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A long-standing puzzle in ecology is coexistence of many species despite relatively 
few limiting resources. Studies using competitive community models have found that 
temporal environmental stochasticity (TES) can provide a solution by providing a 
rare-species advantage, for example by creating temporal niches. However, this appears 
to contradict studies using population models, which have found that TES-induced 
temporal fluctuations in species abundances increase the chance of species becoming 
rare and hence increase their extinction risk. Here, we clarified how TES affects spe-
cies richness by analysing a competitive community model using a novel mean-field 
approach. We found that when temporal correlation in TES was weak, the dominant 
effect of TES was to create temporal niches by decreasing the strength of interspe-
cific competition via a temporal averaging effect, thereby increasing species richness 
relative to the neutral case without TES. In contrast, when temporal correlation was 
strong, the dominant effect of TES was to increase the strength of selection and hence 
interspecific competition, thereby decreasing species richness. Compared with these 
indirect community effects of TES, the direct effects of TES on species richness via 
temporal fluctuations in abundances of species populations were relatively minor.

Keywords: biodiversity, species–abundance distributions, species richness, temporal 
environmental stochasticity

Introduction

The mechanisms enabling coexistence of many species have been the source of much 
debate and research in community ecology for decades. This is particularly so for com-
petitive communities with few limiting resources relative to species, such as tropi-
cal forest tree communities (Wright 2002) and coral reef communities (Roberts et al. 
2002). Relatively few limiting resources translates to relatively few niches, and accord-
ing to Gause’s competitive exclusion principle (Gause 1934), two species cannot coex-
ist indefinitely within the same niche. An answer to this apparent paradox has been 
provided by ecological neutral theory (Caswell 1976, Hubbell 1997, 2001), which 
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posits that species occupy the same niche but have essen-
tially the same demographic rates and hence fitnesses, such 
that competitive exclusion occurs very slowly and many spe-
cies can therefore coexist at a speciation–extinction equi-
librium. Neutral model communities have been found to 
produce species–area relationships (Rosindell and Chisholm 
2020) and species abundance distributions (Hubbell 1997, 
2001, Volkov et al. 2003, 2007) consistent with empiri-
cal data. However, neutral community models drastically 
underestimate temporal changes in species abundances 
(Chisholm et al. 2014, Kalyuzhny et al. 2014) and extinction 
times (Nee 2005, Chisholm and O’Dwyer 2014).

Thus, it is clear that in order to construct a theory that is 
more holistic than neutral theory, there is a need to increase 
the tempo of species abundance dynamics. A potentially 
important mechanism in this regard is random variation in 
environmental conditions such as precipitation, temperature 
and pH over time, otherwise known as temporal environ-
mental variance or stochasticity (TES) (Hutchinson 1961, 
Athreya and Karlin 1971, Lande et al. 2003, Ovaskainen 
and Meerson 2010). TES causes temporal changes in species’ 
demographic rates that amplify temporal fluctuations in spe-
cies abundances. Studies over the last few decades have docu-
mented how observed temporal changes in species abundances 
in species-rich tree, bird, insect and microbial communities 
are consistent with the effects of TES, thus demonstrating 
its prevalence in natural communities (Engen et al. 2002, 
2011, Chisholm et al. 2014, Kalyuzhny et al. 2014, 2015, 
Fung et al. 2016, Grilli 2020).

However, the way in which TES affects coexistence of 
species is more complicated. Previous studies have used 
population models to show that TES often increases extinc-
tion risk due to the greater temporal fluctuations in spe-
cies abundances causing species to visit low abundances 
more frequently (Ovaskainen and Meerson 2010). This 
prediction has been qualitatively affirmed using microcosm 
experiments (Drake and Lodge 2004, Drake 2006). But 
population studies neglect interspecific interactions that 
may alter extinction risk of species. Therefore, other studies 
have analysed community models to quantify the effects of 
TES on species richness, most notably fluctuation-depen-
dent effects that confer a rare-species advantage and hence 
promote species coexistence (Chesson 1994, 2000, 2018, 
Barabás et al. 2018). Using a theoretical framework referred 
to as ‘modern coexistence theory (MCT)’ (Chesson 1994, 
2000, 2018, Barabás et al. 2018), studies have estimated the 
magnitudes of fluctuation-dependent effects by calculating 
and partitioning the mean per capita growth rate of each 
species in a community when rare (invasion growth rate), 
assuming no demographic stochasticity or speciation. Here, 
invasion growth rate is used as a proxy of extinction risk. 
Positive invasion growth rates are necessary for stochastic 
persistence of a group of species in a variable environment 
with no demographic stochasticity (Schreiber et al. 2011, 
Schreiber 2012, Benaïm and Schreiber 2019), where sto-
chastic persistence refers to the community spending little 
time near states with extinction of one or more species, 

regardless of initial conditions. However, although invasion 
growth rates capture mean trends in abundances of rare 
species, they neglect variation around these mean trends 
(Dean and Shnerb 2020, Pande et al. 2020a, b, Ellner et al. 
2020). This variation is particularly important when envi-
ronmental conditions exhibit substantially positive tempo-
ral correlations, because in this case species experience long 
periods of good and bad environmental conditions that 
inflate variation of species abundances around the mean. 
Such correlations have often been found for historical time-
series of temperature and rainfall (Vasseur and Yodzis 2004, 
Sun et al. 2018), and are predicted to increase for daily 
air temperature in many locations due to ongoing climate 
change (Di Cecco and Gouhier 2018). In addition, inva-
sion growth rates do not account for abundance dynamics 
of species leading up to the point when they become rare, 
which can also be important in affecting extinction risk 
(Leigh 1981, Lande 1993, Foley 1994, Hidalgo et al. 2017, 
Fung et al. 2018, 2019, Yahalom et al. 2019). Furthermore, 
MCT is limited by lack of demographic stochasticity and 
speciation, inclusion of which would help to bridge MCT, 
on the one hand, and neutral theory and related theory 
involving TES, on the other hand.

Thus, the effects of TES on species coexistence remain 
unclear. Here, we shed light on this issue by performing a 
new analysis of a stochastic community model of competing 
species exposed to TES, and deriving formulae that clearly 
identify the pathways by which such stochasticity affects the 
distribution of species abundances and hence species rich-
ness. In this model, species compete for one resource and 
species have the same mean demographic rates. This means 
that resource partitioning and tradeoffs in demographic rates 
among species are not possible, such that the only mecha-
nisms affecting species coexistence are mediated by TES. In 
our analysis we use a mean-field approach (O’Dwyer and 
Chisholm 2014, Danino and Shnerb 2018, Roy et al. 2019, 
Grilli 2020) to represent interspecific competition using an 
‘effective’ parameter that is constant through time, thus con-
verting a many-body to a one-body problem that greatly sim-
plifies calculations.

Material and methods

Overview of model community

Our model is similar to the classic lottery model with time-
varying intrinsic birth rates (Chesson and Warner 1981, 
Chesson 1994), but differs by including speciation and 
demographic stochasticity. Specifically, our model consists 
of reproductive individuals of different species competing 
exploitatively for a finite resource such as space. This finite 
resource is represented by J cells, each of which can be used 
by one individual. The model community is assumed to be 
saturated with J individuals, with immediate replacement 
of individuals that die (see Table 1 for a list of key symbols 
used in this study and their biological meanings). This is the 
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zero-sum assumption that has been used in studies using neu-
tral community models (Hubbell 1997, 2001) and also stud-
ies using community models with TES (Chesson and Warner 
1981, Chesson 1994, Kalyuzhny et al. 2015, Danino et al. 
2016, Danino and Shnerb 2018).

The dynamics of individuals in the model community 
are determined over discrete time-steps of fixed length. In 
each time-step, an individual is randomly chosen to die 
from among the J individuals with equal probability. Let the 
intrinsic (per capita) mortality rate at which an individual 
dies be µ, which is assumed to be constant over time. Then 
the length of each time-step is taken to be 1/(Jµ) in units that 
are the inverse of the unit for µ, or equivalently 1/J genera-
tions. After the dying individual has been removed from the 
community, a replacement individual is chosen. With prob-
ability ν, the replacement individual belongs to a new species, 
representing speciation. This ensures a supply of new species 
into the community, preventing the community from devel-
oping into a monoculture. We note that ν can also represent 
new species arising via processes other than speciation, such 
as immigration. However, for clarity of exposition, we refer 
to ν as the probability of speciation in the rest of this paper. 
With probability 1 − ν, the replacement individual is cho-
sen from a pool of propagules produced by existing species, 
with the contribution of each species i to this pool being pro-
portional to the product of its abundance and intrinsic (per 
capita) birth rate. This pool of propagules could represent, 
for example, seedlings on a forest floor or coral larvae in the 
waters surrounding a coral reef. Thus, if there are S(t) species 
at the beginning of a time-step at time t and an individual of 
species j is chosen to die, then the probability of the replace-
ment individual being of species i (the focal species) is

r n t
b t n t

b t n t
ij i

i i ij

k

S t

k k kj

,( ) =
( ) ( ) -( )

( ) ( ) -( )
=

( )å
d

d
1

  (1)

where ni(t) and bi(t) are the abundance and intrinsic birth 
rate of species i at time t, and δij is the Kronecker delta. For 
notational convenience we have suppressed the dependence 
of rij on the abundances of non-focal species.

In contrast to the intrinsic mortality rate, the intrinsic birth 
rate is assumed to vary among species, representing species-
specific responses to a prevailing environmental regime (set 
of environmental conditions). These differences in intrinsic 
birth rates result in differences in species’ fitnesses, such that 
the model is non-neutral. In addition, the intrinsic birth rates 
are assumed to vary over time as the environmental regime 
changes, i.e. due to TES.

In the model, the environmental regime at a particular 
time t is represented indirectly by the distribution of species’ 
intrinsic birth rates. As time progresses, the environmental 
regime changes, and when it changes, the intrinsic birth rates 
are randomly and independently redrawn from a distribu-
tion of possible rates (this distribution of possible rates is 
time-invariant). Choosing the rates for all species from the 
same distribution aids in model analysis and interpretation. 
Specifically, we analyse the general scenario where the envi-
ronmental regime changes after every T generations. When 
the environmental regime changes, the intrinsic birth rate 
of each species is independently and randomly redrawn 
according to a distribution of values b b b1 2, , ,¼{ }mmax  with 
corresponding probabilities w w wm1 2, , ,¼{ }max . Let this dis-
tribution have a mean value of β and a variance of sb

2 , such 
that the coefficient of variation is cb = σb/β. In the absence of 
TES (cb = 0), we recover the classic zero-sum ecological neu-
tral model (Hubbell 1997, 2001). Figure 1 shows a schematic 
diagram of the model.

Simplifying model dynamics using a mean-field 
approach

The probability rij(ni, t) is complicated because it depends 
on the abundances and (time-varying) intrinsic birth rates 

Table 1. Key symbols used together with their biological meanings.

Symbol Biological meaning

bi(t) Intrinsic per capita birth rate of species i at time t
ni(t) Abundance of species i at time t
rij(t) Given that an individual of species j has died at time t, the probability that the replacement individual is of species i
β Mean of possible intrinsic per capita birth rates
σb SD of possible intrinsic per capita birth rates
cb CV of possible intrinsic per capita birth rates
T Temporal correlation in environmental conditions (length of time in between changes in environmental conditions)
B Measures the strength of interspecific competition
µ Intrinsic per capita mortality rate of a species
ν Probability that a new individual belongs to a new species
J Total number of individuals in a community (community size)

S n( ) Expected number of species with abundance n in a community

S Expected total number of species in a community

DSp Change in S  due to population-level temporal fluctuations in species abundances 

DSc Change in S  due to community-level changes in interspecific competition strength 

DSpc Change in S  due to interactions between the population and community levels 
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of non-focal species, which appear in the denominator. 
Thus, we simplify rij(ni, t) by using a mean-field approach 
that assumes a constant ‘effective’ (or ‘typical’) realised (per 
capita) birth rate B for non-focal species, which is found by 
time-averaging species dynamics (Supporting information). 
The assumption is accurate when TES-induced variation in 
species abundances is not too large (Supporting informa-
tion). This is the case when cb and T are not too large. It is 
also the case when T is very large and cb is not too small, such 
that selection acts strongly in between changes in the envi-
ronment and individuals of species with the highest fitness 
values tend to dominate. We use B as a proxy of the strength 
of interspecific competition because it determines the num-
ber of propagules produced by all non-focal species. Using 
the assumption, Eq. 1 becomes

r n t
b t n

b t n B J n
ij i

i i ij

i i ij i ij

,( ) » ( ) -( )
( ) -( ) + - - -( )( )

d

d d1
  (2)

where the approximation arises because of the use of B. 
We note that for large community sizes J, the δij’s can be 
neglected with little error (Supporting information). The 
use of B removes dependence of the abundance dynamics 
of species i on the abundances of all other species (see the 
Supporting information for further details, including the set 
of master equations specifying model dynamics). Thus, the 
introduction of B results in an approximation of the original 
zero-sum community model by a community model consist-
ing of species following independent dynamics according to 
the same dynamic equation, thereby simplifying a many-
body problem to a one-body problem. In the approximate 

model, because species follow independent dynamics, total 
community size may fluctuate over time and hence no longer 
obey a zero-sum constraint, such that we have a non-zero-
sum model. In addition to simplifying further analysis, the 
use of Eq. 2 allows a clear interpretation of the community-
level effect of TES, mediated via the parameter B, and the 
population-level effect, mediated via bi(t). In the neutral case, 
bi(t) = β = B, such that we recover the corresponding neutral 
non-zero-sum model (Vallade and Houchmandzadeh 2003).

Deriving formulae specifying expected species 
richness

We first analyse the master equations specifying commu-
nity dynamics for our approximate non-zero-sum model, to 
derive formulae specifying the species–abundance distribu-
tion (SAD), i.e. the expected number of species with abun-
dance n, S n( ) . Afterwards, we derive formulae specifying 

the expected species richness, S , using S S n
n

J
= ( )

=å 1
. The 

value of the constant parameter B is found via the self-con-
sistency equation J nS n

n

J
= ( )

=å 1
. This self-consistency 

equation is necessary because the approximate non-zero-sum 
model has independence of the dynamics of different species 
populations, which means that the total number of individu-
als can fluctuate over time and its expected value (represented 
by the right-hand side of the equation) must be set equal to 
J for consistency with community dynamics in the original 
zero-sum model.

We assess the accuracy of estimates of S  from our model 
formulae by comparing them with values from simulations, 
for small communities. We also compare estimates of B from 

t = 0 generations t = 1/J generations t = 2/J generations

Legend:  Individual of 
species 1 

Individual of 
species 2 

t = 3/J generations 
(environment changes)

Death of an 
individual 

Birth of a new 
individual 

Figure 1. Schematic diagram illustrating abundance dynamics of species populations in the model community that we examine. In each 
discrete time-step, an individual is chosen randomly to die with equal probability. Afterwards, a replacement individual is chosen randomly 
from the pool of propagules produced by the existing individuals. The number of propagules produced by an individual of a species is 
proportional to the intrinsic birth rate of the species. With probability ν, the replacement individual undergoes speciation, resulting in a 
new species. In the example shown in the diagram, the community has two species (differently coloured circles) with a total of J = 10 indi-
viduals and the environmental conditions (background colour) change randomly every 3/J generations, where 1/J generations corresponds 
to the length of each time-step. When the environmental conditions change, the intrinsic birth rate of each species is randomly redrawn 
from the same distribution, representing species-specific responses to changing environmental conditions. The diagram shows example 
dynamics over three discrete time-steps, in which no speciation events occur and the environment switches after three time-steps. Each 
panel shows the community composition and environmental conditions at a particular point in time, with indication of any birth and death 
events occurring over the previous time-step. The model is not spatially explicit, such that the spatial locations of individuals in the diagram 
have no bearing on model dynamics.
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the self-consistency equation with values calculated from 
simulations (Supporting information). Each simulation is 
run for 10 000 generations, which is sufficient time for a 
steady state to be reached, and then run for a further 10 000 
generations, during which S n( )  and S  are calculated. All 
simulations are implemented using R ver. 3.3.3 (<www.r-
project.org>).

Specifically, we first examine the relatively simple case 
where the intrinsic birth rate of each species can take two 
values β1 = β(1 − ε) and β2 = β(1 + ε) with equal probabil-
ity, where ε ∈ [0,1]. This is a dichotomous distribution of 
intrinsic birth rates with coefficient of variation cb = ε, and 
has often been used in previous population and community 
models with TES (Hidalgo et al. 2017, Danino and Shnerb 
2018, Yahalom et al. 2019, Dean and Shnerb 2020). For this 
case, we use our formulae to estimate S n( )  and hence S  for 
β = µ = 1 year−1, ν = 0.05, and all 216 combinations of J ∈ 
{200,500,103}, cb ∈ {0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9} and 
T ∈ {0.005,0.01,0.05,0.1,0.25,0.5,0.75,1} generations. The 
range of J covers an order of magnitude but the values are 
small enough that simulations are feasible. With this range 
of J we choose ν = 0.05 in order to give communities with 
Jν ranging from 10 to 50, which encompasses estimates for 
tropical coral and tree communities obtained by fitting neu-
tral models (Volkov et al. 2007). The quantity Jν measures 
the community speciation rate, i.e. the expected number of 
new species appearing per generation. In later sections, we 
apply our formulae to a much greater range of J reaching a 
maximum value of 108, corresponding to macroscopic com-
munities from local to regional scales. The value of the mean 
intrinsic birth rate β is unimportant in terms of determining 
species richness because it is the relative intrinsic birth rates 
that really matter. In addition, the value of the intrinsic mor-
tality rate µ is unimportant for determining species richness 
because it is the timescale of TES that really matters, which is 
specified in terms of generations. Thus, we set β = µ = 1 year−1 
without loss of generality. The range of cb examined covers 
virtually all possible values of cb for the dichotomous distribu-
tion. For macroscopic communities with a generation time 
on the order of a year or longer, the range of T examined 
encompasses diurnal, seasonal and annual variation in envi-
ronmental conditions. As an example, T has been estimated 
to be 0.24 (Kalyuzhny et al. 2015) for tropical tree communi-
ties with a generation time on the order of decades. For each 
combination of J and cb, we also examine the limiting cases 
of T = 1/J and T = ∞, corresponding to when the environ-
ment changes after every time-step and when the environ-
ment never changes, respectively. In addition, for each J we 
calculate S n( )  and hence S  for the neutral case with cb = 0 
using formulae from Vallade and Houchmandzadeh (2003).

We also repeat the same exercise for the more complicated 
cases where the intrinsic birth rate of each species takes val-
ues from a beta distribution multiplied by 2 (to give a mean 
value of β = 1 year-1) and a truncated lognormal distribution. 
The shape parameters of each beta distribution are set equal 
to ensure that the distribution is symmetric. To apply our 
formulae, each beta distribution is discretised by dividing its 

range into 100 subintervals of equal length and then integrat-
ing over each subinterval to obtain probabilities associated 
with the mid-points of the subintervals. In contrast to the 
symmetric beta distributions, the truncated lognormal distri-
butions are asymmetric. Each truncated lognormal distribu-
tion takes values in the range [0,β + 10σb] and is discretised in 
the same way as a beta distribution.

Comparison of estimates from our formulae with those 
from the simulations shows that the formulae are accurate for 
a wide range of parameter sets. For the rest of our analyses, we 
apply our formulae to communities with a much larger range 
of community sizes. We do not perform any more simula-
tions because they would produce very similar results to those 
from the formulae and would be computationally impractical 
for the largest communities.

Determining pathways mediating effects of TES on 
species richness

Using the formulae specifying S  for our model, we examine 
how S  changes with the parameters cb and T defining TES, 
for small to large communities. The resulting trends in S  are 
interpreted in relation to the corresponding trends in B, allow-
ing a qualitative assessment of the extent to which the trends 
in S  are driven by community-level effects. Specifically, 
for each of the three distributions of intrinsic birth rates in 
the previous section, we calculate S  for the parameter val-
ues described in the previous section except with ν = 0.01, 
a larger range of J ∈ {103,2 × 103,5 × 103,104,2 × 104,5 × 
104,105} and only those combinations of cb and T for which 
our formulae for S  give low percentage absolute errors ≤ 5% 
(from the accuracy tests in the previous section). In addition, 
for J ≥ 104 we investigate ν = 0.001 and for J = 105 we also 
investigate ν = 0.0001, to examine lower values of Jν ranging 
down to 10, as for the smaller communities.

To obtain a quantitative assessment of the extent to which 
trends in S  are driven by population- or community-level 
effects, we perform a partitioning of S  as follows:

S S S S Sp c pc= + + +neutral D D D   (3)

where Sneutral  is expected species richness from the corre-
sponding neutral model, which is modified by a population-
level effect (DSp ), a community-level effect (DSc ) and an 
effect arising from interactions between the population- and 
community-levels (DSpc ). The value of Sneutral  is calculated 
from a known formula (Vallade and Houchmandzadeh 
2003). The value of DSp  is calculated by first using our for-
mulae o calculate expected species richness in the non-zero 
sum model with the community-level effect removed by fix-
ing B = β, and then subtracting Sneutral . Similarly, the value 
of DSc  is calculated by first using our formula for the limit-
ing case where the environment never changes (Eq. 6) to cal-
culate expected species richness in the non-zero sum model 
with the population-level effect removed by fixing bi(t) = β 
(i.e. cb = 0), and then subtracting Sneutral . The value of DSpc  
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is then calculated using D D DS S S S Spc p c= - - -neutral . For 
infinite T, there are no population-level effects and hence the 
partitioning is not informative. Thus, we only perform the 
partitioning for finite T.

Results

Formulae specifying expected species richness and 
corresponding theoretical predictions

Limiting case when temporal correlation in environmental 
conditions is close to minimum
When temporal correlation in environmental conditions is 
close to its minimum value, i.e. T ≈ 1/J (generations) where 
J is the community size, the environment changes approxi-
mately every time-step. Under this approximation, the tran-
sition probabilities are time-invariant and the SAD can be 
derived in the same way as for the neutral model (Volkov et al. 
2003), giving

S n J
n

B B i J

B ii

n b

( ) »
-( ) ( ) - +( )( )( )( )

- ( ) +( )=

-

Õn
n b s b

b1

1 2 2 21

1 1

/ / /

/ // J( )( )
  (4)

where S n( )  is the expected number of species with abun-
dance n, which specifies the SAD; ν is the per capita specia-
tion probability; and β and sb

2  are the mean and variance of 
the distribution of possible intrinsic birth rates (Supporting 
information). For sufficiently small n, the density-dependent 
terms in the product are negligible, such that

S n J
B

n
n

n

( ) »
( ) -( )( ) -

n
b n/ 1

1

for sufficiently small   (5)

which follows a log-series distribution like the neutral SAD 
(Volkov et al. 2003), except with an extra factor β/B. This 
factor is the mean intrinsic birth rate (β) divided by the effec-
tive parameter B representing the strength of interspecific 
competition. For this limiting case, we have B < β because 
of Jensen’s inequality as applied to the convex competition 
term in the model (Supporting information). Thus, the SAD 
rises above the neutral SAD for sufficiently small n, implying 
a surplus of rare species and hence greater expected species 
richness S  (sum of S n( )  over n) compared with the neu-
tral case (Supporting information). In addition, the effect of 
Jensen’s inequality becomes greater with the CV in intrin-
sic birth rates, cb (Supporting information). Thus, interspe-
cific competition strength as measured by B decreases with 
increasing cb, resulting in more rare species and greater S
. For this and the other cases below, the exact value of B was 
found by numerically solving the self-consistency equation 
for J (Supporting information). When applying Eq. 4, we 
use an integral version that is faster to evaluate (Supporting 
information).

Limiting case when temporal correlation in environmental 
conditions is at its maximum
When temporal correlation in environmental conditions is at 
its maximum, i.e. when T = ∞, the environment, and hence 
the intrinsic birth rate of a species, never changes. Thus, 
as in the first limiting case, the transition probabilities are 
time-invariant and the SAD can be derived as for the neutral 
model (Volkov et al. 2003), giving
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n n J

w B

i

m

m

m m
n

i

n

( ) »
- ( )( )

´ -( )( )( )

´
- +(

=

-

=

-

å

Õ

n

n b

1

1

1 1

1

1

1

1

/

/
max

))( ) + ( ) +( )( )
- ( ) + ( )( )

/ /
/ /

J B i J
i J B i J

m

m

b

b

/
/

1
1

  (6)

where βm are the possible intrinsic birth rates occurring with 
probabilities wm (Supporting information). When the CV of 
intrinsic birth rates cb is sufficiently large, the community is 
dominated by a small subset of species with the largest intrin-
sic growth rates, such that most species are rare. For these 
rare species, the density-dependent terms in the product are 
negligible (this is graphically shown in the Supporting infor-
mation). Thus

S n J w
B

n

c

m

m

m
m

n

b

( ) »
( ) -( )( )

=

-

ån b n

1

1
1max

for

sufficiently large

/

  (7)

which is a sum of log-series. In addition, βm < B because 
B is close to the intrinsic birth rates of the dominant spe-
cies. Thus, S n( )  is less than the neutral value Jν(1 − ν)n−1/n 
(Volkov et al. 2003) for all n > 1 and equal to the neutral 
value for n = 1, such that S  is lower than in the neutral case. 
Furthermore, if the distribution of intrinsic birth rates is very 
positively skewed, for example a truncated lognormal distri-
bution with very large cb, then the intrinsic birth rates of the 
dominant species will be very large, such that βm ≪ B for rare 
species and S  is dominated by the term S J1( ) = n . Thus,

S J» +n 1 for very positively skewed

distributions of intrinsic birth rrates
  (8)

where the 1 reflects the presence of at least one dominant 
species.
Intermediate cases with moderate temporal correlation in 
environmental conditions
When temporal correlation in environmental conditions is 
moderate, i.e. for finite T ≫ 1/J (generations), we derive 



7

formulae specifying the SAD and hence expected species 
richness S  by using a diffusion approximation of the master 
equations specifying model dynamics of the non-zero-sum 
model (Eq. B8 and B12–B16 in the Supporting informa-
tion). We do end up with formulae specifying S  as a func-
tion of the model parameters, but because of the complexity 
of these formulae, it is unclear how S  changes with the 
model parameters in general. However, from the formulae we 
are able to deduce that

S S T
J

cb» =neutral for and2 2

n
n   (9)

where Sneutral  is the value of S  from the corresponding neu-
tral model (Supporting information). This formula together 
with formulae for the two limiting cases indicates that T = 2/
(Jν) is the approximate threshold value of T at which S  
changes from above Sneutral  to below Sneutral , i.e. at which the 
net effect of TES on species richness switches from positive 
to negative. Furthermore, we find that this threshold value of 
T corresponds to B = β, which is the value of B in the neu-
tral case (Supporting information). Thus, the community-
level effect of TES, as mediated by changes in interspecific 
competition strength, is zero. In addition to these analytical 
insights, the formulae allow much faster computation of S  
and its partitioned components than simulations, especially 
for large communities.

Evaluating accuracy of formulae

To evaluate the accuracy of the formulae, we first consider 
the case of finite temporal correlation in environmental con-
ditions (T). For community sizes J ∈ {200,500,103} and a 
dichotomous, beta or truncated lognormal distribution of 
intrinsic birth rates, our formulae for expected species rich-
ness S  (Eq. 4 for T = 1/J and Eq. B8 and B12–B16 in the 
Supporting information for T ≫ 1/J) gave low absolute per-
centage errors of ≤ 5% for all parameter sets tested except 
when the CV of intrinsic birth rates cb and T were both large. 
The errors were ≤ 5% for all values of cb tested when T ≤ 0.1 
generations, and for cb ≤ 0.7, 0.5, 0.4 and 0.3 when T = 0.25, 
0.5, 0.75 and 1 generations respectively (Supporting infor-
mation). These parameter combinations with low errors of 
≤ 5% for S  also gave low errors of ≤ 5% for B (Supporting 
information). Importantly, the errors did not show an increas-
ing trend with J (Supporting information), which means that 
we expect our formulae to retain the same level of accuracy 
for larger J.

Secondly, we consider the case of infinite T. For J ∈ 
{200,500,103} and a dichotomous, beta or truncated lognor-
mal distribution of intrinsic birth rates, our formula for S  
(Eq. 6) gave low absolute percentage errors of ≤ 5% for all 
parameter sets tested except for small cb ≤ 0.2 (Supporting 
information). For the parameter combinations giving low 
errors of ≤ 5% for S , the corresponding values of B gave low 
errors ≤ 5% for cb ≥ 0.5 and moderate errors of ≤ 20% for 
0.3 ≤ cb ≤ 0.4 (Supporting information). Again, the errors 

did not show an increasing trend with J (Supporting infor-
mation). Furthermore, for a truncated lognormal distribu-
tion of intrinsic birth rates, as cb increased, S  decreased and 
converged to Jν + 1, as per Eq. 8. With the highest value of 
cb, the absolute percentage errors between S  and Jν + 1 were 
4.70–5.76% for the three values of J.

Substantial errors > 5% were largely due to simplification 
of model communities using a constant, effective parameter 
B. As described in Material and methods, this simplification 
leads to substantial errors when TES-induced variation in spe-
cies abundances is substantial, which corresponds to finite T 
and sufficiently large cb, or infinite T and sufficiently small cb.

Pathways via which TES affects species richness

Next, we applied our formulae to larger communities with 
sizes J ∈ {103,2 × 103,5 × 103,104,2 × 104,5 × 104,105}, and 
retained only those results for combinations of CV in intrin-
sic birth rates (cb) and temporal correlation in environmental 
conditions (T) giving low errors of ≤ 5% for expected spe-
cies richness ( S ) for the smaller communities (as per pre-
vious section). We discovered four main trends. Firstly, for 
weak temporal correlations (small T), S  increased with cb, 
driven by a decrease in the effective parameter B representing 
the strength of interspecific competition (Fig. 2, Supporting 
information). The corresponding SAD was more concave 
relative to the neutral case, with relatively fewer species at 
high abundances and more species at lower abundances 
(Fig. 3). These patterns were consistent with theoretical 
expectations (see subsection Limiting case when temporal 
correlation in environmental conditions is close to mini-
mum). Secondly, for sufficiently strong temporal correlations 
(sufficiently large T), the ways in which S , B and the SAD 
changed with increasing cb were opposite to those in the first 
main trend (Fig. 2, Supporting information), again consis-
tent with theoretical expectations (subsection Limiting case 
when temporal correlation in environmental conditions is at 
its maximum). The only exception was for the special case 
of a beta distribution of intrinsic birth rates and infinite T, 
when S  decreased from its neutral value and then increased 
with increasing cb (Supporting information). Thirdly, the first 
trend transitioned to the second trend as the temporal cor-
relation became stronger (as T increased), with this transition 
occurring at weaker temporal correlations (smaller T) as the 
community speciation rate increased (larger J or ν), which 
corresponded to stronger interspecific competition (larger B) 
(Fig. 2, Supporting information). And lastly, for a given value 
of cb, S  decreased with T, driven by stronger interspecific 
competition (larger B) (Fig. 2, Supporting information). For 
cb ≥ 0.3, which ensured that cb

2
 n , the threshold value of 

T at which S  changed from above to below the value for the 
corresponding neutral model was well approximated by the 
analytically derived value 2/(Jν) (Eq. 9), with a mean absolute 
error of 10.1% (Fig. 4, see the Supporting information for 
further details).

Our partitioning of S  provided an insight into the quan-
titative effects of population-level temporal fluctuations in 
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species abundances and community-level changes in inter-
specific competition strength on species richness. For weak 
temporal correlations (small T), population-level abundance 
fluctuations generally had a small negative effect on species 
richness (DSp  typically negative with magnitude less than 
20%), which increased in magnitude with cb but diminished 
in magnitude with the community speciation rate (J or ν; 
magnitude refers to absolute percentage) (Fig. 5, Supporting 
information). Community-level changes (reductions) in 
interspecific competition strength generally had a small posi-
tive effect on species richness (DSc  typically positive and less 
than 20%) but sometimes had a large positive effect (greater 
than 100%) (Supporting information). The magnitude of 
this positive effect generally increased with cb but diminished 
with the community speciation rate (J or ν) (Supporting 
information). In contrast, the interaction between the pop-
ulation-level and community-level pathways generally had 
a small negative effect on species richness (DSpc  typically 
negative with magnitude less than 10%) but sometimes had 
a large negative effect (with magnitude greater than 100%) 
(Supporting information). The magnitude of this negative 
effect generally increased with cb but diminished with the 
community speciation rate (J or ν) (Supporting information). 

Because DSc  and DSpc  can sometimes be much larger than 
DSp , for clarity of exposition we plotted DSp  together 
with D DS Sc pc+ , which had more comparable magnitudes 
(Fig. 5, Supporting information), and plotted DSc  together 
with DSpc  (Supporting information). The term D DS Sc pc+  
can be interpreted as the effect on species richness of adding 
the community-level pathway to the population-level path-
way. This effect was generally positive and small (typically no 
greater than 30%), and was larger in magnitude than DSp  
(Fig. 5,  Supporting information). Thus, overall the popula-
tion-level and community-level pathways had a net positive 
effect on species richness (Fig. 5, Supporting information).

For sufficiently strong temporal correlations (sufficiently 
large T), population-level and community-level pathways 
generally had independent and interactive effects on spe-
cies richness that were opposite to those for weak temporal 
correlations (Fig. 5, Supporting information). These trends 
together with those for weak temporal correlations imply 
that for given cb, the population-level effect transitioned from 
negative to positive as the temporal correlation changed from 
weak to strong (T increased from small to large), whereas the 
community-level effect and the net effect transitioned from 
positive to negative (Supporting information).
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T  = 1/J  < 2/(J ) = 0.2
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Figure 2. For model communities with TES, percentage difference in (a) expected species richness (S) and (b) strength of interspecific com-
petition (measured by the effective parameter B) relative to the neutral case, as calculated using Eq. 4, and Eq. B8 and B12–B16 in the 
Supporting information. In a model community, the intrinsic birth rate of a species changes randomly after every interval of length T 
(measured in generations), taking a value from a dichotomous distribution with mean β and coefficient of variation cb. The panels show 
results for three values of T (different line types) and three values of the community speciation rate Jν (different colors). Here, J and ν are 
the community size and speciation probability respectively, with ν fixed at 0.01 and J being 103, 104 or 105. Each line shows the percentage 
difference in expected S or B against cb for a fixed value of T. The panels only show results for values of cb that gave low percentage errors of 
≤ 5% in accuracy tests of the formulae specifying expected S. The other parameter values are β = 1 year−1 and intrinsic mortality rate µ = 1 
year−1. For small T, expected S is larger than in the neutral case and increases with cb because the main effect of greater cb is to reduce the 
strength of interspecific competition (i.e. B) via Jensen’s inequality acting on the competition term, corresponding to the creation of tem-
poral niches. The increase in expected S diminishes with increasing J because there are more species in a community when J increases, which 
weakens the reduction in interspecific competition strength (i.e. B) via Jensen’s inequality. For large T, expected S is smaller than in the 
neutral case and decreases with cb because greater cb increases interspecific competition strength (i.e. B) by increasing the strength of selection 
in between changes in environmental conditions. The legend compares T to 2/(Jν), which is the approximate value of T at which expected 
S transitions from being greater than the neutral value to below it, when cb

2
 n  (as per Eq. 9).
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Discussion

Our modeling analyses identified two main pathways via 
which TES affects species richness in competitive com-
munities. The first pathway acts at the population level in 
the sense that it does not involve species interactions, and 

consists of TES-induced random temporal fluctuations in the 
abundance of each species, given a fixed level of interspecific 
competition. When temporal correlation in environmental 
correlations was weak, we found that such fluctuations had a 
negative effect on species richness, by increasing the probabil-
ity that abundances would swing down to low levels and hence 
increasing the risk of stochastic extinction. Furthermore, this 
negative effect became greater as the coefficient of variation 
(CV) of intrinsic birth rates increased, because this produced 
greater fluctuations that further increased the probability of 
abundances swinging down to low levels. These results are 
consistent with previous population studies using models 
with TES exhibiting weak temporal correlation (Leigh 1981, 
Lande 1993, Foley 1994).

However, rather unexpectedly, we found that when tem-
poral correlation in environmental conditions was strong, the 
fluctuations had positive effects on species richness, which 
increased with the CV of intrinsic birth rates. This can be 
explained as follow. The fluctuations caused periods of fast 
growth of a species that reduced extinction risk, but also 
caused periods of poor growth that increased extinction 
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Figure 3. SADs for model communities with J = 105 individuals, 
showing the expected number of species for each abundance ( S n( ) ).  
In a model community, the intrinsic birth rate of a species changes 
randomly after every interval of length T, taking a value from a dichot-
omous distribution with mean β and coefficient of variation cb. The 
SADs were calculated using formulae described in the first section of 
Results. The panels show results for different combinations of cb and T 
that gave low percentage errors of ≤ 5% in accuracy tests of the formu-
lae specifying expected S. In panel (a) the temporal correlation is weak 
(T = 0.01 generations), whereas in Panel (b) it is strong (T = 1 genera-
tion). In both panels, β = 1 year−1, the intrinsic mortality rate µ = 1 
year−1 and the speciation probability ν = 0.0001. When temporal cor-
relation is weak, the main effect of TES is to reduce the strength of 
interspecific competition via the creation of temporal niches. This 
boosts the number of rare species and reduces dominance by common 
species relative to the neutral case. In contrast, when temporal correla-
tion is strong, the main effect of TES is to increase the strength of 
interspecific competition by increasing the strength of selection in 
between changes in environmental conditions. This reduces the num-
ber of rare species and increases dominance by common species rela-
tive to the neutral case.

Figure 4. Threshold values of the temporal correlation in environ-
mental conditions (T) for which our model with TES has an 
expected species richness equal to the value from the corresponding 
neutral model. The threshold values were calculated numerically 
and compared with the analytical approximation 2/(Jν), where J 
and ν are the community size and speciation probability respec-
tively (as per Eq. 9). Specifically, in a model community, the intrin-
sic birth rate of a species changes randomly after every interval of 
length T (measured in generations), taking a value from a dichoto-
mous, beta or truncated lognormal distribution with mean β = 1 
year−1 and coefficient of variation cb. Results for 197 combinations 
of J, ν, cb and T are plotted (see the Supporting information for 
details). There is good agreement between the numerically calcu-
lated values and the analytical approximation, as indicated by the 
1:1 dashed line.
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risk. As temporal correlation in environmental correlations 
increased, the balance of these two processes changed non-
linearly due to the non-linear trajectory of species abundance 
over time, in such a way that the reduction in extinction 
risk due to periods of fast growth eventually outweighed the 
increase in extinction risk due to periods of poor growth; 
thus, the fluctuations ended up extending the lifetime of a 
species and having a positive effect on species richness. This 
mechanism contributed to a key result in a previous study 
(Fung et al. 2017), which was that under TES and no den-
sity dependence, the expected lifetime of a species population 
increased with temporal correlation. In this previous study, 
disregarding demographic stochasticity and speciation, the 
species population grew exponentially during periods of fast 
growth and declined exponentially during periods of poor 
growth, and it can be mathematically shown that the gain 
in abundance during a period of exponential growth increas-
ingly outweighed the loss in abundance during a period of 
exponential decline as temporal correlation increased. Our 
study extends this result to the more complicated situation of 
a species population with density dependence. We also found 
that the mechanism tended to increase species richness by a 
greater percentage in more species-rich communities, perhaps 

because such communities have a greater proportion of rare 
species that can be rescued from extinction by the mecha-
nism. Another previous study (Fung et al. 2019) examined a 
species population with density dependence and found that 
strongly correlated TES decreased the mean time to extinc-
tion when the population started with a high abundance, but 
the study did not carefully examine how the TES affected 
the mean time to extinction of a species population with an 
initial abundance of one, corresponding to the expected spe-
cies lifetime. We simulated their model and a variant of it 
and found that expected species lifetime showed an increas-
ing trend with the CV in intrinsic birth rates when temporal 
correlation was strong, as well as with temporal correlation 
when the CV in intrinsic birth rates was large (Supporting 
information). Our result seems to contradict results from 
Fung et al. (2018), who found that TES had negative effects 
on the expected lifetime of a species population with den-
sity dependence. However, this can be put down to differ-
ent model structures, with the model in Fung et al. (2018) 
representing TES more indirectly as a distribution of possible 
changes in species abundances in each discrete time-step, 
which was specified without considering species abundance 
dynamics under demographic processes.
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T  = 1/J  < 2/(J ) = 0.2
T  = 1/J  < 2/(J ) = 0.02
T  = 1/J  < 2/(J ) = 0.002

T  = 0.1 < 2/(J ) = 0.2
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Figure 5. For model communities with TES, percentage changes in expected species richness (S) from the neutral value due to (a) popula-
tion-level temporal fluctuations in species abundances (DSp ) and (b) addition of community-level change in interspecific competition 
(D DS Sc pc+ ). In a model community, the intrinsic birth rate of a species changes randomly after every interval of length T (measured in 
generations), taking a value from a dichotomous distribution with mean β and coefficient of variation cb. The panels show results for three 
values of T (different line types) and three values of the community speciation rate Jν (different colors). Here, J and ν are the community 
size and speciation probability respectively, with ν fixed at 0.01 and J being 103, 104 or 105. Each line shows the percentage change in 
expected S against cb for a fixed value of T. The panels only show results for values of cb that gave low percentage errors of ≤ 5% in accuracy 
tests of the formulae specifying expected S. The other parameter values are β = 1 year−1 and intrinsic mortality rate µ = 1 year−1. For small 
T, negative DSp  reflects temporal fluctuations in species abundances mainly bringing species abundances closer to zero and hence increas-
ing extinction risk. This is outweighed by positive D DS Sc pc+  that reflects reduction of the strength of interspecific competition via 
Jensen’s inequality acting on the competition term, corresponding to the creation of temporal niches. The magnitude of D DS Sc pc+  
decreases with J because there are more species that dilute the reduction in interspecific competition via Jensen’s inequality. For large T, posi-
tive DSp  reflects temporal fluctuations in species abundances mainly bringing rare species away from zero abundance and hence decreasing 
extinction risk. This is outweighed by negative D DS Sc pc+  that reflects an increase in the strength of interspecific competition arising from 
stronger selection in between changes in environmental conditions. The legend compares T to 2/(Jν), which is the approximate value of T 
at which expected S transitions from being greater than the neutral value to below it, when cb

2
 n  (as per Eq. 9).
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In contrast to the first pathway, the second pathway acts 
at a community level and involves changes in the strength of 
interspecific competition between species, as measured by a 
constant, ‘effective’ parameter (B). When the temporal cor-
relation in environmental conditions was weak, we found 
that interspecific competition was weaker than in the neutral 
case because of Jensen’s inequality as applied to the competi-
tion term, which is a convex function of the time-varying 
total rate of production of propagules (Ruel and Ayres 1999). 
Biologically, this reduction in the strength of interspecific 
competition corresponds to the creation of temporal niches. 
Furthermore, we showed analytically how the strength of 
interspecific competition decreased with the variance in the 
total rate of production of propagules over time. This vari-
ance generally increased with the CV of intrinsic birth rates 
but decreased with the number of species and hence the 
community speciation rate, due to the law of large numbers 
(Etemadi 2006). When the temporal correlation in environ-
mental conditions was sufficiently strong, there was sufficient 
time in between changes in environmental conditions for 
selection to increase the strength of interspecific competition 
above its value in the neutral case. The strength of selection 
and hence the strength of interspecific competition increased 
with the temporal correlation and CV of intrinsic birth rates. 
This mechanism likely contributed to the negative effects of 
TES on mean time to extinction found in models of com-
petitive communities with two species (Hidalgo et al. 2017, 
Danino et al. 2018). We found that this mechanism tended 
to decrease species richness by a greater percentage in more 
species-rich communities, perhaps because such commu-
nities have a greater proportion of rare species that can be 
pushed to extinction by the mechanism.

The two pathways identified provide a mechanistic expla-
nation of the four main trends that we found for species rich-
ness under different TES regimes. Firstly, for weak temporal 
correlation in environmental conditions, the creation of tem-
poral niches via the second pathway was the dominant effect 
and caused species richness to increase with the CV of intrinsic 
birth rates. The percentage increase was typically modest for 
the parameter sets we examined, but further analyses showed 
that the percentage increase became larger by more than an 
order of magnitude as community size increased, provided 
that the community speciation rate was fixed at a small value 
(Supporting information). Secondly, for sufficiently strong 
temporal correlation in environmental conditions, greater 
effects of selection via the second pathway was the dominant 
effect and caused species richness to decrease with the CV of 
intrinsic birth rates. Thirdly, the threshold value of temporal 
correlation at which the trend of species richness with CV of 
intrinsic birth rates changed from increasing to decreasing 
became smaller with increasing community speciation rate, 
because the temporal niches created via the second pathway 
became weaker. And fourthly, for a given value of the CV of 
intrinsic birth rates, greater effects of selection via the second 
pathway caused species richness to decrease with temporal 
correlation, with a transition from above to below species 
richness corresponding to the neutral case. We derived a 

formula showing that the temporal correlation at which the 
transition occurred decreased with the community speciation 
rate as an inverse relationship, reflecting weaker temporal 
niches from the second pathway. A recent study (Pande and 
Shnerb 2021) also found such an inverse relationship for a 
different community model with TES, but using simulations 
that do not allow generalization of the relationship across 
parameter space as our formula does. Our formula indicates 
that TES is less likely to have a positive net effect on richness 
for communities with more species, such as tropical coral and 
tree communities. An exception to the second trend occurred 
for a beta distribution of intrinsic birth rates, very strong 
temporal correlation in environmental conditions and large 
CV of intrinsic birth rates, when species richness increased 
with the CV in intrinsic birth rates. This happened because 
of greater clustering of intrinsic birth rates near a fixed maxi-
mum value, which resulted in weaker effects of selection. In 
contrast, the dichotomous and truncated lognormal distri-
butions of intrinsic birth rates we examined had maximum 
values that increased with the CV of intrinsic birth rates.

Our identification of the two main pathways mediating 
the effects of TES on species richness was only made possible 
using a mean-field approach (O’Dwyer and Chisholm 2014, 
Danino and Shnerb 2018, Roy et al. 2019, Grilli 2020) to 
simplify community model dynamics. This approach involved 
averaging the competition term over time, with the average 
then used to specify the strength of interspecific competition 
via the effective parameter B, which can be solved for using 
a self-consistency equation for community size. This allowed 
the dynamics of each species to be treated independently in 
a non-zero-sum model with the total community size being 
allowed to fluctuate over time, effectively boiling down a 
many-body problem to a single-body one. This permitted 
analytical formulae for species richness to be derived, which 
were much faster to compute than simulations for large com-
munities. In addition, a non-zero-sum model allowed the 
effects of TES via the two pathways that we identified to be 
manipulated independently, such that the independent effect 
of each of the pathways on species richness can be quanti-
fied by switching off the other pathway. This allowed species 
richness to be partitioned into three components, two repre-
senting the independent effects of the two pathways under 
a non-zero-sum framework and the third representing the 
interactive effect. The interactive effect augments the sum of 
the independent effects to give species richness in the origi-
nal zero-sum model, and can hence be conceptualized as the 
effect on species richness of adding back the zero-sum con-
straint and forcing the two pathways to interact. We found 
that this interactive effect was generally negative, reflecting 
synergistic interactions that act to depress species richness. 
In contrast, it is not possible to do such a partitioning with 
just the original zero-sum model because it lacks an effec-
tive parameter representing the second pathway, such that the 
two pathways cannot be manipulated independently.

It is instructive to compare our results with those from pre-
vious studies that have examined mechanisms mediating the 
effects of TES on coexistence of species. Among these studies, 
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modern coexistence theory (MCT) is a popular framework 
that uses invasion growth rates as a proxy of species’ extinc-
tion risk in competitive communities, and partitions each of 
these growth rates according to a density-independent part, 
a density-dependent but TES-independent part, and two 
density- and TES-dependent parts, under the assumption of 
no demographic stochasticity or speciation (Chesson 1994, 
2003, 2018, Barabás et al. 2018). The two density- and TES-
dependent parts represent the storage effect and relative non-
linearity (Chesson 1994, 2000, 2003, 2018, Barabás et al. 
2018). More specifically, the storage effect arises due to cova-
riance between environmental variables and the degree of 
competition for an invader being different to that of the resi-
dents, whereas relative nonlinearity arises due to the degree 
of competition being different nonlinear functions of the 
limiting factors for an invader versus the residents (Chesson 
1994, 2000, 2003, 2018, Barabás et al. 2018). In a lottery 
model (Chesson and Warner 1981, Chesson 1994) and also 
in our model, the limiting factor is a finite resource, which 
is freed upon death of individuals, and species compete for 
this limiting factor according to the same nonlinear function. 
Thus, relative nonlinearity cannot operate in these models. 
Instead, provided that generations are overlapping, the stor-
age effect operates to boost the mean invasion growth rate 
and thereby promotes coexistence of species (Chesson 1994, 
2000). However, using the invasion growth rate of a species 
as a proxy of its extinction risk under TES is problematic 
for two main reasons. Firstly, although this growth rate mea-
sures the average tendency of abundance dynamics for a rare 
species, it neglects variation around this average (Dean and 
Shnerb 2020). Secondly, the growth rate measures how likely 
a species is to rebound from rarity but neglects the probabil-
ity of a species becoming rare in the first place. These limi-
tations mean that the invasion growth rate of a species can 
often be a poor proxy of extinction risk, and in some cases a 
higher invasion growth rate can lead unintuitively to a greater 
risk of extinction (Ellner et al. 2020, Pande et al. 2020a, b).

Our framework differs from MCT because we did not 
consider how TES affects invasion growth rates, but how 
TES affects mean extinction times of species and hence spe-
cies richness. Unlike invasion growth rates, the mean extinc-
tion times of species capture dynamics of species across their 
entire lifetimes, which include periods when they are rare 
together with periods when they are common, and also cap-
ture variation in abundances of rare species. In addition, we 
considered demographic stochasticity and speciation, unlike 
in MCT. As a result, our analysis provided a different per-
spective on the mechanisms driving coexistence of species, 
which complements MCT. In particular, we showed that 
TES-induced temporal fluctuations in species abundances 
are capable of directly reducing or increasing species richness. 
These effects are not well-captured by invasion growth rates 
due to the limitations identified earlier (Pande et al. 2020a, b, 
Ellner et al. 2020). Furthermore, when temporal correlation 
of environmental conditions was weak, we showed that TES 
reduced the strength of interspecific competition and thereby 
helped to reduce species’ extinction risk. This mechanism acts 

on all species regardless of whether they are rare or common, 
and does not involve a comparison between the growth rate 
of a focal species and other species in the community; thus, 
it is fundamentally different from the storage effect in MCT. 
Therefore, we emphasize that although both our framework 
and MCT show that TES can boost species richness via the 
creation of temporal niches, the underlying mechanisms are 
fundamentally different and hence result in different concep-
tualizations of a temporal niche.

In addition, our results differ from those in previous stud-
ies examining species richness in competitive community 
models with TES and no explicit representation of interspe-
cific competition (Engen and Lande 1996a, b, Engen et al. 
2002, 2011). These models do not incorporate the mecha-
nisms in the second pathway that we identified, which arise 
from changes in the strength of interspecific competition. 
Furthermore, these models represent TES as white noise, cor-
responding to weak temporal correlations. Thus, results from 
these models focused only on negative effects of TES on spe-
cies richness arising from greater temporal fluctuations in spe-
cies abundances, in scenarios with weak temporal correlations.

Overall, our work has provided a new theoretical frame-
work that provides novel mechanistic insights into how 
TES affects species richness. We envisage that our frame-
work can be applied to more complex biological scenarios 
than the ones we have considered, and we finish by high-
lighting some of these scenarios to motivate future research. 
Firstly, we examined temporal variation in intrinsic birth 
rates, but future studies could also examine temporal varia-
tion in intrinsic mortality rates. Secondly, the TES regimes 
that we examined had one characteristic timescale, and so in 
future there is an opportunity to explore regimes with mul-
tiple timescales, such as 1/f-noise (Halley 1996, Halley and 
Kunin 1999). Thirdly, our study focused on competition for 
one type of resource and hence future studies could extend 
our analyses to include competition for multiple resource 
types and also other types of interaction, such as mutual-
ism and trophic interactions. Fourthly, our study examined 
the effects of TES on coexistence of species in communities 
without evolution. Therefore, there is scope to add evolu-
tion, for example by including a heritable trait that deter-
mines a species’ mean fitness. And lastly, there is scope to 
extend our analyses to a situation where a local community 
receives immigration from a larger metacommunity (Hubbell 
1997, 2001, Kalyuzhny et al. 2015, Fung et al. 2016), which 
would provide a better connection between local and regional 
dynamics.
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