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Allometric degree distributions facilitate

food-web stability

Sonja B. Otto', Bjérn C. Rall' & Ulrich Brose'?

In natural ecosystems, species are linked by feeding interactions
that determine energy fluxes and create complex food webs. The
stability of these food webs"” enables many species to coexist and
to form diverse ecosystems. Recent theory finds predator—prey
body-mass ratios to be critically important for food-web
stability®>~°. However, the mechanisms responsible for this stability
are unclear. Here we use a bioenergetic consumer-resource model®
to explore how and why only particular predator—prey body-mass
ratios promote stability in tri-trophic (three-species) food chains.
We find that this ‘persistence domain’ of ratios is constrained by
bottom-up energy availability when predators are much smaller
than their prey and by enrichment-driven dynamics when preda-
tors are much larger. We also find that 97% of the tri-trophic food

chains across five natural food webs’ exhibit body-mass ratios
within the predicted persistence domain. Further analyses of ran-
domly rewired food webs show that body mass and allometric
degree distributions in natural food webs mediate this consis-
tency. The allometric degree distributions hold that the diversity
of species’ predators and prey decreases and increases, respec-
tively, with increasing species’ body masses. Our results dem-
onstrate how simple relationships between species’ body masses
and feeding interactions may promote the stability of complex
food webs.

Natural food webs are characterized by energy and biomass
flows across various trophic levels. Despite the structural complexity
of these large networks®, simple food-chain motifs usefully represent

Figure 1| Population dynamics in tri-trophic

food chains. a—c, Effects of R on the biomass
minima and maxima of top (a), intermediate

(b) and basal (c) species. d, Effect of R on log;, of
top-down pressure per unit biomass of prey, for
intermediate—basal (black) and top—intermediate
(grey) species. e, Effect of R on log,, of
consumption per unit biomass of predator, for
intermediate—basal (black) and top—intermediate
(grey) species. f, Frequency distribution of
empirical R in five natural food webs

(means * s.e.m.); the red line shows a normal

distribution. An outlier box-plot is shown above

the histogram. Simultaneous variation of R of top
to intermediate and intermediate to basal species:
when R = 0, all three species have equal size;
when R <0 and R > 0, predators are smaller and
larger, respectively, than their prey.
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the energy transfer”® and mechanisms responsible for non-

equilibrium population dynamics in food webs''™*. Analyses of
food-chain motifs illustrate how population stability under chaotic
dynamics may be driven by high resource productivity'!, variation in
the species’ timescales'* or certain body-mass ratios between consu-
mers and resources'”. Population persistence depends on parameters
of energy gain (production and consumption) and loss (metabolism
and mortality)'®, whose rates per unit biomass follow allometric
negative-quarter power-law relationships with the average body
masses of the populations'®”. We use a bioenergetic model based
on these principles® to explore how the dynamics of top (t), inter-
mediate (i) and basal (b) species of tri-trophic food chains changes
with varying consumer—resource body-mass ratios (R). Our analyses
predict the probability of stable coexistence of three invertebrate
species in tri-trophic food chains depending on R, which is subse-
quently evaluated for food chains of five natural food webs’.

We initially explored a tri-trophic system by simultaneously
increasing R between top and intermediate species (R;;) and between
intermediate and basal species (R;,) from 1072 to 10® (that is, the
consumer is between 10°-fold smaller and 10%-fold larger than its
prey). The simultaneous increase in both R values is a simplification
to gain knowledge of the population dynamics. The minima and
maxima attained for the biomass densities of the three species across
this range of R (Fig. 1a—c) depict four distinct stages of coexistence. At
the lowest R (R=<10"°7), the system exhibits a stable equilibrium
where only the basal species persists. At higher R (10” %" =R<
107 "), two stable attractors appear: either the basal species persists
at equilibrium, or basal and intermediate species exhibit globally
attractive limit cycles'. In this range of R, the top species is much
smaller than its prey, and its mass-specific metabolic rate exceeds the
energy available from consuming the intermediate species, which
prevents persistence'®. Increasing R above these low ratios decreases
the metabolic rates per unit biomass of top and intermediate species
and increases the intermediate species’ biomass density until the top
species’ consumption exceeds its metabolic demand enough for the
top species to persist (R = 10" ). Further increases in R (10~ <
R<10>°) increases top-down pressure on the intermediate species
and decreases top-down pressure on the basal species (Fig. 1d).
Increasing R within this range also increases the consumption rate
per unit biomass of the intermediate species over that of the top
species (Fig. le). This counterintuitive result is explained by the
simultaneous decrease in the density of intermediate species and
increase in the density of basal species, which enhances the energy
availability per unit biomass to the intermediate species. This avail-
ability increases with R, leading to accelerating oscillations of top and
intermediate species (Fig. la—c). Mechanistically similar to the ‘para-
dox of enrichment™®, the dynamics are driven from equilibrium
through a series of bifurcations to more complex dynamics until
the minimum density of the intermediate species drops below a
critical extinction threshold, eliminating both consumer species
(R=10; Fig. 1). The complex dynamics in this range of R are
caused by the different timescales of the three populations'.
Further increases in R (R > 10) cause unstable dynamics that con-
tinue to prevent the persistence of the intermediate and top species
(Fig. 1a—c). The persistence of all three species is thus bounded by
energy availability to the top species at low R and by enrichment-
driven instability of the intermediate species towards higher R.

With this mechanistic background on food-chain dynamics, we
decoupled R of upper and lower trophic levels and independently
varied both R; and Ry, between 10~ ¢ and 10", This range corre-
sponds to the range of empirical R values of the five natural food
webs studied here (Fig. 1f). In 19.6% of this parameter space, we
found persistence of all three species (Fig. 2, red areas). The
energy-availability boundary of this persistence domain depends
on Ry, which needs to exceed a threshold (Ry, > 10~ ") within a
broad range of Ry (R > 10~*?) to increase the density of the inter-
mediate species (that is, the energy available) enough for the top
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species to persist (Fig. 2, left boundary of red areas). If Ry, and Ry
exceed a second threshold, both top and intermediate species cease to
persist as a result of enrichment-driven dynamics (Fig. 2, right
boundary of red areas). This enrichment boundary is determined
more continuously and interactively by both R;, and R;; than the
energy-availability boundary (Fig. 2).

The persistence domain in Fig. 2 implies that a tri-trophic food
chain with R randomly chosen from the range 10 ®*< R=10"" hasa
19.6% chance of persisting. However, 97.5% * 4.1% (mean * s.d.)
of all invertebrate tri-trophic food chains across five natural food
webs from different ecosystem types (see Methods) fall within the
persistence domain (Fig. 2a, black points; Fig. 2d, black bars). This
difference in probabilities clearly suggests that species’ body-mass
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Figure 2 | Population persistence in tri-trophic food chains depending on
Ry and R;p. a—c, Colours indicate the numbers of persistent species; red areas
characterize a tri-trophic ‘persistence domain’. Black points represent food
chains of Skipwith pond under empirical food web structures (a), restricted
rewiring (b) and random rewiring (c). d, Percentages of food chains within
the persistence domain (SP, Skipwith pond; TL, Tuesday lake; BS,
Broadstone stream; GC, Grand Carigaie; WS, Weddell Sea) under empirical
structures, restricted and random rewiring; results are shown as means and
s.d. Stars indicate significant differences between the rewired versions of
each food web.
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distributions in these food webs strongly stabilize food-chain
dynamics. To further explore this hypothesis, we randomly rewired
the empirical food webs in a way that preserves the body masses of the
species and the total number of links while completely disrupting the
food-web topology (‘random rewiring’; see Methods). An average of
81.0% * 7.0% (mean = s.d.) of these rewired food chains in each of
the five food webs fell within the persistence domain (Fig. 2¢, d, white
bars). This probability is 4.1-fold the 19.6% probability of food
chains with randomly distributed body masses within empirically
observed ranges that are systematically and independently linked.
However, 81% is significantly lower than the 97.5% probability that
empirical food chains overlap with the persistence domain
(P<0.01). This difference suggests that, while the distribution of
species” body masses found in natural food webs provides a sub-
stantial increase in the dynamical stability of possible food chains,
topological properties of actual food chains might further facilitate
food-web stability. To explore which topological properties can pro-
vide this additional stabilization, we tested whether correlations
between the body mass and degree of species (that is, the number
of predator and prey links of a population) drive this effect. To do
this, we randomly rewired the food webs with a second randomiza-
tion algorithm that preserves the body mass and degree of each
species (‘restricted rewiring’; see Methods). An average of
94.7% *+ 6.2% (mean *=s.d.) of the food chains rewired in this
restricted way lie within the persistence domain (Fig. 2b, d, grey
bars). This probability is 4.8-fold the probability of food chains with
randomly distributed body masses (19.6%) and differs significantly
from randomly rewired networks (81.0%, P < 0.05), but it is not
significantly lower than that in empirical food chains (97.5%,
P>0.17).

Overall, our results suggest that the distributions of and correla-
tions between the body mass and degree of species within food webs
are important mechanisms responsible for food-chain stability.
Other topological properties of food webs seem to be of more minor
importance. Instead, preserving allometric degree distributions rea-
lizes probabilities of tri-trophic stability similar to those found in
empirical food webs. This conclusion seems qualitatively insensitive
to variation in model parameters (see Supplementary Information).
In the five natural food webs studied, the critically important mass—
degree relationships are characterized by significant decreases in the
number of predator links and significant increases in the number of
prey links with increasing body masses of species (Table 1). These
simple relationships were removed in the random procedure and
retained in the restricted-rewiring procedure (Table 1). Our results
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seem to reveal a mechanistic basis of body-mass effects on population
persistence in simple tri-trophic food chains. Scaling up our analyses
to complex food webs suggests that population persistence there
could be determined by similar constraints (see Supplementary
Information). Although domains of stability using other functional
responses also need to be explored, our results for the most widely
used nonlinear functional response are of broad importance to eco-
logy. Future extensions of our approach need to also address more
variation between network models, species numbers and metabolic
types of species to illuminate the generality of the results described
here.

Community stability is known to be critically dependent on the
body-mass distribution within food webs’~*. Here we explore poten-
tial mechanisms behind these stability effects by simulating tri-
trophic food chains whose persistence is possible under a limited
combination of species’ body masses that describe a persistence
domain. These mechanisms include energy limitation of the top
species when predators are much smaller than their prey, and
unstable enrichment-driven dynamics of intermediate species when
they are much larger. Tri-trophic food chains are frequently parts of
more complex motifs within food webs™'* that may exhibit more
stable dynamics'>" or gain additional stability if large top predators
couple either spatially separated food chains or other fast and slow
energy channels®**. Although ignoring such additional model com-
plexity, the persistence domain predicted by our food-chain model is
matched surprisingly well by 97.5% empirical food chains across five
natural food webs. Further work on more complex food-web motifs
is needed to obtain a better understanding of how body-mass-
dependent population persistence scales up with system size from
food chains to food webs.

Body masses impose physical constraints on who can hunt, handle
and ingest whom in a community*»**, which determines the diet
breadth and foraging behaviour of individual species and topological
food-web parameters**>*. To these relationships between body size
and food webs, our study adds allometric degree distributions in
which larger species feed on more prey and are consumed by fewer
predators than small species. Our study provides a possible explana-
tion for how these distributions may affect characteristics such as
population persistence and food-web stability in natural communit-
ies. This connection between community-level degree distribu-
tions*”** and population biology suggests a fundamental bridge
between food-web structure®** and food-web dynamics*®. Our
results illuminate an allometric mechanism that may help to main-
tain the critically important biodiversity of natural ecosystems.

Table 1| Allometric degree distributions: dependence of species’ link structures (y) on body mass (x)

Food web Topology y Regression equation R? n P
Skipwith pond Empirical No. of predators y = —1.00logx + 591 0.21 33 0.007
No. of prey y=247logx +21.01 0.26 33 0.003
Random No. of predators y = —0.26logx +9.13 0.05 33 0.20
No. of prey y = —0.08logx + 9.94 0.004 33 0.71
Tuesday lake, 1984 Empirical No. of predators y = —0.19logx + 1.57 0.47 25 0.0002
No. of prey y=0.71llogx + 12.61 0.35 25 0.0017
Random No. of predators y = —0.03logx + 3.50 0.01 25 0.58
No. of prey y = 0.03logx + 4.30 0.007 25 0.69
Broadstone stream Empirical No. of predators y = —0.80logx - 1.91 0.40 29 0.0003
No. of prey y = 1.44logx + 17.76 0.15 29 0.04
Random No. of predators y=0.31logx + 7.85 0.10 29 0.10
No. of prey y = —0.24logx + 3.02 0.10 29 0.10
Grand Caricaie, ClControl2 Empirical No. of predators y = —0.54logx + 4.39 0.13 102 0.0002
No. of prey y=0.61logx + 11.59 0.05 102 0.03
Random No. of predators y = —0.06logx + 7.36 0.006 102 0.45
No. of prey y = —0.05logx + 7.44 0.004 102 0.51
Weddell Sea shelf Empirical No. of predators y = —0.44logx + 16.93 0.02 275 0.03
No. of prey y = 1.96logx + 20.64 0.10 275 <.0001
Random No. of predators y = 0.04logx + 17.68 0.002 275 0.50
No. of prey y=0.01llogx +17.64 0.0003 275 0.79

Linear least-square regressions of the number of predators and prey per species (y) on the log;o body masses (x) of the species of five food webs under empirical food-web structures and randomly
rewired networks. Empirical networks and restricted rewired networks (not shown) show similar degree distributions, because the restricted rewiring algorithm preserves the number of predators

prey per species; n is the number of invertebrate species in the food web.
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METHODS SUMMARY
Simulations. A bioenergetic population dynamics model® defines the biomass
evolution, dB/dt, of basal (b), intermediate (i) and top (t) species:

dBy/dt = 1,G,B, — xiy:FinBi/e (1a)
dBi/dt = —x;B; + x;yiFi, B — Xy FiBi/e (1b)
dBy/dt= —xB; + x:F; B, (1c)

where e is the assimilation efficiency, G, is the logistic net growth (with carrying
capacity K) and F is a type II functional response. Biological rates r, x and y
(growth, metabolism and maximum consumption) scale with body mass, M:
1%y M 2%, 1, x, y were normalized to the growth rate of basal species (thus,
1, = 1), and y was normalized to x. The maximum consumption rate was con-
stant (y = 8); x increased with the body-mass ratio to basal species:

(M,I) —0.25
xm =a
M,

where a is a constant (a = 0.2227 when top, intermediate and basal species are
invertebrates'®). R; = M/M; and Ry, = M,/ M, are varied between 10~ ® and 10",
which influences their rates of metabolism (x) and consumption (xyF) per unit
biomass. Initial biomass densities were random, simulations were run over
100,000 time steps. Maximum and minimum biomass densities of persistent
populations (B>10"°) were recorded, and combinations of persistent Rg
and Ry, were defined as a ‘persistence domain’. The averages of the top-down
pressure per unit biomass on basal and intermediate species are
Py = % 1VitFibiBit/ B> and the energy fluxes per unit biomass to intermediate
and top species are E;; = x; i (Fip. -

Rewiring. We compared R;; and Ry, of the persistence domain with those of all
tri-trophic food chains from five natural food webs (see Table 1)”. We created
two additional versions of each empirical food web under random and restricted
rewiring. For each treatment we calculated the fraction of food chains that were
located within the persistence domain of our simulations under three condi-
tions: empirical food web structures, restricted rewiring and random rewiring.
Differences in results were evaluated by independent Mann—Whitney U-tests.
Relationships between the degree and body mass of species were analysed by
ordinary linear least-square regressions.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Model. Population dynamics of three invertebrate species in a food chain follows
a bioenergetic model® of the biomass evolution (see equations (1)). G, =1 —
By/Kand Fy, = By/(By + By); Fii = Bi/(B, + B;) with a half saturation density B,.
Here, the fraction of the biomass removed from the resource population that is
actually eaten is set to unity, which is often characterized as the mechanistically
simplest model of predator—prey interactions®. The biological rates of produc-
tion (W), metabolism (X) and maximum consumption (Y) follow negative-
quarter power-law relationships with the species’ body masses'®:

Wy = a,M, "% (2a)
Xio = a M, "% (2b)
Y = a,M, 0% (20)

where a,, a, and a, are allometric constants®. The timescale of the system is
defined by setting the mass-specific growth rate to unity (equation (3a)). Then
the mass-specific metabolic rates of all species, x, are normalized by the timescale
(equation (3b)), and the maximum consumption rates, y, are normalized by the
metabolic rates:

n=1 (3a)
Xie  ax (Mg -0
== X[ 3b
nm g =2 (1) (3b)
Yie a4
== = 3¢
A Xi.t Ay ( )

Substituting equations (3a)—(3¢c) into equations (la) and (1b) yields a popu-
lation dynamic model with allometrically scaled and normalized parameters.
Here the body mass of the basal species, M,, is set to unity, and the body
masses of all other species, M; and M,, are expressed relative to the body mass of
the basal species. This makes the results presented here independent of the body
mass of the basal species.
Simulations. In simulations of tri-trophic food chains, the R values between the
top and intermediate species (R;;) and between the intermediate and basal spe-
cies (Ry,) define the body masses M; and M,. We used constant values for the
other model parameters: maximum ingestion rate y;, = 8 for invertebrate pre-
dators; assimilation efficiency e = 0.85 for carnivores; carrying capacity K= 1;
half saturation density of the functional response B, = 0.5; allometric constant
a=aya,=0.2227 (top, intermediate and bottom species were simulated as
invertebrates). We sought a mechanistic explanation for the influence of R on
food-web stability by simulating food chains as the simplest multitrophic motif
with energy transfer across several trophic levels. This characterizes complex
natural food webs better than bitrophic consumer—resource relationships.
Analyses of more complex motifs such as omnivory modules require knowledge
about the relative interaction strengths of generalist predators with their mul-
tiple prey, which was not available for the natural food webs studied.

nature

We varied R between the top and intermediate species (R; = M,/M,;) and
between the intermediate and basal species (Ry, = M;/M,) between 10~ * and
10", which decreased their rates of metabolism (x) and consumption (xyF)
per unit biomass. Simulations started with uniformly random biomass densities
(0.05 < By;}, (T=0) < 1) and ran more than 100,000 time steps (T) or until the
largest species attained two biomass minima. We recorded the maximum and
minimum biomass densities in the second half of the time series of the persistent
populations (B> 10"") and defined a ‘persistence domain” of combinations of
Ry; and Ry, that enabled persistence of the three populations. For every time series
we calculated the averages of the top-down pressure per unit biomass on the
basal species, P, = x;y:F;,Bi/Bp, and the energy flux per unit biomass to the
intermediate species, E; = x;y;Fp,. Similar calculations yield the averages of
the top-down pressure per unit biomass on the intermediate species and the
energy flux per unit biomass to the top species.

Evaluation and rewiring. Subsequently, we compared the R;; and Ry, values of
the persistence domain with those of all tri-trophic food chains across five
natural food webs: one from a stream (Broadstone stream), one from a pond
(Skipwith pond), one from a lake (Tuesday lake, 1984), one terrestrial (Grand-
Carigaie, ClControl2) and one marine (Weddell Sea shelf) from a global data
base’. To allow comparisons with our simulations, we studied only food chains
of three invertebrate species that composed the vast majority of food chains in
the empirical food webs, whereas few food chains include vertebrates or plant
species. To test our hypotheses we created two additional versions of each of
these empirical food webs under random and restricted rewiring. The ‘random
rewiring’ algorithm conserved only the species’ body masses and the total num-
ber of links, 7, of the empirical food webs and randomly relinked 7 species pairs
without any restrictions. The ‘restricted rewiring’ algorithm (see ref. 10 and
references therein) randomly selects two predator—prey pairs and reconnects
the predator of the first pair with the prey of the second pair and vice versa.
This rewiring required that none of the new links already existed and ensured the
conservation of the total number of predators and prey of each species along with
their body masses and the total number of links in the network. We relinked »
pairs of links in each food web 20 times to create a random rewired version of the
network. Each of the two algorithms was applied to each of the five food webs
studied with eight replicates. For each replicate we calculated the fraction of
invertebrate food chains with body-mass ratios that were located within the
persistence domain of our simulations under three conditions: empirical food
web structures, restricted rewiring and random rewiring.

Statistics. Differences in these fractions between the three versions of the food
webs were statistically evaluated by eight independent Mann—Whitney U-tests.
In each test the five empirical probabilities were tested against five probabilities
for each rewiring algorithm (randomly drawn from the eight replicates for each
food web). Subsequently, each test was characterized by the highest of the eight P
values. The relationships between the numbers of predator links and prey links
and the body masses of the species were analysed by ordinary linear least-square
regressions. Regressions were performed for each empirical replicate and one
randomly rewired replicate of each of the five food webs.

30. Jeschke, J. M., Kopp, M. & Tollrian, R. Predator functional responses:
Discriminating between handling and digesting prey. Ecol. Monogr. 72, 95-112
(2002).
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