stalks

located along the stem

Table 2 Mean values (±SE) of the variables measured in different types of shoots sampled in summer and autumn and related statistics (F, P in

parenthesis) of mixed models

Species Season Shoot

type

Stem

length

(mm)

Stem cross-

sectional

area (mm2)

Number of

leaves

Number of

acorns

Stem mass

(mg)

Leaf mass

(mg)

Apical bud

mass (mg)

Q. ilex Summer S- 47.3 ± 0.9 1.18 ± 0.02 7.74 ± 0.11 – 56.2 ± 1.6 384.6 ± 8.4 –

S? 54.9 ± 0.9 1.62 ± 0.02 8.49 ± 0.14 2.00 ± 0.07 81.5 ± 2.0 457.0 ± 9.5 –

F (P) 44.18
(<0.0001)

444.63
(<0.0001)

23.73
(<0.0001)

– 110.62
(<0.0001)

38.87
(<0.0001)

–

Autumn S- 45.0 ± 0.9 1.53 ± 0.03 7.51 ± 0.13 – 76.8 ± 3.1 382.7 ± 10.3 2.78 ± 0.36

S? 50.7 ± 1.3 2.88 ± 0.06 7.64 ± 0.18 1.40 ± 0.04 129.5 ± 5.6 456.3 ± 13.0 2.88 ± 0.32

F (P) 16.85
(<0.0001)

271.09
(<0.0001)

0.34 (0.56) – 85.26
(<0.0001)

18.99
(<0.0001)

0.06 (0.82)

Fseason

(P)

12.13
(<0.0005)

298.26
(<0.0001)

11.31
(<0.0008)

53.67
(<0.0001)

117.85
(<0.0001)

0.47 (0.49) –

Q. faginea Summer S- 35.4 ± 0.9 1.17 ± 0.01 6.38 ± 0.09 – 58.7 ± 2.0 393.6 ± 8.7 –

S? 34.9 ± 0.8 1.48 ± 0.02 6.08 ± 0.08 2.23 ± 0.07 67.1 ± 2.1 404.0 ± 9.0 –

F (P) 0.03 (0.86) 318.99
(<0.0001)

7.64 (0.006) – 11.88
(<0.0001)

0.93 (0.33) –

Autumn S- 32.2 ± 1.1 1.38 ± 0.02 5.82 ± 0.10 – 84.9 ± 3.7 372.4 ± 10.3 6.67 ± 0.78

S? 30.9 ± 1.0 2.08 ± 0.04 5.37 ± 0.10 1.44 ± 0.05 89.1 ± 4.3 344.7 ± 9.7 5.48 ± 0.75

F (P) 0.98 (0.32) 347.87
(<0.0001)

10.80
(0.001)

– 0.70 (0.40) 4.50 (0.034) 1.19 (0.29)

Fseason

(P)

16.94
(<0.0001)

375.15
(<0.0001)

53.46
(<0.0001)

83.26
(<0.0001)

73.06
(<0.0001)

22.36
(<0.0001)

–

S-, non-bearing shoots; S?, bearing shoots

Significant (P \ 0.05) effects between shoot types and seasons based on Restricted Maximum Likelihood methods are in bold

844 Trees (2012) 26:841–850

123



S? and S-. Finally, the mean number of acorns per stem

decreased from summer to autumn in both species.

Differences in wood-anatomical features

Overall, S? showed a larger xylem area and a higher

number of vessels than S- in both species (P \ 0.0001),

being these differences more marked in Q. ilex than in

Q. faginea (Figs. 1, 2). However, the percentage of conduc-

tive area increased in S- as compared with S? (P \0.0001)

because of the disproportionate production of more xylem

area as compared with the total lumen area of vessels. The

total transversal area occupied by vessels decreased sig-

nificantly (P \ 0.0001) from basal to apical positions along

the stem in the S?, as did the xylem area and the number of

vessels (P \ 0.0001) (Figs. 1, 2). For instance, the total

transversal vessel area above the acorn scars (H) decreased

by -55% and -27% in Q. ilex and Q. faginea S? shoots,

respectively, when compared with the vessel area measured

below (L) the acorn scars (Fig. 1). This reduction in vessel

area was always greater in S? than in S- and in Q. ilex

than in Q. faginea (Figs. 1, 2, 3). Finally, no significant

differences were found in pith area among cross-sectional

cuts of both shoot types (data not shown). Note that the

wood of current-year stems in Q. faginea is semi-ring

porous.

In Q. ilex, the total predicted hydraulic conductance

was three times higher in S? than S- shoots in the

basal L position, whereas the ratio of conductances

between these two shoot types was 0.3 in the apical H

position. In Q. faginea, the conductance ratios between

S? and S- shoots were 1.2 and 0.08 in the L and H

positions, respectively. Referring to G tests, the distri-

butions of vessels according to their transversal area

differed significantly among S? and S- shoots in both

oak species and for the three stem positions (Fig. 3). The

greatest difference in vessel distributions between shoot

types appeared for the apical sections taken above acorn

scars because of the higher frequency of vessels with

smallest transversal area in S? than in S-, particularly

in Q. faginea. This caused that in the apical sections of

the shoot most of the total predicted hydraulic conduc-

tance was accounted for by the smallest vessels in S?

shoots (Fig. 4).
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Fig. 2 Comparisons of several

wood anatomical variables

measured at different positions

along the stem (L, M, and

H correspond to locations

below, between and above scars

of acorns stalks, respectively;

see Fig. 1) of non-bearing (S-)

and bearing (S?) shoots in both

studied species for trees

sampled in 2010. Different
letters correspond to significant

(P \ 0.05) differences among

positions for each shoot type
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Chemical variables

From the chemical analyses of autumn sampling, we only

detected a significant higher nitrogen concentration in S-

leaves as compared to S? leaves in both species (Table 3).

No significant differences were found for carbohydrate data

but some trends were observed. First, in Q. ilex the starch

concentration in stems increased in S? as compared with

S-. Second, in Q. faginea the concentration of soluble

sugars in leaves was higher in S? than in S-.

Discussion

In agreement with the posed hypothesis, our results dem-

onstrate that the stem cross-sectional areas of bearing

shoots (S?) were thicker than those of non-bearing shoots

(S-) in both studied oak species. The performed compar-

isons among variables measured in shoots differing in

acorn production showed diverse specific patterns. In

Q. ilex all measured variables tended to be higher in S?

than those in S-, whereas in Q. faginea the stem length,

number of leaves, the apical bud and leaf mass in autumn

decreased in S? as compared to S-. However, the stem

cross-sectional area was the variable that increased more

consistently in S? of both species. Thick stems may pro-

vide a greater structural support and higher total water

conductivity than thin stems (Villar-Salvador et al. 1997).

S? of both species did not show any decrease in the rel-

ative conductive area as compared with S-, which sug-

gests that the acorn production was linked to an increase of

both secondary growth and the absolute hydraulic con-

ductivity. Indeed, the acorn water content of Q. ilex and Q.

faginea is highest in September and October (55–60%,

unpublished data), i.e. when the maximum rates of acorn

development occur (Montserrat-Martı́ et al. 2009). Cochard

et al. (2005) proposed a similar positive relation between

bud development and the stem hydraulic conductivity.

In the studied species, thickened stems with increased

hydraulic conductivity seem to be necessary for developing

acorns in summer, when most acorn development is per-

formed concurring with the period of maximum water
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Fig. 3 Distribution of vessels

according to their transversal

area for the three cross-sectional

cuts (L, M, and

H) corresponding to locations

below, between and above scars

of acorns stalks, respectively

(see Fig. 1), in non-bearing

(S-) and bearing (S?) shoots in

both studied species. The

distributions of vessels

according to their transversal

areas were compared among

shoot types using G tests whose

significance levels (P) are also

displayed in each graph. Note

the logarithmic scales
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Fig. 4 Distribution of vessels

according to their relative

contribution to the total

predicted hydraulic conductance

(Kh) for the three cross-

sectional cuts (L, M, and

H) corresponding to locations

below, between and above scars

of acorns stalks, respectively

(see Fig. 1), in non-bearing

(S-) and bearing (S?) shoots in

both studied species

Table 3 Mean annual concentrations (±SE) of nitrogen (N), soluble sugars (SS), starch and total non-structural carbohydrates (NSC) in stems

and leaves of shoots with and without acorns in Q. ilex and Q. faginea trees sampled in autumn 2010

Species Variable Acorn N (%) SS (%) Starch (%) NSC (%)

Q. ilex Stem S- 0.68 ± 0.02 2.50 ± 0.21 2.32 ± 0.11 4.83 ± 0.23

S? 0.74 ± 0.03 2.25 ± 0.20 2.65 ± 0.19 4.90 ± 0.16

F (P) 3.32 (0.09) 0.48 (0.50) 2.11 (0.17) 0.13 (0.72)

Leaves S- 1.22 ± 0.03 3.24 ± 0.18 3.41 ± 0.07 6.65 ± 0.20

S? 1.11 ± 0.04 3.10 ± 0.30 3.58 ± 0.26 6.69 ± 0.41

F (P) 5.08 (0.04) 0.13 (0.73) 0.47 (0.50) 0.01 (0.91)

Q. faginea Stem S- 0.69 ± 0.02 2.78 ± 0.08 3.97 ± 0.21 6.75 ± 0.20

S? 0.68 ± 0.02 2.69 ± 0.12 4.11 ± 0.19 6.80 ± 0.22

F (P) 0.06 (0.81) 0.40 (0.54) 0.25 (0.62) 0.03 (0.86)

Leaves S- 1.48 ± 0.07 4.59 ± 0.11 4.84 ± 0.18 9.43 ± 0.25

S? 1.23 ± 0.07 4.84 ± 0.11 4.84 ± 0.32 9.68 ± 0.35

F (P) 6.72 (0.02) 2.38 (0.14) 0 (0.99) 0.34 (0.56)

Significant (P \ 0.05) differences between shoot types are in bold. Abbreviations are as in Table 3
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deficit (Montserrat-Martı́ et al. 2009). Sánchez-Humanes

et al. (2010) also found in Quercus lobata that the stems of

bearing branches had greater diameters than those of non-

bearing ones. According to our results, S? were always

thicker than S-, particularly in the case of Q. ilex. On one

side, this might be due to the contrasting phenology of each

species since Q. faginea starts shoot growth and complete

most of the phenophases earlier than Q. ilex (Montserrat-

Martı́ et al. 2009). On the other side, the evergreen Q. ilex

might accumulate and allocate carbohydrates and nutrients

stored in old leaves to develop current-year shoots, while

Q. faginea should preferentially allocate these resources in

wood.

Stem length in Q. faginea did not vary between bearing

and non-bearing shoots while in Q. ilex shoots were always

longer when acorns were present. Several reasons may

explain this result. First, reproductive costs for growth may

be allocated hierarchically within the tree crown and

change across modular levels (Obeso 2004). In other

studies it has been observed that non-bearing shoots from

reproductive branches are few and short as compared with

similar shoots from non-reproductive branches (Kawamura

and Takeda 2006; Sánchez-Humanes et al. 2010). Second,

the relations between growth and reproduction are not

necessarily negative, as has been reported for Pinus radiata

(Cremer 1992) or Eurya japonica (Suzuki 2000). For

instance, pruning enhances shoot growth, photosynthesis

rates and fruit production in apple trees (Forshey and

Elfving 1989). Also, the existence of negative correlations

between variables related to growth and reproduction does

not necessarily imply a trade-off between them as Knops

et al. (2007) suggested for Californian oaks.

The increment of current-year stem cross-sectional areas

may allow shoots, branches or tree canopies to support

more leaf area (Al Afas et al. 2005). Previous studies have

reported that fruiting reduces leaf area and decreases

nitrogen concentration in the leaves of reproductive shoots

(Fujii and Kennedy 1985; Urban et al. 2004). In Fagus

sylvatica, Han et al. (2011) also found that shoot nitrogen

concentration is decreased significantly by the presence of

fruits. Accordingly, our results showed lower nitrogen

concentrations in the leaves of S? than in those of S-,

although in Q. ilex leaf number and leaf mass of S? were

also larger. Throughout the fruiting season, nitrogen con-

centration of leaves does not decrease in the first stages of

fruit development (Ichie et al. 2005). Our results suggest

that the translocation of nitrogen from leaves to fruits

occurs during the late processes of fruit development as has

been found by Rufat and DeJong (2001). When growing

fruits increase their demand of nitrogen as they enlarge,

leaf senescence and leaf shedding may be enhanced, as has

been reported for several oak species after years of large

acorn crops and masting events (Singh et al. 1990;

Camarero et al. 2010). This might explain the significant

decrease of leaf number from summer to autumn in both

species. In addition, the stem length measured in both shoot

types and species decreased in the autumn sampling as

compared with the summer one, which may be caused by

the selective acorn-induced shedding of long shoots

between both seasons (Alla et al. 2011).

We did not find differences in the carbohydrate con-

centrations of stems and leaves as a function of the pres-

ence of acorns in shoots. Therefore, our data do not support

resource theories based on the accumulation of carbohy-

drates or on the preferential allocation of carbon resources

to developing fruits. Several studies highlight the ability of

vegetative and reproductive organs to assimilate substantial

amounts of carbon evidencing the carbon autonomy of

fruit-bearing shoots (Aschan and Pfanz 2003; Hasegawa

et al. 2003; Hoch 2005; Hoch and Keel 2006). Starch

concentration may decline in reproductive shoots as a

response to mast fruiting (Miyazaki et al. 2002), but we did

not detect this effect in the shoots of trees with abundant

acorn production. This might be explained if reproductive

shoots were preferred in carbon allocation satisfying all

their demands for growth and reproduction, but this should

be tested in further studies. Such idea also concurs with

studies which indicate that reproductive shoots obtain

photosynthates from nearby non-reproductive shoots

(Forshey and Elfving 1989; Obeso 2004; Miyazaki et al.

2007; Sánchez-Humanes et al. 2010).

The presence of acorns influenced drastically the

transversal vessel area in current-year shoot stems. In these

stems, the conductive area and the number of vessels

diminished towards the stem apex, i.e. near the apical buds,

whereas in non-bearing shoots the differences in wood

anatomy along the stem were negligible. Enhanced sec-

ondary shoot growth is linked to the production of wide

vessels in the xylem and an increased hydraulic conduc-

tivity, which may lead to the production of bigger apical

buds and to a greater primary growth in the next spring

(Cochard et al. 2005; Alla et al. 2011). According to our

results, these processes do not seem to operate in bearing

shoots, possibly because acorns compete with buds for

water and nutrients. In fact, Camarero et al. (2010) sug-

gested that growth processes which overlap in time with

acorn development, such as bud formation, might be neg-

atively affected when trees produce large fruit crops. The

postulated within-shoot competition between acorns and

buds might also affect the total number of buds produced

per unit of shoot length. However, we only observed this in

Q. faginea in which the ratio of bud number per shoot

length was lower in S? than in S- (data not shown). Gross

(1972) also reported that abundant crops in birch led to a

reduction in the amount of buds, which caused a decrease

of the primary crown growth in the next spring. Overall,

848 Trees (2012) 26:841–850
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our findings indicate that there may be trade-offs between

acorn production and bud growth in current-year shoots

mediated by secondary growth as Han et al. (2008) also

reported for Fagus crenata.

An interesting question arising from our results refers to

the moment when the thickening of reproductive stems is

produced, as stems begin their thickening in early summer,

i.e. much before acorn enlargement starts (Montserrat-

Martı́ et al. 2009). This seems to indicate that there is a

clear predetermination for fruit production before summer.

Moreover, many acorns may be shed between early stages

of fruit development and maturation (ca. 30% according to

Montserrat-Martı́ et al. 2009), thus reducing the investment

in water and carbon. It could well be that acorns shed in

summer corresponded to current-year shoots whose thick-

ening failed. What would the consequences be for the tree

if many reproductive shoots with thick stems lose their

fruits during the period of active acorn enlargement? We

hypothesise that these trees might develop bigger buds

which would determine a larger crown growth in the next

spring than that of trees with reduced acorn loss. Further

studies are required to fully understand how the secondary

growth interacts with acorn development in oaks.

In conclusion, the presence of acorns is linked to enhanced

thickening of current-year stems and this overgrowth starts

in early summer much before than acorns start their major

phase of enlargement. Bearing stems have a higher vessel

number and a larger total area and total conducting area than

non-bearing stems in the basal position of the stem. The

number of vessels and their total area decreased to the stem

apex, particularly from the upper acorn stalk towards the

apical bud of stems bearing acorns. Our findings suggest

potential trade-offs between acorn production and bud

development in current-year shoots mediated by secondary

growth. Bearing and non-bearing stems did not show dif-

ferences of carbohydrate concentrations on stems and leaves

in both studied oak species, and only the leaves of bearing

stems presented lower nitrogen concentrations than those of

non-bearing ones. The absence of differences in carbohy-

drate concentrations between bearing and non-bearing

shoots suggests that acorn production is mostly dependent on

recently synthesised carbohydrates, whereas the decline in

nitrogen concentrations found in shoots bearing acorns

indicates that nitrogen is allocated towards fruits.
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