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Abstract

Quantifying the individual reproductive success and understanding its determinants is a central issue in evolutionary research
for the major consequences that the transmission of genetic variation from parents to offspring has on the adaptive potential
of populations. Here, we propose to distil the myriad of information embedded in tree-ring time series into a set of tree-ring-
based phenotypic traits to be investigated as potential drivers of reproductive success in forest trees. By using a cross-
disciplinary approach that combines parentage analysis and a thorough dendrophenotypic characterisation of putative
parents, we assessed sex-specific relationships between such dendrophenotypic traits (i.e., age, growth rate and parameters
describing sensitivity to climate and to extreme climatic events) and reproductive success in Norway spruce. We applied a
full probability method for reconstructing parent—offspring relationships between 604 seedlings and 518 adult trees sampled
within five populations from southern and central Europe. We found that individual female and male reproductive success
was positively associated with tree growth rate and age. Female reproductive success was also positively influenced by the
correlation between growth and the mean temperature of the previous vegetative season. Overall, our results showed that
Norway spruce individuals with the highest fitness are those who are able to keep high-growth rates despite potential growth
limitations caused by reproductive costs and climatic limiting conditions. Identifying such functional links between the
individual ecophysiological behaviour and its evolutionary gain would increase our understanding on how natural selection
shapes the genetic composition of forest tree populations over time.

Introduction

The question whether long-lived forest trees will thrive or
succumb in a changing environment is tightly linked to their
local reproductive dynamics (Petit and Hampe 2006) and, in
particular, to the consequences that the distribution of
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individual fitness has on population evolutionary potential
(e.g., Moran and Clark 2012; Oddou-Muratorio et al. 2018a).
Individual fitness can be expressed in terms of reproductive
success, i.e., the actual number of surviving seedlings pro-
duced by an individual. The distribution of within-population
individual reproductive success ultimately affects next gen-
erations’ allelic frequencies (Gonzdlez-Martinez et al. 2006),
and it is shaped by a complex interaction of local selection,
gene flow and genetic drift (Klein et al. 2008; Oddou-
Muratorio et al. 2018a). Understanding which individuals
have a higher reproductive success, and why, are crucial issues
in evolutionary research (Smouse et al. 1999). In forest tree
populations, the distribution of within-population reproductive
success is usually skewed, with few individuals that over-
whelmingly contribute to the next generation (e.g., Kaufman
et al. 1998; Smouse et al. 1999; Moran and Clark 2012; Piotti
et al. 2012; Leonarduzzi et al. 2016; Gerzabek et al. 2017).
Identifying and modelling the determinants of such unequal
reproductive success is still a challenging task (Klein et al.
2008). In fact, reproductive success is the outcome of the
complex interplay among individual tree features (e.g., phe-
notype, microsite conditions), spatial processes (e.g., seed and
pollen dispersal, environmental heterogeneity) and time-
related processes (e.g., flowering phenology) (Smouse and
Sork 2004; Klein et al. 2008; Oddou-Muratorio et al. 2018a).

The development of adequate genetic and analytical
resources has allowed plant biologists to get reliable esti-
mates of lifetime reproductive success, improving fitness
estimates solely based on individual basic fecundity (i.e.,
the number of pollen grains and seeds produced) (Gerzabek
et al. 2017; Oddou-Muratorio et al. 2018a). Reproductive
success is indeed not a linear function of basic fecundity
(Schoen and Stewart 1986), even if the latter is commonly
used as a proxy for the former in plants (Younginger et al.
2017). Pre- or post-zygotic selection may decouple male
basic fecundity and male reproductive success (Bernasconi
2003). Trade-offs between seed number and quality, as well
as the usually high mortality at the seed and seedling stages,
may decouple female basic fecundity and female repro-
ductive success (Gonzalez-Martinez et al. 2006; Moran and
Clark 2012). Combining genetic data and modelling
approaches to parentage analysis have enabled estimating
individual reproductive success while explicitly modelling
the effect of its determinants (Oddou-Muratorio et al. 2005;
Burczyk et al. 2006; Klein et al. 2008; Moran and Clark
2012) and, simultaneously, accounting for uncertainty in
parentage assignments (Jones et al. 2010).

Modelling approaches to parentage analysis estimate,
among other parameters, the effect of phenotypic variables
on reproductive success (e.g., Burczyk et al. 2006; Oddou-
Muratorio and Klein 2008; Chybicki and Burczyk 2010).
This effect is assessed in terms of selection gradient, defined
as the slope of the regression of individual reproductive
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success against measures of phenotypic traits (Morgan and
Conner 2001). Among the phenotypic traits potentially
linked to individual reproductive success, the effect of tree
size is the most frequently investigated (e.g., Schnabel et al.
1998; Kameyama et al. 2001; Gonzélez-Martinez et al.
2006; Piotti et al. 2009; Leonarduzzi et al. 2016; Chybicki
and Oleksa 2018). In a recent review of 170 studies on
individual fitness in herbs, shrubs and trees, Younginger
et al. (2017) demonstrated that size is a reliable indirect
measure of fitness. However, these authors also highlighted
that using size to quantify individual fitness may be inap-
propriate in age-structured natural populations. In fact, tree
size is basically the product of the age and the growth rate
of a tree (Black et al. 2008; Chybicki and Oleksa 2018), two
commingled variables that are not necessarily highly cor-
related. This shows how carefully selecting the phenotypic
variables to be correlated with reproductive success is cru-
cial to not confound the effect of different processes, such
as aging and tree productivity. While the combined effect of
age and growth rate on reproductive investment has been
previously explored in forest trees (e.g., Viglas et al. 2013;
Davi et al. 2016), their influence on individual reproductive
success has been assessed only in a couple of case studies
(Gonzélez-Martinez et al. 2006; Moran and Clark 2012).
Individual tree age and growth rate can be easily deter-
mined with dendrochronological methods, but the study of
tree rings offers much more interesting opportunities. Tree
rings are natural archives of past environmental informa-
tion, and their morphological and anatomical properties are
influenced by a multitude of environmental and climatic
variables (Carrer et al. 2015). By generating multi-decade to
multi-century time series of individual annual growth, ring-
width data are an exceptional resource to analyse trees’
adaptive responses to climate and environmental stressors
(Evans et al. 2018; Heer et al. 2018). An extensive literature
review across both gymnosperm and angiosperm tree spe-
cies showed that most phenotypic traits, at least under
controlled environmental conditions, have considerable
heritability (Lind et al. 2018) and, therefore, can be linked
to the transmission of genetic variation across generations.
In particular, moderate to high values of heritability were
often found for wood, growth and tree-ring-based traits in
conifers (e.g., Hannrup et al. 2004; Martinez Meier et al.
2008; Steffenrem et al. 2009; Chen et al. 2018). Indeed,
dendrophenotypic traits (i.e., tree-ring-based phenotypes,
sensu Heer et al. 2018) have raised much interest in the
recent literature. They have been correlated to population
genetic parameters calculated on neutral genetic markers
(e.g., King et al. 2013; Latutrie et al. 2015; Babushkina
et al. 2016; Housset et al. 2016; Avanzi et al. 2019) and
used in genotype—phenotype association studies (Heer et al.
2018; Housset et al. 2018; Trujillo-Moya et al. 2018). So
far, only a few studies included single dendrochronological
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traits in models describing parentage relationships (Gonza-
lez-Martinez et al. 2006; Moran and Clark 2012; Oddou-
Muratorio et al. 2018b). Although dendrochronological
analyses permit to quantitatively describe a wide variety of
functional traits (Fonti et al. 2010; Housset et al. 2018), a
comprehensive evaluation of the role that different den-
drophenotypic traits may play on individual reproductive
success of forest trees has never been performed.

The aim of this study was to assess the effects of diverse
dendrophenotypic traits on reproductive success within
natural populations of Norway spruce (Picea abies (L.)
Karst). Stimulated by the approach proposed by Housset
et al. (2018), our individual phenotyping was based on three
classes of dendrophenotypic traits which described: (i) tree
age and individual growth rate, (ii) individual sensitivity to
climate and (iii) individual growth responses to past
extreme climatic events. Eleven dendrophenotypic variables
were calculated for 518 adult trees from five plots. A total of
604 seedlings were collected to estimate the individual
reproductive success of the local adult trees. Then, a full
probability method for parentage analysis fed by genotypes
at biparentally and paternally inherited markers, spatial and
phenotypic data was used to assess the influence of den-
drophenotypic variables on individual fitness, disentangling
potential sex-specific effects on female and male repro-
ductive success. Such relationships were tested by using
two different statistical approaches and their outcomes were
compared to evaluate the robustness of results.

Materials and methods
Study areas and data collection

Five plots from two study areas were sampled. The first
study area is located at the southern margin of the species

distribution within the Campolino Natural Reserve (north-
ern Apennines, Italy). Three plots were established, named
CAML (1475 m a.s.l.), CAME (1615 m a.s.l.) and CAMH
(1730 m a.s.l.) (Table 1). In the second study area, located
in the central part of the species distribution within the
Bavarian National Park (Bohemian Massif, Germany), two
plots were established, named BAVL (730 m a.s.l.) and
BAVH (1300 m a.s.l.) (Table 1). An extensive description
of plot characteristics was provided by Avanzi et al. (2019).
In each plot, all adult trees and a subset of seedlings within
a roughly circular area were sampled, collecting a total of
518 and 604 individuals, respectively (Fig. 1 and Table 1).
Trees were identified as adults based on the presence of
cones in a masting season. Seedlings were collected from
different age cohorts (median basal diameter: 4.7 +4.4 cm;
median height: 30+26 cm; Fig. S1) according to local
densities. Fresh needles were collected from all 1122 sam-
pled individuals for genetic analyses. An increment core
was taken from each adult tree at 1.3 m.

Genetic and dendrochronological characterisation

The genotypes of both adults and seedlings were scored at 11
unlinked nuclear microsatellite loci (Pa05, Pa28, Pa44: Fluch
et al. 2011; SpAGGO3: Pfeiffer et al. 1997; WS0092.A19,
WS0022.B15, WS0016.009, WS00111.K13, WS0023.B03:
Rungis et al. 2004; EATCIEO03, EATC2GO05: Scotti et al.
2002) and three chloroplast microsatellite loci (Pt26081,
Pt63718, Pt71936: Vendramin et al. 1996). The genetic
dataset of adult trees was already presented in Avanzi et al.
(2019), where a detailed description of laboratory procedures,
the results of the analyses to assess the reliability of the
microsatellite marker set as well as the description of the
standard dendrochronological methods for processing incre-
ment cores were provided. For 36 trees, increment cores were
not analysed because of the high number of fractures or

Table 1 Characteristics of the

. . CAMH CAME CAML BAVH BAVL
five Picea abies plots.

Country Italy Italy Italy Germany Germany

Coordinates (°) 44 °06 44 °06’ 44 °07' 49°05 04" N 49°05' 55" N
36" N 47" N 07" N 13°17" 06" E 13°13’' 39" E
10 °39 10 °39’ 10 °40’
44" E 47" E 18" E

Elevation (m a.s.l.) 1730 1615 1475 1300 730

Mean temperature (°C) 4.81 5.35 6.19 2.84 5.92

Mean precipitation (mm) 1937.14 1905.99 1762.30 1140.58 933.12

Area (ha) 0.25 0.83 1.95 0.38 1.46

Conspecific density (ind ha™!) 648 127 28 263 68

Number of adults genotyped 159 105 54 100 100

Number of seedlings 148 100 63 145 148

genotyped

Number of adults phenotyped 156 102 52 98 74

SPRINGER NATURE
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missing segments (Table 1). Cross-dated tree-ring width
(TRW) time series were converted to basal area increment
(BAI) time series with the function bai.in of the R package
dpIR (Bunn 2008; R Core Team 2019). BAI better represents
the absolute growth rate of stemwood biomass with respect to
TRW measures (Hember et al. 2015) and it is less influenced
by geometric constraints determined by the age-related
increase of stem circumference (Biondi and Qeadan 2008).
In addition, TRW time series were standardised by applying a
spline function with a 50% frequency response of 20 years
using the program ARSTAN (Cook and Kairiukstis 1990).
Standardised tree-ring index (RWI) time series were succes-
sively used in the growth-climate correlation analysis.

Dendrophenotypic and spatial variables

For all adult trees, 11 dendrophenotypic and three spatial
variables were measured (Table 2) to assess their effect on
individual reproductive success as female and male parents.
Dendrophenotypic variables were grouped into three classes
of traits which describe (i) individual age and growth rate,
(i1) individual sensitivity to climate and (iii) individual
growth responses to past extreme climatic events.

SPRINGER NATURE

Individual tree age was estimated as the count of rings of
each tree, while individual growth rate was expressed as the
average BAI of the entire series.

Climate sensitivity was expressed in terms of individual
growth-climate correlation coefficients. A growth-climate
correlation analysis was performed using climatic data of the
1901-2013 period, derived from the CRU TS V.4.0 database
(Harris et al. 2014). CRU data of the grid point closest to
each study area were corrected for spatial coordinates and
elevation of each plot using the software ClimateEU v.4.63
(Hamann et al. 2013). Each RWI time series was correlated
against mean temperature and total precipitation of the pre-
vious vegetative season (from April to October of the pre-
vious year) (Prevr, Prevp), the winter season (from
November of the previous year to March of the current year)
(Winty, Wintp) and the current vegetative season (from April
to October of the current year) (Curry, Currp).

Growth responses to past extreme climatic events were
expressed in terms of resistance, recovery and resilience
(Lloret et al. 2011). In this framework, resistance (Rt) mea-
sures tree growth reduction during the extreme episode;
recovery (Rc) measures tree growth increase after the extreme
episode; resilience (Rs) measures the capacity of the tree to
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Table 2 List of dendrophenotypic and spatial variables (and their abbreviations) investigated in this study as potential determinants of reproductive success.

Male selection gradient

Female selection gradient

Definition

Variable

ﬂAgc

VAge

Total tree age

Age
BAI

ﬂBAI

VBAI

Average individual basal area increment

ﬂ PrevT

Correlation between individual RWI time series and mean temperature of previous vegetative season YPrevT

Prevy

ﬂ 'WintT

YWintT

Correlation between individual RWI time series and mean temperature of winter

Wil’lt’r

ﬂ 'CurrT

YCurrT

Correlation between individual RWI time series and mean temperature of current vegetative season

Currp

ﬂ PrevP

VPrevP

Correlation between individual RWI time series and total precipitation of previous vegetative season

Prevp

ﬂ 'WintP

YWintP

Correlation between individual RWI time series and total precipitation of winter

Wil'ltp

ﬂ 'CurrP

YCurrP

Correlation between individual RWI time series and total precipitation of current vegetative season

Currp

ﬂRl2003

VRt2003

Resistance to 2003 summer drought, expressed as the ratio between drought and pre-drought growth

Ritooo3

ﬁRcZO(B

VRc2003

Recovery to 2003 summer drought, expressed as the ratio between post-drought and drought growth

Reans

ﬁ 'Rs2003

VRs2003

Resilience to 2003 summer drought, expressed as the ratio between post-drought and pre-

drought growth

Rso003

/}Dcnl()

VDenl10

Number of conspecific adult trees in a neighbourhood of 10-m radius around each individual

Denm

ﬁDenZ()

Y Den20

Number of conspecific adult trees in a neighbourhood of 20-m radius around each individual

Denz()

ﬂCentr

Y Centr

Centrality index

Centr

reach pre-episode growth levels. As spruce is highly influ-
enced by the summer water deficit of the current growing
season (Lebourgeois 2007), all these indices were calculated
on BAI time series for year 2003 (Rtygoz, Reogoss Rsoooz),
when Europe experienced one of the hottest and driest sum-
mer over the last centuries (Fink et al. 2004). Such extreme
climatic conditions occurred also in our study areas, where
summer temperatures were, on average, 3 °C above the mean
values calculated for the 1901-2013 period, while precipita-
tions were 37% below (Fig. S2a, b, respectively). All indices
were calculated with the res.comp function of the R package
pointRes (van der Maaten-Theunissen et al. 2013) using a
‘reference period’ of four years before and after the 2003
extreme climatic event (Fig. S2c).

In addition, three spatial variables often used as covariates
of reproductive success in parentage-based studies were cal-
culated for each adult tree (Table 2). Conspecific local density
was calculated as the number of adult trees found in a 10- and
20-m radius around each adult individual (Den;y and Denyy,
respectively). A centrality index (Centr) was calculated to take
into account a potential ‘edge-effect’, i.e., trees on borders
may exhibit lower densities because individuals outside the
plot were not sampled. Centr was expressed as the shortest
distance between each tree and the borders of the polygon
representing the convex hull (drawn using chull function in R)
of the set of tree locations in each plot.

Reconstruction of seedling genealogies and
estimation of individual reproductive success

The seedling neighbourhood model (Burczyk et al. 2006), as
implemented in the NMmn software (Chybicki 2018), was used
to reconstruct seedling genealogies (i.e., their most likely
mother and father, comprising unsampled individuals). Seed
and pollen immigration rates, self-pollination rate, genotyping
errors and seed and pollen dispersal kernel parameters were
simultaneously estimated while accounting for both multi-
locus genotypes and spatial positions of adults and seedlings.
The dispersal process was modelled through an exponential-
power kernel. The gender (“femaleness”) of the putative
parents was set to 0.5 as Norway spruce is a hermaphrodite
species. Analyses were performed on the entire dataset, set-
ting the neighbourhood size to 215m (i.e., the maximum
within-plot pairwise spatial distance between individuals) to
model the dispersal process at the neighbourhood level. Seed
and pollen immigration rates, genotyping errors, self-
pollination rate and seed and pollen dispersal kemel para-
meters were estimated following the step-wise approach
described in the NMn manual (Chybicki 2018). The resulting
most likely genealogies for each seedling were used to cal-
culate female and male individual reproductive success,
expressed as the sum of gametes sired by each tree through its
maternal and paternal function, respectively.

SPRINGER NATURE
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The effect of dendrophenotypic and spatial
variables on individual reproductive success

Two different approaches were used to assess the effect of
dendrophenotypic and spatial variables on female and male
individual reproductive success.

In the first approach, the effect of covariates on repro-
ductive success was assessed by including standardised
dendrophenotypic and spatial variables as selection gra-
dients in the neighbourhood model. Since the model did not
converge including all selection gradients (14 y parameters
and 14 p parameters for female and male effect, respec-
tively; Table 2), we used an alternative strategy to the
classical backward procedure based on excluding the least
significant variable and refitting the model. A first series of
28 models was run including only one selection gradient at
a time. This step aimed at ranking female and male selection
gradients based on their fits in terms of the Akaike infor-
mation criterion of the model. Based on such ranking, a
second and a third series of models were run adding
sequentially female and male selection gradients, respec-
tively. Each selection gradient was retained in the model
when it improved the model fitting. Model comparison was
made according to likelihood ratio test, based on the like-
lihoods of the competing models (Chybicki 2018). A model
including all the retained female and male selection gra-
dients was run to obtain final parameter estimates.

In the second approach, the effect of covariates on
reproductive success was assessed a posteriori through
classical statistical modelling. The estimates of female and
male individual reproductive success (y and ¢, respectively),
obtained by running the neighbourhood model without
selection gradients, were regressed against den-
drophenotypic and spatial variables. Such modelling
approach permitted to evaluate the effect of each single
variable ceteris paribus (i.e., isolating its relative contribu-
tion while holding constant the effect of the other variables).
In order to properly account for overdispersion, a GLM with
a negative binomial error distribution was fitted. The fest-
Zerolnflation function of the R package DHARMa (Hartig
2019) was used to compare the observed number of zeros
with those expected from 1000 simulations of the model,
and it allowed us to exclude zero inflation in the dataset.

The starting model was the following:

W, ~ Plot + Age + Age? + BAI + BAI” + Rtroo3+

Rcogo3 + Rsyoos + Prevy + Winty + Currr + Prevp+
Wintp + Currp + Denyg + Denyy + Centr + ¢

(1)

where the site (Plot) was considered as a categorical
variable, whereas all the other variables as quantitative
covariates. Quadratic terms for both tree age (Agez) and

SPRINGER NATURE

average BAI (BAI?) were included in the model to test for
non-linear effect of these variables on reproductive success.
All explanatory variables were centred and scaled. Analyses
were performed by using the glm.nb function of the R
package MASS (Venables and Ripley 2002). To avoid
collinearity problems, variance inflation index (VIF) was
calculated for each variable of (1) using the R package car
(Fox and Weisberg 2011). The variable with the highest
VIF was sequentially dropped from the model until all
variables had VIF values <3 (Zuur et al. 2010). This
procedure led to the exclusion of Rs,pp; and Den,y from
both models of female and male reproductive success. After
this first step, model averaging with Bayesian information
criterion (BIC) was performed to account for model
uncertainty and to reduce parameter estimation bias
(Burnham and Anderson 2002) through the R package
MuMIn (Barton 2018). Alternative models with all possible
combinations of the considered variables were built using
the dredge function. The site variable (Plot) was arbitrarily
forced to be always included in each alternative model.
Model comparison was based on BIC, by selecting models
with Agic < 10 (Aho et al. 2014). On this subset of models,
model averaging based on model weights was performed
using the model.avg function to obtain averaged standar-
dised conditional coefficients.

Both methods have advantages and drawbacks. Briefly,
the neighbourhood model has the major advantage to
simultaneously estimate selection gradients together with all
other model parameters (Burczyk et al. 2006), thus limiting
the propagation of error possibly linked to a two-step ana-
lysis. On the other hand, as the neighbourhood model is
based on a maximum-likelihood estimation of parameters, it
might fail to converge when the number of parameters is too
large with respect to available data. Moreover, the soft-max
regression approach implemented in NMn is generally
efficient to infer the effect of covariates on reproductive
success (Chybicki 2018) but less flexible than an ad-hoc
built model. For example, modelling the effect of pheno-
typic traits on reproductive success through a GLM would
allow to better describe error distributions, to implement
model averaging strategies to reach more robust parameter
estimates, and to increase model complexity when this is
profitable (e.g., as in multi-site comparisons or in experi-
ments based on a factorial design).

Results
Dendrophenotypic traits
The five plots were characterised by different age structures

(Fig. S3a). In CAMH and CAML, 81% and 64% of trees
were <60 years, with a median age of 42 and 53 years,
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respectively. In the other three plots, the percentage of trees
<60 years was markedly lower (CAME: 16%; BAVH: 3%;
BAVL: 20%) and the median age >100. The distributions of
individual average BAI were similar among Italian plots.
The lowest average BAI was recorded in BAVH (766 mmz),
while BAVL was characterised by the highest growth rate
(2643 mmz) and the largest standard deviation (Fig. S3b).

Growth-climate correlations were globally low, with
mean Pearson’s correlation coefficients of 0.014 and 0.018
for temperature and precipitation responses, respectively
(Fig. S3c—h). Correlation values showed a wide range of
individual growth responses to temperature and precipita-
tion. For instance, individual growth responses to pre-
cipitation of the current vegetative season ranged from
—0.774 to 0.552.

Large inter-individual variation was also associated to
the indices describing growth responses to the 2003 summer
drought (Fig. S3i—k). Almost all trees from the German
plots exhibited a growth decline (89% and 91% of trees
with Rt <1 in BAVH and BAVL, respectively) while trees
from the Italian plots were generally less affected by the
2003 summer drought (54%, 61% and 67% of trees with Rt
<1 in CAME, CAML and CAMH, respectively) (Fig. S3i
and Table S1). In the four years following the 2003 summer
drought, trees from the German plots grew less, on average,
with respect to the pre-drought period (Supplementary Fig.
S3k and Supplementary Table S1).

Individual reproductive success

A local mother tree was assigned to 296 out of 604 seed-
lings (49%), while 79 seedlings (13%) were assigned to a
local father. Seedlings with both parents, one parent and no
parents assigned within the plot were 79 (13%), 217 (36%)
and 308 (51%), respectively. Within-plot distributions of
individual reproductive success were highly skewed (Fig.
S4). The percentages of trees producing >2 gametes were
5% in CAMH and BAVH, 9% in CAML and 13% in
CAME and BAVL. A posteriori probabilities of the first
most likely genealogy were generally much higher than
those of the second most likely genealogy (Fig. S5), indi-
cating the robustness of the marker set used for recon-
structing genealogies. Such robustness was expected as the
exclusion probabilities jointly calculated on nuclear and
cytoplasmic markers using the software Famoz (Gerber et al.
2003) were 0.9997 for single parents and 0.9999 for
parent pairs.

Determinants of female and male individual
reproductive success

The neighbourhood model parameters estimated without
selection gradients were highly consistent with those of the

model run including selection gradients and, therefore, only
the latter were presented (Table S2). Seed and pollen
immigration rates were 0.461 (+0.025) and 0.755 (+0.029),
respectively. Estimates of genotyping error rates were low,
ranging from 0 to 0.085, with an average value of 0.040.
Self-pollination rate did not improve the likelihood of the
model and, therefore, it was treated as a fixed parameter by
using the default value in NMn (s =0.01). The inverse of
the average seed dispersal distance (1/6;) was 0.026
(x0.002) indicating an average seed dispersal distance equal
to 38.5m (Clgsq, 33.3-45.4m). On the other hand, the
inverse of average pollen dispersal distance (1/5,) was not
significantly different from O and its inclusion did not
improve the likelihood of the model. Thus, it was treated as
a fixed parameter by using the default value in NMn (1/6, =
0). Adding the shape parameters of both seed and pollen
dispersal functions did not improve the likelihood of the
model as well and, therefore, they were treated as fixed
parameters by using the default value in NMn (by = b, = 1).
This led us to simplify the dispersal model from an expo-
nential power to an exponential function. The over-
simplification of the pollen dispersal function might be due
to the relatively low number of local dispersal events
detected, which is a known drawback in modelling repro-
ductive success in highly outcrossing species (see Gonzélez-
Martinez et al. 2006).

An overview of the effects of all the investigated den-
drophenotypic traits on reproductive success was provided in
Fig. 2. In the first approach used to assess the effect of den-
drophenotypic traits on individual reproductive success,
which was based on estimating selection gradients within the
neighbourhood model, female reproductive success was
positively influenced by age (yag = 0.312£0.098), average
BAI (ygar=0.231+£0.054) and growth-climate correlation
with the mean temperature of the previous vegetative season
(7prevT = 0.207 £ 0.079), while it was negatively influenced by
resilience (yrgo3 = —0.364+0.111) (Table 3 and Fig. 2).
Male reproductive success was positively influenced by age
(Bage =0.792£0.236), growth-climate correlation with the
precipitation of the previous vegetative season (fpe,p = 0.637 £
0.200) and average BAI (figa; =0.416 +0.127) (Table 3).

In the second approach used, which was based on
modelling the effect of covariates on reproductive success
through a GLM, female individual reproductive success was
positively associated with average BAI (BAI =0.238) and
growth-climate correlation with the mean temperature of the
previous vegetative season (Prevy=0.212) while it was
negatively associated to the growth-climate correlation with
winter precipitation (Wintp = —0.271) (Fig. 2, Fig. S6 and
Table 4). In addition, female reproductive success had a
downward quadratic dependency on age (Age=0.615,
Age? = —0.319) which reached its maximum at ~160 years
(Fig. S6a). Male individual reproductive success was
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Neighbourhood Model Generalized Linear Model

% J ¢ d

Age
Age2
BAI
BAI?
Prevt
WintT
Currg
Prevp
Wintp
Currp
Rtooo3
Rcz003

SEPNY  —0.364

Den10
Den20
Centr

Fig. 2 Comparison of the results of the two methods applied to
assess the effect of dendrophenotypic and spatial variables on both
female and male reproductive success. Red boxes indicate that the
variable has a significant and positive effect, while blue boxes that it
has a significant and negative effect. The magnitude of such effect is
reported inside the box, and it is expressed in terms of selection gra-
dients for the neighbourhood model and averaged coefficients for the
generalised linear model (GLM). All reported coefficients are
expressed in standard deviation units, so that they are comparable
within method. Striped boxes indicate that the variable has not been
included as a selection gradient in the neighbourhood model or that it
has been removed from the GLM because of collinearity (VIF>3;
Zuur et al. 2010).

Table 3 Selection gradients expressed as the slopes of the regression
of phenotypic traits against female (y parameters) and male (f
parameters) individual reproductive success.

Parameter Estimate s.e. 95% CI

Vage 0.312 0.098 0.119, 0.505
YBAI 0.231 0.054 0.126, 0.337
YR$2003 —0.364 0.111 —0.582, —0.146
YProvT 0.207 0.079 0.052, 0.363
Bage 0.792 0.236 0.329, 1.255
Prar 0.416 0.127 0.166, 0.665
Prrevp 0.637 0.200 0.245, 1.028

Only selection gradients that were statistically significant in the final
run of the neighbourhood model were reported.

positively associated to age (Age =0.765), while it was
negatively associated to growth-climate correlation with the
mean temperature of the current vegetative season (Curry =
—0.336). (Fig S6 and Table 4). BAI had only a marginal
effect on male reproductive success (BAI=0.265; P=
0.106). The site factor (Plotf) was statistically significant in
both models, indicating differences among plots in the mean

SPRINGER NATURE

female and male individual reproductive success (Table 4).
Including the site factor in the models allowed us to
explicitly account for such differences while estimating the
effect of the other covariates. Almost identical results were
obtained when GLM analyses were run by using den-
drophenotypic and spatial variables standardised at the plot
level (Fig. S7), indicating that differences among plots were
correctly taken into account in our modelling approach.

Discussion

Influence of growth rate and age on reproductive
success

Reproduction is costly and tends to reduce vegetative
growth in plants, at least for a limited period of time (e.g.,
Obeso 2002; Petit and Hampe 2006). For example, masting
years were found to be associated with both reduced dia-
meter (Eklund 1957; Pukkala 1987) and tree ring width (Eis
et al. 1965) in conifers. By analysing >6000 silver fir trees
at the individual level, Davi et al. (2016) found that a higher
cone production was associated with a lower radial growth
rates in the previous years. From an evolutionary point of
view, it is of the utmost importance to understand how
different individuals cope with such reproductive costs not
only in single reproductive seasons but throughout their
lifetime to maximise their reproductive success (Barringer
et al. 2013). Our understanding of the link between indi-
vidual growth and reproductive success is still limited and,
to date, only a few studies have collected the genetic and
dendrochronological data required to study this relationship
through parentage analysis (Gonzalez-Martinez et al. 2006,
Moran and Clark 2012; Oddou-Muratorio et al. 2018b). A
hump-shaped relationship between growth rate and female
reproductive success was observed in red oaks by Moran
and Clark (2012), leading these authors to hypothesise the
existence of a trade-off between growth rate and repro-
ductive success. A trade-off between growth and repro-
ductive investment has often been found in plants (e.g.,
Obeso 2002). However, in tree species, significant trade-
offs may not be observed due to their capability to store and
mobilise resources as a buffer against energy depletion in
years of high reproductive output and/or stressful environ-
mental conditions (Barringer et al. 2013). Nevertheless,
most studies on reproductive costs are based on limited time
periods while uncovering the link between growth and
reproductive dynamics in trees would require gathering
long-lasting temporal data spanning multiple reproductive
events (Barringer et al. 2013; Hacket-Pain et al. 2019).
Our findings, based on the reconstruction of the repro-
ductive dynamics of 518 Norway spruce trees over multiple
reproductive events, indicated no evidence of a possible
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Zg:}gc‘i‘erﬁ;/il%leigtisrznglfffs; ((i:t Female reproductive success Male reproductive success

of dendrophenotypic and spatial  Variable Estimate s.e. Z P (>lzl) Estimate s.e. Z P (>lzl)

variables on both female and

male individual reproductive Intercept —0.942 0.364 2.586 0.010 —3.974 0.720 5.508 <0.001

Success. Age 0.615 0.197 3.120 0.001 0.765 0.241 3.166 0.001
Age? —0.319 0.124 2.573 0.010 -0.212 0.208 1.020 0.308
BAI 0.238 0.101 2.353 0.019 0.265 0.163 1.618 0.106
BAI® 0.028 0.025 1.099 0.271 0.004 0.054 0.065 0.948
Prevr 0.212 0.099 2.127 0.033 —0.161 0.162 0.987 0.323
Winty —0.112 0.117 0.956 0.339 0.233 0.180 1.294 0.195
Curry 0.116 0.112 1.028 0.304 —0.336 0.157 2.138 0.033
Prevp 0.034 0.123 0.280 0.779 0.171 0.179 0.955 0.340
Wintp —0.271 0.108 2.509 0.012 0.030 0.171 0.175 0.861
Currp 0.135 0.114 1.187 0.235 —0.042 0.175 0.243 0.808
Rtyo03 —0.104 0.125 0.835 0.404 0.046 0.155 0.296 0.767
Rcogo3 —0.010 0.098 0.098 0.922 —0.147 0.195 0.752 0.452
Rs2003
Den,q —0.159 0.171 0.924 0.355 0.306 0.230 1.330 0.184
Deny
Centr 0.099 0.103 0.965 0.334 0.090 0.166 0.542 0.588
Plotcamn 0.447 0471 0.946 0.344 2.517 0.981 2.561 0.010
Plotcame 0.555 0.363 1.525 0.127 2472 0.673 3.667 <0.001
Plotcamr 0.663 0.474 1.398 0.162 1.851 0.954 1.936 0.053
Plotgavy 0.422 0.456 0.923 0.356 1.839 0.726 2.527 0.012

Coefficients are in boldface if the 95% confidence interval (95% CI) does not overlap zero. The estimates
relative to the plot factor were calculated using BAVH plot as reference level.

trade-off between growth rate and reproductive success. We
indeed showed that faster growing individuals have pro-
duced a larger number of surviving offspring, both through
their female and male function. Similar conclusions were
reached by studies that evaluated the relationship between
cone crop size and radial growth in Norway spruce (Seifert
and Miiller-Starck 2009; Hacket-Pain et al. 2019). These
authors discussed their results in the light of alternative
hypotheses on Norway spruce mast seeding behaviour, and
they concluded that ‘resource switching’ (i.e., resources are
diverted from vegetative growth with a reduction of wood
increment in years of high seed production; Kelly 1994)
likely happens only during years of unfavourable resource
assimilation. On the other hand, growth rate would not be
affected when conditions were not limiting even with the
additional costs of producing reproductive structures.
Although our data did not allow us to track the reproductive
costs at specific years or masting events, the positive rela-
tionship between growth rate and reproductive success
found in our study clearly showed that, although resources
might be switched depending on the intensity of repro-
duction, this had little impact on the lifetime growth rate of
reproductively dominant trees. In fact, these individuals
could have better compensated reproductive costs by
increasing their resource intake and/or through other

compensatory mechanisms (Tuomi et al. 1983; Obeso
2002). Indeed, the positive relationship found in our study
between Prevy and reproductive success goes exactly in this
direction, as discussed in the next section.

As for growth rate, age was rarely included as covariate
of reproductive success in parentage-based studies. We
found that age was significantly associated with both female
and male reproductive success, but with substantial differ-
ences among sexes. In fact, the relationship was positive
and linear for father trees, while it was hump-shaped for
mother trees, as female reproductive success started to
decrease around ~160 years. In red oaks, Moran and Clark
(2012) reported a similar age-related trend for female
reproductive success, showing that it declined beyond ~100
years. Even though sex allocation theory predicts that, in
general, plants should allocate more to the female function
with increasing age/size (Freeman et al. 1980; Charnov
1982; Lloyd and Bawa 1984; de Jong and Klinkhamer
1989), older/taller individuals tend to allocate more to the
male function in wind-pollinated species (Burd and Allen
1988; Fox 1993). In fact, wind-mediated pollen dispersal
becomes more effective for dominant trees, while the
chance of seedling establishment in their neighbourhood
likely decreases as competition with local offspring
increases (Lloyd and Bawa 1984). Reproductive senescence
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associated to the female function might be alternatively
interpreted as a consequence of an age-related reduction of
the seed crop due to the higher costs of seed vs. pollen
production (Sato 2004), although there is mixed evidence
for such age-related decline of reproductive output in con-
ifers (e.g., Silvertown et al. 2001; Viglas et al. 2013).
Finally, another possibility to partially explain the hump-
shaped relationship between age and female reproductive
success is that the estimates of reproductive success of the
oldest trees were influenced by the demographic dynamics
of the population (e.g., their progenies are now in the adult
class and/or have been filtered out to a larger extent).
However, it should be noted that the confidence interval of
the relationship between age and reproductive success was
large in the final part of the curve, as there were few spruces
>160 years in our plots. However, studying age-related
trends in natural populations inherently implies to deal with
such heteroscedasticity issues.

The influence of climate sensitivity to previous year
temperature on reproductive success

Among the dendrophenotypic variables that describe indi-
vidual climate sensitivity, Prevy was the only one that was
significantly and positively associated to female reproduc-
tive success. Considering that average Prevy was slightly
negative, such positive relationship means that those trees
that have responded less negatively to the mean temperature
of the previous vegetative season have produced more
offspring. Although Norway spruce has a very large among-
site variation in its responses to climate (Makinen et al.
2002; Lebourgeois 2007), an average negative climate-
growth correlation with the mean temperature of the pre-
vious vegetative season has often been documented (e.g.,
Miina 2000; Makinen et al. 2002; Carrer et al. 2012). In
boreal trees, such negative correlation can be partly
explained by the fact that high temperatures during the latter
part of the previous summer promote intense flowering
during the following vegetative season (Tirén 1935;
Lindgren et al. 1977; Pukkala et al. 2010) and that sig-
nificant growth reduction can be associated to masting years
(e.g., Chalupka et al. 1975; Pukkala 1987). However, it is
essential to highlight that growth-climate correlations were
generally calculated at the population level, thus preventing
to depict the entire range of individual climatic responses
(Carrer 2011). When such climatic responses were investi-
gated at the individual level, a large inter-individual varia-
tion was found (Carrer 2011; Avanzi et al. 2019). Among
this wide spectrum of climatic responses, our results pointed
out that those mother trees that better handle potential
growth limitations due to the temperature of the previous
vegetative season were the most successful in terms of fit-
ness. Keeping high growth rates despite potentially limiting
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conditions might represent a strategy to compensate repro-
ductive costs, pursued by an increased resource intake or the
mobilisation of stocked resources (Tuomi et al. 1983; Obeso
2002; Barringer et al. 2013).

Dendrophenotypic traits showing no or inconsistent
effect on reproductive success

Although Norway spruce is characterised by a large among-
site variation in its responses to climate-related limiting
factors (LevaniC et al. 2009), several pieces of evidence
showed that the temperature of the current vegetative sea-
son, as well as the water supply of the previous year, are
relevant for radial growth dynamics (e.g., Biintgen et al.
2006; Lebourgeois 2007; Carrer et al. 2012; Kolar et al.
2017). We indeed found a slightly positive correlation
between growth and both temperature of the current vege-
tative season (Currr) and precipitation of the previous one
(Prevp) at the population level. Nevertheless, neither Curry
nor Prevp had a significant effect on individual reproductive
success consistently across the two approaches used. Con-
trary to Prevr, literature on the reproductive dynamics of
Norway spruce did not highlighted functional links between
these responses to climate and the reproductive output, and
our results confirm that the most important climatic drivers
of growth do not necessarily affect the reproductive cycle
from cone production to the survival of progenies.
Besides evaluating the effect of seasonal responses to
climate, this study also aimed to assess the relationship
between individual fitness and growth responses to extreme
climatic events. Recent association genetics studies inves-
tigated the relationships between potentially adaptive
genetic variation and growth responses to extreme climatic
events in conifers, raising the attention on such den-
drophenotypic traits (Evans et al. 2018). A few candidate
genes were found to be associated to growth responses to
drought (Heer et al. 2018; Housset et al. 2018; Trujillo-
Moya et al. 2018). In particular, two candidate genes were
found to be exclusively associated with resistance and
resilience to the 1976 drought episode that heavily affected
silver fir in Central Europe (Heer et al. 2018). In light of this
evidence, we used growth responses to the 2003 drought
episode, the only one encompassed by all the adult trees of
our study, to describe individual capacity to cope with
extreme climatic events. Our results showed that Rtyggs,
Reyg; and Rsygg3 were not associated with reproductive
success consistently across the two approaches used, thus
apparently indicating that trees that better coped with such
intense drought episode did not have reproductive advan-
tages. This might be partially explained by the fact that trees
are generally little affected by episodic drought, as they use
stored resources as a buffer against energy depletion in
stressful years (Barringer et al. 2013). Nevertheless, a
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greater frequency of drought episodes is expected to reduce
tree resilience by reducing the reserves they used to cope
with such stressful episodes (Lloret et al. 2011). In this
regard, our dataset offers limited opportunities due to the
high frequency, in some of the study plots, of relatively
young adult trees that could not have experienced multiple
stressful events. A research designed to investigate the
effect of recurrent stressful events should be necessarily
focused on old growth forests or long-lived individuals
growing in environmental limiting conditions.

Final remarks and future directions

Combining parentage analysis with the dendrophenotypic
characterisation of putative parents has offered the unique
opportunity to link forest trees’ growth performances and
their evolutionary gains. To our knowledge, this is the first
attempt to apply this analytical framework with such a
thorough and multidimensional phenotypic characterisation,
comprising the dendrophenotypic traits deemed as most
relevant to the potential adaptation of conifers to climate
change (Housset et al. 2018). Obtaining direct measures of
fitness is resource- and time-consuming (Younginger et al.
2017) and investigating their phenotypic determinants only
provides idiosyncratic evidence if the study is not properly
replicated. Gathering results on replicated sites is the only
way to move from case-study evidence towards a general-
isation at the species level. Here, we presented a detailed
investigation of potential phenotypic determinants of the
reproductive success of 518 trees in five Norway spruce
natural populations. By embracing the change in perspec-
tive suggested by dendrochronological literature to switch
from a classical population-based approach to a deep
individual-based exploration of growth dynamics (Carrer
2011; Galvan et al. 2014; Biintgen 2019) and recent indi-
cations suggesting to move beyond the search for single
traits targeted by selection (Bontemps et al. 2017; Young-
inger et al. 2017), a large set of dendrophenotypic traits
were tested against reproductive success. The main findings
of our work coherently suggest that, regardless the number
of reproductive seasons they have been through, Norway
spruce individuals with the highest fitness were those
keeping general high growth rates, in particular when
temperature of the previous vegetative season might be
limiting. The genetic and dendrochronological data used in
our study are a convenient choice to carry out such a large
scale investigation of the effect of growth traits on repro-
ductive success. However, rapid technical advances will
make feasible to get a detailed genomic and den-
droanatomical characterisation of hundreds of trees. Com-
bining genomic and high-throughput phenotypic data will
allow to deepen our understanding of the functional link
between the genotype and phenotype into an evolutionary

perspective. Despite potential future refinements, we deem
that the approach presented here will prove one of the most
promising strategy to boost our knowledge on the processes
underlying the transmission of genetic information across
generations in forest trees.
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