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Assessing the impact of environmental fluctuations on species coexistence is
critical for understanding biodiversity loss and the ecological impacts of cli-
mate change. Yet determining how properties like the intensity, frequency
or duration of environmental fluctuations influence species coexistence
remains challenging, presumably because previous studies have focused
on indefinite coexistence. Here, we model the impact of environmental
fluctuations at different temporal scales on species coexistence over a finite
time period by employing the concepts of time-windowed averaging and
performance curves to incorporate temporal niche differences within a
stochastic Lotka—Volterra model. We discover that short- and long-term
environmental variability has contrasting effects on transient species coexis-
tence, such that short-term variation favours species coexistence, whereas
long-term variation promotes competitive exclusion. This dichotomy
occurs because small samples (e.g. environmental changes over long time
periods) are more likely to show large deviations from the expected mean
and are more difficult to predict than large samples (e.g. environmental
changes over short time periods), as described in the central limit theorem.
Consequently, we show that the complex set of relationships among environ-
mental fluctuations and species coexistence found in previous studies can all
be synthesized within a general framework by explicitly considering both
long- and short-term environmental variation.

1. Introduction

Environmental fluctuations not only influence an organism’s physiology and
reproduction directly, but they can also impact an organism’s fitness indirectly
by driving species interactions [1-3]. Hutchinson [4] suggested that fluctuations
in environmental conditions may allow for the coexistence of species competing
for limiting resources. For example, one of the key arguments behind the inter-
mediate disturbance hypothesis is that species can reach an equilibrium state
and exclude other competing species under reduced environmental fluctuations,
whereas increased fluctuations prevent species from reaching equilibrium and
therefore prevent competing species from excluding others [4-8] (but see [9]). By
contrast, May [10-12] argued that for competing species to coexist in a fluctuating
environment, niche differences need to be greater because random environmental
fluctuations may favour one species while occasionally excluding another. In a
series of influential articles, Chesson et al. [13-16] developed the ‘modern coexis-
tence theory’ of when and how environmental fluctuations mediate species
coexistence through nonlinear averaging and storage effects. They found that
species can coexist only when the fitness differences [17,18] between species are
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smaller than their niche differences in a shared environment
(i.e. differences in resource utilization in space and time) [17].
Accordingly, environmental fluctuations potentially promote
species coexistence by minimizing average fitness differences
(equalizing mechanism) [17] or by creating different temporal
niches (stabilizing mechanism) [13,16].

The theory of species coexistence was mainly aimed at dis-
cussing indefinite coexistence [19-21] (i.e. species persist
through infinite time), so fluctuating environments can be rep-
resented by the stationary distribution of environmental
conditions because the environmental state at any given time
recurs with a predictable long-run frequency [22]. Although
the analysis of indefinite coexistence has helped us to better
understand the mathematical nature of species coexistence,
there are significant limitations in its practical application,
including how species extinction can be affected by the time
scale of environmental variation. For example, a species that
specializes in arid environments could survive a certain
period of dormancy in a wet year and reproduce again in the
next dry year. However, if the wet conditions continue for a
thousand years (as opposed to alternating dry and wet years
over a short period of time), the probability of extinction of
an arid specialist would be much higher [20,23]. Therefore,
although the average distribution of the environment (the
mean and variance of the environmental conditions) on a
long time scale is the same for both the annual alternation of
wet and dry years and the alternation of wet and dry years
once every thousand years, the effects on the coexistence of
species are obviously different. This situation is similar to the
process behind the central limit theorem, which was proposed
by de Moivre in 1733 and proved by Lyapunov in 1901 [24].
According to the central limit theorem, small samples (e.g.
environmental variation over long time periods) are more
likely to show large deviations from the expected mean than
large samples (e.g. environmental variation over short time
periods) and are less predictable. As many practical exper-
iments have confirmed, species rarely (if ever) coexistent
indefinitely in the real world [25-27]. Therefore, considering
the transient coexistence of species at ecologically meaningful
time scales will be crucial for understanding real-world scen-
arios that might influence species coexistence, particularly in
a period of increased global climate change where environ-
mental fluctuations are increasing across much of the world.

Past research on the effects of temporal scales of environ-
mental fluctuations on species coexistence has been based
largely on the temporal autocorrelation of the environment.
For example, red noise represents low-frequency environmen-
tal fluctuations, and thus the time scale of environmental
fluctuations is longer. Schreiber [28] investigated the effect
of temporal autocorrelation of the environment on species coex-
istence in relation to the link between environmental conditions
and interspecific competition. He found that species can coexist
in negatively autocorrelated environments through a different
form of storage effect [28], a mechanism that emphasizes that
populations are less sensitive to interspecific competition in
unfavourable years and can therefore ‘store’ their population
increments in favourable years [14,17]. On the other hand,
Caswell & Cohen [29] found that the greater the temporal
autocorrelation of environmental fluctuations, the more likely
that species exclusion is promoted. However, these studies
did not consider that the environment may have different mag-
nitudes of variation at different time scales. Moreover, it is
difficult to directly compare the distribution of the

environmental states at different time scales by using temporal
autocorrelation to investigate environmental variation (e.g. the
effect of the time scale of environmental variation on species
coexistence under different mean environmental conditions).
This limits our understanding of the effects of environmental
variation on species coexistence at different time scales.

Here, we explore the patterns of species coexistence in
fluctuating environments using a stochastic Lotka—Volterra com-
petition model framework. We use windowed averaging to
discuss the effects of temporal scales of environmental variation
on the mean state of the transient environment. We also
employ the newly developed standardized approach for charac-
terizing temperature variation across temporal scales [30],
adjusting the magnitude of environmental variation at different
time scales to simulate environmental fluctuations in close proxi-
mity to real-world situations. We use thermal performance
curves to explicitly describe temperature-dependent fitness
[31,32]. Although we focus on temperature, our approach
can be applied to other climatic measures like precipitation
(though a different performance curve would be needed to
represent it). In addition, we limit our study to transient
coexistence [4,17,33] in order to explore environmental fluctu-
ations at different time scales in nonequilibrium systems.
Ultimately, our model provides a basic framework for under-
standing patterns of species coexistence in fluctuating and
unpredictable environments, a topic that will have critical impli-
cations for studying and conserving biodiversity in an era of
anthropogenic climate change.

We investigate the conditions promoting coexistence using a sto-
chastic Lotka—Volterra competition model with two competing
species regulated by the population density of its own and the
opposing species. Although this design is similar to the classic
form of this model [10,12], instead of integrating all fitness
responses of environmental conditions, we leave them as continu-
ous responses to the environment (i.e. temperature) and explicitly
model environmental conditions through time. That is, the
population dynamics follow

dN,‘ N N,‘ ozN,' AT )
F - rllel(T) <1 - K,w,(T) - K,"ZU,‘(T)) - dzNz(l - wz(T))/

(2.1)

where i, j identifies the species, T is temperature and N stands for
population density. Similarly, K, r, a and d denote carrying
capacities, intrinsic growth rates, levels of interspecific interaction
and temperature-dependent mortality, respectively. We also
assume that the populations will go extinct if the density is too
low (i.e. N;=0 if N; < Ny =0.5) in order to prevent the dynamics
staying at extremely small positive values.

Although most parameters remain constant, the popula-
tion growth rate changes with temperature and depends on
the thermal performance function (w;(T)), which is adapted
from previously published estimates of thermal performance
curves [34,35],

(T = Top)\
eXP <_ (Topt’l) + Wpase, Topt,i 2 T
i

wi(T) = . { (T — Topt,)
(Topt,i - max,i)
Whaser T> Tmax,i
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:| + Whase, Tmax,i Z T> Topt,i

(2.2)
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Figure 1. A demonstration of the species and environmental variation properties in our model. (a) Following the concept of biological performance curves, the
difference between the two species can be depicted by the per capita growth rates across all environments (i.e. temperatures). We assume that there is a high
temperature-adapted species (orange curve; species 1) and a low temperature-adapted species (blue curve; species 2) competing against one another (see also
Methods). The solid black line describes the time series of temperature variation. (b) To better visualize the fluctuations at different temporal scales, we
divide the time series into many fractions with equal durations (i.e. window lengths) and calculate the windowed averages of each fraction. This visualization
allows us to visualize the rate of convergence of the windowed average, where the red dots are the average plus or minus two standard deviations of the windowed
averages for different time windows. (c) Alternatively, the temperature time series can be analysed using the autocorrelation function, where autocorrelation coeffi-
cients are plotted along with each time lag. The blue dashed lines indicate the confidence interval of the autocorrelation function; autocorrelation coefficients larger
than the interval are statistically significant. (d—f) The time series, windowed averages and autocorrelation function of another temperature time series with an
increased short-term variation. (g—i) The same analyses for the other temperature time series where long-term variation is increased. (Online version in colour.)

This function has a maximum value of 1 at Top. When T is
below Top, thermal performance decreases exponentially with
decreasing temperature, whereas when T is above Ty, thermal
performance decreases quadratically and eventually reaches
the minimum value, Wyase, at Tinax (Wpase > 0). We assume that
there is a high temperature-adapted species (orange; species 1)
and a low temperature-adapted species (blue; species 2)
(figure 1a). Species 1 is a relative specialist at warm temperatures
and species 2 is a relative specialist at cool temperatures (Top,1 >
Topt2). Although broadly similar in the shapes of their per-
formance curves, we assume that species 1 performs well in
a wider range of environments that species 2 (o7 > 0,). From
a biological perspective, our model can be applied to a
variety of species for which thermal performance can be quanti-
fied; the performance component can be the survival of the
species, its reproduction or other fitness components. Although
in the literature the thermal performance curve is most often

applied to the performance of ectotherms at different body
temperatures [36,37], the concept of the thermal performance
curve has been extended to the performance of different
fitness components of organisms at different environmental or
body temperatures [34,38,39]. As a result, our model can be
applied to both endotherms and ectotherms. For simplicity, we
do not consider the possibility that the thermal performance
curve may change over a relatively short time frame [30]. Instead,
we assume that the thermal performance curve of a species
is fixed.

(b) Temporal scales of environmental variation

We introduce stochasticity into the model by allowing environ-
mental conditions (i.e. temperature) to change over time. We
design two types of environmental variation with different tem-
poral scales that differ in resampling frequency to capture this
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idea. Specifically, temperatures are determined by the mean and
variation of the short-term distribution,

T ~ Norm(Tsmean,hor)r (2.3a)

where the mean of the short-term distribution and Tgpean, iS
sampled from a long-term distribution,

Tsmean ™ I\TOI'n'l(Tmeanrcrl2

). (2.3b)

Note that T is resampled in every time unit, Tgmean i5 resampled
in every §=70 time units and population size is updated 200
times in each time unit. We ensure that changes in population
size respond to changes in the environment in real time by
updating the population size frequently. Although we did not
directly consider the effect of species’ generation length, we
can account for this by adjusting the timing of environmental
effects on population renewal to be less frequent, or by allowing
the intrinsic growth rate to be smaller (meaning that populations
grow or shrink more slowly). The result of doing this demon-
strates that species with long generation times are relatively
less sensitive to environmental changes in population size
(electronic supplementary material, figure S5).

Under our settings, environmental fluctuations are controlled
by three factors: (i) the mean temperature of the long-term distri-
bution (Tinean), (i) long-term variation (0% ); and (iii) short-term

long
variation (02,,). Thus, we model a nonequilibrium system

S

in the sense that environmental conditions vary stochastically
and, therefore, the carrying capacities and growth rates of
competing species can change dynamically, which prevents
populations from reaching the equilibrium points of the Lotka-
Volterra equations. Note that equilibrium can be defined more
broadly; for example, an equilibrium state describes having
some system converge and return to those points upon pertur-
bation, not just the equilibrium points that we define here [25].

The characteristics of short- and long-term environmental
variation can be visualized by using an autocorrelation function,
a windowed average approach and a fast Fourier transformation.
Temporal autocorrelation, used frequently in the literature,
describes the probability that the same environmental conditions
will remain constant over time [28,29,40]. In essence, when the
autocorrelation is large, the chance that the environment remains
constant over time is high, and vice versa (figure 1c,fi). Further,
we show that when the time scale of species coexistence is not inde-
finite and the environmental variation is stochastic, we can also use
windowed averaging to resolve the difference between the long-
and short-term environmental mean conditions due to the
sampling bias as indicated by the central limit theorem
(figure 1b,e and h, see also Introduction). Windowed averaging
with temporal autocorrelation makes it easier to understand the
transient coexistence of species over a finite period of time (e.g.
hundreds, thousands or tens of thousands of years). Lastly, the
time scale of environmental fluctuations can also be visualized
through fast Fourier transformation (FFT) to decompose the time
series of temperature into frequency and amplitude domains (elec-
tronic supplementary material, figure S1b,c) [30]. Since frequencies
with the greatest amplitudes contribute more to the pattern of
variation, if we change one type of variation at a time, we can
see that larger long-term variation increases the amplitude
of low frequencies more than that of higher frequencies (electronic
supplementary material, figure S1i). Conversely, larger short-term
variation increases the amplitudes of all frequencies uniformly
(electronic supplementary material, figure S1f). Thus, increasing
long-term variation makes the temperature time series more simi-
lar to red noise, while increasing short-term variation makes the
time series closer to white noise.

Our temperature fluctuation settings capture the character-
istics of stochastic fluctuations at different temporal scales. For
instance, body temperature may vary over the course of a few

Table 1. List of model parameters.

name values  description
rh 0.5 scaling factor of intrinsic growth rate
K, K, 10 000 scaling factor of carrying capacity
d, d, 0.01 scaling factor of environmental-dependent
mortality
o 0.4 level of interspecific competition
1) 70 relative duration of long-term variation to
short-term variation
Topt.1s 30, 17 optimum temperature of the two species
Topt2
Tinax 1s 35,23 upper boundary of fitness function of the
Tnax2 two species
oy, 0y 52 width parameter of the fitness function for
temperature below optimum
Whase 0.001 minimum value of fitness function,
designed to avoid population deadlock
at extreme temperatures
Nexe 0.5 the threshold at which a population goes

extinct

minutes due to a difference in wind speed, whereas variation in
weather (e.g. a tropical storm or heat wave) may last for weeks.
Further, global events like El Nifio may occur at considerably
irregular intervals at the temporal scale of years. These examples
illustrate how stochastic events can occur at both short- and
long-term temporal scales. Importantly, long- and short-term
variation should be viewed as two points along with a continuum
of temporal environmental variation. Although we do not
directly focus on the number of variation types or the relative
temporal scale of updating the environmental conditions (i.e. 8),
it is possible to extend our model to incorporate more complex
and realistic patterns of environmental variation (see table 1 for a
summary of all parameters).

3. Results

(a) Short- versus long-term environmental variation

We first explore how combinations of temperature variation
at different time scales and different mean temperatures
affect species coexistence under (i) continuous short-term vari-
ations with different long-term variation (figure 2a—d) and
(ii) continuous long-term variations with different short-term
variations (figure 2e-h). We found a uniform trend such that
the proportion of replicate experiments with species coexis-
tence increases with an increase in short-term variation,
regardless of the magnitude of the long-term variation, when
short-term variation is continuous along the x-axis and long-
term variation is discrete across panels (figure 24—d). Similarly,
when that the range of continuous long-term variation is con-
stant, the area of high coexistence also increases with increasing
short-term variation (figure 2e-h). By contrast, we observe the
opposite effect of long-term variation, which mainly promotes
exclusion (figure 2a—d and e-h). To confirm the generality of
this result, we also control for the sum of variances and only
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Figure 2. Short- and long-term temperature variations have contrasting impacts on species coexistence. (a—d) Proportion of simulations producing species coex-
istence dynamics, where brighter colours indicate greater proportions of coexisting species. Each panel has constant long-term variation (ojong, labelled above each
panel) but variable mean temperature (Tean, X-axis) and short-term variation (ognon, y-axis). Species coexistence occurs if both species sustain through 20 000
short-term variations and 286 long-term variations (4-million calculations of population change). A species becomes extinct if its density is too low (N; < Ney); each
combination of mean and variability is repeated for 100 times. (e—h) The proportion of coexistence with the same definition, but each panel has a constant
short-term variation (Ohor, labelled above each panel) and variable long-term variation (cigng, y-axis). (Online version in colour.)

change the distribution of variances in the ratio of long- to
short-term variation, finding qualitatively similar results (elec-
tronic supplementary material, figure S2). In addition, we also
confirm that the environmental conditions examined here are
such that both species can survive individually in the absence
of competition. Therefore, our coexistence and exclusion
results are largely driven by species competition (electronic
supplementary material, figure S3). Together, these results
suggest that greater short-term environmental variation pro-
motes coexistence, whereas greater long-term environmental
variation leads to a reduction in species coexistence.

(b) Mechanisms of long- and short-term environmental
variation on species coexistence

Our results demonstrate that long-term environmental
variation promotes competitive exclusion, while short-term
environmental changes promote species coexistence (figures 2
and 3; electronic supplementary material, figure S3). Here, we
show that when the environmental variation is large at long
time scales and small at short time scales (figure 3a), the tem-
poral autocorrelation of the temperature is larger at short
time scales and decreases with longer time scales (figure 3b).
Interestingly, the mean temperature varies considerably in
this case across time periods, showing the windowed average
property (figure 3c). Combining the short time period mean
temperature with the above results of temporal autocorrela-
tion, we find that the temperature is more likely to remain in
a state for a long period of time while the variation is small
at short time scales, thus promoting competitive exclusion
(figure 3d). Conversely, when the environmental variation is
large at short time scales and small at long time scales
(figure 3q), the temperature has little temporal autocorrelation
at either time scale (figure 3r). The mean temperature is more

variable in the short term because it changes many times in a
short period of time, but it tends to converge as the time
period becomes longer (figure 3s). Therefore, temperature
changes a lot at short time scales but very little at long time
scales, thus promoting species coexistence (figure 3t).

(c) Effects of environmental averaging on species

coexistence

In the case of fixed environmental variation, the effects of the
environmental mean on species coexistence are relatively
easy to understand. If the mean temperature of the environ-
ment is close to the optimal performance temperature of
species 1, then species 1 can easily outcompete species 2, result-
ing in the extinction of species 2 (figure 4a). If the average
temperature is intermediate between the optimal temperatures
of the two competing species, then the two competing species
are likely to coexist (figure 4b). Finally, if the mean temperature
is close to the optimal temperature of species 2, then species 1 is
easily excluded by species 2 (figure 4c).

(d) Environmental variation can both promote and
inhibit species coexistence

We have shown that while long-term environmental variation
tends to hinder species coexistence and short-term variation
tends to promote coexistence, the mean state of the environ-
ment also has a critical influence on the pattern of species
coexistence. Therefore, by combining these three environ-
mental characteristics, a wide variety of relationships
between environmental variation and species coexistence can
be generated. Here, we use the above framework to explain
the relationship between species coexistence and environ-
mental variation for four seemingly contradictory scenarios.
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Figure 3. Under the same degree of environmental variability, time series with more short-term variation favour species coexistence. Here, we fix the sum of long-
and short-term variation (Giong — 0.5)* + (Oypore — 0.5)° = 400 and examine the fluctuations with different combinations of the two time scales of environmental
variation. Specifically, we analyse the temperature time series and the probability of three population-dynamic outcomes: species 1 dominates (p,), species 2
dominates (p,) and species coexistence, (pe). (a) The temperature time series when most of the variation occurs as long-term variation (ojgng = 20.5,
Oshort =0.5) and thermal performance curves of the two species. (b,c) Autocorrelation function and windowed averages of the temperature time series.
(d) The population dynamics corresponding to (a) and the probabilities of coexistence or when a single species dominates. (e—t) The same analyses for another
four variation settings where short-term variation increases, but long-term variation decreases. Note that we can only keep the total variance approximately
constant. In other words, the difference in variances in the parameter space is marginal, but the variance is not actually constant. (Online version in colour.)

We found that the previous coexistence—exclusion—coexistence
result occurs at a mean temperature (17 degrees) that lies in
between the optimal temperatures of the two competing
species and allows for coexistence in a stable environment
(figures 3a and 4g). However, if the mean temperature
increases (and becomes closer to the optimum of species 1),
species coexistence only occurs when variation is large
(figure 4f). Moreover, if the mean temperature increases
further, even greater environmental variation will not generate
species coexistence. In other words, when mean temperature
deviates from the intermediate temperature that is non-
optimal for both competing species and approaches the
optimum of either species, the relationship between environ-
mental variation and species coexistence may shift from
coexistence—exclusion—coexistence (figure 4g-i) to one that
promotes coexistence (figure 4d-f) to one that favours
coexistence but has relatively weaker influence (figure 4a—c).

4. Discussion

We have shown that the mean and variability of environmental
fluctuations can have complex yet predictable effects on pat-
terns of species coexistence. Notably, environmental variation
can either promote or hinder species coexistence depending
on the temporal scale of variation. This is because short-term
environmental variation, at least with our model settings,
generally favours species coexistence, whereas long-term
environmental variation promotes exclusion of competing
species. Our model settings include competitive effects that
are linear, competitive effects that are not directly affected by
the environment and a range of temperature variation averages
over a largely concave fitness surface. In addition, the mean
environmental condition also plays a critical role in shaping
the effects of environmental variation on species coexistence,
depending on whether the mean condition approaches the opti-
mal condition of one of the species or whether it occurs between
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the optimal conditions of the competing species. In general,
large short-term environmental variation promotes species
coexistence. However, if the mean environmental conditions
are intermediate between the optimal conditions for the two
species, large long-term environmental variation will promote
competitive exclusion in most of the parameter space. More-
over, when the mean environmental conditions are closer to
the optimal conditions for one of the species, there is a small
parameter space for large long-term environmental variation
to promote species coexistence as a result of environmental vari-
ation that suits different species at different times. Thus, if
environments fluctuate simultaneously on different temporal
scales (e.g. daily, seasonal or annual patterns of temperature
fluctuation), which commonly occurs in nature, diverse
relationships between environmental variability and species
coexistence are expected.

Many seemingly contradictory results of species coexistence
and environmental fluctuations from previous studies can be
viewed as special cases of a more general result described
here (figure 5). For example, Hutchinson [4,5] discussed the
impact of temporal scales of environmental variation on species
coexistence in a nonequilibrium setting (i.e. species could go
extinct by chance due to environmental fluctuations). He
argued that both overly fast and overly slow fluctuations pro-
mote competitive exclusion between competing species
because whichever species competes best on average will
exclude the other. Thus, only environmental fluctuations occur-
ring at an intermediate temporal scale will favour species
coexistence. Interestingly, analyses of Hutchinson’s theory,
based on modern coexistence theory, generally conclude that
Hutchinson’s predictions about the time scales of environ-
mental change and species coexistence are misleading [41].
This is because in the discussion of indefinite coexistence, the
mean environmental condition rather than the time scale of
environmental fluctuations affects the pattern of species coexis-
tence. By contrast, our model partially agrees with Hutchinson’s
hypothesis such that intermediate- and long-term environ-
mental fluctuations favour species coexistence and exclusion,
respectively. Nevertheless, our model demonstrates that short-
term fluctuations are also predicted to facilitate species coexis-
tence rather than exclusion. The key difference between long-
and short-term environmental fluctuations is that fast-changing

environments allow each competing species to experience their
optimal and adverse environmental conditions prior to extinc-
tion, which prevents competitive exclusion, whereas slow-
changing environments last longer and, thus, can favour one
of the competing species in excluding the other. However,
May et al. [10-12] proposed that niche differences need to be
larger in fluctuating environments than in stable environments
for species to coexist. Consequently, competitive exclusion is
predicted to occur more easily in fluctuating environments
than in stable environments. Yet our model shows that May
and colleagues’ prediction is a special case such that it is only
valid for long-term environmental variation in a nonequili-
brium, stochastic model setting.

Our model may also help resolve the long-standing
debate over the
[6,7,42,43], which states that species richness of competing
species will be ‘maximized at intermediate frequencies

intermediate disturbance hypothesis

and/or intensities of disturbance or environmental change’
[42]. We show that there can be diverse patterns of species
coexistence in relation to environmental variability. There-
fore, with the right combination of long- and short-term
environmental variation, intermediate disturbance can gener-
ate higher species richness relative to higher or lower
disturbance scenarios (e.g. figure 5b, left arrow). However, it
is also true that intermediate disturbance does not always
lead to the highest species richness because species coexistence
depends at least partially on the temporal scale of environ-
mental variation. The main differences between our model
and previous models are that (i) environments in our model
fluctuate stochastically, and therefore species can go extinct
by chance if they happen to experience unfavourable environ-
ments for an extended period of time [44-46], and (ii) we
explicitly consider the temporal scale of environmental vari-
ation, while simultaneously considering the effect of the
mean environmental condition (i.e. environmental mean, var-
iance and their interaction are included in our model).
Accordingly, we urge future studies testing the intermediate
disturbance hypothesis to carefully distinguish between differ-
ent properties of environmental disturbance (e.g. intensity and
frequency) on the richness of competing species [30,47].

Since previous research on species coexistence has
focused on indefinite coexistence, environmental fluctuations
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Figure 5. Different combinations of short-term temperature variation, long-term temperature variation and mean temperature can generate diverse patterns of
species coexistence. (a—d) Coexistence can be promoted by greater temperature variability when the increase is in short-term variation (o). (€—h) Coexistence

may also occur when variability is intermediate when the increase is in long-term variation (Giong) [4,6]. (i-

/) Alternatively, coexistence can be hindered by temp-

erature variability [10] when the increased variability is of long-term variation (oiong) at a different mean temperature (Tnean). (m—p) Finally, it is also possible that
coexistence is promoted when variability is very high or very low, when the increased variability contains both short- and long-term variation (both Gyport and Gigng).
We provide examples of temperature time series for each pattern with the probability of species coexistence and single-species dominance above each panel. (Online
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at different time scales have little effect on the relationship
between the average environment and species coexistence. To
achieve indefinite coexistence, species must be able to invade
competing species with low population densities (termed
mutual invisibility) [48,49]. Consequently, to achieve indefinite
coexistence, there are usually two non-mutually exclusive
mechanisms. The first is that species are less sensitive to the
interspecific competition when population density is low or
the environment is of poor quality [14,17,28]. The second is
that the population growth rate increases when population
density is low or the environment is of poor quality [16,17].

However, in our model, we deliberately do not assume that
the coefficient of interspecific competition (@) is directly
influenced by the environment. Yet the intensity of interspecific
competition is still influenced by population size (aN), and
therefore by environmental conditions. Thus, we do not
assume that the population has a buffering effect in poor qual-
ity environments or at low population densities, so that we can
explore more directly the effect of the environment on competi-
tive exclusion and species coexistence (i.e. assuming that the
interspecific competition coefficient becomes smaller when
the population density is small or the environment is of poor

L67L1LZ07 ‘88T § 0S “Y 20id  qdsi/jeunol/bio buiysigndfianosiefos H



Downloaded from https://royal societypublishing.org/ on 08 September 2021

quality, the coexistence probability is bound to increase). In the
terminology of modern coexistence theory, we do not assume a
stabilizing effect; our transient coexistence is due to environ-
mental changes that equalize the average performance of the
two species (i.e. equalizing effect).

Previous discussions of indefinite coexistence have pro-
vided great insights into the mathematical investigation of
species coexistence. Here, we echo past calls for discussion
of non-equilibrium or transient coexistence [20,23], and the
importance of understanding the spatial and temporal
scales at which patterns occur, something that has long
been emphasized in ecology [50]. We believe that exploring
the temporal scales of species coexistence has critical impli-
cations for understanding real-world biodiversity loss.
Because of the stochastic nature of the environment, the aver-
age state of the environment will be different for different
time scales (e.g. decades, centuries and millennia) and thus
will probably result in different patterns of species coexis-
tence, as described in the central limit theorem [24].

In conclusion, we show that contrasting results from pre-
viously published studies linking environmental variation to
species interactions [4,10,17] can be viewed as special cases of
a more general framework that we develop here (figure 5).
By explicitly taking different temporal scales of environ-

considering the mean environmental condition and model-
ling different types of stochastic environments, we develop
a framework that can be used to explore rich patterns of
species coexistence. This framework will be useful for devel-
oping testable predictions at a time when environmental
fluctuations are increasing globally.

All simulated data were generated using C. The codes
and generated data used for this study are available at: https://
github.com/mingpapilio/Codes_Coexistence_and_Variation.
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