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Animals change the strategy that they use to select breeding sites at the spatial scales of habitat, patch, and microhabitat. In this regard, 
breeding site fidelity is expected to vary according to environmental predictability, which, in turn, is expected to differ between each 
spatial scale. However, whether or not animals change their degree of site fidelity at different spatial scales remains unclear. We cap-
tured and released males of the terrestrial frog Pseudophryne bibronii into alternative patches within a breeding habitat and determined 
the extent to which site fidelity influenced individual nest-site choice. We found that males tended to return to their original patch rather 
than resettle in an alternative patch. However, males were unlikely to return to their original nest sites within the patch. We suggest 
that site fidelity in this species may be scale dependent because information from previous breeding seasons can predict the quality of 
patches, but not nest sites. This behavioral variation is consistent with a hypothetical relationship between spatial scale and environ-
mental predictability, which may have important implications for decision-making processes that extend over multiple spatial scales.

Key words: anuran, breeding behavior, current and prior information, habitat selection, site fidelity, spatial and temporal scale, 
uncertainty.

IntroductIon
Oviparous animals choose the best available habitat in which to lay 
their eggs (Fretwell and Lucas 1970; Calsbeek and Sinervo 2002; 
Refsnider and Janzen 2010), with decisions depending on environ-
mental cues that indicate an area’s reproductive suitability (Krebs 
1971). Furthermore, individual responses to these cues can be scale 
dependent. For instance, yellow-headed blackbirds (Xanthocephalus 
xanthocephalus) choose breeding sites based on assessments of  food 
productivity at broad spatial scales, but vegetation density at finer 
scales (Orians and Wittenberger 1991). Because available cues can 
never completely predict the environment, animals often develop 
adaptive responses to the inherent level of  uncertainty. However, 
it is unclear how animals adjust breeding site decisions in relation 
to environmental unpredictability at different spatial scales, despite 
this process being crucial for understanding habitat selection (Lima 
and Zollner 1996; Schmidt and Whelan 2010; Schmidt et al. 2010).

One way animals can reduce uncertainty in their decision 
making is by expressing stereotyped behavioral or physiological 
responses to specific environmental triggers or by using informa-
tion from previous experience (Switzer 1993; Maynard Smith 
2000; Wagner and Danchin 2010). In many cases, “prior informa-
tion” allows an individual to exploit patterns that are predictable 
over time. However, continued exploitation of  a pattern on the 
basis of  prior information is vulnerable to changes in the environ-
ment. Individuals can instead benefit by updating their informa-
tion through exploration of  their environment although gathering 
“updated information” comes at a cost (Dall and Johnstone 2002; 
Dall et  al. 2005; Dall 2010). The optimal response to the trade-
off between the use of  prior and updated information is partly 
determined by the predictability of  the environment (Gould 1974; 
Stephens 1989; Mangel 1990; Dall and Cuthill 1997; Luttbeg 
and Warner 1999; Dall et  al. 2005). In this respect, a decrease 
in predictability is expected to reduce the benefits of  using prior 
information in relation to updated information because previous 
experience has less relevance to current conditions.Address correspondence to S.M. Heap. E-mail: stephen.m.heap@jyu.fi.
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Environmental predictability varies across different spatial scales, 
and information use is expected to vary accordingly. There are at 
least 2 mechanisms that could generate scale-dependent informa-
tion use. First, the timescale of  environmental and ecological pat-
terns and processes is longer at larger spatial scales (Wiens 1989). 
Thus, prior information may provide a better basis for adaptive 
decisions at larger spatial scales than smaller spatial scales, as previ-
ous conditions can serve as an adequate approximation for the cur-
rent state. Second, the predictive ability of  prior information can 
decrease at smaller spatial scales because it becomes more difficult 
to build dynamic models (e.g., behavioral assessment and response) 
as the scale being considered decreases (Costanza and Maxwell 
1994). This trend arises because the uncertainties involved in small-
scale components can be averaged out when they are considered at 
larger scales. Therefore, we can hypothesize that the use of  prior 
information will decrease, and the use of  updated information will 
increase, at smaller spatial scales.

We can study the use of  prior and updated information through 
the expression of  site fidelity, in which an individual is faithful to 
a previously used breeding site over multiple breeding attempts 
(Burger 1982; Switzer 1997; Ringler et al. 2009). Site fidelity may 
allow individuals to use prior information from previous breeding 
attempts to exploit predictable conditions. However, continued 
exploitation of  the same site can result in lost opportunities for 
finding better quality sites. Individuals can instead invest in updated 
information by exploring whether a superior site exists (Johnson 
and Gaines 1990; Switzer 1993, 1997; Doligez et  al. 2003; Piper 
2011). If  an animal’s decision to be site-faithful can be scale depen-
dent, this would suggest that individuals adjust their decisions to the 
level of  uncertainty at a given spatial scale. However, many studies 
of  breeding site choice base their conclusions on patterns of  distri-
bution and abundance and are unable to separate the decision to 
be site-faithful from coarse ecological processes (e.g., resource limi-
tation, competition) that could also result in the reuse of  nest sites 
(Parrish and Edelstein-Keshet 1999; Doligez et al. 2003; Boulinier 
et  al. 2008). Thus, manipulative field experiments that distinguish 
between pattern and process will enable us to determine whether 
site fidelity varies with spatial scale.

We performed a novel patch-swap experiment on an entire male 
population of  the terrestrial toadlet Pseudophryne bibronii and mea-
sured site fidelity during resettlement. Our aim was to determine 
if  individuals choose to be site-faithful if  they are presented with 
the opportunity to settle in an alternative breeding site. Following 
resettlement, we compared the use of  site fidelity at different spatial 
scales to determine if  there was a decrease in site fidelity at smaller 
spatial scales.

MaterIals and Methods
Study species

The brown toadlet P. bibronii is a Myobatrachid frog that is endemic 
to temperate regions of  southeastern Australia (Tyler and Knight 
2009). Pseudophryne bibronii are terrestrial breeders, with males 
entering breeding sites at the beginning of  autumn and estab-
lishing shallow burrows in moist soil underneath leaf  litter in dry 
creek lines and drainage pans. Males advertise their presence to 
females and mediate competitive interactions with acoustic signals 
(Pengilley 1971; Woodruff 1976; Mitchell 2001; Byrne 2008; Heap 
et al. 2012; Heap and Byrne 2013). Females oviposit directly into 
the burrow, after presumably assessing the quality of  the nest site 
and/or the resident male (Pengilley 1971; Woodruff 1976; Byrne 

and Keogh 2007, 2009). Females are extremely polyandrous and 
sequentially split their clutch among the nests of  2–8 males (Byrne 
and Keogh 2009; Byrne and Roberts 2012). Consequently, around 
80% of  the males in the chorus can gain mating success (Byrne 
and Keogh 2009). Typically, males remain with their eggs over the 
course of  the breeding season, which continues until winter rain-
falls inundate the habitat and eggs hatch into ephemeral pools. 
Heavy rain events that temporarily flood a nest site often lead to 
its abandonment, at which point males either establish a new nest 
in an area that has not flooded, return to their original site after 
waiting for the water to recede, or leave the chorus entirely. Such 
displacement can happen several times a season (approximately 
2–4 times) before the site remains flooded and toadlets establish a 
new nest or leave altogether (Byrne PG, unpublished data). Males 
may or may not provide some level of  care for their eggs (Woodruff 
1977). There is also evidence for alternative reproductive strategies, 
including males fertilizing eggs in other nests and maintaining mul-
tiple nest sites (Mitchell 2005; Byrne and Keogh 2009). Between 
seasons, toadlets move into the bush surrounding the breeding site 
and overwinter under rocks or logs, and males are likely to experi-
ence at least 5 separate breeding seasons over their lives (Byrne PG, 
unpublished data).

Field protocol

The patch-swap experiment was performed on a population of  
toadlets in Bream Beach, Australia, between 19 April and 20 May 
2010. We divided the breeding habitat into 3 distinct patches, 
referred to as the north, east, and south patch, based on the inter-
section of  2 ephemeral streams (Figure  1). We collected every 
calling male in each patch approximately 4–6 weeks after the com-
mencement of  a 3- to 4-month breeding season. Collections were 
made over 3 consecutive nights, with toadlets captured from the 
north patch on night 1 (19 April 2010; n = 13 males), the east patch 
on night 2 (20 April 2010; n = 23 males), and the south patch on 
night 3 (21 April 2010; n = 16 males). At the time of  collection, nest 
sites were marked with an ID flag and males were placed into plas-
tic zip-lock bags and transported to a field station (located approxi-
mately 1 km from the study site), where they were then housed in 
individual plastic containers (175 × 125 × 50 mm). Containers each 
held a moist sponge to ensure frogs remained fully hydrated and 
were kept in a room with windows that permitted frogs to receive 
natural light:dark cycles. On the day after collection, frogs were 
weighed using a digital balance and photographed. Because P. bibro-
nii have unique individual ventral patterns, the photographic identi-
fication method (PIM; Bradfield 2004; Mitchell 2005; Kenyon et al. 
2009, 2010) provided a reliable and unambiguous form of  identifi-
cation (identifications conducted by S.M.H. and P.B.).

We aimed to test the expression of  patch-fidelity by comparing 
the fidelity of  individuals placed in an alternative patch with those 
placed in their original patch. We kept each group of  males at the 
field station for 2 nights in order to temporally dislocate them from 
their original site selection attempt. Males from the north and east 
patches were randomly chosen to be used in the patch-swap treat-
ment, whereas males from the south patch were chosen as a con-
trol. We released north males into the east patch, east males into 
the north patch, and south males into the south patch on 3 succes-
sive nights (21–23 April 2010). We released males at a centralized 
location within their release patch (Figure 1), which was 23 ± 11 m 
from their original capture site. Prior to release, we arranged con-
tainers into a circle, with lids facing outward, and after 5 min of  
acclimation opened each lid. Exactly 29, 30, and 31 days after the 
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initial collection, we recaptured calling males from the north (17 
May 2010; n = 11), east (18 May 2010; n = 17), and south (19 May 
2010; n = 12) patches, respectively. We repeated the procedure of  
the original capture and used the PIM to identify the occupant of  
each nest site. Three new frogs were captured during this second 
capture period but were not included in analyses as they were not 
part of  the experiment. We laid lines of  string through the chorus 
to serve as the axes of  a coordinate system and noted the Cartesian 
coordinates for original and resettled nest sites.

Statistical analyses

We considered the expression of  site fidelity at the patch scale by 
using Fisher’s tests to determine whether the proportion of  males 
that settled in their release patch differed between treatment 
groups. Additionally, we explored the occurrence of  site fidelity at 
the nest-site scale and the change in site fidelity between scales by 
using chi-square tests to determine the proportion of  males that 
returned to 1)  their original patch (patch-fidelity), 2)  their original 
nest site (strict site fidelity), and 3) within 1 m of  their original nest 
site (coarse site fidelity). We calculated the 95% confidence intervals 

(CIs) at each scale and inferred whether there were any changes 
across scales by considering whether the CIs were overlapping.

We also tested for patch-fidelity by considering the directions 
and distances travelled by males following displacement in relation 
to their original nest sites, under the hypothesis that these values 
will be similar if  patch-fidelity was being expressed. Specifically, we 
tested whether the distance each male travelled was equivalent to 
the distance it was displaced by using linear regression and paired 
t-tests, analyzing the males of  each patch separately. The direction 
of  travel was analyzed using a Hotelling test, following the guide-
lines of  Zar (1999). This test can determine whether there is a sig-
nificant difference between the azimuths of  a male’s original and 
resettled nest sites (using the release site as the reference point). As 
a check on our methodology, we also tested whether there was any 
linear relationship between an individual’s change in nest-site loca-
tion (i.e., the distance between its original and resettled nest site) 
and the distance that it was transported to the release site from its 
original nest site.

results
We first determined whether males expressed fidelity at the patch 
scale. The frequency of  males that settled in the release patch 
depended on the treatment (Fisher’s test: P  <  0.001; Table  1). 
Specifically, males from the control were significantly more likely to 
resettle in the release patch than males from the patch-swap treat-
ment (Fisher’s test: P < 0.001; Table 1). This analysis included 12 
males that were not recaptured, who were classified as not having 
resettled in the release patch. Furthermore, the distances from the 
release site to original and resettled nest sites were strongly cor-
related for the control males (F1,10 = 10.63, r2 = 0.47, P = 0.001) 
and those captured from the east patch (F1,15  =  92.79, r2  =  0.85, 
P  <  0.001). In comparison, there was no significant correlation 
for males collected from the north patch (F1,9  =  0.02, r2 < 0.01, 
P  =  0.901). However, paired t-tests indicate that there were no 
significant differences between displacement and travel distances 
for males collected from the south (t11  =  1.71, P  =  0.116), east 
(t16  =  0.37, P  =  0.719), or north patches (t10  =  0.83, P  =  0.425). 
Additionally, the direction males travelled after release was not 
significantly different from the direction of  their original nest site 
(Figure 2) for males from the south (F2,10 = 1.96, P = 0.191), east 
(F2,15 = 0.50, P = 0.618), or north (F2,9 = 0.43, P = 0.665). Thus, it 
appears that the scale of  resettlement is equivalent to the scale of  
displacement. The lack of  correlation between the distances for the 
northern males may be due to the small patch and sample sizes.

We then considered changes in the expression of  site fidelity 
between spatial scales by comparing the proportions of  individu-
als that resettled in the same spatial location at each scale. We 
only considered the 40 males that resettled for this analysis, as we 
were interested in whether the males that decided to resettle were 

N
orth patch

E
ast patch

South patch

Figure 1
Map of  the habitat, showing the 3 patches (north, east, and south). Arrows 
between patches indicate where captured males were released, with a cross 
representing the release site. The location of  each male’s original nest (gray 
circle) and resettled nest (black circle) is connected by a dotted line. Males 
that returned to their original nest are represented by a black box. Males 
that did not resettle are marked with a gray triangle. The scale is marked 
at 1-m intervals.

Table 1
Frequency of  individual male terrestrial toadlets (n = 52) that 
either established a calling site within the patch in which they 
were released or moved to a different patch

Settled in patch of  release Control

Patch-swap

N → E E → N

Yes 12 0 1
No 4 13 22
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site-faithful or not. There were no significant differences in the pro-
portion of  individuals that settled in their original patch between 
the 3 treatment groups (Fisher’s test: P  =  0.739) or between the 
control and pooled patch-swap treatment groups (Fisher’s test: 
P  =  1.000). Thus, we pooled males from all 3 treatment groups 
together to consider patch-fidelity. Overall, 38 of  the 40 recaptured 
males (95%) were found in their original patch (Figures 1 and 3 and 
Table 2). We are 95% confident that the proportion of  males that 
express patch-fidelity lies between 82% and 99% when all males 
are pooled (Figure 3 and Table 2).

By comparison, only 3 of  the 40 males (proportion: 0.08; 95% 
CI: 0.02–0.21) that held a nest site decided to resettle at the same 
nest location (strict site fidelity; Figures 1 and 3 and Table 2). Even 
if  the criterion for site fidelity is relaxed to 1 m surrounding the 
original nest site (coarse site fidelity), only 8 individuals (proportion: 
0.20, 95% CI: 0.10–0.36) expressed site fidelity (Figures 1 and 3 
and Table 2). There were significant differences in the proportions 
of  males that expressed strict site fidelity (Fisher’s test: P = 0.017) 

and coarse site fidelity (Fisher’s test: P = 0.030) between treatment 
groups. Specifically, chi-square components indicate that nest-site 
fidelity was more common for males that were collected from, and 
resettled within, the northern patch (Table 2). Comparison of  each 
patch separately indicates that site fidelity decreased between the 
patch and nest-site scale for males from the southern and eastern 
patches, but not for males in the northern patch (Figure 3).

Importantly, there was no significant correlation between an 
individual’s change in nest-site location and the distance of  the 
release site from its original nest site (linear regression: F1,38 = 0.06, 
P = 0.803, r2 < 0.01), indicating that lack of  nest-site fidelity was 
not because males were released too far from their original nest 
site to be able to return. In general, males resettled in a nest site 
not encountered during the original survey and capture (presum-
ably having constructed a new burrow). However, there were a few 
exceptions. First, 2 pairs of  individuals were found within a single 
nest on recapture, with one of  these individuals having expressed 
site fidelity. No eggs were found in this nest. Second, one individual 
was found in a nest site that was inhabited by another during the 
original capture. Again, this nest did not contain any eggs. The 
original resident had a new nest 2.5 m away, and the new resident 
was found 3.2 m from its original nest. Third, 4 original nest sites 
appeared to have been occupied for some period during resettle-
ment but were unoccupied at the time of  recapture. This was 
determined by measuring the occurrence of  calling activity during 
the resettlement period as part of  a related study (Heap and Byrne 
2013). Although the identity of  the callers could not be deter-
mined, the original occupants of  these nests were found to be 1.2, 
1.8, and 9.3 m away from their original site by the end of  the study. 
The fourth male was not recaptured. Finally, there were 3 males 
that were recaptured in their original nest site. There were nests 
before and after capture that contained eggs, and we have analyzed 
the presence of  eggs in another study (Heap and Byrne 2013). This 
analysis found no correlation between nest-site location and egg 
presence or any correlation between breeding success before and 
after resettlement.

dIscussIon
Males showed a strong preference for their original patch over an 
alternative patch. Furthermore, males moved in the direction of  
their original nest sites following release and travelled an equivalent 
distance to that of  displacement to reach a new nest site. Together, 
these results imply that males display site fidelity at the patch scale. 
In contrast, relatively few males returned to within 1 m of  their 
original nest site. Additionally, males appear to be aware of  the 
location of  their original nest site, judging by the direction and 

Table 2
Frequency of  resettled individuals (n = 40) that established their resettled nest site in a given location

Location Control

Patch swap

N → E E → N

Original patch 12 (0.03) 10 (0.02) 16 (0.00)
Different patch 0 (0.60) 1 (0.37) 1 (0.03)
Original nest site 0 (0.90) 3 (5.73) 0 (1.28)
Different nest site 12 (0.07) 8 (0.46) 17 (0.10)
<1 m of  original nest site 2 (0.07) 5 (3.56) 1 (1.69)
>1 m of  original nest site 10 (0.02) 6 (0.89) 16 (0.42)

Chi-square components indicated parenthetically.

0

N      E

E      N

Control

Figure 2
The mean angle of  original (gray) and resettled (black) nest sites in relation 
to the site of  release displayed on a unit circle, for males captured from 
the southern control and experimental northern and eastern patches. 
The length of  the vector associated with the mean angle varies inversely 
with the dispersion of  individual nest-site angles and is thus a measure of  
concentration in the direction of  nest sites from the release site.
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distance of  movement after release, yet they do not tend to resettle 
in the same location. Thus, these results suggest that the expres-
sion of  site fidelity for choosing breeding sites may be scale depen-
dent (Figure 4). That is, returning to familiar patches may improve 
reproductive success, but fidelity to nest sites may provide little 
additional benefit. However, changes in the expression of  site fidel-
ity with spatial scale appeared to depend on the patch that males 
were captured from because we cannot be confident that the males 
that resettled in the north patch showed an equivalent decrease 
in site fidelity at smaller spatial scales compared with the east and 
south patches.

Breeding habitat selection involves responding to information 
that predicts reproductive success at multiple spatial scales. Previous 
studies have shown that the cues that allow reliable assessment of  
site quality can vary with spatial scale (Krebs 1971; Orians and 
Wittenberger 1991). Our results suggest that the general manner 
in which information is used can also vary between spatial scales. 
In particular, if  we consider site fidelity to indicate the use of  prior 
information, and occupation of  new sites to indicate the use of  
updated information (Johnson and Gaines 1990; Switzer 1993, 
1997; Doligez et al. 2003; Piper 2011), then our results suggest that 
the nature of  information used to choose nest sites varies with spa-
tial scale. Specifically, male P. bibronii may benefit from using prior 
information when choosing patches but benefit from responding 
to updated information when choosing nest sites within the patch 
(Figure 4).

These results conform to theory that predicts the value of  prior 
information (in terms of  the net benefit that responding to the 
information would provide) to increase as spatial scale increases, 
whereas the value of  updated information to increase as spatial scale 
decreases (Wiens 1989; Costanza and Maxwell 1994; Figure 4). In 
the case of  toadlets, flooding patterns are an important factor in 
determining reproductive success (Woodruff 1976; Bradford and 
Seymour 1988; Geiser and Seymour 1989; Byrne and Keogh 
2009), and variation in flooding patterns at different spatial scales 
may partly explain why the value of  prior information is greater at 

the patch scale than the nest-site scale. Patches in this system occur 
around ephemeral bodies of  water such as streams and ponds. The 
climatic and topographical patterns that allow these bodies to exist 
may be predictable across years, such that an individual can be 
relatively certain that a similar body will exist in the current season 
based on its existence in a previous season. However, whether or 
not a given nest-site floods to an appropriate level is likely to be 
more variable (less predictable) between years than the presence of  
a suitable body of  water in the patch due to fine scale differences 
in drainage patterns over space and time. Thus, prior information 
may be reliable at the patch scale but not at the nest-site scale. This 
notion could be tested by measuring reproductive success at nest 
sites over multiple years, with the prediction that variation in the 
average patch reproductive success across years is less than varia-
tion at a given nest site. Additionally, the hydrodynamic properties 
of  the substrate can be measured and compared between years.

The lack of  site fidelity at the nest-site scale suggests that males 
must gather information on their current surroundings to find a 
suitable nest site within the patch. In this regard, males appear to 
partly respond to information on the local spatial arrangement of  
other males more than physical properties such as soil moisture 
when establishing a nest site (Heap and Byrne 2013). However, 
such physical properties may influence male calling behavior and, 
in turn, spatial arrangements. For example, in a manipulative field 
experiment in which nest sites were artificially wetted, Mitchell 
(2001) demonstrated that male P. bibronii call more from wetter nests 
presumably because there is less risk of  desiccation.

The response to other males may largely be driven by the need 
to alleviate competition over acoustic space, as males tend to aban-
don sites in denser areas (Heap and Byrne 2013). Although there 
is no apparent correlation between density and breeding success in 
P. bibronii at these sites during the observed breeding season (Heap 
and Byrne 2013), the evidence that competition for space is critical 
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Estimated proportion (symbols) and 95% CI (whiskers) for males expressing 
patch, coarse, and strict site fidelity for males captured from the southern 
control (circle; black; n  =  12), northern (triangle; light gray; n  =  11), and 
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The hypothesized relationship between spatial scale and the value of  
information (in terms of  the net benefit of  responding to the information) 
for current (solid line) and prior (dashed line) information. Site fidelity is 
a response to prior information. As such, superimposed over the curve for 
prior information are diagrams of  the 2 spatial scales considered in this 
study and the frequency of  site fidelity expressed by male toadlets.
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in finding mates across frog species is overwhelming (Wells 2007). 
Competition aside, the previously reported pattern that males have 
tendencies to avoid isolated and peripheral areas provides an indi-
cator that uncertainty as to nest-site quality is high within patches 
(Heap and Byrne 2013). Specifically, this pattern of  conspecific 
attraction suggests that males copy each other’s breeding site deci-
sions, and individuals are expected to only prefer using social cues 
over nonsocial cues when either 1)  the costs of  acquiring personal 
information are too great (i.e., trial and error in reproductive suc-
cess, coupled with the risk of  nest-site failure) or 2) nonsocial cues 
are unreliable or uninformative (Dewar 2004; Coolen et al. 2005; 
Kendal et al. 2005). That is, if  uncertainty was not an issue within 
patches, then males should perhaps prefer acquiring personal infor-
mation over using social cues. In any case, the information that 
males use to choose a nest site remains an open question. That 
being said, any evidence that the use of  social cues within patches 
is driven by uninformative nonsocial cues (rather than the costs of  
acquiring personal information) would strongly support the hypoth-
esis that there is scale-dependent uncertainty.

The higher variance in behavior of  males in the northern patch, 
who showed a greater average degree of  site fidelity at the nest-site 
scale than males from other patches, is consistent with this over-
all explanation. Males in the northern patch mostly settled on the 
edge of  a small pond that floods to the same extent almost every 
year (Byrne PG, personal observation). By contrast, males in the 
southern and eastern patches settled along the banks of  small 
ephemeral streams that are less consistent in their flooding patterns. 
Thus, prior information on nest-site quality may be more relevant 
in the northern patch than the southern and eastern patches, and 
hence, site fidelity more common at the nest-site scale. However, it 
is important to note that there was greater variance in site fidelity 
for northern males, and this could be due to either the characteris-
tics of  the patch or the smaller sample size.

There is, however, an alternative explanation to a spatiotempo-
ral scaling relationship underlying changes in behavior at different 
spatial scales. Males may have actually gathered information about 
novel patches and decided that they were unsuitable breeding sites. 
Males may also have avoided returning to their original nest site 
due to experimental handling. Thus, our explanation requires sup-
port from experiments that demonstrate prior information is con-
sistently used over current information to select patches and from 
a full qualification of  the degree to which males show site fidelity 
at the nest-site scale. These gaps can be addressed by conducting 
an experiment that tests whether males prefer familiar patches over 
alternative patches that present more favorable information on 
quality than the empty patches used in this experiment (e.g., settled 
patches or evidence of  females). Furthermore, an experiment in 
which males are captured and returned to their original nest site 
or returned to another male’s nest site within the same patch can 
determine if  site fidelity is expressed at the nest-site scale. Finally, a 
complete understanding of  site fidelity would require observations 
to be made over multiple breeding seasons.

In conclusion, our patch-swap experiment showed that terrestrial 
toadlets displayed reduced breeding site fidelity at smaller spatial 
scales, presumably due to decreased environmental predictability. 
These patterns are consistent with changes in the use of  prior and 
updated information. A  consideration of  changes in information 
use with spatial scale may be important when studying behaviors 
that take place over multiple scales, such as habitat selection and 
foraging behavior. Furthermore, a relationship between spatial 
scale and the timescale of  ecological processes may influence how 

animals adapt to uncertainty beyond the use of  prior and updated 
information. For instance, the adaptive level of  forgetting (Mangel 
1990) may be longer with regard to cues available at large spatial 
scales than small spatial scales. Additionally, variation in infor-
mation use between and within species can have implications for 
population dynamics and community interactions (Schmidt et  al. 
2010). Thus, scaling relationships regarding information use can 
influence broader ecological patterns. Future research may benefit 
from considering relationships between environmental predictabil-
ity and spatial scale as these associations are likely to be critical for 
developing a theory of  ecological information use (Schmidt et  al. 
2010).

FundIng
Funding was from the Joyce W. Vickery Scientific Research Fund 
and the New South Wales Department of  Environment, Climate 
Change, and Water (3900722).

We thank A. Silla for field assistance and D. Roberts, S. Gordon, R. Chargé, 
and anonymous reviewers for constructive criticism on the manuscript. This 
work was conducted under Monash University Animal Ethics Committee 
approval BSCI/2007/14, New South Wales National Parks and Wildlife 
Service permit S12552. All experiments were conducted in compliance with 
the current laws of  Australia.

Handling editor: Marc Thery

reFerences
Boulinier T, Mariette M, Doligez B, Danchin E. 2008. Choosing where 

to breed: breeding habitat choice. In: Danchin E, Giraldeau L, Cezilly 
F, editors. Behavioural ecology. Paris: Oxford University Press. p. 
285–323.

Bradfield KS. 2004. Photographic identification of  individual Archey’s 
frogs, Leiopelma archeyi, from natural markings. DOC science inter-
nal series. Wellington (New Zealand): New Zealand Department of  
Conservation.

Bradford DF, Seymour RS. 1988. Influence of  water potential on growth 
and survival of  the embryo, and gas conductance of  the egg, in a terres-
trial breeding frog, Pseudophryne bibroni. Physiol Zool. 61:470–474.

Burger J. 1982. The role of  reproductive success in colony-site selection and 
abandonment in black skimmers (Rynchops niger). Auk. 99:109–115.

Byrne PG. 2008. Strategic male calling behavior in an Australian terrestrial 
toadlet (Pseudophryne bibronii). Copeia. 2008: 57–63.

Byrne PG, Keogh JS. 2007. Terrestrial toadlets use chemosignals to recog-
nize conspecifics, locate mates and strategically adjust calling behaviour. 
Anim Behav. 74:1155–1162.

Byrne PG, Keogh JS. 2009. Extreme sequential polyandry insures against 
nest failure in a frog. Proc R Soc B Biol Sci. 276:115–120.

Byrne PG, Roberts JD. 2012. Evolutionary causes and consequences of  
sequential polyandry in anuran amphibians. Biol Rev. 87:209–228.

Calsbeek R, Sinervo B. 2002. An experimental test of  the ideal despotic 
distribution. J Anim Ecol. 71:513–523.

Coolen I, Ward AJ, Hart PJ, Laland KN. 2005. Foraging nine-spined stick-
lebacks prefer to rely on public information over simpler social cues. 
Behav Ecol. 16:865–870.

Costanza R, Maxwell T. 1994. Resolution and predictability: an approach 
to the scaling problem. Landsc Ecol. 9:47–57.

Dall SRX. 2010. Managing risk: the perils of  uncertainty. In: Westneat 
DF, Fox CW, editors. Evolutionary behavioral ecology. Oxford: Oxford 
University Press. p. 194–206.

Dall SRX, Cuthill I. 1997. The information costs of  generalism. Oikos. 
80:197–202.

Dall SRX, Giraldeau LA, Olsson O, McNamara JM, Stephens DW. 2005. 
Information and its use by animals in evolutionary ecology. Trends Ecol 
Evol. 20:187–193.

Dall SRX, Johnstone RA. 2002. Managing uncertainty: information and 
insurance under the risk of  starvation. Philos Trans R Soc Lond B Biol 
Sci. 357:1519–1526.

548

 at U
niversity of M

elbourne on M
ay 10, 2015

http://beheco.oxfordjournals.org/
D

ow
nloaded from

 

http://beheco.oxfordjournals.org/


Heap et al. • Site fidelity and spatial scale

Dewar G. 2004. Social and asocial cues about new food: cue reliability 
influences intake in rats. Learn Behav. 32:82–89.

Doligez B, Cadet C, Danchin E, Boulinier T. 2003. When to use public 
information for breeding habitat selection? The role of  environmental 
predictability and density dependence. Anim Behav. 66:973–988.

Fretwell SD, Lucas HL. 1970. On territorial behavior and other factors 
influencing habitat distribution in birds I: theoretical development. Acta 
Biotheor. 19:16–36.

Geiser F, Seymour RS. 1989. Influence of  temperature and water potential 
on survival of  hatched, terrestrial larvae of  the frog Pseudophryne bibronii. 
Copeia. 1989:207–209.

Gould JP. 1974. Risk, stochastic preference, and the value of  information. J 
Econ Theory. 8:64–84.

Heap S, Byrne PG. 2013. Aggregation and dispersal based on social cues as 
a nest-site selection strategy in a resource-defence polygynandry mating 
system. Behav Ecol Sociobiol. 67:685–697.

Heap S, Stuart-Fox D, Byrne PG. 2012. Variation in the effect of  repeated 
intrusions on calling behavior in a territorial toadlet. Behav Ecol. 23:93–100.

Johnson ML, Gaines MS. 1990. Evolution of  dispersal: theoretical models and 
empirical tests using birds and mammals. Annu Rev Ecol Syst. 21:449–480.

Kendal RL, Coolen I, van Bergen Y, Laland KN. 2005. Trade-offs in the 
adaptive use of  social and asocial learning. Adv Stud Behav. 35:333–379.

Kenyon N, Phillott AD, Alford RA. 2009. Evaluation of  the photographic 
identification method (PIM) as a tool to identify adult Litoria genimaculata 
(Anura: Hylidae). Herpetol Conserv Biol. 4:403–410.

Kenyon N, Phillott AD, Alford RA. 2010. Temporal variation in dorsal 
patterns of  juvenile green-eyed tree-frogs, Litoria genimaculata (Anura: 
Hylidae). Herpetol Conserv Biol. 5:126–131.

Krebs JR. 1971. Territory and breeding density in the great tit, Parus major 
L. Ecology. 52:3–22.

Lima SL, Zollner PA. 1996. Towards a behavioral ecology of  ecological 
landscapes. Trends Ecol Evol. 11:131–135.

Luttbeg B, Warner RR. 1999. Reproductive decision-making by female 
peacock wrasses: flexible versus fixed behavioral rules in variable environ-
ments. Behav Ecol. 10:666–674.

Mangel M. 1990. Dynamic information in uncertain and changing worlds. 
J Theor Biol. 146:317–332.

Maynard Smith J. 2000. The concept of  information in biology. Philos Sci. 
67:177–194.

Mitchell NJ. 2001. Males call more from wetter nests: effects of  substrate 
water potential on reproductive behaviours of  terrestrial toadlets. Proc R 
Soc B Biol Sci. 268:87–93.

Mitchell NJ. 2005. Nest switching in the brown toadlet (Pseudophryne bibroni): 
do males use chemical signals? Herpetol Rev. 36:19–21.

Orians GH, Wittenberger JF. 1991. Spatial and temporal scales in habitat 
selection. Am Nat. 137:S29–S49.

Parrish JK, Edelstein-Keshet L. 1999. Complexity, pattern, and evolution-
ary trade-offs in animal aggregation. Science. 284:99–101.

Pengilley RK. 1971. Calling and associated behaviour of  some species of  
Pseudophryne (Anura: Leptodactylidae). J Zool. 163:73–92.

Piper WH. 2011. Making habitat selection more “familiar”: a review. Behav 
Ecol Sociobiol. 65:1329–1351.

Refsnider JM, Janzen FJ. 2010. Putting eggs in one basket: ecological and 
evolutionary hypotheses for variation in oviposition-site choice. Annu Rev 
Ecol Evol Syst. 41:39–57.

Ringler M, Ursprung E, Hödl W. 2009. Site fidelity and patterns of  short- 
and long-term movement in the brilliant-thighed poison frog Allobates 
femoralis (Aromobatidae). Behav Ecol Sociobiol. 63:1281–1293.

Schmidt KA, Dall SRX, van Gils JA. 2010. The ecology of  information: 
an overview on the ecological significance of  making informed decisions. 
Oikos. 119:304–316.

Schmidt KA, Whelan CJ. 2010. Nesting in an uncertain world: information 
and sampling the future. Oikos. 119:245–253.

Stephens DW. 1989. Variance and the value of  information. Am Nat. 
134:128–140.

Switzer PV. 1993. Site fidelity in predictable and unpredictable habitats. 
Evol Ecol. 7:533–555.

Switzer PV. 1997. Past reproductive success affects future habitat selection. 
Behav Ecol Sociobiol. 40:307–312.

Tyler MJ, Knight F. 2009. Field guide to the frogs of  Australia. Collingwood 
(Australia): CSIRO Publishing.

Wagner RH, Danchin É. 2010. A taxonomy of  biological information. 
Oikos. 119:203–209.

Wells KD. 2007. The ecology and behaviour of  amphibians. Chicago (IL): 
University of  Chicago Press.

Wiens JA. 1989. Spatial scaling in ecology. Funct Ecol. 3:385–397.
Woodruff DS. 1976. Courtship, reproductive rates, and mating system in 

three Australian Pseudophryne (Amphibia, Anura, Leptodactylidae). J 
Herpetol. 10:313–318.

Woodruff DS. 1977. Male postmating brooding behavior in three 
Australian Pseudophryne (Anura: Leptodactylididae). Herpetologica. 
33:296–303.

Zar JH. 1999. Biostatistical analysis. Upper Saddle River (NJ): Prentice 
Hall.

549

 at U
niversity of M

elbourne on M
ay 10, 2015

http://beheco.oxfordjournals.org/
D

ow
nloaded from

 

http://beheco.oxfordjournals.org/

