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1  | INTRODUC TION

Human land‐use change has led to habitat loss and fragmentation 
(Fahrig, 2003). Both scenarios result in an increase in spatial het‐
erogeneity of resources, which are important for animals to survive 

(White, 1983). When animals select habitats, they have to consider 
factors such as access to food, water, mates and shelter and predator 
avoidance (Manly, McDonald, Thomas, McDonald, & Erickson, 2002) 
and habitat selection may improve the use and accessibility to these 
resources. However, habitat utilization depends on its availability 
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Abstract
Animals access resources such as food and shelter, and acquiring these resources 
has varying risks and benefits, depending on the suitability of the landscape. Some 
animals change their patterns of resource selection in space and time to optimize the 
trade‐off between risks and benefits. We examine the circadian variation in resource 
selection of swamp wallabies (Wallabia bicolor) within a human‐modified landscape, 
an environment of varying suitability. We used GPS data from 48 swamp wallabies 
to compare the use of landscape features such as woodland and scrub, housing es‐
tates, farmland, coastal areas, wetlands, waterbodies, and roads to their availability 
using generalized linear mixed models. We investigated which features were selected 
by wallabies and determined whether the distance to different landscape features 
changed, depending on the time of the day. During the day, wallabies were more 
likely to be found within or near natural landscape features such as woodlands and 
scrub, wetlands, and coastal vegetation, while avoiding landscape features that may 
be perceived as more risky (roads, housing, waterbodies, and farmland), but those 
features were selected more at night. Finally, we mapped our results to predict habi‐
tat suitability for swamp wallabies in human‐modified landscapes. We showed that 
wallabies living in a human‐modified landscape selected different landscape fea‐
tures during day or night. Changing circadian patterns of resource selection might 
enhance the persistence of species in landscapes where resources are fragmented 
and disturbed.
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(Manly et al., 2002) and the selection of habitat by an animal may in‐
volve a trade‐off between risks and benefits, such as increased food 
quality or quantity and predator exposure (Dupke et al., 2017; Lima 
& Dill, 1990), which may vary in time.

Human‐caused landscape fragmentation can provide novel and 
easily accessible resources for wildlife, such as high‐quality food 
and water, through an increase in agricultural activity and urban‐
ization (Contesse, Hegglin, Gloor, Bontadina, & Deplazes, 2004). 
Nevertheless, land‐use change may cause human‐wildlife encoun‐
ters to increase, such as harassment or predation of wildlife by do‐
mestic dogs (Banks & Bryant, 2007; Hughes & Macdonald, 2013), 
animal‐vehicle collisions (Haikonen & Summala, 2001; Olson et al., 
2014), hunting (Madsen & Fox, 1995), and outdoor recreational ac‐
tivities (Taylor & Knight, 2003). Hence, animals selecting resources 
in human‐modified landscapes may encounter habitats that con‐
fer opposing benefits such as high‐quality food versus shelter. 
Understanding how animals select resources and persist in human‐
modified landscapes is important for successful species manage‐
ment and conservation (Graham, 2001; Klar et al., 2008).

Resource acquisition is linked to an animal's daily foraging and 
resting rhythm (Lima & Dill, 1990; Rettie & Messier, 2000). For exam‐
ple, many herbivores forage in open grasslands and seek sheltered 
resting sites in adjacent vegetation (Bjørneraas et al., 2011; Dupke et 
al., 2017; Johnson, 1980). The European roe deer (Capreolus capreo‐
lus) accesses high‐quality food in grassland, but this exposes them to 
stress factors such as heat, increased predation risk, and human dis‐
turbance (Bonnot et al., 2012). To optimize this trade‐off of animals 
encountering landscapes with opposing benefits, it has been shown 
that herbivores alter their behavior through time (Lykkja et al., 2009; 
Markovchick‐Nicholls et al., 2008; Munns, 2006; Rettie & Messier, 
2000). For example, moose (Alces alces) and red deer (Cervus ela‐
phus) select habitats with high vegetation cover during the day to 
rest and frequently used pastures with less cover but better food 
quality during the night when they are less visible to predators and 
humans (Bjørneraas et al., 2011; Godvik et al., 2009). Further, it was 
shown that hunting pressure and the distance to roads and dwellings 
influenced habitat use of roe deer as they selected more sheltered 
habitats during daytime, when risks such as human disturbance are 
higher, and increased the use of open fields at night (Bonnot et al., 
2012).

Differences in resource selection in human‐modified landscapes 
have also been found between sexes. Female grizzly bears (Ursus 
arctos) were found near roads more frequently than expected com‐
pared to males, suggesting that female bear‐vehicle encounters are 
higher (Graham, Boulanger, Duval, & Stenhouse, 2010). Further, 
female common noctule bats (Nyctalus noctule) traversed the land 
close to wind turbines on long flight paths, whereas males used a 
straight route between roosts and foraging areas, lowering the risks 
of colliding with turbines (Roeleke, Blohm, Kramer‐Schadt, Yovel, & 
Voigt, 2016).

A herbivore known to persist in highly human‐modified and 
fragmented landscapes is the swamp wallaby (Wallabia bicolor) 
(Ben‐Ami & Ramp, 2013), although most ecological studies have 

been conducted in their natural or seminatural habitats (DiStefano, 
2007). Swamp wallabies are medium‐sized marsupials whose pop‐
ulation has been increasing across their range (Allen & Mitchell, 
2016; Menkhorst et al., 2016). The species natural habitat consists 
of forests and woodlands where wallabies often select areas with 
high shrub cover (Edwards & Ealey, 1975; Lunney & O'Connell, 
1988; Troy, Coulson, & Middleton, 1992). Preferred food items in‐
clude shrubs and forbs, but grasses, ferns, and sedges are also con‐
sumed, and grasses can dominate the diet in some situations (Hollis, 
Robertshaw, & Harden, 1986; Osawa, 1990; Di Stefano & Newell, 
2008). Exotic plants are occasionally eaten in areas of human set‐
tlement (Osawa, 1990; Watson, 1993). Swamp wallabies are known 
to follow circadian patterns to avoid risks. For instance, they move 
into grassland during the night to graze and return to cover before 
sunrise (Edwards & Ealey, 1975). When cover is close, they some‐
times occur in high abundances on farmland (Johnson, 1975), possi‐
bly resulting in high pasture loss as shown for other wallaby species 
(Smith et al., 2012). Further, Di Stefano, York, Swan, Greenfield, and 
Coulson (2009) and Swan, Stefano, Greenfield, and Coulson (2008) 
found that within timber production forests of varying harvesting 
ages, selection of food and shelter resources changed within a 24‐hr 
period. These studies took place in the swamp wallabies’ natural or 
seminatural habitat where resources are abundant. However, they 
are also known to persist in areas with human settlement sometimes 
even inhabit areas where human disturbances are high (Ben‐Ami & 
Ramp, 2013). Little is understood about their selection of resources 
within these landscapes, how they respond to disrupted and de‐
pleted resources, where competition for food and shelter might be 
high and why they are able to persist and even thrive in landscapes 
where species such as the red‐necked wallaby (Macropus rufogriseus) 
are known to fail (Zusi, 2010). Hence, swamp wallabies are an excel‐
lent model species to investigate habitat use and resource selection 
in such landscapes to better understand how animals persist within 
and respond to a highly human‐modified environment.

In this study, we used custom‐made Global Positioning System 
(GPS) trackers (Fischer et al., 2018) to collect fine‐scale movement 
data from 48 swamp wallabies to investigate the selection of re‐
sources in a fragmented and human‐modified landscape during 
the day and night. We analyzed resource selection by comparing 
the wallabies’ use of natural and more human‐disturbed landscape 
features to their availability. We hypothesized that wallabies use 
circadian behavioral cycles to access food and shelter while avoid‐
ing landscape features that may pose higher risks. To test this, we 
determined resource availability by using correlated random walks 
(CRW) based on real wallaby trajectories and compared the walla‐
bies’ use of specific landscape features to the availability of these 
features during the day and night. Because the wallabies’ natural 
habitat consists of high shrub cover (Lunney & O'Connell, 1988; 
Troy et al., 1992; Wood, 2002), we expected that natural landscape 
features with high cover (woodland and scrub, coastal vegetation, 
and wetlands) are more likely to be selected than landscape fea‐
tures that may expose wallabies to higher risks (agricultural farm‐
land, housing estates, waterbodies, and roads) and that the selection 
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differs between day and night (Edwards & Ealey, 1975; Troy et al., 
1992). In particular, we expected that natural landscape features 
are selected during the day and risky features are more tolerated at 
night. Further, we know that although some landscape features are 
avoided (e.g., roads), landscape features in close proximity might be 
important (e.g., roadside vegetation, Osawa 1989). Hence, we pre‐
dicted that wallabies will prefer to be further away from landscape 
features that may represent higher risks, but that some of these fea‐
tures might be selected more, especially at night when perceived 
risks may be lower. Further, we predict that males would select 
landscape features that may pose higher risks more than females, 
because we know that male macropods are more often involved in 
fatal vehicle collisions, suggesting that they expose themselves to 
greater risk (Coulson, 1997).

2  | METHODS

2.1 | Study site

The study took place on Phillip Island (38°29′S; 145°15′E), located in 
southeast Australia and approximately 10,000 ha in size. Topography 
is mostly flat with the maximum elevation 112  m above sea level 
(Gliddon, 1958). The island's native grass and bushland areas have 
been cleared for agriculture by early settlers in the mid‐1800s (Head, 
2000). The current landscape is dissected by roads and vegetation 
strips which are often dominated by swamp paperbark (Melaleuca 
ericifolia). To date, the island consists of approximately 20% of natu‐
ral or replanted bushland, 20% is urbanized, 10% is coastal areas, and 
the remaining land is converted to agricultural farmland (Phillip Island 
Nature Parks, 2012). The canopy cover within the remnant bushland 
is dominated by native or revegetated eucalyptus woodlands, and 
austral bracken (Pteridium esculentum) and hop goodenia (Goodenia 
ovata) are found in the lower cover. Coastal shrubs include coastal tea‐
tree (Leptospermum laevigatum), and open coastal areas are domi‐
nated by tussock‐grass (Poa poiformis), bower spinach (Tetragonia 
implexicoma), and seaberry saltbush (Rhagodia candolleana) (Sutter 
& Downe, 2000). The island is also a tourist destination visited by 
more than 1.8 million people annually, and the human population 
can exceed 40,000 during the peak holiday season (Bass Coast Shire 
Council, 2017). Humans are assumed to cause the main disturbance 
for swamp wallabies on the island, because the abundance of preda‐
tors is low due to the removal of the introduced European fox (Vulpes 
vulpes) (Kirkwood, Sutherland, Murphy, & Dann, 2014).

2.2 | Animal capture, handling, and data collection

We captured 48 wallabies, 22 females, and 26 males, from January 
2015 to March 2017 at 12 random locations within or near seven 
landscape types found on Phillip Island: agricultural farmland, coastal 
vegetation, housing estate, major roads, woodland and scrub, water‐
bodies, and wetlands (Figure 1). We captured wallabies using two 
methods. We trapped some in purpose‐built double‐layered traps 
(Di Stefano, Moyle, & Coulson, 2005) set in the late afternoon, baited 

with carrots, and checked the next morning. Trapped wallabies were 
sedated with an intramuscular injection of Zoletil 100 (0.5 mg/kg) 
(Virbac Australia, Sydney). We darted other wallabies on foot during 
dusk and dawn using a tranquilizer gun (Pneu‐Dart X‐caliber), using 
the same dose of Zoletil as reported above.

We fitted sedated adult wallabies with custom‐made GPS col‐
lars and ear‐tags. We scheduled the GPS collars with a 15‐min fix 
interval, 24 hr a day, seven days a week. GPS locations were sent 
remotely via the mobile phone network (Fischer et al., 2018). An 
overview of captured animals and tracking duration can be found 
Table 2 in Appendix 2. We discarded GPS locations which were col‐
lected while trapping was being conducted and within 8 hr after the 
sedation of an animal to ensure that the animal was fully conscious 
during data collection. In addition, we discarded fixes with horizon‐
tal dilution of precision >8, number of satellites <3, height > 100 m 
above sea level, and speed  >  8  m/s using the online database 
Movebank (Wikelski & Kays, 2014). In total, we discarded 1,212 out 
of 24,160 locations, including two fixes which were classified as bi‐
ologically implausible.

2.3 | Habitat classification

To create a habitat map of Phillip Island, we used land‐use maps 
from Spatial Datamart (Department of Environment, Land, Water 
and Planning, 2016; downloaded 14 October 2014) including the 
Ecological Vegetation Classes such as wetlands and coastal areas. 
We added a tree cover index layer to identify areas ranging from low 
cover, representing open grassland, to high cover shown as wood‐
land and scrub. The layer is based on shadow areas of vegetation, 
derived from color spectral analysis of aerial imagery. Further, we 
added a road and waterbody layer (Department of Environment, 
Land, Water and Planning 2016, downloaded 29 May 2013) and 
defined urban areas by using aerial images (Phillip Island Nature 
Parks, 2012). We classified the final map into seven landscape fea‐
tures: wetlands, woodland and scrub (natural or replanted bush‐
land and roadside vegetation), coastal vegetation, housing estates, 

F I G U R E  1  Study site Phillip Island, southeastern Australia, 
categorized in seven landscape features including wallaby capture 
locations
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agricultural farmland, major roads, and waterbodies (Figure 1). We 
used the R statistical environment, version 3.4.1 (R Core Team, 
2017) and ArcGIS, version 10.4.1 (ESRI, 2011) to create the map.

2.4 | Data analysis

We followed a use versus availability design where we compared in‐
dividual use of landscape features to available features within reach 
of the individual (Johnson, Nielsen, Merrill, McDonald, & Boyce, 
2006; Manly, McDonald, Thomas, McDonald, & Erickson, 2007). 
We measured landscape feature availability using CRW (Bovet & 
Benhamou, 1988) which apply step lengths and turning angles of the 
original animal movement path to simulate random trajectories with 
sampling frequencies identical to that of the corresponding wallaby 
trajectory. To link the simulated movement track with the area used 
by each individual, we allowed CRWs within a buffer measuring 
one half of the square root of the 100% minimum convex polygon 
(Roeleke et al., 2016; Stillfried et al., 2017). We removed areas such 
as ocean and inland waterbodies from the buffer, as we assumed 
both to be unsuitable habitat for our study species. Within each in‐
dividual's buffer, we simulated five CRWs with randomly selected 

starting points, using the R package “adehabitatHR” (Calenge, 2006). 
The total dataset consisted of the observed GPS locations (used; 
n = 22,947) and the simulated locations (available; n = 114,738) de‐
rived from the CRWs. We assigned each location to the underlying 
habitat map to extract its associated habitat feature (“sp package”; 
Pebesma and Bivand (2005)) and calculated the shortest distances 
to each of all seven landscape features (“rgeos package”; Bivand et 
al. (2017)). To identify differences in diurnal behavior, we specified 
day (dawn till dusk) and night (dusk till dawn) locations by applying 
sun ephemeris calculations using the function “crepuscule” in the R 
package “maptools” (Bivand & Lewin‐Koh, 2013).

2.4.1 | Landscape use model

To test whether wallabies select certain landscape features over oth‐
ers, we analyzed the data using a generalized linear mixed effects 
model (GLMM) with a binomial error distribution and logit link func‐
tion in the R statistical environment (R Core Team, 2017) using pack‐
age “lme4” (Bates, 2010). We used observed wallaby data (1) and CRW 
(0) as the binary response variable and accounted for unequal sample 
size between observed trajectories and CRWs by including a weights 
factor in our models. As predictor variables we chose the landscape 
features described above, except waterbodies as they were classified 
as unsuitable habitat for swamp wallabies. To evaluate circadian dif‐
ferences in landscape feature use, we included the categorical pre‐
dictor variable “time” with the levels “day” and “night” in interaction 
with all six remaining landscape features in the model. We used the 
individual animal identifier (ID) as a random factor to account for in‐
terindividual variation. The same ID as for the observed trajectories 
was assigned to the five random walks. We used the model with the 
most parsimonious random effect structure to build model sets (Zuur, 
Ieno, Walker, Saveliev, & Smith, 2009) (Table 3 in Appendix 2) and 
used Akaike information criterion (AIC) controlled for small sample 
size (AICc) and Akaike weights to indicate the degree of support within 
the model set (Bartón, 2013; Burnham & Anderson, 2002). We did not 
include sex into our models, because initial data exploitation showed 
no gender effect. We visualized the percentage of locations within 
a habitat feature compared to the corresponding CRW by using as a 
mosaic plot (Hofmann, Siebes, & Wilhelm, 2000) and predicted and 
plotted the results (package “raster”; Hijmans et al. (2017)).

2.4.2 | Landscape distance model

To test whether landscape features are tolerated by keeping certain 
distances, we used the same response variable as described above 
to build GLMMs using template model builder (package “glmmTMB”; 
Magnusson et al. (2016)) but used the distances to all seven landscape 
features in additive and interactive combination to the predictor vari‐
ables “sex” and “time.” We also included ID as a random factor. All 
candidate models are listed in Table 3 in Appendix 2, and we com‐
pared and ranked the candidate models using AICc and model weights 
as described above. Prior to fitting the final model, we tested whether 
the predictor variables “distance to habitats features” were strongly 

F I G U R E  2   Wallaby landscape use versus availability on Phillip 
Island between 2015 and 2017. (a) Percentage (bar width) indicate 
usage (observed wallaby location) versus availability (simulated 
locations) located within six landscape features and compared 
between day and night. The height of the bars indicates the 
total number of locations within one of the four groups (ratio 
1:5 (observed:simulated). (b) Predicted habitat selection index of 
wallabies during day and night. Greater values indicate that it was 
more likely for observed wallabies to use the habitat based on the 
availability of the habitat, and smaller values indicate that it was 
less likely for wallabies to use the respective habitat. Δ indicates 
the differences in the habitat use index between day–night. Error 
bars indicate 95% confidence intervals
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correlated (Pearson's |r|> 0.7) using the Pearson's product–moment 
correlation coefficient panel for pairs function. No strong correlation 
was found between variables (Figure 6 in Appendix 1). Further, we 
explored the shape of the response variable for each distance vari‐
able to check for linearity (Austin, 2002) (Figure 7 in Appendix 1).

We built generalized additive models (GAMs) (Austin, 2002; 
Hastie & Tibshirani, 1987) using the binomial response variable as a 
function of the dependent distances to landscape features, each fit‐
ted with a smoothing spline with three degrees of freedom (package 
“mgcv”). When necessary, we transformed the predictor variables in 
the GLMMs with template model builder to model a second‐order 

TA B L E  1   Model selection table identifying the most parsimonious model of resource selection by swamp wallabies on Phillip Island, 
southeastern Australia. Response of use (1 = observed wallaby location) and available (0 = simulated locations) to [a] the corresponding 
landscape feature variables (agricultural farmland, woodland and scrub, coastal vegetation, housing estate, major roads, wetlands) at each 
locations and time (day and night) differences and [b] distance to all landscape feature variables (agricultural farmland, woodland and 
scrub, coastal vegetation, housing estate, major roads, wetlands, waterbodies) in additive or interactive interaction to time and sex using [a] 
generalized linear mixed models (GLMM) and [b] GLMMs with template model builder. We included ID as a random factor for both model 
approaches. To rank models, we show Akaike's information criteria adjusted with corrections for finite sample size (AICc) and the null model. 
For all other models in the model set, the difference in AICc units to the best model (ΔAICc) was >20. Model weights (w) provide conditional 
probabilities for each model. The marginal and conditional R2 is given as a measurement of fit. A detailed list of all models is shown in Table 3 
in Appendix 2, and model estimates and standard errors are shown in Table 4 in Appendix 2 and Table 4 in Appendix 2

Variable Model sets df ΔAICc w logLik R2m(R2c)

[a] Landscape use model

Response Landscape feature variablesa × time 13 0 1 −156008 0.23 (0.26)

NULL 2 35,278.5 0 −173658  

[b] Landscape distance model

Response (Distance to landscape feature 
variables) × time × sex

53 0 1 −147375 0.26 (0.85)

NULL 2 52,988.4 0 −173920  

aBecause the landscape feature “waterbodies” was classified as unsuitable habitat for wallabies, only six habitat variables are used in the landscape 
use model. 

F I G U R E  3   Prediction plots show 
probability of wallaby presence on 
Phillip Island between 2015 and 2017 in 
relation to distance to natural landscape 
features. Greater values indicate that is 
was more likely for wallabies to be within 
or near‐landscape features based on 
the availability of features, and smaller 
values indicate that it was less likely. The 
cutoff is 0.17 because we used five times 
more simulated walks than observed 
trajectories. Temporal variations (time) are 
shown in day (orange ‐ dashed line) and 
night (gray–solid line) in interaction with 
differences in sex (male, female)
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polynomic relationship guided by visual inspection of the smooth‐
ing terms of the GAMs (Figure 7 in Appendix 1) (Klar et al., 2008). 
Second‐order polynomic relationships were found in all distance 
form landscape feature variables except for waterbodies and hous‐
ing. Predictor variables were standardized by centering and z‐trans‐
forming the values. We predicted and plotted the results of the best 
model with the lowest AICc for each distance to landscape feature 
variable using the “predict” function of the “raster” package (Hijmans 
et al., 2017). All distance variables were cut off at the turning point 
of the fitted smoothing spline (test for linearity (Figure 7 in Appendix 
1)) or at a maximum of 500 m as we assumed that further distances 

would not be biologically representative, based on the wallabies’ cal‐
culated 95% kernel home range (Table 2 in Appendix 2).

For both, the landscape use and distance model, we assessed 
model fit by calculating marginal and conditional R2 as outlined by 
Nakagawa and Schielzeth (2013). The marginal R2 (R2m) values refer 
to the variance explained by the fixed factors, and conditional R2 
(R2c) is the variance explained by both fixed and random factors. 
We used the best AICc model for each approach, the landscape use, 
and distance model, to extrapolate the results. Probability of wal‐
laby occurrence on Phillip Island was extrapolated using the “pre‐
dict” function, and we used a raster stack including the habitat map 

F I G U R E  4   Prediction plots show 
probability of wallaby presence on 
Phillip Island between 2015 and 2017 in 
relation to distance to risky landscape 
features. Greater values indicate that is 
was more likely for wallabies to be within 
or near‐landscape features based on 
the availability of features, and smaller 
values indicate that it was less likely. The 
cutoff is 0.17 because we used five times 
more simulated walks than observed 
trajectories. Temporal variations (time) are 
shown in day (orange ‐ dashed line) and 
night (gray–solid line) in interaction with 
differences in sex (male, female)

F I G U R E  5   (a) Study site Phillip Island 
categorized using seven landscape 
features and corresponding (b) habitat 
suitability maps based on wallaby 
landscape feature selection use during 
the day ( ) and at night ( ). Probability 
values range from 0 to 1 with 0 being least 
suitable and 1 being most suitable habitat
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with all landscape features (landscape use model) and one raster 
layer for each landscape feature where each cell value indicates the 
distance to the represented landscape features (landscape distance 
model, Figure A3). The predicted maps were visualized using the 
“raster” and “pals” package (20 × 20 m resolution) (Hijmans et al., 
2017; Wright, 2016).

3  | RESULTS

In total, 22,947 GPS locations were recorded of which 10,649 
were classified as day locations and 12,298 as night locations. 
During the day, most wallaby locations occurred in woodland and 
scrub (80.8%), while 7.7% were found in agricultural farmland. 
During the night, 36.7% of locations were found in farmland, and 
only 53.3% of locations in woodland and scrub. Further, wallaby 
presence increased from 0.4% locations during the day to 1.5% at 
night within housing estates and from 5.9% at night to 7.5% during 
the day in coastal vegetation. Wallabies occurred almost equally 
often on roads and in wetlands regardless of the time of the day 
(Figure 2).

Habitat use associated with wallaby trajectories differed from 
that of CRWs, indicating that wallabies selected specific habitats 
within their home range. The model consisting of all habitat fea‐
ture variables in interaction with time was the most parsimonious 
landscape use model (Table 4 in Appendix 2). For the landscape 
distance model, the full model including all habitat variables in in‐
teraction with time and sex (three‐way interaction) was the best 
model in the model set with a model weight of 1 (Table 1, Table 5 
in Appendix 2). Both models showed that the likelihood of finding 
wallabies in natural habitats (woodland and scrub, wetlands, and 
coastal vegetation) was high, especially during the day, whereas 
at night, the use of woodland and scrub decreased (Figures 2‒4). 
Landscape features that may be perceived as risky by wallabies 
such as major roads, housing estates, and farmland were avoided, 
but the likelihood of finding wallabies near or within these fea‐
tures increased during the night (Figures 2‒4). For example, in the 
landscape use model day and night differences were most no‐
ticeable regarding the use of farmland and woodland and scrub. 
During the night, wallabies were found in farmland and returned 
to woodland and scrub during the day. Both females and males 
selected areas further away from housings and waterbodies, es‐
pecially during the day (0–400 m) (Figure 4). The prediction maps 
created from the best landscape use model predicted differences 
in the selection of landscape features during the day compared 
to night (Figure 5). During day and night, respectively, the maps 
predicted that it was most likely to find wallabies in coastal vege‐
tation. Although roads and housing estates are avoided, the pre‐
diction maps revealed that wallabies can occur near housings and 
roads when using linear strips of bushland and scrub around roads 
(Figure 5).

4  | DISCUSSION

In this study, we investigated whether wallabies living in a human‐
modified landscape select different landscape features during the 
day and night, based on the level of risks that these landscape fea‐
tures may pose to wallabies. Our results show that wallabies were 
more likely to select natural landscape features with high cover such 
as woodland and scrub, wetlands, and coastal vegetation which 
supports our prediction. Our findings are in line with other studies 
where cover is an important resource for swamp wallabies (Coulson, 
Alviano, Ramp, & Way, 1999; Di Stefano et al., 2009; Troy et al., 
1992; Wood, 2002) providing shelter, resting sites, and food. A study 
conducted by Lunney and O'Connell (1988) for example took place 
in logged and unlogged forest, where the selection of landscape 
types was examined for three macropods, including swamp walla‐
bies, showing that areas with higher shrub cover and gullies were 
selected. Further we provide evidence that linear vegetation strips 
represented as bushland and scrub are suitable, especially during the 
day. It is likely that vegetation strips are used by wallabies as ref‐
uge areas and to move between remnant vegetation patches which 
is common in many species (Haddad et al., 2003; LaPoint, Gallery, 
Wikelski, & Kays, 2013) including macropods (Arnold, Steven, 
Weeldenburg, & Smith, 1993). We also anticipate that these strips 
provide cover to reduce perceived risks when moving within or near 
unsuitable habitat such as roads and farmland.

Although we would have expected woodland and scrub to be 
the most suitable landscape features for wallabies based on existing 
literature (Edwards & Ealey, 1975; Lunney & O'Connell, 1988; Troy 
et al., 1992; Wood, 2002), our maps predict that the suitability for 
coastal vegetation is higher. However, the studies listed above have 
been conducted in forest with high vegetation cover. In our study 
area, coastal vegetation is available in addition to woodlands which 
might explain different preferences of wallaby habitat selection. 
Most coastal areas are far away from roads and housing estates, pro‐
vide sufficient cover and food resources, and may therefore be more 
suitable than other landscape features. On Phillip Island, linear veg‐
etation strips and smaller patches of woodlands and scrub are often 
surrounded by habitats of high disturbance levels such as roads and 
farmland and larger areas of remnant and revegetated woodlands 
are popular for outdoor recreational activities and are sometimes 
located adjacent to housing. Hence, within these areas, wallabies 
may perceive risks, such as human disturbance on a regular basis and 
may therefore select coastal vegetation over woodlands and scrub. 
Woodlands and scrub mainly represent small patches, functioning 
as refuge areas but are surrounded by landscape features that pose 
higher risks. Coastal vegetation, however, represents similar vegeta‐
tion but provide more continuously structures with low risks.

Further, we showed that wallabies avoided risky areas includ‐
ing major roads, farmland, housing estates, and waterbodies. These 
findings are consistent with studies on cervids, which are ecological 
analogues to macropods (Jarman, 1991) as cervids similarly avoid an‐
thropogenically disturbed areas (Coulon et al., 2008; Webb, Dzialak, 
Harju, Hayden‐Wing, & Winstead, 2011). We also showed that the 



7516  |     FISCHER et al.

perception of risk can vary between day and night and the findings 
of both models support our predictions. Similar observations have 
been recorded in other studies investigating macropods (Johnson, 
1980; Stirrat, 2003; Swan et al., 2008) and cervids (Bjørneraas et 
al., 2011; Godvik et al., 2009; Lykkja et al., 2009). The study of 
Bonnot et al. (2012), for example, showed that roe deer spent more 
time in woodlands for cover during the hunting season and avoided 
high‐crops, an important source of cover and food, during the day. 
Further, Di Stefano et al. (2009) showed that swamp wallabies alter 
their selection of habitat within a 24‐hr cycle within recently dis‐
turbed landscapes. Swamp wallabies chose areas with more lateral 
cover during the day compared to night when comparing timber 
forests of varying harvesting ages (Di Stefano et al., 2009). We 
showed that although it was unlikely to find wallabies near risky 
landscape features (major roads, housings, farmland, waterbodies, 
and agricultural farmland), the likelihood was higher during the night. 
Hence, our finding suggests that wallabies have a different behavior 
based on the perception of risk, which is lower at night when we 
assume that human activity is reduced which is well supported by 
other studies. For example, the choice of habitat in roe deer is in‐
fluenced by the proximity of human‐disturbed areas such as roads 
and housings (Bonnot et al., 2012). Areas of high risk such as open 
grassland were used more during the day when areas of high dis‐
turbances (roads and dwellings) were further away (Bonnot et al., 
2012). Further, results of M. Fischer, M. Stillfried, G. Coulson, D. R. 
Sutherland, S. Kramer–Schadt, and J. Di Stefano (in prep) indicated 
that it was less likely for the same wallabies to cross roads, a risky 
venture, than it was by chance. Roads in particular pose the risk of 
mortality caused by animal‐vehicle collisions and may be recognized 
and avoided (Rondinini & Doncaster, 2002; Shepard, Kuhns, Dreslik, 
& Phillips, 2008). However, there is evidence that swamp wallabies 
are attracted to roadside vegetation because of the vegetations’ 
availability or high nutritional value (Osawa, 1990).

There is evidence that swamp wallabies are opportunists, tak‐
ing advantage of novel food resources when they become avail‐
able (Osawa, 1990). A high variety of food resources, for instance, 
is found in areas of high vegetation cover. If foraging behavior is 
highly correlated with habitat selection, it is unclear whether wal‐
labies move into and select different landscape features to access 
alternative food resources when their main source is depleted or 
unavailable in a changing environment. Here, we recorded a differ‐
ing circadian pattern, showing that the selection of woodland and 
scrub decreased during the night when wallabies were found nearer 
or within farmland. Because woodland and scrub provide shelter 
and food, this result suggests that wallabies move further away from 
these habitats during the night to feed on other, perhaps richer re‐
sources such as pasture but return to sheltered areas during the day 
for feeding and resting which was also observed by Edwards and 
Ealey (1975). In addition, Johnson (1975) showed that macropods 
sometimes occur in high abundances near cover, but rarely move 
more than 70 m onto pasture from a forest edge and similar behavior 
was observed for the wallabies within our study site. Edge‐oriented 
behaviors are often attributed to the increased richness of resources 

found on vegetation edges (Odum, Odum, & Andrews, 1971), how‐
ever within our study site, boundaries between landscape features 
are sharp and we conclude that wallabies were attracted by the dif‐
ferent resources (shelter vs. food) provided within each landscape 
feature, but avoided pasture during the day due to higher risk. Our 
findings suggest that the high selection of cover during the day and 
an increase in selection of farmland during the night are likely due 
to swamp wallabies optimizing the trade‐off between the selec‐
tion of another rich food source, such as pasture (Johnson, 1980) 
and risk and stress avoidance. Such temporal transition is shown by 
many macropods (Le Mar & McArthur, 2005; Swan et al., 2008) and 
is often explained as behavioral responses to potential predators. 
Because the abundance of natural predators for wallabies is low 
within our study site, it is likely that in this human‐dominated land‐
scape, risk is caused by human presence.

The landscape distance model also revealed differences in habi‐
tat selection between sexes, therefore supports our second predic‐
tion. The likelihood of finding wallabies near waterbodies was low, 
especially for males and during the day. Similar results were found 
for wetlands and housing which often also contain artificial water 
sources and it may be safer to gain access to these resources during 
the night. Changes in habitat selection of reproducing females have 
been found in moose (Bjørneraas et al., 2011) where open and food 
rich areas were avoided by females, when the calve was under 
one month old. Lactating marsupial females have been shown to 
have a higher water turnover than nonlactating females (Kennedy 
& Heinsohn, 1974). Here, we suggest female wallabies may need 
access to water more regularly when they have young (Table 2 in 
Appendix 2) and are therefore less likely to show temporal varia‐
tions in their circadian resource selection pattern. However, further 
studies are necessary to clarify behavioral differences in males and 
females in response to distance to natural and risky water sources.

The prediction maps identify areas where humans are most likely 
to encounter swamp wallabies, such as roadside vegetation and 
woodland and scrub adjacent to housing estates. We also predicted 
and visualized how this can vary on a circadian basis, which can en‐
hance management planning. Our findings are also supported by a 
study undertaken within the same study site, estimating the density 
of swamp wallabies on Phillip Island by observation using distance 
sampling along line transects (D. R. Sutherland, in prep). The study 
indicates that density is highest in some coastal areas, remnant 
bushland patches and vegetation strips, and lowest in farmland and 
housing estates.

5  | CONCLUSION

We present how wallabies living in a human‐modified landscape 
select landscape feature on a circadian basis to optimize the use 
of resources. This study enhances our ecological understanding 
of swamp wallabies living on Phillip Island, which represents a 
human‐modified landscape. We show that wallabies choose habi‐
tats with high cover and avoid areas that may expose wallabies 
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to greater risk such as roads, housing estates, waterbodies, and 
agricultural farmland. These findings can be used to enhance man‐
agement actions such as fencing along paddocks to mitigate pas‐
ture loss. Further, we demonstrate that the use of these landscape 
features varies in a circadian pattern. Landscape features likely to 
be perceived as risky during the day are selected more during the 
night when we assume that risks, such as human disturbances are 
lower. More generally, our results show that habitat selection in a 
human‐modified landscape can vary within a circadian cycle to op‐
timize the trade‐off between accessing high‐quality resources and 
reduced risks. In some cases, management of species in human‐
modified landscapes may benefit if circadian differences in behav‐
ior are taken into account.

ACKNOWLEDG MENTS

We would like to acknowledge Phillip Island Nature Parks and 
the Holsworth Wildlife Research Endowment for the support of 
our research. Further, we want to thank all volunteers for helping 
with fieldwork, data entry, and building wildlife trackers and thank 
Daryll Panther for his assistance in darting wallabies. We would 
like to thank Moritz Wenzel for is contribution to data visualiza‐
tion. Further, we appreciate the farmers, residents, and businesses 
of Phillip Island who allowed access to their properties. This study 
was funded by Phillip Island Nature Parks (60‐625), the Holsworth 
Wildlife Research Endowment (HWRE2016R2041CONT). M.F. was 
supported by the Albert Shimmins Fund. All trapping and handling 
of wallabies were conducted in accordance with the Phillip Island 
Nature Parks' Animal Ethics Committee approval 2.2015 and 
Department of Environment, Land, Water and Planning research 
permit number 10007655.

CONFLIC T OF INTERE S T

The authors declare that there is no conflict of interest.

AUTHORS CONTRIBUTION

MF, JDS, GC, and DS conceptualized the data. MF performed data 
curation. MF, MS, SKS, PG involved in formal analysis. DS involved in 
funding acquisition. MF administered the project. JDS, DS, and GC 
supervised the study. MF visualized the data. MF involved in writ‐
ing—original draft. MF, MS, SKS, PG, JDS, and DS involved in writ‐
ing—review and editing.

DATA ACCE SSIBILIT Y

The datasets generated during and/or analyzed during the cur‐
rent study are available at the Movebank Data Repository 
(https://www.datarepository.movebank.org) as "Fischer et al. 
(2019) Swamp wallabies on Phillips Island, Australia". https​://doi.
org/10.5441/001/1.6ss053tn. Access to the data has been embar‐
goed for one year from the date of publication.

ORCID

Manuela Fischer   https://orcid.org/0000-0003-0541-6729 

R E FE R E N C E S

Allen, L., & Mitchell, R. (2016). A new record of the Swamp Wallaby 
'Wallabia bicolor' (Desmarest, 1804), (Marsupialia: Macropodinae) in 
South Australia. South Australian Naturalist, 90, 17–23.

Arnold, G., Steven, D., Weeldenburg, J., & Smith, E. (1993). Influences 
of remnant size, spacing pattern and connectivity on population 
boundaries and demography in euros Macropus robustus living in a 
fragmented landscape. Biological Conservation, 64, 219–230. https​://
doi.org/10.1016/0006-3207(93)90323-S

Austin, M. (2002). Spatial prediction of species distribution: An interface be‐
tween ecological theory and statistical modelling. Ecological Modelling, 
157, 101–118. https​://doi.org/10.1016/S0304-3800(02)00205-3

Banks, P. B., & Bryant, J. V. (2007). Four‐legged friend or foe? Dog walk‐
ing displaces native birds from natural areas. Biology Letters, 3, 611–
613. https​://doi.org/10.1098/rsbl.2007.0374

Bartón, K. (2013). Model selection and model averaging based on infor‐
mation criteria (AICc and alike). The Comprehensive R Archive Network, 
1, 13.

Bass Coast Shire Council (2017). Phillip Island and san remo visitor econ‐
omy strategy 2035 growing tourism. Retrieved from http://www.bassc​
oast.vic.gov.au/Busin​ess/Phill​ip_Island_Touri​sm_Strat​egy_ 2035

Bates, D. M. (2010). lme4: Mixed‐effects modeling with R. New York, NY: 
Springer.

Ben‐Ami, D., & Ramp, D. (2013). Impact of roadside habitat on swamp 
wallaby movement and fitness. Wildlife Research, 40, 512–522. https​
://doi.org/10.1071/WR13034

Bivand, R., & Lewin-Koh, N. (2013). Maptools: Tools for reading and han‐
dling spatial objects. R package version 0.8-29. Retrieved from https​
://CRAN.R-proje​ct.org/packa​ge=maptools

Bivand, R., Rundel, C., Pebesma, E., Stuetz, R., Hufthammer, K. O., & 
Bivand, M. R. (2017). Package ‘rgeos’ version 0.3 - 26. Retrieved from 
https​://CRAN.R-proje​ct.org/packa​ge=rgeos​

Bjørneraas, K., Solberg, E. J., Herfindal, I., Moorter, B. V., Rolandsen, C. 
M., Tremblay, J.‐P., … Astrup, R. (2011). Moose Alces alces habitat use 
at multiple temporal scales in a human‐altered landscape. Wildlife 
Biology, 17, 44–54. https​://doi.org/10.2981/10-073

Bonnot, N., Morellet, N., Verheyden, H., Cargnelutti, B., Lourtet, B., 
Klein, F., & Hewison, A. J. M. (2012). Habitat use under predation risk: 
Hunting, roads and human dwellings influence the spatial behaviour 
of roe deer. European Journal of Wildlife Research, 59, 185–193. https​
://doi.org/10.1007/s10344-012-0665-8

Bovet, P., & Benhamou, S. (1988). Spatial analysis of animals' movements 
using a correlated random walk model. Journal of Theoretical Biology, 
131, 419–433. https​://doi.org/10.1016/S0022-5193(88)80038-9

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel 
inference: A practical information‐theoretic approach (pp. 49–97). 
Berlin: Springer Science & Business Media.

Calenge, C. (2006). The package “adehabitat” for the R software: A tool for 
the analysis of space and habitat use by animals. Ecological Modelling, 
197, 516–519. https​://doi.org/10.1016/j.ecolm​odel.2006.03.017

Contesse, P., Hegglin, D., Gloor, S., Bontadina, F., & Deplazes, P. (2004). 
The diet of urban foxes (Vulpes vulpes) and the availability of anthro‐
pogenic food in the city of Zurich, Switzerland. Mammalian Biology, 
69, 81–95. https​://doi.org/10.1078/1616-5047-00123​

Coulon, A., Morellet, N., Goulard, M., Cargnelutti, B., Angibault, J.‐M., & 
Hewison, A. J. M. (2008). Inferring the effects of landscape structure 
on roe deer (Capreolus capreolus) movements using a step selection 
function. Landscape Ecology, 23, 603–614. https​://doi.org/10.1007/
s10980-008-9220-0

https://doi.org/10.5441/001/1.6ss053tn
https://doi.org/10.5441/001/1.6ss053tn
https://orcid.org/0000-0003-0541-6729
https://orcid.org/0000-0003-0541-6729
https://doi.org/10.1016/0006-3207(93)90323-S
https://doi.org/10.1016/0006-3207(93)90323-S
https://doi.org/10.1016/S0304-3800(02)00205-3
https://doi.org/10.1098/rsbl.2007.0374
http://www.basscoast.vic.gov.au/Business/Phillip_Island_Tourism_Strategy_2035
http://www.basscoast.vic.gov.au/Business/Phillip_Island_Tourism_Strategy_2035
https://doi.org/10.1071/WR13034
https://doi.org/10.1071/WR13034
https://CRAN.R-project.org/package=maptools
https://CRAN.R-project.org/package=maptools
https://CRAN.R-project.org/package=rgeos
https://doi.org/10.2981/10-073
https://doi.org/10.1007/s10344-012-0665-8
https://doi.org/10.1007/s10344-012-0665-8
https://doi.org/10.1016/S0022-5193(88)80038-9
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1078/1616-5047-00123
https://doi.org/10.1007/s10980-008-9220-0
https://doi.org/10.1007/s10980-008-9220-0


7518  |     FISCHER et al.

Coulson, G. (1997). Male bias in road‐kills of macropods. Wildlife Research, 
24, 21–25. https​://doi.org/10.1071/WR96004

Coulson, G., Alviano, P., Ramp, D., & Way, S. (1999). The kangaroos of 
Yan Yean: History of a problem population. Proceedings of the Royal 
Society of Victoria 111, 121–130.

Di Stefano, J., Moyle, R., & Coulson, G. (2005). A soft‐walled double‐lay‐
ered trap for capture of swamp wallabies Wallabia bicolor. Australian 
Mammalogy, 27, 235–238. https​://doi.org/10.1071/AM05235

Di Stefano, J., & Newell, G. R. (2008). Diet selection by the swamp 
wallaby (Wallabia bicolor): Feeding strategies under conditions of 
changed food availability. Journal of Mammalogy, 89, 1540–1549.

Di Stefano, J., York, A., Swan, M., Greenfield, A., & Coulson, G. (2009). 
Habitat selection by the swamp wallaby (Wallabia bicolor) in relation 
to diel period, food and shelter. Austral Ecology, 34, 143–155.

DiStefano, J. (2007). Home range size and resource selection by the swamp 
wallaby, Wallabia bicolor, in a landscape modified by timber harvesting. 
PhD thesis. Zoology, University of Melbourne. Retrieved from https​
://hdl.handle.net/11343/​39323​

Dupke, C., Bonenfant, C., Reineking, B., Hable, R., Zeppenfeld, T., Ewald, 
M., & Heurich, M. (2017). Habitat selection by a large herbivore at 
multiple spatial and temporal scales is primarily governed by food 
resources. Ecography, 40, 1014–1027. https​://doi.org/10.1111/
ecog.02152​

Edwards, G., & Ealey, E. (1975). Aspects of the ecology of the swamp 
wallaby Wallabia bicolor (Marsupialia: Macropodidae). Australian 
Mammalogy, 1, 307–317.

Esri, A. D. (2011). Release 10. Documentation manual. Redlands, CA: 
Environmental Systems Research Institute.

Fahrig, L. (2003). Effects of habitat fragmentation on biodiversity. Annual 
Review of Ecology, Evolution, and Systematics, 34, 487–515. https​://
doi.org/10.1146/annur​ev.ecols​ys.34.011802.132419

Fischer, M., Di Stefano, J., Gras, P., Kramer‐Schadt, S., Sutherland, D. R., 
Coulson, G., & Stillfried, M. (2019). Data from: Circadian rhythms 
enable efficient resource selection in a human‐modified landscape. 
Movebank Data Repository, https​://doi.org/10.5441/001/1.6ss053tn

Fischer, M., Parkins, K., Maizels, K., Sutherland, D. R., Allan, B. M., 
Coulson, G., & Di Stefano, J. (2018). Biotelemetry marches on: A cost‐
effective GPS device for monitoring terrestrial wildlife. PLoS ONE, 13, 
e0199617. https​://doi.org/10.1371/journ​al.pone.0199617

Gliddon, J. W. (1958). Phillip Island in picture and story. Phillip Island: 
Committee of Trust" Warley" Bush Nursing Hospital.

Godvik, I. M. R., Loe, L. E., Vik, J. O., Veiberg, V., Langvatn, R., & 
Mysterud, A. (2009). Temporal scales, trade‐offs, and functional re‐
sponses in red deer habitat selection. Ecology, 90, 699–710. https​://
doi.org/10.1890/08-0576.1

Graham, C. H. (2001). Factors influencing movement patterns of keel‐
billed toucans in a fragmented tropical landscape in Southern 
Mexico. Conservation Biology, 15, 1789–1798. https​://doi.
org/10.1046/j.1523-1739.2001.00070.x

Graham, K., Boulanger, J., Duval, J., & Stenhouse, G. (2010). Spatial and 
temporal use of roads by grizzly bears in west‐central Alberta. Ursus, 
21, 43–56. https​://doi.org/10.2192/09GR0​10.1

Haddad, N. M., Bowne, D. R., Cunningham, A., Danielson, B. J., 
Levey, D. J., Sargent, S., & Spira, T. (2003). Corridor use by di‐
verse taxa. Ecology, 84, 609–615. https​://doi.org/10.1890/0012-
9658(2003)084[0609:CUBDT​]2.0.CO;2

Haikonen, H., & Summala, H. (2001). Deer‐vehicle crashes – Extensive 
peak at 1 hour after sunset. American Journal of Preventive Medicine, 
21, 209–213. https​://doi.org/10.1016/S0749-3797(01)00352-X

Hastie, T., & Tibshirani, R. (1987). Generalized additive models: Some ap‐
plications. Journal of the American Statistical Association, 82, 371–386. 
https​://doi.org/10.1080/01621​459.1987.10478440

Head, L. M. (2000). Renovating the landscape and packaging the pen‐
guin: Culture and nature on Summerland Peninsula, Phillip Island, 

Victoria, Australia. Geographical Research, 38, 36–53. https​://doi.
org/10.1111/1467-8470.00099​

Hijmans, R. J., van Etten, J., Cheng, J., Mattiuzzi, M., Sumner, M., 
Greenberg, J. A., … Shortridge, A. (2017). Package ‘raster’. R package. 
Retrieved from https​://CRAN.R-proje​ct.org/packa​ge=raster

Hofmann, H., Siebes, A. P., & Wilhelm, A. F. (2000). Visualizing association 
rules with interactive mosaic plots. In Proceedings of the sixth ACM 
SIGKDD international conference on knowledge discovery and data 
mining. pp. 227–235. ACM

Hollis, C. J., Robertshaw, J. D., & Harden, R. H. (1986). Ecology of the 
swamp wallbay (Wallabia bicolor) in northeastern New South Wales. 
1. Diet. Australian Wildlife Research, 13, 355–365.

Hughes, J., & Macdonald, D. W. (2013). A review of the inter‐
actions between free‐roaming domestic dogs and wildlife. 
Biological Conservation, 157, 341–351. https​://doi.org/10.1016/j.
biocon.2012.07.005

Jarman, P. J. (1991). Social behavior and organization in the 
Macropodoidea. In Advances in the study of behavior (Vol. 20, pp. 
1–50). Cambridge, MA: Academic Press.

Johnson, C. J., Nielsen, S. E., Merrill, E. H., McDonald, T. L., & Boyce, M. S. 
(2006). Resource selection functions based on use‐availability data: 
Theoretical motivation and evaluation methods. Journal of Wildlife 
Management, 70, 347–357. https​://doi.org/10.2193/0022-541X(200
6)70[347:RSFBO​U]2.0.CO;2

Johnson, K. A. (1975). Aspects of macropod problems on the Dorrigo 
Plateau. Agriculture, Forestry and Wildlife: Conflict or co‐existence, 
39–45.

Johnson, K. A. (1980). Spatial and temporal use of habitat by the Red‐
necked pademelon, Thylogale thetis (Marsupialia : Macropodidae). 
Wildlife Research, 7, 157–166. https​://doi.org/10.1071/WR980​0157

Kennedy, P., & Heinsohn, G. (1974). Water metabolism of two marsu‐
pials—The brush‐tailed possum, Trichosurus vulpecula and the rock‐
wallaby, Petrogale inornata in the wild. Comparative Biochemistry 
and Physiology Part A: Physiology, 47, 829–834. https​://doi.
org/10.1016/0300-9629(74)90457-5

Kirkwood, R., Sutherland, D. R., Murphy, S., & Dann, P. (2014). Lessons 
from long‐term predator control: A case study with the red fox. 
Wildlife Research, 41, 222. https​://doi.org/10.1071/WR13196

Klar, N., Fernandez, N., Kramer‐Schadt, S., Herrmann, M., Trinzen, 
M., Buttner, I., & Niemitz, C. (2008). Habitat selection models for 
European wildcat conservation. Biological Conservation, 141, 308–
319. https​://doi.org/10.1016/j.biocon.2007.10.004

LaPoint, S., Gallery, P., Wikelski, M., & Kays, R. (2013). Animal behavior, 
cost‐based corridor models, and real corridors. Landscape Ecology, 
28, 1615–1630. https​://doi.org/10.1007/s10980-013-9910-0

Le Mar, K., & McArthur, C. (2005). Comparison of habitat selection by two 
sympatric macropods, Thylogale billardierii and Macropus rufogriseus 
rufogriseus, in a patchy eucalypt‐forestry environment. Austral Ecology, 
30, 674–683. https​://doi.org/10.1111/j.1442-9993.2005.01510.x

Lima, S. L., & Dill, L. M. (1990). Behavioral decisions made under the risk 
of predation: A review and prospectus. Canadian Journal of Zoology, 
68, 619–640. https​://doi.org/10.1139/z90-092

Lunney, D., & O'Connell, M. (1988). Habitat selection by the swamp 
wallaby, Wallabia bicolor, the red necked wallaby, Macropus rufogri‐
seus, and the common wombat, Vombatus ursinus, in logged, burnet 
forest near bega, New South Wales. Australian Wildlife Research, 15, 
695–706.

Lykkja, O. N., Solberg, E. J., Herfindal, I., Wright, J., Rolandsen, C. M., 
& Hanssen, M. G. (2009). The effects of human activity on summer 
habitat use by moose. Alces: A Journal Devoted to the Biology and 
Management of Moose, 45, 109–124.

Madsen, J., & Fox, A. D. (1995). Impacts of hunting disturbance on 
waterbirds – A review. Wildlife Biology, 1, 193–207. https​://doi.
org/10.2981/wlb.1995.0025

https://doi.org/10.1071/WR96004
https://doi.org/10.1071/AM05235
https://hdl.handle.net/11343/39323
https://hdl.handle.net/11343/39323
https://doi.org/10.1111/ecog.02152
https://doi.org/10.1111/ecog.02152
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.5441/001/1.6ss053tn
https://doi.org/10.1371/journal.pone.0199617
https://doi.org/10.1890/08-0576.1
https://doi.org/10.1890/08-0576.1
https://doi.org/10.1046/j.1523-1739.2001.00070.x
https://doi.org/10.1046/j.1523-1739.2001.00070.x
https://doi.org/10.2192/09GR010.1
https://doi.org/10.1890/0012-9658(2003)084%5B0609:CUBDT%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5B0609:CUBDT%5D2.0.CO;2
https://doi.org/10.1016/S0749-3797(01)00352-X
https://doi.org/10.1080/01621459.1987.10478440
https://doi.org/10.1111/1467-8470.00099
https://doi.org/10.1111/1467-8470.00099
https://CRAN.R-project.org/package=raster
https://doi.org/10.1016/j.biocon.2012.07.005
https://doi.org/10.1016/j.biocon.2012.07.005
https://doi.org/10.2193/0022-541X(2006)70%5B347:RSFBOU%5D2.0.CO;2
https://doi.org/10.2193/0022-541X(2006)70%5B347:RSFBOU%5D2.0.CO;2
https://doi.org/10.1071/WR9800157
https://doi.org/10.1016/0300-9629(74)90457-5
https://doi.org/10.1016/0300-9629(74)90457-5
https://doi.org/10.1071/WR13196
https://doi.org/10.1016/j.biocon.2007.10.004
https://doi.org/10.1007/s10980-013-9910-0
https://doi.org/10.1111/j.1442-9993.2005.01510.x
https://doi.org/10.1139/z90-092
https://doi.org/10.2981/wlb.1995.0025
https://doi.org/10.2981/wlb.1995.0025


     |  7519FISCHER et al.

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Maechler, 
M., … Brooks, M. (2016). glmmTMB: Generalized linear mixed models 
using template model builder. R package version 0.0 2. Retrieved from 
https​://CRAN.R-proje​ct.org/packa​ge=glmmTMB

Manly, B., McDonald, L., Thomas, D., McDonald, T., & Erickson, W. 
(2002). Resource selection by animals: Statistical analysis and design for 
field studies. Nordrecht, the Netherlands: Kluwer.

Manly, B., McDonald, L., Thomas, D. L., McDonald, T. L., & Erickson, W. 
P. (2007). Resource selection by animals: Statistical design and analy‐
sis for field studies. Springer Science & Business Media. https​://doi.
org/10.1007/0-306-48151-0

Markovchick‐Nicholls, L., Regan, H. M., Deutschman, D. H., Widyanata, 
A., Martin, B., Noreke, L., & Hunt, T. A. (2008). Relationships be‐
tween human disturbance and wildlife land use in urban hab‐
itat fragments. Conservation Biology, 22, 99–109. https​://doi.
org/10.1111/j.1523-1739.2007.00846.x

Menkhorst, P., Denny, M., Ellis, M., Winter, J., Burnett, S., Lunney, D., 
&  van Weenen, J. (2016). Wallabia bicolor. The IUCN Red List of 
Threatened Species 2016: e.T40575A21952658. http://dx.doi.
org/10.2305/IUCN.UK.2016-2.RLTS.T4057​5A219​52658.en

Munns, J. W. R. (2006). Assessing risks to wildlife populations from mul‐
tiple stressors: Overview of the problem and research needs. Ecology 
and Society, 11, 00–00. https​://doi.org/10.5751/ES-01695-110123

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for 
obtaining R2 from generalized linear mixed‐effects models. Methods 
in Ecology and Evolution, 4, 133–142.

Odum, E. P., Odum, H. T., & Andrews, J. (1971). Fundamentals of ecology. 
Philadelphia, PA: Saunders.

Olson, D. D., Bissonette, J. A., Cramer, P. C., Bunnell, K. D., Coster, D. C., 
& Jackson, P. J. (2014). Vehicle collisions cause differential age and 
sex‐specific mortality in mule deer. Advances in Ecology, 2014, 1–10. 
https​://doi.org/10.1155/2014/971809

Osawa, R. (1989). Road-kills of the swamp wallaby, wallabia-bicolor, on 
North-stradbroke-Island. Southeast Queensland. Wildlife Research, 
16(1), 95.

Osawa, R. (1990). Feeding strategies of the swamp wallaby, Wallabia 
bicolor, on North Stradbroke Island, Queensland. I: Composition 
of diets. Australian Wildlife Research, 17, 615–621. https​://doi.
org/10.1071/WR990​0615

Pebesma, E., & Bivand, R. S. (2005). S classes and methods for spatial data: 
The sp package. https​://cran.r-proje​ct.org/web/packa​ges/sp/vigne​
ttes/intro_sp.pdf.

Phillip Island Nature Parks (2012). Environmental plan 2012–2017. 
Retrieved from http://www.pengu​ins.org.au/asset​s/About/​PDF-
Publi​catio​ns/Envir​onmen​tPlan-2012-17.pdf

R Core Team (2017). R: A language and environment for statistical comput‐
ing. Vienna, Austria: R Foundation for Statistical Computing.

Rettie, W. J., & Messier, F. (2000). Hierarchical habitat selection by 
woodland caribou: Its relationship to limiting factors. Ecography, 23, 
466–478. https​://doi.org/10.1034/j.1600-0587.2000.230409.x

Roeleke, M., Blohm, T., Kramer‐Schadt, S., Yovel, Y., & Voigt, C. C. (2016). 
Habitat use of bats in relation to wind turbines revealed by GPS 
tracking. Scientific Reports, 6, 28961. https​://doi.org/10.1038/srep2​
8961

Rondinini, C., & Doncaster, C. (2002). Roads as barriers to move‐
ment for hedgehogs. Functional Ecology, 16, 504–509. https​://doi.
org/10.1046/j.1365-2435.2002.00651.x

Shepard, D. B., Kuhns, A. R., Dreslik, M. J., & Phillips, C. A. (2008). 
Roads as barriers to animal movement in fragmented land‐
scapes. Animal Conservation, 11, 288–296. https​://doi.
org/10.1111/j.1469-1795.2008.00183.x

Smith, R. W., Statham, M., Norton, T. W., Rawnsley, R. P., Statham, H. L., 
Gracie, A. J., & Donaghy, D. J. (2012). Effects of wildlife grazing on 

the production, ground cover and plant species composition of an es‐
tablished perennial pasture in the Midlands region, Tasmania. Wildlife 
Research, 39, 123–136. https​://doi.org/10.1071/WR11032

Stillfried, M., Gras, P., Börner, K., Göritz, F., Painer, J., Röllig, K., … 
Kramer‐Schadt, S. (2017). Secrets of success in a landscape of fear: 
Urban wild boar adjust risk perception and tolerate disturbance. 
Frontiers in Ecology and Evolution, 5, 157. https​://doi.org/10.3389/
fevo.2017.00157​

Stirrat, S. C. (2003). Seasonal changes in home‐range area and habitat 
use by the agile wallaby (Macropus agilis). Wildlife Research, 30, 593–
600. https​://doi.org/10.1071/WR02066

Sutter, G., & Downe, J. (2000). Vegetation community survey and mapping 
of the Phillip Island Nature Park. Natural Resources and Environment.

Swan, M., Di Stefano, J., Greenfield, A., & Coulson, G. (2008). Fine‐scale 
habitat selection by adult female swamp wallabies (Wallabia bicolor). 
Australian Journal of Zoology, 56, 305–309. https​://doi.org/10.1071/
ZO07051

Taylor, A. R., & Knight, R. L. (2003). Wildlife responses to recreation 
and associated visitor perceptions. Ecological Applications, 13, 951–
963. https​://doi.org/10.1890/1051-0761(2003)13[951:WRTRA​
A]2.0.CO;2

Troy, S., Coulson, G., & Middleton, D. (1992). A comparison of radio‐
tracking and line transect techniques to determine habitat pref‐
erences in the swamp wallaby (Wallabia bicolor) in south‐eastern 
Australia. In I. M. Priede, & S. M. Swift (Eds.), Wildlife teleme‐
try: Remote monitoring and tracking of animals (pp. 651–660). 
Chichester, UK: Ellis Horwood.

Watson, R. (1993). No more blackberries. Victorian Naturalist, 110, 
258–259.

Webb, S. L., Dzialak, M. R., Harju, S. M., Hayden‐Wing, L. D., & Winstead, 
J. B. (2011). Effects of human activity on space use and movement 
patterns of female elk. Wildlife Society Bulletin, 35, 261–269.

White, R. G. (1983). Foraging patterns and their multiplier effects on 
productivity of northern ungulates. Oikos, 377–384. https​://doi.
org/10.2307/3544310

Wikelski, M., & Kays, R. (2014). Movebank: archive, analysis and sharing 
of animal movement data. Retrieved from http://www.moveb​ank.org

Wood, M. S. (2002). Resource partitioning in sympatric populations of 
red‐necked wallabies and black wallabies. Deakin University, Faculty 
of Science and Technology. Retrieved from https​://trove.nla.gov.au/
versi​on/27092372

Wright, K. (2016). pals: Color palettes, colormaps, and tools to evaluate 
them. R package version 1.0. Retrieved from https​://CRAN.R-proje​
ct.org/packa​ge=pals

Zusi, K. (2010). Landscape factors impacting survival of sympatric red‐necked 
wallabies (Macropus rufogriseus) and swamp wallabies (Wallabia bicolor) 
in urbanized areas. Independent Study. Project (ISP) Collection.

Zuur, A., Ieno, E., Walker, N., Saveliev, A., & Smith, G. (2009). Mixed ef‐
fects models and extensions in ecology with R. Berlin: Spring Science 

and Business Media. https​://doi.org/10.1007/978-0-387-87458-6

How to cite this article: Fischer M, Di Stefano J, Gras P, et al. 
Circadian rhythms enable efficient resource selection in a 
human‐modified landscape. Ecol Evol. 2019;9:7509–7527. 
https​://doi.org/10.1002/ece3.5283

https://CRAN.R-project.org/package=glmmTMB
https://doi.org/10.1007/0-306-48151-0
https://doi.org/10.1007/0-306-48151-0
https://doi.org/10.1111/j.1523-1739.2007.00846.x
https://doi.org/10.1111/j.1523-1739.2007.00846.x
http://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T40575A21952658.en
http://dx.doi.org/10.2305/IUCN.UK.2016-2.RLTS.T40575A21952658.en
https://doi.org/10.5751/ES-01695-110123
https://doi.org/10.1155/2014/971809
https://doi.org/10.1071/WR9900615
https://doi.org/10.1071/WR9900615
https://cran.r-project.org/web/packages/sp/vignettes/intro_sp.pdf
https://cran.r-project.org/web/packages/sp/vignettes/intro_sp.pdf
http://www.penguins.org.au/assets/About/PDF-Publications/EnvironmentPlan-2012-17.pdf
http://www.penguins.org.au/assets/About/PDF-Publications/EnvironmentPlan-2012-17.pdf
https://doi.org/10.1034/j.1600-0587.2000.230409.x
https://doi.org/10.1038/srep28961
https://doi.org/10.1038/srep28961
https://doi.org/10.1046/j.1365-2435.2002.00651.x
https://doi.org/10.1046/j.1365-2435.2002.00651.x
https://doi.org/10.1111/j.1469-1795.2008.00183.x
https://doi.org/10.1111/j.1469-1795.2008.00183.x
https://doi.org/10.1071/WR11032
https://doi.org/10.3389/fevo.2017.00157
https://doi.org/10.3389/fevo.2017.00157
https://doi.org/10.1071/WR02066
https://doi.org/10.1071/ZO07051
https://doi.org/10.1071/ZO07051
https://doi.org/10.1890/1051-0761(2003)13%5B951:WRTRAA%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2003)13%5B951:WRTRAA%5D2.0.CO;2
https://doi.org/10.2307/3544310
https://doi.org/10.2307/3544310
http://www.movebank.org
https://trove.nla.gov.au/version/27092372
https://trove.nla.gov.au/version/27092372
https://CRAN.R-project.org/package=pals
https://CRAN.R-project.org/package=pals
https://doi.org/10.1007/978-0-387-87458-6
https://doi.org/10.1002/ece3.5283


7520  |     FISCHER et al.

APPENDIX 1

F I G U R E  A 1   Correlation plot to check for correlation between distances to different landscape features. We used Pearson correlation 
coefficients to measure correlation between variables. Correlating variables with |r| > 0.7 would have been excluded from the final model 
but none of our predictor variables showed correlations
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F I G U R E  A 2  Generalized additive model (GAM) plots of the nonlinear estimator for distance to habitat feature variables to visualize 
linearity assumption. We used observed wallaby locations (1) versus simulated locations (0) as a binary response variable and fitted 
smoothing splines with 3 degrees of freedom to model the effect on all habitat variables (woodland and scrub, housing estates, wetlands, 
waterbodies, major roads, agricultural farmland, coastal vegetation). If variables were nonlinear, we included the quadratic term of the 
variables in the final models, which was the case for all variables but waterbodies and housing estates
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F I G U R E  A 3   Distance maps of all landscape features used to build a stack for the prediction map of the distance to feature model
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APPENDIX 2

TA B L E  A 1   Overview of all wallabies sampled including sex, pouch young, weight, tracking duration, number of GPS locations, and home 
range area (95% kernel estimate)

ID Sex Pouch young Weight (kg) Tracking duration
Home range 
(ha)

GPS points

Day Night

MF001 ♂ NA 14.8 21.03.2015–30.03.2015 28.7 312 379

MF006 ♂ NA 14.8 12.01.2015–17.01.2015 10.7 52 40

MF010 ♂ NA 15.8 21.03.2015–27.03.2015 13.6 215 314

MF011 ♂ NA 15.1 22.03.2015–30.06.2015 16.5 168 274

MF014 ♂ NA 10.8 23.05.2015–02.04.2015 4.8 290 505

MF015 ♂ NA 10.3 29.06.2015–07.07.2016 5.5 220 444

MF017 ♂ NA 14.2 28.06.2015–08.06.2015 31.7 295 519

MF019 ♂ NA 14.7 17.07.2015–24.07.2015 9.2 168 299

MF023 ♂ NA 13.9 06.01.2016–15.01.2016 22.8 252 182

MF030 ♂ NA 16.2 16.01.2016–21.01.2016 23.9 165 175

MF031 ♂ NA 13.1 28.02.2016–10.03.2016 11.1 396 431

MF039 ♂ NA 15.9 28.04.2016–08.05.2016 18.6 306 463

MF044 ♂ NA 16.9 13.02.2017–24.02.2017 11.1 457 383

MF047 ♂ NA 13.9 12.02.2017–20.02.2017 31.2 236 309

MF049 ♂ NA 19.3 04.03.2016–14.03.2016 15.7 222 308

MF050 ♂ NA 18.4 15.01.2017–20.01.2017 NA 4 9

MF051 ♂ NA 10.6 16.01.2017–24.01.2017 15.1 111 105

MF052 ♂ NA 18.3 12.02.2017–21.02.2017 44.8 321 311

MF053 ♂ NA 16.0 12.02.2017–22.02.2017 14.5 461 362

MF048 ♂ NA 11.0 21.02.2016–28.02.2016 18.2 65 66

MF061 ♂ NA 9.7 14.02.2017–20.02.2017 12.7 93 93

MF055 ♂ NA 17.9 13.02.2017–23.02.2017 7.2 464 424

MF064 ♂ NA 10.1 02.03.2017–09.03.2017 12.6 222 228

MF066 ♂ NA 12.0 14.02.2017–23.02.2017 23.8 41 46

MF068 ♂ NA 11.8 04.03.2017–10.03.2017 4.1 226 224

MF069 ♂ NA 14.4 16.03.2017–25.03.2017 11.4 286 303

MF070 ♂ NA 14.4 16.03.2017–24.03.2017 14.8 296 327

MF002 ♀ Yes 10.1 16.01.2015–20.01.2015 11.7 122 69

MF009 ♀ No 8.9 01.05.2015–18.05.2015 9.7 194 237

MF013 ♀ Yes 13.0 22.03.2015–02.04.2015 7.2 282 470

MF016 ♀ Yes 13.8 27.06.2015–07.07.2015 12.6 270 483

MF018 ♀ Yes 12.6 17.07.2015–25.07.2015 11.3 141 147

MF021 ♀ No 11.7 15.12.2015–24.12.2015 5.1 427 307

MF022 ♀ No 11.1 17.12.2015–23.12.2015 12.3 85 56

MF024 ♀ Yes 10.5 17.01.2016–20.01.2016 23.6 7 18

MF028 ♀ Yes 12.8 08.02.2016–16.02.2016 13.6 299 332

MF029 ♀ Yes 13.2 08.02.2016–21.02.2016 16.7 337 346

MF032 ♀ No 12.8 30.03.2016–09.03.2016 15.4 299 402

MF033 ♀ Yes 10.3 31.03.2016–03.04.2016 15.3 7 59

MF038 ♀ Yes 11.0 28.04.2016–03.05.2016 4.0 134 203

MF040 ♀ Yes 11.3 28.04.2016–04.05.2016 90.7 176 253

MF043 ♀ Yes 9.5 14.02.2017–16.02.2017 18.1 1 19

MF046 ♀ Yes 10.2 04.03.2017–10.03.2017 4.0 66 130
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Model Predictor variables
Random 
factor

[a] Landscape use model

Null   ID

Model 1 Woodlands + Coastal + Housing + Wetlands+ 
Roads + Farmland

ID

Model 2 Woodlands + Coastal + Housing + Wetlands +  
Roads + Farmland + time

ID

Model 3 Woodlands + Coastal + Housing + Wetlands +  
Roads + Farmland × time

ID

[b] Distance model

Null   ID

Model 1 (Woodlands + Coastal + Housing + Wetlands + 
 Waterbodies + Roads + Farmland + Woodlands2 +  
Coastal2 + Wetlands2 + Roads2 + Farmland2)

ID

Model 2 (Woodlands + Coastal + Housing + Wetlands + 
 Waterbodies + Roads + Farmland + Woodlands2 +  
Coastal2 + Wetlands2 + Roads2 + Farmland2) × time

ID

Model 3 (Woodlands + Coastal + Housing + Wetlands + 
 Waterbodies + Roads + Farmland + Woodlands2 +  
Coastal2 + Wetlands2 + Roads2 + Farmland2) + time

ID

Model 4 (Woodlands + Coastal + Housing + Wetlands + Waterb
odies + Roads + Farmland + Woodlands2 + Coastal2 + 
Wetlands2 + Roads2 + Farmland2) + time + sex

ID

Model 5 (Woodlands + Coastal + Housing + Wetlands + Waterb
odies + Roads + Farmland + Woodlands2 + Coastal2 + 
Wetlands2 + Roads2 + Farmland2) + time × sex

ID

Model 6 (Woodlands + Coastal + Housing + Wetlands + Waterb
odies + Roads + Farmland + Woodlands2 + Coastal2 + 
Wetlands2 + Roads2 + Farmland2) × time + sex

ID

Model 7 (Woodlands + Coastal + Housing + Wetlands + Waterb
odies + Roads + Farmland + Woodlands2 + Coastal2 +
Wetlands2 + Roads2 +  
Farmland2) × time × sex

ID

TA B L E  A 2  List of model sets using 
a [a] binomial generalized linear mixed 
model (GLMM) and [b] GLMMs with 
template model builder. We used 
observed wallaby data (1) versus 
simulated trajectories (0) as a binary 
response variable. [a] Landscape use 
model: For each location, we used 
landscape variables (seven levels) 
and time (day vs. night) as predictor 
variables. Because the landscape feature 
“waterbodies” was classified as unsuitable 
habitat for wallabies, only six landscape 
feature variables are used in the model. 
We included ID as a random factor. [b] 
Distance model: We used the same 
response variable and random factor as 
in the landscape use model. As predictor 
variables, we used distances to each 
landscape variable and sex and time. We 
included nonlinear variables as a quadratic 
term, which was the case for all variables 
except for waterbodies and housing 
(Figure 7 in Appendix 1). We applied 
the scale function (R package “base”) to 
standardize all landscape features

ID Sex Pouch young Weight (kg) Tracking duration
Home range 
(ha)

GPS points

Day Night

MF054 ♀ No 14.6 13.02.2017–22.02.2017 22.4 421 376

MF056 ♀ Yes 13.5 15.02.2017–23.02.2017 13.9 280 264

MF057 ♀ No 9.2 13.02.2017–23.02.2017 5.2 449 381

MF058 ♀ No 12.4 14.02.2017–17.02.2017 0.1 54 20

MF063 ♀ No 11.3 15.02.2017–21.02.2017 9.9 254 204

TA B L E  A 1   (Continued)
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TA B L E  A 3   Model estimates, standard errors (SE), and p‐values of the most parsimonious model for the generalized linear mixed models 
(GLMMs). We used observed wallaby data (1) versus simulated trajectories (0) as a binary response variable and the best model includes six 
landscape feature variables and “time” (day/night) as predictor variables. The model included animal ID as a random factor

Model Variables Estimate SE p‐Value

Woodlands + Coastal 
+ Housing + Wetland
s + Roads + Farmland 
× time

Woodlands 2.40 0.02 <0.01

Coastal 3.17 0.03 <0.01

Housing −1.35 0.06 <0.01

Roads −0.65 0.10 <0.01

Wetlands 1.99 0.05 <0.01

night 1.41 0.02 <0.01

Woodlands:night −1.85 0.02 <0.01

Coastal:night −1.37 0.04 <0.01

Housing:night 0.35 0.07 <0.01

Roads:night 0.00 0.12 0.98

Wetlands:night −1.61 0.06 <0.01
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TA B L E  A 4   Model estimates, standard errors (SE), and p‐values of the most parsimonious model for the generalized linear mixed models 
with template model builder (glmmTMBs). We used observed wallaby data (1) versus simulated trajectories (0) as a binary response. The 
best model includes all distances to seven landscape features and “time” (day and night) and “sex” as predictor variables. The model included 
animal id as a random factor. We standardized all landscape variables by centering and z‐transforming the values

Model Variable Estimate SE p‐Value

(Woodlands + Coastal + Housing + Wetlands + Waterbodies +  
Roads + Farmland + Woodlands2 + Coastal2 + Wetlands2 +  
Roads2 + Farmland2) + time × sex

Woodlands −2.23 0.03 <0.01

Coastal −2.24 0.08 <0.01

Housing −0.15 0.05 <0.01

Wetlands 0.47 0.09 <0.01

Waterbodies 0.08 0.03 0.02

Roads 1.56 0.05 <0.01

Farmland 2.17 0.04 <0.01

Woodlands2 1.41 0.03 <0.01

Coastel2 0.92 0.07 <0.01

Wetlandss2 −1.71 0.11 <0.01

Roads2 −2.25 0.07 <0.01

Farmland2 −1.53 0.04 <0.01

night 0.52 0.02 <0.01

male −1.24 1.04 0.23

Woodlands:night 1.14 0.04 <0.01

Coastal:night 0.55 0.08 <0.01

Housing:night −0.11 0.02 <0.01

Wetlands:night −0.66 0.10 <0.01

Waterbodies:night −0.14 0.03 <0.01

Roads:night 0.13 0.05 <0.01

Farmland:night −1.47 0.05 <0.01

Woodlands2:night −0.93 0.03 <0.01

Coastal2:night −0.41 0.06 <0.01

Wetlands2:night 0.70 0.10 <0.01

Rroads2:night 0.12 0.06 0.07

Farmland2:night 1.17 0.05 <0.01

Woodlands:male 0.04 0.05 0.46

Coastal:male 0.33 0.10 <0.01

Housing:male 1.48 0.06 <0.01

Wetlands:male −0.62 0.11 <0.01

Waterbodies:male 0.27 0.04 <0.01

Roads:male 0.16 0.06 <0.01

Farmland:male −0.38 0.05 <0.01

Woodlands2:male 0.26 0.05 <0.01

Coastal2:male 0.22 0.10 0.03

Wetlands2:male 2.90 0.14 <0.01

Roads2:male −0.75 0.09 <0.01

Farmland2:male −0.03 0.05 0.48

Night:male −0.06 0.02 0.01

Woodlands:night:male 0.02 0.06 0.77

Coastal:night:male −1.31 0.11 <0.01

(Continues)
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Model Variable Estimate SE p‐Value

Housing:night:male 0.06 0.03 0.02

Wetlands:night:male 0.90 0.12 <0.01

Waterbodies:night:male 0.17 0.04 <0.01

Roads:night:male 0.27 0.07 <0.01

Farmland:night:male 0.03 0.06 0.64

Woodlands2:night:male 0.06 0.06 0.34

Coastal2:night:male 0.94 0.10 <0.01

Wetlands2:night:male −1.00 0.12 <0.01

Roads2:night:male −0.27 0.10 <0.01

Farmland2:night:male −0.21 0.06 <0.01
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