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Abstract1

Abstract2

Ecological communities can persist for long periods despite strong competition and environmen-3

tal variability, yet they can also reorganize or collapse abruptly after seemingly modest change.4

Explaining persistence, diversity, and collapse has produced several major traditions in ecology,5

including species-interaction models, consumer–resource theory, coexistence theory, feasibility6

analysis, and stability theory. These approaches are often developed separately, even though7

they all describe systems that capture energy from the environment, redistribute it through8

ecological interactions, and lose it through metabolism. Here I propose an energetic framework9

that helps place these traditions in a common language. The central idea is that ecological10

communities persist only when external energy supply can support both the maintenance of11

biomass and the losses associated with internal redistribution, while remaining within finite12

supply and throughput limits. For flux-based ecological models, this perspective yields an exact13

aggregate balance identity; for other model classes, the mapping is partial or reduced-form and14

depends on how the system boundary is defined. This framework clarifies why persistence is15

conditional on energetic compatibility, why enrichment need not always promote persistence,16

and how feasibility, coexistence, stability, and early warning signals can be interpreted as related17

aspects of the same underlying constraint. It also shows how finite supply and throughput can18

bound energetically compatible community states, while superlinear scaling of internal through-19

put provides one simple special case that yields transparent reduced-form limits on community20

size and, with additional assumptions, on ecological complexity. More broadly, the framework21

offers a physically grounded way to connect historically separate areas of ecological theory.22
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Introduction23

Ecological communities exhibit a striking duality. They can persist for long periods despite24

intense competition, predation, and environmental variability, yet they can also reorganize or25

collapse abruptly following seemingly modest environmental change (Carpenter et al., 2011,26

Dakos et al., 2012, Holling, 1973, Scheffer et al., 2009, 2001). Explaining how interacting27

assemblages of organisms remain coherent—and why that coherence sometimes fails—has long28

been a central challenge in ecology (Elton, 1927, Levin, 1998, MacArthur, 1955, Margalef,29

1968). Over the past century, this problem has generated major theoretical traditions focused30

on species interactions, resource limitation, coexistence mechanisms, structural feasibility, and31

dynamical stability (Allesina and Tang, 2012, Barabás et al., 2018, Chesson, 2000, Lotka, 1925,32

MacArthur and Levins, 1967, MacArthur, 1970, May, 1972, 1973, Saavedra et al., 2017, Tilman,33

1982, Volterra, 1926).34

Early mathematical ecology approached these questions through interaction-based dynamics.35

The Lotka–Volterra equations formalized competition and predator–prey regulation through in-36

teraction coefficients and feedback structure (Lotka, 1925, Volterra, 1926). Consumer–resource37

theory then made environmental supply explicit, showing how coexistence can arise through dif-38

ferential exploitation of limiting resources, trade-offs in uptake, and packing along resource axes39

(MacArthur and Levins, 1967, MacArthur, 1970, Tilman, 1982, 1985). Later work sharpened40

the analysis of persistence itself. Coexistence theory framed persistence in terms of invasion41

growth rates, niche differences, and stabilizing versus equalizing mechanisms (Barabás et al.,42

2018, Chesson, 2000, Hutchinson, 1961); stability theory examined how interaction strength,43

connectance, and sign structure shape dynamical robustness (Allesina and Tang, 2012, May,44

1972, 1973); and structural approaches focused on the existence of positive equilibria and the45

parameter domains supporting them (Deng et al., 2024, Rohr et al., 2014, Saavedra, 2024,46

Saavedra et al., 2017, Song et al., 2018).47

In parallel, ecosystem ecology developed a complementary perspective centered on flows of en-48

ergy and matter. Lindeman’s trophic-dynamic view identified energy transfer across trophic lev-49

els as a basic organizing principle (Lindeman, 1942). Odum emphasized ecosystem metabolism50

and system-level energy budgets (Odum, 1969), while network approaches analyzed how energy51

is routed through complex ecological systems (Ulanowicz, 1986). Related systems perspectives52

connected energy flow, nutrient cycling, resilience, and whole-system organization (DeAngelis,53

1980). Together, these traditions established that ecosystems can be understood as open sys-54
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tems in which energy and matter are captured, redistributed, and dissipated (DeAngelis, 1980,55

Levin, 1992, Lindeman, 1942, Odum, 1969, Ulanowicz, 1986).56

Despite their shared concern with persistence, these traditions are still often treated as separate57

explanatory frameworks. Interaction-based models emphasize pairwise effects, resource-based58

models emphasize environmental supply and renewal, coexistence theory centers on invasion59

criteria, stability theory focuses on Jacobian structure, and feasibility analyses characterize60

the parameter regions that permit positive equilibria (Allesina and Tang, 2012, Barabás et al.,61

2018, Chesson, 2000, May, 1972, Rohr et al., 2014, Saavedra et al., 2017, Song et al., 2018,62

Tilman, 1982). Ecosystem energetics, by contrast, focuses on the magnitude and organization of63

trophic fluxes (DeAngelis, 1980, Lindeman, 1942, Odum, 1969, Ulanowicz, 1986). Because these64

approaches arose from different analytical viewpoints, ecology still lacks a common language65

that makes clear how they are related (Godoy et al., 2018, Levin, 1998, Levins, 1966, Marquet66

et al., 2014).67

Yet all ecological communities share the same physical foundation. They are open dissipative68

systems that capture energy from the environment, redistribute it internally through ecolog-69

ical interactions, and lose it irreversibly through metabolism (Brown et al., 2004, DeAngelis,70

1980, Lindeman, 1942, Odum, 1969). In population models, these processes are often im-71

plicit: interaction terms encode transfers among species, resource uptake terms encode flows72

from the environment into populations, and mortality or maintenance terms encode energetic73

loss (Holling, 1959, Lotka, 1925, MacArthur, 1970, Tilman, 1982, Volterra, 1926, Yodzis and74

Innes, 1992). In ecosystem models, the same structure appears explicitly as fluxes through75

trophic networks (Odum, 1969, Ulanowicz, 1986). Although this energetic architecture has long76

been recognized qualitatively, it is rarely treated as the organizing principle linking the major77

branches of ecological theory (Godoy et al., 2018, Levin, 1998, Lindeman, 1942, Odum, 1969).78

Here I argue that making this energetic structure explicit provides a useful unifying founda-79

tion for ecological theory. More precisely, I propose a common energetic framework within80

which models of species interactions, resource dynamics, invasion-based persistence, feasibility81

conditions, and stability analyses can be compared as different mathematical projections of a82

shared energetic constraint: compatibility between external energy capture, internal redistribu-83

tion, dissipative loss, and finite admissible throughput. The paper does not claim a universal84

theorem reducing all ecological models to a single scalar law. Instead, it develops a common en-85

ergetic language, identifies an exact aggregate balance identity for flux-based formulations, and86

makes finite admissible supply and throughput the central structural condition for persistence.87
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Reduced-form scaling closures are then introduced only as transparent special cases that sum-88

marize how energetic burden may rise with biomass or complexity over a specified range. This89

perspective also connects naturally to several longstanding ecological patterns. It offers a struc-90

tural interpretation of diversity–productivity relationships (Loreau et al., 2001, Tilman, 1985),91

provides a mechanism linking enrichment to abrupt ecosystem collapse (Carpenter et al., 2011,92

Rosenzweig, 1971, Scheffer et al., 2001), gives a physical interpretation of instability (Allesina93

and Tang, 2012, May, 1972), and suggests a structural counterpart to early warning signals94

preceding regime shifts (Dakos et al., 2012, Scheffer et al., 2009, Yang et al., 2025). In particu-95

lar, the framework makes explicit that increasing external energy capture does not necessarily96

relax ecological constraints: by increasing standing biomass and activating stronger or more97

numerous interaction pathways, enrichment can also intensify internal throughput and push98

systems closer to structural energetic limits.99

The remainder of the paper develops this argument in three steps. First, I formalize ecological100

communities as open dissipative networks governed by external energy capture, internal redistri-101

bution through species interactions, and metabolic dissipation. Second, I show that persistence102

requires not only energetic balance but also compatibility with finite admissible supply and103

throughput capacities, because ecological flows are constrained by biological and physical limits104

at the level of interaction channels. Third, I show that several major ecological frameworks105

can be interpreted as different mathematical perspectives on this same energetic constraint.106

Consumer–resource models describe mechanisms of energy capture, interaction models encode107

redistribution among species, coexistence theory characterizes invasion conditions within the108

feasible energetic domain, and stability analyses describe how systems behave as energetic lim-109

its are approached. A reduced-form scaling closure is then introduced as one convenient special110

case that yields especially transparent scalar expressions for biomass bounds and overload un-111

der enrichment. In this view, diversity–productivity relationships, enrichment-driven instability,112

structural feasibility limits, trophic cascades, and early warning signals can be interpreted as113

different manifestations of the same underlying condition of energetic compatibility. The con-114

tribution of this paper is therefore not a universal reduction theorem, but a common energetic115

language that makes explicit the assumptions often left implicit across otherwise distinct theo-116

retical frameworks.117
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Energy balance: a common ecological identity118

Any ecological community can be viewed as a system that captures energy from its environment,119

redistributes that energy among constituent species through ecological interactions, and dissi-120

pates energy irreversibly through metabolism (Brown et al., 2004, DeAngelis, 1980, Lindeman,121

1942, Odum, 1969, Ulanowicz, 1986). Figure 1 provides a schematic summary of this argument.122

To keep the notation dimensionally consistent, all variables entering the aggregate energetic123

balance are understood after conversion to a common energetic currency. Let x denote the full124

state of the chosen focal aggregate system. Write B for the summed stock over the variables125

included in that aggregate balance. When only living nodes are aggregated, B coincides with126

total community biomass; when explicit resources or substrates are included, B should be read127

as the corresponding aggregate energetic stock. The mapping below is therefore exact only128

relative to the chosen aggregate boundary.129

I distinguish five objects. First, Q(x) denotes energetic input across the boundary of the focal130

aggregate state. Second, D(x) denotes dissipative loss associated with metabolism, mainte-131

nance, and other irreversible processes. Third, Φ(x) denotes gross internal throughput, that132

is, the total rate at which energy is transferred through interaction-mediated channels internal133

to the focal aggregate state. Fourth, L(x) denotes the dissipative energetic cost generated by134

sustaining that throughput. Fifth, C(x,Θ) denotes an effective structural capacity summary135

when such a scalar representation is useful. In general, L(x) need not be determined by Φ(x)136

alone. A notation such as L(Φ) should therefore be understood only as a reduced-form closure137

imposed under additional assumptions; Appendix A gives the exact state-dependent formula-138

tion for flux-based models. With this distinction, the aggregate energetic balance can be written139

as140

Ḃ = Q(x)−D(x)− L(x). (1)

Equation (1) does not introduce a new dynamical model. Rather, it is an aggregate relation141

that can be used to compare ecological models whenever their state variables and flows are142

expressed in a common currency and the aggregate boundary is explicit. For flux-based models,143

Appendix A shows that equation (1) can be obtained exactly by summing node-level balances144

and collecting the non-retained fraction of internal transfers. What differs among model classes145

is how external input, internal throughput, and dissipation are represented or approximated146

(Lotka, 1925, MacArthur, 1970, Tilman, 1982, Ulanowicz, 1986, Volterra, 1926, Yodzis and147

Innes, 1992).148
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The term Q(x) represents the pathways through which energy enters the focal aggregate state149

from the environment or, more generally, across the chosen system boundary. In systems dom-150

inated by primary producers, Q corresponds to primary production, which depends on envi-151

ronmental drivers such as light, nutrients, and temperature (Lindeman, 1942, Odum, 1969). In152

microbial communities it may correspond to the inflow of metabolic substrates (Monod, 1949).153

In detrital systems it may include external organic inputs, while in subsidized food webs it154

can incorporate cross-ecosystem transfers of energy or materials (Pace et al., 1999, Ulanowicz,155

1986). Dissipative losses D(x) aggregate the energetic costs required to maintain living biomass156

and, when nonliving pools are included in the focal aggregate state, may also include abiotic157

turnover losses. Gross internal throughput Φ(x) captures the total rate of interaction-mediated158

transfer through trophic interactions, resource uptake, and other ecological processes that move159

energy among species or between species and explicit resource pools within the chosen boundary160

(Holling, 1959, MacArthur, 1970, Tilman, 1982, Yodzis and Innes, 1992). The corresponding161

function L(x) captures the dissipative burden associated with sustaining that redistribution.162

Its form depends on transfer efficiencies, handling costs, transport losses, and the structure of163

the underlying functional responses.164

At ecological equilibrium, the total aggregate stock is constant and the system must satisfy165

Q(x∗) = D(x∗) + L(x∗). (2)

This condition expresses a fundamental requirement of energetic compatibility: the energy166

captured across the system boundary must support both the dissipative maintenance of biomass167

and the energetic losses generated by internal redistribution (DeAngelis, 1980, Lindeman, 1942,168

Odum, 1969, Ulanowicz, 1986). In explicit flux-based settings, however, balance alone is not169

sufficient: the realized internal transfers must also remain inside the set of admissible flows170

determined by finite supply and channel capacities, as formalized below. Classical analyses of171

coexistence, feasibility, stability, and ecological tipping implicitly assume that such compatibility172

can be achieved (Barabás et al., 2018, Chesson, 2000, May, 1972, Rohr et al., 2014, Saavedra173

et al., 2017, Scheffer et al., 2001). By writing the balance explicitly, we can instead ask under174

what conditions a compatible configuration exists and how those conditions depend on network175

structure, functional responses, environmental supply, and admissible throughput (Song et al.,176

2018, Tilman, 1982, Yodzis and Innes, 1992).177
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A reduced-form scaling closure for dissipation and internal through-178

put179

The core energetic framework does not require a specific scaling law for persistence to be con-180

strained: finite admissible supply and throughput capacities already define a boundary of en-181

ergetic compatibility. Nevertheless, reduced-form scaling closures provide a useful special case182

because they summarize in a compact scalar form how energetic burden may rise with commu-183

nity size over a specified regime. This interpretation is most natural when the focal aggregate184

stock B tracks living biomass or another stock tightly coupled to it over the regime of interest.185

Dissipation represents the metabolic and maintenance costs required to sustain living biomass186

and is commonly approximated as proportional to total biomass:187

D(x) ≈ c1B, (3)

where B is the aggregate biomass or stock of interest and c1 is an average per-biomass mainte-188

nance coefficient. This approximation is supported by metabolic theory, which documents reg-189

ular scaling relationships between metabolic rate, body mass, and temperature (Brown et al.,190

2004, West et al., 1997), and underlies classical ecosystem energy-budget approaches (Lindeman,191

1942, Odum, 1969). At the community level, maintenance costs therefore tend to accumulate192

approximately linearly with total biomass (Brown et al., 2004).193

Gross internal throughput, by contrast, arises from ecological interactions that redistribute194

energy among species and between species and their resources. Because these processes depend195

on encounter rates and trophic transfers, aggregate throughput can increase more rapidly than196

biomass over relevant ranges of state space (May, 1972, 1973, Yodzis and Innes, 1992). Under197

mass-action encounters, pairwise transfer rates scale with the product of species densities, Fij ∝198

NiNj . Summing across interaction channels therefore generates terms that scale quadratically199

with biomass under homogeneous conditions and, more generally, motivates a reduced-form200

exponent γ > 1 when interactions compound across complex networks:201

Φ(x) ≈ cΦB
γ , γ > 1, (4)

where cΦ is an effective coefficient summarizing the average intensity of interaction-mediated202

throughput across the network. The effective exponent γ depends on network connectivity,203

species-level scaling, functional responses, and spatial structure (Allesina and Tang, 2012,204
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Holling, 1959, Levin, 1992, May, 1972, 1973, Yodzis and Innes, 1992). Even when individ-205

ual functional responses saturate, the number of active interaction channels can still increase206

with community richness, which may produce aggregate superlinear scaling in total throughput.207

Equation (4) is a reduced-form hypothesis, not a universal consequence of ecological interac-208

tions. The effective exponent may depend on state, topology, and functional response, and the209

regime of interest here is the one in which an effective superlinear scaling provides a reasonable210

approximation over the range considered. If the dissipative cost of processing is approximately211

proportional to throughput over the relevant range,212

L(x) ≈ ℓΦ(x), (5)

with ℓ > 0 an effective dissipation-per-throughput coefficient, then substituting these approxi-213

mations into the steady-state energetic balance (2) yields214

Q(x∗) ≈ c1B + (ℓcΦ)B
γ . (6)

Absorbing the product ℓcΦ into a single coefficient c2 gives the common reduced form215

Q(x∗) ≈ c1B + c2B
γ . (7)

Equation (7) should therefore be read as a reduced form applying under explicit assumptions on216

scaling and over a specified range, rather than as a universal ecological law or as the foundation217

of the framework itself. Appendix A states a general sufficient condition for a finite biomass218

or aggregate-stock bound under a coercive energetic burden; the superlinear reduced form in219

equation (7) is one transparent special case. In particular, that argument also requires a uniform220

upper bound on external capture, Q(x, θ) ≤ Q̄(θ).221

Equation (7) nevertheless reveals a useful structural tension. For small B, the linear dissipation222

term dominates and energetic balance is readily satisfied. As biomass increases, however, the223

superlinear contribution generated by internal throughput grows increasingly important. Unless224

external energy capture Q, or the associated structural capacity discussed below, scales com-225

parably with Bγ , equation (7) admits only finite solutions for B. In other words, superlinear226

throughput provides one sufficient route to limits on the total biomass that a community can227

sustain and, under additional assumptions on biomass allocation or minimum viable biomass,228

on the richness and complexity of ecological networks.229
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This reduced-form scaling closure provides a structural interpretation of several well-known eco-230

logical patterns. Diversity–productivity relationships that saturate at high productivity (Loreau231

et al., 2001, Tilman, 1985) may arise because increasing productivity elevates biomass and the232

number of interaction pathways, steepening internal throughput until capacity constraints limit233

further diversity gains. More generally, enrichment does not simply relax energetic limitation.234

By increasing standing biomass and activating more or stronger interaction pathways, higher ex-235

ternal supply can also increase internal throughput and the associated dissipative burden. When236

this induced increase in Φ(x) outpaces the available structural capacity, additional energy input237

can push the system closer to loss of energetic compatibility rather than farther from it. In this238

sense, the paradox of enrichment can be interpreted as a demand–capacity imbalance generated239

by excessive external supply (Carpenter et al., 2011, Rosenzweig, 1971, Scheffer et al., 2001).240

More generally, what matters is how demanded throughput responds to biomass, enrichment,241

and network structure relative to the admissible capacity of the system; reduced-form scaling is242

one convenient way to summarize that response. As illustrated schematically in Figure 1A,B,243

this closure naturally produces a common scaled energetic form and shows how enrichment can244

push systems toward the admissible throughput boundary once structural capacity is imposed.245

Structural capacity: throughput constraints and admissible flows246

Whether or not one adopts a reduced-form scaling closure, ecological flows are constrained by247

biological and physical mechanisms that cap the rates of interaction channels. Handling times248

limit per-capita ingestion (Holling, 1959, Yodzis and Innes, 1992), enzyme kinetics limit micro-249

bial uptake (Monod, 1949), resource renewal limits extraction rates (MacArthur, 1970, Tilman,250

1982), and spatial structure constrains encounter frequencies (Levin, 1992). Network topology251

and the presence of recycling pathways further influence how energy can be routed through252

ecological systems (Ulanowicz, 1986). Together, these constraints impose finite throughput ca-253

pacities on ecological networks (DeAngelis, 1980, Ulanowicz, 1986). These capacities, rather254

than any particular scaling ansatz, provide the general structural engine of the framework.255

To formalize these limits, consider the gross transfer of energy from node i to node j, denoted256

Fij . At the node level, the dynamic relation can be written as257

Ṅi = Qi +
∑
j

εjiFji −Di −
∑
k

Fik, (8)

where Qi denotes external capture by node i, Di denotes dissipative loss, Fij denotes gross258
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outgoing transfer, and 0 < εji ≤ 1 is the transfer efficiency from node j to node i. At equilibrium259

this reduces to the steady-state balance260

Qi +
∑
j

εjiFji = Di +
∑
k

Fik. (9)

Structural constraints impose upper bounds on each interaction channel,261

0 ≤ Fij ≤ Fmax
ij (x,Θ), (10)

where Θ denotes the collection of biological and environmental parameters governing channel ca-262

pacities, such as handling times, attack rates, resource renewal rates, and spatial overlap among263

species (Holling, 1959, Levin, 1992, Tilman, 1982, Yodzis and Innes, 1992). These constraints264

reflect the finite rates at which energy can be processed along each ecological pathway.265

The total gross internal throughput is therefore266

Φ(x) =
∑
i,j

Fij(x). (11)

An effective structural capacity summary can then be defined as the maximum aggregate267

throughput compatible with both steady-state balance and channel constraints:268

C(x,Θ) = sup
∑
i,j

Fij subject to (9) and 0 ≤ Fij ≤ Fmax
ij (x,Θ). (12)

For notational simplicity, the main text sometimes suppresses part of the state dependence and269

writes an effective scalar summary such as Ceff , but the exact object is the state-dependent270

quantity in equation (12). Appendix A gives the more general formulation in terms of an271

admissible flow set and a state-dependent scalar summary C(x, θ).272

Energetic feasibility therefore requires that equilibrium throughput satisfy273

Φ(x∗) ≤ C(x∗,Θ). (13)

Unlike the reduced-form scaling closure above, equation (13) does not require any specific expo-274

nent or aggregate law. It states directly that persistence requires the realized energetic transfers275

implied by the equilibrium to lie inside the admissible set of flows.276
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Thus, increasing Q is not unconditionally stabilizing (Rosenzweig, 1971): if the associated277

rise in throughput exceeds the rise in admissible capacity, enrichment can reduce persistence278

by driving the system toward Φ(x∗) ≈ C(x∗,Θ). When the throughput implied by species279

abundances approaches this structural boundary, the space of admissible flow configurations280

becomes increasingly restricted (Saavedra, 2024, Saavedra et al., 2017). If demanded throughput281

exceeds the network’s effective capacity, no energetically compatible equilibrium of the focal282

formulation exists, and the system may reorganize through species loss, reduced biomass, or283

qualitative dynamical change (Holling, 1973, Rohr et al., 2014, Saavedra et al., 2017, Scheffer284

et al., 2001).285

These constraints appear explicitly in many ecological models. In consumer–resource frame-286

works, resource inflow Iα bounds total uptake while handling times cap per-capita ingestion,287

generating explicit limits on interaction channels (Holling, 1959, MacArthur, 1970, Tilman,288

1982). In bioenergetic food-web models, Holling-type functional responses impose per-link289

throughput limits (Yodzis and Innes, 1992). In chemostat systems, substrate inflow and di-290

lution rates constrain processing capacity (Monod, 1949). Stoichiometric frameworks show291

that elemental constraints, for example phosphorus limitation, can become binding even when292

energetic supply is high (Sterner and Elser, 2002). Spatially structured systems impose ad-293

ditional local throughput limits within habitat patches, so that regional persistence requires294

compatibility among patch-level capacities (Levin, 1992). Structural capacity therefore pro-295

vides a mechanistic explanation for intrinsic limits on ecological complexity. Interactions that296

increase throughput demand—such as increased connectance, stronger trophic fluxes, or higher297

biomass—can drive systems toward their throughput limits. When these limits are approached,298

the system can become increasingly sensitive to perturbations and may ultimately lose energetic299

compatibility if required throughput exceeds effective structural capacity.300

Explicit mapping to classical model classes301

This unifying framework should show not only that classical ecological models are compatible302

with energetic reasoning, but also exactly how their variables and constraints map onto the core303

quantities of the theory: external capture Q, dissipative loss D, gross internal throughput Φ,304

processing loss L, and structural capacity C. Because these mappings depend on the aggregate305

system boundary, it is useful to distinguish two cases. When explicit resource or substrate306

pools are included in the focal aggregate state, raw environmental inflows into those pools307

contribute directly to Q, and abiotic turnover contributes to D. When the focal aggregate state308
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contains only consumer or living biomass, the direct input into that focal state is the boundary-309

crossing retained or assimilated flux into biomass, not necessarily the raw environmental inflow.310

The mappings below are structural correspondences in a shared energetic language rather than311

exact dynamical isomorphisms for every model class. Table 1 summarizes this correspondence312

for the principal dynamical model classes discussed below, while Table 2 summarizes how the313

major analytical traditions in ecology correspond to different mathematical operations on the314

same energetic structure. A concrete illustration of how the framework maps onto a standard315

ecological model is provided in the worked example below for a one-resource, two-consumers316

system.317

Generalized Lotka–Volterra (GLV)318

The generalized Lotka–Volterra model is commonly written319

Ṅi = riNi +
∑
j

aijNiNj ,

where ri is the intrinsic per-capita growth rate of species i and aij is the interaction coefficient320

describing the effect of species j on species i. Writing ri = qi −mi, where qi is the per-capita321

gain associated with external input and mi is the per-capita maintenance or mortality term,322

gives323

Ṅi = qiNi −miNi +
∑
j

aijNiNj .

Summing over species yields324

∑
i

Ṅi =
∑
i

qiNi︸ ︷︷ ︸
Q

−
∑
i

miNi︸ ︷︷ ︸
D

+
∑
i,j

aijNiNj︸ ︷︷ ︸
net interaction contribution

.

Thus GLV admits only a partial energetic mapping. External gain and maintenance dissipation325

are represented explicitly by326

Q =
∑
i

qiNi, D =
∑
i

miNi.

By contrast, the signed interaction sum is a reduced-form net interaction contribution rather327

than an explicitly nonnegative throughput variable. Bare GLV therefore does not by itself328

define a positive gross-throughput quantity Φ or a structural capacity. Those arise only after329

augmenting the model with explicit resources, saturating uptake, or bounded directional fluxes330
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(Lotka, 1925, May, 1973, Volterra, 1926). In this sense GLV captures supply and dissipation331

directly, while treating redistribution in reduced form.332

MacArthur consumer–resource and Tilman competition333

Consumer–resource models make the energetic decomposition particularly transparent because334

environmental capture and internal transfers are represented explicitly. In MacArthur’s formu-335

lation (MacArthur, 1970),336

Ṙα = Iα − wαRα −
∑
i

ciαNiRα, Ṅi = Ni

(∑
α

eiαciαRα −mi

)
,

where Rα is the abundance of resource α, Iα is its external inflow or renewal rate, wα is its337

turnover or loss rate, ciα is the uptake coefficient of species i on resource α, eiα is conversion338

efficiency, and mi is maintenance or mortality. Defining the uptake flow339

Fiα = ciαNiRα,

the natural energetic quantities depend on the aggregate boundary. If resources are included in340

the aggregate state, then341

Q =
∑
α

Iα, Φ =
∑
i,α

Fiα, D =
∑
i

miNi +
∑
α

wαRα,

and conversion inefficiencies contribute to L. If instead the aggregate state contains consumers342

only, then the direct input into consumer biomass is the assimilated boundary-crossing flux343

Q =
∑
i,α

eiαFiα,

while resource turnover is external toD for that focal aggregate state. In either representation, Φ344

is the total internal throughput associated with resource extraction and transfer. At equilibrium,345

the resource equation implies the exact identity346

∑
i

F ∗
iα = Iα − wαR

∗
α ≤ Iα,

so resource renewal imposes a supply bound, while handling times or uptake ceilings generate347

throughput bounds summarized by an effective capacity term.348
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Bioenergetic trophic models349

Bioenergetic food-web models make both Φ and structural limits especially explicit. Writing350

biomass as Ni for consistency with the notation of this paper, a Yodzis–Innes type formulation351

(Yodzis and Innes, 1992) uses ingestion352

gij(N) =
aijNiNj

1 +
∑

ℓ hiℓaiℓNℓ
,

where Ni is the biomass of species i, aij is the attack rate of consumer i on prey j, and hiℓ is the353

handling-time parameter associated with consumer i and resource ℓ. Gross internal throughput354

is then naturally355

Φ(N) =
∑
i,j

gij(N),

while external capture is determined by basal production or external subsidy,356

Q =
∑
i∈B

qiNi,

and dissipation is given by metabolic expenditure,357

D =
∑
i

xiNi.

Here B denotes the set of basal species, qi their per-unit-biomass external capture rate, and xi358

the metabolic dissipation coefficient of species i. Because ingestion saturates, handling times359

impose explicit throughput bounds on each consumer and link, so these models include a nat-360

ural structural capacity summary (Holling, 1959, Yodzis and Innes, 1992). The corresponding361

processing loss L reflects the fraction of throughput not converted into retained biomass.362

Chemostats and microbial kinetics363

Chemostat models also admit a direct energetic interpretation. A standard formulation is364

Ṡ = Ddil(Sin − S)−
∑
i

1

Yi
µi(S)Ni, Ṅi = µi(S)Ni −DdilNi,

where S is substrate concentration, Sin is inflow substrate concentration, Ddil is the dilution365

rate, Yi is the yield coefficient of species i, and µi(S) is the substrate-dependent growth function,366
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typically bounded above by µmax
i . Define367

Fi =
1

Yi
µi(S)Ni.

Then Fi is substrate-processing throughput, while retained biomass production is368

YiFi = µi(S)Ni.

If substrate is included in the focal aggregate state, then369

Q = DdilSin, D = DdilS +Ddil

∑
i

Ni

(after conversion to a common energetic currency, with maintenance added where appropriate),370

and371

Φ =
∑
i

Fi.

If the aggregate state contains microbial biomass only, then the direct boundary-crossing input372

into that focal state is retained biomass production,373

Q =
∑
i

µi(S)Ni =
∑
i

YiFi,

whereas raw substrate inflow DdilSin enters through the environmental compartment. In both374

cases, capacity arises from supply,375 ∑
i

Fi ≤ DdilSin,

and from kinetic throughput limits via µmax
i (Monod, 1949). Chemostats therefore provide one376

of the clearest empirical settings in which Q, D, Φ, and active limits on structural capacity can377

all be measured directly once the aggregate boundary is specified.378

Stoichiometric and multi-element constraints379

Stoichiometric models generalize the energetic framework by tracking several conserved curren-380

cies simultaneously. If F
(E)
ij denotes the transfer of element E, then each element has its own381

capture, dissipation, and throughput terms,382

Q(E), D(E)(x), Φ(E)(x) =
∑
i,j

F
(E)
ij .
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In this setting, the relevant structural condition is not a literal minimum across unnormal-383

ized element-specific capacities, because different currencies generally carry different units and384

biological meanings. Instead, feasibility is determined by the joint satisfaction of the element-385

specific admissible constraints. Equivalently, if one introduces normalized dimensionless capac-386

ities C̃E(Θ) relative to a common limiting scale, then an effective scalar summary may be taken387

from the most restrictive normalized constraint,388

C̃eff(Θ) = min
E

C̃E(Θ).

Thus the same logic still applies, but Q, D, Φ, and capacity must be understood as element-389

specific quantities coupled through stoichiometric balance and, when aggregated further, through390

an explicitly normalized summary (Sterner and Elser, 2002).391

Spatial and metacommunity systems392

In spatially structured systems, capture, dissipation, and throughput occur locally, while dis-393

persal redistributes biomass and energetic demand among patches. A generic form is394

Ṅi,x = Gi,x(N·,x) +
∑
y

mxy(Ni,y −Ni,x),

where x indexes location, Gi,x(N·,x) denotes the local demographic contribution to species i in395

patch x, mxy is the dispersal rate from patch y to patch x, and N·,x denotes the vector of species396

abundances in patch x. Each patch has its own local energetic quantities,397

Qx, Dx(N·,x), Φx(N·,x),

and its own local structural capacity Cx(Θx). Regional persistence therefore requires that398

Φx(N·,x) ≤ Cx(Θx) for all x,

while dispersal determines how energetic pressure is redistributed across patches. In this sense,399

spatial structure does not remove the Q–D–Φ–C logic; it replicates it locally and couples it400

across space (Levin, 1992, 1998).401
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Coexistence interpreted through energetic marginal effects402

To express coexistence explicitly within the energetic framework, let N denote the species-403

biomass vector and x the full state. Write the species-level dynamics as404

Ṅi = Gi(x)−Di(x)− Li(x), i = 1, . . . , S, (14)

where Gi(x) denotes the total energetic gain term for species i. Unlike the community-level405

quantity Q, the term Gi(x) may include assimilated internal transfers in addition to externally406

captured input. With aggregate quantities407

G(x) =
∑
i

Gi(x), D(x) =
∑
i

Di(x), L(x) =
∑
i

Li(x),

and structural compatibility condition given by equation (13), coexistence theory corresponds408

to the marginal energetic performance of a species when rare. Define the per-capita net growth409

of species i as410

gi(x) =
Gi(x)−Di(x)− Li(x)

Ni
,

whenever this quantity, or its limit, is well defined near Ni = 0. If x−i,∗ denotes the resident411

equilibrium of the full state with species i absent, the invasion growth rate of species i is412

rinvi = lim
Ni→0+

gi(x)

∣∣∣∣
x−i=x−i,∗

−i

. (15)

When the numerator vanishes linearly in Ni near rarity, this expression reduces to the derivative413

form used in standard linearizations.414

This decomposition makes explicit how classical coexistence mechanisms arise from the ener-415

getic components (Barabás et al., 2018, Chesson, 2000). Equalizing mechanisms act primarily416

through reducing differences in the marginal net energetic advantage of species when rare. Sta-417

bilizing mechanisms, by contrast, arise from the way species modify the marginal energetic418

burden created by redistribution. They are therefore encoded not in the scalar value of aggre-419

gate throughput alone, but in the derivative structure of the species-level net-growth terms,420

particularly in their self- and cross-effects. In model classes where self- and cross-effects can be421

compared directly, negative frequency dependence emerges when an increase in a species’ own422

abundance raises its own marginal energetic burden more strongly than it raises that of com-423

petitors (Barabás et al., 2018, Chesson, 2000). This is an energetic interpretation of coexistence424
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mechanisms, not a replacement for the full generality of Chesson’s partition.425

Crucially, these conditions are local. They describe whether a rare species has positive marginal426

growth in the resident energetic environment, but they do not by themselves guarantee that427

the full assemblage can be sustained globally (Saavedra et al., 2017). Even if all species satisfy428

positive invasion conditions, coexistence may still fail if the corresponding full equilibrium state429

x∗ violates the energetic compatibility condition430

Φ(x∗) ≤ C(x∗,Θ).

Mutual invasibility is therefore a necessary but not sufficient condition for persistence when431

ecological systems operate under finite supply and throughput limits (Chesson, 2000, Godoy432

et al., 2018, Saavedra et al., 2017).433

Feasibility domains as regions of energetic compatibility434

Within the energetic framework, feasibility is the existence problem for ecological energetics. A435

community is feasible only if there exists a positive equilibrium N∗ > 0 and a compatible full436

state x∗ such that, for every species,437

Gi(x
∗)−Di(x

∗)− Li(x
∗) = 0,

while simultaneously satisfying the system-level compatibility condition in equation (13). Feasi-438

bility is therefore a global property of the energetic components: gain must match the combined439

demands of dissipation and processing loss, and the implied throughput must remain inside the440

admissible capacity of the system (Rohr et al., 2014, Saavedra et al., 2017, Song et al., 2018).441

This formulation clarifies the energetic meaning of feasibility domains (Rohr et al., 2014, Saave-442

dra et al., 2017, Song et al., 2018). They are regions of parameter space in which the system443

admits positive abundance vectors that satisfy both energetic balance and structural bounds.444

Parameters that increase capture enlarge this domain, whereas parameters that increase dissi-445

pation, raise demanded throughput, or reduce structural capacity shrink it. In settings where446

a reduced-form scaling closure is appropriate, a steeper throughput exponent provides one con-447

venient way of representing this contraction. Structural stability may then be understood as448

the persistence of these energetically compatible states under perturbation (Rohr et al., 2014,449

Saavedra et al., 2017). Recent efforts to integrate niche and network perspectives reinforce450
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this interpretation by showing that coexistence, interaction structure, and feasibility are best451

understood as coupled aspects of the same ecological organization (Deng et al., 2024, Godoy452

et al., 2018).453

When feasibility is analyzed in the reduced species system, the relevant derivative object is454

Jij(x) =
∂

∂Nj

(
Gi(x)−Di(x)− Li(x)

)
. (16)

In models with additional state variables, this matrix forms part of the full regularity matrix of455

the coupled equilibrium conditions. At regular feasible equilibria the relevant regularity matrix456

is nonsingular. At fold-type or other regularity-breaking feasibility boundaries its determinant457

may vanish, indicating that the system is losing the ability to sustain a positive compatible458

state (Medeiros et al., 2021). This condition should be understood as a local diagnostic of459

regular interior boundaries, not as an exhaustive characterization of every way feasibility may460

fail; feasibility can also be lost at positivity boundaries or when inequality constraints bind.461

Feasibility domains can thus be interpreted geometrically as the set of parameter combinations462

for which the coupled G–D–L–C conditions admit a positive solution.463

Stability and complexity464

If feasibility concerns the existence of an energetically compatible equilibrium, stability con-465

cerns the response of that equilibrium to perturbation (Medeiros et al., 2021). Local stability466

is governed by the full Jacobian J (x∗) of the coupled dynamical system evaluated at equilib-467

rium. The species-level block contains derivatives of the energetic components in equation (14),468

including the matrix in equation (16) (Song and Saavedra., 2021). This makes explicit how sta-469

bility emerges from the same energetic ingredients. The derivatives of Di typically contribute470

local damping, since dissipative losses increase with abundance and oppose perturbations. The471

derivatives of Gi describe how gain changes with species abundances, while the derivatives472

of Li describe how perturbations propagate through redistribution-associated energetic bur-473

den. Stability is therefore determined by the local balance between dissipative damping and474

interaction-driven amplification (Allesina and Tang, 2012, May, 1972, 1973).475

This recovers the main intuition of classical stability theory in energetic form. Increasing in-476

teraction strength, connectance, or heterogeneity increases the magnitude and complexity of477

the redistribution-mediated derivative terms, thereby shrinking the margin by which damping478

dominates amplification. Complexity therefore destabilizes communities not because interaction479
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matrices are intrinsically abstract, but because richer and stronger interaction structure ampli-480

fies the local energetic consequences of redistribution relative to dissipation. Stability analysis481

is thus a second-order perspective on the same energetic architecture that underlies coexistence482

and feasibility.483

Stochastic dynamics and early warning signals484

Early warning signals arise when stochastic perturbations act on systems that are approaching485

the boundary of energetic compatibility. Linearizing the full dynamics near a feasible equilib-486

rium x∗ gives487

ż = J (x∗)z + η(t),

where z denotes the vector of deviations from equilibrium, J (x∗) is the full Jacobian evaluated488

at equilibrium, and η(t) represents stochastic forcing. Classical critical slowing down occurs489

when the dominant eigenvalue of J (x∗) approaches zero from below, so that perturbations490

decay more slowly and variance and autocorrelation increase (Carpenter et al., 2011, Dakos491

et al., 2012, Scheffer et al., 2009, Yang et al., 2025).492

Within the energetic framework, these statistical signatures reflect the fact that perturbations493

increasingly alter redistribution-associated energetic burdens relative to the gain and dissipative494

mechanisms that restore equilibrium. In this sense, conventional early warning indicators diag-495

nose the local dynamical consequences of a weakening restoring structure near the compatibility496

boundary (Dakos et al., 2012, Scheffer et al., 2009). For the stationary covariance matrix V of497

fluctuations under noise covariance Σ, the linearized dynamics satisfy the continuous Lyapunov498

equation499

J (x∗)V + V J (x∗)⊤ +Σ = 0.

The energetic framework also suggests a complementary structural precursor. If external input500

is used as a control parameter and the equilibria form a differentiable branch x∗(Q), then501

dΦ∗

dQ

measures the marginal throughput response to added supply, while502

d

dQ

(
Φ∗(Q)

Ceff(Q)

)
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measures the rate at which the system approaches an effective structural boundary. As these503

quantities increase, additional external input is converted increasingly into internal throughput504

rather than energetic slack.505

If this structural approach to the boundary coincides with a local stability boundary or bifurca-506

tion, then the dominant eigenvalue of J (x∗) approaches zero and classical critical slowing down507

occurs. Structural saturation does not by itself guarantee critical slowing down in every model.508

The ratio Φ∗(Q)/Ceff(Q) should therefore be interpreted as a structural indicator of boundary509

approach, not as a universal distance-to-collapse metric and not as equivalent to conventional510

dynamical early warning statistics. Thus classical early warning signals and energetic precursor511

indicators describe two related aspects of the same phenomenon: the former capture the local512

dynamical consequences of weakened stability, whereas the latter quantify structural approach513

to the supply or throughput limits that bound ecological persistence. The boxed worked exam-514

ple below illustrates this connection explicitly for a simple consumer–resource system, showing515

how feasibility, invasion, local stability, and energetic boundary approach can all be written in516

the same formal language.517

Discussion518

The central synthesis is straightforward. Interaction models, consumer–resource theory, coex-519

istence theory, feasibility-domain analysis, and stability theory can be read as different math-520

ematical perspectives on a shared energetic constraint. Ecological communities must balance521

external energy capture, dissipative loss, and redistribution while remaining within finite supply522

and throughput limits. What differs across frameworks is not the underlying physical structure,523

but the property emphasized: existence of compatible equilibria, marginal responses to pertur-524

bations, or local dynamical behavior near equilibrium (Chesson, 2000, Godoy et al., 2018, May,525

1972, Rohr et al., 2014, Saavedra et al., 2017). The contribution of this paper is therefore not a526

universal reduction theorem, but an exact balance identity for flux-based models together with527

a general admissible-flow condition for persistence and a set of reduced-form closures useful528

when scalar summaries are informative.529

This perspective also sharpens the interpretation of classical results. May’s complexity–stability530

threshold reflects increasing marginal amplification associated with redistribution as interaction531

richness and variance grow (Allesina and Tang, 2012, May, 1972). Coexistence mechanisms532

correspond to local derivative properties of net energetic balance that generate stabilizing or533

equalizing effects (Barabás et al., 2018, Chesson, 2000). Feasibility domains describe the regions534

22



of parameter space where energetic balance can be satisfied globally and where the implied535

throughput remains admissible (Rohr et al., 2014, Saavedra et al., 2017, Song et al., 2018).536

Early warning signals arise when dynamical responses slow as systems approach local stability537

boundaries, while ratios such as Φ/C can track structural saturation of admissible flow when538

an appropriate effective capacity summary is available. From this perspective, empirical pat-539

terns such as diversity saturating with productivity, enrichment-driven ecosystem collapse, and540

trophic cascades can be interpreted through the way redistribution demand and admissible ca-541

pacity respond to environmental supply. Reduced-form scaling laws such as equation (7) provide542

one especially transparent summary when empirically justified (Loreau et al., 2001, Pace et al.,543

1999, Scheffer et al., 2001, Tilman, 1985). The main change is therefore not to the validity of544

classical theories, but to the lens through which they are connected.545

This energetic unification also suggests concrete empirical directions. Quantifying aggregate546

internal throughput alongside environmental inputs and per-link throughput limits would allow547

direct estimation of Φ(x) and effective structural capacity summaries. Advances in ecologi-548

cal network reconstruction, metabolic flux measurements, and ecosystem metabolism provide549

increasingly feasible ways to estimate these quantities in natural systems (DeAngelis, 1980,550

Odum, 1969, Ulanowicz, 1986). Monitoring the ratio Φ(x)/Ceff(x,Θ) through time could pro-551

vide a mechanistic indicator of fragility: as the ratio approaches unity, the system approaches552

the boundary of energetic compatibility. This structural signal could complement statistical in-553

dicators such as variance or autocorrelation (Carpenter et al., 2011, Dakos et al., 2012, Scheffer554

et al., 2009). Manipulative experiments that increase connectance or interaction strength—555

through species additions, nutrient enrichment, or altered trophic structure—should therefore556

test whether throughput demand rises faster than capacity. Under the energetic framework,557

such manipulations are predicted to push systems toward structural limits even when classical558

coexistence conditions remain locally satisfied. Comparative analyses across ecosystems may559

also reveal systematic variation in the effective scaling exponent γ where a reduced-form closure560

is appropriate. Systems with strong functional-response saturation, modular interaction net-561

works, or spatial compartmentalization should exhibit weaker superlinear scaling of throughput562

and therefore sustain greater richness for a given level of productivity. By contrast, highly563

connected or strongly interacting systems should approach throughput limits more rapidly.564

The framework also has clear limitations. It assumes that aggregate dissipation and throughput565

can be represented by functions D(x) and Φ(x), that the dissipative burden of processing can566

be summarized by L(x) (or approximated in reduced form through a throughput-dependent567
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closure), and that a structural capacity summary can be defined and estimated. In practice,568

these quantities may vary across environmental conditions and timescales (Brown et al., 2004,569

Levin, 1992). Adaptive and evolutionary processes can modify throughput limits by altering570

traits such as attack rates, metabolic efficiencies, or resource acquisition strategies. Spatial het-571

erogeneity and metacommunity dynamics can redistribute energetic demand across landscapes,572

effectively relaxing local capacity constraints (Levin, 1992, 1998). Multiple energetically feasible573

equilibria may also exist within the compatibility domain; the energetic framework identifies574

necessary conditions for persistence but does not determine which feasible state will be real-575

ized (Holling, 1973, Saavedra et al., 2017). Likewise, when a reduced-form closure is used,576

the effective scaling exponent γ depends on network topology, functional responses, and spa-577

tial structure. Precise predictions therefore remain system-specific. The energetic perspective578

should thus be viewed as complementary to, rather than a replacement for, detailed analyses of579

species traits, evolutionary feedbacks, and historical contingency.580

Ecological communities exist within fundamental physical constraints. Energy enters ecosys-581

tems from the environment, is redistributed through networks of interacting organisms, and is582

ultimately dissipated through metabolic processes (Brown et al., 2004, Lindeman, 1942, Odum,583

1969). The balance between external supply, internal redistribution, and dissipative loss places584

structural limits on the biomass, complexity, and diversity that ecological systems can sustain.585

By making this energetic architecture explicit, I have argued that several central branches of586

ecological theory can be compared within a common framework. Coexistence theory describes587

the local marginal effects of species on energetic balance (Barabás et al., 2018, Chesson, 2000).588

Feasibility analysis identifies the parameter regions where compatible equilibria exist (Rohr589

et al., 2014, Saavedra et al., 2017, Song et al., 2018). Stability theory evaluates the robustness590

of these equilibria to perturbations (Allesina and Tang, 2012, May, 1972). Complexity results591

and early-warning signals describe how systems behave as energetic compatibility is approached592

or lost (Dakos et al., 2012, Scheffer et al., 2009).593

This perspective does not overturn classical ecological theory; it integrates diverse insights594

within a common structural framework. Recognizing the energetic foundations of ecological595

dynamics highlights the basic tension between the demand imposed by interaction networks596

and the finite capacity through which energy can flow. That demand–capacity relationship597

provides a simple organizing principle linking ecosystem energetics, community dynamics, and598

network structure. Developing a structural ecology grounded in energetic compatibility may599

therefore help bridge historically separate traditions in ecological theory while suggesting new600
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empirical approaches to measuring system fragility. Ultimately, the persistence of ecological601

communities depends on matching environmental energy supply to the energetic architecture602

through which that energy is redistributed. Understanding this architecture remains one of the603

central challenges of ecological theory.604
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Figure 1: Illustrative reduced-form scaling closure and energetic comparison across ecological
models. (A) Illustrative scaling asymmetry between dissipation and redistribution-associated
energetic burden. Dissipative losses scale linearly with biomass, D(b) = b, whereas the
reduced-form processing loss generated by internal throughput increases more rapidly, shown
as Lrf(Φ(b)) ∼ bγ for γ = 1.2, 1.5, and 2.0, with scaled biomass b = B/Bc ∈ [0, 2.2]. This panel
is intended as a reduced-form closure, not as the foundation of the framework. (B) Illustrative
approach to the admissible throughput boundary. The plotted quantity is the scaled equilibrium
throughput relative to an effective structural capacity, Φ∗(Q)/Ceff(Q), as a function of scaled
external input q = Q/Qc ∈ [0, 3]. The dashed horizontal line marks the structural boundary
Φ∗(Q)/Ceff(Q) = 1. The three trajectories illustrate cases in which capacity rises relatively fast,
moderately, or slowly with enrichment; when throughput demand rises faster than admissible
capacity, the system is driven toward overload. (C) After rescaling, representative model classes
align approximately with a common illustrative energetic form, q = b+bγ , showing how distinct
ecological models can be compared within a shared energetic framework when a reduced-form
closure is introduced. This alignment is illustrative rather than an exact universality result.
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Table 1: Energetic mapping of explicit dynamical model classes onto the core components of
the framework: external capture Q, dissipation D, gross internal throughput Φ, processing loss
L, and the dominant class of binding energetic constraint. The entries summarize the natu-
ral interpretation of each model class. Because the mapping depends on the aggregate system
boundary, consumer–resource and chemostat entries distinguish the cases in which explicit re-
sources are included in the aggregated state from those in which only consumer or microbial
biomass is aggregated. Note that in bare generalized Lotka–Volterra models the interaction
term is a signed net effect, not an explicit nonnegative throughput variable, so the mapping is
only partial.

Model class Canonical form Q D Φ L Binding con-
straint

Generalized Lotka–
Volterra (GLV)

Ṅi = riNi +∑
j aijNiNj

∑
i qiNi, with

ri = qi −mi

∑
i miNi not explicit;

signed net in-
teraction term

implicit in re-
duced form

Supply

MacArthur
consumer–resource
/ Tilman competi-
tion

Consumer
growth from
resource uptake

if resources
aggregated:∑

α Iα; if con-
sumers only:∑

i,α eiαFiα

if resources
aggregated:∑

i miNi +∑
α wαRα;

if consumers
only:

∑
i miNi

∑
i,α Fiα,

Fiα = ciαNiRα

conversion and
uptake ineffi-
ciencies

Supply +
throughput

Bioenergetic
trophic models

gij(N) with
Holling-type
saturation

∑
i∈B qiNi

∑
i xiNi

∑
i,j gij(N) unassimilated

and dissipative
fraction of
throughput

Supply +
throughput

Chemostat / mi-
crobial kinetics

Substrate inflow,
Monod uptake,
dilution

if substrate
aggregated:
DdilSin; if
microbes only:∑

i µi(S)Ni =∑
i YiFi

if substrate
aggregated:
DdilS +
Ddil

∑
i Ni

(plus main-
tenance); if
microbes only:
Ddil

∑
i Ni

(plus mainte-
nance)

∑
i Fi, Fi =

1
Yi

µi(S)Ni

yield losses and
maintenance

Supply +
throughput

Stoichiometric
/ multi-element
models

Element-specific
flux balances

Q(E) D(E)(x) Φ(E)(x) =∑
i,j F

(E)
ij

currency-
specific pro-
cessing losses

Joint element-
specific con-
straints or
normalized
effective mini-
mum

Spatial / metacom-
munity systems

Local dynamics
plus dispersal

∑
x Qx

∑
x Dx(N·,x)

∑
x Φx(N·,x)

plus dispersal
transfers

local redistri-
bution losses

Local patch
constraints
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Table 2: Energetic mapping of major analytical frameworks onto the common energetic
structure of the system. Here Gi(x), Di(x), and Li(x) denote species-level gain, dissipa-
tion, and redistribution-associated loss terms, with aggregate compatibility constrained by
Φ(x∗) ≤ C(x∗,Θ) or by a corresponding effective capacity summary.

Framework Primary object Energetic expression Interpretation

Coexistence theory Invasion growth
rate

rinvi = limNi→0+
Gi −Di − Li

Ni

∣∣∣∣
x−i=x

−i,∗
−i

Rare-species
marginal bal-
ance

Feasibility analysis Positive equilibrium Gi(x
∗) − Di(x

∗) − Li(x
∗) = 0 ∀i, Φ(x∗) ≤

C(x∗,Θ)
Existence of a com-
patible state

Local stability analysis Full Jacobian J (x∗), with species block Jij(x
∗) =

∂

∂Nj

(
Gi −Di − Li

)∣∣∣∣
x=x∗

Local damping vs.
amplification

May / random matrix
theory

Spectrum of J ℜ(λk(J )) < 0 ∀k Complexity-
dependent stability
margin

Early warning signals Linear stochastic re-
sponse

ż = J (x∗)z+η(t), J (x∗)V +V J (x∗)⊤+Σ = 0 Slowing recovery
near a local stabil-
ity boundary

Energetic precursor in-
dicator

Marginal boundary
approach

dΦ∗

dQ
,

d

dQ

(
Φ∗

Ceff

)
Structural approach
to the throughput
boundary
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BOX 1: Worked example of two consumers and one resource

Consider two consumers N1, N2 feeding on one resource R: Ṙ = I − wR − F1(R,N1) − F2(R,N2) and

Ṅi = eiFi(R,Ni)−miNi, i = 1, 2, with Holling-II uptake Fi(R,Ni) = aiRNi/(1 + aihiR). Here I is resource

inflow, w abiotic resource loss, ai attack rate, hi handling time, ei conversion efficiency, and mi mortality.

Define total throughput as Φ = F1 + F2. Because Fi ≤ Ni/hi, handling times imply the capacity summary

Ch(N) = N1/h1 + N2/h2; with an optional hard cap C̄ > 0, the admissible throughput is Φ ≤ C(N) :=

min{Ch(N), C̄}.

Energetic decomposition. For this worked example, include the resource in the focal aggregate state and

let B = R+N1+N2. Summing the equations gives Ḃ = I−wR−m1N1−m2N2−(1−e1)F1−(1−e2)F2. Hence

Ḃ = Q−D−L with Q = I, D = wR+m1N1 +m2N2, L = (1− e1)F1 +(1− e2)F2, and structural constraint

Φ∗ = F ∗
1 + F ∗

2 ≤ C(N∗). If one instead aggregated consumers only, then the direct boundary-crossing input

into the focal state would be the assimilated flux e1F1 + e2F2, not the raw inflow I.

Feasibility. A positive coexistence equilibrium (R∗, N∗
1 , N

∗
2 ) must satisfy I − wR∗ − F ∗

1 − F ∗
2 = 0, eiF

∗
i −

miN
∗
i = 0 for i = 1, 2, and Φ∗ ≤ C(N∗). Thus finite capacity shrinks the parameter region that supports

coexistence and reduces structural stability in the sense of Saavedra et al. (2017).

Coexistence and stability. The rare-species per-capita growth of consumer i is gi(x) =
(
eiFi(R,Ni) −

miNi

)
/Ni. Equalizing effects reduce differences in gi when species are rare. In this consumer–resource

setting, stabilizing effects can be interpreted as stronger self-limitation than cross-limitation. Local stability

is determined by the full Jacobian J ∗ at (R∗, N∗
1 , N

∗
2 ); all eigenvalues must have negative real part.

Structural limit and early warning. Increasing inflow I generally raises biomass and throughput Φ∗ =

F ∗
1 + F ∗

2 . A coexistence equilibrium may therefore satisfy local invasion and local stability conditions yet

still fail globally if enrichment drives Φ∗ > C(N∗). Loss of compatibility can then be expressed through

exclusion, biomass decline, or dynamical reorganization, depending on the model. If the approach to the

structural boundary Φ∗/C(N∗) → 1 coincides with a local stability boundary, the dominant eigenvalue of J ∗

approaches 0− and conventional early warning signals strengthen.
607
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Appendices608

Formal setting and core results609

This appendix makes precise the scope of the main-text claims. The purpose is not to force all610

ecological models into a single exact dynamical form, but to identify one formal setting in which611

the energetic balance is exact and in which general sufficient conditions for bounded compatible612

states can be stated. The reduced-form superlinear scaling closure used in the main text is then613

recovered as one transparent special case.614

Consider a system with focal stock variables X1, . . . , XS expressed in a common energetic cur-615

rency. Depending on the chosen aggregate boundary, these may represent biomasses alone or a616

mixture of biomasses with explicit resource or substrate pools. Let617

B =
S∑

i=1

Xi

denote the aggregate energetic stock of those focal variables. Additional state variables may618

also be present in the full state x, but all exact identities below hold relative to the chosen focal619

aggregate state.620

Assume that the dynamics of the focal stock variables can be written as621

Ẋi = qi(x, θ) +
∑
j

εji(x, θ)fji(x, θ)− di(x, θ)−
∑
k

fik(x, θ), (17)

where x denotes the full state, θ the parameter vector, qi ≥ 0 the externally captured input into622

node i, di ≥ 0 the dissipative loss of node i, fij ≥ 0 the gross transfer from node i to node j,623

and 0 < εij ≤ 1 the corresponding transfer efficiency.624

Define the aggregate quantities625

Q(x, θ) =
∑
i

qi(x, θ), D(x, θ) =
∑
i

di(x, θ),

626

Φ(x, θ) =
∑
i,j

fij(x, θ), L(x, θ) =
∑
i,j

(
1− εij(x, θ)

)
fij(x, θ).

Because all stock variables have already been converted to a common energetic currency, L is627

the non-retained fraction of gross internal transfers.628
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Proposition A1 (Exact aggregate balance). Under equation (17), the aggregate stock629

satisfies630

Ḃ = Q−D − L.

Summing equation (17) over i gives631

Ḃ =
∑
i

qi +
∑
i,j

εjifji −
∑
i

di −
∑
i,j

fij .

Relabeling indices in the transfer term yields632

∑
i,j

εjifji =
∑
i,j

εijfij ,

so633

Ḃ = Q−D −
∑
i,j

(1− εij)fij = Q−D − L.

This is equation (1) in exact form.634

Admissible flow set and derived capacity summary. At a given state x and parameter635

vector θ, define the admissible flow set636

A(x, θ) =

F = (fij) : qi +
∑
j

εjifji = di +
∑
k

fik ∀i, 0 ≤ fij ≤ fmax
ij (x, θ)

 .

A scalar capacity summary can then be defined by637

C(x, θ) = sup
F∈A(x,θ)

∑
i,j

fij .

The main text sometimes writes a simpler effective notation when the dependence on state can be638

suppressed or summarized. When multiple conserved currencies are tracked simultaneously, the639

exact admissible condition is the intersection of the corresponding currency-specific admissible640

sets; any additional scalar capacity summary requires an explicit normalization choice.641

Proposition A2 (Necessary condition for a feasible equilibrium). If x∗ is a feasible642

equilibrium of the focal aggregate state, then643

Q(x∗, θ) = D(x∗, θ) + L(x∗, θ)
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and the realized flow vector belongs to the admissible set:644

F (x∗, θ) ∈ A(x∗, θ).

In particular,645

Φ(x∗, θ) ≤ C(x∗, θ).

The equilibrium identity follows from Proposition A1 with Ḃ = 0. Membership of the realized646

flow vector in A(x∗, θ) follows directly from the node-level steady balances and channel bounds.647

The capacity inequality is then immediate from the definition of C(x, θ).648

Proposition A3 (Finite aggregate-stock bound under coercive energetic burden).649

Assume there exist B0 ≥ 0 and an increasing function ψ : [B0,∞) → [0,∞) with ψ(B) → ∞ as650

B → ∞ such that, for all feasible states with B ≥ B0,651

D(x, θ) + L(x, θ) ≥ ψ(B).

Assume also that external capture is uniformly bounded above,652

Q(x, θ) ≤ Q̄(θ) <∞.

Then every feasible equilibrium satisfies B ≤ Bmax(θ) <∞.653

At equilibrium, Proposition A2 gives Q = D + L. Therefore any feasible equilibrium with654

B ≥ B0 must satisfy655

Q̄(θ) ≥ ψ(B).

Because ψ(B) → ∞ as B → ∞, this inequality can hold only for B below the largest solution656

of657

ψ(B) = Q̄(θ).

Taking the maximum of that solution and B0 gives a finite bound Bmax(θ).658

The reduced-form superlinear closure used in the main text,659

D(x, θ) + L(x, θ) ≥ c1B + c2B
γ , c1, c2 > 0, γ > 1,

is one transparent special case of Proposition A3.660
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Proposition A4 (Richness bound requires an additional biomass-floor assumption).661

Suppose, in addition to Proposition A3, that the aggregate stock relevant for richness is the662

summed biomass of persisting species and that every persisting species satisfies a minimum663

biomass requirement664

N∗
i ≥ N > 0.

Then the number of persisting species satisfies665

S ≤ Bmax(θ)

N
.

Since B∗ =
∑

iN
∗
i ≥ SN , the result follows immediately from B∗ ≤ Bmax(θ).666

Proposition A4 explains why the main text treats limits on richness and complexity condition-667

ally. A bound on total biomass alone does not imply a bound on richness unless one adds an668

assumption linking persistence to a minimum biomass scale or to a particular rule of biomass669

allocation across species.670
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