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Abstract 9 

Understanding how species coexist and why diversity varies across regions remains a 10 

central challenge in ecology. Although existing theories such as niche theory, neutral 11 

theory, and modern coexistence theory have yielded important insights into species 12 

coexistence and diversity, their reliance on abstract parameters lacking direct 13 

physiological grounding limits empirical validation and constrains cross-scale 14 

integration. To address this limitation, the minimum carbon theory is proposed, defining 15 

Cₘᵢₙ as the minimum net carbon gain required for survival, grounded in the first 16 

principle that autotrophic organisms must maintain a positive carbon balance to persist. 17 

Coexistence occurs when multiple species each sustain net carbon gains above their 18 

Cₘᵢₙ under shared environmental regimes. The Cₘᵢₙ theory provides a physiological 19 

foundation for understanding species coexistence and diversity, integrating existing 20 

ecological theories under the common constraint of carbon balance. Because carbon is 21 

the universal currency of life, the Cₘᵢₙ can be applied across taxa and ecological scales, 22 

providing a broadly applicable framework for diverse domains, including biological 23 

invasions, ecosystem functioning, ecological stability, and evolutionary biogeography. 24 

In a biosphere increasingly shaped by global climate change, the Cₘᵢₙ theory provides 25 

a unifying physiological lens on how individual carbon thresholds scale up to shape 26 

species diversity and ecosystem function. 27 

 28 
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Introduction 33 

Understanding how multiple species coexist within ecological communities remains 34 

one of the most fundamental and unresolved questions in ecology (Chesson 2000; 35 

Gravel et al. 2011). This challenge constrains our ability to explain diversity patterns 36 

and to predict ecosystem functioning and resilience under global climate change 37 

(Tilman et al. 2014). Despite decades of theoretical and empirical advances, a unified 38 

mechanistic theory capable of explaining species coexistence and diversity across 39 

heterogeneous environments remains elusive (Dybzinski and Tilman 2007; 40 

HilleRisLambers et al. 2012; Levine and HilleRisLambers 2009; Levine et al. 2017). 41 

Over the past century, ecologists have sought to explain species coexistence and 42 

diversity patterns through process-based mechanisms, giving rise to several influential 43 

theories (Valladares et al. 2015). Classical niche theory emphasizes stabilizing 44 

mechanisms such as resource partitioning, which reduce interspecific competition and 45 

facilitate species coexistence (Dybzinski and Tilman 2007; Levine and 46 

HilleRisLambers 2009). In contrast, neutral theory assumes functional equivalence 47 

among species and attributes diversity to demographic stochasticity (Chave 2004; 48 

Hubbell 2011). Modern coexistence theory seeks to integrate these perspectives by 49 

quantifying the relative contributions of stabilizing and equalizing forces (Chesson 50 

2000; Chesson 2018). Although these theories have provided important insights into 51 

species coexistence, they often depend on abstract parameters such as invasion growth 52 

rates and competition coefficients, which are difficult to quantify and test empirically 53 

in complex, long-lived, and multispecies systems (Adler et al. 2007; Chesson 2000; 54 

Gravel et al. 2011). This underscores the urgent need for a mechanistic theory of species 55 

coexistence that is both physiologically grounded and empirically testable (Kalyuzhny 56 

et al. 2014; Valladares et al. 2015).  57 

At its core, ecology seeks to understand how organisms grow, persist, and interact with 58 

their environment under natural constraints (Begon and Townsend 2006; Ricklefs 59 

2008). The survival of autotrophic plants ultimately depends on whether photosynthetic 60 

carbon gain outweighs the metabolic costs of maintenance, defense, and reproduction 61 

(Amthor 2000; Lambers et al. 2008; McDowell et al. 2008). The ability to persist 62 

physiologically under given environmental conditions is a prerequisite for community 63 

membership, allowing organisms to interact ecologically and enabling species to 64 

coexist. However, existing theories largely overlook the fundamental physiological 65 

basis of whether an organism can persist under specific environmental conditions 66 

(Gravel et al. 2011; HilleRisLambers et al. 2012; Tilman 2004). Therefore, rebuilding 67 

ecological theory from first-principles of plant survival is essential for understanding 68 

species coexistence and diversity.  69 

Here, the minimum carbon theory (Cₘᵢₙ) is proposed, in which species persistence is 70 

defined as maintaining net carbon gain above a critical physiological threshold. This 71 

threshold (Cₘᵢₙ) indicates the minimum carbon gain required to sustain metabolic 72 

integrity and survival. Species persistence in a given environment depends on whether 73 

local carbon gain consistently exceeds its Cₘᵢₙ threshold. The Cₘᵢₙ is shaped by both 74 

plant traits and environmental resources, thereby defining its position in carbon niche 75 
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space. Species coexistence occurs when multiple species can each meet their Cₘᵢₙ under 76 

shared environmental conditions.  77 

The Cmin offers several key advantages over existing theories. First, the Cₘᵢₙ provides a 78 

measurable physiological alternative to the abstract parameters that underpin many 79 

traditional coexistence theories. This facilitates physiologically based comparisons and 80 

empirical validation through experiments or field observations. Second, the Cmin theory 81 

is not limited to autotrophic plants. This is because carbon is the universal currency of 82 

life, organisms from microbes to animals must maintain a positive net carbon balance 83 

to survive and reproduce (Gruner et al. 2008; Lambers et al. 2008; Lynch et al. 1986; 84 

Manzoni and Porporato 2009). Third, the Cₘᵢₙ is inherently scalable. By defining 85 

species persistence through carbon-based physiological thresholds, it links individual 86 

performance to ecosystem function across taxa and environments. This cross-scale 87 

consistency enables Cₘᵢₙ to be applied in explaining both local species coexistence and 88 

large-scale patterns of species distribution and diversity, while also enhancing 89 

predictions of ecosystem responses to environmental change. 90 

In this Perspective, the underlying physiological principles of the Cₘᵢₙ theory are first 91 

outlined, followed by an explanation of how it provides a physiological foundation for 92 

species coexistence while reframing classic ecological theories, including niche theory, 93 

neutral theory, and modern coexistence theory. Extending beyond local coexistence, 94 

the Cₘᵢₙ is then presented as a physiological framework for explaining large-scale 95 

diversity patterns and reframing macroecological theories, such as the species–energy 96 

hypothesis, water–energy dynamics, and the metabolic theory of ecology. Finally, five 97 

key domains are identified in which the Cₘᵢₙ theory is broadly applicable, offering both 98 

mechanistic insight and predictive capacity. These include ecosystem functioning, 99 

climate change impacts on ecosystems, ecological stability, biological invasions, and 100 

evolutionary biogeography. Together, the Cₘᵢₙ theory provides not only a general 101 

physiological basis for species coexistence and diversity, but also a unifying principle 102 

linking carbon balance to the structure and function of ecological systems.  103 

Physiological principles underlying the Cₘᵢₙ theory  104 

The Cₘᵢₙ theory is grounded in the core physiological principle that autotrophic plants 105 

must maintain a positive carbon balance to survive (Amthor 2000; Lambers et al. 2008; 106 

McDowell et al. 2008). Unlike cumulative measures such as carbohydrate pools or total 107 

biomass, flux-based metrics such as photosynthetic rate offer high temporal resolution, 108 

broad cross-taxon comparability, and strong compatibility with ecological models 109 

(Dietze et al. 2014; Litton et al. 2007). Therefore, the Cₘᵢₙ is defined as the minimum 110 

rate of net carbon gain necessary to maintain metabolic function and ensure survival. 111 

This rate-based formulation also enables standardized comparisons of Cₘᵢₙ across 112 

species and environments, providing a unified physiological lens for assessing survival 113 

limits under varying ecological conditions. Given the temporal variability of 114 

photosynthesis and respiration, Cₘᵢₙ represents a mean net carbon gain rate integrated 115 

over biologically relevant timescales, rather than a momentary or daily flux. This 116 

integration smooths short-term fluctuations and captures the sustained carbon balance 117 

required for persistence. In fast-growing herbaceous plants, weekly to monthly 118 
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integration windows may suffice. For long-lived woody species, particularly trees, 119 

averages across seasonal to interannual timescales more accurately reflect the threshold 120 

of carbon gain relevant to survival. This ensures that Cₘᵢₙ remains both physiologically 121 

realistic and comparable across life forms and environmental regimes. 122 

Functionally, Cₘᵢₙ represents a physiological threshold below which an organism can 123 

no longer sustain essential metabolic functions (Lambers et al. 2008). When net carbon 124 

assimilation persistently falls below this threshold, plants fail to meet the energetic 125 

demands of maintenance, tissue turnover, and osmotic regulation, leading to 126 

progressive metabolic failure and eventual mortality (Lambers et al. 2008). This 127 

trajectory is consistent with well-documented cases of mortality driven by carbon 128 

starvation, supported by ample evidence across diverse stressors such as drought, frost, 129 

shading, and herbivory (Anderegg et al. 2012, 2015; Givnish 1988; Hartmann and 130 

Trumbore 2016; Herms and Mattson 1992; McDowell 2011; McDowell et al. 2008; 131 

Myers and Kitajima 2007; Sperling et al. 2015). By linking carbon balance to 132 

physiological viability, Cₘᵢₙ provides a mechanistic and quantifiable criterion for 133 

species persistence (Figure 1).  134 

   135 

Figure 1 | Conceptual framework of the Cₘᵢₙ theory. The Cₘᵢₙ represents the 136 

minimum net carbon gain required to sustain metabolic function and survival. 137 

Cmaintenance denotes the baseline carbon demand for essential cellular maintenance 138 

through respiration, Cₛₜᵣₑₛₛ captures additional carbon costs imposed by abiotic or biotic 139 

stressors, Cfacilitation reflects reductions in demand arising from positive interactions, Pn 140 

and ΔC represent the net carbon gain and carbon surplus, respectively. A species can 141 

persist only when Pn exceeds its Cₘᵢₙ, otherwise it faces extinction. Once Cₘᵢₙ is met, 142 

surplus carbon (ΔC) can be allocated to growth and reproduction. Persistence is 143 

determined jointly by Pₙ and Cₘᵢₙ, reflecting the fundamental trade-off between carbon 144 

acquisition and demand.  145 

 146 
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The Cₘᵢₙ threshold can be formulized as: 147 

                Cₘᵢₙ = Cmaintenance + Cstress − Cfacilitation + ε 148 

where Cmaintenance denotes the baseline carbon demand required to sustain essential 149 

cellular functions through maintenance respiration; Cstress accounts for additional 150 

carbon demand imposed by abiotic factors such as drought and heat, or biotic factors 151 

such as competition and herbivory; Cfacilitation captures reductions in carbon demand 152 

resulting from positive biotic interactions, including mutualisms, neighbor shading, or 153 

microclimatic buffering; ε accounts for stochastic variation arising from individual 154 

heterogeneity and environmental noise. Because organisms may suppress structural 155 

growth while sustaining basic metabolism through dormancy or resource conservation 156 

under stressful conditions (Lambers et al. 2008; Ricklefs 2008), the component of Cₘᵢₙ 157 

that excludes structural investment represents the minimal carbon requirement for 158 

physiological maintenance and survival (Lambers et al. 2008).  159 

 160 

           A species persists if Pₙ > Cₘᵢₙ; otherwise, it fails to survive. 161 

Therefore, species persistence depends on whether net photosynthetic carbon gain (Pₙ) 162 

consistently exceeds the minimum threshold (Cₘᵢₙ). A species can persist 163 

when Pₙ exceeds this physiological threshold, but fails to survive when it does not. The 164 

Cₘᵢₙ captures a core physiological limit to survival. When net carbon assimilation 165 

persistently falls below the Cmin, plants can no longer sustain essential metabolic 166 

processes, ultimately leading to carbon starvation and mortality (Lambers et al. 2008). 167 

Persistence depends not merely on whether a species has a high or low Cₘᵢₙ, but on 168 

whether its net carbon gain consistently exceeds this threshold. Both conservative 169 

species with low Cₘᵢₙ and acquisitive species with high Cₘᵢₙ can persist, as long as they 170 

maintain a positive carbon balance. This reflects a fundamental trade-off between 171 

carbon acquisition and demand, shaping the conditions under which different strategies 172 

can sustain persistence (Reich 2014; Ricklefs 2008; Westoby et al. 2012; Wright et al. 173 

2014).    174 

                           ΔC=Pn – Cmin 175 

The carbon surplus (ΔC), defined as the difference between Pₙ and Cₘᵢₙ, arises only 176 

when net carbon gain exceeds the threshold for survival. Once this baseline requirement 177 

is met, surplus carbon can be allocated to structural growth and reproduction, including 178 

the formation of new leaves, fruits, and seeds. 179 

In conclusion, the Cₘᵢₙ offers a physiologically grounded alternative to traditional 180 

interaction-based theories, shifting the focus from emergent ecological processes to the 181 

underlying carbon constraints that determine species survival. It provides a 182 

physiological basis for predicting species persistence and for explaining the emergence 183 

of coexistence and diversity patterns across resources and stress gradients.  184 

The Cₘᵢₙ theory links carbon balance to species coexistence  185 
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Deciphering the mechanisms that enable multiple species to coexist within shared 186 

environments remains a longstanding and central challenge in ecology (Levine and 187 

HilleRisLambers 2009; Valladares et al. 2015). Classical theories, including niche 188 

differentiation, neutral theory, and modern coexistence theory, serve as conceptual 189 

foundation for understanding species coexistence (Adler et al. 2007; Chesson 2000; 190 

Hubbell 2011). However, they often depend on abstract parameters that are difficult to 191 

verify through experiments or field observations (HilleRisLambers et al. 2012; 192 

Valladares et al. 2015). The Cₘᵢₙ addresses this gap by providing a physiologically 193 

grounded framework for species coexistence, rooted in the carbon economics of 194 

autotrophs. 195 

 196 

According to the Cmin theory, species survival, growth, and reproduction depend on 197 

maintaining a sustained positive carbon balance. Coexistence is physiologically 198 

possible when multiple species can consistently meet their respective Cₘᵢₙ thresholds 199 

under shared environmental conditions (Figure 2). Because Cₘᵢₙ reflects an integrated 200 

suite of traits, such as photosynthetic capacity and stress tolerance, species differ in 201 

their minimum carbon requirements, resulting in distinct, physiologically defined 202 

carbon niches. This differentiation enables coexistence under overlapping but non-203 

identical environmental regimes. As a result, communities can support both 204 

conservative species with low carbon maintenance costs and acquisitive species with 205 

high carbon uptake capacities, as long as each maintains a positive carbon balance. 206 

 207 

Figure 2 | Conceptual diagram of how Cₘᵢₙ links carbon balance to species 208 

coexistence. Pₙ and Cₘᵢₙ represent the net carbon gain and minimum carbon required to 209 

sustain metabolic function and survival, respectively. Coexistence occurs when species 210 

maintain Pₙ above their Cₘᵢₙ thresholds under shared conditions. Variation in Cₘᵢₙ 211 

defines distinct physiological carbon niches, facilitating coexistence under overlapping 212 

but non-identical environments.  213 

  214 
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To illustrate this mechanism, consider a simplified system in which two species 215 

compete for a finite carbon pool, K, representing the maximum carbon available to 216 

autotrophs. The K is similar to the classical concept of carrying capacity (Dushoff 2000; 217 

Seidl and Tisdell 1999), but it is grounded in the environmental carbon supply. Species 218 

A, characterized by a low Cₘᵢₙ, exhibits lower metabolic demand and follows a more 219 

conservative carbon uptake strategy. In contrast, Species B has a higher Cₘᵢₙ, requiring 220 

greater carbon input to sustain metabolic function and supported by a faster carbon 221 

acquisition rate. Under favorable environmental conditions, both species can maintain 222 

net carbon gains above their respective thresholds and coexist. However, as conditions 223 

become harsher and carbon availability declines, Species B is more likely to fall below 224 

its Cₘᵢₙ and decline, while Species A continues to persist due to its lower carbon 225 

requirement. When carbon supply fluctuates over time, temporal niche partitioning may 226 

arise, with Species B dominating during resource-rich periods and Species A persisting 227 

through resources-limited periods. Coexistence thus depends on the match between 228 

carbon availability and species-specific Cₘᵢₙ thresholds across spatial and temporal 229 

scales. 230 

In conclusion, the Cₘᵢₙ serves as a unifying axis of ecological differentiation, capturing 231 

trade-offs across multidimensional resource gradients. Thus, the Cmin theory provides a 232 

mechanistically grounded, scalable, and testable explanation for coexistence. It 233 

connects individual-level carbon economics with population and community outcomes, 234 

and reconciles deterministic and stochastic mechanisms by emphasizing how 235 

physiological thresholds shape species coexistence under variable environmental 236 

conditions. 237 

Reframing existing coexistence theories through the Cₘᵢₙ 238 

Niche theory 239 

Classical niche theory holds that species coexistence arises from ecological 240 

differentiation, whereby species occupy distinct niches defined by divergent resource 241 

requirements or environmental tolerances (Levine and HilleRisLambers 2009; Tilman 242 

2004). The niche differentiation reduces interspecific competition and facilitates 243 

coexistence (Levine and HilleRisLambers 2009; Tilman 2004). Tilman’s R* theory 244 

formalizes this concept by proposing that the species capable of maintaining zero net 245 

population growth at the lowest concentration of a limiting resource will competitively 246 

exclude others (Tilman 1980, 1982). Under single resource limitation, stable 247 

coexistence is unlikely unless spatial or temporal environmental heterogeneity enables 248 

niche partitioning (Tilman 1980, 1982). The resource ratio hypothesis further extends 249 

niche theory into a multidimensional resource space, where multiple co-limiting factors, 250 

such as temperature, light, water, and nutrients, jointly shape species coexistence 251 

(Miller et al. 2005; Tilman 1985). Species coexistence occurs when environmental 252 

supply ratios allow each species to be limited by a different resource, thereby reducing 253 

direct competition and promoting niche differentiation (Miller 2005; Tilman 1982). 254 

Together, these concepts underscore how trade-offs in resource use and environmental 255 

conditions shape species coexistence.  256 
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However, both niche and resource partitioning remain abstract constructs, lacking 257 

explicit links to underlying physiological mechanisms (HilleRisLambers et al. 2012; 258 

Valladares et al. 2015). The Cₘᵢₙ theory offers a physiologically grounded 259 

reinterpretation of niche theory by integrating the effects of multiple resource 260 

limitations into a single carbon-based physiological threshold. Species-specific 261 

variation in the Cₘᵢₙ arises from differences in photosynthetic capacity, leaf and 262 

hydraulic traits, respiratory costs, and stress-response mechanisms. These physiological 263 

attributes determine a species’ ability to maintain a positive carbon balance across 264 

environmental gradients and thus define its carbon niche space. Accordingly, the Cₘᵢₙ 265 

serves as a trait-based proxy for ecological niche position, translating the abstract 266 

concept of multidimensional niche differentiation into a measurable and 267 

mechanistically interpretable parameter. Therefore, the Cmin theory provides a 268 

physiologically grounded and testable alternative to inferred niche-based explanations. 269 

Neutral theory 270 

Neutral theory hypothesizes that species within a community are functionally 271 

equivalent, exhibiting identical rates of birth, death, dispersal and speciation (Chave 272 

2004; Hubbell 2011; Kalyuzhny et al. 2014). Coexistence arises not from niche 273 

differentiation, but from stochastic drift balanced by extinction and immigration or 274 

speciation (Hubbell 2011). Although its strict assumptions are biologically unrealistic, 275 

neutral theory remains a powerful tool for interpreting diversity patterns, particularly 276 

in hyperdiverse and spatially structured systems such as tropical forests (Chave and 277 

Leigh Jr 2002; Condit et al. 2002) and marine plankton communities (Behrenfeld and 278 

Bisson 2024; Sloan et al. 2006). 279 

The Cₘᵢₙ theory offers a physiological interpretation of the conditions under which 280 

neutral dynamics may emerge. In some communities, coexisting species may share 281 

similarly low Cₘᵢₙ values, reflecting convergent adaptation to resource-limited 282 

environments, such as shade-tolerant understory plants in tropical forests or unicellular 283 

algae in nutrient-rich aquatic systems. In tropical rainforests, the shaded understory 284 

provides a stable microenvironment that allows shade-adapted species with low carbon 285 

demand to persist under limited resource supply. This convergence in Cₘᵢₙ reduces 286 

fitness differences and supports coexistence patterns that resemble ecological neutrality. 287 

Similarly, in highly productive systems characterized by rapid biomass turnover, such 288 

as algal or phytoplankton communities, convergence in carbon requirements may lead 289 

to apparent functional equivalence. In both cases, demographic stochasticity can 290 

reinforce neutral-like patterns, when species are constrained by similar physiological 291 

thresholds. This suggests that neutral-like patterns may emerge not from true ecological 292 

equivalence, but from convergence in carbon-based physiological requirements. 293 

In summary, the Cₘᵢₙ theory frames neutrality as a testable outcome grounded in 294 

physiological principles, enabling empirical evaluation of where functional equivalence 295 

is likely to emerge. Rather than contradicting neutral theory, it refines its ecological 296 

scope by proposing that neutral-like patterns may emerge from convergence in carbon-297 

based physiological demands. Although cross-species data on Cₘᵢₙ remain limited, this 298 

hypothesis can be tested in ecosystems where species are expected to share similar 299 
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carbon thresholds. Therefore, the Cₘᵢₙ theory offers a physiological lens to evaluate 300 

neutrality and explain patterns traditionally attributed to either niche differentiation or 301 

demographic stochasticity. 302 

Modern coexistence theory 303 

Modern coexistence theory provides a unifying concept that reconciles niche and 304 

neutral processes by emphasizing the balance between stabilizing and equalizing forces 305 

(Chesson 2000, 2018). Stabilizing mechanisms promote coexistence through niche 306 

differentiation, while equalizing mechanisms reduce average fitness differences to 307 

prevent competitive exclusion (Chesson 2000). Despite its conceptual elegance, 308 

modern coexistence theory often relies on abstract parameters, such as interspecific 309 

competition coefficients and invasion growth rates, that are difficult to quantify in 310 

natural communities (Chesson 2000; Letten et al. 2017). The Cₘᵢₙ theory offers a 311 

physiological basis for quantifying both stabilizing and equalizing components of 312 

modern coexistence theory. The Cmin is shaped by both functional traits and 313 

environmental resource availability. Interspecific variation in Cₘᵢₙ defines a carbon-314 

based niche axis that reflects functional differentiation among species and facilitates 315 

niche partitioning to promote coexistence. 316 

 317 

Also, the Cₘᵢₙ theory offers a physiologically grounded measure of intrinsic fitness 318 

differences. Species with lower Cₘᵢₙ thresholds require less carbon to maintain survival 319 

and growth, providing an advantage under resource-poor conditions. In contrast, 320 

species with higher Cₘᵢₙ often possess traits that enhance carbon acquisition, such as 321 

high photosynthetic rates and rapid resource uptake. These acquisitive traits may also 322 

offset high carbon requirements, enabling species with elevated Cₘᵢₙ to persist in harsh 323 

or resource-limited environments. Fitness differences therefore arise from the balance 324 

between carbon demand and acquisition capacities. This trade-off framework provides 325 

a physiological basis for intrinsic fitness differences and elucidates how species coexist 326 

across heterogeneous environmental gradients. 327 

By integrating both stabilizing and equalizing processes into a measurable 328 

physiological trait, the Cₘᵢₙ theory enables modern coexistence theory to be empirically 329 

tested. It enables niche differences and average fitness asymmetries to be evaluated 330 

through physiological measurements rather than inferred from abstract assumptions. By 331 

shifting the focus from species interactions to the physiological constraints on species 332 

persistence, the Cₘᵢₙ theory reframes major ecological theories, including the niche 333 

theory, neutral theory, and modern coexistence theory. Consequently, the Cmin provides 334 

a unified and testable approach to understanding species coexistence and the 335 

maintenance of species diversity. 336 

Understanding species distribution and diversity through the Cₘᵢₙ 337 

According to the Cₘᵢₙ theory, spatial variation in carbon availability filters species 338 

according to their ability to maintain positive carbon balance above species-specific 339 

physiological thresholds. This allows the Cₘᵢₙ to predict large-scale patterns of species 340 

distribution and diversity. Therefore, in addition to explaining local-scale species 341 

coexistence, the Cₘᵢₙ theory offers a unified and physiologically grounded perspective 342 
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for understanding large-scale species distributions and diversity patterns across 343 

environmental gradients (Figure 3).  344 

 345 

     346 

Figure 3 | Conceptual diagram of how Cₘᵢₙ explain species distribution and 347 

diversity patterns. Pₙ and Cₘᵢₙ represent the net carbon gain and minimum carbon 348 

required to sustain metabolic function and survival, respectively. A species can persist 349 

in a region only when local environmental conditions allow Pₙ to exceed its Cₘᵢₙ. Under 350 

favorable conditions, abundant energy, water, and nutrients allow more species to meet 351 

this threshold, defining a broad carbon viability envelope that sustains high species 352 

diversity. In harsh environments, limited photosynthetic carbon gain and elevated 353 

stress-related costs make persistence contingent on lowering Cₘᵢₙ or enhancing carbon 354 

acquisition to maintain a positive balance, and strong physiological filters reduce 355 

species diversity.  356 

 357 

 358 

Species distributions 359 

The Cₘᵢₙ theory roots species’ geographic ranges in the fundamental carbon economics 360 

of autotrophs. To establish, grow, and reproduce, a plant must maintain a positive net 361 

carbon balance (Lambers et al. 2008). The Cₘᵢₙ defines the minimum carbon gain 362 

necessary to prevent carbon starvation and maintain survival, representing a species-363 

specific physiological limit. When local environmental conditions such as temperature, 364 

precipitation, solar radiation, soil moisture, and nutrient availability support net 365 

photosynthetic carbon uptake consistently exceeds Cmin, a species can persist and 366 

potentially expand its range. Conversely, when these factors suppress net carbon gain 367 

below Cₘᵢₙ, persistence becomes physiologically impossible, regardless of dispersal 368 

ability or competitive traits. Thus, Cₘᵢₙ provides a first-principles explanation for why 369 

some species fail to colonize seemingly suitable habitats, revealing their inability to 370 

sustain a positive carbon balance under prevailing conditions. 371 

 372 

The Cₘᵢₙ theory reframes species distributions through the lens of carbon thresholds, 373 

offering a physiological filter that sets the lower bound of a species’ fundamental niche. 374 

This perspective shifts biogeographic inquiry from where species are currently 375 

observed to where they can physiologically persist. In contrast, traditional species 376 

distribution models rely largely on statistical correlations between species occurrences 377 
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and environmental variables, often lacking explicit physiological foundations. 378 

Therefore, the Cₘᵢₙ theory provides a mechanistic framework for predicting 379 

distributions grounded in the carbon economics of plants by linking environmental 380 

gradients to species-specific thresholds of carbon balance.  381 

 382 

Large-scale diversity patterns 383 

Beyond explaining individual species distributions, the Cₘᵢₙ theory also offers a 384 

physiological perspective on large-scale diversity patterns. One of the long-recognized 385 

diversity patterns is the latitudinal gradient, with species richness peaking in the tropics 386 

and declining toward the poles (Mittelbach et al. 2007; Willig 2003). Although 387 

numerous hypotheses have been proposed to explain global diversity patterns, 388 

including the species-energy hypothesis, the water–energy dynamics and the metabolic 389 

theory of ecology, they are largely correlative and lack grounding in physiological 390 

mechanisms (Brown et al. 2004; Currie et al. 2004; Gillooly and Allen 2007; O'Brien 391 

1998). 392 

 393 

At low latitudes, abundant water and energy enable photosynthetic gains to greatly 394 

exceed Cₘᵢₙ for a broad range of species. This wide carbon viability envelope 395 

accommodates diverse functional strategies, sustaining high taxonomic and trait 396 

diversity. In contrast, high-latitude environments constrain photosynthetic carbon gain 397 

while elevating stress-related carbon costs. Persistence under such conditions requires 398 

species to either reduce their Cₘᵢₙ or enhance carbon acquisition to maintain a positive 399 

carbon balance. Only those capable of meeting Cmin can survive, resulting in strong 400 

physiological filtering that narrows the species pool and contributes to the lower 401 

taxonomic and functional diversity characteristic of higher latitudes. 402 

 403 

In summary, the Cₘᵢₙ theory provides a physiological foundation for understanding 404 

large-scale diversity gradients. By grounding biogeography in plant physiological 405 

constraints, it moves beyond correlative patterns toward a predictive framework, 406 

offering new insights into how species diversity is structured across broad 407 

environmental gradients and how it may respond to environmental change. 408 

 409 

 410 

Reframing existing diversity theories through the Cₘᵢₙ 411 

The Cₘᵢₙ theory translates environmental gradients into physiological carbon thresholds, 412 

enabling mechanistic predictions of where and why diversity peaks or declines. The 413 

Cₘᵢₙ theory also reframes existing diversity hypotheses (Fine 2015; Mittelbach et al. 414 

2007; Rohde 1992) by grounding them in a shared physiological principle. It offers a 415 

mechanistic and testable foundation for predicting large-scale species diversity patterns, 416 

moving beyond descriptive correlations toward physiological explanation. 417 

 418 

Species–energy hypothesis 419 

The species-energy hypothesis suggests that environments with higher energy input 420 

tend to support greater species richness (Clarke and Gaston 2006). This pattern, widely 421 

observed across biomes and particularly pronounced in the tropics, is often attributed 422 

to enhanced energy availability (Mittelbach et al. 2007; Pianka 1966). However, despite 423 
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its empirical support, the hypothesis remains largely correlative, lacking a mechanistic 424 

explanation of how energy availability translates into species diversity. In high-energy 425 

environments, such as in tropical forests, high light availability and favorable 426 

temperatures enhance photosynthetic assimilation, a wide range of species, both 427 

acquisitive and conservative strategies, can surpass their Cₘᵢₙ thresholds. As a result, 428 

more species are able to sustain a positive carbon balance, expanding the set of taxa 429 

that can coexist. Conversely, in low-energy environments, such as high-latitude forests 430 

or alpine zones, limited photosynthetic gains and elevated maintenance demands make 431 

it more difficult for species to sustain a positive carbon balance. This imbalance 432 

increases the likelihood that many species fail to meet their Cₘᵢₙ threshold.  433 

The Cₘᵢₙ theory transforms the species–energy hypothesis from a correlative pattern 434 

into a mechanistic framework by explicitly quantifying the physiological constraints 435 

imposed by energy availability. It predicts that physiological filtering favors high 436 

diversity in environments where carbon demands are met by many species, and restricts 437 

diversity where only a few can persist. The Cₘᵢₙ theory explains why high-energy 438 

environments promote greater coexistence, whereas low-energy systems impose 439 

stronger species filtering through carbon constraints. 440 

Water–energy dynamics 441 

Extending the logic of energy-based explanations, the water–energy dynamics proposes 442 

that species richness is co-limited by both energy input and water availability (Hawkins 443 

et al. 2003; O'Brien 1998, 2006). Yet, the physiological mechanisms linking these 444 

climate variables to species persistence remains unclear (Fine 2015; Rohde 1992). 445 

Since photosynthesis depends on both energy and water, limitations in either reduce 446 

carbon assimilation. Under warm and humid conditions, photosynthetic efficiency 447 

tends to be high while metabolic costs remain moderate, enabling many species to 448 

maintain carbon surpluses above their Cₘᵢₙ thresholds. In contrast, cold or arid 449 

environments constrain carbon gain while increasing metabolic demand, less species 450 

can persist under such conditions, which act as physiological filters and reduce the 451 

species diversity. Thus, the Cₘᵢₙ theory reveals how the joint availability of water and 452 

energy constrains carbon balance, thereby defining ecological boundaries and shaping 453 

large-scale patterns of diversity. 454 

 455 

Metabolic theory of ecology 456 

By predicting that temperature accelerates metabolic and life-history processes, the 457 

metabolic theory of ecology helps explain the tendency for species diversity to be 458 

higher in warmer environments, where elevated metabolic rates, faster resource 459 

turnover, and potentially greater rates of speciation prevail (Brown et al. 2004; Gillooly 460 

and Allen 2007). However, it remains fundamentally rate-based, focusing on how 461 

temperature and body size regulate the speed of energy flow through organisms, rather 462 

than quantifying whether the energy gain is sufficient to meet the physiological 463 

thresholds required for survival (Enquist et al. 2015; O'Connor et al. 2007). 464 

The Cₘᵢₙ theory complements and extends metabolic theory of ecology by introducing 465 

a constraint-based criterion for survival. Although elevated temperatures may increase 466 
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photosynthetic carbon assimilation, they do not necessarily ensure a net carbon surplus 467 

(Atkin and Tjoelker 2003; Dusenge et al. 2019). Warming-induced drought may 468 

simultaneously reduce carbon input via stomatal closure and raise carbon demand 469 

through increased respiration associated with water stress and metabolic repair 470 

(Dusenge et al. 2019; Slot and Kitajima 2015), potentially pushing species beyond their 471 

Cₘᵢₙ threshold and increasing the risk of mortality. By embedding a physiological 472 

threshold into the metabolic theory of ecology, the Cₘᵢₙ theory shifts the focus from 473 

metabolic rate to carbon threshold for survival. This is particularly valuable for 474 

forecasting climate-driven range shifts and extinction risk, providing a more 475 

comprehensive view of how warming reshapes diversity across environmental 476 

gradients. 477 

Together, these physiological insights strengthen the conceptual clarity and expand the 478 

ecological relevance of the Cₘᵢₙ theory. Rather than standing alone, the Cₘᵢₙ provides a 479 

unifying physiological foundation that clarifies, refines, and integrates existing 480 

diversity hypotheses through a shared framework of carbon balance. By linking 481 

environmental energy and water availability to the carbon requirements for persistence, 482 

the Cₘᵢₙ theory provides a coherent and testable framework for explaining global 483 

diversity patterns. 484 

 485 

Universality and cross-taxon applicability of the Cₘᵢₙ theory 486 

At its core, Cₘᵢₙ reflects a basic physiological principle: all organisms must maintain a 487 

positive carbon balance to support survival, growth, and reproduction (Gruner et al. 488 

2008; Lambers et al. 2008; Lynch et al. 1986; Manzoni and Porporato 2009). Carbon 489 

functions as the central biological currency on Earth (Chapin III 1989; Falkowski et al. 490 

2000), and its acquisition, allocation, transport, storage, and remobilization govern the 491 

structure and function of all living systems (Gruner et al. 2008; Lambers et al. 2008; 492 

Lynch et al. 1986; Manzoni and Porporato 2009). In this sense, the physiological 493 

principle captured by Cₘᵢₙ transcends taxonomic boundaries, trophic levels, and modes 494 

of carbon acquisition. 495 

 496 

In autotrophs such as vascular plants and algae, the Cₘᵢₙ defines the minimum net 497 

photosynthetic gain required to offset respiratory losses and endure abiotic and biotic 498 

stress. It sets the threshold for maintaining tissue integrity, supporting growth and 499 

reproduction, and ultimately persisting under given environmental conditions. As 500 

demonstrated in plants, sustained carbon deficits below Cₘᵢₙ lead to carbon starvation, 501 

physiological collapse, and ultimately mortality (Lambers et al. 2008). In heterotrophs, 502 

Cₘᵢₙ represents the minimum net energetic gain from organic carbon compounds 503 

obtained from external sources, required to sustain core metabolic functions, including 504 

cellular maintenance, thermoregulation, immune defense, and reproduction. The Cmin 505 

thus can also be applied to animals, fungi, and microbes, which rely on carbon-derived 506 

energy inputs to fuel metabolism and survival. In these organisms, persistence depends 507 

on maintaining a positive energy balance through feeding, foraging, or symbiosis 508 

(Karasov and Martínez del Rio 2007; Schmidt-Nielsen 1997). Animals, including 509 

insects, need to sufficient energy from organic carbon through feeding to support 510 

development and immune function (Hawkins et al. 1997; Schwenke et al. 2016), as 511 
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plants acquire carbon via photosynthesis. Similarly, in microbial communities, the 512 

capacity to acquire and metabolize carbon substrates under nutrient-limited conditions, 513 

serving as both energy sources and structural building blocks, determines both survival 514 

and competitive outcomes (Hobbie and Hobbie, 2013; Toft and Andersson, 2010). 515 

Across trophic levels, Cₘᵢₙ establishes a baseline constraint in which energy transfer 516 

depends on whether consumers can sustain carbon intake above their physiological 517 

threshold. 518 

 519 

In summary, Cₘᵢₙ establishes a unified physiological foundation for understanding 520 

environmental filtering, species coexistence, and diversity patterns across 521 

environmental gradients. By redefining species persistence as a universal outcome of 522 

carbon balance, rather than a taxon-specific trait, it enables cross-system comparisons 523 

that span taxonomic groups, trophic levels, and biomes. As a universal physiological 524 

filter, the Cₘᵢₙ determines where, when, and which organisms can persist. Beyond its 525 

conceptual coherence, the Cₘᵢₙ theory provides a first-principles, empirically tractable 526 

framework for understanding and predicting ecological structure and dynamics across 527 

the Earth’s biomes. 528 

 529 

Ecological applications of the Cₘᵢₙ theory  530 

The Cₘᵢₙ theory, based on the first-principles that all organisms need to sustain a 531 

positive net carbon balance for persistence, provides a mechanistic and scalable 532 

framework for addressing fundamental ecological questions across levels of 533 

organization, space, and time. It bridges individual carbon dynamics and ecosystem 534 

responses, revealing how physiological thresholds shape large-scale patterns in a 535 

carbon-limited world. Beyond its explanatory power for species coexistence and 536 

diversity patterns, the Cₘᵢₙ theory also serves as a broadly applicable framework across 537 

diverse ecological domains, including ecosystem functioning, climate change impacts 538 

on ecosystems, ecological stability, species invasions, and evolutionary biogeography. 539 

 540 

 541 

 542 

Ecosystem functioning 543 

Ecosystem functioning arises from the interaction between organismal traits and 544 

biogeochemical processes they mediate, particularly those related to carbon, water, and 545 

nutrient cycles (Chapin III et al. 2011; Ding et al. 2021; Faucon et al. 2017). Traditional 546 

trait-based and process-based approaches have contributed valuable insights into these 547 

ecosystem dynamics, however, lacking a mechanistic bridge between organismal 548 

physiology and ecosystem-level outcomes (Green et al. 2022; Zakharova et al. 2019). 549 

The Cₘᵢₙ theory bridges this gap by introducing a unified physiological threshold that 550 

links functional traits to ecosystem processes.  551 

In ecosystems, plant functional traits such as photosynthetic rate, respiration rate, xylem 552 

hydraulic conductivity, and leaf economic strategy regulate fundamental ecological 553 

processes, including carbon uptake, water fluxes, and nutrient cycling (Zakharova et al. 554 

2019). These processes, in turn, shape how individuals effectively acquire and utilize 555 

environmental resources (Ricklefs 2008; Wright et al. 2004). Because both trait 556 
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characteristics and environmental resource availability shape Cₘᵢₙ, it captures how plant 557 

functional traits and environmental resource availability jointly influence ecosystem 558 

functioning. By scaling from individual carbon balance to ecosystems, Cₘᵢₙ provides a 559 

unifying metric that links organismal physiology to ecological function and offers a 560 

general framework for understanding variation in functional traits and biochemical 561 

processes, which together determine the capacity of ecosystems to sustain functioning 562 

under changing environmental conditions. 563 

Climate change impacts on ecosystems 564 

Climate change is fundamentally disrupting the balance between carbon uptake and loss 565 

across ecosystems (Dusenge et al. 2019; Kirschbaum 2004). In many regions, 566 

especially those approaching thermal or water stress limits, warming accelerates 567 

respiratory carbon losses more rapidly than it enhances photosynthetic carbon uptake 568 

(Doughty and Goulden 2008; Duffy et al. 2021). Under warming conditions, prolonged 569 

soil and atmospheric drought further exacerbate carbon deficits by reducing stomatal 570 

conductance and depressing photosynthesis (Dusenge et al. 2019; Kirschbaum 2004). 571 

These stressors raise the Cmin required for survival and intensify the physiological 572 

constraints on species persistence.  573 

 574 

As climate extremes, such as droughts and heatwaves, become more frequent and 575 

intense (Chiang et al. 2021; Perkins-Kirkpatrick and Lewis 2020; Spinoni et al. 2014), 576 

they increasingly disrupt carbon balance and narrow the margin between carbon supply 577 

and the Cₘᵢₙ required for survival. In the future, fewer taxa may be able to maintain a 578 

positive carbon balance, leading to selective filtering of functional groups, shifts in 579 

dominance hierarchies, and a reorganization of ecosystem structure, ultimately altering 580 

ecosystem functions. The Cₘᵢₙ theory thus provides a physiological framework for 581 

anticipating how changes in carbon balance under climate change will reshape 582 

ecosystem structure and functioning. 583 

 584 

 585 

 586 

Ecological stability 587 

The Cₘᵢₙ is defined as the minimum carbon threshold required for an organism to sustain 588 

physiological function and survive under environmental stress. This tipping-point 589 

property makes the Cₘᵢₙ particularly well suited for assessing ecological stability. When 590 

stressors such as drought, heatwaves, or nutrient depletion reduce carbon gain or raise 591 

maintenance costs, organisms that cannot sustain a positive carbon balance fall below 592 

their Cₘᵢₙ. This will result in carbon deficits that suppress growth, impair function, and 593 

ultimately increase the risk of mortality (Anderegg et al. 2015; McDowell et al. 2008). 594 

As physiological failure accumulates across taxa, it can erode community structure, 595 

reduce functional redundancy, and destabilize critical ecosystem functions. Thus, the 596 

Cₘᵢₙ offers a mechanistically grounded framework for tracing how localized carbon 597 

imbalance can scale up to ecosystem-level instability. 598 

 599 

Moreover, the Cₘᵢₙ concept is inherently scalable. At the individual level, it reflects the 600 

balance between carbon supply and demand, shaped by resource availability and 601 
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functional traits. At the community or ecosystem level, the Cₘᵢₙ can be approximated 602 

by computing a community-weighted average of species-specific thresholds, based on 603 

their relative abundance, structural dominance, or contribution to ecosystem 604 

functioning. This community-weighted Cmin represents the ecosystem’s overall 605 

capacity to sustain a positive carbon balance, providing a scalable bridge from 606 

individual physiology to ecosystem-level carbon dynamics. This provides a means to 607 

evaluate how closely an ecosystem operates relative to its carbon threshold.  608 

Furthermore, the Cₘᵢₙ theory enables explicit evaluation of stability across vertical 609 

layers within ecosystems. In forests, for instance, the canopy and understory layers 610 

differ in their access to light, temperature and water, and thus exhibit distinct Cₘᵢₙ values. 611 

Asymmetric increases in Cₘᵢₙ across forest layers may arise from climate-driven shifts 612 

in temperature or water availability, driven by differences in local microclimate and 613 

resource access. If species in a given layer fail to meet their elevated Cmin, selective 614 

collapse may occur, leading to a simplified vertical structure and reduced ecosystem 615 

resilience and buffering capacity. As a physiologically grounded metric of ecosystem 616 

stability, the Cₘᵢₙ can be used to detect early signs of ecosystem vulnerability, enable 617 

cross-biome comparisons of resilience, and forecast ecological stability under climate 618 

change. 619 

Biological invasions 620 

Biological invasions restructure ecological communities by favoring species capable of 621 

surviving and reproducing under altered environmental and competitive conditions 622 

(Sax et al. 2007; Strayer et al. 2006). Despite extensive research, the mechanisms 623 

underpinning biological invasions remain debated (Cassini 2020; Courchamp et al. 624 

2017; Daly et al. 2023). Existing hypotheses such as enemy release, enhanced 625 

competitive ability, novel weapons, and fluctuating resource availability capture key 626 

invasion patterns but are often context-dependent, taxonomically limited, and lack a 627 

physiological foundation (Blossey and Notzold 1995; Callaway and Ridenour 2004; 628 

Davis et al. 2000; Liu and Stiling 2006). Consequently, no general theory currently 629 

exists that can reliably predict invasion success across taxa and regions (Catford et al. 630 

2009; Daly et al. 2023). However, as with all organisms, the establishment and spread 631 

of invasive species ultimately depend on their capacity to persist under novel 632 

environmental conditions. The Cₘᵢₙ theory links this persistence to the carbon 633 

economics of survival, offering a unified physiological framework for predicting 634 

invasion success across taxa, environments, and regions, and laying the foundation for 635 

a general theory of biological invasions. 636 

Successful invaders often maintain sustained carbon surpluses through two primary 637 

pathways: enhanced resource acquisition and reduced biotic resistance. Many invasive 638 

species exhibit acquisitive traits such as high photosynthetic capacity, rapid growth and 639 

efficient nutrient use, which promote carbon gain across diverse environmental 640 

conditions (Hussner 2009; McDowell 2002; Pattison et al. 1998). Simultaneously, 641 

invaders frequently benefit from enemy release, encountering fewer herbivores, and 642 

competitors in their introduced ranges (Colautti et al. 2004; Germain et al. 2020; Maron 643 

and Vilà 2001). This reduces carbon losses from defense and damage repair, thereby 644 
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lowering their realized Cₘᵢₙ thresholds under novel conditions. Because of lower carbon 645 

demand or enhanced carbon assimilation, invasive species are more likely to maintain 646 

positive carbon balance under environmental stress, promoting disproportionate 647 

reproductive success and range expansion relative to native species.  648 

By integrating carbon acquisition and demand into a unified framework, the Cₘᵢₙ theory 649 

provides a physiological basis for understanding biological invasions. It establishes a 650 

common carbon currency to assess invasion potential across taxa and regions. The Cₘᵢₙ 651 

theory improves predictions of where and when invasions are most likely to occur, and 652 

informs targeted interventions such as early detection, strengthening native resilience, 653 

and restoring environmental conditions that support positive carbon balance in native 654 

species. 655 

 656 

Evolutionary biogeography 657 

At macroevolutionary scales, variation in Cₘᵢₙ reflects how different lineages have 658 

functionally adapted to long-term environmental constraints and resource regimes. In 659 

cold, arid or nutrient-limited environments, natural selection likely favors conservative 660 

traits that minimize carbon costs (Diaz et al. 2016; Reich 2014; Wright et al. 2001), 661 

thereby lowering the threshold required for persistence. Conversely, in warm, humid, 662 

and nutrient-rich biomes such as tropical forests, many taxa have evolved acquisitive 663 

strategies characterized by high photosynthetic capacity and reduced allocation to 664 

defense (Diaz et al. 2016; Sterck et al. 2011), leading to great carbon surpluses that 665 

support rapid growth, complex architectures, and diverse life histories.  666 

 667 

Phylogenetically structured variation in carbon thresholds is unlikely to be randomly 668 

distributed across the tree of life. Instead, it may reflect historical niche conservatism 669 

and trait inheritance, with closely related taxa tending to exhibit similar Cₘᵢₙ values due 670 

to shared physiological constraints. Spatial variation in Cₘᵢₙ is closely associated with 671 

broad biogeographic patterns, including latitudinal diversity gradients, regional 672 

endemism, and biome-level differences in species pools. These patterns are likely 673 

shaped by the interplay between physiological constraints and environmental filters. 674 

Consequently, the Cₘᵢₙ theory provides a powerful framework for exploring how long-675 

term evolutionary history has shaped the present-day distribution of carbon-use 676 

strategies across the tree of life. 677 

 678 

Conclusion  679 

Understanding species coexistence and diversity patterns remains a central challenge 680 

in ecology. These patterns have traditionally been attributed to a suite of ecological 681 

processes, including competition, facilitation, resource partitioning, and dispersal 682 

limitation. The Cₘᵢₙ theory introduces a distinct perspective by shifting the focus from 683 

process-based mechanisms to the physiological constraint on species persistence. The 684 

Cₘᵢₙ theory offers a physiological foundation for understanding coexistence, whereby it 685 

occurs when each species maintains net carbon gain above its Cₘᵢₙ under shared 686 

environmental conditions. 687 
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The Cmin theory also provides new insight into large-scale diversity patterns observed 688 

across climatic and geographic gradients. In contrast to theories built on abstract or 689 

context-dependent assumptions, the Cₘᵢₙ theory is rooted in physiological principles 690 

that are observable, quantifiable, and empirically testable. The Cₘᵢₙ also reframes 691 

existing coexistence and diversity theories by grounding them in the common 692 

physiological constraint. This integration clarifies how carbon constraints shape 693 

ecological systems and strengthens the link between theoretical predictions and 694 

empirical observation in ecology. Because carbon is fundamental to all life, the Cₘᵢₙ 695 

concept is broadly applicable across the tree of life, extending beyond plants to animals, 696 

fungi, and microbes. By bridging individual physiology with large-scale ecological 697 

outcomes, the Cₘᵢₙ provides a unified framework applicable across diverse domains, 698 

including ecosystem functioning, ecological stability, and invasion dynamics. 699 

In summary, the Cₘᵢₙ provides a physiologically grounded, empirically testable theory 700 

for understanding species persistence, coexistence, distribution and diversity patterns 701 

across environmental gradients. By placing carbon balance at the center of ecological 702 

understanding, the Cₘᵢₙ theory establishes a physiological foundational for explaining 703 

how physiological thresholds shape species diversity and ecosystem dynamics. 704 

Consequently, fully integrating the Cₘᵢₙ into ecological research will not only improve 705 

predictions of species responses to climate change, but also enhance our ability to 706 

anticipate shifts in ecosystem structure, function, and resilience in an increasingly 707 

carbon-limited world. 708 
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