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A B S T R A C T

Tiger snakes (Notechis scutatus) in wetlands of South-West Western Australia (SW WA) are commonly parasitised
by the nematode Ophidascaris pyrrhus. Host-parasite interactions are complex and can potentially be impacted by
factors such as urbanisation or climate. We assessed whether urbanisation, distance to wetland sites, and climatic
factors have influenced parasitism in tiger snakes from specimens collected over the last century. We dissected
91 museum specimens of tiger snakes across SW WA and counted gastrointestinal nematodes. Binomial gen-
eralised linear modelling, with presence/absence of nematodes as a response variable, was used to determine
which factors were driving infection. Model selection using AICc values showed that proximity to wetlands,
rainfall and topographic wetness were most strongly associated with the probability of infection of snakes by
nematodes. We also found a slight positive correlation between nematode abundance and annual mean max-
imum temperature. We found no significant influence of distance to urban centre on nematode burdens; how-
ever, our results suggest that water-related variables are a key driver of nematode parasitism in tiger snakes in
SW WA. We also suggest that urbanisation is still of interest as its role in wetland and climate modification may
increase parasitism in wetland snakes.

1. Introduction

The modification and degradation of ecosystems through urbani-
sation has been well-documented for decades (Faulkner, 2004;
Mcdonnell and Pickett, 1990; Santiago-Alarcon et al., 2018). Such
modification has resulted in a plethora of impacts on wildlife; however,
the first and most detectable change is often a reduction in species
richness with some taxa unable to persist in urban areas, while others
seem able to adapt or benefit (Bateman and Fleming, 2012; McKinney,
2008). Further research has included evaluation of the health of these
taxa that persist in urban areas - urban utilizers/dwellers (Fischer et al.,
2015) or urban adapters sensu McKinney (2008) - as a reflection, and
thus indicator, of ecosystem health (Carignan and Villard, 2002; Siddig
et al., 2016; van der Oost et al., 2003). One such measure of organism
health is assessing the parasite abundance of target organisms, a typi-
cally sub-lethal impact that may have pernicious effects on individual
fitness and thus long-term population persistence (Bower et al., 2019;
Davis et al., 2012; Sanchez et al., 2018).

Urbanisation can either increase, decrease or have no detectable
impact on host parasite infection (Ancillotto et al., 2018; Giraudeau
et al., 2014). An increased level of parasite infection in urban areas has
commonly been attributed to a reduced host immunocompetence from
external stressors; for example, increased stress levels and/or host ex-
posure to contaminants can result in a suppressed immune system in
anurans (Linzey et al., 2003; Rohr et al., 2008) and reptiles (Day, 2003).
The fragmentation of habitat through urbanisation can result in an in-
crease of host density and in contact rates, thus facilitating horizontal
transmission for parasites (Puttker et al., 2008); however, urban habitat
fragmentation can also disrupt a complex parasite life cycle or trans-
mission frequency between hosts resulting in decreased parasite
abundance (Barbosa et al., 2005; Dugarov et al., 2018; Resasco et al.,
2019; Santiago-Alarcon et al., 2018). Assessing the change of parasite
abundance in top predators, such as larger snake species, can be an
important indicator of the impact of urbanisation on ecosystems (Davis
et al., 2012).

The tiger snake (Notechis scutatus) is a large (mean 1 m snout-vent-

https://doi.org/10.1016/j.ijppaw.2019.11.006
Received 18 September 2019; Received in revised form 28 November 2019; Accepted 28 November 2019

∗ Corresponding author.
E-mail address: damian.lettoof@postgrad.curtin.edu.au (D. Lettoof).

IJP: Parasites and Wildlife 11 (2020) 32–39

2213-2244/ © 2019 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22132244
https://www.elsevier.com/locate/ijppaw
https://doi.org/10.1016/j.ijppaw.2019.11.006
https://doi.org/10.1016/j.ijppaw.2019.11.006
mailto:damian.lettoof@postgrad.curtin.edu.au
https://doi.org/10.1016/j.ijppaw.2019.11.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijppaw.2019.11.006&domain=pdf


length [SVL] on the mainland) polymorphic Australian elapid (Aubret,
2012; Shine, 1995). It occurs in disjunct populations across most of the
southern parts of the country, and varies in both diet and habitat across
its range (Aubret et al., 2004, 2006). In mainland South-West Western
Australia (SW WA) it is abundant in wetlands and, despite the rapid
expanse of urbanisation degrading and heavily modifying wetlands in
SWWA (particularly Perth and its surrounds) (Davis and Froend, 1999),
the tiger snake has remained an abundant top reptile predator in many
urban wetlands (Aubret, 2005). In mainland SW WA, the tiger snake is
primarily anurophagous (Aubret et al., 2006; Shine, 1987a), and like
most other frog-eating snakes it has been recorded as having high
abundance of parasitic worms (Fantham and Porter, 1954; Mayer et al.,
2015; Yildirimhan et al., 2007).

The tiger snake is commonly infected with the ascaridoid nematode
Ophidascaris pyrrhus, the life history of which is unknown (Jones, 1980;
Watharow, 1997). Other species of Ophidascaris and ascaridoid nema-
todes often develop indirectly in reptiles, amphibians or mammals (Ash
and Beaver, 1962; Sprent, 1970). Larvae of the first and third stage
infect intermediate host's (reptile, amphibian or mammal) via egg
consumption and encyst the lungs, muscles and liver. If this host is then
consumed by a snake the adult nematodes parasitise the posterior sto-
mach wall (Sprent, 1955). Adult female nematodes lay eggs in the di-
gestive tract of the snake from where they pass into the environment
with faeces. Eggs are then consumed by an invertebrate or vertebrate
host (Anderson, 1988; Sprent, 1954). As nematode infection is common
in tiger snakes (Jones, 1980), and frogs are known to host a variety of
nematode species larvae (Kelehear and Jones, 2010; Lettoof et al.,
2013; Mayer et al., 2015), it is likely that O. pyrrhus uses frogs as an
intermediate host (Jones, 1980). Adult Ophidascaris feed on the host's
digested prey (Elbihari and Hussein, 1973; Jones, 1980; Sprent, 1988).
Most individual nematodes thread the middle of their bodies into the
stomach wall creating deep lesions of calcified material and necrotic
debris (DL pers. obs.). Although the impact of these lesions on the host
snake's health is unknown, the intensity of nematode infection is more
concerning. A large burden of gastric nematodes can cause malnutrition
from substantial loss of nutrients to the parasites (Hlaing et al., 1991),
or intestinal blockages (de Silva et al., 1997). Observations of wild tiger
snakes in poor body condition frequently identify a high intensity of O.
pyrrhus infection (DL and FA pers. obs.).

Most natural wetlands of SW WA are ephemeral, with water levels
peaking in spring (October) and at their lowest in autumn (April) (Davis
and Froend, 1999). However, the seasonal filling of wetlands is under
pressure from regional climate shift and urbanisation. Since the 1960s,
remnant wetlands have received less water as mean annual rainfall has
decreased by 100–150 mm and mean annual temperature has increased
by about 1 °C (Bureau of Meteorology, 2019). Even so, water levels in
several urban wetlands have risen due to increased surface run off,
storm water drainage networks and elevated groundwater levels
(Clarke et al., 1990; Lund, 1992). Urban altered wetlands that are now
isolated and permanent may influence nematode abundance in several
ways: (a) nematode eggs persist longer in water and thus increase in
prevalence, abundance and transmission year round (Marcogliese,
2008); (b) reduced and isolated habitat for both frogs and snakes in-
creases host densities and thus parasite exposure and transmission
frequency (Mugabo et al., 2015); and (c) host frogs and snakes are
potentially immunocompromised by contaminants in urban wetlands
(Linzey et al., 2003; Martin et al., 2010).

By inspecting the stomach contents of tiger snake museum speci-
mens collected across SW WA we aimed to investigate the impact of
urbanisation on nematode burdens over 100 years of collection and
across the entire range of SW WA tiger snakes. Specifically, we aimed to
identify what factors might influence parasitism in tiger snakes in-
cluding proximity to urban centres and wetlands, and climatic vari-
ables. Considering the influence urbanisation can have on parasitism
we predicted that parasite prevalence and abundance in tiger snakes
would be higher closer to urban centres and wetlands, and in areas with

a wetter, warmer climate. The results of this study provide insight into
the influence of urbanisation and climate on host-parasite interactions
of snakes, and highlight the importance of museum specimens in as-
sessing spatial and temporal changes in urban ecology.

2. Methods

2.1. Snake morphology, diet and nematode parasitism

We examined the tiger snake records from the Western Australian
Museum (WAM) to determine when and where specimens were col-
lected across SW WA (specimens were collected between 1917 and
2018). From this we excluded specimens collected from offshore islands
as the island ecology and diet of these tiger snakes differs from main-
land wetland conspecifics (Aubret et al., 2006). Where possible, we
attempted to examine similar numbers of specimens from urban and
non-urbanised locations, as well as across collection dates. If multiple
snakes were collected from the same location on similar dates (in-
dicating a collection survey), two were randomly selected for ex-
amination.

Specimens were partially dissected to allow inspection of the sto-
mach. Since sampling involved destructive modification of the speci-
mens, we were limited by museum policy in the number of specimens
we could sample (n = 91). Of the 91 dissected tiger snakes, we ob-
tained the SVL, wet mass (after draining of excess preservative liquid),
location and year of collection. A number of specimens (n = 27) had no
year of collection attached, so we estimated year of collection based on
the registration identification number relative to other registered rep-
tile specimens. Upon dissection all nematodes and prey items (identi-
fied to lowest possible taxonomic level) were carefully removed,
counted and stored in separate collection jars. Nematodes were iden-
tified as O. pyrrhus (Sprent, 1988). Thirty five tiger snake specimens
(including 11 juveniles) could not be sexed with confidence. Four
specimens consisted solely of viscera and the original body could not be
located; however, these could still be dissected for nematode counts and
prey identification.

2.2. Classifying urbanisation

Classifying ‘urbanisation’ is ambiguous and is often based on human
densities (Madsen et al., 2010). Our research is based on the hypothesis
that environmental degradation from urbanisation would be driving
parasite prevalence and abundance, hence our measure of urbanisation
is calculated from degree of urban infrastructure. We could not accu-
rately classify the historical outlines of the urban centres, as detailed
records and aerial photographs are not available for all locations prior
to the 1960s. We also decided not to classify areas based on government
census human density data, as Local Government Areas (LGAs) in SW
WA have historically been quite large and the urban settlements oc-
cupied a small portion of each LGA. Thus, human densities calculated
over this large area do not accurately represent if the snake was col-
lected from an ‘urban’ area. We therefore calculated a distance to urban
centre (DUC) for each specimen.

2.3. Spatial analysis and climate data

The location of each specimen was determined using the GPS co-
ordinates provided by WAM records, and plotted using QGIS (QGIS,
2018). Each specimen was colour-coded to indicate nematode abun-
dance (total number of nematodes; Fig. 1). DUC was calculated by
measuring the distance between the specimen and the closest urban
centre, which we consider to be a good proxy measure of urbanisation
across the spatial and temporal scales of the study. The point of urban
centre was the middle of the CBD of the five largest cities in SW WA.
These cities were selected by inspecting census data of 1911 (ABS,
1911) for human population confirming they have been the largest
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since specimen collection began. These centre points are located in the
City of Perth, City of Busselton, City of Collie, City of Albany, and City
of Esperance.

As nematodes are probably acquired through predation on frogs we
also compared distance to wetlands for each specimen, as well as basic
climatic factors that may influence the parasite's lifecycle. To determine
distance to wetlands we used regional surface water hydrology GIS
shape files (representing major natural and man-made features in-
cluding lakes, reservoirs and farm dams) generated in from Geoscience
Australia (Geoscience Australia, 2019) and measured the distance of
each specimen from the closest water body. While contemporary
mapping is not appropriate for calculating urbanisation categories in
this study, we suggest that the number of wetlands and the boundaries
of those wetlands are typically more stable components of the en-
vironment and are thus less likely to have experienced major differ-
ences over the past century. It is possible that a small number of wet-
lands have been lost or created over this time, however we believe that
these are unlikely to have a substantial impact on the results of the
study. The location (coordinates in decimal degrees) of all 80 adult
snakes were uploaded into the Atlas of Living Australia's (ALA) Spatial
Portal (https://spatial.ala.org.au/#), and five environmental variables
at each point were extracted: mean annual precipitation (RAIN), to-
pographic wetness index (TWI), mean annual maximum temperature
(MAXTEMP), mean annual temperature (MEANTEMP) and mean an-
nual minimum temperature (MINTEMP) (von Takach Dukai et al.,
2019). Variables extracted from the ALA have been derived from var-
ious sources, and are based on an average of 50 years of climate data
centred on 1990 (Williams et al., 2010; Xu and Hutchinson, 2013).

2.4. Correlations and logistic regression

All analyses were conducted in R Studio version 3.5.2 (R Core Team,
2018). We conducted a preliminary investigation into correlations be-
tween the specimen nematode abundance and various spatial and cli-
matic factors, using Spearman's rank correlation coefficient. Any sam-
ples without complete data were removed. We then used a binomial
generalised linear model (GLM) to assess the influence of time, distance
to nearest urban centre, distance to nearest wetland, and climatic
variables on nematode prevalence. To account for increasing urbani-
sation through time we included an interaction between DUC and year.
We first scaled and centred all predictor variables to improve model
fitting, and then removed correlated variables to reduce multi-
collinearity (retaining variables with variance inflation factors< 5 and
pairwise correlations< 0.7). We then ran a binomial GLM (using the
glm function), and checked the model fit of the global model using
pseudo-R-squared values calculated in the glmmADMB package

(Fournier et al., 2012). Model selection was performed using the dredge
function and all sub-models were ranked according to AICc values (i.e.
corrected for small sample sizes). All models with ΔAICc<2 were
considered useful for inference. We checked for signatures of spatial
autocorrelation using a variogram of the model residuals, created using
the geoR package (Ribeiro and Diggle, 2018), and found no strong
evidence of spatial autocorrelation. Results were visualised and the
results were plotted using the ggplot2 package (Wickham, 2016).

3. Results

3.1. Snake morphology and diet

A total of 88 tiger snakes with complete carcasses were dissected
(Table 1), with three additional viscera-only samples. The majority of
snakes were collected between 1930 and 1989 (n = 46). A body con-
dition index could not be calculated due to the varying degree of da-
mage and drainage capabilities of the specimens. However, based on
absence of body fat and muscle mass only five (5.6%) of the 88 speci-
mens appeared to be in very poor body condition (more in section 3.2).
Prey items were found in the stomach of 38 (41.8%) of the 91 speci-
mens (whole snakes plus viscera specimens) and 11 specimens con-
tained more than one prey item. The majority of tiger snake prey items
were frogs (86.8%; Table 2).

3.2. Abundance and intensity of nematode infection

Nematodes were found in the stomachs of 74% of the adult speci-
mens, with the mean intensity of infected adult snakes being 31 ne-
matodes (range = 1 to 152, SE = 4.87). The five snakes considered to
be in poor body condition had a nematode intensity of 72–152 in-
dividuals. Only four other snakes had intensities within that range
(79–136) and were considered in normal body condition. Nematodes
were detected in three (27%) of the 11 juvenile specimens, with the
smallest infected specimen measuring 31.9 cm (SVL). Five (5.7%) of 88

Fig. 1. The abundance of nematode infection for each tiger snake specimen in
South-West Western Australia. Arrows indicate major cities used as urban
centres. Colour indicates the number of worms (intensity) found in the stomach
of each specimen. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 1
Length and body mass measurements for 88 complete tiger snake specimens
held at the Western Australian Museum.

Sex (n) mean SVL ± SE
(range), cm

Mean wet mass ± SE
(range), g

Male (33) 78.6 ± 28.6 (49.9–113) 364.4 ± 36.6 (50–900)
Female (21) 79.3 ± 25.8 (60.2–100) 316.0 ± 22.1 (100–600)
Undetermined sex (23) 68.5 ± 24.2

(50.1–90.0)
22.6 ± 23.9 (100–450)

Juvenile (11) 36.1 ± 17.2 (27–45.6) 45.5 ± 6.7 (25–100)

Table 2
Prey items observed in the digestive tracts of 91 tiger snake specimens and
viscera from the Western Australian Museum.

Taxon No. of individuals Percentage of prey

Frogs 86.8%
Limnodynastes dorsalis 11
Litoria sp. 9
Pseudophryne sp. 3
Heleioporus sp. 3
Unidentified 20
Mammals 5.7%
Mus musculus 1
Unidentified rodent 2
Reptiles 1.8%
Actritoscincus trilineatus 1
Birds 5.7%
Unidentified 3
Fish 1.8%
Unidentified 1
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whole body specimens contained infections of 40 + individuals of
unidentified helminths encysted throughout the muscle wall. Nematode
abundance varied greatly both spatially (Fig. 1) and temporally (Fig. 2).
We found no significant correlations between nematode abundance and
distance to urban centre, year of collection, distance to wetland or any
climatic variables except for mean maximum temperature (r = 0.257,
p = 0.002).

3.3. Probability of nematode infection

MAXTEMP and MINTEMP highly correlated with MEANTEMP
(r = 0.825, p < 0.001 and r = 0.903, p < 0.001 respectively), and
were excluded from the global model. The global model included the
variables: DUC, distance to wetland, year (of collection), DUC with year
as an interaction (D*Y), MEANTEMP, RAIN, TWI and SVL. Seven top
models (ΔAICc < 2) were produced, which frequently identified the
variables distance to wetland, mean annual precipitation and TWI
(Tables 3 and 4). DUC, D*Y and MEANTEMP were not present in any of
the top models. The three water-related variables (distance to wetland,
RAIN and TWI) were the strongest predictors of nematode infection, as
they occurred in many of the top models whereas year and SVL were
only in one or two top sub-models. We found an inverse relationship
between probability of nematode infection and the three water-based
variables (Fig. 3). The probability of nematode infection decreased

(from over 0.8 to below 0.3) for snakes collected away from wetlands;
however, nematode infection increases in areas with lower rainfall
(infection probability of 0.9 in areas with mean annual precipitation
around 400 mm dropping to 0.3 when precipitation is over 1100 mm),
and TWI (infection probability dropping from 0.9 to 0.3 with increasing
TWI).

4. Discussion

We used natural history collections to investigate the spatial and
temporal influence that multiple climatic, environmental and urbani-
sation variables have on the prevalence and abundance of parasitic
nematodes in a large Australian elapid snake. We found that the
probability of tiger snake infection with nematodes increased with
proximity to wetland sites but declined with increasing rainfall and
topographic wetness. Thus, our prediction that tiger snake nematode
prevalence and abundance would be higher closer to wetlands was
supported. Interestingly, we did not detect any influence of distance to
urban centres on the probability of infection.

Urbanisation results in a suite of novel selection pressures for native
fauna (French et al., 2018; McKinney, 2008), influencing the health,
fitness, and parasite abundance of many taxa (Bradley and Altizer,
2007; French et al., 2008; Giraudeau et al., 2014; Winchell et al., 2019).
Here, we found that water availability was more strongly associated

Fig. 2. Abundance (mean number nematodes per snake) of stomach nematodes in adult SWWA tiger snakes based on specimen collection time period. Bars represent
standard errors and dots represent outliers, n = sample size for each period.

Table 3
Seven top models and the null model identifying the strongest predictor variables of nematode infection based on ΔAICc and weight (Dis.W = Distance to wetland,
D*Y = interaction between DUC and year and M.Temp = mean annual temperature).

DUC Dis.W D*Y M.Temp RAIN SVL TWI Year logLik AICc Δ weight

Mod1 – ♦ – – ♦ – ♦ – −40.38 89.31 0 0.057
Mod2 – ♦ – – ♦ – – – −41.94 90.21 0.90 0.036
Mod3 – ♦ – – ♦ – ♦ ♦ −39.85 90.54 1.23 0.031
Mod4 – – – ♦ – – – −43.31 90.79 1.48 0.027
Mod5 – ♦ – – ♦ ♦ ♦ – −40.03 90.90 1.59 0.026
Mod6 – – – ♦ – ♦ – −42.44 91.21 1.90 0.022
Mod7 – ♦ – – ♦ ♦ – – −41.37 91.29 1.98 0.021
Null – – – – – – – – −45.12 92.29 2.98 0.013
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with infection than was our metric of urbanisation, suggesting that
urbanisation is perhaps less important than biotic environmental vari-
ables in determining the relationship between nematode infection and
tiger snakes in this region. Importantly, our data suggests that wetlands
in drier climate areas are strongly related to nematode parasitism in this
species of snake.

Our hypothesis that the relationship between tiger snakes and the
complex life cycle of the nematode O. pyrrhus would be sensitive to
urbanisation (at least for our urbanisation metric: distance to urban
centres) was not supported. Tiger snakes that were collected closer to
urban centres were not found to have higher infection rates or abun-
dance of infection from nematodes relative to snakes collected in non-
urbanised areas; and although the sample size is small we did not de-
tected a change in parasitism over 100 years. Urban wetlands in SWWA
have been fragmented, polluted and subjected to modification of
structure and hydrology (Davis and Froend, 1999; Kobryn, 2001; Lund,
1992). These wetlands (especially those associated with the Swan
Coastal Plain) are naturally ephemeral and seasonal drying may remove
(via desiccation) a large proportion of nematode eggs before con-
sumption by a host (Perry, 1989; Wharton, 1980). Dredging activities
have, however, led to some urban wetlands becoming permanently
inundated with water, allowing nematodes and their hosts to persist
year-round. Permanent water and urban run-off also allows a suite of
contaminants to persist which snakes potentially bioaccumulate, put-
ting stress on their immune system, as has been recorded in other taxa
(Martin et al., 2010; Patz et al., 2000; Riley et al., 2007). Our findings
with respect to urbanisation may be due to a number of factors. The
cities of SW WA used in this study are relatively small compared to
other cities in Australia. The degree of urbanisation may not have been
strong enough to influence parasitism in tiger snakes, and the lack of
samples from recent decades following the increase of Perth's me-
tropolitan area by 45% since 1990 (MacLachlan et al., 2017) may not
be adequate to identify more recent changes. Alternatively, it is possible
that intensity of parasite infection is more relevant to host health than is
the presence/absence of nematodes, as the five snakes we found in poor
body condition had some of the highest intensities of infection (72–152
individuals). While the restrictions on samples sizes meant that we were
unable to determine if nematode intensity had changed over time, it is
possible that larger sample sizes and a well-designed sampling/collec-
tion methodology would allow for a more detailed analysis into whe-
ther nematode intensity varies with urbanisation and other environ-
mental variables, and how this impacts snake health.

As frogs are probably the main intermediate host, we also hy-
pothesised that nematode prevalence and infection would be greater if
the snakes were collected within or close to wetlands. Our results found
higher probability of infection close to wetlands, which suggest a higher
frequency of exposure to frogs as an infected food source. The diet and
parasite infection of other snakes supports this hypothesis: O. pyrrhus
has been detected in Western brown snakes (Pseudonaja mengdeni),
mulga snakes (Pseudechis australis) and bardick (Echiopsis curta) (Jones,
1978, 1980), although most infections have been detected in tiger
snakes. All these species are known to predate on frogs (Madsen and
Shine, 1994; Shine, 1987b). Dugites (Pseudonaja affinis) are the only
other large snake parapatric with tiger snakes and O. pyrrhus has not
been recorded in them (Ashleigh Wolfe, pers. comm.; Jones, 1978,
1980). Mainland tiger snakes feed heavily on frogs (Aubret et al., 2006;
Shine, 1987a and Table 2) whereas dugites prefer reptiles and mam-
mals (Shine, 1989; Wolfe et al., 2018) and thus are not exposed to in-
fection. Additionally, tiger snakes introduced from WA mainland to
Carnac Island, WA, a desert island without frogs, are exempt of

Table 4
Standard errors for the strongest predictor variables for the top seven models. Reported as estimate (standard error).

Intercept Dis.W RAIN SVL TWI Year

Mod1 1.12 (0.29) −0.56 (0.27) −0.61 (0.29) – −0.47 (0.27) –
Mod2 1.07 (0.27) −0.43 (0.26) −0.60 (0.28) – – –
Mod3 1.13 (0.29) −0.61 (0.28) −0.62 (0.28) – −0.57 (0.29) −0.31 (0.30)
Mod4 1.03 (0.27) – −0.49 (0.27) – – –
Mod5 1.13 (0.29) −0.54 (0.27) −0.64 (0.29) 0.22 (0.27) −0.44 (0.27) –
Mod6 1.06 (0.27) – −0.47 (0.27) – −0.34 (0.25) –
Mod7 1.09 (0.28) −0.43 (0.26) −0.64 (0.29) −0.29 (0.27) – –

Fig. 3. Probability of tiger snake stomach nematode infection in relation to a)
distance to wetlands, b) mean annual precipitation and c) topographic wetness
index (TWI). Shaded areas represents 95% confidence intervals.
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nematodes (Aubret, 2005). Thus, diet offers a convincing explanation as
the source of nematodes.

Somewhat counter to our initial predictions, our results also in-
dicate that the probability of nematode infection increases in areas with
less rainfall and lower topographic wetness. This suggests that wet-
lands, particularly more permanent ones in drier areas, are important
drivers of infection in tiger snakes. While we can only speculate, one
possibility is that tiger snakes may be more likely to disperse from
wetlands in areas of higher rainfall. Heavy urbanisation can decrease
precipitation and moisture availability in the landscape by replacing
vegetated land with infrastructure (Zhang et al., 2014), as well as
funnelling the remaining water into permanent wetlands. Tiger snakes
occupying the more northern limit of their range, such as Perth, are at
risk from a range of environmental modifications that may increase
parasitism such as restriction to isolated wetlands, reduced rainfall and
overall drier conditions (McFarlane et al., 2012; Rotstayn et al., 2010).

In addition, we found a slight positive correlation between mean
annual maximum temperature and nematode abundance. Due to the
limited sample size we interpret this result as a potential trend, and
discuss the possible outcomes a changing environment could have on
temperature influenced parasitism. Temperature drives activity in both
nematodes as poikilotherms and their snake hosts as ectotherms.
Exposure to higher maximum temperatures may have an impact on
nematode abundance in a number of ways. Regions with higher max-
imum temperatures allow snakes to reach their preferred body tem-
perature quickly (Schwaner, 1989; Shine, 1979; Wang et al., 2002).
Attaining preferred body temperature earlier in the day gives snakes a
longer window of activity each day, including foraging time. Conse-
quently this increases the feeding rate and period of activity for para-
sitic nematodes (assuming adult O. pyrrhus is a snake-specific parasite
and has a very similar preferred body temperature). Nematodes oper-
ating at their optimum temperature maximise reproductive output
(Morgan and van Dijk, 2012), and warmer conditions can increase
parasite developmental rates in eggs and intermediate life stages
(Griffin, 1993; Kutz et al., 2001, 2004; van Dijk et al., 2008).

Urbanisation through infrastructure and deforestation causes an
increase in temperature through the urban heat island (UHI) effect
(Arnfield, 2003), and some parasites and diseases have been shown to
be positively influenced as a result (Buczek et al., 2014; Trajer et al.,
2014). If the UHI effect were a significant driver of nematode parasitism
we would expect to see abundance and intensity increase in specimens
collected closer to urban centres, and in more recent years. However,
our urban sample size with its lack of recent specimens was too small to
accurately detect potential changes. Perth is the largest city of SW WA
and yet is still relatively small in comparison to other major cities of the
world (Newman, 2016), subsequently it still has a low UHI effect
(Camilloni and Barros, 1997; Earl et al., 2016). Future studies using a
more robust dataset of temperatures, with higher sample sizes and ur-
banisation scores may be able to accurately detect influences of tem-
perature and the UHI effect on parasitism.

Some limitations in our study should be noted. We were restricted
by the number of specimens we were allowed to destructively sample,
by juveniles not being used in the statistical analyses, and gaps in the
spatial and temporal scale of the natural history collection. The three
specimens collected post-2003 were all collected from heavily urba-
nised wetlands and were all in poor body condition containing a high
intensity of nematodes (> 79/snake). While this is a small sample size
these snakes potentially indicate an increase in the infection rates in
urban areas over the last two decades. It is also possible that these
specimens were collected as opportunistically found carcasses suffering
from poor body condition. This would bias the sample and not be an
accurate representation of the nematode intensity of the entire urban
snake population. Such limitations are common when using natural
history collections for ecological studies (Lister and Climate Change
Research Group, 2011).

The impact of urbanisation on habitats, climate, organisms and their

life cycles is complex and difficult to elucidate fully. While we found a
strong influence of water availability on the probability of infection
with nematodes, we did not observe any significant influence from our
particular urbanisation metric. We suggest that modifications to urban
wetland structure and hydrology, and water availability in the land-
scape is driving parasitic nematode prevalence in tiger snakes, with
further study required to examine fine-scale processes. As it is likely
that prey items such as frogs are the key infection source for tiger
snakes, the effects of urbanisation on frog abundance is also likely to be
relevant. This study 1) demonstrates that proximity to wetlands and
climatic factors are influencing nematode prevalence, 2) nematode
abundance is potentially influenced by warmer temperatures, 3) high-
lights how these influencing variables are sensitive to a changing en-
vironment, specifically urbanisation, and 4) emphasises the importance
(as well as limitations) of museums and the systematic collection of
specimens for detecting spatial and temporal changes in ecology.

Declaration of competing interest

The authors declare that they have no conflict of interest.

Acknowledgements

We give special thanks to P. Doughty and the Western Australian
Museum for allowing us access to their historical specimens. We also
thank K. Orton for her assistance with dissecting and counting parasites,
J. Barr for statistical assistance, as well as J. Vos for assistance with
mapping.

References

Barbosa, A.M., Segovia, J., Vargas, J., Torres, J., Real, R., Miquel, J., 2005. Predictors of
red fox (Vulpes vulpes) helminth parasite diversity in the provinces of Spain. Wildl.
Biol. Pract 1, 3–14.

Bateman, P.W., Fleming, P.A., 2012. Big city life: carnivores in urban environments. J.
Zool. 287, 1–23.

Bower, D.S., Brannelly, L.A., McDonald, C.A., Webb, R.J., Greenspan, S.E., Vickers, M.,
Gardner, M.G., Greenlees, M.J., 2019. A review of the role of parasites in the ecology
of reptiles and amphibians. Austral Ecol. 44, 433–448.

Bradley, C.A., Altizer, S., 2007. Urbanization and the ecology of wildlife diseases. Trends
Ecol. Evol. 22, 95–102.

Buczek, A., Ciura, D., Bartosik, K., Zajac, Z., Kulisz, J., 2014. Threat of attacks of Ixodes
ricinus ticks (Ixodida: ixodidae) and Lyme borreliosis within urban heat islands in
south-western Poland. Parasites Vectors 7, 562.

Bureau of Meteorology, 2019. Climate Change - Trends and Extremes. Australian
Government.

Camilloni, I., Barros, V., 1997. On the urban heat island effect dependence on tempera-
ture trends. Clim. Change 37, 665–681.

Carignan, V., Villard, M.A., 2002. Selecting indicator species to monitor ecological in-
tegrity: a review. Environ. Monit. Assess. 78, 45–61.

Clarke, K., Davis, J., Murray, F., 1990. Herdsman Lake Water Quality Study, A Report
Prepared for the Department of Conservation and Land Management. Murdoch
University, Perth, Australia.

Davis, J.A., Froend, R., 1999. Loss and degradation of wetlands in southwestern Australia:
underlying causes, consequences and solutions. Wetl. Ecol. Manag. 7, 13–23.

Davis, J.R., Boyle, S.A., Khan, A.A., Gay, A.L.J., Grisham, J.M., Luque, L.E., 2012. Snake
parasitism in an urban old-growth forest. Urban Ecosyst. 15, 739–752.

Day, R., 2003. Mercury in Loggerhead Sea Turtles, Caretta caretta: Developing
Monitoring Strategies, Investigating Factors Affecting Contamination, and Assessing
Health Impacts. Master's thesis. University of Charleston, Charleston.

de Silva, N.R., Guyatt, H.L., Bundy, D.A., 1997. Worm burden in intestinal obstruction
caused by Ascaris lumbricoides. Trop. Med. Int. Health 2, 189–190.

Dugarov, Z.N., Baldanova, D.R., Khamnueva, T.R., 2018. Impact of the degree of urba-
nization on composition and structure of helminth communities in the Mongolian
racerunner (Eremias argus) Peters, 1869. J. Helminthol. 92, 178–186.

Earl, N., Simmonds, I., Tapper, N., 2016. Weekly cycles in peak time temperatures and
urban heat island intensity. Environ. Res. Lett. 11 074003.

Elbihari, S., Hussein, M.F., 1973. Ophidascaris filaria (Dujardin 1845) from the African
rock python, Python sebae, in the Sudan, with a note on associated gastric lesions. J.
Wildl. Dis. 9, 171–173.

Fantham, L.H., Porter, A., 1954. The endoparasites of some North American snakes and
their effects on the ophidia, Proceedings of the zoological Society of London. Wiley
Online Library 867–898.

Faulkner, S., 2004. Urbanization impacts on the structure and function of forested wet-
lands. Urban Ecosyst. 7, 89–106.

Fischer, J.D., Schneider, S.C., Ahlers, A.A., Miller, J.R., 2015. Categorizing wildlife

D. Lettoof, et al. IJP: Parasites and Wildlife 11 (2020) 32–39

37

http://refhub.elsevier.com/S2213-2244(19)30240-8/sref1
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref1
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref1
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref2
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref2
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref3
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref3
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref3
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref4
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref4
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref5
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref5
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref5
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref6
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref6
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref7
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref7
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref8
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref8
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref9
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref9
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref9
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref10
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref10
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref11
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref11
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref12
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref12
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref12
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref13
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref13
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref14
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref14
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref14
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref15
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref15
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref16
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref16
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref16
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref17
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref17
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref17
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref18
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref18
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref19


responses to urbanization and conservation implications of terminology. Conserv.
Biol. 29, 1246–1248.

Fournier, D.A., Skaug, H.J., Ancheta, J., Ianelli, J., Magnusson, A., Maunder, M.N.,
Nielsen, A., Sibert, J., 2012. AD Model Builder: using automatic differentiation for
statistical inference of highly parameterized complex nonlinear models. Optim.
Methods Softw. 27, 233–249.

French, S.S., Fokidis, H.B., Moore, M.C., 2008. Variation in stress and innate immunity in
the tree lizard (Urosaurus ornatus) across an urban–rural gradient. J. Comp. Physiol.
B 178, 997–1005.

French, S.S., Webb, A.C., Hudson, S.B., Virgin, E.E., 2018. Town and country reptiles: a
review of reptilian responses to urbanization. Integr. Comp. Biol. 58, 948–966.

Geoscience Australia, 2019. Surface Hydrology Polygons (Regional). Geoscience Australia
Canberra. (Australian Government, Australian Government).

Giraudeau, M., Mousel, M., Earl, S., McGraw, K., 2014. Parasites in the city: degree of
urbanization predicts poxvirus and coccidian infections in house finches
(Haemorhous mexicanus). PLoS One 9, e86747.

Griffin, C.T., 1993. Temperature responses of entomopathogenic nematodes: implications
for the success of biological control programmes. In: Nematodes and the biological
control of insect pests, pp. 115–126.

Hlaing, T., Toe, T., Saw, T., Kyin, M.L., Lwin, M., 1991. A controlled chemotherapeutic
intervention trial on the relationship between Ascaris lumbricoides infection and
malnutrition in children. Trans. R. Soc. Trop. Med. Hyg. 85, 523–528.

Jones, H.I., 1978. Abbreviata (Nematoda Physalopteroidea) from western Australian
snakes. Aust. J. Zool. 26, 789–807.

Jones, H.I., 1980. Observations on nematodes from west and central Australian snakes.
Aust. J. Zool. 28, 423–433.

Kelehear, C., Jones, H.I., 2010. Nematode larvae (order Spirurida) in gastric tissues of
Australian anurans: a comparison between the introduced cane toad and sympatric
native frogs. J. Wildl. Dis. 46, 1126–1140.

Kobryn, H., 2001. Land Use Changes and the Properties of Stormwater Entering a Wetland
on a Sandy Coastal Plain in Western Australia. PhD Thesis. Murdoch University,
Perth, Australia.

Kutz, S.J., Hoberg, E.P., Nagy, J., Polley, L., Elkin, B., 2004. "Emerging" parasitic infec-
tions in arctic ungulates. Integr. Comp. Biol. 44, 109–118.

Kutz, S.J., Hoberg, E.P., Polley, L., 2001. Umingmakstrongylus pallikuukensis (Nematoda:
Protostrongylidae) in gastropods: larval morphology, morphometrics, and develop-
ment rates. J. Parasitol. 87, 527–535.

Lettoof, D.C., Greenlees, M.J., Stockwell, M., Shine, R., 2013. Do invasive cane toads
affect the parasite burdens of native Australian frogs? Int. J. Parasitol.: Parasites and
Wildlife 2, 155–164.

Linzey, D., Burroughs, J., Hudson, L., Marini, M., Robertson, J., Bacon, J., Nagarkatti, M.,
Nagarkatti, P., 2003. Role of environmental pollutants on immune functions, para-
sitic infections and limb malformations in marine toads and whistling frogs from
Bermuda. Int. J. Environ. Health Res. 13, 125–148.

Lister, A.M., Climate Change Research Group, 2011. Natural history collections as sources
of long-term datasets. Trends Ecol. Evol. 26, 153–154.

Lund, M.A., 1992. Aspects of the Ecology of a Degraded Perth Wetland (Lake Monger,
Western Australia) and Implications for Bio Manipulation and Other Restoration
Techniques. PhD Thesis. Murdoch University, Perth, Australia.

MacLachlan, A., Biggs, E., Roberts, G., Boruff, B., 2017. Urban growth dynamics in Perth,
western Australia: using applied remote sensing for sustainable future Planning. Land
6, 9.

Madsen, T., Shine, R., 1994. Toxicity of a tropical Australian frog, Litoria dahlii, to
sympatric snakes. Wildl. Res. 21, 21–25.

Marcogliese, D.J., 2008. The impact of climate change on the parasites and infectious
diseases of aquatic animals. Rev. Sci. Tech. 27, 467–484.

Martin, L.B., Hopkins, W.A., Mydlarz, L.D., Rohr, J.R., 2010. The effects of anthropogenic
global changes on immune functions and disease resistance. Ann. N. Y. Acad. Sci.
1195, 129–148.

Mayer, M., Brown, G.P., Zimmermann, B., Shine, R., 2015. High infection intensities, but
negligible fitness costs, suggest tolerance of gastrointestinal nematodes in a tropical
snake. Austral Ecol. 40, 683–692.

Mcdonnell, M.J., Pickett, S.T.A., 1990. Ecosystem structure and function along urban
rural gradients - an unexploited opportunity for ecology. Ecology 71, 1232–1237.

McFarlane, D., Stone, R., Martens, S., Thomas, J., Silberstein, R., Ali, R., Hodgson, G.,
2012. Climate change impacts on water yields and demands in south-western
Australia. J. Hydrol. 475, 488–498.

McKinney, M.L., 2008. Effects of urbanization on species richness: a review of plants and
animals. Urban Ecosyst. 11, 161–176.

Morgan, E.R., van Dijk, J., 2012. Climate and the epidemiology of gastrointestinal ne-
matode infections of sheep in Europe. Vet. Parasitol. 189, 8–14.

Mugabo, M., Perret, S., Decenciere, B., Meylan, S., Le Galliard, J.F., 2015. Density-de-
pendent immunity and parasitism risk in experimental populations of lizards natu-
rally infested by ixodid ticks. Ecology 96, 450–460.

Newman, P., 2016. Perth as a ‘big’city: reflections on urban growth. Thesis Elev. 135,
139–151.

Patz, J.A., Graczyk, T.K., Geller, N., Vittor, A.Y., 2000. Effects of environmental change
on emerging parasitic diseases. Int. J. Parasitol. 30, 1395–1405.

Perry, R.N., 1989. Dormancy and hatching of nematode eggs. Parasitol. Today 5,
377–383.

Puttker, T., Meyer-Lucht, Y., Sommer, S., 2008. Effects of fragmentation on parasite
burden (nematodes) of generalist and specialist small mammal species in secondary
forest fragments of the coastal Atlantic Forest, Brazil. Ecol. Res. 23, 207–215.

QGIS, 2018. QGIS geographic information system. In: Team, Q.D. (Ed.), Open Source
Geospatial Foundation Project.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R

Foundation for Statistical Computing. (Vienna, Austria).
Resasco, J., Bitters, M.E., Cunningham, S.A., Jones, H.I., McKenzie, V.J., Davies, K.F.,

2019. Experimental habitat fragmentation disrupts nematode infections in Australian
skinks. Ecology 100 e02547.

Ribeiro, P.J., Diggle, P., 2018. geoR: Analysis of Geostatistical Data. R Package Version.
1.7-5.2.1.

Riley, S.P.D., Bromley, C., Poppenga, R.H., Uzal, F.A., Whited, L., Sauvajot, R.M., 2007.
Anticoagulant exposure and notoedric mange in bobcats and mountain lions in urban
southern California. J. Wildl. Manag. 71, 1874–1884.

Rohr, J.R., Schotthoefer, A.M., Raffel, T.R., Carrick, H.J., Halstead, N., Hoverman, J.T.,
Johnson, C.M., Johnson, L.B., Lieske, C., Piwoni, M.D., Schoff, P.K., Beasley, V.R.,
2008. Agrochemicals increase trematode infections in a declining amphibian species.
Nature 455, 1235–1239.

Rotstayn, L.D., Collier, M.A., Dix, M.R., Feng, Y., Gordon, H.B., O'Farrell, S.P., Smith, I.N.,
Syktus, J., 2010. Improved simulation of Australian climate and ENSO‐related rainfall
variability in a global climate model with an interactive aerosol treatment. Int. J.
Climatol.: J. Royal Meteorol. Soc. 30, 1067–1088.

Sanchez, C.A., Becker, D.J., Teitelbaum, C.S., Barriga, P., Brown, L.M., Majewska, A.A.,
Hall, R.J., Altizer, S., 2018. On the relationship between body condition and parasite
infection in wildlife: a review and meta-analysis. Ecol. Lett. 21, 1869–1884.

Schwaner, T.D., 1989. A field-study of thermoregulation in black tiger snakes (Notechis
ater Niger, Elapidae) on the Franklin islands, south-Australia. Herpetologica 45,
393–401.

Shine, R., 1979. Activity patterns in Australian elapid snakes (Squamata, Serpentes,
Elapidae). Herpetologica 35, 1–11.

Shine, R., 1987a. Ecological comparisons of island and mainland populations of
Australian tigersnakes (Notechis, Elapidae). Herpetologica 43, 233–240.

Shine, R., 1987b. The evolution of viviparity - ecological correlates of reproductive mode
within a genus of Australian snakes (Pseudechis, Elapidae). Copeia 551–563.

Shine, R., 1989. Constraints, allometry, and adaptation - food-habits and reproductive-
biology of Australian brownsnakes (Pseudonaja, Elapidae). Herpetologica 45,
195–207.

ABS, 1911. Census of the Commonwealth of Australia Taken for the Night between the
2nd and 3rd April. pp. 1911.

Ancillotto, L., Studer, V., Howard, T., Smith, V.S., McAlister, E., Beccaloni, J., Manzia, F.,
Renzopaoli, F., Bosso, L., Russo, D., Mori, E., 2018. Environmental drivers of parasite
load and species richness in introduced parakeets in an urban landscape. Parasitol.
Res. 117, 3591–3599.

Anderson, R.C., 1988. Nematode transmission patterns. J. Parasitol. 74, 30–45.
Arnfield, A.J., 2003. Two decades of urban climate research: a review of turbulence,

exchanges of energy and water, and the urban heat island. Int. J. Climatol. 23, 1–26.
Ash, L., Beaver, P., 1962. A restudy of Ophidascaris labiatopapulosa occurring in the

stomach of North American snakes. J. Parasitol. 48 (2) Sect. 2.
Aubret, F., 2005. A Comparison of Two Populations of Tiger Snakes, Notechis Scutatus

Occidentalis. PhD Thesis. University of Western Australia, Perth, Australia.
Aubret, F., 2012. Body-size evolution on islands: are adult size variations in tiger snakes a

nonadaptive consequence of selection on birth size? Am. Nat. 179, 756–767.
Aubret, F., Bonnet, X., Maumelat, S., Bradshaw, D., Schwaner, T., 2004. Diet divergence,

jaw size and scale counts in two neighbouring populations of tiger snakes (Notechis
scutatus). Amphib-Reptilia 25, 9–17.

Aubret, F., Burghardt, G.M., Maumelat, S., Bonnet, X., Bradshaw, D., 2006. Feeding
preferences in 2 disjunct populations of tiger snakes, Notechis scutatus (Elapidae).
Behav. Ecol. 17, 716–725.

Santiago‐Alarcon, D., Carbó‐Ramírez, P., Macgregor‐Fors, I., Chávez‐Zichinelli, C.A., Yeh,
P.J., 2018. The Prevalence of Avian Haemosporidian Parasites in an Invasive Bird Is
Lower in Urban than Non‐urban Environments. Ibis 0.

Shine, R., 1995. Australian Snakes: a Natural History. Cornell University Press.
Siddig, A.A.H., Ellison, A.M., Ochs, A., Villar-Leeman, C., Lau, M.K., 2016. How do

ecologists select and use indicator species to monitor ecological change? Insights
from 14 years of publication in Ecological Indicators. Ecol. Indicat. 60, 223–230.

Sprent, J.F., 1954. The life cycles of nematodes in the family Ascarididae Blanchard 1896.
J. Parasitol. 40, 608–617.

Sprent, J., 1955. The life history of Ophidascaris filaria in the carpet snake (Morelia
argus). J. Parasitol. 41.

Sprent, J.F., 1970. Studies on ascaridoid nematodes in pythons: the life-history and de-
velopment of Ophidascaris moreliae in Australian pythons. Parasitology 60, 97–122.

Sprent, J.F.A., 1988. Ascaridoid nematodes of Amphibians and reptiles - Ophidascaris
Baylis, 1920. Syst. Parasitol. 11, 165–213.

Trajer, A., Mlinarik, L., Juhasz, P., Bede-Fazekas, A., 2014. The combined impact of urban
heat island, thermal bridge effect of buildings and future climate change on the po-
tential overwintering of Phlebotomus species in a central European metropolis. Appl.
Ecol. Environ. Res. 12, 887–908.

van der Oost, R., Beyer, J., Vermeulen, N.P., 2003. Fish bioaccumulation and biomarkers
in environmental risk assessment: a review. Environ. Toxicol. Pharmacol. 13, 57–149.

van Dijk, J., David, G.P., Baird, G., Morgan, E.R., 2008. Back to the future: developing
hypotheses on the effects of climate change on ovine parasitic gastroenteritis from
historical data. Vet. Parasitol. 158, 73–84.

von Takach Dukai, B., Jack, C., Borevitz, J., Lindenmayer, D.B., Banks, S.C., 2019.
Pervasive admixture between eucalypt species has consequences for conservation and
assisted migration. Evol. Appl. 12, 845–860.

Wang, T., Zaar, M., Arvedsen, S., Vedel-Smith, C., Overgaard, J., 2002. Effects of tem-
perature on the metabolic response to feeding in Python molurus. Comp. Biochem.
Physiol. Mol. Integr. Physiol. 133, 519–527.

Watharow, S., 1997. Ecology of Eastern tiger snake (Notechis scutatus) and Lowland
copperhead (Austrelaps superbus) within metropolitan melbourne. In: Victorian
Herpetological Society "Monitor". 8. pp. 145–151.

D. Lettoof, et al. IJP: Parasites and Wildlife 11 (2020) 32–39

38

http://refhub.elsevier.com/S2213-2244(19)30240-8/sref19
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref19
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref20
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref20
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref20
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref20
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref21
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref21
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref21
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref22
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref22
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref23
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref23
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref24
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref24
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref24
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref25
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref25
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref25
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref26
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref26
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref26
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref27
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref27
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref28
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref28
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref29
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref29
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref29
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref30
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref30
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref30
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref31
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref31
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref32
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref32
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref32
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref33
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref33
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref33
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref34
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref34
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref34
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref34
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref35
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref35
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref36
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref36
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref36
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref37
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref37
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref37
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref38
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref38
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref39
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref39
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref40
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref40
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref40
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref41
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref41
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref41
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref42
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref42
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref43
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref43
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref43
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref44
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref44
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref45
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref45
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref46
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref46
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref46
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref47
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref47
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref48
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref48
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref49
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref49
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref50
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref50
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref50
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref51
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref51
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref52
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref52
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref53
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref53
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref53
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref54
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref54
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref55
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref55
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref55
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref56
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref56
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref56
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref56
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref57
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref57
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref57
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref57
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref58
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref58
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref58
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref59
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref59
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref59
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref60
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref60
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref61
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref61
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref62
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref62
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref63
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref63
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref63
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref64
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref64
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref65
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref65
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref65
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref65
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref66
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref67
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref67
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref68
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref68
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref69
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref69
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref70
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref70
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref71
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref71
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref71
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref72
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref72
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref72
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref73
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref73
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref73
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref74
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref75
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref75
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref75
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref76
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref76
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref77
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref77
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref78
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref78
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref79
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref79
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref80
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref80
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref80
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref80
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref81
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref81
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref82
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref82
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref82
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref83
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref83
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref83
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref84
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref84
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref84
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref85
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref85
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref85


Wharton, D., 1980. Nematode egg-shells. Parasitology 81, 447–463.
Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New

York.
Williams, K., Ferrier, S., Rosauer, D., Yeates, D., Manion, G., Harwood, T., Stein, J., Faith,

D., Laity, T., Whalen, A., 2010. Harnessing Continent-wide Biodiversity Datasets for
Prioritising National Conservation Investment, A Report Prepared for the Department
of Sustainability, Environment, Water, Population and Communities. CSIRO
Ecosystem Sciences, Canberra.

Winchell, K.M., Briggs, D., Revell, L.J., 2019. The perils of city life: patterns of injury and
fluctuating asymmetry in urban lizards. Biol. J. Linn. Soc. 126, 276–288.

Wolfe, A.K., Bateman, P.W., Fleming, P.A., 2018. Does urbanization influence the diet of a
large snake? Curr Zool 64, 311–318.

Xu, T.B., Hutchinson, M.F., 2013. New developments and applications in the ANUCLIM
spatial climatic and bioclimatic modelling package. Environ. Model. Softw 40,
267–279.

Yildirimhan, H.S., Bursey, C.R., Goldberg, S.R., 2007. Helminth parasites of the grass
snake, Natrix natrix, and the dice snake, Natrix tessellata (Serpentes : Colubridae),
from Turkey. Comp. Parasitol. 74, 343–354.

Zhang, Y., Smith, J.A., Luo, L.F., Wang, Z.F., Baeck, M.L., 2014. Urbanization and rainfall
variability in the Beijing metropolitan region. J. Hydrometeorol. 15, 2219–2235.

D. Lettoof, et al. IJP: Parasites and Wildlife 11 (2020) 32–39

39

http://refhub.elsevier.com/S2213-2244(19)30240-8/sref86
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref87
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref87
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref88
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref88
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref88
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref88
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref88
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref89
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref89
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref90
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref90
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref91
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref91
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref91
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref92
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref92
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref92
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref93
http://refhub.elsevier.com/S2213-2244(19)30240-8/sref93

	Investigating the role of urbanisation, wetlands and climatic conditions in nematode parasitism in a large Australian elapid snake
	Introduction
	Methods
	Snake morphology, diet and nematode parasitism
	Classifying urbanisation
	Spatial analysis and climate data
	Correlations and logistic regression

	Results
	Snake morphology and diet
	Abundance and intensity of nematode infection
	Probability of nematode infection

	Discussion
	mk:H1_12
	Acknowledgements
	References




