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malaise traps (Schmidt et al. 2019), pan traps (Popic et al. 
2013), pitfall traps (Perner and Schueler 2004), vacuum 
sampling (Doxon et al. 2011), soil sampling (Schneider et 
al. 2019), sweep netting (Doxon et al. 2011) or artificial 
refuges (Bowie et al. 2014), among others. Once a method 
is selected, sampling design can also vary widely. Pitfall 
traps, for example, can be made of metal, glass, or plastics 
of various colours. These differences can introduce biases 
towards the trap’s effectiveness for surveying particular 
species or groups (Lang 2000; Buchholz and Möller 2018). 
The number of traps and their layout can also influence how 
many invertebrates are caught and what components of the 
invertebrate community are sampled (Engel et al. 2017). All 
these differences in methodology, trap design, and layout 
make comparing studies challenging. Furthermore, the large 
number of available methods make selecting the right one 

Introduction

Robust, standardised, and long-term data inform conserva-
tion practitioners on which species need management and 
which management actions generate the desired outcomes 
(Lindenmayer et al. 2012). A major issue with how we col-
lect data on invertebrates is the sheer number and design 
of available surveying methods. Depending on the envi-
ronment and target group or species, researchers may use 
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Abstract  Appropriate sampling methods are essential for monitoring and managing all wildlife. There is limited informa-
tion on how to monitor ground-dwelling invertebrates in the alpine zone compared to more commonly studied lower-eleva-
tion habitats. We aim to understand the strengths, weaknesses, and cost-effectiveness of invertebrate survey methods when 
deployed in the alpine zone. We tested four methods on the South Island of New Zealand (Aotearoa): pitfall traps, tracking 
tunnels, visual surveys, and trail cameras. We focused on methods for ground-dwelling large-bodied invertebrates, a group 
most likely to be impacted by introduced mammalian predators. Pitfall traps and trail cameras were practical methods for 
surveying alpine invertebrates. Tracking tunnels only reliably detected large wētā (Orthoptera: Anostostomatidae), as other 
invertebrates were too light to leave distinguishable tracks. Visual surveys did not generate enough observations to be con-
sidered a successful method. We found no difference in the total abundance or easily recognised taxonomic groups detected 
by pitfall traps and trail cameras. Trail cameras detected fewer wētā compared to tracking tunnels and pitfall traps. Of the 
successful methods, pitfall traps were the most cost-effective, followed by tracking tunnels and trail cameras. Tracking tun-
nels were the fastest to install and required the least processing time, followed by pitfall traps and trail cameras. We recom-
mend using pitfall traps to survey large-bodied alpine ground-dwelling invertebrates to better understand population trends 
or community composition. This method was consistent across all alpine habitat types and has the potential to be an effective 
method to inform conservation monitoring and management programmes.
Implications for insect conservation  Monitoring is vital to understand how invertebrates respond to change and evaluate 
conservation management program outcomes. This study provides practical information on potential monitoring tools for 
invertebrates in the alpine zone and recommends pitfall traps to survey large-bodied alpine invertebrates.
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difficult, especially when there may be limited information 
on how they work in your target habitat.

Like all research fields, certain species or environments 
in the terrestrial invertebrate literature are more represented 
than others. Flying pollinators, like butterflies (van Swaay 
et al. 2008; Wepprich et al. 2019; Lee et al. 2020) or bees 
(Meiners et al. 2019; Portman et al. 2020; Cane 2021), are 
frequently examined groups, and there are multiple exam-
ples of well developed, long term monitoring protocols 
for these invertebrates (Kammerer et al. 2020; Cane 2021; 
Culbertson et al. 2022). For ground-dwelling invertebrates, 
there are good examples of how to monitor arthropod com-
munities in grassland habitats (Standen 2000; Zaller et al. 
2015; Buchholz and Möller 2018). Invertebrate monitoring 
strategies in forest communities, especially tropical forests, 
are well documented, where methods like visual surveys 
and pitfall traps are effective (Cardoso et al. 2008; Cam-
panaro and Bardiani 2012; Riley et al. 2016). Studies on 
monitoring strategies for terrestrial arthropods in the alpine 
zone are less common (e.g. Schneider et al. 2019; Paler et 
al. 2021). This is concerning because as our climate warms, 
alpine species face a growing number of threats, including 
habitat loss and fragmentation (Jackson et al. 2015) and 
changes in the seasonality of resources which may disrupt 
the life cycle of alpine flora and fauna (Ernakovich et al. 
2014). As a result, a dedicated effort is required to develop 
effective methods in alpine areas to better monitor and con-
serve alpine invertebrates.

In New Zealand, the alpine zone is expansive, covering 
around 11% of the total land area (~ 29,482 km²) and hosts 
an extensive suite of endemic invertebrates, including, but 
not limited to, spiders, beetles, flies, wasps, moths, wētā, 
grasshoppers, and giant carnivorous snails (O’Donnell et al. 
2017). Many of these species are alpine specialists, while 
others have likely been lost from lower elevations due to 
extreme predation pressures. There are many potential 
threats to invertebrates in the New Zealand alpine zone, 
including invasive plants (Litt et al. 2014) and climate 
change (Chinn and Chinn 2020), but we focus on survey-
ing methods that could help identify the impacts of invasive 
mammalian predators. Invasive predators are a known threat 
to native fauna in New Zealand and have devastated native 
populations at lower elevations (Angel et al. 2009; Ruscoe 
et al. 2013; Goldson et al. 2015; O’Donnell et al. 2017). In 
alpine regions, the most notable invasive predators of inver-
tebrates are stoats (Mustela erminea) and mice (Mus mus-
culus) (Smith et al. 2005; Wilson and Lee 2010). We focus 
on testing potential monitoring methods for large-bodied 
ground-dwelling invertebrates (which we define as greater 
than or equal to 1 cm in body length) because the combina-
tion of their relatively large size and slow locomotion makes 

large-bodied invertebrates particularly sensitive to preda-
tion by introduced predators.

We compared four potential monitoring methods that 
are particularly suited to surveying large-bodied terrestrial 
invertebrates: pitfall traps, visual surveys, tracking tunnels, 
and trail cameras. Pitfall traps have been used to monitor 
numerous arthropod groups across a wide array of habitats, 
and this method is regarded as the most efficient method for 
time and effort to sample ground-dwelling taxa in lowland 
temperate habitats (Skvarla et al. 2014; Gobbi et al. 2018). 
The biases associated with pitfall traps are well documented. 
Pitfalls often over-represent large mobile invertebrates, and 
trap material, preservative type, shape, and placement, all 
influence the number and type of species collected (Luff 
1975; Uetz and Unzicker 1975; Digweed 1995; Skvarla et 
al. 2014; Buchholz and Möller 2018; Hohbein and Conway 
2018).

Visual surveys generate counts of invertebrates as 
researchers search for invertebrates along a pre-determined 
transect. This method can sample flying, arboreal and 
ground-dwelling invertebrates and can be biased towards 
large invertebrates that are easy to see and identify (Zaller 
et al. 2015). Results are limited to species that are active 
when the search is conducted and are partly dependent on 
the individual skill and experience of the collectors (Bouget 
et al. 2008; Riley et al. 2016). Visual surveys are effec-
tive in warm tropical environments, like rainforests, that 
promote high activity levels for invertebrates (Gobbi et al. 
2018). However, visual survey detections are more variable 
in cooler environments, like New Zealand’s low-elevation 
forests. For example, Watts et al. (2011) found surveys to be 
less successful than passive surveying methods, like track-
ing tunnels, while Carpenter et al. (2016) found visual sur-
veys to sample equally as well as pitfall traps.

Researchers use tracking tunnels to generate presence-
absence data by luring invertebrates across an inked card 
with a centrally placed bait causing them to leave tracks 
as they exit the device. In New Zealand, tracking tunnels 
are a common method used to survey introduced predators 
like rodents and stoats (Brown et al. 1996; Blackwell et al. 
2002; Kemp et al. 2022) and have also been shown to suc-
cessfully survey large wētā (Anostostomatidae, a group of 
native Orthoptera common in New Zealand) that leave eas-
ily identifiable tracks (Watts et al. 2008, 2011; Carpenter et 
al. 2016). To our knowledge, tracking tunnels have not been 
tested on invertebrates in the alpine zone, but they have 
potential as a survey method in this environment.

Time-lapse trail cameras generate count data of inverte-
brates by taking a picture of the ground at a pre-determined 
time interval. Trail cameras have predominantly been used 
to survey large mammals and birds (O’Brien and Kinnaird 
2008; Burton et al. 2015) but have also been used to survey 
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smaller organisms like lizards (Gibson et al. 2015; Bertoia 
et al. 2021) and invertebrates (Potter et al. 2021). Trail cam-
eras can sample any invertebrate that comes into the frame 
but are biased towards larger, slower invertebrates that are 
easier to see and remain in the frame long enough to be pho-
tographed (Collett and Fisher 2017). More complex habitats 
may limit what can be observed on trail camera photographs 
as vegetation, rocks or subsurface retreats may hide inver-
tebrates from the camera’s field of view (Collett and Fisher 
2017).

Previous studies comparing invertebrate surveying meth-
ods have shown trail cameras to be effective in low-eleva-
tion forest and grassland habitats. Cameras outperformed 
pitfall traps and captured images and video of invertebrates 
escaping or avoiding traps (Zaller et al. 2015; Collett and 
Fisher 2017). Research comparing pitfall trapping and hand 
searching is often site or species-specific. For example, 
hand searches, where researchers spent 15–20 min looking 
under stones and hiding places for carabid beetles, slightly 
outperformed pitfall traps in the high Andes mountains in 
Chile (Gobbi et al. 2018). However, pitfall traps were more 
successful than quadrat sampling for sampling the ground-
dwelling invertebrate community in dry riverbeds in New 
Zealand (Corti et al. 2013). The effectiveness of inverte-
brate surveying methods depends on the environment and 
community being surveyed. As a result, we tested poten-
tial monitoring methods for ground-dwelling large-bodied 
alpine invertebrates to assess how multiple methods work 
in the alpine zone.

We aimed to understand the strengths, weaknesses, and 
cost effectiveness of the four survey methods for ground-
dwelling large-bodied invertebrates in the alpine zone. We 
also wanted to know if these four methods are equally effec-
tive at detecting invertebrates across different habitat types 
common in alpine areas (e.g., tussock fields, rocky fields, 
and low-lying shrubs). Based on the previous research 
described above, we predicted that pitfall traps would suc-
cessfully sample the large-bodied invertebrate community 
in tussock and shrub habitats but may be less effective in 
rocky terrain where it may be hard to install pitfalls flush 
with the ground (Wynne et al. 2019). We expect trail cam-
eras and visual surveys to be less effective in more complex 
habitats, like shrubby sites where vegetation may block the 
camera’s field of view or allow invertebrates to hide from 
observers (Collett and Fisher 2017). Lastly, we expect track-
ing tunnels to be equally effective in all habitat types, but 
observations will be limited to wētā tracks as this method 
has mostly been explored for use on large wētā (Watts et al. 
2008, 2011; Carpenter et al. 2016). We expect visual sur-
veys will be the most cost-effective method, followed by 
pitfall traps, tracking tunnels, and trail cameras.

Methods

Study area

This study occurred in Fiordland National Park in the south-
west of the South Island of Aotearoa, New Zealand (hereaf-
ter, ‘Fiordland’). Our field sites encompass the Homer and 
Gertrude Valleys, ranging from 900 to 1,100 m above sea 
level (a.s.l). Fiordland experiences intermittent snowfall 
from May-October, with the occasional snowfall during the 
austral summer.

Typical alpine habitat in New Zealand consists of three 
major types: tussock grasslands, shrub fields, and rock fields. 
Rock fields were generally 60–80% rock covered, ranging 
from small pebbles to scree fields and large boulders. The 
rocks were interspersed with sparse vegetation consisting of 
mosses, small ferns, and mountain buttercup (Ranunculus 
lyallii). Tussock grasslands were comprised of 50–60% red 
tussock (Chionochloa rubra), narrow-leafed snow tussock 
(C. rigida), and fescue tussock (Festuca novae-zelandiae), 
with the remaining vegetation consisting of mosses, moun-
tain buttercup, dracophyllum (Dracophyllum rosmarinifo-
lium) and common speargrass (Aciphylla squarrosa). Shrub 
fields were dominated by woody shrubs around 1  m tall, 
including hebes (e.g., Veronica hectorii) and dracophyllum. 
The shrub habitat contained a variety of other native plants 
like mountain daisies (Celmisia spp.), mountain buttercup, 
and common speargrass, with various ferns and mosses.

Study design

We tested potential monitoring methods in all three habitat 
types (tussock fields, areas of low-lying shrubs, and rocky 
fields) in Fiordland with four replicates per habitat type giv-
ing 12 sites in total. We established three 90 m long paral-
lel transects at each site spaced 10  m apart based on the 
minimum width and length of natural habitat patches. This 
enabled each of the methods requiring device spacing (pit-
fall traps and tracking tunnels) and the visual survey tran-
sect to be on independent transects. A single camera (point 
sample) was allocated to one of these transects (see below). 
All transects had a random starting point and bearing within 
the limitations imposed by the size of the habitat type and 
surrounding terrain. We placed our field sites at least 30 m 
apart to limit the chances of catching the same invertebrate 
in multiple lines, this distance is further than radio-tracked 
Deinacrida heteracantha, a species of wētā larger in size 
than the large-bodied invertebrates that occupy this habitat, 
are known to travel in one night (Watts and Thornburrow 
2011; Fig.  1). At each site, pitfall traps, tracking tunnels, 
and visual surveys were randomly assigned to one transect. 
Furthermore, we used nine trail cameras and placed a single 
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the trap from rain and falling debris. We based the pitfall 
trap design on Hohbein and Conway (2018), who proposed 
a standardised design after reviewing 257 pitfall studies 
(Fig. 2). Transparent traps limit the effect of trap colour on 
capture rates, while funnels decrease the number of inverte-
brate escapes and reduce vertebrate bycatch (Hohbein and 
Conway 2018). Because pitfall traps had the potential to 
catch threatened native lizards, we filled the pitfalls with 
~ 2  cm of water rather than a preserving liquid. We did 
not catch any lizards in our pitfall traps, but if we had, we 
would have been able to release them with minimal harm. 
To set the traps, we spread ~ 5 g of peanut butter bait on the 
underside of the cover over the trap opening and fashioned 
a wire stand to hold the cover approximately 2 cm above 
the ground. We were not using a preserving liquid, so we 
checked the pitfall traps after 24 h. We used such a short 
trapping duration to make pitfall traps comparable with 
the tracking tunnels, which are often replaced daily when 
surveying rodents and invertebrates (Blackwell et al. 2002; 
Watts et al. 2011). We also wanted to limit any effect that 
stale bait may have on capture rates and reduce the possible 
effects that early captures may have on later captures.

During the first survey, we kept all the large-bodied 
invertebrates for identification. We counted the number of 
individuals caught, measured their body length (front of the 
head to the tip of the abdomen) to the nearest millimetre 
using a 15 cm ruler, and identified each to the family level 
except for centipedes, which we identified to the order level. 
On subsequent trips, we only kept individuals that were not 

camera at the 45 m mark of three out of the four pitfall trap 
transects per habitat (three cameras surveyed each habitat 
type). We baited pitfall traps, tracking tunnels, and trail 
cameras with Pams® Smooth Peanut Butter (Pams Products 
Ltd, New Zealand), a bait commonly used to attract mice and 
invertebrates (Watts et al. 2008, 2011; Nathan et al. 2013; 
Carpenter et al. 2016). We surveyed field sites once in Janu-
ary, February, March/early April, and April/early May 2021. 
During each sampling trip, all 12 sites were visited once. We 
baited each device in the morning or early afternoon before 
running the visual search transects. The following day, we 
identified the catch from the pitfall traps, collected the track-
ing tunnel cards and shut down the site (all bait removed, 
and pitfall traps inverted and covered to prevent insects or 
lizards from being caught between sampling sessions and to 
avoid attracting predators). We checked the camera batteries 
each time we closed the site and collected the memory cards 
at the end of the season.

Pitfall traps

Pitfall trap transects consisted of 10 pitfall traps that we 
placed at 10  m intervals. We made pitfall traps from 1  L 
transparent plastic bottles with a 90  mm diameter open-
ing. The top quarter of each bottle was removed, inverted, 
and placed back onto the bottle to create a transparent fun-
nel with the narrow end of the funnel measuring 2.5 cm in 
diameter. We then covered the pitfall traps with 18 × 18 cm 
white plastic covers (3 mm polypropylene sheet) to shield 

Fig. 1  Map of our field site 
showing the location of all 12 
transects. Diamonds represent 
sites where all four methods were 
tested while circles represent sites 
where cameras were absent. The 
inset represents an example site 
layout of the nine sites where all 
four methods were present. These 
nine sites contained a transect 
for tracking tunnels (blue line), 
pitfall traps (red line) and visual 
searching (black line), and a trail 
camera (white dot). Sites were at 
least 30 m apart
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Visual surveys

We conducted visual surveys of the ground 50 cm on either 
side (i.e., a one-metre strip) along the length of the 90 m 
transect and aimed to spend no more than 15 min on each 
search. Searches were limited to 15  min to make them a 
realistic tool for surveying remote alpine areas where lim-
ited site access and adverse weather conditions can make 
time a limiting factor. Other surveys of large-bodied inver-
tebrates in New Zealand are similarly short (e.g., Schori et 
al. 2020), so we felt that 15 min was sufficient. Surveys were 
only completed during the day, as running night searches 
and the other survey methods was logistically impossible. 
The observer would move slowly along the transect, look-
ing at the ground underneath surface vegetation, but we did 
turn any rocks or other surface retreats. When we observed 
an invertebrate, we identified it to the family level (if pos-
sible) and estimated body length by eye (if the invertebrate 
remained in the open long enough to do so). The same sin-
gle observer conducted all our visual surveys for this study.

We completed a small test to see whether we should con-
duct night visual surveys. We ran three surveys from 12:00–
1:30 am in early December, on which we observed a total 
of three carabid beetles. The relatively low level of insect 
activity combined with the logistic difficulty of a small team 
running surveys by night while maintaining the other meth-
ods in the experiment by day caused us to forgo the night 
surveys.

Tracking tunnels

We used standard Black Trakka™ tracking tunnels 
(500 × 100 × 100 mm; Gotcha Traps, Warkworth, New Zea-
land), a commonly used method to survey introduced pests 

observed in the first monitoring session. This limited the 
number of invertebrates killed during the study.

Camera trapping

Cameras (Reconyx HC 500 Hyperfire, REconyx Inc., Hol-
men) were programmed to take a photograph every 15 min, 
an interval shown to adequately survey invertebrates with-
out taking excessive images (Collett and Fisher 2017). We 
attached the cameras 60 cm off the ground to a 1 m black 
steel pole with the camera lens facing the ground. We then 
placed a 30 cm ruler in the field of view as a scale to mea-
sure the length of invertebrates in the pictures. Depending 
on the habitat, we secured the rulers with an all-surface 
adhesive (THE ONE®, Selleys, New Zealand) or wire. We 
placed ~ 5 g of peanut butter bait in the camera’s view above 
the ruler so that invertebrates attracted to the bait would be 
in the picture. At the end of this 24-hour period, we removed 
peanut butter bait from the cameras.

We used Timelapse2 (Greenberg and Godin 2015), an 
image-analysis programme that simplifies the data collec-
tion from trail camera images, to generate data from the 
images. Timelapse2 extracts metadata from the images 
(time and camera ID) and allows the user to create a cus-
tom interface for entering data by typing, selecting from 
a custom list, or clicking on objects in the image to count 
them (Greenberg and Godin 2015). We counted all individ-
ual invertebrates larger than 1 cm, identified each to family 
level where possible, and summed observations after 24 h 
of operations. To limit recounting invertebrates, individuals 
in the same or very similar position (e.g., in the same posi-
tion eating peanut butter) on consecutive pictures were not 
recounted. As a result, there is some risk of double-counting 
invertebrates, but we did our best to minimise it given the 
quality of the images we collected.

Fig. 2  Example of pitfall trap 
before installation at a tussock 
habitat in Gertrude Valley. The 
pitfall container has a funnel 
to limit the bycatch of native 
lizards. The white plastic square 
acts as a shade, and the peanut 
butter bait can be seen spread 
onto the centre of the cover
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was included as a random effect to allow for observations 
of invertebrates to vary across site. We also tested model 
variants including minimal and/or maximal temperatures 
but these variables were eventually omitted as they were too 
highly correlated with collection date. Invertebrate counts 
were generated from 84 replicates (12 lines of pitfall traps 
and nine trail cameras visited four times across the summer 
season).

We used data for each taxonomic group generated by the 
trail cameras and pitfall traps to analyse differences in com-
munity composition at the family level. We used a permu-
tational multivariate analysis of variance (PERMANOVA, 
999 permutations; Anderson 2001) based on the Bray-Curtis 
Dissimilarity index to examine differences in the inverte-
brate community as detected by method and at each habitat 
type. Unbalanced designs can make a PERMANOVA sen-
sitive to differences in dispersions among groups (Ander-
son 2014), so we only included the nine sites where all four 
methods were present. Furthermore we tested for homo-
geneity of multivariate dispersion using a permutational 
analysis of multivariate dispersion (PERMDISP, Anderson 
2001). We completed a PERMDISP in conjunction with 
a PERMANOVA to ensure that observed significant dif-
ferences result from differences between mean values of 
group centroids rather than within-group variability from 
the centroids (Anderson 2006). To visualise differences 
in community composition between survey methods and 
habitat types, we used non-metric multidimensional scaling 
(NMDS) with a Bray-Curtis Dissimilarity index to generate 
minimum convex hulls. We conducted this analysis using 
the vegan package (Oksanen et al. 2020).

Because tracking tunnels only recorded wētā activity, we 
ran a separate GAMM with a binomial distribution for wētā 
data only. We converted wētā abundance data, generated 
by the pitfall trap lines and trail cameras, to the presence 
of wētā per transect, so that they could be compared with 
presence-absence data generated by tracking tunnels. The 
GAMM had 132 replicates from the 12 lines of pitfall traps 
and tracking tunnels with the nine trail cameras each visited 
four times during the season. The binomial GAMM had the 
same model makeup used in the abundance data analysis 
(see above) but without the interaction effect.

Results

Overview

We collected 787 observations of invertebrates from the 
three methods that generate abundance data. This resulted 
in 213 observations from nine trail cameras, 551 observa-
tions from twelve transects of pitfall traps, 23 observations 

and wētā at lower elevations in New Zealand (King and 
Scurr 2013; Stringer et al. 2014). Tracking tunnel transects 
consisted of 10 tunnels placed at 10-metre intervals. During 
surveys, we placed ~ 5 g of peanut butter directly onto the 
ink in the centre of the tracking card.

Temperature and weather data

The Milford Road Alliance provided hourly temperature 
and precipitation data for our field sites which were col-
lected at the East Homer Road weather station. This station 
is in the Upper Hollyford Valley at the base of Mt Talbot 
500 m southeast of the eastern Homer Tunnel entrance in 
Fiordland National Park on the South Island of New Zea-
land (-44.764011, 167.995403, 870 m a.s.l). This weather 
station is 250 m from the closest survey site, 1.9 km from 
the furthest and within 30 m of elevation.

Statistical analysis

We first compared all survey methods by summarising the 
total invertebrate abundance and diversity of recognisable 
taxonomic units by field site and habitat type. We also 
calculated the cost of equipment, time to set up, and time 
required to process the data generated by each method. We 
undertook statistical analysis to compare pitfall traps, trail 
cameras, and tracking tunnels, but more data needed to be 
obtained from visual surveys to include them in the analysis. 
We combined observations from the ten pitfall traps and ten 
tracking tunnels, respectively, to the site level per trip. We 
pooled the data in this way as individual traps and tunnels 
along the same transect were not spatially independent. As 
we only had one camera per site, these data were already at 
the site level. We completed all analyses in RStudio (RStu-
dio Team 2020).

We used a generalised additive mixed model (GAMM) 
with a negative binomial distribution using the package 
mgcv (Wood 2011) to see whether similar numbers of large-
bodied invertebrates were observed via pitfall trapping and 
trail cameras across the three habitat types. We only had 
access to nine trail cameras, so our design was slightly 
unbalanced (models contained 12 sites with pitfall traps 
and 9 sites with cameras). The GAMM contained counts of 
invertebrates as the response variable, with survey method 
(pitfall traps or trail cameras), habitat type (shrub, tus-
sock, or rock) as categorical variables, and collection date 
(recorded as the number of days after January 1st, 2021) as 
a smoothed predictor variable. We also included an interac-
tion effect between survey method and habitat type to test 
for differences in the number of large-bodied invertebrates 
observed by each method in each habitat type. As we revis-
ited the same sites across the summer season, site number 
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habitat type (χ2(2) = 1.64, p = 0.44. For the full model out-
put, see supplementary materials S1.

Invertebrate community composition

There was no difference in dispersion between methods or 
habitat types (PERMDISP Table 1). This suggests that the 
results from the PERMANOVA represent differences in 
community composition and not within-group variability. 
We found no significant difference in community composi-
tion as detected by pitfall traps compared with trail cameras 
(R2 = 0.03; Table 1; Fig. 4). We detected a significant differ-
ence in the invertebrate communities among habitat types, 
although the amount of variation explained was relatively 
small (R2 = 0.09; Table 1;Fig. 5). Furthermore, a post hoc 
comparison with Holm’s correction showed no significant 
difference in community composition between any habitat 
types, suggesting that the differences in community compo-
sition between habitat types are small (Table 1).

Wētā detection comparison

The detection rate of wētā was 63% for tracking tunnels, 
65% for pitfall traps and 39% for cameras. No wētā were 
recorded on visual surveys (Fig. 2). We found a slight sig-
nificant difference in wētā detection rates cameras across the 
three methods (χ2(2) 6.15, p = 0.05; Fig. 6). There was also 
a significant difference in detection rates between habitat 
types (χ2(2) = 13.30, p = 0.001; Fig. 6). Pairwise Tukey post 
hoc tests showed trail cameras detected fewer wētā than pit-
fall traps (t(118) = -2.32, p = 0.05). There was, however, no 
difference in wētā detections between cameras and tracking 
tunnels (t(118) = -2.11, p = 0.09) nor tracking tunnels and 
pitfall traps (t(118) = -0.26, p = 0.96). Additionally, wētā 
detections were significantly higher in shrubby habitats 
compared to rocky terrain(t(118) = -3.53, p = 0.002) and 

from the twelve transects of visual surveys, and 52% of 
tracking all devices tracked wētā. We detected eight families 
from seven orders (See supplementary materials for abun-
dances for each order; Fig. 3), with Carabidae, Lycosidae 
and Anostostomatidae being the most common families. 
We detected the highest abundance of invertebrates in all 
three habitat types with pitfall traps, followed by cameras 
and visual surveys. We also detected the greatest number of 
recognised taxonomic groups in all three habitat types using 
pitfall traps, followed by cameras, and then visual surveys 
(Fig. 3). During the sampling period, temperatures in Fiord-
land were quite similar for January, February, and March, 
with February having the highest mean (18.83  °C ± 0.27) 
but only by ~ 2  °C. May was cooler than the other three 
months, having the lowest average, absolute minimum, and 
absolute maximum temperatures by upwards of 5 °C.

Invertebrate abundance

Due to the limited number of observations from visual sur-
veys, we removed them from the analysis. This resulted in 
551 invertebrates sampled by pitfall traps and 213 from trail 
cameras to be used in the analysis (764 large-bodied inver-
tebrates in total). Over the summer season, we collected a 
total of 2,997 images with our trail cameras. We omitted 
784, leaving 2,213. Of the 784 images we removed, 508 
were removed due to a technical issue that caused the photo 
quality to be too poor; 144 images were omitted because the 
pictures were obscured by rain on the lens or vegetation that 
had grown into the camera’s field of view.

We detected no difference in invertebrate abundance as 
recorded by pitfall traps and trail cameras (χ2(1) = 0.65, 
p = 0.42). We also found no significant difference in the 
number of invertebrates observed across the three habitat 
types (χ2(2) = 3.78, p = 0.15). Lastly, there were no sig-
nificant differences in the interaction between method and 

Fig. 3  Total abundance of each 
invertebrate family detected by 
nine trail cameras, 120 pitfall 
traps and 12 transects of visual 
surveys run during the 2020-
21 austral summer season in 
Fiordland, New Zealand. (A) 
represents detections in shrubby 
habitat (n = 354), (B) represents 
rocky habitat (n = 231), and 
(C) represents tussock habitat 
(n = 202)
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Discussion

Overall, pitfall traps, and trail cameras sampled large-bod-
ied ground-dwelling invertebrates that are commonly found 
in the New Zealand alpine zone and have the potential to be 
used as monitoring methods. Tracking tunnels only reliably 
sampled wētā and visual surveys did not generate enough 
data to be considered a viable surveying method. Pitfall 
traps and trail cameras performed consistently across the 
three habitat types assessed. However, cameras were con-
siderably more expensive than all other methods assessed 
and took more time to generate data from the images. Track-
ing tunnels detected a similar amount of wētā activity as 
pitfall traps, and slightly more than trail cameras, but did 
not provide data on the abundance or diversity of the large-
bodied invertebrate community. This suggests that tracking 

tussock fields (t(118) = 2.97, p = 0.01). There was no differ-
ence in wētā detections between rocky and tussock habitats 
(t(118) = -0.73, p = 0.75). For the full model output, see 
supplementary materials S1.

Costs and processing time

Visual surveys were the cheapest method, followed by pit-
fall traps, tracking tunnels and trail cameras (Table 3). Visual 
surveys were also the fastest method to install, followed by 
tracking tunnels and trail cameras, with pitfall traps having 
the longest installation time. Lastly, visual surveys took the 
least amount of time to process, followed by tracking tun-
nels, pitfall traps and trail cameras (Table 2).

Table 1  Differences in the large-bodied alpine invertebrate community correlated with monitoring method and habitat type. A permutational multi-
variate analysis of variance based on a Bray-Curtis Dissimilarity index was used to examine the large-bodied invertebrate community. Homogene-
ity of multivariate dispersion was also investigated using a permutational analysis of multivariate dispersions. Pairwise comparisons are presented 
using the Holm’s correction method. Significant relationships are denoted by **

DF Sum of Squares F R2 P value
PERMANOVA
Habitat type 2 1.31 2.19 0.09 0.006**
Method 1 0.54 1.81 0.03 0.16
Habitat type:Method 2 0.71 1.19 0.03 0.43
Residuals 44 13.24 0.84
Pairwise
Rock vs. Shrub 0.63 2.05 0.06 0.07
Rock vs. Tussock 0.59 1.84 0.05 0.27
Shrub vs. Tussock 0.72 2.50 0.06 0.04
PERMDISP
Method 1 0.00 0.02 0.95
Habitat type 1 0.10 2.96 0.06

Fig. 4  NMDS ordination of 
large-bodied terrestrial inver-
tebrate groups as measured by 
trail cameras and pitfall traps in 
Fiordland, New Zealand during 
the austral summer of 2020-21 
(k = 2). Red polygons represent 
invertebrate groups detected by 
pitfall traps and blue polygons 
represent groups detected by trail 
cameras. All polygons are convex 
hulls. There was no significant 
difference in the invertebrate 
community as detected by pitfall 
traps or trail cameras
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were more active in shrubby areas than tussock or rocky 
terrain.

Successful potential monitoring methods

We successfully surveyed the large-bodied alpine inverte-
brate community using pitfall traps and trail cameras, but 
pitfall traps have a few advantages that make them more 
effective. Though the difference was not significant, pitfall 
traps sampled a more comprehensive community than trail 
cameras, capturing species like amphipods and centipedes 
that were less common at our field sites. Pitfall traps also 
sampled more wētā. These slight differences may be due to 
sampling effort as we deployed more pitfall traps than trail 
cameras. Alternatively, these invertebrates could be more 
challenging to detect using cameras as they may spend 
more time under surface cover outside the camera’s field 
of view. Overall, pitfall traps and trail cameras sampled a 
similar large-bodied invertebrate community across all hab-
itat types suggesting that either method could be a potential 
monitoring method.

To synthesise our findings, we have compiled a list of 
each method’s strengths, weaknesses, and limitations, with 
references (Table 3). As well as allowing us to sample the 
large-bodied alpine invertebrate community, pitfall trapping 
has the additional advantage of allowing for specimen col-
lection. We know very little about large-bodied alpine inver-
tebrates, and specimens can be identified to the species level, 
used in genetic analysis (Gurdebeke and Maelfait 2002), or 
be shared with other researchers aiding in the amount of 
knowledge generated by a single survey. The use of pitfall 
traps also avoids issues that trail cameras suffer, like tech-
nical difficulties, the inability to identify some individuals, 

tunnels may be more useful as a specialist method to sur-
vey wētā, or similarly large Orthopterans, than one used to 
survey the large-bodied invertebrate community. Tracking 
tunnels were more expensive than pitfall traps but slightly 
faster to set up and process. When comparing wētā activity 
across habitat types, trail cameras detected fewer wētā com-
pared to tracking tunnels and pitfall traps. Generally, wētā 

Fig. 6  Proportions of lines with at least one wētā detection by pitfall 
traps, tracking tunnels and trail cameras in Fiordland. Proportions are 
calculated from 120 tracking tunnels and 120 pitfall traps and nine 
cameras that were sampled across the 2020-21 austral summer sea-
son. Trail cameras took a photograph every 15 min resulting in 2,213 
images

 

Fig. 5  NMDS ordination of 
large-bodied terrestrial inver-
tebrate groups as measured by 
trail cameras and pitfall traps 
across habitat types in Fiordland, 
New Zealand during the austral 
summer of 2020-21 (k = 2). The 
grey polygon represents groups 
detected in rocky habitats, the 
green polygon represents shrubby 
habitats, and the yellow polygon 
represents tussock habitats. All 
polygons are convex hulls. There 
was a significant difference in the 
invertebrate community inhabit-
ing shrub and tussock habitats 
(p = 0.006)
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any costs associated with work hours devoted to identify-
ing invertebrates. Tracking tunnels were cheaper than pitfall 
traps, but they do not collect community composition data, 
making them a much less effective method. Trail cameras 
fall behind pitfall traps in cost-effectiveness, as our cam-
eras were both expensive and time-consuming. There are 
cheaper cameras available, which could make this method 
more cost-efficient (see Palencia et al. 2022 for a review 
of camera models and their performance). Still, pitfall traps 
will likely be more affordable, even with a cheaper camera.

As technology improves, processing data from pit-
fall traps and trail cameras may become more automated, 
improving their cost-effectiveness. For pitfall traps, recent 
studies have created devices that automatically sort, pho-
tograph, and identify benthic invertebrate specimens based 
on the geometric features of the specimen (Ärje et al. 2020; 
Wührl et al. 2022). Other approaches have used machine 

and the potential to double-count invertebrates. We lost data 
to technical difficulties with our trail cameras during our 
February field trip, while the pitfall traps functioned prop-
erly for the entire field season. These added benefits and 
their overall effectiveness in all alpine habitats give pitfall 
traps the edge over trail cameras for surveying large-bodied 
invertebrates in Fiordland.

Cost-effective potential monitoring methods

Pitfall traps were also the most cost-effective method com-
pared to trail cameras and tracking tunnels. Our pitfall traps 
are especially cheap and quick to process as we did not use 
kill traps and did not identify invertebrates to the species 
level. Kill traps require a killing agent and specimen jars, 
increasing the costs per trap. Identifying invertebrates to 
the species level would increase the processing time and 

Table 3  Strengths, weaknesses, and limitations of all methods tested for sampling large-bodied alpine invertebrates in Fiordland during the 2020-
21 austral summer season based on our experience and information from the literature

Strengths Weaknesses Limitations References
Pitfall traps Allows for the collection of 

specimens.
Effective for surveying species 
that occur at low densities.
Simple, lightweight, and easy 
to use.

Traps need to be checked and emptied.
Trap materials and design influence 
which invertebrates are caught.
Potential for bycatch.

Likely to exclude arboreal and 
flying species.
Bias towards large more 
mobile ground-dwelling 
invertebrates.

(Pekár 2002; 
Woodcock 2005; 
Buchholz et al. 
2010; Hohbein 
and Conway 2018; 
Ruiz-Lupión et al. 
2019)

Camera 
traps

Samples all wildlife that is 
within the frame.
Can be left to monitor species 
for long periods.
Has a small footprint and does 
not kill invertebrates.

Cameras can have technical difficulties 
leading to data loss.
Time-lapse cameras generate thousands 
of photos that are time-consuming to 
process.
Cameras, batteries, and stands are heavy, 
difficult to transport and need to be 
replaced throughout the season.

The quality of the photos can 
limit species identification.
Vegetation or complex envi-
ronments shield invertebrates 
from the camera’s field of 
view.

(Zaller et al. 2015; 
Collett and Fisher 
2017; Hobbs and 
Brehme 2017; 
Potter et al. 2021)

Tracking 
tunnels

Tracks wētā and small mammals 
simultaneously.
Easy to use and transport.

Cards need to be checked and replaced.
Not all invertebrates leave identifiable 
tracks.

Likely to exclude arboreal 
species and flying species.
Provides limited presence-
absence data on the largest 
invertebrates.

(Watts et al. 2011; 
Carpenter et al. 
2016; Elliott et al. 
2018)

Visual 
surveys

Requires little to no equipment.
Samples all active wildlife and 
in view of the observers.

Individual skill and experience of the 
collectors can influence results.
Biased towards large slow-moving 
invertebrates.

Only sample species that are 
active during the search.

(Bouget et al. 
2008; Corti et al. 
2013; Riley et al. 
2016)

Method Set up time (mins) 
per transect

Time to pro-
cess data per 
transect (mins)

Cost estimate per transect Costs ranked Time 
ranked

Trail cameras 15–20 9–10 h $800 (1 Reconyx HC500 
camera, camera mount, 
waratah, ruler, adhesive)

$$$$ 4

Pitfall traps 45–60 30–45 min $35 for ten pitfall traps, 
covers, and supporting 
wire

$$ 3

Tracking 
tunnels

30–45 20–30 min $143 for ten tunnels, 
wire, and tracking cards

$$$ 2

Visual surveys 25 1–5 min <$1.00 for flagging tape $ 1

Table 2  Set up time, data pro-
cessing time, and costs associated 
with all four large-bodied alpine 
invertebrate monitoring methods. 
Costs were calculated from prices 
on products available in Dunedin, 
New Zealand, in Spring 2021. 
Note that set-up time for visual 
surveys include 15 min spent 
completing the search. One was 
the fastest method for time rank-
ings, while four was the slowest
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In New Zealand, large-bodied invertebrates are espe-
cially important to study due to their vulnerability to intro-
duced predators. However, there are other reasons to study 
large-bodied invertebrates, which further supports the need 
for cost-effective ways to monitor them. For example, large 
invertebrates are easier to see and identify in the field mak-
ing data collection easier and allowing for more novel meth-
ods like trail cameras to be more successful (Gerlach et al. 
2013; Hobbs and Brehme 2017). Large-bodied invertebrates 
can be more charismatic and may be used as flagship spe-
cies to promote invertebrate conservation. The tiger beetle, 
for example, has become a global flagship for beetle con-
servation resulting in studies and conservation management 
across Europe and North America (New 2010). Stag beetles 
(Lucanus cervus) have been used to raise awareness around 
the importance of deadwood habitat in suburban London 
(New and Samways 2014). In New Zealand, the giant wētā 
(Anostostomatidae spp.) have been used to increase aware-
ness of the plight of native species faced with predation by 
introduced predators (New and Samways 2014). Lastly, 
many large-bodied invertebrates have been used as indicator 
species (Gerlach et al. 2013) to help researchers understand 
how invertebrate communities respond to global change. 
For example Audino et al. (2014) used dung beetles as an 
indicator of success for tropical forest restoration project. In 
another example, Bazelet and Samways (2011) found some 
grasshopper species to be successful indicators of the qual-
ity of ecological networks in a mixed system of grasslands 
and exotic timber plantations. Thus, there are numerous 
incentives to improve our ability to monitor large-bodied 
invertebrates across all regions.

Conclusion

Our method comparison suggests that pitfall traps perform 
well as the primary survey method to monitor large-bodied 
ground-dwelling invertebrates in a range of habitat types, 
characteristic of the alpine zone. The low cost of pitfall traps 
makes this tool accessible for projects with limited budgets, 
while their simple design makes them easy to scale up to 
fit the needs of larger projects. That said, the best monitor-
ing method for a given study depends on the study’s objec-
tive, the invertebrate groups being targeted and the desired 
management outcomes. With proven surveying methods, 
we can better understand large-bodied invertebrates lead-
ing to improved conservation outcomes for invertebrates 
in the alpine zone and other similar regions. Bettering our 
understanding of invertebrates would contribute to goals of 
protecting ‘biodiversity’ given that invertebrates represent a 
large portion of this in New Zealand and across the globe.

learning techniques to identify photographs of invertebrates 
to the species or sub-family level (Wäldchen and Mäder 
2018). For trail cameras, programmes can already classify 
and identify images of large mammals from trail camera 
images (Wäldchen and Mäder 2018; Tabak et al. 2019). For 
invertebrates, however, current methods need to examine 
pictures of specimens in controlled conditions (e.g., well-lit 
white backgrounds). They are not quite ready for trail cam-
era images with a complex background where invertebrates 
are partially shielded from view (Liu et al. 2017).

Some large-bodied alpine invertebrate communities are 
fairly rare or threatened, and many species are data deficient 
(Leschen et al. 2012; Sirvid et al. 2012; Trewick et al. 2022). 
Information on population trends for alpine invertebrates is 
important for assessing a species’ status and evaluating the 
effectiveness of conservation efforts and management needs 
(Monks et al. 2021). Data on population trends are essen-
tial in response to an increasing number of threats to alpine 
species, such as invasive mammalian predators which prey 
upon large-bodied invertebrates at lower elevations and 
within the alpine zone (O’Donnell et al. 2017; McAulay et 
al. 2020; Norbury et al. 2022). To our knowledge, robust, 
validated monitoring techniques do not exist for alpine 
invertebrates. Our research highlights promising survey 
techniques that need to be tested against robust density esti-
mates for key taxonomic groups (Lettink et al. 2011; Car-
penter et al. 2016; Monks et al. 2021). If indices generated 
from pitfall traps are found to be representative of density 
estimates for large-bodied alpine invertebrates, then pitfall 
traps could be deployed as a long-term monitoring method 
in the alpine zone.

Pitfall traps and trail cameras may also be successful 
monitoring tools for other habitats or biomes that share 
similar environmental conditions to the New Zealand alpine 
zone. The alpine zone in New Zealand is characterised by 
low temperatures, strong wind, and solar radiation (Mark 
et al. 2000; Buckley et al. 2022). Habitat in alpine areas of 
New Zealand consists of open tussock grasslands, shrubs 
and forbs and rock fields (Mark et al. 2000). Temperate 
grasslands in North America or Asia have similar open grass 
fields and experience cool temperatures and snow over win-
ter in some regions (Jones and Donnelly 2004). Similarly, 
boreal forests are associated with low mean temperatures 
and short growing seasons due to cold, snow-covered win-
ters (Apps et al. 1993). Lastly, subarctic and subantarctic 
habitats share characteristics with alpine biomes, including 
low mean temperatures, high winds, prolonged periods of 
snow and high levels of solar radiation (Smith et al. 2001; 
Jones and Donnelly 2004). Thus, our results also apply to 
researchers looking to study ground-dwelling invertebrates 
in cool, open habitats.
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