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Although numerous studies have demonstrated a positive relationship

between biodiversity and ecosystem stability, that is low temporal variability
in ecosystem functions, the role of interspecificinteractions in driving this
relationship remains elusive. Here we develop a partitioning framework to

disentangle the effects of interspecific interactions on ecosystem variability
from those of interaction-independent processes. Applying this framework
to competition models and biodiversity experiments in European and North

American grasslands, we find that species-specific dynamics observable
inmonocultures (for example, environmental responses or demographic
stochasticity), rather than interspecific interactions observable only

in mixtures, explain much of the stabilizing effects of biodiversity on
ecosystems. The weak net effect of interspecific interactions results from
two counter-balancing effects: aninteraction-drivenincrease in average
species variability and an interaction-driven decrease in average species
synchrony. We also find that interspecific interactions contributing to
higher ecosystem functioning tend to reduce ecosystem variability. Our
study provides a systematic empirical assessment of the role of interspecific
interactions in shaping grassland ecosystem stability, challenging
traditional assumptions about theirimportance and highlighting
species-specific dynamics as the primary mechanism underlying the
pervasive biodiversity-stability relationship.

Accelerating environmental and biodiversity changes pose substantial
challenges to the stability of ecosystems and the essential services
they provide. Ecosystem stability is commonly evaluated by measur-
ing the temporal variability of certain ecosystem functions, typically
quantified using the coefficient of variation (CV)—the ratio of the stand-
ard deviation to the mean'. The temporal variability of ecosystems is
jointly determined by the average magnitude of species fluctuations
(species variability) and the synchrony among species (species syn-
chrony). Numerous theoretical and experimental studies have shown
that species diversity can stabilize ecosystem temporal dynamics via

decreasing species synchrony®, because a decrease in the functional
contribution of one species is compensated by an increase in that of
other species’®.Inecological communities, asynchronous species fluc-
tuations may arise from species-specific responses to environmental
and demographic stochasticity, and/or compensatory dynamics driven
by interspecific interactions, such as competition®°.

Therole ofinterspecificinteractionsin stabilizing ecosystem func-
tioning haslongbeenillustrated by theoretical studies. In competitive
communities, competition could promote compensatory dynamics
among species, thus potentially stabilizing ecosystem properties™.

A full list of affiliations appears at the end of the paper.
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Fig.1| A conceptual graphillustrates the interaction-independent and
interaction-dependent effects of biodiversity on community variability.

a, We define NBE,, as the ratio between the CV,, and a statistical baseline
defined by the average of monoculture variability (CV,,,), thatis, NBE¢, = CV )/
CV,.i- We then define an ecological baseline (CV,) to represent the variability
of ahypothetical community consisting of non-interacting species that

exhibit the same variability and synchrony as their respective monocultures.

b, The NBE,, can be partitioned multiplicatively into NIIE = CV,/CV,,,and

NIDE = CV)/CV- Or equivalently, an additive partition holds on log scales:
log(NBE,) = log(NIIE) + log(NIDE). The dotted grey line represents the statistical
baseline (CV,).

However, dynamic community models have shown that while decreas-
ing species synchrony, competition also tends to increase species
variability®’. In symmetric models withidentical interaction strengths,
these two effects cancel each other out completely, such that competi-
tion has no effect on community variability”. In cases with asymmetric
competition, these two effects cancel out only partially, resultingina
positive or a negative net effect on community variability®". There-
fore, inrealisticcommunities where species interactions are typically
asymmetric'*'°, competition may have either net stabilizing or destabi-
lizing effects. Despite these theoreticalinsights, the effects of interspe-
cificinteractions have yet to be addressed quantitatively in empirical
studies, largely due to the lack of a theoretical framework separating
the effects of interspecific interactions frominteraction-independent
processes; for example, species-specific environmental responses or
demographic stochasticity (but seeref.17).

Biodiversity experiments provide a useful platform to quantify
the effects of species interactions on ecosystem functioning and stabil-
ity. In particular, ref. 18 developed an additive partitioning approach
to disentangle the effects of biodiversity on ecosystem functioning
using experimental data. By comparing the observed value of mixture
productivity to that expected from a hypothetical community with
non-interacting species, this framework quantifies a net biodiversity
effectand partitionsitinto two ecological processes: the complemen-
tarity effect, arising from niche differentiation or positive interactions
amongspecies; and the selection effect, arising from the dominance of
species with higher or lower productivity'®”. The key to this framework
isthe construction of ahypothetical non-interacting community based
onmonocultures, which serves as a baseline to determine the effects
ofinterspecificinteractions on productivity. Despite the simultaneous
development of biodiversity-ecosystem functioning and biodiver-
sity—ecosystem stability research***, particularly since the 2000s, an
analogous framework to assess the effects of species interactions on
ecosystem stability is still missing.

Here we develop a theoretical framework to partition the effects
of biodiversity on community variability into two main components:
interaction-dependent and interaction-independent effects. This
partitioningis achieved by comparing the observed variability of eco-
system functioning in mixtures with that expected from monocultures,

which requires data of species-level functions in both mixtures and
monocultures (for example, biodiversity experiments®*?). Akin to the
partitioning framework of ref. 18, our framework further partitions
theinteraction-dependent effects into average effects of interspecific
interactions on species variability or species synchrony, and selection
effects of interspecificinteractions thatlead to the dominance of cer-
tain species whose variability or synchrony is greater or less than that
of other species. This framework allows not only to disentangle the
multiple processes through which biodiversity contribute to ecosystem
stability, but also understand how these processes are associated with
those underlying biodiversity effects on ecosystem functioning (that
is, complementary and selection effects'®).

We then apply this framework toacompetitionmodel and adataset
of 34 grassland biodiversity experiments to quantify the multiple pro-
cesses underlying biodiversity-ecosystem stability relationships and
investigate their associations with processes driving biodiversity—eco-
system functioningrelationships. Previous studies using these experi-
ments have demonstrated the stabilizing effects of biodiversity, that
is, lower ecosystem variability in more diverse communities*?*. How-
ever, whether interspecific interactions or interaction-independent
processes contribute to these stabilizing effects remains unexplored.
Our results shed new light on along-standing debate on the causes of
widely observed positive diversity-stability relationships, which we
find are predominantly due to variation in species-specific dynamics
rather thaninterspecific interactions.

Results

A framework to partition the stabilizing effects of biodiversity
Thetypical approach to examining both biodiversity-ecosystem func-
tioning and biodiversity-ecosystem stability relationships is to fit a
linear regression, on natural or log scales, between an ecosystem func-
tion oritstemporal variability and species richness. With this approach,
animplicit null hypothesisis that the observed ecosystem function or
variability equals the average of monoculture functioning or variability
across constituent species, which serves as a statistical baseline (Fig. 1a).
Any deviation from this statistical baseline (thatis, anon-zeroregres-
sion slope) indicates a positive or negative biodiversity effect®**. In
biodiversity-ecosystem functioning studies, this statistical baseline has
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Fig. 2| A partitioning framework for disentangling the mechanisms underlying NBEy. NIIE can be partitioned multiplicatively into two components: NIIE,y, and
NIIE,,.. NIDE arises from four interaction-mediated pathways: AEy,,, AEs,,, SEs;y,- and SEsy,.. Detailed definitions in Methods.

aclearecological underpinning: the ecosystem function (for example,
productivity) of amixture composed of multiple non-interacting spe-
cies in equal proportions is equal to the average of the monoculture
functions'. However, in biodiversity-ecosystem stability studies, the
temporal variability of amixture composed of multiple non-interacting
species in equal proportions (referred to as the ecological baseline,
CV ) is notequal to theaverage of monoculture variability* (referred
toasthestatistical baseline, CV,; Fig.1a). Indeed, CV, is usually lower
than CV,,, because of asynchronous fluctuations among monocul-
tures, and they are identical only when all monocultures were perfectly
synchronous and equally abundant (Supplementary Appendix1). The
difference between the statistical baseline (CV,,,) and the ecologi-
cal baseline (CV,) is largely overlooked in biodiversity-ecosystem
stability studies. As a result, interpretations of biodiversity-stability
relationships often invoke a mixture of possible mechanisms (that
is, interaction-dependent and interaction-independent effects)*,

By comparing the observed community variability (CV¢,),
the ecological baseline (CV(,) and the statistical baseline (CV,,,), it
becomes possible to disentangle two groups of mechanisms under-
lying the stabilizing effects of biodiversity (Fig. 1b). We define the
net biodiversity effect on community variability (NBE.,) as the ratio
between CV, and the average variability of monocultures CV,,,. We
then partition NBE., into two components:

CV, CV, CV,
NBECV - O _ C(E) x C(0)
CVhuil CVaul CVC(E) (1)
NIIE NIDE

The first component represents the net interaction-independent
effect on community variability (NIIE), calculated as the ratio between
CV¢ and CV,.. NIIE quantifies how the variability of a hypothetical
community consisting of multiple non-interacting species differs from
the simple average of monoculture variability. The second component

represents the netinteraction-dependent effect on community variabil-
ity (NIDE), defined as the ratio between CV,and CV,. NIDE captures
the net effects of interspecific interactions on community variability,
mediated by changes in the magnitude and synchrony of species fluc-
tuations (Fig.1). NIIEand NIDE could be further partitioned to uncover
the various processes underlying biodiversity-stability relationships
(Fig.2).Below we provide intuitive explanations of the rationale of the
partition, and we refer the readers to Methods for more detailed expla-
nations and to Supplementary Information for complete derivation.

NIIE can further be partitioned into two components (Fig. 2a and
Methods):

NIIE = NIEgpy,, X NIEsy, )

The first component captures the net interaction-independent
effect on species variability (NIIEs,,,), which arises if the expected
community is dominated by species with high or low monoculture vari-
ability. This effect depends onthe function distribution among mono-
cultures as well as on the correlation between the mean and variance
of functions across monocultures (for example, Taylor’s law)"*. The
second component captures the degree of synchrony among monocul-
tures (NIIEs,,) arising frominteraction-independent processes such as
species-specificenvironmental responses, demographic stochasticity
and so on”". Conceptually, NIIE,, corresponds to the portfolio effect
or the buffering effect in the literature™*',

NIDE canbe further partitioned as follows (Fig. 2b and Methods):

N

NIDE = (1 + AESpVar + SESpVar) X (1 + AESyn + SESyn)
NlDESpVar

3

NIDEsyq

Equation (3) identifies four ways in which interspecific interac-
tions caninfluence community variability: (1) by changing the average
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Fig. 3| NBE, and its multiple components as functions of species richness.
a-h, Results are shown for model ecosystems (a-d) and grassland experiments
(e-h).a,e, NBE, (a) and its two components (e) on log scales: log(NBE.,) =
log(NIIE) + log(NIDE). b,f, The two components of NIDE on log scales:

log(NIDE) = log(NIDEyy,,) + log(NIDE;,,). ¢,g, The two components of NIDEg,, in
approximated terms: [og(NIDEspy,) ~ AE;,W, + SEnga,. d,h, Thetwo
components of NIDEs,,, in approximated terms: log(NIDEsy,) ~ AEgyn + SE;“.
See text for definitions of notations and Methods for definitions of AEngar,
SEgPVa,, AEgyn and SEgyn. Ina-d, coloured lines represent least-square fits across

10,000 communities generated from Lotka-Volterra competition models.
Parametersare a;= U(0.01,0.41), log,(r) - U(-1,0), log,(K) ~ U(-1,0), 4., = 0.2,
Hq;=0ando,;=U(0.0,0.1). Ine-h, coloured lines with error bands represent the
overall fits and 95% confidence intervals from linear mixed-effects models across
grassland experiments. Solid lines show significant relationships with species
richness (P < 0.05); dashed lines show non-significant relationships.
Relationships within each experiment are shown in Supplementary Fig.1and
detailed statistical results are provided in Supplementary Tables 2-4.

magnitude of species variability, which we call the average effect of
interactions on species variability (AEs,y,,); (2) by selecting species
with greater/smaller variability, which we call the selection effect of
interactions on species variability (SEs,y,,); (3) by changing the average
synchrony in biomass fluctuations across species pairs, which we call
the average effect of interactions onspecies synchrony (AEs,,,); and (4)
by selecting species pairs withmore/less synchronous dynamics, which
we call the selection effect of interactions on species synchrony (SEs,).
For both species variability and synchrony, the average and selection
effects quantify the interaction-induced proportional changes, which
are parallel to normalized forms of complementarity and selection
effects from the classic additive partition in biodiversity-ecosystem
functioning relationship'® (Methods).

Partitioning biodiversity effects in model communities

Toillustrate the multiple pathways through which biodiversity affects
community variability (Fig. 2), we investigate a Lotka-Volterramodelin
which population dynamics are governed by competition and environ-
mental stochasticity (Methods). Across simulated communities with
randomly assigned parameter values, greater species diversity contrib-
utes to decreasing community variability (Fig. 3a). This net stabilizing
effect of diversity is mainly due to NIIE, whereas NIDE is weak (Fig. 3a).
Interspecificinteractions (thatis, competitionin this model) increase
the average population variability (positive AEs,y,) while decreasing
theaverage species synchrony (negative AEs,,,; Fig. 3c,d and Extended
DataFig.1); these two effects act in opposite directions, resultingina
weak net effect on community variability (NIDE; Fig. 3 and Extended
DataFig.1).Inaddition, competition generates weak selection effects
on species variability and moderate selection effects on species syn-
chrony by increasing species unevenness (Fig. 3c,d and Extended
DataFig.1).Inthe extreme case where parameters of species dynamics

and interactions are identical, our analytic solutions show that the
positive AEs,y,, and negative AE,, cancel out perfectly, and the selec-
tion effects are zero (SEs,y,, = SEs,, = 0), regardless of the strength of
competition or the number of species (Methods). This result confirms
previous theoretical studies showing that competition should have
no effect on the variability of symmetric communities with identical
parameters'>,

While competition exhibits weak selection effects in randomly
assembled communities, it can have more pronounced effects on
community variability when species dynamical parameters co-vary
or exhibit trade-offs. When the intrinsic growth rate of species cor-
relates negatively with their carrying capacities (r-K trade-off) or
positively with the overall strength of competition from other species
(growth-competition trade-off), communities will be dominated by
species with higher species variability, leading to a positive SEg,y,,
(Extended Data Fig. 2a). In contrast, if the intrinsic growth rate corre-
lates positively with the carrying capacity, competition will select less
variable species and lead to anegative SEs, (Extended Data Fig. 2c).In
addition, in the presence of demographic stochasticity, competition
tends to decrease the mean of community function and thus increase
community variability (but seeref.13), even under symmetric competi-
tion (Methods).

Ourmodelsalso predict associations between the effects of inter-
specificinteractions on community variability (AEs,y,., AEsy,, SEs;y,,and
SEs,,) and those on community biomass, that is, the complementarity
effects (CE’;,) and selection effects (SE’y;,) derived from the addi-
tive partition of biodiversity-ecosystem functioning relationship'®.
For a given level of species richness, the absolute magnitude of both
AEs,, and AEg,,, increases, while that of CE’y;, decreases, as competi-
tion strength increases (Extended Data Fig. 1). As aresult, CE’y;,, and
AEs,y,, are negatively associated and CE’y, and AE;, are positively
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Fig. 4 |NBE., and its multiple components across 34 grassland biodiversity
experiments. a-f, Biodiversity effects in experiments conducted across North
Americaand Europe are shown for NBE (a), NIIEand NIDE (b), NIIE,, and
NIIEy, (¢), NIDEgy, and NIDEs,, (d), AES,,, and SEg,y,, (€), and AE,, and SES,, (f).
Allcomponents are log-transformed, except for AEgpv;,,, SEnga,, AE;" and SEgyn

(Methods). The violin shows the overall distribution within the 99th percentile
across biodiversity experiments. The coloured scatter represents the specific
component within each biodiversity experiment; the error baris 95% confidence
interval. The sample size (n) is 447. Two-sided ¢-tests were used to assess whether
the effect size differed from zero in linear mixed-effects models (d.f. = 430).

associated (note that AE;, is generally negative), along a gradient of
competition strength (Extended Data Fig. 3a,e). However, as species
richnessincreases, the absolute magnitudes of AEs,,, AEs,y,, and CE’g;,
all tend to increase, resulting in a positive association between CE’y;,
and AE,,,and a negative association between CE’y;, and AE,, along a
gradient of species richness (Extended Data Fig. 3a,e). In addition, in
the presence of demographic stochasticity, SE’y;, tends to correlate
positively with SE,, (Extended Data Fig. 3d,h), but negatively with
SEs,var (Extended Data Fig. 3g). Overall, stronger biodiversity effects
on community biomass (more positive NBE’,;,) are associated with
stronger netinteraction-dependent effects on community variability
(more negative NIDE), especially in the presence of demographic sto-
chasticity (Extended Data Fig. 4).

Partitioning biodiversity effects in grassland experiments

We now apply our partitioning framework to multiple datasets of grass-
land biodiversity experiments to quantify the relative contributions
ofthe multiple pathways by which biodiversity affects ecosystem vari-
ability under field conditions. Our dataset includes 34 experimental
sites across North America and Europe (Extended Data Fig. 5). Using
these experiments, previous studies have documented negative rela-
tionships between species diversity and community variability**.
Below we illustrate the contributions of interaction-independent
and interaction-dependent processes to the stabilizing effects of
biodiversity.

Our analysis of these experiments reveals patterns highly con-
sistent with those from simulated communities (Fig. 3). Specifically,
we found that the negative relationship between species richness
and ecosystem variability was driven mainly by NIIE, whereas NIDE
was weak and distributed around zero (Fig. 4). NIIE was negative and
decreased as species richnessincreased across different experiments,
contributing to the stabilization of community biomass (Fig. 3a). These
stabilizing effects arose from interaction-independent asynchrony

among species and a negative interaction-independent effect on aver-
age species variability, especially at higher levels of species richness
(Fig. 4c and Supplementary Fig. 1d,e). In comparison, NIDE was con-
sistently weak across levels of species richness (Fig. 3e). Interspecific
interactions increased AEg,,, (0.476 £ 0.09, t=5.277, P<0.001) while
decreasing AEs,, (-0.388 + 0.07,¢=-5.111,P < 0.001) (Fig. 4e,fand Sup-
plementary Fig. 3). In addition, interspecific interactions exhibited
negative, although weak SEsy, (-0.043 + 0.02, t = -2.424, P= 0.016) but
non-significant SEs, (0.165 + 0.09, t=1.745, P= 0.082). This suggests
that mixtures tended to be dominated by more stable species (those
with lower monoculture variability). As species richness increased, the
magnitudes of AEg,,, (slope is 0.028, 95% C1[0.016, 0.039], marginal
R*=0.036) and AEg,, (slopeis —0.030,95% CI[-0.039,-0.020], marginal
R*=0.078; Fig. 3f) both increased. However, these two effects were
always of asimilar magnitude and thus cancelled each other out, result-
inginalmost no net effect of interspecificinteractions on community
variability (Fig. 3). Given the weak net effect of interspecific interac-
tions, the CV,, could be well predicted by monoculture dynamics
(marginal R? = 0.364, conditional R*= 0.601; Fig. 5).

Furthermore, NIDE was negatively associated with the net diversity
effect on community biomass (slope is —0.087, 95% CI[-0.15, —0.03],
marginal R? = 0.015; Fig. 6a). The CE’y;, exhibited weak negative cor-
relations with AEg,y,, (slope is —0.031, 95% CI [-0.07, 0.01], marginal
R*=0.007; Fig. 6b), particularly in the BigBio experiment (slope
is —0.06, 95% CI [-0.09, —0.03], marginal R*= 0.120) and the Agrodi-
versity experiment (slope is —0.523, 95% CI [-1.02, —-0.02], marginal
R?>=0.180; Fig. 6b). The SE’y;, was negatively correlated with SEgy.,,
whether across or within experiments (Fig. 6¢) and SE’g;,, was positively
correlated with SE, (slope is 0.053, 95% CI[-0.00, 0.11], marginal
R*=0.006; Fig. 6e). Overall, the greater the effects of interspecific
interactions in promoting community biomass, the greater they con-
tribute to reducing community variability. In other words, interspecific
interactions tend to simultaneously increase the mean and stability of
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Fig. 5| Therelationship between CV,and CV,. The black line with the shaded
region represents the overall fitand 95% confidence interval from the linear
mixed-effects model across all biodiversity experiments. Coloured lines show
the fit within each experiment. Marginal R> = 0.364, conditional R* = 0.601. Solid
lines show significant, including marginally significant (P < 0.1), relationships;
dashed lines show non-significant relationships. Two-sided ¢-tests were used for
statistical testing. The grey line represents the 1:1line.

productivity, or simultaneously decrease them. We note, however, that
the exploratory power of above relationshipsis overall weak, particular
for AEs,y,,, indicating impacts of additional processes.

Discussion

Our study demonstrates that interaction-independent processes,
rather thaninterspecificinteractions, mainly account for the stabilizing
effects of biodiversity on community biomass production. By using a
partitioning framework to disentangle the multiple pathways through
which interspecific interactions influence community variability, we
show that the desynchronizing effects of interspecific interactions
can be offset by their destabilizing effects, resulting in weak NBE,.
These findings provide experimental support for predictions from
early theoretical studies”>" and mechanistic insights into empirical
observationsthatinterspecificinteractions play aweakrolein driving
the stability of plant communities™***"*,

Our analyses of both competition models and grassland experi-
ments indicate that the aggregation of speciesitself, regardless of the
strength of their interactions, can generate stabilizing effects on com-
munity dynamics because of interspecific variation in temporal fluc-
tuations (Fig.4). As aresult, the variability of ecological communities
may be predicted from the variability and synchrony of monoculture
dynamics (for example, CV,; Fig. 5). In ecological communities, the
interaction-independent stabilizing effects can be widespread due to
the prevalence of interspecific variation in environmental responses,
demographic stochasticity and so on. As species richness increases,
the stabilizing effects from interaction-independent processes also
strengthen, causing negative associations between species diversity
and community variability">%*!, This simple yet broad mechanism
provides anexplanation for the widely observed positive diversity-sta-
bility relationships in observational and experimental studies across
systems® ™,

Despite the negligible net effect of species interactions on com-
munity variability, the considerable variance around zero (Fig. 4b)
suggests that this effect may vary across contexts such as species
combinations??*¢, environmental conditions™* and the duration of
the experiment®**, Indeed, our framework disentangles four key path-
ways through which speciesinteractions affect community variability

(Fig. 2). These pathways include not only the effects of interspecific
interactions in shaping average species variability and synchrony, as
identified in previous studies™*”*’, but also two previously overlooked
processes: selection for species with higher or lower variability or syn-
chrony. By clarifying these pathways, our framework also enables quan-
tification of their relative contributions to community variability. Our
empirical analysis shows a negative AEs,, supporting the hypothesis
that competitionincreases compensatory dynamics among species™”.
However, these desynchronizing effects were largely counterbalanced
by the concurrentincrease in AE,y,,, challenging the notion that com-
petition contributes to stabilizing communities through compensatory
dynamics". Our empirical analyses also revealed asignificant negative
selection effect on species variability (Fig. 3), implying that interspe-
cific interactions shift the community towards being dominated by
morestable species®**°. Ingrasslands, species with larger biomass and
lower variability in monoculture may exhibit competitive advantages
in mixtures due to greater efficiencies in acquiring resources such as
light and nutrient**2, That said, the selection effects of interspecific
interactions on both species variability and synchrony were overall
weakinboth model and grassland communities (Fig. 4e,fand Extended
Data Fig. 2), aligning with the weak roles of selection effects in biodi-
versity—ecosystem functioning relationships'®*#4,

Our partitioning framework also provides new opportunities to
integrate biodiversity-ecosystem functioning and biodiversity-eco-
system stability relationships, as advocated by recent studies®***¢,
By comparing the observed community variability with that expected
frommonocultures, our partitioning framework for biodiversity-sta-
bility theory offersadirect parallel to the additive partition framework
commonly used in biodiversity-ecosystem functioning studies's.
Our theoretical and experimental results show that the average and
selection effects of interspecific interactions on species variability
align with the traditional complementarity and selection effects'®,
respectively (Fig. 6 and Extended Data Fig. 3). This may be because
specieswithagreater biomass are often less variable, especially in the
presence of demographic stochasticity®. This finding supports the
hypothesis that the stabilizing effect of biodiversity may be achieved
concurrently with enhanced productivity*°*, a conclusion that is
not only of theoretical interest but also with practical implications.
For instance, a well-designed crop combination that simultaneously
achieves higher yields and greater stability would be a major objective
of sustainable agriculture®**s, That being said, the relationship between
biodiversity effects on ecosystem functioning and stability can be
more complex when accounting for interaction-independent effects,
which contribute to ecosystem stability but not the mean functions.
In addition, the biodiversity effects on functioning could strengthen
overtime, as evidenced by long-term experiments®. These complexi-
ties may explain the overall weak relationships between biodiversity
effects on functioning and stability in our empirical analyses and the
mixed relationships between community productivity and stability
in recent studies®*>*°,

Our study fillsalong-standing knowledge gap regarding the role
of interspecificinteractions in shaping ecosystem stability by apply-
ing a partitioning framework to community models and grassland
experiments. Importantly, our results show that the stabilizing effects
ofbiodiversity largely arise frominteraction-independent processes,
rather thaninterspecificinteractions. While our experiments involve
weeding that may artificially affect interspecific interactions®*, the
weak net interaction effect is probably not due to weeding, because
our analyses did reveal strong interaction effects on the multiple
components of ecosystem variability. Our datasets include plant
monocultures and mixtures grown under identical conditions, offer-
ing an ideal context for deriving the ecological baselines and the
various componentsin our framework. For datasets with experiment
units grown in different conditions, such as those encountered in
observational field experiments®?, new frameworks will be needed
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each experiment. Solid lines show relationships with Pvalues <0.1; dashed lines
show non-significant relationships. Two-sided t-tests were used for statistical
testing. Ina, marginal R*= 0.015, conditional R* = 0.439; in b, marginal R*= 0.007,
conditional R? = 0.346; in ¢, marginal R? = 0.100, conditional R? = 0.265; in

d, marginal R? = 0.002, conditional R*= 0.329; and in e, marginal R*= 0.006,

conditional R*=0.411.

to construct valid baselines. The partitioning framework developed
here opens up research opportunities, including to understand why
biodiversity-stability relationships change over time****, how eco-
system stability and its underlying mechanisms respond to global
environmental changes (for example, eutrophication®*), and how
more complex species interactions such as facilitation and trophic
interactions influence community stability®>*>*°, Our results shed new
light on the mechanisms of biodiversity-ecosystem stability relation-
ships and their intrinsic associations with biodiversity-ecosystem
functioning relationships.

Methods
The partitioning framework
We quantify NBEy as the ratio of CV, to the expected null value
(CV,u), where CV,, is the average monoculture variability across
component species. To disentangle the contributions of interaction-
independentand interaction-dependent effects (NIIE and NIDE, respec-
tively), we constructed a hypothetical community with the same
species composition as the focal mixture, where each species main-
tains its monoculture temporal dynamics (rescaled by species
richness; Fig. 1). By taking the variability of this hypothetical commu-
nity (CV¢) as the ecological reference, we define NIIE as the ratio
of CV¢ to CV,; and NIDE as the ratio of CV¢, to CV¢. Therefore:
NBEcy = % = NIIE x NIDE (Fig. 1). Our partitioning framework thus
requires ter"ﬁ"poral observational data of species-level functionsinboth
mixtures and monocultures (forexample, in biodiversity experiments).
Below we explain how we derive NIIE and NIDE, as well as their compo-
nents, using experimental data.

We denote the biomass of species i at time ¢ in the focal
mixture as X, (¢) and that in monoculture as Xjy,(¢). The
biomass of species i in the hypothetical community is defined

as X)) = Xiw)(0) / n, where n is the number of species in the

focal mixture. Let u,;y, = mean(X,y,(t)) be the temporal mean
1

and vy = cov, (Xiy) (0, X jovy (0) = ~ T (Xiev) = ievy) (X vy — Hyevy) be the

temporal covariance. In these notations, Y denotes observed values

from the mixture (O) or monocultures (M), or the expected values from

the hypothetical community (E). Community variability by the coef-

VM The
iHicY)
average species variability is defined as CVy, = ¥ p;v)CV,y,, Where

ficient of variation of total community biomassis CV¢y, =

Piy) = <% jsthe biomass proportionand CV,yy, = ¥
2iHicr) Hic)

R

2;\/”;:‘(\/)
such defined?, we have: CVcy, = CVyy, X @, On the basis of these

isthevariability

of speciesi.Species synchrony is defined as: ¢y, (ref.39).As

notations, we can obtain NIIE = % and NIDE = % where CV,;

null C(E)

is the simple mean of monoculture variability, that is,
CVput = l >.CViwy = iEiCV,-(E).Belowwefurtherpartition NIIEand NIDE.

The NIIE can be expressed as:

NIIE = Yeo _ Y Ve % N
CVhun 2:CVig) XV 4)
NIEgpyar NIlEg,,

Thefirstterm represents NIIE,,, which depends on the covari-
ation between the mean and variability of biomass across mono-
cultures. Because CV often decreases with the mean”, we expect
that NIIEs,,, is smaller than 1. The second term represents NIIEs,,,
which depends on the number of species and the covariationamong
monocultures.
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The NIDE can be re-written as:

v, v,
NIDE = 2@ _ S¥s© [4©)
CVe) CVsp) Z5) (5)
NIDEgpy,r  NIDEsy,

The first term represents NIDEg,,,, which could be decomposed
as (Supplementary Appendix1):

CVs(0) ACV; nxcov(CVg),Ap;)

NIDEg,y,; = =1+
PR v CVse CVse) (6)
N—— —
AEspvar SEspvar

Here Ap;=pio) = Piry and ACV; = 3, (ACV; x pyo)) , Where
ACV;=CV,q, - CV,. This formula indicates that species interactions
caninfluence species variability by altering the average species variabil-
ity (referred to as AEs,y,,), or via enhancing the dominance of species
with higher or lower variability (referred to as SEgy,,). The second term
represents NIDE,,,, which could be decomposed as (Supplementary
Appendix1):

NIDEg,, = M = |14 By mxcov(pye dwy)
a "’(E) ) @)
| S a——
AE,, SEqyn
Here pjy) = —X2—and wyy, = -2V where Yiseither Eor Oand

Vi Vv Z,-,\/ Yii(v) /Uji(v) . L
Bp; = 3 (Pio) = Piie)) Wij0) ANd Awy = Wji0) — ey This formulaindicates

thatspeciesinteraction caninfluence species synchrony by altering the
average species correlation (referred to as AE;,,)), or enhancing the
dominance of certain pairs of species with higher or lower correlations
(referred to as SEs,,). Note that our definition of synchrony involves
bothintraspecificandinterspecific correlations>”, thus SEs, can arise
from changes in either interspecific correlations or species
unevenness.

Combined, NBE, could be partitioned multiplicatively into mul-
tiple components, thatis, NIIE,,.and NIIEs,, and NIDEg,. and NIDEg,:

1
NBEcy = NIEgpy,r X NllEsy, X (14 AEspyar + SEspyar) X (1 + AEsy, + SEsyn)?
NIIE

NIDEgpyar NIDEsy,

NIDE

(8)

Each component captures how different processes influence
community variability relative to monoculture variability, with values
greater (smaller) thanlindicating positive (negative) effects on vari-
ability. For NIDEg,y,, and NIDE;,,,, each could be further partitioned
additivelyinto one plus average and selection effects of speciesinter-
actions. Thus, both average (AE) and selection (SE) effects measure
the proportional change (in species variability or synchrony) induced
by species interactions, with zero values indicating no interaction
effect.

Our partitioning framework (equation (8)) mixes additive and
multiplicative terms. When applying a logarithmic transformation,
the formula becomes:

log(NBE(y) = log(NIIEspy,,) + log(NIIEgy,)

)
+ 10g(NIDEgy,,) + log(NIDEsy,)

wherelogrepresents naturallogarithm (logarithmwith basee). According
to the formulalog (1 +x) = 37, (- 1)"”"" when |AEgyl, ISEspvarl, IAEsy,|
and |SE,,| are small, we can expand Iog(NlDESpVa,) and log(NIDEg,,) as
follows:

log (NIDEgp) = X, (~1)"*! (RS, (10)
n=

n+1 (AEsyn +SE5yn)
n

log (NIDEs,,) = i an

In our study (Figs. 3 and 4), we used two-order approximations
without the interaction term, thatis,

2 2
AESpvar SESpvar
+ (SE 4 —=pvar
) SpVar >

log (NIDEgpy,) » (AEspva, +

(12)
AELvar SEspvar
2 2
log (NIDEy,) ~ ("ESY" + AETY>+ (“Ty + SETY) -

AEL, SEdyn

Here AEg,,\,ar represents thelog-scaled approximation of effects of
AEg,,, and similarly for SESy,,, AES,, and SE{,,.. Under these approxima-
tions, we can express log(NBE.,) as anumber of additive terms:

log (NBEcy) ~ log(NllEspy,,) + log (NIIEsy, )

(14)
+ (AESpvar + SEspvar ) + (AEsyn + SEsyn)

We note that these approximations hold only for small values of
|AEgpvarl, ISEspyarl, ISEsyal and |SEsy,|; in general cases, higher-order and
interaction terms need to be considered. The natural-scale results of
the average effect and the select effect in this study are shown in Sup-
plementary Figs.2 and 3.

Linking biodiversity effects on ecosystem functioning and
stability
Our partitioning framework for biodiversity effects on ecosystem
stability aligns conceptually with the classic additive partition for
biodiversity effects on ecosystem functioning®. In this context, ref. 20
originally defined NBE,, as the difference between the observed mix-
ture biomass (B,,) and the expected value from monoculture biomass
(Bp), and they partitioned it additively into complementarity (CE;,) and
selection (SEg;,) effects, thatis, NBEy,, = B, — B = CEg;, + SEg;,. To see the
link of this framework to ours, we used an alternative definition of net
biodiversity effect by the ratio of mixture and monoculture biomass
and rewrote it as follows:
=14 Loy
B,

E E

NBEsio =1+ CEg, + SEgio

NBEg;, = 2—0 =1+ % @as)
where CEg;, 2 CEg;,/Bg and SEg;, 2 SEg;,/B; represent the proportional
changesin mixture biomass driven by complementarity and selection
effects, respectively. This reformulation facilitates comparisons of the
complementarity and selection effects in biodiversity-ecosystem
functioning (inrelative forms, thatis, CE’ and SE’) with the average and
selection effects in biodiversity effects on community variability

(thatis, AE and SE terms in equation (8)).

Theoretical models

We use adiscrete-time Lotka-Volterramodel where population dynam-
icsaregoverned by competition and environmental and demographic
stochasticity”:

N aN©)

N(t+1)_N(t)exp(r,[1— z;e/ %

(16)

Vg,ila,i(£)
+Ue,i/~le,i (t) + d_d)

VNi(©)

where N((t) is the biomass of speciesiattime t; r;and K;are the intrinsic
growthrate and carrying capacity of species i, respectively. Parameter
ayisacompetition coefficient describing the per capitaeffect of species
Jjonthe growth rate of species i. Thus, the dynamics of monoculture
couldbe simulated by setting a; ;= 0and K¢ ; = }'Ki (nisthe number of
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observed/mixed community). The term v, (t) represents
species-specific responses to the environmental stochasticity, where
v.;denotes the environmental variance and p, (¢) represents a normal
random variable withzero mean and unit variance thatareindependent

through time (thatis, white noise). The term %ﬂ'?‘)@represents the effect

of demographic stochasticity, where v,; denotes the demographic
variance and p (¢ isanormal random variable with zero mean and unit
variance that are independent through time. Following ref. 57, we
assume that the effect of demographic stochasticity scales with popula-
tion size (N|(¢)).

With the above model, we first consider a symmetric case: r;=r,
Ki=K,a;=a,v,;=0,,v,=0andthe environmental noises areindepend-
ent across species, under which we can obtain the solutions for the
various components of biodiversity effects:

NIIEs,, = \/E 17)
NIlEgpy,r = 1 @s)
Aspyar = 1/ S22 -1 19)
ABsyy = 0 = (20)
SEgpyar = SEsyn = 0 @1)

r2—r)
(1-ayr (2_ (1-ayr )'
T+(n-Da 1+(n-Da

where 6 = Whenr<1,80increasesas competitionstrength

aincreases, thus AEg,, increases with a and AE;, decreases with a.
Whenr > 1, the patterns are more complex™. Onthe basis of equations
(17)-(21), we have:

1
1\z T
NIE= 1 x(:)"=./=
NlEgyy AL n 22)
PR NIIEy,
1
1 —
NIDE = [1+,/22% 14 0 |x|1+—2— -1+ 0 | =1
n - 1+(n-1)0 = 23)
S SEspuar . SEgy
AEspvar AEsyn
NIDFspvar NIDEg,,

These solutions demonstrate that, when all species compete in
a symmetric manner, there is no selection effect on either species
variability or synchrony because symmetric competition do not
favour any specific species. On the other hand, species competition
inflates population fluctuations in compensatory manners, result-
ing in increased average species variability but decreased species
synchrony'>"®. Thus, in this competition model species interactions
influence community variability through positive average effects on
species variability and negative average effects on synchrony. These
two average effects have exactly the same magnitudes, regardless of
the strength of species interaction, resulting in no net interaction-
dependent effect (NIDE=1).

To explore the effect of species richness and interaction (com-
petition in this model) on the relative contributions of the various
mechanisms underlying the stabilizing effect of biodiversity, we
simulated communities with species richness (n) ranging from 2 to
10 with the following parameters: a;= U(0.01,0.41), log,(r) ~ U(-1,0),
log,(K) ~U(-1,0), ;= 0.2, 4= 0.1and v, and v,; ~ U(0.0,0.1). We omit-
ted simulated communities where at least one species went extinct and
retained 10,000 replicates of coexisting communities for each richness
level. Community variability was calculated on the basis of the final 100

time steps of each replicate (overall 1,000 steps for each replicate). For
each community, we also simulated the dynamics of monocultures for
all constituent species using equation (16).

Onthebasis of the simulated dynamics of monocultures and mul-
tispecies communities, we calculated the various components of our
partitioning framework (Fig. 2). We examine how these components
change with species richness and competition strengths and test their
relationships with the CE’y;,, and SE’y;, effects on community biomass.

Empirical analysis

Our empirical analyses were based on a dataset consisting of 34
biodiversity experiments across North America and Europe’. These
experiments were initially designed to test the relationship between
biodiversity and ecosystem functioning by manipulating species rich-
ness. The monoculture treatments serve as references to assess the
effect of species interactions underlying the stabilizing effects of
diversity. We excluded multispecies plots that lacked monocultures of
any constituent species. While our framework could be easily adapted
to tackle uneven initial proportions, we excluded experiments with
uneven initial abundances to avoid additional confounding factors
across experiments in the present study. For Agrodiversity experi-
ments, we consider only the high-density treatment to match the
experimental design of other studies; also, plots with the same species
composition (though different initial proportions) are considered as
the same experiment treatment. Our dataset comprises observation
from 447 plots with species richness ranging from2to 16 and temporal
observations from 3to 18 years. Detailed descriptions of these experi-
ments can be found in Supplementary Table 1.

With these experiments and our partitioning framework, we
calculated the different components underlying biodiversity effects
on community variability and examined how they changed with
species richness using linear mixed-effects models. We also used
random-effects models to test whether the overall mean of each
component across all studies differed from zero. In these models
we used a nested random effect (study/experiment), since some
experiments have been collectively designed and analysed in previous
studies, such as the BioDEPTH*® and the Agrodiversity Experiment
network®. We further tested the relationship between biodiversity
effects on community biomass and variability under given species
richness, where the nested structure of random effect is adapted
to study/experiment/sown plant richness. We then tested the rela-
tionship between expected community variability and observed
community variability using this linear mixed-effects model. In
these analyses, we applied a log-transformation to NIIE and the net
interaction-dependent effect on population variability (NIDEs,y,,) and
synchrony (NIDE;,) making them additive for all analyses. The effect
of biodiversity on community biomassis determined and partitioned
through equation (5). All statistical analyses are performed by nime
packageinRv.4.2.2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The simulated data and all presented results are available on GitHub
(github.com/kkIm500/NATECOLEVOL-25010167). The original empiri-
cal datasets used in this study can be accessed from the data reposito-
ries of the respective studies or obtained upon request from the data
owners. The detailed information of included studies was documented
on Supplementary Table 1. Source data are provided with this paper.

Code availability
The codes used for data preparation and analyses is available on
GitHub (github.com/kklm500/NATECOLEVOL-25010167).
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Extended DataFig. 1| Relationships between the strength of interspecific communities at equilibrium (observational length =100). Parameters are
competition and the multiple components underlying biodiversity effects on a;=U(0.01,0.01+2a), log,(r) ~ U(-1, 0), log,(K) - U(-1, 0), ;= 0.2 and v,;,= U(0, 0.1).
community variability in the competition model. (a-d) across 3-species Solid lines represent scenarios without demographic stochasticity (¢,; = 0), and
communities; (e-h) across 6-species communities; and (i-I) across 9-species dashed lines with demographic stochasticity (¢4, = 0.1and v,; = U(0, 0.1)).

communities. Colored lines represent least squares fits across 3,000 simulated
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Extended DataFig. 3 | Relationship between components from the
partitioning framework for ecosystem functioning (that is, CE’g;,, SE’y;,)

and those from our partitioning framework for ecosystem variability.

(a-d) Relationships from competition models without demographic
stochasticity. Parameters are a; = U(0.01, 0.41), log,(r) ~ U(-1, 0), log,(K) ~ U(-1, 0),

H.;=0.2,11;;,=0,andv,;= U(0.0, 0.1). (e-h) Relationships from competition
models with demographic stochasticity. In this case, ;= 0.1, and v;;= U(0.0,
0.1).Lines represent least-square fits under respective scenarios, fitted across
10000 simulated communities at equilibrium (length =100). The black lines range
fromdark to light represent different levels of species richness (S=2, ...,10).
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Extended DataFig. 4 | Relationship between net biodiversity effect in
ecosystem functioning (NBE',;,) and the net interaction-dependent effect on
community variability (NIDE) across simulated communities.

(a) Relationships from competition models without demographic stochasticity.
Parameters are a;; = U(0.01, 0.41), log,(r) ~ U(-1, 0), log,(K) ~ U(-1, 0), ;= 0.2,

(b) Competition model with
demographic stochasticity

1.0+

2 3 4
NBEg;,

Hq;=0,andv,;=U(0.0, 0.1). (b) Relationships from competition models with
demographic stochasticity. In this case, u,;= 0.1, and v,; = U(0.0, 0.1). Lines
represent least-square fits under respective scenarios, fitted across 10000
simulated communities at equilibrium (length =100). The black lines range from
dark tolight represent different levels of species richness treatment (S=2, ..., 10).
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