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% Check for updates The degree of synchronous versus compensatory dynamics among species

is crucial for determining the stability of ecological communities. Although
robust quantification of species synchrony requires long-term observations,
empirical studies are often based on short time series. Here we explore the
effects of time series length on species synchrony by combining spectral
analysis, dynamical community models and empirical plant community
data. Our theoretical analyses show that competition contributes to
decreasing species synchrony over long timescales but causes increases
insynchrony over short timescales. As aresult, species synchrony tends to
decrease with time series length. In model communities, species synchrony
calculated from long time series decreases with species diversity and
competition, whereas that calculated from short time series increases

with diversity and competition. Empirical analyses of >2,000 time series

of plant communities support these theoretical predictions. Our analyses
demonstrate that both species synchrony itself and its relationship with
species richness can exhibit opposite patterns, depending on the length of
time series, challenging the implicit assumptionin ecological studies that
observational length should not qualitatively alter patterns of interest. Our
findings help reconcile results from theoretical and empirical studies on
synchrony and have implications for sampling design.

Natural ecosystems undergo a variety of perturbations and
stochasticity"* Species diversity is a key characteristic that can help
ecosystems resist perturbations by providing biological insurance,
whereby decreases in population sizes of some species can be com-
pensated by increases in population sizes of other species™*. Such
compensatory or asynchronous dynamics have been regarded as a
major mechanism underlying the stability of ecosystems®~”. Within
ecological communities, compensatory dynamics arise from either
species’ opposing responses to environmental fluctuations®° or spe-
cies interactions such as interspecific competition ™,

The relationship between species diversity and the degree of
synchronous versus compensatory dynamics, however, is a source of
debate. Theoretical models predict that species richness can decrease

synchrony (for example, average pairwise correlation) among com-
peting species'>". However, empirical studies showed that species
synchrony could either increase or decrease with species richness™®.
Attempts to reconcile theoretical and empirical findings often focus
ondifferentiating the mechanismunderlying species synchrony versus
compensation. For example, if competing species share similar environ-
mental responses, species synchrony induced by environmental fluc-
tuations may override the insurance effect of biodiversity”. However,
disentangling these mechanisms empirically has been difficult, as the
covariance analyses traditionally used to describe synchrony inform
emergent temporal patterns, but obscure underlying mechanisms'.
More recent studies have highlighted that synchrony from shared
environmental responses versus competition-induced compensation
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may depend on the timescale of observation'®”, For example, across US
grasslands, ref. 18 found that plant species exhibited more synchronous
dynamics over short time periods but more compensatory dynamics
over long ones. Timescale-specific patterns of synchrony can arise if
species respond to multiple environmental drivers operating at differ-
ent timescales (for example, annual weather patterns and larger scale
multidecadal climate oscillations), or if species exhibit differential
response timesto the drivers'”. These studies suggest that differentiat-
ing synchrony by timescale may help elucidateitsunderlying drivers. At
amorefundamental level, they suggest that time series length alone may
contributeto the differences betweentheoretical and empirical studies.
Specifically, empirical analyses using short time series tend to detect
synchronous dynamics?’, while theoretical analyses generally consider
much longer timescales and often predict a large region of parameter
space where compensatory dynamics arise™. This issue is particularly
relevant in ecological studies where empirical analyses often rely on
shorttime series, sometimes as briefas 3 years (refs. 22-24).

Herewe combinetheoretical analyses and empirical datatoinves-
tigate how time series length may influence empirical analyses of spe-
cies synchrony. Our study measures species synchrony by the ratio of
total community variance to the sum of species variance, referred to
as the variance ratio™” (¢). We first develop a theory of the variance
ratio in finite time series based on the spectral analysis of stationary
time series. In light of this theory, we show how studies using short
time series may introduce bias in the inference of synchrony versus
compensation. In particular, by applying spectral analysis to acompeti-
tion model, we show that competing species can exhibit contrasting
patterns of temporal correlation on shortand long timescales (that is,
athigh andlow spectral frequencies). Consequently, time series length
can qualitatively change the observed patterns of species synchrony
and its relationships with species richness and competition strength.
We then confirm these theoretical predictions using empirical data
of >2,000 observational and experimental plant communities. Our
work helps to reconcile theoretical and empirical results and aids in
designing sampling protocols for future experiments.

A spectral theory of species synchrony in finite
time series

To illustrate the measure of species synchrony and extend the classic
measure to a frequency-specific version, we consider a community
consisting of n species exhibiting stationary dynamics over time,
denotedby {x; (¢);t =1, 2, ...}f=1, where x(t) represents theabundance
of speciesiat time t. The classic variance ratio (¢) is then defined as**:
P2 Zi %%

Uii
is the covariance between species i and}. A larger value of ¢ indicates
more positive or less negative covariance in temporal fluctuations
betweenspecies. In particular, ¢ >1means that the community exhib-
its overall more synchronous dynamics than a collection of indepen-
dently fluctuating species; ¢ < lindicates overallmore compensatory
dynamics™®.

Onthe basis of the spectral analysis of time series, we denote the
co-spectrum/, (f) as the frequency-specific covariance between species
iand j at the frequency f (ref. 27; Methods). The frequency-specific
varianceratio (frequency-specific synchrony) can be defined as™®:

s Ic(f) _ Z,jly(f)
Is (f) Zi’ii (f)

where Ic(f) = Y, 1;(f)representsthe frequency-specifictotal com-
. . Y

munity variance at the frequency fand I; ( f) = 3,/; (f) represents

the sumof frequency-specific species variance. Like the classic variance

ratio, a larger value of ¢(f) indicates more synchronous dynamics

amongspeciesatthe frequency f, whereas asmaller ¢(f) indicates more

compensatory dynamics. Here, the frequency ftakes values between

,wherev; denotes the temporal variance of speciesiand v;

i

@

¢(f)

0 and 0.5 cycles per time step (with respect to infinite time series),
where 1/findicates the period or timescale of fluctuations'®*,

Inecologicalresearch, species synchrony (¢) can only be estimated
using finite time series (Fig. 1b). Under the assumption that the
observed time series represents a random sample from a stationary
stochastic process, we can derive the expected species synchrony ().
For samples collected every L time steps for a total of K times,
({x; (©);t=1,1+L,1+2L,...,1+(K—-1)L}), the expected species syn-
chrony is approximately (Supplementary Note1):

1
. 3
¢~ / Wi (f) @(S)df @)
0
where W, (f)= M and gy, (f)= é (K- Z::—K
I3 gs(MIs(HdA
K_Tlhl cos (2mhLf)) are weighting functions (their integrals over

[0, 0.5] are both 1). Equation (2) illustrates how species synchrony is
expected to depend onthe sampling interval (L) and sampling intensity
(K).Inempirical studies, acommon sampling regime involves collect-
ingsamplesatevery timestepoveraperiod T ({x; (¢);t =1, 2,..., nle),
which represents a special case of equation (2) whenL=1andK=T.
Below we examine the effect of time series length (7) under this sam-
pling regime (L =1) unless otherwise specified.

Equation (2) establishes a link between the expected values of
speciessynchrony (¢) and its underlying frequency distribution (¢(f)).
Species synchrony calculated from finite time series represents a
weighted average of frequency-specific synchrony, with weights
(across frequencies) depending not only on the power spectra of spe-
cies dynamics (/(f)), but also on the sampling regime. Importantly,
given a community with stationary dynamics, the expected species
synchrony () from finite time series can substantially differ fromits
theoretical counterparts based on infinite time series. Below we use a
competition model and empirical data to illustrate how short time
series can often lead to overestimation of species synchrony in com-
petitive communities and can bias relationships between synchrony
and species diversity or competition strength.

Species synchrony and diversity-synchrony
relationships in competition models

Tounderstand the effects of species diversity and competition on spe-
ciessynchrony, we consider a discrete-time Lotka-Volterracompetition
model with environmental stochasticity™:

Xx; () + Zj# agx (6
X; (t+1) =x; (£) x exp (ri (1 - +> +€; (t)) 3)
1

Here, r;and k; represent the intrinsic growth rate and carrying
capacity of species i, respectively; a; ;denotes the competitive strength
of speciesjonspecies i;and g(¢) is a Gaussian white noise representing
the response of the growth rate of species i to environmental fluc-
tuations. The environmental responses of different species can be
correlated: p; = corr(g;€;). We assumer; < 1for all species according to
empirical observations?~°,

We first investigate a special case of the model with symmetric
dynamics (r; = r, k; = k, a; = a and p;; = p). Under this assumption,
we can derive an approximate analytical solution for the frequency-
specific synchrony (Supplementary Note 2):

1+(n-1p

1-1-p)6 @

o(f)=

where @ is a function of frequency (f), the number of species (n) and
model parameters (r, k, a and p) (Methods). Equation (4) illustrates
how patterns of species synchrony vary across frequencies (f) and
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Fig.1|Patterns of species synchrony in competition models. a, Species
synchrony ¢(f) as afunction of frequency (f). b, lllustrations of sampling regimes
and the master formula for converting frequency-specific synchrony (¢ (f)) to the
expected synchrony (¢) in finite time series. The grey bold horizontal line indicates
time, with the grey vertical barsindicating the unit of time step. Sampling events
areindicated by black bars, which are conducted every L units of time (sampling
interval) for Ktimes (sampling intensity). Time series length (T) corresponds to the
overall time span of the sampling. These sampling regimes determine the weights
(W(f)) that scales from frequency-specific synchrony (¢(f)) to the expected

Sampling interval (L)

Sampling intensity (K)

synchrony (). c-e, Weighting functions corresponding to different time series
lengths T (with fixed samplinginterval L =1) (c), different sampling intervals L (with
fixed sampling intensity K = 3) (d) and different sampling intensity K (with fixed
study period of 17) (e). The dashed lines correspond to infinitely long time series
with L =1.f-h, Theoretical expectations for species synchrony (the coloured
points) under different sampling strategies corresponding to those in c-e, which
are obtained by calculating the weighted average of frequency-specific variance
ratio following the formulainb. Parameters:n=2,a;, = &, = 0.5,r,=r,=0.5,
k,=k,=10,p=10, var(e,) = var(g,) = 0.01.

along gradients of species richness (n) and competition strength (a).
Numerical analysesindicate that ¢(f) increases with f, regardless of the
degree of correlation in species environmental responses (p). Under
the special case ofindependent environmental responses (p = 0), the
community exhibits more compensatory dynamics than expected in
acollection of independently fluctuating species (¢(f) <1) at low fre-
quencies or long timescales, but more synchronous dynamics (¢(f) > 1)
at high frequencies or short timescales (Fig. 1a).

By substituting equation (4) into equation (2), we can obtain the
expected species synchrony for competitive communities in finite
time series (¢) under different sampling regimes. Our analyses show
that, even when the underlying modelisidentical, species may exhibit
contrasting patterns of species synchrony inshort and long time series.
Inparticular, under the scenario of p = 0, species exhibit more synchro-
nous dynamicsthan expectedinacollection ofindependently fluctuat-
ing species (¢ > 1) in short time series, but more compensatory
dynamics (¢ < 1) in long time series (Fig. 1f). This can be understood
fromequation (2): Wr(f) gives relatively more weights to high frequen-
ciesinshort time series (small T), but substantially greater weights to
low frequencies in long time series (large T) (Fig. 1c). In addition, we
investigate the effects of sampling interval (L) and intensity (K) on
expected species synchrony (Fig. 1d,e,g,h). Under an extremely low
sampling intensity (K = 3), we find that expected synchrony decreases
as L increases (Fig. 1g). In comparison, given the overall time span
(1+(K-1) xL),increasing the sampling intensity K (implying a decrease

inthe samplinginterval L) has little effect on species synchrony (Fig. 1h).
Critically, this suggests that the overall time span, rather than the
sampling intensity, is a key factor influencing species synchrony.

We further investigate how time series length can influence the
relationships of species synchrony with species richness and competi-
tionstrength. Our analyses show that species synchrony decreases with
both species richness and competition strength in long time series,
but opposite patterns are observed in short time series (Fig. 2a,d).
These results can also be understood from the frequency depend-
ency of synchrony and the dependence of weights on the length of
time series. Bothspeciesrichness and competition strength decrease
frequency-specific synchrony and generate more compensatory
dynamics at low frequencies, whereas they have contrasting effects
at high frequencies (Supplementary Fig. 2a,b). Because the length
of time series changes the weights (W,(f)) at different frequencies
inequation (2), it alters the relationships between species synchrony
and species richness or competition strength, leading to opposing
patternsinshort versus long time series. Similarly, given the sampling
intensity, increasing the sampling interval can qualitatively alter the
relationships between species synchrony and richness or competition
strength (Fig. 2b,e). Again, given the overall time span, increasing the
sampling intensity has little effect on those relationships (Fig. 2c,f).

Overall, our analyses of the symmetric competition model reveal
two effects of time series length: (1) species synchrony is expected to
generally decrease with time series length, such that shorter time series
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Fig. 2| Relationships between species synchrony with species richness and
competition strength. a-f, Relationships between species synchrony with
species richness (a-c¢) and competition strength (d—f) in competitive models
under different sampling strategies. a,d, Different time series lengths (7), with

Competition strength (a)

fixed sampling interval (L =1). b,e, Different sampling intervals (L), with fixed
sampling intensity (K = 3). ¢.f, Different sampling intensities (K), with fixed study
period (T=17). Parameters: r,= 0.5, k, =10, var(g,) = 0.01for every i, p; ;= O for
everyi#j.Ina-c,competition strengths a; ;= 0.5; ind-f, speciesrichness n=2.

tend to exhibit more synchronous dynamics and longer time series tend
to exhibit more compensatory dynamics; (2) while species richness and
competition strength both decrease species synchrony in long time
series, they contribute to increasing species synchrony in short time
series. As these results are derived under restricted scenarios of sym-
metriccompetitionand environmental noise, we also test the robustness
of our results to asymmetric competition, strong positive or negative
correlationsin environmental responses and temporally autocorrelated
environmental responses (Supplementary Note 3). Our analyses dem-
onstrate that prediction (1) holds consistently across a broad range of
scenarios, while prediction (2) generally holds except under very high
temporal autocorrelation and/or between-species correlations in envi-
ronmental responses (Extended DataFigs.1-3and SupplementaryFig.1).
Therobustness of these theoretical findingsis critical for theirrelevance
to reality, as natural communities typically exhibit asymmetric species
interactions and correlated environmental responses'>"’.

Empirical tests of theory

We used observational and experimental data on plant communities
through time to test the effects of time series length on species syn-
chrony andits relationship with species diversity. Our datasetincluded
temporal observations of species abundance or biomass in 1,906

plant communities surveyed across 18 distinct sites over 15-40 years
(extracted from ref. 7), along with two grassland biodiversity experi-
ments from Cedar Creek LTER, Minnesota, United States (Methods).
Specifically, the two experiments consist of time series of 119 plots
lasting for 17 years (BigBio from the Cedar Creek dataset e120) and
46 plots lasting for 20 years (BioCON from the Cedar Creek dataset
el41). Using these data, we examined how species synchrony changes
as the time series length decreases (by artificially eliminating data to
simulateshorter time series) and how time series length influences the
relationship between synchrony and species diversity.

Our analyses revealed patterns broadly consistent with theoreti-
cal predictions. Asthe time series lengthincreased, species synchrony
decreased onaverage in both natural and experimentally manipulated
communities (Fig.3 and Supplementary Fig. 3). Across the 1,906 natural
communities, 55.2% exhibited significant declining trends in species
synchrony as the observational length increased, 27.3% exhibited no
significant change and 17.5% exhibited significant increasing trends.
The number of communities with declining trends was 1,342, whichis
highly significant (P < 0.001) compared to a null binomial distribution
with number of trials 1,906 and probability 0.5. On average, species
synchrony decreased from1.25in 5-yr time seriesto 0.89 in 25-yr time
series, indicatingashift frommore synchronous dynamicsinshort time
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Fig. 3| Relationships between species synchrony and time series length in
observational and experimental data. a, The observational dataset consists
0f1,906 local communities (grey curves) extracted from 18 studies. The red
line represents the overall relationship fitted by a linear mixed-effects model
with random intercepts and slopes across studies and black lines are predicted
slopes for each of the 18 studies. b,c, The experimental datasets include the
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BigBio (datasets e120; b) and BioCON (dataset el41; ¢) experiments in Cedar
Creek. The black lines represent the overall relationship fitted by linear mixed-
effects models with random intercepts across plots (grey curves) within each
experiment. Likelihood ratio tests (one-sided) are performed by comparing the
linear mixed-effects models with null models where the time series length has no
effect on synchrony.

seriesto more compensatory dynamicsinlong timeseries. Across the
165 experimental communities, 64.7% exhibited significant declining
trends in species synchrony as the observational length increased,
14.1% exhibited no significant change and 21.2% exhibited significant
increasing trends (Fig. 3; 126 exhibited declining trends, P < 0.001
accordingtoabinomial test). On average, species synchrony decreased
from 1.04 in 5-yr time series to 0.94 in 17-yr time series for the BigBio
experimentand from 0.88in 5-yr time series to 0.63in 20-yr time series
for the BioCON experiment.

Using the two datasets from Cedar Creek LTER that experimen-
tally manipulated biodiversity and local species pools, we further
tested whether the relationship between synchrony and species diver-
sity (measured by the inverse of Simpson’s index) may change with
the length of time series. Our results showed that, whereas species
synchrony exhibited a negative relationship with species diversity
over the whole experimental period (17 or 20 years) in both experi-
ments, non-significant relationships would be concluded if short
time series were used (Fig. 4a,d). Importantly, these non-significant
relationships in shorter time series were not explained by greater
uncertainties (that is, larger confidence interval of the regression
slope) duetotheir smaller sample sizes, butinstead by smaller effect
sizes (a decrease in the estimated mean of slope) as the time series
length decreased (Fig. 4).In addition, we tested the effects of sampling
interval L by resampling three observations (K = 3; the minimum used
intheliterature, for example, refs. 22,23) from the experimental period
with varying sampling interval (for example, years 1-3-5,1-5-9, ...).
We found that, given the number of samples (K =3), the relation-
ship between species synchrony and species diversity switched from
being non-significant to negative as the sampling interval increased
(Fig.4b,e).Incomparison, given the time span (thatis, fixing the start
and end years), increasing the sampling intensity had little effect on
the qualitative outcome (Fig. 4c,f). These patterns generally agree
with our competition model (Fig. 2).

Discussion

Our analyses demonstrate that species synchrony andits relationships
with speciesrichness and competition strengthare influenced by time
series length and sampling intervals. Specifically, competing species
exhibit more compensatory dynamicsinlonger time seriesbut appears
to exhibit more synchronous dynamics in shorter ones. Moreover,
species synchrony decreases with increasing species richness and
competition strength in long time series but appears to increase with
increasing richness and competitioninshorttime series. Early studies
have showed that the temporal variability of population dynamics tends
toincrease withtime series length®2, Our results further highlights the

role of time series length in ecological studies of between-population
dynamics, suggesting caution when analysing species synchrony from
short-term studies and when comparing studies with different time
series lengths.

The effects of time series length on species synchrony can be
understood through the lens of spectral analysis. Spectral analysis
shows that competition tends to generate more compensatory dynam-
icsthanexpectedinacollection ofindependently fluctuating species
(¢ <1) atlow frequencies (or long timescales) but more synchronous
dynamics (¢ > 1) at high frequencies (or short timescales), even when
speciesrespond to environmental fluctuations independently. These
findings corroborate theoretical results' showing that competition
tends to increase species synchrony in population growth rates (rep-
resenting short-term dynamics) but decrease species synchrony in
population sizes (representinglong-term dynamics) (seealso Extended
Data Fig. 4). While the desynchronizing effects of competition over
long timescales has been well acknowledged in the literature™'>", its
synchronizing effect over short timescales has largely been overlooked.
To understand these timescale-dependent effects, consider how a
two-species community responds to a pulse perturbation over short
and longterms. Starting fromequilibrium, assume a perturbation that
decreases the abundance of one species (the perturbed species) while
leaving the other (the unperturbed species) unchanged. Following
this perturbation, the abundance of both species would increase due
to reduced intraspecific and interspecific competition, leading to
positive correlations in the short term. These synchronous dynamics
are followed by compensatory dynamicsin the long term, in which the
unperturbed species begins to decrease once the abundance of the
perturbed specieshasreacheda certainlevel (Extended DataFig.4a,b).
For communities experiencing continuous perturbations, the observed
species dynamics reflect the combined influences of the short-term
synchronizing and long-term desynchronizing effects of competition
(Extended DataFig. 4c).

The synchronizing effect of competition over short timescales
not only influences the quantification of species synchrony, but also
leads to acounterintuitive, positive diversity-synchrony relationship
inshorttime series. This contradicts theoretical predictions, implicitly
based on long time series, that species synchrony should decrease
with species richness and competition strength'-">. However, while
the diversity—-synchrony relationship can vary qualitatively with time
series [ength, our theoretical and empirical analyses demonstrate
consistently positive relationships between species diversity and com-
munity stability (theinverse of temporal variability), regardless of time
series length (Supplementary Figs. 5and 6). This arises because com-
petition has opposite effects on species synchrony and species-level
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Fig. 4| Relationships between species synchrony and species diversity under
different resampling strategies in Cedar Creek biodiversity experiments.
a-f, The BigBio (datasets e120) (a-c) and BioCON (dataset e141) (d-f)
experiments. On the basis of the original experimental data, linear regression
slopes and 95% confidence intervals of slopes between species synchrony and
species diversity (Simpson diversity) are shown under different resampling

Sampling interval (L)

Sampling intensity (K)

approaches: different time series lengths (by fixing sampling interval L =1)
(a,d); samplingintervals (by fixing sampling intensity K = 3) (b,e). ¢ f, Different
sampling intensities. The mean and 95% confidence intervals of regression
slopes are represented by points and shade ina,b,d,e and by points and bars
inc,f. The BigBio and BioCON experiments contain n =119 and n = 46 mixture
plots, respectively.

fluctuations at all frequencies, which tend to cancel out and result in
weak net effect on community stability™. Overall, our results suggest
that time series length will not affect the sign of the diversity-stability
relationship, butitcaninfluence inference on the mechanisms underly-
ing that relationship by altering the diversity-synchrony relationship.

While our analyses used the variance ratio to quantify synchrony,
our results apply, at least partially, to other measures of species syn-
chrony proposed in the literature®. One commonly used measure is
pairwise correlation®. For this measure, our results generally hold,
namely that pairwise correlation decreases withtime series length and
itsrelationships with species richness and competition shift from posi-
tiveinshort time series to negative inlong time series (Extended Data
Fig. 5a-c). Another commonly used measure is the community-wide
synchrony metric'*, which compares the observed community variance
tothat of ahypothetical community with perfectly correlated species.
This synchrony metric also decreases with time series length and its
relationship with competition strength exhibits a similar shift between
short and long time series (Extended Data Fig. 5d,f). That said, since
this metric depends on both the correlation between species and the
number of speciesitself, it tends to always decrease with species rich-
ness, regardless of time series length (Extended Data Fig. 5e).

Our resultsshed light onthe interpretation of empirical patterns
of species synchrony reported in recent studies. For instance, previ-
ous work found that plant communities exhibit more synchronous
dynamics over short periods but more compensatory dynamics over
long periods'™”. In the original papers, these patterns were inter-
preted as differential responses of species to environmental fluctua-
tions over short versus long periods. Our theoretical results provide
an (non-mutually exclusive) alternative explanation: even without
changes in external environmental forcing, species interactions them-
selves are sufficient to reshape species dynamics and synchrony across
timescales and cause contrasting patterns between short and long
time series. In addition, our findings provide a potential explanation
for why species dynamics that are more synchronous than expected
in a collection of independently fluctuating species (for example,

¢ >1) are commonly found in studies of natural communities using
relatively short time series® and suggest caution in comparing studies
of species synchrony that use different time series lengths. We note,
however, that in addition to time series length, several other factors
may also bias the inference of species synchrony from observations
of natural communities, including non-equilibrium dynamics and
directional trends® (Supplementary Note 3 and Supplementary Fig.4),
periodic environmental forcing (for example, seasonality) and spe-
cies longevity.

Our resultsalso haveimportantimplications for experimental or
sampling designs. Our theoretical and empirical analyses show that
increasing the sampling interval (for a fixed number of samples) has
similar effects to increasing the study duration with a fixed sampling
interval; however, increasing the samplingintensity within afixed study
duration haslittle effect onthe measured species synchrony (Figs.1,2
and 4). Thus, if the practical constraint (for example, financial cost) is
mainly sampling rather than running the experiment, we recommend
maintaining the experiment for along time while sampling witharela-
tively longer interval to capture long-term dynamics. Thishasbeen the
strategy adopted by some large-scale surveys on natural ecosystems,
such as the Forest Inventory and Analysis programme in the United
States™® and the Forest Global Earth Observatory*®, which resample
forestplots every 5-10 years. However, if constraints primarily derive
from running the experiment for a given period of time, but not from
sampling, we caution that studies may reach biased conclusions by
overlooking long-term dynamics. In such cases, increasing the sam-
plingintensity will not necessarily help elucidate patterns of synchrony.
To determine the minimum necessary period for an experiment, a
simulation-based power analysis could be conducted by simulating
the dynamics of the focal ecosystems based on prior knowledge?®,
for example following a similar workflow to what we present for the
Lotka-Volterra model in Supplementary Note 4. This analysis shows
that the critical time series length depends on the parameters of spe-
cies dynamics and the number of replicates (Extended Data Fig. 6 and
Supplementary Fig. 7).
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Conclusion

Despite repeated calls for long-term ecological research, most time
series are still relatively short>*%, Short time series have been fre-
quently usedinecological studies with the implicit assumption that
thelength of time series should not alter the patterns of interest and
the capacity to infer underlying relationships**°. Our results show
that thisassumption does not necessarily hold for studies investigat-
ing important topics in community ecology. Previous studies have
shown that short-term observations may lead to biased conclusions
because of time-dependent ecological processes, for example, tran-
sient dynamics*’, cyclical reversing responses* or succession*’. Here,
our results show another type of bias which can emerge from short
time series: short time series reflect mainly theimmediate responses
of population dynamics to environmental variationand speciesinter-
actions; as such, short time series can obscure competition-driven
compensatory dynamics that operate over long timescales. In com-
parison, long time series containinformation onbothimmediate and
long-term species responses, including the desynchronizing effect of
interspecific competition. Therefore, long-term data are important
not only for reliable estimation of ecological variables®, but also
for inference on the relationships between factors and phenomena
which are of widespread importance in community ecology. Our
findings contribute interpretations of empirical patterns of species
synchrony from observational data and reconcile the contrasting
patterns between theoretical and empirical studies. Future experi-
ments will be needed to unravel the drivers of species synchrony,
for example by quantifying the relative importance of external and
internal ecological processes. Although our analyses are grounded
in ecology, the principles revealed here should apply more broadly
tostudies of synchrony in other disciplines*’ (for example, epidemics
and economics). Understanding the temporal dependence of syn-
chronyinthese systems could provide usefulinsights for reconciling
short-and long-term observations.

Methods

Derivation of the expected species synchrony in finite time
series

Given an ergodic multivariate stationary stochastic process
X;(0;t=1,2,..},, we assume that the observed time series repre-
sents arandom sample fromthis process. On the basis of the spectral
theory of stationary time series, we can derive the expected species
synchrony (¢).

First, we sample the first two variables (for example, two species)
of length T, thatis, {x; (t)}_, and {x, (t)}._,. The expected synchrony can
be approximated by the weighted mean, of frequency-specific syn-
chrony (Supplementary Note 1): ¢ ~ f¢ Wy (f)p(f)df , where ¢(f)
represents the frequency-specificsynchronyand Wy (f) = M
S &r(A)l(DydA
with gr(f)= = (T-%,__, T’T"" cos(2mhf)) . Both W,(f) and g,(f) are
weighting functions (that is, their integrals over [0, 0.5] are both 1).
While g(f) depends only on Tand fand is thus system independent,
W.(f) depends on the spectral patterns of population dynamics and is
thus systemspecific.Inaddition, /() = 3 /; (f)is the summed power
spectrumacross all component species. Because /(f) is model or system
specific, the weighted function Walso depends on the study system.

Second, we consider more general scenarios of sampling where K
observationsare madeinevery L time steps, thatis, dataare collected
attime{l,1+L,1+2L,...,1+ (K—1)L}.Similarly,the expectation of spe-
cies synchrony canbe approximated by: ¢ ~ /5 Wy, (f) ¢(f)df,where
W, (f) isaweighted function as described in the main text.

Analyses of the competition model
Under the symmetric assumptions thatr,=r, k,= k, var(e) = 0>, a;;=a
and cor(g;€;) = p, we can obtain the equilibrium species abundance:

X = l+(n+1)a which is locally stable whenr<2anda<1.Letc=1-r,

(n—Dcd(—2c+ncd+2u)
1+(—c+ncaf)Z +2(—c+ned)u :
The diagonal and off-diagonal elements of the spectral matrix of popu-

. ) er 2 e
lation dynamicsare o?(x;)” =2*% and g2(xy)” L0
L/ 1+¢2-2cu L (14+¢2—2cu) (n—-1)

Thus the timescale-specific synchrony can be solved asymptotically

as (see Supplementary Note 2 for derivation): ¢ (f) = %.

d= - X —a
1-r 1+(n-Na

and u = cos(2nf ), we define: 6 =

,respectively.

Totest the robustness of our results, we conducted different sets
of simulations by relaxing the assumption of symmetric competition,
incorporating temporal autocorrelation and/or high species correla-
tioninenvironmental responses, involving successional dynamics and
soon (Supplementary Note 3).

Empirical analyses

We compiled a dataset of time series of natural plant communities, by
extractingcommunity datawith atleast 15 years of observations from
ref. 7. This resulted in 1,906 plant communities (grassland, forest,
savanna or shrubland communities) with temporal observations of
species cover,biomass or frequency from 18 study sites, corresponding
tothestudiesno.2,3,5,7,17,18,21,25,26,30,31,53,57,63, 64, 66,67 and
76inref.7 (see Supplementary Informationinref. 7 for detailed descrip-
tions for the datasets). Forany community i with the time series length
T, we calculated species synchrony for different time series length
T(<T), taking the mean value of the variance ratio across all sub-time
serieswithlength T; (number oftrials T - T; + 1). The effects of time series
length onsynchrony were then evaluated by linear mixed-effects models
(functionlmeinR), where the random effects of both the intercept and
slope arerepresented by the community nested within study.

For the two biodiversity experiments (Cedar Creek datasets e120
(BigBio) and e141 (BioCON)), we use 119 and 46 multispecies communi-
ties, respectively, with time series length (7) of 17 (from 2001t0 2018,
without 2009) and 20 (from 2001 t0 2020). For the BigBio dataset, we
used all experimental plots, with species richness ranging from 2 to14.
For the BioCON dataset, we used only control plots without any envi-
ronmental treatment, with richness from 9 to 14. Similarly, we evaluate
the effects onthe variance ratio of time series length (7, < ), sampling
interval (L =1, 2, ..., 8 under fixed sampling intensity K = 3), sampling
intensity (K=3, 5,7, 9 under fixed total period 7). We calculate the
effective species diversity in each plot using the Simpson diversity
(Zle pH~', wherep;is the temporally averaged proportion of species i
inthe communityinthe subsetted timeseries. Using linear regressions,
we test the relationships between species diversity and synchrony in
sub-time series with different lengths, sampling interval and sampling
intensities.

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

Data availability

The analysed data and the codes to generate simulated data are avail-
able via figshare at https://figshare.com/s/52cd8c1a35f7cb8d801c
(ref.44).

Code availability

Numerical simulations were performed on Matlab2024b. Data analyses
were performed on R (v.4.4.0) and linear mixed-effects models are ana-
lysed using R package Ime4. Codes are available viafigshare at https://
figshare.com/s/52cd8c1a35f7cb8d801c (ref. 44).
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same as for Fig. 2.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

|:| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X| A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X O XOONXKXK =

D For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used in data collection
Data analysis Matlab and R codes to perform numerical simulations and data analyses are available at Figshare (Figshare link: https://figshare.com/
s/52cd8c1a35f7cb8d801c ).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The data that support the findings of this study are available at Figshare (Figshare link: https://figshare.com/s/52cd8c1a35f7cb8d801c ).
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Human participants, their data, or biological material are not involved in our research.

Reporting on race, ethnicity, or Human participants, their data, or biological material are not involved in our research.
other socially relevant

S
Q
—t
c
@

S}
O
=4
o
=
—
@

S}
O
=
>

Q
wv
c
3
=
Q

<

groupings

Population characteristics Human participants, their data, or biological material are not involved in our research.
Recruitment Human participants, their data, or biological material are not involved in our research.
Ethics oversight Human participants, their data, or biological material are not involved in our research.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Our study uses theoretical approaches to explore the effects of time series length on species synchrony and tests the theoretical
predictions by published empirical data. We uses published time series data of the biomasses and abundances of the species in
nature and experimental plant communities.

Research sample To test our theoretical findings, we uses published time series data of the biomasses and abundances of the species in nature and
experimental plant communities with a total number of 2076 multivariate time series from different published datasets. Original
datasets are available at https://cedarcreek.umn.edu/research/experiments/e120, https://cedarcreek.umn.edu/research/
experiments/e141, and Supplementary Text S4 in https://www.pnas.org/doi/10.1073/pnas.1920405117#supplementary-materials.

Sampling strategy To study the effects of time series lengths on the species synchrony in empirical data, for a community time series data of length T,
we calculated the species synchrony of all subsetted time series of length t<T and use the mean value to represent the outcome of
synchrony in time series length of t. Because we want to study the trend for each communities, we applied linear mixed-effects
models to access the effects of time series lengths on the outcomes of species synchrony, with communities and studies
(communities are nested in studies) as random factors.

Data collection To study the species synchrony, we collected the multivariate time series data of biomasses or abundances of the communities with
at least 10 time steps and more than one species have non-zero biomass or abundance in at least 3 time steps.

Timing and spatial scale  Timing and spatial scales vary in studies. We used annual and inter-annual time series data with more than 10 time steps. And the
time span of the used time series are at least 15 years.

Data exclusions Time series data with less than 15 years or less than 10 time steps are excluded. And the communities with only one species occurs in
at least 3 time steps are excluded.

Reproducibility Not applicable because published data were used and we did not perform experiments or observations..
Randomization Multivariate time series data of communities are allocated into the studies where they were extracted from. When study the effects
of time series lengths on the outcomes of species synchrony, we applied linear mixed-effects models with communities and studies

as random factors.

Blinding Not applicable because published data were used and we did not perform experiments or observations.

Did the study involve field work? [ yes No

Reporting for specific materials, systems and methods




We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Seed stocks Not applicable because we did not perform experiments or observations.

Novel plant genotypes  Not applicable because we did not perform experiments or observations.

Authentication Not applicable because we did not perform experiments or observations.




