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Abstract

1. The genetic and phenotypic variability of life history traits determines the demographic
attributes of tree populations and, thus, their responses to anthropogenic climate
change. Growth- and survival-related traits have been widely studied in forest ecology,
but little is known about the determinism of reproductive traits.

2. Using an elevation gradient experiment in the Pyrenees we assessed the degree to
which variations in reproductive effort along climatic gradients are environmentally
or genetically driven, by comparing oak populations (Quercus petraea) growing under
field and common garden conditions.

3. In situ monitoring revealed a decline in reproductive effort with increasing elevation
and decreasing temperature. In common garden conditions, significant genetic
differentiation was observed between provenances for reproduction and growth: trees
from cold environments (high elevations) grew more slowly, and produced larger
acorns in larger numbers. Our observations show that genetic and phenotypic clines
for reproductive traits have opposite signs (counter-gradient) along the environmental
gradient as opposed to growth, for which genetic variation parallels phenotypic
variation (co-gradient).

4, The counter-gradient found here for reproductive effort reveals that genetic variation
partly counteracts the phenotypic effect of temperature, moderating the change in
reproductive effort according to temperature. We consider the possible contribution
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to this counter-gradient in reproductive effort as an evolutionary trade-off between
reproduction and growth.

Counter-gradient; Elevation gradient; Local adaptation; Quercus petraea ; Reproduction

Introduction

Studies of the responses of life history traits to environmental changes have repeatedly
demonstrated the important contribution of such traits to the current and future geographic
distribution of multiple tree species over local and large geographic scales (Aitken et al.,
2008; Benito-Garzon et al., 2013; Reich and Oleksyn, 2008). In ecology, assessments of
life history trait variations provide vital information about the fitness of an individual, its
ability to survive, grow and reproduce in an environment. At landscape level, the phenotypic
variation of such traits in response to environmental changes depends on (1) genetic
variation within and between populations and (2) phenotypic plasticity (i.e. the ability

of an individual to produce different phenotypes in response to different environmental
conditions) of each individual (Aitken et al., 2008; Nicotra et al., 2010). High levels of
genetic diversity and phenotypic plasticity favor local adaptation to environmental changes
(Kremer et al., 2014; Lindner et al., 2010). Investigations of the environmental and genetic
determinism of life history traits are therefore essential, to predict the process of population
adaptation and, indirectly, to predict species distributions in response to environmental
changes (Chevin et al., 2010).

Common garden experiments are widely used in ecology, to assess local adaptation and to
account for the contributions of genetic and environmental sources of phenotypic variation
to the response to environmental changes (de Villemereuil et al., 2016; Linhart and Grant,
1996). Common garden experiments have revealed genetic clines for phenotypic life history
traits, such as phenology, seedling regeneration, survival and growth along gradients of
latitude (Hall et al., 2007; Kawakami et al., 2011; Ducousso et al., 1996) and elevation
(Alberto et al., 2013; Firmat et al. 2017; Saenz-Romero et al., 2006; Vitasse et al., 2009a).
Life history traits are closely related to tree fitness, so their variation in common gardens
may be seen as signatures of adaptation to local environmental pressures. The genetic
clines observed in common gardens are, to a lesser extent, reflected in the phenotypic
clines observed /n situ, indicating that the adaptive response can be enhanced by plasticity.
However, in rare cases, plasticity may constrain local adaptation, as phenotypic variation
along an environmental gradient may act in the opposite direction to the genetic variation
along the same gradient, leading to a so-called “counter-gradient” (Kremer et al., 2014).
Counter-gradient variation may be interpreted as a genetic evolution to compensate to
significant environmental pressure that negatively impacts individual fitness (Conover et al.,
2009; Grether, 2005).

In plants, examples of counter-gradients are scarce and most of them have been observed
for phenology-related rather than morphological traits (Radersma et al., 2020). This is the
case in beech (Fagus sylvatica) where in the Pyrenees, along an elevation gradient, leaf
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unfold earlier at low than at high elevation while in common garden experiments, population
from high elevation are unfolding earlier (Vitasse et al., 2009a). At high elevation, beech
populations compensate for low fitness by increasing growing season length instead of
providing a safety margin against late spring frost. However, counter-gradient variation of
phenology related traits is not consistent across species: in the same experimental design,
oak (Quercus petraea) and ash (Fraxinus excelsior) display on the contrary co-gradient
patterns.

In forest tree species, phenotypic variation in response to selective pressure has been widely
studied for growth and survival, two of the main components of tree fitness (Conkle,
1973; Namkoong and Conkle, 1976). However, only a few studies (Caignard et al. 2019,
Alexandre et al., 2020) have considered the extent to which variations of reproduction,

a key component of plant fitness, are driven by environmental and/or genetic influences.
Reproduction related traits, such as seed production or age at first reproduction have a
significant importance for forest persistence, regeneration and migration (Aitken et al,
2008), an investment to reproduction at a younger age maximise for example plant fitness
(Kawecki 1993, Wenk and Falster, 2015). Thus, the lack of knowledge in the variability of
reproduction related traits, represents a limit nowadays in our global understanding of tree
population dynamics in response to environmental changes (Kunstler et al. 2021).

Reproduction has been shown to respond to environmental variation. Changes in
temperature affect the timing of flowering (Fitter and Fitter, 2002; Sparks et al., 2000)

and, to a lesser extent, the timing of fruiting (Lechowicz, 1995). Furthermore, in oak
species, combinations of temperature variation and drought may have either a negative
(Pérez-Ramos et al., 2010; Sanchez-Humanes and Espelta, 2011) or a positive effect on seed
production (Caignard et al., 2017). Due to the difficulties of measuring reproduction in long-
lived species, very few studies have investigated the genetic differentiation of reproduction
between populations. Santos-del-Blanco et al. (2012) reported genetic variation for size at
first reproduction between populations of Pinus pinaster. Zhuk and Goroshkevich (2018)
compared reproduction and growth in Pinus sibirica populations spread along a latitudinal
gradient. Few studies have been performed in grassland ecosystems, and those published
have reported conflicting results: no local adaptation was observed in three species in

the Alps (Frei et al. 2014), whereas significant genetic differentiation for reproductive
investment was found in Poa alpina (Hautier et al. 2009, Fischer et al. 2011), Arabis alpina
(de Villemereuil et al. 2018) and Festuca eskia (Gonzalo-Turpin and Hazard 2009).

We quantified the extent to which differences in reproductive effort were related to
environmental and genetic variations in a temperate European white oak (Quercus petraea),
through long-term /n situ monitoring along an elevation gradient. We compared seed
production in trees growing /n situ and under common garden conditions in Southern France
over successive years, to determine whether genetic variation paralleled or counteracted

in situ phenotypic variation. One of our main objectives was to estimate the genetic
determinism of the variation of seed production, seed size and the proportion of trees
producing seeds as a proxy of age at first reproduction. We also explored whether the
differentiation of reproductive traits between populations was due to divergent selection.
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Finally, we investigated whether the evolutionary patterns observed for reproductive traits
mimicked those of other fitness-related traits, such as growth.

Materials & Methods

Experimental design

Since 2005, we have made systematic recurrent observations of life history traits in Q.
petraea populations located along an elevation gradient in the French Pyrenees (in situ -
IS), to monitor tree responses to temperature variations (see Dantec et al., 2015, 2014;
Vitasse et al., 2009b). The temperature changes markedly over very short distances in such
gradients, decreasing by 0.5 - 0.6°C with every 100 m increase in elevation (Laiolo and
Obeso, 2017; Vitasse et al., 2009b). The elevation gradient was replicated in two parallel
valleys: Ossau (latitude 42.88 to 43.22; longitude -0.73 to -0.40) and Gaves (latitude:
42.78 to 43.75; longitude: -0.41 to 0.21), in which we sampled 10 (five per valley) natural
mature populations of Q. petraea for monitoring. These populations are located at various
elevations, from 131 to 1630 m asl (Table S1, see also (Vitasse et al., 2009b)).

In 2006, acorns from 152 adult trees were collected from the 10 natural populations

along the elevation gradient. These acorns were sown and grown at the INRAE nursery

in Pierroton (44° 44°N, 00°46W), and, in 2008, the saplings were transplanted to a common
garden located at the INRAE research station in Toulenne (lowland common garden, 9

m asl; 44°34’N, 00°16’W). Mean annual temperature in this common garden from 2014

to 2019 was 13.64°C, and mean total annual precipitation was 792.3 mm. In total, 3448
seedlings from 150 families were planted in a complete randomized block design with five
blocks. Trees were planted 1.5 m apart, in rows 3.5 m apart (Alberto et al., 2011). In 2016,
the experiment included a total of 1435 surviving trees from 131 families, of which 296 trees
from 71 families produced at least one acorn during the three years of monitoring (Table S1
and Fig. S1). The trees began to reproduce in 2014 and were 10 years old in 2016.

We assessed the impact of elevation on growth, in existing reciprocal transplant experiments
(RTEs), in which three populations from the same elevation gradient, originating from sites
427, 803 and 1235 m above sea level in the Gaves valley, were transplanted to five planting
sites at different elevations (131, 488, 833, 1190 and 1533) in the same valley (Vitasse et al.,
2010). The trees from these RTEs were 12 or 13 years old in 2017. We monitored a mean of
30.4 + 7.2 individuals per site (Table S2).

Trait measurements

Seed production—We monitored the reproductive traits of trees along the elevation
gradient /n situ (1S) and in the common garden (CG) over six years (from 2014 to 2019). /n
situ, large nets were attached 1 m above the ground under the entire tree canopy in August,
to catch the acorns, which start to fall in September. In total, 25 adult trees were monitored
in 2014, and from 2015 to 2019, 30 trees were monitored each year (Table S1). The trees
had a mean height of 19.2 + 9.4 (SD) meters and a mean diameter of 377 £ 196 mm.

Acorn predation was minimized by harvesting the litter (organic components falling from
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the trees: leaves, branches, fruits) from the nets every two weeks from mid-September until
the beginning of December. The litter was then sorted in the laboratory.

In the common garden, acorn fall from each tree was monitored weekly over the same
period as for IS observations. Acorn fall was facilitated by gently shaking the tree, and
acorns were harvested directly from the ground. For both designs, we assessed the total
number of acorns produced, total dry mass and mean acorn mass (in grams) per tree and per
year.

Growth traits—Height and diameter were measured in the RTEs in 2011 and 2017, and
in the common garden of Toulenne (CG) every year from 2014 to 2019. For both designs,
we estimated the annual height and diameter increments, between 2011 and 2017 for each
tree of the RTEs, and between 2006 and 2019 for each tree of the common garden. We
also estimated the projected area of the canopy on the ground for each tree /in situ. For
the adult trees /n situ, we first determined the point at the center of the canopy (O) and
measured the distances from O to the outer limit of the tree canopy (B;) at eight points
45° apart (OB1_g). The projected canopy area was calculated as the sum of the areas of

the eight sections (SCO B=Ex Yo 1OB,-2). The projected surface area was then used to

normalize acorn production per m? and to estimate seed production per square meter Jin situ.
In the common garden, the diameter and surface area of the canopy were estimated in 2017
for 299 trees. Based on the diameter obtained during the last year of measurement (2019)
we estimated the projected canopy area for every tree of this same year by modeling the
relationship between diameter and surface area in 2017 with a power model. We used the
estimated area (m2) for 2019 to standardize seed production between trees.

Climatic data—Air temperature and relative humidity were recorded hourly, for each
population of the elevation gradient (IS), at each planting site in the RTE and in the
common garden of Toulenne. Data loggers (HOBO Pro RH/Temp, Onset Computer 230
Corporation, Bourne, Massachusetts, USA) were used for these measurements. Missing data
for a particular station were inferred by a gap-filling method based on a linear regression
fitted with the climatic variables for the nearest alternative station, with R? > 0.90.

Statistical analysis

Correlations between life history traits and environmental variables along the
elevation gradient—We assessed the variability of reproductive traits with elevation,
using a generalized linear mixed-effects model for the mean mass of one acorn and a
negative binomial log-link random regression model for the number of seeds produced per
m?, as seed count data were highly overdispersed relative to a Poisson distribution. For both
models, we define elevation as a fixed effect and valley-level and year as random intercepts,
with the mean mass of one acorn and the number of seeds per m?, respectively, as responses.
We assessed the variability of growth increments in height and diameter along the gradient
and within the RTE, using a linear mixed-effect model with elevation as a fixed factor and
block as a random intercept, with height increment as the response. A similar model but with
a quadratic term for diameter increment as a response was also used.
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Slope/exposure can influence the local microclimate along the elevation gradient. We
therefore investigated whether mean annual temperature at the study site made a greater
contribution to the variability of the mean mass of one acorn, height increment and diameter
increment and whether mean April temperature made a greater contribution to the variability
of seed production per m? than elevation per se. We selected mean April temperature as

the temperature during this period is determinant for oak pollination and acorn production
(Schermer et al. 2019). We therefore performed analyses similar to those described above,
but with temperature replacing elevation. Mean annual temperature at the study site from
2007 to 2018 was used to explain the variability of the mean mass of one acorn, height
increment and diameter increment, and mean April temperature over the same time period
was used to explain the variability of the number of seeds per m2.

Genetic variability of life history traits between environments (common
garden)

* Genetic clines: We assessed the genetic clines within the common garden for the mean
mass of one acorn, height increment and diameter increment with a generalized linear
mixed-effects model and a negative binomial log-link random regression model for the
number of seed per m2, as seed count data were highly overdispersed relative to a Poisson
distribution. For both models, elevation was considered as a fixed effect, with block, valley-
level and year as random intercepts. For the mean mass of one acorn and the number of
acorns per m2, only trees producing at least one acorn during the six years of monitoring
were taking into account in the analysis. The population analyzed consisted of 539 trees.
Similar models with annual mean temperature of provenance origin for the mean mass of
one acorn, height increment and diameter increment and mean April temperature for the
number of seeds produced per m2as independent variables were also used.

We also assessed the variability, with elevation of provenance origin, of the proportion
of trees producing and not producing acorns during the six years of measurement. We
used a generalized linear model (GLM) to regress the percentages against elevation and
temperature with a binomial family, logit link model.

We fitted curves to all the linear mixed-effect models and negative binomial random
regression models by the restricted maximum likelihood (REML) method, with the
glmmTMB R package (Brooks et al., 2017). These analyses were performed in R version
1.3.959 (R core team 2014).

Phenotypic variations in situ

Seed production and seed weight decreased significantly with elevation (Figs. 1a and

1c), but with considerable year-to-year variability of seed production for all populations
of the gradient (Figs. S2a). A similar significant change with elevation was observed

for height increment (Figs. 2a), with a loss of 0.013 [0.009, 0.017] m for every 100 m
increase in elevation (Table 1). The relationship between diameter increment and elevation
was quadratic, with larger increments at low and high elevations (Figs. 2¢). Temperature
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explained as much of the variation of reproduction and growth as elevation (Table 1),
suggesting that temperature was one of the main drivers of the phenotypic variation
observed along the gradient (Fig. S3 a and ¢, Fig. S4, a and c)

Genetic differentiation in the common garden

In the lowland common garden, we observed a significant increase in seed production and
mean seed weight with elevation of provenance origin (Table 1, Fig. 1b and 1d), whereas
there was a trend towards a negative relationship with temperature of provenance origin for
both these traits (Fig. S3 b and d). Provenances from high elevations (lower temperatures)
produced larger acorns, in larger numbers, than populations from low elevations (higher
temperatures). Standard deviations were large for the reproductive traits, with a mean and
standard deviation of 1.33 + 3.98 seeds m™2 for seed production and 3.42 + 1.38 g for mean
seed weight, potentially contributing to the dispersion of the population mean values shown
in Fig. 1b. By contrast, the genetic clines observed for growth traits were significant but
negative with respect to elevation of provenance origin (Table 1, Figs. 2b, 2d). Thus, in the
common garden, provenances originating from low elevations grew faster, reaching greater
heights and diameters than those from high elevations. Although the genetic correlation
between related traits such as the increment in height and diameter or the total seed
production and the total seed mass produced were relatively high, the genetic correlations
between growth and reproductive traits were weak (Fig. 3). In addition, the proportion of
trees producing acorns per provenance also increased significantly with increasing elevation
of provenance origin (Fig. 4, Table 2). This increase was consistent every year (Figs. S5,
Table 2) and over the six years studied (Fig. 4).

Discussion

Phenotypic variation along elevation gradients is known to be due to conditions becoming
increasingly harsh at higher elevations due to lower temperatures, topography and a lower
availability in soil nutrients (Laiolo and Obeso, 2017, Friend and Woodward, 1990, Vitasse
et al. 2009b). With increasing elevation, trees become smaller and their seed production
declines (Kérner, 2012). Our observations for Q. petraea are consistent with these widely
observed patterns. The main goal of this study was to identify the factors underlying these
phenotypic patterns. We provide here the first evidence for genetically driven effects on the
reproductive traits of trees, in addition to the genetically driven effects on growth traits.
We found that genetic variations of seed production and size counteracted the phenotypic
influence of temperature, decreasing phenotypic variation along the elevation gradient. The
genetic and phenotypic clines along the gradient thus operated in opposite directions,
forming a counter-gradient. By contrast, for growth traits, genetic variation paralleled the
phenotypic variation measured /n situ (co-gradient).

Genetic differentiation

The genetic clines along the elevation gradient observed for seed production and seed
weight suggest significant genetic differentiation between provenances for these two traits.
These results are consistent with those for other functional traits measured in the same
experimental design. For example, genetic differences were previously observed between
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these same populations for leaf unfolding, leaf senescence and canopy duration, despite
considerable variability within populations (Alberto et al., 2011; Firmat et al., 2017). In
these previous studies, population differentiation for the date of bud burst (as measured

by determining Qgt) Was greater than the differentiation estimated for neutral markers
(FsT), suggesting that the differences between populations were probably due to diversifying
selection (Leinonen et al., 2013; Whitlock, 2008). The observed differentiation of seed
production between populations at different elevations probably results from divergent
selection favoring reproduction at higher elevations. Previous assessments of the genetic
variation of reproductive success of Q. petraea within natural populations have suggested
that there is substantial variation that may fuel natural selection (Alexandre et al., 2020).
Our data show that both acorn production per se, and the age at first reproduction in

this long-lived oak species display genetic differentiation according to elevation. Together,
these traits contribute collectively to securing recruitment at higher elevations and allow
populations to persist (Anderson, 2016; Obeso, 2002).

Phenotypic and genetic clines

Opposing signs of phenotypic and genetic clines along environmental gradients have been
reported for many organisms (Conover et al., 2009, Laiolo and Obeso, 2017), but have
rarely been observed in plants (Radersma et al., 2020), particularly forest trees (Kremer et
al., 2014). Previous studies in temperate oaks have shown that phenotypic traits, such as
bud burst, leaf senescence and growth, display co-gradient variation (Alberto et al. 2013;
Vitasse et al. 2009a; Kremer et al. 2014). Cases of counter-gradient variation in trees have
been observed for the timing of bud burst in Fagus sylvatica (Vitasse et al. 2009a), and

in some conifers, such as Pinus feffreyi (Martinez-Berdeja et al., 2019), Abies lasiocarpa,
Abies amabilis (Worrall, 1983) and Pseudotsuga sp. (Acevedo-Rodriguez et al., 2006),
for which provenances from higher latitudes/elevations flush earlier in common gardens
than populations from lower latitudes/elevation, the opposite trend being observed in situ
(Gauzere et al., 2020, Vitasse et al., 2009a). Zhuk and Goroshkevitch (2018) recently
identified trends in the variation of reproductive traits in Pinus sibirica along latitudinal
gradients that resembled counter-gradient patterns.

The counter-gradient observed here highlights the contrasting contributions of
environmental and genetic components to the expression of reproduction. Environmental
conditions become harsher at high elevations, increasing the contribution of the environment
to the phenotypic value of reproductive traits. Conversely, natural selection for survival
favors early and effective reproduction in trees at high elevations. In this context, plastic

and genetic responses act in opposing directions. Unlike co-gradients, which enhance local
adaptation because selection and plasticity act in the same direction to drive populations
towards higher fitness, counter-gradients can be interpreted as corresponding to situations

in which the plastic response to the environment is non-adaptive. This situation is similar

to that described by Conover et al. (2009) as “genetic compensation”, in which genetic
trends in variation counteract environmental constraints that have a negative effect on fitness
(Grether, 2005). However, it remains unknown whether plasticity is under genetic control.

If it is, plasticity may also evolve, ultimately reversing the gradient. This possibility was
suggested by King and Hadfield (2019), and Scheiner (2013), who showed that plasticity can
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evolve under spatially and temporally contrasting environments, a scenario that cannot be
excluded in the context of current environmental changes.

This study has several limitations linked to the difficulties of measuring reproductive traits
due to (1) the long generation times of trees and (2) the masting pattern characteristic

of some tree species, such as oaks (Bogdziewicz et al., 2017, Caignard et al. 2017).
Assessments of the phenotypic and genetic variability of reproductive effort require long-
term experiments. In our study, for example, we could not work with all the trees in the
common garden because not all the trees had reached the age of reproductive maturity.

Age at first reproduction is, nevertheless, an interesting trait to analyze, because, as pointed
out above, it also affects the fitness of the individual. The method used to analyze the
reproductive effort of each tree /n situis highly accurate, as all the acorns produced each
year were counted. However, this method is time-consuming, limiting the size of the sample
for analysis. Nevertheless, the repetition of measurements over a period of six years and

the accuracy of the measurements obtained provided strong insight into overall reproductive
effort along the gradient.

Evolutionary trade-off between growth and reproduction

Studies investigating the environmental and genetic determinism of reproduction in forest
trees are scarce, with most previous investigations focusing on other life history traits
characterizing tree fitness, such as growth. Studies addressing the genetic and phenotypic
gradients for both categories of traits in trees are even rarer, the most notable exception
being the study by Zhouk and Goroshkevitch (2018). Here, we aimed to perform a joint
dissection of the environmental and genetic sources of variation for both reproductive and
growth traits and to demonstrate the existence of significant genetic differentiation for

both types of trait along the elevation gradient. Growth differences between provenances
are conserved as the trees age. Unlike reproductive traits, vegetative growth traits follow

a co-gradient pattern with elevation. For example, in the highest peripheral populations,
the lack of resources and the environmental constraints applying at high elevations may
result in lower levels of phenotypic vegetative growth. In this case, lower levels of growth
increase fitness, either due to a negative genetic correlation with reproduction or because
limited vegetative growth per se increases viability. Indeed, faster growth may expose trees
to a higher risk of lethal damage due to the breakage of branches and stems by snow

or wind (Kérner, 2012). Conversely, a negative genetic correlation may reflect a trade-off
between growth and reproduction. We generally distinguish two types of trade-off between
life history traits: functional trade-offs based on phenotypic values and genetic trade-offs
based on the genetic values and excluding the environmental effect (Obeso, 2002). We
were unable to assess the phenotypic trade-off here, as phenotypic records of both traits
(growth and reproduction) were not available for individual trees growing /n situ. However,
the contrasting genetic clines observed in the common garden clearly indicate a genetic
trade-off. This genetic trade-off may be explained by either a pleiotropic effect, affecting
both reproductive and growth traits, or by statistical associations in the population (due to
linkage disequilibrium) between different genes that affect each other. However, in our study
we observed a relatively weak negative genetic correlation between growth and reproductive
traits at individual level (Fig. 3). Previous study on a closely related species (Quercus
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robur) have shown an absence of co-localization between QTLs identified for growth and
reproduction which could have suggested a genetic linkage (Caignard et al. 2019). In
addition, along the elevation gradient, the genetic trade-off probably operates at population
rather than individual level, and may be the outcome of past selection pressures along the
elevation gradient. We assume here that, along the gradient, the difference in clines between
growth and reproductive traits are not due to mechanistic effects, such as pleiotropy or
genetic linkage, but to the action of different selective pressures on the two phenotypic
traits. Whatever the mechanism, natural selection at high elevations decreases the genetic
component of vegetative growth, just as plasticity reduces the environmental component. In
a broader context, considering populations over the whole gradient, the opposing directions
of the genetic contributions of growth and reproductive traits along the gradient suggest
that trees from high and low elevations may respond differently. At low elevation and
warmer temperatures, natural selection favors vegetative growth over reproduction, whereas,
at higher elevations, the harsher conditions favor greater fruiting fitness and slow growth.
Such contrasting responses to natural selection have also often been interpreted as reflecting
different life history strategies corresponding to a trade-off between vegetative growth and
reproduction. At low elevation, there is more competition between trees (Alexander et al.,
2015; Kunstler et al., 2011), potentially explaining their greater investment in growth than
in reproduction. Conversely, populations growing at higher elevations (Coomes and Allen,
2007) are subject to lower levels of competition and may adopt life history strategies typical
of pioneer species, with a greater investment in reproduction than in growth (Marchand and
Roach, 1980).

Conclusion

The differences in adaptive strategies between growth and reproduction observed here
highlight the importance of investigating the genetic determinism of reproduction together
with other life history traits. These results raise new questions about the life history
strategies adopted by a given species along environmental gradients. In the context of
climate change, assessment of the determinism of reproductive effort in many species
remains a major challenge for ecologists, but one that we must take up if we are to
understand forest regeneration and dynamics. In this context, this study sheds new light on
the local adaptation of forest tree species to environmental changes, and should encourage
further investigations into reproductive traits.
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Figure 1.
Variation in seed production (in seeds.m2) and variation of the mean mass of one acorn (in

g) with elevation in sitv (a and ¢) and with elevation of provenance origin in the common
garden (b and d), respectively. Each dot represents mean annual acorn production or the
mean mass of one acorn of each population estimated overs six years for both experimental
designs. The bars represent the standard errors for each population. Negative binomial
random regression models were used for experiments /7 situand in the common garden for
seed production per m2, and linear mixed-effect models were used for experiments in situ
and in the common garden for mean mass of one acorn.
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Variation of mean annual height (in m) and diameter (in mm) increments between 2011

and 2017 with elevation /n7 situ (a and c) and elevation of provenance origin in the

common garden (b and d). Each dot represents the mean value for the population. The

bars represent the standard errors for each population. Linear mixed-effect models were used
for experiments /n situ for height increment and in the common garden, and a quadratic term
was added for diameter increment i situ.
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Ntot_area

Figure 3.
Genetic correlations between traits measured in the common garden experiment during

the most productive year in acorns (2019) using the coefficient of Spearman. Correlations
between reproductive traits, between growth traits and between growth and reproductive
traits are highlighted in green, purple and orange, respectively.

Niot: Total number of acorns produced | Miot: Total mass of acorns produced in g | M,: Mean
mass of one acorn in g | Ap: Tree diameter increment in mm | Ay: Tree height increment in
M | Niot_area: Total number of acorns produced per square meter.
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Figure 4.

Vagriation of the proportion of reproductive trees with elevation of provenance origin in the
common garden experiment, for all years. The proportion of reproductive trees is assessed as
the percentage of trees producing at least one acorn during the 6 years of measurement. \We
used a generalized linear model (GLM) to regress the percentages against temperature, using
a binomial family, logit link model.
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Table 1
Regression slopes (estimated) and their confidence intervals, estimated for all traits assessed along the
elevation gradient (/7 situ) and in the common garden. The total number of acorns produced (No) and
the total number of acorns produced per unit ground area (Niot_area) /7 Sftvand in the common garden were
regressed against elevation and mean April temperature in a negative binomial random regression model. The
mean mass of one acorn (M,) and the mean annual height (Ay) and diameter (Ap) increments were regressed

against elevation and annual mean temperature in a linear mixed-effect model. The estimates as a function of
elevation are shown per 100 m increase. The standard deviation (SD), confidence interval and the p-value are
indicated for each trait.

Trait Estimate SD p.value
109(Niot-area)/100 m -0.10 [-0.14, -0.07] 0.016 <0.001 Hxx
10g(N¢o)/100 m -0.12 [-0.15, -0.09] 0.015 | <0.001 | **=*
. M,/100 m -0.086[-0.104, -0.067] 0.0095 | <0.001 | ***
Elevation
Ay/100 m -0. 013 [-0. 017, -0. 009] | 0.00212 | <0.001 | ***
quadratic term 0.025 [0.014, 0.036] 0.006 <0.001 [ ***
Ap/100m
linear term -0.47 [-0.66, -0.28] 0.095 <0.001 | ***
In situ

109(Niot-area) 0.23[0.15, 0.32] 0.044 <0.001 | ***

10g(Niot.) 0.25[0.18,0.33] 0.039 <0.001 [ ***

M, 0.22[0.17,0.27] 0.023 <0.001 [ ***

Temperature

Ay 0. 024 [0. 016, 0. 033] 0.004 <0.001 | ***

A quadratic term 0.13[0.07, 0.19] 0.029 <0.001 | ***

D

linear term -2.34 [-3.45, -1.24] 0.566 <0.001 [ ***

10g(Niot-area)/200 m 0.027 [0.009, 0.046] 0.009 0.003 *x

10g(Ntot)/100 m 0.012 [-0.004, 0.036] 0.008 0.14 ns

Elevation M,/100 m 0.10[0.08, 0.12] 0.011 <0.001 | ***
Ay/100 m -0.004 [-0.006, -0. 003] 0.0009 <0.001 [ ***

Ap/100 m -0.16 [-0.20, -0.11] 0.021 <0.001 [ ***

common garden

10g(Ntot-area) -0.054 [-0.09, -0.019] 0.018 0.003 wx

log(Ntot) -0.005 [-0.036, 0.026] 0.016 0.75 ns

Temperature M, -0.28 [-0.33,-0.22] 0.028 <0.001 | ***
Ay 0. 014 [0. 010, 0. 018] 0.002 <0.001 | ***

Ap 0.48[0.38, 0.58] 0.051 <0.001 [ ***

Units for each trait, for elevation and temperature, respectively: log(Ntot-area) in seed.m™2.100 m™L and seed. ocL, Mg in g. 100 mL and g. ocl,

AH in m.year'1.100 mL and m.year'l. "C'l; Ap in mm.year'l.loo mLand mm.year'l. ocl
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Table 2

Regression slopes (estimated) and their confidence intervals, estimated for the proportion of trees producing
acorns assessed in the common garden according to the elevation and annual mean temperature of provenance
of origin. We used a generalized linear model (GLM) to regress the percentages against elevation and
temperature, using a binomial family, logit link model.

Year Estimate SD p.value

Elevation All years 0.08 [0.05, 0.11] 0.015 0.000 il

2014 0.13 [0.08, 0.18] 0.025 0.000 | ***

2015 0.14[0.08, 0.19] 0.029 | 0.000 | ***

2016 0.10 [0.05, 0.15] 0.025 0.000 | ***

2017 0.04 [0.01, 0.07] 0.018 | 0.018 *

2018 0.06 [0.01, 0.11] 0.025 | 0.017 *

2019 0.08 [0.05, 0.12] 0.018 | 0.000 | ***

Temperature | All years | -0.22[-0.30,-0.14] 0.04 0.000 el

2014 -0.30[-0.43,-0.18] | 0.07 0.000 | ***

2015 -0.34[-0.49,-0.20] | 0.07 0.000 | ***

2016 -0.24[-0.37,-0.11] | 0.06 0.000 | ***

2017 -0.12[-0.21,-0.03] | 0.05 0.011 *

2018 -0.14[-0.27,-0.02] | 0.06 0.027 *

2019 -0.23[-0.32,-0.14] | 0.05 0.000 | ***
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