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Deux objectifs

e Conceptuel: traduction problématique < modele
« QOutil: systemes dynamiques & analyse de bifurcations

Question formulation: analyse
scientifique

interpretation




Modélisation

* Objectif: répondre a une guestion

* Quelles questions nécessite de la
modélisation?

e Systeme
— Choix de variables (et structure, dimensions)

— Choix de parametres
— Temps discrete / continue



Modélisation ecologique

 Dynamique des ecosystemes
— Populations, communautes, ecosystémes
— Dynamique vs évolution

* Ici: retroactions positive entre « ecologie » et
« geosciences »

— Interactions plante-sol
— Dynamique resultante
— Spatial patterns

— Implication pour I'exploitation humaine ?
e Tragedy of the commons



Regular pattern formation in real

ecosystems
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Localized ecological interacticns can generate striking
large-seale spatial patiesns in eccsystems thraugh
spatial self-organization. Possible mechanisms indude
oesillating consumar-resoures intaractions, |ocalized
disturbance-recovery processes and scale-dependent
teadback Despite abundant theoratical terature, siu-
dies rewanling spatial sell-arganization in real scosys-
tarms are lirvited, Recently, howavarn, many ecamglas of
regular pattern Posmation kave been discovesad, sup-
porting the importance of scale-dependent feedback
Hara, wir peview thisss studies, shawing ragular pattenm
formiation to be a general phenomenon rather than a
poculiarity, Wa provide o concapiual framewark sxplain-
ing how scale-dependent feedback determines reqular
pattern tarmation i acasy Muaora pi | &tiiclises
are needed fo better wnderstand regular pattern for-
mationm in acosystams, and how This allects the responss
of ecosystems to global environmental change.

Spatial sall-arganizatien

Theoreticnl ceologists incrensingly emphasize thot censys
temss can reveal spatinl pell-onganization, Spatial sell-
organization is the process where lomgessole ordered
gpatial patierns ernemge rom diserdered initial conditions
tkrocgk loeal interactions. This process is key to under
ng ecolegical glability acd divessity (1], Cauvsal
mechanisms cxplainicg spatizl sclforgonization Inclade
acillaticg omEwmer-resourog  ipleracticns  |leading 1o
spirnl woves [21], localized disturbance-recovery pro
fpnsed resulling in power laws in e geomelry ol elusters
(4,5, and scale-dependent foedback with ensaing regular
patterns (B, Despite a signilcant by ol thesretical hit-
erature on ench of these mechanizms [1] ere are only o
livwr sfodies deseribing apatial selleeganizalion in real
eoogyshems.

Hae v, howewer, a lamge by ol Derature bas
rted on regular pottern formation ocross rend coosys
SE CraEs-ssEyEli | larities Hare, we
rewiew Lhese studies to ghew that seale-depesdent Feed-
back between organisms and their environment can
explain regular pattern frmation in all of these seasys-
tems. After introducing the pricciple of scale-dependent
feedback, we report o real eemystems o which scale-
dependent feedback lends to regulnr pattern Sormntion
W uncover Lhe precequisite of losg-distanoe cegalive
feedback ns o unifying princple for regular pattern for
in ecpayslbems, We alsa provide possible wavs 1o
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measure this mechanism. Finally, we discizss the implion
o of our cencepiual racewark Tor Ere pesearch,
which is needed to understond and predict the dynamics
of Lhess eeosymlons, i fieir emerpenl progerties,
in relntion to global envirenmental change.

Scale-dependent feedback

Egpaywlema comsisl o arganisme acd (he esvironment,
whiely rach with each other These araclinang can
impose varioes fecdbacks upon the cognnisms acd the
envirommsenl. The feedback can be pegative, lor example
when argnnisms deplete rescurces, lending to competition.
Pemitive feecbopc can alao coewr, for example i organ i1
help others to survive through fncilitation, by modifying
sronienl, I pesitive and aegative edbacks eater
spatind scales (e, scale-dependent feedback],
they might inveke regular patiern frmats 1 BEEy
tems, even in the absence of underlying eovirommental
helerspeneity 6
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Autocatalysis in activator-
Inhibitor system
— More A - more A produced
— But also more |, inhibition

A and | diffuse at different
rates

Turing: if | diffuses faster
than A - spatial patterns

Scale dependent feedback
of A and | : positive
feedback dominates at
short distance, whereas
negative feedback
dominates at longer
distance




Scale dependent feedback In
ecology
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Retroactions positive,
catastrophes, transitions, « spatial
———2fterns »

(a) Labyrinth pattern of bushy vegetation in
Niger (scale = 100 m). G e s

B~ |

(b) Regular maze patterns of shrubs and
trees in West Siberia (scale = 100 m).




Retroactions positive,
catastrophes, transitions, « spatial
- tterns »

(c) Spotted pattern of isolated tree patches
in Niger (scale = 200 m).
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(d) Patterned mussel bank in the Wadden
Sea, the Netherlands (scale = 50 m).




Retroactions positive,
catastrophes, transitions, « spatial
nAatterns »

(e) Reef islands oriented in series along
the predominating direction of large-scale
currents in Australia (scale = 20 km).

(f) Striped pattern of tree lines and snow
deposition in ribbon forests in USA




(9)

Retroactions positive,

catastrophes, transitions, « spatial

(h)

=

nAatterns »

(g) Labyrinth pattern of marine benthic
diatoms in the Netherlands (scale = 1 m).

(h) Regular spaced tussocks (touffes
d'herbe) of the sedge Carex stricta (scale =
2m).



A simple model to explain all
this?
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Plant density

Modelling Semi-arid 1997 Oikos 79: 69-76

Rietkerk & Van de Koppel

systems

Fig. 1. (A) The zero-isoclines for plant density (dP/dr = 0) and
resources (AR dr = 0) (soil water or nutrients) illustrated in the
phase plane. The zero-isoclines for soil water and nutrients
have the same shape and are plotted together. The vectors
indicate the direction of change. The dotted line illustrates the
path which the system follows during time, given the starting
point as indicated. B® is the minimal amount of resources
necessary for plant production. R, is the equilibrium amount
of resources in the absence of plants. The dark circle is a stable
equilbrium at (R*, P*) and the light circle is an unstable
equilibrium at (R,, 0). Note that R* < R,. (B) At a high level
of herbivory, the system is overgrazed and the zero-equi-
hbnium becomes stable because R* > R,. The system always
shifts to the zero- equilibrium, indicated as a dark circle.



Plant density

Rietkerk & Van de Koppel

Modelling sem i_arid 1997 Oikosl7l9%69-76
systems

dPMdt=0

Resource availability

Herbovory too high:
overgrazing (surpaturage)

With high herbivory, a higher
resource intake rate is
required for vegetation
growth:

- Therefore the dP/dt=0
Isocline moves to the right

Fig. 1. (A) The zero-isoclines for plant density (dP/dr = 0) and
resources (AR 'dr = 0) (soil water or nutrients) illustrated in the
phase plane. The zero-isoclines for soil water and nutrients
have the same shape and are plotted together. The vectors
indicate the direction of change. The dotted line illustrates the
path which the system follows during time, given the starting
point as indicated. B®* = the mimmal amount of resources
necessary for plant production. R, is the equilibrium amount
of resources in the absence of plants. The dark circle is a stable
equibbrium at (R*, P*) and the hight circle is an unstable
equihbrium at (R, 0). Note that R* < R,. (B) At a high level
of herbivory, the system is overgrazed and the zero-equi-
hbrium becomes stable because R* > R,. The system always
shifts to the zero- equilibrium, indicated as a dark circle.



Plant soil relations
Shape of the relationships

The mechanisms underlying the effect of vegetation on
the capacity of the soil to absorb water and retain
nutrients can be described by two simple relationships.
Vegetation improves the structural and water-holding
properties of the soil by forming root channels, by
preventing crust formation through the interception of
raindrops, and by stimulating biological activity in the
soil, resulting in higher infiltration rates (Glover et al.
1962, Kelly and Walker 1976, Van Wijngaarden 1985,

Infiltration rate

Runoff low

Runoff high

Plant density

Fig. 2. (A) The shape of the feedback relation between infiltra-
tion rate and plant density [after Walker et al. (1981)]. Empir-
ical evidence for the shape of this relationship can be found in
Van Wijngaarden (1985). The infiltration rate is defined in
relative terms as the amount of water entering the soil ex-
pressed as a proportion of the amount which enters when
plant density is at its maximum. (B) The shape of the feedback
relation between the specific nutrient loss rate and plant
density based on the results of experiments by Elwell and
Stocking (1974, 1976) and Lang (1979).




Vegetation protects the soil against wind and water
erosion by the physical binding of soil by stems and
living roots, raindrop interception, and the retention of
runoff (Elwell and Stocking 1974, 1976, Lang 1979,
Graetz 1991, Stocking 1994). Consequently, a higher

plant density leads to a lower nutrient loss.

— — - Maximum specific nutrient loss rate — — -

Erosion high B

Erosion low

Specific nutrient loss rate

Plant density

Fig. 2. (A) The shape of the feedback relation between infiltra-
tion rate and plant density [after Walker et al. (1981)]. Empir-
ical evidence for the shape of this relationship can be found in
Van Wijngaarden (1985). The infiltration rate is defined in
relative terms as the amount of water entering the soil ex-
pressed as a proportion of the amount which enters when
plant density is at its maximum. (B) The shape of the feedback
relation between the specific nutrient loss rate and plant
density based on the results of experiments by Elwell and
Stocking (1974, 1976) and Lang (1979).



Effect of plant-soil relations

If a feedback relation between the rate of infiltration
and plant density is incorporated in the water-limita-
tion model, the shape of the soil water isocline in the
phase plane alters. At low plant density, any increase in
density results in a relatively large increase in the
infiltration rate, possibly even exceeding the increase in
the rate of water uptake by plants. In this case, the
isocline has a positive slope (Fig. 3). Above a certain
plant density, however, the effect of increasing plant
density on water infiltration declines, and as a result the
increase of water uptake by the plants will exceed the
increase of water infiltration. Consequently, a hump

appears in the soil water isocline (see Appendix). dRAE=0 dPAdt=0

Plant density




Fig. 3. (A) The humped soil water and nutrient isocline drawn
together as one resource (R) isocline in a phase plane. Note
that R* < R,. The hght circle indicates an unstable equilibrium
and the dark circle a stable one. (B) If the level of herbivory
crosses a certain threshold T, where R* = R_, there are three
equilibria: a stable one at P =0 (R,, 0) and one at a high plant
density (R*, P}), and an unstable one at a low plant density
(R*, P%). (C) At a level of herbivory higher than the threshold
T,, the system is overgrazed and always shifts to the boundary
equilibrium at P =0, independent of initial conditions.

dRAt=0

Plant density

Three equilibria: bistability

o~

dPAt=0




Fig. 3. (A) The humped soil water and nutrient isocline drawn
together as one resource (R) isocline in a phase plane. Note
that R* < R,. The hght circle indicates an unstable equilibrium
and the dark circle a stable one. (B) If the level of herbivory
crosses a certain threshold T, where R* = R_, there are three
equilibria: a stable one at P =0 (R,, 0) and one at a high plant
density (R*, P}), and an unstable one at a low plant density
(R*, P%). (C) At a level of herbivory higher than the threshold
T,, the system is overgrazed and always shifts to the boundary
equilibrium at P =0, independent of initial conditions.

High herbivory: overgrazing

dRAE=0 ?} dPAdt=0

Plant density
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Catastrophic vegetation shifts and soil
degradation in terrestrial grazing systems

Johan van de Koppel, Max Rietkerk and Franz J. Weissing
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« Van de Koppel, Rietkerk &
Weissing (1997) TREE 12(9)

it has long been recognized that
altermative vegetation states may occur
in terrestrial grazing systems. This
phenomenon may be of great importance
as smail environmentai fluctuations may
lead to retatively sudden and irreversible
Jumps between vegetation states.
Early theareticzl studles emphasized
saturation of herbivore feeding to explain
multiple stable states and catastrophic
behavlour. Recent studies on semi-arld
grasslands and arctic salt marshes,
however, relate catastrophic events In
these systems to plant-soll interactions.



Box 1. Feedback between plant standing crop and water infiltration

Here, vie present a simplified versior of the water-imitatior model analysed by Rietkerk: and van de Koppel™. 'n semi-ar i
systems, plant growth 15 mainly hmiec by the avasaniy of water’), Therefore, plant growih increases if water availablity
Increases. Assume that the dynamics of the plant popuiaton P s charactenzed by the following differential equation:

LA E;nw; < aHP
at X

vihere r1s a plant growth  _efficient, K1s the carrying cagacey of the vegetation. (W) is a function descnbing the effect of
walcr avallabity Won plari growth, «1s a herivore consunption coefficient and H)s herbivore density. For example, )

might be gven by fIW} = W/{W + b, where o determincs how nuickly growth increa ses with wate's availability.

The availability of soil water 1s governed by a number of fzctors. including water mfiltrabior:. 10sses o1 watar from the
Soi' due to evaporation and percolation, and the tptake of water by plants. The changes in water availability due 1o these
factors may be represanted by a differential cquation:

dW W, P+ ag
dl Pia

el - uWF

Here. water inkiltration is an increasing but saturating function of plant standing crop P. W, stands for rainfall, & determings
now auickly mfiltralion increases with plant standing crop. @15 tre fracticn of rainlall that infilleates inTo Dare soils, eis the
specific loss rate af water from the <oil and uis 3 plant uplake cuefficient. Since the dynamics of saib water 2ol on @ much
faster time-scale than growth of plants. we assumie soil water conditions 1o be in 2quilibrium with ;2spect to plant growth

(a quasi-steady-state approach ™). The 2quilibrium condition ¢W/d! = 0 yields waler availability WP} as a functlion of plant
standing crop. In ous examaple, WP s given by

F+ag 1

WP =W,
Fa+aag e+uP

Insertion of WPy nto the function fyields the plant provth curve:
P T
GIF) =rP(1 - E]r[w (A

which resembles the growth cunve in Big. le. Hence. muitiple stable states and cataswrophic changes between states are
possible i water infiltration is positively retated to plant standing crop. An allernative reprasentation is given n the figure
balow which shows per capita growth (G P)/P] and losses [ € P /P| as a function of plant standing arop. The per capilo rate
of plant grovah is raduced due to water limitation, relative to a model without soil feedback (obtained if a = Q).



Per capita (:lart growth and losses

growth without soil leedback

growth with scil feedback \

Plant standing crop
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« Bifurcation diagram »
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Fig 2: Coupling of macroscale and microscale
feedbacks. The precipitation that falls on the land
(rainfall) is input for the surface water (O). Surface
water will infiltrate to the soil water (W), which can
be taken up by transpiration and evaporation (ET).
The ET per grid cell of 2x2 meter feedbacks to the
atmosphere, affecting the local precipitation (P)).
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