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Abstract

While the effects of seed size on survival and early seedling growth have been demonstrated in Quercus spp., there is a
knowledge gap regarding these effects under water limiting conditions. To address this need, we studied cork oak (Quercus
suber L.) seedling development among treatments including three acorn classes (small: <4 g, intermediate: 4—6 g), and
large: > 6 g) and two water regimes (well-watered versus water stressed). The following hypotheses were proposed: the reserve
effect (larger seeds retain a larger proportion of reserves after germinating), the metabolic effect (seedlings from larger seeds
have slower relative growth rates), the seedling-size effect (larger seeds produce larger seedlings), and that plant tolerance to
water stress increases with increasing seed size. Acorn size had no effect on duration and rate of acorn germination nor on
seedling survival, but it significantly affected almost all growth parameters, excepting the number of growth unit and leaves
and leaf area. Seedlings coming from large acorns always showed the highest values for the affected growth parameters, fol-
lowed by those coming from acorns of intermediate size; seedlings coming from small acorns always exhibited the lowest
values. Water stress significantly affected survival rate (88.2% for well-watered seedlings versus 64.7% for water stressed
seedlings) and biomass of fine roots and stems, but independently of acorn size. Our results are in line with both hypothesizes
of the reserve effect and seedling-size effect, but not for the metabolic effect nor the plant tolerance to water stress increases
with increasing seed size hypotheses. In general, our results show that large acorns had no advantage in survival or seedling
growth under water stress comparatively to intermediate or small acorns, at least under the conditions of our experiment.
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Introduction

Oaks (Quercus spp.) display great variation in seed size within
a species (Khan and Shankar 2001). Seed size variation may
affect seed germination, survival, emergence (Khan and
Shankar 2001), seedling establishment (Quero et al. 2007),
growth rate, and final seedling size (Karrfalt 2004; Merouani
et al. 2001). The influence of acorn size is most pronounced
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during germination and the first growing season. The mecha-
nisms by which seed size influences seedling performance
appear to be variable. Thus, three mechanisms have been
postulated to help explain functional seed—seedling relation-
ships (Westoby et al. 1996; Leishman et al. 2000). The first is
the reserve effect by which larger seeds hold a large amount
of stored reserves, which can then be used to fuel seedling
growth, maintenance, and repair. This may improve the early
development of the growing plant (Jurado and Westoby
1992; Bonfil 1998) and increase its chances of survival (Bon-
fil 1998). Second is the metabolic effect, which reports that
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seedlings from larger seeds have slower relative growth rates
and use reserves more slowly. This improves long-term sur-
vival (Wright and Westoby 1999). Third is the seedling-size
effect by which larger seeds produce larger seedlings, which
are more capable i) of reaching deeper soil layers (Bond et al.
1999), allowing them to gain greater access to soil water
resources, and ii) of overtopping neighboring seedlings and
capturing more light (Foster 1986).

In this study we focused on a Mediterranean oak spe-
cies, the evergreen sclerophyllous cork oak (Quercus suber
L.). In Tunisia, cork oak forests are mainly plentiful in the
north-west of the country that corresponds to the natural
area of the species. The species has great importance from
an ecological, social and economic point of view. Cork oak
forests represent 10% of the total forest area in Tunisia and
4.3% of the world’s cork oak forest area. However, area of
cork oak forests has decreased dramatically, from 148,000
to 70,000 ha, between 1920 and 2005 (Selmi 2006). Multi-
ple and diverse factors have caused this reduction including
aging, the effect of a complex disease known as cork oak
decline, cork oak dieback or cork oak mortality (Ja et al.
2011), and difficulty of natural and artificial regeneration
mainly linked to overgrazing (Hasnaoui 1992), vegetation
competition (Chaar et al. 2008), acorn predation (Vieira
1951), slow growth (Chaar et al. 2008), and low survival in
particular during the first summer drought (Vieira 1951). In
a previous study conducted on the same species, we found
that use of tree shelters may help to overcome the problem
of grazing and slow growth of the species and that vegetative
competition may have no effect on seedling growth on fertile
sites (Mechergui and Pardos 2017).

Despite efforts to understand the effects of seed size on
survival and early seedling growth in Quercus spp., there
is a knowledge gap regarding these effects under low water
availability. Thus, our objective was to study the effect of
seed size on survival and early development of cork oak seed-
lings subjected to severe water stress. In accordance with the
possible mechanisms by which seed size influences seed-
ling performance as described above, the following hypoth-
eses were proposed: the reserve effect (larger seeds retain a
larger proportion of reserves after germinating), the meta-
bolic effect (seedlings from larger seeds have slower rela-
tive growth rates), and the seedling-size effect (larger seeds
produce larger seedlings). We also hypothesized that plant
tolerance to water stress increases with increasing seed size.

Materials and methods
Plant material and experimental design

The experiment was established at the research station of
Sejnane (37° 03" 33" N, 9° 13" 24" W, 138 m a.s.l.) in
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northwestern Tunisia. The climate is Mediterranean with
an annual mean temperature of 18.2 °C (1975-2004),
average maximum and minimum temperatures of 34.4 °C
and 5.6 °C, respectively, and average annual rainfall of
912 mm. Mature acorns were collected during September
from six trees in a natural population of Quercus suber
L. growing in Ain Zena in Northwestern Tunisia (36° 44’
57.53" N, 8° 54' 33.57" E, elevation 200 m a.s.l.) where
the climate is Mediterranean with a mean annual tempera-
ture of 18.2 °C and a mean rainfall of 923 mm (Boussaidi
2012). Acorns were surveyed and dry and infected ones
were discarded. They were then floated in water to separate
viable from parasitized acorns. Healthy acorns were indi-
vidually weighed before sowing to determine their fresh
mass.

Fifty acorns of each size class (small (<4 g), interme-
diate (4 to<6 g), and large (> 6 g), were sown separately
(December-2017) at 3-cm depth in the topsoil, correspond-
ing to recommended sowing depth (Hasnaoui 1992), in
8-L cylindrical plastic pots (23 cm height, 397.7 cm? and
298.7 cm?, upper and lower cross-sectional area, respec-
tively). Pots were filled with 1/3 sand and 2/3 forest soil.
They were kept outdoors under natural conditions. They
were randomly divided in two groups according to the
water regime, one group was watered to field capacity four
days per week (W +), while the other group (W-) was
subjected to a series of two soil-drying cycles of 18 and
19 days, respectively, beginning on 6 July and extending
to 15 August. The timing and duration of the drought cor-
respond to that occurring naturally in the area of occur-
rence of the studied species. Water-stressed seedlings were
watered at field capacity, only twice (25 and 27 July) at
the end of the first drying cycle. Volumetric soil water
content was monitored four days per week at 15 cm depth
with a Soil Moisture Meter (Model: PMS-714, Range: 0
to 50% moisture content with 0.1% resolution). Volumet-
ric soil water content in the well-watered seedlings (W +)
was maintained at 100% of field capacity, while seedlings
subjected to severe water stress (W—) were allowed to dry
to a water content at 25% of field capacity. Under each
water regime, pots were randomly divided in three groups
according to the three acorn size classes. Before water
stress application, all seedlings (W +and W-) were kept
well-watered four days per week.

The experiment was a split—plot design with Whole
Plots in Randomized Blocks with five replications (or
blocks). The whole-plots were formed by the two irri-
gation regimes and the subplots by the three seed size
classes. Each subplot was represented by five pots with
one plant per pot. Therefore, 150 plants were used in total
(5 blocks X 6 treatments X 5 plants per treatment). The two
water regimes were well watered versus water stressed.
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Measurements

Measurements were made on all surviving seedlings (all
with terminal buds) at the end of the experiment (15 August
2018), except for germination which was assessed regularly,
each day. An acorn was considered germinated after the
emergence of the epicotyl from the soil. Measured variables
were: (1) qualitative including percentage of germination,
survival, number of growth units (GU; a distinct portion
of the main stem established during the growth phase) and
seedling posture (erect posture or bent posture (horizontal
growth, phenomena which was observed for cork oak)) and
(2) quantitative including duration of germination (date of
germination minus date of sowing) and growth period (date
of the harvest of seedlings at the end of the experiment
minus the date of germination), basal diameter, plant height,
seedling vigor index (germination percentage X seedling dry
weight), number of ramifications and leaves per seedling,
individual and total area of leaves, leaf mass per area, plant
biomass, shoot/root dry weight ratio, amount of mobilized
and remnant reserves and the reserve mobilization capacity.

Number and length of GU were determined. Basal diam-
eter was measured using an electronic caliper. Leaf area was
calculated using a scanner and MESURIM PRO software.
The leaf mass per area (LMA) was determined by dividing
total dry weight of leaves by total area. To determine plant
biomass, leaves were removed from stems, stems were sev-
ered at the root-collar, and all roots were then rinsed free
of soil. Weight of above- (shoots and leaves) and below-
ground (taproot and fine roots) biomass was then determined
after drying at 70 °C until weight became constant. Total
biomass was calculated from above- and below-ground bio-
mass. Shoot/root ratio was calculated for each plant from
dry weights of the biomass components. The amount of
mobilized reserves (i.e., cotyledonary reserves mobilized
into seedlings) depending on acorn size was determined by
subtracting dry mass of the remnant cotyledons at harvest to
the estimated initial dry mass of cotyledons (g). The reserve
mobilization capacity of each acorn into seedlings was deter-
mined as follows:

The estimated dry mass of cotyledons(g) — Dry mass of the

1 Seed dry mass for large acorn=0.158 + 0.826 X acorn
fresh mass (N =50, R*=0.99);

2 Seed dry mass for acorns of intermediate
size =-0.102 + 0.883 x acorn fresh mass (N =50,
R?=0.99);

3 Seed dry mass for small acorns =0.043 4+ 0.169 X acorn
fresh mass (N =50, R?=0.97).

Statistical analysis

All qualitative variables were expressed in percentage (%)
and all statistical analyses were performed using Statistical
Analysis System (SAS Institute Inc., Cary, NC, Version 9.0).
A comparison of mean proportions (%) was then performed
through the x 2-test by using the PROC FREQ procedure.
Differences were considered significant at P <0.05. For each
analysis, when statistically significant differences between
treatments were found, likelihood confidence intervals at 5%
level are calculated for the proportions.

With regard to quantitative variables, duration of acorn
germination and seedling vigor index were analyzed accord-
ing to model 1, using proc GLM, where the effect of water
regime was excluded from this model, since water stress was
applied later, after acorn germination occurred, while for
the duration of growth period merely a simple comparison
of mean values between acorn size treatments was done.
The other quantitative variables were analyzed according
to model 2, using PROC MIXED. For each analysis, when
the ANOVA was significant, statistically significant differ-
ences between means were identified using Tukey—Kramer
multiple comparison test, at P <0.05.

Yi=u+0+7+e(p) ()

where Y;=is the mean value measured in the plant on the
acorn size treatment #, on the block j. y=the grand mean.

Y= 1 +o+6; +7;+ 7+ (t0); + £ () )

where Y ; =is the mean value measured in the plant on the
water regime treatment i, and the acorn size treatment j, on

Estimated dry mass of cotyledons(g)

remnant cotyledons(g) y

100

To estimate seed dry mass (cotyledonary dry mass), a sub-
sample of each acorn class was weighed and then oven-dried
at 70 °C until biomass became constant. They were then
separated from their pericarp and weighed to determine seed
dry mass. Acorn specific regression equations were made
for seed dry mass vs. acorn fresh mass. The regression used
to estimate for each plant the seed dry mass from the acorn
fresh mass were:

the block k. y=the grand mean.

To test the hypothesizes of the reserve effect, the
metabolic effect, and the seedling-size effect (see intro-
duction) we respectively tested, as described by Quero
et al. (2007), the significance of the relationship between
reserves used and seed dry mass, the relationship between
relative growth (RGR) and seed dry mass, and the rela-
tionship between seedling biomass and seed dry mass.
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The relationship between the reserves used and seed mass
was parameterized as follows:

In(used reserve) = a; + b; X In(seed mass).

where a; was the intercept and b; was the slope. If b; was
inferior to 1, condition 1 of the reserve effect hypothesis is
accepted. To accept condition 2 of the reserve effect, the
slope of the In of seedling mass vs. the In of seed mass
should also be significantly greater than that of the In of used
reserve vs. the In of seed mass.

The relationship between relative growth (RGR) and
seed mass was parameterized by:

RGR = a, + b, X In(seed mass).

where RGR, rate of biomass increase per unit of plant bio-
mass, was calculated as the natural log (In) of seedling bio-
mass minus the natural log of used seed reserve (Steege et al.
1994) divided by the growth period. If b, was inferior to 0,
the metabolic-effect hypothesis was accepted.

The relationship between seedling biomass and seed
mass was parameterized by:

In(seedling biomass) = a5 + b5 X In(seed mass).

If b5 was superior to 0, the hypothesis of seedling-size effect
was accepted.

All analyses of the correlation were done with the test
of Pearson correlation, using the PROC CORR procedure
of SAS.

Results
Effect of acorn size on germination and survival rate

Seed mass varied from 1.75 to 3.94 g for small acorns, 4 to
5.97 g for acorns of intermediate size, and from 6 to 9.44 g
for large acorns, with a mean size of 3 g, 5 g, and 7.2 g,
respectively. Differences among seed mass classes were sig-
nificant (P <0.0001). Acorns moisture concentration (acorn
fresh weight minus dry weight) was 48.6-50.1% (mean:
49%) for small acorns, 48.2-48.6% (mean: 48.4%) for inter-
mediate size and 48-48.2% (mean: 48.1%) for large acorns.

Seedlings began to germinate by the beginning of March.
All acorn classes exhibited only one peak of germination,
during the first week (Fig. 1). During this first week more
than half of acorns, for each acorn class, germinated; germi-
nation of the remainder was spread out over five weeks for
both intermediate and large size of acorns and seven weeks
for small acorns. Duration of acorn germination was of
61-105 days (mean: 67 days) for large acorns, 61-104 days
(mean: 68 days) for intermediate acorns and 61-102 days
(mean: 72 days) for small acorns, with no significant differ-
ences between seed size. Seed germination capability was
not affected by seed size, and final germination rates were
similar for all acorn classes (P=0.10), with a germination
rate of 46% for large acorns, 47% for intermediate acorns
and 44% for small acorns.

At the end of the experiment, survival rate was 76.4%.
Survival was independent of acorn size (P =0.96) and its
interaction with water regime (P =0.20), but significantly
affected by water regime (P=0.0012), resulting in a higher
value under non-limiting water conditions than under water

Fig. 1 Percentage of emerged
acorns according to acorn size
(S, small acorn; I, acorn of
intermediate size; L, acorn of
large size)

% of emerged acorns

0 Week 1
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stress (88.2+5.4 vs. 64.7%+ 5.7 (+likelihood confidence
limits)).

Effect of acorn size on seedling growth

Duration of growth period (date at the end of experiment
minus date of germination) varied between 156 and 161.4 d,
with an overall mean of 159.3 d, which was not significantly
different between all seed size classes (P=0.07). Seedling
height was independent of water regime (P=0.18) and
water regime X acorn size interaction (P =0.10), but signifi-
cantly affected by acorn size (P <0.0001). At the end of the
experiment, i.e., after a growth mean period of ca. 159.3 d,
height varied between a minimum of 14.2 cm and a maxi-
mum of 60.2 cm for seedlings from large acorns, 14.9 cm
and 48.2 cm for seedlings from acorns of intermediate size,
and 5.8 cm and 44.1 cm for those from small acorns. Mean
height of seedlings coming from large acorns was 15.6%
greater than that of those from intermediate, although the
difference was not significant, and 57% greater than that
of those from small acorns, which was significant (Fig. 2).
Difference between small acorns and acorns of intermediate
size was also significant.

Similar to height growth, neither water regime (P=0.37)
nor its interaction with acorn size (P =0.18) had a significant

respectively. On average, basal stem diameter of seedlings
coming from large acorns was 18.2% and 34.5% larger than
that of those coming from intermediate and small acorns,
respectively (Fig. 2). All differences were significant.

Seedling vigor index, which was analyzed only for seed
size (see details in statistical analyses), showed significant
differences between treatments (P <0.0001). It was sig-
nificantly greater for seedlings coming from large acorns
than for seedlings coming from acorns of intermediate size,
which were significantly greater than those coming from
small acorns (Fig. 2).

Analyses on GU showed that plants formed one to three
GU along the main stem, with a trend of all plants to estab-
lish only 2 GU (Table 1). This number of GU was not influ-
enced by water regime (P =0.64) nor acorn size (P=0.21)
and their interaction (P=0.22). With regard to GU length,
there was no significant effect of water regime (P=0.35)
nor its interaction with acorn size (P =0.99), while a signifi-
cant effect of acorn size was found (P=0.0044). Seedlings
coming from large acorns had the longest mean GU length,
which was not different from that of seedlings coming from

Table 1 Percentage of seedlings having established 1, 2, and 3
growth units (GU) expressed as percentage

effect on diameter growth, while a significant effect of acorn ~ Seed size Number of GU
size was found (P <0.0001). Basal stem diameter of seed- 1 (%) 2 (%) 3 (%)
lings coming from large acorns ranged from 2.2 to 6.4 mm,

; . ; ) Large 26.6 46.6 26.6
while that of those coming from intermediate and small d 4 A )
acorns ranged from 2.7 to 4.7 mm and from 1.4 to 5.1 mm, Intermediate 7 7.0 38.

Small 15.1 48.4 36.3
Fig.2 Height, diameter, seed- 40 500 2
ling vigor index and length of 354 a 5 T
established growth unit (GU), e 30 1 — ab E 400 T b
after ca. 159.3 d, according to S 5 T
acorn size. Data are expressed %ﬂ 5T b S 300 1
as mean + SE. Means marked 5 20 T :n ¢
with different letters were T 154 £ 200 1
significantly different according 10 + 2
to the Tukey—Kramer multiple s 1 % 10071
comparison test, at P <0.05
level 0 T T 0 T T
5 25
~_ ~_ a
E a E 20 =+
4 T T
E b ::« T ab
B T C =
4 15 4
é 3 s %ﬂ T b
g 21 > 10 1 1
=) o
1+ 5T
0 . . 0 T T
Large Intermediate  Small Large  Intermediate ~ Small
Acorn size Acorn size
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acorns of intermediate size, but were significantly differ-
ent from that of seedlings coming from small acorns. Dif-
ferences between seedlings coming from small acorns and
those coming from acorns of intermediate size were not
significant (Fig. 2).

Both individual leaf area and leaf mass per area (LMA)
were found to be independent of water regime (P =0.97;
P=0.53, respectively) and acorn size (P=0.76; P=0.88,
respectively) and their interaction (P=0.93; P=0.24,
respectively). With regard to number and total area of leaves,
they were found also to be independent of water regime
(P=0.21; P=0.14, respectively) and its interaction with
acorn size (P=0.13; P=0.0650, respectively), but they were
influenced by acorn size (P=0.0495; P=0.0057, respec-
tively). They were highest for seedlings from large acorns,
followed by those from acorns of intermediate size, but the
difference was not significant (Fig. 3). The lowest number
was found in the seedlings from small seedlings, but did not
significantly differ from that of seedlings from acorns of
intermediate size. Number of ramifications was also signifi-
cantly influenced by acorn size (P <0.0001), while no effects
were found for water regime (P=0.88) and its interaction
with acorn size (P =0.76). It was significantly higher for
seedlings from large acorns than for those from intermediate
and small acorns, for which the difference was not signifi-
cant (Fig. 3). Percentage of seedlings showing horizontal
growth instead of vertical growth was significantly higher
for seedlings from large acorns than for those from acorns
of intermediate and small size for which the difference was
not significant (Fig. 3).

Both total above-ground biomass and total below-ground
biomass were significantly affected by acorn size (Table 2).
However, while total above-ground biomass was signifi-
cantly affected by water regime, total below-ground bio-
mass was not. In addition, more detailed analyses showed
that at the level of above-ground biomass there was a sig-
nificant effect of water regime for shoot biomass, but not
for biomass of leaves, while at the level of below-ground
biomass there was a significant effect of water regime for
fine roots biomass, but not for taproot biomass. Acorn size
affected the different fractions of both below- and above-
ground biomass (leaves, shoots and roots). With regard to
seedling biomass (total biomass), there was a significant
effect only of acorn size, with seedlings produced by large
acorns showing a greater value (9.4 +0.46 g) than those
produced by acorns of intermediate size, themselves had
a greater value (7.06 +0.46 g) than seedlings produced by
small acorns (4.6 +0.48 g). All differences were significant.
For the weight of the total above- and below-ground biomass
and the different fractions of above- and below-ground bio-
mass, seedlings from large acorns had the highest biomass
values, followed by seedlings from acorns of intermediate
size; seedlings from small acorns had always the lowest val-
ues, with significant differences between all acorn size treat-
ments (Fig. 4). Water regime effect resulted in significantly
higher fine roots biomass, shoot biomass and total above-
ground biomass in well-watered seedlings (0.55+0.04 g,
1.73+0.12 g, 3.57+0.23 g, respectively) than in stressed
ones (0.38+0.04, 1.22+0.13 g, 2.69 +0.26 g, respectively).
For shoot/root ratio, there was no effect of water regime
(P=0.13) and its interaction with acorn size (P=0.17), but

Fig.3 Number and total area of + 100 6
leaves, number of ramifications = a E s 1 a
(mean + SE) and percentage L0080 T - R
of seedlings having horizontal (- ab y Z 4 1
growth (mean percentage + like- § 60 T b 2 £ 31
lihood confidence limits), after s 40 E s ab
ca. 159.3 d, according to acorn 5 T zE 24
size. Means marked with differ- < E b
. . E 20 1 s 14
ent letters were significantly dif- ; l_I_l
ferent according to the Tukey— 0 . i 0 T T
Kramer multiple comparison
test, at P=0.05 level
E 180 a 30
S 160 T o0 a
z 140 + ab Eg 251
g 120 T 52 20{
] b
= 100 + b S5 |
z 807 £ ]
£ 60 T ?‘3 g 104
< 40 +4 w» E b
= = 5 4
s 201 c2
e N b
0 T T © 0 T T
Large Intermediate  Small Large Intermediate  Small
Acorn size Acorn size
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'(I';b>IeF§ oiessliigtfsﬁfez(igfetgttsal Water regime Acorn size Water
. i regime X acorn
above-ground biomass, taproot, size
fine root, total below-ground
biomass, and total biomass Shoot 0.0346* <0.0001%* 0.0907
Leaves 0.0862 <0.0001* 0.2158
Total above-ground biomass 0.0470* <0.0001* 0.1319
Taproot 0.2107 <0.0001* 0.2599
Fine root 0.0410%* <0.0001* 0.6657
Total below-ground biomass 0.1121 <0.0001* 0.2639
Total biomass 0.0565 <0.0001* 0.1430

Asterisk (*) shows significant differences between treatments at P <0.05
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Fig.4 Different fractions of above- and below-ground biomass and
total above- and below-ground biomass after ca. 159.3 d, according
to acorn size. Data are expressed as mean+ SE. Means marked with
different upper case letters for total above- and below-ground bio-
mass and lower-case letters for each above-ground (leaves, shoots) or
below-ground (taproot, fine roots) component were significantly dif-
ferent according to the Tukey—Kramer multiple comparison test, at
P <0.05 level

a significant effect of acorn size (P=0.0153). The high-
est value of this ratio was found for seedlings from large
acorns (0.42 +0.30), followed by those from acorns of inter-
mediate size (0.36 +0.30), but the difference was not sig-
nificant. Seedlings from small acorns had the lowest ratio
(0.31+0.31), but did not significantly differ from seedlings
from acorns of intermediate size.

Mobilization and remnant of cotyledon reserves

Amounts of mobilized reserves were significantly differ-
ent between acorns size treatments (P <0.0001). By con-
trast, there were no significant differences between water
regime treatments (P =0.54). Water regime X acorn size
interaction was also not significant (P =0.47). The same
pattern was also observed for the mobilization capacity
of cotyledon reserves (proportion of reserves mobilized),
which showed significant differences for acorn size treat-
ments (P <0.0001), but not for water regime treatments
(P=0.78). Water regime X acorn size interaction was not
significant (P=0.47). Neither water regime (P =0.48) nor its
interaction with acorn size (P=0.52) were found to have a
significant effect on the remnant of cotyledon reserves, but a
significant effect of acorn size was found (P <0.0001). Both
mobilized and remnant reserves increased with increasing
seed size, with large acorns always having the highest and
small acorns the lowest values; intermediate values were
associated with acorns of intermediate size, with signifi-
cant differences between all treatments for both parameters
(Fig. 5). The mobilization capacity of cotyledon reserves
increased with decreasing seed size, where large acorns had
the lowest value, and small acorns had the highest value
(Fig. 5). Intermediate value was recorded for acorns of
intermediate size. All differences between treatments were
significant.

Hypothesis tests

Reserve-effect hypothesis— seed reserves used for the 159
d of growth were significantly (P <0.0001) and positively
related to the initial seed mass under both water regimes
(Fig. 6). Furthermore, condition 1 of the reserve effect was
fulfilled (the Standardized Major Axis (SMA) slope was
0.76, inferior to 1 under both water regimes). To fulfill con-
dition 2 of the reserve effect, however, the slope of the In of
seedling mass vs. the In of seed mass should also be signifi-
cantly greater than that of the In of used reserve vs. the In

@ Springer



182 European Journal of Forest Research (2021) 140:175-186
3 —~ 15
= 0 O W+ : R=1%; S=0.607*
S 2 14 AW-:R=1%* S=0.486* 0
= > 2
= 2
IC 3 2 054
= 2 T 2
< > b = 04
3 § 2 s
s 2 ¢ = 05 1 a
S 14 =
£ = o
< -1 ; : ; ;
-0.5 0 0.5 1 1.5 2
0 T T
S
=
1.8 a =
= 16T + be
= I
s _ 1.4 + £
gy 12 + b =
- § 1 + T g
; £ 08+
w
g2 0671 : 2
£ 04 T
< o024
O T T —~
&0
80 g
]
5 =]
= 70 T < 2
< £
N b =
Z28 07 a g
S~ <
E 3‘ 50 T =
oS =
£ 8 401
¢ 5 2
2 30 +
2 Ln seed mass (g)
= 20 T+
10 + Fig.6 Used seed reserve, relative growth rate (RGR), and seedling
0 i i biomass after ca. 159 d of growth vs. In initial seed dry mass. Pearson
Large Intermediate Small correlation and significance are indicated as: ns, not significant; (*),
significant at P <0.05 level. R, Pearson correlation coefficient. The
Acorn size standardized major axis regression (SMA) lines are given when they

Fig.5 Amount of mobilized and remnant cotyledon reserves and
reserve mobilization capacity of cotyledons, according to acorn size.
Data are expressed as mean + SE. Means marked with different letters
were significantly different according to the Tukey—Kramer multiple
comparison test, at P=0.05 level. The amount of mobilized reserves
was determined by subtracting dry mass of the remnant cotyledons
at harvest (g) to the estimated initial dry mass of cotyledons (g). The
amount of remnant reserves (g) corresponds to dry mass of the rem-
nant cotyledons at harvest (g). Reserve mobilization capacity corre-
sponds to the estimated dry mass of cotyledons (g) minus dry mass of
the remnant cotyledons (g) divided by estimated dry mass of cotyle-
dons (g) then multiplied by 100

of seed mass, which was the case in our study (P < 0.0001).
Hence, condition 2 was also fulfilled and consequently the
reserve-effect hypothesis was accepted for both well-watered
and stressed seedlings.
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are significant: continuous line for well-watered seedlings (W +) and
dotted line for stressed seedlings. The slope of each SMA regression
(S) and their significance against the null model (S=1 for the reserve
effect, and S=0 for the metabolic effect and the seedling-size effect)
is given

Metabolic-effect hypothesis—RGR was not correlated to
seed mass for both water regimes (P=0.14 and P=0.10)
stressful and non-stressful water conditions, respectively)
(Fig. 6), which consequently did not support the metabolic-
effect hypothesis.

Seedling-size effect hypothesis—After 159 d of growth,
seedling biomass was significantly (P <0.0001) and posi-
tively correlated to seed mass under both water regimes
(Fig. 6). The SMA slopes were superior to 0, under both
water regimes. So, the hypothesis of seedling-size effect was
accepted for both well-watered and stressed seedlings.
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Acorn-size effect on resistance on water stress hypoth-
esis—The water stress X seed size interaction had no sig-
nificant on survival nor growth parameters. This indicates
that the water stress effect was independent of acorn size,
which consequently is not in line with the acorn size effect
hypothesis on subsequent seedling resistance to water stress.

Discussion

Effect of acorn size on germination and survival rate
and its role in mobilization of cotyledon reserves

Many factors, including rodent seed predation and summer
drought (Vieira 1951), vegetative competition and slow
growth of seedlings during the early stages (Chaar et al.
2008) and overgrazing (Hasnaoui 1992) are cited as factors
that affect cork regeneration in the Mediterranean region.
In our study, cork oak acorns showed high germination
rates for all acorn size (mass) classes (88-94%), with no
significant differences related to acorn size, indicating that
acorn germination does not constitute a problem for regen-
eration of this species, if acorns are healthy (Hasnaoui
1992). These results are, however, contradictory with
those of Pandey et al. (2017) in Quercus leucotrichophora,
who reported a significant effect of seed size on final ger-
mination percentage, where decreasing acorn size resulted
in lower germination. In addition, we did not find that
acorn size influenced duration of germination, inconsist-
ent with studies reporting that large sized seeds germinate
faster (Norden et al. 2008). Furthermore, survival rate was
high (75.5-77.7%) and did not show significant differences
between all acorn size classes, suggesting that, in our
study, acorn size did not determine acorn survival at least
during the first six months following germination. These
findings agree with results reported by Zolfaghari et al.
(2013) and by Yi et al. (2015). Past studies have shown
that acorns of various oak species germinate and success-
fully establish after partial cotyledon loss (Yi and Yang
2010; Perea et al. 2011; Yang and Yi 2012). Giertych and
Suszka (2011) observed that Q. robur acorns can germi-
nate and establish even after the excision of 2/3 from their
cotyledon weight. This suggests that small acorns contain
enough cotyledon reserves to support seedling survival,
which could explain why they did not show significant
differences in survival compared to acorns of intermediate
or large size.

Yi et al. (2015) observed that large acorns mobilized
more cotyledon reserves to produce seedlings, compared
to small acorns. Our study confirmed these results, show-
ing that the amount of mobilized reserves increases as
seed size increases (Fig. 6), highlighting the importance
of seed size in an evolutionary context. However, contrary

to these authors, who found no significant difference in the
reserve mobilization capacity of cotyledons between large
and small acorns, our results show significant differences
between all acorn size classes, indicating that acorns had
varying ability to mobilize reserves into seedlings based
on acorn size (i.e., the smaller the acorn, the greater their
ability to mobilize cotyledon reserves).

Remnant reserves in the cotyledons

Although early seedling development is based mainly on
seed reserves, all acorn size classes showed, after almost
six months of growth, that more than 30—40% of dry mass
reserves were stored in the remnant cotyledons, in agreement
with results of Yi et al. (2015). However, while mobilized
reserves increased with increasing seed size, the amount of
reserves in the remnant cotyledons followed the same trend
and increased with increasing seed size. This is because
larger seeds have more capacity to store greater amounts of
carbohydrate in their endosperm or cotyledons than small
seeds (Milberg and Lamount 1997), which could be con-
firmed by the reserve effect (larger seeds retain a larger pro-
portion of reserves after germination) found in this study,
both under stressful (water stress) and non-stressful condi-
tions. The reserves in the remnant cotyledons were found to
be more important for ensuring seedling resprouting than for
supporting seedling growth and survival (Sonesson 1994;
Yi and Liu 2014). Indeed, prior studies point out that up to
50% (Giertych and Suszka 2011; Perea et al. 2011; Liu et al.
2012) of the cotyledon reserves and perhaps more (Yi et al.
2015) are unnecessary for acorn germination and seedling
survival (Giertych and Suszka 2011; Perea et al. 2011; Liu
et al. 2012). Nevertheless, it is important to note that the
capacity of Quercus seedlings to resprout is not dependent
on seed size (Erniwati 2006), probably because the remain-
ing reserves are sufficient for resprouting. It may be that
repeated clipping would have revealed a seed-size effect
(Quero et al. 2007).

Effect of acorn mass on seedling growth

While no significant effect on survival was found, acorn
mass significantly influenced seedling growth, which
resulted in the tallest, largest and greatest biomass (total
biomass) seedlings coming from large seeds comparatively
to those coming from intermediate and small seeds, consist-
ent with the results reported by Khan and Shankar (2001) in
Quercus semiserrata. These results verify the seedling-size
effect indicating that larger seeds produce larger seedlings.
The decomposition of the main stem on further morpho-
logical entities showed no difference between acorn size
treatments with regard to the number of growth unit (GU),
a distinct portion of the main stem established during the
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growth phase, while for GU length large acorns produced
seedlings with longer GU compared to those from small
acorns. Thus, according to these results, the greater height
of seedlings from large seedlings in comparison with those
from small acorns is the result of longer GU. Benefits offered
by large seeds are due to the fact that large seeds contain
greater reserves of protein, carbohydrate, lipid and energy
than intermediate size and small seeds (Khan and Shankar
2001). Large seeds provide advantages not only for produc-
ing large seedlings, which are better competitors (Metcalfe
and Grubb 1997; Lloret et al. 1999), and thus, better able
to gain greater access to resources, but also for producing
robust seedlings as proved by the highest value of seedling
vigor index associated with seedlings coming from large
seeds. Increased seedling vigor index with increasing seed
size was also observed by Pandey et al. (2017). Coupling
with the results of the present study, seed size clearly plays
a strong role in the vigor of the future plant.

Our data show also that large acorns result in seedlings
with a higher shoot/root ratio than did small acorns, suggest-
ing that more cotyledon reserves in large acorns were more
mobilized into shoots than in roots. Thus, due to their well-
developed shoots, seedlings from large acorns can sustain
higher photosynthetic activity relative to those from small
seeds (Yi et al. 2015). Indeed, total biomass (Dupraz 1997)
and number of leaves per plant, which are good indicators of
photosynthetic activity, were significantly higher for seed-
lings from larger than smaller acorns. Oak in general and
cork oak in particular are recognized by the development of
a large taproot (Hasnaoui 1992). This trend was, however, in
our case more pronounced for seedlings from large acorns,
conferring them the capacity to explore deep layers of the
soil profile, under drought conditions (Leskovar 1995) and to
be well anchored to the soil (Zobel 2005), which highlights
another advantage of large acorns.

Effect of water stress on survival and seedling
growth

Prior experiments have compared oak seedling develop-
ment according to acorn size, without including external
factors such as water stress. In our study, both survival and
seedling growth were found to be affected by water stress
but independent of seed size, showing that seed size had
no advantage, subsequently, on the resistance of plant to
water stress. These results are in contrast with those of
Khurana and Singh (2000), who reported that under severe
water stress seedlings from large seeds were more tolerant
to water stress than those from smaller seeds. However, our
results correspond with those of Jacobs et al. (2009), who
found that larger Quercus rubra seedlings (graded by root
volume) did not show greater drought avoidance during the
first season after transplant. The lack of significant water
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stress effects on seedling growth in our study indicates that
seedling growth may be more reliant on cotyledon reserves
than on external environmental factors. The fact that water
stress affects stem biomass, but not leaf biomass, suggests
that leaves are more resistant to this stress than shoots, which
may be a strategy to sustain higher photosynthetic activ-
ity. Indeed, we did not find significant differences in leaf
morphology between water regime treatments, where all
seedlings displayed leaves with similar area and thickness.
However, while individual leaf area was similar between the
two treatments (water regime and acorn size), there was a
significant difference in the total leaf area between seedlings
coming from small and those coming from large acorns with
a greater value for the latter. An increase in the total leaf
area allows seedlings to intercept a higher amount of light,
improving consequently photosynthetic activity which could
confirm our suggestion that seedlings coming from large
seedlings can sustain a higher photosynthetic activity rela-
tive to those coming from small seeds.

The taproot showed more resistance to water stress than
fine roots, since only fine roots were affected by water stress.
Taproots constitute the main storage organ in oak seedlings
(Griinzweig et al. 2008), which makes it, perhaps, richer in
water than fine roots, and consequently more resistant to
water stress. Overall, none of seed size treatment seemed
to be more resistant than the other to water stress (water
stress X seed size interaction was not significant), showing
no role of seed size in the resistance of the future plant to
this stress. This is in contradiction with our last hypothesis,
which says that plant tolerance to water stress increases with
increasing seed size.

Conclusion

Our study shows that cork oak acorns can germinate easily,
regardless of acorn size. We did not find an effect of acorn
size on seedling survival, indicating that small acorns con-
tain enough cotyledon reserves to support seedling survival.
Seed size did, however, plays a key role in initial seedling
growth, which increased with increasing acorn size. This
indicates the benefit of selecting large acorns for plantation
programs to produce taller plants with greater above- and
below-ground biomass, which promotes their competitive
ability for light, water and nutrient resources, since ben-
efits of acorn reserves are temporal. The role of metabolic
resources stored in the cotyledons in seedling establishment
has been well studied (Khan and Shankar 2001; Aizen and
Woodcock 1996; Bonfil 1998). However, there was a lack of
published information on the difference in cotyledon mobi-
lization between seeds of different sizes. Our study showed
a significant increase in mobilization of seed reserves as
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seed size increases. Finally, our results demonstrated that
water stress adversely affects survival and seedling growth
independent of seed size, indicating a lack of influence of
acorn size on subsequent resistance of plant to water stress,
at least under the conditions of our experiment.
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