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3Centre d’Ecologie Fonctionnelle et Evolutive, 1919 route de Mende, 34293 Montpellier
cedex 5, France.

Abstract

Understanding the mechanisms responsible for the stability and persistence of natural
communities is one of the greatest challenges in ecology [1]. Robert May showed that con-
trary to intuition, complex randomly built communities are less likely to be stable than
simpler ones [2, 3]. For four decades, ecologists have tried to isolate the non-random charac-
teristics of natural communities that could explain how they persist despite their complexity
[1]. Surprisingly, few attempts have been tried to test May’s fundamental prediction and
we still ignore if there is indeed a relationship between stability and complexity. Here, we
performed a comparative stability analysis of 119 quantitative food webs sampled world-
wide, from marine, freshwater and terrestrial habitats. Food webs were compiled using a
standard methodology to build Ecopath mass-balance models. Our analysis reveals that
classic descriptors of complexity (species richness, connectance and variance of interaction
strengths) do not affect stability in natural food webs. Food web structure, which is far from
random in real communities, reflects another form of complexity that we found influences
dramatically the stability of real communities. We conclude that the occurrence of complex
communities in nature is possible owing to their trophic structure.

The diversity-stability debate, initiated forty years ago [1], stems from two apparently con-
flicting observations. On the one hand, complex communities are ubiquitous in nature, as
illustrated by diverse tropical forests, coral reefs or intertidal communities, and it inspired ecol-
ogists to hypothesize that complexity could stabilize communities [4, 5]. On the other hand, a
seminal mathematical analysis stated that complex systems are less likely to recover from small
perturbations than simpler ones [2]. This theoretical result was put forth by Robert May who
studied the relationship between complexity and stability in random communities [3]. Commu-
nity complexity was defined as the product of species diversity S, connectance C and variance
of interaction strengths σ2. May predicted that a system could be stable only if the criterion
σ
√
SC < d̄ was satisfied, where d̄ expresses the magnitude of intraspecific competition.
In an attempt to solve this paradox, a number of subsequent studies have shown that com-

munities, and most notably food webs, have non-random structural properties and interaction
strength distribution that promote their stability [6, 7]. However, no clear consensus has emerged
from this long debate and theoretical studies proposing alternative stabilizing network properties
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are continuously published (e.g. [8, 9]). The gap between theoretical and empirical investiga-
tions remains one of the main obstacles to resolve the debate. The first challenge is to get
sufficiently good food web data with knowledge of trophic interactions and quantitative energy
fluxes [10]. Another problem is that what theoreticians call “interaction strength” is generally
not what empiricists measure in the field [11]. Finally, the concept of stability itself encloses
many different definitions [12] and each of them yields a different diversity-stability relationship
[13].

Here, we performed a local stability analysis on 119 quantitative food webs sampled world-
wide from marine, freshwater and terrestrial habitats. The food webs were all compiled using
a pre-defined methodology in order to use the Ecopath modeling framework [14]. Ecopath is
a trophic mass balance-model, the most widely used tool for ecosystem-based fisheries man-
agement, and has also been used to characterize unexploited ecosystems. A large amount of
information is included in Ecopath models, such as trophic level, biomass, production and con-
sumption rates of each species within a food web. Quantitative diet composition of species is
also available, providing an accurate representation of trophic interactions within food webs.
Ecopath models provide a unique opportunity to construct realistic community matrices with
empirical data derived from a standardized protocol.

Figure 1: Method summary: a) Equivalence of Ecopath and Lotka-Volterra models: simplified di-
agram of trophic flows between one consumer C and one resource R parameterized with Ecopath
(in blue) and Lotka-Volterra (in green). B is biomass (t/km2), (P/B)c and (Q/B)c are con-
sumer production and consumption rates /year) respectively, DCcr is the proportion of resource
R in the diet of consumer C, erc expresses the efficiency of a consumer to convert resource en-
ergy biomass with erc = (P/B)c

(Q/B)c
, I is the allochtonous input with I = ω× (Q/B)c ×Bc, where ω

is the proportion of input in the diet of the consumer, Y represents the total consumer catches.
b) Jacobian matrix construction: derivation of Jacobian matrix elements for the simplified food
web presented in the diagram, and an example of Jacobian matrix structure observed in real food
webs. c) Measure of stability: the eigenvalues of a Jacobian matrix are contained in a circle
on the complex plane (axes cross at the origin). On the real axis, the maximum eigenvalue
Re(λmax) is influenced by the center of the circle d̄, which is equal to the mean of intraspecific
interaction terms (i.e. the diagonal elements of the Jacobian matrix), and by radius R, which
is related to interspecific interaction terms (i.e. off diagonal elements of the Jacobian matrix)
and is equal to σ

√
SC in random communities.

2



The Ecopath model is canonical to the general Lotka-Volterra model that was studied by
May [2, 3], enabling us to study food web stability with traditional local stability analysis.
Technically, the definition of local stability is that a system will come back to the equilibrium
following a small perturbation. It does not guarantee stability following large perturbations
(global stability), neither it quantifies persistence (the number of species remaining after a
perturbation). We translated parameters of the Ecopath models into interaction coefficients of
the Lotka-Volterra interaction model following the same approach as de Ruiter and colleagues
[15] (Fig. 1a). The Lotka-Volterra model was slightly modified to account for the external
exchanges of Ecopath models (see Appendix for further details).

Interaction coefficients from all pair-wise interactions of a food web constitute the interaction
matrix A = [αij ]. Because of the Ecopath equilibrium assumption, a Jacobian matrix J can
be constructed for each food web by multiplying the interaction matrix A with species biomass
(Fig. 1b). We measured food web stability using the maximal eigenvalue (real part) of the
Jacobian matrix in order to be directly comparable to May’s approach. This quantity indicates
the rate with which a system returns to (if negative) or moves away from (if positive) equilibrium
after small perturbations. Ecopath models rarely document the intraspecific interactions, we
therefore centered for each web the distribution of eigenvalues on zero to avoid any bias in the
evaluation of stability. Theory on Gerschgorin discs (a visual representation of the distribution
of real and imaginary parts of eigenvalues for a given Jacobian matrix) states thats the mean
real part is a function of the mean diagonal elements of the Jacobian matrix, while the range
of eigenvalues is a function of off-diagonal elements [16]. Adding intraspecific interactions (i.e.
negative elements on the diagonal of the Jacobian matrix) has a stabilizing effect on food webs,
by moving the mean of the eigenvalues toward negative values on the real axis (Fig. 1c). The
centralization operation thus provides an unbiased estimation of the contribution of off-diagonal
elements to the stability. Stability will decrease with increasing variance of the distribution of
eigenvalues.

We first investigated the relationship between stability and classic descriptors of community
complexity [10], i.e. species richness S, connectance C, and variance of interaction strengths
σ2. This is the first time that the main prediction from May’s analysis is tested with empirical
data. Contrary to theoretical prediction, we observed no relationship between food web stabil-
ity and species diversity, neither with connectance nor with variance of interaction strengths
(Fig. 2). Further analyses also reveal that this result is robust to the variability of sampling
intensity among the 119 food webs (see Methods and Supplementary Information). The absence
of a stability-complexity relationship we observed is a striking departure from May’s prediction,
suggesting there are ecological processes or structural elements preventing the negative relation-
ship between stability and complexity found in random communities. We therefore investigated
the mechanisms preventing this relationship to occur.

A consequence of the stability criterion σ
√
SC < d̄ is that for complex systems to occur in

nature, interaction strength should be weaker in species-rich, highly connected systems [3]. It is
consistent with our observations: we found that the variance of interaction strengths σ2 across
the 119 food webs was negatively correlated to the product of diversity and connectance

√
SC

(Fig. 2). There is a growing constraint on interaction strength as diversity and connectance
increase, which allows the overall complexity σ

√
SC to remain relatively low and the system

stable.
Theoretical studies of the stability-complexity relationship suggest that real communities

have non-random structural properties promoting their stability despite their complexity [10].
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Figure 2: Food web stability related to measures of complexity in 119 food webs. a) Number
of species S(P = 0.10, R2 < 0.01), b) Connectance C = (L/S2) with L is the number of
links (P = 0.38, R2 = 0.002), c) Standard deviation of interaction strengths σ(P = 0.01, R2 =
0.05), d) May’s complexity measure σ

√
SC (P = 0.002, R2 = 0.07). Stability is measured as

Re(λmax) − d̄ for marine (blue), freshwater (green) and terrestrial ecosystems (orange). Food
webs with eigenvalues close to zero are the most stable. All quantities are dimensionless.

We consequently looked at the existence of such properties and then investigated their respec-
tive contribution to stability by randomisations of some properties of the Jacobian matrices.
H1: Interaction strength topology [17, 18]. We found that interaction strength was related to
trophic level, the occurrence of strong interactions being more likely at low trophic levels. More-
over, there was a correlation between the magnitude of the Jacobian elements cij and cji, since

cji =
−cij×eij×Bj

Bi
(see Fig. 1b and Supplementary Information). We therefore hypothesized

that food webs with random topology of interaction strengths (i.e. off-diagonal elements of the
Jacobian matrix) are less stable than real food webs. H2: Interaction strength distribution [19,
20]. In agreement with previous studies, we observed a leptokurtic distribution of interaction
strengths (highly skewed towards many weak interactions). This pattern differs from May’s
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Figure 3: Correlation between complexity parameters in real food webs, where σ is the standard
deviation of interaction strengths, S the number of species and C the connectance. The product√
SC were negatively correlated to σ(P < 10−13, R2 = 0.39).

random community matrices in which interaction strengths were drawn from a normal distri-
bution. Consequently, we hypothesized that food webs with a random frequency distribution
of interaction strengths, illustrated by a normal distribution, are less stable than natural food
webs. H3: Interaction type [3, 9, 21]. Our dataset includes only predator-prey interactions and
thus lacked other interaction types such as mutualism and interspecific competition. Based on
previous findings, we assumed that communities with a strong proportion of mutualistic and
competitive interactions are less stable than natural communities in which consumer-resource
interactions prevail.

We performed randomisation tests to remove the structural properties of food web corre-
sponding to our three hypotheses and computed stability of the permuted Jacobian matrices
(see Methods for details). We employed this method to determine whether these structural
properties had a significant effect on food web stability and to compare their respective stabi-
lizing effect. The stability of the permuted food webs was compared to stability of the original
food webs. We found that each of the three structural properties enhances food web stability
(Fig.4). A remarkable feature however is their unequal contribution to stability. The type of
interaction (with predator-prey module removal, H3) had the strongest impact on stability. Fre-
quency distribution of interaction strengths, resulting in a large proportion of weak interactions
(H2), was the second factor contributing to stability, followed by the topology of interaction
strengths (H1 - Fig. 4).

Even if we conserved the same S, C and σ, we found a negative complexity-stability rela-
tionship for all randomized Jacobian matrices (Fig. 5). The relationship was strongest when
we normalised the interaction strength distribution (H2). We conclude that May’s stability
criterion do not apply to natural communities because of their non-random trophic structure,
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Figure 4: a) Frequency distributions of eigenvalues of real and permuted food webs. Eigenvalues
are on a logarithmic scale and dimensionless. Permutation tests were carried out 1000 times
for each food web. Eigenvalue distributions were smoothed using a kernel density estimate of
0.28. b) Stability of real and permuted food webs related to May’s complexity criterion. Real
food webs (P = 0.002, R2 < 0.07), H1: interaction strength topology (P < 10−5, R2 = 0.17),
H2: interaction strength distribution (P < 10−15, R2 = 0.86) and H3: interaction type (P =
0.88, R2 = 0.3). Stability is measured as Re(λmax)− d̄ and σ

√
SC corresponds to May’s stability

criterion. Communities with eigenvalues close to zero are the most stable

which has several stabilizing properties. First, the asymmetric sign structure (predator-prey
modules) confers stability to Jacobian matrices (H3), as we found that for similar variation of
interaction strengths, mutualistic and competitive interactions were destabilizing. Second, the
frequency distribution of interaction strengths balanced the destabilizing effect of species rich-
ness. Interestingly, we observed in real data a strong negative correlation between the kurtosis
κ (index of the flatness/peakness of the interaction strength distribution) and species richness
in real food webs. Thus the probability of having many weak interactions increases with species
richness (Fig 3 and Supplementary Information). Finally, the nonrandom topology of inter-
action strengths along trophic level was also stabilizing, as suggested by previous studies [15,
22].

The relevance of local stability analysis to study real communities may be questioned.
More general and realistic definitions of stability have been introduced during the “complexity-
stability” debate, such as persistence, resilience or resistance [12]. Indeed, local stability anal-
ysis only tests the impact of small perturbations on ecological dynamics, and may not apply
to large perturbations typical of most empirical studies. However, it allows the use of ana-
lytically tractable Jacobian matrices, and thus the investigation of May’s complexity-stability
relationship on real communities.

Although May’s conclusion that diversity begets instability in random communities was cor-
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rect, we showed that diversity is not related to stability in natural communities, a question
that has stimulated ecological research for four decades. We found that intrinsic energetic or-
ganization of food webs is highly stabilizing and allow complex communities to recover from
perturbations. The structural complexity of food webs occurs from the successive addition of
consumers having an increasingly large diet, which causes a growing frequency of weak interac-
tions. The diversity-stability debate has contributed to the development of productive research
that have pointed out the key role of the structural properties of real communities. There is
increasing evidence that the strengths of trophic interactions are related to the body size distri-
bution of species [23]. Changes in frequency distributions of body size could therefore strongly
affect community stability and resilience.
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Methods

Calibration of Ecopath models. Ecopath provides a quantitative overview of how species
interact in a food web. Species sharing the same prey and predators and having similar phys-
iological characteristics are aggregated in trophic species. Ecopath rely on a system of linear
equations decribing the in and out flows of each compartment. We compiled 119 Ecopath food
web models from published studies. A list of models with references, habitat types, species
richness S, connectance C and standard deviation of interaction strengths σ is available in
Supplementary Information. Model calibration is based on the following input data: biomass,
production rates, consumption rates, fishery yields, and diet composition for species of the food
web. Input data can have different origins: field sampling (e.g. trawl survey), derived from
similar Ecopath models, or known empirical relationships.

Parameterization of Lotka Volterra interaction coefficients. We used the method
from ref [15] to derive the Jacobian matrices from Ecopath models. Assuming direct dependence
of feeding rates on predator population density, we calculated the per capita effect of predator

j on the growth rate of prey i as αij = − (Q/B)j×DCji

Bi
where B is biomass (t/km2), (P/B)j

and (Q/B)j are predator production and consumption rates (/year) respectively, DCji is the
proportion of species i in the diet of predator j. Effects of prey on their predator are defined as
predator growth resulting from this predation. Consequently, effect of the prey i on the predator
j is related to effect of the predator on the prey according to: αji = −eij ×αij , where eij is the

efficiency with which j converts food into biomass, from feeding on i: eij = (P/B)i
(Q/B)j

.

Evaluation of Ecopath model quality. We assessed the robustness of our comparative
analysis to ensure that results were not an artifact of differences in model quality. The amount
of aggregation of each model was measured, based on the criterion that groups with taxonomic
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name were more resolved than groups with trophic function names. We defined four resolu-
tion levels and qualified it for each trophic species with the following index values: taxonomic
species (i.e. greenland turbot, index = 1), family/class (i.e. whales, gadoids; index = 0.7),
trophic function (i.e. small demersal fish; index = 0.4) and general name (i.e. benthos, fish;
index=0.1). Resolution indices RI of Ecopath models correspond to the mean resolution index
of species within each food web. We investigated the complexity-stability relationship on a sub-
set of the 37 best resolved models with RI ≥ 0.7. Results were similar to the overall analysis.
Resolution indices and results of the stability analysis on the most resolved models are available
in Supplementary Information.

Randomisation tests. Reported maximal eigenvalues of randomised food webs correspond
to the mean of 1000 replicates. For randomisation of interaction strength topology (H1), we
permuted off-diagonal elements of the Jacobian matrix, keeping sign structure and the frequency
distribution of interaction strengths, positive and negative terms were permuted separately in
order to keep the initial interaction strength mean. For randomisation of interaction strength
distribution (H2), we created a random Jacobian matrix in which off-diagonal elements were
picked from a normal distribution N(µ, σ2) where µ is the mean and σ2 the variance of initial
Jacobian matrix elements, then we imposed the sign structure of the initial Jacobian matrix.
Positive and negative terms of the initial Jacobian matrix were replaced by positive and negative
normalised terms respectively. For the randomisation of sign structure (H3), we permuted only
non-zero elements of the Jacobian matrix in order to keep the same link density and connectance
than the initial Jacobian matrix, and a similar frequency distribution of the elements of the
Jacobian matrix.
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