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Abstract

+ Context While many woody perennials grow and repro-
duce in varying environments, their ability to modify their
reproductive allocation under varying resource availability
is unclear.

« Aims This study aimed to demonstrate the occurrence of
plasticity of reproductive allocation in a pioneer woody
species (Ulex europaeus).

« Methods We studied seed production in 144 plants under
different irradiance and population densities. We measured
their basal area, their whole shoot biomass and photosyn-
thetic biomass, and their reproductive output (number of
fruits per individual and number of seeds per fruit).

+ Results We found that newly produced photosynthetic
biomass was influenced by environmental variation, which
in turn determined plants’ reproductive output. In addition,
in low light conditions investment in reproduction was more
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reduced than investment in growth indicating plasticity of
reproductive allocation.

+ Conclusion These results provide the first evidence for
plasticity of reproductive allocation of a woody plant. It may
lead to the ability of this pioneer species to survive and to
continue to reproduce even at low rates in non-optimal
shady habitats and to maintain a non-empty seed bank in
forest systems with long unfavourable periods between two
disturbances.

Keywords Woody perennials - Reproductive ecology - Size-
dependent reproductive output - Light - Density - Pioneer
woody shrub - Forest succession - Successional niche
hypothesis - R-Vrelationship - Allometric relationship -
Shade avoidance

1 Introduction

Many polycarpic woody plants go through successive grow-
ing and reproductive episodes in varying environments. For
example, pioneer woody shrubs establish early in the forest
succession and some of them persist until competition
increases and tree canopy closure strongly decreases light
availability (e.g. Abe et al. 2008).

When resource availability is limited, allocation to repro-
duction or growth may interfere, and high investment in
reproduction may be hazardous (Obeso 2002). Thus, to
maximise offspring production without jeopardising further
growth and survival, it could be advantageous for a woody
perennial to adjust the amount of resource allocated to
reproduction to the availability of resource. Reproducing
within a large gradient of resource availability, some pioneer
shrubs species could particularly benefit from plasticity of
their reproductive allocation.
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Reproduction consumes carbohydrates and nutrients pro-
vided by vegetative tissues. As a consequence, plants show
species-specific relationships between reproductive output (R)
and vegetative () biomass. These relationships (hereafter
referenced to as ‘R-V relationships’) can be linear, allometric
(i.e. R = kV'*) or involve more complex shapes (Klinkhamer
et al. 1992). Therefore, when individuals of the same species
are exposed to different resource availability, they grow to
different sizes and their reproductive output is mainly deter-
mined by their position on the R-V relationship. ‘True’ plas-
ticity of reproductive allocation implies a change in the R-V
relationship and differs from ‘apparent’ plasticity that just
involves a change in the growth rate (i.e. ‘apparent plasticity’)
(Weiner 2004).

In woody plants, the main size parameter used to fit these
R-V relationships was tree diameter (e.g. Dodd and
Silvertown 2000). In resource-rich environments (e.g.
higher irradiance (Jennings and Baima 2005), lesser density
of neighbours (Debain et al. 2003)), trees with the same
initial diameter show higher reproductive output. But any
conclusion on the ability of woody plants to modify their
reproductive allocation is premature. With the same initial
diameter, if trees with a higher reproductive output also had
a higher growth rate, the proportion of resource allocated to
reproduction would simply remain unchanged. Therefore, to
address the question of reproductive allocation of woody
plants, the actual reproductive output and the actual or
recent growth rate in relation with the actual availability of
resource should be considered explicitly in the R-V relation-
ships (Weiner et al. 2009a).

Niklas and Enquist (2003) showed that leaf biomass is
a more efficient predictor of reproductive output than stem
or root biomass. Indeed, photosynthetic biomass (PB) is
well correlated with the carbohydrates available for all
plant functions including reproduction. Consequently, we
assumed that using the relationship between PB and re-
productive output is an appropriate approach to track
modifications in the reproductive allocation of woody
plants (see Fig. 1).

However, resource allocation is expected to evolve with
plant development (McConnaughay and Coleman 1999).
For example, as woody plants grow, their proportion of PB
in the whole shoot biomass (hereafter referred to as the PB/
shoot ratio) decreases. The proportion of non-photosynthetic
support tissue correspondingly increases. The cost to maintain
support tissue could increase too and decrease reproductive
allocation (Peters et al. 1988). Thus, to demonstrate occurrence
of ‘true’ plasticity of reproductive allocation, changes in R-V
relationships using PB must be independent to changes due to
plant development (Online resource 1). Therefore, the influ-
ence of other variables related to ontogeny (e.g. the PB/shoot
ratio, the number of wood rings) on the R-V relationships have
to be taken into account.
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In the present study, we took advantage of the spontane-
ous presence of a pioneer shrub of moderate size (Ulex
europaeus L), in a wide range of irradiance conditions and
intra-specific competition in the understory of a planted
forest, to investigate if its reproductive allocation was plastic
along the gradients of resource and competition studied. We
fitted different R-V relationships, using BA or PB as main
proxies for vegetative tissues, and we examined the influ-
ence of environmental variations on these R-V relationships
to disentangle apparent and true plasticity of reproductive
allocation (see Fig. 1).

2 Materials and methods
2.1 Model species and region of the study

U. europaeus L. (common gorse, hereafter referred to as
gorse) is an evergreen leguminous shrub native to the
Atlantic European coast. The study was conducted in 2010
and 2011 in the ‘Landes de Gascogne’ forest of planted
maritime pine (Pinus pinaster Ait) in southwest France.
This forest is characterised by poor acidic sandy soils,
forming an oligotrophic environment. In this forest, gorse
shrubs often grow and reproduce in a high intra-specific and
relatively low inter-specific understory since: (1) gorse is
taller than the other understory species, and (2) as a pioneer
and light-demanding species (Lee et al. 1986), it commonly
forms dense mono-specific thickets in very young pine
stands with full light exposure. However gorse can maintain
itself in old forest stands where less light reaches the under-
story because of interception by the tree stratum. Thus, it
can also grow and reproduce under different light
conditions.

After two growing seasons, gorse reproduces once a year.
Its onset and duration of reproduction is variable. This poly-
morphism is under genetic control (Atlan et al. 2010) and is
expressed through: (1) plants with a long flowering period
from winter to spring or (2) plants with a short and abundant
flowering period in spring. In this study, we focused on the
plants of the second group which are by far the most frequent
in our study area. Their flowering involves a cycle of two
successive years (Online Resource 2). In year 1, new photo-
synthetic shoots (i.e. green stems with prickly leaves) are
produced at the end of the previous year’s shoots, the latter
being transformed into non-photosynthetic supporting tissues.
Thus, the proportion of non-photosynthetic support tissue
increases as the plant grows (Puentes and Basanta 2002).
Flowering occurs in early spring after winter dormancy in
year 2. Pods mature and seeds are filled from May to the
beginning of July before their dispersal by explosive dehis-
cence of pods. New shoots grow at the end of the reproductive
season. The species is self-compatible but visit of flowers by
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Fig. 1 R-Vrelationships using PB as an appropriate tool to distinguish
between ‘apparent’ and ‘true’ plasticity of the reproductive allocation
for woody plants growing in low (broken lines) and rich (solid lines)
resource availability. BA basal area, PB photosynthetic biomass, RO
reproductive output. The production of PB increases with plant size
(BA) but decrease in case of low resource availability (a). In a first
scenario, allocation to reproduction is equal in both poor and rich

bees or bumblebees is needed for fecundation. In its native
area, gorse flower visitation is not limited (Bowman et al.
2008) because of the abundance of pollinators (Louveaux et
al. 1966).

2.2 Experimental design and measurement of variables
2.2.1 Selection of sites and individuals

We took advantage of light interception by the pine over-
story to build our first experimental gradient of light avail-
ability. In addition, we studied plants along a second
gradient of density and intra-specific competition for re-
source. The two gradients studied were not crossed in our
experimental design.

We repeated the following steps during the two succes-
sive years. First, we selected three sites with different light
availability after a coarse estimation of light interception by
the pine canopy (based on pine leaf area index calculated
using tree dimensions (Porte et al. 2000)). Another site was
selected in full light conditions. Avoiding winter flowering
individuals, we selected 12 isolated gorse bushes per site
(i.e. with no or few conspecific neighbours within a radius
of 2.5 m). We chose individual plants representing a wide
range of sizes to study reproductive allocation of the species
over its whole size range (Online Resource 3). However, we
avoided very small bushes (height <1.0 m). At the site with
full light conditions, we identified each year two plots with
moderate and high densities of gorse bushes in addition to
the 12 isolated shrubs. In the densest plot, we opened a
narrow access path to the centre of the plot where we
selected 12 individuals of different sizes.

In practice, our sampling was split between (Online
Resource 3): (1) the light gradient composed of eight plots
(six in the understorey and two outside the forest). Twelve
gorse bushes were monitored in 400 m? plots, except in the

environments. Thus the R-V relationships between PB and RO remain
unchanged (b). Because of differences in the production of PB (a), the
R-V relationships using BA will differ in low and rich resource avail-
ability (i.e. apparent plasticity of reproductive allocation). In a second
scenario, allocation to reproduction is plastic (lower in poor environ-
ments). Thus the R-V relationships between PB and RO show two
distinct lines (¢) as indicator of this true plasticity.

shadiest plot where we found only eight individuals, i.e. a
total of 92 individuals composed the light gradient; (2) the
density gradient composed of 72 gorse bushes all located
under full light conditions (i.e. 3 levels of density x2 years x
12 plants). The ‘low density’ level referred to isolated gorse
bushes (see above) scattered throughout the site. The ‘medium
density’ and ‘high density’ levels were studied in two 64 m*
plots (8 X8 m). On the whole, a total of 140 individuals were
sampled in the study (144—4 exclusions because of obvious
operator mistakes).

2.2.2 Heterogeneity of sites and years sampled

A few plots showed differences in soil nutrient contents
(determined from three soil samples) or in the understory
composition (Online Resource 3, plots Li-4, Li-5 and De-4).
However, these differences were not organised in the same
way as the light or density gradients. ‘Non-gorse’ understo-
ry biomass (in gram per square metre) decreased under low
light availability and in dense gorse thickets (Online re-
source 3). Rainfall and temperatures were similar in the
two seasons of PB production, whereas the spring was drier
and hotter in 2011 (Online resource 3).

2.2.3 Measurement of reproductive variables

Each year, we measured the two main components of the
reproductive output of shrubs: the number of fruits produced
and the number of seeds per fruit. We visited all sites every
2 weeks from complete maturation of the first pods (end of
May) until the end the reproductive period (beginning of
July). We counted all the ripe (brown to black) pods on each
shrub sampled and harvested them before the pod opened.
To estimate the number of seeds per pod, we randomly
opened 20 pods per harvesting date and per individual if
available (otherwise we opened all the pods we had
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collected), i.e. a total of 4,169 pods opened. The number of
seeds per pod used in this paper refers to seed production
before predation by the gorse seed weevil (Exapion ulicis)
and the gorse pod moth (Cydia succedena). As each weevil
larvae generally feeds on one seed (Barat et al. 2007), we
estimated the original number of seeds per pod by adding the
number of larvae and the number of undamaged seeds. After
predation by the pod moth larvae, we were often not able to
estimate the original number of seeds.

2.2.4 Measurement of size variables

We harvested the whole shoot of sampled individuals soon
after reproduction ended. We measured their stem basal area
(BA) at 10 cm from the soil surface with a calliper and
counted their total number of wood rings as a proxy of their
age. Their BA during dormancy the preceding winter was
obtained by subtracting the width of their last ring from their
stem diameter at harvesting time. Then, their shoot biomass
was split between PB and the rest of supporting biomass,
dried and weighed.

2.2.5 Determination of light and density indexes

Light index Selection of sites was based on a first coarse
estimate of light interception by the canopy (see above). A
light index (LI) was determined using a more accurate
method after the ending of reproduction. Following
Gendron et al. (1998), under a completely overcast sky,
one-off comparison of the photosynthetically active radia-
tion (PAR) received simultaneously by the understory and at
a nearby canopy-free area provides a reliable estimation of
the seasonal mean percentage of PAR received by the un-
derstory. We used this ‘overcast’ method both years in sum-
mer, within the same 2 weeks period. Two operators
simultaneously measured the signal of two PAR sensors during
two series of 30-s measurements under adequate cloud cover.
One sensor was placed at the apex of the sampled shrub; the
other one was placed at the same height in a close open area.
Finally, the ratio of the two signals (understory/open area) was
expressed in percent to create the LI (Online Resource 3).

Density index By the end of summer, we had cut, measured
(stem basal area) and mapped all gorse plants growing in the
density plots. Conspecific neighbours at all sites located
within a 2.5-m radius of targeted individuals were also
measured and mapped (Online Resource 3), i.e. a total of
3,089 gorse plants mapped in the whole study. The width of
the last wood ring was measured in a subsample in each
plot. Then, we used the relationship between the BA mea-
sured and the width of the last wood ring in each plot to
estimate the BA of all competitors in the preceding winter.
Finally we calculated a density index (DI) using the distance
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between competitors and target individuals and the BAs in
the preceding winter.

We selected Hegyi’s density index (Hegyi 1974, stated in
Eq. 1, Online Resource 4) because it takes into account (1)
population spatial heterogeneity (it is distance dependent) and
(2) size-asymmetric competition (it compares the size of the
target individual with that of the competitor). Many compet-
itors concentrated on the same side of one individual provide
preferential access to resource on the opposite side. To account
for the spatial distribution of competitors, we modified Hegyi’s
index according to Newton and Jolliffe (1998), given the
position of the centre of mass of the competitors (Online
Resource 4). Other spatialised density indexes were also built
and tested during analyses but did not perform better (Online
Resource 4)

2.3 Data analysis

First, we verified the influence of the environment on the
production of PB and on ontogenic variables (e.g. the PB/shoot
ratio). Then, R-V relationships were built for (1) the number of
pods produced by each plant and (2) the total number of seeds
produced by each shrub (as the number of pods multiplied by
the mean number of seeds per pod). All R-V relationships were
fitted on a log—log scale to normalise the variables. Thus, they
correspond to standard allometric R-V relationships (i.e. R = k
V*eorln R=oaln V + In k abeing the scaling exponent).
To test for modifications in the R-V relationships under differ-
ent levels of LI or DI (i.e. changes in the scaling exponent («v)),
we split our sample into three LI and DI classes of equal size,
respecting the distribution of the tertiles (LI ranging from 15 to
42 % —shady class; 43 to 88 Y%o—medium light class and 89 to
100 Y%—full light class). Equivalently, DI classes were named
sparse, medium density and dense.

For relationships predicting the production of pods, we used
both BA and PB as the main explanatory variables.

—  R-Vrelationships using BA were as follows (Eq. 1):
InR; = a; InBA; + Ink; + & (1)

where a; is the scaling exponent (and In £; the intercept)
for the jth LI or DI class and ¢; is the residual of the
allometric model for the ith individual. Using Eq. 1, we
expected strongly significant differences between the
scaling exponent of the LI and DI classes (i.e. strong
apparent plasticity of the reproductive output). Indeed,
this first kind of R-V relationships does not take into
account the influence of the environment on the produc-
tion of PB, and thus on the availability of carbohydrates.

—  R-V relationships using PB, with additional variables
related to ontogeny (the PB/shoot ratio or the number
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of wood rings), were also fitted (Eq. 2; example with
PB/shoot ratio):

In R; = ¢;InPB; + b1n (PB/shoot); + Ink; + ¢; (2)

Equation 2 takes into account (1) the modification of
PB production with environment variation and (2) the
possible modification of the R-V relationship due to
ontogeny. Thus, we expected much less significant dif-
ferences between the scaling exponents of the different
LI and DI classes than in Eq. 1, and significant differ-
ences between the «; indicate true plasticity of repro-
ductive allocation.

For relationships predicting the production of seeds, we
investigated if the LI and DI class, or any other explanatory
variable, had an effect on the mean number of seeds per pod.
Plants for which we were not able to count the number of
seeds per fruit in a minimum of 15 pods were excluded from
this analysis. Finally, we reanalysed the R-J relationships for
the total number of seeds produced by each individual shrub.

2.4 Statistical analyses

Light and density datasets were analysed independently.
In the density plots, some targeted individuals were com-
petitors of other sampled individuals, causing non-
independence between observations. Therefore, we per-
formed 1,000 random permutations of the DI of individ-
uals within the density plots to estimate the significance
of the models using DI.

We performed all data analyses using R software (R
Development Core Team 2010). We used the ‘nlme’
package to fit non-linear mixed models and the ‘lme4’
package for general linear mixed models. We used ran-
dom effects when we suspected uncontrolled effects
(e.g. site effect) or to control for dependence between
observations (the same shrub used for several measure-
ments of the number of seeds per pod). ANCOVA
analysis was used to test differences of the scaling
exponent « in Eqs. 1 and 2 between different LI or
DI classes. The effect of the year of the study was
tested similarly. The non-significant intercepts in Eqs 1
and 2 (In k) were removed from analyses. Reduced
major axis regression (RMA) is generally more suitable
than ordinary least square regression (OLS) to fit allo-
metric relationship in a log—log scale. However, RMA
regressions were not used in our study because available
procedures in R software (1) do not enable to fit random
effects for the different sites samples, (2) are not designed
for multiple regressions (like in Eq. 2) and (3) OLS and RMA
regressions gave consistent results when performing the latter
approach was possible (data not shown).

We modelled the number of seeds per pod with a gener-
alised linear mixed model with Poisson distribution and log
link function.

Nested mixed models with different fixed or ran-
dom effects were fitted respectively with maximum
likelihood and restricted estimation of maximum like-
lihood. They were compared with likelihood ratio
tests, correcting the P values following Zuur et al.
(2009). Modelling efficiency (ME, the ratio of the
sum of squares of the model residuals to that of the
null model using the sample mean as a predictor) was
used to compare the models for continuous response
variables.

3 Results

3.1 Effect of the environment on the production of PB
and on the PB/shoot ratio

We found significant allometric relationships between PB
and individual BA (Online Resource 5). Light positively
influenced this relationship. The random permutation test
of shrubs DI within density plots gave a marginal result (P<
0.1, Online Resource 5). On the whole, these relationships
are consistent with our Fig. la. Correspondingly, the PB/
shoot ratio decreased with increasing individual BA, de-
creasing irradiance and increasing conspecific densities
(Online Resource 5) consistently with our figure in Online
Resource 1.

3.2 Comparison of the R-V relationships using BA and PB
(Egs. 1 and 2)

In Eq. 2, the explanatory variables related to ontogeny were
not significant (e.g. P=0.24 and P=0.47 in the light and
density samples respectively for the PB/shoot ratio) and this
equation was simplified to: /n R; = a; In PB; + Ink; + ¢;.

In the light sample, the ME of both R-J relationships
using either BA or PB were improved when LI class
was taken into account, but the relationship using PB
was much less influenced (Fig. 2a, b). ANCOVA
revealed highly significant differences between the
slopes of the different light classes using BA
(Fig. 2a), while these differences were less pronounced
using PB (Fig. 2b). In the density sample, adding DI
class to the relationships did not improve model pre-
dictions (Fig. 2c, d). On the whole, using PB rather
than BA led to better ME. Moreover, using BA, we
found a significant difference of slopes between the
2 years of the study in the density sample (P=0.002,
Fig. 2c), while with PB, the difference disappeared
(Fig. 2d).
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Fig. 2 Different R-V relationships (using basal area (a, ¢) or photo-
synthetic biomass (b, d)) to explain pod production under different
levels of light (a, b) and of density (¢, d). We added one to the number
of pods produced by each shrub before log transformation because
some individuals did not produce any pod. In the fop left corner (a, b),
the slope of the relationships on the natural scale are given for the
shady and full light class. Stars indicate differences in the slope
parameters (*P<0.05; **P<0.01; ***P<0.001). Black stars show
differences between adjacent slopes, blue stars between the most
distant slopes. In the bottom right corner, the ME of the fitted relation-
ships taking environmental variables into account (belonging to LI or
DI classes) or not are given respectively in capital and lowercase
letters. Individuals sampled in 2010 and 2011 are indicated

3.3 Changes in the R-V relationships using PB (Eq. 2)
due to environmental variation

In the light sample, the slopes of the R-V relationships
between PB and pod production differed significantly
between the shady and full light classes (Fig. 2b). As a
continuous variable, LI also significantly influenced the
slope of the R-V relationship (Online Resource 5).
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respectively by empty and filled symbols. a, b Relationships for each
LI class are represented by different types of line. ¢, d In the density
sample, we present the overall relationship as a black solid line (no
differences of slopes between classes). a, b Green filled squares, green
empty squares and solid line: the shady class (N=28 (30—2 operator
mistakes)), orange filled circles, orange empty circles and dotted line:
the medium light class (N=30 (31—1 operator mistake)), yellow filled
triangles, yellow empty triangles and dashed line: the full light class (N
=31). ¢, d Light brown filled squares, light brown empty squares: the
sparse density class (N=24), brown filled circles, brown empty circles:
the medium density class (N=24), dark brown filled triangles, dark
brown empty triangles: the dense class (N=23 (24—1 operator
mistake))

Moreover, the number of seeds per pod increased with
LI (Online Resource 5), with more seeds per pod in
the full light class (Fig. 3a). However, using pod or
total seed production led to similar results (Fig. 2b,
Fig. 3b).

In the density sample, we did not observe any dif-
ference in R-V relationships between DI classes for pod
production (Fig. 2d). When we analysed the number of
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(¢, d). a, ¢ Lowercase letters indicate a significant difference in the
number of seeds per pod between LI classes and density plots.
Vertical lines are standard errors. Three hundred, 359 and 847 pods
were opened on 11, 15 and 27 individuals in the shady, medium
light and full light classes, respectively. Six hundred thirty-six, 675
and 641 pods were opened on 21, 23 and 21 individuals in the low
density plots, medium density plots and high density plots, respec-
tively. b, d We added one to the number of seeds produced by each
shrub before log transformation because some individuals did not

seeds per pod, random permutations within density plots
indicated a marginal effect of the DI (Online Resource
5). Indeed the number of seeds per pod was more
influenced by the density of the whole plot (Fig. 3c)
than by the immediate vicinity of individual gorse
bushes represented by the DI. However, when the total
number of seeds produced was used (Fig. 3d), we found
no difference in the R-V relationships among density
plots.
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produce any seed. b Symbols, legend, meaning of the top left and
the bottom-right graph labels and number of individuals per LI class
are the same as in Fig 2b. ¢, d We classified the individuals per
density plots and not per DI classes because the observed response
is independent of the close neighbourhood (represented by the DI)
within plots. d We show the overall relationship represented by the
solid black line (no significant difference of slope between classes).
The ME of the fitted relationship taking into account environmental
variables (density plots) or not are shown as in Fig. 2. Light brown
squares low density plots (N=24), brown circle medium density
plots (N=24), dark brown triangle high density plots (N=23 (24—
1 operator mistake))

4 Discussion

4.1 On the use of R-V relationships to study reproductive
allocation of woody plants

Using BA (Eq. 1), it is tempting to conclude that reproductive
allocation was strongly modified by light availability and
reduced by the dry spring in 2011 (Fig. 2a, ¢). However, using
PB (Eq. 2), the influence of environment variation on
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reproductive allocation was less obvious. Like in herbaceous
plants, the main response to resource availability we identified
was plasticity of growth (i.e. apparent plasticity), which in turn
determined the reproductive output (Weiner et al. 2009a).
Thus, future studies of size-dependent fecundity of woody
plants should consider that R-V relationships should be related
to recent growth, and relationships using PB appeared appro-
priate according to our results.

We found a decreased in the PB/shoot ratio with plant
size and in resource-poor environments (Online Resource
5). The proportion of support tissue increased correspond-
ingly. This could have two opposite consequences: (1) an
increase of the respiration cost to maintain support tissue
which could reduce reproductive allocation (Online resource
1, Peters et al. 1988) and (2) an increase of the amount of
carbohydrates and nutrients stored in the sapwood and inner
bark (Hoch et al. 2003) that could be remobilized and
represent an additional resource for reproduction.
However, we found no significant effect on the R-V relation-
ships using PB neither of the PB/shoot ratio nor of any
variable related to ontogeny. Therefore, the opposite con-
sequences stated above may (1) have counterbalanced each
other, (2) have only impacted the production of PB, not
directly the allocation to reproduction and (3) be stronger
and detectable only for taller trees. Even though, changes
due to ontogeny should be constantly taken into account in
future studies of reproductive allocation of woody plants,
and the PB/shoot ratio could be an indicator of these
changes.

4.2 Plasticity of reproductive allocation of the model species

Analysis of the light gradient produced two results which
suggested true plasticity in reproductive allocation: a mod-
ification in the R-V slope for pod production in Eq. 2
(Fig. 2b), and a modification in the number of seeds per
pod (Fig. 3a). However, alternative explanations need to be
explored. First, uncontrolled effects that influence individ-
uals sampled in different sites are likely to play a role.
However no differences between plots were in conflict with
our interpretation. For instance, when species composition
of the understory varied (Online Resource 3), the encoun-
tered species were all typical of the same regional level of
fertility (Augusto et al. 2010), and the decrease of reproduc-
tive allocation in shade did not concern these plots.
Moreover, the effect of light was still significant after taking
into account a random effect due to sampling in different
locations (Online Resource 5, Fig. 2b). Second, a limitation
in pollination in shade could be involved. However, polli-
nators of gorse are not influenced by the irradiance in forest
stands (Herrera 1995). In addition the few species that
bloom simultaneously with gorse are not abundant locally
suggesting a low inter-specific competition for pollinators’
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service. Finally, Hornoy (2012) confirmed, in an experimen-
tal garden, that a decrease in light led to a decrease in flower
initiation of gorse but did not change the fruit/flower ratio.
Therefore, the most likely explanation of Figs. 2b and 3b is
plasticity of reproductive allocation. However, some indi-
viduals remained tied to the main R-V relationship. Genetic
differences may explain this variability of plasticity (e.g.
Clauss and Aarssen 1994).

When analysing the density sample, we observed an
increase in the number of seeds per pod (Fig. 3c) in the
densest plots. Plant—pollinator interactions may explain this
result. When shrubs are isolated, one single pollinator may
visit more flowers per plant thus leading to higher abortion
of self-fecundated ovules to avoid genetic depression
(Cibula and Zimmerman 1984). In dense areas, cross-
pollination is more likely and would increase the number
of viable fecundated ovules per fruit, which would be con-
sistent with our findings. In general, the response to in-
creased intra-specific competition did not involve plasticity
of reproductive allocation. The corresponding depletion of
resource may be limited because (1) photosynthetic biomass
is concentrated at the apex of the plant in dense thickets (i.e.
in good light conditions) and (2) gorse is tolerant to poor
nutrient availability (Drake 2011).

From our whole experimental design, we found evidence
that our model species can display plasticity of reproductive
allocation, limited to the response to light availability. To
our knowledge, no previous studies have characterised the
plasticity of this trait in woody plants.

4.3 Plasticity of reproductive allocation and shade
avoidance

We observed that gorse bushes in shady sites showed
modification associated with shade avoidance: thinner
branches and longer internodes. The quantity of carbon-
based constituents and biomass allocated to functions
other than photosynthesis is reduced in cases of shade
avoidance (Iason and Hester 1993; Poorter et al. 2012).
Our results suggest a similar trade-off in the most limiting
environments, making the production of photosynthetic
tissues a priority, enabling the individual to survive and
continue reproducing in the future. Moreover, green stems
are the main component of PB of gorse. The structural
and chemical modifications of the green stems associated
with etiolation (Iason and Hester 1993) may results in the
observed plasticity. While nutrient concentration may be
reduced in the PB, it is likely to be less variable in the
reproductive organs to ensure the viability of the off-
spring. Therefore, a higher amount of PB may be needed
to provide the necessary material and energy to build a
single reproductive organ with fixed composition (Weiner
et al. 2009b).
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4.4 Ecological significance of the plasticity of reproductive
allocation

Like in herbaceous plants, plasticity was only observed by
comparing the two extremes of the resource gradient (light
in our study) (Weiner et al. 2009a). It is thus unlikely that
plasticity is expressed in the case of small inter-annual
variations in the environment. The successional niche hy-
pothesis (Pacala and Rees 1998) is helpful to explore the
ecological significance of our findings. Indeed the extreme
variations in irradiance involved only occur during changes
from the pioneer to late successional stages in forest or
suddenly after a disturbance of the canopy. The successional
niche hypothesis states that pioneer species (like gorse)
should be excluded by over-competitors (trees in our case)
but are maintained thanks to the short window of access to a
high level of resource after a disturbance. This hypothesis is
in agreement with the life cycle of gorse in our context.
After a clear cut and the plantation of the next pine stand,
when competition is low, the emergence of new individual
gorse bushes is favoured. The new recruits mature and
produce a large seed bank in full light conditions as we
showed here. Because this seed bank can remain dormant
for a long time, the species’ ability to regenerate is stored in
its seed bank (Beckage et al. 2005) until a new disturbance
occurs. If plasticity of reproductive allocation is followed by
improved survival in the forest succession, it could lead to a
higher probability of maintaining a seed bank in the gap
between two disturbances. However, to fit the R-J relation-
ships, we had to perform a single destructive harvest. Thus,
we did not observe the fates of the plastic individuals.
Answering the question of their future survival and of their
reproductive output during the course of their lifetime is
crucial to understand the ecological significance of plasticity
of reproductive allocation.

5 Conclusion

We showed that the whole size of woody plants does not
provide enough information to detect true plasticity of their
reproductive allocation. Using a more appropriate variable,
photosynthetic biomass, we demonstrated that the reproduc-
tive allocation of the studied species can indeed be plastic.
Depending on their distribution along wide gradients of
resource, other woody species may express this kind of
plasticity. Pioneer species may be able to modify their
reproductive allocation under different light regimes be-
cause they are known to develop mechanisms of shade
avoidance, and plasticity of reproductive allocation may be
part of this response. Particularly, species with green stems
may show similar plasticity because shade avoidance re-
sponse results in strong modification of their PB composition

and may in turn modify the ability of PB to provide energy for
reproduction. If plasticity of reproductive allocation confers
higher survival in the shade, it could increase the ability of
these pioneer species to maintain in forest systems with long
unfavourable periods between two disturbances. Long-term
studies are needed to better understand the ecological impor-
tance of plasticity of reproductive allocation of woody plants.
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