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Few studies have determined the influence of acorn size on germination and predation percentage at tree level. To evaluate the
seed size influence at individual tree level, trees producing two different sizes of acorn were chosen. Our results show that smaller
acorns were significantly more infested (49.6-75.3%) than larger ones (11.0-27.33%). About germination, big acorns achieved the
best germination percentage compared to the smaller ones (18% in infested and 76% in sound acorns for the small acorn group
versus 69.3% in infested and 93.3% in sound acorns belonging to the big acorn group). We also found that there was a difference in
behaviour between big and small seeds at tree level. The same size belonging to different functional groups presented a difference
at the behavioural level per tree. Infested small acorns from trees 8 and 10 had only 33 and 13% germination, while big acorns from
trees 2, 3, and 6 (there was no difference between both sizes) presented 67, 97, and 83%, respectively. These results indicate that the
production of acorns with two different sizes could be a strategy for species regeneration, producing each size for a different purpose.

1. Introduction

Quercus L. is a genus that produces a great acorn-size varia-
tion within the species and even at the individual tree level.
Some Mediterranean Quercus species, such as holm oak (Q.
ilex L.) and cork oak (Q. suber L.), frequently bloom twice a
year. Male flowering, female flowering, or both may happen
in spring and again in autumn [1-3]. Most of these species
need only one season to complete the cycle (from flower
until seed maturity) whereas others require two years. Both
annual and biennial acorns are found in various species of
the subgenus Cerris. Cork oak, however, is the only known
oak species with annual and biennial acorns on the same
tree [4-6]. Many female flowers show an annual cycle, with
anthesis in spring or autumn and mature fruits during the
same year. Several trees also produce biennial acorns with
anthesis in spring or autumn of the first year and fruit set
in the second year. All of this could be the origin of acorn
size variability because spring flowering has more time to

grow than autumn ones in annual cycle. Furthermore, the
biennial flowering has more time than annual ones. All of
these reasons make cork oak a very interesting species that
produces acorn from September to January with different
sizes and different origins.

Researchers have been interested in that variability, pro-
ducing many works about the relationship between acorn size
and germination or seedling production in cork oak [7-9]
and in other species [10-14]. However, all of those studies
of this trait have been carried out at the stand level not at
the individual tree level. Only Tecklin and McCreary [15],
working with blue oak at this level, found that the different
behaviours from diverse acorn sizes were due not only to the
size but also for each mother tree. This variability could be a
reproductive strategy, because it is well known that one size
of fruit is not favourable from an evolutionary point of view.
Predators usually are adapted to attack a narrow range of fruit
size [16,17].



In accordance with previously published work, which
aimed to determine the reproductive behaviour of cork oak
[18], we proposed to understand the reason that this species
produces different acorn sizes at the individual tree level.
Specifically, the goals of this work were (a) to study biometri-
cally the acorns to justify the existence of both big and small
acorns; (b) to analyze the relationship between acorn size
and germination; and (c) to analyze the relationship between
acorn size and infestation percentage.

2. Materials and Methods

2.1. Plant Material. The study was conducted in a mountain-
ous area in South-Western Spain—Sierra de Jerez de los
Caballeros located at 500-693m above sea level (UTM
29SQC94)—that is covered by holm oak and cork oak
forming dehesa systems.

Acorns were collected from the ground beneath trees
during November (at this time most of the acorns are on
the ground [19]). To evaluate the influence of acorn size
at the individual tree level, we selected seventeen cork oak
that fulfilled the following conditions: they had two clearly
different acorn sizes (big and small), without intermediate
sizes, and their crowns did not overlapp any tree to avoid
picking up acorns belonging to another individual. To carry
out the different studies, 200 acorns per individual were
randomly collected, 100 per each class of acorn size. Samples
were identified by a number and letter according to their
mother tree and class size and placed in plastic bags to be
transported and stored at 4°C in the refrigerator.

2.2. Acorn Biometry Determination and Infestation Study. In
order to ratify the variability of acorn size at the individual
tree from the 200 stored acorns in the refrigerator, 50 acorns
were randomly chosen, 25 from each class of acorn size
(850 acorns in total). In these samples, after removing the
cupules, length and width were measured to calculate the
acorn volume according to the formulae designed for this
kind of acorns by Ramos [18]. The acorns without holes
could present larvae inside for that those acorns, after being
measured, were carefully dissected and examined for the
presence of predators (insects) or their remains.

2.3. Acorn Germination. The germination test was carried
out two days after to be collected, in order to avoid loss of
viability. Germination was studied in 3 replicas of 10 acorns
each one from each collected sample, 30 were infested (acorns
with insect holes) and the other 30 were apparently sound
(without insect holes) with a total of 60 acorns studied per
individual. In order to verify the absence of larvae, cotyledons
were removed after seedling emergence. Whole sets were
stratified on wet sand and were placed in a room simulating
the environmental conditions of the natural population when
the acorn germination is carried out (oscillation day/night
aprox. 3°C to 18°C). Germination was recorded every 2-3
days for three months, and the acorns were watered when
necessary. They were considered germinated when the radicle
protruded about 2 mm.
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TABLE 1: Nested ANOVA of the variation of the acorn volume
according to acorn class (small versus big) nested within individual
tree in Quercus suber.

DF MS F P
Tree 16 48.930 60.437 0.000
Acorn class (tree) 17 137.694 170.077 0.000
Error 811 0.810

DF: degree of freedom; MS: mean square based on type III sums of squares.

2.4. Statistical Analysis. The statistical analyses were cho-
sen according to Sokal and Rohlf [20] and were carried
out with Statistical Software SPSS 15.0 for Windows [21].
After testing normality of the acorn volume variable using
the Kolmogorov-Smirnov test with Lilliefors correction and
Homoskedasticity using Levene’s test, comparison of means
was analyzed by a nested ANOVA with individual as principal
factor and acorn class nested within the individual. Post
hoc comparisons were analyzed using Tukey’s HSD. The
relationship between small and big acorn classes within indi-
viduals was analyzed using Pearson linear correlation. The
comparison of acorn infestation and germination percentage
was analyzed using the Pearson chi-square test by means of a
two-factor (Row x Column) contingency table.

3. Results

3.1. Acorn Biometry. Acorn biometry was significantly dif-
ferent among individuals and class acorn nested within
individuals (Table 1). The volume average varied between 1.65
and 3.91cc in the small group and from 3.49 to 8.56 cc in
the big group (Table 2). The individuals 8 and 10 could be
stadistically separated of the other trees. However, the small
acorn class of the 8 and 10 individuals was overlapping with
the big acorn class belonging to other individuals, mainly to 1,
2, 3, 6, and 16 individuals. In spite of that, those small acorns
had a different behaviour compared with those small acorns
as we will comment hereinafter (Table 3).

By other hand, a significant positive correlation was found
between the two acorn sizes at the individual tree level (r =
0.845, P < 0.001), that is, the higher acorn size of the big
class, the higher acorn size of the small class. For this reason,
it could be possible to consider trees 8 and 10 different from
the rest (Figure 1).

3.2. Acorn Infestation and Germination. At population level,
significant differences among acorn size were observed in
the percentage of infested acorns (y* = 154.87, P < 0.001,
Table 2). The mean percentage in the small class varied
between 16 and 100%, while this variable in the big class
ranged from 0 to 68%. At the individual tree level, there were
significant differences in infestation between small and big
acorns, being always lower infestation in big acorns, even
some trees (8 and 9) presented 0% in this class (Table 2).
Infestation caused a significant reduction in germination
percentage in both acorn classes, but this phenomenon was
most intense and common in small acorns (Table 2, i.e, tree
2 small sound 43.33% versus small infested 0% and big
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TABLE 2: Mean values of volume (cc), infestation, and germination percentage (sound versus infested) of both small and big acorn classes at
individual tree level. In parentheses is shown the value of chi-square test and significance when comparing small versus big acorns.

Germination

Tree Class Volume® Infestation ( Xz) ) ) 2b
Sound (x°) Infested (y°)

) Small 2.06 + 0.43"*" 16 (0.76™) 100 (0.00™) 63.33 13.47%*
Big 3.49 £ 0.59 8 100 — —

5 Small 178 + 0.54°** 96 (6.64**) 43.33 (8.53%") 0 (30.00***) 16.60°**
Big 4.36 +0.92 68 80 66.67 1.36™

3 Small 1.65 + 0.37*** 68 (13.88°**) 96.67 (0.00™) 10 (45.27***) 4527**
Big 4.66 + 0.95 16 96.67 96.67 0.00™

4 Small 1.99 £ 0.61"*" 100 (25.76""") 56.67 (10.76™) 13.33 (32.27""") 12.38%""
Big 5.55+1.24 32 93.33 86.96 0.74™

5 Small 2.32+0.68"" 80 (8.33"") 66.67 (12.00"") 16.67 (39.10%"") 15.43%""
Big 6.71 £ 1.55 40 100 96.67 1.02™

. Small 216 + 0.49"** 44 (8.42°") 90 (0.22™) 36.67 (13.61°**) 18.37°**
Big 448 +£0.95 8 93.33 83.33 1.46™

; Small 1.87 + 0.52*** 44 (2.88™) 80 (2.31™) 16.67 (42.86"**) 24.09°**
Big 5.89 +1.57 20 93.33 100 2.07%

8 Small 3.75 +0.73""" 44 (14.10"*) 93.33 (4.09%) 33.33 23.25"**
Big 8.56 + 0.86 0 100 —

9 Small 2.86 +0.75""" 88 (39.297"") 83.33 (12.86"") 40 10.00*"
Big 6.59 + 0.60 0 100 —

" Small 3.91+0.67**" 72 (24.53"**) 93.33 (1.55™) 13.33 38.57°**
Big 8.56 + 0.91 4 98.33 —

I Small 274+ 0.71°* 84 (5.88") 71.43 (5.46™*) 16.67 (10.34°**) 17.38"**
Big 5.64 + 0.95 52 93.33 56.67 10.76™"

2 Small 2.61 +£0.65™"" 72 (6.527) 73.33 (6.41"") 20 (718"7) 1714™**
Big 5.35+0.98 36 96.67 53.33 15.02%""

13 Small 2.55 +0.72"*" 52 (4.16") 93.33 (0.35™) 0 (10.59**) 52.50"""
Big 5.53 +1.68 24 96.67 29.63 28.71°**

14 Small 1.87 £ 0.88"*" 76 (3.13™) 36.67 (27.81""") 0(7.935™") 13.47°"*
Big 490 £1.03 52 100 23.33 3730"""

5 Small 216 + 0.57°** 32 (0.94™) 80 (2.59™) 333 36,27
Big 5.04 + 0.95 20 63.33 —

6 Small 2.01+0.47%** 76 (2.73°**) 63.33 (5.43%) 333 24.30"*
Big 418 +£1.35 8 85 —

17 Small 1.78 £ 0.77°** 72 (24.53""") 66.67 (9.02"") 13.33 17.78"**
Big 5.27 £ 1.09 4 96.67 — 0.00™

*Significant differences between big and small acorns within the tree after nested ANOVA with class acorn nested in individual.

bChi—square value and significance to compare germination between sound and infested acorns for each class per tree.
—indicate those trees that didn’t present acorns apparently infested to be tested to germination.

ns: not significant; “P < 0.05; " P < 0.01; *** P < 0.001.

sound 80% versus big infested 66.67%). When considering
exclusively infested or sound acorns, the germination per-
centage was always higher or sometimes similar in big acorns,
although this difference was stronger inside the infested
acorns (Table 2, i.e, tree 2 small sound 43.33% versus big
sound 80% and small infested 0% versus big infested 66.67%).

The volume of the small class to trees 8 and 10 was
overlapped with the big class of trees 1, 2, 3, 6, and 16. In spite
of this the infestation percentage is significantly higher in the
small acorn of those individuals than in the big acorns of the
other trees (Table 3). In addition the reduction of germina-
tion percentage is higher in small acorns of individuals 8 and

10. In the case of sound acorns these differences disappear,
only tree 1 showing 100% of germination differs significantly.

4. Discussion

4.1. Individual Tree Importance. One of the most relevant
results obtained in this study is the role played by the individ-
ual tree. A significant difference was found between the two
nearest sizes belonging to different volume class (i.e., 8 and
10S versus 1, 2, 3, 6, and 16B) in germination and infestation
levels. These results indicate that size is important even at the
individual tree level. Had it not been differentiated by tree
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TABLE 3: Acorn infestation and germination percentage of small acorn class (S) belonging to individuals 8 and 10 (bold type) and big acorn
class (B) belonging to individuals 1, 2, 3, 6, and 16 which size are statistically the same (mean + S.E.).

Individual Class acorn Infestation Germination
Sound Infested
8 S 44 93.33 33.33
1 B 12 (8.42°%) 100 (4.09%) —
2 B 68 (2.92") 80 (2.31™) 66.67 (6.67°*)
3 B 16 (4.67%) 96.67 (0.35™) 96.67 (26.45**)
6 B 8 (8.42*") 93.33 (0.00™) 83.33 (15.43°**)
16 B 8 (8.42"%) 85 (1.30™) -
10 S 72 93.33 13.33
1 B 12 (21.33°*%) 100 (4.09%) —
2 B 68 (0.10™) 80 (2.31™) 66.67 (1778"**)
B 16 (15.91°**) 96.67 (0.35™) 96.67 (42.09°**)
B 8 (21.33***) 93.33 (0.00™) 83.33 (29.43°**)
16 B 8 (21.33***) 85 (1.30™) -

ns: no significant; *P < 0.05; “*P < 0.01; ***P < 0.001.
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FIGURE 1: Pearson correlation between small and big acorns per
individual.

collection, these seeds would have been included in the same
volume group. The scarcity of references about the impor-
tance of mother plant in other species [15, 22] is peculiar.

In this study, the measurements were performed at the
individual tree level because it gives us information on tree-
to-tree variability within a population. Some trees (8 and 10)
would be classified as bigger, because their acorns were placed
at the top of the distribution by size shown in Figure 1.

Bigger acorns tended to present higher germination and
lower acorn infestation. This fact is very clear at the individual
tree level for those trees which presented the same size in
different volume classes (8 and 10S versus 1, 2, 3, 6, and 16B)
(Table 3). If we collected acorns regardless of tree but only
the size. All of them would have included in the same class.
However, by looking at their behaviour as found, clear differ-
ences can be seen in Table 3. This could indicate that each tree,
genetic or physiological characteristics, produces a certain
size, but also their sizes oriented towards a specific purpose.

4.2. Effect of Size. 'This study contributes to an understanding
of the role of predispersal seed predation by insects and seed
size in plant recruitment. Thus, larger seeds also satiated

the weevil larvae, and so a larger acorn size increased the
likelihood of embryo survival because it has more mass to
be consumed [12, 14, 23, 24]. These experiments reinforce the
results obtained by others [12, 14, 24] about the importance of
the satiation mechanism by means of larger seeds.

It is well known that predispersive acorn predation by
insects is one of the constraints for the sexual regeneration of
oak [13], so our results show that the endogenous consump-
tion of seeds gives seed size an important role in the chance
of seed’s surviving predation.

A negative relationship between seed size and insect-
infested acorns ratio was found in our study. The infested
percentage was 23.29% for larger seeds and 65.41% for small
ones, similar to those shown by Espelta et al. [13] for Q. ilex
and Q. humilis.

Our study showed a reduction in germination percentage
from sound acorns to those damaged by weevils, as observed
by other authors [25]. However, infested larger seeds have
shown a better germination ratio than infested smaller acorns
according to the results found in other experiments [14, 22,
24]. To understand this result we should be aware of two facts:
first, that a larger acorn size means it has larger cotyledons
and second that insects oviposit on the basis of acorn, near
the cupule [26]. Thus, the larvae began to consume the cotyle-
dons from the base to the embryonic apex. So, the higher size
acorn should have greater probability that its embryo will not
be damaged, unlike what happens with small seed.

4.3. Ecological Implications. Our results show that cork oak
has not only large intraspecific seed-size variability but also
per tree. This variability is regarded as an important aspect
in the evolution of angiosperms [17]. The seed size of a
species represents the amount of maternal investment in the
individual offspring [16]. This variability, together with its
advantages, could be considered at the species level or at
the ecosystem level. At the individual tree level, it presents a
strategy to improve the seedling success, because larger seeds
have more resources [17]. Thus the seed size variability at
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the individual level tree could be a reproductive strategy. Our
study showed how not only important acorn size but also size
within the tree (8 and 10S versus 1, 2, 3, 6, and 16B).

From another point of view, it could be possible that each
tree produces different sizes with different roles, for example,
small sizes to satisfy its predators; this would agree with those
authors who find that birds choose infested acorns [27]. This
situation also maintains the genetic variability in the popu-
lation. On the other hand, larger seed sizes could be more
appreciated by rodents as showed by Muiioz and Bonal [28].

In summary, we can conclude that it is important to
distinguish acorn size at the individual tree level, not just
at the stand level, because they show different behaviours.
Furthermore, we postulate that cork oak represents a good
reproductive strategy based on two ways that are not contra-
dictory. Each tree could produce two acorn sizes in order to
obtain different objectives: smaller ones could be produced
for pest satiation and larger ones to produce seedlings. The
same strategy may be followed by the whole stand, increasing
the genetic variability at stand level.
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