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Abstract We examined gender-dependent competitive
interactions between two nocturnal desert gerbil species,
Gerbillus andersoni allenbyi and G. pyramidum, by a field
manipulation experiment. The study was done in two 1-
ha enclosed plots and included allopatric (only G. a.
allenbyi) and sympatric (both species together) treat-
ments. Seed trays and thermal imaging cameras were
used to observe the gerbils’ foraging activities and
aggressive interactions. We found that the negative effect
of the competitively dominant species, G. pyramidum, on
time spent in seed trays, and ability to control these
artificial food patches, was stronger on male than on
female G. a. allenbyi. Consequently, the aggression of
male G. a. allenbyi towards female G. a. allenbyi was
markedly reduced, indicating that the dominant species
mediated competition between the genders of the sub-
ordinate species. Furthermore, this interference-medi-
ated indirect effect was associated with a decrease in the
body mass of male G. a. allenbyi and an increase in the
survival of female G. a. allenbyi. We suggest that both
the reduction in intra-specific aggression and the positive
effect on female survival can potentially stabilize com-
petitive interactions and promote coexistence in this
small mammal community.

Keywords Aggression Æ Indirect effects Æ Interference
competition Æ Structured populations

Introduction

Competition plays an important role in structuring
ecological communities (Connell 1983; Schoener 1983;
Goldberg and Barton 1992; Gurevitch et al. 1992).
Proponents of classic views of competitive interactions
do not deny that individuals of different sex, size or
developmental stage can compete differently and con-
tribute differently to population dynamics (Connell
1983; Schoener 1983). However, they do assume that
such fine-scale details can be safely abstracted, and that
average competitive effects can be used to obtain accu-
rate generalizations of population and community
dynamics. In contrast, the structured-populations ap-
proach recognizes that intra-specific variation can
strongly affect the dynamics of a single population
(Caswell 1989; Tuljapurkar and Caswell 1996), preda-
tor–prey interactions (Werner and Gilliam 1984) and
competing populations (Cushing and Li 1992; Werner
1994; Takenaka et al. 1997).

The structured-populations approach classifies indi-
viduals according to their age, sex, size, or develop-
mental stage, and community dynamics are derived from
an analysis of dynamics occurring at these scales (Ca-
swell 1989; Tuljapurkar and Caswell 1996). Applied to
competition, this approach might elucidate complex
competitive interactions among classes, and possibly
also a variety of indirect effects. Most studies investi-
gating indirect effects have focused on interactions
among populations rather than among classes within a
population (Menge 1995; Abrams et al. 1996). In this
study, we investigated the potential of a positive indirect
effect between two competing species to be mediated by
a reduction in interference competition between males
and females within one species.

We conducted manipulation experiments in the field
to test for structural differences in competitive effects
between and within genders of two desert gerbil species,
Gerbillus andersoni allenbyi and G. pyramidum. Specifi-
cally, we examined how the presence of the competi-

O. Ovadia (&) Æ Z. Abramsky Æ B. Pinshow
Department of Life Sciences,
Ben-Gurion University of the Negev,
POB 653, 84105 Beer-Sheva, Israel
E-mail: oferovad@bgu.ac.il
Tel.: +972-8-6461359
Fax: +972-8-6472648

O. Ovadia Æ Z. Abramsky Æ B. P. Kotler Æ B. Pinshow
Mitrani Department of Desert Ecology,
Jacob Blaustein Institute for Desert Research,
Ben-Gurion University of the Negev, 84990
Midreshet Ben-Gurion, Israel

Oecologia (2005) 142: 480–488
DOI 10.1007/s00442-004-1726-9



tively dominant species, G. pyramidum, changes the
strength and/or intensity of aggressive interactions be-
tween males and females of the subordinate species G. a.
allenbyi. In addition, we tested for the consequent effects
of such interference-mediated indirect interactions on
the body mass and the survival of the gerbils.

Materials and methods

Study species

Gerbillus andersoni allenbyi and G. pyramidum occur
sympatrically over a wide range of sandy areas in the
western Negev Desert in Israel (Abramsky et al. 1985a).
The smaller species, G. a. allenbyi (mean mass=26 g),
occurs mostly in stabilized sand dunes with relatively
dense vegetation cover (Abramsky et al. 1985b). The
larger species, G. pyramidum (mean mass=40 g), occurs
mostly in shifting and semi-stabilized sand dunes with
sparser vegetation cover (Abramsky et al. 1985b). The
species are similar in their general ecology. They are
both solitary burrow dwellers that forage nocturnally
for seeds, which constitute much of their diets (Bar et al.
1984). Individual G. a. allenbyi and G. pyramidum
aggressively defend artificial food patches (Ovadia
1999). Furthermore, intra- and inter-specific aggressive
interactions occur between genders and always include
chasing and attempts at physical contact (Ovadia 1999).

Study site and experimental design

We conducted this study in two 1-ha enclosures, com-
pletely surrounded by rodent-proof fencing, located in a

sandy area within the Holot Mashabim Nature Reserve
(31�01¢N, 34�45¢E), 35 km south of Beer Sheva, Israel
[for a more detailed description of the enclosures see
Abramsky et al. (1990)]. The sandy areas in the study
site can be classified into two clear habitat types, semi-
stabilized and stabilized sand dunes, based on mobility
of the sand and the dominant perennial plant species
(Danin 1978). Each enclosure contained similar repre-
sentations of each habitat type (Abramsky et al. 1990).

The experiment consisted of an allopatric (only G. a.
allenbyi) and a sympatric (both species together) treat-
ment and was carried out from spring to autumn for 2
consecutive years (Table 1). Several studies have shown
that population densities of the gerbils in the area vary
greatly within and between years (e.g. Brown et al.
1994). Therefore, we designed the experiments to em-
brace these natural seasonal changes in gerbil densities.
Moreover, at the beginning of the experiments, the
natural density of G. pyramidum was very low, to the
extent that we could not trap even a single individual in
our study site. Accordingly, we first did the allopatric
treatment and then followed it with the sympatric one
only after enough G. pyramidum individuals were found
in the study site. As a result, our experimental treat-
ments were confounded with time. This issue will be
dealt with in the Discussion.

The experiment consisted of nine sequences (Table 1).
At the beginning of each sequence, we stocked the
enclosures with double the natural densities of gerbils
and made behavioural observations for 3–4 days. We
then removed about 50% of the gerbils and made an-
other set of observations under conditions mimicking
the natural ones. We determined the natural population
densities of gerbils prior to each sequence by trapping
for 3–4 days in at least two 1-ha plots of unfenced area

Table 1 The numbers of Gerbillus andersoni allenbyi and G. pyra-
midum that were introduced into experimental enclosures during
nine experimental sequences (see text for details). The allopatric
and sympatric treatments were replicated 6 and 12 times, respec-
tively. Variation in population size among sequences represents the

natural seasonal changes in gerbil densities. The few cases of
within-sequence variation in population size between plots were
caused by death and/or escape of stocked animals. All introduced
individuals were non-reproductive adults and their sex ratio was 1:1

Date Sequence Plot G. a. allenbyi G. pyramidum

Allopatric treatment
(only G. a. allenbyi)

March 1996 1 1 12 0
March 1996 1 2 12 0
April 1996 2 1 12 0
April 1996 2 2 10 0
May 1996 3 1 16 0
May 1996 3 2 16 0

Sympatric treatment
(both species together)

August 1996 4 1 20 4
August 1996 4 2 18 4
April 1997 5 1 4 2
April 1997 5 2 4 2
May 1997 6 1 4 2
May 1997 6 2 4 2
June 1997 7 1 4 2
June 1997 7 2 6 2
August 1997 8 1 12 3
August 1997 8 2 18 4
September 1997 9 1 14 4
September 1997 9 2 14 4
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located at our study site. The few cases of within-se-
quence variation in population size between enclosures
were caused by death and/or escape of stocked animals
(Table 1). All introduced individuals were non-repro-
ductive and the sex ratio was 1:1.

Gerbil foraging activity is markedly reduced by
moonlight due to a heightened risk of predation (Kotler
et al. 1993a, 1994). Therefore, we planned each experi-
mental sequence to last 3–4 weeks so that behavioural
observations were made on moonless nights (i.e. during
the time between the quarter moons and the new moon)
and used seed trays identical to those used by Kotler
et al. (1993a) and two thermal imaging cameras (an
Infracam and a Radiometer-IR-760; Inframetrics).

During each experimental sequence we used the fol-
lowing protocol. For six consecutive nights, we trapped
and removed gerbils from the enclosed plots. Our own
field experience in the research area taught us that
trapping so intensively assured removal of all the gerbils
from any given enclosure. Gerbils trapped at a nearby
site were used to restock the enclosures with double the
natural population densities. Thus, all the introduced
gerbils were naı̈ve to the experimental enclosures. We
marked the captured animals distinctively by shaving
different patterns in small areas of their dorsal and lat-
eral fur. These patterns were detectable by the thermal
imaging cameras and visually identifiable. We then re-
leased the gerbils in the enclosures and allowed them to
habituate to their new surroundings for two nights.
Previous studies have shown that after one to two nights
of habituation, gerbils distribute themselves equally be-
tween two adjacent plots that share a permeable fence
(e.g. Abramsky et al. 1991, 1992, 1994), suggesting that
the habituation period was sufficient to reach an ideal
free distribution. During the habituation period, we
randomly placed ten pairs of seed trays containing a
mixture of sand and seeds in each enclosure; one of the
pair under a shrub and the other in the open at least 1 m
from the nearest shrub. This spatial scale captures a
major part of the behavioural response of the two gerbil
species to different predators and/or different levels of
predation risk (Kotler et al. 1991, 1992, 1993b). The
positions of these ten pairs of seed trays were fixed
throughout the experimental sequence.

During each of the following three to four nights we
made observations on two randomly chosen pairs (out
of ten possible) of seed trays in each of the two experi-
mental plots. We filled each tray (45·60·2.5 cm deep)
with 5 l sifted sand into which we thoroughly mixed 3 g
millet seeds. The remaining eight pairs of seed trays were
left empty. Using the two thermal imaging cameras, we
monitored activity at only one of the two pairs of
charged seed trays in each plot. We stopped the first
observation session after 3 h, removed the seed trays,
and sifted the sand to recover the remaining millet seeds.
Next, we recharged the trays with seeds and began a
second session of observations. By doing two sequential
sets of observations during the night we could test for
temporal changes in activity patterns and patch-use

behaviour as reported in previous studies on these ger-
bils (Kotler et al. 1993c; Ziv et al. 1993).

At the end of the first set of behavioural measurements
(after three to four nights), we trapped and removed about
50% of the gerbils from the experimental plots (i.e.
brought the system to natural population densities),
weighed and then released these animals at their original
site of capture. We allowed the remaining animals one
night to habituate to their new, reduced density and then
made a second set of behavioural measurements over
three to four nights using the same protocol as for the first
set. Finally, upon completion of the second set of mea-
surements, we trapped all the gerbils to identify surviving
individuals and to measure their body mass. Thereafter,
we released the animals at the site of their original capture.
Between sequences, gates in the outside fences were
opened, so that animal and resource densities could attain
similar levels inside to outside the enclosed plots.

Data analyses

When analysing the videotapes, we recorded the identity
of each individual that used the seed trays, the time each
individual spent in a patch, and the number of aggres-
sive interactions each individual experienced with con-
and hetero-specific individuals. In addition, for each
aggressive interaction, we identified the ‘‘aggressor’’ (the
dominant individual) and the ‘‘target’’ of aggression (the
subordinate individual). In post-hoc analysis, we found
that variables such as habitat (semi-stabilized dunes vs.
stabilized sand), micro-habitat (bush vs. open), time
during the night (first vs. second session of observations
per night), days during the sequence and density
reduction within the sequence had no effects on the
patterns presented in this paper. In other words, a par-
simonious analysis does not require including these
variables, and therefore in each experimental sequence,
we treated these variables in the aggregate by estimating
mean responses per plot.

Calculating behavioural components

Per capita time in patch

We calculated the per capita time spent in artificial food
patches for each of four categories, male G. a. allenbyi,
female G. a. allenbyi, male G. pyramidum and female
G. pyramidum, for each sequence and for each of the two
enclosures as the ratio of time spent in seed trays by a
particular category and number of individuals in that
category.

Patch occupation

During each sequence we ran 12–16 observation ses-
sions for each of the two enclosures [2 sets·3 (or 4)
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nights·2 sessions]. We never observed gerbils sharing a
seed tray. Each seed tray was used mainly (�80% of
the time) by a single individual and was often defended
even when completely void of seeds. We calculated the
artificial food patch occupation parameter as follows.
We first analysed each session separately by summing
the total foraging time for each of the four categories
of species by gender (see above). We then counted the
number of sessions in which the individual (in each
category) controlled a seed tray (spent over all more
time in a seed tray) for the entire sequence. Finally, we
calculated the proportion of artificial food patch
occupation as the ratio of number of sessions in which
the seed trays were controlled by a particular category
and total number of sessions during the entire
sequence.

Per capita rate of aggression

We classified aggressive interactions according to the
identity of the aggressor and the target using the same
four categories of species by gender. We then calcu-
lated the per capita rate of aggression for each of the
possible aggressor–target pairs as: (total number of
confrontations between aggressor and target)/(total
number of individual targets in the plot·total time
these targets spent in food patches).

Estimating fitness components

Instantaneous rate of change in body mass

We calculated the instantaneous rate of change in body
mass for each surviving gerbil as the log ratio of final
and initial body mass [ln(Finalmass/Initialmass)] divided
by number of days [Time (days)] from stocking to re-
moval. Small desert mammals have high mass specific
metabolic rates (reviewed by Degen 1996), and thus
even during a relatively short period of time, such as 10–
12 days, one may observe changes in body mass asso-
ciated with growth. Gerbils in captivity consume, on
average, 3 g seeds per day. Therefore, changes in gut
content may result in changes of 10–20% in body mass.
Although we could not discern the relative contribution
of these two possible factors leading to change in body
mass, we assumed that body mass reflects the overall
body condition of the individual gerbils.

Instantaneous mortality rate

We calculated the instantaneous mortality rate of
gerbils as the negative log of the final and initial
densities [�ln(Finaldensity/Initialdensity)] divided by
number of days from stocking to removal [Time
(days)].

Statistical tests

We used repeated-measures ANOVA to test for the
effect of intra- and inter-specific population densities
(between subject factors), and gender (repeated factor/
within subject factor) on per capita time in patch,
patch occupation, rate of change in body mass, and
mortality rate of the gerbils. By using gender as a
repeated factor we could: (1) account for possible
dependency between males and females within each
enclosure, and (2) contrast their responses in a single
analysis (for more details on using variables other than
time as a repeated factor see von Ende (2001)). The
variables ‘‘per capita time in patch’’, ‘‘instantaneous
rate of change in body mass’’ and ‘‘instantaneous
mortality rate’’ were normally distributed and thus did
not require any transformations. The variable ‘‘patch
occupation’’ was arcsine-square root transformed. The
assumption of homogeneity of the variances was met
in all analyses. Data presented in the text and figures
with respect to all variables are mean values±95%
confidence limit intervals that were estimated using a
bootstrap procedure (Manly 1997).

We used the statistical software Resampling Stats
(version 4.0.2; Resampling Stats 1995) to run two-
sample randomization tests comparing per capita rates
of aggression between allopatric and sympatric popu-
lations. Randomization tests are advantageous because
they do not require the data to be normally distrib-
uted, they can be used for small and unequal sample
sizes, and they avoid the risk that unimportant small
differences in the data will be exaggerated, e.g. by rank
methods (Manly 1997). The data from the two samples
were pooled and sampled without replacement to
generate two random samples. The absolute difference
in the mean between the two samples was then cal-
culated and a distribution of this value was generated
by repeating this process 1,000 times. In this test, the
null hypothesis (that the two original samples belong
to the same population) is rejected if <5% of the
randomized samples show an absolute difference in
mean equal to, or greater than, the difference between
the original samples. The assumption of homogeneity
of variance was met in all our analyses. All differences
found to be significant in the randomization test were
also significant by a group t-test or a Kruskal–Wallis
test.

To test for possible time (year/month) effects on
per capita rate of aggression during the allopatric or
sympatric treatments, we did a series of Monte Carlo
simulations using the above described randomization
procedure. However, this time our null hypothesis was
that samples from different years or months belong to
the same population. Again, this null hypothesis was
rejected if <5% of the randomized samples show an
absolute difference in mean equal to or greater than
the difference between the original samples.

483



Results

There was no significant difference in time spent in
patches between male and female G. a. allenbyi
(F1,14=0.03, P=0.875; Fig. 1). Time spent in patches by
individual G. a. allenbyi was positively correlated with
their population density (F1,14=9.01, P=0.010). The
interaction between this variable and gender was sig-
nificant (F1,14=6.57, P=0.023), indicating that the po-
sitive effect of intra-specific density was stronger with
respect to male than with respect to female G. a. allenbyi.
The density of G. pyramidum had a negative effect on
time spent in patches by individual G. a. allenbyi
(F1,14=22.31, P<0.001; Fig. 1). Also, the interaction
between inter-specific density and gender was significant
(F1,14=11.63, P=0.004), indicating that the negative
effect of G. pyramidum was stronger with respect to male
than with respect to female G. a. allenbyi (Fig. 1).

We could not detect significant differences in the time
spent in patches between male and female G. pyramidum
(F1,9=0.19, P=0.670; Fig. 1). There was no significant
effect of intra-specific population density on the time
spent in patches by individual G. pyramidum (F1,9=3.48,
P=0.095), nor was there a significant interaction be-
tween this variable and gender (F1,9=0.25, P=0.626). In
contrast, the time spent in patches by individual G. py-
ramidum was positively correlated with the density of
G. a. allenbyi (F1,9=12.39, P=0.007), but the interaction
between inter-specific density and gender was not sig-
nificant (F1,9=0.30, P=0.599).

There was no significant difference in patch occupa-
tion between male and female G. a. allenbyi (F1,15=2.09,
P=0.169; Fig. 2) and we did not find a significant effect
of intra-specific population density on patch occupation
of individual G. a. allenbyi (F1,15=0.73, P=0.406).
However, the interaction between this variable and

gender was significant (F1,15=9.40, P=0.008), indicat-
ing that intra-specific density had a positive effect on
patch occupation of male, but not female, G. a. allenbyi.
The density of G. pyramidum had a negative effect on
patch occupation of individual G. a. allenbyi
(F1,15=21.11, P<0.001; Fig. 2). The interaction between
inter-specific density and gender was significant
(F1,15=8.29, P=0.011), indicating that the negative ef-
fect of G. pyramidum was stronger with respect to male
than with respect to female G. a. allenbyi (Fig. 2).

We did not detect significant differences in patch
occupation between male and female G. pyramidum
(F1,9=0.01, P=0.913; Fig. 2). There was no significant
effect of intra- nor inter-specific population density on
patch occupation of individual G. pyramidum
(F1,9=0.08, P=0.782 and F1,9=0.42, P=0.532, respec-
tively) and the interactions between gender, and intra-
and inter-specific density were not significant
(F1,9=0.00, P=0.999 and F1,9=0.00, P=0.998, respec-
tively).

Gerbils defended seed trays aggressively and we never
observed gerbils sharing a seed tray. Moreover, each
time two or more gerbils were active around a seed tray,
a fight immediately took place. In such fights, the
aggressor invariably chased the target for up to 1 min
during which it tried to physically harm the retreating
gerbil by biting and butting. Such aggression was also
observed when the seed trays were completely empty of
seeds, suggesting that both measurements, namely per
capita time in patch and patch occupation, reflect the
dominance hierarchy among individual gerbils. We did
not detect any behavioural differences between intra-
and inter-specific aggressive interactions, nor did we
detect any time (month/year) effect on per capita rate of
aggression during the allopatric and sympatric treat-
ments (Monte Carlo simulations, P>0.300 for all ran-
domization tests).

Fig. 1 Per capita time spent in artificial food patches by male and
female Gerbillus andersoni allenbyi and G. pyramidum under
conditions of allopatry or sympatry and at controlled population
densities (see text for details). Data presented are means±95%
confidence limit intervals estimated using a bootstrap procedure

Fig. 2 Artificial food patch occupation of male and female G. a.
allenbyi and G. pyramidum under conditions of allopatry or
sympatry and at controlled population densities (see text for
details). Data presented are means±95% confidence limit intervals
estimated using a bootstrap procedure
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In the allopatric treatment, there was no female–fe-
male aggression among individual G. a. allenbyi (Table
2) and in the sympatric treatment, the rate of these intra-
gender interactions was very low (Table 2). In contrast,
when G. a. allenbyi was alone, the rate of male–male
interactions was relatively high (Table 2). But again, in
the presence of G. pyramidum, these intra-gender inter-
actions were very rare (Table 2).

It is apparent that the dominant species, G. pyrami-
dum, mediated competitive effects between genders of
the subordinate species, G. a. allenbyi. In the sympatric
treatment, there was a significant reduction in the
aggression of male G. a. allenbyi towards female G. a.
allenbyi (two-sample randomization test, P=0.020, Ta-
ble 2). This is, by definition, a trait-mediated indirect
effect. In contrast, there was no significant difference in
the aggression of female G. a. allenbyi towards male
G. a. allenbyi between the allopatric and sympatric
treatments (Table 2, P=0.350).

There was no significant difference between the
aggression of female G. pyramidum towards male G. a.
allenbyi and their aggression towards female G. a. al-
lenbyi (Table 2, P=0.632). Similarly, there was no sig-
nificant difference between the aggression of male
G. pyramidum towards male G. a. allenbyi and their
aggression towards female G. a. allenbyi (Table 2,
P=0.566). We did not observe any aggression of male
G. a. allenbyi towards male or female G. pyramidum
(Table 2). In contrast, there was evidence for aggres-
sion of female G. a. allenbyi towards male and female
G. pyramidum that did not vary significantly between
genders (Table 2, P=0.885).

The rate of intra-gender interactions among individ-
ual G. pyramidum was relatively low (Table 2). However,
the aggression of male towards female G. pyramidum
was significantly stronger than of female towards male
(Table 2, P=0.021).

We could not detect significant differences in the
instantaneous rate of change in body mass between male

and female G. a. allenbyi (F1,14=0.64, P=0.437; Fig. 3).
There was no significant effect of intra-specific popula-
tion density on the rate of change in body mass
(F1,14=1.80, P=0.201); however, the interaction be-
tween this variable and gender was significant
(F1,14=4.48, P=0.051). Indeed, there was a negative
correlation between intra-specific population density
and the instantaneous rate of change in body mass of
female G. a. allenbyi (r=0.61, F1,16=9.44, P=0.007),
but no such correlation was detected for male G. a. al-
lenbyi (r=0.05, F1,15=0.05, P=0.831). The presence of
G. pyramidum had no significant effect on the rate of
change in body mass of individual G. a. allenbyi
(F1,14=2.45, P=0.140) and the interaction between in-
ter-specific density and gender was not significant
(F1,14=1.38, P=0.259). However, using a planned
comparison test we found that the presence of G. pyra-
midum had a significant negative effect on the body mass
of male G. a. allenbyi (F1,15=4.43, P=0.053; Fig. 3).

We could not detect significant differences in the
instantaneous rate of change in body mass between male
and female G. pyramidum (F1,5=0.85, P=0.398; Fig. 3).
There was no significant effect of intra-specific popula-
tion density on the rate of change in body mass
(F1,5=0.64, P=0.459), nor was there a significant
interaction between this variable and gender (F1,5=0.06,
P=0.818). The density of G. a. allenbyi had no signifi-
cant effect on the rate of change in body mass of indi-
vidual G. pyramidum (F1,5=0.34, P=0.583) and the
interaction between inter-specific density and gender was
not significant (F1,5=0.08, P=0.792).

The instantaneous mortality rate of female G. a. al-
lenbyi was significantly lower than that of male G. a.
allenbyi (F1,15=4.51, P=0.050; Fig. 4). We could not
detect significant effects of intra- nor inter-specific pop-
ulation density on the instantaneous mortality rate of
individual G. a. allenbyi (F1,15=0.31, P=0.586 and
F1,15=0.48, P=0.500, respectively). The interaction be-
tween intra-specific density and gender was not signifi-

Table 2 Per capita rate of aggressive interactions during allopatric and sympatric treatments (see text for details) expressed in units of
interactions target�1 h�1. Data presented are mean values and their 95% confidence limit intervals (CLI) estimated using a bootstrap
procedure

Aggressor Target

$G. a. allenbyi #G. a. allenbyi $G. pyramidum #G. pyramidum

Allopatric treatment
$G. a. allenbyi 0.00 (0.00<95%

CLI>0.00)
0.13 (0.04<95% CLI>0.23)

#G. a. allenbyi 3.16 (0.63<95%
CLI>6.93)

1.14 (0.11<95% CLI>2.74)

Sympatric treatment
$G. a. allenbyi 0.02 (0.00<95%

CLI>0.05)
0.43 (0.00<95% CLI>0.87) 0.86 (0.00<95% CLI>2.51) 1.84 (0.00<95% CLI>5.27)

#G. a. allenbyi 0.01 (0.00<95%
CLI>0.29)

0.14 (0.00<95% CLI>0.44) 0.00 (0.00<95% CLI>0.00) 0.00 (0.00<95% CLI>0.00)

$G. pyramidum 1.22 (0.19<95%
CLI>2.67)

0.36 (0.00<95% CLI>0.71) 0.35 (0.00<95% CLI>1.06) 0.08 (0.00<95% CLI>0.25)

#G. pyramidum 0.98 (0.35<95%
CLI>1.76)

1.60 (0.30<95% CLI>3.42) 1.13 (0.34<95% CLI>1.98) 0.39 (0.01<95% CLI>0.96)
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cant (F1,15=3.49, P=0.080). However, there was a sig-
nificant interaction between inter-specific density and
gender (F1,15=4.80, P=0.045). Indeed, in the presence
of G. pyramidum, there was a decrease in the instanta-
neous mortality rate of female G. a. allenbyi, but an
increase in the instantaneous mortality rate of male G. a.
allenbyi (Fig. 4).

We found no significant differences in the instanta-
neous mortality rate between male and female G. pyra-

midum (F1,9=0.20, P=0.669; Fig. 4) and no significant
effects of intra- nor inter-specific population density on
instantaneous mortality rate of individual G. pyramidum
(F1,9=0.09, P=0.774 and F1,9=0.39, P=0.549, respec-
tively). Finally, the interactions between intra- and inter-
specific density, and gender were not significant
(F1,9=0.00, P=0.994 and F1,9=0.06, P=0.809, respec-
tively).

Discussion

We used a field manipulation experiment and direct
observations to test for structural differences in com-
petitive effects within and between genders of two desert
gerbil species. The negative effect of the dominant spe-
cies, G. pyramidum, on time spent in seed trays and
ability to control these artificial food patches was
stronger with respect to males than with respect to fe-
males of the subordinate species G. a. allenbyi. Conse-
quently, there was a substantial reduction in the
aggression of male G. a. allenbyi towards female G. a.
allenbyi. We interpret this to mean that the dominant
species mediated competitive effects between genders of
the subordinate species. Moreover, this interference-
mediated indirect effect was associated with a decrease in
the body mass of male G. a. allenbyi and an increase in
the survival of female G. a. allenbyi.

The idea that a net effect of one species on another
may be positive even though the direct effect is negative
is not new in ecological theory (Holt 1977, 1984; Yodzis
1988) and was supported by several empirical studies
(e.g. Davidson et al. 1984; Wootton 1992). However, in
these studies as well in some others the driving forces
were density-mediated indirect effects, rather than trait-
mediated indirect effects. Trait-mediated indirect effects
strongly influence community structure (Werner 1992;
Abrams et al. 1996). Empirical studies have shown that
trait-mediated indirect effects can change the strength of
community-level interactions such as predation (Beck-
erman et al. 1997) and competition (Werner 1991;
Morrison 1999). However, most theoretical and empir-
ical studies dealing with trait-mediated indirect effects
involve three or more species from at least two trophic
levels (Werner 1992; Abrams et al. 1996). The present
study shows that trait-mediated indirect effects can
propagate internally within the same trophic level
through structural differences in competitive effects. This
phenomenon reflects previous observations showing that
trait-mediated indirect effects have inter-gender conse-
quences both within and across trophic levels (e.g. Sih
and Krupa 1996).

Previous studies have shown that the larger species,
G. pyramidum, excludes the smaller species, G. a. allen-
byi, both from the habitat that both species prefer (e.g.
Abramsky et al. 1990; Ziv et al. 1993) and from activity
hours favoured by both (Kotler et al. 1993c; Ziv et al.
1993). Brown et al. (1994) found that the giving up
density of seeds in an artificial patch of G. a. allenbyi is

Fig. 3 The instantaneous rate of change in body mass of male and
female G. a. allenbyi and G. pyramidum under conditions of
allopatry or sympatry and at controlled population densities (see
text for details). Numbers above bars are mean body mass±1 SE
and sample size, n. Data presented are means±95% confidence
limit intervals estimated using a bootstrap procedure. d�1 Day�1

Fig. 4 The instantaneous mortality rate of male and female G. a.
allenbyi and G. pyramidum under conditions of allopatry or
sympatry and at controlled population densities (see text for
details). Data presented are means±95% confidence limit intervals
estimated using a bootstrap procedure
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lower than that of G. pyramidum. Based on these results,
ecologists suggested that coexistence between the two
species in based on a trade-off between the dominance of
G. pyramidum and the foraging efficiency of G. a. al-
lenbyi (Kotler et al. 1993c; Ziv et al. 1993; Brown et al.
1994). The present study provides another potential
mechanism underlying coexistence between these spe-
cies. In the presence of G. pyramidum, there was a
reduction in intra-specific aggression among individual
G. a. allenbyi. Such suppressed intra-specific aggression
is likely to weaken density-dependent effects and thereby
influence the shape of the isoclines, a process that can
promote coexistence (Rosenzweig 1991). This finding
might apply to other systems in which interference
competition is a driving force.

For instance, in vertebrates, particularly in the
non-breeding season, males will almost always be in
competition with females, either exploitatively or by
interference (e.g. Alcock 2001). Thus, other animal
species which cause a reduction in the abundance or
activity of males of the species in question should indi-
rectly benefit females. In some cases, like the one pre-
sented here, such indirect effects may outweigh any
direct effects. Males often differ in size from females
(e.g. in birds and mammals, males are typically larger).
Moreover, inter-specific interactions such as interference
competition which vary in their strength as a function of
body size (Huntingford and Turner 1987) will affect
males differently from females. Consequently, even
direct inter-specific effects should differ by gender.

Male and female G. a. allenbyi do not differ in their
body mass between spring and autumn (Abramsky 1984;
Brand and Abramsky 1987). This pattern was also evi-
dent in our experiment (Fig. 3). In contrast, male
G. pyramidum are larger than their con-specific females
throughout the year (Brand and Abramsky 1987). In-
deed, we observed differences of up to 15% in body mass
between male and female G. pyramidum (Fig. 3). This
size polymorphism may be the principal explanation for
the observed dominance of male over female G. pyra-
midum.

At a first glance, it seems that in the sympatric
treatment, G. pyramidum became a substitute aggressor,
replacing the aggression of male G. a. allenbyi towards
female G. a. allenbyi. However, examining the data more
carefully suggests that these intra- and inter-specific ef-
fects are not substitutional. First, in the presence of G.
pyramidum there was an increase in the survival of fe-
male G. a. allenbyi. Second, there appeared to be a re-
ciprocal aggressive response of female G. a. allenbyi
toward G. pyramidum. In the allopatric populations,
there was almost no aggression of female G. a. allenbyi
toward conspecific males. We interpret this to mean that
among female G. a. allenbyi, intra-specific competition is
stronger than inter-specific competition. As far as we
know this pattern of gender dimorphism in inter-specific
competition has never been reported in the literature.

The influence that we attributed to G. pyramidum (or
interactions involving other variables and G. pyrami-

dum) may be caused by some timing effects that we
cannot completely rule out. This is because the presence/
absence of G. pyramidum was confounded with time
(Table 1). However, experiments done in the same
enclosures over the last 15 years show no evidence for
such timing effects (e.g. Abramsky et al. 1990, 1991,
1992, 1994). Furthermore, short- and long-term studies
investigating competition have shown that this small
mammal community is very stable and that the strength
of species interactions does not change over time (e.g.
Abramsky et al. 1991, 1992). Indeed, using Monte Carlo
simulations we could not detect any effect of time (year
or month) on the per capita rate of intra- and inter-
specific aggression. We therefore believe that if such
timing effects do exist they do not mask our analyses and
interpretations.

In conclusion, the present study demonstrates how
interference-mediated indirect effects can propagate
internally within the same trophic level through struc-
tural differences in competitive effects. We suggest that
detecting such fine-scale detail can improve our under-
standing of species interactions and community-level
patterns such as coexistence.

Acknowledgements We thank Oswald Schmitz, David Skelly, Shi-
mon Anisfeld, Heinrich zu Dohna, Catherine Burns, Andrew
Richardson, Michael Booth, Erica Crespi and Mark Urban for
discussions and comments on early drafts of this manuscript. Field
research was supported by the Israel Science Foundation grant no.
169/95 to Z. A. and B. P. O. O. was supported by a Clore Schol-
arship (a project of the Charles Clore 1979 Israel Foundation).

References

Abrams PA, Menge BA, Mittelbach GG, Spiller DA, Yodzis P
(1996) The role of indirect effects in food webs. In: Polis GA,
Winemiller KO (eds) Food webs: integration of patterns and
dynamics. Chapman and Hall, New York, pp 371–395

Abramsky Z (1984) Population biology of Gerbillus allenbyi in
northern Israel. Mammalia 48:197–206

Abramsky Z, Brand S, Rosenzweig ML (1985a) Geographical
ecology of gerbilline rodents in sand dune habitats of Israel. J
Biogeogr 12:363–372

Abramsky Z, Rosenzweig ML, Brand S (1985b) Habitat selection
of Israel desert rodents: comparison of a traditional and a new
method of analysis. Oikos 45:79–88

Abramsky Z, Rosenzweig ML, Pinshow B, Brown JS, Kotler BP,
Mitchell WA (1990) Habitat selection: an experimental field test
with two gerbil species. Ecology 71:2358–2369

Abramsky Z, Rosenzweig ML, Pinshow B (1991) The shape of a
gerbil isocline measured using principles of optimal habitat
selection. Ecology 72:329–340

Abramsky Z, Rosenzweig ML, Subach A (1992) The shape of a
gerbil isocline: an experimental field study. Oikos 63:193–199

Abramsky Z, Ovadia O, Rosenzweig ML (1994) The shape of a
Gerbillus pyramidum (Rodentia: Gerbillinae) isocline: an
experimental field study. Oikos 69:318–326

Alcock J (2001) Animal behaviour: an evolutionary approach, 7th
edn. Sinauer, Sunderland, Mass.

Bar Y, Abramsky Z, Gutterman Y (1984) Diet of gerbilline rodents
in the Israeli Desert. J Arid Environ 7:371–376

Beckerman AP, Uriarte M, Schmitz OJ (1997) Experimental evi-
dence for a behaviour-mediated trophic cascade in a terrestrial
food chain. Proc Natl Acad Sci U S A 94:10735–10738

487



Brand S, Abramsky Z (1987) Body masses of gerbilline rodents in
sandy habitats of Israel. J Arid Environ 12:247–253

Brown JS, Kotler BP, Mitchell WA (1994) Foraging theory, patch
use, and the structure of a Negev desert granivore community.
Ecology 75:2286–2300

Caswell H (1989) Matrix population models. Sinauer, Sunderland,
Mass.

Connell JH (1983) On the prevalence and relative importance of
interspecific competition: evidence from field experiments. Am
Nat 122:661–696

Cushing JM, Li J (1992) The dynamics of a size-structured intra-
specific competition model with density dependent juvenile
growth rates. In: DeAngelis DL, Gross LJ (eds) Individual-
based models and approaches in ecology: populations, com-
munities and ecosystems. Chapman and Hall, New York, pp
112–125

Danin A (1978) Plant species diversity and plant succession in a
sandy area in the Northern Negev. Flora 167:409–422

Davidson DW, Inouye RS, Brown JH (1984) Granivory in a desert
ecosystem: experimental evidence for indirect facilitation of
ants by rodents. Ecology 65:1780–1786

Degen AA (1996) Ecophysiology of small desert mammals: adap-
tations of desert organisms. Springer, Berlin Heidelberg New
York

von Ende CN (2001) Repeated-measures analysis: growth and
other time-dependent measures. In: Scheiner SM, Gurevitch J
(eds) Design and analysis of ecological experiments, 2nd edn.
Oxford University Press, New York, pp 134–157

Goldberg DE, Barton AM (1992) Patterns and consequences of
interspecific competition in natural communities: a review of
field experiments with plants. Am Nat 139:771–801

Gurevitch J, Morrow LL, Wallace A, Walsh JS (1992) A meta-
analysis of competition in field experiments. Am Nat 140:539–
572

Holt RD (1977) Predation, apparent competition, and the structure
of prey communities. Theor Popul Biol 12:197–229

Holt RD (1984) Spatial heterogeneity, indirect interactions, and the
coexistence of prey species. Am Nat 124:377–406

Huntingford FA, Turner AK (1987) Animal conflict. Chapman
and Hall, London

Kotler BP, Brown JS, Hasson O (1991) Factors affecting gerbil
foraging behaviour and rates of owl predation. Ecology
72:2249–2260

Kotler BP, Blaustein L, Brown JS (1992) Predator facilitation: the
combined effect of snakes and owls on the foraging behaviour
of gerbils. Ann Zool Fenn 29:199–206

Kotler BP, Brown JS, Mitchell W (1993a) Environmental factors
affecting patch use in two species of gerbilline rodents. J
Mammal 74:614–620

Kotler BP, Brown JS, Slotow RH, Goodfriend WL, Strauss M
(1993b) The influence of snakes on the foraging behaviour of
gerbils. Oikos 67:309–316

Kotler BP, Brown JS, Subach A (1993c) Mechanisms of species
coexistence of optimal foragers: temporal partitioning by two
species of sand dune gerbils. Oikos 67:548–556

Kotler BP, Ayal Y, Subach A (1994) Effects of predatory risk and
resource renewal on timing of foraging activity in a gerbil
community. Oecologia 100:391–396

Manly BFJ (1997) Randomization, bootstrap and Monte Carlo
methods in biology, 2nd edn. Chapman and Hall, New York

Menge BA (1995) Indirect effects in marine rocky intertidal inter-
action webs: patterns and importance. Ecol Monogr 65:21–74

Morrison LW (1999) Indirect effects of phorid fly parasitoids on
the mechanisms of interspecific competition among ants. Oec-
ologia 121:113–122

Ovadia O (1999) Integrating behavioural responses of individual
Gerbillus allenbyi and G. pyramidum (Rodentia: Gerbillinae)
with their measured population responses. PhD thesis. Ben-
Gurion University of the Negev, Israel

Rosenzweig ML (1991) Habitat selection and population interac-
tion: the search for mechanism. Am Nat 137:S5–S28

Schoener TW (1983) Field experiments on interspecific competi-
tion. Am Nat 122:240–285

Sih A, Krupa JJ (1996) Direct and indirect effects of multiple
enemies on water strider mating dynamics. Oecologia 105:179–
188

Takenaka Y, Matsuda H, Iwasa Y (1997) Competition and evo-
lutionary stability of plants in a spatially structured habitat. Res
Popul Ecol 39:67–75

Tuljapurkar S, Caswell H (1996) Structured-population models.
Chapman and Hall, New York

Werner EE (1991) Nonlethal effects of a predator on competitive
interactions between two anuran larvae. Ecology 72:1709–1720

Werner EE (1992) Individual behaviour and higher-order species
interactions. Am Nat 140:S5–S32

Werner EE (1994) Ontogenetic scaling of competitive relations:
size-dependent effects and responses in two anuran larvae.
Ecology 75:197–213

Werner EE, Gilliam JF (1984) The ontogenetic niche and species
interactions in size-structured populations. Annu Rev Ecol Syst
15:393–425

Wootton JT (1992) Indirect effects, prey susceptibility, and habitat
selection: impacts of birds on limpets and algae. Ecology
73:981–991

Yodzis P (1988) The indeterminacy of ecological interactions as
perceived through perturbation experiments. Ecology 69:508–
515

Ziv Y, Abramsky Z, Kotler BP, Subach A (1993) Interference
competition and temporal and habitat partitioning in two gerbil
species. Oikos 66:237–246

488


	Outline placeholder
	ssec1:Introduction
	ssec2:Introduction
	ssec3:Introduction
	ssec4:Introduction




	Tab1
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	ssec5:Introduction
	ssec6:Introduction
	ssec7:Introduction
	ssec8:Introduction
	ssec9:Introduction
	ssec10:Introduction
	ssec11:Introduction
	ssec12:Introduction
	ssec13:Introduction
	ssec14:Introduction














	Fig1
	Fig2
	Tab2
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Outline placeholder
	ssec15:Introduction















	Fig3
	Fig4

