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A B S T R A C T   

Understanding how functional traits affect plant performance and fitness is a key step in unravelling the role of 
natural selection in shaping the evolutionary trajectory of populations. We examined early-age selection acting 
on leaf traits via their effects on growth performance and fitness, measured in Eucalyptus ovata trees planted in a 
common-garden field trial embedded in a reforestation planting in Tasmania, Australia. We focused on two 
important leaf traits - stomatal length and specific leaf area (SLA) - measured two years after planting, and 
compared interplanted E. ovata groups originating from dry and wet home-site climates, with the trial site having 
intermediate long-term mean annual rainfall. Two-year height growth was used as the performance attribute, 
and the time-averaged tree survival over the subsequent six years as the fitness component. There was evidence 
for performance-based selection on the leaf traits, with the strength and form of selection depending on the trait 
and climate group being considered. In this sense, selection in the dry group operated mainly on stomatal length 
where a combination of directional (favouring longer stomata) and stabilizing selection was detected, whereas 
selection in the wet group acted only on SLA and was purely stabilizing. Estimates of performance-based 
correlational selection were not statistically significant. For both climate groups, estimates of fitness-based se-
lection gradients provided evidence for significant directional (but not quadratic) selection on height perfor-
mance, favouring individuals with faster growth, but did not indicate statistical support for direct effects of the 
leaf traits on tree survival, conditional on measured performance. These results validated qualitative inferences 
of selection from the performance-based analysis, and suggested that selection on the leaf traits appeared to be 
mediated by their effects on early-age height performance, which in turn directly influenced later-age survival. 
We discuss the mechanisms by which the focal traits may have affected height performance, and likely factors 
contributing to the different patterns of phenotypic selection observed in the two groups experiencing the same 
environment. We also provide expressions of analytical derivatives that were developed for the estimation of 
selection gradients based on a logistic regression model relating a binary fitness response to linear and nonlinear 
covariate terms for the target regressor variables.   

1. Introduction 

Understanding how plant functional traits affect fitness is a key focus 
of studies aimed at unravelling the role of natural selection in the evo-
lution of population and species differences (Geber and Griffen, 2003; 
Kingsolver and Huey, 2003). While such studies require integration 
across multiple fields (such as evolutionary biology, genetics, functional 
ecology and ecophysiology), the identification of the functional traits 
under natural selection is an important first step (Geber and Griffen, 
2003). The pathways linking a functional trait to individual fitness may 

be complex (Arnold, 1983; Franklin and Morrissey, 2017; Franklin et al., 
2018), and often ambiguous as the direct effects of selection on a focal 
trait may be confounded with the indirect effects from selection on other 
(omitted) phenotypically correlated characters (Caruso et al., 2020; 
Geber and Griffen, 2003; Lande and Arnold, 1983; Mitchell-Olds and 
Shaw, 1987; Walsh and Lynch, 2018). The effects of natural selection 
may be linear (directional selection) and/or non-linear in form (Lande 
and Arnold, 1983). Nonlinear selection may involve quadratic selection 
(e.g. stabilizing or disruptive selection) on single traits and correlational 
selection on pairs of traits, the latter indicating that selection on a focal 
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trait is dependent on its interaction with another trait (Lande and 
Arnold, 1983; Svensson et al., 2021; Walsh and Lynch, 2018). Selection 
may vary across space, time and environment (e.g. Carvalho et al., 2022; 
Dudley, 1996; Kingsolver et al., 2012; Siepielski et al., 2009). It may also 
differ between populations subjected to the same selection pressures 
(Costa e Silva et al., 2021; Donovan et al., 2009; Dudley, 1996; Etterson, 
2004), which may in part reflect how close the multivariate phenotypes 
in the studied populations are to optimal fitness for the environmental 
conditions experienced (Colautti and Lau, 2015; Hendry, 2017; Walsh 
and Lynch, 2018). 

Natural selection on a multivariate phenotype is usually quantified 
using fitness-based selection gradients. These selection parameters are 
estimated by regressing relative fitness (or a fitness component, such as 
survivorship or fecundity at a given period of the life cycle) on a set of 
focal traits, using fitness and trait measurements undertaken on the 
same individuals in the wild (Lande and Arnold, 1983; Walsh and Lynch, 
2018). Arnold (1983, 2003) addressed natural selection by recognizing 
the putative links involving phenotypic traits, attributes of organismal 
performance and fitness, whereby selection on multiple traits is medi-
ated by their effects on performance measures, which in turn are ex-
pected to influence fitness or a fitness component. In this context, for a 
causal pathway connecting the focal traits to fitness via a performance 
variable, the fitness consequences of trait variation are quantified by 
performance-mediated selection gradients, calculated as the product of 
regression coefficients obtained from the separate modelling of 
performance-trait and fitness-performance relationships. The 
performance-mediated analysis of selection can be applied to estimate 
directional selection (Arnold, 1983), as well as quadratic and correla-
tional selection (Arnold, 2003; Franklin and Morrissey, 2017), on mul-
tiple traits. Arnold’s framework (1983, 2003) enables exploring 
functional mechanisms that underlie natural selection on phenotypic 
traits (Franklin et al., 2018; Kingsolver and Huey, 2003; Opedal, 2021), 
while also facilitating the use of data from different cohorts of in-
dividuals to model the performance-trait and fitness-performance re-
lationships. Both fitness-based and performance-mediated selection 
gradients are justified by evolutionary quantitative genetic theory 
(Arnold, 2003; Franklin and Morrissey, 2017; Lande and Arnold, 1983). 

Performance attributes (e.g. growth measures) have been commonly 
used as fitness proxies in selection studies where field assessments of 
fitness cannot be attained (for a review, see Franklin and Morrissey, 
2017). This leads to performance-based estimators of selection, which 
entail the regression coefficients obtained only from the 
performance-trait relationship segment in Arnold’s framework (1983, 
2003), and termed “performance gradients” by the author (hereafter, 
this terminology will also be used to refer to selection estimators from 
performance-based analysis). Although fitness proxies may be positively 
related to fitness or fitness components, they cannot be assumed to 
represent the demographic contribution of individuals to future gener-
ations. Consequently, by modelling a performance attribute in place of 
fitness, performance-based analysis may not result in accurate estimates 
of selection gradients, hence limiting their use for quantifying selection 
(Franklin and Morrissey, 2017). 

Using data on the same individuals for focal traits, performance and 
fitness variables, Franklin and Morrissey (2017) investigated the sources 
of error that may appear when using performance as a substitute for 
fitness in quantitative inferences about selection. In this sense, the au-
thors addressed two major sources of error: an error associated with the 
nature of the fitness-performance relationship; and an error due to 
alternative causal pathways through which the focal traits have direct 
effects on fitness. The performance gradients are affected equally by the 
former source of error, and thus can be qualitatively indicative of selec-
tion gradients; this is also applicable to the case of a nonlinear 
fitness-performance relationship, provided that fitness is monotonically 
related to the performance measure (Franklin and Morrissey, 2017; 
Franklin et al., 2018). However, as the latter source of error may in-
fluence the traits differentially, independence of traits and fitness, 

conditional on measured performance, needs to be verified for valid 
qualitative within-study comparisons of selection based on performance 
gradient estimates (Franklin and Morrissey, 2017). As emphasized by 
Franklin and Morrissey (2017), whenever possible, a fitness proxy 
should be used in combination with information (including from other 
individuals or other studies within the studied species) on the 
fitness-performance relationship to assess whether a performance-based 
analysis is adequate for making inferences about natural selection. This 
will also be important to gain a broad view of selection and adaptation 
(Arnold, 1983). 

Within the above framework, we evaluated performance-trait, 
fitness-performance, and fitness-trait relationships from the same 
cohort of trees tested in a common-garden population trial of the tree 
Eucalyptus ovata Labill. subsp. ovata (hereafter denoted as E. ovata), 
embedded in a reforestation planting towards the hotter-drier end of the 
species distribution in Tasmania (Prober et al., 2022). We classified the 
E. ovata trees into ”wet” and ”dry” groups based on their climate of 
origin in the native distribution, and compared selection estimates on 
two focal traits: one a leaf hydraulic trait - stomatal length - the other a 
leaf economic trait - specific leaf area (SLA). 

Stomatal length is used as a measure of stomatal size (Jordan et al., 
2015), a trait which can affect leaf gas exchange, water conservation, 
transpiration cooling and photosynthetic rates (e.g. Bertolino et al., 
2019; Brodribb et al., 2020; Doheny-Adams et al., 2012; Franks et al., 
2009; Harrison et al., 2020; Jordan et al., 2020; Schymanski et al., 
2013). At the species-level, stomatal size is strongly positively associated 
with genome size, through its positive association with cell size, but over 
evolutionary time the genome-stomatal size relationship has been 
strongly modified by environmental adaptation (Veselý et al., 2020). For 
example, selection for small stomata is thought to have been a crucial 
adaptation for maintaining the gas-exchange capacity of land plants 
when atmospheric CO2 levels were low during the Permo-Carboniferous 
and Cenozoic glaciations (Franks and Beerling, 2009). While stomatal 
size is often negatively associated with stomatal density, stomatal size 
has adaptive implications which are independent of stomatal density, as 
it affects stomatal construction costs (Franks et al., 2009) and the speed 
of the opening and closing of the individual stomata (Drake et al., 2013; 
Lawson and Vialet-Chabrand, 2019). However, despite the adaptive 
importance of stomatal size, there is a paucity of studies of contempo-
rary phenotypic selection on this trait (Kosová et al., 2022). 

In contrast to stomatal length, there are numerous studies of 
phenotypic selection involving SLA. SLA (and inverse indices such as 
leaf mass per area - LMA) reflects the leaf construction costs associated 
with light interception and carbon acquisition (John et al., 2017; Poorter 
et al., 2009). At the species level, SLA is one of the primary traits 
characterizing the Leaf Economic Spectrum between competitive (”fast 
species”) and conservative (”slow species”) growth strategies (Reich, 
2014). The conservative growth strategy is often associated with a 
reduction in SLA, with leaves more sclerotic and having longer lifespans 
and higher survival in the face of abiotic and biotic stress (Díaz et al., 
2016). While formulated at a global species scale, the evolution of these 
different growth strategies argues that the leaf economic traits should 
also be under contemporary selection within species (Ramírez-Valiente 
et al., 2022; Sartori et al., 2019). As expected, contemporary phenotypic 
selection on SLA has been shown to be environmentally dependent (e.g. 
Kimball et al., 2013; Ramírez-Valiente et al., 2014; Steinger et al., 2003). 
For example, high SLA has been shown to be favoured in light-limited 
environments (Lopez-Gallego and O’Neil, 2014), although such selec-
tion can be masked in the presence of herbivores (Salgado-Luarte and 
Gianoli, 2012). While most phenotypic selection studies involving SLA 
have been only focused on directional selection (e.g. Alexandre et al., 
2020; Carlson et al., 2016; Gianoli and Saldaña, 2013; Ramírez-Valiente 
et al., 2014; Walter et al., 2023), some studies do report nonlinear se-
lection (Blanco-Sánchez et al., 2022; Lopez-Gallego and O’Neil, 2014; 
Magnoli and Lau, 2020; Ramírez-Valiente et al., 2011; Steinger et al., 
2003). 
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With a general hypothesis that the pattern of selection for the focal 
leaf traits in the same environment will differ between the E. ovata 
groups originating from wet and dry home-site climates, we explored the 
following questions:  

1) Is there evidence for performance-based selection on the focal leaf 
hydraulic and economic traits within either climate group? If so: (a) 
do the wet and dry groups differ significantly in the strength, form 
and direction of performance-based estimates of linear and nonlinear 
selection acting on the leaf traits; and (b) given the dry climate of the 
common-garden site, is performance-based directional selection 
stronger in the wet than the dry group?  

2) Is size-dependent mortality based on the relationship of early-age 
height performance with later-age tree survival valid? If so, is the 
expected probability of tree survival monotonically related to height 
performance in both groups?  

3) Do the leaf traits have direct fitness consequences independent of 
variation in height performance, when considering both linear and 
nonlinear trait effects in the modelling of the fitness-trait relation-
ship in either group? 

In particular, answers to the latter two questions will be required to 
validate qualitative inferences of selection on the focal leaf traits from 
the performance-based analysis. 

2. Materials and methods 

2.1. Plant material and measurements 

The common-garden field trial of E. ovata was established in August 
2014 in a fenced reforestation area on an ex-pasture site adjacent to 
remnant native forest at Connorville in northern Tasmania, Australia 
(41.828̊S, 147.138̊E, altitude of 185 m) (for further details, see Bailey 
et al., 2021; Prober et al., 2022). E. ovata would have been a component of 
the forest originally cleared for pasture establishment. The trial included 
families derived from open-pollinated seed collections from mother trees 
sampled in native populations from across the geographic and ecological 
range of E. ovata in Tasmania. Within the trial, the families were arranged 
in a resolvable row-column experimental design comprising 8 blocks. 
Each block was arranged as a rectangular grid with an inter-tree spacing 
of 3 m (between rows) by 2.5 m (within rows), and each family was 
represented as a single-tree plot. Overall, the trial included 360 families 
from 51 populations (Bailey et al., 2021). Our study was based on a 
subsample of one plant from each of 34 populations and each of 5 blocks. 
This subset of populations was representative of the more-or-less 
continuous, eastern range of E. ovata in Tasmania (Harrison, 2017), and 
was subsequently divided into two main climate groups - denoted as “dry” 
and “wet” - of 17 populations each, based on the populations’ home-site 
climate (see Methods S1 and Table S1; Appendix A). These groups differed 
markedly in home-site rainfall, with the dry group predicted to receive 
32% less annual rainfall on average than the wet group (Methods S1). A 
unique family per population was sampled in each block, resulting in a 
population being represented by five, well-separated mother trees in their 
native population. Therefore, the cohort of individuals originally sampled 
for the current study comprised 170 plants in total (34 populations x 5 
plants per population), and 85 plants per climate group. The long-term 
mean annual rainfall of the common-garden site (608 mm) was inter-
mediate between that of the home-site means of the dry (mean 561 ± 13, 
range 451–663 mm) and wet (mean 824 ± 33, range 659–1077 mm) 
climate groups, but at the wetter end of the range of the dry group pop-
ulations (Methods S1). 

The assessment of growth performance and sampling of leaves for 
measuring the leaf traits were undertaken at age 2 years from planting, 
when the sampled cohort of trees were in the nonreproductive stage. 
Growth performance was assessed using maximum tree height (m), 
measured with height poles. The measurement details on the two focal 

leaf hydraulic and economic traits - stomatal length (μm) and specific 
leaf area (SLA, mm2/mg) - are provided in Prober et al. (2022). 
Tree-level data for a given leaf trait was based on the average of mea-
surements from mature, fully-expanded leaves (excluding the petiole) 
collected from three branches distributed around the mid-outer, 
sun-exposed part of the canopy of each tree. SLA was derived by 
measuring the leaf area (digitally) and dry mass of ten of these leaves. 
Stomatal length was measured as the stomatal pore length between 
guard cells. It was assessed from both surfaces of three leaves (10 
measurements per surface) with a microscope at 1000x magnification, 
using the nail polish impression method described in Franks et al. 
(2009). At age 8 years from planting, the survival of the trees in the 
sampled cohort was scored as a binary outcome whereby a tree was 
classified as dead (scored as 0) when no live plant tissue was evident 
above ground or the plant was in very poor vegetative health, otherwise 
it was classified as alive (scored as 1). Thus, the fitness component 
studied at an early life-history stage was the time-averaged tree survival 
to 8 years (i.e. over a six-year period, starting at 2 years from planting in 
the sampled cohort). Most trees were non-reproductive during this 
phase (i.e. 5% of survivors were observed to be reproductive at age 4 
years, but in the 8-year assessment no reproduction was observed). 
Table S2 (Appendix A) provides the estimated means and standard de-
viations for the leaf traits and the height performance measure. Of the 
sampled trees, 71% and 81% survived to the final assessment in the dry 
and wet climate groups, respectively. 

2.2. Data analysis 

Preliminary data analysis indicated that estimates of population var-
iances were small and not statistically significant (p > 0.20) for height 
performance and the focal leaf traits within a climate group, resulting in 
low intraclass correlation coefficients (see Table S2 and its footnotes). A 
low level of between-population variation was also found for tree survival 
in either group (see Methods S2 in Appendix A for details on the fre-
quentist and Bayesian estimation of the population variance). These re-
sults indicated that the putative dependence among observations due to 
clustering into populations was weak for the data used in the current 
study. Consequently, to simplify the models described below (in partic-
ular to reduce the number of parameters to be estimated in the logistic 
models used for the fitness-performance and fitness-trait relationships), 
we have not included a model term for populations (either under a fixed- 
or a random-effects specification), and thus we have assumed indepen-
dence of the observations within populations. The data analyses were 
undertaken with the SAS 9.4 software (SAS, 2017). 

2.2.1. Performance-based selection: estimation of performance gradients 
and their group differences 

For each climate group, the following general linear model was used 
to evaluate the performance consequences of variation in the two 
studied leaf traits: 

yi = β0 + rm +
∑2

j=1
βjxj +

∑2

j=1

1
2
γjx2

j + γjkxjxk + εi (1)  

where yi is the observation on the height performance of the ith indi-
vidual; β0 is an intercept term; rm is the fixed effect of the mth block; βj 

and γj are the partial regression coefficients for the linear and quadratic 
effects, respectively, of leaf trait xj on performance; γjk is the partial 
regression coefficient for the interactive effect of the two leaf traits xj 

and xk on performance; and εi is a random residual. Together, γj and γjk 

characterize the nonlinear effects of the traits on performance. Eq. (1) 
included block effects, as initial analysis indicated that they were sta-
tistically significant (p < 0.05) for the height response variable at least 
in one of the groups. 

Prior to analysis, the data on a leaf trait were mean-centered, and 
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then mean-standardized and expressed on a (dimensionless) percentage 
scale, within each group (see Methods S3, Appendix A, for details on the 
choice of within-group standardization). Subsequently, squared (x2

j ) and 
cross-product (xjxk) covariates were obtained for the estimation of 
nonlinear effects of the traits on performance. Standardizing in relation 
to a grand (group) mean is both permissible and meaningful for the focal 
traits (Houle et al., 2011). Thus, least-squares estimates of the regression 
parameters for the leaf traits in Eq. (1) refer to the expected change in 
average performance from increasing the values of the trait covariate 
terms expressed on a percentage scale. 

The yi height values were also relativized within each group (via the 
division by the group mean) to derive a proxy for relative fitness, so that 
the regression coefficients on the leaf traits in Eq. (1) can be interpreted 
as (mean-standardized) performance-based estimators of selection 
(Franklin and Morrissey, 2017). Thus, βj and γj are the directional and 
quadratic performance gradients on trait xj, respectively, and γjk is the 
correlational performance gradient on traits xj and xk (Arnold, 1983, 
2003). The parameters βj, γj and γjk can be geometrically interpreted as 
descriptors of the average slope, average curvature and orientation, 
respectively, of the individual performance surface acting on the 
observed distribution of the focal traits, under the assumption that a 
quadratic function is an accurate approximation of the true response 
surface (Phillips and Arnold, 1989; Walsh and Lynch, 2018). For 
performance-based quadratic selection on trait xj, a negative (positive) 
γ̂ j estimate reflects a downwardly (upwardly) curved performance sur-
face along the trait axis, and may suggest stabilizing (disruptive) se-
lection if a performance maximum (minimum) occurs within the 
observed trait range (Lande and Arnold, 1983; Mitchell-Olds and Shaw, 
1987; Walsh and Lynch, 2018). In this context, note also that the values 
of the x2

j covariate terms in Eq. (1) were halved before modelling, so that 
the γj coefficients can adequately describe the average curvature of the 
individual performance surface (and thus properly quantify the strength 
of quadratic selection) (Stinchcombe et al., 2008). For 
performance-based correlational selection on a pair of traits, γjk in-
dicates whether higher performance would favour either a positive (γ̂ jk 

> 0) or a negative (γ̂ jk < 0) correlation between traits xj and xk (Arnold, 
2003; Lande and Arnold, 1983). 

Departures from multivariate normality for the joint phenotypic 
distribution of a set of focal traits may cause a covariance between linear 
and nonlinear covariate terms in a regression model, which can lead to 
β̂ j estimates measuring incorrectly the effects of directional selection on 
the phenotypic means of the traits (Lande and Arnold, 1983; Walsh and 
Lynch, 2018). To avoid this, we followed the two-step approach sug-
gested by Lande and Arnold (1983): valid estimates of βj were firstly 
obtained from including only linear covariate terms in Eq. (1); subse-
quently, γj and γjk were estimated by using the full model with both 
linear and nonlinear covariate terms. 

The data pre-processed within each group as described above were 
combined to test whether performance gradient estimates differed 
significantly between the two groups. In this context, the full linear 
model fitted to the height response variable had: classification pre-
dictors for groups, and blocks within groups; linear and nonlinear co-
variate terms pertaining to mean effects of the traits across groups; and 
interaction effects of the groups with linear or nonlinear covariate terms, 
which relate to the differences between groups in directional or 
nonlinear performance gradients. Akin to the analyses within groups, we 
applied a two-step approach where group differences in directional 
performance gradients were firstly tested by modelling only linear co-
variate terms, and then group differences in nonlinear performance 
gradients were tested by using the full model. Heterogeneous residual 
variation between groups was incorporated by modelling a diagonal 
structure in which residual effects were estimated separately by group. 

Following least-squares estimation of model parameters and their 
standard errors, statistical inferences about the performance gradient 

coefficients within groups and their difference between groups were 
provided by conducting t-tests and computing 95% confidence intervals. 
In particular, for the combined data analysis, the statistical inferences 
about the group differences in performance gradients used the effective 
degrees of freedom based on the Satterthwaite (1946) approximation, 
which is appropriate under the modelling of heterogeneous residual 
variation across groups (Steel et al., 1997). Residual plots and other 
diagnostic statistics indicated that model assumptions were reasonably 
met (i.e. normality of residual distributions, no residual hetero-
skedasticity, absence of statistically significant outliers, and variance 
inflation factors ≤ 1.5). 

2.2.2. Visualization of the individual performance surface in each group 
Within each group, a thin-plate spline (TPS) was used to visualize the 

individual performance surface defined by the relationship between 
height growth and the two leaf trait axes. Under this approach, a smooth 
multivariate response surface is produced from a non-parametric 
regression model fitted by a penalized least-squares method (Wahba, 
1990). By not assuming any particular parametric form for the model [as 
opposed to a quadratic function, such as defined in Eq. (1)], a TPS fit 
allows for greater flexibility (e.g. unrevealing local features) in repre-
senting the shape of the response surface when compared to a best 
quadratic fit (Blows et al., 2003; Walsh and Lynch, 2018). Determining 
the smoothing parameter for a final TPS fit was based on the generalized 
cross validation (GCV) function described by Wahba (1990): the opti-
mization process examined a range of smoothing values, and the value 
that minimized the GCV criterion was chosen as the optimal smoothing 
parameter. A two-dimensional data grid was generated to represent 
pairwise combinations of the modelled traits, and predicted height 
values from the final TPS fit were obtained for all points in the grid in 
order to plot the performance surface. 

2.2.3. Fitness-performance relationship: size-dependent mortality 
We evaluated whether the tree mortality observed in the data from 

each climate group was size-dependent. In this context, we assessed the 
strength and form of selection acting on height performance within each 
group, as well as the difference between groups. A logistic regression 
model was used to relate tree survival with height measures (that were 
mean-centered, and then expressed on a percentage scale following 
mean-standardization) within a group. The linear predictor of this 
model comprised a linear term, or both linear and quadratic terms, for 
the height variable. These model definitions did not include blocks as 
fixed effects, as previous generalized linear models fitted for tree sur-
vival in either group did not detect statistically significant (p > 0.37) 
block effects for the binary response. 

In logistic regression models, the estimation of logit coefficients by 
maximum likelihood (ML) may suffer from finite sample bias (Firth, 1993; 
Nemes et al., 2009). This bias may not entirely disappear even in large 
samples, although it is expected to be greater in small to moderated sized 
data sets (van Smeden et al., 2016). In these situations, the Firth’s (1993) 
bias-reducing method based on penalized maximum likelihood estima-
tion can be applied to improve the accuracy of logistic regression co-
efficients, and also to provide reliable (finite) parameter estimates when 
separation occurs in the dataset (Heinze and Schemper, 2002; van Sme-
den et al., 2016). The problem of separation (which refers to a perfect 
prediction of the binary outcome by the modelled explanatory variables) 
was not detected in our logistic regression analyses, and this applies to 
both fitness-performance and fitness-trait relationships. Yet, given our 
sample sizes, the Firth’s method was used in combination with penalized 
likelihood-ratio (LR) tests and 95% profile penalized-likelihood confi-
dence intervals (Heinze and Schemper, 2002) to increase the efficiency of 
parameter estimation and statistical inference for the regression co-
efficients on the logit scale [penalized LR tests were pursued with the SAS 
macro developed by Heinze and Ploner (2004), available at github. 
com/georgheinze/flicflac]. 

The fitness consequences of variation in growth performance were 
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assessed via the estimation of (fitness-based) selection gradients for the 
height variable, using derivative-based methods (e.g. Costa e Silva et al., 
2021; Franklin and Morrissey, 2017; Janzen and Stern, 1998; Morrissey 
and Sakrejda, 2013). An average directional selection gradient was 
estimated from a logistic model where the linear predictor included only 
a linear term for the height variable, whereas an average quadratic se-
lection gradient was obtained under a linear predictor with both linear 
and quadratic terms for the height variable. In the estimation of selec-
tion gradients, the individual predictions of survival on the expected 
probability scale based on the Firth-type penalization were improved by 
using the “intercept correction” approach described by Puhr et al. 
(2017). Details on the derivative-based methods (i.e. derivatives calcu-
lated either by numerical approximation or analytically) used for esti-
mation of selection gradients are given in Methods S3 (Appendix A). 

Non-parametric bootstrapping was applied to provide the standard 
error, as well as the 95% confidence interval, for an estimated average 
selection gradient within a group and its difference between groups (for 
further details, see Methods S4 in Appendix A). Statistical support 
against a null hypothesis being true (i.e. against the absence of an effect 
for a selection gradient within a group or its difference between groups) 
was given by a 95% confidence interval not overlapping with zero. In 
particular, statistical support for the effect associated with the average 
directional selection gradient on height performance will be indicative 
of size-dependent mortality. Further, a lack of statistical support for the 
effect associated with the average quadratic selection gradient will 
indicate that the relationship between tree survival on the expected 
probability scale and growth performance is mainly monotonic (as 
characteristic of a logistic sigmoid function) over the observed range of 
the height variable. Under these circumstances, the performance gra-
dients estimated for the leaf traits under Eq. (1) can be qualitatively 
indicative of selection gradients, provided that independence of traits 
and fitness, conditional on measured performance, also holds (Franklin 
and Morrissey, 2017; see also the Introduction). 

2.2.4. Independence of traits and fitness, conditional on measured 
performance 

Akin to selection gradients obtained by performance-mediated 
analysis, performance gradients also assume that the effects of the 
focal traits on fitness (or a fitness component) are completely mediated 
by the aspect(s) of performance measured, implying that: (i) traits do not 
influence unmeasured performance features; and (ii) traits do not affect 
fitness directly (Arnold, 1983; Franklin and Morrissey, 2017). Condition 
(i) pertains to unobserved aspects of organismal performance through 
which the traits could exert their effects on fitness, so that either 
analytical approach may provide a partial description of selection acting 
on the traits [i.e. referring only to the part of selection mediated by the 
specific performance attribute(s) measured]. Nevertheless, we assumed 
that the focal leaf traits would influence mainly height performance at 
the observed early stage of the life cycle of E. ovata, and thus their effects 
on other (unmeasured) features of tree performance would be less 
important. Therefore, we focused on condition (ii) to assess whether the 
two studied leaf traits had direct fitness consequences independent of 
variation in height performance. Using the time-averaged (i.e. over the 
observed period) survival as a fitness component, the following full lo-
gistic regression model was defined for each climate group: 

g(E(wi | xi)) = ηi = a +
∑2

j=1
bjxj +

∑2

j=1
cjx2

j + cjkxjxk + bhxh (2)  

where wi is the observation on the survival of the ith individual (i.e. a 
binary outcome of 0 or 1); g(.) is the logit link function, relating the 
conditional expectation [E(wi | xi)] of the binary response to the linear 
predictor ηi; xi is a row vector for the ith individual from the design 
matrix X of all the explanatory variables included in ηi; a is an intercept 
term; bj, cj and cjk are regression coefficients for the linear, quadratic and 
interactive effects, respectively, of a leaf trait xj or the pair of leaf traits 

xj and xk on the log-odds (logit scale) of survival; and bh is a regression 
coefficient for the linear effect of the height variable xh on the log-odds 
of survival. The binary responses were assumed to be Bernoulli 
distributed with a parameter μi, which is the conditional probability of 
tree survival in our case [i.e. P(wi = 1| xi)] and estimated by 
P(wi = 1| xi) = g− 1(ηi) =

exp(xiβ)
1+exp(xiβ) , where g− 1(.) is the inverse of g(.), 

exp denotes the exponential function, and β is a column vector of co-
efficients comprising all fitted parameters. The linear predictor ηi 
included covariate terms for the leaf traits alone, or the leaf traits plus 
height performance [i.e. as in Eq. (2)], with the trait and height data 
being previously mean-centered, and then mean-standardized and 
expressed on a percentage scale, within each group. In either of these 
model specifications, and to keep consistency with the performance- 
based analysis, the trait coefficients bj were estimated separately from 
the trait coefficients cj and cjk, according to the two-step approach 
described above. Modelling the height variable xh in ηi is intended to 
allow for the estimation of (direct) trait effects on survival that are not 
mediated by growth performance, hence enabling evaluation of whether 
the fitness component is independent of the focal traits, conditional on 
measured performance. 

The finite sample bias in ML estimators of logistic regression co-
efficients is expected to be more likely with a decreasing ratio known as 
“events per variable” (EPV, defined by the number of observations on 
the rarer of the two outcomes - e.g. number of dead trees, in our case - 
relative to the number of estimated model parameters, excluding the 
intercept) (Courvoisier et al., 2011; van Calster et al., 2020; van Smeden 
et al., 2016). In this context, simulation studies have shown that the 
Firth’s correction can reduce the finite sample bias of logit coefficients 
close to zero, while also substantially decreasing their mean squared 
error, in low EPV settings (e.g. EPV values from 3 to 6; Puhr et al., 2017; 
van Calster et al., 2020; van Smeden et al., 2016). We thus applied 
Firth-type estimation and statistical inference procedures for the logit 
coefficients. In addition, although nonlinear effects involving height 
performance could have been included in Eq. (2) (Franklin and Mor-
rissey, 2017), this model extension was not pursued in our within-group 
analyses as we have limited the lowest EPV value at ≈ 3 [e.g. using Eq. 
(2) in the wet group]. However, independence of fitness and traits, given 
measured performance, was also assessed at the species level by 
combining the data across groups. Besides the terms defined in Eq. (2), 
the full logistic model for the combined data analysis comprised a group 
effect as a classification predictor, as well as covariate terms for the 
quadratic effect of height and the interaction effects between height and 
each of the leaf traits (EPV = 4). Estimates of variance inflation factors 
were < 1.5 in either the within- or across-group analysis, indicating a 
weak degree of multicollinearity. 

Derivative-based estimates of selection gradients were obtained for 
the leaf traits and height performance under a given fitted logistic 
model. Average directional selection gradients were separately esti-
mated from average quadratic and correlational selection gradients, 
following the two-step modelling approach described previously. In 
particular, averaging second partial derivatives over the range of the 
observations of the jth variable may measure adequately the average 
curvature of the individual selection surface along the axis of the focal 
variable (Walsh and Lynch, 2018). Therefore, the x2

j values were not 
halved in Eq. (2), in contrast to the performance-based analysis (where 
the x2

j values were halved to avoid underestimation of the strength of 
quadratic selection based on the γj coefficients; Stinchcombe et al., 
2008). The details on the methods used to calculate partial derivatives 
and to estimate (fitness-based) average selection gradients are given in 
Methods S3 (Appendix A). In this context, analytical expressions of first, 
second and mixed partial derivatives are provided for the estimation of 
average directional, quadratic and correlational selection gradients, 
respectively, when a logistic regression model includes both linear and 
nonlinear covariate terms for the explanatory variables [in which case 
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the approach described by Janzen and Stern (1998) does not apply]. 
Non-parametric bootstrapping was used to obtain the standard error and 
the 95% confidence interval for an estimated average selection gradient 
or its difference between groups (see Methods S4, Appendix A, for 
further details). 

3. Results 

3.1. Performance-based selection: estimation of performance gradients 
and their group differences 

The least-squares estimates of the performance gradients on the focal 
leaf traits in each climate group are presented in Table 1. For stomatal 
length in the dry group, the estimated directional performance gradient 
was statistically significant (p < 0.05) and positive, indicating 
performance-based linear selection favouring individuals with longer 
stomata. This tendency was opposite to that detected in the wet group, 
although the group’s negative estimate of the directional performance 
gradient on stomatal length was not statistically significant. There was 
also a statistically significant estimate for the quadratic performance 
gradient on stomatal length in the dry group, with its negative sign 
reflecting a downwardly curved form of performance-based nonlinear 
selection (indicative of stabilizing selection) acting on the trait. In the 
wet group, the estimated quadratic performance gradient on stomatal 
length did not differ significantly from zero. 

There was no evidence of statistically significant directional selec-
tion via growth performance on SLA in either group. Performance-based 
selection experienced by SLA was mainly quadratic, with the negative 
estimate of the corresponding performance gradient revealing a down-
ward curvature along the axis of the trait in both groups. However, the 
estimated quadratic performance gradient on SLA was highly significant 
(p < 0.001) in the wet group, but was marginally non-significant 

(p < 0.10) in the dry group. 
For either group, the estimated correlational performance gradient 

between stomatal length and SLA was not significantly different from 
zero, and thus there was no evidence for the presence of performance- 
based correlational selection influencing the covariance between the 
two leaf traits. When compared to a model specified with only block 
effects, extending the model to include both linear and nonlinear co-
variate terms [i.e. as in Eq. (1)] added 13.5% and 18.4% to the per-
centage of total variation explained in height performance for the dry 
and wet groups, respectively (not shown). 

Statistical tests for differences in the magnitude of performance 
gradient estimates between the climate groups revealed a statistically 
significant difference in performance-based directional selection on 
stomatal length, and marginally non-significant differences in quadratic 
selection on stomatal length and SLA (Table 1). However, for the latter 
component of nonlinear selection, these results are likely to reflect the 
lack of sufficient statistical power for testing the difference between 
groups, as the visualization of the individual performance surfaces (see 
below) suggested that the dry and wet groups contrasted in the magni-
tude of performance-based quadratic selection operating on the leaf 
traits. 

There was no evidence to suggest that performance-based directional 
selection in the wet group was stronger than in the dry group, rather 
contrary to our expectations based on differences between the popula-
tion home-sites and the common-garden site in long-term mean annual 
rainfall. This was particularly the case of stomatal length on which 
statistically significant stronger performance-based directional selection 
was observed in the dry group. Further, the dry group had smaller sto-
mata than the wet group (p = 0.10; Table S2) and, while not statistically 
significant in the wet group, the opposite signs of the estimated direc-
tional performance gradients for stomatal length (Table 1) suggested a 
performance peak at intermediate phenotypic values of the trait. 

Table 1 
Performance-based estimates of linear (directional) and nonlinear (quadratic and correlational) selection, and their difference between the dry and wet climate 
population groups, for stomatal length and specific leaf area assessed in a common-garden field trial of Eucalyptus ovata.  

Trait covariate terms Dry group Wet group Group difference 

Directional selection     
Stomatal length 0.646 ± 0.293 -0.406 ± 0.321 1.052 ± 0.435 

(0.062, 1.231) (− 1.046, 0.233) (0.193, 1.912) 
p = 0.031 p = 0.209 p = 0.017       

Specific leaf area 0.237 ± 0.246 -0.061 ± 0.275 0.298 ± 0.369 
(− 0.253, 0. 726) (− 0.608, 0.486) (− 0.431, 1.026) 

p = 0.339 p = 0.824 p = 0.421  

Quadratic selection     
Stomatal length2 -0.095 ± 0.041 0.030 ± 0.059 -0.125 ± 0.072 

(− 0.178, − 0.013) (− 0.087, 0.147) (− 0.268, 0.017) 
p = 0.023 p = 0.612 p = 0.083       

Specific leaf area2 -0.048 ± 0.026 -0.119 ± 0.030 0.071 ± 0.040 
(− 0.099, 0.003) (− 0.180, − 0.059) (− 0.007, 0.150) 

p = 0.065 p < 0.001 p = 0.074  

Correlational selection     
Stomatal length x Specific leaf area -0.023 ± 0.029 0.012 ± 0.030 -0.035 ± 0.042 

(− 0.082, 0.035) (− 0.048, 0.071) (− 0.118, 0.048) 
p = 0.430 p = 0.697 p = 0.405 

The growth performance measure (tree height) and the leaf traits (stomatal length and specific leaf area) were assessed at age 2 years from planting. Evaluating the 
growth performance consequences of variation in the leaf traits within a climate (dry or wet) group was based on a general linear model with (relative) height 
performance as the response variable and covariate terms for the focal traits. The estimated performance gradients for the leaf traits within each group refer to the 
percentage change in relative performance (i.e. height change in % of its group mean) expected from increasing the values of the trait covariate terms expressed on a 
percentage scale. The performance-based estimates of directional selection were firstly obtained from the modelling of linear covariate terms for the leaf traits, and 
then the estimates of quadratic and correlational selection were provided from the modelling of both linear and nonlinear (i.e. squared and cross-product) covariate 
terms for the leaf traits (Lande and Arnold, 1983). This procedure was undertaken to estimate the performance gradients for the leaf traits within each climate group, as 
well as to estimate their differences between groups (i.e. in an analysis combining data across groups, and modelling the interaction effects between groups and each of 
the trait covariate terms). Standard errors, 95% confidence intervals (in parentheses) and p-values of statistical t-tests are given for the estimated performance gradients 
within a group and their difference between groups. 

J. Costa e Silva et al.                                                                                                                                                                                                                          



Perspectives in Plant Ecology, Evolution and Systematics 62 (2024) 125765

7

3.2. Visualization of the individual performance surface in each group 

Fig. 1 shows the three-dimensional visualization of the individual 
performance surfaces that were fitted by using a thin-plate spline within 
each climate group. The thin-plate representation of the individual 
performance surfaces confirmed the patterns of performance-based se-
lection inferred from the least-squares estimates of the performance 
gradients. 

The individual performance surface in the dry group corroborated 
the presence of a combination of significant performance-based direc-
tional and quadratic selection on stomatal length, and the weaker 
(marginally non-significant) quadratic selection on SLA (Table 1). 
Reflecting a combination of linear and quadratic effects, the surface’s 
downward curvature across stomatal length was asymmetric within the 
sampled space, being dominated by the effects of performance-based 
directional selection favouring individuals with longer stomata until 
the mid-upper range of the trait. A local performance maximum then 
appeared to occur within the observed range of stomatal length slightly 
above its group mean, suggesting that the quadratic form of 

performance-based selection acting on the trait in the dry group corre-
sponds to stabilizing selection. 

In the wet group, the individual performance surface reflected the 
highly significant performance-based quadratic selection experienced 
by SLA, and the absence of other significant components of selection 
operating on this trait or stomatal length (Table 1). In this sense, the 
performance surface had a general downward curvature across the axis 
of SLA, with the highest relative height performance values occurring 
along a ridge (which rose slightly and peaked towards lower levels of 
stomatal length, consistent with the trait’s non-significant negative es-
timate of the directional performance gradient) at an intermediate value 
close to the SLA mean. This suggests the presence of performance-based 
stabilizing selection acting on SLA within the range of the trait obser-
vations in the wet group. 

3.3. Fitness-performance relationship: size-dependent mortality 

Table 2 presents the (fitness-based) average directional and 
quadratic selection gradients on height performance, estimated from the 

Fig. 1. Thin-plate spline visualization of the individual, performance-based selection surface on two leaf traits - stomatal length (STL) and specific leaf area (SLA) - 
assessed in a common-garden field trial of Eucalyptus ovata at age 2 years from planting. A performance surface was estimated for each of two climate population 
groups - (a) dry and (b) wet - by fitting a thin-plate spline model to relative height performance (i.e. height growth in proportion of its group mean - denoted as 
"Height" in the figure) as a function of the two focal leaf traits. The thin-plate spline modelling used observations of the leaf traits that were initially mean-centered 
with the grand means of their climate group, and then expressed on a percentage scale following mean-standardization within a group. 

Table 2 
Estimates of fitness-based average directional and quadratic selection gradients, and their difference between the dry and wet climate population groups, for growth 
performance assessed in a common-garden field trial of Eucalyptus ovata.   

Dry group Wet group Group difference 

Average directional selection gradient 1.068 ± 0.248 0.807 ± 0.190 0.261 ± 0.311 
(0.625, 1.609) (0.485, 1.247) (− 0.328, 0.901)     

Average quadratic selection gradient -0.016 ± 0.012 -0.019 ± 0.010 0.003 ± 0.015 
(− 0.033, 0.009) (− 0.032, 0.001) (− 0.031, 0.029) 

The growth performance measure (tree height) and tree survival (used as a fitness component) were assessed at ages 2 and 8 years from planting, respectively. Evaluating the 
fitness consequences of variation in growth performance within a climate (dry or wet) group was based on a logistic regression model with tree survival as the response 
variable and the linear predictor comprising a linear covariate term, or both linear and quadratic covariate terms, for the height performance measure. Estimates of (fitness- 
based) average directional and quadratic selection gradients, and their standard errors, are presented for height performance within each group, and refer to the percentage 
change (on average) in expected relative survival caused by increasing the values of the performance covariate terms expressed on a percentage scale (see Methods S3; 
Appendix A). The average directional selection gradient was firstly derived from the modelling of a linear covariate term for the performance measure, and then the average 
quadratic selection gradient was obtained from the modelling of both linear and quadratic covariate terms for the performance measure. Non-parametric bootstrapping was 
applied to provide the standard error, as well as the 95% confidence interval (in parentheses), for each estimated average selection gradient within a climate group and its 
difference between groups (see Methods S4; Appendix A). Statistical support against a null hypothesis being true (i.e. against the absence of an effect for either an average 
selection gradient within a group or its difference between groups) is given by a 95% confidence interval not overlapping with zero (indicated in Italics). 
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modelling of the fitness-performance relationship in each climate group. 
Statistical support for the effect of the average directional selection 
gradient was provided by a bootstrapped 95% confidence interval (CI) 
not overlapping with zero in both groups. This is consistent with size- 
dependent mortality, and the positive estimate of the average direc-
tional selection gradient in both groups indicated selection favouring 
individuals with faster height growth. These results on the expected 
fitness scale were also consistent with the highly statistically significant 
(p < 0.001) estimates found on the logit scale for the regression coeffi-
cient associated with the linear term of the height variable (Table S3; 
Appendix A). 

There was not statistical support for the effect of the average 
quadratic selection gradient on height performance in both groups 
(Table 2), nor was the logit quadratic regression coefficient estimated 
for the height variable found to be significant (p > 0.10; Table S3). 
Fitted functions relating survival on the expected probability scale to 
height performance showed a predominant monotonically increasing 
trend over the range spanned by the observed performance values in 
either group, regardless of whether or not a quadratic term was 
modelled for the height variable (Fig. 2). Overall, these results suggested 
that modelling a quadratic term for the height variable did not signifi-
cantly contribute to a more accurate estimation of the individual se-
lection surface acting on growth performance over the observed 
phenotypic range. 

Differences between groups in the magnitude of the estimated 
average directional or quadratic selection gradient on height perfor-
mance were not statistically supported (Table 2). We thus undertook an 
analysis combining the data across groups, in order to obtain a pooled, 
species-level estimate of the strength of directional selection on height 
performance. This was pursued by modelling only a linear term for the 
height variable (besides also a term for a group effect), as the results 
mentioned above suggested that selection on height performance was 
mainly directional given the observed phenotypic range. The estimate of 
the average directional selection gradient combined across groups was 
0.943% (bootstrapped 95% CI: 0.665, 1.264), effectively indicating that 
a 1% increase in height contributed to a similar change (on average) in 
expected relative survival. 

3.4. Independence of traits and fitness, conditional on measured 
performance 

The estimated (fitness-based) average directional and nonlinear se-
lection gradients on the leaf traits are shown for each climate group in  
Table 3. When growth performance was not modelled, the tendencies 
revealed by the estimated fitness-based selection gradients were in 
general compatible with those observed for the performance gradients. 
This was particularly the case of stomatal length, which indicated sta-
tistical support in the dry group for the positive and negative estimates 
of the average directional and quadratic selection gradients, respec-
tively, as well as for the difference between groups in the magnitude of 
the average directional selection gradient. In addition, although both 
groups did not provide statistical support for the effect of the average 
quadratic selection gradient on SLA when growth performance was not 
modelled, its estimate was more negative in the wet group (Table 3). 
This also corresponded to an estimate of the logit quadratic regression 
coefficient for SLA that was found to be marginally non-significant 
(p < 0.10) in the wet group, but not in the dry group (p > 0.10) 
(Table S4; Appendix A). 

When the logistic regression analysis within groups included also a 
linear term for the height variable, there was no evidence for directional 
or nonlinear selection to be acting on the leaf traits via their direct ef-
fects on tree survival. In this sense, the bootstrapped 95% CIs did not 
indicate statistical support for the effects of any of the average selection 
gradients estimated within groups or their differences between groups 
(Table 3). The latter results on group differences warranted an analysis 
combining the data across groups, and modelling both linear and 
nonlinear terms for the height variable. Such species-level analysis also 
did not provide statistical support for any of the estimates of average 
selection gradients on the leaf traits combined across groups (Table S5; 
Appendix A). Overall, these results suggested that the studied fitness 
component was independent of the focal leaf traits, conditional on the 
height performance measure. In contrast, statistical support for a direct 
effect of height performance on tree survival was always detected in 
either the within- or across-group analyses (e.g. the estimate of the 
average directional selection gradient combined across groups was 
0.922%; bootstrapped 95% CI: 0.638, 1.273). 

Fig. 2. Relationship of tree survival (used as a fitness component) with height growth (used as a performance measure), assessed in a common-garden field trial of 
Eucalyptus ovata at ages 8 and 2 years from planting, respectively. Individual fitness surfaces are represented for the height performance measure for two climate 
population groups - (a) dry and (b) wet. The fitness-performance relationship was estimated from a logistic regression model with tree survival as the (binary) 
response variable, and the fitted curves depicted for each group pertain to a model where the linear predictor included either a linear covariate term (solid line), or 
both linear and quadratic covariate terms (dashed line), for height performance. The relative survival in the vertical axis refers to individual predicted probabilities 
divided by the average predicted probability within a group. The bias-reducing, penalized maximum likelihood method described by Firth (1993) was used for the 
estimation of the model parameters on the logit scale. In this context, the “intercept-correction” procedure proposed by Puhr et al. (2017) was applied to improve the 
individual predicted probabilities of survival. The horizontal axis refers to mean-centered observations for the growth performance variable within a group. 

J. Costa e Silva et al.                                                                                                                                                                                                                          



Perspectives in Plant Ecology, Evolution and Systematics 62 (2024) 125765

9

4. Discussion 

4.1. Evidence for performance-based selection on the leaf traits 

Performance-based phenotypic selection in our common-garden was 
suggested in both climate groups. The studied leaf traits explained a 
similar amount of variation in height performance for the dry (14%) and 
wet (18%) groups, when using the full model described in Eq. (1). 
However, the strength and form of performance-based selection 
depended on the trait and group being considered, with selection mainly 
detected on stomatal length in the dry group and on SLA in the wet 
group. 

4.1.1. Selection on stomatal length 
Selection on leaf hydraulic traits has been previously demonstrated 

(Carlson et al., 2016; Carvalho et al., 2022; Donovan et al., 2007, 2009; 
Dudley, 1996). However, few studies have included stomatal size 
proxies such as stomatal length and, even then, only directional selec-
tion has been studied (Costa e Silva et al., 2022; Kosová et al., 2022). In 
the clonal grass Festuca rubra, for example, Kosová et al. (2022) reported 
environment-specific directional selection on stomatal length acting 
through one of the fitness proxies studied. Our current study in E. ovata 
provided evidence for contemporary performance-based selection on 
stomatal length in the dry climate group. This comprised a combination 
of directional and stabilizing forms of selection, with the former 
favouring individuals with longer stomata. These two forms of selection 
can be concurrent (Brooks et al., 2005; Lewis et al., 2011; Mitchell-Olds 
and Shaw, 1987; Phillips and Arnold, 1989), and for the dry group 
appeared to indicate an optimal performance value within the data 
range but somewhat above the observed mean for stomatal length 
(Fig. 1a) (e.g. see also Walsh and Lynch, 2018, Figure 29.8 D). 

The most obvious mechanism by which stomatal size affects plant 
performance is through stomatal gas conductance, which functionally 
connects the water transport system of the plant with the rate of 
photosynthetic assimilation (Brodribb et al., 2020; Drake et al., 2013). 
At the individual stoma-level, large stomata have greater maximum gas 
conductance than small stomata (Parlange and Waggoner, 1970). The 
maximum stomatal conductance determines the maximum rate of leaf 
carbon gain (a major determinant of the maximum rate of photosyn-
thesis) and water vapour loss (which affects water-use efficiency and 
transpiration cooling) (Bertolino et al., 2019; Brodribb et al., 2020; 
Jordan et al., 2020; Lin et al., 2017; Liu et al., 2021; Schymanski et al., 
2013). However, at the leaf-level, the greater maximum gas conductance 
of large stomata is often countered by a reduction in stomatal density 
(Bertolino et al., 2019; Doheny-Adams et al., 2012; Jordan et al., 2020; 
Kardiman and Ræbild, 2018; Lawson and Vialet-Chabrand, 2019; Liu 
et al., 2021). This reduction in stomatal density may occur to the extent 
that the maximum stomatal conductance at the leaf-level is diminished 
in large-stoma species (Jordan et al., 2020) or plants (Franks et al., 
2009). In such cases, gains may be made in water-use efficiency, but at 
the expense of the maximum rate of photosynthesis (Bertolino et al., 
2019; Drake et al., 2013) and potential for transpiration cooling of the 
leaf (Lin et al., 2017; Schymanski et al., 2013). 

The performance consequences of variation in stomatal length will in 
part depend upon the relationship between stomatal length and 
maximum stomatal conductance at the leaf-level. In the present case, 
using total stomatal length per unit leaf area as a proxy for stomatal 
conductance at the leaf-level (Prober et al., 2022), we found a weak 
positive correlation with stomatal length in the dry group (r = 0.28; 
p = 0.011) but not in the wet group (r = − 0.04; p = 0.741) (not shown), 
suggesting that the trait-performance pathway is mediated more 
through maximum leaf-level stomatal conductance in the dry group. 

Table 3 
Estimates of fitness-based average linear (directional) and nonlinear (quadratic and correlational) selection gradients, and their difference between the dry and wet 
climate population groups, for stomatal length and specific leaf area assessed in a common-garden field trial of Eucalyptus ovata.  

Trait covariate terms Excluding height performance as a predictor variable Including height performance as a predictor variable  

Dry group Wet group Group difference Dry group Wet group Group difference 

Directional selection        
Stomatal length 1.809 ± 0.812 -0.432 ± 0.671 2.241 ± 1.061 1.055 ± 0.773 -0.294 ± 0.498 1.349 ± 0.923 

(0.063, 3.264) (− 1.757, 0.894) (0.143, 4.335) (− 0.478, 2.516) (− 1.243, 0.727) (− 0.379, 3.234)          

Specific leaf area 0.622 ± 0.541 0.229 ± 0.616 0.393 ± 0.821 0.483 ± 0.458 0.340 ± 0.387 0.143 ± 0.600 
(− 0.513, 1.609) (− 1.040, 1.358) (− 1.181, 2.034) (− 0.479, 1.355) (− 0.309, 1.242) (− 1.081, 1.272)  

Quadratic selection        
Stomatal length2 -0.209 ± 0.092 -0.119 ± 0.126 -0.090 ± 0.155 -0.154 ± 0.110 -0.079 ± 0.107 -0.075 ± 0.152 

(− 0.437, − 0.047) (− 0.408, 0.092) (− 0.384, 0.212) (− 0.419, 0.036) (− 0.227, 0.136) (− 0.385, 0.157)          

Specific leaf area2 -0.075 ± 0.064 -0.104 ± 0.082 0.029 ± 0.104 -0.038 ± 0.055 0.022 ± 0.062 -0.060 ± 0.082 
(− 0.219, 0.053) (− 0.261, 0.066) (− 0.187, 0.225) (− 0.160, 0.066) (− 0.034, 0.344) (− 0.303, 0.043)  

Correlational selection        
Stomatal length x Specific leaf area 0.024 ± 0.071 -0.039 ± 0.075 0.063 ± 0.104 0.021 ± 0.064 -0.023 ± 0.061 0.044 ± 0.089 

(− 0.109, 0.181) (− 0.224, 0.088) (− 0.127, 0.286) (− 0.094, 0.168) (− 0.116, 0.148) (− 0.153, 0.207) 

The leaf traits (stomatal length and specific leaf area) and the growth performance measure (tree height) were assessed at age 2 years from planting, and tree survival 
(used as a fitness component) was assessed at age 8 years from planting. Evaluating the fitness consequences of variation in the leaf traits within a climate (dry or wet) 
group was based on a logistic regression model with tree survival as the response variable and the linear predictor comprising covariate terms for the focal leaf traits, 
while also excluding or including a linear covariate term for the height performance measure. Modelling the height variable in the linear predictor aims at estimating 
the (direct) effects of the focal leaf traits on tree survival that are not mediated by (i.e. are independent of) variation in growth performance (e.g. Franklin and 
Morrissey, 2017). Estimates of (fitness-based) average linear and nonlinear selection gradients, and their standard errors, are presented for the leaf traits within each 
group, and refer to the percentage change (on average) in expected relative survival caused by increasing the values of the trait covariate terms expressed on a 
percentage scale (see Methods S3; Appendix A). The average directional selection gradients were firstly derived from the modelling of linear covariate terms for the leaf 
traits, and then the average quadratic and correlational selection gradients were obtained from the modelling of both linear and nonlinear (i.e. squared and 
cross-product) covariate terms for the leaf traits. Non-parametric bootstrapping was applied to provide the standard error, as well as the 95% confidence interval (in 
parentheses), for each estimated average selection gradient within a climate group and its difference between groups (see Methods S4; Appendix A). Statistical support 
against a null hypothesis being true (i.e. against the absence of an effect for either an average selection gradient within a group or its difference between groups) is 
given by a 95% confidence interval not overlapping with zero (indicated in Italics). In all cases where a linear covariate term was modelled for height performance, 
there was always statistical support for a significant average directional selection gradient for the growth performance measure (results not shown). 
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Increasing rates of photosynthesis arising from greater maximum gas 
conductance at the leaf-level could explain the positive directional 
component of performance-based selection acting on stomatal length in 
the dry group for moderate phenotypic values of the trait. The observed 
stabilizing component of performance-based selection at higher values 
of stomatal length may reflect a drop-off in the growth performance of 
the large-stoma plants due to an overall leaf-level, trade-off between 
CO2 uptake and water loss with increasing stomatal conductance (Ber-
tolino et al., 2019; Drake et al., 2013). However, other factors may also 
have contributed to the observed performance-based stabilizing selec-
tion in the dry group, such as the greater construction costs of large 
stomata (Franks et al., 2009), as well as their possible slower opening 
and closing response to short-term environment fluctuations (Drake 
et al., 2013; Kardiman and Ræbild, 2018; Lawson and Vialet-Chabrand, 
2019; Raven, 2014), such as variable light (e.g. sunflecks; Raven, 2014; 
Schymanski et al., 2013) and water deficit (Bertolino et al., 2019; Drake 
et al., 2013; Fanourakis et al., 2015). 

4.1.2. Selection on specific leaf area 
Performance-based selection was also suggested for SLA, but of quite 

different form to that on stomatal length. It was most evident in the wet 
group where only stabilizing selection favouring an average SLA 
phenotype was detected (Fig. 1b). Evidence for quadratic selection on 
SLA has been reported in other studies, but is usually environment 
specific (Blanco-Sánchez et al., 2022; Lopez-Gallego and O’Neil, 2014; 
Ramírez-Valiente et al., 2011), and is rarely reported in the absence of a 
directional component of selection (Blanco-Sánchez et al., 2022; 
Steinger et al., 2003). 

SLA (the inverse of LMA) is a complex trait integrating different 
components of leaf anatomy and chemistry (John et al., 2017; Niine-
mets, 2001; Poorter et al., 2009). SLA affects growth performance 
through the trade-off between light capture, photosynthetic capacity, 
biomass investment in leaf construction, leaf longevity and relative 
growth rate (Díaz et al., 2016; Kimball et al., 2013; Poorter et al., 2009; 
Sartori et al., 2019). High SLA is beneficial in low light environments as 
leaf area, and thus light interception, is increased per unit leaf biomass, 
whereas low SLA is beneficial under high light due to greater photo-
synthetic biomass per unit area (Steinger et al., 2003). Per unit area, 
low-SLA leaves have greater construction costs than high-SLA leaves, 
but this is countered by better defence against herbivores and physical 
hazards leading to greater leaf longevity (Díaz et al., 2016; Poorter et al., 
2009). High SLA tends to be favoured in productive, high-resource, 
habitats, whereas low SLA is favoured in more stressful environments, 
including those subjected to drought and freezing stress (Anderegg et al., 
2021; Ball et al., 2002; McLean et al., 2014; Poorter et al., 2009; Ram-
írez-Valiente et al., 2022; Ramírez-Valiente et al., 2011; Sartori et al., 
2019). However, our dry group of populations had higher SLA than the 
wet group (Table S2), which suggests that factors other than drought 
adaptation (e.g. biotic stressors, Barton and Koricheva, 2010; genetic 
constraints, Costa e Silva et al., 2020) may have driven the evolution of 
group differences. The pure performance-based stabilizing selection we 
observed in the wet group suggested that the SLA phenotype which 
optimised growth performance of the group in the test environment was 
close to the observed SLA mean (i.e. selection does not lead to a change 
in the SLA mean; e.g. see Walsh and Lynch, 2018, Figure 29.8 C). 
Reduced growth performance of extreme SLA phenotypes could be due 
to multiple genetic factors (Hendry, 2017), but may well signal the 
trade-offs involved in over- and under-investment of resources for leaf 
construction at the expense of whole plant growth and leaf defence, 
respectively (Poorter et al., 2009; Salgado-Luarte and Gianoli, 2012, 
2017). 

4.1.3. Correlational selection 
Correlational selection has been documented in natural populations 

for many organisms in both plant and animal species (Geber and Griffen, 
2003; Svensson et al., 2021). Correlational selection can signal trait 

synergies and trade-offs, and can shape the genetic and phenotypic ar-
chitecture of traits over evolutionary time (Roff and Fairbairn, 2007, 
2012; Svensson et al., 2021). Significant correlational selection 
involving SLA (or LMA) has been detected in other studies (e.g. Etterson, 
2004; Magnoli and Lau, 2020; Sartori et al., 2019). Despite the potential 
functional roles of stomatal and leaf economic traits in photosynthesis 
and water-use efficiency, in our case, the performance-based correla-
tional selection estimate between SLA and stomatal length was close to 
zero and not statistically significant in either group. 

Using fitness components or measures of plant growth as fitness 
proxies, the absence of evidence for correlational selection involving 
SLA has been reported not only for pairwise combinations where SLA is 
functionally distally related to the other interacting trait (Lopez-Gallego 
and O’Neil, 2014; Steinger et al., 2003), but also for pairwise combi-
nations where SLA interacts with another leaf economic trait (Ramír-
ez-Valiente et al., 2011). Such results may reflect the need of large 
sample sizes for an accurate estimation and detection of correlational 
selection (Simon et al., 2022; Walsh and Lynch, 2018). However, they 
could signal true independence of the physiological mechanisms by 
which variation in the focal leaf traits affects growth performance. In the 
present case, such independence could arise from stomatal length 
impacting external gas exchange, but SLA affecting internal character-
istics such as gas diffusion within the leaf, the amount of chlorophyl per 
unit leaf area, as well as biotic and abiotic defence (Niinemets, 2001; 
Poorter et al., 2009). 

4.1.4. Differences between the dry and wet climate groups in performance- 
based selection 

The modelling of the fitness-performance and fitness-trait relation-
ships indicated that qualitative comparisons of performance-based se-
lection of the two groups were justified (see below the discussion on the 
“Relationship of fitness with growth performance and/or leaf traits”). 
However, estimates of both linear and nonlinear selection gradients are 
influenced by numerous factors, including the study environment and 
the phenotypic range of the focal traits (Geber and Griffen, 2003; Hen-
dry, 2017; Walsh and Lynch, 2018). Indeed, group comparisons of se-
lection gradients will rely upon the assumption that the phenotypic (co) 
variances of the focal traits do not differ substantially among groups 
(Chenoweth et al., 2013). This was the case for the phenotypic variances 
of the studied leaf traits (Table S2), and also as indicated from the Box’s 
M-test (Box, 1949) which could not reject (i.e. p > 0.05) the null hy-
pothesis of homogeneity of phenotypic variance-covariance matrices 
between the climate groups for the two leaf traits (not shown). In 
addition, environmental covariance between fitness and traits may 
induce bias in estimates of phenotypic selection gradients (Stinchcombe 
et al., 2002). Nevertheless, the modelling of experimental block effects 
in Eq. (1) may have reduced the influence of the environmental 
covariance between height performance and the leaf traits on our per-
formance gradient estimates (McGoey and Stinchcombe, 2009). 
Regardless, any estimation bias would equally affect the two groups as 
the individual genotypes representing the groups were randomly 
distributed within blocks. 

The differences in performance-based selection observed between 
the dry and wet groups for both SLA and stomatal length may partly 
reflect hidden interactions arising from selection acting on unmeasured 
traits which affect growth performance (Delph et al., 2011; Ludwig 
et al., 2004). Group differences in trait plasticity could also contribute to 
differences in performance-based selection (Kosová et al., 2022; Steinger 
et al., 2003). Genetic differences in trait plasticity may have altered the 
effects of a trait on the growth performance measure and/or the 
observed fitness component, as suggested by the study of Walter et al. 
(2023). Further, trait plasticity itself may incur a fitness cost (Steinger 
et al., 2003) and even be constrained by unmeasured correlated traits 
(Franks et al., 2009). 

In the present study, plasticity may have changed the performance- 
trait relationship, diminishing the effects of SLA on height 
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performance in our dry but not the wet climate group. SLA is a highly 
plastic trait (Niinemets, 2001; Poorter et al., 2009; Steinger et al., 2003), 
and this plasticity may vary dependent on genotype. For example, a 
study of Eucalyptus tricarpa populations grown in common-gardens in 
regions of low (470 mm) and high (840 mm) annual rainfall revealed 
that SLA plasticity was greater in populations originating from a dry 
climate compared with those originating from wetter regions (McLean 
et al., 2014). This finding is consistent with past selection for greater 
trait plasticity in populations from more variable dry home-site envi-
ronments (Lázaro-Nogal et al., 2015), which may mask the effects of the 
focal traits on performance or fitness (Hendry, 2015). 

For stomatal length, the observed group difference may be due to a 
disconnect of stomatal size from variation in leaf-level maximum sto-
matal conductance in the wet group, leaving only a (weak) signal of the 
performance-trait pathway which may have favoured smaller stomata in 
the wet group due to their lower construction costs or faster response to 
environmental fluctuations (as discussed above). These different ways 
by which stomatal size may affect gas exchange, and ultimately growth 
performance and fitness, could explain the opposing sign of the dry and 
wet groups for performance-based (Table 1) and fitness-based (Table 3) 
estimates of directional selection on stomatal length. However, while 
these directional selection estimates statistically differed between the 
two studied groups, as for functional traits in other studies (e.g. Alex-
andre et al., 2020; Costa e Silva et al., 2021), the groups were not 
replicated to allow a broader inference (Chenoweth et al., 2013). 

4.2. Relationship of fitness with growth performance and/or leaf traits 

The current work provided statistical support for a positive direct 
effect of height growth on tree survival in both E. ovata climate groups. 
Given such a positive fitness-performance relationship, the modelling of 
the fitness-trait relationship further indicated that, in our studied sys-
tem, the influence of the focal leaf traits on the observed fitness 
component could occur via (or mediated by) their effects on height 
performance, under the environmental conditions of the trial site and 
time period covered in the current study. 

A linear fitness-performance relationship is assumed in both 
performance-based and Arnold’s (1983, 2003) performance-mediated 
analyses of selection (Franklin and Morrissey, 2017). Under the logistic 
regression model applied here, the relationship of survival on the ex-
pected probability scale with height performance is intrinsically 
nonlinear, reflecting the cumulative distribution function of the logistic 
distribution. Yet, when allowing for a nonlinear, monotonically 
increasing fitness-performance function in a performance-mediated 
analysis, Franklin and Morrissey (2017) found selection gradients that 
agreed quite closely with corresponding estimates obtained from a 
performance-mediated analysis that assumed a linear fitness-performance 
relationship, with both approaches leading to similar biological in-
terpretations. Thus, as long as the fitness-performance relationship is 
monotonic, it may also be expected that qualitative inferences of selection 
from performance-based estimators of selection [e.g. as provided by Eq. 
(1)] will not be largely affected by the error associated with the 
fitness-performance relationship not meeting the assumption of linearity. 
In this sense, performance gradients can be representative of major 
qualitative features (such as the presence of minima or maxima) of the 
true selection surface describing the relationship between relative fitness 
and the focal traits (Franklin and Morrissey, 2017; Franklin et al., 2018). 
This may apply to our E. ovata system, as the estimated average selection 
gradients on the height variable in either climate group (Table 2) indi-
cated prevalent monotonically increasing (sigmoid) functions relating 
survival on the expected probability scale to growth performance over the 
observed phenotypic range (Fig. 2). In addition, the modelling of the 
fitness-trait relationship revealed that the leaf traits studied were inde-
pendent of tree survival, conditional on the height performance measure 
(Table 3 and Table S5). That is, there was no evidence indicating that the 
leaf traits had direct fitness consequences independent of variation in 

growth performance, hence suggesting that the focal traits appeared to 
affect tree survival indirectly through their effects on height performance. 
Overall, these results suggested that the performance gradients estimated 
for the leaf traits under Eq. (1) could be qualitatively indicative of se-
lection gradients, hence validating qualitative inferences of selection from 
the performance-based analysis (Franklin and Morrissey, 2017). 

Over the two- to eight-year period studied in E. ovata, faster growth 
clearly had fitness benefits, with mortality being size-dependent, 
consistent with the fitness-performance relationship reported for 
E. pauciflora planted at the same time and site (Costa e Silva et al., 2022). 
While the positive size-dependent mortality is commonly reported in 
forest trees, including eucalypts (see discussion in Costa e Silva et al., 
2022), context is important as in any relationship involving fitness (or a 
fitness component) and the focal characteristics (Walsh and Lynch, 
2018). Our results on the modelling of relationships involving tree 
survival as a response variable pertained to a post-establishment, ear-
ly-age fitness component in the life-cycle of a long-lived forest tree 
species. They also encompassed a growth period where no extreme 
experiment-wide abiotic stress events occurred (e.g. drought, frost or 
fire), with mortality gradually accumulating through time consistent 
with biotic causes, including inter-tree competition (Costa e Silva et al., 
2017). 

Given the growth period studied, we found no evidence to suggest 
that the overall survival and mean height performance, as well as the 
results on selection parameters, were predictable from the long-term 
climate differences between the home-sites of the source populations 
and the common-garden site. The long-term climate differences suggest 
that the wet group could have been more maladapted to the common- 
garden site than the dry group. However, over the growth period stud-
ied, the dry group had lower survival and exhibited greater directional 
selection than the wet group, as evidenced by both the fitness-based 
(Table 3) and performance-based (Table 1) estimators of selection on 
stomatal length. Greater mean annual rainfall during the studied growth 
period than the long-term average is unlikely to explain these discrep-
ancies, as the region has experienced a hotter-drier climate since the 
common-garden was planted, potentially reflecting anthropogenic 
climate change (Harrison, 2021). These discrepancies may have been 
caused by multiple factors such as group differences in survival being 
due to inbreeding depression arising from maternal outcrossing varia-
tion (Hardner et al., 1996), and selection estimates being possibly 
influenced by changed site conditions due to agricultural use or culti-
vation for planting (Davidson et al., 2021), which may increase water 
availability in the soil (Mendham et al., 2011). The latter may initially 
reduce water-deficit stress at the common-garden site and contribute to 
the stronger and positive early-age directional selection on stomatal 
length (favouring large stomata) in the dry compared with the wet 
group. 

Variation in fitness-based selection gradients on growth performance 
and/or on the focal leaf traits may also occur at later ages in our E. ovata 
restoration planting, although evidence for frequent temporal changes 
in the strength and sign of directional selection in natural populations 
may be limited (Kingsolver et al., 2012; Morrissey and Hadfield, 2012). 
Changes in the directional selection gradient on height growth, for 
example, may result from early-age trade-offs in resource allocation 
being altered between above- as opposed to below-ground growth, as 
well as between growth and biotic/abiotic defences (Costa e Silva et al., 
2021; Ferrenberg et al., 2023; Orians et al., 2010). The changing 
endogenous stress landscape as trees grow in height (e.g. biotic defence, 
Barton and Koricheva, 2010; water transport, McDowell et al., 2011) 
may also impact on the variation in selection gradient estimates on 
growth performance. In addition, temporal changes in natural selection 
may occur with short-term events (e.g. climate fluctuations, Blan-
co-Sánchez et al., 2022; Siepielski et al., 2009). For example, in contrast 
to the present finding, higher mortality of well-established larger trees 
compared with smaller trees is often reported in response to major se-
lection events such as high winds (Peterson, 2000), droughts (Stovall 
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et al., 2019) and insect outbreaks (Pfeifer et al., 2011), although in the 
case of eucalypts the reverse is more likely for wildfires (Hernández 
et al., 2022). With predictions of increases in the frequency of such 
extreme selection events with climate change (Australian Bureau of 
Meteorology, 2020), combined with increasing depletion of soil water 
reserves as the stand ages (Mendham et al., 2011), these more-extreme 
selection events may well have a greater impact on the relationships of 
later-age fitness components with functional traits or growth 
performance. 

5. Conclusions 

Our study in a common-garden field trial of the forest tree E. ovata 
provided evidence for early-age, performance-based phenotypic selec-
tion on two leaf functional traits, stomatal length and specific leaf area 
(SLA), the former being a proxy of stomatal size and rarely included in 
selection studies despite its importance in plant evolution. The strength 
and form of performance-based selection depended on the trait and 
climate group (dry or wet) being considered, with selection mainly 
detected on stomatal length in the dry group and on SLA in the wet 
group. In this context, the combination of directional and stabilizing 
selection on stomatal length in the dry group suggested an optimal 
performance value slightly above the observed trait mean, whereas a 
performance maximum at the mean of SLA was indicated by a pure 
stabilizing selection on the trait in the wet group. Under the environ-
mental conditions of the trial site and over the time period studied, 
fitness-based selection gradients on height performance indicated sta-
tistical support for directional selection but not for quadratic selection in 
the two population groups of different climate origin. The modelling of 
these fitness-performance relationships suggested that mortality was 
size-dependent, with early-age height growth having a consistent posi-
tive effect on the later-age tree survival. Further, fitness-based selection 
gradients did not provide statistical support for direct effects of the focal 
traits on the observed fitness component, conditional on measured 
performance. These results validated qualitative inferences of selection 
from the performance-based analysis, and indicated that selection on the 
focal leaf traits appeared to be mediated by their effects on early-age 
height performance, which in turn directly influenced later-age tree 
survival. Nevertheless, temporal factors are likely to have an impact on 
inferences about natural selection, and longer-term monitoring will be 
required to determine the stability of both performance-based and 
fitness-based estimators of phenotypic selection across the life cycle of 
these long-lived forest trees. 
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