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Main question
Which are the ecological implications of the 
spatial and temporal correlations in climate 
variables?

(This includes local correlations and teleconnections)

How climate changes and climate fluctuations propagate on the food web?



Moran effect
Moran studied the lynx trapping figures in Canada

 Found them cyclic and highly synchronized over the whole Canada

 Identified weather spatial correlations as the source of lynx spatial population synchrony.

Moran, 1953. “The Statistical Analysis of the Canadian Lynx Cycle.” Australian Journal of Zoology 
1 (3): 291–98. https://doi.org/10.1071/ZO9530291.

“Summary: It is shown that trapping figures for the lynx are definitely related to weather 
conditions. The significance of this for the various theories of the origin and synchronization of 
the cycle is discussed.”

 Strong implications for conservation: 

Distant populations may not be independent. 

=> Depletions / extinctions may occur simultaneously 

https://doi.org/10.1071/ZO9530291


From models to data and viceversa

Subecosystem refers to a description including only some of the species of the ecosystem

Main ingredients to study in Theoretical Ecology can be for example harvesting, competition, predator-prey interaction.

Theoretical Ecology results provide: 

deeper understanding of specific ecosystems

Deeper understanding of population dynamics (with potential applications to other ecosystems)

Specific ecosystem (or 
subecosystem) model
(e.g. Ecopath
calibrated for an area)

General population 
model (Theoretical 
Ecology)

Ecosystem data
(Ecosystem experts: 
e.g. biologist)

Effects of main 
ingredients

Main ingredients 
to study

Main ingredients to 
include in the 
specific model

Model validation 
with data



Environmental variables
 Environmental variables = those variables whose dynamics is not explicitly included in the 
ecosystem (or subecosystem) model. Those variables that act as external agents on the ecosystem 
model.
 Environmental variables include:
 climate variables (temperature, upwelling, rain, …)
 nutrient abundance variables (N, P, Fe, …)
 populations of other species not explicitly included in the ecosystem model (e.g. in a phyto and zooplankton 

model, fishes enter as an environmental variable)

 Environmental variables can be introduced in the equations as
 know deterministic functions
 stochastic(=random) processes with know mean, variance, … 

 Environmental variables may have 
 spatial and temporal autocorrelations. 
 spatial and temporal crosscorrelations



One species dynamics
Simpler model: growth rate 𝒓𝒓 (given by birth – dead rate per 
individual) of a population of 𝑁𝑁 individuals

𝑑𝑑𝑁𝑁
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑁𝑁

Leads to exponential growth: unrealistic, too simple model

Usually solved with a negative cuadratic term, density
regulation, introduced as

𝑑𝑑𝑁𝑁
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑁𝑁
𝐾𝐾 − 𝑁𝑁
𝐾𝐾

where 𝑲𝑲 is called carrying capacity of the species.

This leads to a stable equilibrium point at 
�𝑁𝑁 = 𝐾𝐾

(Gotelli book)



One species is considered as our subecosystem

The other species and environmental factors (temperature, rain, …) 
as our environment. Their mean values determine growth rate and 
carrying capacity. Their fluctuations give the stochastic environmental 
fluctuations.

Defining the deviation from deterministic population equilibrium as 

𝜖𝜖 𝑧𝑧, 𝑑𝑑 =
𝑁𝑁 𝑧𝑧, 𝑑𝑑
𝐾𝐾 − 1

The evolution equation for small fluctuations (assumes linear 
behavior)

𝑑𝑑𝜖𝜖 𝑧𝑧, 𝑑𝑑 = −𝑟𝑟 𝜖𝜖 𝑧𝑧, 𝑑𝑑 𝑑𝑑𝑑𝑑 + 𝜎𝜎𝑒𝑒𝑑𝑑𝑑𝑑(𝑧𝑧, 𝑑𝑑)

𝑑𝑑𝑑𝑑(𝑧𝑧, 𝑑𝑑) a Wiener process at each point, but with spatial correlation 
length 𝑙𝑙𝑒𝑒.

One species dynamics in fluctuating 
environment



Moran effect
Spatial scale of population 
synchrony = spatial scale of 
environmental synchrony 
(Moran, 1953)

𝒍𝒍𝒑𝒑𝟐𝟐 = 𝒍𝒍𝒆𝒆𝟐𝟐

Higher spatial synchrony scales 
imply higher regional extinction 
risk (Heino et al., 1997)
Implications for conservation. 
Distant population can get extinct 
simultaneously due to correlation.

synchronized dynamics non–synchronized dynamics



… with dispersal
The evolution equation is given by
𝑑𝑑𝜖𝜖 𝑧𝑧, 𝑑𝑑
= − 𝑟𝑟 + 𝑚𝑚 𝜖𝜖 𝑧𝑧, 𝑑𝑑 𝑑𝑑𝑑𝑑 + 𝑚𝑚𝑑𝑑𝑑𝑑∫ 𝜖𝜖 𝑧𝑧 − 𝑥𝑥, 𝑑𝑑 𝑓𝑓 𝑥𝑥 𝑑𝑑𝑥𝑥 + 𝜎𝜎𝑒𝑒𝑑𝑑𝑑𝑑(𝑧𝑧, 𝑑𝑑)

Giving the following interesting relation

𝑙𝑙𝑝𝑝2 = 𝑙𝑙𝑒𝑒2 +
𝑚𝑚𝑙𝑙𝑚𝑚2

𝑟𝑟
between the population correlation length 𝑙𝑙𝑝𝑝, the environmental 
fluctuations correlation length 𝑙𝑙𝑒𝑒, and the dispersal characteristic 
distance 𝑙𝑙𝑚𝑚.

This expression shows that population correlation length is 
increased by migration if the return to the equilibrium population 
is slow (small value of r) 

(Lande, Engen, Saether book pages 93-96)



… with harvesting
Proportional harvesting

𝑑𝑑𝑁𝑁
𝑑𝑑𝑑𝑑

= 𝑟𝑟𝑁𝑁
𝐾𝐾 − 𝑁𝑁
𝐾𝐾

− 𝛽𝛽𝑁𝑁

Displaces the deterministic equilibrium, reducing effective carrying capacity 𝐾𝐾∗ = 𝐾𝐾 1 − 𝛽𝛽
𝑟𝑟

Reduces effective growth rate 𝑟𝑟∗ = 𝑟𝑟 − 𝛽𝛽 = 𝑟𝑟 1 − 𝛽𝛽
𝑟𝑟

𝑙𝑙𝑝𝑝2 = 𝑙𝑙𝑒𝑒2 +
𝑚𝑚𝑙𝑙𝑚𝑚2

𝑟𝑟∗

Proportional harvesting increases the population synchrony scales of the harvested species

Population synchrony scale can be reduced if harvesting depends more strongly on population density
than the growth rate (for example, −𝛽𝛽𝑁𝑁3) 

S Engen, FJ Cao, B-E Saether, The effect of harvesting on the spatial synchrony of population fluctuations, 
Theor Pop Biol. 123, 28-34 (2018)



Two competing species dynamics
Evolution equations for a two competing species model

𝑑𝑑𝑁𝑁1
𝑑𝑑𝑑𝑑

= 𝑟𝑟1𝑁𝑁1
𝐾𝐾1 − 𝑁𝑁1 − 𝛼𝛼1𝑁𝑁2

𝐾𝐾1
𝑑𝑑𝑁𝑁2
𝑑𝑑𝑑𝑑

= 𝑟𝑟2𝑁𝑁2
𝐾𝐾2 − 𝑁𝑁2 − 𝛼𝛼2𝑁𝑁1

𝐾𝐾2
where terms due to species competition are marked in red

When 1
𝛼𝛼2

> 𝐾𝐾1
𝐾𝐾2

> 𝛼𝛼1, there is a stable coexistence with equilibrium values

�𝑁𝑁1 =
𝐾𝐾1 − 𝛼𝛼1𝐾𝐾2
1 − 𝛼𝛼1𝛼𝛼2

; �𝑁𝑁2 =
𝐾𝐾2 − 𝛼𝛼2𝐾𝐾1
1 − 𝛼𝛼1𝛼𝛼2

+ environmental fluctuations + dispersal



Uncorrelated environmental noises: i.e., when both 
species are affected by different environmental 
variables.

Competiton increases the correlation length for both 
species.

𝑙𝑙112 = 𝑙𝑙𝑒𝑒112 +
𝑚𝑚1𝑙𝑙𝑚𝑚1

2

𝑟𝑟1∗
1 + 𝛼𝛼1∗

Correlated environmental noises: i.e., when both 
species are affected similarly by the environment. 

Competition generally increases the correlation 
length of both species.

𝑙𝑙112 = 𝑙𝑙𝑒𝑒112 +
𝑚𝑚1𝑙𝑙𝑚𝑚1

2

𝑟𝑟1∗
1 + 𝛼𝛼1∗Φ11

1

Two-competitor results

12



Effects of harvesting
Proportional harvesting

𝑑𝑑𝑁𝑁1
𝑑𝑑𝑑𝑑

= 𝑟𝑟1𝑁𝑁1
𝐾𝐾1 − 𝑁𝑁1 − 𝛼𝛼1𝑁𝑁2

𝐾𝐾1
− 𝛽𝛽1𝑁𝑁1

𝑑𝑑𝑁𝑁2
𝑑𝑑𝑑𝑑

= 𝑟𝑟2𝑁𝑁2
𝐾𝐾2 − 𝑁𝑁2 − 𝛼𝛼2𝑁𝑁1

𝐾𝐾2
− 𝛽𝛽2𝑁𝑁2

Displaces the deterministic equilibrium, reducing effective carrying capacity 
𝐾𝐾𝑖𝑖∗ = 𝐾𝐾𝑖𝑖 1 − 𝛽𝛽𝑖𝑖

𝑟𝑟𝑖𝑖

Reduces effective growth rate 𝑟𝑟𝑖𝑖∗ = 𝑟𝑟𝑖𝑖 − 𝛽𝛽𝑖𝑖 = 𝑟𝑟𝑖𝑖 1 − 𝛽𝛽𝑖𝑖
𝑟𝑟𝑖𝑖

Proportional harvesting increases the population synchrony scales of the 
harvested species

It can decrease the spatial synchrony scale of the non-harvested species (if 
the environmental noises of the two species are correlated).

J Jarillo, B-E Sæther, S Engen, FJ Cao, Spatial scales of population 
synchrony of two competing species: effects of harvesting and strength 
of competition, Oikos 127, 1459 (2018) 



Predator-prey dynamics
Dynamics of a predator 𝑃𝑃 that needs the prey or preys 𝑉𝑉 to 
survive

�d𝑃𝑃
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

= 𝑃𝑃 𝑟𝑟𝑃𝑃 −𝟏𝟏 − 𝛽𝛽𝑃𝑃 + 𝜆𝜆𝑃𝑃𝑃𝑃
𝑉𝑉
𝐾𝐾𝑃𝑃

d𝑑𝑑 + 𝜎𝜎𝑒𝑒𝑃𝑃 d𝑑𝑑𝑃𝑃

�d𝑉𝑉
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

= 𝑉𝑉 𝑟𝑟𝑃𝑃 1 − 𝛽𝛽𝑃𝑃 −
𝑉𝑉
𝐾𝐾𝑃𝑃

− 𝜆𝜆𝑃𝑃𝑃𝑃
𝑃𝑃
𝐾𝐾𝑃𝑃

d𝑑𝑑 + 𝜎𝜎𝑒𝑒𝑃𝑃 d𝑑𝑑𝑃𝑃

+ dispersal terms

If dominant fluctuations in the predator come from the prey 
fluctuations, other environmental fluctuations in the predator 
can be considered small, and interesting results emerge.



In many ecosystems,

 The spatial scale of population synchrony of
the predator is larger than the scale of the
prey.

 Predator increases the spatial scale of
population synchrony of its prey.

 Harvesting the prey increases the synchrony
scale of the predator.

 Harvesting the predator decreases the
synchrony scale of the prey.

Predator-prey results

15

J. Jarillo, B.-E. Sæther, S. Engen, and F. J. Cao
Spatial Scales of Population Synchrony in Stable Predator–Prey Systems, The 
American Naturalist (2020)

environmental
fluctuations

prey 
fluctuations

predator 
fluctuations



Simple food webs 
(predator-prey or two competitors)

Main
environmental 
fluctuations

Larger spatial 
scale of 
population 
synchrony

Predator-prey
Prey Predator

Predator Prey

Two 
competitors

Competitor 1 Competitor 2

Competitor 2 Competitor 1

Spatial scale of population synchrony grows 
as population fluctuations propagate in the 
food web

Question: also in larger food webs?



Conclusions (spatial correlations)
Spatial correlation of population fluctuations
◦ Effects of harvesting:
◦ Proportional harvesting increases the spatial correlation length of the harvested species
◦ Harvesting with and stronger (or weaker) density dependence than the growth rate will decrease (or

increase) the spatial correlation length of the harvested species (respectively)
◦ Harvesting one species can affect the spatial correlation length of the non-harvested species

◦ Effects of competition:
◦ Uncorrelated environmental noise: both species increase their spatial correlation length.
◦ Completely correlated environmental noise: generally both species increase their spatial correlation

length.
◦ Effects of predation:
◦ Spatial scale of population synchrony of the predator larger than the scale of the prey.
◦ Predator increases the spatial scale of population synchrony of its prey.

These effects can be present in some of your data. However, it may be difficult to disentangle from 
advection, heterogeneity, …



Future
Spatial scale of population synchrony:

 Does it hold for large fluctuations? (Engen checked for one species)

 Can similar results be derived for general multispecies models? As the biomass
models used in fisheries simulations (e.g. Ecospace)?

Relation with extinction risk:

Which are the effects of minimum viable population density (Allee effect)?

Temporal autocorrelations:

 How fluctuations propagate through the food web?


	Spatial autocorrelations in ecosystem populations
	Main question
	Moran effect
	From models to data and viceversa
	Environmental variables
	One species dynamics
	One species dynamics in fluctuating environment
	Moran effect
	… with dispersal
	… with harvesting
	Two competing species dynamics
	Two-competitor results
	Effects of harvesting
	Predator-prey dynamics
	Predator-prey results
	Simple food webs �(predator-prey or two competitors)
	Conclusions (spatial correlations)
	Future
	 Effects of minimum viable population density (Allee effect) 
	Temporal autocorrelations
	General Conclusions



