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Population dynamics of a South American rodent:
seasonal structure interacting with climate,
density dependence and predator effects
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Understanding the role of interactions between intrinsic feedback loops and external climatic forces is
one of the central challenges within the field of population ecology. For rodent dynamics, the seasonal
structure of the environment necessitates changes between two stages: reproductive and non-reproductive.
Nevertheless, the interactions between seasonality, climate, density dependence and predators have been
generally ignored. We demonstrate that direct climate effects, the nonlinear effect of predators and the
nonlinear first-order feedback embedded in a seasonal structure are key elements underlying the large
and irregular fluctuations in population numbers exhibited by a small rodent in a semi-arid region of
central Chile. We found that factors influencing population growth rates clearly differ between breeding
and non-breeding seasons. In addition, we detected nonlinear density dependencies as well as nonlinear
and differential effects of generalist and specialist predators. Recent climatic changes may account for
dramatic perturbations of the rodent’s population dynamics. Changes in the predator guild induced by
climate are likely to result, through the food web, in a large impact on small rodent demography and
population dynamics. Assuming such interactions to be typical of ecological systems, we conclude that
appropriate predictions of the ecological consequences of climate change will depend on having an in-
depth understanding of the community—weather system.

Keywords: demographic seasonal structure; climate; rodents; nonlinear predator response;
El Nifio Southern Oscillation; semi-arid Chile

1. INTRODUCTION

Although it is widely recognized that endogenous (direct
and delayed density-dependent structure) and exogenous
factors jointly influence natural populations (Nicholson
1933; Andrewartha & Birch 1954; Turchin 1995; Berry-
man 1999), we have only a rather fragmentary under-
standing of how intrinsic feedback loops and climate
factors interact (but see Grenfell ez al. 1998; Lima ez al.
1999; Coulson ez al. 2001). It is known, for instance, that
large-scale global climatic fluctuations, such as the North
Atlantic Oscillation and the El Nifio Southern Oscillation
(ENSO), influence local weather and population dynam-
ics (Forchhammer ez al. 1998; Lima ez al. 1999; Post &
Stenseth 1999; Holmgren et al. 2001; Jaksic 2001;
Ottersen ez al. 2001; Stenseth ez al. 2002a). For example,
strong effects of the ENSO have been demonstrated in
semi-arid and Mediterranean ecosystems of western South
America (Jaksic 2001). In semi-arid Chile, as in other arid
and semi-arid regions (Brown ez al. 1997), unusually high
rainfall associated with the ENSO affects primary pro-
ductivity, small rodent population dynamics and predator
guilds (Jaksic et al. 1997).

Rodent dynamics is also known to be influenced by the
seasonal structure of the environment (Astré’)m etal. 1996;
Stenseth 1999). Seasonality for rodent populations implies
dynamic changes between two stages: the reproductive
season (summer in northern rodents, rainy season in semi-
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arid rodents) and the non-reproductive season (winter in
northern rodents, drought season in semi-arid rodents). In
addition, seasonal environments may have two important
consequences for small-rodent dynamics: first, a change
in the maximum per capita population growth rates, and,
second, a change in the strength of density dependencies
between seasons (Stenseth er al. 1998, 2002b,c; Hansen er
al. 1999; Merritt er al. 2001).

By focusing on the interactions between seasonality, cli-
mate and predator guilds in semi-arid Chile, we provide,
through this perspective, new insights into the interactions
between climate and the biotic community for under-
standing leaf-eared mouse (Phyllotis darwint) population
dynamics. We achieve this through statistical capture—
mark-recapture (CMR) modelling of long-term data on
the leaf-eared mouse, and demonstrate a varying seasonal
structure given by nonlinear intrinsic, climatic and predator
effects on the population dynamics of the rodent studied.

2. MATERIAL AND METHODS

(a) Data

Our study site, Las Chinchillas National Reserve at Auco
(31°30' S, 71°06' W), is located in the semi-arid region of cen-
tral Chile (figure 1). CMR data on leaf-eared mouse density
(figure 2a) were obtained, together with occurrence data on five
species of predators (figure 2b—f). The leaf-eared mouse is a
granivorous—folivorous rodent with an average adult weight of
50 g, widely distributed in semi-arid Chile (Meserve & Le Bou-
lengé 1987). Breeding in the leaf-eared mouse is markedly

© 2002 The Royal Society
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Figure 1. The study site in central Chile and location of the study site, Las Chinchillas National Reserve at Aucéd (31°30’ S,

71°06" W), which is located 300 km north of Santiago city.

seasonal, starting in July—August and lasting until December or
January (Meserve & Le Boulengé 1987). Females produce two
or three litters with an average size of five pups (Meserve & Le
Boulengé 1987). The barn owl (Tyro alba) is a specialized feeder
on leaf-eared mice, the Magellanic owl (Bubo magellanicus) pre-
fers larger mammal prey, and the burrowing owl (Speoryro
cunicularia), Austral pygmy owl (Glaucidium nanum) and culpeo
fox (Pseudalopex culpaeus) are generalist predators. Pellets and
faeces of these five predators were used as indices of their
respective abundances in the field. We used spring (September—
November) estimates of leaf-eared mouse density and predator
numbers as indicators of rodent and predator densities during
the breeding season, and autumn (February—March) estimates
as indicators of rodent and predator abundances during the non-
breeding season. In addition, climate variability was estimated
from the annual precipitation pattern (figure 2g). The rodent data
consist of capture-recapture histories obtained from 106 primary
trapping sessions between October 1987 and July 2001, during
which extensive numerical fluctuations were observed. We
obtained a total of 2420 captures, corresponding to 1210 females.

(b) Statistical analysis

Survival (¢), residency (y) probabilities and the population
growth rate (A) of females were modelled by using the CMR-
statistical modelling approach (Lebreton et al. 1992), applying
the program MARk (White & Burnham 1999). Estimates were
obtained by the maximum-likelihood method, assuming a multi-
nomial distribution of capture histories. We tested different
models to describe the temporal variation in these three demo-
graphic parameters (see electronic Appendix A available on The
Royal Society’s Publications Web site).
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We used the following approach to model seasonal structure:

NPorbr= NPEy x AP(NYE PP 4,C, 1)

NP = NBRogbr x \nonbr(ynosbr prosbr (3 |y (2.1
where N™"** and N®* are the rodent population densities at the
beginning of the non-breeding and breeding seasons, respect-
ively, P™"*r and P®" are the indices of predator abundance dur-
ing the non-breeding and breeding seasons, respectively, C is the
climate proxy, and A" and A" are the monthly average finite
population growth rates during the respective seasons. CMR
statistical modelling procedures can be used to estimate A™°"°r
and A® independently of population size (Nichols ez al. 2000).
Consequently, model 1 can be rewritten in terms of the esti-
mated seasonal growth rates, given that N2°"™/N®, = A® and
N/ Nonbr — ) nonbr,

APT=exp[f1(NPE)) + fo(PYE) + f3(Co)]

ARooEr = exp[ gy (NPOF™) + go(PPof™) + g5(C.o1)], (2.2)

where f; and g; are unknown functions representing the seasonal
effects of rodent density, predator abundance and climate state
on population growth rates. By using per capita growth rates,
defining the seasonal R-functions (Turchin 1995; Berryman
1999) as R°* = log(N\N"°">/N|) = log(A™) and R™"*" = log(N "/

nonbry = Jog(A™°™*) and taking natural logarithms of both sides
of equation (2.2) we obtain:

Ry = f1(N?Ey) + fo(PPEy) + f3(Ciov)

R?Onbr _ gl(N;xfrlxbx) + gZ(P;xfrlxbr) + g3(cz— 1), (23)
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Figure 2. (a) Population dynamics of the leaf-eared mouse (Phyllotis darwini). (b) Time-series of the abundance index of (b)
the barn owl (Tyr alba), (c) the Magellanic owl (Bubo magellanicus), (d) the burrowing owl (Speotyto cunicularia), (e) the
Austral pygmy owl (Glaucidium nanum) and (f) the culpeo fox (Pseudalopex culpaeus). (g) Time-series of the annual
accumulated rainfall in mm. B, breeding seasons (open circles) and NB, non-breeding seasons (filled circles).

We estimated the unknown functions f; and g; using rodent den-
sity, predators (generalists and specialists) and climate as covari-
ables in a non-parametric regression approach. The per capita
population growth rate was modelled using a non-parametric
regression in order to identify possible nonlinearities. We used
generalized additive models (GAM; Hastie & Tibshirani (1990);
see Stenseth ez al. (1997) and Bjernstad ez al. (1998) for ecologi-
cal examples). The complexity of the curve (the number of
degrees of freedom) was between one and three, and the number
of terms (f; and g;) was tested by the Schwarz’s Bayesian
criterion (SBC) (S-PLUS 2000). The SBC is obtained as the
—2 x log-likelihood + npar x log(nobs), where npar represents
the number of parameters and nobs the number of observations
in the fitted model. In consequence, we can use this statistical
modelling approach to select climatic influences and the model
In addition, we tested whether Lotka—Volterra
approaches (such as equation (2.3)) or logistic-based models
(Berryman 1999, 2001) best represented the structure of the
models. We tested the effects of population density, climate
(rainfall), specialist predators (barn owl and Magellanic owl)
and generalist predators (Austral pygmy owl, burrowing owl

structure.

and culpeo fox) on the population dynamics of the leaf-eared
mouse.

3. RESULTS

The best demographic models for population growth
rate (A) and survival (¢) and residency probabilities (vy)
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were those incorporating seasonality—by dividing the
year into breeding (July—January) and non-breeding
(February—June) seasons—and between-year variability
(supplementary table 1 in electronic appendix A). The
three demographic parameters showed strong temporal
variation (figure 3). In particular, a shift was observed in
the demographic and population dynamical structure from
a period of high survival rates and low population growth-
rate variation (1987-1994), to a period of low survival rate
and high population growth-rate variability thereafter
(figure 3a,c).

The best model for female population growth rate dur-
ing the breeding season has nonlinear density dependence
(figure 4a), positive linear rainfall effects (figure 4b)
and nonlinear and non-monotonic effects of the ratio of
total abundance of predators to leaf-eared mouse density
(figure 4c; table 1). The model explains 97% of the vari-
ation in breeding-season population growth rates. The
best model for female population growth rate during the
non-breeding season has a nonlinear negative effect of
the density ratio of barn owls to leaf-eared mice (figure 5a),
a nonlinear positive effect of rainfall (figure 5b),
nonlinear and non-monotonic effect of burrowing owl
density (figure 5d) and a nonlinear negative effect of the
culpeo fox to leaf-eared mouse density ratio (figure 5c¢;
table 1). The model explains 98% of the variation
in population growth rates during the non-breeding
season.
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Figure 3. (a) Temporal variability of the survival rate (¢) according to the model {¢(breeding and non-breeding) p(.)} using
CMR data; note the sudden decline during 1995. () Temporal variability of recruitment rate (1-residency probability;

1 — ) according to the model {y(breeding and non-breeding) p(.)} using the Pradel method and CMR data. (¢) Temporal
variability of the population growth rate (A) according to the model {¢(breeding and non-breeding) p(.)A(breeding and non-

breeding)} using the Pradel method and CMR data.
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Figure 4. Best GAM model representing the breeding R-function for leaf-eared mouse dynamics. (a) Partial non-parametric
regression line for the population density (N,-;). (b) Partial non-parametric regression line for annual rainfall. (¢) Partial non-
parametric regression line for the ratio of total predator abundance index to leaf-eared mouse abundance. The model was
fitted by using natural cubic splines with three degrees of freedom. Dashed lines are 95% confidence intervals; R?=0.97. The
breeding season model is represented by: R = f,(N; d.f.=3) + f,(rain; d.f. = 1) + fs(predators N~ '; d.f. = 3).

4. DISCUSSION

We have demonstrated that population growth rates
exhibit a clear seasonal structure; i.e. factors influencing
population growth rates clearly differ between breeding
and non-breeding seasons. In addition, we detected non-
linear density dependencies as well as nonlinear and dif-
ferential effects of generalist and specialist predators. The
seasonal structure and the factors influencing population
growth rates were able to capture the observed temporal
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variation in these rates, including their structural variation
over time.

During the breeding season, the positive effects of cli-
mate (rainfall), through its effects on primary production
in semi-arid Chile, have a strong influence on rodent
population dynamics. There is a clear seasonality in cli-
matic effects, with winter (May—-August) rainfall levels
determining plant growth and seed production, which, in
turn, influence recruitment during the breeding season.
The negative effects of rodent density during the breeding
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season are indicative of the classical density-dependent
factors, probably related to intraspecific competition for
food, territories or social space. In addition, the selected
GAM model supports the idea of nonlinear effects of
predators during the breeding season. In earlier communi-
cations (Lima ez al. 2001, 2002) we described the negative
dynamic influence of barn owls in this system. However,
here we specify the seasonal dynamic signature of this
interaction at the demographic level. The non-monotonic
function (figure 4¢) strongly suggests that only when pred-
ators are very abundant in relation to rodents are they able
to have a negative impact on population growth rates dur-
ing the breeding season.

However, during the non-breeding season, predators
(specialists and generalists) had a clearer effect on leaf-
eared mouse population growth rates. In particular, there
was a strong negative effect of the abundance ratio of barn
owls to leaf-eared mice, and a weaker negative effect of
the abundance ratio of culpeo foxes to leaf-eared mice.
These two effects suggest that predation may be a very
important component of leaf-eared mouse dynamics, and
that it has a seasonal structure, operating chiefly during
the non-breeding season. In addition, the burrowing owl
(a generalist predator) showed a non-monotonic function,
suggesting positive effects at low and intermediate den-
sities of rodents, but negative effects when the owls
become very abundant. Burrowing owls are mainly insec-
tivores in semi-arid Chile (Jaksic ez al. 1997); in conse-
quence, the positive effects on leaf-eared mice may be
related to the numerical responses of this owl to insect
availability, which also tends to increase during rainy years

Proc. R. Soc. Lond. B (2002)

(Fuentes & Campusano 1985). However, when burrowing
owls are very abundant they have a negative impact on
rodent dynamics because they also prey upon small rod-
ents. The strong negative effect of the barn owls is not
unexpected (Lima ez al. 2002), but the seasonal structure,
the nonlinearity and the logistic relationship (demand—
supply ratio; see Berryman (1999)) represent a new and
interesting finding, together with the fox effect.

The seasonal structure observed in the population
dynamics of the leaf-eared mouse poses new and interest-
ing challenges for understanding the factors shaping the
observed numerical fluctuations. During the breeding sea-
son, population growth rates appear to be limited by food
and regulated by intraspecific competition, given that
predators seem able to control rodents only when they are
very abundant in relation to their prey. By contrast, during
the non-breeding season, predation, especially by the barn
owl (a specialist predator) and the culpeo fox (a generalist
predator), and to a lesser degree food availability, as inde-
xed by rainfall, appear to determine population growth
rates. Consequently, the joint effects of climate variability,
seasonality and changes in the predator guild (Jaksic ez al.
1997; Meserve er al. 2001) may have profound effects on
the population dynamics of the leaf-eared mouse. This is
because of the nonlinear effects of both specialist and gen-
eralist predators on female population growth rates, and
because of the seasonal structure.

The inferred nonlinearities in predation, density depen-
dence and climate effects, together with seasonal struc-
ture, may explain some important patterns in the observed
data, such as why years with similar rainfall levels have
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very different rodent densities. The similarly rainy years
of 1987 and 1997, and the similarly dry years of 1989—
1990 and 1995-1996, were characterized by very different
demographic structures and/or population sizes. The
observed seasonal structure may explain the sudden
changes in survival rates from periods of relatively high
survival to periods of low survival (figure 3a). Interest-
ingly, this change in the temporal demographic structure
cannot be simply related to any single external factor. It
seems to be a consequence of the effects of climate,
together with the nonlinear density dependence and the
nonlinear effects of predators, all combined with the sea-
sonality. We believe that the dramatic change in demo-
graphic structure observed after 1995 is a combined effect
related to the strong link between climate and predator
abundance/composition observed in semi-arid Chile
(Jaksic et al. 1997). For example, the three consecutive
years with above-average rainfall between 1991 and 1993
caused an increase in the abundance and diversity of pred-
ators in semi-arid Chile (Meserve ez al. 1995; Jaksic et al.
1997), which may be related to the sudden change in leaf-
eared mouse demography observed during 1995. As a
consequence, changes in the rodent assemblage and in the
predator guild (both related to climate) may have pro-
found effects on the demography and population dynam-
ics of the leaf-eared mouse. Basically, this is caused by a
large predator to leaf-eared mouse density ratio produced
by the arrival of immigrant predators, and the numerical
responses of resident barn owls (related to the three con-
secutive years of high rainfall) may have caused the sud-
den decrease in mouse survival rates observed after 1994.
These elements pose new challenges for understanding
rodent outbreaks in semi-arid Chile. Population dynamics
may depend on the environmental history together with
present mouse density, weather and predator-guild com-
position. The results of this study are consistent with
recent reports relating nonlinear feedback structures and
nonlinear climate effects (Coulson er al. 2001; Mysterud
er al. 2001). We predict that the population dynamics and
demography of the leaf-eared mouse will be very different
in years with very similar climates (rainfall levels), owing
to the combined action of climate and predator-guild
composition and abundance. Consequently, we suggest
that the interactions between direct and indirect climate
effects, nonlinear density dependence and nonlinear pred-
ator effects, are the key elements in understanding the
population dynamics of this rodent, and perhaps others.

5. CONCLUSIONS

We have demonstrated that the essential ingredients in
the dynamics of the leaf-eared mouse are as follows.

(1) A clear seasonal structure of population growth rates
caused by different factors operating during the
breeding and non-breeding seasons. There is a sea-
sonally specific profile of factors influencing popu-
lation growth rates.

(i) During the breeding season, we detected a first-
order feedback structure characterized by a nonlin-
ear negative function of population density for popu-
lation growth rates; a linear direct effect of rainfall;
and a nonlinear and non-monotonic effect of the
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total predator abundance to leaf-eared mouse abun-
dance ratio.

(i) During the non-breeding season, we found strong
nonlinear negative effects of the barn owl abundance
to leaf-eared mouse abundance ratio; also, nonlinear
negative effects of the culpeo fox to leaf-eared mouse
ratio; non-monotonic effects of burrowing owls; and
nonlinear positive rainfall effects.

In addition, because the predator guild in semi-arid
Chile is strongly influenced by ENSO events, a coupling
exists between the leaf-eared mouse, climate and pred-
ators. Assuming this to be a general feature of such eco-
logical systems, an important consequence of this
interaction is that it will be difficult to predict the ecologi-
cal effects of climate change in semi-arid Chile. Climate
interacts with density dependence through the food-web
structure (Forchhammer ez al. 1998; Lima et al. 2002), an
interaction that is both indirect (i.e. lagged) and nonlinear
(Mysterud er al. 2001). Hence, unless we gain an in-depth
understanding of the structure and functioning of natural
population systems (and communities), the effects of glo-
bal change and climatic fluctuations will not be easily pre-
dicted.
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the support of the Mellon Foundation. This research was
additionally funded by grant FONDAP-FONDECYT 1501-
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Program 2 to CASEB.
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