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Abstract: We developed a capture-mark-recapture protocol for measuring the population density (D) of ship 
rats (Rattus rattus) in forest. Either mesh cage traps or Elliott box traps were set at each of six sites (48 traps 
per site for 5 nights) in the Orongorongo Valley on two occasions in autumn 2003. Cage traps only were set at 
three sites in autumn 2004. Rats were caught much more readily in cage traps than in Elliott traps and none were 
recaptured in Elliott traps. Additional food, bedding and trap covers reduced mortality and interference with 
traps. To estimate density we fitted a spatial detection model; this method avoids the need to estimate effective 
trapping area. Estimates were based on both a model assuming equal capture probability ( 0D̂ ) and a model 
incorporating temporal and individual variation ( thD̂th ). Our target for precision was CV( D̂ ) ≤ 20%, but when 
data were pooled from multiple sites with cage traps, CV( thD̂th ) was ~30%. Estimated density of rats ( thD̂th ) was 
5 ha–1 in 2003 and 9 ha–1 in 2004; these estimates did not differ significantly. The overall capture index in 2004 
was 31 rats per 100 corrected trap-nights on snap-trap lines set after live trapping. House mice were caught in 
both types of live trap, but at rates high enough for density estimation only where Elliott traps were used.

Field estimates of detection functions for rats captured with cage traps allowed us to simulate the performance 
of alternative trapping systems. We predict that a 64-trap layout at three sites with five trapping occasions would 
yield acceptable precision of thD̂th (20–23%) at the observed rat densities. Our use of thD̂th was conservative; slightly 
higher precision may be achieved by assuming constant trappability ( 0D̂ ), and future work may justify this 
assumption. ___________________________________________________________________________________________________________________________________
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Introduction
Introduced ship rats (Rattus rattus) are widespread 
and common in New Zealand lowland podocarp–
broadleaved forests, where they prey on invertebrates 
and birds (Innes 2005). Methods are needed to estimate 
the density of ship rat populations in forests to describe, 
model and predict the population dynamics of rats for 
conservation management and ecological research. 
Indices of the relative density of ship rats based on 
kill trapping or on tracking rates in ink tunnels are 
commonly used in New Zealand (Cunningham & 
Moors 1996; C. Gillies and D. Williams, Department 
of Conservation, pers. comm., 2002), requiring the 
strong assumption that each index bears a constant 

relationship to density. In fact, the relationship between 
these indices and density is not known. Snap traps and 
tracking tunnels are usually placed on lines, and rats 
must (1) encounter the device and (2) interact with it 
in order to be recorded. Index values therefore depend 
on both these behavioural processes, although neither 
is usually observed. Encounter rates potentially vary 
with home-range size, habitat structure, and activity; 
home ranges of ship rats in New Zealand forests appear 
highly variable in size (Dowding & Murphy 1994; 
Pryde et al. 2005). Interaction rates probably depend 
on weather, hunger, experience (age), and perhaps other 
unknown factors. These complexities may explain why 
index values are often confusing and contradictory 
(Blackwell et al. 2002).
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The formal alternative to relative index methods 
for cryptic small mammals has long been to estimate 
absolute population size N (Otis et al. 1978; McKelvey 
& Pearson 2001) by removal trapping or capture-
mark-recapture (CMR) live trapping (Otis et al. 1978), 
usually on a grid of traps. However, the population on 
a trapping grid is usually not closed, because animals 
routinely move back and forth across the edge, and 
the size of the population at risk of capture is therefore 
defined only vaguely (White et al. 1982). Recently it 
has been shown that the problem of edge effect can be 
solved by fitting a spatially explicit detection model 
allowing for the home-range movements of animals 
(Efford 2004). In addition to absolute density (D, the 
expected number of animals per unit area), the model 
has parameters that correspond to the two behavioural 
components of detection mentioned above: encounter 
and interaction.

The density of ship rats has been estimated in New 
Zealand forests by relating an estimate of the population 
of nearby animals (N) to an effective trapping area (A) 
calculated as the trapped area plus a boundary strip 
equal to average home-range radius (Dice 1938). To 
estimate N, New Zealand researchers have used the 
minimum number known to be alive (MNA; Krebs 
1966) from live-trapping studies (Daniel 1972; Innes 
1977; Hickson et al. 1986) or from combined live 
and kill trapping (Hooker & Innes 1995), or a Zippin 
estimate [the maximum likelihood estimator for capture-
recapture model Mb, where ‘b’ indicates a behavioural 
response to trapping (Otis et al. 1978)] from removal 
trapping (Brown et al. 1996; Blackwell et al. 2002). 
Home ranges were estimated by radio tracking or from 
capture locations. The methods used to estimate N and 
A have known limitations that compromise the estimate 
of D = N/A. MNA underestimates N (only exceptionally 
will the entire population be caught), and the Zippin 
estimator tends to underestimate N because it is not 
robust to heterogeneous capture probability between 
individuals (Otis et al. 1978; Pollock et al. 1990). 
Trapping data provide a biased measure of home-range 
size because movements outside a trap grid are not 
detected, and estimates from radio tracking depend 
on details of sampling and analysis (White & Garrott 
1990).  A more fundamental problem is that home-range 
size varies over time and between habitats. Density 
estimates that assume a constant boundary strip will 
therefore be unreliable (Efford et al. 2004).

Spatially explicit analysis of CMR data (Efford 
et al. 2004) estimates density without calculating an 
effective trapping area. A further advantage is that 
the parameters of the detection model may be used to 
simulate the performance of alternative trap layouts. 
The capture probability of an individual in a particular 
trap is modelled as a decreasing detection function g(r), 
where r is the distance of the trap from the animal’s 

home range centre. The shape of the fitted function 
appears not to be critical, and a half-normal curve 
seems adequate. An indirect computer-intensive method 
(simulation and inverse prediction) has been used to 
fit the detection function and the density D to trapping 
data (Efford 2004).

The small samples often obtained in small-mammal 
trapping pose difficulties for CMR analysis (Slade 
& Blair 2000; McKelvey & Pearson 2001). Ship rat 
studies are no exception, and study design is key to 
their success. Our aim was to establish a capture-mark-
recapture protocol that will enable the density of ship 
rats to be estimated efficiently in small areas of forest 
(c. 10 ha) with greater rigour and reliability than the 
methods used previously. This protocol could then be 
used repeatedly to sample larger areas as required. The 
capture rate of rats was compared between two types of 
trap in a configuration that would enable fieldworkers to 
cover a given area quickly. We tested whether capture 
and recapture rates were high enough to estimate D 
from spatial CMR data (Efford 2004). We considered 
that a coefficient of variation of the density estimate, 
D̂ , of ~20% would indicate acceptable precision, i.e. 
CV( D̂ ) = SE( D̂ )/ D̂  ≈ 20%. Finally, we used computer 
simulation to predict how alternative trap layouts and 
different numbers of trapping occasions would affect 
the precision of D̂  in populations with the estimated 
parameters.

Methods
The field component of this research was done in 
mixed forest in the Orongorongo Valley, Rimutaka 
Forest Park, North Island, New Zealand (41°21' S, 
174°58' E). This location, used for brushtail possum 
(Trichosurus vulpecula) and rodent research for many 
years (Fitzgerald & Gibb 2001), was chosen because 
rats were plentiful and we could place rodent traps on 
existing surveyed possum-trapping grids. The grids 
we used were located in mixed podocarp–broadleaved 
forest, except for one site used in 2003 only that was in 
podocarp–beech forest. Ship rats and house mice (Mus 
musculus) were the only rodents present.

Rats were trapped in metal mesh cage traps (27 
× 17 × 13 cm; 19RT10, Pest Management Services, 
Kapiti, NZ) or Elliott sheet aluminium box traps (32 × 9 
× 10 cm; Elliott Scientific, Upwey, Victoria, Australia), 
arranged in open 3.2-ha squares of 48 traps 15 m apart 
(Fig. 1). These trapping arrays were separated by at 
least 180 m in 2003 and 600 m in 2004; rats were never 
recaptured on a different array from where they had 
been marked. Traps were set for 5 nights and checked 
each morning. Traps contained synthetic batting for 
warmth; cage traps were fitted with metal covers and 
Elliott traps were enclosed in plastic sleeves to keep 
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them dry. Rats were lightly anaesthetised with halothane 
and marked with numbered metal fingerling tags in both 
ears. Morphometrics and reproductive condition were 
recorded, and animals were released at point of capture. 
In 2003 a large number of house mice were caught; they 
were tagged in one ear without anaesthetic.

Trapping was repeated in April 2003, May 2003 
and April 2004. In April 2003, six trapping arrays were 
used, with a single trap type randomly assigned to each 
trapping array. In this first session, traps were baited 
only with carrot and peanut butter. In May 2003, the 
assignment of trap types to trapping arrays was reversed 
and cage traps were provided with additional food and 
shelter in the form of commercial rat pellets inside a 
plastic tunnel (made from a 1-litre milk bottle) wired 
into the trap; the batting was placed in this tunnel. Rat 
pellets were added to Elliott traps also. In April 2004, 
only three trapping arrays were used, all with cage 
traps modified as above and protected from possums 
by A-frame wire-mesh covers (500 × 390 × 500 mm) 
pegged to the ground. Apple (which was easier than 
carrot to push onto bait hooks), peanut butter and rat 
pellets were used as bait in this final session.

After the final live-trapping session in April 2004, 
we set Ezeset Supreme rat snap traps for 3 nights, in 
order to compare kill-trapping indices with the density 
estimates. These traps were arranged to cover the 
area of the live-trapping arrays as well as possible, at 
spacing recommended by C. Gillies (Department of 
Conservation, pers. comm.). Two lines of snap traps, 380 
m long and separated by 200 m, each with 20 traps 20 m 
apart, crossed each square of live traps diagonally (Fig. 
1; 360 trap-nights in total). Snap traps were shielded 
from non-target species (birds and possums) with the 

Figure 1. Layout of traps used to estimate the population 
density of ship rats in the Orongorongo Valley, 2003–2004. 
Filled circles: live traps (spacing 15 m); open circles: snap 
traps used after live trapping in 2004 (spacing 20 m).

wire-mesh covers described above. Traps were baited 
with peanut butter and oatmeal and checked daily. The 
capture rate of rats was expressed as the number caught 
per 100 trap-nights corrected for sprung traps, including 
traps that had caught rats and non-target species (rats 
100TN–1) (Nelson & Clark 1973).

Analysis of capture-mark-recapture data
Because only small numbers of animals were captured 
and recaptured on most trapping arrays (Table 1), it was 
necessary to group data for analysis. We pooled data 
within each year over the three (in 2004) or six (in 2003) 
trapping arrays with the same type of trap. To compare 
rat density between years, we made a separate estimate 
for 2003 by pooling data over the three trapping arrays 
that had cage traps in both years.

The aim of the analysis was to estimate three 
parameters:

D  density of population (animals ha–1)
0g  daily probability of capture when trap is  

 at the centre of home range (day–1)
σ spatial scale (standard deviation of half- 

 normal detection function) (m).

The detection parameters 0g  and σ are explained 
diagrammatically in Efford (2004, fig. 1).

For estimation we used simulation and inverse 
prediction (Carothers 1979; Pledger & Efford 1998; 
Efford 2004; Efford et al. 2004). This method matches 
values of statistics calculated directly from the field data 
to values of the same statistics calculated from data 
simulated with known parameter values. ‘Matching’ 
uses multivariate linear multiple regression. We used 
the following statistics as predictors of D, 0g  and σ, 
respectively:

N̂  estimate of closed population size, 
p̂  capture probability corresponding to N̂   

 (day–1), and
RPSV root pooled spatial variance (m), defined  

 as:
 

where (xij, yij) are the coordinates on the trapping 
array of the j-th capture location of the i-th animal, 
and the summations are over animals with at least two 
captures (ni ≥ 2). 

The statistic RPSV is a measure of the scale of 
trap-revealed movements, pooled across individuals. 
We used RPSV in preference to mean distance between 

,
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Table 1. Numbers of first captures, recaptures and mortalities of ship rats caught in cage traps in three trapping sessions in 
the Orongorongo Valley.
___________________________________________________________________________________________________________________________________

Trapping session Site Captures Recaptures Mortalities
___________________________________________________________________________________________________________________________________

April 2003 1 34 27 4
 2 13 2 3
 3 17 2 1
May 2003 4 14 2 1
 5 4 1 0
 6 7 1 1
Total 2003 6 sites 89 35 10
    
April 2004 1 21 7 0
 2 55 15 1
 3 32 5 2
Total 2004 3 sites 108 27 3
___________________________________________________________________________________________________________________________________

captures, d  (Efford 2004), as it is more robust to serial 
correlation (MGE, unpubl. results). A caret or ‘hat’ (  ̂ ) 
above a symbol indicates that it is an estimate.

Each of these statistics has a monotonic relationship 
to one parameter when other parameters are held 
constant; e.g. N̂  is expected to increase with D (Efford 
2004, fig. 2a). Here we treat N̂  as a convenient summary 
of the data rather than as an estimate of a population 
parameter, thus avoiding any consideration of effective 
trapping area. The choice of statistics to estimate N̂  
may affect the results, but there is at present little 
experience or theory to guide this choice (Efford 2004; 
Efford et al. 2004). We therefore compared results 
with two estimators for N̂  corresponding to different 
capture-recapture models:
 (1) The maximum likelihood estimator for the 

null model (M0), which assumes that the 
probability of capturing an animal is constant 
between individuals and between different 
trap-nights (Otis et al. 1978).

 (2)  Chao’s second coverage estimator for model 
Mth in which capture probability differs both 
between individuals and over time (Lee & 
Chao 1994).

The respective population and density estimates 
are denoted 0N̂ , thN̂ th , 0D̂  and thD̂th . We chose these 
models for their contrasting assumptions. The estimator 
for Mth is expected to have lower bias, given that 
capture probabilities vary between individuals (‘h’ for 
heterogeneity), and between days (‘t’ for time) with 
different weather conditions. Previous comparisons 
using data from brushtail possums have suggested 
the effect of varying the N-estimator on the density 
estimated by inverse prediction depends primarily on 
whether or not the N-estimator allows for heterogeneous 

individual capture probability (Efford 2004; Efford et 
al. 2005). However, the estimator for M0 is expected 
to have greater precision because it relies on fewer 
parameters, and maximising precision might be more 
important than minimising bias when the goal is to 
compare populations over time (cf. Davis et al. 2003). 
The capture histories of rats that died before the last day 
of the trapping session were removed before analysis, 
and an equal number of rats was added to the estimate 
of N (Otis et al. 1978).

We used program Density 3.3 to estimate density 
and detection parameters from N̂ , p̂  and RPSV (Efford 
et al. 2004). The simulated home-range centres were 
assumed to follow a Poisson distribution. The simulated 
population of potentially trappable individuals was 
considered within the trapping array plus a 150-m 
buffer, chosen arbitrarily to far exceed the observed 
mean distance between captures (about 30 m). We 
analysed pooled data from k arrays, where k = 3 or k 
= 6. Simulating captures on k separate arrays in their 
correct geographic configuration was time-consuming 
because we must consider individuals located in the gaps 
between arrays with little chance of being trapped. As 
all arrays shared the same geometry, we instead treated 
the pooled data as simultaneous captures on a single 
array, with no constraint on the number of rodents that 
could be caught in one trap (i.e. traps were ‘multi-live’ 
devices in the terminology of Density). Thus, we did 
not model local saturation of traps by animals, but this 
omission had negligible effect on the estimates, based 
on preliminary simulations. Average density was then 
estimated as D̂  = D′ˆ /k, where D′ˆ  was the density 
estimate on the k pooled arrays. Simulations spanned 
±20% of the initial parameter values, determined 
as described in Efford et al. (2004); statistics were 
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Figure 2. Frequency distributions of body mass of (a) all 
rats caught in live traps and (b) recaptured rats. x-axis labels 
indicate the midpoint of each category. Small discrepancies in 
sample sizes between numbers of rats caught and body mass 
data are due to missing values.

averaged from 2000 simulations with each combination 
of parameter values. The variance-covariance matrix 
of the estimates was estimated by conducting 1000 
further simulations at the fitted parameter values, and 
used to calculate asymmetric confidence intervals under 
the assumption that the estimates were log-normally 
distributed (Burnham et al. 1987; Chao 1987; Rexstad & 
Burnham 1991). The precision of density estimates was 
expressed as CV(estimate) = SE(estimate)/estimate.

Simulating alternative trap layouts, numbers of 
trapping occasions, and detection variability
We used Density’s power analysis facility to predict the 
precision obtainable with alternative trapping protocols. 
We simulated captures of rats from populations with 
density and detection parameters based on those 
estimated from each year’s pooled data. For each 
combination of population parameters and trapping 

protocols simulated, 100 random populations were 
generated and sampled (‘trapped’), and estimates 
were obtained from the sample as described above. 
Although our data analyses gave no information on 
the variability between individual rats in values of 

0g
 
and σ, considerable variation is likely to exist 

(e.g. based on age, sex, condition, experience, home 
range characteristics, and weather). To test the impact 
of potential variability on precision of estimates, we 
simulated scenarios with both (1) constant detection 
parameters and (2) detection parameters allowed to 
vary among individuals with a CV of 30%. In the 
latter case, values of 0g  were randomly chosen from 
a beta distribution and values of σ from a log-normal 
distribution, with the mean in each instance equal 
to values estimated from field data, assuming zero 
covariance. 

Three replicate arrays of traps in four different 
layouts were simulated: (1) our field layout: 48 traps 
15 m apart in an open square, (2) 64 traps 20 m apart in 
an 8×8 grid, (3) 64 traps 15 m apart in two concentric 
squares, (4) 96 traps 7.5 m apart in an open square. These 
layouts were chosen from many possible arrangements 
of traps because they were of specific interest. The 
second arrangement has been used in other studies of 
New Zealand rodents (e.g. Ruscoe 2004; Ruscoe et al. 
2004). The third arrangement has been found efficient 
for trapping house mice in Elliott traps, and simulations 
predicted more recaptures of mice with two concentric 
squares of traps than with a single open square (Wilson 
et al. 2006). The fourth arrangement was chosen in 
order to test the effect of doubling the number of traps 
in our field trapping arrays.

To further test how additional trapping effort 
would affect precision, we compared results from 
three, five and seven simulated trapping occasions 
(an ‘occasion’ equates to a trapping day). Finally, we 
compared scenarios with no interference by non-target 
species (defined as the percentage of traps sprung 
and empty or with non-target captures), and with 
10% interference. In summary, the following sets of 
simulations were done:
 (1) D, 0g , and σ based on estimates from data 

collected in (a) 2003 and (b) 2004
 (2) With and without variation in 0g  and σ
 (3)  Four alternative layouts of cage traps in three 

replicate arrays
 (4)  Three, five and seven trapping occasions
 (5)  With and without 10% interference by non-target 

species.
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Results
Comparison of the two types of live-capture trap
Rats were caught much more readily in cage traps 
than in Elliott traps and the reverse was true of mice. 
In April and May 2003 combined, we caught 89 
individual rats in cage traps (Table 1) and 48 mice in 
Elliott traps. We also caught 12 rats in Elliott traps, 
with no recaptures, and 8 mice in cage traps, with only 
one recapture. Several European hedgehogs (Erinaceus 
europaeus) were caught in both types of trap, a few 
juvenile possums were caught in cage traps, and one 
weasel (Mustela nivalis) was caught in an Elliott trap. 
In May 2003, possums often disturbed the cage traps 
(interference, i.e. traps that were sprung and empty or 
caught non-target species, was 75%), with the result 
that there were few recaptures of rats in that trapping 
session. The rate of interference with Elliott traps was 
also high in May 2003, at 39%. In May 2004, 108 
rats (Table 1) and no mice were caught in cage traps 
with covers that successfully reduced interference to 
only 10%.

After the first trapping session we revised the 
protocol because of an unacceptably high mortality 
rate. In April 2003 eight rats (8%) died in the cage 
traps, and one rat (8%) in an Elliott trap. All the bait 
in these traps had been eaten, and bait was missing 
from many empty cage traps, some of which remained 
set. We suspected that bait had sometimes been taken 
from cage traps before animals were caught, and that 
perhaps the metal mesh provided insufficient insulation 
from cold. Therefore, for subsequent trapping sessions 
we provided additional food in all traps and additional 
shelter in cage traps (see Methods; rats chewed the 
plastic shelters provided, and metal may have been 
better). In May 2003 two rats (7%) died in cage traps 
and none in Elliott traps. In 2004, with apple, peanut 
butter and rat pellets provided as bait and food, only 
two rats (1.5%) died in cage traps, one apparently as 
the result of entangling the bedding around itself and 
the bait hook (a third died from the anaesthetic). 

Characteristics of rats captured and recaptured 
in live traps
There were no apparent characteristics distinguishing 
rats that were recaptured from those that were not. The 
sex ratios of all individual rats caught in live traps (n = 
206) and of recaptured rats (n = 48) were identical at 
56 males : 44 females. [Small discrepancies in sample 
sizes between numbers of rats caught, sex ratios and 
body mass data (Fig. 2) are due to missing values.] The 
frequency distributions of body mass of all rats caught in 
live traps and of recaptured rats were also similar (Fig. 
2a, b). All the rats caught were of the ‘frugivorus’ (Innes 
2005) colour morph, with the exception of one ‘rattus’ 
morph (Innes 2005), which was not recaptured.

Estimated parameters of rat populations
Rat density and closed population size could be 
estimated only where cage traps were used (Table 2). 
(In contrast, house mouse density could be estimated 
only where Elliott traps were used; unpubl. results.) 
In order to estimate rat density, it was necessary to 
pool data from multiple sites with cage traps (in the 
three instances where there were enough captures and 
recaptures to estimate site-specific density, precision 
was very poor). Estimates of density ( D̂ ) of rats at the 
pooled sites (six sites in 2003 and three in 2004) from 
the two capture-recapture models were within 13% of 
each other, on average, and estimates of N̂  were within 
22% of each other (Table 2). Density estimates that 
allowed for heterogeneity were higher than estimates 
from the null model ( thD̂th > 0D̂ ). Precision of thD̂

th was 
poor; CV( thD̂th ) = 32% averaged over the pooled 
estimates from both years, and the corresponding CV 
( thN̂ th) = 22% (Table 2).

Estimated density ( thD̂th) of rats in 2004 at three 
combined sites was 8.7 ha–1 (95% CI 4.9–15.5), 
compared with density in 2003 at the same three 
sites (5.4 ha–1; 95% CI 2.7–10.7). These estimates 
did not differ significantly based on 95% confidence 
limits. Density estimated by pooling data from the six 

Table 2. Estimated population size ( N̂ ) and density ( D̂ ) of ship rats captured in cage traps in the Orongorongo Valley, pooled 
over multiple sites within each year, estimated with the null model (M0) and Chao’s second coverage estimator (Mth).___________________________________________________________________________________________________________________________________

 N̂  CV( N̂ ) D̂  CV( D̂ )

  Year Sites N̂  N̂  N̂  N̂  D̂  D̂  D̂  D̂    
___________________________________________________________________________________________________________________________________

(1) 2003 3 sites 92 127 0.12 0.24 4.1 5.4 0.24 0.37
(2) 2003 6 sites 149 217 0.13 0.24 3.4 4.9 0.29 0.36
(3) 2004 3 sites 231 248 0.15 0.21 8.5 8.7 0.23 0.29
Mean of (2) & (3) 190 232 0.14 0.22 6.0 6.8 0.26 0.32
___________________________________________________________________________________________________________________________________

0        th   0                 th                                    0       th   0                 th
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site×session combinations where cage traps were used 
in April and May 2003 was 4.9 ha–1 (95% CI 2.5–9.7), 
but the high level of disturbance by possums in May 
2003 may have led to bias in the estimates of 0ĝ  and 
σ̂ , and hence of D̂ , based on the six combined sites. 
The average effective trapping area of each hollow 
3.2-ha trapping square was 7.4–9.5 ha, calculated as 

thN̂th / thD̂th / number of combined sites.
The estimated spatial detection parameters 0ĝ  and 

σ̂ were of similar magnitude in the two years (Table 
3). At the three combined sites in 2004 0ĝ  was 0.023 
± 0.003 (SE) and at the same three sites in 2003 it was 
0.041 ± 0.005. The corresponding values of σ̂  were 
37.4 ± 4.9 m and 29.5 ± 5.4 m. In each instance σ̂  was 
similar in magnitude to RPSV (Table 3). The estimated 
probability of capture ( p̂ ) of rats was 0.11 at the three 
combined sites in 2004 and 0.14 at the same three 
combined sites in 2003 (Table 3).

Snap trapping
Eighty-seven rats were caught in snap traps in 360 
trap-nights (282 corrected trap-nights or TN) in April 
2004 (Table 4). Only 25 (29%) of these animals had 

Table 3. Population parameter estimates of ship rats captured in cage traps in the Orongorongo Valley, pooled over multiple 
sites within each year. thN̂ th and thD̂th are based on Chao’s second coverage estimator (Mth). Standard errors are shown in 
parentheses.
 

thN̂ th  estimate of population size

 p̂  estimate of capture probability
 RPSV root pooled spatial variance, a measure of animal movement used in the estimation of D
 

0ĝ  estimated probability of capture when trap is at the centre of home range
 σ̂  a measure of home range width
 

thD̂th estimated density of population (animals ha–1)

___________________________________________________________________________________________________________________________________

Year Sites 
thN̂ th p̂  RPSV 

thD̂th 0ĝ  σ̂   
___________________________________________________________________________________________________________________________________

2003 3 sites 127 (31) 0.14 31.5 5.4 (2.0) 0.041(0.005) 29.5 (5.4)
2003 6 sites 217 (52) 0.10 29.6 4.9 (1.8) 0.032 (0.005) 27.8 (4.4)
2004 3 sites 248 (51) 0.11 40.7 8.7 (2.6) 0.023 (0.003) 37.4 (4.9)
___________________________________________________________________________________________________________________________________

Table 4. Number of ship rats caught (n) and capture indices from snap trapping; numbers of individuals caught, total captures 
including recaptures, and estimated population sizes ( thN̂th , with SE in parentheses) based on live trapping of rats, at three 
different sites in the Orongorongo Valley in April 2004.
___________________________________________________________________________________________________________________________________

 Snap trapping Live trapping

 Site n Capture index Individuals Total captures thN̂ th CV( thN̂ th)
___________________________________________________________________________________________________________________________________

 1 33 35.5 21 28 37.9 (11.3) 0.30
 2 22 23.8 55 70 114.6 (30.7) 0.27
 3 32 33.2 32 37 126.0 (65.9) 0.52
___________________________________________________________________________________________________________________________________

been tagged. Capture indices were 35.5, 23.8 and 33.2 
rats 100TN–1 at the three sites respectively, with an 
overall index of 30.9 rats 100TN–1. These indices were 
not correlated with thN̂th or 0N̂  estimated separately at 
the same sites in 2004, nor with the number of animals 
caught in live traps, nor with total captures in live traps 
(Pearson’s correlation coefficient r3 < –0.55, P > 0.68). 
Because site-specific D̂  could not be calculated, it was 
not possible to test for correlations between capture 
indices and D̂ . One mouse and three hedgehogs were 
also caught in snap traps.

Simulating alternative trap layouts, numbers of 
trapping occasions, and detection variability
Two sets of density and detection parameters were 
taken from the field results for simulating how trapping 
effort affected precision. Although the density estimates 
did not differ significantly, we considered them to be 
realistic alternative densities. First, a relatively high 
rat density scenario was based on estimates from the 
three combined sites in 2004 (D = 9 rats ha–1, 0g  = 
0.023, σ = 37.4 m; Table 3). Second, a lower rat density 
scenario was based on estimates from the same three 
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combined sites trapped in April 2003 (D = 5 rats ha–1, 
0g  = 0.041, σ = 29.5 m; Table 3). Detection parameters 

in the low-density scenario were based on only these 
three sites because frequent interference by possums 
on the three sites trapped in May 2003 may have led 
to bias in 0ĝ  and σ̂ .

Simulated recapture rates with only three trapping 
occasions were in most instances too low to obtain 
useful density estimates. With five or seven trapping 
occasions, allowing the spatial detection parameters 
to vary altered CV( thD̂th) by less than 18%, and gave 
estimates that were neither consistently higher nor 
lower. Interference by non-target species of 10% (as 
observed in 2004) altered CV( thD̂th ) by less than 5%, 
again yielding neither consistently higher nor lower 
estimates. Results are therefore reported below only 
for five and seven trapping occasions with varying 
detection parameters and 10% interference by non-
target animals.

Simulated precision compared with field estimates of 
precision
Simulations with 48 traps 15 m apart at three sites and 
five trapping occasions gave slightly better estimates 
of precision than those obtained in the field (simulated  
CV( thD̂th ) was ~25% at relatively high density and 
~32% at low density, compared with the respective  
field estimates of 29% and ~37%; Fig. 3a, c;  
Table 2).

Comparison of different trap layouts
Precision of thD̂th improved as increasing numbers of traps 
were simulated. The simulated effective trapping area 
( thN̂ th / thD̂th ) per site varied between 5.2 and 6.3 ha for a 
grid of 64 traps 20 m apart, and between 8 and 11 ha 
for the other trapping arrays. Simulations predicted that 
the goal of CV( thD̂th ) ≈ 20% could be achieved in both 
the high-density and low-density scenarios with either 
64 traps and five trapping occasions or 48 traps and 
seven trapping occasions (Fig. 3). Arranging 64 traps 
in two concentric squares with 15-m spacing, compared 
with a grid with 20-m spacing, was predicted to slightly 
improve precision. Assuming constant trappability also 
slightly improved the predicted precision of density 
estimates ( 0D̂ ) for equivalent trapping configurations, 
in all but one instance (Fig. 3), but 0D̂  was always more 
biased than thD̂th (Fig. 4).

In most of the simulated scenarios, bias in thD̂th 
was minimised with a grid of 64 traps, slightly higher 
with 64 traps placed in two concentric squares, and 
maximised with only 48 traps (Fig. 4). The predicted 
ratio thD̂

th /D with 64 traps and five trapping occasions 
(one of the protocols predicted to achieve the goal of 
CV( thD̂th ) ≈ 20%; see above) was 0.94–0.97 with a grid 
of 64 traps with 20-m spacing and 0.88 with 64 traps 
in two concentric squares with 15-m spacing. With 
48 traps and seven trapping occasions (see above), 
predicted thD̂th /D was 0.80–0.87.

Figure 3. Simulated precision 
of D̂  ( thD̂th  based on Chao’s 
second coverage estimator 
Mth and 0D̂  based on the null 
model M0) with three replicates 
of four alternative trap layouts, 
contrasting scenarios based 
on field data, and either five 
or seven trapping occasions. 
‘High density’ scenario D = 9 
ha–1, 0g  = 0.023, σ = 37.4 m; 
‘Low density’ scenario D = 5 
ha–1, 0g  = 0.041, σ = 29.5 m. 
Average of 100 simulations; 
error bars show the standard 
errors of the estimated CVs 
(many are too small to show 
on the graph).
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Figure 4. Simulated bias 
of thD̂th and 0D̂ , given as the 
ratio of estimated density D̂  
to simulated density D. thD̂th, 

0D̂ , trap layouts, simulated 
density scenarios, and trapping 
occasions are as in Fig. 3. 
Average of 100 simulations; 
error bars show the standard 
errors of the ratios.

Discussion
We were able to obtain closed-capture estimates of ship 
rat population size ( N̂ ) by using mesh cage traps and 
combining data from three or six sites, but not by using 
Elliott traps. The precision of estimates of rat density 
with the preferred estimator ( thD̂th ) was unsatisfactory: 
at least 29%, compared with our goal of 20%. The 
precision of estimates that assumed constant capture 
probability ( 0D̂ ) were closer to this goal (23–24% 
when three sites were combined, but 29% when six 
sites were combined in 2003).

Evaluating cage traps versus Elliott traps
Both capture and recapture rates of ship rats were much 
higher in cage traps than in Elliott traps. These results 
were consistent with those of another New Zealand 
study, in which snap traps under mesh covers caught 
more Norway rats than when under solid metal covers 
(Ji et al. 1999), although in a trial of open-ended covers 
over Fenn traps set for mustelids in Nelson Lakes 
National Park, many more ship rats were caught in 
wooden tunnels than in mesh covers (Butler 2003). 
In various woodland, grassland and desert habitats 
in the United States, more species of small mammals 
and many more individuals were captured in mesh 
traps than in Sherman box traps with similar cross 
section but shorter length than the Elliott traps we used 

(O’Farrell et al. 1994). Most of these results suggest 
that small mammals are more likely to enter an open 
cage that they can see through, than they are to enter 
a closed box. Also, problems with condensation and 
heat or cold stress can be worse in box traps and may 
increase mortality (O’Farrell et al. 1994) or reduce the 
recapture rate.

Both cage traps (Daniel 1972; Innes 1977; Hickson 
et al. 1986; Dowding & Murphy 1994; Hooker & Innes 
1995) and Elliott traps (Ruscoe et al. 2001; Ruscoe 2004) 
have been used in New Zealand studies aiming to capture 
ship rats alive, although none of these publications give 
CMR estimates of N. Elliott traps are often used in 
Australia, where many species of small mammals may 
be captured in a single study (e.g. Catling et al. 1997; 
Cox et al. 2004), and other international researchers have 
used Sherman box traps (Shanker & Sukumar 1999) or 
cage traps (Tomich 1970; Tamarin & Malecha 1971) 
for catching ship rats. The use of anaesthetic has varied 
widely among live-capture studies of ship rats, with 
ether (Tomich 1970; Tamarin & Malecha 1971; Hooker 
& Innes 1995), chloroform (Hickson et al. 1986) or 
none (Daniel 1972; Innes 1977; Cox et al. 2000; Ruscoe 
2004) used. Prout and King (2006) achieved a higher 
recapture rate of ship rats that had been anaesthetised 
with halothane when first captured, compared with 
rats that had been handled without anaesthetic. Using 
anaesthetic in our study may also have improved the 
chance of recapturing rats, by reducing their experience 
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and memory of pain or stress when being held tightly 
for marking and measurement.

In contrast to the result for rats, we found that Elliott 
traps were better than cage traps for catching mice. 
The cage traps were not designed to catch mice, which 
probably often removed peanut butter without springing 
them. Elliott traps are commonly and successfully used 
in CMR studies of mice in New Zealand (e.g. Ruscoe 
et al. 2001, 2004; Wilson et al. 2006) and Australia 
(e.g. Chambers et al. 2000). Possum disturbance of the 
Elliott traps could be reduced with the same A-frame 
mesh covers that we used for the cage traps.

Rat population parameters
The estimated density of ship rats (4.9–8.7 ha–1) at 
pooled sites in the Orongorongo Valley in 2003 and 
2004 was consistent with other estimates based on MNA 
or removal trapping in New Zealand forests (0.7–6.2 
ha–1) (Daniel 1972; Dowding & Murphy 1994; Hooker 
& Innes 1995; Brown et al. 1996; corrected in Brown 
et al. 2004). Rat abundance fluctuates irregularly in 
the Orongorongo Valley: between 1971 and 1992, 
snap-trap capture indices averaged over four sessions 
per year varied sixfold (Fitzgerald & Gibb 2001). Our 
snap-trap capture indices (average 31 rats 100TN–1) 
exceeded the maximum recorded there of 20.8 rats 
100TN–1 in August 1986, but some traps in the earlier 
study were placed in beech forest, where the density of 
rats was lower (Efford et al. 2006). It is possible that 
experience with obtaining bait from live traps in our 
study motivated individual rats to seek out snap traps, 
increasing the snap-trap index.

The mean home range of ship rats in New Zealand 
forests has been estimated at between about 0.5 ha 
and 1.0 ha in winter, with mean range length up to 
174 m, and the range of males may more than double 
in the breeding season (Hickson et al. 1986; Dowding 
& Murphy 1994). Some individual ranges are much 
larger (Pryde et al. 2005). Our values of σ̂ , ~30–37 
m, give estimated home range radius as 72–92 m and 
area of 1.6–2.6 ha, based on a 95% activity contour 
and assuming that utilisation of the area has a circular 
bivariate normal distribution (using the formula radius 
= 2.45σ; Jennrich & Turner 1969). However, since this 
assumption is unlikely to be valid, these should not be 
considered accurate home range estimates. The capture 
probability of ship rats in live traps in New Zealand 
has not been reported previously. In India, the capture 
probability of this species in Sherman traps baited with 
coconut and rice, with 49 or 100 traps in grids with 10-
m spacing, varied between 0.17 and 0.64 in different 
habitats and seasons and was unrelated to density, 
which ranged from 2 to 44 ha–1 based on MNA with 
no boundary strip (Shanker 2000).

Relationship between indices of rat abundance
The high rat-capture index, coupled with the large 
number of unmarked animals in snap traps, was 
consistent with the high rat density estimate in April 
2004. Other researchers have found that capture indices 
from snap trapping were also related to tracking rates 
of rats in ink tunnels – the index of density most often 
used in New Zealand – when studies were carefully 
designed (Blackwell et al. 2002; C. Gillies, Department 
of Conservation, pers. comm., 2004). We were unable 
to test whether the capture index and D̂  at each site 
were correlated, and there was no correlation between 
capture index and either number of individuals caught 
in live traps, total captures including recaptures, or N̂ . 
It may be unreasonable to expect these measures to be 
correlated within a relatively small range of densities, 
as the indices (capture index, individuals caught, and 
total captures) may be too insensitive to reflect small 
differences in density, and the precision of our estimates 
of N was low (CV( 0N̂ ) ≥ 27% and CV( thN̂ th ) ≥ 19%). 
However, the correspondence that we recorded between 
a capture index of about 30 rats 100TN–1 and a density 
of about 9 rats ha–1 may be useful in interpreting future 
snap-trapping data.

Recommended trapping protocols based on field 
results and simulations
The rat-trapping procedures we developed proved 
satisfactory: cage traps, mesh covers, bait (apple and 
peanut butter, with rat pellets to provide additional 
food), shelter and bedding in the traps, and halothane 
anaesthetic. Bedding with short fibres, such as wood 
shavings, cotton batting, hay or straw, may be better 
than the synthetic batting we used, which occasionally 
became tightly wound around a trapped animal. Also, 
metal tunnels may be better for providing shelter inside 
traps than our plastic tunnels, which rats chewed.

The least costly way to increase precision in most 
field situations will be to increase the number of traps 
per site, especially if it can be done without adding 
personnel. The most costly alternative will often be 
to increase the number of trapping occasions (days), 
adding to wages and daily living costs. We therefore 
recommend using 64 cage traps at three replicate sites 
for five trapping occasions; based on our simulations 
this protocol should yield precision of thD̂th of ~20% 
at rat densities in the range of those we studied. The 
best layout of the 64 traps will depend on the goals of 
the study, since thD̂th  was predicted to be slightly more 
precise with two concentric squares of traps and 15-m 
spacing, but slightly less biased with a grid of traps and 
20-m spacing. We found that two people could easily 
check three 48-trap sites in a day and we believe that 
three 64-trap sites would have been feasible with the 
same number of people.
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The density of rats may often be much lower than 
the 5 ha–1 in our low-density scenario; e.g. ship rats are 
often scarce in pure beech forests compared with mixed 
forests (Innes 2005). If density is expected to be very 
low and similar precision ( thD̂th of ~20%) is required, 
then a minimum of five trapping occasions and either 
(1) the 96-trap layout on three replicate sites or (2) the 
64-trap layout on six replicate sites will be needed. 
Which alternative is better will depend on the goals of 
the study, the size and accessibility of the geographical 
area of interest, and staff available. Option (1) will be 
faster than option (2), but option (2) will provide better 
coverage of a large area. The effective trapping area 
at each site will be about 10 ha. Compared with three 
64-trap sites, one additional person might be required 
for three 96-trap sites, and two additional people for 
six 64-trap sites, depending on geography, terrain, and 
experience. If only two people are available, a third 
option of 64 traps at three sites and seven trapping 
occasions is recommended.

Because the home-range length of a single male rat 
may exceed 700 m (measured in beech forest; Pryde et 
al. 2005), trapping arrays must be at least this distance 
apart to be independent. However, range lengths were 
shorter in other studies of ship rats (Hickson et al. 
1986; Dowding & Murphy 1994) and so separations of  
~400 m may be acceptable if longer gaps between arrays 
are not logistically feasible. The simulated protocols 
allowed for 10% of traps being disturbed by non-target 
species – a level that is probably unavoidable in New 
Zealand because of the prevalence of possums, other 
small mammals, and large invertebrates (Wilson et 
al. 2006).

The trapping effort recommended is the minimum 
needed to achieve CV( thD̂th ) of ~20%, as the simulated 
precision at low rat density slightly exceeded 20%, and 
the precision of field estimates of D were poorer than the 
simulated precision. However, these recommendations 
are conservative because of our assumption of 
heterogeneous capture probability both between 
individuals and through time. Our spatially explicit 
estimation of D̂  accounts for some of the heterogeneity 
of capture probabilities that exists between individuals, 
i.e. the spatial heterogeneity that results from variation 
in the locations of home ranges in relation to traps 
(Efford et al. 2004). If little heterogeneity remains, then 
the estimator 0D̂ , which had slightly better precision 
compared with thD̂th , may be satisfactory. However, 
traditional methods of selecting closed-capture models 
for estimating N (Otis et al. 1978) do not separate 
different sources of heterogeneity between individuals, 
and further research is needed to develop an approach 
for selecting the best capture-recapture model in the 
context of spatially explicit estimation of D̂ .

Patchiness of rat populations may make sampling 
unnecessarily costly if effort is expended trapping at 

sites that will not yield density estimates. In 2003, 
only one of our six trapping arrays yielded more than 
20 individual rats; only this site had enough captures 
for us to fit a spatial model and estimate D at that site. 
At two sites, fewer than 10 rats were caught, but these 
data could be combined for analysis with data from 
the other sites. A form of adaptive sampling may be 
advisable, to minimise the effort expended on a group 
of trapping arrays unlikely to yield enough data for 
combined analysis. A potential rule is: if few rats are 
captured in 3 days on three arrays that are to be pooled 
for analysis, cut your losses and move to the next 
location instead of continuing to trap for 5 days. In order 
not to bias the overall conclusions of the study, these 
results must not be discarded but should be recorded as 
‘density apparently low’. The adaptive cluster-sampling 
approach proposed by Thompson (1990, 1991) may 
also be useful, whereby when the number of captures 
at a location exceeds some limit, nearby locations are 
also sampled. However, this algorithm will not be 
helpful if high-density patches of rats are smaller than 
c. 100 ha, unless very small, high-intensity trapping 
arrays are used. An alternative or additional approach 
would be simply to sample at more locations in strata 
(e.g. forest types) with more captures in preliminary 
surveys. This strategy assumes that strata likely to 
have different densities of ship rats can be identified in 
advance. Although ship rats are highly cosmopolitan, 
forest composition (King et al. 1996; King & Moller 
1997), structure (Harper et al. 2005), and elevation 
(because ship rats are relatively scarce at high elevations 
and are not found above treeline; Innes 2005) may be 
useful strata for stratified sampling of their population 
density. The best sampling design will depend on the 
scale and objectives of the study. Even preliminary 
results may help to improve the design of subsequent 
studies, and will substantially add to our knowledge 
of spatial patterns in the distribution and abundance of 
an important introduced forest predator.
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