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Abstract

Urbanisation dramatically alters ecosystems, disrupting key processes and threatening species persistence. Despite grow-
ing knowledge of the impacts of cities on wildlife, particularly for birds and mammals, there remains a paucity of research
on how urbanisation impacts other taxa, including reptiles. We examined how urbanisation affects skink communities
across multiple New Zealand cities by undertaking pitfall trapping surveys in a range of habitats. Of the 20 endemic spe-
cies thought to have been present historically in the cities, only four were captured during surveys, Oligosoma aeneum in
Hamilton; O. polychroma, O. aeneum, and O. ornatum in Wellington; O. polychroma in Nelson; and O. aff. polychroma
Clade 5 in Dunedin. Our results reveal highly variable patterns of occupancy, abundance, and complex associations with
key threats and habitat modifications. Sites in Nelson and Wellington were much more likely to record skinks than Ham-
ilton and Dunedin, and modelling showed abundance of O. polychroma was positively related to rat tracking rates when
grass cover was low but showed a negative relationship when grass cover was high. O. polychroma body condition was
negatively associated with the proportion of urban land cover (built up areas or transport infrastructure). The low number
of captures of several species is concerning and long-term monitoring is needed to assess the trajectories of these vulner-
able populations. Effective conservation management of urban wildlife requires knowledge of where populations exist and
how urban processes affect persistence. For understudied urban-dwelling taxa such as reptiles, the lack of this information
may be putting populations at risk.
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Introduction

The effects of human activities on ecosystems are wide-
reaching, long-lasting and seldom more intense than in cit-
ies where the majority of the world’s population now lives
(McKinney 2002; United Nations 2018). Landscape-scale
changes inherent to urbanisation dramatically decrease veg-
etated land cover, substantially reducing the availability of
resources for wildlife (Valiela and Martinetto 2007; Grimm
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Dunn et al. 2006), both to reduce negative impacts on the
often significant biodiversity that can exist in cities (Ives
et al. 2016; Soanes and Lentini 2019) and to ensure that
humans continue to experience nature and interact with
native species in their daily lives (Miller 2005; Dearborn
and Kark 2009). However, conservation in cities requires
knowledge of what species are present, how populations
are faring and how the urban environment impacts dif-
ferent species (French et al. 2018). Research into urban
wildlife has typically been biased towards mammals and
birds, with reptiles, amphibians, fish, and arthropods being
under-represented (Magle et al. 2012). This is concerning
as responses to urbanisation differ considerably among taxa
(McKinney 2008).

Globally, reptile populations are in decline and one
contributing factor is land cover change resulting from
urbanisation (Cox et al. 2022). The few studies examining
reptiles in cities illustrate the highly variable nature of their
responses to urbanisation — likely due to the highly vari-
able nature of cities, with differing degrees of disturbance
and high heterogeneity, particularly at moderate levels of
urbanisation (French et al. 2018). In Tucson, Arizona, while
reptile abundance and diversity generally decreased across
a rural to urban gradient, it peaked at intermediate residen-
tial housing density (Germaine and Wakeling 2001). Similar
patterns have been observed in other taxa, possibly resulting
from the wide range of land uses that take place in the tran-
sition zone between a city’s centre and outskirts (McKinney
20006, 2008). It is also inevitable, however, that some “urban
adaptor’ species are better adapted than others to cope with
the challenges of urban life (McKinney 2002; Kark et al.
2007). For example, the eastern blue-tongued skink (7iligua
scincoides) in suburban Sydney, Australia, has likely been
successful in these habitats because it exhibits strong site
fidelity, readily makes use of artificial refuges, and has rela-
tively r-selected reproductive traits (i.e., early maturation
and large litters; Koenig et al. 2001).

In New Zealand, where ecosystems evolved in the
absence of nearly all terrestrial mammals, threats to native
reptiles in cities may differ from those in most other parts of
the world. Like other modified landscapes across the coun-
try, New Zealand’s cities retain only a fraction of the species
diversity present in their regions before human colonisation
(Woolley et al. 2019). Although the declines of now extir-
pated species were not documented, patterns of species loss
in cities appear similar to those across much of the New
Zealand mainland and likely resulted from similar threats:
anthropogenic habitat loss and the introduction of mam-
malian predators (Tingley et al. 2013; Woolley et al. 2019).
While the most vulnerable species are probably already lost
from cities, of those that remain, seven of the nine skink
species and five of the seven gecko species are classified as
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‘Declining’, ‘Nationally Vulnerable’, or ‘Relict’ under the
New Zealand Threat Classification System (Woolley et al.
2019; Hitchmough et al. 2021).

Despite the challenges of urban living, cities do offer
conservation opportunities for lizards (Woolley et al. 2019).
Green spaces such as parks and urban bush reserves are
a mainstay for biodiversity, including lizard populations
(Melzer and Bell 2014; Bell 2019). In addition to reserves,
cities also offer valuable habitat in backyards and ‘informal
green spaces’, such as the edges of transport infrastructure or
urban parks. Although the value of these areas for biodiver-
sity has not been well studied (Rupprecht et al. 2015), some
of the only published research about lizards in New Zealand
cities comes from these habitats (Barwick 1959; van Heezik
and Ludwig 2012; Bell et al. 2018). In general, however,
there has been little effort invested in the study of urban
lizard populations (Woolley et al. 2019). Few biodiversity
surveys for lizards have taken place in cities (but see Mel-
zer and Bell 2014; Bell 2019), and much of the knowledge
of species occurrence is anecdotal, often from salvage and
biosecurity operations. As a result, there is little information
about where lizard populations exist in cities, how popula-
tions are faring, and whether species might be vulnerable.
Here we illustrate the importance of this information for
urban conservation management using New Zealand skinks
as a case study. We conducted skink surveys in four New
Zealand cities to assess the state of their populations in an
urban context. Specifically, we aimed: (1) to compare the
current species diversity in New Zealand cities with that
thought to be present historically, (2) to compare skink
abundance among cities and between urban and non-urban
habitats, and (3) to explore relationships between popula-
tion parameters and variation in the urban environment.

Methods
Study sites

Twelve study sites were selected in each of four New Zea-
land cities: Hamilton, Wellington, Nelson and Dunedin
(n=47 in total, as one Dunedin backyard was withdrawn
from the study; Fig. 1). To ensure sites were representative
of the diversity of habitats available in urban environments,
in each city the sites were evenly divided among three
strata: bush reserve, amenity area and backyard. Within
strata, site characteristics differed widely, however, strata
did have internal similarities and defining features. Bush
reserves comprised areas of remnant or replanted native
woody vegetation that were often actively managed and
valued as ‘green spaces’ (Fig. 2a). Amenity areas were less
densely vegetated and usually comprised more grassland
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Fig. 1 Locations of study sites. (a) Nelson (n=12), (b) Hamilton (n=12), (¢) Dunedin (n=11), (d) Wellington (n=12). Land cover types gener-
alised from the Land Cover Database v4.1 (LINZ 2015) using the methods described in Woolley et al. (2019)
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Fig. 2 Examples of the three habitat strata from Wellington City. (a) a
bush reserve site that receives community planting and weeding and is
adjacent to a native forest; (b) an amenity area site of scrub/grassland

or scrubland, compared with taller vegetation in reserves.
Amenity areas were often located at the margins of sports
fields or transport infrastructure (Fig. 2b). Backyards con-
sisted of privately-owned residential gardens, with partici-
pants recruited by door-knocking. Backyards were highly
variable: lawns and cultivated exotic species were common
components, though many had native plantings. The degree
of management ranged from untidy (Fig. 2c) to highly
maintained (Fig. 2d).

Skink surveys

Pitfall trapping was used to sample skinks at each site, as all
skink species thought to be present in the cities are ground-
active (rather than arboreal) and thus able to be captured
in ground-based traps. In bush reserves and amenity areas,
trapping grids consisted of 25 traps in a 5X 5 arrangement
with 2 m spacing between traps as recommended by other
studies (Lettink et al. 2011; Wilson et al. 2017). In back-
yards, grids of either 6 or 10 traps were used, depending on
space available. These grids were installed in 2X3 or 2X5
arrangements comparable with the other grids or, where
space did not allow, traps were distributed around the gar-
den at distances greater than 2 m.
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habitat next to the coast and a major road; (¢) an unmanaged backyard
with a mixture of exotic and native vegetation; (d) a more highly man-
aged backyard with mainly native plantings. Photos: C. Woolley

Traps were 4 L plastic buckets dug into the ground so
that their openings were flush with the substrate. A lid was
pegged 10-20 mm above each trap to provide shade. Traps
had 6-8 holes (approx. 4 mm in diameter) drilled in the bot-
tom to allow water drainage, and contained a layer of soil
and foliage (approx. 30 mm deep) to provide cover, a moist-
ened sponge (40 mm X 60 mm X 10 mm) to prevent dehy-
dration, and a square of wire mesh (100 mm? with ~ 10 mm
mesh) curved over the floor of the trap to help prevent preda-
tion by rodents (Hare 2012). Traps were baited with canned
pear (approx. 2 cm®) and checked daily for 7-10 days. Two
trapping sessions (early and late summer, i.e., November
— December and February — March) took place in each of
2017-18 and 2018-19 (four sessions in total). Trapping was
done in all four sessions in Wellington, but in only three ses-
sions in Hamilton, Nelson and Dunedin (see S1 for details
of trapping effort).

Captured animals were identified to species level,
weighed and measured (snout-vent length, total length,
length of tail regeneration). In Wellington and Nelson,
skinks were made individually identifiable by clipping one
toe on each foot (natural toe loss was incorporated into
combinations). Skinks were not marked in Hamilton and
Dunedin as prior knowledge suggested that the number of
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captures would be insufficient to perform mark-recapture
analyses. Tail loss and natural toe loss were recorded, and
pregnant females were identified visually by the shape of
their abdomen.

Habitat- and landscape-scale covariates

Environmental covariates were collected to characterise the
study sites, both at the scale of the local habitat and the wider
landscape. A convex densiometer (Model A, Forest Suppli-
ers) was used to measure summer canopy cover at each site
by recording the proportion of mirrored squares in which
the sky was obscured by foliage. Measurements were taken
at heights of 1.2 m at the four cardinal compass points at
each corner of the 25-trap grids or both ends of the smaller
backyard grids. These measurements from each site were
then averaged to calculate a mean canopy cover. Propor-
tion of grass cover within pitfall grids was estimated visu-
ally on a 1-5 scale (1=0-19%, 2=20-39%, 3=40-59%,
4=60-79%, 5=80-100%).

Hourly temperature at the substrate was recorded at each
site using iButton data loggers (DS1921G-F5#, Maxim Inte-
grated) covered in 400 mm? squares of Parafilm (Parafilm
M, Bemis Company Inc.) to increase weather resistance.
Two data loggers were deployed at each site (n=94) in
November-December 2018 and were collected in January—
February 2019, yielding a period of 34 days when all loggers
were in the field at the same time (19/12/18-21/1/19). Data
loggers were tethered with nylon monofilament to traps at
opposite corners of the grid, positioned 200 mm from the
trap, and oriented north. They were nestled into soil, vegeta-
tion or leaf litter to simulate realistic locations of skinks and
to avoid direct sunlight.

Spatial analysis was used to calculate the proportion of
urban land cover within a 500 m radius of each site. The
Land Cover Database (LCDB v.4.1, https://Iris.Scinfo.org.
nz/layer/48423-lcdb-v41-land-cover-database-version-41-
mainland-new-zealand/, accessed: 12/3/19) was clipped
within 500 m radii of each of the site locations using the
buffer and clip tools in Arcmap v.10.5.1 (ESRI 2017). The
resulting polygons were exported into their own layer and
the dissolve tool used to calculate single values for the pro-
portional area of each land cover type. Urban cover con-
sisted of ‘Built-up Area (settlement)’, ‘Urban Parkland/
Open Space’ and ‘Transport Infrastructure’.

Pest mammal surveys

Concurrent with lizard surveys, pest mammal surveys took
place in each city. In Hamilton, Wellington, and Dunedin,
mammal surveys were carried out in spring (late October
— early December) 2017 and 2018, and autumn (late May

— June) 2018 and 2019. In Nelson, we collected data from
the public sites only, in early December 2018.

At each site, a line of ten stations of monitoring equip-
ment was deployed at 50 m spacing. Each station con-
sisted of a plastic footprint tracking tunnel (Black Trakka,
NZ) with pre-inked card (Gotchatraps, NZ) and a plastic
chew card pre-baited with peanut-butter-flavoured possum
dough (traps.co.nz). Tracking tunnels were pegged into
the ground and baited at both ends of the tunnel with rab-
bit paste (Erayz). Chew cards were folded and nailed to a
tree or other suitable object approximately 300 mm from
the ground and 2—5 m from the tunnel. Both tracking tunnels
and chew cards were deployed for 6 nights.

We analysed data from spring (when surveys were con-
ducted in all cities) using a subset of the dataset focussing
on three key predators of lizards: rats (Rattus rattus, R. nor-
vegicus), mice (Mus musculus), and European hedgehogs
(Erinaceus europaeus). To make the mammal indices more
relevant to the immediate area of the trapping grid, only the
five closest stations were used in analyses. The maximum
distance between any grid of pitfall traps and the furthest
mammal station used in analyses was c. 200 m.

As tracking tunnel and chew card indices were correlated
for the three mammal types (rats, r=0.63, p<0.001; mice,
r=0.35, p<0.044; and hedgehogs, r=0.37 p=0.032), only
the tracking tunnel indices were used in analyses as these
indices were more sensitive to detections of the targeted
species (especially hedgehogs; Balls 2019).

Statistical analyses

Site characteristics (Table 1) were compared using one-way
anova, and where significant effects were found, pairwise
comparisons were made using Tukey’s HSD post-hoc tests.

For each site, an index of abundance for each skink spe-
cies was made by calculating catch per unit effort (CPUE,;
number of skinks captured per 100 trap days) across all
sessions.

At sites with grids of 25 traps where O. polychroma was
recaptured, we estimated population density during each
of three trapping sessions, using spatially explicit capture-
recapture (SECR) models (Efford and Fewster 2013). Popu-
lations were assumed to be closed for the duration of each
session. We fitted spatial detection models to the capture
data, combining data from all sites and trapping sessions, by
maximising full likelihood with the ‘secr’ package v. 3.2.0
(Efford 2019) in R v. 3.5.1 (R Core Team 2018). SECR uses
mark-recapture data to estimate density along with two spa-
tial detection parameters: g,, the probability of capture at
a trap located at the centre of an animal’s home range, and
o, the width of the detection function, which was assumed
to be half-normal. ¢ describes the spatial scale over which
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an animal is detected and can be interpreted as implying a
bivariate normal model for movement, where 2.45¢ is the
95% home range radius (Wilson et al. 2007; Jennrich and
Turner 1969). Skink home range centres were assumed to
be distributed according to a Poisson point process, with the
density parameter estimated from the capture data. Model
selection was used to compare models with different covari-
ates for the capture probability (g,) term. The parameter g,
was either constant (i.e., the null model) or with one of four
behavioural responses: b, bk, B, Bk, where b is a perma-
nent behavioural response to capture (either trap-happiness
or trap-shyness), bk is a permanent behavioural response to
capture in relation to a particular trap (i.e., trap-specific), B
is a transient response of trap-happiness or -shyness only
if it had been captured on the previous capture occasion,
and Bk is a transient, trap-specific response (Efford 2019).
For all models, density was modelled as a function of trap-
ping session (a trapping period at a particular site) and o
was fitted as a constant. Models were compared using
Akaike’s Information Criterion adjusted for small sample
sizes (AIC_; Burnham and Anderson 2002). When more
than one model was supported (AAIC, <8), we used model-
averaging (Burnham and Anderson 2002).

A body condition index (BCI) was calculated using the
ratio of log;-transformed mass to log;,-transformed SVL

Table 1 Summary of the variables used in linear mixed effects models
Variable Description

Dependent
Skink abundance

Catch per unit effort (CPUE) of O. polychroma
(log,(-transformed, session- and site-specific)
Mean BCI [log,(mass) / log,,(SVL)] of
non-pregnant adult individuals (session- and
site-specific)

Average body
condition index

Independent

Average proportion canopy cover recorded
at four locations per grid using a convex
densiometer

Canopy cover

Grass cover Estimated proportion of grass cover on
grid recorded on 5-point scale. 1 =0-19%,
2=20-39%, 3=40-59%, 4=60-79%,
5=80-100%

Proportion of ‘built up area’ and ‘transport
infrastructure’ within a 500 m radius of site
(data from LCDB v. 4.1; LINZ 2015)

Mean hourly temperature averaged between
two iButton data loggers deployed at substrate
level at each site between 19 Dec 2018 and 21
Jan 2019

Urban cover

Substrate
temperature

Mammal tracking
indices

City

Site

Session

Rat, hedgehog and mouse tracking rates in
spring at each site

The city in which sampling took place (n=2,
random effect)

The site at which sampling took place (n=47,
random effect)

The session during which sampling took place
(n=4, random effect)
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for all non-pregnant individuals of a species (as used in
other studies, e.g., Grayson et al. 2014; Batson et al. 2015).
Linear mixed effects models were used to assess the effect
of different environmental factors on abundance and body
condition of the most abundant skink, O. polychroma, in
Nelson and Wellington. Before running models, multicol-
linearity was assessed by testing for correlations among pre-
dictors using Spearman’s rank correlation analyses. Where
correlations were strong (|r,>0.6; Hosmer and Lemeshow
2005), the predictor that correlated most strongly with
other predictors was dropped from the model. CPUE and
BCI were fitted as dependent variables in separate mod-
els. CPUE was log,-transformed to meet the assumptions
of the model (normally distributed residuals, homogeneity
of variance). Canopy cover, grass cover, mammal tracking
indices (rat, hedgehog and mouse), substrate temperature
and proportion of urban cover within 500 m of the sites
were fixed effects, and site nested within city and session
were random effects (Table 1). Interactions between grass
cover and the three mammal tracking indices were tested
but were removed from the model if non-significant. Model
goodness-of-fit was determined by calculating marginal R?
(variance explained by fixed effects only) and conditional
R? (variance explained by both fixed and random effects;
Nakagawa & Schielzeth 2012). All analyses were carried
out using R version 3.5.1 (R Core Team 2018).

Results
Site variation

The study sites varied substantially in their environmental
characteristics within and among the cities and habitat types.
The average substrate temperature during the 34-day sum-
mer period ranged from 24.6°C at one backyard in Nelson
to 12.9°C in a bush reserve in Dunedin. Temperature varied
significantly between the cities (F;43= 43.35, p<0.001);
temperatures at sites in Dunedin were significantly lower
than at all other cities (Tukey HSD, p<0.001; Fig. 3a), and
temperatures at sites in Nelson were warmer than those
in Wellington (Tukey HSD, p<0.001; Fig. 3a). Propor-
tion of canopy cover also differed between cities (F; 43 =
9.833, p<0.001), with sites in Dunedin having more canopy
cover than Nelson and Wellington (Tukey HSD, p<0.001;
Fig. 3b). Higher rat tracking indices were recorded at sites
in Hamilton than all other cities (F; 5, = 7.514; Tukey HSD,
Dunedin and Nelson p <0.01, Wellington p < 0.05; Fig. 3e).
Hedgehog tracking rates also varied significantly between
cities (F;3; = 11.92), with higher rates detected in Dune-
din and Nelson compared with Hamilton and Wellington
(Tukey HSD, p<0.001 and p<0.05 repectively; Fig. 31).
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No differences were detected between cities in terms of pro-
portion of grass cover, proportion of urban land cover or
mouse tracking rates (Fig. 3¢, d and g).

The proportion of urban land cover did differ among the
three habitat types (F, 49 = 6.18, p<0.01). Sites in residen-
tial backyards on average had 76% more urban cover within
a 500 m radius compared with bush reserve sites. No other
variables differed significantly among site types.

Skink species diversity and abundance in the four
cities

Across the four cities, a total of five species of skinks were
captured (four endemic and one introduced), though species
diversity and site occupancy varied considerably among the
cities with high spatial turnover (Table 2).

Catch per unit effort of the four endemic species varied
considerably both by city and by site. The largest CPUEs

of any species were for O. polychroma in Nelson and Wel-
lington. In Nelson, mean CPUE across all sessions (+ stan-
dard error of mean; SEM) was 6.47 +2.19 captures per 100
trap days, ranging from 0.17 to 28.00 (Fig. 4a). In Wel-
lington, similarly high CPUEs were recorded at some sites
(mean=3.56+ 1.2, range =0.00—15.25). In Dunedin, CPUE
of O. aff. polychroma Clade 5 at one coastal site (4.32 cap-
tures per 100 trap days) was comparable with those of O.
polychroma in Wellington and Nelson (Fig. 4a). However,
the species was only caught once at one other Dunedin site
during the study (mean=0.41+0.3). In Wellington, mean
CPUE of O. aeneum was 0.92 +0.74 captures per 100 trap
days ranging from 0.00 to 9.03 and in Hamilton mean CPUE
of O. aeneum was 0.12+0.08 (range =0.00-1.04) (Fig. 4b).
O. ornatum was captured only twice in the course of this
study and only at one site, a backyard in Wellington (1.04
captures per 100 trap days). Mean CPUE for this species in
Wellington was 0.09 +0.09.
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data

naturally uncommon, I=introduced, DD =

nationally vulnerable, NE =nationally endangered, NC =nationally critical, NU

declining, NV=

not threatened, Rec =recovering, Rel=relict, D=

cies names and statuses updated using Hitchmough et al. 2021). All New Zealand skinks are in the genus Oligosoma except the introduced skink Lampropholis delicata. New Zealand threat classification status 2021 (NZTC)

in parenthesis: NT
deficient (Hitchmough et al. 2021). * O. ornatum were recorded at a reserve in Hamilton in February 2020 (Pers. Comm. M. Tunley-Nelson). ** O. kokowai were reintroduced to Zealandia Ecosanctuary, Wellington in 2016)

Table 2 Species detected in pitfall traps within the four cities in this study, along with other species recorded as present in the last 50 years and inferred to be present before human arrival (from Woolley et al. 2019 with spe-
City
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Other species likely historically

present

Other species recorded as present in last 50 years

Number of sites at which species was found

Species detected (NZTC status)

Sampling effort (trap days)

O. whitakeri (NE)
O. alani (Rec)

O. ornatum (D) *

33.3% (4/12)
25% (3/12)

O. aeneum (D)
L. delicata (1)

5824

Hamilton

O. homalonotum (NV)
O. macgregori (Rec)
O. oliveri (NU)

O. townsi (Rec)
O. robinsoni (D)
O. striatum (D)

O. ‘Whirinaki’ (NC)
O. whitakeri (NE)

O. zelandicum (D)

83.3% (10/12)
25% (3/12)

O. polychroma (NT)

O. aeneum (D)
O. ornatum (D)

7212

Wellington

O. macgregori (Rec)

O. alani (Rec)

O. kokowai (Rel) **

8.3% (1/12)

O. aff. infrapunctatum ‘southern

North Island’ (NC)

O. infrapunctatum (DD)
0. zelandicum (D)

100% (12/12) 0. kokowai (Rel)

O. polychroma (NT)

4767

Nelson

Oligosoma aff. chloronoton ‘eastern

Otago’ (D)

O. maccanni (NT)

18.2% (2/11)

O. aff. polychroma Clade 5 (D)

5750

Dunedin

O. inconspicuum (D)

We caught 148 individual O. polychroma (180 total
captures) across all sites (all in Wellington and Nelson) in
February 2018, 68 (80 total captures) in November 2018,
and 190 (247 total captures) in February 2019. None of
the four SECR models which modelled g, by the different
behavioural responses were substantially better supported
than each other, although all had more support than the null
model (Table 3). Density estimates calculated by averaging
these models ranged from 1.04 (95% C10.13-8.33) to 61.55
(33.29-113.82) skinks per 100 m? (Fig. 5).

Effect of environmental factors on Oligosoma
polychroma

Only O. polychroma was captured in high enough numbers
to allow the assessment of environmental factors on its pop-
ulations. At sites where this species was captured, mouse
tracking rate was negatively correlated with grass cover
(Spearman’s r, = -0.75, p<0.001), and substrate tempera-
ture (ry = -0.47, p<0.001) and positively corelated with rat
tracking rate (r=0.34, p=0.004; S2). As these relationships
were moderate to strong, mouse tracking rate was dropped
from the models to prevent multicollinearity. All other cor-
relations were either non-significant or had |r,| < 0.3 (S2).
In linear mixed effects models, although rat tracking rate
and grass cover were both positively related to O. poly-
chroma CPUE, these main effects interacted; rat tracking
rate was positively related to O. polychroma CPUE at low
proportions of grass cover, and negatively at high (Table 4;
Fig. 6a). Proportion of urban cover had a negative relation-
ship with O. polychroma BCI (Table 5; Fig. 6b). No other
factors were significant in either model. A summary of
CPUE and BCl is available in S3.

Discussion

Diversity and abundance of skinks in New Zealand
cities

Of the 20 skink species thought to have been present in
the regions of our study cities prior to human colonisation
(Woolley et al. 2019), only four (20%) were detected in this
study. Furthermore, in only one city (Wellington) was more
than one skink species detected. These results are not alto-
gether unexpected but are highly concerning and illustrate
the dramatic reduction in biodiversity that has taken place in
New Zealand’s urban environments.

The four urban-dwelling skink species share character-
istics that may make them more adept at surviving in the
altered habitats that cities present. Compared with other
New Zealand lizards, they have relatively high reproductive
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outputs (c. five offspring per year) and fast maturation (less
than 2 years to sexual maturity; Cree and Hare 2016; sum-
marised in Table 6). They are also all habitat generalists
and exist in a wide variety of environments (van Winkel et
al. 2018). Behavioural and life history traits such as these
have been identified in other urban-dwelling reptiles and it
is possible that these traits allow these species to survive
in urban environments where others cannot (Koenig et al.
2001). Notwithstanding these similarities, capture rates and
site occupancy of the four species varied considerably and
while some may be secure in cities, it is possible that others
are vulnerable.

The highest site occupancy and capture rates were of
Oligosoma polychroma in both Wellington and Nelson,
where their estimated densities ranged widely from a few
hundred per hectare (e.g., Reserve 2, Wellington) to several
thousand per hectare (e.g., Reserve 2, Nelson; Table 7). In
general, these densities were comparable with those of other
studies of O. polychroma and the related O. aff. polychroma
Clade 5 in a range of habitats with varying predator control
regimes (Table 7).

Conversely, the low site occupancy and capture rates of
Oligosoma aeneum and O. ornatum are cause for concern. O.
aeneum was captured at only three sites in each of Hamilton
and Wellington, and generally only in low numbers. Mark-
recapture studies of this species are rare, but one study in the

tally for clarity. Box plots shown only where medians and quartiles
were not zero. Note different scales of y-axes

early 1970s in suburban Wellington found that O. aeneum
populations can reach densities greater than 2000 skinks per
hectare in suitable habitat (Bell et al. 2018). We were unable
to estimate density for O. aeneum in this study, and capture
rates were very low at most sites where they were captured
(mean=2.02 captures per 100 trap days, range=0.15-9.03;
Fig. 4). These results suggest that present urban populations
may be smaller than they were 50 years ago. However, long-
term monitoring is necessary to ascertain if populations are
declining. Recent skink surveys for Wellington City Coun-
cil recorded the species at fewer sites than expected across
the city and described this low site occupancy as a cause
for concern (Melzer and Bell 2014; Bell 2019). O. ornatum
was captured only in a single backyard in Wellington and
was not observed in Hamilton (despite its presence being
recorded subsequently in a reserve in Hamilton in Febru-
ary 2020; pers. comm. M. Nelson-Tunley, Waikato Regional
Council, 2020). This result too is a cause for concern. Other
recent skink surveys of parks and reserves in Wellington
have identified very few individuals of this species, and at
few sites (Melzer and Bell 2014; Bell 2019). In contrast, the
species is frequently captured in pitfall trapping surveys at
the predator-exclusion-fenced Zealandia ecosanctuary (Nel-
son et al. 2016), suggesting that predation by introduced
mammals may be an important factor driving these patterns.
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Table 3 Spatially explicit capture-recapture (SECR) models for O. polychroma during the three trapping sessions used for both Nelson and Wellington. Models were run with all sites (n=13)

and sessions (up to 3) combined (i.e., each session of trapping at a site was treated as a separate ‘session’ in the model. In alternative models, the parameter g, varied by one of four behavioural

responses to capture: b

a transient trap-specific response

Estimate of 6 (S.E.) Estimate of g,

a transient behavioural response, and Bk

Model weight

a permanent trap-specific behavioural response, B

a permanent behavioural response, bk=

Estimate of g,

AAICc

Log-likelihood AlCc

Parameters

(S.E.) for trap-naive (S.E.) for previ-

skinks

ously trapped

skinks
0.019 (0.002)

0.030 (0.005)
0.053 (0.016)
0.034 (0.007)

0.041 (0.007)
0.017 (0.003)
0.019 (0.003)
0.016 (0.003)
0.021 (0.003)
0.028 (0.013)

2.201 (0.152)
2.160 (0.146)
2.260 (0.162)
2.366 (0.188)

0.572
0.181

0.000
2.304
3.047
3.181

4003.4

-1959.6
-1960.8
-1961.2
-1961.2
-1965.3

38

4005.7

38
38

0.125
0.117
0.007

4006.4

Bk

4006.5

38

bk

0.025 (0.010)

2.168 (0.147)

2219 (0.167)

8.850

4012.2

37
Averaged model parameters from models with AAICc <3.2

It is likely that populations of O. ornatum in Hamilton and
Wellington are sparse, in low numbers, and declining.

Our surveys failed to detect other species thought to be
present in cities (Table 2). In particular, O. zelandicum was
not captured at any site in Wellington despite being regu-
larly recorded in surveys in the fenced Zealandia ecosanctu-
ary (Romijn 2013). This species has also not been captured
in other recent surveys of Wellington reserves (Melzer and
Bell 2014; Bell 2019). It has a Threat Status Classification
of ‘Declining’ (Hitchmough et al. 2021).

Impact of urban environments on skink populations

We found no clear evidence for a negative impact of rats or
hedgehogs on CPUE of O. polychroma. While many mam-
malian predators consume lizards (Newman 1994; Gillies
and Clout 2003; Jones et al. 2013) and the impact of rodents
on some lizard populations has been inferred from patterns
of loss on New Zealand’s mainland and population recovery
on islands following pest mammal eradication (Towns 1991;
Towns and Daugherty 1994; Norbury et al. 2014), evidence
for the negative impacts of pest mammals on O. polychroma
populations is mixed. As discussed in Wilson et al. (2017;
and adapted in Table 7), there is no clear pattern indicat-
ing that populations of this species respond numerically to
predator control. While locations with predator control have
recorded some of the highest densities of O. aff. polychroma
Clade 5 (e.g., Eglinton Valley; Table 7), some populations
of O. polychroma achieved similarly high densities in the
absence of predator control (e.g., Kelburn Cemetery and
Pukerua Bay; Table 7).

The effect of rat tracking rate on CPUE was, however,
dependent upon the proportion of grass cover, with a posi-
tive relationship when grass cover was low and a negative
relationship when high (Table 4; Fig. 6a). This result sug-
gests that grass cover may benefit populations of O. poly-
chroma when rat abundance is low but not when it is high.
It is possible that, in cities, grassland may act as an ecologi-
cal trap for skinks, being preferentially selected as habitat
but not providing adequate protection from rodent preda-
tion (Rotem et al. 2013; Battin 2004). Interactions between
vegetation, herbivores and predators can result in complex
and sometimes unexpected impacts for lizard populations
(Norbury 2001; Hoare et al. 2007; Knox et al. 2012; Nor-
bury et al. 2013). Densities of jewelled geckos (Naultinus
gemmeus) in Coprosma spp. shrubland on the Otago Pen-
insula were four times higher in grazed sites than ungrazed,
likely due to the higher activity of rodents at ungrazed sites
(Knox et al. 2012).

Body condition of O. polychroma was negatively related
to urban land cover (Table 5), in both Wellington and Nel-
son (Fig. 6b). Possibly, as the proportion of urban land cover
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Fig. 5 Density estimates of O. polychroma at sites with 25-trap grids
where more than one animal was captured in (a) Wellington and (b)
Nelson. (¢) shows estimates for Reserve 2 in Nelson with an extended
y-axis to accommodate the high estimate in February 2019. Density

estimates are averaged from the four supported spatially explicit
capture-recapture (SECR) models (AAICc <3.2; Table 3). All models
assumed that the parameter ¢ was constant across sites. Error bars are
95% confidence intervals

Table 4 Results of linear mixed

effects model showing relation-
ships between the model’s fixed
effects and catch per unit effort
(CPUE) of O. polychroma. CPUE
was log,, transformed to meet the
assumptions of normality. Effects
with p <0.05 are in bold. Mar-
ginal R?=0.368 and conditional
R?=0.754

Estimate S.E. df t value p value
Canopy cover -0.008 0.005 12.22 -1.573 0.141
Grass cover 0.278 0.095 12.01 2.935 0.012
Proportion urban land cover -0.063 0.286 12.11 -0.221 0.829
Mean substrate temperature 0.006 0.047 12.24 0.123 0.904
Rat tracking index 13.809 3.743 11.93 3.689 0.003
Hedgehog tracking index -0.087 0.322 12.39 -0.271 0.791
Grass cover X rat tracking -4.432 1.132 11.87 -3.917 0.002

increases, patch size of suitable habitat decreases making
habitat and food resources more limited. Several studies
document a decline in invertebrate abundance and diversity
with increasing urbanisation (Niemelé et al. 2002; Ishitani
et al. 2003; McKinney 2008). Alternatively, increased levels
of disturbance may cause changes in foraging behaviours.
Disturbances could be in the form of human activity (e.g.,
green space maintenance) or increased predator activity in
more urban environments (e.g., domestic cats, Felis catus;
Woolley and Hartley 2019). For example, several studies
report differences in flight initiation distances and sprint
speeds between lizards living in modified urban habitats
and those in more natural environments (Prosser et al. 2006;
Chejanovski et al. 2017).

Conservation of urban lizards - future directions

Urban wildlife research is especially challenging when
target species have small home ranges or patchy distribu-
tions due to the difficulty of sampling across a highly het-
erogeneous environment. Additionally, as cities have not

typically been considered habitat for threatened species,
until recently conservation has not been a strong motiva-
tion for urban research (McDonnell and Hahs 2013; Ives et
al. 2016; Soanes and Lentini 2019). These factors have no
doubt contributed to the underrepresentation of reptiles and
several other taxa in urban research globally (Magle et al.
2012). Yet, in order to conserve these taxa in cities, ecologi-
cal knowledge about their urban populations is imperative.
Indeed, the present lack of research into how the urban envi-
ronment affects these groups may be putting some species
at risk.

Our study provides some of this essential information for
New Zealand skinks and, by doing so, establishes a plat-
form for their management in cities. The future of some liz-
ard species in these environments is far from secure and it
seems likely that population monitoring and conservation
action will be required to ensure their longevity.

While the range of species captured in our sampling was
generally consistent with existing knowledge of lizards
in New Zealand cities, the failure to detect O. ornatum in
Hamilton in a reserve where it has subsequently been found,
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jittered horizontally for clarity. (b) Body condition index (BCI) of O.

Table 5 Results of linear mixed effects model showing relationships
between model’s fixed effects and body condition index (BCI) of O.
polychroma. Effects with p <0.05 are in bold. Marginal R?=0.231 and
conditional R?=0.546

Estimate SE. df tvalue p

value

Canopy cover 0.000 0.001 10.76 0.213  0.835

Grass cover -0.002 0.009 13.18 -0.315 0.758

Proportion urban  -0.063 0.028 12.59 -2.286 0.040

land cover

Mean substrate -0.005 0.005 10.65 -1.047 0.318

temperature

Rat tracking index 0.097 0.148 13.87 0.652 0.525

Hedgehog tracking  -0.253 0.127 12.18 -1.989 0.070

index

Grass cover X 0.073 0.036 12.68 2.016 0.065

hedgehog tracking

illustrates a key limitation of this study: that detection of
some species, particularly those that are secretive, at low
densities, or have patchy distributions, requires sustained
effort and a range of detection tools. Further surveys in cities
are needed to identify the locations of populations of skink
species for which records are scarce (in particular, O. orna-
tum, O. aeneum and O. zelandicum). Additionally, future
surveys in cities should target the full range of species that
may be present, including geckos and arboreal skinks not
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Proportion urban cover within 500 m

=O- Nelson —*— Wellington

polychroma declined with increasing proportion of urban cover in both
Nelson and Wellington. Trend lines are fitted to raw data points. Grey
shading indicates 95% confidence intervals

surveyed in this study, using the full gamut of lizard sam-
pling tools (Hare 2012a, 2012b, 2012c; Lettink 2012). Due
to the cryptic, secretive nature of many of New Zealand’s
lizards, it remains possible that species thought to have been
lost from the mainland could yet be discovered (as was the
case for Hoplodactylus duvaucelii at Maungatautari Moun-
tain Sanctuary; Morgan-Richards et al. 2016 ). For this rea-
son, managers should be open minded in their use of survey
techniques.

However, due to the heterogeneity of the urban landscape
and costs associated with formal lizard surveys, sampling
all potential habitats at the necessary intensity is likely not
possible. Backyards, though highly variable in the habitat
they offer, often constitute large proportions of urban green
space in a city (e.g., 36% in Dunedin; Mathieu et al. 2007).
Furthermore, the backyards surveyed in this study were
among the most important sites for lizards in Wellington
City, supporting high diversity (three species in one back-
yard), high abundance (highest CPUE for O. aeneum), and
the only records of O. ornatum. While more formal surveys
of backyards are recommended, these may be supplemented
using citizen science. Records of lizard observations by
members of the public could provide valuable information
about species’ distributions in backyards and other habitats
that may allow the targeting of more intensive surveys. Such
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Table7 Summary of density Species Location Habitat Predator control ~ Density =~ Reference
estimates of O. polychroma and estimate
O. aff. polychroma Clade 5 from (per ha)
diverse studies throughouF New O. aff. polychroma Rock and pillar Tussock None 770 Patterson
Zealand, adapted from Wilson et Clade 5 range, eastern Otago  grassland (1985)
al. (2017) ge, caserm Llago - &
O. aff. polychroma Kaitorete Spit, Shrubland None 200—400 Freeman
Clade 5 Canterbury (1997)
O. aff. polychroma Macraes Flat, eastern Tall tussock ~ None 575 Dixon
Clade 5 Otago grassland (2004)
O. aff. polychroma Eglinton Valley Grassland Stoats, possums ~ 3600— Lettink et
Clade 5 and rats 9200 al. (2011)
O. aff. polychroma Macraes Flat, eastern Tall tussock ~ Trapping of cats, 950-1060 Jones et
Clade 5 Otago grassland mustelids and al. (2013)
rats began during
study
O. polychroma Kelburn, Wellington Cemetery None 2220 Barwick
(1959)
O. polychroma Pukerua Bay Coastal None 4900 Towns
shrubland and and Elliott
grassland (1996)
O. polychroma Reserve 2, Welling-  Urban None 120-1210 This study
ton (Nov 2018) shrubland
O. polychroma Reserve 2, Nelson Urban Community trap- 3330— This study
(Feb 2019) grassland ping of rodents 11,380

and mustelids
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supplementary material available at https://doi.org/10.1007/s11252-
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