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Abstract Many animals must choose a nest site in order to
reproduce. However, it is unclear how nest-site selection
strategies vary across different mating systems. We must
therefore explore nest-site selection strategies in a range of
mating systems, including the interaction between resource-
defence polygyny and polyandry (i.e. polygynandry). In this
study, we imposed a re-settlement event in the terrestrial
toadlet Pseudophryne bibronii and measured the influence
of the spatial position of each male’s nest site with respect to
rival males on the likelihood that it would be abandoned or
receive eggs. We captured every calling male in a popula-
tion, measured their breeding success and released them
back into the breeding area. We then recorded the establish-
ment and abandonment of nest sites by males over 26
consecutive nights. Spatial positioning did not have any
significant effects on male-breeding success, supporting
claims that females show less discrimination between nest
sites when they are polyandrous and spread their eggs
amongst multiple male nests. However, we found that males
consistently selected nest sites according to a site’s spatial
position, which suggests that fitness benefits unrelated to
male breeding success (e.g. reduced mortality risk) might
influence male nesting decisions. Overall, our study pro-
vides new evidence that the mating system adopted by a
population can influence the cues that individuals respond to
when selecting nest sites.

Keywords Aggregation . Competition . Conspecific
attraction . Group position . Habitat selection . Inadvertent
social information

Introduction

Among oviparous animals, the decision of where to estab-
lish a nest (nest-site selection) has a direct impact on the
survival and development of offspring (Krebs 1971; Orians
and Wittenberger 1991; Refsnider and Janzen 2010). It is
well established that nest-site selection can be shaped by
ecological factors (Fretwell and Lucas Jr 1969; Petit and
Petit 1996; Muller et al. 1997; Rudolf and Rodel 2005; Part
et al. 2011). Many bird species, for example, will build nests
in areas that offer protection from predators or inclement
weather (e.g. Ille and Hoi 1995; Burger and Gochfeld 2005).
However, little is known about the influence of different
mating systems (Emlen and Oring 1977) on nest-site selec-
tion. In particular, we are only just beginning to understand
how factors that characterise a particular mating system,
such as conspecific spacing patterns, access to reproductive
resources and frequency of inter-sexual interactions, interact
to influence individual nest-site selection strategies (Krause
1994; Wagner 1998; Velando and Freire 2001; Bro-Jørgensen
2008; Minias et al. 2012).

In systems where males select and defend oviposition
sites (resource-defence polygyny), nest-site choice can di-
rectly correlate with mate attraction, copulation and ovipo-
sition (i.e. breeding success) because females may prefer to
lay their eggs in sites that confer fitness advantages
(Refsnider and Janzen 2010). Thus, males can potentially
improve breeding success through their choice of nest site
(e.g. Askenmo 1984). Although the quality of abiotic and
biotic resources of a nest site has been shown to have a
strong influence on female preferences for the site and its
resident (e.g. Verner and Willson 1966; Christy 1983;
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Balmford et al. 1992), quality (and hence female preference)
can also depend on the spatial distribution of males. This is
because conspecifics can positively or negatively influence
the expected reproductive success associated with a site
(Brown and Orians 1970; Pusey and Packer 1997) and
because males in certain positions may encounter more
females (Otte 1974; Beehler and Foster 1988; Gerhardt
and Huber 2002; Howard et al. 2011). For instance, compe-
tition and disease transmission can increase as individuals
get closer together (Yeaton and Cody 1976; Getty 1981;
Brown and Bomberger Brown 1996). On the other hand,
individuals positioned near conspecifics can benefit from
reduced predation pressure, improved exploitation of
resources and improved transfer of social information
(Hamilton 1971; Ward and Zahavi 1973; Wittenberger and
Hunt 1985; Turner and Pitcher 1986; Brown and Bomberger
Brown 1996; Richner and Heeb 1996; Donahue 2006).
Thus, males may use social cues pertaining to the distribu-
tion of other males when selecting a nest site, and benefit by
choosing nest sites that improve expected breeding success
(Coulson 1968; Apollonio et al. 1990; Wagner 1998;
Charmantier and Perret 2004; Bro-Jørgensen 2008; Minias
et al. 2012). Critically, this allows us to explore nest-site
selection strategies by identifying correlations between social
cues, individual decisions and breeding success (Giraldeau
1997; Doligez et al. 2003; Dall et al. 2005; Boulinier et al.
2008).

Broadly, three social cues that could potentially influence
nest-site selection due to effects on breeding success are (1)
an individual’s location in relation to a group (group posi-
tion: Coulson 1968), (2) the spacing between individuals in
the group (Doolan 1981; Arak et al. 1990; Murphy and
Floyd 2005) and (3) the density of individuals in the local
area (Fretwell and Lucas Jr 1969; Doligez et al. 2003;
Mariette and Griffith 2012). In terms of group position,
many studies have shown that breeding success can vary
depending on whether an individual is situated in a periph-
eral or central area of a group (Apollonio et al. 1990; Krause
1994; Fiske et al. 1998; Bro-Jørgensen 2008; Howard et al.
2011). Spacing between individuals can also be an impor-
tant cue for nest-site selection because the influence of
conspecifics can vary with distance (Brown and Orians
1970; Farris et al. 1997; Bates et al. 2010; Callander et al.
2011a). Similarly, the influence of conspecifics on the envi-
ronment, the interactions between individuals and the use of
social information are all expected to be density-dependent
(Fretwell and Lucas Jr 1969; Møller 1987; Møller and
Birkhead 1993; Doligez et al. 2003; Callander et al. 2011b).

Despite the potential for group positioning, spacing and
local density (i.e. spatial positioning) to affect breeding
success (and thus nest-site selection strategies), it is unclear
how these effects vary across different mating systems
(Westneat and Sherman 1997; Velando and Freire 2001;

Charmantier and Perret 2004; Descamps et al. 2009; Minias
et al. 2012). Because female preference for nest sites in
certain spatial positions can determine breeding success in
a resource-defence polygyny system, the mating strategy
adopted by females may have interactive effects on site
selection by males. For instance, polyandrous females in
socially monogamous systems may prefer nest sites that
increase their opportunities for extra-pair copulations and
males may establish nest sites accordingly (Wagner 1998).
However, Ursprung et al. (2011) have suggested that
females show less discrimination against the quality of a
nest site when nest-site failure is difficult to predict and
females divide their clutch amongst multiple nest sites.
The benefits of polyandry when nest-site failure is difficult
to predict are expected to stem from a reduction in the
likelihood of an entire clutch being lost to unpredictable
and costly changes in the environment (Byrne and Keogh
2009; Byrne and Roberts 2012). In such cases, females
appear to mate indiscriminately amongst males that are able
to maintain a territory, and only discriminate against non-
territorial males. Thus, there may be little variation in breed-
ing success that can be explained by spatial position and,
consequently, males may not respond to spatial positioning
cues when selecting a nest site. However, explicit tests of
whether males respond to spatial positioning cues in such a
polygynandrous mating systems are lacking.

We aimed to test whether spatial positioning affected
nest-site decisions in male brown toadlets (Pseudophryne
bibronii Gunther) and if these nest-site decisions are asso-
ciated with improved breeding success. In this polygynan-
drous species, males predominantly adopt a strategy of
resource-defence polygyny and select nest sites that provide
suitable juvenile habitat (Woodruff 1976; Byrne and Keogh
2009). Females spread their clutches over multiple nests as
the suitability of nest sites for juveniles is difficult to predict
(Mitchell 2001; Byrne and Keogh 2009). Because females
display a strategy of clutch-division polyandry, we predict
that they do not discriminate between males that have cho-
sen different spatial positions (Ursprung et al. 2011). We test
this hypothesis using a capture–release approach that
allowed us to test whether nest-site abandonment decisions
made by settling male toadlets during the first few weeks of
re-settlement corresponded with the expected breeding con-
sequences of those decisions. This approach also allowed us
to control for previous experience, abiotic resource quality
and nest-site availability within the same breeding season by
effectively restarting settlement. We captured every calling
male in an established population and measured the corre-
lates of breeding success. We then released males back into
the breeding area and recorded the establishment and aban-
donment of nest sites during a re-settlement period to serve
as an indicator of nest-site choice. If females do not discrim-
inate between males in different spatial positions, males will
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be unable to improve their breeding success by choosing
nest sites in particular locations. Accordingly, we predict
that nest-site abandonment will be unrelated to spatial posi-
tioning cues, and that there will be no correlation between
breeding success and the spatial position of a male.

Methods

Study species and site

The brown toadlet, P. bibronii, provides a good model to
investigate the processes of nest-site selection in a system
influenced by sexual selection. Brown toadlets are small
(22–36 mm snout-vent length), terrestrial breeding Myoba-
trachid frogs that are endemic to temperate regions of south-
eastern Australia (Tyler and Knight 2009). At the beginning
of autumn, males enter dry creek lines and drainage pans
and establish shallow burrows under leaf litter in moist soil.
Males produce acoustic signals from within their burrows,
which advertises their presence to females and mediates
interactions amongst themselves (Pengilley 1971; Woodruff
1976; Mitchell 2001; Byrne 2008; Heap et al. 2012).
Females move through the chorus and select males with
whom to mate, presumably based on the quality of acoustic
and chemical signals and/or nest-site characteristics, and
oviposition occurs in the burrow (Pengilley 1971; Woodruff
1976; Byrne and Keogh 2007, 2009). The breeding season
continues until winter rainfalls inundate the breeding habitat
and tadpoles hatch into ephemeral pools. Because eggs are
maintained at the calling site, it is possible to reliably measure
how each male’s behaviour and position in the chorus influ-
ence breeding success over the course of a breeding season.

The study was conducted on a toadlet population located
within remnant Eucalyptus, Banksia and Casuarina wood-
land in Jervis Bay National Park, on the south-east coast of
New South Wales, Australia. All work was conducted be-
tween 17 April and 21 May 2010.

Male collection and measurements for the original
distribution

Within the breeding site, males were distributed amongst
three discrete patches, representing three ephemeral creek
lines that converged at the study site. All the males in a
patch were classified as belonging to the same group. Tri-
angulation was used to estimate the location of nest sites to
within 20 cm, and each nest site was marked with a unique
ID flag. For five consecutive nights, the nest sites that
contained a calling male (active sites) were recorded and
new active sites were flagged. Three measurements of each
male's maximum calling volume (SPL; sound pressure level
relative to 20 μPa root mean square) were made on one to

three consecutive nights, and the mean for each individual
was calculated. We used a Digitech QM-1589 SPL meter
from a distance of 50 cm using slow response speed and A
weighting. All calling males from each group were collected
over three nights, beginning from the third night after initial
observations commenced (N=52 males, group 1=23, group
2=13 and group 3=16).When collecting males, the precise
location of the nest site was flagged, the presence of eggs
was noted and the saturation of the soil at the nest site was
measured using an ICT soil moisture meter (model MPM-
160B). Eggs were then counted and collected, leaving each
nest empty. Males were placed in plastic zip-lock bags and
brought to a field station (located 400 m from the study
site) where their mass (±0.01 g) and snout-vent length
(SVL; ±1.0 mm) were measured. Digital photographs were
taken of each male’s unique ventral patterns; these photos
provided a reliable identification key. After processing, males
were placed into individual plastic containers (175×125×
50 mm). Each container was lined with moist sponge, to
ensure toadlets were kept hydrated, and kept in a room with
windows, so that toadlets experienced natural light/dark
cycles.

Male release and re-settlement observations

Males were held at the field station for two nights, and each
group was released into the centre of one of the previously
occupied (but now empty) patches (23±11 m from their
original site). The patch for release was chosen at random,
and this resulted in one group being re-released into their
original patch, and the other two groups being released into
a neighbouring patch. One group of males was released on
each of three nights. When releasing males, individual con-
tainers were arranged into a circle (with lids facing out-
wards), and opened sequentially after a 5-min acclimation
period. Toadlets were then allowed to leave their containers
without interference. After approximately 1 h, all containers
were collected, and researchers vacated the study site in
order to reduce disturbance during the early stages of the
re-settlement process.

After males were released, the study site was surveyed
every night for 26 consecutive nights until the night of re-
capture. During surveys, which lasted between 1 and 12 h
depending on calling activity, any unmarked ‘active sites’
were flagged, and any calling activity from previously iden-
tified ‘active sites’ was noted.

Observations ended and males were collected, by group,
between 1800 and 0100 hours on the 31st–34th night after
observations began (N=44 males, group 1=17, group 2=13
and group 3=14). Observations ended on the 31st night for
all males, thus giving a re-settlement period of between 24
and 26 days, depending on the night of release. The proce-
dure used during the original capture was repeated, whereby
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exact nest sites were located and the presence of eggs noted.
However, soil saturation was not measured, as was done
during the original capture, because heavy rain on the night
of capture would have inflated soil-moisture readings. Thus,
linear interpolation of the moisture measurements from the
first capture was used to estimate soil moisture. Any sites
that were recorded as active during re-settlement, but were
quiet when the chorus was recaptured, were classified as
abandoned. Any sites in which males were captured were
classified as occupied (non-abandoned), even though the
resident may have still been in the process of selecting a
site. Each individual was identified based on unique ventral
patterns evident in digital photographs. Any individuals that
were new to the chorus were photographed for the first time.
All individuals were measured to determine mass and SVL.
Males were held at the field station for one to four nights,
after which time they were released at the nest site from
which they were most recently captured.

Maps of nest-site distribution and calculations for nest-site
characteristics

In the time between the second capture and release, lines of
string were laid through the chorus to serve as the axes of a
coordinate system. The Cartesian coordinates for every nest
site from which a male was heard calling were recorded (i.e.
original, re-settled and abandoned sites; N=126).

To examine the effect of group position, individuals were
classified as belonging to either the periphery or centre of
their group using the classification system of Krause (1994).
Specifically, a minimum convex polygon was drawn around
all active sites for each group on each night. Active sites that
were on the vertices of this polygon were classified as
peripheral sites, and the sites that were not peripheral were
classified as central. The group position for each nest site on
the last day that the site was occupied was recorded (either
the day that it was abandoned, or the day that the resident
was captured). Because this method required at least five
individuals in a group, four nests sites were unable to have
their position classified as they were abandoned during the
earliest days of re-settlement before minimum group size
was achieved.

The harmonic mean of inter-individual distances (IID) for
each frog was used as a measurement of spacing, and the
number of neighbours within 2 m was used to represent
local density. The harmonic mean of IID was used instead of
the arithmetic mean because smaller distances are given
relatively more weight than larger distances, which corre-
sponds with the degradation of acoustic signals over dis-
tance and the likelihood that frogs are more influenced by
close neighbours than distant neighbours (Wilczynski and
Brenowitz 1988; Gerhardt et al. 1989). The data for nest-site
location and a matrix of active sites across the nights of

observation were used as the input for custom-made functions
in R 2.14.1 (R Project contributors, http://www.r-project.org/)
that calculated the geometric distances between each nest site
and any active sites for each night of the study. These data
were used to calculate the mean IID and number of active sites
within 2 m for each nest site on each night. We also used these
methods to calculate the nearest nest site that was
previously occupied for each of the nest sites established
during re-settlement.

Statistical analysis

In order to determine whether our capture–release protocol
had any adverse effects on the behaviour of males, we used
paired t tests on individuals that were captured twice to test
whether they showed any significantly different choices
with regard to local density or IID, using the measurements
for their final nest-site location. Similarly, we used a χ2 test
for group position. We also compared the number and
spread of eggs before and after our treatment, using the
average rainfall between weather stations 068088 and
068151 obtained from the Australian Bureau of Meteorolo-
gy (http://www.bom.gov.au) to account for differences in
climate between the 26 days of our study and the 26 pre-
ceding days. Finally, we examined correlations between all
of the predictor variables using a combination of t tests,
regression analysis, ANOVA and χ2 tests. We used R
2.14.1 for all analyses.

We investigated the selection of nest sites within the
habitat using an information-theoretic (IT) approach
(Burnham 2004; Mazerolle 2006; Burnham et al. 2010;
Symonds and Moussalli 2010), in which we compared nu-
merous logistic-regression models that included the effects of
local density, group position and spacing on nest-site aban-
donment during re-settlement and breeding success (whether
there were eggs at the nest) before capture. Comparisons were
made on the basis of their corrected Akaike Information
Criterion (AICc). We used spacing and local density measure-
ments taken on the night of capture for the original population,
under the assumption that the chorus had stabilised, and
average values for the re-settlement period due to the dynamic
nature of the groups. Average values were based on the mean
measurements over the period in which a nest site was active.
In the model for breeding success, we included calling volume,
SVL and soil saturation to provide some account of variation in
individual and nest-site properties. In the model for abandon-
ment, we included predicted soil saturation, distance to the
nearest previously occupied nest site, the first night at which a
site was active and group ID to account for the effects of
abiotic properties, settlement patterns and group properties.

Since we were interested in which spatial positioning
factors could be important, we defined a set of seven models
for each combination of local density, group position and
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IID. We also included seven models in which the set of non-
positioning factors were included with each of these combi-
nations to determine if other factors are necessary to con-
sider. Finally, we included a null model to determine if
neither spatial positioning nor any other measured factors
provided any information for explaining abandonment or
breeding success. After removing replicates with missing
data (abandonment model=4; breeding success model=2),
we tested the fit and suitability of the global model (i.e. all
factors included) by following the guidelines of Logan
(2010). Four replicates were removed from the abandonment
model because we required at least five nest sites within a
group to calculate group position, and these abandonments
occurred in the first night of re-settlement when few other
individuals were calling. Two replicates were removed from
the breeding success model because these were two frogs that
were only detected during the initial collection and thus had
no measurements for calling volume. We used pseudo-r2 (r2p)
as a measure of the proportion of variance a model could
explain in order to illustrate the suitability of our inferences
[1–(model deviance/null model deviance)]. We then used the
AICcmodavg package (Mazerolle 2012) in R 2.14.1 to calcu-
late the AICc for models of nest-site abandonment and QAICc
for models of breeding success (QAICc used due to over-
dispersion). Additionally, we used this package to calculate
the natural model average estimates, unconditional standard
error and 95 % confidence intervals for the effect of each
factor. Of important note, inferences made on the basis of
the IT approach do not rely on the interpretation of p values,
but on the inclusion of predictor variables in models that
provide an explanation for the variables of interest.

Results

We originally captured 53 males (52 had nest sites, 1 was
roaming the chorus) and re-captured 41 of these males (the
remainder were assumed to have left the study site, as all
calling males were captured). There were 3 previously un-
identified males in the second capture, giving a re-settled
population of 44males. There were 30 sites that were recorded
as being abandoned. Almost all individuals that re-settled
(39/41) returned to their original patch of capture rather than
settling within the release patch, although most (36/39) chose
a new nest site rather than returning to their original site or
settling in a previously used site. The locations of nest sites in
the original and re-settled populations, in addition to the
locations of abandoned nest sites, are provided in Fig. 1.

Correlations among predictors

Although variance inflation factors for both abandonment
and mating models did not exceed 5 for any factor,

indicating that multi-collinearity among predictors did not
severely influence results (Logan 2010), there were numer-
ous correlations among the social positioning factors. Nest
sites were significantly closer to other nest sites in central
areas in both the original population (t18.05=2.41, p=0.027),
and during re-settlement (t53.24=3.40, p=0.001). Similarly,
IID decreased as local density increased in both populations
(original population, F1,49=17.45, r

2=0.25, p<0.001; during
re-settlement, F1,68=93.63, r

2=0.57, p<0.001; Fig. 2a, b).
However, local density did not significantly differ between
central and peripheral areas in the original population (t32.56=
1.62, p=0.114), but did during re-settlement (t61.59=3.26, p=
0.002). Of additional note, males called at significantly louder
intensity from nest sites in areas with higher local density
(F1,48=6.02, r

2=0.09, p=0.018; Fig. 3a, b) and less isolated
nest sites (F1,48=5.71, r

2=0.09, p=0.021) in the original
population. The local density of nest sites was also signifi-
cantly greater in wetter areas than dry areas (F1,49=4.37, r

2=
0.06, p=0.042). All other correlations were not significant
(p≥0.095), other than those mentioned below.

The effect of capture–release

Individual males did not show any significant differences in
their choice of nest site with regard to local density (t39=
1.56, p=0.127) or IID (t39=1.90, p=0.064) between their
original choice and their choice after capture–release. Sim-
ilarly, males were significantly more likely to re-settle in the
same group position in which they were originally captured
(χ2

1=6.22, p=0.013). Re-settled nest sites were also signif-
icantly more likely to be established closer to original nest
sites, as the distance of a nest site from the nearest original
nest site decreased with density (F1,68=11.42, r

2=0.13, p=
0.001), increased with IID (F1,68=20.79, r

2=0.22, p<0.001)
and was greater in central areas (t39.86=2.46, p=0.018).
Previous breeding success did not predict breeding success
during re-settlement (χ2

1=1.07, p=0.301). Furthermore,
there were no significant differences in the final choice of
nest site between males that had previous mating experience
and those that did not, with regard to local density (t37.19=
0.13, p=0.895), group position (χ2

1=1.71, p=0.191), IID
(t37.83=0.23, p=0.823), distance to nearest previously occu-
pied nest (t37.57=0.76, p=0.452) or distance to their original
nest site (t37.21=0.85, p=0.403). Fewer eggs were found in
the nests of fewer males during the re-settlement period
(original population, 2,306 eggs in 44 % of nests; re-
settled population, 1,103 eggs in 35 % of nests). With regard
to the weather, the 26 days of re-settlement tended to be
drier than the 26 days preceding capture–release, as there
was 91.2 mm of rain over 14 days prior to the study and
15.1 mm of rain over 6 days during re-settlement. Further-
more, the average square root rainfall/day tended to be
higher prior to capture–release (0.96±1.64 mm) than during
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re-settlement (0.28±0.72 mm), although this difference was
not significant (t34.39=1.95, p=0.060).

Effect of spatial positioning on nest-site abandonment

At best, we could explain up to a quarter of the variance in
nest-site abandonment (r2p=0.24). The best candidate set of
models for explaining nest-site abandonment (∑w<0.95) all
include at least one spatial positioning factor (Table 1). Of this
set, only the full model (ΔAICc=4.00) contains non-
positioning factors, but it is more than seven times less likely
to be the best candidate model than considering all positioning
factors on their own (ΔAICc=0.00). Furthermore, models
containing positioning factors are 30 times more likely to be
the best candidate model than the null model that contains no
factors. Model averaging estimates provide strong evidence
that males are more likely to abandon nest sites as the local
density of males surrounding the site increases (Table 2;
Fig. 2a, b). Furthermore, there is good evidence to suggest
that nest sites in peripheral positions and more isolated areas
(those with greater inter-individual distances) are more likely

to be abandoned (Table 2; Fig. 2a, b). However, in these latter
two cases, the 95%CI for the true value of effect size includes
zero (but only by a relatively small degree).

Effect of spatial positioning factors on breeding success

Variation in breeding success could not be substantially
explained by considering spatial positioning factors, soil sat-
uration, individual calling volume and SVL (r2p=0.11). Fur-
thermore, inclusion of spatial positioning variables could only
provide an equivalent amount of information as a null model
that did not consider any measured variables (Table 3). Model
averaging indicates that there were no factors that were likely
to have had a strong effect on breeding success (Table 4;
Fig. 3a, b).

Discussion

We aimed to investigate whether density, group positioning
and spacing (spatial positioning) affected breeding success

Fig. 1 Map showing the distribution of abandoned (crosses) and
occupied nest sites with (triangle) or without (circles) eggs present in
groups 1, 2 and 3. The original distribution of nest sites is in grey, and
the re-settled population is in black. Three individuals returned to their

original nest site in group 2, and these nest sites are represented by
black squares. The only male to re-settle on a nest site in which he had
previous breeding success is represented by a hollow black square.
Grid lines indicate 1-m intervals. Some points are jittered for clarity
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and nest-site selection in a resource-defence system, in
which females spread their eggs amongst multiple nests that
are difficult to assess and males choose sites associated with
suitable juvenile habitat (Geiser and Seymour 1989; Chambers
et al. 2006). Because the study ended before the termination of
breeding, our results are primarily applicable to the first few
weeks of re-settlement. We tested the hypotheses that, in this
breeding system, (1) males do not have preferences for nest
sites in certain spatial positions, and (2) there is no predictable
variation in breeding success across different spatial positions.
Correspondingly, we found that spatial positioning factors did
not predict breeding success. Therefore, resource-defending
males may not be able to improve breeding success with
preferences for nest sites in certain spatial positions when
females do not strongly discriminate between different nest
sites. However, in contrast to this result, males were more
likely to abandon nest sites as local density increased. Further-
more, males may be more likely to abandon nest sites on the

periphery of a group and in more isolated areas. These results
indicate that males arranged themselves according to the place-
ment of other males. Thus, there must be ultimate explanations
for these nest-site selection criteria that are independent of
breeding success.

These results are consistent with those of Ursprung et al.
(2011), who found that polyandrous females of the frog
species Allobates femoralis do not discriminate among
males based on spatial positioning, providing that the male
can be discriminated from the background noise. Both P.
bibronii and A. femoralis share a similar mating system, in
which females split their eggs amongst multiple males (who
display resource-defence polygyny) as a response to unpre-
dictable environments (Byrne and Roberts 2012). Together,
these studies suggest that males are unable to improve their
breeding success by choosing nest sites in particular spatial
locations when females benefit from spreading their clutch
over multiple nest sites. This pattern is in contrast to other
resource-defence mating systems, in which females show
strong bias towards particular nest sites and males can thus
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Fig. 2 Correlations between spatial positioning cues associated with a
nest site and whether the site was abandoned (crosses) or occupied
(circles) by the end of the study period for a central and b peripheral
group positions; site fidel males are represented by squares, with the
hollow square as in Fig. 1; the local density axis has been square root
transformed
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improve their breeding success by choosing nest sites
that females prefer (Verner and Willson 1966; Wells 1977;
Yasukawa 1981; Kodric-Brown 1983; Christy 1983;
Askenmo 1984; Bensch and Hasselquist 1992; Balmford et
al. 1992; Gerhardt and Huber 2002; Refsnider and Janzen
2010). Thus, the mating system adopted by a population can
influence the cues that individuals respond to when selecting
nest sites.

The lack of a strong effect from positioning factors on
breeding success conforms to the prediction that these fac-
tors have limited influence on breeding success when

polyandry can reduce the costs of a given nest site failing
(Ursprung et al. 2011). However, our results imply that
males were more likely to abandon nest sites in certain
spatial position, which suggests that spatial positioning can
still be associated with fitness. Specifically, our findings
clearly indicate that males were more likely to abandon nest
sites as local density increased. Additionally, there are
trends for males to abandon peripheral and isolated nest
sites. These decisions could be made according to a direct
influence of spatial positioning on a more complete index of
fitness than breeding success, or due to environmental con-
straints that limit a male’s available choices.

Spatial positioning may directly influence the survival of
both males and their offspring (Coulson 1968; Hamilton
1971; Gross and MacMillan 1981; Krause 1994; Descamps
et al. 2009; Refsnider and Janzen 2010; Minias et al. 2012;
Molloy et al. 2012). For instance, the abandonment of
peripheral and isolated nest sites may function to reduce
the predation pressure on males. According to the selfish-
herd hypothesis, more isolated individuals, and those on the
periphery, can face greater predation risk (Hamilton 1971).
Although these toadlets possess toxic skin compounds that
make them distasteful to predators (Daly et al. 1990), soli-
tary or peripheral individuals may be more susceptible to
attack from the parasitoid fly, Batrachomyia spp. These flies
have been observed to parasitize P. bibronii and other Pseu-
dophryne species (Lemckert 2000; Schell and Burgin 2001),
and although not directly fatal, may reduce fitness by impair-
ing the male’s condition and ability to call and attract females.
However, we do not know the level of parasitism experienced
by P. bibronii in our study population and thus cannot cur-
rently determine whether this pressure is enough to explain the

Table 1 The set of models ex-
amining the effect of spatial
positioning and other factors
on the abandonment of nest
sites in a population of
brown toadlets

The full model (F) has r2p=0.24

Pos centre or periphery of
group, IID harmonic mean of
inter-individual distances
(meters), Den number of
neighbours within 2 m, Other
predicted soil saturation
(percentage)+group ID+day
of first call+nearest previously
occupied nest site (centimeters),
K number of factors in the model
(includes intercept), w AIC
weight, ∑w cumulative AICc
weight, LL log likelihood,
ER evidence ratio

Model K AICc ΔAICc w ∑w LL ER

Pos+Den+IID 4 87.61 0.00 0.32 0.32 −39.50 1.00

Pos+Den 3 88.05 0.45 0.25 0.57 −40.85 1.25

Den+IID 3 88.32 0.71 0.22 0.79 −40.98 1.42

Den 2 89.69 2.09 0.11 0.90 −42.76 2.84

Pos+Den+IID+Other (F) 9 91.61 4.00 0.04 0.94 −35.30 7.38

Pos+Den+Other 8 92.85 5.24 0.02 0.97 −37.24 13.72

Null model 1 94.42 6.81 0.01 0.98 −46.18 30.12

Den+Other 7 95.69 8.08 0.01 0.98 −39.94 56.91

IID 2 95.76 8.15 0.01 0.99 −45.79 58.90

Pos 2 95.99 8.38 0.00 0.99 −45.91 66.16

Pos+IID 3 96.54 8.93 0.00 1.00 −45.09 87.07

Other 6 97.89 10.28 0.00 1.00 −42.28 170.86

Pos+Other 7 98.44 10.83 0.00 1.00 −41.32 224.59

IID+Other 7 100.25 12.65 0.00 1.00 −42.22 557.29

Den+IID+Other 8 100.36 12.75 0.00 1.00 −41.00 588.28

Pos+IID+Other 8 100.36 12.75 0.00 1.00 −41.00 588.28

Table 2 Model average estimates for spatial positioning and other
factors that predict nest-site abandonment in a population of brown
toadlets

Factor Estimate SE Lower
CI

Upper
CI

w

Local densitya 1.82 0.82 0.21 3.43 0.97

Central positionb −1.14 0.66 −2.43 0.15 0.64

IIDa 0.23 0.15 −0.06 0.51 0.59

Group 1 vs. 2 −0.92 1.04 −2.95 1.11 0.08

Group 1 vs. 3 −0.63 0.72 −2.04 0.78 0.08

First call −0.03 0.05 −0.12 0.06 0.08

Predicted moisture 0.02 0.03 −0.05 0.08 0.08

Nearest original
nest

−0.01 0.00 −0.02 0.00 0.08

Confidence intervals (CI) are for the 95 % range

w AICc weight
aMean value for period of nest-site occupation
b Value on night of capture
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observed preferences for grouping. Similarly, nest sites on the
periphery or in isolated areas may be associated with lower
offspring survival if, for instance, peripheral pools are quicker
to dry or experience greater tadpole-predation pressure (e.g.
Coulson 1968). In any case, we require tests that determine
whether offspring survival is the ultimate reason for male nest-
site selection by observing the fate of eggs and tadpoles that
were deposited in different spatial locations.

Alternatively, spatial positioning may correlate with com-
petition, as males were more likely to abandon nest sites in

dense areas and thereby show some degree of local dispers-
al. In particular, male frogs that occupy nest sites in dense
areas can suffer from higher levels of male–male competi-
tion and have less distinctive (and hence less attractive)
advertisement signals (Gerhardt and Huber 2002; Wells
2007). This interpretation is supported by an extensive
literature concerning the reproductive costs of competition
and masking interference in frogs (Gerhardt and Huber
2002). Furthermore, our results suggest that males can com-
pete against neighbours by calling louder, as individuals
significantly increased their calling volume as the local
density increased. Because calling loudly is energetically
costly and can increase the risk of desiccation (Taigen and
Wells 1985; Prestwich et al. 1989; Prestwich 1994; Mitchell
2001), males may incur physiological costs from competi-
tion. Furthermore, energy and moisture resources are critical
for participating in the chorus over extended periods of time,
and the ability to participate in the chorus directly influences
breeding success in many frogs (Gerhardt and Huber 2002;
Wells 2007). Therefore, males that suffer more physiologi-
cal costs may have lower breeding success, but only over
longer periods of time than that considered in this study (as
we found no effect of local density on breeding success).
Thus, males may be using a cue that correlates with the
number of nearby neighbours to evaluate the quality of a
nest site in terms of expected competition and masking
interference.

Table 3 The set of models examining the effect of spatial positioning and other factors on breeding success (whether there were eggs in the nest) in
a population of brown toadlets before capture and release

Model K QAICc ΔQAICc w ∑w QLL ER

Null model 2 64.49 0.00 0.25 0.25 −30.12 1.00

Den 3 65.16 0.67 0.18 0.43 −29.32 1.40

Pos 3 66.16 1.66 0.11 0.54 −29.82 2.30

Pos+Den 4 66.25 1.76 0.10 0.64 −28.68 2.41

IID 3 66.40 1.91 0.10 0.74 −29.94 2.59

Den+IID 4 67.52 3.03 0.06 0.80 −29.32 4.55

Pos+IID 4 67.83 3.34 0.05 0.84 −29.47 5.30

Den+Other 6 68.05 3.56 0.04 0.89 −27.05 5.93

Other 5 68.46 3.97 0.03 0.92 −28.55 7.28

Pos+Den+IID 5 68.71 4.22 0.03 0.95 −28.67 8.23

IID+Other 6 69.90 5.40 0.02 0.97 −27.97 14.90

Pos+Den+Other 7 70.66 6.17 0.01 0.98 −27.00 21.88

Pos+Other 6 71.05 6.56 0.01 0.99 −28.55 26.56

Den+IID+Other 7 72.57 8.08 0.00 0.99 −27.95 56.79

Pos+IID+Other 7 72.57 8.08 0.00 1.00 −27.95 56.79

Pos+Den+IID+Other (F) 8 73.34 8.84 0.00 1.00 −26.91 83.25

The full model (F) has r2 p=0.11

Pos centre or periphery of group, IID harmonic mean of inter-individual distances (meters), Den number of neighbours within 2 m, Other soil
saturation (percentage)+calling volume (dBA)+SVL (millimeters), K number of factors in the model (includes intercept and correction for
overdispersion), w QAIC weight, ∑w cumulative QAICc weight, QLL quasi-log-likelihood, ER evidence ratio

Table 4 Model average estimates for spatial positioning and other
factors that predict breeding success (whether there were eggs in the
nest) in a population of brown toadlets before capture and release

Factor Estimate SE Lower
CI

Upper
CI

w

Local densitya −0.33 0.26 −0.84 0.17 0.43

Central positiona 0.61 0.73 −0.81 2.04 0.32

IIDa 0.04 0.08 −0.13 0.20 0.26

Calling volume 0.33 0.24 −0.14 0.80 0.13

SVL −0.02 0.32 −0.65 0.61 0.13

Moisture 0.01 0.02 −0.03 0.06 0.13

Confidence intervals (CI) are for the 95 % range

w QAICc weight
a Value on night of capture
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Males may also be constrained by uncertainty regarding
the abiotic quality of their nest site. In P. bibronii, the
survival of offspring is principally determined by local
flooding conditions (Woodruff 1976; Bradford and Seymour
1988; Geiser and Seymour 1989; Mitchell 2001), which
may be difficult for breeding males to predict over the
period of a single season (Brissonette 1997; Byrne and
Keogh 2009). However, males may be able to use informa-
tion gathered from previous breeding seasons to make nest-
site decisions that better reflect the local abiotic environment
(Switzer 1993, 1997). If a sufficient number of males have
information on abiotic quality and make informed choices,
then the abandonment of nest sites in peripheral and isolated
areas may reflect males that are less informed choosing to
settle near conspecifics that are perhaps more informed
(conspecific attraction: Stamps 1988). Simulations suggest
that individuals can benefit from using conspecific attraction
in weakly predictable environments because settling near
others can allow individuals to effectively copy the deci-
sions of more informed individuals (Doligez et al. 2003).
Such copying behaviour is also predicted to occur when
there are high costs associated with decision making
(Frommen et al. 2008), such as the cost of choosing a nest
site that fails. Thus, males may increase the likelihood of
settling in an area of sufficient abiotic quality by using group
position and spacing as independent cues for conspecific
presence. However, this hypothesis assumes that there are a
sufficient number of informed individuals in the population.
Testing this hypothesis would require long-term observations
of nest-site selection and environmental variability to deter-
mine if experienced males make better nesting decisions.
Manipulations that show individual males are attracted to
occupied areas and groups converge upon more predictable
areas are also required. If this hypothesis is supported, it
would suggest that abiotic uncertainty can drive male spacing
patterns, in addition to and independently from, driving se-
quential polyandry.

A limited availability of suitable nest sites could also
constrain nest-site selection (Stewart and Pough 1983;
Donnelly 1989a; Newton 1994; Heying 2004). That is, males
may have abandoned sites that were unsuitable for the estab-
lishment of a nest site in terms of abiotic or biotic quality, and
this could result in the aggregation or dispersal of males
depending on the distribution of limited environmental resour-
ces. Under certain resource distributions, such a process could
correlate with spatial positioning factors (Donnelly 1989b). For
instance, if there is a decreasing gradient of resource quality
from a central area, individuals on the periphery may be more
likely to abandon a nest site because of limited resources rather
than their position in relation to a group that inhabits the
resource patch. This hypothesis could be tested by the addition
of suitable nest-site locations, as has been done in other systems
(e.g. Stewart and Pough 1983; Donnelly 1989a, b).

Our data, and a study that indicates males can sometimes
change nests without interference (Byrne and Keogh 2009),
suggest that the capture–release protocol did not have any
overly detrimental effects on the nest-site selection strategies
exhibited by males of the study population. Specifically, our
results imply that, apart from the males that did not re-settle,
males did not change their nest-site selection strategy as a
result of the capture–release treatment. Additionally, males
were still able to attract females and achieve breeding success
during the re-settlement period, and both previously success-
ful and unsuccessful males had the opportunity to mate during
re-settlement. Although fewer eggs were counted after re-
settlement than before, which could suggest that capture–
release impaired the ability of males to attract females, these
patterns could also be due to the rainfall patterns during the
study period (Mitchell 2001) and issues of timing. That is, the
breeding population may have been active for at most twice as
long as the re-settlement period prior to our study, which is
consistent with the number of eggs that we counted.

In conclusion, our data support the hypothesis that clutch-
division polyandry homogenises breeding success within a
group, rather than driving competition for certain positions
that improve breeding success (Ursprung et al. 2011). How-
ever, males still used spatial positioning cues for selecting nest
sites, which suggests that a male’s spatial position (or a factor
that correlates with spatial position) has direct fitness conse-
quences that are independent of breeding success. Thus, we
require studies that incorporate a more complete measure of
fitness (e.g. tadpole survival) to improve our understanding of
nest-site selection by males. Additionally, further investiga-
tions into the influence of polygamy on the use of spatial
positioning cues in nest-site selection strategies will add to
our understanding of the factors influencing the evolution and
ecological influence of different mating systems. This under-
standing will then allow us to make better predictions
concerning the distribution and skew of reproductive success
in populations based on their breeding ecology.
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