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Obtaining reliable estimates of population 
abundance is a key issue in wildlife ecology and 
management (Fryxell et al. 2014). In mountainous 

areas this task is particularly challenging, as 
poor accessibility and visibility tend to reduce 
detectability, thus limiting the possibility to meet 
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Abstract. Obtaining reliable estimates of population abundance is of utmost importance for wildlife research and 
management. To this aim, camera-traps are increasingly used, as this method has the advantage of being non-
invasive and allows for continuous monitoring. Camera traps can be used to estimate abundance in combination 
with traditional capture-recapture techniques, as well as with estimators that do not require marked individuals. 
Here, we investigated the use of camera-based mark-recapture methods applied to an Alpine marmot (Marmota 
marmota) population in the Paneveggio-Pale di San Martino Natural Park (eastern Italian Alps). We compared 
abundance estimates derived from a traditional capture-mark-recapture (CMR) framework and camera 
trap mark-resight (CTMR) over three consecutive years. CMR models estimated a population size of n = 19 
individuals (95% CI = 18-27), n = 15 (14-22) and n = 24 (22-32) in 2019, 2020 and 2021 respectively. CTMR returned 
an estimated population size of n = 24 (95% CI = 18-30), n = 20 (17-24) and n = 22 (21-24) for the same years. The 
difference between the estimate of these two methods was significant only in 2020, with CMR returning a lower 
estimate than CTMR (95% CI = –9.4-–0.6). This difference was not significant for 2019 (95% CI = –10.9-0.9) and 
2021 (95% CI = –1.8-5.9). Based on our results, the use of CTMR techniques is promising in the estimation of 
absolute population size of marmots, and the estimator was slightly more precise than CMR. Further studies are 
needed to evaluate the effectiveness of CTMR with reduced capture effort.
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some basic assumptions underlying different 
estimation methods (Singh & Milner-Gulland 
2011). 

Several estimators have been developed to account 
for imperfect detection probability and obtain 
absolute population size, either based on marked 
(e.g. capture-mark-recapture CMR: Otis et al. 
1978, mark-resight MR: Schwarz & Seber 1999) 
or unmarked individuals (e.g. distance sampling 
DS: Buckland et al. 2001). Capture-recapture 
methods are commonly used in population 
ecology (Williams et al. 2002) but the fulfilment of 
the underlying assumptions could be problematic 
in some cases, for example due to adverse 
environmental conditions and animal behaviour, 
which can generate heterogeneity in capture 
probabilities, potentially biasing CMR estimators 
(see Williams et al. 2002 for a review on model 
assumptions, how to test them and the effects of 
their violation). In their basic form, closed capture-
recapture models have three basic assumptions 
(Williams et al. 2002, Royle & Converse 2020): 
1) the population is closed (both geographically 
and demographically) over the course of the 
investigation; 2) marks are not lost, overlooked, or 
misread; 3) each sample of individuals is a random 
sample of the population of interest (i.e. all animals 
are equally likely to be captured in each sample). 
Additionally, CMR costs may not be sustainable 
in the long-run or over large scales, and when 
a species lacks natural markings (e.g. colour 
pattern), tracing individual encounter history may 
be challenging. In the attempt to minimize the 
possible effects on wildlife welfare due to repeated 
human handling (McMahon et al. 2005), DNA-
based CMR techniques can be used (Mowat et al. 
2005), but their cost may be significant. To save 
time and costs related to captures, in recent years 
researchers have developed alternative estimators 
that do not rely on physical or genetic capture 
(McClintock et al. 2013, Rovero & Zimmermann 
2016).

Camera trapping (CT) is one of the most widely 
used passive methods to survey wildlife 
populations (Rovero & Zimmerman 2016) and it 
has greatly expanded research frontiers in the study 
of mammals (Rowcliffe 2017). Several approaches 
based on camera-trap data were developed for both 
unmarked (Gilbert et al. 2020, Palencia et al. 2021) 
and marked animals, either with natural marks 
such as individually-distinct fur patterns (Jackson 
et al. 2006, Karanth et al. 2006, Zimmermann et 

al. 2013) or with artificial marks (Parsons et al. 
2015, Taylor et al. 2021). In recent years, wildlife 
ecologists have increasingly used mark-recapture 
methods combined with photographic records, in 
several taxa such as sharks (Holmberg et al. 2008), 
vultures (Santangeli et al. 2020), marine mammals 
(Mackey et al. 2008), rhinos (Hariyadi et al. 2011) 
and felids (Karanth et al. 2006, Zimmermann et al. 
2013). 

Mark-resight (MR) methods are slightly different 
from traditional CMR, in that animals are 
resighted rather than recaptured after their initial 
marking (Schwarz & Seber 1999), hence unmarked 
animals are not marked on subsequent occasions, 
which does not allow use of the classic CMR 
estimators for closed populations for multiple 
occasions (White & Schenk 2001). In their basic 
form, both methods share the basic assumption 
that during surveys marks should be correctly 
recognized (i.e. all marked animals must be 
correctly identified, counted and recorded) and 
no marks are lost. Populations must be closed 
and all animals (both marked and unmarked) 
must have the same independent probability of 
being captured/resighted. In addition, standard 
mark-resight models require knowing the exact 
number of marked individuals in the population 
(Neal et al. 1993, McClintock et al. 2009). In recent 
years, photographic mark-recapture from CT is 
increasingly used to estimate wildlife population 
abundance (Karanth et al. 2006, Alonso et al. 
2015). Its application requires that individuals 
exhibit stable marks (natural or artificial) during 
the study period. If so, CT can be combined with 
MR (hereafter CTMR) to estimate population size, 
as sightings of marked and unmarked animals 
can be collected from image inspection. CTMR 
is increasingly used for estimating abundance 
of several species, in particular rare and elusive 
carnivores. This method is frequently combined 
with physical capture (Alonso et al. 2015, Doran-
Myers et al. 2021) or hair snags (Alldredge et al. 
2019). However, further research is needed to fully 
assess the accuracy and limitations of the method 
and a comparison of the estimates obtained with 
other methods is needed (Doran-Myers et al. 2021). 
All the previous studies agree that mark-resight 
could be a viable option to assess population size 
(Rivero et al. 2022).

The Alpine marmot (Marmota marmota) is a 
semifossorial diurnal and highly social rodent of 
small-medium size (Armitage 2014) inhabiting 
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high-altitude open areas of the Southern and 
Central European massifs (Cassola 2016). 
Alpine marmot represents a key species for 
Alpine ecosystems because it is a selective 
feeder (Bassano et al. 1996) and it contributes by 
modifying the floristic structure and composition 
of alpine meadows, therefore helping to maintain 
biodiversity (Semenov et al. 2003). Furthermore, as 
a prey species of golden eagle (Aquila chrysaetos) 
(Pedrini & Sergio 2001) and red fox (Vulpes vulpes) 
(Borgo et al. 2009), it could reduce the predation 
pressure on more endangered species such as black 
grouse (Lyrurus tetrix), rock ptarmigan (Lagopus 
muta) (Figueroa et al. 2009) and Alpine mountain 
hare (Lepus timidus). Estimating the abundance of 
marmot populations is necessary to implement 
management measures aimed at its conservation, 
also in view of possible threats like decrease in 
survival (Tafani et al. 2013, Rézouki et al. 2016), 
changes in habitat conditions (e.g. for treeline 
advance (Hansson et al. 2021)) and global warming 
(Armitage 2013).

Despite Alpine marmot ecology being well 
investigated, the choice of methods of abundance 
estimation is challenging. Recently, different 
methods to estimate marmot population size 
have been used, including point transect distance 
sampling (Pellicioli & Ferrari 2013), capture-mark-
recapture, mark-resight, line transect distance 
sampling, double-observer (Corlatti et al. 2017) 
and camera trap distance sampling (Corlatti et 
al. 2020). The main difficulty when estimating 
marmot population abundance is owing to their 
semifossorial behaviour. At any given point in 
time, some animals are inside their burrows while 
others are outside, hence individuals that are out 
of the burrows will represent only a proportion of 
the total population. In turn, this brings issues of 
temporary unavailability, which may lead to issues 
of abundance underestimation, when methods 
that do not account for this bias are used (Corlatti 
et al. 2017, 2020).

In this study we tested the relative performance 
of CTMR on a population of Alpine marmot. 
Specifically, our aim is to compare the marmot 
population abundance estimates obtained with 
CTMR with those obtained with CMR. We expect 
that if the basic assumptions are met, CMR and 
CTMR should return similar point estimates, 
although the CTMR estimator should be more 
precise than CMR, owing to a greater number of 
resighting events than of physical captures: in fact, 

Corlatti et al. (2017) in a similar study on Alpine 
marmot, highlighted how (visual) MR was more 
precise than CMR.

The study was carried out in the Paneveggio-Pale 
di San Martino Natural Park (Trentino, eastern 
Italian Alps (Fig. 1a)), at about 1,900 m a.s.l. 
(Fig. 1b). The study area extends over 26 ha, and 
consists of subalpine meadows. The climate is 
characterized by harsh winters and mild summers. 
We defined the borders of the study site by using 
natural boundaries (i.e. cliffs and wooded areas) 
in an attempt to include the entire Alpine marmot 
group home ranges and avoid movements outside 
and inside the area, to ensure geographic closure. 
Each year, we followed six marmot groups at the 
same time and the minimum average family group 
size (mean ± SE) was 3 ± 0.4, 2.2 ± 0.3 and 3.7 ± 0.5 
in 2019, 2020 and 2021 respectively. 

The study was conducted between May and June 
of 2019, 2020 and 2021, soon after the marmots 
emerged from their burrows following hibernation. 
Each year, marmots were captured using 28 
tomahawk live traps (Tomahawk Live Traps, 
Hazelhurst, WI, USA) distributed near the marmot 
burrows. Animals were attracted using dandelion 
flowers (Tarassacum officinalis) as bait. Each year, in 
May, seven consecutive occasions of CMR through 
live-trapping were conducted, one per day. These 
secondary occasions were spread over two weeks 
at most, if environmental (i.e. rainy days with low 
availability) or anthropogenic constraints (i.e. days 
with high touristic disturbance) did not allow to 
conduct seven secondary occasions in a row. We 
kept a constant catching effort throughout the 
closed sampling session during the three years of 
sampling. Each trap was located near a marmot 
burrow (Fig. 1c) to maximize capture success (cf. 
Corlatti et al. 2020). After each capture event, traps 
were re-baited and kept open from sunrise to 
sunset. To reduce disturbance and avoid injuries 
to marmots, traps were checked continuously 
from a vantage point with a spotting scope. 
Upon capture, all marmots were marked with a 
Tracer Bayer transponder and two coloured ear-
tags. The marmots were handled without using 
sedatives. For each individual, we build a capture 
history (1/0) depending on the occurrence of 
capture-recapture events during each secondary 
occasion. Captures were always performed with 
the assistance of a veterinarian and followed the 
procedures contained in the application form for 
capture authorisation.
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Based on the number of marked individuals, the 
sample population available for CMR analysis 
was assumed to be small (Table 1). When the 
population and sample sizes are small, the models 
based on multiple capture occasions (e.g. Otis et al. 
1978) perform poorly and it is more appropriate to 
use a Lincoln-Petersen estimator by pooling data 
from multiple periods into two periods (Menkens 

& Anderson 1988). Thus, for each year the seven 
sampling occasions were pooled on only two 
occasions (four + three, respectively). Therefore our 
capture-recapture design included two secondary 
sampling occasions within three primary occasions 
(year). The Alpine marmot population was 
expected to be open (i.e. with gains and losses) 
between these primary periods and assumed to 

Fig. 1. (a) Location of the Paneveggio-Pale di San Martino Natural Park, located in the eastern Italian Alps; (b) the red triangle indicates 
the location of the study area into the Natural Park borders; (c) border of the study area (red line), live-traps (black dots) and camera 
trap (white squares) locations; the latter also represents the position of family group burrows and their distributions. We used Quantum 
GIS version 3.10.12 (QGIS Development Team 2021) graphics program to create this figure.

Table 1. Summary of results obtained from analysing data collected in three years of the Alpine marmot research program in Paneveggio-
Pale di San Martino Natural Park, from 2019 to 2021. The table reports the total capture events (i.e. captures plus recaptures), the 
maximum number of different marmots caught each year (MNC), abundance estimates (n), with 95% confidence interval (CI) and 
coefficients of variation (CV) for both CMR and CTMR methods. Also reported for CTMR are: the known number of different individuals 
available for MR estimates within the study area (Available); the number of images of unmarked marmots (Unmarked observed) and the 
number of images recorded for Alpine marmots that were marked but not individually recognized (Marked unknown).

                                   CMR   CTMR

Year Total capture
events MNC n CI CV 

(%) Available Unmarked
observed

Marked
unknown n CI CV (%)

2019 62 18 19 18-27 8.80 18 935 237 24 18-30 11
2020 33 14 15 14-22 9.80 19 025 214 20 17-24 9.8
2021 68 22 24 22-32 8.10 22 104 441 22 21-24 2.4
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be closed geographically (no movement in or off 
the study area) and demographically (no births 
or deaths) within secondary periods. To estimate 
marmot population size for all primary periods, 
we implemented the Lincoln-Petersen estimator 
in a robust-design fashion (Pollock 1982), using 
the package RMark (Laake 2013), an interface to 
program Mark (White & Burnham 1999), with R (R 
Core Team 2020) in RStudio (R Studio Team 2020).

After captures, one occasion of mark-resight 
(obtained by pooling six consecutive days of 
observations) with camera traps was conducted. A 
total of seven camera traps (n = 5 ScoutGuard SG-
2060-X model and n = 2 Cuddeback C 123 model) 
were deployed in front of the family burrows (Fig. 
1c). Each camera trap was mounted at a height of 
about 50 cm on a pole; this limited the possibility 
that marmots could pass beneath the camera 
passive infrared (PIR) or outside the detection zone. 
Cameras were set to take consecutive pictures, 
without delay. All images were processed using 
the open-access software Wild.ID (Fegraus & 
MacCarthy 2016) to distinguish between blank and 
non-blank images containing marmots or other 
species. The total number of “marked known”, 
“marked unknown” and “unmarked” individuals 
detected during the mark-resight occasion was noted 
down. Some animals were too far from the camera 
and too difficult to identify correctly and were 
classified as “unknown”, and equally redistributed 
between unmarked and marked unknown. Because 
the CTMR started soon after the end of CMR, the  
number of marked individuals available for 
resighting was assumed to be n = 18, 19 and 22 
for 2019, 2020 and 2021 respectively (Table 1). 
For 2020, we added five available individuals to 
those captured in the same year (i.e. five marmots 
known and marked in 2019) because observed 
during captures. We are aware that this may bias 
the MR estimator. However, the small size of this 
study population should minimize this bias. Mark-
resight estimates were obtained with the Bowden’s 
estimator through a user-defined function built 
in R (scripts are provided in Data S1 and Data S2) 
following Bowden & Kufeld (1995). In a closed 
population when the number of marked individuals 
is known there are several estimators available for 
assessing abundance, such as Bowden’s estimator, 
hypergeometric maximum likelihood estimator 
(Bartmann et al. 1987) and Minta-Mangel estimator 
(Minta & Mangel 1989). Bowden’s estimator assumes 
that (I) the total number of resightings for each animal 
constitutes a set of fixed values and (II) the animals 

to be marked are selected from the population 
by means of simple random sampling without 
replacement. This latter assumption, however, can 
be relaxed as long as the marked individuals are 
proportionally distributed in groups (Fattorini et 
al. 2007). In this study we chose to use Bowden’s 
estimator because it relaxes several assumptions 
of MR (see above). Furthermore, it allows for 
heterogeneity in the probability of resightings; it 
does not assume independence among sighting 
trials and it allows for the inclusion of unidentified 
marked individuals in the estimate (Bowden 
& Kufeld 1995). Finally, Bowden’s estimator is 
used because of its computational ease and the 
possibility to obtain reliable estimates (Bowden & 
Kufeld 1995, Diefenbach 2009, Weckerly & Foster 
2010). In accordance to Diefenbach (2009), who 
applied Bowden’s estimator to the uniquely marked  
birds that could be resighted multiple times during 
a single survey, we argue that the same method 
can be suitable to Alpine marmots resighted  
by camera traps.

To investigate whether there was any difference 
between estimates of CMR and CTMR within 
each year, we used a t-test (with alpha level =  
0.05) applying the formula suggested by Schenker 
& Gentleman (2001): (CMR – CTMR) ± 1.96 × 
√(SE2

CMR + SE2
CMR). Lastly, to investigate the precision 

of two abundance estimators we inspected their 
coefficients of variation (CV).

In the three years of survey, during capture-mark-
recapture, 31 different marmots were captured 
and individually marked, for a total of 163 capture 
events (Table 1). The CMR model returned an 
abundance estimation for primary occasions of n = 
19 with CV = 8.80% (95% CI = 18-27) individuals in 
2019, n = 15 with CV = 9.8% (95% CI = 14-22) in 2020 
and n = 24 with CV = 8.1% (95% CI = 22-32) in 2021. 

Considering the three years together, we were able 
to identify 87% of the marked marmots in images 
based on combinations of coloured ear tags. 
During CTMR, in 2019 we observed 2,736 marked 
individuals, 2,499 identified and 237 not identified, 
935 unmarked and zero unknown. In 2020 we 
observed 389 marked individuals, of which 175 
identified and 214 not identified, 25 unmarked 
and zero unknown. Finally, in 2021, 4,838 marked 
individuals were observed, 4,483 identified and 
355 not identified, 18 unmarked and 172 unknown. 
Table 1 shows how unknown individuals were 
redistributed. Bowden’s estimator returned an 
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estimate of n = 24 with CV = 11% (95% CI = 18-30) 
for 2019, n = 20 with CV = 9.8% (95% CI = 17-24) for 
2020 and n = 22 with CV = 2.4% (95% CI = 21-24) 
Alpine marmots for 2021 (Table 1 and Fig. 2).

As expected, the estimates of marmot abundance 
obtained with CMR and CTMR were fairly similar 
within each year. The difference between CMR 
estimate and CTMR estimate were not significant 
for 2019 (95% CI = –10.9-0.9) and 2021 (95% CI = 
–1.8-5.9). However, this difference was significant 
in 2020, with CMR returning a lower estimate 
than CTMR (95% CI = –9.4-–0.6). From inspection 
of CVs, the CTMR estimator was slightly more 
precise than CMR only in 2021.

In 2019 and 2021, when the marmots emerged from 
the burrows, the harsh environmental conditions 
(i.e. heavy snow cover and reduced natural forage 
availability) increased live trapping rates. Conversely, 
in 2020 the spring season conditions (www.
meteotrentino.it) and greater availability of food 
resulted in a reduction in trap efficiency (cf. Pawlina 
& Proulx 1999 for an overview). Consequently, total 
capture events in 2020 nearly halved compared to 
2019 and 2021 (Table 1); this, in turn, likely made 
the 2020 CMR estimates questionable. It should be 
noted, however, that the formula used to calculate 
the t-score relies on symmetrical intervals, and that 
Fig. 2 does not suggest major differences between 
methods in all years.

In the absence of knowledge of the “true” 
population size, it is difficult to compare the results 
of different estimation methods. This is even more 
problematic with small sample sizes, which make 
the estimation of capture probability challenging 
(cf. Hammond & Anthony 2006). The reliability of 
abundance estimators depends on the possibility 
of satisfying the underlying assumptions. We 
accepted the assumption of demographic closure 
of the population because CMR and CTMR were 
conducted in a short time frame, before pups 
were born, thus immigration or losses (via death 
and emigration) could be assumed negligible. 
However, it cannot be excluded with certainty 
that some emigration events may have occurred 
between the CMR and CTMR sessions. A marmot 
upon reaching sexual maturity must choose 
between becoming a helper within a family group 
or disperse shortly after hibernation (Stephens et al. 
2002). In our case, no individual was ever observed 
to disperse or was trapped as a floater. According 
to Keiter et al. (2017) the scale at which an animal 
moves (i.e. its home range) may affect abundance 
estimates through changes in the availability of 
an animal to be sampled. A marmot family group 
home range is between 0.9 and 2.8 ha (Perrin et 
al. 1993) and could be both fully or only partially 
included within the area effectively sampled. We 
argue that the assumption of geographic closure 
was correct for several reasons. First, our live 
traps were located at relatively large distances one 

Fig. 2. Abundance estimates of the marmot populations in the study site obtained using two different sampling 
methods: capture-mark-recapture (CMR) and camera traps mark-resight (CTMR). Gray filled boxes represent 
the marmot abundance estimate with robust design estimator, the light gray filled boxes represent the marmot 
abundance estimate with Bowden’s estimator. Vertical lines represents 95% confidence interval.
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from one another (mean 396.4 m, range 130-823, 
SD 188.3). Additionally, the closest known family 
groups outside the study area are located farther 
than these distances. Moreover, capture-recapture 
of individuals from one live-trap group to another 
group did not occur. Predation episodes by 
golden eagles, the main avian predator in this area 
(Pedrini & Sergio 2001), and red foxes could be 
assumed negligible over such a short timeframe. 
In addition, the assumption of permanence and 
correct identification of marks was clearly valid. 
In the event that a marmot lost the coloured ear-
tags, during CMR correct identification and the 
reapplication of ear-tags was possible thanks to the 
use of Tracer Bayer transponders.

Mark-resight models assume there is no loss or 
misidentification of marks (Bowden & Kufeld 
1995). In our study, only one investigator classified 
all camera trap photos. We were not able to 
individually identify a few individuals by camera 
trap; in case of uncertainty Bowden’s estimator still 
allowed for the inclusion of unidentified marked 
individuals in the estimate. Bowden’s estimator 
provides high precision when the population 
investigated is not small or otherwise when a 
large percentage of the population is marked 
(Diefenbach 2009, Weckerly & Foster 2010). In 
our case, despite a small population, we marked 
almost all the marmots. Furthermore, according 
to Fattorini et al. (2007), one pivotal assumption 
of Bowden’s estimator is that marks must be fairly 
evenly distributed among groups. A Spearman’s 
rank correlation test was performed between group 
size (i.e. the number of marmots present in each 
picture) and the number of marked individuals 
within each group. We obtained a significant and 
positive correlation for all years: rho = 0.53 (P < 
0.001) in 2019, rho = 0.72 (P < 0.001) in 2020 and rho 
= 0.94 (P < 0.001) in 2021. This finding supports the 
assumptions.

According to Kendall (1999) the marmot’s 
semifossorial behaviour generates a sort of 
temporary emigration (for an overview of this 
process see Kendall et al. 1997). Under a scenario 
of “completely random emigration” (Kendall et 
al. 1997), the time spent by marmots inside their 
burrows is equivalent to the time spent in an area 
not exposed to sampling efforts. This may bias 
estimators when the study period (for physical 
captures or resightings) is shorter than the time 

animals spend inside their burrows, making 
some animals unavailable for capture. Following 
Corlatti et al. (2020), we considered this movement 
(inside and outside burrows) as random: during 
each primary period, capture occasions were 
conducted over a long enough period (roughly 
two weeks) so that all marmots would have a 
chance to be captured. Consequently, methods 
based on capture-recapture o resighting should be 
robust to this temporary unavailability (cf. Kendall 
et al. 1997, Kendall 1999) and the estimated closed 
“superpopulation” should reflect the true number 
of marmots present each year, inside and outside 
of the burrows.

Finally, our results agree with those of Corlatti et 
al. (2017) and, despite a different study area extent, 
we found a similar marmot density. In Corlatti et 
al. (2017, 2020) the MR estimator was more precise 
than CMR, while in our study we found very 
similar precision. Overall, our results support the 
claim that the (CT)MR approach could represent 
a reliable alternative for estimating Alpine 
marmot populations. Nevertheless, estimating 
the population size of Alpine marmot remains a 
challenging issue. We argue that CTMR estimates 
may be closer to the “true” number of animals 
present each year, because the low number of 
marmots caught in 2020 might have biased the 
CMR estimator. While the CMR method answers 
important ecological questions across long-term 
studies (Clutton-Brock & Sheldon 2010), it can be 
costly and may not always be sustainable over 
long periods. The (CT)MR approach also requires 
a sample of marmots to be individually marked. 
To make CTMR more sustainable than traditional 
CMR, future studies should investigate the extent 
to which the capture effort may be reduced, while 
ensuring robustness of CTMR. The small sample 
size of our study did not allow us to simulate the 
effects of a reduction in capture effort, and thus 
to evaluate if CTMR may be a less expensive and 
time-saving method than CMR, except for the 
time spent in classifying images (Yu et al. 2013). 
When only a subset of the animals photographed 
are uniquely identifiable from marks (i.e. where 
unidentified individuals are also present), as in 
this study, spatial mark-resight models (Chandler 
& Royle 2013, Sollmann et al. 2013, Bengsen et al. 
2022) may be employed to estimate abundance. 
We encourage investigation of this method with 
Alpine marmots in future research.
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