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From meta-populations
to meta-ecosystems

- Postulates:

- hierarchyet heterogeneityin spatial structure.
- connectivity
- local ecologicalprocesses

- Meta-ecosystems: addingresourceflows& recycling



OUTLINE

1) How do spatial flow affect ecosystemstructure and stabilityin simple meta-

ecosystemmodels?  (Isabelle Gounand)

ÝEmpiricalobservations on resourcespatial flows

2) How doesspatial flow stoichiometryconstrainsecosystemproductivityin a 

heterogeneousmeta-ecosystemmodel (Benoît Pichon)

=> Perspective: Meta-ecosystemat the landscapeextent



How do spatial flow affect ecosystemstructure and stability?
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Resource flowsto the mostproductive ecosystem
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Detritusflowsto the lessproductive ecosystem
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Detritusflowscanincreasepersistencein poor ecosystems

Gravel et al et al. 2010, Ecology
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Plant and herbivore flow to the poorestecosystem

sinkpatch
Source-sinkdynamics?

How do spatial flow affect ecosystemstructure and stability?



The paradoxof enrichmentin metaecosystems
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Spatial flows in meta-communities

Stabilizing/ Destabilizing

(Jansen 1995, Briggs&Hoopes2004)

- Doesspatial flow dampenenrichment?
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- Doesspatial flow dampenenrichment?

- Doesheterogeneityin enrichmentmatter? 

Gounandet al et al. 2014, The American Naturalist
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The paradoxof enrichmentin metaecosystems

Gounandet al et al. 2014, The American Naturalist

How do spatial flow affect ecosystemstructure and stability?
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Local stabilityanalysis
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The paradoxof enrichmentin metaecosystems

Scenario all diffusion rates are equal
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- No stabilisation via spatial flows(homogenous)

- Heterogeneityisdestabilizing

Source-sinkmatter transferdampenunstability
in heterogeneouscase



How do spatial flow affect ecosystemstructure and stability?

P

H

R

D

P

H

R

D

The paradoxof enrichmentin metaecosystems

diffusion rate

re
g

io
n

a
le

n
ri
c
h

m
e
n
t

Scenario one flow type, homogenous



How do spatial flow affect ecosystemstructure and stability?

P

H

R

D

P

H

R

D

The paradoxof enrichmentin metaecosystems

diffusion rate

re
g

io
n

a
le

n
ri
c
h

m
e
n
t

Scenario one flow type, homogenous

- Nutrient flowsare destabilizing

- Producer and Herbivore flow are neutral



How do spatial flow affect ecosystemstructure and stability?

The paradoxof enrichmentin metaecosystems

diffusion rate

re
g

io
n

a
le

n
ri
c
h

m
e
n
t

- Nutrient flowsare destabilizing

- Producer and Herbivore flow are neutral

Scenario one flow type, homogenous
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diffusion rate

Scenario one flow type, heterogeneous
- At low diffusion, heterogeneitydestabilizes

re
g

io
n

a
le

n
ri
c
h

m
e
n
t



How do spatial flow affect ecosystemstructure and stability?

The paradoxof enrichmentin metaecosystems

diffusion rate

Scenario one flow type, heterogeneous
- At low diffusion, heterogeneitydestabilizes

re
g

io
n

a
le

n
ri
c
h

m
e
n
t



How do spatial flow affect ecosystemstructure and stability?

The paradoxof enrichmentin metaecosystems
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Scenario one flow type, heterogeneous
- At low diffusion, heterogeneitydestabilizes

- At high diffusion, heterogeneitystabilizes

re
g

io
n

a
le

n
ri
c
h

m
e
n
t



How do spatial flow affect ecosystemstructure and stability?

The paradoxof enrichmentin metaecosystems

diffusion rate

Scenario one flow type, heterogeneous
- At low diffusion, heterogeneitydestabilizes

- Heterogeneityper se is stabilizing:

primaryproduction saturatesat high resource

levels
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The paradoxof enrichmentin metaecosystems
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The paradoxof enrichmentin metaecosystems

diffusion rate

Scenario one flow type, heterogeneous
- At low diffusion, heterogeneitydestabilizes

- Heterogeneityper se is stabilizing

- Herbivore diffusion isstabilizing
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How do spatial flow affect ecosystemstructure and stability?

The paradoxof enrichmentin metaecosystems, herbivore effects
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How do spatial flow affect ecosystemstructure and stability?

Herbivore diffusion caninduce

alternative stable states
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How do spatial flow affect ecosystemstructure and stability?

Herbivore diffusion caninduce

alternative stable states

Source-sinkstructure emerge

from top-down regulation

herbivore diffusion rate, dH
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How do spatial flow affect ecosystemstructure and stability?

TakeHome messages

1. With wideconnectivity, spatial flows dampenlocal enrichmentby resourcetransfersbut 

there isno additionnalstabilizingeffect

2. Heterogeneitycanbe stabilizingwhenconnectivityispartial

3. Nutrient flows are destabilizingwhile biotic flowsare neutralor stabilizing

4. Intermediatediffusion of herbivores canstabilizehigh regionalenrichment



What about empiricalobservations ?

Data synthesison C spatial flows(n=518)

forest grassland agroeco. desert

stream lake oc.pelag. oc.benth.



What about empiricalobservations ?

Data synthesison C spatial flows(n=518)

Gounandet al. 2018, Nat. Comm.

(gC.m-2.yr-1)

Resource spatial flow couple verydifferent habitat types

forest grassland agroeco. desert

stream lake oc.pelag. oc.benth.
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Gounandet al. 2018, Trends in Ecology& Evolution

Dispersal-basedmeta-ecosystem Resource-flow basedmeta-ecosystem



What about empiricalobservations ?

Gounandet al. 2018, Trends in Ecology& Evolution

Dispersal-basedmeta-ecosystem Resource-flow basedmeta-ecosystem

spatial integration

Flowsoccurat different

spatial scales
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What about empiricalobservations ?

Simple meta-ecosystemexperimentsshows that quality / stoichiometryof resourceflows is

a crucial driver of spatial flow effects

Gounandet al. 2016, Oikos; Harvey et al. 2017 ProcB, Harvey et al. 2020 Oikos

What about 
nutrient spatial flows?
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Introduction

Gounand et al., unpublished data

Carbon rich subsidies versus
nitrogen rich ones

Coupling between ecosystems : asymmetry in quality



Introduction

Data from Elser et al., 2000

Differences in resources needs between
terrestrial and freshwater primary producers

Coupling between ecosystems : asymmetry in stoichiometry of assemblages



Introduction

How does stoichiometry impacts ecosystems responses to 
subsidies flow ?

Can subsidies flows relax local limitations and lead to higher 
production at the meta -ecosystem scale ?

1

2

Resource flows

Dispersal

Dissimilar ecosystems

The need of a stoichiometric understanding of ecosystems flows
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Stoichiometry of organism is fixed (stoichiometric
homeostasis; N:C ratio constant)

N

C

Decomposers are either C- or N-limited
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Local dynamics and regional coupling
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Results

C-limited decomposers

Terrestrial ecosystemAquatic ecosystem

Effect of subsidies flow on the meta -ecosystem primary production
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Results

C-limited decomposersTerrestrial ecosystemAquatic ecosystem

Effect of subsidies flow on the meta -ecosystem primary production : effect of rP

1     --->      2

1              --->            2

What happens ?

rP=1/40 rP=1/10

When plants need more nitrogen (increasing rP) :  

Å Benefits of spatial flows decrease

Å Plants deplete the nitrogen in terrestrial ecosystem

Å Herbivores decreases in density

Å Lessdetritus transported to the aquatic ecosystem



Results

C-limited decomposersTerrestrial ecosystemAquatic ecosystem

Effect of subsidies flow on the meta -ecosystem primary production : effect of rB

What happens ?

1 

3

--
->

When decomposers need more nitrogen (increasing rB) :  

Å Increases the quantity of nitrogen transfered to the terrestrial ecosystem

Å More nitrogen for plants

Å Herbivores increase in density which feedback positively on aquatic ecosystem

rB=0.15 rB=0.25

3              --->            1



Results

C-limited decomposers

Positive feedback at the meta -ecosystem scale

Quantifying the Feedback
e.g.,on terrestrial ecosystem production

TA
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Fraction of subsidies transfered regionally (ȎX)
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Results

N-limitedC-limited

SUBSIDIES FLOW CAN SWITCH THE LOCAL LIMITATION OF DECOMPOSERS 

Fraction of subsidies transfered regionally (ȎX)
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Å Importance of stoichiometry of subsidies for the 
response of local ecosystems

Å Subsidies flow can relaxe local limitation and contribute
to higher production at the meta-ecosystem

CONCLUSION

Å Spatial complementarity at the landscape extent depends on the local limitation

Cross-ecosystem efficiency hypothesis ( Harvey et al., 2021)

N

C

Å Detritus -induced positive feedbacks at the landscape extent
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Perspectives: a meta-ecosystemmodel at landscapeextent

Harvey*, Marleau* et al. 2021 Authorea

F(x) = [f1,1(x1),  f2,1(x2),  é,  fi,1(xi), é,  fn,1(xn), f1,2(x1), 

é,  fn,2(xn), é, fi,k(xi), é, fn,m(xn)]
T

wherexi = (xi,1 ,é, xi,k, é, xi,m) describethe local flows

m, the numberof ecosystemcompartments

n, the numberof ecosystempatches
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Harvey*, Marleau* et al. 2021 Authorea



Perspectives: a meta-ecosystemmodel at landscapeextent

Harvey*, Marleau* et al. 2021 Authorea

Resource spatial flow 

reallocatesecondary

production amonghabitats 

in the landscapeand might

increasestotal secondary

production  
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