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Abstract: Human activities have been causing dramatic and unprecedented changes to the Earth’s ecosystems,
and are a primary factor associated with biological invasions. Disturbed and fragmented habitats allow some
vector mosquitoes to thrive. The New Zealand landscape has been extensively modified since the arrival of
humans, and there is accumulating evidence that the distribution of mosquitoes is being altered as a result of
anthropogenic environmental changes. This study aimed to assess whether forest habitat size affected the
community composition of mosquitoes, and whether the density of the introduced brushtail possum would
benefit exotic mosquito species that feed primarily on mammal hosts. Extensive sampling of the mosquito
community was carried out using dry ice-baited light traps, oviposition traps, and larval surveys. The results
provided the first experimental evidence in New Zealand that changes in forest habitat size affect the indig-
enous and introduced mosquito fauna differently. The proportion of native species making up the mosquito
community appears to be steadily reduced as native forest habitats become smaller. In contrast, the opposite
pattern appears to occur for the introduced vector Aedes notoscriptus. Although there was a trend indicating
that possums may have a negative impact on a native species (Culex pervigilans), the impact of these animals on
the mosquito fauna remains unclear. The evidence suggests that the conservation of large pristine forest

ecosystems in New Zealand could have human health implications.
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INTRODUCTION

Human activities have been causing dramatic and
unprecedented changes to the Earth’s ecosystems (Vitousek
et al., 1997), and are a primary factor leading to the bio-

logical invasion of natural communities (Fox and Fox,
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1986; Mack et al., 2000; Shea and Chesson, 2002). Derraik
and Slaney (2007) recently discussed how anthropogenic
environmental change may favor invasion by exotic mos-
quitoes (Diptera: Culicidae) and their subsequent estab-
lishment in native habitats in New Zealand.

Some vector mosquitoes thrive in disturbed and frag-
mented habitats (e.g., Frankie and Ehler, 1978; Forattini
and Massad, 1998; Jones, 2003). The abundance of
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anopheline vectors of malaria in human-disturbed areas in
the Brazilian Amazon, for example, is on average five times
that of undisturbed habitats (Tadei et al., 1998). Habitat
fragmentation in particular can make ecosystems smaller
and more susceptible to invasions than large contiguous
ecosystems, and disturbed edge habitats may function as
staging areas from which exotic species invade the sur-
rounding landscape (Center et al., 1995). The physical and
biological environments in fragmented habitats are con-
siderably altered, particularly as a result of proportionally
greater edge effects (Saunders et al. 1991; Laurance et al,,
2007; Broadbent et al., 2008). Different mosquito species
or, in the case of Aedes aegypti, different forms of the same
species (Frankie and Ehler, 1978) have, for instance, vary-
ing tolerances to desiccation (e.g., Machado-Allison and
Craig, 1972) and consequently have their distribution af-
fected. A decrease in soil moisture, greater sunlight pene-
tration, and increased wind disturbance as a result of edge
effects may also lead to the elimination of ground pools
that serve as larval habitats for certain species, tipping the
balance in favor of invading container-breeders better able
to exploit new habitats created by human activities.

Furthermore, mosquitoes may benefit from the dele-
terious effects of habitat fragmentation on predator pop-
ulations, as other predatory insects and native insectivorous
bats and birds can be negatively affected by forest size
reduction (e.g., Sekercioglu et al., 2002). It is recognized
that the loss of native biodiversity potentially favors exotic
invaders (Peterson et al., 1998; Ostfeld and Keesing, 2000),
and although the consequences of species loss may not be
immediately noticeable, it appears to make ecosystems
more vulnerable to disturbance and collapse (Peterson
et al., 1998) and, therefore, generally more susceptible to
invasive species. The decline in native biodiversity may
consequently facilitate the establishment of exotic vectors,
as well as lead to greater abundance of reservoir hosts or
vectors of human pathogens through the disruption of
ecosystem processes (Derraik and Slaney, 2007).

New Zealand has only 12 native and 4 introduced
mosquito species (Derraik, 2004a). All the introduced
mosquitoes are potential disease vectors, and at least 30
other exotic culicid species have been intercepted at na-
tional entry ports (Derraik, 2004a). Although, to date, there
has not been a confirmed, indigenously acquired arboviral
infection in humans in New Zealand (Derraik and Maguire,
2005), it is predicted that it is just a matter of time before
an arboviral outbreak occurs (Weinstein, 1996; Derraik and
Calisher, 2004).

The New Zealand landscape has suffered dramatic
changes since the arrival of humans c. 800 years ago (McG-
lone and Wilmshurst, 1999), leading to extensive habitat
destruction, extinction of native species, and the introduc-
tion of exotic ones (Cook et al., 2002). There is accumulating
evidence that anthropogenic environmental change has been
altering the distribution of mosquitoes in New Zealand. At
least in the Auckland region, native species appear to be
nearly absent from anthropic habitats where introduced
mosquitoes thrive (especially in urban areas), in comparison
to the opposite pattern occurring in relatively undisturbed
indigenous ecosystems (Derraik and Slaney, 2007). Recent
studies in a range of habitats in the Auckland region indi-
cated that relatively pristine indigenous habitats harbored a
mosquito fauna comprised almost entirely of native species
(Derraik et al., 2005a, b), while the only introduced species
recorded was Aedes (Finlaya) notoscriptus (Skuse), in very
low numbers and at the forest edge. In contrast, sampling in
urban and peridomestic habitats indicated that exotic mos-
quitoes were dominant (e.g., Derraik, 2004b, 2005a; Derraik
and Slaney, 2005).

New Zealand’s evolutionary history and its early sepa-
ration from the rest of Gondwanaland led to an absence of
indigenous terrestrial mammals, the dominant non-flying
terrestrial animals in the rest of the world (Diamond, 1990),
apart from three species of bats (King, 1990). As a result,
native mosquitoes appear to be primarily ornithophilic
(bird-feeders), although there is little experimental evidence
on their feeding preferences (Derraik and Slaney, 2007). The
presence of numerous introduced mammals provide a large
supply of mammalian blood meals previously unavailable in
New Zealand (Derraik and Slaney, 2007). Livestock provide
abundant blood meals in rural areas where the availability of
other hosts such as humans (and birds) is limited. Most
importantly, however, may be the presence of the estimated
70 million Australian brushtail possums (Trichosurus vul-
pecula Kerr), which are well-established in over 97% of the
New Zealand’s land area (Cowan, 2000). Although brushtail
possums thrive particularly well in modified habitats,
especially at the forest/pasture interface (Cowan, 2000),
these animals are abundant throughout the country, even in
remote areas. Since T. vulpecula are primarily herbivores
that also prey on a number of other food sources (Brown
et al., 1993; Cowan, 1990; Montague, 2000), they should be
largely unaffected by changes in forest habitat size. As a
result, in New Zealand T. vulpecula would likely be the main
source of mammalian blood meals within larger forest
habitats where their populations are unchecked.



There are therefore, favorable conditions for the
establishment of exotic mosquitoes such as Aedes (Ste-
gomyia) albopictus (Skuse) (Derraik, 2006), which not only
breeds in artificial and natural containers, but also prefer
mammalian hosts (Hawley, 1988). The presence of exotic
mammals can also boost vector populations so that these
will seek additional hosts, consequently increasing the
likelihood of pathogen transmission to humans (Patz and
Wolfe, 2002). In addition, T. vulpecula directly preys on the
bird fauna in New Zealand, on which it has significant
impacts (Cowan, 1990; Montague, 2000). In high densities
therefore, possums may displace the avian fauna on which
most native mosquitoes would likely rely for blood meals,
possibly displacing indigenous ornithophilic species in fa-
vor of more generalist feeders, especially those that are
attracted to mammals.

This study aimed to test the hypothesis that forest
habitat size has an effect on the community composition of
mosquitoes, affecting indigenous and introduced mosqui-
toes differently. Furthermore, the density of brushtail
possums was predicted to be positively associated with
introduced mosquito species that feed primarily on mam-
malian hosts, in particular Ae. notoscriptus.

MATERIALS AND METHODS

Study Area

This study was carried out in the Auckland region (North
Island, New Zealand), where eight different native forest
sites of varying sizes were sampled (Table 1). All sites
contained native kauri-podocarp-hardwood forests, which
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varied in relation to levels of naturalness and protection
status.

Mosquito Sampling

At each field site, a 1-km transect was established with a hip-
chain. A walking track was present in most sites and used as
the transect to minimize impact on conservation areas. In the
two sites without tracks (Wainui and Tapu Bush), U-shaped
transects were marked using a compass. Sampling was carried
out from late austral spring until early autumn. Along each
transect, all potential larval mosquito habitats within 5 m on
each side were carefully surveyed during a one-off investiga-
tion. As a result, the total area closely studied was c.1 ha per
site. Larval habitats examined included ground pools (both
temporary and permanent), man-made drains, and phyto-
telmata (e.g., tree-holes, leaf axils, and fallen plant parts).

An aluminum ladder was carried through each site, so
that the search height was extended to approximately 4 m
in order to sample the native epiphyte Collospermum
hastatum (Colenso) (Liliaceae), the main source of larval
habitats for culicids in native forests further south in
Wellington (Derraik, 2005b). Individual leaf axils and other
phytotelmata were inspected for mosquito larvae, and all
the water within each axil was extracted using a modified
syringe (Derraik, 2009).

In addition, two sets of ovitraps were placed at each
site to sample mosquito larvae. These were set in the shade
at the base of trees, with their positions along (and away
from) the transect selected using random numbers and
coordinates. Each set consisted of four black plastic con-
tainers of two different aperture sizes (38.5 and 103.8 cm?),
filled with two different solutions of 0.5 or 5.0 g of sheep

Table 1. Description of the Field Sites in the Auckland Region Where this Study was Carried Out®

Site Approximate coordinates Area (ha) Possum density (RTC)
Cascade-Kauri Park 36°54'S, 174°31'E > 1,000 0.5

Goldies Bush 36°51'S, 174°28'E 192 12.0

McElroy Reserve 36°28'S, 174°42'E 145 30.0
Pohuehue Reserve 36°28'S, 174°39'E 75 3.5
Wenderholm Regional Park 36°32'S, 174°43'E 66 <0.1

Tapu Bush 36°16'S, 174°38'E 50 50.0

Logues Bush 36°16'S, 174°35'E 41 10.0

Wainui farm 36°36'S, 174°37'E 3 5.0

"Note that the area size has been estimated when the actual value was not available.
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manure per liter of tap water (as per Derraik and Slaney,
2005). Ovitraps were set seven or eight times, and checked
once every 3 weeks.

Dry ice-baited light traps (Bland Consultancy Trust,
Napier, New Zealand) were employed to sample adult
mosquitoes. These adult traps were set overnight in shel-
tered locations (in the forest understory) for approximately
15 hours, during relatively dry and windless conditions (as
per Derraik et al., 2005a). Each trap was operated five times
at each site during summer.

All specimens were taken to the laboratory and iden-
tified to species whenever possible. Voucher specimens of
larvae were reared through to adulthood to confirm larval
identifications, which were carried out using a key (Snell,
2005). Voucher specimens of adults and larvae were
examined by a mosquito taxonomist (Amy Snell) to con-
firm identifications.

Possum Density Estimates

Possum density was assessed as a relative measure given by
a residual trap-catch index (RTC), using a standard trap-
catch method used for possum population monitoring
(National Possum Control Agencies, 2002). The RTC ex-
presses the number of traps in which possums are caught,
and provides an index of the residual density (Fraser et al.,
2004). RTC is used by regional authorities to estimate the
density of possums within a particular area (in order to
determine whether a control operation is necessary) and
was therefore adopted in this study. At Goldies and Cas-
cade-Kauri Park, 10 trap-lines were set by the Department
of Conservation, while in all remaining sites 3 to 5 trap-
lines were set by the Auckland Regional Council. Each trap-
line consisted of 10 number one double-coil spring traps
spaced at 20-m intervals. Three nights of trapping were
carried out in all sites, and the data are shown in Table 1.

Data Analyses

Non-metric multi-dimensional scaling (NMDS) ordination
(Clarke and Warwick, 2001; Quinn and Keough, 2003)—
based on Bray-Curtis dissimilarity measures and run from
30 random restarts—was used to compare mosquito spe-
cies assemblages between field sites. The NMDS was based
on “relative abundance indices” (RAI) obtained by the sum
of all specimens collected from ovitraps, adult traps and
phytotelmata, therefore providing a single overall value for
each species at each site. The RAI were used to account for

the uneven number of positive samples obtained at indi-
vidual sites, and the fact that particular sampling methods
were biased towards certain species. ANOSIM (analysis of
similarities) (Clarke and Warwick, 2001; Quinn and Ke-
ough, 2003) was subsequently used to test whether mos-
quito species assemblages from different sites were
statistically different from each other. These analyses were
run in the computer program Primer-E (Plymouth Marine
Laboratory, Plymouth, UK).

Parametric simple and multiple regressions were car-
ried out in the statistical package Minitab (Pennsylvania
State University, University Park, PA). The predictors were
habitat size and possum density, and two response variables
were used: RAI and relative proportion (RP). The latter was
the percentage of the overall abundance made up by native
or introduced species, in order to examine whether the
community shifted in one way or another as a result of
changes in habitat size or possum density. Relevant asso-
ciations were plotted. Regression models were also run
excluding data from Tapu Bush, which was considered an
outlier.

In addition, G-tests of independence were performed
to compare larva-positivity rates between sites, while Kol-
mogorov-Smirnov two-sample tests were carried out to
assess the abundance distribution of individual mosquito
species in the fallen leaves of nikau palms. Note that, where
applicable, data were square-root transformed to stabilize
the variance. Significance level for all analyses was set at
P < 0.05.

As microclimate can affect the mosquito community
(e.g., Haddow, 1945, 1947), the study sites selected were
geographically close to prevent significant climatic varia-
tions. The longest distance between any two sites was
approximately 75 km, and rainfall and temperature data
were found to be similar among sites [Derraik, unpublished
data].

RESULTS

Natural Larval Habitats

Relatively few permanent and temporary ground pools
were observed. These were rarely larva-positive, from which
the native species Aedes (Ochlerotatus) antipodeus Edwards
and Cx. pervigilans were collected (only at Cascade and
Goldies). Tree-holes were also rare, and only one (at
Wainui) was found to be larva-positive for Ae. notoscriptus.



The leaf axils of C. hastatum were the most numerous
phytotelm habitats observed, and 470 plants were surveyed
totaling 3288 leaf axils. The culicid fauna in this plant
species was found to be almost entirely monospecific, as all
but three of the 1836 larvae recorded were the native Culex
(Culex) asteliae Belkin, with the exception of three Ae.
notoscriptus larvae recorded in two plants at Wenderholm.
The overall larva-positive rate of C. hastatum plants was
50% (170/340), but rates varied significantly between sites
as indicated by the G-test (P = 0.005; G = 20.41). Larva-
positive rates at Wenderholm and McElroy were 88% and
75%, respectively, in contrast to Goldies where mosquito
larvae were only recorded in 16%.

The other main phytotelm habitat observed were the
numerous fallen leaves of the native nikau palm (Rhopal-
ostylis sapida Wendl. and Drude; Palmae). A total of 146
water-filled nikau palm leaves were recorded in the survey,
28 of which (19%) were larva-positive for culicids,
including the native Cx. asteliae, Cx. pervigilans, and Ma-
origoeldia argyropus (Walker), and the introduced Ae.
notoscriptus. The largest occupancy rate of fallen nikau
leaves was observed at the largest site, Cascade-Kauri Park,
in which 7 of 16 leaves (44%) harbored mosquito larvae.
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There were, however, no significant differences in larva-
occupancy rates of nikau palms overall (P = 0.127;
G =11.28).

Adult Traps and Ovitraps

A total of 1152 adult mosquitoes were recorded in the
survey of 40 adult traps (Table 2). Five native and two
exotic mosquito species were recorded (Table 2). The
introduced Culex (Culex) quinquefasciatus Say was the
rarest and least abundant of all species, with just three adult
specimens collected from all sampling (at Tapu Bush). The
introduced Ae. notoscriptus was the only species collected at
all sites, being also the most frequently recorded culicid and
the second most abundant (Table 2). In regards to native
species, Ae. antipodeus was the most abundant species fol-
lowed by Cx. pervigilans, both of which were recorded in all
but one site (Table 2). The only other native species with a
substantial presence in adult traps was Coquillettidia (Co-
quillettidia) iracunda (Walker), which was absent only from
traps at Wenderholm (Table 2). Other indigenous species
recorded were Cx. asteliae and Coquillettidia (Austro-
mansonia) tenuipalpis (Edwards), the latter being the rarest

Table 2. Collection Results from a Series of CO,-baited Light Traps Set at the Eight Native Forest Sites Investigated in the Auckland
Region®
Field site Cq. iracunda Cq. tenuipalpis Cx. asteliae Cx. pervigilans Cx. quinquef. Ae. antipodeus Ae. notoscript.  Total
Cascade 2-42 2-4 - 1-1 - 5-240 1-1 5-293
8.4 (18.2) 0.8 (1.1) 48 (63.0) 58.6 (61.6)
Goldies 3-21 - - - - 5-22 5-60 5-108
4.2 (6.3) 4.4 (1.7) 12.0 (15.0) 21.6 (17.3)
Logues 1-1 - 2-6 5-199 - 5-226 5-47 5-495
1.2 (2.2) 39.8 (46.0) 45.2 (54.4) 9.4 (14.4) 99.0 (101.0)
McElroy 3-6 - 1-1 34 - 1-3 3-3 5-17
1.2 (1.6) 0.8 (0.8) 0.6 (0.5) 3.4 (1.1)
Pohuehue 1-1 - - 3-5 - - 4-13 5-19
1.0 (1.2) 2.6 (2.3) 3.8 (1.9)
Tapu 1-4 - - 3-13 1-3 1-2 1-2 3-24
2.6 (4.7) 4.8 (6.9)
Wainui 1-4 - 1-1 4-8 - 2-35 4-20 4-71
2.0 (1.4) 8.8 (15.6) 5.0 (5.7) 17.8 (13.3)
Wenderholm - - - 1-2 - 1-4 5-118 5-125
23.6 (152) 25 (14.9)
Total (N =39) 12-79 2-4 4-8 20-232 1-3 20-532 28-264 37-1152

*Values in each cell represent number of traps in which a species was recorded and total number of adults collected (top), and mean and standard deviation

(bottom). The total value includes also the damaged, and therefore unidentifiable, specimens. Note that one trap at Wainui farm was lost due to trap

malfunction, so mean is calculated over four overnight periods.
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native mosquito with only four specimens collected at the
largest site (Table 2). Note that the larvae of Coquillettidia
spp. attach themselves to aquatic plants via a modified si-
phon to respire, and are therefore more difficult to sample.
In fact, Coquillettidia larvae are yet to be collected in nature
in New Zealand.

There were 480 ovitrap inspections, 26% (123) of
which were larva-positive for culicids (Table 3). The only
site with no larva-positive ovitraps was Tapu Bush, and
there was strong evidence that larva-occupancy varied
significantly between the sites (P < 0.001; G = 143.89;
d.f. = 7). The 2797 larvae recorded comprised only two
species, most of which (94%) were the introduced Ae.
notoscriptus, with the remaining specimens being Cx. per-
vigilans (Table 3). Note that Ae. notoscriptus was particu-
larly numerous and widespread at the smallest forest
fragment (Wainui), where it was recorded in 77% of ovi-
traps (Table 3). In contrast, Ae. notoscriptus was rare at
Cascade, the largest site, where only two larvae were re-
corded (Table 3). Significant differences in larva-occupancy
of ovitraps were observed for both Ae. notoscriptus
(P < 0.001; G=156.54; d.f.=7) and Cx. pervigilans
(P =0.001; G = 14.70; d.f. = 7).

Species Assemblages and Associations with Habitat
Fragmentation and Possum Density

Although the NMDS ordination (not shown) failed to yield
any clear results, the ANOSIM confirmed that the species
assemblage at Cascade was significantly different from all
other sites (P < 0.05). However, R-values were not high
(ranging from 0.13 to 0.43), indicating that between-site

dissimilarities were relatively minor. Nonetheless, the
mosquito community at Tapu Bush was not only signifi-
cantly different from all others (P < 0.01), but R-values
were high (varying from 0.45 and 0.83), a likely conse-
quence of a rather poor culicid fauna and the presence of
the introduced Cx. quinquefasciatus.

There were no significant associations between the
native species relative abundance indices and either possum
density or habitat size (P = 0.270). Since all but three
exotic mosquito specimens recorded were Ae. notoscriptus,
this species was examined in isolation. Similar results were
obtained for Ae. notoscriptus RAI (P = 0.156), although
there was indication of a negative association with habitat
size (P = 0.055), for which the 7 was relatively high (0.49).
A closer examination of the scatter plots showed that Tapu
Bush appeared to be skewing the data, due to its somewhat
species-poor mosquito fauna (the only site with no larvae
in ovitraps or in fallen nikau leaves) and extreme levels of
possum-induced habitat disturbance. This particular site
recorded what is likely to have been the largest possum
density ever recorded in New Zealand, yielding 100% RTC
[Dave Galloway, Auckland Regional Council, personal
communication, 2003]. Therefore, in order to identify
patterns that may have been obscured, further analyses
were carried out excluding this data point, which appeared
as a biological outlier as also illustrated by the NMDS/
ANOSIM results. There was consequently a strong negative
association between Ae. notoscriptus RAI and habitat size
(P = 0.003; 1* = 0.86; Figure 1), but not with possum
density (P = 0.767).

Regression analyses were carried out also for the most
common native species (Cx. asteliae and Cx. pervigilans).

Table 3.

Results from the 3-Weekly Surveys of Ovitraps in Native Forest Sites in the Auckland Region®

Field site Culex pervigilans

Aedes notoscriptus Total

Cascade-Kauri Park 1/64 (2%)-57
Goldies Bush -

1/64 (2%)—2
2/56 (4%)-79
Pohuehue Reserve -

Logues Bush
MCcElroy Reserve

Tapu Bush -
Wainui farm -
4/56 (7%)-29

8/480 (2%)-167

Wenderholm Regional Park
Overall

1/64 (2%)-2
14/64 (22%)-220
28/64 (44%)-557
8/56 (14%)-73
17/56 (30%)-296

2/64 (3%)-59

14/64 (22%)-220
29/64 (45%)-559
10/56 (18%)-152
17/56 (30%)-296

43/56 (77%)-1345
9/56 (16%)-166
123/480 (26%)-2797

43/56 (77%)-1345
5/56 (9%)-137
116/480 (24%)-2630

*Values in each cell represent occupancy rate of ovitraps and total number of larvae collected.
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Native Species
Relative Proportion
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Figure 1. Scatter plots showing comparisons between: Ae. notoscriptus RAI x habitat size (P = 0.003); Ae. notoscriptus RP x habitat size

(P = 0.011); and native species RP x habitat size (P = 0.024). Data point from Tapu Bush was excluded. All variables have been square-root

transformed and, therefore, values are not shown along the axes.

There was no significant association between Cx. asteliae
RAI and habitat size (P =0.236) or possum density
(P = 0.535). Similar pattern was observed for Cx. pervigi-
lans RAI and habitat size (P = 0.675). However, although
not significant (P = 0.072), there was evidence of a negative
association between Cx. pervigilans RAI and possum den-
sity (7 = 0.51).

The relative proportion of the exotic Ae. notoscriptus
was also significantly and negatively associated with habitat
size (P = 0.011; ¥* = 0.76; Figure 1), but not with possum
density (P = 0.907). The native species RP was also signif-
icantly associated with habitat size (P = 0.024; = 0.67),
but in contrast to the exotic species, the relationship was
positive (Figure 1). No association was observed between
native mosquitoes RP and possum density (P = 0.977).

DiscussioN

This study provided the first experimental evidence in New
Zealand that changes in forest habitat size affect the com-
munity composition of mosquitoes. More importantly,
human-induced changes affect the indigenous and intro-
duced culicid fauna differently. The proportion of native
species making up the mosquito community appears to be
reduced as native forest habitats become smaller. In con-
trast, the opposite pattern appears to occur for the intro-
duced Ae. notoscriptus, which thrives in small habitats but
seems yet to invade large pristine forest ecosystems.
Cascade-Kauri Park, the largest and most pristine na-
tive forest site studied, harbored the lowest RAI and RP of
introduced mosquitoes recorded (only four Ae. notoscriptus
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out of 913 culicid specimens; 0.4%), was the only field site
where the native Cq. tenuipalpis was recorded, and it har-
bored the highest native species diversity. Furthermore,
larvae of the native Cx. asteliae and Mg. argyropus were only
present in fallen nikau leaves, there and at the second
largest site (Goldies Bush). The latter species in particular
was the most common and abundant species in those two
largest sites, and Snell et al. (2005) recently discussed that
fragmentation of native forests seems to have led to the
displacement of Mg. argyropus to larger and more pristine
sites, as previously proposed by Pillai (1965). In contrast,
Cx. asteliae seems to be resilient to habitat size reduction,
and able to maintain viable populations as long as healthy
specimens of C. hastatum (its main host plant) remain, as
observed for example at Tapu Bush and Wainui.

Particularly important was the dominance of the
introduced Ae. notoscriptus in smaller forest habitats, and
the evidence indicating that this species is favored by native
forest reduction. This species is highly anthropophilic and
it is a potential vector of arboviruses affecting humans such
as Ross River virus and Barmah Forest virus (Doggett and
Russell, 1997; Watson and Kay, 1998). Large native forest
areas in New Zealand may not exclude Ae. notoscriptus, but
rather that this species may prefer disturbed edge habitats.
For instance, fallen nikau leaves inspected ad hoc near the
forest edge at Cascade contained a higher frequency and
numbers of Ae. notoscriptus larvae, and adults of the species
were also biting in forest fringe, but were not recorded
doing so deeper into the forest [personal observation]. In
its native Australia, Ae. notoscriptus feeds primarily on
mammals (Lee and Bugledish, 1999). No rodents have yet
been identified among its hosts, and the only recorded non-
mammal hosts for Ae. notoscriptus were poultry (Lee and
Bugledish, 1999). In New Zealand, apart from feeding on
humans and dogs (Derraik and Snell, 2004), Ae. noto-
scriptus has been shown to feed on possums (Bullians and
Cowley, 2001; Derraik et al., 2007). Due to the near absence
of mammals in native forest reserves such as Cascade-Kauri
Park (where mammalian pest control is regularly carried
out), the forest edge would likely provide a more suitable
habitat, where the species could move onto adjacent areas
to feed on livestock, rabbits, and possums.

The data suggested that possums may have a deleteri-
ous impact on certain native mosquito species. Although
the relationship was not statistically significant, the analysis
suggested that possum density was negatively associated
with the native Cx. pervigilans RAIL Since Cx. pervigilans
appears to rarely bite humans and its natural hosts are most

likely birds (Belkin, 1968; Derraik and Slaney, 2007), the
extensive impact of T. vulpecula on the avian fauna may be
displacing such indigenous ornithophilic mosquito species.
Although the impact of brushtail possums on New Zealand
mosquito communities is still unclear, their presence may
be of significance in areas where they are the main mam-
malian hosts, particularly for introduced mosquitoes
(Derraik and Slaney, 2007). However, the rather poor fauna
observed at Tapu Bush (the most disturbed site) could be
an indication that possums, at very high densities, may
have such an extensive impact on native ecosystems, so as
to displace not only most native species but also to make
the habitat unfavorable to introduced species. The negative
impact of the heavy infestation of possums on the forest
was clear, as, for example, the forest understory was ex-
tremely bare, in contrast with all other sites studied.

It was not possible to survey all available mammalian
hosts in this study. At Wenderholm, for instance, rabbits
(Oryctolagus cuniculus (Linnaeus)) are common at the
forest edge where they feed on regenerating seedlings
(Auckland Regional Council, 1995). At that site, the
number of adult Ae. notoscriptus recorded was high, and the
species might have been taking blood meals from rabbits
(the Wenderholm site was considered to be possum-free),
on which they are known to feed in Australia (Lee and
Bugledish, 1999). In addition, Watson et al. (2000) dem-
onstrated that Ae. notoscriptus may travel over 200 m from
the point of release, and although it is not clear how this
would apply to a forest environment, Ae. notoscriptus may
fly some distance to feed on livestock outside the forest
itself. This was probably the case at Wainui farm, as al-
though possum density within the forest fragment was
relatively low, it was surrounded by pasture where livestock
were regularly present.

Further studies are necessary to clarify the potential
effects of possum density and forest habitat size on mos-
quito communities in New Zealand. However, the observed
negative association between Ae. notoscriptus and forest
habitat size is of particular relevance. In Australia, Ae.
notoscriptus is the main peridomestic mosquito species
(Foley et al., 2004), and this pattern is now seen in urban
and suburban areas in the Auckland region (e.g., Derraik,
2005a). A similar pattern of invasion would likely apply to
Ae. albopictus, which is closely associated with humans but
prefers vegetated areas such as forest fragments (Derraik,
2006), and fragmentation of native forests would likely
favor this and other exotic invasive species. Aedes albopic-
tus, in particular, is of increasing importance as an



arbovirus vector worldwide, and regularly intercepted at
New Zealand’s ports of entry (Derraik, 2006). Therefore,
the conservation of large pristine forest ecosystems in New
Zealand could ultimately have human health implications.
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