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ABSTRACT

KEYWORDS

Many island ecosystems are exposed to ecological threats through
invasive species and the parasites they harbour. Parasites can
impact endemic island populations whether they are stable
populations or ones already in decline. The ‘Island Syndrome’
hypothesis proposes that richness and diversity of introduced
parasites differ from mainland populations with lower parasite
species diversity on islands due to the founder effect. To examine
the role of ‘Island Syndrome’ and impacts for faunal and human
communities on a tropical island, helminth parasites were
identified from feral cats (Felis catus) (n = 66) and black rats (Rattus
rattus) (n = 101) on Christmas Island. Sixty-one (92 per cent) of
cats and 85 (84 per cent) of rats harboured one or more helminth
species with total infra-community richness (TICR) ranging over
zero to six species in cats and zero to seven species in rats,
including species of zoonotic significance (Angiostrongylus
cantonensis, Toxocara cati, Ancylostoma braziliense, Taenia
taeniaeformis, Moniliformis moniliformis and Hymenolepis nana).
High parasite prevalence and TICR were expected in island
populations; however, high parasite richness in cats and rats on
Christmas Island was counter to the ‘Island Syndrome’. These
results suggest that introduced cats and rats may be responsible
for maintaining an increased parasitological threat to fauna and
human communities in certain ecosystems.

One Health; Island Syndrome;
parasites; feral cats; black
rats; Christmas Island

Introduction
The introduction of cats (Felis catus) and rats (Rattus spp.) to islands around the world has
had deleterious impacts on endemic land vertebrates and breeding bird populations
(Bonnaud et al. 2010; Dickman & Watts 2008; Global Invasive Species Database 2015;
Long 2003; Ratcliffe et al. 2010). Both cats and rats have been responsible for driving
numerous extinctions of endemic species on islands. Predation by feral cats currently
threatens many species listed as critically endangered in both insular and mainland
environments (Medina et al. 2011; Nogales et al. 2013). In addition, cats act as reservoir
hosts for a number of diseases with implications for wildlife and human health (Adams
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et al. 2008; Denny & Dickman 2010; Dickman 1996a, 1996b; Gerhold 2011; Gerhold &
Jessup 2013; Medina et al. 2011). Black rats also pose threats to wildlife by predation
and competition, as well as indirect effects including hyper-predation and as disease
vectors (Banks & Hughes 2012). Disease impacts of these two invasive species are exacerbated by close associations with humans, livestock and domestic pets, and both cats and
rats may act as a transmission link between animal populations and humans (Banks &
Hughes 2012; Meerburg et al. 2009).
Isolated wildlife populations, such as those occurring on islands, typically tolerate a
stable coexistence with endemic diseases, but species introductions can cause disequilibrium and subsequently promote disease emergence (Kelly et al. 2009; Rachowicz et al.
2005). As a result, endemic island species are at risk of extinction by introduced parasites
and diseases (McCallum & Dobson 1995; Milberg & Tyrberg 1993; van Riper et al. 1986;
van Riper et al. 2002). Pathogens have been implicated in many studies as a threat to host
populations (Altizer et al. 2003; Hochachka & Dhondt 2000; Jensen et al. 2002; RoelkeParker et al. 1996). Habitats with limited geographical range, including those frequently
associated with islands, have been associated with elevated rates of host exposure to parasites due to higher parasite and host densities resulting in increased contact between hosts
and parasites (Lindenfors et al. 2007). However, island communities typically have a low
parasite species richness due to the founder effect; insular organisms typically originate
from a small number of migrants harbouring a subset of common parasite species
(Miquel et al. 1996; Morand & Guégan 2000).
Island Syndrome
When introduced into a new environment, some parasite species will become established,
and even flourish, despite the often-limited diversity of intermediate hosts present.
However, not all introduced parasites are able to become established post-colonisation
(Dobson & May 1986). Several factors influence the likelihood of successful establishment
and persistence of a parasite in an island environment including the presence and richness
of hosts (i.e. intermediate, paratenic and definitive), host density and behaviour, parasite
biology, quantity and frequency of introduction and physiographic characteristics of the
new environment (e.g. climatic conditions). A favourable combination of these factors
leads to a greater probability of successful introduction and establishment (Mas-Coma
& Feliu 1984). These factors also typically lead to characteristically low parasite local richness and diversity, high parasite prevalence, high intensity and high infra-community
richness in island environments and in combination are referred to as the ‘Island Syndrome’ (Fromont et al. 2001; Goüy de Bellocq et al. 2002; Goüy de Bellocq et al. 2003;
Mas-Coma & Feliu 1984).
Cats and rats on Christmas Island
Christmas Island is an Australian Territory, covering 135 km2, located in the Indian
Ocean (10°25′ S, 105°40′ E) approximately 360 km south of the Indonesian capital,
Jakarta. In accordance with the island’s equatorial climate, it experiences distinct wet
and dry seasons, year-round high humidity and the temperature varies minimally with
a mean daily temperature of 27°C (Bureau of Meteorology 2012). Introduction of cats
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and black rats (Rattus rattus) to Christmas Island occurred in the late nineteenth century
at the time of European colonisation and both species established self-sustaining populations soon thereafter (Tidemann et al. 1994). Initially, cats were concentrated around
settlement and mining areas where they had access to discarded human food (Tidemann
1989; Tidemann et al. 1994). With the expansion of introduced black rats across the island,
feral cats became more widespread (Tidemann 1989). Prior to the commencement of a
recent control program, there was an abundant domestic and stray cat population
within the residential, commercial and light industrial areas, and feral cats in the national
park and remaining vegetated areas.
Christmas Island originally harboured five endemic mammal species, but is now largely
depauperate of native species due, at least in part, to the introduction of these pests (Algar
& Johnston 2010; MacPhee & Flemming 1999; Wyatt et al. 2008). Two native rodent
species, Rattus macleari (Maclear’s rat) and R. nativitatis (Bulldog rat), became extinct
within 25 years of the introduction of cats and black rats to the island (MacPhee & Flemming 1999; Wyatt et al. 2008). It has been hypothesised that these naive rodents may have
succumbed to infection by Trypanosoma lewisi introduced with the black rats (Wyatt et al.
2008). However, recent parasitological investigation of both rats and cats on the island
failed to detect any persistence of T. lewisi in either of these hosts (Dybing et al. 2016).
Aside from cats and black rats, the only remaining mammalian species is the Christmas
Island flying fox (Pteropus melanotus natalis). House mice (Mus musculus) have been previously reported in the settlement (Gibson-Hill 1947) and are included in the Christmas
Island Biodiversity Conservation plan (Department of the Environment 2014); however,
numbers and distribution are currently unknown and no confirmed observations have
been made in recent times (David Algar and Dion Maple pers. comm. 2015).
Many of the remaining endemic species on Christmas Island (i.e. birds and reptiles) are
the focus of ongoing recovery programs, in part due to the ongoing impacts of cats and
rats (Beeton et al. 2010). In 1995, a Natural Resource Management program was initiated
with a focus on pest management which, through extensive community engagement,
included the planning and development of a Companion Animal Local Bill to prevent
the ownership and importation of new cats and dogs onto the island, control programs
for feral cats and a veterinary service for free de-sexing of pet cats and euthanasia of
unwanted cats. In 1999, following the departure of key staff from the island, this
program was not maintained and control of cats and cat ownership lapsed (Paul Meek
pers. comm.). As a result, the environmental and social impacts of cats on Christmas
Island continued and became an increasing concern to island land management agencies
and locals.
Eradication of cats from an island is generally difficult; if the island is inhabited and cats
are a domestic pet, there is an additional level of complexity. When the human population
is multi-cultural this level of complexity can be magnified, especially if cats have religious
or cultural significance. Christmas Island, inhabited by a population consisting of Malay,
Chinese and European residents, presents such a case. On Christmas Island, the Malay
community is primarily Muslim, and as such have a strong religious and spiritual connection to felines that stemmed from the prophet Muhammad. This connection appears to
hold felines above other animals and generates a level of respect and thankfulness for
its existence (Engels 2015; Freeman et al. 2011). The Chinese connection to cats is less
straight-forward. Although there were tales of ancient cats performing good deeds,
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there are also negative stories that made the Chinese fear the cat. It appears the cat is cared
for in the culture but not enshrined (Turner & Bateson 2004). The European community’s
attitude towards cats is also variable, ranging from dislike to a fondness and pet ownership
(D. Algar pers. comm.). Community attitudes to cat control on Christmas Island have
evolved over time with encouragement and support by land management agencies and
community leaders. More recently, through a program that has included dissemination
of information (through the local media, education and public seminars by various
researchers and land managers), the need for cat control on the island has been highlighted and has maintained and fostered support and enthusiasm by the local community.
Residents have become aware of the threat that cat predation poses to native species on the
island and also the danger of diseases carried by feral and stray cats, such as Toxoplasmosis
(Adams et al. 2008), that can affect the well-being of wildlife and can also cause serious
human health complications. The presence of numerous stray cats in residential areas
has also enforced the need for control, with residents complaining of cats caterwauling,
fighting, urinating, defaecating and raiding refuse bins around houses.
To mitigate the problems associated with cats, the Christmas Island Cat Management
Plan was developed in conjunction with key land management agencies (including Parks
Australia, Shire of Christmas Island, Christmas Island Phosphates and Regional Services &
Infrastructure), interest groups (including Island Care Christmas Island) and the Christmas Island community (Algar & Johnston 2010). This collaborative and inclusive
approach ensured widespread support by various organisations and was enthusiastically
embraced by the public, building a foundation upon which feral/stray cat eradication
could be achieved. Initially, local cat management laws were revised to limit domestic
and stray and feral cat impacts on native fauna, promoting responsible cat ownership,
compliance and enforcement of cat management laws. From 2010, amended local legislation required all domestic cats to be neutered, micro-chipped and registered with the
shire (Algar et al. 2011). From 2011, all stray (unregistered) cats were removed from
the residential, commercial and light industrial zones of Christmas Island, including
cats at the Immigration Detention Centre, with more than 600 stray/feral cats either
trapped and euthanised or destroyed via a baiting campaign (Algar et al. 2014). In addition
to the cat control, methods to effectively bait rats were concurrently developed and applied
to provide strategic control within the settled areas on the island. From 2015, the cat eradication program was extended to include the national park, mine leases and unallocated
crown land using baiting, trapping and opportunistic shooting.
In developing the feral cat management program, numerous knowledge gaps were identified in relation to invasive species on Christmas Island (Algar & Johnston 2010). The
unknown disease status of exotic flora and fauna was acknowledged as a high priority, particularly considering the effect on native wildlife and public health in island ecosystems.

Materials and methods
An examination of the parasitic helminth communities from cats and rats on Christmas
Island was undertaken as part of the pest animal management programs to determine if
cats and rats were harbouring parasites of conservation and public health concern. This
represented a unique opportunity to investigate if the ‘Island Syndrome’ was applicable
to the parasite communities in cats and rats on Christmas Island.
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Feral cats and black rats were trapped using Sheffield wire cages: large (200 × 200 ×
550 mm) cages for cats and medium (160 × 160 × 450 mm) cages for rats. Trapped cats
were anaesthetised with 10 mg/kg of tiletamine/zolazepam (Zoletil, Virbac, NSW 2214, Australia) administered intramuscularly before sex and body weights were recorded. Cats were
subsequently euthanised by intracardiac injection of 150 mg/kg of pentobarbital (Lethobarb,
Virbac, NSW 2214, Australia) and immediately placed in individual plastic bags. Trapped
rats were euthanised via cervical dislocation and placed into individual bags. Cat cadavers
were necropsied either while fresh (n = 6) or stored at −20°C (n = 60) before thawing overnight (6–16 h) in their bags at room temperature (Figure 1). Rats were necropsied either
fresh (n = 47), stored in the freezer (n = 1) or refrozen (n = 53) (refreezing of carcasses
was necessary due to a parallel dietary study (Hayes 2011)). Once the gastrointestinal
(GI) tract was removed from rats used in the dietary study, the contents were sieved and
kept in the freezer for parasite analysis.
Head length (cats only), tail length (rats only) and head–body (HB) lengths (cats and
rats) were measured, and a body condition score (=weight/HB length) was calculated for
each animal (Rodríguez & Carbonell 1998; Vervaeke et al. 2005). Tail length was measured
in rats to confirm R. rattus identification (Menkhorst & Knight 2001). Visceral organs of
cats and rats (lungs, heart, spleen, kidney, lymph node, liver, tongue and brain) were
examined visually and with a dissecting microscope for parasites. Tissue samples of
these organs (as well as diaphragm for skeletal muscle) were collected and stored in
both 70 per cent ethanol and 10 per cent neutral buffered formalin for later analysis.
The GI tract, including stomach, small and large intestines, was removed and refrozen
for later examination for parasites and for dietary analysis (Hayes 2011). The GI tracts
were thawed prior to analysis (up to 5 h), incised and opened longitudinally, and

Figure 1. Necropsy and GIT examination of cats and rats.
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Table 1. Parasite community ecology terminology used in this paper.
Term
Diversity
Local richness
ICR
GIICR
VICR
TICR
Intensity
Range intensity
Mean intensity

Definition
Composition of a community in terms of the number of species present
Number of parasite species in a particular population of the host
Number of parasite species in one individual
Number of parasite species in the GI tract in one individual host
Number of parasite species in the visceral organs of one individual host
Sum of GI and visceral ICR
Number of individuals of a particular parasite species in a single host
Minimum–maximum intensity of a particular parasite species in a population of a given host species
Average intensity of a parasite species in a population of a given host species

examined using a dissecting microscope. GI contents were sifted and teased apart using
soft forceps to uncover helminth parasites (Dybing et al. 2013).
Cestodes were preserved in 10 per cent neutral buffered formalin; all other helminths
isolated from visceral organs and/or GI tracts were preserved in 70 per cent ethanol. Parasites were identified morphologically using the relevant keys and references (Amin 1987;
Baker 2008; Bowman et al. 2002; Costa et al. 2003; Soulsby 1982). Nematodes were cleared
in lactophenol to facilitate identification. Hookworms were identified if possible by morphology; species were confirmed by PCR performed on a random subsample (Biocca 1951;
Smout et al. 2013). For this, hookworm DNA was extracted from five to 10 worms/cat
according to the protocol described by Smout et al. (2013). The intensity of infection by
cestodes was determined by the number of scoleces recovered from the intestine. The dispersed nature of helminth parasites located within host viscera precluded accurate counts
and therefore only minimum intensity was estimated and used in the analysis. Intensities
of an unknown Spirurid from rat lungs and Aelurostrongylus abstrusus within cat lungs
were not estimated. The parasite community richness within hosts was determined
using definitions described in Table 1.
All statistical analyses were performed in STATISTICA (StatSoft Inc. 2010). Only parasite species that occurred in five or more feline or rodent hosts were included in statistical
analyses. The effect of parasitism on body condition was examined through separate
mixed model ANOVAs with (a) parasite species presence and overall parasite presence
as fixed categorical factors, (b) total infra-community richness (TICR), visceral infra-community richness (VICR) and GI infra-community richness (GIICR) as fixed continuous
covariates and (c) parasite species intensities as fixed continuous covariates. The host’s
sex was included as a fixed categorical factor in each instance. The effect of sex on
common parasite species intensities, TICR, VICR and GIICR were examined through separate one-way ANOVAs. Contingency tables were constructed for presence/absence of the
parasite species as well as overall parasite presence to examine the relationship of host sex
and parasite presence and Fisher’s exact test, followed by a Bonferroni correction (where
applicable), were used to determine significance.

Results
Cats and rats used in helminth analyses
Sixty-six cats (30 male and 36 female) and 101 black rats (47 males, 53 females and one not
recorded) were sampled from the settlement area during the management and eradication
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program. The body condition scores ranged from 0.030 to 0.103 (kg/cm) in cats, and 0.002
to 0.012 (kg/cm) in rats. Head–body length was positively correlated with weight in both
cats (y = 4.472x + 34.20; R2 = 0.682) and rats (y = 52.294x + 10.186; R2 = 0.862).
Parasite identification
Sixty-one cats (92 per cent) and 85 rats (84 per cent) harboured one or more helminth
parasites (Table 2). Overall, 16 different helminth parasites were represented, with a
local richness of nine identified in cats (representing four Phyla; Nematoda, Cestoda, Trematoda and Acanthocephala) and 11 identified in rats (three Phyla; Nematoda, Cestoda
and Acanthocephala) (Table 2).
Parasites found most commonly in cats were Ancylostoma braziliense, Toxocara cati,
Taenia taeniaeformis and Joyeuxiella pasqualei. The four most common helminths in
black rats were Rictularia spp., Mastophorus muris, Syphacia muris and Taenia taeniaeformis (larval stage). Overall parasite prevalence varied from 1.5 per cent to 78.8 per cent in
cats and from 1.0 per cent to 46.5 per cent in black rats (Table 2).
Some parasites could not be identified due to degradation or damage or the presence of
juvenile forms preventing accurate identification and were recorded as either unknown
nematode spp. or unknown Acanthocephalan spp. Degraded specimens were potentially
artefact from food and were not included in the statistical analysis. As specimens of Rictularia spp. and Physaloptera spp. found in both cats and rats were morphologically distinct, it was assumed that they harboured host-specific species. The potentially novel
unknown Spirurid found in the lung of four rats was not able to be definitively identified
but was morphologically distinct from A. cantonensis.
TICR was 2.71 ± 1.47 (mean ± standard deviation) in cats and 2.04 ± 1.41 in rats,
ranging between zero and six species for cats and zero and seven species for rats
(Figure 2). VICR was 0.14 ± 0.39 in cats and 0.44 ± 0.67 in rats, ranging from zero to
two species in cats and zero to three species in rats (Figure 2). GIICR ranged from zero
to six in both cats and rats with an average of 2.65 ± 1.45 and 1.56 ± 1.08, respectively.
Associations of helminths with host body condition index and sex
No variables included in the analyses were found to have a relationship with body condition in cats, though TICR and overall parasite presence had a positive relationship
with body condition in rats (Table 3). Host sex appeared to affect the parasite community
in cats: females were more likely to have an increased TICR and VICR than males, and
females had a higher intensity of P. concinnum (Table 3). There was an effect of sex on
the intensity of T. taeniaeformis in rats with a higher intensity found in males.

Discussion
The ‘Island Syndrome’ and Christmas Island
Interestingly, this study revealed a parasite ecology that does not exhibit all the characteristics typically associated with an island population. Cats and rats on Christmas Island
were found to have a high prevalence (92 per cent and 84 per cent, respectively) and
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Table 2. Helminths recovered from cats and rats on Christmas Island showing number of positive cases, prevalence (prev.), intensity and parasite characteristics.
Rattus rattus (n = 101)
Intensity

NEMATODA
Ancylostoma braziliense
Rictularia spp.
Mastophorus muris
Toxocara cati
Syphacia muris
Angiostrongylus
cantonensis
Strongyloides rattid
Physaloptera spp.
Aelurostrongylus
abstrususd
Heterakis spp.
Unknown Spiruridd
CESTODA
Taenia taeniaeformise
Joyeuxiella pasqualei
Hymenolepis nana
TREMATODA
Platynosomum
concinnum
ACANTHOCEPHALA
Moniliformis moniliformis

Positive cases
(n)

Prev (per
cent)

52
4
–
37
–

78.8
6.1
–
56.1
–

–

–

–
3
2

Parasite characteristics
Intensity
Life
cyclea

Location in
hostb

D
I
I
IDT
D

S, SI
S, SI
S
S, SI
SI, LI, C

I

Lu

ZC

N

–
1–9
–

I
I
I

SI
SI
Lu

C

Y
Yf
N

2.5 ± 0.7
–

2–3
–

I
?

SI
Lu

C
?

Y
Y

28.7
–
3.0

1.2 ± 0.8
–
7.3 ± 11.0

1–5
–
1–20

I
I
IDA

S, SI (Lv)
S, SI
SI

ZC
C
Z

N
Y
Y

–

–

–

–

I

Bd

C

Y

15

14.8

2.8 ± 11.6

1–45

I

SI

ZC

N

Mean ± SD

Range

Positive cases
(n)

Prev (per
cent)

Mean ± SD

Range

98.1 ± 152.0
1±0
–
11.1 ± 15.2
–

1–676
1–1
–
1–74
–

–
47
43
–
32

–
46.5
42.6
–
31.7

–
4.2 ± 5.0
6.5 ± 7.1
–
17.1 ± 27.0

–

–

10

9.9

18.1 ± 24.7

–
1–20
1–40
–
1–
116
1–76

–
4.6
3.0

–
2±1
–

–
1–3
–

9
7
–

8.9
6.9
–

–
4.1 ± 3.1
–

–
–

–
–

–
–

–
–

2
4

2.0
4.0

40
31
–

60.6
47.0
–

5.0 ± 4.8
85.4 ± 147.2
–

1–20
1–561
–

29
–
3

7

10.6

421.9 ± 304.9

34–1000
1–1

1

1.55

1±0

Note: Results in bold indicate parasites included in subsequent statistical analyses.
a
I = indirect life cycle, D = direct life cycle, T = transmammary, A = autoinfection.
b
S = stomach, SI = small intestine, LI = large intestine, Lu = lung, Lv = liver, Bd = bile duct, C = caecum.
c
Z = zoonotic significance, C = conservation potential.
d
Intensity not recorded.
e
Larval stage in liver of black rat.
f
New geographic location for species in rat only.

Z/Cc
Z
C
ZC

New
location
N
Yf
Y
N
Y
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Felis catus (n = 66)
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Figure 2. Infra-community richness of cats (n = 66) (dark grey) and rats (n = 101) (light grey) on Christmas Island. (a) TICR; (b) VICR; (c) GIICR.

high infra-community richness (0–6 and 0–7, respectively) of helminth parasites, consistent with the hypothesis that insular populations experience elevated parasite prevalence
and abundance (Arneberg et al. 1998). However, the high local richness observed (nine
species in cats and 11 species in rats) on Christmas Island was consistent with previous
reports of helminth species infecting cat or rat populations from island or mainland
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Cat

Rat

Body condition
F value
Overall presence
TICR
VICR
GIICR

p value
a

0.140
0.192
0.350
0.253

0.710
0.663a
0.557a
0.617a

Presencea
F value

Sex

p value

Intensitya
F value

p value

Body condition

F value

p value

4.592
4.066
3.033

b

Presenceb
p value

Intensityc
p value

NEMATODA
Ancylostoma spp.
2.681
0.107
2.604
0.112
0.768
0.816
0.37
Rictularia spp.
Mastophorus muris
Toxocara cati
1.750
0.191
2.406
0.127
1.000
1.011
0.318
Syphacia muris
Angiostrongylus cantonensis
Strongyloides ratti
Physaloptera spp.
CESTODA
Taenia taeniaeformis
0.553
0.460
0.073
0.836
0.133
0.785
0.379
Joyeuxiella pasqualei
1.364
0.248
0.875
0.353
0.332
1.760
0.189
TREMATODA
Platynosomum concinnum
3.782
0.057
0.005
0.941
0.013*
4.360
0.041
ACANTHOCEPHALA
Moniliformis moniliformis
a
Mixed model ANOVA;
b
Contingency tables/fishers exact;
c
One-way ANOVA.
*Sex vs. presence with bonferonni correction p value needs to be <0.01, therefore not significant.
**Sex vs. presence with bonferonni correction p value needs to be <0.006, therefore not significant.

Sex
p value
a

4.188
6.981
0.022
0.140

0.652
0.036c
0.048c
0.086c
F value

F value

0.044
0.010a
0.884a
0.710a

Presencea

F value
1.163
2.132
0.210

Intensitya

F value

p value

F value

p value

0.297
3.495

0.587
0.065

1.673
2.691

2.647
0.733
0.039
0.703

0.108
0.395
0.844
0.404

1.097

3.330

Presenceb

p value
0.587b
0.283c
0.147c
0.648c
Intensityc

p value

F value

p value

0.199
0.105

0.843
0.843

0.634
1.778

0.428
0.185

1.009
0.494

0.318
0.484

0.106
0.994

0.746
0.321

0.275

0.601

1.000
0.186
1.000
0.766

0.130

0.720

0.298

3.584

0.062

0.047**

3.932

0.050

0.071

1.634

0.205

0.585

2.616

0.109
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Table 3. Associations between parasite community ecology with host body condition and gender.
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locations. Previous reports for local richness for cats include 11 species on Kangaroo
Island (O’Callaghan et al. 2005), eight species on King Island (Gregory & Munday
1976), 13 species in Dubai (Schuster et al. 2009), eight species from Majorca Island,
Spain (Millán & Casanova 2009) and eight species in Malaysia (Mohd Zain & Sahimin
2010). Similarly, reported helminth local richness for black rats includes nine species in
Taiwan (Tung et al. 2008), eight species in the Philippines (Claveria et al. 2005), 11
species in Italy (Milazzo et al. 2010) and four species in the California channel islands
(Smith & Carpenter 2006). As both cats and rats are introduced species on Christmas
Island, it was assumed that the parasite species richness would be low compared to the
mainlands in which the founding populations originated (Europe and Asia) due to
the founder effect (Arneberg et al. 1998). The elevated richness observed may be due to
the physiographic characteristics of the island and parasite biology, as well as the location
of the island. A recent analysis by Spencer et al. (2015) suggests that cats on Christmas
Island have multiple countries of origin (i.e. Europe and Asia). Repeated introductions
of both these host species to the island from multiple locations have most likely occurred
since European colonisation and this could explain the greater diversity of parasite species
observed in these hosts on the island (Mas-Coma & Feliu 1984).
The subsequent persistence of these parasite species may also be explained, in part, by
the predator–prey relationship between cats and rats. The introduction of a prey species
(rats) along with the establishment of a predator (cats) is likely to facilitate the transmission and persistence of parasites that utilise both species as hosts, e.g. the high level
of T. taeniaeformis detected in both cats and rats in the study. Furthermore, higher
species richness is generally expected in tropical locations such as Christmas Island in
relation to more temperate environments, as is reflected in the general increase in
species diversity closer to the equator (Rohde & Heap 1998; Vignon et al. 2009). The
absence of seasonality in tropical regions can also facilitate high levels of parasite intensities being maintained throughout the year (Møller 1998).
The successful establishment of a parasite in a new location is in part determined by the
presence of suitable environmental and climatic conditions to facilitate transmission as
well as the presence of potential intermediate or paratenic hosts. It is generally assumed
that island environments will support a higher proportion of parasites with a direct life
cycle (due to simpler requirements) and a high proportion of generalist parasites (parasites
that lack host specificity for either definitive and/or intermediate hosts) (Dobson & May
1986; Mas-Coma & Feliu 1984; Vignon et al. 2009). In this study, 27 per cent of parasites
utilise direct life cycles and while they do not require additional hosts appropriate environmental and/or climatic conditions are required (Stromberg 1997). However, the majority
(87 per cent) of parasites identified in this study utilise an indirect life cycle (Table 2),
some of which are considered to be generalist parasites meaning they are able to use a
range of intermediate hosts (Agosta et al. 2010; Archie & Ezenwa 2011) (Table 4). Parasites
with an indirect life cycle presumably face the greatest challenge for persistence as they
have a lower probability of finding appropriate intermediate or paratenic hosts (Dobson
& May 1986; Goüy de Bellocq et al. 2003; Vignon et al. 2009); yet maintenance of these
parasites in a new island environment can be sustained if the intermediate host of these
parasites is introduced concurrently (Mas-Coma & Feliu 1984). Indeed, four parasite
species detected in cats on Christmas Island incorporate rodents as either intermediate
or paratenic hosts (Table 4).
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Table 4. Potential intermediate and paratenic hosts for some of the parasites species observed in cats
and rats.
Potential host
Intermediate
hosts
Paratenic hosts

Invertebrates (including Cockroaches,
beetles, snails and fleas)
Rodents
Reptiles
Invertebrates (including Beetles,
earthworms, snails and crabs)
Rodents
Birds
Mammals
Reptiles

Parasites
M. muris, M. moniliformis, Physaloptera, Rictularia, R. nana,
P. concinnum, A. cantonensis, A. abstrusus
T. taeniaeformis
P. concinnum, J. pasqualei
Physaloptera, T. cati, A. cantonensis
A. abstrusus, A. cantonensis, T. cati
A. abstrusus, T. cati, Heterakis
Physaloptera
Physaloptera, A. cantonensis, A. abstrusus

The near-simultaneous introduction of both cats and rats, together with their corresponding parasites, coupled with the high likelihood of multiple incursions of both
species following introduction, may explain the higher than expected parasite richness
observed on Christmas Island. In addition, despite the restricted number of mammalian
and reptile species on the island, there is a high diversity of avian (42 recorded species)
and invertebrate species which may potentially act as intermediate and paratenic hosts
for these parasites (Anonymous 2014). In restricted environments such as islands, introduced parasites have been reported to switch host species, usually involving a host that
represents a similar resource as the original host (Agosta et al. 2010). An example of
this is the hypothesised introduction of Trypanosoma lewisi by black rats to Christmas
Island leading to the infection of, and subsequent extinction of, two native rodent
species (Wyatt et al. 2008); although a recent study by Dybing et al. (2016) failed to
find evidence of infection in the black rat population. Whilst the present study did not
explore the involvement of native species in parasite transmission on Christmas Island,
host switching may have potentially contributed to the persistence and increased parasite
richness observed.
With the decrease in endemic populations on Christmas Island being attributed, at least
in part, to predation by introduced species, the potential for these native animals (including reptiles) to also act as intermediate hosts for several identified parasites is noteworthy.
Little is known about the effect of some of these parasites on native fauna, although parasitism of prey animals has been reported to lead to an increased susceptibility to predation
by cats and rats (Phillips 2012). A number of studies have identified a disproportionately
high number of infected prey being taken by predators (Holmes & Bethel 1972; Hudson
et al. 1992). This raises the issue of whether infection of endemic species with parasites
introduced by cats and/or rats may have contributed to the subsequent decline in
native species’ abundance and diversity observed on Christmas Island.
This study also examined the host–parasite relationship itself. Female cats were more
likely to have greater overall and VICR than males, as well as exhibiting a higher intensity
of P. concinnum (Table 3). This may be related to queens training litters to hunt for a variety
of prey species (potential intermediate hosts), resulting in a greater exposure to an increased
diversity of parasites (Abu-Madi et al. 2008; Abu-Madi et al. 2010; Burt et al. 1980; Engbaek
et al. 1984). An increased susceptibility to pathogens in female cats has been reported previously (Festa-Bianchet 1989; Grzybek et al. 2015; Schalk & Forbes 1997). In contrast,
increased intensity of the tapeworm T. taeniaeformis was observed in male rats compared
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to females. A study by Low et al. (2013) determined that female rats maintained smaller
home ranges compared to males in urban areas of Christmas Island, suggesting that
males could possibly have a greater likelihood of encountering embryonated eggs of
T. taeniaeformis due to their larger foraging range leading to increased levels of exposure.
Impacts of parasites on conservation and public health
As mentioned previously, different parasites employ transmission strategies which aim to
optimise their proliferation in their host communities. Wildlife and/or humans that are
not typically involved in a parasite life cycle may still acquire the infective stage even
though it is not capable of replicating or surviving in this host (i.e. dead-end host). As
such, misdirected migration of helminth parasites within dead-end hosts can lead to
varying health implications, ranging from a rash or minor irritation to more serious complications and in extreme cases even death. Of the parasites identified in this study, 37 per
cent have zoonotic (transmissible to humans) potential; those with the most clinical significance and/or incidence of human infection globally include Angiostrongylus cantonensis, Ancylostoma braziliense, Moniliformis moniliformis and Toxocara cati. Nine species
identified in this study have been identified as parasites of conservation potential
(Table 2). This category encompasses species with known conservation significance
(can impact endemic species either as individuals or at a population level), e.g. Angiostrongylus cantonensis in mammals, as well as parasites with unknown effects on wildlife or
those that can utilise multiple species as intermediate or paratenic hosts, e.g. T. cati.
Angiostrongylus cantonensis (rat lungworm) commonly infects rats in tropical and subtropical environments and has been previously reported on Christmas Island (Hall et al.
2011). In the current study, it was detected in approximately 10 per cent of rats examined.
The larvae of A. cantonensis commonly cycle through snails and slugs and the ingestion of
these hosts or slime containing the L3 larvae (i.e. on fruits or vegetables) is infective to a
wide range of both vertebrate and invertebrate hosts. Infection with this parasite can
occasionally cause chronic, disabling disease, even death (Pien & Pien 1999). Recent investigations into A. cantonensis in Australia have identified this parasite as being associated
with disease in black- and grey-headed flying foxes (Pteropus alecto and Pteropus poliocephalus) (Barrett et al. 2002; Reddacliff et al. 1999), and as contributing to the decline of
tawny frogmouths (Podargus strigoides) (Monks et al. 2005). As such, A. cantonensis
may have implications for the declining flying fox (Pteropus melanotus natalis) population
on Christmas Island; therefore the potential for spread of this parasite in remaining flying
foxes warrants further investigation.
Public health risks
Whilst the impact of parasites on populations of intermediate or incidental hosts is
typically difficult to quantify, the negative aspects of parasitic infection and transmission to human communities are widely appreciated. The risk posed by zoonotic
parasites to the human population may well be exacerbated by the geographically isolated nature of the community which may limit the level of health care available as
well as the likelihood of accurate diagnosis (Sheorey & Bradbury 2016). These conditions are likely to result in increased rates of morbidity, or even mortality, associated
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with zoonotic parasitoses due to the low likelihood of patients obtaining appropriate or
adequate treatment.
High, localised densities of free-ranging hosts (i.e. cats and rats) coupled with a
restricted geographic extent, typical of insular environments, are also likely to increase
exposure rates to infectious parasitic stages of high-risk cohorts of the population, i.e.
children, pregnant women and immunocompromised persons. Of importance is the
way inhabitants interact with potential hosts; this was especially true of cats on Christmas Island. Whilst there were many domestic/stray/feral cats co-existing within areas of
human habitation on Christmas Island, there was very little individual ownership
associated with any of the cats, rather they were free-ranging cats that ‘belonged to
the community’. Whilst supplementary feeding of these ‘community cats’ was undertaken by a portion of the population, these cats maintained a free-ranging and scavenging existence within the community and were not subject to any veterinary care or
intervention. These conditions are highly likely to exacerbate the zoonotic risk represented by these cats to the human population on the island. As such, education
and awareness programs targeting the zoonotic risk associated with wild/stray animal
populations, such as those on Christmas Island, are a key step towards encouraging
the adoption of improved hygiene and mitigation strategies to reduce infection risk
at the population level.
Challenges of parasites on islands
The introduction of parasites and diseases by invasive animals increases the level of complexity of initiating effective conservation and/or management programs. Not only do you
need to consider the direct predatory effects of invasive animals, but also the indirect
disease transmission risk to endemic fauna populations. In small geographical areas,
such as islands, there is an increased likelihood of transmission of parasites from host
to host, as well as spill-over into human populations on inhabited islands (Dobson
1988). These issues are further compounded by accidental or deliberate anthropogenic
introductions of invasive species on inhabited islands which are capable of transmitting
parasites (e.g. cats typically introduced as pets, rats whose introduction is typically facilitated by human activities). Generalist parasites (no/low host specificity) and parasites with
complex life cycles (more hosts) are more difficult to manage as they may be utilising a
larger number of hosts in the new environment. Despite managing one host in the parasite’s life cycle, i.e. black rats, other hosts may still be perpetuating parasites in the environment, i.e. birds or reptiles. For example, for islands which host a large diversity of
migratory birds (i.e. Christmas Island), there is potential for these birds to continually
introduce parasites, whether they are acting as intermediate hosts or as biological or mechanical vectors. These varied mechanisms of parasite dispersal/introduction require due
consideration in any conservation or management strategy, but can be of importance
when considering island environments.

Conclusions
This study highlights the commonly overlooked impact of introducing the concomitant
parasites of invasive species on islands. The introduction of a single invasive species can
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have far-reaching negative impacts on island and mainland communities alike; however, the
introduction of multiple species, and their parasites, can compound these impacts significantly. The co-introduction of rats along with cats can augment the establishment of cats,
including their associated parasites that utilise rodents as intermediate hosts. The pattern
of parasite richness observed on Christmas Island (in both feral cats and black rats) was
not significantly different to that observed on other mainland and island communities,
and this challenges the notion of islands exhibiting a lower local richness. Factors involved
in determining the establishment and diversity of parasites on islands include the frequency
of host introduction, species co-introductions and host origin as well as the climate and
environment of the island, the fauna present on the island that can act as alternate hosts
for introduced parasites as well as the type of parasites introduced. Understanding the ecological role of introduced species and the parasites they harbour is a crucial step towards
improving the ability to mitigate their threats to endemic fauna and ecosystems, particularly
insular populations which are increasingly susceptible to extinction. This understanding
requires a coordinated One Health response by both animal and public health agencies.
The One Health concept is exemplified in studies of introduced zoonotic diseases that
involve wildlife and animals and it recognises that multiple factors will drive the emergence
of new and recurring biological threats (Daszak et al. 2000; Murray et al. 2012; Thompson
2013).
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