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Viewpoint

Soil fertility controls on tropical
forest productivity and mortality:
synthesis and roadmap

Summary

Tropical forests are highly diverse and productive ecosystems and

store nearly 60% of vegetation biomass. Across the tropics, forests

span large gradients of soil fertility, from vast regions situated on

highly weathered, ancient geological formations to others on

young, nutrient-rich landscapes. Tropical forest productivity,

mortality, and biomass all vary systematically across these gradients

in soil fertility. Aboveground forest productivity tends to increase

with higher soil fertility, while counterintuitively, aboveground

biomass does not increase proportionally. This disconnect is likely

due to coinciding increases in mortality with higher soil fertility.

However, we know relatively little about the mechanisms under-

lying how soil fertility regulates productivity or mortality – two

critical determinants of forest biomass – and even less about how

these relationships will shape tropical forest responses to global

change. Here, we present a mechanistic framework for under-

standing how soil fertility affects productivity through photosynth-

esis, carbon allocation, and carbon-use efficiency; how it modulates

mortality via direct and indirect interactions with various drivers of

mortality; and how global change may alter these relationships.

Based on this synthesis, we outline a roadmap to advance our

understanding of tropical forests and improve predictions of their

responses to global change.

Introduction

Tropical forests and their soils play an outsized role in Earth’s
carbon balance and climate (Luyssaert et al., 2007; Beer et al., 2010;
Spawn et al., 2020; Pan et al., 2024). In theory, soil fertility –
characterized by a multidimensional set of physical, chemical, and
biological properties (Box 1) – is a key driver of variation in forest
biomass through its effects on plant functional composition, forest
productivity, and biomass turnover rates via tree mortality
(Dybzinski et al., 2015; Fig. 1; Box 2). However, there is immense
uncertainty about the future of tropical forest carbon stocks and
fluxes, in part because of their vast biogeochemical heterogeneity
and high species and functional diversity (Townsend et al., 2008).

Most tropical forests are situated on highly weathered, ancient
geological formations that are low in soil fertility, but a meaningful
proportion of tropical forests grow on young, eroding landscapes
with high soil fertility. Across tropical forests, plant species
composition varies substantially, driving variation in how forest
productivity and biomass turnover rates respond to soils (John
et al., 2007; Condit et al., 2013; van der Sande et al., 2016; Turner
et al., 2018; Peguero et al., 2023). Thus, large uncertainties remain
about the mechanisms linking soil fertility to tropical forest carbon
storage and its dynamics, particularly under the influence of global
change (Cavaleri et al., 2015; Pugh et al., 2019). We must address
these uncertainties to predict the future of tropical forest carbon
cycling and guide informed policy and management decisions.

Soil fertility remains one of the least understood drivers of forest
biomass carbon dynamics. Despite the inconsistencies in how soil
fertility is characterized (Box 1), more fertile soils generally support
higher aboveground net primary productivity, but may or may not
support higher aboveground forest biomass (Vitousek & San-
ford, 1986; Quesada et al., 2012; Muller-Landau et al., 2021). Of
the 26 studies investigating relationships of soil fertility with
aboveground biomass, 13 find increasing aboveground biomass
with soil fertility, seven find decreasing aboveground biomass, and
six find no relationship (Ding & Zang, 2021; Muller-Landau
et al., 2021; Bukombe et al., 2022; Abbasi et al., 2023; Batool et al.,
2024; Simmavong et al., 2025; Brunello et al., 2025). When
considered experimentally, three studies that report biomass
differences with nutrient addition in mature tropical forests found
no effect of nutrients (Cusack et al., 2011; Markewitz et al., 2012),
while two studies in young tropical forests found positive effects of
nitrogen (Davidson et al., 2004;Tang et al., 2026). The variation in
both direction and magnitude of the relationship between fertility
and biomass stocks suggests that biomass might peak at
intermediate soil fertilities (Muller-Landau et al., 2021; Fig. 2a).
Such a unimodal pattern would emerge if biomass turnover rates
and productivity both increasewith soil fertility, resulting in carbon
losses from higher mortality rates exceeding carbon gains from
higher productivity in the most fertile soils (Fig. 2a). A limited
number of studies have found increasing mortality rates with
increasing soil fertility (Phillips et al., 2004; Bellingham &
Sparrow, 2009; de Toledo et al., 2011; Stephenson et al., 2011;
Quesada et al., 2012; Galbraith et al., 2013; Sawada et al., 2015;
Soong et al., 2020). However, there is limited empirical evidence
for a hump-shaped relationship of biomass with fertility, in part
because of the difficulties of aligning different soil fertility metrics
across studies, and the large sampling errors inherent to estimates of
mortality rates (Muller-Landau et al. 2021; see Box 2). Although
productivity has been studied more frequently across fertility
gradients, the numerous soil fertility and productivity metrics used
also hamper a quantitative synthesis. Resolving the underlying
relationships between fertility, productivity, and mortality and
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their emergent effects on forest biomass-fertility relationships is
critical for understanding and predicting the impacts of global
change on future tropical forest carbon cycling. These limited
observations and the clear need for resolution provide strong
motivation for additional research around three key areas: (1)
quantifying the strength and magnitude of fertility–productivity
relationships; (2) determining the mechanisms underlying the
potential fertility–mortality relationship; and (3) empirical testing
of potential interactions with global change, including land-use
change and rising CO2.

Fundamentally, the effects of fertility on productivity and
mortality are mediated by interactions of soil fertility with plant
functional composition. Differences in plant functional composi-
tion can be shaped by plant strategies and functional traits across
several scales. This includes trait plasticity and allocation shifts in
response to differing environmental conditions (e.g. shifts in
allocation between growth and defense of the same plants). This
also includes, at the community level, turnover in individuals of the
same species that have different traits because of phenotypic or
genetic variation, or turnover of species with different traits.
Plant species composition varies with soil fertility, and

community-weighted means of plant functional traits have been
correlated with soil fertility in multiple studies (Fyllas et al., 2009;
Quesada et al., 2012; Fortunel et al., 2014; Libalah et al., 2017;
Uma~na et al., 2021; ter Steege et al., 2025; Aguirre-Guti�errez
et al., 2025; Fig. 2b). Shifts in plant functional composition across
fertility gradients could moderate or amplify the direct effects of
nutrient limitation on productivity via associated changes in plant
nutrient use and acquisition strategies. In addition to increasing
productivity, shifts in functional composition on fertile soils may
favor species that allocate resources toward rapid growth and
reproduction rather than storage or defense, potentially increasing
susceptibility to various agents of mortality (e.g. the ‘live fast, die
young’ trade-off; Stephenson et al., 2011). These compositional
shifts could therefore influence mortality rates and biomass loss
(Fig. 2c). Overall, plant communities and their functional traits
are key mediators shaping how forest dynamics relate to soil
fertility.

Fig. 1 Conceptual map of links between soil fertility and forest carbon
dynamics. Forest carbon cycling (carbon fluxes in black and biomass
carbon stocks in white) is regulated by soil fertility (brown) and its
interactions with plant functional composition (green) and drivers of plant
mortality (yellow, with labels for direct and indirect effects of fertility on
mortality), all of which are being altered by global change (blue). Plant
functional composition is a property that emerges from variation in the
function of individual trees of the same species, shifts in the community
composition of individuals of the same species with phenotypic plasticity,
shifts in community composition of species with different functions, and/
or differences in size structure. Plants and their functional composition in a
forest modify the effect of fertility on primary production via shifting
nutrient use and acquisition strategies, and on biomass turnover by
modifying the survival strategies and therefore susceptibility to a given
mortality driver. Plant functional composition can feedback on itself via
iterative interactions between plants and between plants and their
environment. Arrows indicate directional effects between two
components of the system, and paired cyclic arrows indicate potential
feedback loops, with the width indicating the strength of the interaction.
Key global change drivers that are likely changing these interactions over
time and are further discussed in ‘Global change impacts on soil fertility–
productivity–mortality feedbacks and interactions’.

Box 1 Defining and conceptualizing soil fertility

Soil fertility is usually defined as the capacity for soil to sustain plant
growth. It is a plant-centric term that encompasses the chemical,
physical, and biological properties of soils that determine nutrient
availability for plants, as well as a lack of conditions that inhibit plant
growth (e.g. toxic metals). Soil fertility is part of the broader concept of
soil health (e.g. Lehmann et al., 2020).

Because soil fertility is a multidimensional and often ambiguous term,
there is no one measurement that can capture a unified axis of fertility.
Describing fertility on one axis is further complicated by the possibility
that different individuals, species, and communities can experience the
same nutrient conditions in different ways, including over ontogeny and
time. A fertile environment for one group of species may be poor for
another group.

In practice, soil fertility is represented imperfectly by one or more
metrics of soil properties thought to capture or correlatewith soil fertility.
Commonly used metrics include pH, cation exchange capacity, and
various nutrient concentrations. Metrics may be selected for ease of use,
whatmatters for the local plant community, or other reasons. Soil fertility
measurements frequently focus on nutrients that are expected to be
limiting in a given system, suchasbase cations andphosphorusonheavily
weathered soils, or nitrogen in early successional and montane tropical
forests (Vitousek & Sanford, 1986; Davidson et al., 2007). However,
many other elements can also limit plant performance, including via co-
limitation (Kaspari & Powers, 2016). Furthermore,many soil physical and
chemical properties are correlated because of the transformations that
occur during pedogenesis (e.g. Quesada et al., 2010), potentially
obscuring the independent roles of properties which are measured less
frequently. Importantly, the soil properties that regulate productivity
maynotbe those that regulatemortality (Quesadaet al., 2009;deToledo
et al., 2012).

Differences in the properties selected for measurement and variation
in sampling and analytical approaches present substantial challenges to
cross-site synthesis and comparison across tropical forests. Here, we rely
on how individual studies define soil fertility for their given study system.
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Projecting future tropical forest structure and dynamics is
particularly challenging because rapid climate and land-use change
could interact with both soil fertility and tropical forest dynamics
(Fig. 1). Global change drivers – such as deforestation and
degradation, rising CO2, changing climate, and nutrient deposi-
tion – can alter nutrient supply and demand, potentially
influencing productivity and mortality in complex ways. Overall,
global change is likely tomodulate, andbemodulated by, the effects
of soil fertility on forest productivity and mortality. Here, we
present a framework for understanding how soil fertility influences
tropical forest productivity and mortality. We also explore how
these relationships could shift under global change.

Soil fertility tends to promote forest productivity, but
uncertainty persists

Soil fertility can increase forest productivity by increasing gross
primary production (GPP), net primary production (NPP), either
directly through enhanced resource availability or indirectly
through shifts in plant functional composition. Fertility can
enhance GPP by increasing nutrient concentrations in leaves (e.g.
Reich et al., 1991; Wright et al., 2004; Ellsworth et al., 2022), leaf
area index (Giardina et al., 2003), and/or leaf lifespan (Manu
et al., 2024), thereby improving light capture, photosynthetic
efficiency, and carbon assimilation. Fertility also supports greater

biomass production efficiency (biomass produced per GPP; by c.
16%across sites: Vicca et al., 2012) and carbon-use efficiency (NPP
perGPP; by c. 14% across sites:Doughty et al., 2018) by decreasing
respiration costs, reducing the need for carbon allocation toward
nutrient acquisition (e.g. root exudates, mycorrhizal symbionts,
and symbiotic nitrogen fixation; Chapin et al., 1986; Davidson
et al., 2004; Batterman et al., 2013; Hawkins et al., 2023; Chari
et al., 2024), increasing water-use efficiency (Wright et al., 2004;
Osnas et al., 2013; Adams et al., 2016), and/or increasing allocation
to longer-lived tissues (i.e. wood and coarse roots;Vicca et al., 2012;
Doughty et al., 2018).

Together, these findings suggest that fertility influences produc-
tivity via both GPP and carbon-use efficiency, but disentangling the
relative contributions of these pathways requires explicitly evaluating
how fertility affects the capacity for photosynthesis, carbon
allocation, and tissue residence time. Complicating interpretation
of the congruence between any productivity–fertility relationship
and a fertility–biomass relationship is the observation that – of the
37%ofGPP that goes toNPP (Doughty et al., 2018)–only c. 39% is
allocated to woody productivity, while c. 34% ofNPP is allocated to
leaves and c. 27% to fine roots (n = 35 forest sites primarily in the
Americas and a few in Asia; Malhi et al., 2011). Thus, the degree to
which any fertility–productivity relationship contributes to a positive
fertility-aboveground biomass relationship depends on how
short-lived leaf or fine root tissues vs long-lived woody tissue, the
latter of which dominates the biomass pool, changes across fertility
gradients.

Shifts in NPP allocation to different tissues across fertility
gradients and nutrient addition experiments are poorly quantified,
especially allocation to reproductive tissues and coarse roots (but see
Ward et al., 2025). Theory predicts that total, leaf, and woody
production– in both absolute terms and relative to total production
– should increase with higher soil fertility. By contrast, theory
predicts that relative allocation to fine root productionmay increase
or decrease depending on how much NPP plants must allocate
belowground to acquire nutrients when they are limiting (i.e.
potentially more belowground production when fertility is low;
Bloom et al., 1985;Dybzinski et al., 2011, 2015). These theoretical
predictions vary in the degree to which they are supported by
empirical data across fertility gradients and experiments.

Fertilization experiments, which have the advantage of isolating
the effects of nutrient availability, show mixed responses of forest
productivity to fertility. Across the tropics, experiments generally
find that individual-scale tree growth and/or stand-scale leaf
production increases when fertilized with nitrogen, phosphorus, or
other cations (Wright, 2019;Cunha et al., 2022;Manu et al., 2024;
Yu et al., 2025). By contrast, stand-scale woody production
increased in only three of 11 fertilization experiments (Tang
et al., 2026). Differences across experimentsmay reflect underlying
variation in edaphic characteristics of the sites, while differences
between individual and stand-scales may reflect results dominated
by small and large trees, respectively. Fine root production either
increases or shows no change with fertilization (Yuan &
Chen, 2012; Alvarez-Clare et al., 2013; Waring et al., 2019; Lugli
et al., 2021; Mosquera & Moreno-Hurtado, 2022; Cunha
et al., 2022). It is possible that increases in fine roots may reflect

Box 2 Definitions of tropical forest soil fertility, dynamics, and biomass

Biomass: the mass of living matter in an ecosystem. Here, we focus on
tree biomass, which dominates total biomass in tropical forests. Biomass
data in the studies that we discuss are most often aboveground woody
biomass estimated frommeasurements of tree diameter, tree height, and
wood density using allometric equations.
Productivity: flux of carbon fixed into organic matter (units of mass per
time). Gross primary production (GPP) is carbon fixed by photosynthesis;
net primary production (NPP) is the net carbon gained by primary
producers (plants) and equals the difference between GPP and
autotrophic respiration. Most studies reported here focus on above-
ground woody biomass productivity (a subset of total NPP, which also
includes production of leaves, roots, and reproductive tissues), although
studies that consider other aspects of productivity are also discussed.
Mortality rate: the rate at which individuals die, or biomass is lost in a
forest. Mortality rate can be calculated as an instantaneous rate (time�1)
or a discrete rate for a given time interval (e.g. yr�1; see Kohyama
et al., 2018). It is sometimes reported as a fraction of individuals or
biomass lost per year (% yr�1) or as the amount of biomass or basal area
lost per year (e.g. Mg ha�1 yr�1). The most commonly reported metric
for tropical forests is the mean tree mortality rate, a measure that is
dominated by the more abundant smaller trees. The less commonly
reported metric is biomass mortality rate (Mg ha�1 yr�1) largely
determined by the mortality rates of larger trees.
Biomass mortality flux: the flux (units of mass per time) of biomass that
dies and is therefore transferred to the necromass pool. The vastmajority
of necromass will be respired and emitted as carbon to the atmosphere
within years to at most decades of death.Most of the studies that report
the biomass mortality flux focus on aboveground woody mortality.
Tissue turnover: nonlethal loss of biomass (to necromass), for example
leaves, fine roots, and branches.
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short-term proliferation in plant species adapted to low nutrient
conditions (Sayer et al., 2006). Despite the benefits of experiments,
extrapolating from their results can be challenging because most
experiments are short (<6 yr), small in scale (≤0.25 ha), add rather
than remove nutrients, and hamper the capture of long-term and
broad-scale responses, such as via changes in community
composition (Wright et al., 2018).

Observational studies across natural spatial variation find that
higher soil fertility is generally associated with higher above-
ground productivity, but inconsistently associated with below-
ground productivity. Whereas experimental studies isolate the
effects of nutrient addition, observational studies can have
confounding, correlated variation in plant species composition
and other soil and environmental variables (e.g. topography and

Fig. 2 Relationships between soil fertility (x-axis) and above and belowground net primary productivity (ANPP and BNPP), turnover rates, and biomass in
tropical forests (y-axis) (a). The thickness of the line indicates how much relative empirical support exists for each relationship. Current understanding of
how functional traits related to nutrient use, growth, and mortality change across fertility gradients (b). Green lines represent leaf traits and brown lines
represent wood-related traits. The direction of the arrow indicates increasing values. Panel (c) highlights the hypothesized mechanisms underlying the
relationships, such as increasing turnover rates with increasing soil fertility, measured in (a), whereby direct effects are represented by a solid line and
indirect effects (susceptibility to mortality drivers) are represented by a dashed line. Light green represents biotic factors, dark green represents abiotic
factors, blue represents the abundance of slow (conservative; Reich 2014) species, and orange represents the abundance of fast (acquisitive) species
changes across soil fertility. Global change is expected to alter soil fertility, with increasing soil fertility in response to nutrient deposition and declining soil
fertility with forest degradation, deforestation, and increasing CO2 (c). Trees in (a) were created in BioRender (Wong, M. 2026; https://BioRender.com/
yalthl2). References: 1Muller-Landau et al. (2021) (and citations within); 2Ding & Zang (2021); 3Bukombe et al. (2022); 4Abbasi et al. (2023); 5Batool et al.
(2024); 6Simmavong et al. (2025); 7Brunello et al. (2025); 8Dalagnol et al. (2021); 9Reis et al. (2022); 10Sousa et al. (2022); 11Mu~noz et al. (2023);
12Zhang et al. (2025); 13Gourlet-Fleury et al. (2023); 14Medina-Vega et al. (2025); 15Arag~ao et al. (2009); 16Bukombe et al. (2022); 17Huaraca Huasco
et al. (2021); 18Yuan & Chen (2012); 19Fortunel et al. (2014); 20Fyllas et al. (2009); 21Russo & Kitajima (2016); 22ter Steege et al. (2025); 23Uma~na
et al. (2021); 24Homeier et al. (2021); 25Libalah et al. (2017); 26Chen et al. (2024); 27Quesada et al. (2012); 28Jones et al. (2019); 29Heineman
et al. (2016); 30Buscardo et al. (2022); 31DeWalt et al. (2006); 32Endara & Coley (2011); 33Landsberg & Gillieson (1995); 34Laurance et al. (2001);
35Malizia et al. (2010); 36Putz & Chai (1987); 37Santiago et al. (2012); 38Schappe et al. (2020); 39Fine et al. (2006); 40McKey et al. (1978); 41Reich
et al. (1991); 42Oliveira et al. (2019); 43Oliveira et al. (2021); 44Rosell et al. (2023); 45Russo et al. (2005); 46Ferry et al. (2010); 47Viani et al. (2011);
48Sawada et al. (2015); 49Tavares et al. (2023).
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land-use history). Aboveground productivity increases with
fertility in 20 of 21 studies (Muller-Landau et al., 2021;
Gourlet-Fleury et al., 2023; Medina-Vega et al., 2025). Leaf
production, which is typically characterized by litterfall produc-
tion, also tends to increase with fertility, with 10 out of 13 studies
finding positive relationships between litterfall and soil fertility
(Vitousek & Sanford, 1986; Dent et al., 2006; Muller-Landau
et al., 2021; Becknell et al., 2021), two showing no relationship
(Kitayama & Aiba, 2002; Heineman et al., 2015), and one
finding both negative and positive relationships depending on the
soil nutrients studied (Bukombe et al., 2022). By contrast, fine
root production has been much less studied and shows no
consistent pattern across fertility gradients, with studies reporting
increases, decreases or no response to fertility (Arag~ao et al., 2009;
Yuan & Chen, 2012; Huaraca Huasco et al., 2021; Bukombe
et al., 2022). Testing and interpreting belowground production
responses to fertility is challenging because methods to quantify
fine root production differ across studies, and because fine root
production has substantial spatial and temporal variation that
studies may not capture (Cordeiro et al., 2020; Huaraca Huasco
et al., 2021). Overall, predicted increases in total aboveground
production, wood production, and – to a lesser degree – leaf
production with increasing soil fertility are largely supported
(Muller-Landau et al., 2021), whereas trends of belowground
production across fertility gradients are much less studied and
remain unclear.

A further consideration for understanding the fertility–
productivity relationship is how fertility affects tissue turnover or
residence time in trees, including leaves, branches, fine roots, and
reproductive structures, because any such sublethal biomass
turnover that changes with fertility could cloud productivity
responses. Plants situated on low fertility soils are expected to
exhibit more conservative traits, such as high leaf mass per area
(LMA) and wood density, and low tissue turnover to increase their
nutrient-use efficiency (Chapin, 1980; Fig. 2b). However, directly
quantifying turnover rates requires measurements of either tissue
production or loss and standing biomass pools, while most studies
have only reported litterfall fluxes alone.One fertilization study also
finding increased root tissue turnover rates (Yavitt et al., 2011).
Consequently, our understanding of tissue turnover rates is
strongest for leaves, with much less known about roots, branchfall
(Marvin & Asner, 2016; Gora et al., 2019; Zuleta et al., 2023), or
reproductive tissues (Vitousek & Sanford, 1986; Ward
et al., 2025). Overall, increases in tissue turnover rates could
substantially decrease biomass and hinder accuratemeasurement of
productivity, but these processes are infrequently studied and their
variation with fertility is unclear.

Despite these overall positive trends between soil fertility and
productivity, the magnitude of increases in production are much
lower than corresponding changes in soil properties across natural
gradients. For example, plots sampled across the Amazon Basin
capture a moderate 65% increase in wood production across a
two-orders of magnitude increase in extractable soil phosphorus
(Quesada et al., 2012). This less-than-proportional increase could
be due to: (1) methods of measuring soil phosphorus which may
not represent what is available to plants; (2) the contrasting effects

on productivity of another factor correlated with fertility (e.g.
rainfall); (3) other constraints, such as water, temperature, or other
limiting nutrients (Fatichi et al., 2019); (4) plant adaptation and
acclimation to low soil fertility through adjustments in strategies of
nutrient acquisition, use, and carbon allocation; and/or (5)
increased consumption or resource capture by natural enemies
(herbivores, pathogens, parasites, and even lianas). Changes in
plant strategies include increasing nutrient resorption before
litterfall, changing nutrient concentrations of tissue, and adjusting
allocation to fine roots, enzymes, organic acids, and symbioses.
These changes can occur via flexibility within individuals and/or
shifts in species composition (Batterman et al., 2013; Condit
et al., 2013; Zalamea et al., 2016; Turner et al., 2018; Reichert
et al., 2022; Aoyagi et al., 2022). The maintenance of primary
productivity on low fertility soils likely reflects shifts in nutrient
strategies, but the contributions of nutrient use and acquisition
strategies to forest productivity and the scale at which they change
(i.e. individual plasticity or community composition changes in
individuals or species) remain underexplored. Resolving the
importance and flexibility of nutrient strategies is particularly
important to understand how forest productivity will be sustained
under global change.

Summary of fertility–productivity knowledge gaps

Many aspects of the fertility–productivity relationship remain
unknown. First, despite relatively widespread monitoring of
aboveground biomass dynamics across fertility gradients, we know
relatively little about how carbon is allocated and retained across
tissues and functions. Unknowns include fertility effects on how
efficiently GPP is converted to NPP, on allocation of NPP to
aboveground competition for light, belowground resource acquisi-
tion, or reproduction, and on tissue turnover times for leaves, roots
and branches. Second, we have yet to resolve the degree to which
changes in productivity, carbon allocation and nutrient strategies
across fertility gradients are due to flexibility within individual
plants (i.e. trait plasticity) or changes in community composition
and life-history strategies. Determining the level of organization at
which these characteristics change is critical for understanding and
predicting the resilience and vulnerability of tropical forests and the
fertility–productivity relationship to global change. Because much
of the research on tropical forests stems from the Americas,
substantial geographic gaps in our understanding remain, includ-
ing across forest ecotypes and in Asian and African tropical forests.

Developing a mechanistic understanding of how soil
fertility influences tree mortality

Soil fertility tends to be positively associated with tree mortality
rates (Phillips et al., 2004; Bellingham&Sparrow, 2009; deToledo
et al., 2011; Stephenson et al., 2011; Quesada et al., 2012;
Galbraith et al., 2013; Sawada et al., 2015; Soong et al., 2020)
although there have been fewer analyses of this relationship
compared with aboveground productivity. Of 14 studies investi-
gating relationships of soil fertility with tree mortality or woody
biomass turnover rates, four studies found no relationship, and 10
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studies reported a positive relationship (Dalagnol et al., 2021;
Muller-Landau et al., 2021; Sousa et al., 2022; Reis et al., 2022;
Mu~noz et al., 2023; Zhang et al., 2025). Observed positive
relationships are moderately strong, with nearly a doubling of
turnover and mortality rates with increasing fertility, based on
categorical soil fertility groupings across the Amazon Basin
(Phillips et al., 2004; Galbraith et al., 2013) and spanning c. 1.5
orders of magnitude increase in total soil phosphorus in French
Guiana (Soong et al., 2020). However, across some sites it remains
unclear whether increased nutrient availability drives mortality
rates or whether observed patterns instead arise from correlated soil
properties. Along the well-studied fertility gradient in the Amazon
Basin – from the nutrient-rich western and southwestern Amazon
to the relatively infertile central and eastern Amazon – higher
mortality rates in thewest coincidewith greater nutrient availability
as well as shallow rooting depth, poor soil structure, and low
water-holding capacity (Phillips et al., 2004; Quesada et al., 2012),
as well as climatic effects which can be challenging to disentangle
(Wu et al., 2026). Two experimental fertilization studies have also
found an increase of mortality in response to nutrient addition
under certain conditions (Waring et al., 2019; Tang et al., 2026).
Overall, these limited data suggest that tree mortality rates increase
with soil fertility, but spatiotemporal variability and underlying
covariation in this relationship need further investigation.

The mechanisms underlying the fertility–mortality relationship
are unclear. The higher growth rates of trees, either within or across
species, in more fertile soils are hypothesized to cause higher
mortality – the ‘live fast, die young’ paradigm (Stephenson
et al., 2011; Brienen et al., 2020). Importantly, trees do not die
directly from growing faster; the growth–survival trade-off likely
occurs because allocation to faster growth comes at the cost of
allocation to traits that reduce susceptibility to one or more agents
of mortality. However, we know little about how agents of
mortality or susceptibility to agents of mortality change with soil
fertility (Table 1). This is a critical knowledge gap because global
change is intensifying the effects ofmultiple agents of treemortality
(McDowell et al., 2018), eachwith distinct spatiotemporal patterns
and consequences for forest dynamics (McDowell et al., 2020;
Gora & Esquivel-Muelbert, 2021). Given that tree mortality
shapes patterns of tropical forest biomass (Galbraith et al., 2013;
Johnson et al., 2016), the unknown contributions of soil fertility to
patterns of tree mortality are a major source of uncertainty for the
future of tropical forest carbon storage (Friend et al., 2014; Hubau
et al., 2020).

Soil fertility–mortality framework

There are two nonexclusive pathways by which higher fertility
could increase mortality. First, fertility could directly affect the
prevalence or strength of an agent of mortality, thereby altering its
contributions to tree death and biomass mortality (direct effects;
Fig. 2c). Second, soil fertility could alter individual plant function
or plant community composition such that the survival strategies
make trees more or less susceptible to a given agent of mortality
(indirect effects; e.g. fast-growing taxa may devote less to defense
and are therefore vulnerable to pathogens; Fig. 2c). In the context of

these two pathways, we synthesize the literature and evaluate the
evidence for relationships between soil fertility and the primary
agents of tropical tree mortality – pathogens, herbivores, competi-
tion, lianas, drought, fire, wind, and lightning – so that soil fertility
can be explicitly linked to associated changes in tree mortality and
ultimately to patterns of global change (McDowell et al., 2020;
Gora & Esquivel-Muelbert, 2021; Supporting Information
Notes S1). The extent to which a mortality agent influences
fertility–mortality relationships depends on both the sensitivity of
the mortality agent to fertility, as well as its overall contribution to
total biomass mortality. This reframing in the context of specific
agents of mortality is important because it will allow us to interpret
patterns and make predictions about the independent and
interactive effects of both changing soil fertility and changes in
each driver of mortality.

The direct effects of fertility onmortality are generally associated
with biotic agents of tree death (Table 1). There are three potential
mechanisms for this relationship. First, fertility increases above-
ground productivity, and in principle, individual trees grow and
reach larger tree sizes at faster rates, thereby increasing plant
competition and competition-associated mortality (McDowell
et al. 2018). Second, fertility could directly increase herbivore and
pathogen abundance, thereby increasing herbivore and
pathogen-induced mortality (i.e. the ‘natural enemies’ hypothesis;
Stephenson et al. 2011). This would occur if higher fertility soils
alleviate nutrient limitation of higher trophic levels via either the
consumption of more nutrient-rich plant tissues or nonbiotic
sources (e.g. geophagy, ‘salt licks’, supplements in water). Third,
liana abundance and biomass could increase with soil fertility
(Proctor et al., 1983; Putz & Chai, 1987; Gentry, 1992; Laurance
et al., 2001; DeWalt et al., 2006; Malizia et al., 2010), but see
(Ibarra-Manr�ıquez&Mart�ınez-Ramos, 2002; Dalling et al., 2012;
Schnitzer et al., 2020; Liu et al., 2021), and liana infestations can
increase tree mortality rates (Schnitzer & Carson, 2010; Visser
et al., 2018; Estrada-Villegas et al., 2022). Apart from relationships
with biotic agents, it is possible that higher soil fertility is
confounded with lower stability, increasing rates of windthrow and
treefall in more fertile places (Phillips et al., 2004; Quesada
et al., 2012). However, empirical investigation into these relation-
ships is extremely limited, and the contributions of these direct
effects to fertility–mortality relationships are unclear because this
relationship is largely unexplored (Table 1).

The indirect effects of fertility on mortality could be associated
with any abiotic or biotic driver of tree death. The ‘fast–slow’
continuum of plant life-history traits across species is characterized
by a trade-off between investment in growth vs investment in more
expensive and long-lived tissues (Stearns, 1992; Reich, 2014),
including defenses against pathogens or herbivores (Janzen, 1974;
Coley et al., 1985;Coley, 1987).However, there is limited evidence
that trees on more fertile soils invest less in defense (Landsberg &
Gillieson, 1995; Fine et al., 2004, 2006; Endara & Coley, 2011),
and no evidence that there are greater herbivore effects on more
fertile soils (Lamarre et al., 2012; Fortunel et al., 2016). It is also
possible that traits facilitating fast growth on high fertility soils
exhibit a trade-off with traits that make trees susceptible to other
drivers of tree death, including abiotic drivers of mortality that are

New Phytologist (2026)
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

ViewpointForum

New
Phytologist6

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71367, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
ab

le
1
Su

m
m
ar
y
o
f
th
e
lit
er
at
u
re

in
ve

st
ig
at
in
g
p
o
te
n
ti
al
re
la
ti
o
n
sh
ip
s
b
et
w
ee
n
tr
o
p
ic
al
so
il
fe
rt
ili
ty

o
r
fe
rt
ili
za
ti
o
n
an

d
ag

en
ts
o
f
tr
ee

m
o
rt
al
it
y
in

tr
o
p
ic
al
fo
re
st
s.

A
g
en

ts

D
ir
ec
t
ev
id
en

ce
o
f
fe
rt
ili
ty
–m

o
rt
al
it
y

as
so
ci
at
io
n
s

C
ir
cu
m
st
an

ti
al
ev
id
en

ce
o
f
fe
rt
ili
ty
–m

o
rt
al
it
y
as
so
ci
at
io
n
s

D
ir
ec
t
p
at
h
w
ay

Su
sc
ep

ti
b
ili
ty

p
at
h
w
ay

In
cr
ea

se
d
d
am

ag
e
w
it
h
fe
rt
ili
ty

o
r

fe
rt
ili
za
ti
o
n

Fe
rt
ili
ty

o
r
fe
rt
ili
za
ti
o
n
as
so
ci
at
io
n
s
w
it
h

h
yp

o
th
es
iz
ed

m
o
rt
al
it
y
ag

en
t

Fe
rt
ili
ty

o
r
fe
rt
ili
za
ti
o
n

as
so
ci
at
io
n
s
w
it
h
h
yp

o
th
es
iz
ed

su
sc
ep

ti
b
ili
ty

tr
ai
t

H
er
b
iv
o
re
s

Se
ed

lin
g
m
o
rt
al
it
y

(F
o
rt
u
n
el
e
t
a
l.
,
2
0
1
6
)

N
o
n
e

H
er
b
iv
o
ry

d
am

ag
e
(L
an

d
sb
er
g
&

G
ill
ie
so
n
,
1
9
9
5
;
En

d
ar
a
&

C
o
le
y
2
0
1
1
;S
an

ti
ag

o
e
t
a
l.
,2

0
1
2
)

H
er
b
iv
o
re

d
am

ag
e
p
ro
b
ab

ili
ty

(F
in
e

e
t
a
l.
,
2
0
0
6
)

H
er
b
iv
o
ry

d
am

ag
e
(L
am

ar
re

e
t
a
l.
2
0
1
2
)

In
ve

rt
eb

ra
te

ab
u
n
d
an

ce
an

d
ri
ch
n
es
s

(K
as
p
ar
ie
t
a
l.
,
2
0
1
7
)

H
er
b
iv
o
re

d
ef
en

se
s
(M

cK
ey

e
t
a
l.
,
1
9
7
8
,
R
ei
ch

e
t
a
l.
,
1
9
9
1
;
Fi
n
e
e
t
a
l.
,
2
0
0
6
,
En

d
ar
a
&
C
o
le
y
2
0
1
1
)

P
at
h
o
g
en

s
N
o
n
e

N
o
n
e

N
o
n
e

P
at
h
o
g
en

ri
ch
n
es
s
(S
ch
ap

p
e

e
t
a
l.
,
2
0
2
0
)

P
at
h
o
g
en

ab
u
n
d
an

ce
(B
u
sc
ar
d
o

e
t
a
l.
,
2
0
2
2
)

P
at
h
o
g
en

ab
u
n
d
an

ce
(S
ch
ap

p
e

e
t
a
l.
,
2
0
2
0
)

N
o
n
e

C
o
m
p
et
it
io
n

T
re
e
m
o
rt
al
it
y
(R
o
ze
n
d
aa

l
e
t
a
l.
,
2
0
2
0
)

N
o
n
e

N
o
n
e

N
o
n
e

N
o
n
e

Li
an

as
N
o
n
e

N
o
n
e

N
o
n
e

Li
an

a
ab

u
n
d
an

ce
an

d
/o
r
b
io
m
as
s
(P
u
tz

&
C
h
ai
1
9
8
7
;
La

u
ra
n
ce

e
t
a
l.
,
2
0
0
1
;

D
eW

al
t
e
t
a
l.
,
2
0
0
6
;
M
al
iz
ia

e
t
a
l.
,
2
0
1
0
)

Li
an

a
ab

u
n
d
an

ce
(I
b
ar
ra
-M

an
r� ı
q
u
ez

&
M
ar
t� ı
n
ez
-R
am

o
s,
2
0
0
2
;
D
al
lin
g

e
t
a
l.
,
2
0
1
2
;
Sc
h
n
it
ze
r
e
t
a
l.
,
2
0
2
0
;
Li
u

e
t
a
l.
,
2
0
2
1
)

N
o
n
e

W
at
er

st
re
ss

N
o
n
e

N
o
n
e

N
o
n
e

N
o
n
e

V
es
se
l
d
ia
m
et
er

(L
ie
t
a
l.
,
2
0
2
2
)

H
yd

ra
u
li
c
sa
fe
ty

m
ar
g
in

an
d
P
5
0
(O

liv
ei
ra

e
t
a
l.
,
2
0
1
9
,

2
0
2
1
)

V
e
ss
e
l
d
e
n
si
ty

(L
ie
t
a
l.
,
2
0
2
2
)

W
in
d

N
o
n
e

N
o
n
e

Li
tt
er
fa
ll
d
u
ri
n
g
h
u
rr
ic
an

es
(B
o
m
fi
m

e
t
a
l.
,
2
0
2
2
)

N
o
n
e

W
o
o
d
d
en

si
ty

an
d
so
il
P
(Q

u
es
ad

a
e
t
a
l.
,
2
0
1
2
;

H
ei
n
em

an
e
t
a
l.
,
2
0
1
6
;
U
m
a
~ n
a
e
t
a
l.
,
2
0
2
1
;
R
o
se
ll

e
t
a
l.
,
2
0
2
3
);
W

o
o
d
d
en

si
ty

an
d
m
an

y
n
u
tr
ie
n
ts

(F
o
rt
u
n
el
e
t
a
l.
,
2
0
1
4
;
C
h
en

e
t
a
l.
,
2
0
2
4
;
te
r
St
ee

g
e

e
t
a
l.
,
2
0
2
5
)

W
o
o
d
d
en

si
ty

an
d
o
th
er

n
u
tr
ie
n
ts
(H

ei
n
em

an
e
t
a
l.
, 2

0
1
6
;
B
au

te
rs
e
t
a
l.
,
2
0
2
2
)

W
o
o
d
d
e
n
si
ty

a
n
d
w
o
o
d
N
(M

ar
ti
n
e
t
a
l.
,
2
0
1
4
)

Li
g
h
tn
in
g

N
o
n
e

N
o
n
e

N
o
n
e

N
o
n
e

N
o
n
e

Fi
re

N
o
n
e

N
o
n
e

N
o
n
e

N
o
n
e

N
o
n
e

Ev
id
en

ce
is
se
p
ar
at
ed

in
to

tw
o
b
ro
ad

ca
te
g
o
ri
es
,
ei
th
er

d
ir
ec
t
ev
id
en

ce
o
r
te
st
s
o
f
fe
rt
ili
ty
–m

o
rt
al
it
y
as
so
ci
at
io
n
s
fo
r
a
g
iv
en

d
ri
ve

r,
o
r
ci
rc
u
m
st
an

ti
al
ev

id
en

ce
o
f
fe
rt
ili
ty
–m

o
rt
al
it
y
as
so
ci
at
io
n
s.
D
ir
ec
t

ev
id
en

ce
is
b
ro
ke

n
in
to

tw
o
ca
te
g
o
ri
es
,e
it
h
er

fe
rt
ili
ty

d
ir
ec
tl
y
ch
an

g
in
g
a
m
o
rt
al
it
y
ag

en
t
(d
ir
ec
t
p
at
h
w
ay

)
o
r
fe
rt
ili
ty

al
te
ri
n
g
p
la
n
t
fu
n
ct
io
n
al
co
m
p
o
si
ti
o
n
to

p
ro
d
u
ce

g
re
at
er

su
sc
ep

ti
b
ili
ty

to
a
d
ri
ve

r
o
f

m
o
rt
al
it
y.
T
h
e
ci
rc
u
m
st
an

ti
al
ev

id
en

ce
is
b
ro
ke

n
in
to

th
re
e
ca
te
g
o
ri
es
:(
1
)
ev

id
en

ce
o
f
in
cr
ea

se
d
tr
ee

d
am

ag
e
b
y
a
g
iv
en

ag
en

t
w
it
h
fe
rt
ili
za
ti
o
n
o
r
a
g
ra
d
ie
n
t
o
f
fe
rt
ili
ty
,b

u
t
w
it
h
o
u
t
ev

id
en

ce
o
f
in
cr
ea

se
d

m
o
rt
al
it
y,
(2
)e
vi
d
en

ce
o
fa

ss
o
ci
at
io
n
s
b
et
w
ee
n
fe
rt
ili
ty

o
rf
er
ti
liz
at
io
n
an

d
a
h
yp

o
th
es
iz
ed

ag
en

to
fm

o
rt
al
it
y,
b
u
tw

it
h
o
u
te

vi
d
en

ce
th
at
th
is
ag

en
ti
s
ca
u
si
n
g
m
o
re
d
am

ag
e
o
rm

o
rt
al
it
y,
an

d
(3
)e
vi
d
en

ce
o
f

as
so
ci
at
io
n
s
b
et
w
ee
n
fe
rt
ili
ty

o
r
fe
rt
ili
za
ti
o
n
an

d
a
tr
ai
t
as
so
ci
at
ed

w
it
h
g
re
at
er

su
sc
ep

ti
b
ili
ty

to
a
m
o
rt
al
it
y
ag

en
t,
b
u
t
w
it
h
o
u
t
ev
id
en

ce
th
at

th
is
su
sc
ep

ti
b
ili
ty

ca
u
se
s
in
cr
ea
se
d
m
o
rt
al
it
y.

Fo
r
al
lt
yp

es
o
f

ev
id
en

ce
,w

e
lis
t
th
e
m
ea
su
re
d
re
sp
o
n
se

va
ri
ab

le
an

d
ci
ta
ti
o
n
in
d
if
fe
re
n
t
co
lo
rs
to

in
d
ic
at
e
tr
en

d
s
th
at

su
p
p
o
rt
a
p
o
si
ti
ve

so
il
fe
rt
ili
ty
–m

o
rt
al
it
y,
m
o
rt
al
it
y
ag

en
t,
o
r
su
sc
ep

ti
b
ili
ty

to
m
o
rt
al
it
y
re
la
ti
o
n
sh
ip

(b
o
ld
),
n
eg

at
iv
e
tr
en

d
s
(i
ta
lic
iz
ed

),
o
r
ei
th
er

n
o
ef
fe
ct

o
r
m
ix
ed

ef
fe
ct
s
(r
eg

u
la
r)
.
W

e
n
o
te

th
at

th
is
is
n
o
t
a
sy
st
em

at
ic
re
vi
ew

,
b
u
t
a
su
m
m
ar
y
o
f
th
e
lit
er
at
u
re

as
kn

o
w
n
.

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

New Phytologist (2026)
www.newphytologist.com

New
Phytologist Viewpoint Forum 7

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71367, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



not directly tied to fertility. Importantly, because larger trees
dominate trends in biomass carbon cycling and the dominant
drivers of tree death appear to shift from biotic to abiotic drivers
with increasing tree size, even a weak relationship between fertility
and traits that make trees susceptible to abiotic drivers of mortality
could cause a large increase in biomass carbon mortality (Gora &
Esquivel-Muelbert, 2021). Moreover, there are logical reasons to
expect associations between fertility and susceptibility to abiotic
agents of mortality. For example, fast-growing taxa with lower
wood density tend to be more abundant on more fertile soils
(Quesada et al., 2012; Chen et al., 2024; ter Steege et al., 2025;
Fig. 2b), and all else equal, lowwood density taxa are expected to be
less resistant to wind damage (Jackson et al., 2024) and less
conservative in their hydraulic traits, making them less resistant to
drought (Gessler et al., 2017; Oliveira et al., 2019, 2021; Tavares
et al., 2023). Accordingly, trees onmore fertile soils could therefore
be more susceptible to both drought and wind, although empirical
links remain untested. However, we are unable to test for an
indirect effect of fertility onmortality,much less its associationwith
a specific driver of tree death, because of the dearth of empirical
studies (Table 1).

These potential relationships are further complicated by
potential feedbacks between fertility onmortality and productivity.
Separate from any potential direct effects of fertility on mortality,
higher mortality rates could alternatively affect soil fertility via
severalmechanisms. First, increases inmortality could also increase
soil fertility by altering plant community function. For example,
after a disturbance event, the abundance of nitrogen-fixing trees can
increase and drive higher nitrogen fixation rates (Barron
et al., 2011; Wurzburger & Hedin, 2016; McCulloch &
Porder, 2021). Second, a positive feedback could occur as
increasing mortality increases plant necromass – and therefore
nutrient – inputs to the soil, increasing soil fertility. However,
inputs of carbon-rich necromass could also decrease soil fertility by
inducing competition with microbial decomposers for nutrients,
leading to immobilization (Zimmerman et al., 1995). Finally,
increases in treemortality can lead to greater physical erosionwhich
displaces nutrients (Veldkamp et al., 2020) or via nutrient losses
due to increased leaching or gaseous emissions following
disturbance. Although these feedbacks may exert relatively modest
effects on soil fertility, over longer timescales they could reshape
fertility–productivity–mortality relationships.

Summary of fertility–mortality knowledge gaps

In summary, many aspects of the fertility–mortality relationship
remain unknown. First, while there is some empirical evidence for a
positive fertility–mortality relationship, fertility-associated trends
in mortality are almost never connected to a given driver of
mortality, as most studies have not explicitly examined these
connections (Table 1). Second, despite changes in forest composi-
tion across fertility gradients, we have limited empirical support for
consistent directional shifts in species that are more or less
vulnerable to mortality agents. Most of the theory for the higher
mortality rates on more fertile soils has been associated with the
growth–survival trade-off, whereby fast-growing, short-lived

species are more abundant on more fertile soils, and slow-
growing, more persistent species are more abundant on less fertile
soils (Russo et al., 2005; Chao et al., 2008; Ferry et al., 2010; Viani
et al., 2011; Quesada et al., 2012; Sawada et al., 2015; Russo &
Kitajima, 2016; Tavares et al., 2023) (but see Bruelheide
et al., 2018; Aoyagi et al., 2023; Bialic-Murphy et al., 2024).
However, all moist tropical forests exhibit a broad range of
life-history strategies (R€uger et al., 2020; Kambach et al., 2022),
likely due to the effects of canopy gaps and disturbance in
generating heterogeneous regeneration environments (Terborgh
et al., 2020; Detto et al., 2022). Overall, the positive fertility–
mortality relationship appears to play a major role in regulating
forest biomass carbon dynamics, and the near-absence of data
directly exploring this topic suggests that there are opportunities for
very rapid advancement (Table 1).

Global change impacts on soil fertility–productivity–
mortality feedbacks and interactions

Global change can influence fertility–productivity–mortality
relationships through three pathways. First, global change may
influence soil fertility directly. This would result from global
change effects on nutrient inputs, outputs, pools, and transforma-
tion rates. Second, global change could modify the relationships
between fertility and productivity or mortality. Third, global
change could alter the relationship between fertility and mortality,
with associated feedbacks on productivity. We review these
potential effects and then discuss potential emergent interactions
with global change drivers (Fig. 1; Notes S2).

Direct effects on soil fertility

Human activities are directly and strongly altering soil fertility in
many places.Nutrient deposition typically increases the availability
of soil nutrients (especially nitrogen) and thereby increases soil
fertility (Van Langenhove et al., 2020;Galloway&Cowling, 2021;
Goll et al., 2023). By contrast, nutrients are often lost from
ecosystems following physical disturbances, including deforesta-
tion, degradation, fire, and storms, all common and increasing
threats to tropical forests, either directly caused by human activities
or increasing due to human-caused climate change (Maxwell
et al., 2019; Matricardi et al., 2020; Gora et al., 2025). Deforesta-
tion, degradation, and fire lead to nutrient losses during biomass
removal and combustion, and all disturbances increase nutrient
losses through subsequent leaching, runoff, erosion, and/or gaseous
losses (the latter of nitrogen) due to the lack of plant nutrient uptake
and soil stabilization during the early stages of forest recovery
(Robertson & Tiedje, 1988; Robertson, 1989; Neill et al., 1997,
2006).Depending on the size and intensity of fire, nutrients that are
lost through combustion can be returned to surface soil through ash
(Nardoto & Bustamante, 2003; Verma et al., 2019) or
redistributed to other regions via atmospheric deposition (Maho-
wald et al., 2005; Bauters et al., 2018, 2021a). These
disturbance-induced nutrient losses can be particularly impactful
when disturbances are repeated (Herbert et al., 2003; Bauters
et al., 2021b) and in regions where the majority of ecosystem
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nutrients are stored in biomass (Bauters et al., 2022; Dalling
et al., 2024). Although lost nitrogen may eventually be replaced
during recovery via biological nitrogen fixation (Batterman
et al., 2013; Sullivan et al., 2014; Bauters et al., 2016),
rock-derived nutrients typically cannot recover following severe
disturbances on highly weathered soils without external inputs
(Bauters et al., 2022; Dalling et al., 2024).

Other agents of global change, such as rising CO2 (Fleischer &
Terrer, 2022;Cui et al., 2024), warming (Nottingham et al., 2020),
and changing water availability, including drought frequency and
intensity (Phillips et al., 2010;Gloor et al., 2013), could also impact
nutrient cycling processes by altering the quantity and quality of
litter, the rates of nutrient fluxes and transformations, and the
distribution of nutrients across soils and biomass pools (see
Notes S2 for expanded discussion). Global change can also alter
nutrient cycling in opposing ways: warming or moderate drying
may increase nutrient availability by accelerating litter inputs and
decomposition, while extreme drought or excess moisture can
suppress decomposition, reduce mobilization, and increase nitro-
gen losses. Because these drivers can push nutrient cycling in
different directions, the net effect of global change on soil fertility
remains highly uncertain.

Altering the soil fertility–productivity relationship

Widespread increases in tropical forest productivity over recent
decades (Hubau et al., 2020; Pan et al., 2024) have major
implications for the fertility–productivity relationship. Regard-
less of whether increased productivity is due to CO2 fertilization
(Walker et al., 2021) or one of many debated alternatives
(Wright, 2005; Raich et al., 2006; Phillips et al., 2009; Muller-
Landau, 2009; Zhan et al., 2025), increasing productivity leads
to greater nutrient demand. Increased plant nutrient uptake may
decrease nutrient availability in the soil and limit further
increases in productivity (Fleischer et al., 2019; Fleischer &
Terrer, 2022). However, the degree to which forests can adjust to
local changes in nutrient demand and/or availability and thereby
maintain increased productivity remains unclear. Extant tropical
forest communities have had millennia to adapt to their local
fertility conditions, and it is possible that they may not be able to
adjust rapidly enough to keep up with changing nutrient
demand. The capacity of forest ecosystems to meet
productivity-associated changes in nutrient demand will likely
be determined by the size of the soil nutrient pools and the ability
of trees to adjust nutrient use (e.g. lower nutrient content in
tissues; Ellsworth et al., 2004) or acquisition strategies (e.g.
priming microbial communities, investing in mycorrhizal fungi,
or fixing nitrogen; Sayer et al., 2011; Trierweiler et al., 2018;
Nasto et al., 2019; Terrer et al., 2021; Reichert et al., 2022).
Furthermore, global change is likely to shift plant functional
composition, and these compositional shifts in turn may alter
forest productivity in ways that vary with soil fertility. Global
change could thus alter the intercept or slope of the fertility–
productivity relationship relative to the currently observed trend,
potentially with major consequences for the forest carbon sink
and its saturation.

Altering the soil fertility–mortality relationship

Global change is rapidly shifting plant functional composition and
patterns of mortality, with potential effects on the fertility–
mortality relationship. Insofar as global change is modifying
fertility, we would expect associated shifts in biotic-driven
mortality as changes in fertility cascade to tree vital rates as well
as abundances of pathogens, herbivores, competing trees, and
lianas. Conversely, if highermortality inmore fertile places is due to
fertility-driven differences in greater susceptibility via plant
functional traits, then global change could modify the fertility–
mortality relationship via shifts in community composition. For
example, if increasing disturbances due to global change create
more forest gaps and shift plant composition toward higher
abundances of fast-growing and less resilient taxa (e.g. poor
defenses, drought intolerant, and wind infirm), then we could see a
flattening of the fertility–mortality relationship as all sites become
more similarly susceptible to mortality. Lastly, we might observe
fertility–mortality agent relationships limit the effects of global
change if separate increases in certain agents of death, such as
possible CO2-driven increases in liana abundance (Phillips
et al., 2002; Schnitzer, 2015), are ultimatelymodulated by nutrient
limitation. Given evidence that forest composition is actively
changing, it is very likely that compositional effects of fertility on
mortality are changing, but quantifying these effects or their
trajectories will require new analyses relating tree mortality, soil
fertility, and forest composition.

Emergent global change interactions

Global change-driven shifts in fertility and its relationships with
productivity and mortality are occurring concurrently and could
produce complex feedbacks and interactions. Increases inmortality
could shift plant functional composition in amanner that also alters
the fertility–productivity relationship. For example, an increase in
wind-caused disturbance could increase the prevalence of nitrogen-
limited forest gaps, leading to the upregulation of biological
nitrogen fixation (e.g. Barron et al., 2011; Wurzburger &
Hedin, 2016) and increased abundance of symbiotic nitrogen-
fixing species. Over time, increased biological nitrogen fixation
could reduce the effects of nitrogen limitation on forest
productivity (Levy-Varon et al., 2019). However, there are
innumerable ways in which global change, fertility, productivity,
and mortality could interact, making it challenging to predict
interactions and feedbacks. Fundamentally, we first need to better
resolve the basic mechanisms connecting fertility with forest
dynamics so that we can begin exploring these higher-level
interactions.

The future of soil fertility effects on forest biomass
carbon: recommendations

This synthesis identifies four major themes that highlight key
knowledge gaps in how soil fertility shapes forest carbon dynamics.
First, fertility enhances productivity by influencing both carbon-
use efficiency and allocation in individual plants and also via shifts
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in species composition, yet the relative importance of these
pathways remains unclear. Second, the modest variation in
productivity across steep fertility gradients suggests potentially
strong compensatorymechanisms through physiological plasticity,
nutrient-use efficiency, shifts in plant functional composition,
feedbacks from higher trophic levels, or challenges in how we
measure fertility from the plant perspective. Third, higher fertility
often coincides with elevated mortality, but the mechanisms
underlying this relationship remain unclear. And finally, global
change is likely to modify nutrient availability and plant demand,
creating feedbacks among fertility, productivity, andmortality that
remain poorly constrained. We provide key recommendations
(Box 3), which represent next steps for addressing these gaps and
advancing predictive understanding of tropical forest dynamics.

Importantly, but outside of the scope of this paper, we emphasize
that in order to fully understand how soil fertility regulates forest
dynamics,wemust collectmore high-quality soil fertility data using
consistent methods. Advancing this field requires coordinated
measurements that capture nutrient availability and cycling rates,
physical properties (e.g. structure, depth, and water-holding
capacity), and site context (e.g. parent material, land-use history,
and climate). Existing global soil datasets are too coarse in
resolution and inconsistent in coverage to support this effort, and
tropical regions remain underrepresented in their underlying data
(Batjes, 2016; Hengl et al., 2017). Addressing these limitations is
essential to produce the in situ soil data needed to link fertility,
productivity, and mortality across spatial scales, including by
taking advantage of increasing satellite data on forest dynamics and
structure.

Achieving the coordinated measurements, mechanistic experi-
ments, and integrative approaches outlined in our recommenda-
tions will provide the foundation for resolving key uncertainties in
forest productivity, mortality, and carbon dynamics. Ultimately,
this knowledge will allow more accurate predictions and guide
effective restoration, conservation, and management strategies for
tropical forests under global change.
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(1) Standardize and contextualize soil fertility measurements. To
resolve how fertility shapes forest carbon dynamics,we needwidespread
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and plant nutrient content respond to global change, including both
long-termmonitoring (e.g. utilizing archived plant tissue and soil samples
and site remeasurements) and in response to manipulation (e.g. global
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critical step at understanding how global change drivers are modifying
soil fertility directly.

New Phytologist (2026)
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

ViewpointForum

New
Phytologist10

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71367, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Science, Office of Biological and Environmental Research. This
manuscript has been co-authored by UT-Battelle, LLC under
contract no. DE-AC05-00OR22725 with the US Department of
Energy. We thank Anthony Walker and three anonymous
reviewers for their comments on an earlier version of the
manuscript. Images in Fig. 2 were created in BioRender (Wong,
M. 2026; https://BioRender.com/yalthl2).

Competing interests

None declared.

Author contributions

MYW, EMG, SAB, JML, KF, MSA, MB, DFRPB, KCC, JWD,
SD, AEM, CF, JAH, NHN, GL, MBL, DLM, JAM-V, HCML,
JN, EMO, MSJ, LT, XX, SJW and GZ all contributed ideas and
discussion at the hybrid (remote and in-person) workshop. MYW,
EMG, JML and SAB acquired the funding and coordinated the
workshop.MYW, EMG, SAB, JML and KF wrote the first draft of
the manuscript with inputs and edits from all authors. All authors
approved the final version of the manuscript.

ORCID

Mark S. Ashton https://orcid.org/0000-0002-1892-045X
Sarah A. Batterman https://orcid.org/0000-0002-7703-9873
Marijn Bauters https://orcid.org/0000-0003-0978-6639
David F. R. P. Burslem https://orcid.org/0000-0001-6033-
0990
KC Cushman https://orcid.org/0000-0002-3464-1151
James W. Dalling https://orcid.org/0000-0002-6488-9895
Sebastian Doetterl https://orcid.org/0000-0002-0986-891X
Adriane Esquivel-Muelbert https://orcid.org/0000-0001-
5335-1259
Katrin Fleischer https://orcid.org/0000-0002-9093-9526
Claire Fortunel https://orcid.org/0000-0002-8367-1605
Evan M. Gora https://orcid.org/0000-0002-0537-5835
Jennifer A. Holm https://orcid.org/0000-0001-5921-3068
Nohemi Huanca-Nunez https://orcid.org/0000-0002-4603-
827X
Guopeng Liang https://orcid.org/0000-0001-5514-785X
Moses B. Libalah https://orcid.org/0000-0001-8848-8001
Demetrius Lira-Martins https://orcid.org/0000-0002-3509-
7362
Jane M. Lucas https://orcid.org/0000-0002-3931-1864
Jose A. Medina-Vega https://orcid.org/0000-0001-5468-5605
Helene C. Muller-Landau https://orcid.org/0000-0002-3526-
9021
Jessica Needham https://orcid.org/0000-0003-3653-3848
Elsa M. Ordway https://orcid.org/0000-0002-7720-1754
Mareli S�anchez-Juli�a https://orcid.org/0009-0001-3193-8259
Laura Toro https://orcid.org/0000-0002-0550-3294
Michelle Y. Wong https://orcid.org/0000-0002-7830-8035
S. Joseph Wright https://orcid.org/0000-0003-4260-5676

Xiangtao Xu https://orcid.org/0000-0002-9402-9474
Gabriela Zuquim https://orcid.org/0000-0003-0932-2308

Michelle Y. Wong1,2* , Sarah A. Batterman2,3,4 ,
Jane M. Lucas2,3 , Katrin Fleischer5 ,
Mark S. Ashton6 , Marijn Bauters7 ,

David F. R. P. Burslem8 , KC Cushman9 ,
James W. Dalling2,10 , Sebastian Doetterl11 ,

Adriane Esquivel-Muelbert12 , Claire Fortunel13 ,
Jennifer A. Holm14 , Nohemi Huanca-Nunez6 ,

Guopeng Liang1,15 , Moses B. Libalah16,17 ,
Demetrius Lira-Martins18 , Jose A. Medina-Vega19 ,

Helene C. Muller-Landau2 , Jessica Needham20 ,
Elsa M. Ordway21 , Mareli S�anchez-Juli�a1 ,

Laura Toro22 , Xiangtao Xu23 , S. Joseph Wright2 ,
Gabriela Zuquim24,25 and Evan M. Gora2,3

1Department of Ecology and Evolutionary Biology,
Yale University, New Haven, CT 06511, USA;

2Smithsonian Tropical Research Institute, Apartado 0843-03092,
Balboa, Panama;

3Cary Institute of Ecosystem Studies,Millbrook, NY 12545, USA;
4School of Geography and Priestley International Centre for

Climate, University of Leeds, Leeds, LS2 9JT, UK;
5Systems Ecology, Amsterdam Institute for Life and Environment,

Vrije Universiteit Amsterdam, 1081 HV,
Amsterdam, the Netherlands;

6Yale School of Environment, Yale University,
New Haven, CT 06511, USA;

7Q-ForestLab, Department of Environment, Ghent University,
9000, Ghent, Belgium;

8School of Biological Sciences, University of Aberdeen,
Aberdeen, AB24 3UU, UK;

9Environmental Sciences Division, Oak Ridge National
Laboratory, Oak Ridge, TN 37830, USA;

10Department of Plant Biology, University of Illinois,
Urbana-Champaign, IL 61801, USA;

11Soil Resources Group, ETH Zurich, 8092, Zurich, Switzerland;
12Department of Plant Sciences, University of Cambridge,

Cambridge, CB2 3EA, UK;
13AMAP (Botanique et Mod�elisation de l’Architecture des Plantes
et des V�eg�etations), Universit�e de Montpellier, CIRAD, CNRS,

INRAE, IRD, 34398, Montpellier Cedex 5, France;
14Lawrence Berkeley National Laboratory, Berkeley,

CA 94720, USA;
15Institute forGlobalChangeBiology and School for Environment

and Sustainability, University of Michigan, Ann Arbor,
MI 48109, USA;

16Department of Plant Biology, Faculty of Science, University of
Yaound�e I, PO Box 812, Yaound�e, Cameroon;

17Plant Systematics and Ecology Laboratory (LaBosystE), Higher
Teacher’s Training College, University of Yaound�e I, POBox 047,

Yaound�e, Cameroon;
18Earthshot Labs, Sebastopol, CA 95472, USA;

19Forest Global Earth Observatory, Smithsonian Tropical
Research Institute, Washington, DC 20013, USA;

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

New Phytologist (2026)
www.newphytologist.com

New
Phytologist Viewpoint Forum 11

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71367, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://biorender.com/yalthl2
https://orcid.org/0000-0002-1892-045X
https://orcid.org/0000-0002-1892-045X
https://orcid.org/0000-0002-1892-045X
https://orcid.org/0000-0002-7703-9873
https://orcid.org/0000-0002-7703-9873
https://orcid.org/0000-0002-7703-9873
https://orcid.org/0000-0003-0978-6639
https://orcid.org/0000-0003-0978-6639
https://orcid.org/0000-0003-0978-6639
https://orcid.org/0000-0001-6033-0990
https://orcid.org/0000-0001-6033-0990
https://orcid.org/0000-0001-6033-0990
https://orcid.org/0000-0002-3464-1151
https://orcid.org/0000-0002-3464-1151
https://orcid.org/0000-0002-3464-1151
https://orcid.org/0000-0002-6488-9895
https://orcid.org/0000-0002-6488-9895
https://orcid.org/0000-0002-6488-9895
https://orcid.org/0000-0002-0986-891X
https://orcid.org/0000-0002-0986-891X
https://orcid.org/0000-0002-0986-891X
https://orcid.org/0000-0001-5335-1259
https://orcid.org/0000-0001-5335-1259
https://orcid.org/0000-0001-5335-1259
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-8367-1605
https://orcid.org/0000-0002-8367-1605
https://orcid.org/0000-0002-8367-1605
https://orcid.org/0000-0002-0537-5835
https://orcid.org/0000-0002-0537-5835
https://orcid.org/0000-0002-0537-5835
https://orcid.org/0000-0001-5921-3068
https://orcid.org/0000-0001-5921-3068
https://orcid.org/0000-0001-5921-3068
https://orcid.org/0000-0002-4603-827X
https://orcid.org/0000-0002-4603-827X
https://orcid.org/0000-0002-4603-827X
https://orcid.org/0000-0001-5514-785X
https://orcid.org/0000-0001-5514-785X
https://orcid.org/0000-0001-5514-785X
https://orcid.org/0000-0001-8848-8001
https://orcid.org/0000-0001-8848-8001
https://orcid.org/0000-0001-8848-8001
https://orcid.org/0000-0002-3509-7362
https://orcid.org/0000-0002-3509-7362
https://orcid.org/0000-0002-3509-7362
https://orcid.org/0000-0002-3931-1864
https://orcid.org/0000-0002-3931-1864
https://orcid.org/0000-0002-3931-1864
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0002-3526-9021
https://orcid.org/0000-0002-3526-9021
https://orcid.org/0000-0002-3526-9021
https://orcid.org/0000-0003-3653-3848
https://orcid.org/0000-0003-3653-3848
https://orcid.org/0000-0003-3653-3848
https://orcid.org/0000-0002-7720-1754
https://orcid.org/0000-0002-7720-1754
https://orcid.org/0000-0002-7720-1754
https://orcid.org/0009-0001-3193-8259
https://orcid.org/0009-0001-3193-8259
https://orcid.org/0009-0001-3193-8259
https://orcid.org/0000-0002-0550-3294
https://orcid.org/0000-0002-0550-3294
https://orcid.org/0000-0002-0550-3294
https://orcid.org/0000-0002-7830-8035
https://orcid.org/0000-0002-7830-8035
https://orcid.org/0000-0002-7830-8035
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0002-9402-9474
https://orcid.org/0000-0002-9402-9474
https://orcid.org/0000-0002-9402-9474
https://orcid.org/0000-0003-0932-2308
https://orcid.org/0000-0003-0932-2308
https://orcid.org/0000-0003-0932-2308
https://orcid.org/0000-0002-7830-8035
https://orcid.org/0000-0002-7830-8035
https://orcid.org/0000-0002-7830-8035
https://orcid.org/0000-0002-7703-9873
https://orcid.org/0000-0002-7703-9873
https://orcid.org/0000-0002-7703-9873
https://orcid.org/0000-0002-3931-1864
https://orcid.org/0000-0002-3931-1864
https://orcid.org/0000-0002-3931-1864
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-9093-9526
https://orcid.org/0000-0002-1892-045X
https://orcid.org/0000-0002-1892-045X
https://orcid.org/0000-0002-1892-045X
https://orcid.org/0000-0003-0978-6639
https://orcid.org/0000-0003-0978-6639
https://orcid.org/0000-0003-0978-6639
https://orcid.org/0000-0001-6033-0990
https://orcid.org/0000-0001-6033-0990
https://orcid.org/0000-0001-6033-0990
https://orcid.org/0000-0002-3464-1151
https://orcid.org/0000-0002-3464-1151
https://orcid.org/0000-0002-3464-1151
https://orcid.org/0000-0002-6488-9895
https://orcid.org/0000-0002-6488-9895
https://orcid.org/0000-0002-6488-9895
https://orcid.org/0000-0002-0986-891X
https://orcid.org/0000-0002-0986-891X
https://orcid.org/0000-0002-0986-891X
https://orcid.org/0000-0001-5335-1259
https://orcid.org/0000-0001-5335-1259
https://orcid.org/0000-0001-5335-1259
https://orcid.org/0000-0002-8367-1605
https://orcid.org/0000-0002-8367-1605
https://orcid.org/0000-0002-8367-1605
https://orcid.org/0000-0001-5921-3068
https://orcid.org/0000-0001-5921-3068
https://orcid.org/0000-0001-5921-3068
https://orcid.org/0000-0002-4603-827X
https://orcid.org/0000-0002-4603-827X
https://orcid.org/0000-0002-4603-827X
https://orcid.org/0000-0001-5514-785X
https://orcid.org/0000-0001-5514-785X
https://orcid.org/0000-0001-5514-785X
https://orcid.org/0000-0001-8848-8001
https://orcid.org/0000-0001-8848-8001
https://orcid.org/0000-0001-8848-8001
https://orcid.org/0000-0002-3509-7362
https://orcid.org/0000-0002-3509-7362
https://orcid.org/0000-0002-3509-7362
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0001-5468-5605
https://orcid.org/0000-0002-3526-9021
https://orcid.org/0000-0002-3526-9021
https://orcid.org/0000-0002-3526-9021
https://orcid.org/0000-0003-3653-3848
https://orcid.org/0000-0003-3653-3848
https://orcid.org/0000-0003-3653-3848
https://orcid.org/0000-0002-7720-1754
https://orcid.org/0000-0002-7720-1754
https://orcid.org/0000-0002-7720-1754
https://orcid.org/0009-0001-3193-8259
https://orcid.org/0009-0001-3193-8259
https://orcid.org/0009-0001-3193-8259
https://orcid.org/0000-0002-0550-3294
https://orcid.org/0000-0002-0550-3294
https://orcid.org/0000-0002-0550-3294
https://orcid.org/0000-0002-9402-9474
https://orcid.org/0000-0002-9402-9474
https://orcid.org/0000-0002-9402-9474
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-4260-5676
https://orcid.org/0000-0003-0932-2308
https://orcid.org/0000-0003-0932-2308
https://orcid.org/0000-0003-0932-2308
https://orcid.org/0000-0002-0537-5835
https://orcid.org/0000-0002-0537-5835
https://orcid.org/0000-0002-0537-5835


20CICERO Centre for International Climate and Environmental
Research, 0349, Oslo, Norway;

21Department of Ecology and Evolutionary Biology, UCLA,
Los Angeles, CA 90095, USA;

22Center for Conservation and Sustainable Development,
Missouri Botanical Garden, St. Louis, MO 63110, USA;

23Department of Ecology and Evolutionary Biology, Cornell
University, Ithaca, NY 14853, USA;

24Department of Biology, University of Turku, 20500,
Turku, Finland;

25CSC – IT Center for Science, 02101, Espoo, Finland
(*Author for correspondence: email michelle.y.wong@yale.edu)

References

Abbasi UA, Mattsson E, Nissanka SP, Ali A. 2023. Species a-diversity promotes

but b-diversity restricts aboveground biomass in tropical forests, depending on

stand structure and environmental factors. Journal of Forestry Research 34:

889–901.
Adams MA, Turnbull TL, Sprent JI, Buchmann N. 2016. Legumes are different:

Leaf nitrogen, photosynthesis, andwater use efficiency.Proceedings of theNational
Academy of Sciences, USA 113: 4098–4103.

Aguirre-Guti�errez J, Rifai SW,DengX, ter SteegeH,Thomson E,Corral-Rivas JJ,

Guimaraes AF, Muller S, Klipel J, Fauset S et al. 2025. Canopy functional trait
variation across Earth’s tropical forests. Nature 641: 129–136.

Alvarez-Clare S, Mack MC, Brooks M. 2013. A direct test of nitrogen and

phosphorus limitation tonet primaryproductivity in a lowland tropicalwet forest.

Ecology 94: 1540–1551.
Aoyagi R, Condit R, Turner BL. 2023. Breakdown of the growth–mortality trade-

off along a soil phosphorus gradient in a diverse tropical forest. Proceedings of the
Royal Society B: Biological Sciences 290: 20231348.

Aoyagi R, Kitayama K, Turner BL. 2022.How do tropical tree species maintain

high growth rates on low-phosphorus soils? Plant and Soil 480: 31–56.
Arag~ao LEOC, Malhi Y, Metcalfe DB, Silva-Espejo JE, Jim�enez E, Navarrete D,

Almeida S, Costa ACL, Salinas N, Phillips OL et al. 2009. Above- and below-
ground net primary productivity across ten Amazonian forests on contrasting

soils. Biogeosciences 6: 2441–2488.
Arellano G, Zuleta D, Davies SJ. 2021. Tree death and damage: A standardized

protocol for frequent surveys in tropical forests. Journal of Vegetation Science 32:
e12981.

Barron AR, Purves DW, Hedin LO. 2011. Facultative nitrogen fixation by canopy

legumes in a lowland tropical forest. Oecologia 165: 511–520.
Batjes NH. 2016.Harmonized soil property values for broad-scale modelling

(WISE30sec) with estimates of global soil carbon stocks. Geoderma 269: 61–68.
Batool F, Bahadur S, LongW. 2024. Soil nutrients determine leaf traits and above-

ground biomass in the tropical cloud forest of Hainan Island. Frontiers in Forests
and Global Change 7: 1342135.

Batterman SA, Hedin LO, Van Breugel M, Ransijn J, Craven DJ, Hall JS. 2013.

Key role of symbiotic dinitrogen fixation in tropical forest secondary succession.

Nature 502: 224–227.
Bauters M, Drake TW, Verbeeck H, Bod�e S, Herv�e-Fern�andez P, Zito P,

Podgorski DC, Boyemba F, Makelele I, Ntaboba LC et al. 2018.High fire-

derived nitrogen deposition on central African forests. Proceedings of the National
Academy of Sciences of the United States of America 115: 549–554.

BautersM,Drake TW,Wagner S, Baumgartner S,Makelele IA, Bod�e S, Verheyen

K, Verbeeck H, Ewango C, Cizungu L et al. 2021a. Fire-derived phosphorus
fertilization of African tropical forests. Nature Communications 12: 5129.

Bauters M, Grau O, Doetterl S, Heineman KD, Dalling JW, Prada CM,

Griepentrog M, Malhi Y, Riutta T, Scalon M et al. 2022. Tropical wood stores
substantial amounts of nutrients, but we have limited understanding why.

Biotropica 54: 596–606.
Bauters M, Mapenzi N, Kearsley E, Vanlauwe B, Boeckx P. 2016. Facultative

nitrogen fixation by legumes in the central Congo basin is downregulated during

late successional stages. Biotropica 48: 281–284.

Bauters M, Moonen P, Summerauer L, Doetterl S, Wasner D, Griepentrog M,

Mumbanza FM, Kearsley E, Ewango C, Boyemba F et al. 2021b. Soil Nutrient

Depletion and Tree Functional Composition Shift Following Repeated Clearing

in Secondary Forests of the Congo Basin. Ecosystems 24: 1422–1435.
Becknell JM, Vargas G. G, P�erez-Aviles D, Medvigy D, Powers JS. 2021. Above-

ground net primary productivity in regenerating seasonally dry tropical forest:

Contributions of rainfall, forest age and soil. Journal of Ecology 109: 3903–3915.
Beer C, ReichsteinM, Tomelleri E, Ciais P, JungM, Carvalhais N, R€odenbeck C,

ArainMA, Baldocchi D, Bonan GB et al. 2010. Terrestrial gross carbon dioxide
uptake: Global distribution and covariation with climate. Science 329: 834–838.

Bellingham PJ, Sparrow AD. 2009.Multi-stemmed trees in montane rain forests:

their frequency and demography in relation to elevation, soil nutrients and

disturbance. Journal of Ecology 97: 472–483.
Bialic-Murphy L, McElderry RM, Esquivel-Muelbert A, van den Hoogen J,

Zuidema PA, Phillips OL, de Oliveira EA, Loayza PA, Alvarez-Davila E, Alves

LF et al. 2024. The pace of life for forest trees. Science 386: 92–98.
Bloom AJ, Chapin FS, Mooney HA. 1985. Resource Limitation in Plants-An

Economic Analogy. Annual Review of Ecology and Systematics 16: 363–392.
Bomfim B,Walker AP, McDowell WH, Zimmerman JK, Feng Y, Kueppers LM.

2022. Linking soil phosphorus with forest litterfall resistance and resilience to

cyclone disturbance: A pantropical meta-analysis. Global Change Biology 28:
4633–4654.

Brienen RJW, Caldwell L, Duchesne L, Voelker S, Barichivich J, Baliva M,

Ceccantini G, Di Filippo A,Helama S, Locosselli GM et al. 2020. Forest carbon
sink neutralized by pervasive growth-lifespan trade-offs.Nature Communications
11: 4241.

BruelheideH,Dengler J, PurschkeO, Lenoir J, Jim�enez-AlfaroB,Hennekens SM,

Botta-Duk�at Z, Chytr�y M, Field R, Jansen F et al. 2018. Global

trait–environment relationships of plant communities. Nature Ecology &
Evolution 2: 1906–1917.

Brunello AT, Cardoso D, Moonlight PW, Coutinho �IAC, Cunha J, do Esp�ırito

Santo MM, de Moura MSB, de Queiroz LP, dos Santos RM, S€arkinen T et al.
2025. Soil–climate interactions drive above-ground biomass in the Caatinga, the

largest Neotropical seasonally dry tropical forest. Plant and Soil 517: 1357–1381.
Bukombe B, BautersM, Boeckx P, Cizungu LN, CooperM, Fiener P, Kidinda LK,

Makelele I, Muhindo DI, Rewald B et al. 2022. Soil geochemistry – and not
topography – as a major driver of carbon allocation, stocks, and dynamics in forests

and soils of African tropicalmontane ecosystems.NewPhytologist 236: 1676–1690.
Buscardo E, Geml J, Schmidt SK, Freitas H, Souza AP, CunhaHB,Nagy L. 2022.

Nitrogen pulses increase fungal pathogens in Amazonian lowland tropical rain

forests. Journal of Ecology 110: 1775–1789.
Cavaleri MA, Reed SC, Smith WK, Wood TE. 2015. Urgent need for warming

experiments in tropical forests. Global Change Biology 21: 2111–2121.
Chao K, Phillips OL, Gloor E, Monteagudo A, Torres-Lezama A, Mart�ınez RV.

2008.Growth andwood density predict treemortality in Amazon forests. Journal
of Ecology 96: 281–292.

Chapin FS. 1980. TheMineral Nutrition of Wild Plants. Annual Review of Ecology
and Systematics 11: 233–260.

Chapin F, Vitousek P, Cleve K. 1986. The Nature of Nutrient Limitation in Plant

Communities Authors. The American Naturalist 127: 48–58.
Chari NR, Tumber-D�avila SJ, Phillips RP, Bauerle TL, Brunn M, Hafner BD,

KleinT,Obersteiner S, ReayMK,Ullah S et al. 2024.Estimating the global root

exudate carbon flux. Biogeochemistry 167: 895–908.
Chen S, Stark SC,NobreAD,Cuartas LA, de Jesus AD,Restrepo-CoupeN, Smith

MN, Chitra-Tarak R, Ko H, Nelson BW et al. 2024. Amazon forest

biogeography predicts resilience and vulnerability to drought. Nature 631:
111–117.

ColeyPD.1987. Interspecific variation inplant anti-herbivore properties: the role of

habitat quality and rate of disturbance. New Phytologist 106: 251–263.
Coley PD, Bryant JP, Chapin FS. 1985. Resource availability and plant

antiherbivore defense. Science 230: 895–899.
Condit R, Engelbrecht BMJ, Pino D, Perez R, Turner BL. 2013. Species

distributions in response to individual soil nutrients and seasonal drought across a

community of tropical trees. Proceedings of the National Academy of Sciences, USA
110: 5064–5068.

Cordeiro AL, Norby RJ, Andersen KM, Valverde-Barrantes O, Fuchslueger L,

Oblitas E, Hartley IP, Iversen CM,Gonc�alves NB, Takeshi B, et al. 2020. Fine-

New Phytologist (2026)
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

ViewpointForum

New
Phytologist12

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71367, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:michelle.y.wong@yale.edu


root dynamics vary with soil depth and precipitation in a low-nutrient tropical

forest in the Central Amazonia. Plant-Environment Interactions 1: 3–16.
Cui J, Zheng M, Bian Z, Pan N, Tian H, Zhang X, Qiu Z, Xu J, Gu B. 2024.

Elevated CO2 levels promote both carbon and nitrogen cycling in global forests.

Nature Climate Change 14: 511–517.
CunhaHFV, AndersenKM, Lugli LF, Santana FD, Aleixo IF,Moraes AM,Garcia

S, Di Ponzio R, Mendoza EO, Brum B et al. 2022. Direct evidence for

phosphorus limitation on Amazon forest productivity. Nature 608: 558–562.
Cusack DF, Silver WL, Torn MS, McDowell WH. 2011. Effects of nitrogen

additions on above- and belowground carbon dynamics in two tropical forests.

Biogeochemistry 104: 203–225.
Dalagnol R, Wagner FH, Galv~ao LS, Streher AS, Phillips OL, Gloor E, Pugh

TAM, Ometto JPHB, Arag~ao LEOC. 2021. Large-scale variations in the

dynamics of Amazon forest canopy gaps from airborne lidar data and

opportunities for tree mortality estimates. Scientific Reports 11: 1388.
Dalling JW, Flores MR, Heineman KD. 2024.Wood nutrients: Underexplored

traits with functional and biogeochemical consequences. New Phytologist 244:
1694–1708.

Dalling JW, Schnitzer SA, Baldeck C, Harms KE, John R, Mangan SA, Lobo E,

Yavitt JB,Hubbell SP. 2012.Resource-based habitat associations in a neotropical

liana community. Journal of Ecology 100: 1174–1182.
Davidson EA, de Carvalho CJR, Vieira ICG, De FR, Moutinho P, Ishida FY,

Santos MTP, Guerrero JB, Kalif K, Sab�a RT. 2004. Nitrogen and Phosphorus

Limitation of Biomass Growth in a Tropical Secondary Forest. Ecological
Applications 14: 150–163.

Davidson EA, de Carvalho CJR, Figueira AM, Ishida FY,Ometto JPHB,Nardoto

GB, S�aba RT, Hayashi SN, Leal EC, Vieira ICG et al. 2007. Recuperation of

nitrogen cycling in Amazonian forests following agricultural abandonment.

Nature 447: 995–998.
DentDH,BagchiR,RobinsonD,Majalap-LeeN,BurslemDFRP.2006.Nutrient

fluxes via litterfall and leaf litter decomposition vary across a gradient of soil

nutrient supply in a lowland tropical rain forest. Plant and Soil 288: 197–215.
Detto M, Levine JM, Pacala SW. 2022.Maintenance of high diversity in

mechanistic forest dynamics models of competition for light. Ecological
Monographs 92: e1500.

DeWalt SJ, Ickes K, Nilus R, Harms KE, Burslem DFRP. 2006. Liana habitat

associations and community structure in a Bornean lowland tropical forest. Plant
Ecology 186: 203–216.

DingY,ZangR. 2021.Determinants of aboveground biomass in forests across three

climatic zones in China. Forest Ecology and Management 482: 118805.
Doughty CE, Goldsmith GR, Raab N, Girardin CAJ, Farfan-Amezquita F,

Huaraca-Huasco W, Silva-Espejo JE, Araujo-Murakami A, da Costa ACL,

Rocha W et al. 2018.What controls variation in carbon use efficiency among

Amazonian tropical forests? Biotropica 50: 16–25.
Dybzinski R, Farrior CE, Pacala SW. 2015. Increased forest carbon storage with

increased atmospheric CO2 despite nitrogen limitation: a game-theoretic

allocation model for trees in competition for nitrogen and light. Global Change
Biology 21: 1182–1196.

Dybzinski R, Farrior C,Wolf A, Reich PB, Pacala SW. 2011.Evolutionarily Stable

Strategy Carbon Allocation to Foliage, Wood, and Fine Roots in Trees

Competing for Light and Nitrogen: An Analytically Tractable, Individual-Based

Model and Quantitative Comparisons to Data. The American Naturalist 177:
153–166.

Ellsworth DS, Crous KY, De Kauwe MG, Verryckt LT, Goll D, Zaehle S,

Bloomfield KJ, Ciais P, Cernusak LA, Domingues TF et al. 2022.Convergence
in phosphorus constraints to photosynthesis in forests around the world. Nature
Communications 13: 5005.

Ellsworth DS, Reich PB, Naumburg ES, Koch GW, Kubiske ME, Smith SD.

2004. Photosynthesis, carboxylation and leaf nitrogen responses of 16 species to

elevated pCO2 across four free-air CO2 enrichment experiments in forest,

grassland and desert. Global Change Biology 10: 2121–2138.
Endara M, Coley PD. 2011. The resource availability hypothesis revisited: a meta-

analysis. Functional Ecology 25: 389–398.
Estrada-Villegas S, Pedraza Narvaez SS, Sanchez A, Schnitzer SA. 2022. Lianas

Significantly Reduce Tree Performance and Biomass Accumulation Across

Tropical Forests: A Global Meta-Analysis. Frontiers in Forests and Global Change
4: 812066.

Fatichi S, Pappas C, Zscheischler J, Leuzinger S. 2019.Modelling carbon sources

and sinks in terrestrial vegetation. New Phytologist 221: 652–668.
FerryB,MorneauF, Bontemps J, Blanc L, FreyconV. 2010.Higher treefall rates on

slopes and waterlogged soils result in lower stand biomass and productivity in a

tropical rain forest. Journal of Ecology 98: 106–116.
Fine PVA, Mesones I, Coley PD. 2004.Herbivores promote habitat specialization

by trees in Amazonian forests. Science 305: 663–665.
Fine PVA,Miller ZJ,Mesones I, Irazuzta S, AppelHM, StevensMHH, S€a€aksj€arvi

I, Schultz JC, Coley PD. 2006. The growth-defense trade-off and habitat

specialization by plants in Amazonian forests. Ecology 87: 150–162.
Fleischer K, Rammig A, De KauweMG,Walker AP, Domingues TF, Fuchslueger

L, Garcia S, Goll DS, Grandis A, JiangM et al. 2019.Amazon forest response to

CO2 fertilization dependent on plant phosphorus acquisition. Nature Geoscience
12: 736–741.

Fleischer K, Terrer C. 2022. Estimates of soil nutrient limitation on the CO2

fertilization effect for tropical vegetation. Global Change Biology 28: 6366–6369.
Fontes CG, Chambers JQ, Higuchi N. 2018. Revealing the causes and temporal

distribution of tree mortality in Central Amazonia. Forest Ecology and
Management 424: 177–183.

Fortunel C, Paine CET, Fine PVA, Kraft NJB, Baraloto C. 2014. Environmental

factors predict community functional composition in Amazonian forests. Journal
of Ecology 102: 145–155.

Fortunel C, Paine CET, Fine PVA, Mesones I, Goret J, Burban B, Cazal J,

Baraloto C. 2016. There’s no place like home: seedling mortality contributes

to the habitat specialisation of tree species across Amazonia. Ecology Letters 19:
1256–1266.

Friend AD, Lucht W, Rademacher TT, Keribin R, Betts R, Cadule P, Ciais P,

Clark DB, Dankers R, Falloon PD et al. 2014. Carbon residence time

dominates uncertainty in terrestrial vegetation responses to future climate and

atmospheric CO2. Proceedings of the National Academy of Sciences, USA 111:

3280–3285.
Fyllas NM, Pati~no S, Baker TR, Nardoto GB, Martinelli LA, Quesada CA, Paiva

R, SchwarzM,HornaV,MercadoLM, et al. 2009.Basin-wide variations in foliar
properties of Amazonian forest: phylogeny, soils and climate. Biogeosciences
Discussions: 2677–2708.

Galbraith D,Malhi Y, Affum-Baffoe K, Castanho ADA, Doughty CE, Fisher RA,

Lewis SL, Peh KS-H, Phillips OL, Quesada CA et al. 2013. Residence times of

woody biomass in tropical forests. Plant Ecology and Diversity 6: 139–157.
Galloway JN, Cowling EB. 2021. Reflections on 200 years of Nitrogen, 20 years

later. Ambio 50: 745–749.
GentryAH.1992.Thedistribution and evolutionof climbingplants. In:The biology
of vines. Cambridge, UK: Cambridge University Press, 3–50.

Gessler A, Schaub M, McDowell NG. 2017. The role of nutrients in drought-

induced tree mortality and recovery. New Phytologist 214: 513–520.
Giardina CP, Ryan MG, Binkley D, Fownes JH. 2003. Primary production and

carbon allocation in relation to nutrient supply in a tropical experimental forest.

Global Change Biology 9: 1438–1450.
Gloor M, Brienen RJW, Galbraith D, Feldpausch TR, Sch€ongart J, Guyot J,

Espinoza JC, Lloyd J, Phillips OL. 2013. Intensification of the Amazon

hydrological cycle over the last two decades. Geophysical Research Letters 40:
1729–1733.

Goll DS, Bauters M, Zhang H, Ciais P, Balkanski Y, Wang R, Verbeeck H. 2023.

Atmospheric phosphorus deposition amplifies carbon sinks in simulations of a

tropical forest in Central Africa. New Phytologist 237: 2054–2068.
Gora EM, Esquivel-Muelbert A. 2021. Implications of size-dependent tree

mortality for tropical forest carbon dynamics. Nature Plants 7: 384–391.
Gora EM, Kneale RC, Larjavaara M, Muller-Landau HC. 2019. Dead wood

necromass in amoist tropical forest: stocks, fluxes, and spatiotemporal variability.

Ecosystems 22: 1189–1205.
GoraEM,McGregor IR,Muller-LandauHC,Burchfield JC,CushmanKC,Rubio

VE, Mori GB, Sullivan MJP, Chmielewski MW, Esquivel-Muelbert A. 2025.

Storms are an important driver of change in tropical forests. Ecology Letters 28:
e70157.

Gourlet-Fleury S, Rossi V, Forni E, Fayolle A, Ligot G, Allah-Barem F, Baya F,

B�en�edet F, Boyemba F, Cornu G et al. 2023. Competition and site weakly

explain tree growth variability in undisturbed Central African moist forests.

Journal of Ecology 111: 1950–1967.

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

New Phytologist (2026)
www.newphytologist.com

New
Phytologist Viewpoint Forum 13

 14698137, 0, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71367, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Hawkins H-J, Cargill RIM, Van Nuland ME, Hagen SC, Field KJ, Sheldrake M,

Soudzilovskaia NA, Kiers ET. 2023.Mycorrhizal mycelium as a global carbon

pool. Current Biology 33: R560–R573.
Heineman KD, Caballero P, Morris A, Velasquez C, Serrano K, Ramos N,

Gonzalez J, Mayorga L, Corre MD, Dalling JW. 2015. Variation in canopy

litterfall along a precipitation and soil fertility gradient in a Panamanian lower

montane forest. Biotropica 47: 300–309.
HeinemanKD,Turner BL,Dalling JW. 2016.Variation in wood nutrients along a

tropical soil fertility gradient. New Phytologist 211: 440–454.
HenglT,Mendes de Jesus J,HeuvelinkGBM,RuiperezGonzalezM,KilibardaM,

Blagoti�c A, ShangguanW,Wright MN, Geng X, Bauer-Marschallinger B et al.
2017. SoilGrids250m: Global gridded soil information based on machine

learning. PLoS ONE 12: e0169748.

Herbert DA, Williams M, Rastetter EB. 2003. A model analysis of N and P

limitation on carbon accumulation in Amazonian secondary forest after alternate

land-use abandonment. Biogeochemistry 65: 121–150.
Homeier J, Seeler T, Pierick K, Leuschner C. 2021. Leaf trait variation in species-

rich tropical Andean forests. Scientific Reports 11: 9993.
Huaraca Huasco W, Riutta T, Girardin CAJ, Hancco Pacha F, Puma Vilca BL,

Moore S, Rifai SW, del Aguila-Pasquel J, Araujo Murakami A, Freitag R et al.
2021.Fine root dynamics across pantropical rainforest ecosystems.Global Change
Biology 27: 3657–3680.

HubauW, Lewis SL, Phillips OL, Affum-Baffoe K, Beeckman H, Cun�ı-Sanchez A,

DanielsAK,EwangoCEN,Fauset S,Mukinzi JM et al. 2020.Asynchronous carbon
sink saturation in African and Amazonian tropical forests.Nature 579: 80–87.

Ibarra-Manr�ıquez G, Mart�ınez-Ramos M. 2002. Landscape variation of liana

communities in a Neotropical rain forest. Plant Ecology 160: 91–112.
Jackson TD, Bittencourt P, Poffley J, Anderson J, Muller-Landau HC, Ramos

PAR,Rowland L, CoomesD. 2024.Wind shapes the growth strategies of trees in

a tropical forest. Ecology Letters 27: e14527.
Janzen DH. 1974. Tropical Blackwater Rivers, Animals, and Mast Fruiting by the

Dipterocarpaceae. Biotropica 6: 69.
John R,Dalling JW,HarmsKE, Yavitt JB, Stallard RF,MirabelloM,Hubbell SP,

Valencia R, Navarrete H, Vallejo M et al. 2007. Soil nutrients influence spatial
distributions of tropical tree species. Proceedings of the National Academy of
Sciences, USA 104: 864–869.

Johnson MO, Galbraith D, Gloor M, De Deurwaerder H, Guimberteau M,

Rammig A, Thonicke K, Verbeeck H, von Randow C, Monteagudo A et al.
2016. Variation in stem mortality rates determines patterns of above-ground

biomass in Amazonian forests: implications for dynamic global vegetation

models. Global Change Biology 22: 3996–4013.
Jones JM, Heineman KD, Dalling JW. 2019. Soil and species effects on bark

nutrient storage in a premontane tropical forest. Plant and Soil 438: 347–360.
Kambach S, Condit R, Aguilar S, Bruelheide H, Bunyavejchewin S, Chang-Yang

C, Chen Y, Chuyong G, Davies SJ, Ediriweera S, et al. 2022. Consistency of
demographic trade-offs across 13 (sub)tropical forests. Journal of Ecology 110:
1485–1496.

KaspariM,Powers JS. 2016.Biogeochemistry and geographical ecology: embracing

all twenty-five elements required to build organisms. The American Naturalist
188: S62–S73.

Kaspari M, Bujan J, Weiser MD, Ning D, Michaletz ST, Zhili H, Enquist BJ,

WaideRB,Zhou J,TurnerBL et al. 2017.Biogeochemistry drives diversity in the

prokaryotes, fungi, and invertebrates of a Panama forest. Ecology 98: 2019–2028.
Kitayama K, Aiba S. 2002. Ecosystem structure and productivity of tropical rain

forests along altitudinal gradients with contrasting soil phosphorus pools on

Mount Kinabalu, Borneo. Journal of Ecology 90: 37–51.
Kohyama TS, Kohyama TI, Sheil D. 2018.Definition and estimation of vital rates

from repeated censuses: Choices, comparisons and bias corrections focusing on

trees.Methods in Ecology and Evolution 9: 809–821.
Lamarre GPA, Baraloto C, Fortunel C, D�avila N, Mesones I, Rios JG, R�ıos M,

Valderrama E, Pilco MV, Fine PVA. 2012.Herbivory, growth rates, and habitat

specialization in tropical tree lineages: implications for Amazonian beta-diversity.

Ecology 93: S195–S210.
Landsberg J, Gillieson DS. 1995. Regional and local variation in insect herbivory,

vegetation and soils of eucalypt associations in contrasted landscape positions

along a climatic gradient. Australian Journal of Ecology 20: 299–315.

Van Langenhove L, Verryckt LT, Br�echet L, Courtois EA, Stahl C, Hofhansl F,

Bauters M, Sardans J, Boeckx P, Fransen E et al. 2020. Atmospheric deposition

of elements and its relevance for nutrient budgets of tropical forests.

Biogeochemistry 149: 175–193.
Laurance WF, P�erez-Salicrup D, Delamônica P, Fearnside PM, D’Angelo S,
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