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1.  INTRODUCTION

Population ecologists have recently begun to under-
stand how the combined effects of endogenous and
exogenous factors determine population dynamics in
nature (Royama 1992, Berryman 1999). A general find-
ing of studies on the effects of climate on the dynamics
of animal populations is that climate can have complex
(e.g. non-linear and/or non-additive) effects on the
endogenous feedback structures regulating popula-
tion dynamics (Lima et al. 1999, 2002, Stenseth et al.
2002). However, the use of population dynamics mod-
els with a sound theoretical basis may improve the
data analysis, since, among other reasons, theoretically
based models are usually less complicated, thus reduc-
ing problems associated with over-parameterization
(Ginzburg & Colyvan 2004).

Royama (1992) provided a logical framework for
analysing and deducing the effects of exogenous (cli-
matic) factors in population dynamics. In the simplest
case of this framework, climate represents an additive

exogenous factor on the population dynamics. For
example, factors such as temperature, rainfall and
wind may affect survival and reproduction directly,
causing what Royama (1992) calls ‘vertical perturba-
tion effects’ in the relationship between per capita rate
of change and population density. Consequently, it is
possible to evaluate the effect of climate on the per
capita rate of population change independently of pop-
ulation density (Royama 1992). An alternative scenario
occurs when climate influences some limiting re-
source; here, the effect of the climatic factors can only
be evaluated jointly with the effect of population
density (Royama 1992). Therefore, for this scenario, cli-
mate represents a non-additive force, because the ratio
(i.e. population density/climate) will characterize the
per capita share of the resources and the competition
strength; this case represents what Royama (1992)
calls ‘lateral perturbation effects’. Finally, climate may
have more complex influences on population dynam-
ics; for example, Royama (1992) described ‘non-linear
perturbation effects’ when changes in exogenous fac-
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tors (e.g. climate) alters the intrinsic feedback structure
of a population. 

A clear example of climatic influences on popula-
tion dynamics is provided by numerical fluctuations
exhibited by small rodents inhabiting many arid and
semi-arid ecosystems. In such systems, water as a
surrogate for primary productivity is the limiting
resource; consequently, after events of unusually high
rainfall, there is a subsequent increase in plant cover,
seeds, insects perhaps, and finally, small mammal
consumers (e.g. rodents) (Jaksic et al. 1997, Jaksic
2001, Meserve et al. 2003). As a result, most small
mammal species exhibit striking population irruptions
during and immediately after years of high rainfall
(Pearson 1975, Jaksic et al. 1997, Lima et al. 1999,
Jaksic 2001, Meserve et al. 2003). Several studies
have reported the fundamental influence of rainfall
on population fluctuations of small mammals in
north-central Chile; however, they were based on sta-
tistical time series (Lima & Jaksic 1999), Capture-
Mark-Recapture (CMR) models (Lima et al. 1999,
2002), and manipulative experiments (e.g. Meserve et
al. 2001). There have been no previous attempts to
analyze the effects of rainfall using a theoretically ori-
ented framework in this semi-arid ecosystem. There-
fore, the present study has 2 objectives: (1) to charac-
terize the dynamics of small rodent populations at
Fray Jorge using simple, theoretically based models

and (2) to investigate if rainfall operates as a lateral
perturbation effect in this semi-arid ecosystem.

2.  MATERIALS AND METHODS

2.1.  Study site and focal species

The data set comes from a site in north-central Chile
located in an interior valley of Fray Jorge Forest Na-
tional Park, ca. 5 km from the Pacific Ocean (71° 40’ W,
30° 38’ S, Fig. 1a) that has been monitored since March
1989. The climate of this region is influenced by 3 pri-
mary factors: (1) the topography, including the Andes to
the east and a low coastal range to the west limiting
maritime effects; (2) the subtropical Pacific anticyclone
that affects storm fronts coming north from the polar re-
gion; and (3) the cold Humboldt current offshore, which
depresses ambient temperatures and moisture capacity
of onshore winds (López-Cortés & López 2004). Precip-
itation in this region is sparse and occurs principally in
winter months (May–September). High interannual
variability in total rainfall is primarily due to El Niño
Southern Oscillation (ENSO) events. For example, dur-
ing the period analyzed here (1989–2004), the annual
precipitation ranged from 11 mm during a La Niña year
(1998) to 356mm during an El Niño year (2002), with an
average of 135mm for the study period (Fig. 1b).
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Fig. 1. (a) Map of South America showing location of Fray
Jorge Forest National Park, (b) total annual rainfall and
(c) peak annual densities of (s) Phyllotis darwini and (d)

Akodon olivaceus during 1989–2004
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The dominant vegetation in the study site is thorn
scrub, consisting of mostly spiny, drought-deciduous or
evergreen shrubs, with an understory of geophytes,
herbaceous annuals, and perennial grasses especially
after winter rains. The vegetation is very homogenous,
with a mean shrub cover of about 60%. Principal shrub
species include Porlieria chilensis (guayacán), Proustia
pungens, and Adesmia bedwellii.

Here, we examine the population dynamics of 2
murid sigmodontine rodents: Darwin’s leaf-eared
mouse Phyllotis darwini and the olive grass mouse
Akodon/Abrothrix olivaceus. P. darwini is a ~50 to
70 g herbivorous-granivorous rodent, whereas A. oli-
vaceus is a ~20 to 30 g omnivorous rodent. We used
mark-recapture data from small mammal live-trapping
conducted for 4 nights (and 3 intervening days) per
month since March 1989 in four 0.56 ha grids, each
with 25 trapstations  15 m apart and 2 Sherman-type
live traps per station baited with rolled oats. Small
mammals are marked with ear tags or leg bands, and
standard data on species, sex, reproductive condition,
weight, and presence and location of ectoparasites
taken. Live-trapping results are adjusted to ind. ha–1

using minimum number known alive (MNKA) esti-
mates (Hilborn et al. 1976). For these analyses we used
the time series of the peak annual density estimate
obtained by selecting the highest density recorded
after the reproductive season (October–May) of each
year (Fig. 1c). 

2.2.  Models of population dynamics

The population dynamics of small rodents is the result
of the feedback structure and rainfall influences in many
arid ecosystems. To understand how both factors may
determine rodent fluctuations, we model both system-
intrinsic processes, and exogenous influences in a gen-
eral model based on the R-function (Berryman 1999).
The R-function represents the effects of a set of density-
dependent and -independent factors on the realized log-
arithmic per capita population growth rate (Rt): 

(1)

where Nt is the population density at time t, and B and
D are per capita birth and death rates, respectively.
This quantity denotes the processes of individual sur-
vival and reproduction and can be expressed as:

(2)

where Nt – p are lagged population densities, raint – d are
lagged rainfall effects, εt are stochastic forces, and ƒ is
the so-called R-function. This statistical model inte-
grates the feedback structure and the stochastic and
climatic forces that drive population dynamics in na-

ture. In this paper, we are primarily interested in the
relationship between intra-population processes (in-
tra-specific competition) and rainfall effects; therefore,
we fitted a non-parametric version of a simple sta-
tistical model:

(3)

where ƒ, g and h are unspecified functions of the
population density Nt–1, rainfall and the non-additive
effects of both variables, respectively. Statistical analy-
sis was performed in the R environment (R Develop-
ment Core Team [2004]; see www.r-project.org) using
the Generalized Additive Modelling (GAM) approach
of Hastie & Tibshirani (1990). The form of the partial
functions ƒ, g and h was determined by fitting natural
cubic splines to the data (see Bjørnstad et al. 1998 for
ecological examples), and the complexity of the curve
(no. of df) was determined by penalized regression
splines and generalized cross validation (GCV) (Wood
2001). 

An alternative approach to using non-parametric
models is employing a non-linear logistic population
model. One type of discrete time logistic model is the
exponential form (Royama 1992), known as the Ricker
(1954) model, and is used here in its generalized ver-
sion (Richards 1959, Berryman 1999):

(4)

where Nt–1 represents the rodent abundance at time
t–1, Rm is a positive constant representing the maxi-
mum finite reproductive rate, CN is the intra-specific
competition coefficient for limiting resources (food
represented by rainfall), K is the environmental carry-
ing capacity, and Q is the nonlinearity of the curve. A
value of Q > 1 indicates a convex shape and Q < 1 indi-
cates concavity. The exponential form represents a
randomly distributed population competing for a com-
mon resource (Royama 1992), which appears to be con-
sistent with scramble competition. Because the carry-
ing capacity of the environment is frequently related to
the amount of food available (Gause 1934, Leslie 1948,
Berryman 1999, 2004), we can explicitly model K as a
linear function of rainfall because of the dramatic influ-
ence of rainfall on plant productivity in this semi-arid
system (Jaksic 2001, Gutiérrez & Meserve 2003).
Under this hypothesis, rainfall represents a lateral per-
turbation according to Royama (1992). An extra term
can also be added to account for possible vertical per-
turbation effects of rainfall. Thus, the equation
becomes:
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where Cr is the coefficient representing the additive
effects of rainfall.

We fitted Eq. (4) using the nls library in the program
R by means of non-linear regression analyses (Bates &
Watts 1988). All the models were fitted to the data and
we then calculated the Aikaike information criteria
(AIC) from AIC = –2 × log (likelihood) + 2 (number of
parameters). Models with the lowest AIC values were
selected to draw inferences.

3.  RESULTS

Our non-parametric analysis indicated that popula-
tion density alone explained 43 and 39% of the varia-
tion in the per capita growth rates of Phyllotis darwini
and Akodon olivaceus, respectively (Table 1), whereas
rainfall alone explained 30 and 48% of the variation
in the per capita growth rates of P. darwini and A.

olivaceus, respectively (Table 1). When both variables
were combined in an additive manner, the non-
parametric models explained much of the variation in
per capita growth rates (Table 1). Ninety percent of the
variation in the R values in P. darwini was explained by
population density and the combined rainfall of the
current and previous year, whereas 81% of the varia-
tion in R values of A. olivaceus was explained by
population density and rainfall of the current year
(Table 1). On the other hand, Fig. 2a,b clearly shows
the effect of high rainfall on the R-function model,
shifting the equilibrium density to the right. In particu-
lar, for P. darwini, a non-parametric model using only
the ratio (Nt–1/[raint + raint–1]) explained 92% of the
variance and showed a strong non-linear shape with a
pronounced concave curvature (Table 1, Fig. 2). In
contrast, for A. olivaceus the additive effect of current
rainfall seemed to be very important (Table 1). Overall,
for P. darwini the variance explained by population
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Non-parametric models df χ2 p GCV AIC r2

A Rpdt =  b (PDt–1) 1.78 8.90 0.027 0.77 42.61 0.43 
B Rpdt =  c (raint) 1.00 6.08 0.027 0.83 44.20 0.30 
C Rpdt =  c (raint–1) 1.00 0.17 0.68 1.17 49.77 0.01 

D Rpdt =  b (PDt–1) 2.03 20.76 0.0025 0.40 31.42 0.76
+ c (raint) 1.00 15.42 0.0020 

E Rpdt =  b (PDt–1) 1.44 15.89 0.0032 0.65 39.55 0.58
+ c (raint –1) 1.33 6.14 0.044 

F Rpdt =  b (PDt–1) 2.11 85.62 <0.0001 0.18 18.20 0.90
+ c (raint + raint–1) 1.57 53.92 <0.00001 

G Rpdt =  b (PDt–1 /raint) 2.95 55.10 <0.0001 0.29 26.16 0.82 
H Rpdt =  b (PDt–1 /raint–1) 1.71 7.10 0.045 0.83 43.98 0.37 
I Rpdt =  b [PDt–1 /(raint + raint–1)] 2.67 141.50 <0.0001 0.12 12.78 0.92 

J Rpdt =  b [PDt–1 /(raint + raint–1)] 2.65 87.49 0.0001 0.14 14.62 0.92
+ c (raint) 1.00 0.08 0.78 

K Raot =  b (AOt–1) 2.75 7.02 0.11 4.34 69.86 0.39 
L Raot =  c (raint) 1.75 11.60 0.012 3.16 65.26 0.48 
M Raot =  c (raint–1) 1.00 0.88 0.36 5.13 73.31 0.06 

N Raot =  b (AOt–1) 2.90 22.93 0.0044 1.66 53.59 0.81
+ c (raint) 1.00 23.89 0.00047 

O Raot =  b (AOt–1) 2.62 5.24 0.17 5.09 71.78 0.38
+ c (raint–1) 1.00 0.036 0.85 

P Raot =  b (AOt–1) 2.21 23.25 0.0023 2.22 58.32 0.74
+ c (raint + raint–1) 1.61 19.83 0.0022 

Q Raot =  b (AOt–1/raint) 2.82 12.22 0.029 3.48 66.28 0.52 
R Raot =  b (AOt–1/raint–1) 2.56 9.60 0.045 3.80 67.81 0.45 
S Raot =  b [AOt–1/(raint + raint–1)] 2.83 19.17 0.0067 2.73 62.36 0.62 

T Raot =  b (AOt–1/raint) 2.98 34.36 0.0017 1.20 46.52 0.90
+ c (raint) 2.64 34.51 0.0010 

U Raot =  b [AOt –1/(raint + raint–1)] 2.96 49.80 0.00037 0.89 42.03 0.92
+ c (raint) 2.41 34.98 0.0009

Table 1. Non-parametric models fitted to rodent time series. GCV: generalized cross validation score, AIC = Akaike information
criteria. PDt–1: population size of Phyllotis darwini in year t–1; AOt–1: population size of Akodon olivaceus in year t–1; raint –d:
annual rainfall (mm) fallen during year t–d (d = 0 and 1); Rpdt: ln(PDt /PDt–1); Raot: ln (AOt /AOt–1). Bold type: best models 

according to AIC and GVC criteria
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density and rainfall combined can be explained by the
conjunct variable Nt–1/[raint + raint–1] (Table 1), sug-
gesting that a non-additive effect of rainfall and den-
sity captures the true nature of the interaction. We
observed a strong non-linear shape with a pronounced
concave curvature (Fig. 2). In sum, non-parametric
analysis suggested that rainfall represents a non-
additive climatic force especially for P. darwini and it
should be considered as a lateral perturbation effect
(sensu Royama 1992), whereas for A.
olivaceus, rainfall appears to have both
(vertical and lateral effects), but the
additive (vertical) effect seems to be
the dominant one (Table 1).

We then fitted variants of the non-lin-
ear parametric model to the rodent
data. The exponential form of the logis-
tic model with additive rainfall effects
(vertical perturbation effect, see model
B in Table 2) resolved 86% of the vari-
ation of per capita growth rates of Phyl-
lotis darwini whereas the model with

non-additive effects of rainfall (lateral perturbation
effect, see model C in Table 2) resolved 85% of the
variation (Table 2). The difference in AIC values
between models B and C was only 0.63 (Table 2).
Therefore using AIC we could not discriminate
between these 2 models. However, the simulated
dynamics of model C appeared to better predict the
observed fluctuations of the P. darwini population than
the simulations of model B (Fig. 3a).
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Fig. 2. (a,c) Phyllotis darwini and (b,d) Akodon olivaceus. Relationship (a,b) between the logarithmic annual per capita rate of
change (Rt = ln Nt – ln Nt –1) and population density (Nt–1), and (c,d) between the logarithmic annual per capita rate of change (Rt =
ln Nt – ln Nt–1) and population density per unit of rainfall (Nt–1/current and lagged rainfall) for the 2 species of small rodent. (s) Dry 

years, (d) rainy years. Curves are the nonlinear Ricker logistic model (Eq. 5) fitted to the data

R-function parametric models AIC DET

A Rpdt =  3.5 – 1.89 × PDt–1
0.19 + 0.005 × raint 32.68 0.66

B Rpdt =  3.5 – 1.58 × PDt–1
0.30 + 0.0052 × (raint + raint–1) 17.82 0.86

C Rpdt =  3.5 – 6.45 × [PDt–1/(raint + raint–1)]0.32 18.15 0.85
D Raot =  5 – 4.98 × AOt–1

0.10 + 0.012 × raint 53.58 0.72
E Raot =  5 – 4.91 × AOt–1

0.16 + 0.011 × (raint + raint–1) 49.93 0.77
F Raot =  5 – 6.96 × (AOt–1/raint)0.08 + 0.008 × raint 57.38 0.66
G Raot =  5 – 8.65 × [AOt–1/(raint + raint–1)]0.14 + 0.009 × raint 49.41 0.79

Table 2. Fully parametric models fitted to rodent time series. DET: coefficient of 
determination; AIC: Akaike information criteria. Variable names as in Table 1
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The 2 best parametric models for Akodon olivaceus
(models E and G in Table 2) explained 77 and 79% of
the variation in per capita growth rates; the difference
in AIC values was 0.52, and thus we could not select a
best model from these 2 options. However, simulations
using model E appear to do a better job of predicting
the observed dynamics than those using model G. Both
models failed to predict the decline during 2002
(Fig. 3b), but the Ricker model including rainfall as an
additive effect (model E) appeared to capture the
structure of the observed dynamics more effectively.

4.  DISCUSSION

There are 2 main findings on the role of rainfall and
the mechanistic causes of rodent fluctuations at Fray
Jorge. Firstly, rainfall effects appear to operate differ-
ently on the 2 rodent species. Whereas rainfall appears
to influence the environmental carrying capacity for
Phyllotis darwini (lateral perturbations, sensu Royama
1992), it has a primarily additive influence on maxi-
mum per capita growth rates for Akodon olivaceus
(vertical perturbations, sensu Royama 1992). Thus, our
analyses suggest that P. darwini and A. olivaceus ir-
ruptions are caused by different mechanisms. The nu-

merical fluctuations in P. darwini appear
to be a case of pure food-pulse driven dy-
namics, in which rainfall effects on K are
related to the increases in food availa-
bility. This is consistent with the idea that
small rodent populations are strongly
food-limited in this semi-arid system. Ad-
ditionally, the R-function of P. darwini
showed a strong concave curvature,
which is expected in species with low
maintenance costs and high reproductive
potential, such as small rodents (K. Johst
et al. unpubl.). On the other hand, the ir-
ruptions of A. olivaceus appear to have a
different cause (see below). Secondly, ro-
dent dynamics at Fray Jorge appear to be
driven by the amount of rain during the
previous 2 yr, whereas previous studies in
semi-arid Chile have reported only the ef-
fects of the rainfall during the current
year (Lima et al. 1999, 2002a,b).

Our very simple models appear to cap-
ture the essential features of the observed
fluctuations and also suggest a mechanis-
tic explanation for these fluctuations. In
terms of the non-linear logistic model, a
vertical climatic perturbation is equiva-
lent to an effect on the parameter Rm,
whereas a non-linear perturbation would

act through parameter Q. In contrast, we found good
evidence that for Phyllotis darwini climate actually acts
on K, causing a lateral perturbation to the R-function
(Fig. 2). Lateral perturbations are particularly difficult
to analyze since the exogenous effect (e.g. rainfall) acts
jointly with population density (as in the ratio N/K).
Rainfall acts indirectly through the food supply by
increasing productivity in this semi-arid ecosystem
(Holmgren et al. 2001, Jaksic 2001). Our confidence in
this model rests upon the logic of the underlying theo-
retical argument as well as its strong predictive power
(Fig. 3). This approach seems much more convincing
than a purely phenomenological search for models
with good fit to the data. Our analysis does not contra-
dict previous analyses of this system (e.g. Meserve et
al. 2003); however, it provides a much more parsimo-
nious and theoretically compatible interpretation. It
supports the view that analysis of population data
should be done within the framework of a credible the-
oretical construct and that careful consideration should
be given to the fine structure of the model (Berryman
1992, 1999, Royama 1992). Finally, logistic models
expressed in terms of ecological demand/offer ratios
represent a very plausible theoretical model structure
for representing natural populations (Leslie 1948,
Berryman 1999, 2004).
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As noted above, population fluctuations of Akodon
olivaceus appear to be caused by a different mecha-
nism to those of Phyllotis darwini. Although current and
previous years’ rainfall have a lateral effect on the R
values of A. olivaceus (Fig. 2b,d), the most important ef-
fect of rainfall is additive having mainly an effect on the
maximum reproductive rate (Rm). One explanation for
this difference could be the spatial dynamics observed
in this species. A. olivaceus usually only maintains very
low numbers in the thorn scrub in dry years and is more
common in nearby mesic areas such as ‘aguadas’ (wet
areas) and ‘quebradas’ (shallow ravines) where it is al-
ways found (Meserve et al. 2003). Thus, the additive ef-
fects of rainfall could be viewed as a proxy for habitat
modification during wet years; that is, changes in plant
cover and structure due to high rainfall years could con-
vert the thorn scrub into a more suitable habitat for this
species. Aguadas and quebradas may function in a
manner similar to ‘sources’ and the thorn scrub as
‘sinks’ (sensu Pulliam 1988). These sinks experience a
much greater increase in productivity in wet years, thus
rendering them capable of sustaining large A. oli-
vaceus populations during this time. Alternatively, the
thorn scrub areas may be ‘sinks’ (sensu Watkinson &
Sutherland 1995) in wet years due to immigration from
source areas. Physiological factors do not appear impor-
tant, as A. olivaceus shows less water dependence than
P. darwini and similar efficiency in water regulation
(Cortés et al. 2000); similarly, diet appears irrelevant as
A. olivaceus is omnivorous whereas P. darwini is
granivorousherbivorous (Meserve 1981). A final hy-
pothesis is that A. olivaceus could be restricted to sites
with sufficient cover to escape primarily avian preda-
tors; therefore, during dry years this species is only
found in areas with persistent high cover such as
aguadas and quebradas. In fact, the R-N and R-N/rain
phase space for this species showed a depression at low
densities (‘predator pit’, Fig. 2b,d) that could be caused
by generalist predators influencing the R-functions of
prey at low densities (Holling 1959, Berryman 1999).
Thus, aguadas and quebradas may represent a perma-
nent enemy-free area (Holling 1959) whereas thorn
scrub is only so during wet years.

In conclusion, the non-parametric approaches used
here seem particularly useful for determining the
form of underlying functions, but should be used in
combination with simple theoretically based models.
Our results show that simple models can be useful in
explaining and predicting the dynamics of natural
populations, particularly when they are based on a
sound theoretical framework (Royama 1992, Berry-
man 1999). In particular, Royama’s (1992) classifica-
tion of exogenous perturbation effects has been
extremely useful in population modelling. Using
these models together with Royama’s (1992) para-

digm for classifying exogenous (climate) perturba-
tions, we were able to distinguish how rainfall influ-
ences 2 semi-arid rodent species in different man-
ners. The remarkable simplicity and generality
(Ginzburg & Colyvan 2004) of the models used here
for explaining rodent fluctuations at semi-arid north-
central Chile is also notable.
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