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Abstract

Understanding how species coexist and why diversity varies across regions remains a
central challenge in ecology. Although existing theories such as niche theory, neutral
theory, and modern coexistence theory have yielded important insights into species
coexistence and diversity, their reliance on abstract parameters lacking direct
physiological grounding limits empirical validation and constrains cross-scale
integration. To address this limitation, the minimum carbon theory is proposed, defining
Cnmin as the minimum net carbon gain required for survival, grounded in the first
principle that autotrophic organisms must maintain a positive carbon balance to persist.
Coexistence occurs when multiple species each sustain net carbon gains above their
Cnmin under shared environmental regimes. The Cpi, theory provides a physiological
foundation for understanding species coexistence and diversity, integrating existing
ecological theories under the common constraint of carbon balance. Because carbon is
the universal currency of life, the Cnmin can be applied across taxa and ecological scales,
providing a broadly applicable framework for diverse domains, including biological
invasions, ecosystem functioning, ecological stability, and evolutionary biogeography.
In a biosphere increasingly shaped by global climate change, the Cyin theory provides
a unifying physiological lens on how individual carbon thresholds scale up to shape
species diversity and ecosystem function.

Keywords: Minimum carbon theory, physiological threshold, species persistence,
species coexistence, diversity patterns, ecosystem functioning
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Introduction

Understanding how multiple species coexist within ecological communities remains
one of the most fundamental and unresolved questions in ecology (Chesson 2000;
Gravel et al. 2011). This challenge constrains our ability to explain diversity patterns
and to predict ecosystem functioning and resilience under global climate change
(Tilman et al. 2014). Despite decades of theoretical and empirical advances, a unified
mechanistic theory capable of explaining species coexistence and diversity across
heterogeneous environments remains elusive (Dybzinski and Tilman 2007;
HilleRisLambers et al. 2012; Levine and HilleRisLambers 2009; Levine et al. 2017).

Over the past century, ecologists have sought to explain species coexistence and
diversity patterns through process-based mechanisms, giving rise to several influential
theories (Valladares et al. 2015). Classical niche theory emphasizes stabilizing
mechanisms such as resource partitioning, which reduce interspecific competition and
facilitate species coexistence (Dybzinski and Tilman 2007; Levine and
HilleRisLambers 2009). In contrast, neutral theory assumes functional equivalence
among species and attributes diversity to demographic stochasticity (Chave 2004;
Hubbell 2011). Modern coexistence theory seeks to integrate these perspectives by
quantifying the relative contributions of stabilizing and equalizing forces (Chesson
2000; Chesson 2018). Although these theories have provided important insights into
species coexistence, they often depend on abstract parameters such as invasion growth
rates and competition coefficients, which are difficult to quantify and test empirically
in complex, long-lived, and multispecies systems (Adler et al. 2007; Chesson 2000;
Gravel et al. 2011). This underscores the urgent need for a mechanistic theory of species
coexistence that is both physiologically grounded and empirically testable (Kalyuzhny
et al. 2014; Valladares et al. 2015).

At its core, ecology seeks to understand how organisms grow, persist, and interact with
their environment under natural constraints (Begon and Townsend 2006; Ricklefs
2008). The survival of autotrophic plants ultimately depends on whether photosynthetic
carbon gain outweighs the metabolic costs of maintenance, defense, and reproduction
(Amthor 2000; Lambers et al. 2008; McDowell et al. 2008). The ability to persist
physiologically under given environmental conditions is a prerequisite for community
membership, allowing organisms to interact ecologically and enabling species to
coexist. However, existing theories largely overlook the fundamental physiological
basis of whether an organism can persist under specific environmental conditions
(Gravel et al. 2011; HilleRisLambers et al. 2012; Tilman 2004). Therefore, rebuilding
ecological theory from first-principles of plant survival is essential for understanding
species coexistence and diversity.

Here, the minimum carbon theory (Cnin) is proposed, in which species persistence is
defined as maintaining net carbon gain above a critical physiological threshold. This
threshold (Cwmin) indicates the minimum carbon gain required to sustain metabolic
integrity and survival. Species persistence in a given environment depends on whether
local carbon gain consistently exceeds its Cpin threshold. The Cnin is shaped by both
plant traits and environmental resources, thereby defining its position in carbon niche
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space. Species coexistence occurs when multiple species can each meet their Cpin under
shared environmental conditions.

The Cmin offers several key advantages over existing theories. First, the Cpin provides a
measurable physiological alternative to the abstract parameters that underpin many
traditional coexistence theories. This facilitates physiologically based comparisons and
empirical validation through experiments or field observations. Second, the Cpin theory
is not limited to autotrophic plants. This is because carbon is the universal currency of
life, organisms from microbes to animals must maintain a positive net carbon balance
to survive and reproduce (Gruner et al. 2008; Lambers et al. 2008; Lynch et al. 1986;
Manzoni and Porporato 2009). Third, the Cuiy is inherently scalable. By defining
species persistence through carbon-based physiological thresholds, it links individual
performance to ecosystem function across taxa and environments. This cross-scale
consistency enables Cnin to be applied in explaining both local species coexistence and
large-scale patterns of species distribution and diversity, while also enhancing
predictions of ecosystem responses to environmental change.

In this Perspective, the underlying physiological principles of the Cuin theory are first
outlined, followed by an explanation of how it provides a physiological foundation for
species coexistence while reframing classic ecological theories, including niche theory,
neutral theory, and modern coexistence theory. Extending beyond local coexistence,
the Cwin 1s then presented as a physiological framework for explaining large-scale
diversity patterns and reframing macroecological theories, such as the species—energy
hypothesis, water—energy dynamics, and the metabolic theory of ecology. Finally, five
key domains are identified in which the Cnin theory is broadly applicable, offering both
mechanistic insight and predictive capacity. These include ecosystem functioning,
climate change impacts on ecosystems, ecological stability, biological invasions, and
evolutionary biogeography. Together, the Cnin theory provides not only a general
physiological basis for species coexistence and diversity, but also a unifying principle
linking carbon balance to the structure and function of ecological systems.

Physiological principles underlying the Cyi, theory

The Cuin theory is grounded in the core physiological principle that autotrophic plants
must maintain a positive carbon balance to survive (Amthor 2000; Lambers et al. 2008;
McDowell et al. 2008). Unlike cumulative measures such as carbohydrate pools or total
biomass, flux-based metrics such as photosynthetic rate offer high temporal resolution,
broad cross-taxon comparability, and strong compatibility with ecological models
(Dietze et al. 2014; Litton et al. 2007). Therefore, the Cpin 1s defined as the minimum
rate of net carbon gain necessary to maintain metabolic function and ensure survival.
This rate-based formulation also enables standardized comparisons of Cpin across
species and environments, providing a unified physiological lens for assessing survival
limits under varying ecological conditions. Given the temporal variability of
photosynthesis and respiration, Cnin represents a mean net carbon gain rate integrated
over biologically relevant timescales, rather than a momentary or daily flux. This
integration smooths short-term fluctuations and captures the sustained carbon balance
required for persistence. In fast-growing herbaceous plants, weekly to monthly
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integration windows may suffice. For long-lived woody species, particularly trees,
averages across seasonal to interannual timescales more accurately reflect the threshold
of carbon gain relevant to survival. This ensures that Cp, remains both physiologically
realistic and comparable across life forms and environmental regimes.

Functionally, Cin represents a physiological threshold below which an organism can
no longer sustain essential metabolic functions (Lambers et al. 2008). When net carbon
assimilation persistently falls below this threshold, plants fail to meet the energetic
demands of maintenance, tissue turnover, and osmotic regulation, leading to
progressive metabolic failure and eventual mortality (Lambers et al. 2008). This
trajectory is consistent with well-documented cases of mortality driven by carbon
starvation, supported by ample evidence across diverse stressors such as drought, frost,
shading, and herbivory (Anderegg et al. 2012, 2015; Givnish 1988; Hartmann and
Trumbore 2016; Herms and Mattson 1992; McDowell 2011; McDowell et al. 2008;
Myers and Kitajima 2007; Sperling et al. 2015). By linking carbon balance to
physiological viability, Cmin provides a mechanistic and quantifiable criterion for
species persistence (Figure 1).
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Figure 1 | Conceptual framework of the Cuin theory. The C., represents the
minimum net carbon gain required to sustain metabolic function and survival.
Craintenance denotes the baseline carbon demand for essential cellular maintenance
through respiration, Cgess captures additional carbon costs imposed by abiotic or biotic
stressors, Cracilitation reflects reductions in demand arising from positive interactions, Py
and AC represent the net carbon gain and carbon surplus, respectively. A species can
persist only when P, exceeds its Cuin, otherwise it faces extinction. Once Cpin 1S met,
surplus carbon (AC) can be allocated to growth and reproduction. Persistence is
determined jointly by P, and Cpin, reflecting the fundamental trade-off between carbon
acquisition and demand.



147

148

149
150
151
152
153
154
155
156
157
158
159
160
161

162
163
164
165
166
167
168
169
170
171
172
173
174

175

176
177
178
179

180
181
182
183
184

185

The Cuin threshold can be formulized as:

Cmin - Cmaintenance + Cstress - Cfacilitation +e

where Cmaintenance denotes the baseline carbon demand required to sustain essential
cellular functions through maintenance respiration; Csuess accounts for additional
carbon demand imposed by abiotic factors such as drought and heat, or biotic factors
such as competition and herbivory; Cracilitation captures reductions in carbon demand
resulting from positive biotic interactions, including mutualisms, neighbor shading, or
microclimatic buffering; € accounts for stochastic variation arising from individual
heterogeneity and environmental noise. Because organisms may suppress structural
growth while sustaining basic metabolism through dormancy or resource conservation
under stressful conditions (Lambers et al. 2008; Ricklefs 2008), the component of Cpin
that excludes structural investment represents the minimal carbon requirement for
physiological maintenance and survival (Lambers et al. 2008).

A species persists if P, > Cnin; otherwise, it fails to survive.

Therefore, species persistence depends on whether net photosynthetic carbon gain (P,)
consistently exceeds the minimum threshold (Cwin). A species can persist
when P, exceeds this physiological threshold, but fails to survive when it does not. The
Cmin captures a core physiological limit to survival. When net carbon assimilation
persistently falls below the Cumin, plants can no longer sustain essential metabolic
processes, ultimately leading to carbon starvation and mortality (Lambers et al. 2008).
Persistence depends not merely on whether a species has a high or low Cpin, but on
whether its net carbon gain consistently exceeds this threshold. Both conservative
species with low Crin and acquisitive species with high Cnin can persist, as long as they
maintain a positive carbon balance. This reflects a fundamental trade-off between
carbon acquisition and demand, shaping the conditions under which different strategies
can sustain persistence (Reich 2014; Ricklefs 2008; Westoby et al. 2012; Wright et al.
2014).

AC:Pn - Cmin

The carbon surplus (AC), defined as the difference between P, and Cpis, arises only
when net carbon gain exceeds the threshold for survival. Once this baseline requirement
is met, surplus carbon can be allocated to structural growth and reproduction, including
the formation of new leaves, fruits, and seeds.

In conclusion, the Cnin offers a physiologically grounded alternative to traditional
interaction-based theories, shifting the focus from emergent ecological processes to the
underlying carbon constraints that determine species survival. It provides a
physiological basis for predicting species persistence and for explaining the emergence
of coexistence and diversity patterns across resources and stress gradients.

The Cnin theory links carbon balance to species coexistence
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Deciphering the mechanisms that enable multiple species to coexist within shared
environments remains a longstanding and central challenge in ecology (Levine and
HilleRisLambers 2009; Valladares et al. 2015). Classical theories, including niche
differentiation, neutral theory, and modern coexistence theory, serve as conceptual
foundation for understanding species coexistence (Adler et al. 2007; Chesson 2000;
Hubbell 2011). However, they often depend on abstract parameters that are difficult to
verify through experiments or field observations (HilleRisLambers et al. 2012;
Valladares et al. 2015). The Cnin addresses this gap by providing a physiologically
grounded framework for species coexistence, rooted in the carbon economics of
autotrophs.

According to the Cumin theory, species survival, growth, and reproduction depend on
maintaining a sustained positive carbon balance. Coexistence is physiologically
possible when multiple species can consistently meet their respective Cpin thresholds
under shared environmental conditions (Figure 2). Because Cpin reflects an integrated
suite of traits, such as photosynthetic capacity and stress tolerance, species differ in
their minimum carbon requirements, resulting in distinct, physiologically defined
carbon niches. This differentiation enables coexistence under overlapping but non-
identical environmental regimes. As a result, communities can support both
conservative species with low carbon maintenance costs and acquisitive species with
high carbon uptake capacities, as long as each maintains a positive carbon balance.

Species coexistence

Figure 2 | Conceptual diagram of how C.i, links carbon balance to species
coexistence. P, and C.i, represent the net carbon gain and minimum carbon required to
sustain metabolic function and survival, respectively. Coexistence occurs when species
maintain P, above their Cpin thresholds under shared conditions. Variation in Cpin
defines distinct physiological carbon niches, facilitating coexistence under overlapping
but non-identical environments.
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To illustrate this mechanism, consider a simplified system in which two species
compete for a finite carbon pool, K, representing the maximum carbon available to
autotrophs. The K is similar to the classical concept of carrying capacity (Dushoff 2000;
Seidl and Tisdell 1999), but it is grounded in the environmental carbon supply. Species
A, characterized by a low Cuin, exhibits lower metabolic demand and follows a more
conservative carbon uptake strategy. In contrast, Species B has a higher Cyin, requiring
greater carbon input to sustain metabolic function and supported by a faster carbon
acquisition rate. Under favorable environmental conditions, both species can maintain
net carbon gains above their respective thresholds and coexist. However, as conditions
become harsher and carbon availability declines, Species B is more likely to fall below
its Cmin and decline, while Species A continues to persist due to its lower carbon
requirement. When carbon supply fluctuates over time, temporal niche partitioning may
arise, with Species B dominating during resource-rich periods and Species A persisting
through resources-limited periods. Coexistence thus depends on the match between
carbon availability and species-specific Cmin thresholds across spatial and temporal
scales.

In conclusion, the Cpin serves as a unifying axis of ecological differentiation, capturing
trade-offs across multidimensional resource gradients. Thus, the Cmin theory provides a
mechanistically grounded, scalable, and testable explanation for coexistence. It
connects individual-level carbon economics with population and community outcomes,
and reconciles deterministic and stochastic mechanisms by emphasizing how
physiological thresholds shape species coexistence under variable environmental
conditions.

Reframing existing coexistence theories through the Cpin

Niche theory

Classical niche theory holds that species coexistence arises from ecological
differentiation, whereby species occupy distinct niches defined by divergent resource
requirements or environmental tolerances (Levine and HilleRisLambers 2009; Tilman
2004). The niche differentiation reduces interspecific competition and facilitates
coexistence (Levine and HilleRisLambers 2009; Tilman 2004). Tilman’s R" theory
formalizes this concept by proposing that the species capable of maintaining zero net
population growth at the lowest concentration of a limiting resource will competitively
exclude others (Tilman 1980, 1982). Under single resource limitation, stable
coexistence is unlikely unless spatial or temporal environmental heterogeneity enables
niche partitioning (Tilman 1980, 1982). The resource ratio hypothesis further extends
niche theory into a multidimensional resource space, where multiple co-limiting factors,
such as temperature, light, water, and nutrients, jointly shape species coexistence
(Miller et al. 2005; Tilman 1985). Species coexistence occurs when environmental
supply ratios allow each species to be limited by a different resource, thereby reducing
direct competition and promoting niche differentiation (Miller 2005; Tilman 1982).
Together, these concepts underscore how trade-offs in resource use and environmental
conditions shape species coexistence.
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However, both niche and resource partitioning remain abstract constructs, lacking
explicit links to underlying physiological mechanisms (HilleRisLambers et al. 2012;
Valladares et al. 2015). The C.in theory offers a physiologically grounded
reinterpretation of niche theory by integrating the effects of multiple resource
limitations into a single carbon-based physiological threshold. Species-specific
variation in the Cnin arises from differences in photosynthetic capacity, leaf and
hydraulic traits, respiratory costs, and stress-response mechanisms. These physiological
attributes determine a species’ ability to maintain a positive carbon balance across
environmental gradients and thus define its carbon niche space. Accordingly, the Cuin
serves as a trait-based proxy for ecological niche position, translating the abstract
concept of multidimensional niche differentiation into a measurable and
mechanistically interpretable parameter. Therefore, the Cmin theory provides a
physiologically grounded and testable alternative to inferred niche-based explanations.

Neutral theory

Neutral theory hypothesizes that species within a community are functionally
equivalent, exhibiting identical rates of birth, death, dispersal and speciation (Chave
2004; Hubbell 2011; Kalyuzhny et al. 2014). Coexistence arises not from niche
differentiation, but from stochastic drift balanced by extinction and immigration or
speciation (Hubbell 2011). Although its strict assumptions are biologically unrealistic,
neutral theory remains a powerful tool for interpreting diversity patterns, particularly
in hyperdiverse and spatially structured systems such as tropical forests (Chave and
Leigh Jr 2002; Condit et al. 2002) and marine plankton communities (Behrenfeld and
Bisson 2024; Sloan et al. 20006).

The Cnin theory offers a physiological interpretation of the conditions under which
neutral dynamics may emerge. In some communities, coexisting species may share
similarly low Cunin values, reflecting convergent adaptation to resource-limited
environments, such as shade-tolerant understory plants in tropical forests or unicellular
algae in nutrient-rich aquatic systems. In tropical rainforests, the shaded understory
provides a stable microenvironment that allows shade-adapted species with low carbon
demand to persist under limited resource supply. This convergence in Cuin reduces
fitness differences and supports coexistence patterns that resemble ecological neutrality.
Similarly, in highly productive systems characterized by rapid biomass turnover, such
as algal or phytoplankton communities, convergence in carbon requirements may lead
to apparent functional equivalence. In both cases, demographic stochasticity can
reinforce neutral-like patterns, when species are constrained by similar physiological
thresholds. This suggests that neutral-like patterns may emerge not from true ecological
equivalence, but from convergence in carbon-based physiological requirements.

In summary, the Cnin theory frames neutrality as a testable outcome grounded in
physiological principles, enabling empirical evaluation of where functional equivalence
is likely to emerge. Rather than contradicting neutral theory, it refines its ecological
scope by proposing that neutral-like patterns may emerge from convergence in carbon-
based physiological demands. Although cross-species data on Cpin remain limited, this
hypothesis can be tested in ecosystems where species are expected to share similar
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carbon thresholds. Therefore, the Cnin theory offers a physiological lens to evaluate
neutrality and explain patterns traditionally attributed to either niche differentiation or
demographic stochasticity.

Modern coexistence theory

Modern coexistence theory provides a unifying concept that reconciles niche and
neutral processes by emphasizing the balance between stabilizing and equalizing forces
(Chesson 2000, 2018). Stabilizing mechanisms promote coexistence through niche
differentiation, while equalizing mechanisms reduce average fitness differences to
prevent competitive exclusion (Chesson 2000). Despite its conceptual elegance,
modern coexistence theory often relies on abstract parameters, such as interspecific
competition coefficients and invasion growth rates, that are difficult to quantify in
natural communities (Chesson 2000; Letten et al. 2017). The Cuin theory offers a
physiological basis for quantifying both stabilizing and equalizing components of
modern coexistence theory. The Cumin is shaped by both functional traits and
environmental resource availability. Interspecific variation in Cnin defines a carbon-
based niche axis that reflects functional differentiation among species and facilitates
niche partitioning to promote coexistence.

Also, the Cuin theory offers a physiologically grounded measure of intrinsic fitness
differences. Species with lower Cpin thresholds require less carbon to maintain survival
and growth, providing an advantage under resource-poor conditions. In contrast,
species with higher Cnin often possess traits that enhance carbon acquisition, such as
high photosynthetic rates and rapid resource uptake. These acquisitive traits may also
offset high carbon requirements, enabling species with elevated Cpin to persist in harsh
or resource-limited environments. Fitness differences therefore arise from the balance
between carbon demand and acquisition capacities. This trade-off framework provides
a physiological basis for intrinsic fitness differences and elucidates how species coexist
across heterogeneous environmental gradients.

By integrating both stabilizing and equalizing processes into a measurable
physiological trait, the Cmin theory enables modern coexistence theory to be empirically
tested. It enables niche differences and average fitness asymmetries to be evaluated
through physiological measurements rather than inferred from abstract assumptions. By
shifting the focus from species interactions to the physiological constraints on species
persistence, the Cnin theory reframes major ecological theories, including the niche
theory, neutral theory, and modern coexistence theory. Consequently, the Cmin provides
a unified and testable approach to understanding species coexistence and the
maintenance of species diversity.

Understanding species distribution and diversity through the Cpi,

According to the Cnin theory, spatial variation in carbon availability filters species
according to their ability to maintain positive carbon balance above species-specific
physiological thresholds. This allows the Cwin to predict large-scale patterns of species
distribution and diversity. Therefore, in addition to explaining local-scale species
coexistence, the Cnin theory offers a unified and physiologically grounded perspective
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for understanding large-scale species distributions and diversity patterns across
environmental gradients (Figure 3).

Species distribution and Diversity patterns
A A

% Pn < Cmin
E % Pn > Cmin :I ""::
P

A .
Ldl Ld

Environmental gradients Environmental gradients

More species meeting C

min

Species distribution
Species diversity

Figure 3 | Conceptual diagram of how C,i, explain species distribution and
diversity patterns. P, and C.i, represent the net carbon gain and minimum carbon
required to sustain metabolic function and survival, respectively. A species can persist
in a region only when local environmental conditions allow P, to exceed its Cpin. Under
favorable conditions, abundant energy, water, and nutrients allow more species to meet
this threshold, defining a broad carbon viability envelope that sustains high species
diversity. In harsh environments, limited photosynthetic carbon gain and elevated
stress-related costs make persistence contingent on lowering Cni, or enhancing carbon
acquisition to maintain a positive balance, and strong physiological filters reduce
species diversity.

Species distributions

The Cnin theory roots species’ geographic ranges in the fundamental carbon economics
of autotrophs. To establish, grow, and reproduce, a plant must maintain a positive net
carbon balance (Lambers et al. 2008). The Cuin defines the minimum carbon gain
necessary to prevent carbon starvation and maintain survival, representing a species-
specific physiological limit. When local environmental conditions such as temperature,
precipitation, solar radiation, soil moisture, and nutrient availability support net
photosynthetic carbon uptake consistently exceeds Cmin, @ species can persist and
potentially expand its range. Conversely, when these factors suppress net carbon gain
below Cnin, persistence becomes physiologically impossible, regardless of dispersal
ability or competitive traits. Thus, Cmin provides a first-principles explanation for why
some species fail to colonize seemingly suitable habitats, revealing their inability to
sustain a positive carbon balance under prevailing conditions.

The Cuin theory reframes species distributions through the lens of carbon thresholds,
offering a physiological filter that sets the lower bound of a species’ fundamental niche.
This perspective shifts biogeographic inquiry from where species are currently
observed to where they can physiologically persist. In contrast, traditional species
distribution models rely largely on statistical correlations between species occurrences
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and environmental variables, often lacking explicit physiological foundations.
Therefore, the Cuin theory provides a mechanistic framework for predicting
distributions grounded in the carbon economics of plants by linking environmental
gradients to species-specific thresholds of carbon balance.

Large-scale diversity patterns

Beyond explaining individual species distributions, the Cpin theory also offers a
physiological perspective on large-scale diversity patterns. One of the long-recognized
diversity patterns is the latitudinal gradient, with species richness peaking in the tropics
and declining toward the poles (Mittelbach et al. 2007; Willig 2003). Although
numerous hypotheses have been proposed to explain global diversity patterns,
including the species-energy hypothesis, the water—energy dynamics and the metabolic
theory of ecology, they are largely correlative and lack grounding in physiological
mechanisms (Brown et al. 2004; Currie et al. 2004; Gillooly and Allen 2007; O'Brien
1998).

At low latitudes, abundant water and energy enable photosynthetic gains to greatly
exceed Cmin for a broad range of species. This wide carbon viability envelope
accommodates diverse functional strategies, sustaining high taxonomic and trait
diversity. In contrast, high-latitude environments constrain photosynthetic carbon gain
while elevating stress-related carbon costs. Persistence under such conditions requires
species to either reduce their Cmin or enhance carbon acquisition to maintain a positive
carbon balance. Only those capable of meeting Cmin can survive, resulting in strong
physiological filtering that narrows the species pool and contributes to the lower
taxonomic and functional diversity characteristic of higher latitudes.

In summary, the Cnin theory provides a physiological foundation for understanding
large-scale diversity gradients. By grounding biogeography in plant physiological
constraints, it moves beyond correlative patterns toward a predictive framework,
offering new insights into how species diversity is structured across broad
environmental gradients and how it may respond to environmental change.

Reframing existing diversity theories through the Cyin

The Cnin theory translates environmental gradients into physiological carbon thresholds,
enabling mechanistic predictions of where and why diversity peaks or declines. The
Cnmin theory also reframes existing diversity hypotheses (Fine 2015; Mittelbach et al.
2007; Rohde 1992) by grounding them in a shared physiological principle. It offers a
mechanistic and testable foundation for predicting large-scale species diversity patterns,
moving beyond descriptive correlations toward physiological explanation.

Species—energy hypothesis

The species-energy hypothesis suggests that environments with higher energy input
tend to support greater species richness (Clarke and Gaston 2006). This pattern, widely
observed across biomes and particularly pronounced in the tropics, is often attributed
to enhanced energy availability (Mittelbach et al. 2007; Pianka 1966). However, despite
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its empirical support, the hypothesis remains largely correlative, lacking a mechanistic
explanation of how energy availability translates into species diversity. In high-energy
environments, such as in tropical forests, high light availability and favorable
temperatures enhance photosynthetic assimilation, a wide range of species, both
acquisitive and conservative strategies, can surpass their Cpi, thresholds. As a result,
more species are able to sustain a positive carbon balance, expanding the set of taxa
that can coexist. Conversely, in low-energy environments, such as high-latitude forests
or alpine zones, limited photosynthetic gains and elevated maintenance demands make
it more difficult for species to sustain a positive carbon balance. This imbalance
increases the likelihood that many species fail to meet their Cpi, threshold.

The Cnin theory transforms the species—energy hypothesis from a correlative pattern
into a mechanistic framework by explicitly quantifying the physiological constraints
imposed by energy availability. It predicts that physiological filtering favors high
diversity in environments where carbon demands are met by many species, and restricts
diversity where only a few can persist. The Cpin theory explains why high-energy
environments promote greater coexistence, whereas low-energy systems impose
stronger species filtering through carbon constraints.

Water—energy dynamics

Extending the logic of energy-based explanations, the water—energy dynamics proposes
that species richness is co-limited by both energy input and water availability (Hawkins
et al. 2003; O'Brien 1998, 2006). Yet, the physiological mechanisms linking these
climate variables to species persistence remains unclear (Fine 2015; Rohde 1992).
Since photosynthesis depends on both energy and water, limitations in either reduce
carbon assimilation. Under warm and humid conditions, photosynthetic efficiency
tends to be high while metabolic costs remain moderate, enabling many species to
maintain carbon surpluses above their Cuin thresholds. In contrast, cold or arid
environments constrain carbon gain while increasing metabolic demand, less species
can persist under such conditions, which act as physiological filters and reduce the
species diversity. Thus, the Cnin theory reveals how the joint availability of water and
energy constrains carbon balance, thereby defining ecological boundaries and shaping
large-scale patterns of diversity.

Metabolic theory of ecology

By predicting that temperature accelerates metabolic and life-history processes, the
metabolic theory of ecology helps explain the tendency for species diversity to be
higher in warmer environments, where elevated metabolic rates, faster resource
turnover, and potentially greater rates of speciation prevail (Brown et al. 2004; Gillooly
and Allen 2007). However, it remains fundamentally rate-based, focusing on how
temperature and body size regulate the speed of energy flow through organisms, rather
than quantifying whether the energy gain is sufficient to meet the physiological
thresholds required for survival (Enquist et al. 2015; O'Connor et al. 2007).

The Cnin theory complements and extends metabolic theory of ecology by introducing
a constraint-based criterion for survival. Although elevated temperatures may increase
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photosynthetic carbon assimilation, they do not necessarily ensure a net carbon surplus
(Atkin and Tjoelker 2003; Dusenge et al. 2019). Warming-induced drought may
simultaneously reduce carbon input via stomatal closure and raise carbon demand
through increased respiration associated with water stress and metabolic repair
(Dusenge et al. 2019; Slot and Kitajima 2015), potentially pushing species beyond their
Cnmin threshold and increasing the risk of mortality. By embedding a physiological
threshold into the metabolic theory of ecology, the Cin theory shifts the focus from
metabolic rate to carbon threshold for survival. This is particularly valuable for
forecasting climate-driven range shifts and extinction risk, providing a more
comprehensive view of how warming reshapes diversity across environmental
gradients.

Together, these physiological insights strengthen the conceptual clarity and expand the
ecological relevance of the Cpin theory. Rather than standing alone, the Cpin provides a
unifying physiological foundation that clarifies, refines, and integrates existing
diversity hypotheses through a shared framework of carbon balance. By linking
environmental energy and water availability to the carbon requirements for persistence,
the Cumin theory provides a coherent and testable framework for explaining global
diversity patterns.

Universality and cross-taxon applicability of the C.i, theory

At its core, Cnin reflects a basic physiological principle: all organisms must maintain a
positive carbon balance to support survival, growth, and reproduction (Gruner et al.
2008; Lambers et al. 2008; Lynch et al. 1986; Manzoni and Porporato 2009). Carbon
functions as the central biological currency on Earth (Chapin III 1989; Falkowski et al.
2000), and its acquisition, allocation, transport, storage, and remobilization govern the
structure and function of all living systems (Gruner et al. 2008; Lambers et al. 2008;
Lynch et al. 1986; Manzoni and Porporato 2009). In this sense, the physiological
principle captured by Cpin transcends taxonomic boundaries, trophic levels, and modes
of carbon acquisition.

In autotrophs such as vascular plants and algae, the Cpin defines the minimum net
photosynthetic gain required to offset respiratory losses and endure abiotic and biotic
stress. It sets the threshold for maintaining tissue integrity, supporting growth and
reproduction, and ultimately persisting under given environmental conditions. As
demonstrated in plants, sustained carbon deficits below Cuin lead to carbon starvation,
physiological collapse, and ultimately mortality (Lambers et al. 2008). In heterotrophs,
Cmin represents the minimum net energetic gain from organic carbon compounds
obtained from external sources, required to sustain core metabolic functions, including
cellular maintenance, thermoregulation, immune defense, and reproduction. The Cmin
thus can also be applied to animals, fungi, and microbes, which rely on carbon-derived
energy inputs to fuel metabolism and survival. In these organisms, persistence depends
on maintaining a positive energy balance through feeding, foraging, or symbiosis
(Karasov and Martinez del Rio 2007; Schmidt-Nielsen 1997). Animals, including
insects, need to sufficient energy from organic carbon through feeding to support
development and immune function (Hawkins et al. 1997; Schwenke et al. 2016), as
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plants acquire carbon via photosynthesis. Similarly, in microbial communities, the
capacity to acquire and metabolize carbon substrates under nutrient-limited conditions,
serving as both energy sources and structural building blocks, determines both survival
and competitive outcomes (Hobbie and Hobbie, 2013; Toft and Andersson, 2010).
Across trophic levels, Cnin establishes a baseline constraint in which energy transfer
depends on whether consumers can sustain carbon intake above their physiological

threshold.

In summary, Cnmin establishes a unified physiological foundation for understanding
environmental filtering, species coexistence, and diversity patterns across
environmental gradients. By redefining species persistence as a universal outcome of
carbon balance, rather than a taxon-specific trait, it enables cross-system comparisons
that span taxonomic groups, trophic levels, and biomes. As a universal physiological
filter, the Cpin determines where, when, and which organisms can persist. Beyond its
conceptual coherence, the Cni, theory provides a first-principles, empirically tractable
framework for understanding and predicting ecological structure and dynamics across
the Earth’s biomes.

Ecological applications of the Cy,i, theory

The Cnin theory, based on the first-principles that all organisms need to sustain a
positive net carbon balance for persistence, provides a mechanistic and scalable
framework for addressing fundamental ecological questions across levels of
organization, space, and time. It bridges individual carbon dynamics and ecosystem
responses, revealing how physiological thresholds shape large-scale patterns in a
carbon-limited world. Beyond its explanatory power for species coexistence and
diversity patterns, the Cni, theory also serves as a broadly applicable framework across
diverse ecological domains, including ecosystem functioning, climate change impacts
on ecosystems, ecological stability, species invasions, and evolutionary biogeography.

Ecosystem functioning

Ecosystem functioning arises from the interaction between organismal traits and
biogeochemical processes they mediate, particularly those related to carbon, water, and
nutrient cycles (Chapin 1l et al. 2011; Ding et al. 2021; Faucon et al. 2017). Traditional
trait-based and process-based approaches have contributed valuable insights into these
ecosystem dynamics, however, lacking a mechanistic bridge between organismal
physiology and ecosystem-level outcomes (Green et al. 2022; Zakharova et al. 2019).
The Cwin theory bridges this gap by introducing a unified physiological threshold that
links functional traits to ecosystem processes.

In ecosystems, plant functional traits such as photosynthetic rate, respiration rate, xylem
hydraulic conductivity, and leaf economic strategy regulate fundamental ecological
processes, including carbon uptake, water fluxes, and nutrient cycling (Zakharova et al.
2019). These processes, in turn, shape how individuals effectively acquire and utilize
environmental resources (Ricklefs 2008; Wright et al. 2004). Because both trait
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characteristics and environmental resource availability shape Cin, it captures how plant
functional traits and environmental resource availability jointly influence ecosystem
functioning. By scaling from individual carbon balance to ecosystems, Cpin provides a
unifying metric that links organismal physiology to ecological function and offers a
general framework for understanding variation in functional traits and biochemical
processes, which together determine the capacity of ecosystems to sustain functioning
under changing environmental conditions.

Climate change impacts on ecosystems

Climate change is fundamentally disrupting the balance between carbon uptake and loss
across ecosystems (Dusenge et al. 2019; Kirschbaum 2004). In many regions,
especially those approaching thermal or water stress limits, warming accelerates
respiratory carbon losses more rapidly than it enhances photosynthetic carbon uptake
(Doughty and Goulden 2008; Duffy et al. 2021). Under warming conditions, prolonged
soil and atmospheric drought further exacerbate carbon deficits by reducing stomatal
conductance and depressing photosynthesis (Dusenge et al. 2019; Kirschbaum 2004).
These stressors raise the Cumin required for survival and intensify the physiological
constraints on species persistence.

As climate extremes, such as droughts and heatwaves, become more frequent and
intense (Chiang et al. 2021; Perkins-Kirkpatrick and Lewis 2020; Spinoni et al. 2014),
they increasingly disrupt carbon balance and narrow the margin between carbon supply
and the Cyin required for survival. In the future, fewer taxa may be able to maintain a
positive carbon balance, leading to selective filtering of functional groups, shifts in
dominance hierarchies, and a reorganization of ecosystem structure, ultimately altering
ecosystem functions. The Cuin theory thus provides a physiological framework for
anticipating how changes in carbon balance under climate change will reshape
ecosystem structure and functioning.

Ecological stability

The Chin 1s defined as the minimum carbon threshold required for an organism to sustain
physiological function and survive under environmental stress. This tipping-point
property makes the Cnin particularly well suited for assessing ecological stability. When
stressors such as drought, heatwaves, or nutrient depletion reduce carbon gain or raise
maintenance costs, organisms that cannot sustain a positive carbon balance fall below
their Cmin. This will result in carbon deficits that suppress growth, impair function, and
ultimately increase the risk of mortality (Anderegg et al. 2015; McDowell et al. 2008).
As physiological failure accumulates across taxa, it can erode community structure,
reduce functional redundancy, and destabilize critical ecosystem functions. Thus, the
Cnmin offers a mechanistically grounded framework for tracing how localized carbon
imbalance can scale up to ecosystem-level instability.

Moreover, the Cwin concept is inherently scalable. At the individual level, it reflects the
balance between carbon supply and demand, shaped by resource availability and
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functional traits. At the community or ecosystem level, the Cnin can be approximated
by computing a community-weighted average of species-specific thresholds, based on
their relative abundance, structural dominance, or contribution to ecosystem
functioning. This community-weighted Cmin represents the ecosystem’s overall
capacity to sustain a positive carbon balance, providing a scalable bridge from
individual physiology to ecosystem-level carbon dynamics. This provides a means to
evaluate how closely an ecosystem operates relative to its carbon threshold.

Furthermore, the Cnin theory enables explicit evaluation of stability across vertical
layers within ecosystems. In forests, for instance, the canopy and understory layers
differ in their access to light, temperature and water, and thus exhibit distinct Cyin values.
Asymmetric increases in Cmin across forest layers may arise from climate-driven shifts
in temperature or water availability, driven by differences in local microclimate and
resource access. If species in a given layer fail to meet their elevated Cmin, selective
collapse may occur, leading to a simplified vertical structure and reduced ecosystem
resilience and buffering capacity. As a physiologically grounded metric of ecosystem
stability, the Cmin can be used to detect early signs of ecosystem vulnerability, enable
cross-biome comparisons of resilience, and forecast ecological stability under climate
change.

Biological invasions

Biological invasions restructure ecological communities by favoring species capable of
surviving and reproducing under altered environmental and competitive conditions
(Sax et al. 2007; Strayer et al. 2006). Despite extensive research, the mechanisms
underpinning biological invasions remain debated (Cassini 2020; Courchamp et al.
2017; Daly et al. 2023). Existing hypotheses such as enemy release, enhanced
competitive ability, novel weapons, and fluctuating resource availability capture key
invasion patterns but are often context-dependent, taxonomically limited, and lack a
physiological foundation (Blossey and Notzold 1995; Callaway and Ridenour 2004;
Davis et al. 2000; Liu and Stiling 2006). Consequently, no general theory currently
exists that can reliably predict invasion success across taxa and regions (Catford et al.
2009; Daly et al. 2023). However, as with all organisms, the establishment and spread
of invasive species ultimately depend on their capacity to persist under novel
environmental conditions. The Cuin theory links this persistence to the carbon
economics of survival, offering a unified physiological framework for predicting
invasion success across taxa, environments, and regions, and laying the foundation for
a general theory of biological invasions.

Successful invaders often maintain sustained carbon surpluses through two primary
pathways: enhanced resource acquisition and reduced biotic resistance. Many invasive
species exhibit acquisitive traits such as high photosynthetic capacity, rapid growth and
efficient nutrient use, which promote carbon gain across diverse environmental
conditions (Hussner 2009; McDowell 2002; Pattison et al. 1998). Simultaneously,
invaders frequently benefit from enemy release, encountering fewer herbivores, and
competitors in their introduced ranges (Colautti et al. 2004; Germain et al. 2020; Maron
and Vila 2001). This reduces carbon losses from defense and damage repair, thereby
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lowering their realized Cnin thresholds under novel conditions. Because of lower carbon
demand or enhanced carbon assimilation, invasive species are more likely to maintain
positive carbon balance under environmental stress, promoting disproportionate
reproductive success and range expansion relative to native species.

By integrating carbon acquisition and demand into a unified framework, the Cyi, theory
provides a physiological basis for understanding biological invasions. It establishes a
common carbon currency to assess invasion potential across taxa and regions. The Cpin
theory improves predictions of where and when invasions are most likely to occur, and
informs targeted interventions such as early detection, strengthening native resilience,
and restoring environmental conditions that support positive carbon balance in native
species.

Evolutionary biogeography

At macroevolutionary scales, variation in Cyin reflects how different lineages have
functionally adapted to long-term environmental constraints and resource regimes. In
cold, arid or nutrient-limited environments, natural selection likely favors conservative
traits that minimize carbon costs (Diaz et al. 2016; Reich 2014; Wright et al. 2001),
thereby lowering the threshold required for persistence. Conversely, in warm, humid,
and nutrient-rich biomes such as tropical forests, many taxa have evolved acquisitive
strategies characterized by high photosynthetic capacity and reduced allocation to
defense (Diaz et al. 2016; Sterck et al. 2011), leading to great carbon surpluses that
support rapid growth, complex architectures, and diverse life histories.

Phylogenetically structured variation in carbon thresholds is unlikely to be randomly
distributed across the tree of life. Instead, it may reflect historical niche conservatism
and trait inheritance, with closely related taxa tending to exhibit similar Cy, values due
to shared physiological constraints. Spatial variation in Cui 1S closely associated with
broad biogeographic patterns, including latitudinal diversity gradients, regional
endemism, and biome-level differences in species pools. These patterns are likely
shaped by the interplay between physiological constraints and environmental filters.
Consequently, the Cnin theory provides a powerful framework for exploring how long-
term evolutionary history has shaped the present-day distribution of carbon-use
strategies across the tree of life.

Conclusion

Understanding species coexistence and diversity patterns remains a central challenge
in ecology. These patterns have traditionally been attributed to a suite of ecological
processes, including competition, facilitation, resource partitioning, and dispersal
limitation. The Cin theory introduces a distinct perspective by shifting the focus from
process-based mechanisms to the physiological constraint on species persistence. The
Cnin theory offers a physiological foundation for understanding coexistence, whereby it
occurs when each species maintains net carbon gain above its Cuin under shared
environmental conditions.
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The Cnmin theory also provides new insight into large-scale diversity patterns observed
across climatic and geographic gradients. In contrast to theories built on abstract or
context-dependent assumptions, the Cpin theory is rooted in physiological principles
that are observable, quantifiable, and empirically testable. The Cuin also reframes
existing coexistence and diversity theories by grounding them in the common
physiological constraint. This integration clarifies how carbon constraints shape
ecological systems and strengthens the link between theoretical predictions and
empirical observation in ecology. Because carbon is fundamental to all life, the Cuin
concept is broadly applicable across the tree of life, extending beyond plants to animals,
fungi, and microbes. By bridging individual physiology with large-scale ecological
outcomes, the Cnin provides a unified framework applicable across diverse domains,
including ecosystem functioning, ecological stability, and invasion dynamics.

In summary, the Cnin provides a physiologically grounded, empirically testable theory
for understanding species persistence, coexistence, distribution and diversity patterns
across environmental gradients. By placing carbon balance at the center of ecological
understanding, the Cnin theory establishes a physiological foundational for explaining
how physiological thresholds shape species diversity and ecosystem dynamics.
Consequently, fully integrating the Cpin into ecological research will not only improve
predictions of species responses to climate change, but also enhance our ability to
anticipate shifts in ecosystem structure, function, and resilience in an increasingly
carbon-limited world.

References

Adler, P. B., J. HilleRisLambers, and J. M. Levine. 2007. A Niche for Neutrality.
Ecology Letters 10: 95-104.

Amthor, J. S. 2000. The McCree—de Wit—Penning de Vries—Thornley Pespiration
Paradigms: 30 Years Later. Annals of Botany 86: 1-20.

Anderegg, W. R. L., J. A. Berry, D. D. Smith, J. S. Sperry, L. D. L. Anderegg, and C.
B. Field. 2012. The Roles of Hydraulic and Carbon Stress in A Widespread
Climate-induced Forest Die-off. Proceedings of the National Academy of Sciences
of the United States of America 109: 233-237.

Anderegg, W. R. L., J. A. Hicke, R. A. Fisher, et al. Tree Mortality From Drought,
Insects, and Their Interactions in A Changing Climate. New Phytologist 208: 674-
683.

Atkin, O. K., and M. G. Tjoelker. 2003. Thermal Acclimation and the Dynamic
Response of Plant Respiration to Temperature. Trends in Plant Science 8: 343-
351.

Begon, M. and C. R. Townsend. 2006. Ecology: from Individuals to Ecosystems. John
Wiley & Sons.

Behrenfeld, M. J., and K. M. Bisson. 2024. Neutral Theory and Plankton Diversity.
Annual Review of Marine Science 16: 283-305.

Blossey, B., and R. Notzold. 1995. Evolution of Increased Competitive Ability in
Invasive Nonindigenous Plants - A Hypothesis. Journal of Ecology 83: 887-88.

Brown, J. H., J. F. Gillooly, A. P. Allen, V. M. Savage, and G. B. West. 2004. Toward
A Metabolic Theory of Ecology. Ecology 85: 1771-1789.

18



733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778

Callaway, R. M., and W. M. Ridenour. 2004. Novel Weapons: Invasive Success and
the Evolution of Increased Competitive Ability. Frontiers in Ecology and the
Environment 2: 436-44.

Cassini, M. H. 2020. A Review of The Critics of Invasion Biology. Biological Reviews
95: 1467-147.

Catford, J. A., R. Jansson, and C. Nilsson. 2009. Reducing Redundancy in Invasion
Ecology by Integrating Hypotheses into A Single Theoretical Framework.
Diversity and Distributions 15: 22-40.

Chapin II1, F. S. 1989. The Cost of Tundra Plant Structures: Evaluation of Concepts
and Currencies. The American Naturalist 133: 1-19.

Chapin III, F. S., P. A. Matson, and P. Vitousek. 2011. Principles of Terrestrial
Ecosystem Ecology. Springer Science & Business Media.

Chave, J., and E. G. Leigh Jr. 2002. A Spatially Explicit Neutral Model of B-Diversity
in Tropical Forests. Theoretical Population Biology 62: 153-168.

Chave, J. 2000. Neutral Theory and Community Ecology. Ecology Letters 7: 241-253.

Chesson, P. 2000. Mechanisms of Maintenance of Species Diversity. Annual Review of
Ecology, Evolution, and Systematics 31: 343-366.

Chesson, P. 2018. Updates on Mechanisms of Maintenance of Species Diversity.
Journal of Ecology 106: 1773-1794.

Chiang, F., O. Mazdiyasni, and A. AghaKouchak. 2021. Evidence of Anthropogenic
Impacts on Global Drought Frequency, Duration, and Intensity. Nature
Communications 12: 2754.

Clarke, A., and K. J. Gaston. 2006. Climate, Energy and Diversity. Proceedings of the
Royal Society B: Biological Sciences 273: 2257-2266.

Colautti, R. 1., A. Ricciardi, 1. A. Grigorovich, and H. J. Maclsaac. 2004. Is Invasion
Success Explained by the Enemy Release Hypothesis? Ecology Letters 7: 721-733.

Condit, R., N. Pitman, E. G. Leigh, et al. 2002. Beta-diversity in Tropical Forest Trees.
Science 295: 666-669.

Courchamp, F., A. Fournier, C. Bellard, et al. 2017. Invasion Biology: Specific
Problems and Possible Solutions. Trends in Ecology & Evolution 32: 13-22.
Currie, D. J., G. G. Mittelbach, H. V. Cornell, et al. 2004. Predictions and Tests of
Climate-based Hypotheses of Broad-scale Variation in Taxonomic Richness.

Ecology Letters 7: 1121-1134.

Daly, E. Z., O. Chabrerie, F. Massol, et al. 2023. A Synthesis of Biological Invasion
Hypotheses Associated With the Introduction-Naturalisation-Invasion Continuum.
Oikos 2023: e09645.

Davis, M. A., J. P. Grime, and K. Thompson. 2000. Fluctuating Resources in Plant
Communities: A General Theory of Invasibility. Journal of Ecology 88: 528-534.

Diaz, S., J. Kattge, J. Cornelissen, et al. 2016. The Global Spectrum of Plant Form and
Function. Nature 529: 167-171.

Dietze, M. C., S. P. Serbin, C. Davidson, et al. 2014. A Quantitative Assessment of A
Terrestrial Biosphere Model's Data Needs Across North American biomes.
Journal of Geophysical Research: Biogeosciences 119: 286-300.

Ding, W., W.-F. Cong, and H. Lambers. 2021. Plant Phosphorus-Acquisition and-Use
Strategies Affect Soil Carbon Cycling. Trends in Ecology & Evolution 36: 899-
906.

19



779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824

Doughty, C. E., and M. L. Goulden. 2008. Are Tropical Forests Near A High
Temperature Threshold? Journal of Geophysical Research: Biogeosciences 113:
GO00BO7.

Dusenge, M. E., A. G. Duarte, and D. A. Way. 2019. Plant Carbon Metabolism and
Climate Change: Elevated CO, and Temperature Impacts on Photosynthesis,
Photorespiration and Respiration. New Phytologist 221: 32-49.

Dufty, K. A., C. R. Schwalm, V. L. Arcus, G. W. Koch, L. L. Liang, and L. A. Schipper.
2021. How Close are We to the Temperature Tipping Point of the Terrestrial
Biosphere? Science Advances 7: eaay1052.

Dushoff, J. 2000. Carrying Capacity and Demographic Stochasticity: Scaling Behavior
of the Stochastic Logistic Model. Theoretical Population Biology 57: 59-65.
Dybzinski, R., and D. Tilman. 2007. Resource Use Patterns Predict Long-Term
Outcomes of Plant Competition for Nutrients and Light. The American Naturalist

170: 305-318.

Enquist, B. J., J. Norberg, S. P. Bonser, et al. 2015. Advances in Ecological Research.
Elsevier.

Falkowski, P., R. J. Scholes, E. Boyle, et al. 2000. The Global Carbon Cycle: A Test of
Our Knowledge of Earth as A System. Science 290: 291-296.

Faucon, M.-P., D. Houben, and H. Lambers. 2017. Plant Functional Traits: Soil and
Ecosystem Services. Trends in Plant Science 22: 385-394.

Fine, P. V. 2015. Ecological and Evolutionary Drivers of Geographic Variation in
Species Diversity. Annual Review of Ecology, Evolution, and Systematics 46: 369-
392.

Germain, R. M., D. Srivastava, and A. L. Angert. 2020. Evolution of an Inferior
Competitor Increases Resistance to Biological Invasion. Nature Ecology &
Evolution 4: 419-425.

Gillooly, J. F., and A. P. Allen. 2007. Linking Global Patterns in Diversity to
Evolutionary Dynamics Using Metabolic Theory. Ecology 88: 1890-1894.

Givnish, T. J. 1988. Adaptation to Sun and Shade: A Whole-Plant Perspective.
Functional Plant Biology 15: 63-92.

Gravel, D., F. Guichard, and M. E. Hochberg. 2011. Species Coexistence in A Variable
World. Ecology Letters 14: 828-839.

Green, S. J., C. B. Brookson, N. A. Hardy, and L. B. Crowder. 2022. Trait-Based
Approaches to Global Change Ecology: Moving From Description to Prediction.
Proceedings of the Royal Society B: Biological Sciences 289:20220071.

Gruner, D. S., J. E. Smith, E. W. Seabloom, et al. 2008. A Cross-System Synthesis of
Consumer and Nutrient Resource Control on Producer Biomass. Ecology Letters
11: 740-755.

Hartmann, H., and S. Trumbore. 2016. Understanding the Roles of Nonstructural
Carbohydrates in Forest Trees—From What We Can Measure to What We Want to
Know. New Phytologist 211: 386-403.

Hawkins, B. A., H. V. Cornell, and M. E. Hochberg. 1997. Predators, Parasitoids, and
Pathogens as Mortality Agents in Phytophagous Insect Populations. Ecology 78:
2145-2152.

Hawkins, B. A., R. Field, H. Cornell, et al. 2003. Energy, Water, and Broad-Scale
Geographic Patterns of Species Richness. Ecology 84: 3105-3117.

20



825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870

Herms, D. A., and W. J. Mattson. 1992. The Dilemma of Plants: to Grow or Defend.
The Quarterly Review of Biology 67: 283-335.

HilleRisLambers, J., P. B. Adler, W. S. Harpole, J. M. Levine, and M. M. Mayfield.
2012. Rethinking Community Assembly Through the Lens of Coexistence Theory.
Annual Review of Ecology, Evolution, and Systematics 43: 227-248.

Hobbie, J. E., and E. A. Hobbie. 2013. Microbes in Nature are Limited by Carbon and
Energy: the Starving-Survival Lifestyle in Soil and Consequences for Estimating
Microbial Rates. Frontiers in Microbiology 4: 324.

Hubbell, S. P. 2011. The Unified Neutral Theory of Diversity and Biogeography.
Princeton University Press.

Hussner, A. 2009. Growth and Photosynthesis of Four Invasive Aquatic Plant Species
in Europe. Weed Research 49: 506-515.

Kalyuzhny, M., E. Seri, R. Chocron, C. H. Flather, R. Kadmon, and N. M. Shnerb. 2014.
Niche Versus Neutrality: A Dynamical Analysis. The American Naturalist 184:
439-446.

Karasov, W. H., and C. Martinez del Rio. 2007. Physiological Ecology: How Animals
Process Energy, Nutrients, and Toxins. Princeton University Press.

Kirschbaum, M. 2004. Direct and Indirect Climate Change Effects on Photosynthesis
and Transpiration. Plant Biology 6: 242-253.

Lambers, H., F. S. Chapin III, and T. L. Pons. 2008. Plant Physiological Ecology.
Springer Science & Business Media.

Letten, A. D, P. J. Ke, and T. Fukami. 2017. Linking Modern Coexistence Theory and
Contemporary Niche Theory. Ecological Monographs 87: 161-177.

Levine, J. M., and J. HilleRisLambers. 2009. The Importance of Niches for the
Maintenance of Species Diversity. Nature 461: 254-257.

Levine, J. M., J. Bascompte, P. B. Adler, and S. Allesina. 2017. Beyond Pairwise
Mechanisms of Species Coexistence in Complex Communities. Nature 546: 56-
64.

Litton, C. M., J. W. Raich, and M. G. Ryan. 2007. Carbon Allocation in Forest
Ecosystems. Global Change Biology 13: 2089-21009.

Liu, H., and P. Stiling. 2006. Testing the Enemy Release Hypothesis: A Review and
Meta-Analysis. Biological Invasions 8: 1535-154.

Lynch, M., L. J. Weider, and W. Lampert. 1986. Measurement of the Carbon Balance
in Daphnia 1. Limnology and Oceanography 31: 17-34.

Manzoni, S., and A. Porporato. 2009. Soil Carbon and Nitrogen Mineralization: Theory
and Models Across Scales. Soil Biology and Biochemistry 41: 1355-1379.

Maron, J. L., and M. Vila. 2001. When Do Herbivores Affect Plant Invasion?: Evidence
for the Natural Enemies and Biotic Resistance Hypotheses. Oikos 95: 361-37.

McDowell, N. G. 2011. Mechanisms Linking Drought, Hydraulics, Carbon Metabolism,
and Vegetation Mortality. Plant Physiology 155: 1051-1059.

McDowell, N., W. T. Pockman, C. D. Allen, et al. 2008. Mechanisms of Plant Survival
and Mortality During Drought: Why Do Some Plants Survive While Others
Succumb to Drought? New Phytologist 178: 719-739.

McDowell, S. C. L. 2002. Photosynthetic Characteristics of Invasive and Noninvasive
Species of Rubus (Rosaceae). American Journal of Botany 89: 1431-1438.

Miller, T. E., J. H. Burns, P. Munguia, et al. 2005. A Critical Review of Twenty Years’

21



871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916

Use of The Resource-Ratio Theory. The American Naturalist 165: 439-448.

Mittelbach, G. G., D. W. Schemske, H. V. Cornell, et al. 2007. Evolution and the
Latitudinal Diversity Gradient: Speciation, Extinction and Biogeography. Ecology
Letters 10: 315-331.

Myers, J. A., and K. Kitajima. 2007. Carbohydrate Storage Enhances Seedling Shade
and Stress Tolerance in A Neotropical Forest. Journal of Ecology 95: 383-395.

O'Brien, E. 1998. Water-Energy Dynamics, Climate, and Prediction of Woody Plant
Species Richness: An Interim General Model. Journal of Biogeography 25: 379-
398.

O'Brien, E. M. 2006. Biological Relativity to Water—Energy Dynamics. Journal of
Biogeography 33: 1868-1888.

O'Connor, M. P., S. J. Kemp, S. J. Agosta, et al. 2007. Reconsidering the Mechanistic
Basis of the Metabolic Theory of Ecology. Oikos 116: 1058-1072.

Pattison, R. R., G. Goldstein, and A. Ares. 1998. Growth, Biomass Allocation and
Photosynthesis of Invasive and Native Hawaiian Rainforest Species. Oecologia
117: 449-45.

Perkins-Kirkpatrick, S., and S. Lewis. 2020. Increasing Trends in Regional Heatwaves.
Nature Communications 11: 3357.

Pianka, E. R. 1966. Latitudinal Gradients in Species Diversity: A Review of Concepts.
The American Naturalist 100: 33-46.

Reich, P. B. 2014. The World-Wide ‘Fast—Slow’Plant Economics Spectrum: A Traits
Manifesto. Journal of Ecology 102: 275-301.

Ricklefs, R. E. 2008. The Economy of Nature. Macmillan.

Rohde, K. 1992. Latitudinal Gradients in Species Diversity: the Search for the Primary
Cause. Oikos 65: 514-527.

Sax, D. F., J. J. Stachowicz, J. H. Brown. 2007. Ecological and Evolutionary Insights
from Species Invasions. Trends in Ecology & Evolution 22: 465-471.

Schmidt-Nielsen, K. Animal Physiology: Adaptation and Environment. 1997.
Cambridge university press.

Schwenke, R. A., B. P. Lazzaro, and M. F. Wolfner. 2016. Reproduction—Immunity
Trade-Offs in Tnsects. Annual Review of Entomology 61: 239-256.

Seidl, I. and C. A. Tisdell. 1999. Carrying Capacity Reconsidered: From Malthus’
Population Theory to Cultural Carrying Capacity. Ecological Economics 31: 395-
408.

Sloan, W. T., M. Lunn, S. Woodcock, I. M. Head, S. Nee, and T. P. Curtis. 2006.
Quantifying the Roles of Immigration and Chance in Shaping Prokaryote
Community Structure. Environmental Microbiology 8: 732-740.

Slot, M., and K. Kitajima. 2015. General Patterns of Acclimation of Leaf Respiration
to Elevated Temperatures Across Biomes and Plant Types. Oecologia 177: 885-
900.

Sperling, O., J. M. Earles, F. Secchi, J. Godfrey, and M. A. Zwieniecki. 2015. Frost
Induces Respiration and Accelerates Carbon Depletion in Trees. PLoS ONE 10:
e0144124.

Spinoni, J., G. Naumann, H. Carrao, P. Barbosa, and J. Vogt. 2014. World Drought
Frequency, Duration, and Severity for 1951-2010. International Journal of
Climatology 34: 2792-2804.

22



917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952

Sterck, F., M L. arkesteijn, F. Schieving, and L. Poorter. 2011. Functional Traits
Determine Trade-Offs and Niches in A Tropical Forest Community. Proceedings
of the National Academy of Sciences of the United States of America 108: 20627-
2063.

Strayer, D. L., V. T. Eviner, J. M. Jeschke, and M. L. Pace. 2006. Understanding the
Long-term Effects of Species Invasions. Trends in Ecology & Evolution 21: 645-
651.

Tilman, D. 1980. Resources: A Graphical-Mechanistic Approach to Competition and
Predation. The American Naturalist 116: 362-393.

Tilman, D. 1982. Resource Competition and Community Structure. Princeton
university press.

Tilman, D. 1985. The Resource-Ratio Hypothesis of Plant Succession. The American
Naturalist 125: 827-852.

Tilman, D. 2004. Niche Tradeoffs, Neutrality, and Community Structure: A Stochastic
Theory of Resource Competition, Invasion, and Community Assembly.
Proceedings of the National Academy of Sciences of the United States of America
101: 10854-10861.

Tilman, D., F. Isbell, and J. M. Cowles. 2014. Diversity and Ecosystem Functioning.
Annual Review of Ecology, Evolution, and Systematics 45: 471-493.

Toft, C., and S. G. Andersson. 2010. Evolutionary Microbial Genomics: Insights Into
Bacterial Host Adaptation. Nature Reviews Genetics 11: 465-475.

Valladares, F., C. C. Bastias, O. Godoy, E. Granda, and Escudero, A. 2015. Species
Coexistence in A Changing World. Frontiers in Plant Science 6: 866.

Westoby, M., D. S. Falster, A. T. Moles, P. A. Vesk, and 1. J. Wright. 2002. Plant
Ecological Strategies: Some Leading Dimensions of Variation Between Species.
Annual Review of Ecology, Evolution, and Systematics 33: 125-159.

Willig, M. R., D. M. Kaufman, and R. D. Stevens. 2003. Latitudinal Gradients of
Diversity: Pattern, Process, Scale, and Synthesis. Annual Review of Ecology,
Evolution, and Systematics 34: 273-309.

Wright, 1. J., P. B. Reich, and M. Westoby. 2001. Strategy Shifts in Leaf Physiology,
Structure and Nutrient Content Between Species of High- and Low-Rainfall and
High- and Low-Nutrient Habitats. Functional Ecology 15: 423-434.

Wright, 1. J., P. B. Reich, M. Westoby, et al. 2004. The Worldwide Leaf Economics
Spectrum. Nature 428: 821-827.

Zakharova, L., K. Meyer, and M. Seifan. 2019. Trait-Based Modelling in Ecology: A
Review of Two Decades of Research. Ecological Modelling 407: 108703.

23



