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NES 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
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0 ﬁ Standard approach to modeling ecological dynamics
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Standard approach to modeling ecological dynamics

X12

Alfred Lotka Vito Volterra

= |ndividuals within a population are identical

= Only accounting for reproduction and mortality

= Focus on the network topology (structure) of

the species interactions

dx
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Basis of current ecological community theory

Competition Predation

Food chain

Apparent
competition

Omnivory * Population-level interactions based on reproduction and mortality
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ED Dynamics of interacting populations
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“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?
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The neglected issue

....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.

Richard Lewontin
(revolutionary geneticist,

- Variation among individuals evolutionary biologist,
long-time member of

the SF| Science Board)

Charles Darwin * Every individual is unique
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The main source of variation among individuals

Death
Death
Eggs d Ca(ltae:\?a”:ar
Repr ion il
eproductio Butterfly & )
Life ntogeny
Development
Growth
\ Chrysalis
K (pupa)
These we notice Butterfly
and want to see!
Death

All individuals develop and die, but only the lucky few reproduce!
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HBZ The main source of variation among individuals
M ‘M~%@

Larva
Pupa ard Stage 2N Stage m

Larvs Larva

| -

9~

planula larva

\ Jelleish ‘

Development: unique and ubiquitous!
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The main source of variation among individuals

&
)
N
Egg Laying
Female cell division cycle begins
5){} {mitosis)
Pupa ard Stage  2Nd
Lan,ag La cell prepares f -.
\ ’5
\ 61

to divide
‘ Flies ‘ E}:‘g_

medua - mobile phase

Q replication : cell decides
of DNA - whether to
planula larva continue

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?

* Answer: Yes! Accounting for ontogeny messes up our intuition about
responses of ecological communities to perturbations and changes
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Development’s most elementary feature:
Growth in body size (a doubling at least )

Intra-specific variation in body size!
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Development’s most elementary feature:
Growth in body size (a doubling at least )

Unlike aing,developent i highly pIastic!
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Development’s most elementary feature:
Growth in body size (a do

5 3 ¥
AAr
AR

ubling at least )

¥ AN

Trichogramma evanescens
parasitic wasps e

AL R R
= o e

Unlike aging, development is highly plastic!

Foto by Emma van der Woude
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Size-structured population models

Reproduction

Population and Community Ecology of
Ontogenetic Development
>\ - »
= [ | Growth L
— ) André M. de Roos and Lennart Persson
g — » —
E W Fl | Growth
VU . — H
S : - | - ]
2 : $ - . s —
S ; SHHRERI ;
O : : HE NN
Pl doudon: e e e ihe }n ............ .
Body size
\¢ / M orta / I ty MONOGRAPHS IN POPULATION BIOLOGY - 51
Population and Community Ecology of
Resource Ontogenetic Development
Consumer feedback Consumer feedback André M. de Roos & Lennart Persson
(density dependence) (density dependence)

Princeton Monographs 51
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{ED: Size-structured population models

iwm
dR sm
— = p(R) — v(s, R) c(t,s)ds - _
at s D
Oc(t, s 0g(s, R)c(t, s
13) y W00 s Ry et
Sm
9(sp, R) c(t, sp) = B(s, R) c(t, s) ds
Sb
= Growth ratein body size:  ¢(s, R)
= Reproduction rate: B(s, R)
= Resource intake rate: v(s, R) Community Ecology of
= Mortality rate: /L(S,R) Zilgerzs:;rtPersson
bgraphs 51
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SABE  Equilibrium changes with increasing mortality

Juvenile biomass

= = = Adult biomass
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Stage-independent mortality

Reproduction more limited by food than growth and development
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Equilibrium changes with increasing mortality

Juvenile biomass

= = = Adult biomass

1.5 3
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Stage-independent mortality Juvenile mortality

Reproduction more limited by food than growth and development
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“hEE  Equilibrium changes with increasing mortality

Juvenile biomass

= = = Adult biomass

1.5 3
- _ 1 il
N _ X il
L\ | 1 ]
a g N — —— 19 %
= i _ 1 il
S S
e - iy T 1 8
© , - 1 1
E B ] 1 i %
v
— — — —1T
E 0.5 - 1 T 1 1 2
_ - il
O ] ] IIIIIII ] 1 IIIII ] ] ] IIIIIII ] ] IIIIIII ] ] IIIIIIII ] IIIIIIII O
0.1 1 10 0.1 1 10 0.1 1 10 100
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Reproduction more limited by food than growth and development
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n““ Asymmetric changes in reproduction and maturation
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Pl B SR with increasing mortality
Biomass maturation rate
— — Biomass reproduction rate When adults compete more:
0.8 1.6
! | » Low adult fecundity, high juvenile
/\ survival
0.6 - / 112 ¢
2 r © :
© L / i 1 c = Adults dominate
S / | i)
204 |- | 108 ] o .
e / | 3 » Adults use most of their intake for
§ - ‘ 1 5 maintenance (no production)
02 |- | o4
I || = Mortality releases adult competition,
O"'l' S ; g increases reproduction and juvenile
0.1 1 10 biomass

Juvenile mortality

Disproportionally large increase in population birth rate
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Ontogenetic
symmetry

Ontogenetic symmetry breaking

Development and reproduction limited by food to the same extent

Reduces to classic,
g unstructured model

Q oo’ in terms of total
t T population biomass
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il gfe Ontogenetic symmetry breaking

Development and reproduction limited by food to the same extent

Reduces to classic,
Ontogenetic unstructured model
Q &l in terms of total

symmetr t -’ T
y y a- population biomass

Reproduction more limited by food Development more limited by food

o8

Ontogenetic
asymmetry
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RIRIE D, Ontogenetic asymmetry
Reproduction more limited by food Development more limited by food
Juveniles ----- Adults
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Ontogenetic asymmetry

Reproduction more limited by food Development more limited by food
Juveniles ----- Adults
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Mortality increases densities of all non-bottleneck life history stages
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“hEE  Overcompensation is (almost) everywhere

overcompensation
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> mortality
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production
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Mortality asymmetry

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

* Overcompensation mostly influenced by production asymmetry, little influence of mortality asymmetry
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Testing predictions

100
100
|

7| Harvesting juveniles " Harvesting adults

80

Juvenile biomass (mg)
40 60

20

0.00 0.02 0.04 0.00 0.02 0.04

Mortality rate per day

Schroder, Persson & De Roos (2009) PNAS 106:2671
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Biomass overcompensation with increasing mortality

Juvenile biomass = = = Adult biomass
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What life history characteristics cause these changes in
population structure with changing abundance?
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An abstract, theoretical analysis

Pl
(dR
a0 p(R) — f5(R)Cy — fa(R)Ca Resource
dC'y :
4 — = ga(R)C4a — g7 (R)Cy — psCy Juvenile consumers
dCa Adult
= g7 (R)Cy — 11aCa ult consumers

f1(R), fa(R), g;(R), ga(R) > 0 and |p'(R) < 0

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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IIBIED. An abstract, theoretical analysis
(O = 6(B) — LR~ fARC Resource
< % — ga(R)Ca — gs(R)Cy — 1;C, Juvenile consumers
\% = g;(R)Cy — paCa Adult consumers

f1(R), fa(R), g;(R), ga(R) > 0  and  p'(R) <0

Equilibrium densities can increase with increasing mortality, when:

R\’ R\’
<fJ()> <0 o (fA()) <0
g9J(R) ga(R)

Maturation increases faster than Fecundity increases faster than

ingestion when resource increases ingestion when resource increases
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Wﬂﬁg Classic theory: numerical and functional response

B s ad

Rate )
A Functional response
g;(R) = o;f5(R)
Numerical response
ga(R) = ocafa(R) P
> Resource

Constant efficiency
(constant ratio between ingestion and fecundity or maturation)
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The effect of maintenance costs on production

Rate )
LA Functional response
g;(R) = (UJfJ(R) — TJ)
N Maintenance
Numerical response
ga(R) = <0AfA(R) — TA) P
Fecundity
> Resource

Changing efficiency
(variable ratio between ingestion and fecundity or maturation)
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YHAEE The effect of maintenance costs on production

Functional response

Maintenance

¥ Fecundity
20% decrease in density increases
ingestion by roughly 20%, but
doubles a.dult fecu.ndlty . . > Resource
= 60% increase in total reproduction ( 5
faR)’
( AT ) <0 Because of maintenance costs efficiency with which resource
ga(R) is used for population growth increases with mortality
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B Maintenance and stage structure together

ﬁu
dr
dt

dC'y
dt

dC'4
~dt

= P — (OéJCJ—I-OéACA)R

N\

= [Br-1)"|cs —[vR-T)"|Cs — Oy

= [0R-D)Jcs — nCy
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LilBIE D Maintenance and stage structure together

Pl e
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Ingestion rate /

15

12

Maintenance and stage structure together

P=20, aj=a,4=10, =T =1, =3, n=0.1

Resource density

6
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Juvenile density
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Maintenance and stage structure together

3.0

[ Adult density

2.0

Adult/juvenile efficiency ratio (/)

[ Juvenile density

overcompensa tion

overcompensation

10 fcm o o o o o o o = = = =

B>
Marturation
more limited by food

B <~
Reproduction
more limited by food

0 0.2

0.4

0.6

0.8

Mortality/maintenance ratio (u/T)

1.0

* Results are independent of the resource growth function p(R) (as long as p’(R) < (), the foraging parameters
a7 and a4, and the functional response f(R)

* Similar results can be obtained with differences in maintenance requirements of juveniles and adults
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‘x)-;ﬂg &% Rate ) Rate Functional
Functional response __——— Functional response
Maintenance
Numerical response )
Fecundity/Maturation
Resource Resource

Implications beyond consumers
and resources

Increasing mortality decreases maintenance losses and increases effective
resource use for population growth in case of juvenile-adult asymmetry
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ﬁ Linear food chains

No maintenance and/or
no juvenile-adult differences
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e
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Predator density

Consumer density
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0.1

8.0
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0.0

Linear food chains

No maintenance and/or
no juvenile-adult differences

Maintenance and
juvenile-adult differences

Juveniles

e Adults

1.0 20 30 40
Predator mortality

|
0.2 0.4 0.6 0.8 1.0

Predator mortality

100

10

0.1

8.0
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Competing size-selective predators

Maintenance and
juvenile-adult differences
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Mortality predator on adults
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Competing size-selective predators

Predator density

Consumer density
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juvenile-adult differences
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IIBIED. Diamond food web module

No juvenile-adult \ / Adults more
differences productive
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% Diamond food web module

No juvenile-adult \ / Adults more
differences productive
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% Diamond food web module

No juvenile-adult \ / Adults more
differences productive
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Diamond module with double-handicap loser

]
N e,
N » E" = B
1M e 1By
i, b
% /) /
ol

No juvenile-adult \ / Adults more
differences productive

Handicaps:
* 30% higher R* value
* 30% higher predation mortality
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Revenge of the double-handicap loser

2.5_CJ ¢ ——Db, —Db, ——P

2.0

/N

N N 0.5

No juvenile-adult Adults more O o O I | ]
\QD/ 0 100 200 300 400 500
Time

Changing stage-structure results in more efficient resource exploitation at higher mortality




What about large,
diverse communities?
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Communities as networks of species

Self-regulation (cannibalism, interference)

Negative effect of predator jon
growth rate of its prey j

(CLH ai9 alN\
aa N

a1  a22 e S

: + ap N

\aNl anNz ... AGNM aNN)

Positive effect of preyjon
growth rate of its predator i

Community (interaction) matrix (Levins, 1968):

Primary production and heterotrophy

a;;: per-capita effect of species j on
population growth rate of species i
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Communities as networks of species

Self-regulation (cannibalism, interference)
Will a Large Complex System be Stable?

R. M. May, Nature 238: 413-414, 1972 Negative effect of predatorion
growth rate of its prey j
(CLH a2 alN\
a1 G2y — (2N
Al _ . " " .
: + E . amn
Robert M. May KaNl anN2 ... OGNM aNN)
‘In short, there is no comfortable theorem assuring Positive effect of prey jon
that increasing diversity and complexity beget growth rate of its predator i
enhanced community stability; rather the
opposite is true. The task, therefore, is to elucidate Community (interaction) matrix (Levins, 1968):
the devious strategies which make for stability in ) o
enduring natural systems’. (R.M. May, 1974) a;;- per-capita effect of species jon

population growth rate of species i
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Self-regulation

Exploitative
competition
(via interspecific
interactions)

Intraspecific
interference

Nest site
.| competition

Cannibalism
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Communities as networks of species

Self-regulation (cannibalism, interference)

ARTICLES namre

ecology & evolution Negative effect of predatorion
Self-regulation and the stability of large ecological growth rate of its prey j
networks (an a2 ... ... Q1N \
Gyorgy Barabas ®'2*, Matthew J. Michalska-Smith®?2 and Stefano Allesina®?234

a1 a2 — A2N
‘Here, we show that empirical food web
structures cannot be stabilized unless A = :
the majority of species exhibit ; +
substantially strong self-regulation. ' AMN
‘Based on the results presented here, at \aN 1 4Nz -e. ONM RN )

least half—and possibly more than
90%—of species must be subject to
self-regulation to a substantial degree’

Positive effect of preyjon
growth rate of its predator i

- Competition and predation (inter-specific) less relevant
Self-requlation (intra-specific) determines community stability
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Food web based on prey-predator size ratio

VVYVY VYV V |

log, (Species body weight) log. (w_)
10

max

species
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IIBIED. Species dynamics without stage structure
T VG~ (TG - > o S,
Basal species (i = 1)
= 5+1;01 (%:P—cSR—alRCl%O)
Non-basal species (i > 1)
Aegam oo fo the single basal species

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
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Community diversity

No stage-structure
0.3 J = No stage-structure

0251 m

o
N
oY
&

Frequency
o

o -

—_ Ul

0.05 | ﬂm
(= | | @

0 10 20 30
Number of non—basal species

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
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Community dynamics

A 10 - B
pecies |
— B
—a| E ]
' - = -
o1 — E :
2 s 2107
)
'@ 0.01 - w Eax -
c =c
v & o 10* -
0O 103- > ©O
2 ]
1o W J IR d U s
10 - = | *
0 10 20 30 40 0 10 20 30
Time Number of non—basal species

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



UNIVERSITY
“® OF AMSTERDAM

S
|EID

»
»

Introducing juvenile-adult stage structure

» Juvenile and adult have identical diets, but their feeding rate is proportional to ¢
and (2 — @), respectively:

* For g < 1 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 (2 — ¢), respectively

* For ¢ > 1 juveniles are preyed upon more than adults

* For ¢ = 1 and ® = 1 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
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0EE  The effect of maintenance costs on production

C Predator species )

. 1 Rate
(qyF-T) Functional response F;

2-p)M

Fecundity

Adults

Resource-dependent
reproduction rate

(Q—q)F-T)"

(2—q)F

C Prey species ) o Resource
qg<l1

g7(F;) = ( qviF—T)"
ga(F)) = (2—q@mF — To)"



UNIVERSITY
“® OF AMSTERDAM

Species dynamics with stage structure

qJr + (2 — q)Ag

Fy — T;) |4 iFi— T) "\ Ji — i, Ji — i i
) 4(617 ) ] [hi k§>i¢¢k Ao J
dA; qJr + (2 — q)Ag

= iFi_Ti+ i iAi_ 2 — i Az
o [(qv ) ]J 1 d (2= &) ki o T+ B,

k>1

Basal species (i = 1)
P dR
S Py G Ry (— = P—0R — aqnR(qJ1+ (2—q)A)) = 0)

FL =
! dt

Non-basal species (i > 1)
F.
Fi — . )
H; + E;

E; = Z Vir (@I + (2 — @) Ag) g = Juvenile-adult foraging asymmetry
k<i

¢ = 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
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Community stability analysis

Ci=Ji+ A :Total density of species i Ay = 0 dc
i . . .. 6Zj dt C=C,z=Z2
Z; = T+ A : Fraction juveniles of species ; Dynamic effect of population structure of species j
1 1

on population density growth rate of species i
Stability determined by:

0 [(dz;
As | Ay Per-capita density effect of species j on dynamics

of population structure of species i
Community / Interaction matrix

Per-capita density effect of speciesj on O dZ;
population density growth rate of species i Ay =
8Zj dt C’:é’,Z:Z
A, — 0 dC; Dynamic effect of population structure of species j
1 (‘)Cj dt C—C 7—5 on dynamics of population structure of species i

Stability of network Stability of population
(species interaction subsystem) structure subsystem
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Unstable

Community stability analysis

C; = Ji; + A; :Total density of species i
Z; = — "' :Fraction juveniles of species i
T T T A J P !
Stability determined by:
Ay | Az
A =
Az | Ay

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

0

dC;

A4 =
Y Tac;

(

dt ) ‘CC’,ZZ

* Changing population structure with changing conditions stabilize dynamics

* Mechanism is different from stabilization through food web properties
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Dimensionality of the state space of a node
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Impact of dynamic stage-structure

~

C;(0)=C;, Zi(t) = Z, for all t > 0
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Impact of food-dependent maturation
(age structure versus stage-structure)

Ci(0) = C; Z,(0) = Z;
(qViFs(t) = T;) = (qviF; — T;) for all t
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Community resilience
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%g ﬁ Communities are resilient to large perturbations
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“hEE Communities are resilient to large perturbations

Single species reduced to 1%
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“hEE Communities are resilient to large perturbations

Single species reduced to 1%  Single species extinct
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z ﬁgﬁ Communities are resilient to large perturbations

12 L ® Single—species extinction ¢ 40.5
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0L More basal species extincts have largest impact

Single species extinct
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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



. UNIVERSITY
OF AMSTERDAM

ﬁunﬁ

= Data collection:

Broader implications

» 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?
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Broader implications

= Modern ecology
« Data revolution: large datasets, eScience, data science
* Data-driven modelling
* Analysis through advanced statistics or Al

» 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?
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Thank you!

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

- Werner Heisenberg

Santa Fe
Institute



