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Habitat loss: A critical threat to biodiversity
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Temporal connectivity

1. Habitat degradation
• Caused by both natural phenomena

and land-use change by humans.
• Leads to habitat loss and altered

ecosystem processes.

Forest in Cambodia – February 20, 1999 (NASA)

2. Seasonal fragmentation
• Some species rely on seasonally

available habitats (e.g., wetlands,
meadows).

• Migration becomes essential for
survival and reproduction.
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A world of fragmented habitats and temporal variations

(a) February 20, 1999 (b) February 5, 2017

Impacts of temporal habitat variations:
• Influence species persistence.
• Affect the movement of individuals, diseases, and disturbances.
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Metapopulation: Levins model

Levins model1(1969): a simple model to explain the dy-
namic of a species in a patchy environment.

c

e
Call p(t) the proportion of patches occupied by the species of interest at time t and assume
that

1 an empty patch is colonized by the populations in other patches with rate cp(t) where c is
the colonization rate,

2 that occupied patches become empty at rate e where e is the extinction rate.

The proportion of patches occupied by the population at time t is:

dp(t)
dt

= cp(t)(1 − p(t))− ep(t) .

Levins (1969), Bulletin of the Entomological Society of America, 15-3, 237–240
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A network of 56 habitat patches

Figure 2: Glanville fritillary butterfly (Melitaea cinxia) in the Åland Islands in Finland.

Hanski (1999), Metapopulation Ecology, OUP Oxford
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Spatially realistic metapopulation model

dpk(t)
dt

= ck(p)(1 − pk(t))− ek(p)pk(t), ∀k ∈ [n] ,

where pk(t) is the probability that patch k is occupied at time t .

Colonization rate of an empty patch k :

ck(p) = c
∑
ℓ̸=k

Aℓf (dkℓ)pℓ ,

where:

c colonization rate,

f kernel function,

dkℓ distance between patches k
and ℓ,

Aℓ area of patch ℓ.

Extinction rate of patch k :

ek(p) = e/Ak ,

where:

e extinction rate,

Ak area of patch k .

Hanski & Ovaskainen (2000) Nature 404, 755–758
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Dynamics of the metapopulation model

Figure 3: Dynamics of the metapopulation model for 10 patches and 2 different connectivity matrices.
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The metapopulation capacity

dpk

dt
= (1 − pk) c

∑
ℓ̸=k

Aℓf (dkℓ)pℓ −
e

Ak
pk ,

=
e

Ak

(
(1 − pk)

c
e
(Mp)k − pk

)
,

where Mkℓ = Ak Aℓf (dkℓ), k ̸= ℓ and Mkk = 0, ∀k ∈ [n], known as the landscape matrix.

The largest eigenvalue of M determines the existence of a positive equilibrium pk(t) > 0 as a
threshold:

λM >
e
c
.

We call λM the metapopulation capacity
Hanski & Ovaskainen (2000) Nature 404, 755–758
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Temporal networks

Temporal networks: networks where connections between nodes can change over time.

Valdano et al. (2015), Physical Review X, 5, 021005
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Discrete and temporal metapopulation model

Microscopic Markov Chain model (static landscape):

pk(t + 1) = 1 − [1 − (1 − ek)pk(t)]
∏
ℓ

[1 − cSℓk pℓ(t)] ,

with e = (e/A1, . . . , e/An) and Skℓ = Ak f (dkℓ).

Temporal model: let A(t)
k and d (t)

kℓ vary in time, so e(t)
k = e/A(t)

k and S(t)
kℓ = A(t)

k f (d (t)
kℓ ). The

dynamics become

pk(t + 1) = 1 −
[
1 − (1 − e(t)

k )pk(t)
]∏

ℓ

[
1 − cS(t)

ℓk pℓ(t)
]
, ∀k ∈ [n].

Gómez et al. (2010) EPL 89-3, 38009 ; Granell et al. (2024) Ann. Phys. 536, 2400078.
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Multilayer representation of temporal networks

Stacking the T snapshots as a tensor network coupling colonization and extinction:

M̂ ts
kℓ = δt,s+1[(1 − e(t)

k )δkℓ + cS(t)
kℓ

]
, S(t)

kℓ = A(t)
k f (d (t)

kℓ ).

M̂ encodes both processes and the landscape structure through time.

Valdano et al. (2015), Physical Review X, 5, 021005
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Supra-adjacency formulation and temporal capacity

Mapping (k , t) 7→ α = nt + k unrolls M̂ into the nT × nT supra-adjacency matrix

M̂ =


0 B(1) 0 · · · 0
0 0 B(2) · · · 0
...

. . .
...

0 0 0 · · · B(T−1)

B(T ) 0 0 · · · 0

 , B(t) = I − diag(e(t)) + cS(t).
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Asymptotic behavior of the dynamical system

Let p̂(τ) of size nT collect the occupation probabilities over one period [τT , (τ + 1)T ], with
Markov dynamics

p̂α(τ + 1) = 1 −
nT∏
β

[
1 − M̂βα p̂β(τ)

]
.

Linearizing the T -periodic map around p̂∗
= 0 yields

p̂(τ + 1) = M̂ p̂(τ),

hence the metapopulation persists asymptotically if and only if

ρ(M̂) > 1,

that we call temporal metapopulation capacity.

Clenet 14 / 21



Asymptotic behavior of the dynamical system

Let p̂(τ) of size nT collect the occupation probabilities over one period [τT , (τ + 1)T ], with
Markov dynamics

p̂α(τ + 1) = 1 −
nT∏
β

[
1 − M̂βα p̂β(τ)

]
.

Linearizing the T -periodic map around p̂∗
= 0 yields

p̂(τ + 1) = M̂ p̂(τ),

hence the metapopulation persists asymptotically if and only if

ρ(M̂) > 1,

that we call temporal metapopulation capacity.

Clenet 14 / 21



Motivation: Migratory network

Migratory network for Tree Swallows showing breeding, autumn stopover, and non-breeding
nodes:

(a) Migratory network (b) A tree swallow

Knight et al. (2018), Ecological Monographs, 88-3, 445–460
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Toy model: Migratory network

Summer WinterSpring Autumn
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Example: Migratory network

(a) Colonization rate c = 0.2

(b) Colonization rate c = 0.4
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Example: Migratory network
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Take-Home Message
• Climate change, wildfires, human activities, and seasonal variations in habitat all

underscore the importance of considering the temporal dimension of ecosystems.

• Needs of empirical and theoretical ecologists.
• Develops a theoretical framework to quantify temporal dynamics of metapopulations,

ensuring resilient ecosystems.
• New metric: the “temporal metapopulation capacity” to quantify the ability of a

metapopulation to persist in a dynamically changing landscape.

The temporal 
metapopulation capacity

Seasonal Habitat      
Dynamics

Changes in 
Agricultural 
Landscapes

Boreal forest fires and 
constant impact on 

spatial dynamics

Migration and drastic 
habitat changes

Role of ephemeral 
habitats
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Longer-term perspectives

• Metacommunity ecology: Investigate how species interactions and dispersal shape
community assembly and dynamics at multiple spatial scales.

• Time-varying interaction networks: Analyze how changes in species interactions over time
influence ecological patterns and processes.

“In the twentieth century, classical Newtownian physics
gave way to Einstein’s theory of relativity with the
recognition that time is not simply a fourth dimension
orthogonal to space, but a relative metric, inherently
intertwined with space. Ecology now has an opportunity
to build a similarly integrative spatiotemporal framework.”
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Thank you for your attention!
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