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ABSTRACT

Background: Long-term cycles in animal abundance impact the dynamics of most major
ecosystems, yet the drivers of broad-scale variability in these cycles are unclear.

Aim: Examine potential relationships between the period of long-term population cycles and
key life-history traits (generation time and its primary determinants – body mass and body
temperature) across a broad range of primary consumer taxa (protists, zooplankton, insects,
mammals, and birds).

Results: We find that long-term cycle periods vary predictably with generation time,
body mass and temperature. Cycle periods decreased exponentially with increasing body
temperature, and increased as a power law with increasing body mass.

Conclusions: These scaling relationships appear more consistent with predictions from
models of population dynamics based on maternal effects than with those based on specialized
consumer–resource interactions. More generally, the results provide a basis for understanding
how changes in the size structure of populations, or the environmental temperatures popula-
tions experience, may affect their dynamics.

Keywords: macroecology, metabolic theory, population dynamics, climate change,
global warming, scaling.

INTRODUCTION

Since Elton (1924) described long-term, periodic fluctuations in the abundance of animal
populations nearly 100 years ago, this phenomenon has been a central focus of ecological
research (Turchin, 2003; Ginzburg and Colyvan, 2004; Barraquand et al., 2017; Jones, 2017). The period of these
so-called ‘long-term population cycles’ may vary by orders of magnitude among the variety
of taxa that exhibit them [e.g. protists, zooplankton, insects, mammals, and birds (Fenchel,

1982; Kendall et al., 1998)], and thus have major impacts on the structure and function of eco-
systems (Mattson and Addy, 1975; Holling, 1992; Ims and Fuglei, 2005; Benincà et al., 2009) and their services
to society [e.g. food security, sustainability (Kurz et al., 2008; Murray et al., 2013)]. For example, peak
abundances in the 30-year cycles of Choristoneura occidentalis (western spruce budworm)
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may affect up to 5 million hectares of forest in a given year (Hofacker et al., 1983). Thus, it is
important to understand the factors that underlie heterogeneity in long-term population
cycles, particularly in light of the potential for climate warming to decrease the period of
cycles for groups such as insect pests (Volney and Fleming, 2000; Logan et al., 2003).

Attempts to explain interspecific variation in long-term population cycle periods have
generally led to two classes of explanations, both of which presume that cycles are produced
by delayed negative feedback loops between population density and growth rate. The more
classical ecological explanation argues that feedbacks are created by specialized consumer–
resource interactions (e.g. predator–prey, host–parasite) (Lotka, 1925; Volterra, 1928; Turchin, 2003),
but more recently researchers have suggested these feedbacks arise from density dependence
in individual ‘quality’ (e.g. physiological state) that is transmitted across generations
[i.e. maternal effects (Ginzburg and Taneyhill, 1994; Ginzburg and Colyvan, 2004)]. Importantly, both
explanations predict that cycle periods depend in part on the life histories of species – albeit
in somewhat different ways. Thus, broadly examining relationships between key life-history
variables and long-term population cycle periods may help to distinguish between these
hypotheses and, more generally, to link the biology of individual species to their long-term
population dynamics.

Previous research in birds and mammals has suggested that long-term cycle periods
depend strongly on species’ biological time clocks such that smaller, short-lived animals
cycle faster than larger, long-lived ones. This research was largely based on the observation
that the cycle periods of species in these groups scale predictably with body mass as a power
law, in a manner similar to other biological times [e.g. generation time (Calder, 1983; Peterson et al.,

1984; Krukonis and Schaffer, 1991; see also McNab, 1980)]. However, among invertebrates such as forest
insects, body mass appears to explain little, if any, variation in long-term cycle periods
(Hendriks and Mulder, 2012). Furthermore, cycle periods do not appear to scale with body mass
across insects and endothermic vertebrates. For example, despite their relatively small body
sizes, forest insects may cycle over decades – a period longer than many birds and mammals
(Berryman, 1995; Högstedt et al., 2005). This has led some to reject the generality of Calder’s
(1983) proposed link between cycle period and biological time clocks across taxa (Berryman, 1995;

Högstedt et al., 2005) in favour of other explanations, such as the lifespan of food resources
(Högstedt et al., 2005).

Here we perform a broad-scale analysis of the potential impacts of individual-level
drivers of long-term population cycles across nearly the full range of primary consumer
species known to exhibit cyclicity (protists, zooplankton, insects, mammals, and birds; 105
species). The dataset thus includes species from all major types of ecosystems (e.g. marine,
freshwater, terrestrial), which span approximately 15 orders of magnitude in body mass and
40�C in body temperature. We focus on the potential effects of generation time and the
primary determinants of generation time at broad scales: body mass and temperature.
Biological rates and times, including generation time and intrinsic population growth rate,
typically vary exponentially with temperature and as a power law with body mass as might
be expected given their relationship to mass-specific metabolic rate (Gillooly et al., 2001, 2002; Savage

et al., 2004; McCoy and Gillooly, 2008). We will specifically examine whether cycle periods (ρ; days) of
diverse primary consumers vary in proportion to generation time (τ; days) and thus with
body mass (M; grams) and temperature (T; degrees K) as:

ρ ∝τ ∝M 1/4e0.65�1
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T
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T20�C
�� (1)
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where k is Boltzmann’s constant (8.62 *10−5 eV/K) and 0.65 is the apparent average acti-
vation energy of metabolism (Gillooly et al., 2001). For long-term population cycle periods,
equation (1) describes a linear relationship with generation time, an exponential relation-
ship with temperature, and a power law relationship with body mass. While we recognize
that the proposed mass and temperature dependence shown in equation (1) remains a topic
of debate, it is useful as a point of departure for explaining macroecological patterns related
to individual-level physiology (see Dillon et al., 2010 and references therein).

We have three primary objectives in performing this study. First, we wish to empirically
evaluate any relationship between generation time and long-term population cycle periods.
Generation time is often assumed to be related to cycle periods (e.g. Benincà et al., 2011), but a
relationship between these two variables has not been shown at this scale. Second, we wish
to examine if long-term population cycles show the exponential temperature dependence
described by equation (1). This would imply that a 10�C increase in temperature would lead
to a roughly 250% decrease in cycle period (i.e. Q10 ≈ 2.5). Previous work on Daphnia
populations has shown relationships qualitatively consistent with this expectation (McCauley

and Murdoch, 1987), but no broad-scale interspecific relationship has previously been described.
We suspect that this proposed temperature dependence may explain why long-term cycle
periods appear to scale with body mass within endothermic vertebrates, but not within
invertebrate groups in some cases. Finally, we hope that our analyses will contribute to a
better understanding of the ecological and evolutionary processes underlying variation
in long-term cycle periods (e.g. maternal effects or specialized consumer–resource
interactions).

METHODS

Data collection

We compiled data on long-term population cycles for field and laboratory populations of
diverse species (insects, n = 44; protists, n = 4; zooplankton, n = 7; mammals, n = 38; birds,
n = 12) that span a broad range of body temperatures (∼0 to ∼40�C) and body masses
(∼10−10 to ∼105 g). We obtained cycle period data from classical comparative studies (i.e. Calder,

1983; Peterson et al., 1984; McCauley and Murdoch, 1987; Hanski et al., 1991; Krukonis and Schaffer, 1991; Murdoch et al.,

2002; Högstedt et al., 2005), and more recent studies of individual species. Studies used a
variety of methods to distinguish periodic fluctuations in time series (e.g. spectral analysis,
visual estimates, autocorrelation analysis). Since there is some debate as to the appropriate
methodology (see, for example, Krukonis and Schaffer, 1991; Louca and Doebeli, 2015), we did not exclude any
cycles because of methodology. Instead, we compiled data on statistical methodology and
statistical support for periodicity to evaluate whether these variables affected the results. We
restricted our analyses to cycles with periods greater than 4 generations, since this is the
empirical threshold that is thought to separate short- and long-term cycles (Murdoch et al., 2002;

Turchin, 2003).
We limited long-term population cycles of zooplankton and protists to those observed in

the laboratory because there is generally greater confidence in body temperatures and
greater resolution of time series in laboratory studies of these organisms (McCauley and Murdoch,

1987). These laboratory studies used temperatures close to the species’ preferred temperatures
and allowed resource availability (e.g. algae for zooplankton) to fluctuate to mimic field
conditions. While there are obviously still differences between the environmental conditions
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experienced by these field and lab populations of zooplankton (e.g. temperature variability,
photoperiod), previous studies using similar laboratory methods found the dynamics of lab
populations to be comparable to those of field populations (McCauley and Murdoch, 1987; McCauley

et al., 1999).
For each species’ cycle period, we collected data on adult body mass, body temperature,

and generation time. Where direct estimates for body mass were not available, we estimated
body mass using published length–weight regression equations [insects (Rogers et al., 1976;

Honěk, 1993); zooplankton (Peters and Downing, 1984)], or based on body volume measures assum-
ing a density of water. Data for zooplankton and protists were from laboratory populations
held at constant temperatures. Data for insects were primarily field measures from sites
spanning a range of latitudes (65�N to −2�S). For these insects, we assume that body
temperatures track environmental temperatures since their small body sizes generally pre-
clude heat storage due to high convective heat loss (Stevenson, 1985). As it was not clear whether
average annual environmental temperature or average growing season temperature (April–
October in northern hemisphere; October–March in southern hemisphere) was the most
appropriate environmental temperature to estimate insect body temperature, we performed
analyses using both measures. In the main text we show results using average annual tem-
perature, but we provide results using average growing season temperature in the Appendix
(evolutionary-ecology.com/data/3111Appendix.pdf). We collected these temperature data
from Worldclim (Hijmans et al., 2005), which was averaged over a spatial area of ∼106 hectares
(e.g. Swetnam and Lynch, 1993; Candau et al., 1998). For insects, we also included data for latitude.
Latitude was important to consider in insects, since it is correlated both with environmental
temperature and other factors that may influence cycle periods such as primary productivity
or photoperiod. For mammals and birds, we used species-specific estimates of body tem-
perature when available or, if not, the average body temperature of each class [mammals
36.4�C; birds 41.5�C (Clarke and Rothery, 2008)]. Finally, we collected species-specific data for
generation time, defined here as the age at first reproduction of females, from a variety of
sources that includes recent compilations for birds and mammals (Myhrvold et al., 2015). All data
and sources are given in the Appendix.

Statistical analyses

We evaluated model predictions (eqn. 1) regarding the relationship of long-term cycle
periods to generation time, and to body mass and body temperature. We did so by fitting
statistical models to natural log-transformed data using both ordinary least squares (OLS)
and phylogenetic generalized least squares (PGLS) regression. To assess the relationship
between cycle period (ρ, in days) and generation time (τ, in days), we used the following
model (hereafter ‘Model 1’):

ln(ρ) = ln(I) + θ ln(τ),

where ln(I) is the intercept and θ is a parameter describing the generation time dependence
of cycle period. We used ‘Model 2’ to assess the body mass (M, in grams) and temperature
(T, in degrees K) dependence of cycle period (ρ, in days):

ln(ρ) = ln(Io) + bln(M) + E�1

k�
1

T
 − 

1

T20�C
��.
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where k is Boltzmann’s constant, ln(Io) is the intercept, and b and E are parameters
describing the body mass and temperature dependence of cycle period, respectively.
Equation (1) predicts that θ = 1, b = 0.25, and E = 0.65. To plot the independent effect of
temperature on cycle period, we ‘body mass-corrected’ cycle period as:

ln(ρ/Mb) = ln(Io) + E �1

k�
1

T
 − 

1

T20�C
�� ,

where the slope E corresponds to the apparent activation energy in equation (1). Similarly,
we ‘temperature-corrected’ cycle period to plot the independent effect of body mass on
cycle period:

ln�ρ/eE�1

k �� 1

T
−

1

T20�C
� �� = ln(Io) + bln(M).

These methods for body mass- and temperature-correcting cycle period follow from Brown
et al. (2004).

We assessed the effects of generation time, body mass, and temperature on cycle periods
within and across taxonomic groups. For analyses within groups, we considered three
groups: (1) insects, (2) mammals and birds, and (3) zooplankton and protists. We chose to
group mammals and birds together in our analyses to provide a sufficient range of body
masses, and to remain consistent with previous studies of endotherms (Peterson et al., 1984;

Krukonis and Schaffer, 1991). Similarly, we chose to group zooplankton and protists together in
part to provide a wider range of body masses and temperatures. More importantly, we
grouped zooplankton and protists together because these populations were observed in
the laboratory at constant temperatures, unlike all other populations. Thus, we avoid
comparing the effects of variable temperature regimes in the field populations of insects
to those of constant temperatures in the laboratory. Instead, we compare the relationships
observed in each group to model predictions. Note that while growth under variable
temperature regimes may affect features such as generation time in insects, any such
effects do not vary predictably in either the magnitude or the direction of the effect (Colinet

et al., 2015).
We performed five analyses to evaluate the robustness of parameter estimates. First, we

accounted for possible non-independence of data due to shared evolutionary history by
performing PGLS regression analyses on data for median cycle period per species using the
package ‘nlme’ in R (Pinheiro et al., 2012). To do so, we built a phylogeny from the Open Tree of
Life (Hinchliff et al., 2015) using the R package ‘rotl’ (Michonneau et al., 2016). This phylogeny included
all species except Lagopus lagopus. We assumed Brownian trait evolution [implemented in
PGLS using the R package ‘ape’ (Paradis et al., 2004)] and equal branch lengths since divergence
times of eukaryote taxa are uncertain (dos Reis et al., 2015). Second, we accounted for potential
pseudoreplication in data by using the R package ‘boot’ to perform an ordinary non-
parametric bootstrapping procedure for both statistical models (Davison and Hinkley, 1997; Canty

and Ripley, 2017) (see Appendix). Third, we performed analysis of covariance (ANCOVA) to
evaluate possible effects of the following three categorical covariates on OLS parameter
estimates (Krukonis and Schaffer, 1991): (1) the statistical methodology used to measure periodicity
in time series [spectral or global wavelet analysis, average time between peaks or troughs in
abundance (i.e. subjective), autocorrelation analysis, or other methods]; (2) the statistical
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significance attributed to a cycle (P < 0.05, P > 0.05, and statistical significance not
assessed); and (3) the number of cycles observed in the time series [< 3 or > 3 cycles observed
(Kendall et al., 1998; Murdoch et al., 2002)] (see Appendix). Fourth, we examined potential effects of
latitude on insect cycle period by performing multiple linear regression analyses to assess
the combined effect of latitude, mass, and temperature on cycle period. Finally, we assessed
the effect of our estimate for insect body temperature (i.e. average annual temperature vs.
average growing season temperature) on the body mass and temperature dependence of
cycle period within insects and across groups by performing analyses using both estimates
for insect body temperature (see Appendix).

RESULTS

Long-term population cycle periods generally showed the functional relationships with
generation time, and body mass and temperature, described by equation (1). Across all
species, generation time explained 87% of the variation in cycle periods (OLS) and 75%
of the variation in median cycle periods (PGLS; Fig. 1, Table 1). Yet, both OLS and PGLS
analyses yielded slopes of ln(cycle period) vs. ln(generation time) that were significantly less
than 1 (OLS: n = 322, θ = 0.87, 95% CI = 0.83 to 0.91; PGLS: n = 104, θ = 0.73, 95%
CI = 0.59 to 0.89). Results of the bootstrapping procedure showed little bias in regression
parameters for Model 1 within and across groups [the greatest bias in θ (i.e. generation time
parameter) was observed within insects: ∼10−2; see Appendix]. Furthermore, ANCOVA
analyses showed only minor deviations in OLS parameter estimates for Model 1 related to
methodological covariates (see Appendix). Long-term cycle periods also showed strong
relationships with body mass and temperature across all taxa, as described by equation (1)
(Table 1, Fig. 2). Together, these two variables explained 89% of the variation in cycle
periods, as shown by OLS regression, and 69% of the variation in median cycle period
(PGLS; Table 1). For body mass, after accounting for effects of temperature, the observed
slope did not differ significantly from the predicted value of b = 0.25 using PGLS analysis
(n = 104, b = 0.24, 95% CI = 0.18 to 0.30; Table 1) and showed only a slightly steeper slope
using OLS analysis (n = 322, b = 0.31, 95% CI = 0.30 to 0.32; Fig. 2a, Table 1). With respect
to temperature, we observed a linear relationship between ln(body mass-corrected cycle
period) and inverse temperature, with a slope that did not differ significantly from the
predicted value of 0.65 in the case of OLS (OLS: n = 322, E = 0.65, 95% CI = 0.61 to 0.69;
PGLS: n = 104, E = 0.43, 95% CI = 0.25 to 0.61; Fig. 2b, Table 1).

However, ANCOVA analyses revealed significant but minor effects of statistical
methodology on OLS estimates for the temperature dependence of cycle period across
taxa (see Appendix). Specifically, the subset of data that determined period length by
spectral analysis showed a slope of E = 0.57 (n = 173; 95% CI = 0.5 to 0.64), whereas the
subset of periods estimated simply as the average time between peaks or troughs showed a
slope of E = 0.72 (n = 117, 95% CI = 0.66 to 0.78). In addition, OLS estimates of E were
significantly affected by covariate 2, the statistical significance attributed to a cycle, with
E varying from 0.56 in statistically significant cycles (n = 103, 95% CI = 0.47 to 0.65) to
0.70 in cycles that did not have an assessment of statistical support (n = 162, 95% CI = 0.65
to 0.75) to 0.31 in cycles that were not deemed statistically significant (n = 57, 95% CI =
0.16 to 0.45; see Appendix). The bootstrapping procedure found little bias in the OLS
parameter estimates for these relationships (the estimated biases for b and E were ∼10−4; see
Appendix).
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Fig. 1. Effect of the natural logarithm of generation time on the natural logarithm of long-term
population cycle periods.

Fig. 2. The effect of body mass and body temperature on cycle periods across all taxa. (a) The natural
logarithm of body mass vs. the natural logarithm of body temperature-corrected cycle period

�days/e
0.65

k �1

T
 − 

1

T20�C
��; (b) the inverse of absolute temperature vs. the natural logarithm of body mass-

corrected cycle period (days/g0.31).
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Within groups, the body mass and temperature dependencies of cycle period were similar
to those observed across all taxa. For body mass, our results corroborate the previously
observed quarter-power body mass scaling of cycle period in mammals and birds
[OLS: n = 167, b = 0.24, 95% CI = 0.21 to 0.26; PGLS: n = 49, b = 0.16, 95% CI = 0.04 to
0.28 (Calder, 1983; Peterson et al., 1984; Krukonis and Schaffer, 1991)]. Within the insect and zooplankton/
protist groups, cycle period scaled similarly to body mass (Table 1). In both groups, the

Table 1. Summary of OLS and PGLS regression analyses for Model 1 and Model 2 within and across
groups (i.e. insects, zooplankton, protists, mammals, and birds)

Model 1: ln(ρ) = ln(I) + θ ln(τ)
n df ln(I) P θ P R2

All groups
PGLS 104 102 3.5 (2.4, 4.6) ** 0.73 (0.59, 0.89) ** 0.75
OLS 322 320 3.3 (3.1, 3.5) ** 0.87 (0.83, 0.91) ** 0.87

Insects
PGLS 44 42 4.2 (2.6, 5.7) ** 0.74 (0.48, 1.00) ** 0.66
OLS 119 117 4.9 (4.2, 5.6) ** 0.56 (0.43, 0.70) ** 0.39

Zooplankton/protists
PGLS 11 9 2.6 (1.7, 3.5) ** 0.55 (0.26, 0.85) 0.01 0.77
OLS 36 34 2.7 (2.5, 2.9) ** 0.68 (0.53, 0.83) ** 0.72

Mammals/birds
PGLS 49 47 4.9 (3.3, 6.7) ** 0.57 (0.33, 0.81) ** 0.58
OLS 167 165 5.0 (4.6, 5.4) ** 0.58 (0.51, 0.66) ** 0.61

Model 2: ln(ρ) = ln(Io) + bln(M) + E�1

k�
1

T
 − 

1

T20�C
��

n df ln(Io) P b P E P R2

All groups
PGLS 104 101 7.1 (5.9, 8.2) ** 0.24 (0.18, 0.30) ** 0.43 (0.25, 0.61) ** 0.69
OLS 322 319 7.6 (7.5, 7.6) ** 0.31 (0.30, 0.32) ** 0.65 (0.61, 0.69) ** 0.89

Insects
PGLS 44 41 8.2 (6.8, 9.5) ** 0.23 (0.08, 0.37) ** 0.41 (0.20, 0.61) ** 0.65
OLS 119 116 7.6 (7.3, 8.0) ** 0.17 (0.12, 0.21) ** 0.48 (0.34, 0.62) ** 0.48

Zooplankton/protists
PGLS 11 8 5.9 (3.9, 7.8) ** 0.21 (0.08, 0.33) 0.01 0.69 (0.16, 1.2) 0.03 0.81
OLS 36 33 5.9 (4.9, 6.9) ** 0.21 (0.14, 0.28) ** 0.89 (0.47, 1.3) ** 0.74

Mammals/birds
PGLS 49 47 7.1 (5.7, 8.5) ** 0.16 (0.04, 0.28) 0.01 N/A# 0.34
OLS 167 165 6.5 (6.3, 6.7) ** 0.24 (0.21, 0.26) ** N/A# 0.65

Note: Lower and upper bounds of the 95% confidence interval for each parameter estimate are noted within
parentheses. Values of P < 0.01 are noted with asterisks.
# We did not assess the body temperature dependence of cycle period in mammals and birds because species in
these groups do not span a sufficient range of temperatures.
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slopes were close to the predicted value of b = 0.25, or were not significantly different from
this value, depending on whether OLS or PGLS was used (Fig. 3a,c, Table 1).

The relationship of cycle period to temperature in insects (Fig. 3b) and zooplankton and
protists (Fig. 3d) was also consistent with the overall relationship across taxa shown in
Fig. 2b and described by equation (1). While the estimated slope describing this relationship
in insects was slightly shallower than the predicted E = 0.65 (OLS: n = 119, E = 0.48, 95%
CI = 0.34 to 0.62; PGLS: n = 44, E = 0.41, 95% CI = 0.20 to 0.61), the slope for zooplankton
and protists was indistinguishable from the predicted apparent activation energy, E = 0.65
(OLS: n = 36, E = 0.89, 95% CI = 0.47 to 1.3; PGLS: n = 11, E = 0.69, 95% CI = 0.16 to 1.2).

In considering the results shown in Table 1 and Figs. 1–3, and given the macro-scale

Fig. 3. The effect of body mass and body temperature on cycle period in insects (panels a, b) and
in protists and zooplankton (panels c, d). Panels (a, c) show the effect of the natural logarithm of

body mass on the natural logarithm of body temperature-corrected cycle period �days/e
E

k �1

T
 − 

1

T20�C
�� in

insects and in protists/zooplankton, respectively. Panels (b, d) show the effect of inverse absolute
temperature on the natural logarithm of body mass-corrected cycle period (days/gb) for insects and for
protists/zooplankton, respectively. Cycle periods were corrected for body mass and temperature using
the values of E and b estimated for the respective group (Table 1).
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nature of the study, it is important to consider at least three additional factors given their
potential to affect the results. First, with respect to our estimates of body temperature in
insects, we found that the observed temperature dependence described above using average
annual temperature was quantitatively similar to that using average growing season tem-
perature both for insects alone (OLS: n = 119, E = 0.59, 95% CI = 0.39 to 0.79; see
Appendix, Fig. S1) and across all taxa (OLS: n = 326, E = 0.84, 95% CI = 0.78 to 0.90; see
Appendix, Fig. S2). Second, within insects we found no significant effect of latitude after
accounting for the effects of body mass and temperature (see Appendix, Table S1). Third
and finally, our results within taxa appear to be quite robust to any effects of method-
ological covariates, potential biases related to pseudoreplication in data, and grouping of
species for comparisons (e.g. considering zooplankton and protists together or separately;
see Appendix, Table S10).

DISCUSSION

Our results show that variation in long-term population cycle periods among diverse
primary consumers correlates very well with generation time and its determinants – body
mass and body temperature – as described by equation (1). Thus, these cycle periods are
approximately inversely proportional to species’ mass-specific metabolic rates and the
population-level processes controlled by metabolic rate, including generation time (Gillooly

et al., 2002), intrinsic population growth rate (Savage et al., 2004), and natural mortality rate (McCoy

and Gillooly, 2008).
However, we do not mean to imply that generation time, or body mass and temperature

alone, are solely responsible for variation in cycle periods. These factors appear to be of
primary importance at broad scales (e.g. from protists to mammals; Figs. 1–3), whereas
other factors may explain variation in cycle periods at smaller scales. For example, small
differences in the period of lemming or vole abundance cycles across northern Europe (e.g.
1–2 years) may reflect interactions with marine ecosystems (Oksanen et al., 2013), geographic
variation in the abundance of generalist predators (Hanski et al., 1991), and/or seasonal forcing
(Taylor et al., 2013). Syntheses of research on long-term population cycles suggest that a broad
suite of endogenous (i.e. density-dependent) and exogenous (i.e. density-independent)
factors interact in complex ways to ultimately determine period length (Kendall et al., 1999;

Barraquand et al., 2017). Perhaps these complexities explain why cycle period was found to be
sublinearly related to generation time (i.e. scaling exponent < 1), contrary to predictions.
Moreover, one must keep in mind that our analyses and conclusions pertain to the drivers
of heterogeneity in primary consumer cycle periods – the processes that initially cause a
population to cycle in abundance over long time scales is a separate question (Calder, 1983).

Still, our results show cycle periods do increase systematically with species’ generation
time across vertebrate and invertebrate ectotherms and endotherms (Fig. 1), as generally
expected from models of population dynamics (see, for example, Turchin, 2003; Ginzburg and Colyvan,

2004). The observed body mass dependence of cycle periods provides further support for
equation (1). Previous research has linked long-term population cycle periods to body mass
within taxonomic groups, primarily mammals and birds (Calder, 1983; Peterson et al., 1984; Krukonis

and Schaffer, 1991), and to a lesser extent within insects, zooplankton, and protists (Hendriks and

Mulder, 2012). We show that the body mass dependence of cycle period largely applies within
and across all primary consumer groups exhibiting cyclicity, but only after accounting for
the effects of temperature.
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Temperature has largely been overlooked as a factor that contributes to interspecific
differences in long-term population cycle periods, but the effect can be substantial. Our
results show that periods decline by a factor of ∼2.5 with a 10�C increase in temperature. We
therefore speculate that these temperature effects may have special relevance in considering
the effects of climate warming on communities and ecosystems. Note that they are qualita-
tively consistent with recent predictions that climate warming will increase the frequency
of outbreaks for insect pests (Volney and Fleming, 2000; Logan et al., 2003). For example, our results
point to the potential for differences in response to warming between endothermic and
ectothermic animals, since only ectothermic animals would be expected to show exponential
decreases in cycle period due to increases in environmental temperature given the relatively
constant body temperatures of endotherms. And importantly, the magnitude of the
response to rising temperatures in ectotherms will depend on their operative body tempera-
ture (Dillon et al., 2010). For example, given the exponential temperature dependence, a 5�C
increase in average annual temperature for an insect species at ∼25�C may lead to a decline
in cycle period of ∼34%, whereas the same increase in temperature for a species at ∼5�C may
yield a decline in cycle period of ∼38% based on predictions from equation (1). Note, too,
that rising temperature may indirectly affect cycle periods through effects on body size,
albeit in less predictable and likely less substantial ways, in both ectotherms (Forster et al., 2012;

Horne et al., 2015) and endotherms (Gardner et al., 2011; Buckley et al., 2012). In the case of ectotherms,
however, effects on body size would likely be minor relative to the direct, kinetic effects of
temperature. For example, a species would have to increase in mass by upwards of 40% for
each �C to compensate for the exponential effects of temperature – a temperature–size
relationship much greater than typically observed (Horne et al., 2015).

The relationships between these individual-level traits and long-term population cycle
periods shown here (Figs. 1–3, Table 1) may also help to understand the processes driving
heterogeneity in long-term population cycle periods. Specifically, our results may inform
recent debates regarding whether long-term cycles tend to be driven by density feedbacks
related to consumer–resource interactions or maternal effects (Turchin, 2003; Ginzburg and Colyvan,

2004). To begin, our results do not appear consistent with an explanation based on inter-
actions between primary consumers and food plant quality, since this explanation does not
predict the strong body mass or temperature dependence across insects, mammals, and
birds observed here (Högstedt et al., 2005). Furthermore, our results appear inconsistent
with predictions of consumer–resource models, specifically Lotka-Volterra (LV) and
Rosenzweig-MacArthur (RM) models. Populations engaged in sustained oscillations
following LV and RM dynamics cycle with a period approximately proportional to
1/√rm, where r is the intrinsic population growth rate of the resource and m is the natural
mortality rate of consumers (Lotka, 1925; Volterra, 1928; Yodzis and Innes, 1992; see also Schaffer et al., 2001;

Weitz and Levin, 2006; Hendriks and Mulder, 2012). Given that both r and m scale as

M−0.25 e
−0.65

k �1

T
 − 

1

T20�C
�

(Savage et al., 2004; McCoy and Gillooly, 2008), LV or RM models would generally predict a scaling of
approximately

M0.125 e
0.325

k � 1

T
 − 

1

T20�C
�
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for cycle periods of primary consumer species regardless of whether these species play the
role of consumer or resource (Yodzis and Innes, 1992; but see Schaffer et al., 2001). This predicted scaling
is somewhat shallower than we observed here for primary consumers (Figs. 2, 3). The
relationships shown in Figs. 1–3 appear more consistent with maternal effects models, which
predict a one-to-one relationship between cycle period and generation time [assuming
maximum per-capita offspring production per generation varies little across taxa (Ginzburg and

Taneyhill, 1995; Ginzburg and Colyvan, 2004)].
However, it may also be informative to set aside the question of whether one process

largely governs variability in long-term cycle periods, and consider how this variability
may reflect interactions between multiple processes. Recent perspectives suggest that the
diversity of long-term cycles reflects interactions among processes such as density-
dependent evolution in life-history traits, pairwise consumer–resource interactions, and
environmental stochasticity (Barraquand et al., 2017). The expected relationships between
individual-level life history and long-term cycle periods, however, are less clear under this
more complicated view. The general scaling relationships described here may be useful as a
point of departure for understanding how complex ecological and evolutionary processes
combine to determine heterogeneity in periodic population fluctuations across diverse
ecosystems.
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