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Abstract.   Olfaction is the primary sense of many mammals and subordinate predators use 
this sense to detect dominant species, thereby reducing the risk of an encounter and facilitating 
coexistence. Chemical signals can act as repellents or attractants and may therefore have 
applications for wildlife management. We devised a field experiment to investigate whether 
dominant predator (ferret Mustela furo) body odor would alter the behavior of three common 
mesopredators: stoats (Mustela  erminea), hedgehogs (Erinaceus europaeus), and ship rats 
(Rattus rattus). We predicted that apex predator odor would lead to increased detections, and 
our results support this hypothesis as predator kairomones (interspecific olfactory messages 
that benefit the receiver) provoked “eavesdropping” behavior by mesopredators. Stoats exhib-
ited the most pronounced responses, with kairomones significantly increasing the number of 
observations and the time spent at a site, so that their occupancy estimates changed from rare 
to widespread. Behavioral responses to predator odors can therefore be exploited for conserva-
tion and this avenue of research has not yet been extensively explored. A long-life lure derived 
from apex predator kairomones could have practical value, especially when there are plentiful 
resources that reduce the efficiency of food-based lures. Our results have application for pest 
management in New Zealand and the technique of using kairomones to monitor predators 
could have applications for conservation efforts worldwide.
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Introduction

Apex predators shape and drive community structure, 
either directly through agonistic encounters or indirectly 
as mesopredators alter their behavior in response to pre-
dation risk (Ritchie and Johnson 2009). Natural selection 
will encourage the development of mechanisms for sub-
ordinate species to recognize dominant predators and 
avoid confrontations (Kats and Dill 1998, Monclús et al. 
2005). Olfaction, the primary foraging sense of most 
mammals, may mediate trophic interactions by allowing 
subordinate species to assess the risk of encounter 
(Roberts and Gosling 2001). Predators deposit odor into 
the environment, either unintentionally as by-products of 
metabolic processes or deliberately for communication 
(Ferrari and Chivers 2009, Wyatt 2010). In this context, 
communication is deemed to occur when the cues given 
by one individual influence the behavior of another 
(Wiley 1983). Odor signals, termed “kairomones” when 
intercepted by eavesdropping sympatric species, are 

primarily produced for intraspecific communication and 
provide the receiver with information on the depositing 
species (Peake 2005, Ferrari and Chivers 2009). For 
example, temporal variation in scent quality can indicate 
the time elapsed since an odor was deposited (Bytheway 
et al. 2013) or odor can facilitate predator identification, 
which may then be related to the risk of encountering this 
predator (Schoeppner and Relyea 2009). Kairomones 
may additionally supply information that can help 
inform the foraging decisions of the eavesdropping 
species (van Dijk et al. 2008). Unlike visual or auditory 
cues, odor deposits indicate that a location was risky at 
some point in the past, but this may not relate to present 
risk (Kats and Dill 1998). Therefore odors can be 
ambiguous and require careful inspection to elicit all the 
information contained in a scent (Hemmi and Pfeil 2010).

Mammalian chemical communication has been 
exploited for a range of wildlife management appli
cations: to reduce human-wildlife conflicts, improve 
population monitoring, influence habitat selection, 
reduce predation, increase the welfare of captive 
animals, encourage captive breeding, and to improve 
the success of release programs (Campbell-Palmer and 
Rosell 2011). Olfactory attractants are primarily food 
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based, but occasionally non-prey pheromone lures such 
as beaver (Castor canadensis) castoreum or muskrat 
(Ondatra zibethicus) scent glands are deployed to attract 
target species (Long et  al. 2012). Intraspecific (pher-
omone) lures, that stimulate territorial or social 
responses in conspecifics, have been deployed for 
wildlife management; for example, lures derived from 
the scent gland of culled American mink (Mustela 
vison), an alien species in Europe, were used to attract 
conspecifics to traps and proved as successful as a food 
based lure during control operations (Roy et al. 2006). 
Interactions between predators and prey have also been 
exploited to create deterrents, as predator odor may 
induce avoidance behaviors, reducing foraging damage 
by prey species (Apfelbach et al. 2005). Lures have yet 
to be developed that exploit interspecific olfactory com-
munication between predators.

New Zealand has one of the highest proportions of 
threatened taxa in the world, a trend primarily driven by 
introduced invasive species (Clout 2001, Towns et  al. 
2006). Island faunas are particularly vulnerable to 
extinction (McKinney 1997), as many species evolved in 
the absence of mammals and therefore lack appropriate 
defensive mechanisms to avoid predation (Terborgh 
1974). New Zealand’s mammalian carnivores were intro-
duced in the hope that they would act as biological 
control agents for pests such as rabbits (Oryctolagus 
cuniculus) but, as generalist predators, they attack 
vulnerable native species as well as introduced mammals 
(Wodzicki 1950, King and Powell 2007, Wallach et  al. 
2015). Trophic interactions also occur within this novel 
invasive predator guild, influencing behavior through 
interference competition, which will in turn cascade to 
lower trophic levels (Garvey et al. 2015). Since sympatric 
predator odor is likely to provoke a response in these 
mesopredators there may be an opportunity to exploit 
eavesdropping on olfactory cues to improve wildlife 
management outcomes.

Laboratory and field experiments on a range of 
different taxa have predominantly found that predator 
odor provokes anti-predator responses, often leading to 
avoidance by the subordinate species (Apfelbach et  al. 
2005, Monclús et  al. 2005). However, the pervasive 
assumption that predator odor acts as a deterrent to a 
subordinate species has been recently questioned. 
Animals coexist in assemblages of closely related species 
that often use similar communication systems (Hughes 
et  al. 2010), facilitating the possibility of bidirectional 
olfactory communication. Stoats and polecats (Mustela 
putorius) are naturally sympatric in Europe and display 
commonalities in gland secretions. These species may 
have evolved communication networks that allow for 
information exchange (Brinck et  al. 1983, Erlinge and 
Sandell 1988, King and Powell 2007). Encounters 
between members of the same predator guild are dan-
gerous, as potential gains are unknown and the risks of a 
confrontation are great (Hutchings and White 2000). 
Interspecific olfactory communication may diminish 

these risks by providing information on a competitor 
without requiring a direct interaction.

Recent studies have shown that mesopredators 
eavesdrop on kairomones; although stoats display subor-
dinate behavior in encounters with larger predators 
(ferrets Mustela furo and cats Felis catus; Garvey et al. 
2015), the body odor of these dangerous adversaries 
proved to be a powerful attractant (Garvey et al. 2016). 
Ferret body odor, which has evolved as a mechanism for 
communication (Clapperton and Byrom 2005), provoked 
the strongest attraction, suggesting that coevolution and/
or taxonomic relatedness may magnify responses. 
Further evidence highlighting the role of odor in medi-
ating predator interactions was provided in a study on 
foxes (Vulpes vulpes), where urine from a dominant 
(dingo, Canis dingo) and a subordinate predator (cat) 
were investigated with greater frequency than conspecific 
odor or a control (Banks et al. 2016).

We devised a field experiment to test whether ferret 
body odor would alter the behavior and detection rates 
of three of New Zealand’s most common invasive meso-
predators: stoats (Mustela erminea), hedgehogs (Erinaceus 
europaeus), and ship rats (Rattus rattus). Hedgehogs and 
rats are important prey for ferrets, while ferrets dominate 
stoats in interspecific encounters and are known to kill 
the smaller mustelid (Wodzicki 1950, Smith et al. 1995). 
Common prey consumed by these four invasive species 
include: invertebrates, small mammals, reptiles, amphi
bians, and the eggs of ground nesting birds (Wodzicki 
1950, Murphy and Dowding 1994, Smith et  al. 1995, 
Jones et  al. 2005). Additionally, stoats compete with 
ferrets for lagomorph, rodent, and avian prey (King and 
Powell 2007). Although these species form novel invasive 
guilds in New Zealand they are sympatric in parts of their 
native northern hemisphere range, which is important as 
evolutionary history is thought to influence the intensity 
of interactions (Connell 1983).

We examined how ferret odor affected detectability 
and activity of the three mesopredator species. We hyp
othesized that kairomones from a dominant predator 
would elicit eavesdropping behavior in mesopredators, 
based on ecological theory and the results of recent 
studies. We predicted that ferret kairomones would 
provoke eavesdropping behavior in mesopredators as 
measured by (1) increased detections at monitoring 
sites  (i.e., site occupancy), (2) increased total number 
of  observations across all monitoring sites, and 
(3)  increased activity (measured as time spent investi-
gating the odor source). We anticipated that mesopred-
ators (4) would approach the ferret odor before 
approaching a food-based lure at a monitoring site and 
that (5) ferret odor would remain attractive for longer 
than a food-based lure. In the field experiment, deer 
(Cervus spp.) served as a procedural “control,” as detec-
tions of this large herbivore should be unaffected by 
ferret odor. We predicted that deer would (6) show no 
change in occupancy, number of observations, or 
activity in response to ferret odor.
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Methods

Study location

This study was conducted on Toronui station, a sheep 
and cattle farm in the Hawke’s Bay region of the North 
Island, New Zealand (39°10′ S, 176°46′ E). The landscape 
is dominated by pasture, with patches of forest consisting 
of mixed broadleaf angiosperm species at lower eleva-
tions and mānuka (Leptospermum scoparium) and kānuka 
(Kunzea robusta) at higher elevations. There was no 
recent history of predator control at our study area.

The study ran for 64  days, from January to March 
2014. Twenty camera monitoring sites were established 
within and adjacent to forest patches ≥ 50 ha. Average 
distance between sites was 2.44 km, with a minimum dis-
tance of 900 m, to maintain spatial independence and to 
ensure that olfactory responses at a monitoring site were 
unlikely to be biased by other sites. Fourteen sites were 
established at the forest/pasture margin and a further six 
sites were placed within a forest patch. Forest margins are 
used extensively by cryptic predator species (Morris and 
Davidson 2000), so these areas were selected to maximize 
the likelihood of detection.

Study species

Ferrets are the second largest terrestrial predator in 
New Zealand, after feral cats, and are the largest of three 
introduced mustelid species (Wodzicki 1950). Ferrets 
predominantly use olfaction to communicate, depositing 
enduring odors that proclaim territorial boundaries or 
signal reproductive receptiveness (Clapperton 1989). 
Chemicals secreted from glands on the chin and neck are 
deliberately rubbed onto surfaces, often when caching 
food or after a new den site has been established 
(Clapperton 1989). Ferrets, as with all mustelids, possess 
ventral glands (Macdonald 1985) and scent marks have 
evolved to convey detailed information to conspecifics on 
the social, reproductive, and health status of the 
depositing individual (King and Powell 2007, Hughes 
et al. 2010).

Stoats are a highly successful alien predator, desig-
nated as one of the world’s 100 worst invasive species 
(Lowe et al. 2000). They occur predominantly in forests, 
but also in grassland, and are one of the primary agents 
of decline for over half of all forest birds currently 
threatened in New Zealand (King and Powell 2007, 
Innes et al. 2010). Stoat populations can fluctuate due 
to resource pulses of prey, making them elusive when at 
low densities in certain environments, seasons, or in 
particular years (King and Powell 2007). They have 
keen olfactory senses that are employed to track prey, 
and for intraspecific communication (Erlinge and 
Sandell 1988). Our study was conducted in January–
March, when the stoat breeding season has completed 
and sub-adults are actively searching for new territories 
(King and Powell 2007).

Hedgehogs were introduced primarily to help reduce 
garden pests, but have become major pests themselves, 
preying on native insects, reptiles, and the eggs/fledglings 
of ground-nesting birds. Introduced onto offshore islands 
in the UK, hedgehog predation resulted in dramatic 
declines in wading birds (Jackson and Green 2000). 
Hedgehogs are found across a range of habitats and 
primarily employ olfaction while foraging for food 
(Wodzicki 1950, King 2005).

Ship rats arrived as stowaways on ships and have 
successfully invaded many islands worldwide, including 
those of New Zealand (Russell and Clout 2005). They are 
generalist foragers and are associated with extinctions or 
declines of numerous indigenous species including 
reptiles, flightless invertebrates, burrowing seabirds, and 
passerines (Towns et al. 2006).

Ferret odor

Body odor from captive ferrets was collected by placing 
a clean towel in their bedding area, where it would be in 
direct contact with the donor animal. Predator body odor 
has stronger endocrine and behavioral effects on prey 
than other odors such as urine or feces, as it may indicate 
a high likelihood that the predator is nearby (Apfelbach 
et al. 2005). Male ferrets were selected as donor animals 
as male body odor is more pungent due to greater con-
centrations of an aromatic compound (indole), and males 
are a greater threat to mesopredators by virtue of their 
size (Clapperton et al. 1988). Towels were placed in the 
bedding area of individual ferrets for 1 month to ensure 
the material was thoroughly impregnated with odor. 
Towels were inspected to remove any excreta before 
being cut into 15-cm2 segments and stored in a freezer 
(−80°C) until required, up to a maximum duration of 
2 months.

Ferret odor was tested alongside rabbit meat, which is 
the standard lure used to trap carnivores in New Zealand 
(Wodzicki 1950, Pierce et al. 2007), to assess whether it 
could improve the detection rate of mesopredators. A 
previous pen trial had tested stoats’ response to three 
odor treatments: rabbit meat, ferret odor, and rabbit 
meat  +  ferret odor combined (G. Morriss, unpublished 
data). The grouping of both odors together provoked the 
greatest attraction for stoats and therefore our field trial 
compared the rabbit + ferret treatment against the rabbit 
treatment. Comparing various bait types for stoats, 
Pierce et al. (2007) found that fresh rabbit meat was the 
most effective. Rabbit meat typically remains in traps for 
periods ranging from 1 to 3  weeks, but this can be 
extended to several months where site access is con-
strained (McMurtrie et al. 2011).

Perforated plastic vials were used to allow odor vola-
tiles to disperse while preventing removal of the lure. 
Each vial (9 × 3 cm) was drilled with ~50 holes that were 
5  mm in diameter. Two vials were used at each moni-
toring site, one placed at the base of a steel post, with the 
second placed 20  cm from the base, enabling us to 
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distinguish between approaches to a specific container. 
Vials were secured to the ground using pegs to ensure that 
the camera remained trained on the container. The 
standard size of a vial was used as a reference to estimate 
the head-body-tail length of Rattus spp., which facilitates 
identification. We randomly deployed one of two pos-
sible treatments at each site. For the first treatment one 
vial received a portion of rabbit meat (3  g), while the 
second vial remained empty. For the second treatment, 
rabbit meat was again added to one vial, but the second 
vial contained 15 cm of towel that had been impregnated 
with ferret body odor. Each treatment was deployed at 
one-half of the sites for the first 32   days, and rotated 
across sites for the second 32- day period, which ensured 
all sites received each treatment over the study.

Camera trapping

A total of 40 infrared cameras, triggered by heat and/or 
motion, were deployed for the study. Cameras were 
placed in pairs (matched by model type) at each moni-
toring site, one mounted horizontally and one vertically. 
Four types of cameras were used: Reconyx Hyperfire PC 
900 (26) (Reconyx, Holmen, Wisconsin, USA), LTL 
Acorn Ltl 5210A (10) (Shenzen LTL Acorn Elegronics, 
Sanzao Town, Jinwan District, China), Moultrie M990i 
(2) (Moultrie, New Zealand) and Bushnell (2) (Bushnell 
Outdoor products, Overland Park, Kansas, USA). 
Detection efficiency may vary between models (Glen et al. 
2013), but cameras were assigned to a monitoring site for 
the entire study, to ensure consistency across treatments.

The design of our study was influenced by the attributes 
of our focal species (stoat/hedgehog/rat). In habitat 
(pasture and native bush) similar to our study area, the 
average home ranges (male–female) are: stoats, 145–75 ha; 
hedgehogs, 9.6–4.2 ha; and ship rats, 3.76–1.06 ha (King 
2005). These home ranges informed our decision on 
camera spacing so that we reduced the risk of detecting 
the same individual at multiple monitoring sites (Rovero 
and Marshall 2009). Smith et al. (2015) recommended a 
spacing of <700 m to ensure a control device is encoun-
tered by a female stoat. As stoats have the largest home 
ranges of the targeted mesopredators, we set the spacing 
of monitoring sites at a minimum of 1 km to minimize 
multiple recordings of the same individuals, although two 
sites were 900 m apart due to logistical constraints.

The optimum camera orientation when photographing 
small mammals depends on the target species, although 
the most suitable orientation has even been shown to 
vary between studies on the same species (Smith and 
Coulson 2012, Taylor et  al. 2014). We therefore eval-
uated two orientations and decided a posteriori on the 
optimum configuration for our target mesopredators. 
Vertical cameras were mounted on a steel post, facing 
downwards from 1.5 m above the ground, with the vials 
placed in the center of the field of view. Horizontal 
cameras were mounted on timber stakes 1.5 m away from 
the base of the steel post. These cameras were mounted 

5  cm above ground level, which is approximately the 
shoulder height of the target mesopredators. All cameras 
had identical settings or as close as possible where slight 
variations existed between models: high sensitivity, three 
photographs per trigger, and no delay between triggers. 
Vegetation was removed to allow for an unobstructed 
field of view and to minimize false triggers. Camera bat-
teries and memory cards were replaced after the first 
month. Metadata (date, time, location) were extracted 
from the images using R v. 2.14.1 (R Development Core 
Team 2015); the function designed for this process, and 
associated information is provided in supporting material 
(Data S1: Metadata S1).

Data recording and analysis

Cameras that were orientated horizontally docu-
mented the greatest number of species, both in terms of 
observations (independent record of an individual) and 
total number of photographs. We therefore chose the 
horizontal orientation at all sites, with the vertical orien-
tation only selected when the horizontal camera was out 
of commission. We considered the selected camera at 
each monitoring site to be an independent sampling unit.

Data were analysed for differences in observations or 
behavior of the target mesopredators, following the 
addition of ferret odor. To distinguish photographs of sep-
arate animals from repeated photographs of the same indi-
vidual, we plotted histograms of the time elapsed between 
consecutive photographs for each species (Brook et  al. 
2012). Most consecutive photographs of the same species 
occurred <5  minutes apart, suggesting that these were 
repeated detections of an individual during one visit to the 
monitoring site. We considered records of a species to be 
independent at a monitoring site if detections were sepa-
rated by more than 30 minutes, unless individuals could be 
distinguished. The following variables were calculated 
(1) observation rate, (2) triggers per observation, (3) site 
occupancy, (4) observations per period, and (5) meso-
predator behavior. A summary of the response variables 
and related predictions are included in Table 1. Observation 
rate was defined as the number of observations per 100 
trap days (1 trap day = 1 camera trap set for 24 h; Rovero 
and Marshall 2009, Glen et al. 2014). Cameras were set to 
record in bursts of three photographs each time they 
detected motion; we refer to each burst with at least one 
image of an animal as a trigger. The observation rate of 
mesopredators is a consequence of an individual’s 
detection of the odor and subsequent behavioral response. 
These factors will change as a scent attenuates or the per-
ceived value of investigating an odor changes. Triggers per 
observation, an index of a species activity within the cam-
era’s field of view, were calculated at each monitoring site: 
number of camera triggers divided by number of inde-
pendent observations. A mesopredator’s behavioral 
responses and engagement with an odor will directly 
influence the time spent in front of a camera and the var-
iable triggers per observation captures this information. 
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Site occupancy is a binary response variable with 1 indi-
cating a species was detected at the monitoring site at least 
once during the study, and 0 indicating non-detection. 
Mesopredator site occupancy will be determined by a 
species’ abundance and range, but occupancy will also be 
a function of the detection probability, which may be influ-
enced by the odor treatment. Occupancy models that 
explicitly account for imperfect detection provide an index 
of abundance for species without identifiable markings 
(Meek et al. 2014). Site occupancy was used as the binomial 
presence/absence measure of a species at a site (MacKenzie 
2006). Accurate estimation of species occupancy should 
account for imperfect detection, i.e., a species may be 
present at a site but not detected (MacKenzie 2006). This 
requires sufficient data to estimate detection probability. 
When detections were too few to estimate detection prob-
ability, naïve occupancy estimates were calculated. These 
ignore detection probabilities and will therefore be biased 
low. Monitoring periods were divided into intervals of 
5  days and we ran a single species single season model 
framework to estimate occupancy in the software package 
PRESENCE 9.0 (Hines 2006). We also divided the 32-day 
treatment period into four intervals of 8 days. An 8-day 
interval is comparable to the weekly re-baiting protocol 
used for most trapping operations (e.g., McMurtrie et al. 
2011) and this enabled us to analyze change over an oper-
ational time scale. Observations per period are the inde-
pendent observations in each period of 8  days for each 
species, and cameras active for shorter durations were 
excluded from the analysis. Observations per period will 
reveal changes in mesopredator behavioral responses over 
time, as a scent attenuates or the value of investigating the 
potential resource diminishes.

Mesopredator behaviors were recorded that may help 
to explain responses to dominant predator odor. These 
included cautious approach, scent marking, contact 
sniffing, self-anointing, and biting of a lure vial. We were 
able to categorize mesopredator behaviors from images as 
they each had distinct, recognizable, body movements. 
Cautious approach was assessed by the mesopredator’s 
body posture on its initial approach and also by the time 
taken for the individual to reach the vial after triggering 

the camera. Contact sniffing was defined as touching a 
vial with the nose or tongue and we recorded which odor 
vial was first contacted on a visit. Self-anointing behavior 
is defined as an animal spreading its odor through its 
pelage by licking, which may act as a deterrent to pred-
ators (Weldon 2004).

We analysed the effect of the ferret odor using gener-
alized linear mixed models (GLMM), from the MASS 
package in R (Venables and Ripley 2002), which enabled 
us to assess the influence of fixed and random effects. The 
response variables for the analysis were observation rate 
and triggers per observation. A Poisson error distribution 
was selected as we had continuous count data (Venables 
and Ripley 2002). The fixed effect included in the model 
was “treatment” (rabbit or rabbit +  ferret) and “order” 
(first or second), while “site” was entered as a random 
effect, to account for the non-independence of errors asso-
ciated with repeated measures on the same monitoring site. 
The fixed effect “order” was included in the model to test 
whether the deployment of a treatment at a site influenced 
mesopredator detections in the following period. Models 
were assessed by plotting the residuals and testing for over-
dispersion. Where results of the GLMM revealed signif-
icant treatment effects, we constructed additional species 
models for the four 8-day time periods, with the response 
variables observations per period and triggers per obser-
vation, to assess each period’s contribution to the signif-
icant result. Differences in mesopredator site occupancy 
and additional mesopredator behaviors were assessed using 
Fisher’s exact test. To reduce the risk of experiencing a 
Type 1 error as a result of conducting multiple compar-
isons, we used the Benjamini-Hochberg method to control 
for the false discovery rate (FDR; Benjamini and Hochberg 
1995). This approach provides greater power than conven-
tional Bonferroni-based methods, balancing the risk 
between Type I and Type II errors by describing the pro-
portion of significant tests that are actually null (Verhoeven 
et al. 2005, Waite and Campbell 2006). We interpret P ≤ 
0.05 as significant if the FDR equivalent of a P value was 
also ≤0.05. All statistical analyses were performed in the R 
environment (version 2.14.1, R Development Core Team 
2015).

Table 1.  Predictions and associated response variables.

Prediction Response variable

(1) � Kairomone (ferret odor) will increase detections at a 
monitoring sites

(a) independent observation, (b) observation rate, (c) site 
occupancy

(2) � Kairomone will increase total observations across all sites observation rate, site occupancy
(3) � Kairomone will increase activity at a site (d) triggers per observation, (e) mesopredator behaviors
(4) � Kairomone will be initially approached in preference to 

rabbit odor
mesopredator behaviors

(5) � Kairomone will sustain attraction over time (f) observations per period, triggers per observation
(6) � Kairomone will not influence deer behavior observation rate, site occupancy, triggers per observation

Notes: (a) A species record was defined as an independent observation if  detections were separated by more than 30 minutes 
(unless individuals could be distinguished). (b) Observation rate was the number of observations per 100 trap days (1 trap day = 1 
camera trap set for 24 h). (c) Site occupancy is a binary response variable with 1 indicating a species was detected at the monitoring 
site and 0 indicating non-detection. (d) Triggers per observation is the number of camera triggers divided by number of independent 
observations. (e) Mesopredator behaviors were a group of behaviors including cautious approach, scent marking, contact sniffing, 
self-anointing, and biting of the odor vial. (f) Observations per period are independent observations in each period of 8 days.



394 Ecological Applications 
 Vol. 27, No. 2PATRICK M. GARVEY ET AL.

Results

Camera trapping effort

Sampling effort totaled 1834 trap days for the 20 paired 
cameras, when both orientations were included. Two 
monitoring sites were removed from the analysis, one due 
to cattle disturbance and a second due to flooding. With 
the horizontal camera preferentially selected, there were 
1090 trap days for analysis.

Observation rate and observations per period

Collectively across all sites, there were 465 independent 
observations of the three mesopredators: 288 with the 
ferret odor and 177 without, a 63% overall increase with 
the addition of the kairomone (Table 2). There was a cor-
responding increase in the overall observation rate for all 
three mesopredators. Also the number of mesopredator 
observations per period was greater with the addition of 
the ferret odor, and these differences were significant in 
periods 3 and 4 (Fig. 1).

Hedgehogs (55%) were the most frequently detected 
species based on observation rate, followed by rats (37%) 
and stoats (8%). The order of the treatments did not 

influence mesopredator observation rate (GLMM; 
P = 0.74). There was a significant increase in stoat obser-
vation rate with the addition of ferret odor (Fig.  2, 
Table  3). Stoats made up 10% of observations with 
rabbit + ferret odor and 5% with rabbit only. In addition 
to stoats, one ferret was detected at the rabbit treatment 
and a ferret and weasel (Mustela nivalis) were detected at 
the kairomone treatment. Treatment type did not signif-
icantly influence the number of observations or the 
observation rates for rats or deer (Fig.  2, Table  2) and 
there was some evidence of increased observation rate for 
hedgehogs. Stoat observations per period were higher at 
sites with ferret odor than those without, and there was a 
particularly marked difference after the first period 
(Table 4). Increases were also recorded for the hedgehog 
observation rate, with the deviation most pronounced in 
the third and fourth period (Table 4).

Triggers per observation

There were 6861 photographs taken of the target meso-
predators, 4744 with the ferret and rabbit combination and 
2117 with rabbit only, an overall increase of 124% with the 
addition of the ferret odor. The most photographed meso-
predators were hedgehogs (71%), followed by rats (22%), 
and then stoats (7%). Treatment order did not influence 
triggers per observation for mesopredators (GLMM; 
P = 0.37). For hedgehogs, triggers per observation were sig-
nificantly higher with the addition of the ferret odor, par-
ticularly in the first and second period (Table 4, Fig. 3). 
There was some evidence that triggers per observation for 
stoats were different for the entire month and significant 
differences were recorded in three of the four monitoring 
periods (Table 4, Fig. 3). Rats had fewer triggers per obser-
vation with the addition of ferret odor in period 1, but there 
were no differences in subsequent periods (Fig. 3).

Site occupancy

Fisher’s exact test showed a significant increase 
(P  =  0.04) in the number of sites where stoats were 

Table 2.  Summary of sampling effort and camera trapping results for the response of mesopredators (stoat, hedgehog, and ship 
rat) to the body odor of a dominant predator (ferret).

Species
Cameras set 
(functioning)

Camera  
days (mean)

Cameras with 
at least one 
detection

Total no. 
triggers

Total no. 
observations

Observation 
rate

Rabbit treatment
Stoat 20 (19) 566 (29.78) 4 26 7 1.41
Hedgehog 20 (19) 566 (29.78) 17 318 95 16.78
Rat 20 (19) 566 (29.78) 13 258 74 13.07
Deer 20 (19) 566 (29.78) 6 86 26 4.59

Rabbit + ferret treatment
Stoat 20 (19) 524 (27.57) 11 155 28 5.34
Hedgehog 20 (19) 524 (27.57) 16 856 162 30.92
Rat 20 (19) 524 (27.57) 13 281 98 18.70
Deer 20 (19) 524 (27.57) 7 97 28 5.34

Note: The definitions of trigger, observation, and observation rate are given in Table 1.

Fig.  1.  Mesopredator (stoat/hedgehog/rat) observations per 
period for each of the four 8-day time periods. Treatments are 
represented by grey bar (rabbit + ferret) and white bar (rabbit). 
Asterisks denote a significant difference between treatments at 
(P < 0.05). [Color figure can be viewed at wileyonlinelibrary.com]
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detected using rabbit + ferret odor, as compared to rabbit 
only. There was no difference in the number of sites with 
detections of hedgehogs (P = 0.65), rats (P = 0.95), or 
deer (P = 0.93). Stoats were detected at only 4 of 19 sites 
(21%) with the rabbit treatment, but were recorded at 11 
of 19 sites (58%) with the addition of the ferret kairomone 
(Fig. 4; Appendix S1: Fig. S1). Average distances between 
pairs of cameras that detected stoats were 1.5  km 
(maximum = 2.1 km, minimum = 0.9 km). Estimates of 

occupancy and distribution for rats and hedgehogs were 
similar with both treatments (Appendix S1: Fig. S1).

Mesopredator behaviors

In instances where the treatment employed was ferret 
odor and rabbit, we recorded 20 occasions where a stoat 
made contact with a lure vial on its first approach. The 
vial containing ferret odor was contacted on 15 of these 

Fig. 2.  Cumulative observations per active camera, recorded over the 32-day treatment period for (a) stoat, (b) hedgehog, (c) 
rat, and (d) deer. Treatments are represented by solid red line (rabbit + ferret) and dashed blue line (rabbit). [Color figure can be 
viewed at wileyonlinelibrary.com]
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Table 3.  General linear mixed models (GLMM) results for responses by mesopredators to ferret odor based on observation rate 
and triggers per observation.

Source of variation Value SE df t P

Observation rate (model: GLMM, Poisson distribution)
Stoat 1.46 0.27 18 5.34 <0.0001†
Hedgehog 0.57 0.21 18 2.7 0.0158
Rat 0.22 0.2 18 0.83 0.29
Deer 0.15 0.35 18 0.44 0.66

Triggers per observation (model: GLMM, Poisson distribution)
Stoat 1.1 0.49 18 2.23 0.0397
Hedgehog 0.81 0.28 18 2.94 0.0091**
Rat 0.32 0.26 18 0.51 0.62
Deer 0.37 0.24 18 1.53 0.14

Notes: GLMM tested for difference between treatments: rabbit vs. rabbit +  ferret odor. P values are in boldface type if  they 
remained significant (≤0.05) after controlling for a false-discovery rate (FDR) of 5%. **P < 0.01; †P < 0.0001.
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occasions, whereas the rabbit meat lure was contacted on 
5 occasions. There were 5 instances where stoats cauti
ously approached the ferret odor vial, yet similar slow 
deliberate movements were never recorded when rabbit 
meat was the sole lure. Scent marking by stoats, when the 
treatment included ferret odor, was observed on 6 occa-
sions, once by body rubbing with the head/neck and 
otherwise by anal drag (Appendix S1: Fig. S2). Scent 
marking by stoats was not recorded when rabbit meat 
was the treatment and no scent marking was recorded by 
other mesopredators.

Hedgehogs engaged with the ferret lure for greater 
durations than any other mesopredator, repeatedly 
circling the vial. Self-anointing was recorded on 33 occa-
sions at monitoring sites with ferret odor, but never with 
the rabbit meat treatment. This behavior appears not to 
be age specific, as it was recorded for hedgehogs of all 
sizes (Appendix S1: Fig. S3).

Rats attempted to bite into the kairomone vial on nine 
occasions, with most instances occurring (7/9) in the 
latter half of the trial; this behavior was only recorded for 
vials with ferret odor (Appendix S1: Fig. S4).

Discussion

Our results support the prediction that kairomones 
from an apex predator should provoke eavesdropping by 
mesopredators, significantly increasing detections for 
stoats. Ferret body odor remained attractive for the 

duration of the experiment whereas detections with 
rabbit meat decline steadily with time. Apex predator 
kairomone was engaged by hedgehogs for shorter dura-
tions as its freshness diminished, while stoats continued 
to maintain their interest in the latter stages of the trial. 
Inspection of aged predator cues is a relatively low-cost 
activity, but the quality of information available in a 
scent recedes as the freshness declines (Bytheway et al. 
2013). The most marked responses to ferret odor were 
discerned for stoats. Stoat observations increased 
four-fold, their estimated site occupancy changed from 
rare to widespread, and stoats engaged with the 
rabbit + ferret treatment for substantially longer than the 
rabbit treatment. Hedgehogs also approached lures con-
taining ferret odor more frequently and for significantly 
longer periods than lures with rabbit meat. Rat obser-
vation rates at the end of the first period were slightly 
greater with the addition of the kairomone, yet triggers 
per observation for a detected individual were 50% lower. 
Other studies have demonstrated rat avoidance of fresh 
kairomones (e.g., Burwash et  al. 1998), with these 
responses diminishing as the predator cue aged (e.g., 
Apfelbach et  al. 2005, Bytheway et  al. 2013). Over the 
entire length of the trial, our results suggest that wild rats 
were not significantly attracted or repelled by ferret odor. 
These results concur with studies that have demonstrated 
no evidence that predator odor reduced (e.g., Bramley 
and Waas 2001) or increased (Banks 1998) rat detections 
over longer durations.

Table 4.  GLMM results for observation rate, observations per period, and triggers per observation for stoats and hedgehogs in each 
period.

Source of variation Value SE df t P

Total mesopredator observation rate (Poisson)
Period 1 0.17 0.2 17 0.85 0.41
Period 2 0.2 0.32 16 0.65 0.52
Period 3 0.82 0.23 15 3.61 0.0025**
Period 4 1.67 0.41 8 4.06 0.0036**

Stoat observation per period (Poisson)
Period 1 0.61 0.49 17 2.05 0.06
Period 2 20.07 0.28 16 411.98 <0.0001†
Period 3 1.86 0.8 15 2.32 0.0348
Period 4 26.07 0.151 8 171.52 <0.0001†

Hedgehog observation per period (Poisson)
Period 1 0.18 0.26 17 0.68 0.5
Period 2 0.33 0.28 16 1.17 0.26
Period 3 0.95 0.34 15 2.74 0.015
Period 4 1.1 0.048 8 2.22 0.056

Stoat triggers per observation (Poisson)
Period 1 0.88 0.48 17 2.42 0.027
Period 2 21.24 0.37 16 450.38 <0.0001†
Period 3 2.19 0.41 15 2.48 0.026
Period 4 27.49 0.98 8 3475 <0.0001†

Hedgehog triggers per observation (Poisson)
Period 1 0.94 0.34 17 2.74 0.015
Period 2 2 0.43 16 4.66 0.0003***
Period 3 0.47 0.34 15 1.38 0.18
Period 4 0.43 0.43 8 1 0.34

Notes: These two species displayed evidence of a treatment effects (Table 3). GLMM tested for difference between treatments: 
rabbit vs. rabbit + ferret odor. P values are in boldface type if  they remained significant (≤0.05) after controlling for a false-discovery 
rate (FDR) of 5%. **P < 0.01, ***P < 0.001, and †P < 0.0001.
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Chemical cues make an uncertain world more pre-
dictable and olfaction is particularly important for 
species that are solitary, inhabit complex habitats, or are 
nocturnal (Kats and Dill 1998). When prey encounter 
predator scent, avoidance may be the optimum defense, 
and prey frequently avoid a detected kairomone (e.g., 
Dickman and Doncaster 1984, Jędrzejewski et al. 1993). 
However, mesopredators, particularly highly mobile 
species, encounter a myriad of chemical cues that poten-
tially provide a rich source of information (Bytheway 
et al. 2013). Careful evaluation of a kairomone is needed 
to determine the direction in which a predator travelled, 
which can be assessed by variation in odor intensity along 
a scent trail. Informed prey are more difficult to capture 
and as stoats and hedgehogs are predominantly solitary 
foragers, these species should gain greater benefit from 
eavesdropping than gregarious species that can be warned 
by conspecifics (Ridley et al. 2014). However, inspection 
behavior is not without risk as the scent depositing 
predator may remain in the vicinity or an intended 
recipient (conspecifics) could be attracted to the odor. 
The persistence of eavesdropping behavior suggests that 
kairomone investigation provides fitness benefits to a 
species, despite the associated danger.

Close approach to the predator odor may be necessary 
to activate the appropriate olfactory receptors. The 
vomeronasal organ (VNO), which is a chemoreceptor, 
detects non-volatile compounds and requires direct 
physical contact with the source (Papes et al. 2010). Most 
mammals, including studied Mustelidae such as ferrets, 
possess a functioning vomeronasal organ (Estes 1972, 
Woodley et  al. 2004). The purpose of the VNO was 
thought to primarily relate to the detection of chemical 
cues from conspecifics, but recent discoveries have 
demonstrated that, when the VNO is destroyed, it inhibits 
an animal’s ability to perceive predator odor (Zhao and 
Liu 2015). Mesopredators may therefore approach the 
predator scent to assess non-volatile compounds encoded 
in the chemosignal. This need for direct contact suggests 
that predator odor could be an effective attractant, as it 
increases the likelihood of a target species interacting 
with a camera trap or control device.

The response of stoats to ferret odor differed from 
those of other mesopredators. This may be because stoats 
are primarily competitors of ferrets, whereas the other 
mesopredators are primarily prey. A kairomone may 
provide important additional information to a com-
petitor, such as the foraging activity of a rival species (van 

Fig. 3.  Triggers per observation (mean ± SE) for the four time periods for (a) stoat, (b) hedgehog, (c) rat, and (d) deer. Treatments 
are represented by solid red line (rabbit + ferret) and dashed blue line (rabbit). [Color figure can be viewed at wileyonlinelibrary.
com]
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Dijk et  al. 2008) or the location of common den sites 
(Dowding and Elliott 2003), whereas the freshness of the 
scent may be the most important characteristic for prey, 
facilitating risk assessment (Bytheway et al. 2013). Stoats, 
given their greater agility, would be at less risk of injury 
or death than the other mesopredators if a ferret was 
encountered in an open area. Mesopredator’ responses 
may therefore be additionally influenced by the level of 
risk posed by the dominant predator.

Increased stoat detections across sites with the addition 
of the kairomone are more likely the result of multiple 
stoat detections, rather than increased activity by a few 
stoats. The average home range of a stoat (King and 
Powell 2007) equates to a diameter of 1.36 km (male) and 
0.98 km (female), based on a circular home range. Using 
these estimates and stoat detections across sites, there was 
one pair of cameras that a female could travel between 
and three pairs that a male could travel between, at the 
maximum extent of an average home range. Home ranges 
of stoats overlap within and between the sexes in all 
seasons (King and Powell 2007). Breeding cycles would 
not influence stoat detections, but dispersing sub-adults 
could appear or reside in our study area. Given the topog-
raphy of the study area, distances between cameras, and 
overlapping home ranges, it is more likely that we detected 
multiple stoats. Similarly, detections of other mesopred-
ators are unlikely to be a function of movement given the 
distances between cameras and the circular diameter of 
home ranges: rat (male 0.22 km and female 0.11 km) and 
hedgehog (male 0.35 km and female 0.23 km).

Visits by mesopredators may have increased the 
olfactory information available at a monitoring site. 
Kairomones have been shown to influence the behavior of 
sympatric predators (Garvey et al. 2016) and the build-up 
of chemical information at a site may influence subsequent 
visitations. Odors deposited unintentionally, as an indi-
vidual moves around in its environment, would attenuate 
quickly and their attractiveness would be superseded by 

fresher odor deposits. However, odor signals (scat, urine, 
or body odor) that are deposited intentionally, may persist 
for longer in the environment and these signals may create 
a web of information among sympatric predators (Banks 
et al. 2016). Stoats were the only mesopredator recorded 
intentionally scent marking beside the ferret odor, both by 
body rubbing and defecating, which occurred during 21% 
of observations. This behavior is difficult to explain if the 
subordinate species wished to remain inconspicuous. 
Based on our information, scent marking did not increase 
the detection probability of conspecifics or sympatric mes-
opredators, as visitation rates were consistent before and 
after scent marking. However, there were only six docu-
mented instances of scent marking, which makes these 
results inconclusive.

Mesopredators may be attracted to dominant predator 
odor to locate prey, carrion, or den sites, as eavesdropping 
for resources occurs between species that occupy the 
same trophic levels (Peake 2005, van Dijk et al. 2008). 
Stoats do not make their own dens, but use those of other 
animals (King 2005) and may eavesdrop on ferret scent 
to help locate appropriate sites. In support of the idea 
that stoats investigated the odor to acquire resources, one 
study that radio-tracked mustelids recorded nine occa-
sions where dens were shared sequentially by both ferrets 
and stoats (Dowding and Elliott 2003). Scavenging for 
food may also potentially explain attraction to kairo-
mones, as stoats, hedgehogs and rats may associate aging 
ferret odor with the possibility of locating the partial 
remains of prey.

Our study fell within the breeding season of hedgehogs 
in New Zealand (King 2005) and the attraction displayed 
by hedgehogs, i.e., repeatedly circling the kairomone vial, 
is a behavior that appears very similar to the “cart-
wheeling” performed by males during courtship (King 
2005). Hedgehogs were also photographed self-anointing 
on more than 30 occasions: they are known to self-anoint 
with a range of novel, strong-smelling, or toxic substances. 

Fig. 4.  Stoat site detections with (a) rabbit (blue points) or (b) ferret + rabbit (red points). The size of a point indicates the number 
of observations at a particular monitoring site. Monitoring sites that did not detect stoats are illustrated with black dots. Distance 
between consecutive tics on the x and y axis are 1 km. [Color figure can be viewed at wileyonlinelibrary.com]
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The basis of this behavior is unknown; it may act as a 
deterrent to predators or alternatively self-anointing may 
play a role in mating behavior (Weldon 2004, King 2005).

Management applications

A major challenge for controlling invasive species is 
monitoring populations at low densities. Responses to a 
dominant predator odor, such as increased attraction and 
engagement, can be exploited to improve conservation 
outcomes and the reliability of monitoring information. 
Exotic species that decline after intervention, or invade 
new ecosystems, are acutely aware of established compet-
itors and conspecifics (Pyšek and Richardson 2010). New 
Zealand’s pest-free islands are important refuges for native 
animals and a kairomone lure could be deployed for long 
term monitoring and interception. For example, a stoat 
that invaded Kapiti Island, 5  km off the coast of New 
Zealand, proved extremely difficult to locate and expensive 
to remove (Prada et al. 2014). Eventually, after an extensive 
operation, the stoat and its offspring were captured, with 
the sole male offspring entering a trap that was treated 
with the pheromones of a female stoat. Reduction in intra- 
and interspecific competition in managed ecosystems leads 
to greater resource availability and a non-food-based 
attractant would be advantageous in these situations (Glen 
et al. 2013). Stoats are extremely difficult to detect at low 
densities (Choquenot et al. 2001) and monitoring in this 
study using only a rabbit lure would have substantially 
underestimated their prevalence. When eradicating an 
invasive population, it is essential to put all animals at risk 
and variability in temperament between members of a 
population leads to inconsistent responses to chemical 
signals (Réale et al. 2007). Costs of eliminating the last few 
survivors may be disproportionally high (Nugent et  al. 
2007) so increasing the range of lures may improve capture 
rates, thereby ameliorating the costs of mop-up opera-
tions. In addition to the management of invasive species, 
animals are also live-trapped for translocation, to collect 
biological samples, and to fit monitoring devices. The 
scent of a dominant competitor may always be worth 
investigating, so a kairomone lure could function effec-
tively in these situations.

Our findings could also have applications for invasive 
mustelid management outside of New Zealand. American 
mink (Neovison vison) are listed as one of 37 invasive alien 
species by the European Union and member states are 
required to take measures to ensure early detection and 
rapid eradication of listed species. Harrington et  al. 
(2009) demonstrated that American mink are attracted to 
polecat odor. As ferrets are a sub-species of polecats, and 
considering the results from our study, ferret kairomone 
may be an effective management tool for mink.

Camera traps are being used increasingly in wildlife 
monitoring, and can operate for extensive periods (Meek 
et  al. 2014). However, most scent lures do not remain 
attractive for comparable durations. This incongruence 
between camera capabilities and lure viability may lead to 

inefficient monitoring devices or require labor-intensive 
refreshing of lures. Ferret pheromones have evolved to 
endure in the environment to maximize the probability of 
interception (Clapperton 1989), making pheromones an 
ideal natural long-life lure. Camera traps can also help 
assess wildlife populations by identifying naturally marked 
animals, a powerful nonintrusive technique requiring clear 
images to distinguish among individuals (Trolle and Kéry 
2003). Increasing an animal’s engagement at a monitoring 
site would help to reduce the number of unidentified indi-
viduals. Similarly, hair collected for DNA analysis requires 
the target species to interact with sampling devices. The 
significant increase in engagement observed by two meso-
predators in our study suggests that dominant predator 
odor could be exploited in these situations.

Olfaction is the main sensory perception in many mus-
telids yet its potential role in wildlife management has not 
yet been fully realized. Monitoring with ferret kairo-
mones changed our assessment of stoat abundance and 
distribution. Mustelidae are often considered rare, due to 
limited reliable records, making it difficult to accurately 
assess their distribution, abundances, and therefore their 
appropriate conservation status (Ramírez-Chaves et al. 
2016). For example, accurate assessment of populations 
of cryptic mustelids, such as the marbled polecat (Vormela 
peregusna), Patagonian weasel (Lyncodon patagonicus), 
and Colombian weasel (Mustela felipei) are hampered by 
very low sighting rates and a scarcity of records (Ramírez-
Chaves et al. 2016). The use of ferret kairomones to aid 
in the monitoring of these species may therefore generate 
more reliable population estimates. The technique of 
using dominant predator body odor could also poten-
tially assist in reducing native mesopredator naivety to 
invasive predators or increasing the success of reintro-
duction programs for endangered native species. The cri
tically endangered black footed ferret (Mustela nigripes) 
experiences 80% reintroduction mortality due to inter-
ference competition (Biggins et  al. 2011). Ferret odor 
could potentially be deployed to encourage activity in 
particular areas of the habitat, to help with population 
monitoring, and dominant predator body odor could be 
used for pre-release behavior conditioning (Kleiman 
1989, Biggins et al. 2011, Smith and Blumstein 2012).

Studying olfactory communication provides insights 
into predator ecology, but it is also of applied importance 
for population monitoring and invasive species man-
agement. Deploying dominant predator kairomones to 
monitor other predators may be a technique that is appli-
cable worldwide. We hope our findings have practical 
applications for wildlife management and that future 
research continues to investigate the role of chemical 
communication among competing predators.
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