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Abstract
1. Life-history strategies emerge from eco-evolutionary constraints, where organ-
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namics and community assembly.

. Here, we investigate how disturbances shape the growth-survival trade-off by

comparing early and late-successional forest stands across the eastern United
States. Using large-scale sampling to capture the realised niche of 68 temperate
species, we estimated species-specific mortality probabilities under zero growth
(a proxy for resource-poor environments) applying a Bayesian multilevel mod-
elling framework. We tested trade-offs between these estimates and species'
maximum growth capacity (a proxy for resource-rich environments), within and

across early and late-successional stands.

. Overall, we found a weak growth-survival trade-off among temperate tree spe-

cies (R?=0.07). No clear evidence of this trade-off was found in early successional
stands (R?=0.02), while late-successional stands showed a relatively stronger—
though still weak—positive association between species' maximum growth and

mortality under zero growth conditions (R?=0.17). Disturbances therefore seem
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1 | INTRODUCTION

The forest carbon sink is governed ultimately by the behaviour of
the species in each forest community (Bialic-Murphy et al., 2024;
Pan et al., 2024). Therefore, an improved understanding of species
demography can help refine our comprehension of the mechanisms
by which tree species occur and coexist in forests (Kobe, 1999;
Silvertown, 2004), and to predict the future of forest species com-
position in the face of rapidly changing environmental conditions
(Bauman, Fortunel, Cernusak, et al., 2022; Bauman, Fortunel,
Delhaye, et al., 2022). Similarly, a better understanding of how fast
species assimilate carbon, via growth, and release carbon, via mor-
tality, can help us predict the future of the forest carbon sink (Riger
et al., 2020). Ecological theory predicts that the way species invest
in the acquisition of resources and their allocation to growth, sur-
vival, and reproduction will be tightly linked and have mutual de-
pendencies (Riger et al., 2018; Salguero-Gémez et al., 2015; Wright
et al., 2010). For instance, light-demanding species tend to invest re-
sources into radial growth: they can grow fast under high light avail-
ability, but may fail to grow with concomitant high mortality when
light is limited (Brienen et al., 2020; Kobe, 1996; Pacala et al., 1994).
In contrast, shade-tolerant species usually allocate more resources
to stem structure and defences, leading to higher longevity at the
expense of slower growth rates (lida et al., 2014; Kobe et al., 1995;
Poorter et al., 2008). Ultimately, such trade-offs are expected to
shape the demographic performance of tree species (Bialic-Murphy
et al., 2024; Kitajima, 1994; Kobe, 1999; McMahon et al., 2011;
Russo et al., 2021).

An implication of the growth-survival trade-off is that species'
maximum growth rates can predict whether and how the risk of
mortality of individual trees varies with resource availability (e.g.
water, nutrients, light). For instance, slow-growing species may ex-
perience low mortality in low-resource environments, but have a

greater mortality risk in resource-rich environments due to limited
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to mediate a filtering of tree life-history strategies. Consequently, an increase in
disturbance rates or changes in their regime could disrupt the growth-survival
trade-off in temperate forests.

4. Synthesis: Life-history strategies arise from eco-evolutionary constraints and can
lead to trade-offs like tree growth and survival. While temperate tree species in
late-successional or low-disturbance-frequency forests do show a growth-sur-
vival trade-off, this trade-off is weak and was not found in early successional or
high-disturbance-frequency stands, nor across all stages combined. Our findings
highlight a role of disturbances in filtering life-history strategies and their poten-
tial impact on forest dynamics and global carbon cycling but also a need to better

understand the mediating processes of tree demographic trade-offs.

angiosperms, community assembly, demographic trade-offs, forest disturbance, gymnosperms,
life-history strategies, stand development

competitive advantage (Russo et al., 2008). Conversely, fast-growing
species would have a higher competitive advantage in resource-
rich environments, at the expense of increased mortality risk in
low-resource environments (Russo et al., 2008). Consequently, the
probability of mortality of individuals in the absence of growth could
produce insights into the allocation strategies of each species (Kobe
et al., 1995; Russo et al., 2021). In addition, the mortality risk when
growth is extrapolated to be zero (i.e. the intercept) allows us to infer
tolerance to conditions of resource limitation, whether by light, nu-
trients, or water supply (Kitajima, 1994; Kitajima & Poorter, 2008;
Kobe et al., 1995; Russo et al., 2005, 2008), as the lower the species-
specific mortality probability at zero growth, the greater the toler-
ance to resource limitation (Russo et al., 2021). More widely, how
different species covary in terms of growth and mortality over en-
vironmental resource gradients may ultimately shape the overall
local and large-scale dynamics of forests (Riiger et al., 2020; Russo
etal., 2021).

The existence and strength of demographic trade-offs have
been explored across Amazonia and in other lowland tropical for-
ests (Coelho de Souza et al., 2016; Kambach et al., 2022; Riger
et al., 2020; Russo et al., 2008, 2021; Wright et al., 2010), suggest-
ing a widespread tropical pattern, at least in non-cyclone-affected
forests (i.e. forests experiencing low-severity disturbances).
While the growth-survival trade-off has been observed in tem-
perate regions at local and regional scales (McMahon et al., 2011;
Wijenayake et al., 2023), it has not been explored nor quantified
over large biogeographical scales. Such a test is important be-
cause, as well as being structurally and floristically very differ-
ent from tropical forests (Spicer et al., 2020), temperate forests
are often disturbed by intense events (Sommerfeld et al., 2018).
There is evidence that some ecological strategies typical of old-
growth ecosystems, such as the presence of slow-growing and
shade-tolerant species, are lost after major disturbances that
cause high tree mortality (e.g. hurricanes, insect outbreaks, and
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droughts) (Needham et al., 2022; Russo et al., 2021). To the extent
that disturbances may cause reversion to earlier developmental
or successional stages dominated by fast-growing pioneer species,
we can expect to observe reduced demographic trade-offs due
to the absence of slow-growing and shade-tolerant species (see
Figure 1). In extremis, the growth-survival trade-off might be ab-
sent in disturbed forests (Russo et al., 2021).

In forests, the growth-survival trade-off might also vary due to
the differences among species, including the presence of distinct
clades of bothangiospermsand gymnosperm species, which may have
fundamentally different ecological strategies and competitive abili-
ties (Becker, 2000; Bond, 1989; Laughlin et al., 2020). For instance,

gymnosperms are expected to have higher survival and outcompete
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FIGURE 1 Expected interspecific relationships between
maximum growth rate and mortality probability at zero growth.
Here, maximum growth rate is a proxy for species growth rate

in resource-rich environments, and mortality probability at

zero growth is a proxy of mortality probability in resource-poor
environments. Species' life-history strategies vary according to how
they allocate resources, along a continuum from low investment

in growth and high investment in defences, to high investment in
growth and low investment in defences. Species mortality rates are
expected to vary from low to high across this continuum, reflecting
a trade-off between growth and survival investments. Species

that fall within the upper-left light-blue triangle would be selected
against, as having slow growth and high mortality may reduce the
population size and are not viable for sustaining a population in

the long term (Russo et al., 2021). In contrast, the bottom-right
light-blue triangle indicates a region where species would not be
successful under low resource due to investments in survival,
leading to a fast growth but low reproductive success (Reich, 2014;
Rose et al., 2009). If a disturbance of sufficient intensity drives
forests to an early successional stage, there would be a loss of
slow-growth, low-mortality species, resulting in forests dominated
by fast-growing, high-mortality species. Figure adapted from Russo
etal. (2021).

angiosperms in resource-poor environments (Bond, 1989), such as
low soil fertility and frequent frost conditions, as they have conser-
vative traits that allow them to persist in stressful environments, in
addition to successful strategies for colonising disturbed environ-
ments (Brodribb et al., 2012). On the other hand, gymnosperms
typically exhibit lower photosynthetic and hydraulic capacity due to
the presence of small vessels, affecting the conductance of water
through the plant (Lusk, 2011; Lusk et al., 2003). These physiological
and morphological traits may confer a competitive disadvantage in
resource-rich environments (Becker, 2000; Lusk, 2011; Stephenson
& Van Mantgem, 2005), which would, in turn, be dominated by
angiosperm species. Thus, studying demographic trade-offs in
temperate forests at large biogeographical scales is crucial for un-
derstanding how these dynamics vary among species. In addition,
since temperate forests are often prone to disturbances and struc-
turally distinct from tropical forests, insights into growth-survival
trade-offs of each tree species here may clarify how disturbances
impact community structure and dynamics across forest ecosystems
more generally.

Here we analysed data from 12,035 permanent inventory
plots distributed across the eastern United States from the Forest
Inventory and Analysis (FIA) Program (Burrill et al., 2021) to under-
stand how species' tolerance to resource limitation varies across
temperate tree species, and to test and quantify the growth-survival
trade-off across 68 dominant species. We further analysed a sub-
set of these species to test whether this trade-off differed between
forest stands in early and late-successional stages—here used as a

proxy of disturbance regimes across forests.

2 | METHODS
2.1 | Studyregion and demographic data

We used data from the US FIA National Program (USDA Forest
Service, research.fs.usda.gov/products/dataandtools/fia-da-
tamart) of the US Department of Agriculture, Forest Service
(Bechtold & Patterson, 2005; Burrill et al., 2021). This dataset is
derived from the National Forest Inventory of the United States
and includes 12,035 long-term plots of 0.067 ha in temperate for-
ests distributed across the eastern US, totalling 215,339 stems
belonging to 68 species (Figure 2; Tables S1 and S2). This exten-
sive sampling enabled us to evaluate species within their realised
distributions, encompassing most of their niche space. All stems
with a diameter at breast height (dbh) 212.7 cm from plots with at
least three censuses were included in our analyses. We used the
last three censuses for each plot and excluded plots that had been
harvested or had management records, as our aim was to study
tree demography without direct human influence. Furthermore,
the sampling period varied widely among plots (census 1: 2001-
2008; census 2: 2006-2013; census 3: 2011-2018), ensuring our
sample was unlikely to be biased by extreme weather events along
the sampling period.
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FIGURE 2 Distribution of forest sampling units across the
eastern United States. Please note that all sampling units (i.e. grey,
pink, and blue dots) were used to assess the mortality probability of
zero growth and maximum growth for the overall test of growth-
survival trade-off. However, only early-development plots (in pink)
were used to assess the trade-offs in early successional stands,
while only late-development plots (in blue) were used to assess the
trade-offs in late-successional stands.

To obtain annualized absolute growth rate (cm year’l) of individ-
uals between two censuses, we calculated the difference in stem
dbh from the two most recent censuses, divided by the number of
years between censuses. We used the 95th quantile of the distri-
bution of growth rate across all trees within a given species as an
estimate of the species-level maximum growth rate. These metrics
were used to estimate the interspecific relationship between the
maximum growth in a resource-rich environment (95th quantile of
growth rates) and the tolerance to resource limitations (mortality
probability at zero growth estimated from a statistical model; see

below).

2.2 | Prior disturbance assessment

To determine the successional stage of each plot, we compared
the total basal area of each plot to the potential basal area of
the forests within the environmental envelope in which the for-
est is located, following the procedure developed by Astigarraga
et al. (2024) and available for usage. Such an initial approximation
of successional stage assumes that the total basal area of a forest
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increases during stand development up to a threshold depending
on the resource availability within its environmental envelope.
Specific details and methods about the stand development assess-
ment can be found in Astigarraga et al. (2024). Briefly, the envi-
ronmental envelope clustered plots within similar climatic (mean
annual temperature and annual precipitation) and edaphic (nitro-
gen availability) conditions, which resulted in maximum potential
basal area per cluster. While mean annual temperature, mean pre-
cipitation, and nitrogen availability capture broad environmental
gradients (Babst et al., 2013; Berendse & Aerts, 1987), local fac-
tors are also expected to affect individual growth and mortality.
Each forest inventory plot was characterised regarding the stand
successional value ranging from O to 1 by dividing the basal area of
each plot by the maximum basal area of its corresponding cluster
(i.e. 95th percentile of the basal area of the cluster to which this
plot belonged). Plots with a basal area above the 95th percentile
of their respective cluster were assigned a value of 1. While this
measurement only approximates the successional stage of each
stand, it acts as a good proxy of their structural state, as lower
basal area is often related to sites typically younger or recover-
ing from past disturbances. Early stand succession was defined
by sites with low stand basal area values (i.e. below or equal to
0.25 of stand development) in the climate space in which the stand
was located. Late stand succession was defined by sites with high
stand basal area values (i.e. above or equal to 0.75 of stand de-
velopment when considering all species together) in the climate

space in which the stand was located.

2.3 | Dataanalyses

2.3.1 | Modelling species mortality and tolerance to
resource-poor environments

We estimated species-specific annual mortality probability at zero
growth using predictions from a Bayesian multilevel model of indi-
vidual survival. In this model, the binary outcome of tree death from
the period of censuses 2-3 was used as the response variable to
estimate annualised mortality probability as a function of previous
growth rate (i.e. from census 1 to census 2) and tree size (i.e. dbh at
census 2) (Equation 1.1). The multilevel model structure allows each
species to have its own baseline mortality probability (i.e. varying
intercept) as well as mortality response (i.e. varying slopes) to both
previous growth and dbh (Equations 1.2 and 1.3). It also estimates
responses across species (the grand means or hyperparameters of
the theoretical distributions of parameters from which species-level
slopes are assumed to arise; Equations 1.7 to 1.9). Thus, we modelled
the death status at the end of the second interval, t (from census 2 to

census 3), for individuals i of species s in plots k, as follows:

Likelihood:

_ 1.1
mortality;. ~ Bernoulli ( 1-(1-p;)"""™ ) (1)
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Log—odd linear model:

. (1.2)
logit(p;¢) = agi) + Bepn,g, dbhie+Ber  8Fie—1+7k
Population of species varying effects:
s 1}
. (1.3)
Baphs |~ MV Normal| g ,S|for s=species 1-68
ﬂgfs ﬂg"o
Construct covariance matrix of species’ parameters:
o, O 0 o, O 0
(1.4)
S=|0 oy 0 |R]O ) 0
dbh dbh
0 0 g, 0 0 g,
Correlation matrix among species’ parameters:
0 P Bapnit Ppga
R (1.5)
T Papapn 0 P B Bon
Pafy  Plupnbe 0
Prior for correlation matrix:
(1.6)
R~LKJ(2)
Prior for average intercept:
(1.7)
ag~Normal(-1,2)
Prior for average slope of dbh:
(1.8)
Babh, ~Normal(0, 1)
Prior for average slope of previous growth:
(1.9)
Bery ~ Normal(0, 1)
Prior SD among species’ parameters:
(1.10)
s O Opy ™ Half Normal(0, 1)
Adaptive prior for plots’ varying intercept:
(1.11)
¥k ~Normal (0, , ) for k=plots 1 to 12,035
Prior SD among intercepts per plot:
(1.12)

o, ~Half Normal(0, 1)

In this model, dbh;,,,
sured at census 2 and the growth rate of that same individual at

and gr;,,_, are the dbh of individual i mea-

the end of the first interval, t-1 (i.e. from census 1 to 2). In ad-
dition, the multivariate normal distribution assumed for species-
level intercepts and slopes (Equation 1.3) and associated
covariance matrix S allow linking those parameters and allow
them to share information, leading to partial pooling and param-
eters shrinkage, hence improving model fit while limiting risks of
overfitting (McElreath, 2020). We also included the inventoried
plot as a varying intercept (Equations 1.1 and 1.2) in the model
to account for within-plot environmental heterogeneity. The like-
lihood (Equation 1.1) was built to make use of the fact that mor-
tality probability is compounded over time, here allowing the use
of the exponential effect of the time between the second and the
third censuses to model annualised mortality probability. We ap-
plied a log-transformation to dbh and an exponential transforma-
tion to growth (gr*0.47, empirically tested for the data) to limit
heteroscedasticity and skewness. This analysis was restricted to
species with at least 200 stems alive and five dead stems at the
third census (Russo et al., 2021), to limit risks of high uncertainties
or unstable estimates from underrepresented species. Using the
joint posterior distribution of the fitted mortality model, we used
the Equations 1.2-1.5 and the species-level parameter posteriors
to generate species-specific posterior probabilities of mortality at
zero growth, at a dbh of 12.7cm, in an ‘average plot’ (ignoring the
plots' varying intercept y). These species-level mortality probabili-
ties at zero growth were used together with the maximum growth

rates per species to fit the growth-survival trade-off.

2.3.2 | Testing of the growth-survival trade-off

To assess the growth-survival trade-off among species, we analysed
the relationship between mortality probability at zero growth and
maximum growth rates for all stems of the 68 studied species. To
quantify the trade-off, we fitted a standardised major axis regres-
sion (SMA) between the species' annual mortality probability at zero
growth and the species' maximum growth. We used SMA for the
analyses because (1) it does not impose a predictive relationship of
X onY, and (2) it accounts for measurement error in both the X and
Y axes. All the SMA regressions included the species clade (angio-
sperms or gymnosperms; 51 and 17 species, respectively) as a covar-
iate, as comparing those clades is part of the questions of the study.

To examine the effect of disturbance on the strength of the
trade-off, we divided the initial dataset into two for the early and
the late-successional stage stands, respectively (early stage: 22
species and 14,866 stems; late stage: 33 species and 37,645 stems).
We re-calculated maximum growth rates, re-ran the multilevel sur-
vival model, and re-estimated mortality probabilities at zero growth
separately from each dataset. We then re-ran the SMA separately
for early and late stand successional-based estimates to test the
growth-survival trade-off within each stand successional stage.
Finally, to assess differences in maximum growth and mortality
probability at zero growth within species according to the stand
succession, we subset the species occurring in both early and late
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stands (18 species) and compared their successional stage-specific
growth and survival estimates by using paired t-tests.

The mortality model was created in STAN (Carpenter
et al., 2017), run using the R package rstan (Stan Development
Team, 2024) (commented R code is available in the Zenodo repos-
itory, see Bordin, 2025). Convergence and efficiency diagnostics of
the Bayesian models consisted of visual assessment of chain mix-
ing through trace plots and ensuring that all parameters' R-hats
were smaller than 1.01. The posterior probability distribution of
parameters or predictions of interest was summarised through the
posterior's mean and the 90%-highest posterior density interval
(90%-HPDI), that is, the narrowest uncertainty interval of parameter
values compounding 90% of probability mass. All analyses were con-
ducted in R version 4.2.2 (R Core Team, 2023), with the help of pack-
ages tidybayes (Kay & Mastny, 2024), smatr (Warton et al., 2018), and
tidyverse (Wickham et al., 2019).

3 | RESULTS

The strategies to deal with low-resource availability, here repre-
sented by the annual mortality probability at zero growth, varied
considerably across species, ranging from 0.01 [0.004-0.018] (pos-
terior mean and 90%-HPDIs) for Nyssa biflora to 0.36 [0.26-0.46]
for Populus grandidentata (Figure 3; Table S1; Figure S1). The fast-
est growing species was Pinus taeda [1.33cmyear'1, varying from

1.29 to 1.38cm year'i], and the slowest growing species was Ostrya

0.06

04
Group
Angiosperm
Gymnosperm
0.3

Annual mortality
probability

Annual mortality probability
o
N

o
-—

0.0
0.0 0.1 0.2

o
o
=

=d
o
~

0.00

BRITISH 3471
Egﬁg}gf,'w Journal of Ecology | 3

virginiana [O.3cmyear'1, varying from 0.27 to 0.33cmyear'1]. We
find that even a slight increase in growth rates may reduce substan-
tially the mortality probability within temperate species (Figure 3
[inset]). The mean annual mortality probability at zero growth
across angiosperms is 0.09 [0.06-0.12], and gymnosperms is 0.07
[0.05-0.09]. The mean maximum growth rate is 0.7 cmyear™ [0.64-
0.75cmyear !] and 0.64cmyear™ [0.61-0.67 cmyear™}], for angio-
sperms and gymnosperms, respectively.

Species with higher growth rates showed a weak trend of hav-
ing lower tolerance to resource limitation, as shown by a slight pos-
itive relationship between the maximum growth rate of a species
and their probability of mortality at zero growth (SMA slope=0.35,
R?=0.02, p=0.02) (Figure 4a). However, when analysing angio-
sperms and gymnosperms separately, this relationship became even
weaker than when evaluating all species together (Figure 4b,c).

The relative strength of the growth-survival trade-off among
species depended on the stage of stand development. The trade-
off between demographic strategies appeared as weak overall, but
it was relatively stronger—though still low—across species from late-
successional stands (SMA slope=0.53, R%?=0.17, p=0.01), compared
to early successional stands where no clear evidence of a trade-
off was found (SMA slope=0.33, R?=0.02, p=0.49) (Figure 5a,c;
Figures S2 and S3). There is one angiosperm species from late-
successional stands (Nyssa aquatica) that showed both very low mor-
tality (0.03 [0.01-0.06]) and fast maximum growth (1.05cmyear*
[0.76-1.57 cmyear™]) in late-successional stands, which was unex-

pected (Figure 1). As expected, if we remove this species and re-run

0.0 0.1 0.2 03 0.4 0.5

Previous growth rate
(0to 0.5cmyr-")

0.3 0.4 0.5

Previous growth rate
(0 to 0.5 cm yr-")

FIGURE 3 Estimated annual mortality probability as a function of previous growth rate for 68 North American temperate tree species.
Each curve corresponds to the mean of the species-specific posterior prediction of mortality probability at 100 regularly spaced growth
rate values between 0 and 0.5cmyear?, at a dbh of 12.7 cm. Each corresponding intercept represents species' mortality probability at zero
growth, that is, the predicted posterior of interest to then assess the growth-survival trade-off. We considered that the lower the mortality
at zero growth, the higher the tolerance to resource limitation (Russo et al., 2021). The green lines represent angiosperm species, orange
lines represent gymnosperm species, and the inset plot shows the average species predicted curve (with 95% confidence intervals in blue).
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FIGURE 4 Growth and survival trade-off across temperate species. (a) Relationship between maximum growth (95th percentile of tree
growth) and annual mortality probability at zero growth estimated from the mortality model for the 68 temperate species. The regression
line shows the trade-off between investment in maximum growth under high resource and mortality probability under low resource.
Analyses were repeated only for angiosperms, in green (b) and gymnosperms, in orange (c). For mortality probabilities, circle and vertical
bars are the mean and 90% highest posterior density intervals of the species' predictions' posteriors. For growth rates, circle and horizontal
lines are the 95% confidence intervals of the calculated 95th percentile of species growth rates.

the SMA on the remaining 32 species, the growth-survival trade-
off across species at late-successional stands became stronger
(SMA slope=0.59, R>=0.28, p-value=0.001). Finally, on average,
the same set of species tends to have higher maximum growth in
stands under early succession, while mortality probability remains

unaltered (Figure 5b,d).

4 | DISCUSSION

Here we performed an assessment of the trade-off between toler-
ance to resource limitation and maximum growth capacity under fa-
vourable conditions across 68 dominant temperate tree species in
the eastern United States. We observed large variation in the toler-
ance of temperate tree species to resource limitation, with mean es-
timates of mortality probability at zero growth varying between 0.01
and 0.36, as well as a broad range of maximum growth, which varied
from 0.3 to 1.33 cmyear'i. We further found either no evidence of
a relationship between mortality in resource-limited environments

and growth potential under resource-rich conditions, pointing to a

weak demographic trade-off among temperate tree species. While
no evidence of a trade-off was found in early successional stands,
the trade-off was relatively stronger at late-successional stands.
This implies that an increase in frequency and magnitude of forest
disturbances over time (Sommerfeld et al., 2018) could potentially
disrupt and weaken the growth-survival trade-off in temperate for-
ests, with consequences for future forest dynamics, composition,
and global carbon cycling.

The mortality probability across tree species increases steeply
under zero growth rates, such as illustrated for the angiosperm P.
grandidentata, a light-demanding species, whose annual mortality
surged from 0.05 to 0.36 under previous growth of 0.1 and Ocm
year!, respectively. This is consistent with other studies from
tropical and temperate forests showing that reduced vigour re-
lated to growth stress leads to a higher mortality probability (Chao
et al., 2008; Kobe et al., 1995; Kobe & Coates, 1997). In addition,
even a slight increase in growth rates is enough to substantially
reduce the mortality probability for most species, highlighting the
importance of previous growth and size as powerful predictors of
individual tree mortality risk in temperate forests (Kobe et al., 1995;
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FIGURE 5 Growth and survival trade-offs across species in different stand successional stages. Relationship between maximum growth
rate and annual mortality probability at zero growth for 55 temperate species in (a) early successional stands (n=22) and (c) late-successional
stands (n=33). Comparison of the (b) mortality probability at zero growth and (d) maximum growth rate between the same set of species
(n=18) in early and late-successional stands. The regression line in black shows the direction and magnitude of the relationship between
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are shown in green and gymnosperms in orange. For mortality probabilities, circle and vertical bars are the mean and 90% highest posterior
density intervals of the species' predictions' posteriors. For growth rates, circle and horizontal lines are the 95% confidence intervals of the

calculated 95th percentile of species growth rates.

Russo et al., 2021). Consequently, management actions could lever-
age the relationship between increasing mortality probability and
the absence of growth to develop more effective strategies for for-
est stand management, such as selective logging activities.

The weak trade-off between growth and survival across eastern
US temperate tree species suggests that species with faster growth
rates in resource-rich environments have slightly higher mortality
probability in low-resource environments. In addition, this relation-
ship is a little weaker (r=0.27) than the mean relationship reported
for undisturbed tropical forests (r=0.41) (Russo et al., 2021). This
may be explained, in part, by the fact that the forest plots analysed
by Russo et al. (2021) included saplings, for which growth-survival
trade-offs are often stronger (Kobe, 1999; Kobe et al., 1995; Kobe
& Coates, 1997; Wright et al., 2010), underscoring that the growth-
survival relationship may be size-dependent (Niinemets, 2006).
Additionally, the differences in demographic trade-offs may be
linked to the increasing growth rates observed in temperate species

as a consequence of recent climatic changes, due to CO, enrichment
in the atmosphere (Arco Molina et al., 2024; McMahon et al., 2010).
This may lead some species that allocate resources to functions
that favour faster growth to increase their risk of higher mortality
rates in stressful environments under adverse conditions in the fu-
ture. For instance, species that exhibit less dense wood may show
increased growth rates but also a higher vulnerability to windthrows
or extreme droughts (Bennett et al., 2015; Esquivel-Muelbert
et al., 2020). Therefore, this strategy may make these species more
vulnerable to environmental change, potentially reducing their
chances of survival and recruitment in the future (Rose et al., 2009;
Salguero-Gomez, 2017).

In addition, those species may also depend on other axes of
life-history trade-offs. For instance, the stature-recruitment trade-
off suggests that fast-growing and long-lived species may invest
less in recruitment (Ruger et al., 2018; Stott et al., 2024). This
stature-recruitment axis also predicts that slow-growing species
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with high-mortality rates could invest more in recruitment (Riger
et al., 2018, 2020), although they might be selected against, as this
strategy is not successful in the long term and may reduce the pop-
ulation size (Russo et al., 2021; Figure 1). As expected, these pat-
terns of slow growth and high mortality were rare across our set of
temperate tree species. Additionally, our results show that some—
though few—species exhibit both fast growth and low mortality
(such as N. aquatica, see Section 3). If those species have also al-
located fewer resources to recruitment, it could explain their high
investments in both growth and survival (Riger et al., 2020). This
recruitment dimension of demography and life-history trade-offs,
however, remains comparatively little understood and will require
seedling data and thoroughly test potential trade-offs of allocation
among growth, survival, and reproduction.

When we evaluated species from different evolutionary lin-
eages—angiosperms and gymnosperms, we observed low within-
group variability for annual mortality probabilities at zero growth
and maximum growth rates, pointing to a weak demographic trade-
off within these clades, for example, with species showing both fast
growth and low-mortality probability. For instance, the angiosperm
Quercus nigra showed a mean mortality probability at zero growth of
0.10 and maximum growth of 1.30cmyear™?, and the gymnosperm
P. taeda showed a mortality probability at zero growth of 0.10 and
maximum growth of 1.33cmyear™ (Table S1). This illustrates how
mortality does not increase with higher growth rates for all species,
potentially reflecting higher persistence of these species over time
in the communities (Becker, 2000; Bond, 1989). Beyond this belong-
ing to angiosperms or gymnosperms, disturbances also affected the
estimated strength of the trade-off. Disturbance events alter forest
structural complexity, which underlies the strength of demographic
trade-offs by filtering out some strategies in disturbed ecosystems
(Needham et al., 2022; Russo et al., 2021). Thus, species are not lim-
ited to the top-right part of the diagram as we expected (cf. Figure 1)
but display a lower range of mortality probabilities and larger maxi-
mum growth rates, rather than a restricted population of functional
space not allowing it to manifest, as observed by Russo et al. (2021).
An implication of this result is that we may expect that the observed
increasing disturbances associated with climate change (e.g. wind-
storms, insect outbreaks, heat waves, droughts) will affect demo-
graphic dynamics across temperate forests.

We found that the same species exhibited faster growth in
stands under early succession than their conspecifics in stands
under late succession. In addition, some species (for instance,
from the genus Populus) showed an increase in mortality probabil-
ity in late-developing stands (Figures S2 and S3). As these species
are light-demanding pioneer species, this result is not unexpected.
Differences in environmental conditions related to both natural and
human-led disturbance events, such as light availability, can alter
the species composition and stem density across species, which in
turn affect their demographic rates (Carrefio-Rocabado et al., 2012;
Fang et al., 2024; Nemetschek et al., 2024). In addition, local pro-
cesses such as conspecific negative density dependence may influ-
ence species' mortality rates (i.e. self-thinning) (Magee et al., 2024;

Westoby, 1984), which can increase local resource availability and
potentially result in higher growth rates, as well as reduced growth in
larger trees due to higher maintenance costs (West, 2020). Moreover,
our sample is limited to relatively large individuals (i.e. dbh 212.7 cm)
and abundant species, which might not encompass the full range
of potential demographic trade-offs among eastern US temperate
species. This could explain some unexpected maximum growth and
mortality probability values, such as those observed for N. aquatica.
Despite this constraint, our results address an important gap in un-
derstanding the effects of disturbances on demographic trade-offs
across temperate tree species. In addition, future demographic stud-
ies should make a greater effort to include smaller individuals from
less abundant species in order to improve our understanding of how
these trade-offs shape the structure and dynamics of forest ecosys-
tems under different levels and types of disturbance.

Better understanding the mortality probability of temperate spe-
cies under a scenario of very slow to no growth may provide valuable
information to guide management actions (e.g. adaptive manage-
ment stocking indexes (Chivhenge et al., 2024)), providing import-
ant insights into how forests might respond to global change. For
instance, some evidence that growth rates are increasing across tree
species could potentially arise as a consequence of climate change
and CO, enrichment (Hubau et al., 2020; McMahon et al., 2010).
While this fertilisation may increase the risk of higher tree mortal-
ity in tropical forests due to faster life cycles (Brienen et al., 2020;
Esquivel-Muelbert et al., 2020), similar outcomes may not occur in
temperate forests, where faster growth shows a weak trade-off
with reduced survival. Furthermore, these changes may have even
more pronounced effects in early developing stands, where species
exhibit faster growth alongside high survival, as highlighted in our
findings, which may impact the future of global forest dynamics and

carbon cycling.
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and 95% confidence interval for all species within the dataset.
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stands.
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and 95% confidence interval for species from late-development
stands.
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