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A short biography: André de Roos
http://staff.fnwi.uva.nl/a.m.deroos

• Ecologist with a strong interest in understanding how ecological
systems function (dynamics) and (some) mathematical skills

• PhD in Theoretical Biology at Leiden University (1989)
Supervisors: Hans Metz and Odo Diekmann
Topic:  Numerical methods of physiologically structured

population models (PSPMs)

• Nowadays: using state-of-the-art (numerical) toolbox (dynamics, bifurcation analysis, 
adaptive dynamics) for studying dynamics of structured population models (PSPMs) 
to answer ecological and evolutionary questions

• In case of PSPMs biology has driven the mathematical progress
⇒ Do not blindly apply existing methods from mathematics or physics,

think carefully about your biological system first



Standard approach to modeling ecological dynamics



Standard approach to modeling ecological dynamics
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Alfred Lotka Vito Volterra

§ Individuals within a population are identical

§ Only accounting for reproduction and mortality

§ Focus on the network topology (structure) of 
the species interactions



Basis of current ecological community theory
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• Population-level interactions based on reproduction and mortality



Dynamics of interacting populations

“Population dynamics: the variations in time and space in the sizes and densities of 
populations (the numbers of individuals per unit area)”

M.Begon, C.R.Townsend, J.L.Harper (2005) 
Ecology: From Individuals to Populations, Wiley-Blackwell

Populations considered as collections of elementary particles, increasing and 
decreasing in abundance through reproduction and mortality, respectively

Is there a problem?



The neglected issue

Richard Lewontin
(revolutionary geneticist, 
evolutionary biologist,
long-time member of 
the SFI Science Board)

….the essential nature of the Darwinian 
revolution was neither the introduction of 
evolutionism as a world view (since historically 
that is not the case) nor the emphasis on 
natural selection as the main motive force in 
evolution (since empirically that may not be 
the case), but rather the replacement of a 
metaphysical view of variation among 
organisms by a materialistic view.

Charles Darwin • Every individual is unique

• Variation among individuals



The main source of variation among individuals

All individuals develop and die, but only the lucky few reproduce!

Ontogeny
Development
Growth

Reproduction

Death

Death

Death

These we notice
and want to see!



The main source of variation among individuals

Flies

Jellyfish

Butterflies

Frogs

Development: unique and ubiquitous!
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"... the life cycle is the central unit in biology. The notion of the organism is used in this 
sense, rather than that of an individual at a moment in time, such as the adult at 
maturity. Evolution then becomes the alteration of life cycles through time..."

J. T. Bonner (1965)
Size and Cycle: An Essay on the Structure of Biology

• Question: Does accounting for ontogeny (individual development 
through life history) make a fundamental difference to our 
understanding of ecological dynamics?

• Question: Does accounting for ontogeny (individual development 
through life history) make a fundamental difference to our 
understanding of ecological dynamics?

• Answer: Yes! Accounting for ontogeny messes up our intuition about 
responses of ecological communities to perturbations and changes



Intra-specific variation in body size!

Development’s most elementary feature:
Growth in body size (a doubling at least )

1 mm

x 109



Intra-specific variation in body size!Unlike aging, development is highly plastic!

Development’s most elementary feature:
Growth in body size (a doubling at least )

1 mm

x 109

All 3 perch are 4 years old!



Intra-specific variation in body size!Unlike aging, development is highly plastic!

Development’s most elementary feature:
Growth in body size (a doubling at least )

1 mm

x 109

All 3 perch are 4 years old!

Foto by Emma van der Woude

Trichogramma evanescens
parasitic wasps



Size-structured population models
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§ Growth rate in body size:
§ Reproduction rate: 
§ Resource intake rate: 
§ Mortality rate:

g(s,R)

�(s,R)

�(s,R)

µ(s,R)

8
>>>>>>>>><

>>>>>>>>>:

dR

dt
= p(R) �

Z sm

sb

�(s,R) c(t, s) ds

@c(t, s)

@t
+

@g(s,R) c(t, s)

@s
= �µ(s,R) c(t, s)

g(sb, R) c(t, sb) =

Z sm

sb

�(s,R) c(t, s) ds
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Equilibrium changes with increasing mortality
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Reproduction more limited by food than growth and development
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Equilibrium changes with increasing mortality
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Asymmetric changes in reproduction and maturation 
with increasing mortality

When adults compete more:

§ Low adult fecundity, high juvenile 
survival

§ Adults dominate

§ Adults use most of their intake for 
maintenance (no production)

§ Mortality releases adult competition, 
increases reproduction and juvenile 
biomass

Biomass maturation rate
Biomass reproduction rate

Disproportionally large increase in population birth rate



Ontogenetic symmetry breaking
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Development more limited by food

Ontogenetic symmetry breaking
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Ontogenetic asymmetry
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Ontogenetic asymmetry
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Mortality increases densities of all non-bottleneck life history stages



Overcompensation is (almost) everywhere

• Predictions for (unstructured) cases with ontogenetic symmetry hold under limited conditions

• Overcompensation mostly influenced by production asymmetry, little influence of mortality asymmetry

Juvenile biomass overcompensation

Adult biomass overcompensation

Adult-biased
mortality

Adult-biased
production



Testing predictions

Schröder, Persson & De Roos (2009) PNAS 106:2671
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Biomass overcompensation with increasing mortality
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What life history characteristics cause these changes in
population structure with changing abundance?



An abstract, theoretical analysis
8
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>>>>>>:

dR

dt
= p(R) � fJ(R)CJ � fA(R)CA

dCJ

dt
= gA(R)CA � gJ(R)CJ � µJCJ

dCA

dt
= gJ(R)CJ � µACA

f 0
J(R), f 0

A(R), g0J(R), g0A(R) > 0 and p0(R)  0

Resource

Juvenile consumers

Adult consumers

Analysis: 

• Changes in equilibrium densities with increasing mortality
(applying the implicit function theorem to the equilibrium conditions)

• Equilibrium stability
(applying the Routh–Hurwitz stability criterion to the Jacobian matrix)
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Equilibrium densities can increase with increasing mortality, when:

Maturation increases faster than
ingestion when resource increases

Fecundity increases faster than
ingestion when resource increases



Constant efficiency
(constant ratio between ingestion and fecundity or maturation)

Classic theory: numerical and functional response

Resource

Functional response
Rate

Numerical response
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Numerical response
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The effect of maintenance costs on production
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Because of maintenance costs efficiency with which  resource
is used for population growth increases with mortality

20% decrease in density increases 
ingestion by roughly 20%, but
doubles adult fecundity
⇒ 60% increase in total reproduction
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Maintenance and stage structure together
8
>>>>>>><

>>>>>>>:

dR

dt
= P � (↵JCJ + ↵ACA)R

dCJ

dt
= (�R� T )+ CA � (�R� T )+ CJ � µCJ

dCA

dt
= (�R� T )+ CJ � µCA



Maintenance and stage structure together

0 1 2
0

3

6

9

12

15

0

1

2

3

4

5

6

Resource density

In
ge

st
io

n 
ra

te
 I

M
at

ur
at

io
n 

ra
te

 M
 - 

 F
ec

un
dt

y 
FI+∆I

I

F+∆F

F

M+∆M
M

J A

R

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.05

0.1

0.15

0.2

0.25

Adult mortality rate
Ju

ve
ni

le
 d

en
sit

y

Ad
ul

t d
en

sit
yAdults

Juveniles

P = 20, ↵J = ↵A = 10, � = T = 1, � = 3, µ = 0.1
<latexit sha1_base64="WG2D6Tsml+uVTWxq7hL6L1lpoVQ="></latexit><latexit sha1_base64="9mxHCas26vIKvfQSyvqYTDUIKd8="></latexit><latexit sha1_base64="9mxHCas26vIKvfQSyvqYTDUIKd8="></latexit><latexit sha1_base64="PaJW8UZ2SykIGmnSaxwlD8ADy/8=">AAACJXicbZDLSsNAFIYn9VbrLerSTbAILqQkVVDQQMWNuKrQGzSlnEyn7dCZJMxMhBL6Mm58FTcuLCK48lWctFlo6w8D3/znHGbO70eMSmXbX0ZuZXVtfSO/Wdja3tndM/cPGjKMBSZ1HLJQtHyQhNGA1BVVjLQiQYD7jDT90V1abz4RIWkY1NQ4Ih0Og4D2KQalra55U3XL9pl37QGLhtB9cDO4dZ2ZPQDOwa25TnrxiQL3PCUeu3bJ6ZpFu2TPZC2Dk0ERZap2zanXC3HMSaAwAynbjh2pTgJCUczIpODFkkSARzAgbY0BcCI7yWzLiXWinZ7VD4U+gbJm7u+JBLiUY+7rTg5qKBdrqflfrR2r/lUnoUEUKxLg+UP9mFkqtNLIrB4VBCs21gBYUP1XCw9BAFY62IIOwVlceRka5ZKjE3u0i5WLLI48OkLH6BQ56BJV0D2qojrC6Bm9onc0NV6MN+PD+Jy35oxs5hD9kfH9A8AuoaQ=</latexit>

0 1 2
0

3

6

9

12

15

0

1

2

3

4

5

6

Resource density

In
ge

st
io

n 
ra

te
 I

M
at

ur
at

io
n 

ra
te

 M
 - 

 F
ec

un
dt

y 
FI+∆I

I

F+∆F

F

M+∆M
M

J A

R

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.05

0.1

0.15

0.2

0.25

Adult mortality rate

Ju
ve

ni
le

 d
en

sit
y

Ad
ul

t d
en

sit
yAdults

Juveniles



Maintenance and stage structure together
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What about large,
diverse communities?
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Will a Large Complex System be Stable?
R. M. May, Nature 238: 413-414, 1972

Robert M. May

‘In short, there is no comfortable theorem assuring 
that increasing diversity and complexity beget 
enhanced community stability; rather the 
opposite is true. The task, therefore, is to elucidate 
the devious strategies which make for stability in 
enduring natural systems’. (R.M. May, 1974)
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‘Here,  we  show  that  empirical  food  web  
structures  cannot  be  stabilized  unless  
the  majority  of  species  exhibit  
substantially  strong  self-regulation. ‘

‘Based  on  the  results  presented  here,  at  
least  half—and  possibly  more  than  
90%—of  species  must  be  subject  to  
self-regulation  to  a  substantial degree’
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What keeps the exponential growth capacity of natural 
populations in check? Some regulatory mechanism is 
required—a feedback decreasing growth rates when 

abundance is high and increasing them when abundance is low. 
Common regulating factors include resource shortage, predation 
pressure, pathogen load, refuge availability and so on. However, 
sometimes, the per-capita growth rate of a species has a direct  
negative dependence on its own abundance. This is called ‘self- 
regulation’1,2. Self-regulation may be caused by direct mechanisms, 
such as intraspecific interference or certain forms of cannibalism.  
Also, it is sometimes possible to eliminate from consumer–
resource relationships the explicit dependence of the consumer 
on the resource (or vice versa) via a separation of time scales, 
leading to ‘effective’ self-regulation, as was done by MacArthur3 
in deriving the Lotka–Volterra equations from an underlying 
consumer–resource system. Finally, immigration from outside 
sources and nonlinear functional responses coupling predators 
and prey can give rise to self-regulatory effects. The important 
commonality across all of these mechanisms is that they can cause 
per-capita growth rates to directly depend on the abundance of 
the species in question.

How important is self-regulation in natural systems? To fur-
ther specify what we mean by ‘important’, in this work we focus 
on the property of local asymptotic stability; that is, whether small 
perturbations of species’ abundances away from an equilibrium 
point tend to be dampened, with the system returning to the 
equilibrium. Local asymptotic stability is assessed using the the 
community matrix (Jacobian evaluated at the equilibrium point)4. 
This matrix, when its rightmost eigenvalue is in the left half of the 
complex plane, signals the stability of the system; otherwise, the 
system is unstable. Self-regulatory effects appear in the commu-
nity matrix as negative entries along its diagonal (Supplementary 
Information, Section 1).

We ask what fraction of species in large ecological networks must 
exhibit self-regulation for the system to be (locally asymptotically) 
stable and how strong this self-regulation must be. In two simple 
reference cases, the answer is known: first, a system completely 
devoid of any self-regulation cannot be stable; and second, suffi-
ciently strong simultaneous self-regulation of all species always 
leads to stability (Supplementary Information, Section 1.2). The 
difficult question is whether stability can be achieved by something 
between these extremes. It is known that some ecological networks 
can be stabilized by just a single well-chosen self-regulating species5. 
However, such systems have especially simple topologies and it is 
unclear whether empirical networks with a more complex structure 
could be stabilized in the same way.

Views on this question differ strongly between ecologists: some 
believe most species must experience at least weak self-regulation at 
least some of the time2,6,7, while others maintain that only primary 
producers and perhaps top predators self-regulate to an appreciable 
degree8–11. To some extent, this disagreement is undoubtedly fuelled 
by the unfortunate fact that the empirical study of self-regulation 
is a formidable challenge. While it is true that measuring a popula-
tion’s growth rate as a function of its abundance typically yields a 
negative relationship between the two12, this is in general not due 
to direct self-effects, but rather to depletion of consumables, greater 
parasitic load at high abundance or increased predation pressure10. 
Although it is not impossible to disentangle the causes13–16, it is still 
a difficult task from an empirical point of view.

For this reason, we instead look at the importance of self- 
regulation by assessing its theoretical consequences and seeing 
if they are consistent with certain broad empirical patterns. Since 
one such pattern is the relative stability of ecological communities 
at certain spatiotemporal scales, one can enquire about what levels  
of self-regulation would be required to confer stability to large  
ecological communities.

Self-regulation and the stability of large ecological 
networks
György Barabás! !1,2*, Matthew J. Michalska-Smith! !2 and Stefano Allesina! !2,3,4

The stability of complex ecological networks depends both on the interactions between species and the direct effects of the 
species on themselves. These self-effects are known as 'self-regulation' when an increase in a species’ abundance decreases 
its per-capita growth rate. Sources of self-regulation include intraspecific interference, cannibalism, time-scale separation 
between consumers and their resources, spatial heterogeneity and nonlinear functional responses coupling predators with 
their prey. The influence of self-regulation on network stability is understudied and in addition, the empirical estimation of 
self-effects poses a formidable challenge. Here, we show that empirical food web structures cannot be stabilized unless the 
majority of species exhibit substantially strong self-regulation. We also derive an analytical formula predicting the effect of 
self-regulation on network stability with high accuracy and show that even for random networks, as well as networks with a 
cascade structure, stability requires negative self-effects for a large proportion of species. These results suggest that the afore-
mentioned potential mechanisms of self-regulation are probably more important in contributing to the stability of observed 
ecological networks than was previously thought.
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leading to ‘effective’ self-regulation, as was done by MacArthur3 
in deriving the Lotka–Volterra equations from an underlying 
consumer–resource system. Finally, immigration from outside 
sources and nonlinear functional responses coupling predators 
and prey can give rise to self-regulatory effects. The important 
commonality across all of these mechanisms is that they can cause 
per-capita growth rates to directly depend on the abundance of 
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devoid of any self-regulation cannot be stable; and second, suffi-
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leads to stability (Supplementary Information, Section 1.2). The 
difficult question is whether stability can be achieved by something 
between these extremes. It is known that some ecological networks 
can be stabilized by just a single well-chosen self-regulating species5. 
However, such systems have especially simple topologies and it is 
unclear whether empirical networks with a more complex structure 
could be stabilized in the same way.

Views on this question differ strongly between ecologists: some 
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least some of the time2,6,7, while others maintain that only primary 
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species on themselves. These self-effects are known as 'self-regulation' when an increase in a species’ abundance decreases 
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self-effects poses a formidable challenge. Here, we show that empirical food web structures cannot be stabilized unless the 
majority of species exhibit substantially strong self-regulation. We also derive an analytical formula predicting the effect of 
self-regulation on network stability with high accuracy and show that even for random networks, as well as networks with a 
cascade structure, stability requires negative self-effects for a large proportion of species. These results suggest that the afore-
mentioned potential mechanisms of self-regulation are probably more important in contributing to the stability of observed 
ecological networks than was previously thought.
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equilibrium. Local asymptotic stability is assessed using the the 
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Information, Section 1).

We ask what fraction of species in large ecological networks must 
exhibit self-regulation for the system to be (locally asymptotically) 
stable and how strong this self-regulation must be. In two simple 
reference cases, the answer is known: first, a system completely 
devoid of any self-regulation cannot be stable; and second, suffi-
ciently strong simultaneous self-regulation of all species always 
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The stability of complex ecological networks depends both on the interactions between species and the direct effects of the 
species on themselves. These self-effects are known as 'self-regulation' when an increase in a species’ abundance decreases 
its per-capita growth rate. Sources of self-regulation include intraspecific interference, cannibalism, time-scale separation 
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self-regulation on network stability with high accuracy and show that even for random networks, as well as networks with a 
cascade structure, stability requires negative self-effects for a large proportion of species. These results suggest that the afore-
mentioned potential mechanisms of self-regulation are probably more important in contributing to the stability of observed 
ecological networks than was previously thought.

NATURE ECOLOGY & EVOLUTION | VOL 1 | DECEMBER 2017 | 1870–1875 | www.nature.com/natecolevol1870

Competition and predation (inter-specific) less relevant
Self-regulation (intra-specific) determines community stability



Food web based on prey-predator size ratio
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Species dynamics without stage structure

Basal species (i = 1)

Non-basal species (i > 1)

Simulation procedure:

• Assign 500 species a species body weight uniformly distributed over a logarithmically scaled body weight axis

• Assign species-specific parameters randomly distributed around allometric parameter-body weight relationships

• Simulate dynamics until transients have disappeared

No self-regulation, except
for the single basal species!



0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
eq

ue
nc

y
No stage-structure

0 10 20 30
Number of non−basal species

Community diversity

B

31

124

232

B

31 76

102

149

242

B

40 53 74 86

98 99 101 120 131

141 149

150 172

183

191 193

211 221

252 253 332

351

B

18 35

65

69

81

94

116 136

139

141

150

155 175 194

216

228 243

265

266

273

314

316

No stage-structure

Stage-structure included

Food web dynamics without stage structure results in small communities with simple structure, 
in which most species exploiting a single resource and exposed to a single predator



Community dynamics
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Food web dynamics without stage structure results in population oscillations,
with large amplitudes that increase with community size



Three important characteristics
§ Focus on stabilization through food web properties:

How does the topology of the interaction network between species affect community 
stability

§ Community / interaction matrix used to quantify interactions:
Density effect per individual of one species on growth rate of other

§ Self-regulation is crucial for community stability, even though its occurrence is debated 
and hard to prove 

Questions
§ To what extent are current insights consequences of the conceptualisation as a between-

species interaction network?

§ What is the effect of differences between juveniles and adults on community diversity and 
stability?



Introducing juvenile-adult stage structure

§ Juvenile and adult have identical diets, but their feeding rate is proportional to 
and                 , respectively:
• For                  maturation is more limited by food than reproduction

§ Juveniles and adults are preyed upon by the same predators, but  their mortality 
rate from predation is proportional to     and                 , respectively
• For                   juveniles are preyed upon more than adults

§ For               and               model is mathematically identical to model without stage 
structure

§ Maturation (reproduction) stops when juvenile (adult) food intake is too low to cover 
juvenile (adult) maintenance costs

q
<latexit sha1_base64="YizBMyU6MG5X0Lv71T+tDXeH3ts="></latexit>

(2� q)
<latexit sha1_base64="XE5FNvZ1FKtrfp2xHMRFn108apE="></latexit>

q < 1
<latexit sha1_base64="KeawUJoFTOUaJlsAaFRZW+HS1+s="></latexit>

� > 1
<latexit sha1_base64="yBLvDquEgqKpsiyg18wByhFJxyk="></latexit>

� = 1
<latexit sha1_base64="9n6K7fYeiFmDmYy7dodFidfhoYI="></latexit>

q = 1
<latexit sha1_base64="/fYEf9gUODqZQyNGSJT5OkYLVU4="></latexit>

�
<latexit sha1_base64="UM/DyM6wiRYO0vQ9YVzwrtxjIE8="></latexit>

(2� �)
<latexit sha1_base64="crJHZ+GZyMP24p8XyUpK7sgDngQ="></latexit>



The effect of maintenance costs on production

gJ(Fi) = ( q �i Fi � Ti)
+

gA(Fi) = ((2� q)�i Fi � Ti)
+
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Species dynamics with stage structure

Basal species (i = 1)

Non-basal species (i > 1)

q = Juvenile-adult foraging asymmetry

� = Juvenile-adult predation asymmetry
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Stage-structure promotes community diversity if:
• Maturation is more limited by food than reproduction
• Juveniles are more vulnerable to fall victim to predators than adults



Community structure

Stage-structure promotes 
community complexity
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Community dynamics
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Stage-structure stabilizes 
community dynamics
(23% of simulations converge 
to a stable equilibrium)



Community stability analysis
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Stability determined by:

: Total density of species i

: Fraction juveniles of species i

Community / Interaction matrix
Per-capita density effect of species j on 
population density growth rate of species i
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Per-capita density effect of species j on dynamics 
of population structure of species i

Dynamic effect of population structure of species j
on population density growth rate of species i
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on dynamics of population structure of species i
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Stability of network
(species interaction subsystem)

Stability of population
structure subsystem



Community stability analysis
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Stability determined by:

: Total density of species i

: Fraction juveniles of species i
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• Mechanism is different from stabilization through food web properties
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Community stability analysis
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Impact of dynamic stage-structure
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Impact of food-dependent maturation
(age structure versus stage-structure)
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Community resilience
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Communities are resilient to large perturbations
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Communities are resilient to large perturbations
Single species reduced to 1%
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Communities are resilient to large perturbations
Single species reduced to 1%
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Communities are resilient to large perturbations

Single−species extinction
Single−species reduced to 1% 
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More basal species extincts have largest impact
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Conclusions

§ Coupled changes in population structure and abundance alter 
community complexity-stability relationship:

• Increase community diversity and complexity

• Dampen population oscillations or stabilize community dynamics altogether

• Annul and override destabilizing influences arising from the topology of the 
species interaction network

Network + Hierarchical complexity  
⟹ stability & robustness



Broader implications

§ Data collection:
• Species-level data collection is and will remain the norm
• Sometimes only data of the most conspicuous life stage (butterflies)
• Food webs are networks between human-imposed groups that do not necessarily match 

dynamically relevant ecological entities
• To what extent do this type of data provide sufficient information for understanding, 

management and protection?

§ Modelling:
• Species-level modelling on the basis of Lotka-Volterra interactions is and will remain the 

norm
• How reliable are predictions of these models and how useful are they for management 

purposes?



Broader implications

§ Modern ecology 
• Data revolution: large datasets, eScience, data science
• Data-driven modelling
• Analysis through advanced statistics or AI
• Conceptual thinking / theory is underrepresented

§ Science philosophy issues:
• Data are considered “objective”, despite their dependence on our conceptualization and 

the methods of their collection
• The power of tradition in population / community ecology:

When does a paradigm that considers species to be unstructured turn into a tunnel 
vision?



Santa Fe
Institute

Thank you!

What we observe is not nature itself, but nature exposed to our method of 
questioning

- Werner Heisenberg


