
The	diversity	–	stability	rela0onship:		
from	theory	to	natural	communi0es	

Théophile	Olivier	
Elisa	Thébault	
Benoit	Fontaine	
Marianne	Elias	
Colin	Fontaine	

theophile.olivier@gmail.com	



2	



•  Individuals	of	a	same	species	that	interbreed	
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•  Popula0ons	of	different	species	coexis0ng	in	a	
habitat	over	a	par0cular	0me,	with	
interac0ons	affec0ng	each	other’s	abundance,	
distribu0on,	adapta0on	and	existence.	
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è	Species	richness	
– Number	of	species	in	a	community	
	

è 	Phylogene0c	diversity	
– Phylogene0c	differences	between	species	of	a	
community	due	to	the	evolu0onary	history	of	
species	
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•  Temporal	invariability	of	a	component	
– Abundance	
– Biomass	
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In this model, we measure the magnitude of an ecosystem
process by the temporal mean of that process, Xn ! (1/T)
¥tX(t:n), and the temporal variation of the process by its
temporal variance, Vn ! (1/T) ¥t(X(t:n) " Xn)2. When an
ecosystem is subjected to environmental f luctuations, its pro-
cesses do not have a stable equilibrium value. Using other
measures of temporal variation, such as the coefficient of
variation, CVn ! #Vn/Xn, does not change our results qual-
itatively. The expected values of the temporal mean and
variance of total productivity, Ee[Xn] and Ee[Vn], respectively,
are then calculated as functions of species richness by averag-
ing Xn and Vn over all replicates (Appendix):

Ee$Xn% ! &1/T' !
t

Ee$X&t:n'% [2]

Ee$Vn% ! &1/T' !
t

Ee$&X&t:n' " Xn'2%

! &1/T " 1/T2' !
t

Vare$X&t:n'%

" &2/T2' !
s(t

Cove$X&s:n', X&t:n'%

# VarT$Ee$X&t:n'%%, [3]

where Vare[.] and Cove[.] denote expected variance and co-
variance, respectively, and VarT[.] denotes temporal variance.

RESULTS
The results depend on the way total ecosystem productivity is
determined by the individual species’ productivities. We ana-
lyze two limiting cases here: (i) determination by dominance,
i.e., total productivity at any time is approximated by the
productivity of the most productive species because of inter-
specific competition:

X&t:n' ! max)X1&t', X2&t', . . . , Xi&t', . . . , Xn&t'*; [4a]

(ii) determination by equivalence, i.e., total productivity is
simply the average of the individual species’ productivities
because interspecific interactions are negligible:

X&t:n' ! &1/n' !
i

Xi&t'. [4b]

Equivalence was implicitly assumed in some previous works
(17, 19), but determination by dominance is likely in grassland
ecosystems where a single resource limits plant growth (7).
Plant competition experiments showed that the yield of two-
species mixtures often was close to the yield of the most
productive monoculture (e.g., refs. 22–24). Thus, the real
determination of total productivity is expected to generally lie
between these two limiting cases.

Determination by Dominance. The effects of species rich-
ness on the expected values of the temporal mean, Ee[Xn], and
variance, Ee[Vn], of productivity depend on the degree of
asynchronicity of the species responses as follows (see proof in
the Appendix). (i) If the responses of all species are perfectly
positively correlated, i.e., the coefficient of correlation, rij,
between Xi(t) and Xj(t) is equal to 1 for all pairs of species i
and j, then, for any n $ 2,

Ee$Xn% ! Ee$X1%, [5a]

Ee$Vn% ! Ee$V1%. [6a]

(ii) Otherwise,

Ee$Xn% % Ee$X1%, [5b]

and, for sufficiently large n,

Ee$Vn% & Ee$V1%. [6b]

FIG. 1. Determination by dominance: simulations of productivity f luctuations through time in a replicate ecosystem with increasing species
richness, n. The horizontal line in each graph shows the temporal mean of ecosystem productivity. Note that the temporal variance decreases while
the temporal mean increases as species richness increases. Species responses are independent stochastic processes, and the probability density
distribution is a uniform distribution on [0, 1].
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human	beings),	with	a	significancy	and	an	
es0mated	strength	
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ABSTRACT Although the effect of biodiversity on ecosys-
tem functioning has become a major focus in ecology, its
significance in a fluctuating environment is still poorly un-
derstood. According to the insurance hypothesis, biodiversity
insures ecosystems against declines in their functioning be-
cause many species provide greater guarantees that some will
maintain functioning even if others fail. Here we examine this
hypothesis theoretically. We develop a general stochastic
dynamic model to assess the effects of species richness on the
expected temporal mean and variance of ecosystem processes
such as productivity, based on individual species’ productivity
responses to environmental f luctuations. Our model shows
two major insurance effects of species richness on ecosystem
productivity: (i) a buffering effect, i.e., a reduction in the
temporal variance of productivity, and (ii) a performance-
enhancing effect, i.e., an increase in the temporal mean of
productivity. The strength of these insurance effects is deter-
mined by three factors: (i) the way ecosystem productivity is
determined by individual species responses to environmental
f luctuations, (ii) the degree of asynchronicity of these re-
sponses, and (iii) the detailed form of these responses. In
particular, the greater the variance of the species responses,
the lower the species richness at which the temporal mean of
the ecosystem process saturates and the ecosystem becomes
redundant. These results provide a strong theoretical foun-
dation for the insurance hypothesis, which proves to be a
fundamental principle for understanding the long-term ef-
fects of biodiversity on ecosystem processes.

Recently the effects of biodiversity on ecosystem processes
have received much attention because of the growing concern
that loss of biodiversity may impair ecosystem functioning
(1–5). A number of experiments have been performed or are
in progress (see e.g. ref. 6) and theoretical studies are emerging
in this area (7, 8). However, most of these studies are restricted
to situations where environmental f luctuation is negligible or
excluded (but see refs. 9–12). In the long term, all ecosystems
are bound to experience environmental changes (13). There-
fore a critical question is: how are ecosystem processes affected
by biodiversity or by a loss of biodiversity in a fluctuating
environment?

The insurance hypothesis so far has been an intuitive idea
that increasing biodiversity insures ecosystems against declines
in their functioning caused by environmental f luctuations (12,
14–16). Such an effect is expected because different species
respond differently to environmental changes, hence the con-
tribution of some species to ecosystem processes may decrease
while that of others may increase when the environment
changes. Thus greater species richness should lead to a de-
creased variability in ecosystem processes because of compen-

sation among species. Here we define insurance effects of
biodiversity more generally as any long-term effects of biodi-
versity that contribute to maintain or enhance ecosystem
functioning in the face of environmental f luctuations. These
effects may differ depending on the type of fluctuations
experienced and the ecosystem properties regarded as desir-
able, such as long-term average performance, reduced vari-
ability, long-term probability of persistence, or resilience to
pulse perturbations.

New theoretical studies have started to emerge on these
issues (17–20). However, the generality and implications of the
insurance hypothesis in real ecosystems are still unclear be-
cause of the specific assumptions and analyses made in these
studies. Here we present a stochastic dynamic model to show
that (i) this hypothesis is expected to be true under very
general conditions within a trophic level or functional group;
(ii) species richness may not only decrease the temporal
variance of ecosystem processes but also increase their tem-
poral mean; and (iii) the species richness beyond which an
ecosystem becomes redundant depends on the way the various
species respond to environmental f luctuations. We take eco-
system productivity as an example of an important ecosystem
process, but our results can be easily generalized to other
processes.

THE MODEL
We develop a stochastic dynamic model to assess the effects of
species richness within a trophic level or functional group on
the expected temporal mean and variance of ecosystem pro-
ductivity based on individual species’ productivity responses to
environmental f luctuations. The model consists of the follow-
ing three elements.

Replicate Ecosystems. A set of replicate ecosystems is
constructed at each level of species richness by random
sampling from a species pool. This procedure corresponds to
recent experimental protocols, which is necessary to separate
the effects of diversity on ecosystem functioning from combi-
natorial effects because of species identity (e.g., ref. 21).

Productivity Response of Each Species. Each species in an
ecosystem is characterized by a specific productivity response
to environmental f luctuations. We assume that the productiv-
ity of species i at time t obeys an unspecified stochastic process
and hence is a random variable of time, Xi(t). Discrete time is
chosen for mathematical convenience. Each species’ produc-
tivity is assumed to take on values between 0 and 1 (0 ! Xi(t)
! 1) without loss of generality.

Total Ecosystem Productivity. The total productivity of a
replicate ecosystem with species richness n at time t, X(t:n), is
a function of the individual species’ productivities at that time
and is also a stochastic process:

X!t:n" " f!X1!t", X2!t", . . . , Xi!t", . . . , Xn!t"". [1]The publication costs of this article were defrayed in part by page charge
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fundamental principle for understanding the long-term ef-
fects of biodiversity on ecosystem processes.

Recently the effects of biodiversity on ecosystem processes
have received much attention because of the growing concern
that loss of biodiversity may impair ecosystem functioning
(1–5). A number of experiments have been performed or are
in progress (see e.g. ref. 6) and theoretical studies are emerging
in this area (7, 8). However, most of these studies are restricted
to situations where environmental f luctuation is negligible or
excluded (but see refs. 9–12). In the long term, all ecosystems
are bound to experience environmental changes (13). There-
fore a critical question is: how are ecosystem processes affected
by biodiversity or by a loss of biodiversity in a fluctuating
environment?

The insurance hypothesis so far has been an intuitive idea
that increasing biodiversity insures ecosystems against declines
in their functioning caused by environmental f luctuations (12,
14–16). Such an effect is expected because different species
respond differently to environmental changes, hence the con-
tribution of some species to ecosystem processes may decrease
while that of others may increase when the environment
changes. Thus greater species richness should lead to a de-
creased variability in ecosystem processes because of compen-

sation among species. Here we define insurance effects of
biodiversity more generally as any long-term effects of biodi-
versity that contribute to maintain or enhance ecosystem
functioning in the face of environmental f luctuations. These
effects may differ depending on the type of fluctuations
experienced and the ecosystem properties regarded as desir-
able, such as long-term average performance, reduced vari-
ability, long-term probability of persistence, or resilience to
pulse perturbations.

New theoretical studies have started to emerge on these
issues (17–20). However, the generality and implications of the
insurance hypothesis in real ecosystems are still unclear be-
cause of the specific assumptions and analyses made in these
studies. Here we present a stochastic dynamic model to show
that (i) this hypothesis is expected to be true under very
general conditions within a trophic level or functional group;
(ii) species richness may not only decrease the temporal
variance of ecosystem processes but also increase their tem-
poral mean; and (iii) the species richness beyond which an
ecosystem becomes redundant depends on the way the various
species respond to environmental f luctuations. We take eco-
system productivity as an example of an important ecosystem
process, but our results can be easily generalized to other
processes.

THE MODEL
We develop a stochastic dynamic model to assess the effects of
species richness within a trophic level or functional group on
the expected temporal mean and variance of ecosystem pro-
ductivity based on individual species’ productivity responses to
environmental f luctuations. The model consists of the follow-
ing three elements.

Replicate Ecosystems. A set of replicate ecosystems is
constructed at each level of species richness by random
sampling from a species pool. This procedure corresponds to
recent experimental protocols, which is necessary to separate
the effects of diversity on ecosystem functioning from combi-
natorial effects because of species identity (e.g., ref. 21).

Productivity Response of Each Species. Each species in an
ecosystem is characterized by a specific productivity response
to environmental f luctuations. We assume that the productiv-
ity of species i at time t obeys an unspecified stochastic process
and hence is a random variable of time, Xi(t). Discrete time is
chosen for mathematical convenience. Each species’ produc-
tivity is assumed to take on values between 0 and 1 (0 ! Xi(t)
! 1) without loss of generality.

Total Ecosystem Productivity. The total productivity of a
replicate ecosystem with species richness n at time t, X(t:n), is
a function of the individual species’ productivities at that time
and is also a stochastic process:
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Laboratoire d’Ecologie, Unité Mixte de Recherche 7625, Ecole Normale Supérieure, 46, rue d’Ulm, F-75230 Paris Cedex 05, France

Communicated by Harold Alfred Mooney, Stanford University, Stanford, CA, November 30, 1998 (received for review August 10, 1998)

ABSTRACT Although the effect of biodiversity on ecosys-
tem functioning has become a major focus in ecology, its
significance in a fluctuating environment is still poorly un-
derstood. According to the insurance hypothesis, biodiversity
insures ecosystems against declines in their functioning be-
cause many species provide greater guarantees that some will
maintain functioning even if others fail. Here we examine this
hypothesis theoretically. We develop a general stochastic
dynamic model to assess the effects of species richness on the
expected temporal mean and variance of ecosystem processes
such as productivity, based on individual species’ productivity
responses to environmental f luctuations. Our model shows
two major insurance effects of species richness on ecosystem
productivity: (i) a buffering effect, i.e., a reduction in the
temporal variance of productivity, and (ii) a performance-
enhancing effect, i.e., an increase in the temporal mean of
productivity. The strength of these insurance effects is deter-
mined by three factors: (i) the way ecosystem productivity is
determined by individual species responses to environmental
f luctuations, (ii) the degree of asynchronicity of these re-
sponses, and (iii) the detailed form of these responses. In
particular, the greater the variance of the species responses,
the lower the species richness at which the temporal mean of
the ecosystem process saturates and the ecosystem becomes
redundant. These results provide a strong theoretical foun-
dation for the insurance hypothesis, which proves to be a
fundamental principle for understanding the long-term ef-
fects of biodiversity on ecosystem processes.

Recently the effects of biodiversity on ecosystem processes
have received much attention because of the growing concern
that loss of biodiversity may impair ecosystem functioning
(1–5). A number of experiments have been performed or are
in progress (see e.g. ref. 6) and theoretical studies are emerging
in this area (7, 8). However, most of these studies are restricted
to situations where environmental f luctuation is negligible or
excluded (but see refs. 9–12). In the long term, all ecosystems
are bound to experience environmental changes (13). There-
fore a critical question is: how are ecosystem processes affected
by biodiversity or by a loss of biodiversity in a fluctuating
environment?

The insurance hypothesis so far has been an intuitive idea
that increasing biodiversity insures ecosystems against declines
in their functioning caused by environmental f luctuations (12,
14–16). Such an effect is expected because different species
respond differently to environmental changes, hence the con-
tribution of some species to ecosystem processes may decrease
while that of others may increase when the environment
changes. Thus greater species richness should lead to a de-
creased variability in ecosystem processes because of compen-

sation among species. Here we define insurance effects of
biodiversity more generally as any long-term effects of biodi-
versity that contribute to maintain or enhance ecosystem
functioning in the face of environmental f luctuations. These
effects may differ depending on the type of fluctuations
experienced and the ecosystem properties regarded as desir-
able, such as long-term average performance, reduced vari-
ability, long-term probability of persistence, or resilience to
pulse perturbations.

New theoretical studies have started to emerge on these
issues (17–20). However, the generality and implications of the
insurance hypothesis in real ecosystems are still unclear be-
cause of the specific assumptions and analyses made in these
studies. Here we present a stochastic dynamic model to show
that (i) this hypothesis is expected to be true under very
general conditions within a trophic level or functional group;
(ii) species richness may not only decrease the temporal
variance of ecosystem processes but also increase their tem-
poral mean; and (iii) the species richness beyond which an
ecosystem becomes redundant depends on the way the various
species respond to environmental f luctuations. We take eco-
system productivity as an example of an important ecosystem
process, but our results can be easily generalized to other
processes.

THE MODEL
We develop a stochastic dynamic model to assess the effects of
species richness within a trophic level or functional group on
the expected temporal mean and variance of ecosystem pro-
ductivity based on individual species’ productivity responses to
environmental f luctuations. The model consists of the follow-
ing three elements.

Replicate Ecosystems. A set of replicate ecosystems is
constructed at each level of species richness by random
sampling from a species pool. This procedure corresponds to
recent experimental protocols, which is necessary to separate
the effects of diversity on ecosystem functioning from combi-
natorial effects because of species identity (e.g., ref. 21).

Productivity Response of Each Species. Each species in an
ecosystem is characterized by a specific productivity response
to environmental f luctuations. We assume that the productiv-
ity of species i at time t obeys an unspecified stochastic process
and hence is a random variable of time, Xi(t). Discrete time is
chosen for mathematical convenience. Each species’ produc-
tivity is assumed to take on values between 0 and 1 (0 ! Xi(t)
! 1) without loss of generality.

Total Ecosystem Productivity. The total productivity of a
replicate ecosystem with species richness n at time t, X(t:n), is
a function of the individual species’ productivities at that time
and is also a stochastic process:
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ABSTRACT Although the effect of biodiversity on ecosys-
tem functioning has become a major focus in ecology, its
significance in a fluctuating environment is still poorly un-
derstood. According to the insurance hypothesis, biodiversity
insures ecosystems against declines in their functioning be-
cause many species provide greater guarantees that some will
maintain functioning even if others fail. Here we examine this
hypothesis theoretically. We develop a general stochastic
dynamic model to assess the effects of species richness on the
expected temporal mean and variance of ecosystem processes
such as productivity, based on individual species’ productivity
responses to environmental f luctuations. Our model shows
two major insurance effects of species richness on ecosystem
productivity: (i) a buffering effect, i.e., a reduction in the
temporal variance of productivity, and (ii) a performance-
enhancing effect, i.e., an increase in the temporal mean of
productivity. The strength of these insurance effects is deter-
mined by three factors: (i) the way ecosystem productivity is
determined by individual species responses to environmental
f luctuations, (ii) the degree of asynchronicity of these re-
sponses, and (iii) the detailed form of these responses. In
particular, the greater the variance of the species responses,
the lower the species richness at which the temporal mean of
the ecosystem process saturates and the ecosystem becomes
redundant. These results provide a strong theoretical foun-
dation for the insurance hypothesis, which proves to be a
fundamental principle for understanding the long-term ef-
fects of biodiversity on ecosystem processes.

Recently the effects of biodiversity on ecosystem processes
have received much attention because of the growing concern
that loss of biodiversity may impair ecosystem functioning
(1–5). A number of experiments have been performed or are
in progress (see e.g. ref. 6) and theoretical studies are emerging
in this area (7, 8). However, most of these studies are restricted
to situations where environmental f luctuation is negligible or
excluded (but see refs. 9–12). In the long term, all ecosystems
are bound to experience environmental changes (13). There-
fore a critical question is: how are ecosystem processes affected
by biodiversity or by a loss of biodiversity in a fluctuating
environment?

The insurance hypothesis so far has been an intuitive idea
that increasing biodiversity insures ecosystems against declines
in their functioning caused by environmental f luctuations (12,
14–16). Such an effect is expected because different species
respond differently to environmental changes, hence the con-
tribution of some species to ecosystem processes may decrease
while that of others may increase when the environment
changes. Thus greater species richness should lead to a de-
creased variability in ecosystem processes because of compen-

sation among species. Here we define insurance effects of
biodiversity more generally as any long-term effects of biodi-
versity that contribute to maintain or enhance ecosystem
functioning in the face of environmental f luctuations. These
effects may differ depending on the type of fluctuations
experienced and the ecosystem properties regarded as desir-
able, such as long-term average performance, reduced vari-
ability, long-term probability of persistence, or resilience to
pulse perturbations.

New theoretical studies have started to emerge on these
issues (17–20). However, the generality and implications of the
insurance hypothesis in real ecosystems are still unclear be-
cause of the specific assumptions and analyses made in these
studies. Here we present a stochastic dynamic model to show
that (i) this hypothesis is expected to be true under very
general conditions within a trophic level or functional group;
(ii) species richness may not only decrease the temporal
variance of ecosystem processes but also increase their tem-
poral mean; and (iii) the species richness beyond which an
ecosystem becomes redundant depends on the way the various
species respond to environmental f luctuations. We take eco-
system productivity as an example of an important ecosystem
process, but our results can be easily generalized to other
processes.

THE MODEL
We develop a stochastic dynamic model to assess the effects of
species richness within a trophic level or functional group on
the expected temporal mean and variance of ecosystem pro-
ductivity based on individual species’ productivity responses to
environmental f luctuations. The model consists of the follow-
ing three elements.

Replicate Ecosystems. A set of replicate ecosystems is
constructed at each level of species richness by random
sampling from a species pool. This procedure corresponds to
recent experimental protocols, which is necessary to separate
the effects of diversity on ecosystem functioning from combi-
natorial effects because of species identity (e.g., ref. 21).

Productivity Response of Each Species. Each species in an
ecosystem is characterized by a specific productivity response
to environmental f luctuations. We assume that the productiv-
ity of species i at time t obeys an unspecified stochastic process
and hence is a random variable of time, Xi(t). Discrete time is
chosen for mathematical convenience. Each species’ produc-
tivity is assumed to take on values between 0 and 1 (0 ! Xi(t)
! 1) without loss of generality.

Total Ecosystem Productivity. The total productivity of a
replicate ecosystem with species richness n at time t, X(t:n), is
a function of the individual species’ productivities at that time
and is also a stochastic process:
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ABSTRACT Although the effect of biodiversity on ecosys-
tem functioning has become a major focus in ecology, its
significance in a fluctuating environment is still poorly un-
derstood. According to the insurance hypothesis, biodiversity
insures ecosystems against declines in their functioning be-
cause many species provide greater guarantees that some will
maintain functioning even if others fail. Here we examine this
hypothesis theoretically. We develop a general stochastic
dynamic model to assess the effects of species richness on the
expected temporal mean and variance of ecosystem processes
such as productivity, based on individual species’ productivity
responses to environmental f luctuations. Our model shows
two major insurance effects of species richness on ecosystem
productivity: (i) a buffering effect, i.e., a reduction in the
temporal variance of productivity, and (ii) a performance-
enhancing effect, i.e., an increase in the temporal mean of
productivity. The strength of these insurance effects is deter-
mined by three factors: (i) the way ecosystem productivity is
determined by individual species responses to environmental
f luctuations, (ii) the degree of asynchronicity of these re-
sponses, and (iii) the detailed form of these responses. In
particular, the greater the variance of the species responses,
the lower the species richness at which the temporal mean of
the ecosystem process saturates and the ecosystem becomes
redundant. These results provide a strong theoretical foun-
dation for the insurance hypothesis, which proves to be a
fundamental principle for understanding the long-term ef-
fects of biodiversity on ecosystem processes.

Recently the effects of biodiversity on ecosystem processes
have received much attention because of the growing concern
that loss of biodiversity may impair ecosystem functioning
(1–5). A number of experiments have been performed or are
in progress (see e.g. ref. 6) and theoretical studies are emerging
in this area (7, 8). However, most of these studies are restricted
to situations where environmental f luctuation is negligible or
excluded (but see refs. 9–12). In the long term, all ecosystems
are bound to experience environmental changes (13). There-
fore a critical question is: how are ecosystem processes affected
by biodiversity or by a loss of biodiversity in a fluctuating
environment?

The insurance hypothesis so far has been an intuitive idea
that increasing biodiversity insures ecosystems against declines
in their functioning caused by environmental f luctuations (12,
14–16). Such an effect is expected because different species
respond differently to environmental changes, hence the con-
tribution of some species to ecosystem processes may decrease
while that of others may increase when the environment
changes. Thus greater species richness should lead to a de-
creased variability in ecosystem processes because of compen-

sation among species. Here we define insurance effects of
biodiversity more generally as any long-term effects of biodi-
versity that contribute to maintain or enhance ecosystem
functioning in the face of environmental f luctuations. These
effects may differ depending on the type of fluctuations
experienced and the ecosystem properties regarded as desir-
able, such as long-term average performance, reduced vari-
ability, long-term probability of persistence, or resilience to
pulse perturbations.

New theoretical studies have started to emerge on these
issues (17–20). However, the generality and implications of the
insurance hypothesis in real ecosystems are still unclear be-
cause of the specific assumptions and analyses made in these
studies. Here we present a stochastic dynamic model to show
that (i) this hypothesis is expected to be true under very
general conditions within a trophic level or functional group;
(ii) species richness may not only decrease the temporal
variance of ecosystem processes but also increase their tem-
poral mean; and (iii) the species richness beyond which an
ecosystem becomes redundant depends on the way the various
species respond to environmental f luctuations. We take eco-
system productivity as an example of an important ecosystem
process, but our results can be easily generalized to other
processes.

THE MODEL
We develop a stochastic dynamic model to assess the effects of
species richness within a trophic level or functional group on
the expected temporal mean and variance of ecosystem pro-
ductivity based on individual species’ productivity responses to
environmental f luctuations. The model consists of the follow-
ing three elements.

Replicate Ecosystems. A set of replicate ecosystems is
constructed at each level of species richness by random
sampling from a species pool. This procedure corresponds to
recent experimental protocols, which is necessary to separate
the effects of diversity on ecosystem functioning from combi-
natorial effects because of species identity (e.g., ref. 21).

Productivity Response of Each Species. Each species in an
ecosystem is characterized by a specific productivity response
to environmental f luctuations. We assume that the productiv-
ity of species i at time t obeys an unspecified stochastic process
and hence is a random variable of time, Xi(t). Discrete time is
chosen for mathematical convenience. Each species’ produc-
tivity is assumed to take on values between 0 and 1 (0 ! Xi(t)
! 1) without loss of generality.

Total Ecosystem Productivity. The total productivity of a
replicate ecosystem with species richness n at time t, X(t:n), is
a function of the individual species’ productivities at that time
and is also a stochastic process:
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Biodiversity and ecosystem productivity in a fluctuating
environment: The insurance hypothesis

(stochastic dynamic model!species richness!ecosystem processes!temporal variability!ecosystem stability)

SHIGEO YACHI AND MICHEL LOREAU*
Laboratoire d’Ecologie, Unité Mixte de Recherche 7625, Ecole Normale Supérieure, 46, rue d’Ulm, F-75230 Paris Cedex 05, France

Communicated by Harold Alfred Mooney, Stanford University, Stanford, CA, November 30, 1998 (received for review August 10, 1998)

ABSTRACT Although the effect of biodiversity on ecosys-
tem functioning has become a major focus in ecology, its
significance in a fluctuating environment is still poorly un-
derstood. According to the insurance hypothesis, biodiversity
insures ecosystems against declines in their functioning be-
cause many species provide greater guarantees that some will
maintain functioning even if others fail. Here we examine this
hypothesis theoretically. We develop a general stochastic
dynamic model to assess the effects of species richness on the
expected temporal mean and variance of ecosystem processes
such as productivity, based on individual species’ productivity
responses to environmental f luctuations. Our model shows
two major insurance effects of species richness on ecosystem
productivity: (i) a buffering effect, i.e., a reduction in the
temporal variance of productivity, and (ii) a performance-
enhancing effect, i.e., an increase in the temporal mean of
productivity. The strength of these insurance effects is deter-
mined by three factors: (i) the way ecosystem productivity is
determined by individual species responses to environmental
f luctuations, (ii) the degree of asynchronicity of these re-
sponses, and (iii) the detailed form of these responses. In
particular, the greater the variance of the species responses,
the lower the species richness at which the temporal mean of
the ecosystem process saturates and the ecosystem becomes
redundant. These results provide a strong theoretical foun-
dation for the insurance hypothesis, which proves to be a
fundamental principle for understanding the long-term ef-
fects of biodiversity on ecosystem processes.

Recently the effects of biodiversity on ecosystem processes
have received much attention because of the growing concern
that loss of biodiversity may impair ecosystem functioning
(1–5). A number of experiments have been performed or are
in progress (see e.g. ref. 6) and theoretical studies are emerging
in this area (7, 8). However, most of these studies are restricted
to situations where environmental f luctuation is negligible or
excluded (but see refs. 9–12). In the long term, all ecosystems
are bound to experience environmental changes (13). There-
fore a critical question is: how are ecosystem processes affected
by biodiversity or by a loss of biodiversity in a fluctuating
environment?

The insurance hypothesis so far has been an intuitive idea
that increasing biodiversity insures ecosystems against declines
in their functioning caused by environmental f luctuations (12,
14–16). Such an effect is expected because different species
respond differently to environmental changes, hence the con-
tribution of some species to ecosystem processes may decrease
while that of others may increase when the environment
changes. Thus greater species richness should lead to a de-
creased variability in ecosystem processes because of compen-

sation among species. Here we define insurance effects of
biodiversity more generally as any long-term effects of biodi-
versity that contribute to maintain or enhance ecosystem
functioning in the face of environmental f luctuations. These
effects may differ depending on the type of fluctuations
experienced and the ecosystem properties regarded as desir-
able, such as long-term average performance, reduced vari-
ability, long-term probability of persistence, or resilience to
pulse perturbations.

New theoretical studies have started to emerge on these
issues (17–20). However, the generality and implications of the
insurance hypothesis in real ecosystems are still unclear be-
cause of the specific assumptions and analyses made in these
studies. Here we present a stochastic dynamic model to show
that (i) this hypothesis is expected to be true under very
general conditions within a trophic level or functional group;
(ii) species richness may not only decrease the temporal
variance of ecosystem processes but also increase their tem-
poral mean; and (iii) the species richness beyond which an
ecosystem becomes redundant depends on the way the various
species respond to environmental f luctuations. We take eco-
system productivity as an example of an important ecosystem
process, but our results can be easily generalized to other
processes.

THE MODEL
We develop a stochastic dynamic model to assess the effects of
species richness within a trophic level or functional group on
the expected temporal mean and variance of ecosystem pro-
ductivity based on individual species’ productivity responses to
environmental f luctuations. The model consists of the follow-
ing three elements.

Replicate Ecosystems. A set of replicate ecosystems is
constructed at each level of species richness by random
sampling from a species pool. This procedure corresponds to
recent experimental protocols, which is necessary to separate
the effects of diversity on ecosystem functioning from combi-
natorial effects because of species identity (e.g., ref. 21).

Productivity Response of Each Species. Each species in an
ecosystem is characterized by a specific productivity response
to environmental f luctuations. We assume that the productiv-
ity of species i at time t obeys an unspecified stochastic process
and hence is a random variable of time, Xi(t). Discrete time is
chosen for mathematical convenience. Each species’ produc-
tivity is assumed to take on values between 0 and 1 (0 ! Xi(t)
! 1) without loss of generality.

Total Ecosystem Productivity. The total productivity of a
replicate ecosystem with species richness n at time t, X(t:n), is
a function of the individual species’ productivities at that time
and is also a stochastic process:

X!t:n" " f!X1!t", X2!t", . . . , Xi!t", . . . , Xn!t"". [1]The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.
*To whom reprint requests should be addressed. e-mail: Loreau@

ens.fr.
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(F 1, 155 ¼ 16.5, P , 0.0001), stability had a weak tendency to
increase through time (F4, 152 ¼ 2.24, P ¼ 0.067) and there was no
species-number £ time interaction (F4, 152 ¼ 0.60, P ¼ 0.66). Simi-
lar repeated-measures MANOVAs, of both two-year and five-year
stabilities, that used realized species number as the independent
variable yielded similar results. The greater ecosystem stability of
higher-diversity plots resulted from their having lower temporal
standard deviations, for a given mean plot biomass, than plots with
lower diversity (Fig. 3). In total, on average across the decade
of measurement, ecosystem stability was significantly positively
dependent on plant diversity, and this result was robust with respect
to data detrending and the intervals over which stability was
determined.
In contrast to ecosystem stability, stabilities of individual species

(log transformed), determinedwith ourfive-year recordof abundances
of each species planted in each plot, were a declining function of the
number of planted species (F1, 988 ¼ 134.3, P , 0.0001) and, simi-
larly, of effective species number, eH

0

(F1, 988 ¼ 83.6, P , 0.0001).
We also calculated the average, for each plot, of the species stabilities
of all species planted in the plot, and found that the plot-average

species stability (log transformed) was a declining function of
planted species number (F1, 159 ¼ 63.5, P , 0.0001; Fig. 1b) and of
eH

0

(F 1, 159 ¼ 57.1, P , 0.0001). Species stabilities were not
detrended, but results were similar if detrended.
We used stepwise regression to evaluate the influence of root mass,

functional group composition (presence or absence of C3 grasses, C4

grasses, legumes or non-legume forbs), weedy species biomass, initial
soil fertility (initial total soil nitrogen) and species number on
ecosystem stability. In both forward addition and backward elimi-
nation analyses, the same three variables were retained, with ten-year
detrended ecosystem stability remaining positively dependent on
species number (F1, 159 ¼ 16.2, P , 0.0001) and also being positively
dependent on root mass (F1, 159 ¼ 23.0, P , 0.0001) but negatively
dependent on the presence of legumes (F1, 159 ¼ 4.42, P ¼ 0.037).
The positive effect of root mass probably occurred because roots are
the perenniating structure of these herbaceous perennial species, and
higher root mass should provide a larger store of nutrients and
energy to buffer growth in response to environmental variation.
Weedy biomass had no significant (P . 0.05) effects on stability and
was neither added nor retained in the forward or backward stepwise
regressions, respectively. Similarly, in repeated measures analyses
using two-year or five-year ecosystem stabilities, weed biomass had
no significant effects (P . 0.1) but ecosystem stability remained an
increasing function of numbers of species planted (P , 0.001). This
indicates that any disturbance that might have been associated with
differences between treatments inweeding intensity did not influence
results. Diversity did affect invading weedy species. After cessation of
weeding in subplots, total numbers of plant species and total biomass
increased more at lower diversity than at higher diversity24.
The strength and consistency of the long-term stabilizing effects of

diversity on ecosystem productivity that we observed contrast with
mixed effects observed when a short-term drought was imposed on a
biodiversity experiment13. In that study, the proportion of above-
ground plant biomass lost after an 8-week drought was independent
of diversity13, indicating, by a metric analogous to ours, no effect of
diversity on short-term proportional resistance stability. Because
more diverse plots had greater biomass, the absolute biomass loss was
greater at greater diversity, which was interpreted as showing lower
absolute resistance stability at higher diversity13. However, during the

Figure 1 | Dependence of temporal stability of each plot on experimentally
imposed species-number treatment. a, Ecosystem temporal stability for
the decade from 1996 to 2005 was an increasing function of the number of
planted species. Ecosystem stability is the ratio of mean plot total biomass to
its temporal standard deviation, determined after detrending. The
regression line and its 95% confidence interval are shown (untransformed
data: F1, 159 ¼ 43.7, P , 0.0001). To reduce the difference in y axis scale
between the two parts of this figure, a single data point (species number of
16, ecosystem stability of 15.76) is not shown but was included in all
analyses. b, Plot-average species temporal stability, determined with species
biomass data for 2001–2005, was a declining function of the number of
planted species. The regression curve and 95% confidence intervals are
based on a fit of log(species stability) on log(species number), with
F1, 159 ¼ 72.3, P , 0.0001.

Figure 2 | Dependence of ecosystem temporal stability from 1996 to 2005
on realized species number. All species, whether planted or weedy, were
ranked by proportional abundance in the sorted 0.6m2 clipped strip of 2005.
Proportional abundances were summed, in order from the most abundant
species, to determine the realized species number, which is the number of
more abundant species comprising 90%of the total aboveground biomass of
a plot. Ecosystem stability was also significantly dependent on realized
species number determined with cutoffs of 75% (P , 0.0001) and 99%
(P ¼ 0.002). As in Fig. 1a, one data point (realized species number of 7.2,
ecosystem stability of 15.76) is not shown but was included in all analyses.
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(F 1, 155 ¼ 16.5, P , 0.0001), stability had a weak tendency to
increase through time (F4, 152 ¼ 2.24, P ¼ 0.067) and there was no
species-number £ time interaction (F4, 152 ¼ 0.60, P ¼ 0.66). Simi-
lar repeated-measures MANOVAs, of both two-year and five-year
stabilities, that used realized species number as the independent
variable yielded similar results. The greater ecosystem stability of
higher-diversity plots resulted from their having lower temporal
standard deviations, for a given mean plot biomass, than plots with
lower diversity (Fig. 3). In total, on average across the decade
of measurement, ecosystem stability was significantly positively
dependent on plant diversity, and this result was robust with respect
to data detrending and the intervals over which stability was
determined.
In contrast to ecosystem stability, stabilities of individual species

(log transformed), determinedwith ourfive-year recordof abundances
of each species planted in each plot, were a declining function of the
number of planted species (F1, 988 ¼ 134.3, P , 0.0001) and, simi-
larly, of effective species number, eH

0

(F1, 988 ¼ 83.6, P , 0.0001).
We also calculated the average, for each plot, of the species stabilities
of all species planted in the plot, and found that the plot-average

species stability (log transformed) was a declining function of
planted species number (F1, 159 ¼ 63.5, P , 0.0001; Fig. 1b) and of
eH

0

(F 1, 159 ¼ 57.1, P , 0.0001). Species stabilities were not
detrended, but results were similar if detrended.
We used stepwise regression to evaluate the influence of root mass,

functional group composition (presence or absence of C3 grasses, C4

grasses, legumes or non-legume forbs), weedy species biomass, initial
soil fertility (initial total soil nitrogen) and species number on
ecosystem stability. In both forward addition and backward elimi-
nation analyses, the same three variables were retained, with ten-year
detrended ecosystem stability remaining positively dependent on
species number (F1, 159 ¼ 16.2, P , 0.0001) and also being positively
dependent on root mass (F1, 159 ¼ 23.0, P , 0.0001) but negatively
dependent on the presence of legumes (F1, 159 ¼ 4.42, P ¼ 0.037).
The positive effect of root mass probably occurred because roots are
the perenniating structure of these herbaceous perennial species, and
higher root mass should provide a larger store of nutrients and
energy to buffer growth in response to environmental variation.
Weedy biomass had no significant (P . 0.05) effects on stability and
was neither added nor retained in the forward or backward stepwise
regressions, respectively. Similarly, in repeated measures analyses
using two-year or five-year ecosystem stabilities, weed biomass had
no significant effects (P . 0.1) but ecosystem stability remained an
increasing function of numbers of species planted (P , 0.001). This
indicates that any disturbance that might have been associated with
differences between treatments inweeding intensity did not influence
results. Diversity did affect invading weedy species. After cessation of
weeding in subplots, total numbers of plant species and total biomass
increased more at lower diversity than at higher diversity24.
The strength and consistency of the long-term stabilizing effects of

diversity on ecosystem productivity that we observed contrast with
mixed effects observed when a short-term drought was imposed on a
biodiversity experiment13. In that study, the proportion of above-
ground plant biomass lost after an 8-week drought was independent
of diversity13, indicating, by a metric analogous to ours, no effect of
diversity on short-term proportional resistance stability. Because
more diverse plots had greater biomass, the absolute biomass loss was
greater at greater diversity, which was interpreted as showing lower
absolute resistance stability at higher diversity13. However, during the

Figure 1 | Dependence of temporal stability of each plot on experimentally
imposed species-number treatment. a, Ecosystem temporal stability for
the decade from 1996 to 2005 was an increasing function of the number of
planted species. Ecosystem stability is the ratio of mean plot total biomass to
its temporal standard deviation, determined after detrending. The
regression line and its 95% confidence interval are shown (untransformed
data: F1, 159 ¼ 43.7, P , 0.0001). To reduce the difference in y axis scale
between the two parts of this figure, a single data point (species number of
16, ecosystem stability of 15.76) is not shown but was included in all
analyses. b, Plot-average species temporal stability, determined with species
biomass data for 2001–2005, was a declining function of the number of
planted species. The regression curve and 95% confidence intervals are
based on a fit of log(species stability) on log(species number), with
F1, 159 ¼ 72.3, P , 0.0001.

Figure 2 | Dependence of ecosystem temporal stability from 1996 to 2005
on realized species number. All species, whether planted or weedy, were
ranked by proportional abundance in the sorted 0.6m2 clipped strip of 2005.
Proportional abundances were summed, in order from the most abundant
species, to determine the realized species number, which is the number of
more abundant species comprising 90%of the total aboveground biomass of
a plot. Ecosystem stability was also significantly dependent on realized
species number determined with cutoffs of 75% (P , 0.0001) and 99%
(P ¼ 0.002). As in Fig. 1a, one data point (realized species number of 7.2,
ecosystem stability of 15.76) is not shown but was included in all analyses.

LETTERS NATURE|Vol 441|1 June 2006

630

Species	richness	

Co
m
m
un

ity
	st
ab
ili
ty
	

(Tilman	et	al.,	2006)		



28	

© 2006 Nature Publishing Group 

 

(F 1, 155 ¼ 16.5, P , 0.0001), stability had a weak tendency to
increase through time (F4, 152 ¼ 2.24, P ¼ 0.067) and there was no
species-number £ time interaction (F4, 152 ¼ 0.60, P ¼ 0.66). Simi-
lar repeated-measures MANOVAs, of both two-year and five-year
stabilities, that used realized species number as the independent
variable yielded similar results. The greater ecosystem stability of
higher-diversity plots resulted from their having lower temporal
standard deviations, for a given mean plot biomass, than plots with
lower diversity (Fig. 3). In total, on average across the decade
of measurement, ecosystem stability was significantly positively
dependent on plant diversity, and this result was robust with respect
to data detrending and the intervals over which stability was
determined.
In contrast to ecosystem stability, stabilities of individual species

(log transformed), determinedwith ourfive-year recordof abundances
of each species planted in each plot, were a declining function of the
number of planted species (F1, 988 ¼ 134.3, P , 0.0001) and, simi-
larly, of effective species number, eH

0

(F1, 988 ¼ 83.6, P , 0.0001).
We also calculated the average, for each plot, of the species stabilities
of all species planted in the plot, and found that the plot-average

species stability (log transformed) was a declining function of
planted species number (F1, 159 ¼ 63.5, P , 0.0001; Fig. 1b) and of
eH

0

(F 1, 159 ¼ 57.1, P , 0.0001). Species stabilities were not
detrended, but results were similar if detrended.
We used stepwise regression to evaluate the influence of root mass,

functional group composition (presence or absence of C3 grasses, C4

grasses, legumes or non-legume forbs), weedy species biomass, initial
soil fertility (initial total soil nitrogen) and species number on
ecosystem stability. In both forward addition and backward elimi-
nation analyses, the same three variables were retained, with ten-year
detrended ecosystem stability remaining positively dependent on
species number (F1, 159 ¼ 16.2, P , 0.0001) and also being positively
dependent on root mass (F1, 159 ¼ 23.0, P , 0.0001) but negatively
dependent on the presence of legumes (F1, 159 ¼ 4.42, P ¼ 0.037).
The positive effect of root mass probably occurred because roots are
the perenniating structure of these herbaceous perennial species, and
higher root mass should provide a larger store of nutrients and
energy to buffer growth in response to environmental variation.
Weedy biomass had no significant (P . 0.05) effects on stability and
was neither added nor retained in the forward or backward stepwise
regressions, respectively. Similarly, in repeated measures analyses
using two-year or five-year ecosystem stabilities, weed biomass had
no significant effects (P . 0.1) but ecosystem stability remained an
increasing function of numbers of species planted (P , 0.001). This
indicates that any disturbance that might have been associated with
differences between treatments inweeding intensity did not influence
results. Diversity did affect invading weedy species. After cessation of
weeding in subplots, total numbers of plant species and total biomass
increased more at lower diversity than at higher diversity24.
The strength and consistency of the long-term stabilizing effects of

diversity on ecosystem productivity that we observed contrast with
mixed effects observed when a short-term drought was imposed on a
biodiversity experiment13. In that study, the proportion of above-
ground plant biomass lost after an 8-week drought was independent
of diversity13, indicating, by a metric analogous to ours, no effect of
diversity on short-term proportional resistance stability. Because
more diverse plots had greater biomass, the absolute biomass loss was
greater at greater diversity, which was interpreted as showing lower
absolute resistance stability at higher diversity13. However, during the

Figure 1 | Dependence of temporal stability of each plot on experimentally
imposed species-number treatment. a, Ecosystem temporal stability for
the decade from 1996 to 2005 was an increasing function of the number of
planted species. Ecosystem stability is the ratio of mean plot total biomass to
its temporal standard deviation, determined after detrending. The
regression line and its 95% confidence interval are shown (untransformed
data: F1, 159 ¼ 43.7, P , 0.0001). To reduce the difference in y axis scale
between the two parts of this figure, a single data point (species number of
16, ecosystem stability of 15.76) is not shown but was included in all
analyses. b, Plot-average species temporal stability, determined with species
biomass data for 2001–2005, was a declining function of the number of
planted species. The regression curve and 95% confidence intervals are
based on a fit of log(species stability) on log(species number), with
F1, 159 ¼ 72.3, P , 0.0001.

Figure 2 | Dependence of ecosystem temporal stability from 1996 to 2005
on realized species number. All species, whether planted or weedy, were
ranked by proportional abundance in the sorted 0.6m2 clipped strip of 2005.
Proportional abundances were summed, in order from the most abundant
species, to determine the realized species number, which is the number of
more abundant species comprising 90%of the total aboveground biomass of
a plot. Ecosystem stability was also significantly dependent on realized
species number determined with cutoffs of 75% (P , 0.0001) and 99%
(P ¼ 0.002). As in Fig. 1a, one data point (realized species number of 7.2,
ecosystem stability of 15.76) is not shown but was included in all analyses.
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(F 1, 155 ¼ 16.5, P , 0.0001), stability had a weak tendency to
increase through time (F4, 152 ¼ 2.24, P ¼ 0.067) and there was no
species-number £ time interaction (F4, 152 ¼ 0.60, P ¼ 0.66). Simi-
lar repeated-measures MANOVAs, of both two-year and five-year
stabilities, that used realized species number as the independent
variable yielded similar results. The greater ecosystem stability of
higher-diversity plots resulted from their having lower temporal
standard deviations, for a given mean plot biomass, than plots with
lower diversity (Fig. 3). In total, on average across the decade
of measurement, ecosystem stability was significantly positively
dependent on plant diversity, and this result was robust with respect
to data detrending and the intervals over which stability was
determined.
In contrast to ecosystem stability, stabilities of individual species

(log transformed), determinedwith ourfive-year recordof abundances
of each species planted in each plot, were a declining function of the
number of planted species (F1, 988 ¼ 134.3, P , 0.0001) and, simi-
larly, of effective species number, eH

0

(F1, 988 ¼ 83.6, P , 0.0001).
We also calculated the average, for each plot, of the species stabilities
of all species planted in the plot, and found that the plot-average

species stability (log transformed) was a declining function of
planted species number (F1, 159 ¼ 63.5, P , 0.0001; Fig. 1b) and of
eH

0

(F 1, 159 ¼ 57.1, P , 0.0001). Species stabilities were not
detrended, but results were similar if detrended.
We used stepwise regression to evaluate the influence of root mass,

functional group composition (presence or absence of C3 grasses, C4

grasses, legumes or non-legume forbs), weedy species biomass, initial
soil fertility (initial total soil nitrogen) and species number on
ecosystem stability. In both forward addition and backward elimi-
nation analyses, the same three variables were retained, with ten-year
detrended ecosystem stability remaining positively dependent on
species number (F1, 159 ¼ 16.2, P , 0.0001) and also being positively
dependent on root mass (F1, 159 ¼ 23.0, P , 0.0001) but negatively
dependent on the presence of legumes (F1, 159 ¼ 4.42, P ¼ 0.037).
The positive effect of root mass probably occurred because roots are
the perenniating structure of these herbaceous perennial species, and
higher root mass should provide a larger store of nutrients and
energy to buffer growth in response to environmental variation.
Weedy biomass had no significant (P . 0.05) effects on stability and
was neither added nor retained in the forward or backward stepwise
regressions, respectively. Similarly, in repeated measures analyses
using two-year or five-year ecosystem stabilities, weed biomass had
no significant effects (P . 0.1) but ecosystem stability remained an
increasing function of numbers of species planted (P , 0.001). This
indicates that any disturbance that might have been associated with
differences between treatments inweeding intensity did not influence
results. Diversity did affect invading weedy species. After cessation of
weeding in subplots, total numbers of plant species and total biomass
increased more at lower diversity than at higher diversity24.
The strength and consistency of the long-term stabilizing effects of

diversity on ecosystem productivity that we observed contrast with
mixed effects observed when a short-term drought was imposed on a
biodiversity experiment13. In that study, the proportion of above-
ground plant biomass lost after an 8-week drought was independent
of diversity13, indicating, by a metric analogous to ours, no effect of
diversity on short-term proportional resistance stability. Because
more diverse plots had greater biomass, the absolute biomass loss was
greater at greater diversity, which was interpreted as showing lower
absolute resistance stability at higher diversity13. However, during the

Figure 1 | Dependence of temporal stability of each plot on experimentally
imposed species-number treatment. a, Ecosystem temporal stability for
the decade from 1996 to 2005 was an increasing function of the number of
planted species. Ecosystem stability is the ratio of mean plot total biomass to
its temporal standard deviation, determined after detrending. The
regression line and its 95% confidence interval are shown (untransformed
data: F1, 159 ¼ 43.7, P , 0.0001). To reduce the difference in y axis scale
between the two parts of this figure, a single data point (species number of
16, ecosystem stability of 15.76) is not shown but was included in all
analyses. b, Plot-average species temporal stability, determined with species
biomass data for 2001–2005, was a declining function of the number of
planted species. The regression curve and 95% confidence intervals are
based on a fit of log(species stability) on log(species number), with
F1, 159 ¼ 72.3, P , 0.0001.

Figure 2 | Dependence of ecosystem temporal stability from 1996 to 2005
on realized species number. All species, whether planted or weedy, were
ranked by proportional abundance in the sorted 0.6m2 clipped strip of 2005.
Proportional abundances were summed, in order from the most abundant
species, to determine the realized species number, which is the number of
more abundant species comprising 90%of the total aboveground biomass of
a plot. Ecosystem stability was also significantly dependent on realized
species number determined with cutoffs of 75% (P , 0.0001) and 99%
(P ¼ 0.002). As in Fig. 1a, one data point (realized species number of 7.2,
ecosystem stability of 15.76) is not shown but was included in all analyses.
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(F 1, 155 ¼ 16.5, P , 0.0001), stability had a weak tendency to
increase through time (F4, 152 ¼ 2.24, P ¼ 0.067) and there was no
species-number £ time interaction (F4, 152 ¼ 0.60, P ¼ 0.66). Simi-
lar repeated-measures MANOVAs, of both two-year and five-year
stabilities, that used realized species number as the independent
variable yielded similar results. The greater ecosystem stability of
higher-diversity plots resulted from their having lower temporal
standard deviations, for a given mean plot biomass, than plots with
lower diversity (Fig. 3). In total, on average across the decade
of measurement, ecosystem stability was significantly positively
dependent on plant diversity, and this result was robust with respect
to data detrending and the intervals over which stability was
determined.
In contrast to ecosystem stability, stabilities of individual species

(log transformed), determinedwith ourfive-year recordof abundances
of each species planted in each plot, were a declining function of the
number of planted species (F1, 988 ¼ 134.3, P , 0.0001) and, simi-
larly, of effective species number, eH

0

(F1, 988 ¼ 83.6, P , 0.0001).
We also calculated the average, for each plot, of the species stabilities
of all species planted in the plot, and found that the plot-average

species stability (log transformed) was a declining function of
planted species number (F1, 159 ¼ 63.5, P , 0.0001; Fig. 1b) and of
eH

0

(F 1, 159 ¼ 57.1, P , 0.0001). Species stabilities were not
detrended, but results were similar if detrended.
We used stepwise regression to evaluate the influence of root mass,

functional group composition (presence or absence of C3 grasses, C4

grasses, legumes or non-legume forbs), weedy species biomass, initial
soil fertility (initial total soil nitrogen) and species number on
ecosystem stability. In both forward addition and backward elimi-
nation analyses, the same three variables were retained, with ten-year
detrended ecosystem stability remaining positively dependent on
species number (F1, 159 ¼ 16.2, P , 0.0001) and also being positively
dependent on root mass (F1, 159 ¼ 23.0, P , 0.0001) but negatively
dependent on the presence of legumes (F1, 159 ¼ 4.42, P ¼ 0.037).
The positive effect of root mass probably occurred because roots are
the perenniating structure of these herbaceous perennial species, and
higher root mass should provide a larger store of nutrients and
energy to buffer growth in response to environmental variation.
Weedy biomass had no significant (P . 0.05) effects on stability and
was neither added nor retained in the forward or backward stepwise
regressions, respectively. Similarly, in repeated measures analyses
using two-year or five-year ecosystem stabilities, weed biomass had
no significant effects (P . 0.1) but ecosystem stability remained an
increasing function of numbers of species planted (P , 0.001). This
indicates that any disturbance that might have been associated with
differences between treatments inweeding intensity did not influence
results. Diversity did affect invading weedy species. After cessation of
weeding in subplots, total numbers of plant species and total biomass
increased more at lower diversity than at higher diversity24.
The strength and consistency of the long-term stabilizing effects of

diversity on ecosystem productivity that we observed contrast with
mixed effects observed when a short-term drought was imposed on a
biodiversity experiment13. In that study, the proportion of above-
ground plant biomass lost after an 8-week drought was independent
of diversity13, indicating, by a metric analogous to ours, no effect of
diversity on short-term proportional resistance stability. Because
more diverse plots had greater biomass, the absolute biomass loss was
greater at greater diversity, which was interpreted as showing lower
absolute resistance stability at higher diversity13. However, during the

Figure 1 | Dependence of temporal stability of each plot on experimentally
imposed species-number treatment. a, Ecosystem temporal stability for
the decade from 1996 to 2005 was an increasing function of the number of
planted species. Ecosystem stability is the ratio of mean plot total biomass to
its temporal standard deviation, determined after detrending. The
regression line and its 95% confidence interval are shown (untransformed
data: F1, 159 ¼ 43.7, P , 0.0001). To reduce the difference in y axis scale
between the two parts of this figure, a single data point (species number of
16, ecosystem stability of 15.76) is not shown but was included in all
analyses. b, Plot-average species temporal stability, determined with species
biomass data for 2001–2005, was a declining function of the number of
planted species. The regression curve and 95% confidence intervals are
based on a fit of log(species stability) on log(species number), with
F1, 159 ¼ 72.3, P , 0.0001.

Figure 2 | Dependence of ecosystem temporal stability from 1996 to 2005
on realized species number. All species, whether planted or weedy, were
ranked by proportional abundance in the sorted 0.6m2 clipped strip of 2005.
Proportional abundances were summed, in order from the most abundant
species, to determine the realized species number, which is the number of
more abundant species comprising 90%of the total aboveground biomass of
a plot. Ecosystem stability was also significantly dependent on realized
species number determined with cutoffs of 75% (P , 0.0001) and 99%
(P ¼ 0.002). As in Fig. 1a, one data point (realized species number of 7.2,
ecosystem stability of 15.76) is not shown but was included in all analyses.
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•  Correla0on	between	temporal	popula0on’s	
fluctua0ons	
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Synchronous	popula0ons	

•  Correla0on	between	temporal	popula0on’s	
fluctua0ons	
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Asynchronous	popula0ons	

•  Correla0on	between	temporal	popula0on’s	
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(Downing	et	al.,	2014)		
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Community	stability	

Synchrony	

Species	richness	

popula0on	stability	

emergent stability through greater asynchrony (m) in the

individual temporal dynamics of species. We examined

how the degree of asynchrony was explained by the

various diversity metrics. The best model explaining

variation in m was a quadratic MPDab (AW¼ 0.927, R2

¼ 0.375), with a generally declining relationship (Fig. 5).

Despite the appearance that m peaks at intermediate

MPDab values, this was not supported by a Mitchell-

Olds-Shaw test (Mitchell-Olds and Shaw 1987). Our

measure of asynchrony was slightly negatively correlated

with stability (r ¼ "0.18, P ¼ 0.02), mainly because
closely related species were more likely to have
correlated abundances through time than distantly
related ones (Mantel r¼ 0.04, P ¼ 0.012).

FIG. 3. Aboveground biomass production from each plot throughout the duration of the experiment. The red solid line reflects
mean productivity, and the shaded bars along the bottom axis indicate years when individual abundances were available.

TABLE 1. Explanatory ability of the nine diversity metrics on
stability of annual biomass production.

Variable AIC AW! R2 P

Hed 448 0.839 0.19 ,0.001
Richnessreal 454 0.061 0.16 ,0.001
Haed 459 0.004 0.14 ,0.001
Richnessint 462 0.001 0.12 ,0.001
PD 463 ,0.001 0.12 ,0.001
MPDab 464 ,0.001 0.11 ,0.001
MNTDpa 465 ,0.001 0.11 ,0.001
MNTDab 467 ,0.001 0.10 ,0.001
MPDpa 484 ,0.001 ,0.01 0.952

Note: Abbreviations are: Hed, entropic phylogenetic diversi-
ty; Richnessreal, realized richness; Haed, abundance-weighted
Hed; Richnessint, initial richness; PD, phylogenetic diversity;
MPDab, abundance-weighted mean pairwise distance;
MNTDpa, presence–absence mean nearest taxon distance;
MNTDab, abundance-weighted mean nearest taxon distance;
and MPDpa, presence–absence mean pairwise distance.

! Akaike weights (AW) calculated from a larger set of
candidate models (see Appendix A).

FIG. 4. Ecosystem stability (l/rd, where l is mean plot
biomass and rd is temporally detrended standard deviation)
from 2001 to 2010 increased with increasing average plot
realized Hed. Hed can be thought of as a measure of the
distribution of evolutionary information in a community, with
high Hed values corresponding to communities where species
are all equivalently related, and low values reflect imbalanced
community phylogenies.
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Once upon a time… 
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Controlled	species	richness		
and		

Random	species	assemblages	
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è Lot	of	diversity	levels	
è Wide	environmental	range	
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Ci0zen	science	programs	

Highly	replicated	0me	series	
è Lot	of	diversity	levels	
è Wide	environmental	range	
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Annual	survey	
Same	volunteer	

Standardized	protocol	
Common	species	

Birds	
à 269	communi0es		
à 75	species	
à 8	years	

Bu3erflies	
à 131	communi0es	
à 14	species		
à 7	years		
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Bats	
à	162	communi0es	
à	7	species	
à	4	years	
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1	abundance	value	/	species	/	community	/	year	
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Bats	
à	162	communi0es	
à	7	species	
à	4	years	
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Stability	of	community’s		abundance	
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1
CV

=
µ
σ

Community	stability	
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(Loreau	&	de	Mazancourt,	2008;	Thibault	&	Connolly,	2013)		
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1
CVcommunity

 = 1
CVpopulations

x 1
ϕ

(Loreau	&	de	Mazancourt,	2008;	Thibault	&	Connolly,	2013)		

CVw
i =

µi

µcommunity

xCVi

Community	stability	

Weighted	
popula0on	stability	
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(Loreau	&	de	Mazancourt,	2008;	Thibault	&	Connolly,	2013)		

ϕ =
σ 2

community

(Σiσ i )
2

Community	stability	

Synchrony	

1
CVcommunity

 = 1
CVpopulations

x 1
ϕ

Weighted	
popula0on	stability	
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250m	buffers	

Bats	

1000m	buffers	

Bu'erflies	

2km	squares	

Birds	

Urban	area	 Arable	lands	 Grasslands	 Woodlands	
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bats	birds	 bu'erflies	
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è Posi0ve	effect	of	Species	richness	and	phylogene0c	distance	on	community	stability	
è  Species	richness	effect		>	phylogene0c	distance	effect	

0.16	 0.12	 0.20	 0.08	0.24	 ns	
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è Posi0ve	effect	of	Species	richness	and	phylogene0c	distance	on	community	stability	
è  Species	richness	effect		>	phylogene0c	distance	effect	
è Effects	mostly	mediated	by	changes	in	popula0on	synchrony	
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0.16	 0.12	 0.20	 0.08	0.24	 ns	



è Effects	of	landscape	perturba0ons	are	variable	among	taxa	
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è The	increase	of	urban	area	and	arable	lands	increases	the	weighted	mean	
phylogene0c	distance	

è The	increase	of	arable	lands	increases	the	popula0on’s	synchrony	
è The	increase	of	arable	lands	decreases	the	weighted	mean	popula0on’s	

stability		
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è The	increase	of	urban	area	decreases	the	species	richness	and	the	
weighted	mean	popula0on’s	stability	

è The	increase	of	arable	lands	decreases	the	weighted	mean	phylogene0c	
distance	
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è The	increase	of	arable	lands	decreases	the	weighted	mean	popula0on’s	
stability	



-0.22	ns	-0.04	-0.32	-0.14	ns	

è Nega0ve	effects	of	landscape	perturba0ons	
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è Nega0ve	effects	of	landscape	perturba0ons	
è Perturba0on	affect	community	stability	by	impac0ng	community	composi0on	and	

community	dynamic	

Composi0on	effect	=	0	
Dynamic	effect								=	-0.14		

Composi0on	effect	=	-0.11	
Dynamic	effect								=	-0.25		

Composi0on	effect	=	0	
Dynamic	effect								=	-0.22		
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-0.22	ns	-0.04	-0.32	-0.14	ns	



à	There	is	a	posi0ve	diversity	–	stability	rela0onship	in	natural	
communi0es	

		
à 	The	popula0on	synchrony	appears	to	be	the	main	mechanism	of	
the	diversity-stability	rela0onship	in	natural	communi0es	
•  Why	is	there	no	stronger	effect	of	phylogene0c	distance	
among	species?	

		
à 	Environmental	perturba0ons	have	a	direct	impact	on	community	
dynamic,	and	in	par0cular	popula0on	stability	
•  Need	for	a	be_er	understanding	of	the	determinants	of	the	
mean	–	variance	scaling	of	natural	popula0on	densi0es	
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Synchrony	

(Giraud	et	al.,	2013)		
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Synchrony	

(Sutcliffe	et	al.,	1996	;	Paradis	et	al.,	1999	;	Kendall	et	al.,	2000)		



à 	Are	groups	of	species	showing	synchrony	
locally	consistent	across	region?	

à 	Can	we	iden0fy	bio-geographical	regions	
where	groups	of	species	are	synchronous	?	

100	

Synchrony	
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Popula0on	stability	
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(Oliver	et	al.,	2010)		

Popula0on	stability	



à Which	kind	of	species	have	their	popula0on	
stability	impacted	by	the	species	richness	of	
the	community	?	

	
à Is	the	impact	of	landscape	perturba0ons	on	

popula0on	stability	related	to	species’	rela0ve	
abundance	or	func0onal	traits?	

103	

Popula0on	stability	



theophile.olivier@gmail.com	
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«	Je	sers	la	science	et	c’est	ma	joie	»		
Basile	Landouye,	disciple	de	Léonard	le	Génie	



	
	
	
à Abundance	of	28	bu_erfly	species	and	species	
groups	in	private	gardens	

à Between	March	and	October	
à 1	data	per	month	of	observa0on	
à Max	number	of	individuals	seen	simultaneously	
à Frequency	of	visits	

105	



	
-  131	residen0al	gardens	across	France	
-  Bu_erfly	abundance	in	July	
-  8	con0nuous	years	of	observa0ons	
-  14	species	
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h_p://www.vigie-plume.fr/	

Squares	of	2km	/	2km	
Randomly	selected	

107	



à 10	points	/	square	
à Standardized	habitat	descrip0on	

à Two	observa0on	events	/	year	
(spring)	

à 5	minutes	(1h	aver	the	sunrise)	

à Same	place	

à Same	date	

à Same	volunteer	 108	



-  269	squares	

-  Mean	abundance	/	year	/	square	

-  8	con0nuous	years	of	observa0ons	

-  75	common	species	
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à Since	2006	
à Survey	by	car	

à Acous0c	signals	
à 2	0mes	/	year	

à 10	tracks	of	2km	

à 5	transects	of	400m	/	track	

h_p://vigienature.mnhn.fr/page/vigie-chiro	

1 

3 

4 
5 

2 
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-  162	transects	

-  Mean	abundance	/	year	/	transect	

-  4	con0nuous	years	of	observa0ons	

-  7	species	
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