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Abstract. The biotic mechanisms underlying ecosystem functioning and stability have been
extensively—but separately—explored in the literature, making it difficult to understand the
relationship between functioning and stability. In this study, we used community models to
examine how complementarity and selection, the two major biodiversity mechanisms known
to enhance ecosystem biomass production, affect ecosystem stability. Our analytic and simula-
tion results show that although complementarity promotes stability, selection impairs it. The
negative effects of selection on stability operate through weakening portfolio effects and select-
ing species that have high productivity but low tolerance to perturbations (“risk-prone” spe-
cies). In contrast, complementarity enhances stability by increasing portfolio effects and
reducing the relative abundance of risk-prone species. Consequently, ecosystem functioning
and stability exhibit either a synergy, if complementarity effects prevail, or trade-off, if selec-
tion effects prevail. Across species richness levels, ecosystem functioning and stability tend to
be positively related, but negative relationships can occur when selection co-varies with rich-
ness. Our findings provide novel insights for understanding the functioning-stability relation-
ship, with potential implications for both ecological research and ecosystem management.

Key words: biodiversity; complementarity; functioning; invariability; portfolio effect; resilience;
resistance; selection; trade-off.

INTRODUCTION

The past three decades have seen major progress in
understanding the role of biodiversity in the mainte-
nance of ecosystem functioning and stability. A signifi-
cant number of experiments have shown that biodiversity
promotes the functioning and stability of ecosystems
(Hector et al. 1999, 2010, Tilman et al. 2001, 2006, Huang
et al. 2018; but see Blüthgen et al. 2016), and new theories
and hypotheses have been developed to explain the posi-
tive effects of biodiversity observed in experiments (Lor-
eau 2010, Tilman et al. 2014). These studies have offered
significant insights, both conceptually, by integrating
community and ecosystem ecology, and practically, by
predicting the functional consequences of biodiversity
changes (Loreau 2010, Cardinale et al. 2012).

Although early research on biodiversity and ecosys-
tem functioning (BEF) focused mainly on one specific
measure of ecosystem functioning (e.g., productivity;
but see Naeem et al. 1994) or stability (e.g., temporal
invariability), recent studies have highlighted the multi-
dimensional nature of both functioning (Hector and
Bagchi 2007, Isbell et al. 2011) and stability (Pimm 1984,
Ives and Carpenter 2007, Donohue et al. 2013). These
studies have sought to clarify the intrinsic links and
trade-offs between different aspects of ecosystem func-
tioning or stability (Donohue et al. 2013, Meyer et al.
2018), and how these links and trade-offs depend on dif-
ferent ecological factors, for example, biodiversity (Ives
and Carpenter 2007, Pennekamp et al. 2018) and distur-
bance type (Radchuk et al. 2019). Despite this progress,
a largely missing but fundamental question is the rela-
tionship between ecosystem functioning and stability,
particularly when they can be simultaneously maximized
and when they exhibit trade-offs (Montoya et al. 2019).
Although ecosystem functioning and stability have

both been shown to increase with biodiversity
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generally, experimental data display large variations in
both functioning and stability within a given level of
biodiversity (Hector et al. 1999, 2010, Tilman et al.
2001, 2006, Isbell et al. 2015, Huang et al. 2018). This
raises a key question whether species assemblages that
exhibit higher functioning will also exhibit higher sta-
bility. In a meta-analysis of 34 experiments, Cardinale
et al. (2013) found that biodiversity positively influ-
enced both productivity and temporal invariability (as
measured by the ratio of mean productivity to its stan-
dard deviation), but the effect of biodiversity on func-
tioning was independent of that on invariability, both
within an experiment with fixed species richness and
across experiments with varying richness. They thus
concluded that knowing the effect of biodiversity on
productivity might not help us predict its effect on sta-
bility. However, this study did not distinguish the biotic
mechanisms underlying functioning and stability and
test how these mechanisms could be related.
Both ecosystem functioning and stability are ecosys-

tem-wide properties emerging from species interactions
and population dynamics, which underpin the links
between these two properties. Biodiversity enhances
ecosystem productivity mainly through two groups of
processes, niche complementarity and selection (Loreau
and Hector 2001). Complementarity occurs if species
differ in their resource use or facilitate each other,
whereas selection occurs if interspecific interactions
lead to the dominance of species with a higher produc-
tivity in mixtures (Tilman et al. 1997, Loreau 2010).
On the other hand, biodiversity enhances ecosystem
stability by providing insurance or portfolio effects
when species differ in their responses to environmental
fluctuations (Yachi and Loreau 1999, Thibaut and
Connolly 2013), or by including species with a higher
resistance or resilience to external perturbations (Polley
et al. 2007, Grman et al. 2010, Sasaki and Lauenroth
2011, Wilsey et al. 2014, Isbell et al. 2015). During the
past decades, the biotic mechanisms underlying ecosys-
tem functioning and stability have been studied exten-
sively but separately (but see Yachi and Loreau 1999),
which creates a fundamental gap limiting our under-
standing of the relationships between ecosystem func-
tioning and stability.
As niche complementarity promotes species coexis-

tence, we should expect that ecosystem stability increases
with niche complementarity because of stronger portfo-
lio and overyielding effects (Isbell et al. 2009, de Mazan-
court et al. 2013, Thibaut and Connolly 2013). In
contrast, selection tends to increase the dominance of
more productive species, which reduces species evenness
and thus impairs insurance or portfolio effects (Isbell
et al. 2009, Wittebolle et al. 2009, Thibaut and Connolly
2013). Moreover, selection can cause a decrease in trait
diversity and thereby reduce the resistance of ecosystems
in the face of external perturbations (Norberg et al.
2001, Pfisterer and Schmid 2002). That said, an inte-
grated theoretical framework clarifying the explicit links

between the biotic mechanisms that underlie ecosystem
functioning and stability is still lacking.
Here we explore the mechanistic links between

ecosystem functioning and stability, as quantified by
mean community biomass and the response (invari-
ability, resistance, and resilience) of community bio-
mass to external perturbations, respectively. Using a
Lotka-Volterra competition model, we explore how
complementarity and selection—the two major pro-
cesses known to enhance ecosystem functioning—
affect ecosystem stability, and how they generate syn-
ergies or trade-offs between ecosystem functioning and
stability. Our analyses and simulations reveal contrast-
ing effects of complementarity and selection within a
given level of species richness: While complementarity
tends to promote stability, selection tends to impair it.
As a consequence, ecosystem functioning can exhibit
either a synergy or trade-off with ecosystem stability,
depending on the relative importance of complemen-
tarity and selection processes. We then extend our
models to investigate ecosystem functioning-stability
relationships along the species richness gradient. We
find that across species richness levels, ecosystem func-
tioning and stability tend to be positively related, but
negative relationships can occur when selection co-
varies with species richness. By clarifying when and
why ecosystem functioning and stability can exhibit
synergies and trade-offs, our findings provide implica-
tions for both ecological research and ecosystem
management.

METHOD

The model

Our analysis is based on a Lotka-Volterra model of
competitors that are influenced by external perturba-
tions and immigration:

dN j

dt
¼ rj 1�Nj þαji∑i≠ jNi

K j

� �
þEj

� �
N j þmj (1)

where Nj is the population size or biomass of species
j, rj and Kj are the intrinsic growth rate and carrying
capacity, respectively, and αji is the interspecific com-
petition coefficient that measures the per capita effect
of species i on j relative to the competitive effect of
species i on itself (αii, which is set to 1). Ej captures
the per capita response of species j to external pertur-
bations, which mimic either stochastic environmental
fluctuations or a catastrophic, pulse perturbation
(Appendix S1: Fig. S1). mj represents a small immi-
gration of species j from the regional community,
which is included simply to maintain species richness
when species cannot coexist in a closed system (Nor-
berg et al. 2001). To facilitate analytic solution and
interpretations, we focus on symmetric interspecific
competition in the main text (i.e., αji ¼ α for any i ≠
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j), but relax this assumption using simulations in the
Appendix S1.
In our model, the species’ dynamical parameters

determine their potential contributions to ecosystem
functioning and stability. For example, species with a
higher carrying capacity (K) can reach a higher bio-
mass, such as plant species with a stronger nutrient
uptake capacity (e.g., plant root volume). In contrast,
species with a higher population growth rate (r) can
recover faster from disturbance, thus exhibiting a higher
resilience. Many studies have suggested a trade-off
between the species’ carrying capacity (K) and popula-
tion growth rate (r) (MacArthur and Wilson 1967,
Kurihara et al. 1990). Under such trade-offs, species
with a higher productivity have a slower recovery (re-
ferred to as risk-prone species, analogous to such strate-
gies in financial investment), and species with a lower
productivity have a faster recovery (referred to as risk-
adverse species; Pfisterer and Schmid 2002). Such an
r–K trade-off between species can potentially result in a
trade-off between functioning and stability at the
ecosystem level. To explore this, we assume that
rj ¼ r0 � ðK0=K jÞθ, where K0 is the species-averaged car-
rying capacity in the community and r0 is the popula-
tion growth rate for a species with carrying capacity
equal to K0. θ determines the strength of the r–K trade-
off among species. A strong trade-off between rj and Kj

exists for a large positive value of θ, no trade-off exists
when θ = 0, and there is a positive association between
Kj and rj if θ is negative. We test the robustness of our
results under different scenarios of r–K trade-offs.
Another potential trade-off is between species’ carrying
capacity (Kj) and their tolerance to external perturba-
tion (Ej); for example, more productive species can be
more vulnerable to droughts or fire (MacGillivray et al.
1995, Norberg et al. 2001). In this paper, we present
only results for the r–K trade-off, but models with a
K–E trade-off lead to similar results (results not
shown).

Quantifying complementarity and selection

We measure the strength of complementarity and
selection using two sets of metrics. First, the model
parameter α captures the average strength of interspeci-
fic competition (e.g., due to interspecific niche overlap)
relative to intraspecific competition, so a higher α sug-
gests a lower potential for interspecific niche comple-
mentarity. Kj characterizes species’ capacity in nutrient
uptake and biomass production, so a larger variation in
Kj (δK ≜ðKmax�KminÞ=2K , where Kmax, Kmin, and K
represent the maximum, minimum, and average of
carrying capacities across all species) suggests a higher
potential for selection. Therefore, α and δK provide one
way to capture complementarity and selection
processes. We note that in the two-species case of our
model, these two parameters (α and δK) determine the
niche overlap and fitness difference, respectively, in the

framework of modern coexistence theory (Chesson
2000; see Appendix S2).
We also measure complementarity and selection using

the Loreau and Hector (2001) additive partitioning
approach. This approach, which has been widely applied
in biodiversity experiments, partitions the total biodiver-
sity effect into two components that represent comple-
mentarity (CE) and selection (SE) effects, respectively.
Specifically, the net biodiversity effect (NBE) is defined
as the difference between mixture biomass and the aver-
age of monoculture biomass, which is then partitioned
into two additive components (Loreau and Hector
2001): NBE¼CEþSE¼ nMΔRYþnCOVðMj ,ΔRY jÞ.
In this equation, n is the number of species in the mix-
ture, Mj is the monoculture biomass of species j, and
ΔRYj is the difference between observed relative yield
(i.e., the ratio of species j’s biomass in the mixture to its
monoculture biomass) and expected relative yield (i.e.,
planted proportion). M and ΔRY are averages across
all species.
We use both sets of measures because they both have

advantages and disadvantages. The former measures (α
and δK) can be easily manipulated, but they are model
specific and can be difficult to parametrize empirically.
The latter measures (i.e., CE and SE) can be easily
estimated from experimental data, but they capture
aggregate effects that emerge from lower-level interac-
tions and thus they cannot be directly manipulated.
Thus, these two sets of measures can be regarded as
the “cause” (α and δK) and “consequence” (CE and
SE) of their respective processes, following Barry et al.
(2019). Although previous studies showed that α and
δK do not precisely match CE and SE, they are
strongly related (Carroll et al. 2011, Loreau et al.
2012).

Quantifying ecosystem stability

We quantify ecosystem stability by its ability to
maintain constancy in a fluctuating environment and
resist, and recover from, a large catastrophic distur-
bance (Appendix S1: Fig. S1; Donohue et al. 2016,
Pennekamp et al. 2018). In the first case, the ecosys-
tem experiences continuous environmental stochastic-
ity, that is, Ej represents Gaussian white noises. We
define ecosystem invariability as the reciprocal of the
squared coefficient of variation, that is, the ratio of
the squared mean to the variance of total community
biomass (BT), that is, Sinv = (Mean(BT)

2)/(Var(BT))
(Wang et al. 2017). In the second case, the ecosystem
is exposed to a catastrophic perturbation, which lasts
for a short period of time and reduces the biomass of
all species (Appendix S1: Fig. S1). Resistance is then
calculated by the ratio of the minimum value of com-
munity biomass following the perturbation (BTpert ) to
the initial value before perturbation (BTeq ), that is,
Sresist ¼BTpert=BTeq (Ingrisch and Bahn 2018). Resili-
ence is calculated by the recovery rate or the
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reciprocal of the time needed for the community to
reach a half recovery (Pimm et al. 2019); that is

Sresil ¼ 1=min
t

BT tð Þ�BTpert

BTeq �BTpert

>0:5
� �

:

These two metrics are scaled to the preperturbation
state and to the impact after the perturbation, respec-
tively, which makes them comparable across scenarios
(Ingrisch and Bahn 2018).

Analytic investigations

In the absence of environmental fluctuations (E = 0)
and immigration (m = 0), the coexistence of all species
requires

δK<
1�α

n�1ð Þαþ1

where n is the number of species (Appendix S2).
Under this coexistence condition, we first analyze a
two-species model, in which we obtain analytic solu-
tions for species diversity, ecosystem functioning, and
invariability. Specifically, we define species diversity as
the inverse Simpson index, i.e., D¼ 1=∑p2i , where pi
denotes the relative abundance of species i. For com-
parisons within levels of richness, this diversity index
is a metric of evenness (Smith and Wilson 1996). We
also calculated the community-averaged carrying
capacity to capture community trait composition:
K ¼∑Kipi. A higher (lower) K suggests that the com-
munity is dominated by risk-prone (risk-adverse) spe-
cies when r–K trade-offs exist. We then derive the
ecosystem functioning measured as total community
biomass (BTeq ) and obtain the CE and SE. Lastly, we
use a linearization approach to derive the temporal
invariability of community biomass (Appendix S2;
Wang and Loreau 2016).
We then consider communities with a higher richness

(n > 2). We derive analytic solutions of total biomass in
general cases and ecosystem invariability under a sym-
metric case where all species have same carrying capacity
(i.e., δK = 0) (Appendix S2).

Simulations

We perform simulations of our model (eq. 1) to
explore the relationship between ecosystem function-
ing and stability both within and across levels of
species richness. We first fix the number of species
(n = 5) to exclude the confounding effect of species
richness and examine how ecosystem functioning
and stability change along a gradient of complemen-
tarity and/or selection processes. By “gradient,” we
mean a set of communities with varying strengths of
complementarity (e.g., increasing average competition
strength, α) or selection (e.g., increasing variation in

carrying capacity, δK). The carrying capacities of the
five species are regularly distributed within the inter-
val [K0*(1 − δK), K0*(1 + δK)]. We simulate seven
levels of average interaction coefficient (α = 0.2, 0.3,
. . ., 0.8) and six levels of variation in carrying capac-
ity (δK = 0, 0.1, . . ., 0.5). To quantify species diver-
sity and ecosystem functioning, we first simulate the
model (Eq. 1) without external perturbations until the
community reaches an equilibrium. For each commu-
nity, we simulate parallel monocultures with the same
life-history parameters (e.g., ri and Ki) as those in
the mixture and apply the additive partitioning to
derive CE and SE (Loreau and Hector 2001). We
then simulate two types of perturbations to quantify
stability. We first simulate communities experiencing
a continuous environmental stochasticity, where spe-
cies’ environmental responses (Ej) follow a Gaussian
white noise, with variance σ2E ¼ 0:16 and interspecific
correlation ρ = 0 or 0.5. For each combination of α,
δK, and ρ, we simulate 500 replicates and record the
median ecosystem invariability (Sinv). We then simu-
late a catastrophic perturbation (Ej = −0.5) that lasts
for a short period of time (0.5 time unit in our sim-
ulation). Resistance (Sresist) and resilience (Sresil) are
calculated following the catastrophic perturbation.
To test the robustness of our results to the r–K
trade-off and variation in competition coefficients,
we repeated the above simulations with different θ
values and asymmetric competition coefficients (αji),
respectively.
We then simulate communities with species richness

(n) that varies between 2 and 8. Along the richness
gradient, we consider different scenarios describing
how competition strength (α) and interspecific varia-
tion in carrying capacity (δK) change with richness.
For a local community, an increased richness can
cause a higher niche overlap between species and a
larger interspecific variation in life-history parameters,
leading to increased α and δK with n. But when
comparing communities across sites (Cardinale et al.
2013), competition strength and interspecific variation
in life-history parameters can also be influenced by
the species pool and the environmental conditions,
leading to idiosyncratic relationships between species
richness (n) and model parameters (α or δK). For
instance, biodiversity experiments usually have a spe-
cies pool representing the surrounding biota (Hector
et al. 1999, Tilman et al. 2001, Huang et al. 2018), so
different sites contain species with different life-his-
tory traits, which corresponds to varying α and δK in
our model. Thus, we simulate a broad range of sce-
narios to cover different possibilities. Specifically,
given a lower or higher value of δK (i.e., δK = 0.1,
0.5), we consider three scenarios where α increases,
remains unchanged, or decreases with n; given a lower
or higher value of α (i.e., α = 0.2, 0.8), we also con-
sider three scenarios where δK increases, remains
unchanged, or decreases with n.

Article e03347; page 4 SHAOPENGWANG ETAL. Ecology, Vol. 102, No. 6



RESULTS

Analytic solutions for ecosystem functioning and
invariability

In the absence of immigration and under the coexis-
tence condition, we derive full analytic solutions for spe-
cies diversity, ecosystem functioning, and invariability in
two-species systems (Appendix S2). Species diversity
(i.e., evenness) is

D¼ 2

1þ δ2K 1þαð Þ2
1�αð Þ2

and the community-averaged carrying capacity (K) is

K ¼K0 1þδ2K �1þα
1�α

� �
:

Thus, species diversity or evenness (D) decreases with
α and δK, and the community-averaged value of carrying
capacity (K) increases with α and δK. In other words, as
interspecific competition and/or variation in carrying
capacities increase, the community becomes increasingly
uneven and dominated by species with higher carrying
capacity (i.e., risk-prone species). Total community bio-
mass (BTeq ) and complementarity (CE) and selection
(SE) effects can also be derived (Appendix S2):

BTeq ¼
2K0

1þα
(2)

CE¼ 1þα
1�α

� 4α
1�α2
� 	

1�δ2K
� 	

" #
K0 (3)

SE¼ 4αδ2KK0

ð1�α2Þð1�δ2KÞ
: (4)

These equations show that total community biomass
decreases with α but does not change with δK (note that
these solutions are derived under the coexistence condi-
tion). Moreover, CE decreases, and SE increases, as α
and δK increase.
In two-species cases, we also derive the approximate

solution for ecosystem invariability (Sinv; Appendix S2).
When the growth rates of both species are identical (de-
noted as r), the solution can be simplified:

Sinv ¼ 4r
σ2E

� 1

1þρþ 1�ρð Þδ2K 1þαð Þ
1�αð Þþ 4α2

1�αð Þ 1�α�δ2K 1þαð Þ½ �
� � :

(5)

Eq. 5 shows that ecosystem invariability generally
increases with complementarity (a lower α) and
decreases with selection (a higher δK), except when

species respond to environmental fluctuations in a per-
fectly correlated manner (ρ = 1). Eq. 5 also indicates an
interaction between α and δK. In the special case of sym-
metric communities (i.e., δK = 0), α has no effect on
invariability, consistent with previous findings using dis-
crete-time models (Ives et al. 1999, Loreau and de
Mazancourt 2013).
In diverse communities (n > 2), we can derive total

community biomass under the coexistence condition
(Appendix S2):

BTeq nð Þ¼ nK0

n�1ð Þαþ1
: (6)

Moreover, we derive invariability in completely sym-
metric communities, that is, all species have same life-
history parameters (Appendix S2):

Svar nð Þ¼ 2r
σ2E

� n
1þ n�1ð Þρ : (7)

Eq. 6 shows that ecosystem functioning increases
with richness (n) unless species are completely over-
lapping in their niches (i.e., α¼ 1). Eq. 7 shows that
the invariability increases with richness (n) unless spe-
cies’ responses to environmental fluctuations are per-
fectly synchronous (i.e., ρ = 1). In other words,
ecosystem functioning and stability both tend to
increase with richness and thus exhibit a positive rela-
tionship along the richness gradient. Such a predic-
tion is made under the assumptions of symmetric and
fixed life-history parameters, which will be relaxed in
our simulations.

Ecosystem functioning and stability in simulated
ecosystems with fixed species richness

Our simulations of five-species communities generate
qualitatively similar results to our analytic solutions, but
for a broader set of conditions (e.g., coexistence main-
tained by immigration and asymmetric competition
coefficients) and stability metrics. Across simulated
communities, total community biomass (BTeq ) decreases
with α but does not change with δK when species can
coexist locally (Fig. 1a; below the dashed line), as our
analytic solution (Eq. 2) predicts. However, BTeq

increases with δK when coexistence is maintained by
immigration (Fig. 1a; above the dashed line). Our simu-
lations show that CE decreases largely with α and
changes only moderately with δK, whereas SE increases
largely with δK and changes only moderately with α. In
other words, although α and δK both affect CE and SE
(as predicted by eqs. 3 and 4), CE is mainly influenced
by α and SE is mainly influenced by δK (Fig. 1b,c). Fur-
thermore, α and δK exhibit significant interactive effects
on both BTeq and CE, though not on SE (Appendix S1:
Table S1). Consistent with the analytic solutions, our
simulations also show that species evenness decreases
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with α and δK, caused by an increase in the dominance
of species with a high productivity (i.e., K, Appendix S1:
Fig. S2).
All three stability metrics decrease with both α and δK,

and the stabilizing effect of a lower α is stronger when δK
is large and weaker when δK is small (Fig. 1d–f; Appen-
dix S1: Table S1), consistent with analytical predictions
for invariability (eq. 4). Similarly, all three stability met-
rics exhibit positive relationships with CE and negative
relationships with SE (Fig. 2). Thus, overall, stability
increases with complementarity (i.e., a low α or a high
CE) and decreases with selection (i.e., a high δK or SE).

These relations are robust for all stability metrics in sim-
ulations with asymmetric competition coefficients
(Appendix S1: Fig. S3), and for invariability in the
absence of r–K trade-offs (Appendix S1: Fig. S4) or
under a strong correlation in species’ environmental
responses (Appendix S1: Fig. S5). For resistance and
resilience, these relations hinge on the r–K trade-off
assumptions, such that in the absence of r–K trade-offs
(θ = 0), neither resistance nor resilience is related to
either CE or SE (Appendix S1: Fig. S4).
The contrasting relationships between stability and

complementarity (i.e., a low α or high CE) or selection

FIG. 2. Ecosystem stability as a function of the complementarity effect (CE) and selection effect (SE) derived from the additive
partitioning: (a) invariability, (b) resistance, (c) resilience. The black points show simulated data across a gradient of competition
coefficients (α) and variation in species’ carrying capacities (δK). The surfaces are fitted using the generalized additive model using
mgcv:gam in R. Parameters are same as in Fig. 1.

Functioning (FBT) Complementarity (CE) Selection (SE)

Invariability (Sinv)

(a) (b) (c)

Resistance (Sresist) Resilience (Sresil)(d) (e) (f)

δ k δ k δ k

δ k δ k δ k

FIG. 1. Ecosystem functioning and stability as functions of two model parameters: the interspecific interaction coefficient (α)
and variation in carrying capacity (δK). The black lines show the threshold condition for coexistence; below this line species can
coexist locally but additional processes (e.g., immigration) are needed for coexistence above this line. Parameters: n = 5, K0 = 10,
m = 10−4, θ = 1, Ej ∼ Nð0,σ2E ¼ 0:16Þ for environmental stochasticity (where ρ = 0) and Ej = −0.5 for the catastrophic perturba-
tion.
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(i.e., a high δK or SE) lead to context dependence of the
functioning-stability relationship. Specifically, ecosystem
stability exhibits positive relationships with ecosystem
functioning along a gradient of complementarity (i.e.,
varying α with a fixed δK), especially when selection pro-
cesses are strong (i.e., large fixed δK). In contrast, stabil-
ity exhibits negative relationships with ecosystem
functioning along a gradient of selection (i.e., varying δK
with a fixed α), especially when complementarity pro-
cesses are weak (i.e., large fixed α) (Fig. 3). If the two
gradients of complementarity and selection are mixed,
the statistical relationship between stability and func-
tioning will be masked (Fig. 3a, d, g).

Ecosystem functioning and stability in simulated
ecosystems across species richness levels

Across richness levels, ecosystem functioning and
invariability are positively related if model parameters (α
and δK) do not change with richness (Fig. 4), consistent
with our analytic solutions (eqs. 6, 7). But if model
parameters change with richness, the relation between
functioning and invariability becomes idiosyncratic.
When competition coefficients (α) increase strongly with
richness, the CE can first increase (because of higher
richness) and then decrease (because of increased niche
overlap; Appendix S1: Fig. S7), resulting in an initial
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FIG. 3. Relationships between ecosystem stability and functioning. Each row shows results for a different stability metric:
invariability (a–c), resistance (d–f), and resilience (g–i). The three panels in a row show the same functioning and stability data
points in three ways: original scatters (a, d, g), points connected within each level of variation in carrying capacity (δK) (b, e, h), and
points connected within each level of the competition coefficient (α) (c, f, i). Parameters are same as in Fig. 1.
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increase followed by a decrease in both ecosystem func-
tioning and invariability (Fig. 4a). Moreover, given a
large competition coefficient (α¼ 0:8), changes in the
variation of carrying capacities (δK) with richness can
result in a negative relation between ecosystem function-
ing and invariability (Fig. 4b). Specifically, ecosystem
functioning increases but invariability decreases if δK
increases with richness, because SE increases dramati-
cally across richness levels but CE changes only moder-
ately thanks to the high competition coefficient (i.e.,
α¼ 0:8; Appendix S1: Fig. S8b). Similarly, functioning
decreases but invariability increases if δK decreases with
richness. However, when the competition coefficient is
fixed to be small (α¼ 0:2), CE increases strongly with
richness (Appendix S1: Fig. S8a), which can overwhelm
the effect of SE and increase both functioning and
invariability (Fig. 4b).
Resistance and resilience exhibited similar patterns as

invariability in many scenarios, but not always (Appen-
dix S1: Figs. S6–S8). When the competition coefficient is
low (α¼ 0:2) and δK increases with richness, the resulted
increase in CE does not lead to an increase in resistance
and resilience (though it does for invariability) because
K or the fraction of risk-prone species increases with the
increasing δK (Appendix S1: Fig. S8a). Consequently,
resistance and resilience exhibit negative relationships
with ecosystem functioning in such a scenario. Besides,
when model parameters are kept constant, while

ecosystem invariability increases with richness (Fig. 4),
both resistance and resilience change slightly across spe-
cies richness levels (Appendix S1: Figs. S7, S8).

DISCUSSION

Our theoretical results demonstrate that complemen-
tarity and selection—the two major classes of mecha-
nisms underlying effects of biodiversity on ecosystem
functioning—generally have opposite effects on ecosys-
tem stability. Complementarity processes tend to
increase ecosystem stability, whereas selection processes
tend to decrease it (Figs. 1, 2). These findings provide
new insights for understanding the relationship between
ecosystem functioning and stability, which has both the-
oretical and practical implications.

Contrasting effects of complementarity and selection on
stability

Although complementarity and selection processes
both increase the amount of biomass production, they
have contrasting effects on ecosystem stability, which
can be understood from their opposite effects on species
diversity and community trait composition (Fig. 5). Our
analyses suggest two ways in which selection processes
can impair stability. First, selection can reduce species
diversity (including evenness) and thus weaken insurance
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or portfolio effects (Appendix S1: Fig. S2a; Yachi and
Loreau 1999, Thibaut and Connolly 2013, Wang and
Loreau 2016), which decreases ecosystem invariability
whether or not r–K trade-offs exist (Appendix S1:
Fig. S4). Second, when there is a life-history trade-off
between species carrying capacities (K) and growth rates
(r), selection for species that produce a lot of biomass in
monoculture but have a low rate of recovery after pertur-
bations (“risk-prone” species), results in a low fraction
of species that are more perturbation-tolerant but less
productive (“risk-adverse” species; see Appendix S1:
Fig. S2b), which weakens the resistance and resilience of
the whole ecosystem in the face of catastrophic perturba-
tions. In contrast, complementarity tends to increase
species evenness and maintain the relative abundance of
risk-adverse species, which contribute to a higher stabil-
ity. Classic models predict that local stability (i.e.,
asymptotic resilience) decreases as the strength of species
interactions increases (May 1973, Berlow et al. 2004,
Allesina and Tang 2012). Our findings of a positive rela-
tionship between stability and complementarity (i.e., low
α) are in line with these predictions, but extend them to
a broader set of stability metrics (i.e., invariability, resili-
ence, and resistance).
We have manipulated the strength of complementarity

and selection processes in two different ways: (1) by
varying model parameters directly, and (2) by using the
Loreau and Hector (2001) additive partitioning of biodi-
versity effects (i.e., CE and SE). Although CE and SE
represent emergent effects combining different lower-
level processes of species interactions (eqs. 3, 4; see also
Loreau et al. 2012), they match variations in lower-level
dynamical parameters relatively well in our model (i.e., α
and δK; see also Carroll et al. 2011, Loreau et al. 2012).
Because CE and SE can be easily derived in biodiversity
experiments, our predictions between stability and com-
plementarity or selection could be tested empirically by
deriving CE and SE with experimental data. To our
knowledge, the Isbell et al. (2009) is the only study that

has examined the relationship between ecosystem invari-
ability and CE and SE with experimental data, and it
shows patterns that are consistent with our theoretical
predictions.

Functioning-stability relationships: synergy or trade-off

Our results suggest that ecosystem functioning and
stability can exhibit either synergy or trade-off, both
within and across levels of species richness. For a given
species richness, ecosystem stability can either increase
or decrease with ecosystem functioning, depending on
whether complementarity or selection is the major driver
of biodiversity effects on ecosystem functioning. Specifi-
cally, stability and functioning are positively related
across ecosystems when complementarity prevails, and
they are negatively related when selection prevails. When
both complementarity and selection vary simultane-
ously, however, the relationship between stability and
functioning can be masked (Fig. 3). This may explain
the lack of relationship between the net effects of biodi-
versity on ecosystem functioning and invariability
observed in experiments with a fixed richness level (Car-
dinale et al. 2013). Therefore, although knowing the
total effect of biodiversity on ecosystem functioning may
be insufficient to predict stability (Cardinale et al. 2013),
additional information on the underlying mechanisms
(e.g., complementarity and selection) allows for better
predictions.
Across species richness levels, ecosystem functioning

and stability tend to be positively related, but negative
relationships can still occur when selection co-varies
with richness (Fig. 4; Appendix S1: Fig. S6). In cases
where average competition strength and trait variation
between species remain relatively constant with increas-
ing species richness (but see Levine et al. 2017), both
ecosystem functioning and invariability increase with
species richness (Fig. 4), as widely reported in biodiver-
sity experiments (Cardinale et al. 2013, Tilman et al.

Complementarity 
(α or CE)

Selection
(δK or SE)

Ecosystem 
functioning (EF)

Resistance

Resilience

InvariabilityPortfolio effect

Fraction of risk-
adverse species

Biotic mechanisms arising from species interactions

(in the presence of r–K trade-offs)

FIG. 5. Conceptual illustration on how biotic mechanisms underlying ecosystem functioning and stability are linked. All mecha-
nisms (black boxes) are driven by lower-level species interactions, and they are interrelated either positively (black lines) or nega-
tively (red lines) as our model shows. In particular, complementarity processes increase the portfolio effect and proportion of risk-
adverse species (in the presence of r–K trade-offs), whereas selection processes decrease them. As a consequence, stability and func-
tioning are positively (negatively) related if species interactions result in stronger complementarity (selection).
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2014). This causes a positive functioning-stability rela-
tionship across the richness gradient. But when compar-
ing ecosystems from different sites (Cardinale et al.
2013), differences in the species pool lead to different
strengths of complementarity and selection processes,
which complicates the relationship between ecosystem
functioning and invariability (Fig. 4). In addition,
ecosystems from different sites can also differ in the
magnitude of environmental fluctuations they experi-
ence, which has a strong effect on ecosystem invariability
but a weak effect on ecosystem functioning (eqs. 6, 7; see
also Gonzalez and Loreau 2009). Therefore, variations
in the species pool and environmental conditions may
explain the lack of correlation between ecosystem func-
tioning and invariability across sites (Cardinale et al.
2013).
Resistance and resilience can exhibit different patterns

with richness and thus different relationships with
ecosystem functioning across richness levels. In particu-
lar, when interspecific variation in carrying capacity
increases with richness, more diverse communities will
be increasingly dominated by risk-prone species, leading
to a higher ecosystem functioning but a lower resistance
and resilience (Appendix S1: Fig. S6). This may explain
the contrasting effects of biodiversity on productivity
and resistance observed in plant and microcosm experi-
ments (Pfisterer and Schmid 2002, Pennekamp et al.
2018).

Implications and future directions

Our findings have implications in both theory and
practice. Theoretically, the insurance hypothesis has
been proposed to explain the effects of biodiversity on
ecosystem functioning and stability (Yachi and Loreau
1999, Isbell et al. 2018). Our results show that the two
insurance effects originally introduced by Yachi and
Loreau (1999), that is, the performance-enhancing
effect, which increases the mean level of ecosystem
functioning, and the buffering effect, which reduces its
variance, can exhibit trade-offs. Thus, future studies
should clearly distinguish between these two effects.
Practically, ecosystem management aimed at optimiz-
ing the benefits from ecosystems should recognize the
potential trade-off between functioning and stability.
For instance, in forestry and agriculture, monocultures
of a particular species may lead to a higher biomass
production and pollination services, compared to more
diverse mixtures (Cardinale et al. 2012, Kleijn et al.
2015, Huang et al. 2018). Thus, an artificial selection
on such monocultures can maximize the ecosystem
productivity and some services. However, such a selec-
tion may put the managed systems at risk by reducing
the insurance effects of biodiversity that maintains
ecosystem stability (Huang et al. 2018, Manning et al.
2019). In such cases, managers need to make a deci-
sion to either maximize the expected functioning or
minimize its uncertainty in the long run. One useful

tool for such decision making is the efficiency frontier
approach, which was originally developed in economics
and has increasingly been used in ecosystem manage-
ment (Alvarez et al. 2017).
Our theoretical predictions can be tested empirically

with experimental data (Isbell et al. 2009) and extended
to more mechanistic models. We have used phenomeno-
logical Lotka-Volterra competition models, which are
advantageous in terms of generality and tractability but
constrained in terms of realism. In particular, our mod-
els assume that the processes of complementarity and
selection are independent (represented by α and δK) or
weakly dependent (represented by CE and SE), but in
natural ecosystems they are emerging properties from
complex species interactions and are likely to be interre-
lated (Fig. 5). Future theoretical and empirical work
should clarify the interdependence between complemen-
tarity and selection and their implications. Recent stud-
ies highlighted trait-based approaches to understand
mechanisms underlying species coexistence (Kraft et al.
2015), ecosystem functioning (Dı́az and Cabido 2001,
Cadotte 2017), and stability (Pillar et al. 2013, Craven
et al. 2018). Such approaches may provide promising
tools to further integrate the functioning and stability of
ecosystems and make mechanistic predictions about
their trade-offs in more realistic settings. Lastly, exten-
sions of our models to larger spatial scales (e.g., meta-
community models) will provide an important step
forward for transferring theoretical insights to real-
world ecosystems (Manning et al. 2019, Gonzalez et al.
2020).

CONCLUSION

Our study provides novel theoretical insights into
the relationship between ecosystem functioning and
ecosystem stability, and clarifies when and why trade-
offs between them may arise. Although trade-offs are
a central concept in ecology and in other disciplines
such as economics, the trade-off between the mean
and variance of benefits from ecosystems (e.g., func-
tioning vs. stability) has largely been overlooked. Our
theory takes steps towards closing this gap and gener-
ates several predictions that can be tested empirically.
Overall, we find that ecosystem stability tends to
increase with complementarity but decrease with selec-
tion. As a result, ecosystem stability is expected to
increase (or decrease) with ecosystem functioning if
complementarity (or selection) is the main outcome of
species interactions. Across species richness levels,
ecosystem functioning and stability tend to be posi-
tively related, but negative relationships can occur
when selection co-varies with richness. Our findings
highlight potential trade-offs in the functioning and
stability of ecosystems, which have implications for
both ecological research and ecosystem management
aimed at optimizing both the amount and stability in
benefits from ecosystems.
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