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Natural ecological communities are diverse, complex, and often
surprisingly stable, but the mechanisms underlying their stability
remain a theoretical enigma. Interactions such as competition and
predation presumably structure communities, yet theory predicts
that complex communities are stable only when species growth
rates are mostly limited by intraspecific self-regulation rather than
by interactions with resources, competitors, and predators. Cur-
rent theory, however, considers only the network topology of
population-level interactions between species and ignores within-
population differences, such as between juvenile and adult indi-
viduals. Here, using model simulations and analysis, | show that
including commonly observed differences in vulnerability to pre-
dation and foraging efficiency between juvenile and adult indi-
viduals results in up to 10 times larger, more complex communities
than observed in simulations without population stage structure.
These diverse communities are stable or fluctuate with limited
amplitude, although in the model only a single basal species
is self-regulated, and the population-level interaction network
is highly connected. Analysis of the species interaction matrix
predicts the simulated communities to be unstable but for the
interaction with the population-structure subsystem, which com-
pletely cancels out these instabilities through dynamic changes
in population stage structure. Common differences between juve-
niles and adults and fluctuations in their relative abundance may
hence have a decisive influence on the stability of complex natural
communities and their vulnerability when environmental condi-
tions change. To explain community persistence, it may not be
sufficient to consider only the network of interactions between
the constituting species.
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E cological communities have traditionally been conceptual-
ized as collections of species that are connected with each
other through a network of positive and negative interactions.
This species-based paradigm adopts the population as the fun-
damental unit of measurement or modeling, altogether ignores
differences between individuals within populations, and hence
considers the vital rates of all conspecific individuals to be identi-
cal. Yet, it is individuals, not species, that interact. Furthermore,
in real populations no two individuals are alike, mostly because of
differences in their developmental stage (1). And vital rates are
definitely not the same for all individuals as only juveniles grow
and mature, while only adults reproduce. This raises the question
of to what extent current theoretical insights about dynamics of
ecological communities are robust or, alternatively, are artifacts
of the species-level scale of study of ecological communities (2).

One of the core elements of the theory about ecological com-
munity dynamics pertains to the relationship between commu-
nity complexity, diversity, and stability, which has been explored
at length through dynamic simulations of the network of species
interactions (3, 4) or through analysis of the community matrix
(5), the elements of which measure how strongly the species
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in a community affect each other’s growth rate. Using commu-
nity matrices, Robert May (6, 7) theoretically predicted almost
half a century ago that large, complex ecological communi-
ties are less stable than simpler ones, refuting prevailing ideas
that complexity begets stability (8, 9). He challenged ecologists
to “...elucidate the devious strategies which make for stability
in enduring natural systems” (p. 174 in ref. 7). May’s find-
ings initiated the diversity—stability debate in ecology (10) and
the search for special characteristics and constraints on natu-
ral communities promoting stability (11). Analysis of different
types of community matrices (12) has uncovered a range of
mechanisms that benefit community stability, such as weak inter-
action strength (13); adaptive foraging (14); allometric scaling of
interaction strength (15); and omnivorous (16), mutualistic (17),
or high-order interactions (18). The diversity-stability conun-
drum seems, however, far from resolved, given that a recent
review concluded that for community stability to occur “at least
half—and possibly more than 90%—of species must be subject
to self-regulation to a substantial degree” (p. 1873 in ref. 19),
even though clear empirical evidence for self-regulation is lack-
ing and the extent to which it occurs in natural populations is
debated (16, 20-22). Paradoxically therefore, while competitive
and predatory interactions between species are considered the
two most important, structuring forces of ecological communi-
ties (23), direct, negative effects of species on their own growth
rate seem crucial for community stability (19).

The network of population-level interactions between species
in the community, its topology, the nature of these interactions,
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and their strength have been the conceptual foundation of vir-
tually all existing studies on ecological community stability (24).
Even studies assessing stability of real-life communities (25) aim
at estimating how species in a community affect each other’s
population-level growth rate to construct the community matrix
(5). But within populations individuals by definition differ and
not only because juveniles grow and mature while adults repro-
duce. Juveniles and adults also differ in their body size and
therefore in their ecology (26, 27). Because juveniles are smaller,
they generally feed at lower rates (28), are more food limited
(29), and are more vulnerable to predation (30, 31). These body
size-dependent differences translate into an asymmetry in for-
aging and predation risk between juveniles and adults, which
has been shown to affect structure and dynamics of ecological
communities (32).

To study the impact of these asymmetries in foraging and pre-
dation risk between juvenile and adult individuals on community
diversity and stability I simulated dynamics of randomly con-
structed, stage-structured model food webs, in which juveniles
were more food limited and more exposed to predation than
adults, and compared them with dynamics of an analogous model
without stage structure (Materials and Methods). Species in the
food web differed in body weight with only the smallest—basal—
species following self-regulating population dynamics. Foraging
interactions between all nonbasal species were modeled based
on their difference in body weight (Materials and Methods). To
focus exclusively on differences between juveniles and adults
in foraging rate and predation mortality and to allow compar-
ison between models with and without population structure, I
assumed juveniles and adults to forage at different rates on the
same range of prey species with the same preferences and thus
have overlapping diets. Juveniles and adults are furthermore
preyed upon by the same predator species but at different rates.
Asymmetry in resource foraging is represented phenomenolog-
ically by a foraging asymmetry factor ¢, ranging between 0 and
2, with juvenile and adult resource ingestion rate taken pro-
portional to ¢ and (2 — ¢), respectively (Fig. 1). Asymmetry in
vulnerability to predation is represented analogously by a pre-
dation asymmetry factor ¢, also ranging between 0 and 2, with
predation mortality of juveniles and adults taken proportional
to ¢ and (2 — ¢), respectively (Fig. 1). For ¢ =1 juveniles and
adults hence forage at the same rate, such that maturation and
reproduction are limited by food to the same extent. If in addi-
tion ¢ =1, juveniles and adults do not differ in their rates of
predation mortality either. Juvenile and adult dynamics were
modeled using a juvenile-adult structured model (33) in terms
of numerical abundances that explicitly accounts for mainte-
nance requirements, which cause maturation and reproduction
to halt at low food availabilities. For ¢ =1 and ¢ =1 this stage-
structured food web model can be shown to be identical to a food
web model without stage structure (SI Appendix, Model simpli-
fication in case of ontogenetic symmetry). Community dynamics
were simulated until density fluctuations of the persisting species
had stabilized (Materials and Methods).

Generally, juvenile individuals are far more vulnerable to pre-
dation than adults (30, 31). Empirical observations on predator—
prey body size ratios have revealed that this ratio is roughly an
order of magnitude smaller when it is computed on the basis
of the average body size in the predator and prey population
than when it is computed as the average body-size ratio between
individual predators and the individual prey in their gut (34,
35). This order of magnitude difference suggests that small indi-
viduals in a prey population are up to 10 times more likely to
be preyed upon than large individuals. Furthermore, per-capita
reproduction rates are for most species less limited by food than
juvenile maturation rates, in particular because offspring sizes
are small compared to adult body sizes (32). A competitive asym-
metry between juveniles and adults is further supported by the

20f8 | PNAS
https://doi.org/10.1073/pnas.2023709118

( Predator species )

(vgF-T)"

Resource-dependent
maturation rate

oM QQ-p)M

Resource-dependent
reproduction rate

(y2-q)F-T) (2—q)F

Prey species

Fig. 1. Basic juvenile-adult structured food web module. Juveniles and
adults are assumed to forage with identical preferences on the same prey
species at per-capita rate gF and (2 — g)F, respectively, where q represents
the juvenile-adult ingestion asymmetry and F the functional response of the
species. Juveniles and adults are preyed upon by the same predator species,
dying from predation at per-capita rates M and (2 — ¢)M, respectively,
where ¢ represents the juvenile-adult asymmetry in vulnerability to pre-
dation and M represents the species-specific predation pressure. Per-capita
maturation and reproduction rates equal (vgF — T)T and (v(2 — q)F — T) T,
respectively, where the superscript 4 indicates restriction of these rates to
nonnegative values. Maturation and reproduction stop when food availabil-
ity F drops below T/(yq) and T/(~(2 — q)), respectively, and all ingestion
is used to cover maintenance requirements. Default parameter values are
g =0.7 and ¢ = 1.8, reflecting that maturation is more resource limited than
reproduction and juveniles are more vulnerable to predation than adults
(graphically represented by arrows of different thickness). See Materials and
Methods for more details.

occurrence of stunted populations in fish (36, 37), shellfish (38),
and dragonflies (39) and the asymmetry observed in intraspecific
competition experiments (29, 40, 41). Therefore, ¢ =0.7 and ¢ =
1.8 are adopted as default values for the juvenile-adult ingestion
and predation asymmetry parameter (but see SI Appendix, Fig.
S1 for the effect of varying ¢ and ¢).

When juveniles are more limited by food and are more preda-
tor sensitive than adults (¢ =0.7, ¢ =1.8), the structured model
results in communities with on average 20 or more nonbasal
species persisting on the single basal species (Fig. 2). In con-
trast, food web simulations with the corresponding unstructured
model result in persistence of on average 3 to 4 nonbasal species
(Fig. 2 and SI Appendix, Fig. S1). This increase in community
diversity due to juvenile—adult asymmetry is larger at higher sys-
tem productivity (SI Appendix, Fig. S2). In addition to increasing
community diversity juvenile—adult asymmetry also increases the
complexity of the food web that structures the community. Food
webs resulting from model simulations without stage structure
are simple, mostly linear food chains, with most species foraging
on a single prey and vulnerable to a single predator (Fig. 2 and
SI Appendix, Fig. S3). In contrast, food webs resulting from sim-
ulations with juvenile—adult asymmetry are complex with most
species foraging on multiple prey species and exposed to preda-
tion by multiple consumer species (Fig. 2 and SI Appendix, Fig.
S3). Diverse and complex communities occur in particular when
predation on juveniles is 8 to 10 times larger than on adults and
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Fig. 2. Juvenile-adult stage structure increases community size and complexity. (A) Frequency distribution of community sizes (nonbasal species only) and
(B) examples of food webs resulting from 500 replicate food web simulations without stage structure (Top) and including stage structure with foraging and
predation asymmetry between juveniles and adults (Bottom). In B vertical positions indicate trophic level. Inner circles in Bottom row indicate the density
of juveniles as fraction of total population density. Arrow widths indicate the relative feeding preference of consumers for a particular prey species.

is less dependent on foraging differences (SI Appendix, Figs. S1 ~ amplitude fluctuations in species abundances reminiscent of clas-
and S7). sical predator—prey cycles (Fig. 3). The cycle amplitudes more-

Temporal dynamics of food webs that result from model over increase with increasing community size especially because
simulations without stage structure are characterized by large- minimum species densities during the cycle decrease (Fig. 3),
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Fig. 3. Juvenile-adult stage structure stabilizes community dynamics. (A) Examples of dynamics of all species in food web simulations without stage
structure (Top) and including stage structure with foraging and predation asymmetry between juveniles and adults (Bottom). Corresponding food web
structures are shown in Fig. 2 B, Right. (B) Boxplot of minimum (blue bars) and maximum (red bars) total densities of all populations as a function of
community size for all persisting species in 500 replicate food web simulations without (Top) and with stage structure and foraging and predation asymmetry
between juveniles and adults (Bottom).
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ultimately leading to species extinction and reductions in com-
munity diversity. In contrast, the complex food webs resulting
from the structured model with juvenile-adult asymmetry either
are stable or exhibit small-amplitude fluctuations in total species
densities (Fig. 3). Furthermore, if fluctuations in total species
densities occur, their amplitude is unaffected by community
size (Fig. 3).

When juveniles are more limited by food and more preda-
tor sensitive than adults, 22% of the food webs generated by
the structured model approach a stable community equilibrium
(Materials and Methods and SI Appendix, Computing eigenvalues
of the stage-structured model). These stable communities allow for
disentangling how food web interactions and population struc-
ture together affect community stability. The structured model in
terms of juvenile and adult abundances can be transformed into
an equivalent model, in which each species is represented by its
total density and the fraction of juveniles in it. The transforma-
tion separates the model into a “total species-density subsystem”
and a complementary “species-structure subsystem.” Commu-
nity stability is now determined by the stability of each of these
two subsystems on their own and their interactions (Materials
and Methods). The stability of the species-density subsystem on
its own is determined by the usual community matrix, measur-
ing the per-capita effect of species on each other’s growth rate.
For all stable communities resulting from the structured model
in the case of juvenile—adult asymmetry the dominant eigenvalue
of this community matrix is positive and large (Fig. 44). The
community matrix hence predicts these communities to be highly
unstable, which mostly results because only the basal species is
regulated by a negative self-effect, top predators have no self-
effect, and all other nonbasal species exhibit positive self-effects
(Materials and Methods and SI Appendix, Fig. S5). The dominant
eigenvalue of the Jacobian matrix determining the stability of the
coupled subsystems of species density and species structure, how-
ever, has a negative real part for all stable communities (Fig. 44)
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mostly because the species-density subsystem is connected to and
interacts with the species-structure subsystem and the dominant
eigenvalue of the matrix determining the stability of this species-
structure subsystem on its own has a negative real part. The
large differences between the dominant eigenvalues of the com-
munity and Jacobian matrices indicate that the dynamic nature
of the fraction of juveniles of the species is key to community
stability.

Simulations of community dynamics starting from stable com-
munity states confirm the stabilizing impact of dynamic pop-
ulation structure and how it increases the resilience of the
community: Even after a disturbance that reduces the density
of all species by 50% the complete model involving the cou-
pled species-density and species-structure subsystems predicts
a rapid return to the stable community equilibrium (Fig. 4C).
The reduction in density at most results in the extinction of
a few species (SI Appendix, Fig. S6). In contrast, when start-
ing in the undisturbed community equilibrium and simulating
dynamics using only the species-density subsystem with for each
species the fraction of juveniles constant and equal to its equilib-
rium value, species densities soon start to fluctuate wildly (Fig.
4C). Consequently, most species eventually go extinct and the
community ends up being of similar size to the communities
predicted by the food web model without population struc-
ture (SI Appendix, Fig. S6). Similar results were obtained with
an alternative method (42) to represent the stage structure of
each species by a single measure of species density. Likewise,
starting in the undisturbed community equilibrium and simu-
lating dynamics using a corresponding, age-structured model,
in which the juvenile maturation rate is set constant in time
and equal to its equilibrium value, wild fluctuations in species
density soon develop (Fig. 4C) and the community eventually
ends up being of similar size to the communities predicted by
the food web model without population structure (SI Appendix,
Fig. S6).
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Fig. 4. Adaptive stage structure stabilizes community dynamics. (A) Real part of the dominant eigenvalue of the community matrix (Top) and the Jacobian
matrix determining community stability (Bottom) as a function of community size for all stable communities resulting from simulations with the stage-
structured model and foraging and predation asymmetry between juveniles and adults (Materials and Methods). (B) Example of a stable community with 21
nonbasal species. (C) Dynamics of the community shown in B with a constant juvenile-adult density ratio equal to its equilibrium value for each species and
initial densities equal to their equilibrium densities (Top Left), with a constant juvenile maturation rate equal to its equilibrium value for each species and
initial densities equal to their equilibrium densities (Top Right, model equivalent with an analogous age-structured model), and with dynamic juvenile-adult
stage structure following a disturbance event that reduces the densities of all species in the community by 50% (Bottom) (Materials and Methods).
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Stability of these model communities therefore depends on the
dynamic changes in juvenile—adult ratio in the population and on
the food dependence of both the maturation and the reproduction
rate. The dynamics of the juvenile fraction in each of the species
dampen density fluctuations in the community in various ways.
For example, increases in reproduction of one particular species
have more limited effects on its prey species and are more quickly
quenched by its predators, when juveniles forage at lower rates
and are more vulnerable to predation, than in the absence of any
population structure. Increases in food availability for a particular
focal species will lead to modulation of the interaction strength
with its prey, as higher prey densities will speed up maturation,
increase the fraction of adults, and thus increase the average per-
capita impact of the species on its prey. Furthermore, a dynamic
population stage structure also buffers against fluctuations in pre-
dation pressure, as increases in predation will primarily affect the
juveniles that are limited most by food availability. Higher mor-
tality under these conditions has been shown to relax possible
bottlenecks in juvenile maturation and to increase the efficiency
withwhich resources are used for population growth as opposed to
being used for somatic maintenance (33,43). Thus, dynamic popu-
lation stage structure leads to adaptive modulation of the average
interaction strength between species that counters fluctuations in
bottom-up and top-down effects.

The presented results are robust to changes in the popula-
tion stage structure as well as the model describing dynamics
of each of the species. Similar results regarding community
diversity, complexity, and dynamics are obtained under even
wider parameter ranges when populations are represented by
the biomass densities in three life history stages (small juveniles,
larger immatures, and adults) as opposed to numerical abun-
dances of juveniles and adults only and the dynamics of each
population are modeled using a stage-structured biomass model
that approximates the dynamics of a complete population body
size distribution (Materials and Methods and SI Appendix, Stage-
structured biomass model of species dynamics and Figs. S7-S9).
The communities resulting from this more detailed model tend
to be even larger with on average 25 to 30 species coexisting on a
single basal species.

The topology of the interaction network between species in a
community, which forms the theoretical foundation of existing
studies on community stability, may hence provide only partial
insight into the mechanisms stabilizing complex communities
and may even suggest necessary conditions for stability, such
as ubiquitous self-regulation, that might prove too restrictive
once the dynamics of population stage structure are taken into
account. As shown here, the dynamic population structure can
simply overrule the destabilizing effects of the species interac-
tion network. This within-species mechanism thus breaks up in a
realistic and natural way the constraints on community complex-
ity that were originally identified by May (6, 7) and extends the
range of mechanisms and constraints on community interactions
that have been identified to promote stability using species-based
approaches (13-18). If we are to model the impact of envi-
ronmental change on complex ecological communities, we need
models that can fully capture the diversity, complexity, stability,
and vulnerability of these systems—this study represents a major
advance on existing approaches that consider only species-level
interaction networks.

Materials and Methods

Food Web Construction. Model food webs are constructed by assigning each
of an initial N=7500 species random niche values n; between 0 and 1.
Niche values are related to body size w; following w; = (wmax)”i(wm,-,,)“*”i)
with minimum and maximum species body size equal to Wpin = 1078
and Wpmax = 10* g, respectively (S/ Appendix, Fig. S10). To represent doc-
umented prey-predator body size ratios (35, 44) more faithfully than in
the niche model (45) the center ¢; of the feeding niche of consumer
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species i is uniformly distributed between n; — 2.5/"°log(Wmax/Wmin) and
n; — 0.5/"°10g(Wmax/Wmin), resulting in median prey-predator body size
ratios between 1072 and 10~%°. The width r; of the feeding niche
equals 1/1°Iog(wmax/wm;,,), such that consumer species i feeds on prey
species with body sizes ranging between (Wpax)5 1/ 2 (Wipin)' ~~71/2 and
(Winax) i 71/ (Wi ~€i7i/ D) The relative preference v of consumer i for
prey k follows a piecewise continuous hump-shaped distribution with finite
range (Bates distribution of order 3):

N — ¢ 1\? . 1 ng — ¢ 1
6 - f—=-< ——
( 2 +z> X TTIS T STE
ng—c¢ 1
—12 —
( 4 +2>1 1 1
- Ne — G ng — ¢
Yk = +12 k 1+7>72 if — < k I<7 [1]
i 2 6 ri 6
6 (M= _1Y flom—a 1
ri 2 ri 2
0 otherwise.

Food Web Dynamics without Stage Structure. Species are ranked according
to their niche value (i.e., body size) and their numerical abundances are
indicated with C;. The basal species (with index 1) is assumed to forage on
its own exclusive resource R, the dynamics of which are described by

% :P*JR*O&1RC1 [2]
with P the productivity of the resource and § its turnover rate, while
ay scales the predation pressure of the basal species on its resource.
The resource dynamics are assumed to be in pseudo-steady state, such
that R=P/(5 + a1 Cy) at all times. The (linear) functional response of the
basal species, indicated with F;, is consequently assumed to equal the
pseudo-steady-state value of R:

P

Fi=——1.
5+ a1G

[31

Nonbasal species are assumed to forage following a type Il functional
response on all other species in the community at a relative rate v
(Eq. 1) determined by the species body size ratio. The encounter rate of
a consumer species with index i with all its prey species (indexed with k)
therefore equals
Ei= Z Yik Ck [4]
k<i

and its functional response F; (scaled between 0 and 1) equals

E;

= S 5
Hi + E; 5l

1
with H; the consumer’s half-saturation density. Because the prey—predator
body size ratio is assumed to be strictly smaller than 1, consumer species i
can only forage on all species with index k < i.

The dynamics of all species densities are now described by

dC,- Ck
e YiFiCi — (Ti + i) G — G kz;, akwk,‘m. [6]

where E; and F; represent the value of the food encounter rate and the
scaled functional response of species i, respectively. The parameter ; relates
the growth rate of species i to its functional response F;, while «; scales the
predation pressure of species i on its prey species. The parameters T; and
ui represent the population loss rate through somatic maintenance costs
and background mortality, respectively. Note that all species are ordered
according to their body size and hence only species with an index k > i can
feed on species .

Food Web Dynamics with Stage Structure. Numerical abundances of juve-
nile and adult individuals of consumer species i are indicated with J; and
A, respectively. Juveniles and adults are assumed to feed on the same
range of prey species, have the same prey preferences, and thus have over-
lapping diets. However, juveniles and adults feed at different rates, such
that the foraging rates of juveniles and adults of species i equal qa;F;
and (2 — q)«aFj, respectively, with proportionality constants «; and F; the
functional response of species i.
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Juveniles and adults are also assumed to differ in their sensitivity to
predation, such that the predation mortality experienced by juveniles and
adults of species i equals $M; and (2 — ¢)M;, respectively, where M; rep-
resents the predation pressure exerted on species i by all of its predators.
The parameters q and ¢ are referred to as the foraging and predation
asymmetry between juveniles and adults.

The functional response for the basal species is defined analogously
to the model without stage structure, taking into account the foraging
asymmetry between juveniles and adults,

P

Fi= , [71
TS ar (gh + - @A)
while the encounter rate with prey for nonbasal species equals
Er=> " vu (¢ + 2 — $Ac). 8]

k<i

The expression for the functional response of nonbasal species remains the
same (Eq. 5). In addition to decreasing through background mortality the
numerical abundances of juvenile and adult individuals change through
reproduction and maturation. These processes are described by a stage-
structured model (33) that assumes maturation and reproduction to stop
when food availability drops below a threshold level and food intake is
not sufficient to cover basic maintenance costs. In particular, maturation of
juveniles of species i depends on its functional response F;, following

m;(F;) = max(viqf; — T;, 0), [9]
while reproduction by adults follows
bj(F;) = max(vi(2 — @)F; — T;, 0). [10]

Analogous to the model without stage structure the parameter ; relates
maturation and reproduction to the food availability, gF; and (2 — q)F;, for
juveniles and adults, respectively. The maximum functions in the expres-
sions for m;(F;) and b;(F;) ensure that maturation and reproduction halt
whenever food availability F; drops below T;/(g~;) and T; /((2 — q)~;), respec-
tively. The parameter g hence determines in a phenomenological manner
whether maturation (g < 1) or reproduction (g > 1) is more limited by food
availability.

Dynamics of the juvenile-adult structured food web model are described
by

dJ;

P bi(F)A; — mi(Fi)J; — pidi — ¢JiM; [11]
dA;
P mi(Fi)J; — wiAi — (2 — P)AM; [12]
with J+ (2 A
Qi + (2 — q)A
M= , — DA 13
j gakwk, AT E 31

the predation pressure exerted on species i by all of its predators.

Model Parameterization. Parameter values were randomly selected, but con-
strained by default scaling relationships with species body size as presented
by de Roos and Persson (ref. 32, boxes 3.3 and 3.4), except that the time
variable and hence all rate parameters have been scaled by a factor of
10 to speed up numerical computations. The default parameter scaling
relationships with body size reflect documented generalities (28, 46, 47)
that maximum ingestion rates are roughly an order of magnitude larger
than maintenance rates, that conversion efficiency is roughly 60%, and
that losses through background mortality are 7 to 10 times smaller than
losses through maintenance. More specifically, for each nonbasal species,
the half-saturation density H; occurring in its functional response F; was sam-
pled uniformly from the interval [0.5,2.5]. The parameters «;, v;, T;, and p;
were assumed to scale with w,.‘°'25. For each species i the values of these
parameters were generated using the equations

aj=ag (1420401 — 1/2)w; 0%
Yi=90 (142006, — 1/2)w; %%

Ti=To (1420703 — 1/2)w; %%

i

pi=po (1420, (64 — 1/2)w; %

with ag=1.0, 79 =0.6, To =0.1, and po =0.015 the default mean values

of the species-specific parameters (32). The species-specific parameters «;,
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~i, Ti, and p; were for each species randomly selected from a Bates distri-
bution of degree 3 around these mean values. The Bates distribution is the
continuous probability distribution of the mean, X, of three independent
uniformly distributed random variables on the unit interval. Random val-
ues from this distribution range between 0 and 1 with mean value of 1/2.
The quantities x;; are independent realizations of the random variable X,
while o, 04, o7, and o, represent the one-sided, relative width of the
distributions of the species-specific parameters «;, ~;, T;, and p;, respec-
tively, around their mean values. Default values for these relative widths
equal 0.1, such that all species-specific parameters range between 0.9 and
1.1 times their default, mean value and follow hump-shaped distributions
within these ranges. Finally, the productivity P and turnover rate § of the
exclusive resource for the basal species were taken equal to 60 and 2.0,
respectively, in all computations, unless stated otherwise. The two remain-
ing parameters in the model, the foraging asymmetry parameter g and
the predation asymmetry parameter ¢, were varied between the different
computations to assess their effect on community dynamics.

Numerical Simulation Procedure. Numerical integrations of the food web
with N =500 species were carried out using an adaptive Runge-Kutta
method implemented in C. Relative and absolute tolerances during the
integration were set to 10~ and 10~ '3, respectively. During the first 10*
time units no species were removed from the community, even if they
attained very low density. For t > 10* each species, whose total density
J;i + A; dropped below 10~8, was removed from the community. This per-
sistence threshold ensures that the product of the relative tolerance (1077)
and the lowest species density (10~8) is larger than the machine precision
(equal to 1.11- 10~ '® according to the Institute of Electrical and Electronics
Engineers (IEEE) 754-2008 standard in the case of double precision). Dur-
ing numerical computations mean and variance as well as the maximum
and minimum values of the total species density J; + A; were continuously
monitored for all species. The values of these measured statistics are reset
whenever the community structure changes as one or more species in the
community go extinct. Numerical integrations are halted whenever the com-
munity structure has not changed for 10° time units and no change has
occurred from one time unit to the next in the values of these statistics
(mean, minimum, maximum, and variance of total species density) for all
species in the community.

Sources of Community Stability. Through analytical manipulations the
model in terms of juvenile abundances J; and adult abundances A; can
be recast into an equivalent model in terms of total species abundance
C; =J; + A; and the fraction of juveniles in a population Z; = J;/C;. In terms
of these alternative model variables the functional response value for the
basal species can be written as

P

Fr= [14]
T S ar (@2 + R — (1 —Z))G
while the encounter rate with prey for nonbasal species equals
E=> ik (#Zk + Q2 — &)1 = Z0) Gk [15]

k<i

The dynamics of total species density and fraction of juveniles in all
populations are then described by

o[
i bi(F)(1 — Z)C; — G — (9Z; + 2 — )1 — Z))GM; [16]
dz; 2
P bi(F)(1 — Z;)* — mi(F)Z; — 2(¢p — (1 — Z)ZiM; [17]
e (02 + @ — Q1 — Z))C
qZ + (2 —q)(1 —24))Ci
M, = ) 18
gakwk Het Ee [18]

the predation pressure exerted on species i by all of its predators.
The resulting system of differential equations can hence be written as

dC
e K(C, 2) [19]
dz
i L(C, 2) [20]

in which C and Z indicate vectors of all total species abundances and frac-
tions of juveniles in all populations, respectively. The vector-valued functions
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K(C, 2) and L(C, Z) contain the right-hand side of the differential equations
dC;/dt for the species-density subsystem and dZz; /dt for the species-structure
subsystem, respectively. For a system with m species the Jacobian matrix J of
the ordinary differential equations above is a 2m x 2m matrix of the form

oK oK
J= oc oz . [21]

oL oL

ocC oz
Each of the four parts of J is a m x m matrix containing the partial
derivatives of the functions K(C,Z) and L(C, Z) with respect to the total
species densities (Cy, . . ., Cy) and fractions of juveniles (Z, . . ., Zy). Expres-
sions for these partial derivatives are provided in S/ Appendix, Computing

eigenvalues of the stage-structured model.

All communities resulting from the stage-structured model with asymme-
try in feeding and predation between juveniles and adults (g =0.7, ¢ = 1.8)
for which the minimum and maximum values of the total species density
differ less than 10~° for all species are classified as stable. Communities for
which minimum and maximum values of total density of at least one species
differed more than 10~ from each other are considered unstable (cycling).
For both stable and unstable communities the average total abundance and
fraction of juveniles observed in the simulation were used as starting values
to numerically solve for the equilibrium state using the package “rootSolve”
(48, 49) in R (50). For all 115 stable communities the equilibrium commu-
nity state was successfully located and was numerically indistinguishable
from the average densities and juvenile fractions observed in the numerical
simulations. For 147 communities that were considered unstable (cycling)
the numerical solution procedure also converged to an equilibrium com-
munity state with all species present, while for 238 unstable communities
the numerical solution procedure did not converge to such an equilibrium
state. For all equilibrium community states found, the Jacobian matrix J is
evaluated by substituting for all species the equilibrium value for total abun-
dance and fraction of juveniles as well as all general and species-specific
parameters into the expressions for the elements of J. The eigenvalues of
the Jacobian matrix are subsequently computed using the routine eigen() in
R (Fig. 4 A, Bottom, for stable communities only; see S/ Appendix, Fig. S4 for
both stable and unstable communities).

To evaluate how dynamic changes in population stage structure (i.e.,
changes in the juvenile-adult ratio) affect community stability, the eigen-
values of the Jacobian matrix J of stable communities are compared with
the eigenvalues of the top-left submatrix of J, the m x m matrix 6K/8C.
The latter matrix determines the stability of the species-density subsystem
on its own with the juvenile fraction of each species equal to its equilibrium
value. This matrix also corresponds to the community matrix with elements
A(dC;/dt)/9C; capturing the per-capita effect of the species in the commu-
nity on each other’s growth rate. The community matrix determines the
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stability of a model, in which the dynamics of total species densities follow
the same set of equations as in the full model, but the fraction of juveniles
in the populations is constant over time and equals the fraction of juveniles
of the species at equilibrium (Fig. 4 A, Top). Comparing the eigenvalues
of the Jacobian matrix J and the community matrix reveals the impact of
dynamic changes in the population structure of the species on the stability
of the community equilibrium (S/ Appendix, Computing eigenvalues of the
stage-structured model).

To further assess the differences between constant and dynamic juvenile
fractions in the populations, for all stable communities resulting from the
stage-structured model with asymmetry in feeding and predation between
juveniles and adults (g = 0.7, ¢ = 1.8) community dynamics were computed
starting from the equilibrium community state using the reduced model
including the differential equations dC;/dt for the species-density subsys-
tem only, with the juvenile fraction Z; in each of the populations taken
equal to its equilibrium value inferred from the stable community state
(Fig. 4 C, Top Left and SI Appendix, Sources of community stability and Fig.
$6). Similarly, community dynamics were computed with an age-structured
analogue of the full model including differential equations dC;/dt for the
species-density subsystem and dZ;/dt for the species-structure subsystem,
but with the juvenile maturation rate m;(F;) for each of the species in the
community taken constant in time and equal to the maturation rate in the
equilibrium community state. These simulations were also started from the
equilibrium community state (Fig. 4 C, Top Right and SI Appendix, Sources
of community stability and Fig. S6). Finally, community dynamics were com-
puted with the full model including the differential equations dC;/dt for
the species-density subsystem and dz;/dt for the species-structure subsys-
tem and dynamic changes in the juvenile maturation rates starting from a
community state in which the initial density of each species was exactly 50%
of its equilibrium value as inferred from the stable community state (Fig. 4
C, Bottom and SI Appendix, Fig. S6).

Extent of Self-Regulation. For stable communities the extent of self-
regulation of species is assessed with the diagonal elements of the com-
munity matrix, the m x m matrix 9K/0C, which measures the positive or
negative effect of the total species abundance C; on its own rate of change
dC;/dt (S| Appendix, Fig. S5).

Data Availability. All code, data files, and R scripts used to generate
the figures are available in Bitbucket at https:/bitbucket.org/amderoos/
structuredfoodweb/.
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Supporting Information Text
Model reformulation and analysis

The stage-structured model in terms of the juvenile and adult densities J; and A;, respectively, can be reformulated into a
model in terms of the total number of individuals of species ¢ and the fraction of juveniles in the population of species 7. Define
C; as the total density, C; = J; + A;, and Z; as the fraction of juveniles of species i, Z; = J;/C;. Using these alternative
model variables the functional response value for the basal species can be written as:

P

P o= 1
L e @2 00206 !

and the encounter rate of all non-basal species with their prey as
Ei =Y i (97 + (2= 9)(1 = Zx)) s 2

k<i
From the ordinary differential equations (ODEs) for the juvenile and adult densities J; and A; presented in the Materials
and Methods section, the following system of ODEs for the alternative model variables C; and Z; can then be derived through
analytical manipulation:

ddcti = bi(F)(1 — Z)Ci — uCs
6+ @291 = 2) O D e aZet @~ 0~ Zu)) G 8
dZi 2
L= bi(F)(1 = Z0)? = ma(F) Z
(¢Zx + (2 —q)(1 = Zy)) Cx
—2(¢) — 1)(1 - Zi)Zi kz>: apPri q Hk(ir Er [4}

Model simplification in case of ontogenetic symmetry. Assuming ontogenetic symmetry in ingestion and per-capita predation
risk between juveniles and adults is equivalent to setting both ¢ and ¢ equal to 1, which simplifies the per-capita reproduction
and maturation rate to:

bl(Fl) = ml(Fl) = max('yiFifTi,O)

while the expressions for the encounter rate of non-basal species with their prey, F;, equals:

E; = Zl/%kck 5]

k<i
The functional response for species 7 is hence given by:
P
- i =1
5+ aiCh !
b= (6]
;YinCr
L otherwise

Hi+ 3%, %aCr

The equations describing the dynamics of total species densities C; and fractions of juveniles Z; therefore simplify to:

dc;
= LFZ — TL'7 1— ZL i T T ’L Z
g = max(y 0)( )Ci = p ; R Pri + Ek (7]
dZ; 2
o = max (., = T, 0) (1-3Z+ Z7) 8]

For all populations (basal and non-basal) the dynamics of the fraction of juveniles Z; hence follows a separable function,
consisting of a factor max (v; F; — T3, 0) that only depends on the total species densities C; and a factor (1 —3Z; + Zf) that only
depends on the fraction of juveniles Z;. Irrespective of the fluctuations in the total species densities C';, the fraction of juveniles
in each population will therefore approach the unique root in the interval [0,1] of the quadratic condition (1 —3Z; + Zf) =0
for t — oo, i.e. approach the constant value:

- 1
Z:%—?/ézo.ss [9]
In the long run the dynamics of this juvenile-adult abundance model are therefore captured by a model that only considers
total species abundances:
dcC;
dt

=max (viF; — T;,0) (1 = 2)C; — u; Ci — Z akwkiﬁ C; [10]
k>

with E; and F; given by Eq. (5) and Eq. (6), respectively.
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Computing eigenvalues of the stage-structured model. To verify the local stability of the community states that appear to be
stable based on numerical simulations I compute the eigenvalues characterising the dynamics in the neighbourhood of the
equilibrium using the Jacobian matrix. In the neighbourhood of an equilibrium of the stage-structured model persistence
of a species in the community guarantees that starvation does not occur for the juveniles nor the adults. In such a close
neighbourhood of an equilibrium state the reproduction and maturation rate of adult and juvenile consumers are therefore
necessarily positive, such that

bz(Fl) = max ((2 — q)’yiFi — Ti,O) = (2 — q)’yiFi — Ti [11]

mZ(FZ) — max (q’yiFi — Ti70) = q'yiFi - Ti [12]

The dynamics of the total species densities C; and the fraction of juveniles in the populations Z; can then be described by
simplified versions of the ODEs. (3) and (4):

dii =(2-@)nFi —T:) (1 = Z))Ci — pCi
-+ @ 00 -2 S ot B e =
B~ (- @R ~T) (1= 2~ (oW~ T Z
2o~ D01 =22 ou e il Sl 14
The whole system of differential equations can be summarised as:
% —K(C,Z) [15]
% =L(C,2) [16]

in which C and Z are the vectors of total species abundances and fractions of juveniles in all populations, respectively. The
vector-valued functions K(C, Z) and L(C, Z) contain the right-hand side of the ODEs dC;/dt (13) and dZ;/dt (14) for the
species-density subsystem, respectively.

For a community with m species the Jacobian matrix of this model is a 2m x 2m matrix J of the form:

0K

0K

= = viiw! vZiw?

SRR &
- vH V3 + WS V4 + W4
oC 9Z

Each of the 4 parts of J is a m X m matrix containing the partial derivatives of the functions K(C,Z) and L(C,Z) with
respect to the total species densities (C1,. .., Cy,) and fractions of juveniles (Z1, ..., Zm). VY, V2 V3 and V* are 4 m x m
matrices that capture the direct effects of two species in the community on each other, while W, W2 W32 and W* are 4
m X m matrices that capture the indirect effects between two species that operates through a third species. More specifically,
indirect effects occur between species because changes in the total density C; and the fraction of juveniles Z; influence the
encounter rate Ej, of a consumer species k, which in turn affects the predation rate of species k on species ¢ (last summation
terms in ODEs above). Indirect effects hence involve interactions between a predator species k and two of its prey species with
indices ¢ and j.
The elements of the matrices V1, V2, V3 and V* are defined as:
d

. .2. =
de (dcz/dt)a ‘/'L,]

.
dz;

d 4
Ta(dzz/dt)7 Vvi,j -

d

1 P— PR
Vig = dz;

(dC;/dt), V¥ = (dZ;/dt)

Notice however that the derivatives with respect to C; and Z; in these expressions are evaluated while ignoring the indirect
effects that will be captured by the matrices W', W2, W2 and W*, that is, while treating the quantities Ej in the predation
mortality terms (last summation terms in ODEs (13) and (14)) as constants.
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The entries Vlb are given

vi—

)

In the above expressions for

dF;

dc;

and

by:

SF?
((Q—Q)%P —T1> (1-2y)—
—(6Z1+ (2= ) (1 - 21) > cnthia

(2—q)viFi—T)(1—Z;) — s

(9Zk + (2 —q)(1 — Zx)) Ck
Hi + By

(9Zk + (2 —q)(1 — Zk)) Ch
~(9Zi+ (2~ )1~ 2)) Zaw b
—a;ji (a2; + (z,j;qg(jl — %)) (0Zi + (2 = ¢)(1 = Z:)) C;
H;

(2~ Q)’YZWU%J (9Z; +(2-9)(1—Z;)) (1 = Z;)C;

the matrix elements Vi; with ¢ > j I have used the identities

AR dE,  Hi  dE. ___ H,
o dE; dc’] o (Hl-i-El)Q dCJ o (H +E)

d(F101) o i PCl
dCy - dCi 6 + o (qu+(27q)(1721)) Ch
_ oP
0+ a1 (gZ1+(2—q)(1 - Z1)) C1)*
SF 12

i=35=1
i=j#1
1< J
1>

5 %ig (02 + (2 - 9)(1 = Z;))

18]

In an equilibrium state all per-capita growth rates (dC;/dt)/C; vanish such that the entries of the matrix V' simplify to:

(2—q71(6ﬂ—1)F11—Zl i:j:].

0 i—j A1
Vo = 4 —ayu, WAE f]jlqj)éj —Z) gz 42— 9)1-z))C0 i<

(= v gy (07 + 2= (1= Z) (L= Z)Ci 0> ]

The entries Vﬁ are given by:

- <(2 - Q)’Yli(é + oclgCl) F12 - T1> Ci
_ _ (¢Zx + (2 —q)(1 = Zx)) Ck iy
2(¢p — 1)C4 ;am/)kl o+ By i=j=1
—(2-gnubi —T:) G
VE = (@Zi+(2-@(1l=Z))Cp . _
- —l(jZ;aWM £ o BUTE G=j 41
o 2(@-1)C; B N o
—aji H; + E, (¢Z +(2-9)(1-2:))C; 1<
2 — Hi Ci(l—-2Z)C; j j
( Q)i m¢m (¢—1)C;(1 = Zi)C; 1>

To derive the expressions for the matrix elements VZ? with ¢ > 7 I have used the identities

4 of 21

dF; _dF;dBE; _  Hi dE; _ H,
dZ; ~ dE;dZ; ~ (Hi+ E:)?dZ;  (H;+ E;)?

S%i;2 (¢ — 1) Cj

[19]

[20]
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111

112

13

114

115

and

dF(1-2))  d P(1— 7))
 dZy dZid+ o (qZi+(2—q)(1— Z1))Ch
(5+a1qC’1)P

The entries Vi:; are given by:

V3 —

3

o (g2 + (2 —q)(1 = Z1)) F}

6+ a1 (921 + (2= q)(1 = Z1)) C1)?

(6 + 01gCh) FY
P

Finally, the entries Vé are given by:

0 i=j#1
H’L . .
Wy B (0% 2 - 01 - 2) (2 - 00~ Z) ~aZ) i>;
To derive the expressions for the matrix elements Vi‘; with ¢ = 7 = 1 I have used the identity
R d P
dCy — dCié+a1(¢Z1+ (2—q)(1— Z1))Ch
_ . @h+@2-qgd-2Z1)P
0+ a1 (¢Z1+ (2—q)(1 - Z1)) Ch)*
_ (gl +(2-9)(1 - Z1)) F
B P
2
_MM ((2 —q)(1— Z1)2 _ qzl)
—2(2-gmF —T1)(1 - Z1) — (gnF1 —Th)
(@Ze+2-q(1—-Zp))Cr . .
*2(¢*1)(1*221);ak’¢1k1 oo+ B i=j=1
—2(2- vl —T:) (1 - Z;) — (¢l — T3)
| (@2t (2-9(1-Z))Ce
—2(¢ - 1)(1-2Z) ;ak¢k1 o+ B i=j#1
—%W% (6 =11 —2Z)Z; i<y
Hivi2 (0 —1)C; o
A0 (o g1 - 2 - 42) >

The derivation of the expressions for the matrix elements V;* with i = j = 1 is based on the identity

B d P

dZ1 - dZy 0 + oy (qZ1 + (2 — q)(l — Zl)) Cy
20&1 (qf 1) Clp

O+ a1 (qZ1+ (2—q)(1 = Z1)) Ch)*

_ _2&1 (q - 1) C1F12
- P

21]

22]

As explained above, indirect effects occur between species because changes in the total density C; and fraction of juveniles
Z; influence the encounter rate Ej of a consumer species k, which in turn affects the predation rate of species k on species 1.
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These indirect effects therefore always arise because of the summation terms representing predation mortality in egs. (13) and
(14). In the predation rate of species k only the term 1/(H}y + E)) depends on the total density C; and the fraction of juveniles
Z; of species j and the derivatives of this term with respect to C; and Z; equal

1
—mwm (¢ZJ‘ + (2 - ¢)(1 - Zj))
and
,m%ﬂ@f 1)C;

respectively. The elements of the matrices W', W2, W3 and W* are hence defined as:

(qZx + (2 —q)(1 = Zy)) Cx
(Hy + Ek)2

Wi = (6Zi+ (2= 9)(1 = 2:) Ci (625 + (2 = $)(1 = Z3)) > _ cwthuith
9Zk + (2 —q)(1 = Zx)) Cr
(Hy + Ex)?

W2 = (62 + (2 0)(1 - 2) Ci 206~ 1)C; Y anthpatis

k>i

92k + (2 = q)(1 = Zk)) Cy
(Hp +Ek)2

Wi = 26— (- 202 (62, + 2= )1 - 2) Y authati

k>i

97+ (2 —q)(1 = Zy)) Cx
(Hy, + Ey,)?

Wi = 20— 1)1 — Z:)Zi 2(¢ — 1)C; Zakwki%(

k>i

Note that ¢ and j may be equal to each other as changes in the total density of C; and the fraction of juveniles Z; change the
predation rate of species k on species i through a change in the functional response of species k, which effect is not captured
by the matrices V1, V2, V3 and V*%. Furthermore, note that all elements W} are positive for species that are exposed to
predation and equal to 0 only for top predators. Together with the fact that V;; = 0 for i # 0 this implies that the effect of
species density C; on its own rate of change dC;/dt is 0 for top predators and positive for all non-basal species experiencing
predation.

All communities resulting from the stage-structured model with asymmetry in feeding and predation between juveniles and
adults (¢ = 0.7, ¢ = 1.8) for which the minimum and maximum values of the total species density differed less than 107° from
each other for all species were considered stable. All communities for which the minimum and maximum values of total species
density differed more than 10~° from each other for at least 1 species, were considered unstable (cycling) communities. For
both stable and unstable communities the average total abundance and fraction of juveniles observed in the simulation were
used as starting values to numerically solve for the equilibrium state using the package ‘rootSolve’ (1, 2) in R (3). For all
115 stable communities the equilibrium community state was successfully located and was numerically indistinguishable from
the average densities and juvenile fractions observed in the numerical simulations. For 147 communities that were considered
unstable (cycling) the numerical solution procedure also converged to an equilibrium community state with all species present,
while for 238 unstable communities the numerical solution procedure did not converge to such an equilibrium state.

For all communities, for which the equilibrium state was successfully located, the Jacobian matrix J was evaluated by
substituting for all species the equilibrium values for the total abundance and fraction of juveniles as well as all general and
species-specific parameters into the matrices V!, V2, V3, V4 W' W2 W2 and W*. The eigenvalues of the Jacobian matrix
J (see Eq. (17)) were subsequently computed numerically using the routine eigen() in R (3). These calculations of the Jacobian
matrix based on the analytical expressions for the matrices V1, V2, V3 V4 W W2 W3 and W* were verified by also
computing the Jacobian matrix numerically using central differencing methods applied to the right-hand side of the ODEs (13)
and (14) for dC;/dt and dZ;/dt.

For both stable and unstable communities the largest real part among the eigenvalues (i.e. the real part of the dominant
eigenvalue) is shown in Fig. S4. For stable communities this real part was always negative, ranging between -0.061 and
—9.8-107°. For unstable communities this real part was always positive, ranging between 1.3 - 10~* and 0.124.

Sources of community stability. For stable communities the effect of dynamic changes in population stage-structure (i.e. changes
in the juvenile-adult ratio) on the stability of the community equilibrium was evaluated further. The dominant eigenvalues
computed for these communities were compared with the eigenvalues of the top-left submatrix of J, that is the m x m matrix
0K /OC of these communities. The latter matrix determines the stability of the species-density subsystem on its own with the
juvenile fraction of each species equal to its equilibrium value. More specifically, this reduced model of the species-density
subsystem on its own is described by the same dynamic equations for the total species densities as in the full model (Eq. (13)),
but with the fraction of juveniles Z; in the populations taken constant over time and equal to the fraction of juveniles of the
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species at equilibrium Zi:

dC;

- Z kP (d)Zi - (2H_k f_)(;k_ Zl)) < (QZk +(2-q91 - Zk)) Ck [23]

k>i

Comparing the eigenvalues of this reduced model with the eigenvalues of the full model, in which the juvenile fraction in the
population Z; is dynamic and changes at the same time scale as the total species density, reveals the impact of dynamic changes
in the population structure of the species on the stability of the community equilibrium. The eigenvalues of the reduced model
can be computed from its Jacobian matrix which equals the matrix 0K/9C = V! + W1 This matrix corresponds to the
community matrix with elements 9(dC;/dt)/0C; that captures the per-capita effect of the species in the community on each
other’s growth rate and determines stability in community models without population structure.

To further assess the differences between constant and a dynamic juvenile fraction in the population, for all stable communities
resulting from the stage-structured model with asymmetry in feeding and predation between juveniles and adults (¢ = 0.7,
¢ = 1.8) community dynamics were computed starting from the equilibrium community state using the reduced model including
the differential equations dC;/dt for the species-density subsystem only (Eq. (23)), with the juvenile faction Z; in each of
the populations taken equal to its equilibrium value inferred from the stable community state (see Fig. 4C, top-left panel,
in the main text and Fig. S6). Similarly, community dynamics were computed with an age-structured analogue of the full
model. This age-structured model includes differential equations dC;/dt for the species-density subsystem and dZ;/dt for the
species-structure subsystem, but substitutes the juvenile maturation rate m;(F;) for each of the species in the community with
a constant value. This constant value is equal to the maturation rate that juveniles of the species experience in the community
equilibrium and is indicated with ;. Dynamics are then described by the equations:

ddct’i =bi(F)(1 = Z;)C; — i C;
074 2 9)(1 - 7)) G Y gy W C D0 I G 24
k>i
dZi 2 ~

k>1i

The simulations with this age-structured analogue were also started from the equilibrium community state (see Fig. 4C, top-right
panel, in the main text and Fig. S6). For comparison, community dynamics were also computed with the full model including
the differential equations dC;/dt for the species-density subsystem (Eq. (3)) and dZ;/dt for the species-structure subsystem
(Eq. (4)) starting from a community state in which the initial density of each species was exactly 50% of its equilibrium value
inferred from the stable community state (see Fig. 4C, bottom panel in the main text and Fig. S6).

Extent of self-regulation. For stable communities the extent of self-regulation of species is assessed with the diagonal elements
of the community matrix, the m x m matrix 0K/9C (Eq. (17)), which measures the positive or negative effect of the total
species abundance C; on its own rate of change dC;/dt (Fig. S5).

Stage-structured biomass model of species dynamics

To check the robustness of the results obtained with the stage-structured model in terms of juvenile and adult numerical
densities, numerical simulations of community dynamics were also carried out, using a stage-structured biomass model for
species dynamics (4). More specifically, each species was represented by 3 life history stages, referred to as juveniles, subadults
and adults. Such a stage-structured biomass model (4) constitutes an approximation to a size-structured population model
that accounts for a complete size distribution of individuals between their size at birth and size at maturation, in which the
rates of feeding, metabolic maintenance, somatic growth, and reproduction all scale linearly with individual body size (5).
Juvenile and subadult individuals are assumed to use their net-energy production (the difference between assimilation and
metabolic maintenance rate) for somatic growth, whereas adults are assumed not to grow and use their net-energy production
for reproduction. Dynamics are in terms of juvenile, subadult and adult biomass densities, indicated with J;, S; and A;,
respectively.

In the absence of predation the life history processes in the stage-structured biomass model are described by the following
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mass-specific rate functions:

Juvenile somatic growth g/ (Fi) = max ((2— q)v:F; —T;,0) [26]
Subadult somatic growth g; (F)) = max (qviFi — T;,0) [27]
Adult reproduction bi(F;) = max((2 — q)v:F; — T3,0) [28]
Juvenile mortality d](F)) = p —min ((2 — q)viFi — Ti,0) [29]
Subadult mortality d7 (F}) = pi —min (¢yiFi — T;,0) [30]
Adult mortality di (F;) = wpi —min((2 —q)v:F, —T;,0) [31]
J J
] Fi — Di .
; % if g/ (F3) >0
Juvenile maturation mi(F;) = { 1— 2tPi/9;(Fi) [32]
0 otherwise
s s
s % if g7 (Fi) > 0
Subadult maturation my (Fy) = 1= 2'=P7/97(F) [33]
0 otherwise
In these equations F; represents the functional response of species i, which for the basal species equals:
P
R o= [34]

S+ a1 ((2—q) 1 +qS1+(2—q) A1)

The parameter ¢ in this expression determines the asymmetry in feeding capacity between juveniles, subadults and adults (for
the purpose of this study taken the same for all species). Non-basal species forage following a type II functional response:

E;
TR )
in which F; represents the encounter rate of non-basal species ¢ with prey biomass:
B = Y i 9k + (2 - ¢) S + (2~ ) Ax) [36]

k<i

The parameter ¢ represents the bias of the consumer species toward feeding on juvenile as opposed to subadult and adult prey
(for the purpose of this study taken the same for all species). Notice that all species are ordered according to their body size
and hence species i can only feed on species with an index k& < 1.

The parameter T; in the life history functions (26)-(33) represents the (mass-specific) loss rate through metabolic maintenance
requirements, while the parameter u; represents the background mortality. The parameter 7; determines the maximum
assimilation rate per unit biomass, while the parameter z equals the ratio between the body size at entering and leaving each
of the immature stages (the juvenile and subadult stage). The parameters v;, ¢ and T; also determine the minimum food
availability that is needed by juveniles, subadults and adults to just keep itself alive without producing any offspring and
without maturing.

Dy and D? indicate the total mortality rate experienced by juvenile and subadult individuals, respectively, which in the
absence of predation equals p;, but in the presence of predation also includes the predation mortality (see below; note that
D¢ and D? do not include starvation mortality as starvation mortality only occurs when gj (F;) = 0 or g (F;) = 0, in which
case my (F;) = 0 and m3 (F;) = 0, respectively). Equations (28), (26), (27), (32) and (33) express that adult reproduction,
juvenile and subadult growth in body size and juvenile and subadult maturation come to a halt under starvation conditions,
which for juveniles, subadults and adults occur when (2 — ¢)v; F; < Ty, ¢viF; < T; and (2 — ¢)v: F; < T;, respectively. Under
these starvation conditions juveniles, subadults and adults experience increased mortality (Egs. (29), (30) and (31)). The
mass-specific juvenile and subadult maturation rates depends on both juvenile and subadult growth rate in body size as well
as total juvenile and subadult mortality, D; and D? | respectively. The functional form of the maturation rates m; (F;) and
m; (F;) is chosen such that any equilibrium state predicted by the stage-structured biomass model corresponds uniquely to
an equilibrium state of a structured model that accounts for a complete size distribution of individuals between their size at
birth and size at maturation, in which the rates of feeding, metabolic maintenance, somatic growth, and reproduction all scale
linearly with individual body size (5).

A representation of each species by 3 life history stages with the smallest juveniles most vulnerable to predation mortality
and the maturation of the larger immature individuals limited most by food availability was chosen because the dynamics of
such a 3-stage biomass model has been found to closely resemble the dynamics of population models with a complete size
distribution that are based on a dynamic energy budget model for the individual energetics (6). Similar results as presented in
Fig. S7, S8 and S9 have, however, also been obtained using a stage-structured biomass model with only a single juvenile and
adult life history stage to describe species dynamics.
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The dynamics of the juvenile, subadult and adult biomass densities of all species in the community are now described by
the following set of ordinary differential equations (ODEs):

di _ .y oy, _ o 2—q)Jk+qSk + (2 — q)Ax

o = bi(F) A + g (F)Ji = mi (F).Ji = ] (F) Ji = ¢.J; ;akwm i 37]
>

dSi TN 4 oS(FNSs — mS (FNS: — dS(F)S: — 2 —q)Jk + Sk + (2 — q) Ak

G = (F) i+ g7 (F)Si =i (F)S; — dF (F)Si = (2= 9)8 kZawm B [38]

>
dAi _ B (2—q)Jx +qSk + (2 — @) A
= ()8 — i (F)Ai = (2= 0)Ai Yot B [39

k>i

In these equations Ej and Hj represent the encounter rate with prey and the half-saturation density in the functional response
of species k, respectively (Eq. (36)), while the parameters ¢ and ¢ represent the asymmetry in foraging rate and predation risk,
respectively, between juvenile, subadult and adult individuals. The default values for these parameters equal 1, implying that
all 3 stages have identical life history rates (¢ = 1) and that consumers feed indiscriminately on juveniles, subadults and adults
of their prey species (¢ = 1). Finally, the parameter ay represents the maximum (mass-specific) foraging rate of consumer
species k.

Given the above equations, the total juvenile mortality rate, on which the maturation rate (Eq. (32)) of juvenile into
subadult biomass depends, is the sum of background (but not starvation) mortality and predation mortality:

Q) Jk + Sk + (2 - ¢) A
Hy + By

D] = pi+¢ Z oY 2

k>1

[40]

Starvation mortality is excluded from D; because the maturation rate equals 0 under starvation conditions. Analogously, the
total subadult mortality rate, on which the maturation rate (Eq. (33)) of subadult into adult biomass depends, is the sum of
background (but not starvation) mortality and predation mortality:

s qQ)Ji +qSk + (2 — q)Ax
D (2 Zakwm I [41]

k>1i

Model parameterisation and numerical simulation details. Parameterisation of the stage-structured biomass model follows the
same procedure as the stage-structured model in terms of juvenile and adult abundance (see Materials and Methods). In short,
half-saturation prey densities H; for non-basal species are sampled from a uniform distribution on the interval [0.5,2.5]. The
ratio between the smallest and the largest body size in each of the two immature life stages, z, that occurs in the maturation
rates of the stage-structured biomass model (Eq. (32)) and (Eq. (33)), is for all species taken the same and equal to z = 0.1.
Individuals are hence assumed to grow 2 orders of magnitude in body size between birth and maturation. The parameters «;,
~i, T; and p; all represent (mass-specific) rates and are assumed to scale with w;o'% following the equations:

ai =ao (1 + 200 (za — 3)) w;**° "
vi =70 (1 + 20y (zi2 — 3)) w; "% "
T; =To (1 + 207 (2 — 3)) w; "% "
pi =po (1 + 204 (zia — 3)) w;® -

The default mean values of the species-specific parameters equal ap = 1.0, 70 = 0.6, Tp = 0.1 and po = 0.015 (6), while the
species-specific parameters «;, v;, T; and p; are randomly selected from a Bates distribution of degree 3 around these mean
values. A Bates distribution is the continuous probability distribution of the mean, X, of 3 independent uniformly distributed
random variables on the unit interval. Random values from this distribution range between 0 and 1 with mean value of 1/2
and are easily generated by taking the mean of 3 independent samplings from a uniform distribution on the unit interval [0, 1].
The quantities x;; are independent realisations of the random variable X, while o, 0+, or and o, represent the one-sided,
relative width of the distributions of the species-specific parameters «i, 7;, T; and u;, respectively, around the mean values
ao = 1.0, 0 = 0.6, To = 0.1 and po = 0.015. Default values for these relative widths equal 0.1, such that all species-specific
parameters «;, vi, 1; and p; range between 0.9 and 1.1 times their default mean value and follow hump-shaped distributions
within these ranges. The productivity P and turn-over rate ¢ of the exclusive resource of the basal species are taken equal
to 60 and 2.0, respectively, in all computations. The two remaining parameters, the foraging asymmetry parameter ¢ and
the predation asymmetry parameter ¢, in the model are varied between the different computations to assess their effect on
community dynamics.

As described in the Materials and Methods section food webs are generated by selecting N = 500 random niche values n;
uniformly from the interval [0, 1] and associated with species body mass following w; = (wmaz)"i(wmm)(k”i). Subsequently,
the network of feeding interactions between these N = 500 species is constructed by generating for each non-basal species
the midpoint of its feeding niche ¢; following the procedure and default values for the mean prey-predator body mass ratio
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described in the Materials and Methods and Fig. S10. Numerical integrations of the food web with N = 500 species are
carried out using an adaptive Runge-Kutta (Cash-Karp) method implemented in C. Relative and absolute tolerances during
the integration equal 1.0 - 107 and 1.0 - 1073, respectively. During the first 10* time units no species are removed from the
community, even if they attain very low density. For ¢t > 10* each species, whose total biomass density J; + S; + A; drops
below 1078, is removed from the community. This persistence threshold ensures that the product of the relative tolerance
(1077) and the lowest species density (107%) is larger than the machine precision (equal to 1.11 - 1075 according to the IEEE
754-2008 standard in case of double precision). During numerical computations mean and variance as well as the maximum
and minimum value of the total species biomass J; + S; + A; are continuously monitored for all species. The values of these
measured statistics are reset whenever the community structure changes as one or more species in the community go extinct.
Numerical integrations are halted whenever the community structure has not changed for 10° time units and no change has
occurred from one time unit to the next in the values of these statistics (mean, minimum, maximum and variance of total
species density) for all species in the community.
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Fig. S1. Juvenile-adult asymmetry increases community diversity — Mean community size (non-basal species only) of 500 replicate food web simulations with juvenile-adult

stage-structure for different values of foraging (g) and predation (¢) asymmetry between juveniles and adults. Larger communities result when predation is stronger on juveniles
than on adults and maturation is more limited by food availability than reproduction.
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Fig. S2. Juvenile-adult asymmetry increases community diversity at all productivities — Boxplot of community sizes at different levels of system productivity P resulting
from 500 replicate food web simulations without (leff) and with stage-structure and foraging and predation asymmetry between juveniles and adults (right; ¢ = 0.7, ¢ = 1.8,
see Materials and Methods).
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Fig. S3. Juvenile-adult asymmetry increases food web connectivity — Number of prey species (black bars; incoming network node links) and predators (grey bars; outgoing
network node links) for all species in food webs resulting from 500 replicate simulations without (top panel) and with stage-structure and foraging and predation asymmetry
between juveniles and adults (bottom panel; ¢ = 0.7, ¢ = 1.8).

André M. de Roos 13 of 21



0.10 +

5
< 0.05 -
>
c
v
2
- L 54 110 1T TTAL AL A
lio.. °
... °
o 8
..
—0.05
[ ]
T T T
10 20 30

Number of non—basal species

Fig. S4. Eigenvalues of the Jacobian matrix with largest real part determining community stability — Real part of the dominant (right-most) eigenvalue of the Jacobian
matrix determining community stability as a function of community size for all stable communities (black dots) and all unstable communities for which the equilibrium could be
solved for numerically (grey symbols) for the stage-structured model in case of foraging and predation asymmetry between juveniles and adults (¢ = 0.7, ¢ = 1.8).
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Fig. S5. Juvenile-adult asymmetry stabilises community dynamics without self-regulation — Strength of intra-specific density dependence for basal (bottom) and all
non-basal species (top) in stable communities resulting from food web simulations with the stage-structured model and foraging and predation asymmetry between juveniles
and adults (¢ = 0.7, ¢ = 1.8). Intra-specific density dependence is assessed with the diagonal elements of the community matrix, which measures for basal and non-basal
species the negative and positive effect, respectively, of total species abundance on its own rate of change (see Materials and Methods).
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Fig. S6. Dynamic juvenile-adult ratio enforces complex community stability — Frequency distribution of community sizes (non-basal species only; red bars) resulting from
simulations of dynamics for all stable communities generated by the stage-structured model in case of foraging and predation asymmetry between juveniles and adults (¢ = 0.7,
¢ = 1.8) with different model variants (see Materials and Methods and section Sources of community stability above). Top-left panel shows results of the species-density
subsystem on its own with the juvenile-adult ratio for each species constant in time and equal to its equilibrium value when initial species densities are identical to their
equilibrium values. Top-right panel shows results of the coupled species-density and species-structure subsystem with the juvenile maturation rate for each species constant in
time and equal to its equilibrium value when initial species densities are identical to their equilibrium values (These results represent dynamics of an analogous age-structured
model). Bottom panel shows results of the coupled species-density and species-structure subsystem when initial densities for each species are reduced to 50% of their
equilibrium densities. For reference, top and bottom panels also show the frequency distribution of community sizes (non-basal species only; blue bars) resulting from 500
replicate food web simulations without and with stage-structure and foraging and predation asymmetry between juveniles and adults, respectively, that are also presented in
Figure 2 in the main text.
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Fig. S7. Juvenile-adult asymmetry in biomass dynamics increases community diversity — A: Frequency distribution of community sizes (non-basal species only) resulting
from 500 replicate food web simulations using the 3-stage biomass model including juveniles, subadults and adults (see section Stage-structured biomass model of species
dynamics above) when juveniles are most vulnerable to predation and subadults are limited most by food availability (left panel; ¢ = 0.9, ¢ = 1.8) and when subadults and
adults are more vulnerable to predation and small juveniles and adults are limited most by food availability (right panel; ¢ = 1.2, ¢ = 0.2). B: Mean community size (non-basal
species only) of 500 replicate food web simulations using the 3-stage biomass model including juveniles, subadults and adults for different values of foraging (¢) and predation
(¢) asymmetry.
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Fig. S8. Juvenile-adult asymmetry in biomass dynamics increases food web complexity — A: Examples of food webs resulting from simulations using the 3-stage
biomass model including juveniles, subadults and adults (see Stage-structured biomass model of species dynamics above) when juveniles are more vulnerable to predation
and subadults are limited most by food availability (top panel; ¢ = 0.9, ¢ = 1.8) and when subadults and adults are more vulnerable to predation and small juveniles and
adults are limited most by food availability (bottom panel; ¢ = 1.2, ¢ = 0.2). Vertical position indicates trophic level. Inner circles indicate the biomass fraction of juveniles
(grey) and total immatures (blue) in the population. Arrow widths indicate the relative feeding preference (1, , see Materials and Methods) of consumers for a particular prey
species. B: Number of prey species (black bars; incoming network node links) and predators (grey bars; outgoing network node links) for all species in food webs resulting from
500 replicate simulations using the 3-stage biomass model including juveniles, subadults and adults when juveniles are more vulnerable to predation and subadults are limited
most by food availability (top panel; ¢ = 0.9, ¢ = 1.8) and when subadults and adults are more vulnerable to predation and small juveniles and adults are limited most by food
availability (bottom panel; ¢ = 1.2, ¢ = 0.2).
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Fig. S9. Juvenile-adult asymmetry in biomass dynamics stabilises community dynamics — A: Examples of total biomass dynamics of all species in food web simulations
using the 3-stage biomass model including juveniles, subadults and adults (see Stage-structured biomass model of species dynamics above) when juveniles are more
vulnerable to predation and subadults are limited most by food availability (top panel; ¢ = 0.9, ¢ = 1.8) and when subadults and adults are more vulnerable to predation
and juveniles are limited most by food availability (bottom panel; ¢ = 1.2, ¢ = 0.2). Corresponding food web structures are shown in Figure S8. B: Boxplot of minimum
(blue bars) and maximum total biomass densities (red bars) as a function of community size for all persisting species in 500 replicate food web simulations using the 3-stage
biomass model including juveniles, subadults and adults (see Stage-structured biomass model of species dynamics above) when juveniles are more vulnerable to predation
and subadults are limited most by food availability (top panel; ¢ = 0.9, ¢ = 1.8) and when subadults and adults are more vulnerable to predation and small juveniles and

adults are limited most by food availability (bottom panel; ¢ = 1.2, ¢ = 0.2).
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Fig. $10. Construction of the prey-predator mass ratio food web model — Species are randomly assigned niche values n; in the range [0,1]. Niche values are related to
body size w; following w; = (Wmaz )™ (Winin ) ™™ With MINIMUM (w,y,:,) and maximum body size (W, ) equal to 10~ % and 10* gram, respectively. The center ¢; of
the feeding niche of consumer species is uniformly distributed between n; — 2.5/1010g(wmaz /Wmin)and n; — 0.5/1010g(wmaz /Wmin ), yielding median prey-predator
body size ratio between 10~2-% and 10~%-°. The feeding niche width r; equals 1/°log(wmaz /Wmin ). Consumer species i feeds on all prey species k with body sizes
between (wmaz )1~ "1/2) (Wmin) 7 7/2) and (Wmaz ) 1T/ (W in ) T (€i17i/2)) at a relative feeding rate 1p;, following a hump-shaped distribution of
prey body size (see Materials and Methods).
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