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Species interactions can explain
Taylor’s power law for ecological
time series

A. M. Kilpatrick & A. R. lves

Department of Zoology, University of Wisconsin—Madison, Madison, Wisconsin
53706, USA

One of the few generalities in ecology, Taylor’s power law'>,
describes the species-specific relationship between the temporal
or spatial variance of populations and their mean abundances.
For populations experiencing constant per capita environmental
variability, the regression of log variance versus log mean abun-
dance gives a line with a slope of 2. Despite this expectation, most
species have slopes of less than 2 (refs 2—4), indicating that more
abundant populations of a species are relatively less variable
than expected on the basis of simple statistical grounds. What
causes abundant populations to be less variable has received
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considerable attention®'?, but an explanation for the generality
of this pattern is still lacking. Here we suggest a novel explanation
for the scaling of temporal variability in population abundances.
Using stochastic simulation and analytical models, we demon-
strate how negative interactions among species in a community
can produce slopes of Taylor’s power law of less than 2, like those
observed in real data sets. This result provides an example in
which the population dynamics of single species can be under-
stood only in the context of interactions within an ecological
community.

Taylor’s power law describes the species-specific scaling relation-
ship between the variance of population abundances and their
means, which has been established for more than 400 species in
taxa ranging from protists to vertebrates™*. The ubiquity of Taylor’s
power-law slopes of between 1 and 2 suggests an underlying
fundamental explanation that might give insights into general
ecological processes affecting many species. Furthermore, under-
standing the relationship between a population’s variability and its
mean abundance is needed to address numerous ecological prob-
lems, including conducting population viability analyses in con-
servation biology", testing diversity-stability hypotheses*® and
sampling for pests in agriculture'”'®.

There are two separate relationships between the variance and
mean of a species’s abundance, one temporal and one spatial’. Of
these, the spatial relationship has received the most theoretical
investigation®”"'>'"°. Here we focus on the temporal relationship in
which the variance and mean abundance of a species through time
are calculated for multiple populations, and these are graphed on a
log—log scale with each datum representing a population. The null
expectation for Taylor’s power law for temporal variation is that the
slope of the log variance versus log mean plot equals 2. This
expectation derives from the well-known relationship that, when
scaling any random variable X with finite mean y and variance ¢ by
some constant k, the mean and variance of kX are ku and ko7,
respectively. On a log-log plot, the relationship between ku and
k*0*is aline with a slope of 2. A slope of less than 2 indicates that the
per capita variability in population abundance decreases with
increasing mean population abundance.

Taylor and others™* showed that the logarithm of the temporal
variance of a population is tightly correlated to the logarithm of the
mean abundance, with the correlation coefficient usually exceeding
0.9. For most species, the slope of the relationship is between 1 and
2. In an attempt to explain slopes of less than 2, Anderson and co-
workers'? showed that demographic stochasticity (variation caused
by stochastic births and deaths of individuals in finite populations)
in an exponentially growing population could lead to slopes for the
temporal log variance versus log mean relationship of between 1 and
2, depending on the size of the population and the demographic
parameters. Although demographic stochasticity certainly affects
the dynamics of populations and can produce reduced slopes of
Taylor’s power law'>**?!, these effects are most prevalent for popu-
lation sizes on the order of hundreds or smaller. For many of the
species considered by Taylor and others>*, the population size being
sampled is likely to be in the tens of thousands or greater (for
example, many insect species). For larger population sizes, environ-
mental stochasticity in per capita population growth rates, which
leads to a variance that scales with the square of the mean, over-
shadows the variance due to demographic stochasticity, which
scales directly with the mean.

A second mechanism that could decrease the slope of Taylor’s
power law is sampling variance or error in the measurement of
population abundance®. Sampling variance generally scales directly
with the mean and thus by itself would produce a power-law slope of
less than 2. Nevertheless, the effect of sampling variance on the slope
declines with sampled abundance because at high abundance the
variance—mean scaling will be dominated by environmental and/or
demographic stochasticity. Although sampling variance certainly
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contributes to the relationships seen in the empirical data, it is
unlikely to be important in data sets where the sampled abundance
is high.

Here we demonstrate that negative species interactions, including
direct competition and ‘apparent competition’ through shared
predators, lead to slopes of the log variance versus log mean
relationship of between 1 and 2. Negative species interactions are
common in natural communities®, and thus this mechanism might
affect the variance-mean scaling of many species. For example,
power-law slopes of less than 2 have been demonstrated for
numerous aphids in Europe™, and many aphids are known to
compete both directly** and indirectly®®. Certainly, for some
species, a power-law slope of less than 2 is unlikely to be caused
by negative species interactions, but many other species have direct
competitors and shared predators that could affect their power-law
slopes.

For the simplest case, we considered a competitive community of
n species each growing according to a discrete logistic equation in
which carrying capacities K; differ between species. The density of
species 7 at time ¢t + 1, x,(¢t + 1), is given by

x;i(t) + Zaijxj(t)
JFEi

x(t+ 1) =xi(t)exp |ri| 1 — + &i(t) (1)

K;

where r; is the intrinsic rate of increase of species i, aj; is the
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Figure 1 Five simulations of ten-species communities using the model from equation (1).
a, Each species in the collection of simulations had a fixed r; between 0.5 and 1.0 for all
five simulations. In each simulation, corresponding to separate communities, the values of
a jand K; were selected from uniform distributions with ranges of 0-0.5 and 50-1,550,
respectively. For the focal species, plotted with the thick solid line in each panel, r= 0.57
in all five communities. b, Plot of log variance against log mean for this species, with each
point giving the log mean and log variance from one of the five other panels. The slope of
the best-fit line is 1.58.
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competition coefficient giving the per capita effect of species j on
species i (which possibly differs between each pair of species) and
€,(t) is a normal random variable incorporating environmental
stochasticity into the per capita population growth rate.

To simulate the data needed to calculate the temporal Taylor’s
power law, we embedded a focal species in different simulated
communities. The focal species retained its intrinsic rate of increase,
r;, in each of these communities, but values of K; and «; for the
focal and all other species were selected from random distributions.
One example of the resulting simulations (Fig. 1) with average
aj; = 0.25 creates data corresponding to Taylor’s power law with a
slope of 1.58. Note that even though interspecific competition
created a slope of less than 2, the strength of competition is weak
(average a;; = 0.25). Furthermore, the average correlation coeffi-
cient between the focal species and all other species in the commu-
nity (averaged over all five communities) is 4-0.04, giving no visual
suggestion of a strong effect of competition on the temporal
dynamics of the species.

Our simulations produce linear relationships between log vari-
ance and log mean comparable to those observed for a number of
real species (Fig. 2a,b). When there are no species interactions (that
is, ajj =0), the slope of the temporal relationship between log
variance and log mean averages 2 (Fig. 2¢) but might be above or
below 2 for a single set of simulations. However, when competitive
interactions increase between species, the average slope decreases
from 2 to 1 (Fig. 2¢). Real single-species data sets show a range of
slopes from 0.9 to 2.6, with most between 1.0 and 1.8 (ref. 3).
Thus, the range of values described for real species could be the
result of species existing in communities with strong to weak
competition.

To explore the general relationships underlying these simulation

Log variance @
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Log mean abundance, staggered
€20+
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@jj
Figure 2 Taylor's power law for real and simulated data. a, b, Log temporal variance
plotted against log mean abundance for simulations using equation (1) (a) and empirical
data from three representative insect species from ref. 13 (b). PH, Phorodon humuli; CM,
Colostygia multistrigaria; OS, Ourapteryx sambucaria. The mean abundances have been
staggered horizontally for clarity. Parameter values from equation (1) were set to match
the range in mean and variance for the data presented in b: plus signs, & ~ N(0, 0.006),
K ~ uniform (50-5,050); e = 0; circles, € ~ N(0, 0.006), K ~ uniform (50-2,050),
a ;= 0.06; crosses, € ~ N(0, 0.004), K ~ uniform (50-1,050), o ;= 0.15. ¢, The
slope (=1 s.d.) of the plot of log temporal variance versus log mean abundance as a
function of the average strength of competition between species, with K ~ uniform
(50—-1,050). All simulations were done starting with 20 species, and temporal variance
and mean were calculated from 50 time steps for each population after transients had
dissipated.
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results, we developed a log-linear approximation model that can be
solved algebraically (see Methods). The solution incorporates the
average strength of interspecific competition as the reduction in the
average of the equlhbrlum densities of species in the commumty
scaled by their carrying capacities. Thus, denoting £ =137 | %
where x;* is the equilibrium abundance of species i (that is, tﬁe
abundance that would occur in the absence of environmental
variability), if there is no interspecific competition then ¥* =1,
and the greater the strength of interspecific competition averaged
throughout the community, the lower is the value of ¥*. The analysis
shows that the power-law slope decreases with increasing strength of
interspecific competition, as measured by the reduction in x*, yet it
is relatively insensitive to the number of species in a community
once the community size, #, exceeds five (Fig. 3a). The extent to
which competition decreases the slope also depends on how the
stochastic variation affecting species densities is correlated: when
the environmental stochasticity is perfectly correlated between
species (p = 1), the slope equals 2, and decreasing environmental
correlation decreases the slope (Fig. 3b). This shows, interestingly,
that the slope of the relationship between log variance and log mean
might be the product not only of species interactions but also of how
species respond to environmental stochasticity relative to each
other. Finally, higher intrinsic rates of increase lessen the effect of
competition in decreasing the slope below 2 (Fig. 3b). These results
hold for a broad suite of possible models of competitive interactions
(see Methods). Furthermore, simulations of communities in which
species do not interact directly but instead interact through shared
predators show that indirect ‘apparent competition’ can produce
power-law slopes of less than 2 in much the same way as direct
competition does (results not shown).
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Environmental correlation, p

Figure 3 Analytical approximation of Taylor’s power law (equations (5) and (6)).

a, Slope of Taylor’s power law plotted against the strength of competition measured by the
decrease in mean species densities relative to their carrying capacities, x*, for
communities with n = 3, 5, 10 and 20 species. Other parameters are r=1and p = 0.
b, Slope of Taylor's power law plotted against the correlation between environmentally
driven variation in species per capita population growth rates, p, for r=1.25, 1.00 and
0.75. Other parameters are n = 20 and x* = 0.8.
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The effect of competitive interactions on the slope of Taylor’s
power law can be explained by considering the simple case of a
community consisting of only two competitors. Suppose one
competitor is less abundant, either because it has a smaller carrying
capacity K; or because it is an inferior competitor to the other
species owing to asymmetrlc values of «;;. The variability experi-
enced by the rarer species is a comblnatlon of the environmental
variability that affects it directly and the variability produced by
competition with the more common species. Because the more
common species has a higher carrying capacity and/or is a superior
competitor, the variability in the rare species produced by inter-
specific competition is relatively large, and this substantially
increases the variance in abundance of the rarer species. In contrast,
the more common species experiences weaker interspecific compe-
tition and therefore has lower variability. Thus, the higher varia-
bility that the rarer species experiences through interspecific
competition relative to the more common species produces a
Taylor’s power-law slope of less than 2. Although this example
consists of two species in one community, the same reasoning
applies to one species existing in two communities at different
abundances.

In conclusion, our result contributes to the growing understand-
ing that weak or diffuse interactions between species in a food web
can contribute strongly to the dynamical properties of a community
as a whole or its constituent species®**. If interspecific competition
influences the slope of Taylor’s power law for a given species, this
species-specific slope is in fact governed by multi-species inter-
actions. This raises caution about performing analyses involving the
stochastic fluctuations in species population densities, such as
population viability analyses'’, because a species’s stochastic
dynamics might reflect not only the species’s sensitivity to its
environment but also its interactions with other species. Thus, to
understand fluctuations in the abundance of individual species, it is
necessary to understand how species interact with each other
and how environmental variability is propagated through food
webs. O

Methods

To analyse the competition model in equation (1), we first note that, without loss of
generality, population densities, x;(t), can be rescaled relative to their carrying capacities,
K, to give Xi(t) = x;(t)/K;. Rescaling djj = ;;K;/K; gives an equation of the form of
equation (1) but without parameters K;. The rescaled coefficients &;; give the competitive
effect of species j on species i weighted by the relative densities that each species would
achieve in the absence of competition. Therefore, d;; measures the impact of interspecific
competition relative to intraspecific competition.

Nearly all nonlinear models can be well approximated by Taylor expanding around a
fixed point. For a model of # interacting species such as equation (1), the population
dynamics can be approximated by the log-linear model

n
Zi(t+1) =Y bzi(t) + &i(t) )
=1
where z;(t) = log X;(t), & (t) is a random variable representing environmental stochasticity,
and bj; encapsulates the interactive effect of species j on the population growth rate of
species 7.

For the specific model in equation (1), we consider the special case in which r; = r and
djj = dj for all species i. That is, all species have the same intrinsic rate of increase, and the
relative competitive effect of species j on species i is the same for all species i. We consider
this special case because it leads to an algebraic solution of equation (2). Numerical studies
of the general form of equation (1) demonstrate the same qualitative patterns as derived
from this special case. When r; = r and dj; = dj, coefficients in the log-linear

approximation are
R
bjj=1-—r%;

(i=)

LY 3)
by=b=—r(5545) (#)

where %;* is the untransformed equilibrium abundance of species i (scaled by K;) in the
absence of environmental stochasticity, and %* is the mean of the values of %;* across all
species. This approximation has the properties that b;; = bjand b;; + Zblj =1—r,which
are properties shared by all competition models of the form

JFi

%t +1) = x(0f {w) + Za}fcjm} o)
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where f[] is an unspecified linear or nonlinear function.
The change in the variance relative to the change in the mean can be computed from
equations (2) and (3) as

AV]z] Q2n(n+1)—6n+2)p — DH(rE*n—1)—(n— 1))
AZ; - r(*n—1)((n—2)+Xn—r&Xn—1))rE*n—1)—2(n—1))

©)

where AV[z;] is the change in the variance of the log-transformed population density
z,(t) with a change Az; in the mean, and p is the correlation of environmental stochasticity
£,(t) between species (assumed to be the same for all species in the community). This

is an exact solution for the model given in equations (2) and (3) that can be derived
algebraically for the cases of n = 2 and n = 3 (ref. 29), and then generalized to arbitrarily
many species. The slope of the variance versus the mean population density on a
logarithmic scale is

Alog Vx;] = AV|z]

6
Alogx; Az; ©

allowing the translation of equation (5) into Taylor’s power law.
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The Saccharomyces ‘sensu stricto’ yeasts are a group of species
that will mate with one another, but interspecific pairings
produce sterile hybrids. A retrospective analysis of their genomes
revealed that translocations between the chromosomes of these
species do not correlate with the group’s sequence-based phylo-
geny' (that is, translocations do not drive the process of specia-
tion). However, that analysis was unable to infer what
contribution such rearrangements make to reproductive iso-
lation between these organisms. Here, we report experiments
that take an interventionist, rather than a retrospective approach
to studying speciation, by reconfiguring the Saccharomyces
cerevisiae genome so that it is collinear with that of Sacchar-
omyces mikatae. We demonstrate that this imposed genomic
collinearity allows the generation of interspecific hybrids that
produce a large proportion of spores that are viable, but exten-
sively aneuploid. We obtained similar results in crosses between
wild-type S. cerevisiae and the naturally collinear species Sac-
charomyces paradoxus, but not with non-collinear crosses. This
controlled comparison of the effect of chromosomal transloca-
tion on species barriers suggests a mechanism for the generation
of redundancy in the S. cerevisiae genome’.

The Saccharomyces sensu stricto yeasts comprise six species:
S. cerevisiae, S. paradoxus, S. bayanus, S. cariocanus, S. mikatae
and S. kudriavzevii**. Three of these species are characterized by the
presence of specific reciprocal chromosomal translocations: four in
S. bayanus and S. cariocanus, and one and two, respectively, for the
two strains of S. mikatae—IFO1815 and IFO1816 (ref. 1). Reciprocal
translocations in yeasts can potentially have a significant effect on
reproductive isolation, and have been proposed as a cause of
speciation, by inducing inviability of hybrid ascospores’. Yeasts
from the Saccharomyces sensu stricto species readily hybridize in
nature and in the laboratory, but hybrids are generally sterile, with
less than 5% viable ascospores®®. We previously mapped the
translocations, relative to the karyotype of S. cerevisiae, which are
found in the Saccharomyces sensu stricto yeasts', and discovered that
there was no correlation between the sequence-based phylogeny of
these species and the occurrence of chromosomal translocations.
We concluded that chromosomal translocations do not drive the
process of speciation, but may contribute to the reproductive
isolation between species once they had formed by some other
means. To analyse that contribution, we required some way of
dissecting the effects of reciprocal translocations away from the
other genetic differences between these species. Fortunately, the
availability of the complete genome sequence of S. cerevisiae®, and
our own development of a method for generating precisely located
chromosomal translocations in this organism’, offered the oppor-
tunity for effecting such a dissection. We could engineer the genome
of S. cerevisiae to make it collinear with that of one of the other

# Present addresses: School of Biological Sciences, University of Wales at Bangor, Brambell Building,
Deiniol Road, Bangor LL57 2UW, UK (I.C.); Alexander Fleming Biomedical Science Research Centre,
14-16 Fleming Street, 16672-Vari, Greece (S.G.).
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