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Abstract

Predation is a key factor in prey population dynamics and could impact population
recovery. One common means employed to recover prey populations is that of
translocations, but most fail owing to high predation during the early stages. We
tested whether conditioned odor aversion can reduce predation during animal
translocations by using the predation of the European rabbit Oryctolagus cuniculus
by the red fox Vulpes vulpes as a case study. Following a before-after control-im-
pact design (BACI), we deployed bait stations monitored using camera-traps in
two zones to which rabbits were translocated. One week before the rabbits were
released, microencapsulated levamisole was added to rabbit baits located in the
treatment zones, along with vanilla essence as an odor cue. A total of 148 rabbits
were distributed in artificial warrens with the odor cue and 68 of them were fitted
with radio collars in order to determine their survival rates. The response to the
treatment and translocation as regards subsequent rabbit abundance was evaluated
using N-mixture models, while rabbit establishment was evaluated using a warren
use index (WUI). The treatment decreased the proportion of baits consumed by
foxes, but this decrease was partially compensated by other predators. WUI and
rabbit population growth increased significantly more after translocations in the
treatment zones than in the control zones. The short-term survival of translocated
rabbits was also higher in the treatment zones than in the control zones. Our study
showed that conditioned odor aversion reduced rabbit predation by foxes, and had
a positive effect on rabbit population growth after translocation, since there was an
increase in rabbit survival and warren establishment. This method could be used as
a non-lethal tool for the recovery of a key prey when carrying out programs con-
cerning the reintroduction of endangered predators or for other vulnerable species
requiring translocations.

Introduction

Interpreting predation effects on prey populations is difficult
because prey survival and reproduction are driven by a vari-
ety of other factors (e.g. habitat quality, disease) (Norbury &
Jones, 2015). However, it is known that prey abundance and
population growth can be regulated by predation (Sinclair
et al., 1998; Delibes-Mateos, Ferreras & Villafuerte, 2008a),
particularly in the case of low prey abundances (Fernandez-
de-Simon et al., 2015; Norbury & Jones, 2015). Moreover,
high predation pressure can limit the prey’s recovery after
severe declines (Sinclair et al., 1998; Delibes-Mateos, Fer-
reras & Villafuerte, 2009). Predator control, together with
other management techniques, such as habitat improvement
or translocations, have, therefore, been applied in an attempt
to restore prey populations (Moreno & Villafuerte, 1995;
Sinclair et al., 1998; Banks, 2000; Calvete & Estrada, 2004;
Delibes-Mateos et al., 2009).

Translocation is defined as the human-mediated movement
of living organisms from one area with release in another
(IUCN/SCC, 2013). Translocations are a common practice in
conservation biology and wildlife management for conserva-
tion purposes (Seddon, Strauss & Innes, 2012; Carro, Ortega
& Soriguer, 2019). With regard to the maintenance of eco-
logical systems, a sufficient number of individuals is
required, not only to prevent species extinction, but also to
perform ecological roles (Gaston, 2010). This is the case of
those keystone species that function as key prey or ecosys-
tem engineers (Delibes-Mateos et al., 2007; Swaisgood
et al., 2019), which may be pests in some regions and eco-
logically important species as regards re-establishing ecosys-
tem functions in others (Delibes-Mateos et al., 2008a;
Swaisgood et al., 2019). One example of these species is the
European rabbit Oryctolagus cuniculus, thousands of which
have been translocated onto hunting estates and into conser-
vation areas in order to reinforce the populations of this key
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species as a prey for several endangered species, such as the
Iberian lynx Lynx pardinus or the imperial eagle Aquila
adalberti (Delibes-Mateos et al., 2008b; Carro et al., 2019).
These translocations have been necessary owing to the sharp
decline in rabbit populations in the Iberian Peninsula, princi-
pally as a result of the arrival of two viral diseases: myxo-
matosis in the 1950s (Villafuerte et al., 2017) and the rabbit
hemorrhagic disease (RHD) in the late 1980s (Delibes-
Mateos et al., 2008a). The expansion of rabbits into Mediter-
ranean woodland has subsequently been very limited in com-
parison with what has occurred in open areas (Delibes-
Mateos et al., 2008a), which has led to a mismatch between
the distribution of endangered predators and their main prey
(Real et al., 2009). The reinforcement of rabbit populations
in the expansion areas and future reintroduction areas of
these endangered species is, therefore, necessary (Moreno
et al., 2004; Ferreira & Delibes-Mateos, 2010).

Although the science of translocation biology has
advanced rapidly in recent decades, there has been no
increase in the proportion of translocation studies that
directly test alternative management actions (Taylor et al.,
2017), and new approaches with which to meet translocation
challenges, such as the post-release effects of predation, are,
therefore, required (Berger-Tal, Blumstein & Swaisgood,
2019). The traditional methods employed to translocate rab-
bits have had negligible success (Calvete et al., 1997; Cal-
vete & Estrada, 2004). Capture and handling, the novelty of
the environment, social disturbance and induced stress may
affect the short-term survival of the released rabbits (Letty
et al., 2003; Cabezas, Calvete & Moreno, 2011; Ruiz-Aizpu-
rua & Tortosa, 2018), but predation has been shown to be
the most important factor in the failure of rabbit transloca-
tions (Calvete et al., 1997; Letty et al., 2002; Calvete &
Estrada, 2004). Experimental translocation research has
demonstrated that high mortality of rabbits occurs due to
predation by carnivores during the first days after release,
especially by red foxes Vulpes vulpes, causing 65–75% of
rabbit mortality (Calvete et al., 1997; Letty et al., 2002; Cal-
vete & Estrada, 2004; Moreno et al., 2004). Traditional
predator control is carried out to reduce this high mortality
resulting from carnivore predation (Reynolds & Tapper,
1996; Virg�os & Travaini, 2005). Several studies have shown
that predator removal could be a successful management
strategy by which to increase rabbit numbers in areas into
which rabbits have been introduced (Trout & Tittensor,
1989; Banks, 2000). These studies have also shown that rab-
bit populations could be regulated at low abundance by
predator pressure, especially after sharp population drops.
This effect is known as the ‘Predator-Pit’ (Trout & Tittensor,
1989). The effectiveness of this traditional predator control
practice has not been tested in Mediterranean areas, where
there is a diverse predator community (Delibes-Mateos et al.,
2009). However, a higher rabbit population recovery rate
was reported for areas in which predator control, and partic-
ularly the removal of red foxes, was a common practice
(Delibes-Mateos et al., 2008a). However, rabbit population
trends are not correlated with the fox abundance index in
north-eastern Spain (Williams et al., 2007), and the potential

positive effect of predator control on rabbit recovery in the
Iberian Peninsula is, therefore, still controversial (Delibes-
Mateos et al., 2009). In the case of rabbit translocations,
experimental attempts to reduce predation after release have
employed predator exclusion fences, electric fences, and the
selective night shooting of foxes and feral dogs during the
first days after release (Calvete et al., 1997; Calvete &
Estrada, 2004; Cabezas et al., 2011). Although these meth-
ods have reduced the predation in the short term, the lack of
a long-term effect and their high cost prevent their general
use for rabbit translocations (Rouco et al., 2008; Cabezas
et al., 2011). There is, moreover, an increasing public
demand for non-lethal approaches for wildlife conflict reduc-
tion (Cowan, Reynolds & Gill, 2000; van Eeden et al.,
2019).

One potential non-lethal approach that can be used to
reduce predation is conditioned food aversion (CFA). CFA
involves the avoidance of a certain food following a period
of illness after consuming that food (Garcia, Hankins &
Rusiniak, 1974). Animals associate the taste and characteris-
tics of a particular food with negative symptoms caused by a
toxic substance, mainly nausea, sickness or vomiting. CFA
can be induced deliberately by adding a chemical substance
to the food or prey desired to be protected from predation in
order to produce rejection by the predator (Gustavson et al.,
1974; Cowan et al., 2000; O’Donnell, Webb & Shine,
2010). Recent studies carried out with captive dogs Canis
familiaris and Iberian wolves Canis lupus signatus have
shown the possibility of creating aversion by adding an arti-
ficial odor cue during conditioning (Tobajas et al., 2019a;
Tobajas et al., unpublished data), thus, creating an enhanced
aversion to that odor rather than to the food itself (Tobajas
et al., 2019b). This enables the predator to detect that a prey
is noxious at a distance (Rusiniak et al., 1979), and makes it
possible to employ this disruptive effect caused by the odor
aversion to stop predation during predatory behavior (Toba-
jas et al., 2019b; Tobajas et al., unpublished data). As a
model with which to improve translocations, we aimed to
evaluate CFA plus an artificial odor cue as a tool to reduce
rabbit predation by red foxes after translocations to areas in
which the abundance of rabbit populations is low and needs
to be reinforced in order to allow the establishment of
endangered predators. We achieved this by inducing aversion
to predators using rabbit meat baits containing levamisole
plus vanilla odor. This was done to protect the zones into
which rabbits would be released in order to reduce their pre-
dation during the first period, when they are more vulnera-
ble. Our hypothesis is that the use of this technique will
improve rabbit survival during translocations, and that this
may, therefore, alter the population dynamics by increasing
rabbit abundance in the treatment areas.

Materials and methods

Study area

The study was carried out in four zones with similar habitat
characteristics in one locality (Pic�on, 4° 5’0" W, 39° 5’ 0"
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N) in Ciudad Real province (Central Spain) (Fig. 1). The
study plots are distributed on private properties, and are
occupied by a mixture of Mediterranean scrubland and
sparse patches of holm oak Quercus ilex subsp. rotundifolia,
with olive trees and cereal fields. The study area had a low
rabbit abundance owing to the aforementioned diseases (with
the greatest decline in the 1990s) and predation pressure.
Long before the study took place, some rabbit translocations
were carried out by the local hunting associations between
2001 and 2010 (involving ca. 500 rabbits) in an attempt to
improve the rabbit population, but without any significant
success. Predator control was not performed during the study
period.

Experimental design

In order to evaluate the treatment effect (CFA plus odor cue)
on rabbit predation (by the red fox and other predators) and
rabbit population response, we performed a Before-After
Control-Impact (BACI) experiment. During the first year of
study, we performed the experiments simultaneously in four
zones, which were initially defined and randomly assigned
as two control and two treatment areas. During the second

year, the treatment and control areas were interchanged in
order to control the site effects. The design of BACI makes
it possible to distinguish the treatment effects from back-
ground time effects shared by all areas and from background
differences between control and treatment areas (Popescu
et al., 2012). BACI approaches are analyzed using general-
ized linear mixed models (McDonald, Erickson & McDon-
ald, 2000), in which a significant interaction between
treatment area (control � treatment) 9 time (before � after)
indicates an effect of the experimental treatment.

The experiment was performed in three phases: (1) pre-
conditioning (only bait (rabbit meat), 5 weeks); (2) condi-
tioning (bait + aversive agent (microencapsulated
levamisole) + odor (vanilla essence) in treatment spots, only
bait in control spots, 2 weeks) and (3) post-conditioning
(bait + odor in treatment spots, only bait in control spots,
15 weeks) phases. We compared the pre- and post-condition-
ing bait intake of untreated baits (with neither an aversive
agent nor an odor cue) by foxes and other predators between
the control and treatment areas as a measure of CFA
response. Levamisole hydrochloride is an imidazothiazole
derivative that has been used as a broad-spectrum anthelmin-
tic in different species, and has also been used in previous

Figure 1 Locations of the warrens and bait stations in the study area in Castilla La Mancha (Spain).
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conditioned food aversion studies on dogs, as it causes
digestive symptoms (vomiting, nausea and/or diarrhea) with-
out severe adverse health effects (Tobajas et al., 2019b, c).

Moreover, the treatment effect on predation was also stud-
ied with rabbits experimentally translocated in each of the
study years (2016 and 2017) to artificial warrens (stones
covered by soil). These artificial warrens were built for the
previous rabbit translocations undertaken in the period 2001–
2010 and had a low or no rabbit occupation. The condition-
ing phase started 1 week before the rabbit translocation in
order to induce aversion in foxes and other predators before
the rabbits were released, thus, improving their chances of
survival. The evolution of the rabbit translocation and the
differences between study plots were assessed through the
use of rabbit abundance estimation and index of artificial
warrens use (see below). Rabbit abundance was assessed by
employing open N-mixture models for spatially replicated
repeated count data (Royle, 2004; Dail & Madsen, 2011),
obtained from camera-trap data (see Section 2.4). The use of
artificial warrens was monitored using a relative warren use
index (WUI) created from the observation of several indirect
signs (i.e. scrapes, pellet counts) that make it possible to
estimate rabbit population trends (Palomares, 2001; Delibes-
Mateos et al., 2008a; Fernandez-de-Simon et al., 2011). The
abundance activity of red foxes and other terrestrial predators
on the study plots was estimated using a relative abundance
index (RAI), which accounts for species independent records
divided by the sampling effort obtained by the camera-traps
(O’Brien, Kinnaird & Wibisono, 2003). We compared the
pre- and post-release values of the relative abundance indices
in order to assess the CFA treatment effect as a measure of
the predator’s response in relation to avoiding the prey (i.e.
foxes not eating rabbits).

Finally, during the second year of the experiment, a sam-
ple of the translocated rabbits was tagged with VHF collars
to estimate survival rates. We compared the survival rates
between the control and treatment areas in order to assess
the effect of CFA on rabbit survivorship.

Bait station monitoring

A total of 13-14 bait stations monitored by a camera-trap
were placed near (1.5–2 m) the warrens into which the rab-
bits would be released: 7 bait stations on the treatment plots
and 6 on the control plots during 2016, and 7 on each dur-
ing 2017. Additionally, 14 bait stations without a camera-trap
were employed during the conditioning period in 2017 so as
to increase the probability of the predator species being con-
ditioned. A bait station consisted of an infrared camera-trap
(Spartan SR1-BK� HCO Outdoor Products, Norcross, Geor-
gia, USA) situated in front of a wooden stake to which a
piece of wild rabbit meat (around 200 g) and a 30 ml glass
bottle with a diffusing wick containing vanilla essence were
tied (see Supporting Information S1). During the condition-
ing phase (2 weeks), two gelatin capsules (17 mm long),
each of which contained 175 mg of microencapsulated leva-
misole, were placed inside the meat on the treatment plots.
The intended dose of levamisole was 70 mg/kg body weight

based on previous studies with wild foxes (Massei, Lyon &
Cowan, 2003; Nielsen et al., 2015). The bait stations were
active 24 h/day during the 22 weeks of the study period and
were visited approximately every 7 days for rebaiting, cam-
era-trap maintenance and data download (see Data S1).

Rabbit translocation and radio-tracking

Two experimental translocations were carried out with adult
wild rabbits in the autumn of 2016 and 2017. Wild rabbits
(72 in 2016 and 76 in 2017) were released into 15–18 artifi-
cial warrens distributed in the four experimental zones. The
rabbits were ferreted and caught with nets at the warren
entrances on donor sites and were transported immediately
after capture and released in the study area (see Data S2). In
the first translocation (2016), 4 rabbits were released into
each artificial warren (treatment = 11; control = 7), while
during the second, (2017) 4–5 rabbits were released into
each artificial warren (treatment = 8; control = 7). Rabbits
from the same social group were released into the same war-
ren or in nearby warrens of the same plot (see Data S2).
After the rabbit translocation, all the entrances of the warrens
on the treatment plots were sprayed each week with the
same vanilla solution used at the bait stations. Before the
experiment, we confirmed that the used vanilla essence did
not have any effect on the rabbits’ behavior, such as space
avoidance or feeding behavior (see Data S3).

We randomly selected 68 (28 males and 40 females) of
the 76 adult rabbits released in 2017 for survival monitoring
during the post-conditioning phase (126 days). Each rabbit
was weighed, ear-marked with a numbered metal tag (model
#1005-3; National Band and Tag Company, Newport, KY,
USA) and fitted with a VHF radio collar (22 g, BIOTRACK,
Wareham UK). All the collars incorporated a mortality sen-
sor, which generates a different pulse-rate after 4 h of inac-
tivity. All the tagged rabbits were tracked daily during the
whole post-conditioning phase (126 days) to determine
whether they were dead or alive.

Rabbit and predator abundance

Repeated count data from camera-traps were used to estimate
rabbit abundance and population trends using a dynamic N-
mixture model, which is a robust design generalized form of
N-mixture models for open populations (Royle, 2004; Dail
& Madsen, 2011). In order to avoid duplicate counts of the
same individual rabbit, we used the maximum number of
individuals observed in the same independent event, which
allowed us to obtain a minimum rabbit count each day on
each site. We compared treatment and control using the
pcountOpen function from the unmarked package (Fiske &
Chandler, 2011) in R 3.5.1 (R Core Team, 2018), with the
treatment, phase and the “treatment 9 phase” interaction as
covariates to examine the effect of the treatment on rabbit
population growth (see Data S4).

The RAI of red fox and other predators was calculated
weekly by dividing the number of independent capture
events of each species on each camera-trap site by the
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sampling effort (trap-nights) on that site and expressed as
integer records per 100 trap nights (O’Brien et al., 2003).
Consecutive images of the same species within 30 min inter-
vals were considered as the same event unless different indi-
viduals could be recognized (O’Brien et al., 2003), whereas
those separated by longer intervals were interpreted as inde-
pendent events.

Rabbit warren use

A relative warren use index (WUI) was obtained in order to
evaluate the change in use of release warrens by the rabbits.
We recorded four indirect signs related to the rabbits’ use of
warrens (Palomares, 2001; Delibes-Mateos et al., 2008a; Fer-
nandez-de-Simon et al., 2011): percentage of active entrances
and numbers of pellets, rabbit scrapes and rabbit latrines
within 2 m surrounding each warren. Each year, these signs
were sampled five times during the experiment, before the
rabbits were released (week 4), throughout the post-condi-
tioning period (week 8, 13 and 18), and at the end of the
experiment (week 22). We considered an entrance to be
active when it showed signs of regular use, with fresh pellets
and trampled runs (Parer & Wood, 1986). A latrine was
defined as a group of at least 20 pellets within an area of
200 9 300 mm (Virg�os et al., 2003). The WUI was
obtained as the first axis score from a Principal Component
Analysis (PCA) of the four variables that were highly corre-
lated.

Statistical analysis

We assessed whether levamisole plus the odor cue-induced
CFA in the rabbit bait consumed by red fox and the other
predators by performing a Generalized Linear Mixed Model
(GLMM) with binomial error and logit link function. The
effect of the experimental treatment on bait intake by red
fox was analyzed by including treatment, phase, year, zone,
bait intake by other predators (binomial) and the “treat-
ment 9 phase” interaction as fixed factors. The bait station
was included as a random factor. A similar model was run
to analyze the experimental treatment effect on the bait
intake by other predators, grouping all these intake events
into a single category. Furthermore, we fitted a GLMM using
the WUI as a response variable to test whether warren use
by translocated rabbits was related to the following factors
and covariates: treatment, phase, year, zone, fox RAI, other
predators RAI and WUI value at the moment of rabbit
release (indicating the degree of warren use before release),
and the “treatment 9 phase” interaction. The warren was
introduced as a random factor in the WUI model. We used a
repeated measure analysis, including an autocorrelation struc-
ture, in order to take into account the fact that repeated mea-
sures were obtained at the same bait station and in the same
warren (Mangiafico, 2016).

The GLMM models were compared using the Akaike
Information Criteria (AIC) for model selection, during which
a backward deletion stepwise procedure was employed.
Covariates were examined for co-linearity using Pearson

correlation coefficients, and co-linear variables (r> 0.7) were
excluded from the model. According to the BACI design, a
significant interaction between “treatment 9 phase” indicates
that the dependent variable changes among phases that differ
among experimental treatments. The statistical analyses were
carried out using the nlme and rcompanion package with the
R software version 3.5.1 (R Core Team, 2018).

We examined differences in the survival rate of the radio-
collared rabbits between the treatment and control areas
using Kaplan–Meier survival analyses with the survival
package of the R software version 3.5.1 (R Core Team,
2018). We compared survival distributions over two time
periods, the first 21 days after release, when the rabbits are
more vulnerable (Calvete et al., 1997; Letty et al., 2002),
and throughout the 126 days after release, which correspond
to the whole post-conditioning period.

Results

Bait intake

We placed a total number of 584 baits during the 2 years of
study (2016: 238, 40.75%; 2017: 346, 59.25%). The propor-
tion of mean bait intake during the pre-conditioning phase
was 0.60 (�0.055 SE) in the treatment areas and 0.66
(�0.063 SE) in the control areas, while during the post-con-
ditioning phase it was 0.69 (�0.039 SE) and 0.94 (�0.021
SE), respectively. The principal bait consumers in the study
area were the red fox, Egyptian mongoose Herpestes ichneu-
mon, stone marten Martes foina and European badger Meles
meles (Fig. 2, Data S5).

The model for red fox bait intake showed a significant
effect of the interaction "treatment 9 phase" (F1,339 = 11.52,
P < 0.001), with a decrease in the proportion of bait con-
sumed by red foxes in the post-conditioning phase from
0.225 (�0.047 SE) to 0.007 (�0.007 SE) as regards to the
treatment when compared to the control (from 0.246
(�0.058 SE) to 0.14 (�0.033 SE)) (Fig. 2). However, the
model also showed a significant effect of the other predators
(F1,339 = 75.23, P < 0.001), which increased the amount of
bait intake in the post-conditioning phase from 0.363
(�0.054 SE) to 0.60 (�0.042 SE) as regards to the treatment
(Fig. 2). The model for bait intake by red fox also showed
differences according to zones (F3,339 = 7.21, P < 0.001)
and year (F1,339 = 16.57, P < 0.001). No significant effect of
the interaction "treatment 9 phase" was, however, found for
the bait intake by other predators in the corresponding model
(F1,339 = 3.66, P> 0.05), which was influenced only by the
intake of the red fox (F1,339 = 64.37, P < 0.001) as the main
competitor as regards bait intake in the study area.

Rabbit abundance response

We found differences in rabbit population dynamics between
the treatment and control areas after the rabbit translocation
(Fig. 3). The rabbit abundance on the treatment plots
increased from 0.52 (�0.14 SE) rabbits/site at week 6 to 1.6
(�0.42 SE) rabbits/site at week 22. However, the increase in
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rabbit abundance on the control plots was very slight: from
0.33 (�0.10 SE) rabbits/site at week 6 to 0.44 (�0.11 SE)
rabbits/site at week 22 (Fig. 3). The best-fitted model
(DAIC < 2) for rabbit population growth was constant (Data
S6), with an interaction between treatment and phase, show-
ing a positive effect of the treatment on rabbit population
growth when compared to the control areas (Fig. 3, Data
S7). The goodness of fit of the model showed an adequate
fit to the data (Data S8).

WUI explained 69% of the variance of the warren use
variables. As occurred with rabbit abundance, the use of
warrens by rabbits (WUI) increased more on the treatment
plots than on the control plots (Fig. 4). The model showed a
"treatment 9 phase" interaction (F1,147 = 39.99, P < 0.001),
indicating that the use of warrens after the translocation
increased on the treatment plots when compared with the
control plots (Fig. 4). The model showed that zone
(F3,147 = 15.01, P < 0.001), year (F1,147 = 6.39, P < 0.013)
and the initial WUI (F1,147 = 63.59, P < 0.001) had signifi-
cant effects on the WUI response, showing a negative effect
of the initial WUI on the rabbit response after translocation.

Rabbit survival

Although the trend toward rabbit survival was higher in the
treatment zone than in the control zone (Fig. 5), differences
between treatments were significant neither in the first
21 days post-release (X2 = 2.2, d.f. = 1, P = 0.1) nor
throughout the entire study period (X2 = 0.6, d.f. = 1,
P = 0.45) (Fig. 5).

Discussion

Our study provides one of the first pieces of evidence that
CFA may be a useful management tool by which to reduce
fox predation and may increase the success of prey translo-
cations (O’Donnell et al., 2010). The combination of

levamisole plus vanilla odor causes red foxes to experience
an aversion to untreated rabbit meat in the presence of
vanilla odor. The treatment additionally appears to reduce
the risk of rabbit predation after their translocation, thus,
improving their short-term survival (although not signifi-
cantly) and consequently improving the translocation success
when compared with untreated zones. The observed decrease
in the bait intake could be attributed to the CFA induced in
those foxes that consumed the rabbit baits with vanilla odor,
and subsequent changes in the foxes’ use of space, since
they may keep to their own territory and use the areas with
the odor cue to a lesser extent (Tobajas et al., 2020). How-
ever, the data showed no effect of the treatment on the bait
intake by other predators (mainly mustelids: the stone marten
and the European badger), thus, showing a trend towards
bait intake compensation by scavenging. Compensatory pre-
dation has been reported in other CFA studies of red foxes
(Tobajas et al., 2020) and also in predator control studies
(Holt et al., 2008; Beggs et al., 2019a), but in our case
these species are mainly scavengers and rarely prey on adult
rabbits. However, compensatory predation could be a limita-
tion as regards employing the CFA technique in situations in
which there are more than one predator species. Moreover, a
scenario in which there is a high abundance and diversity of
predators and scavengers could require a greater effort to
conditioning the target predators owing to competition for
baits. However, the total bait intake during the post-condi-
tioning phase was lower in the treatment zones than in the
control zones, thus, indicating the importance of the red fox
as a rabbit predator and scavenger in Mediterranean habitats
(Diaz-Ruiz et al., 2013; Fernandez-de-Simon et al., 2015).
The red fox has been described as the main predator during
rabbit translocations in the Iberian Peninsula (Calvete et al.,
1997; Moreno et al., 2004), predating up to 65–72% of the
translocated rabbits in the first few weeks after release (Cal-
vete et al., 1997; Letty et al., 2002; Calvete & Estrada,
2004).

Figure 2 Proportion of bait (�SE) consumed by red fox and other predators during the two experimental phases (Pre-conditioning; Post-con-

ditioning) and treatment areas.

378 Animal Conservation 24 (2021) 373–385 ª 2020 The Zoological Society of London

Reducing predation with conditioned odour aversion J. Tobajas et al.



The experimental treatment improved rabbit abundance
and WUI. The rabbit abundance model showed the positive
effect of the treatment and rabbit translocation when com-
pared to the control. Rabbit survival improved in the short
term after release in the treatment zones when compared
with the control zones (although not significantly), and rabbit

population growth differed among zones, with a higher
increase in rabbit abundance in the treatment than in the
control zones (Fig. 3). The rabbit abundance in the study
area was probably in a predator-pit situation (Trout & Titten-
sor, 1989; Banks, 2000), which prevents the recovery of rab-
bit populations (Delibes-Mateos et al., 2008a; Norbury &
Jones, 2015). In this situation, the conditioning of red foxes
during rabbit translocation allows the rabbit population in
the treatment zones to overcome this situation of low rabbit
abundance in the short term. Moreover, the sudden increase
in numbers of recently translocated rabbits may attract non-
conditioned predators to the release areas (Calvete &
Estrada, 2004), which could entail a negative effect on the
population growth in the long term.

The CFA treatment similarly had a positive effect on the
WUI after the translocation. This could be owing to an
increase in rabbit survival after the translocation, thus, allow-
ing the establishment of a greater number of rabbits in the
release warrens. Moreover, a lower activity of red fox would
allow the rabbits to settle faster (Moreno et al., 2004; Rouco
et al., 2008). The WUI model also showed the negative
effect of the initial warren use on establishment and subse-
quent warren use by the rabbits, which indicates that releas-
ing rabbits into warrens that were previously occupied is not
recommended (Moreno et al., 2004; Ruiz-Aizpurua & Tor-
tosa, 2018) because the translocated rabbits may be expelled
by resident rabbits (Moncl�us, Saavedra & de Miguel, 2014;
Ruiz-Aizpurua & Tortosa, 2018). The WUI model also

Figure 3 Weekly rabbit abundance (mean and 90% CI) obtained from camera-trap data throughout the study period in the treatment and

control areas using N-mixture models. The shaded area represents the conditioning period, while the dashed line represents the date of rab-

bit translocation.

Figure 4 Mean Index of rabbit warren use (WUI) (�SE) during the

two experimental phases (Pre-conditioning; Post-conditioning) in

the treatment and control areas.
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showed significant differences between years, with the war-
rens being less occupied during the post-conditioning in the
second year. This may be for two reasons. Firstly, in the sec-
ond year, some rabbits were translocated to warrens in which
other rabbits had been translocated and established in the
previous year (Ruiz-Aizpurua & Tortosa, 2018). Rabbit
translocations are not, therefore, recommended in consecutive
years in the same areas (Cabezas & Moreno, 2007; Ruiz-
Aizpurua & Tortosa, 2018). This procedure has, however,
been recommended for other similar ecosystem engineer spe-
cies such as ground squirrels (Swaisgood et al., 2019). Sec-
ondly, the study area suffered from a severe drought during
the fall of 2017, with a water deficit of 51.2 mm, in contrast
to the excess of water of 79.4 mm in 2016 (SIAR, 2019).
This could have forced some of the rabbits to search for
optimal areas with more food resources (McNamara & Hous-
ton, 1987; Moreno et al., 2004), thus, leading to a lower
establishment and reproduction of translocated rabbits in the
release warrens when compared to the first year (Calvete
et al., 1997). The post-release dispersal from the release
point reduces the chances of establishing a unified breeding
population and has been shown to be a key factor in the
success of animal translocations (Armstrong & Seddon,
2008; Berger-Tal et al., 2019). Furthermore, climatic factors
have been shown to determine the breeding success of wild
rabbits (Martins et al., 2003; Cabezas & Moreno, 2007).

The rabbit survival studied in 2017 was higher (although
not significantly) during the first 21 days after release in the
treatment than in the control areas, which could facilitate
rabbit establishment in treatment areas (Calvete et al., 1997;
Letty et al., 2002). However, the rabbit survival in treatment
areas decreased progressively after the 21 days, data that
could be related to the dry weather and the importance of
habitat quality (food) and diseases in the long-term popula-
tion response to translocation observed by other authors
(Cabezas & Moreno, 2007; Cabezas et al., 2011; Batson
et al., 2015; Berger-Tal et al., 2019). The lack of statistical
differences was likely related to the small sample size, par-
ticularly when considering the direct mortality owing to the
stress of capture and release. This caused that the effective
sample size to observe the treatment effect in long-term rab-
bit survival was reduced.

When some of the factors limiting animal population
growth (food, shelter, disease and predation) are not
improved beforehand, the translocations in themselves are
ineffective (Short et al., 1992; Fischer & Lindenmayer,
2000; Batson et al., 2015; Berger-Tal et al., 2019). In this
respect, the use of CFA plus an odor cue during rabbit
translocations to artificial warrens could contribute to reduc-
ing predation by main predators and improving establishment
during the first weeks after translocation, thus, increasing
rabbit survival and allowing them to overcome the predator-

Figure 5 Distribution of survival of radio-collared rabbits in both treatment areas over the 126-day study period. Dashed lines represent the

95% confidence interval.
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pit effect (Banks, 2000; Moreno et al., 2004). The recovery
of low-density rabbit populations in predator-pit situations
would require combining several tools, such as translocations
with CFA techniques, improving shelter (artificial warrens),
food supplementation or habitat management. Translocations
would, thus, enable rabbit densities to reach a point beyond
which the predator-pit is overcome (Banks, 2000; Cabezas &
Moreno, 2007). In other contexts with other species it is,
therefore, necessary to assess the need for additional mea-
sures to reduce predation and improve the success of animal
translocation (Baston et al., 2015; Moseby, Carthey &
Schroeder, 2015).

Several methods, such as predator exclusion fences and
predator control, have been used to reduce predation during
translocations (Short et al., 1992; Baston et al., 2015;
Moseby et al., 2015). Although these methods could reduce
post-release mortality (Armstrong et al., 2006; Moseby
et al., 2015), numerous studies have shown translocation
failures owing to predation, although they included measures
to control this impact (Short et al., 1992; Moseby et al.,
2011; Berger-Tal et al., 2019). In those cases in which pre-
dation has been effectively reduced, it has been through the
systematic use of poison and trapping over time and on a
wide spatial scale (Short et al., 1992; Armstrong et al.,
2006). The creation of fences for the exclusion of predators,
and the use of poison or lethal control on a large scale and
in a systematic manner, have high economic and ecological
costs which prevent their extensive use (Short et al., 1992;
Rouco et al., 2008; Lennox et al., 2018), signifying the need
to explore other approaches (Moseby et al., 2015; Swaisgood
et al., 2019).

CFA appears to be a more appropriate method than other
traditional methods employed to reduce predation of the key
predators, such as trapping or poisoning, which aim only to
control the carnivore population numerically. CFA could be
more effective for territorial predators such as foxes than
lethal control (Newsome, Crowther & Dickman, 2014; Por-
teus Reynolds & McAllister, 2019; Tobajas et al., 2020)
because, when using CFA, the predators maintain their terri-
tories and expel other conspecific predators, while condi-
tioned predators avoid killing the prey toward which they
are conditioned (Nicolaus, 1987; Cowan et al., 2000; Tobajas
et al., 2020). The density-dependent compensation caused by
the replacement of extracted predators by immigrants is
simultaneously avoided (Newsome et al., 2014; Beggs et al.,
2019b). Moreover, CFA improves the cost-efficiency of
predator management in animal translocations, which is an
important issue in conservation programs (Canessa et al.,
2014; Berger-Tal et al., 2019), and may help discourage the
illegal use of poison to kill predators (Mateo-Tom�as et al.,
2012). However, the application of CFA is difficult to imple-
ment on large scales, and it could, therefore, be implemented
as a tool on local scales and focused on translocation zones
and periods, without ignoring the possibility of maintaining
it in these zones over time. Although its effect is very speci-
fic at the individual level, it may be more effective than tra-
ditional predator’s management measures at the population
level. In this respect, other studies in which predators are

trapped in order to control their population have also shown
a limited effect over time (Newsome et al., 2014; Porteus
et al., 2019). Our study was limited to the duration of
4 months after release, signifying that it is necessary to study
the possible effect of long-term application and at landscape
scale.

Based on animal welfare and ethical principles, current
predator management would be improved by using non-lethal
effective methods such as CFA (Baker, Singleton & Smith,
2007), and could alleviate the current conflict between stake-
holders that exists in many countries where predator control
is employed (van Eeden et al., 2019). In this respect, more
studies using the CFA plus odor cue are necessary with dif-
ferent predators and in different contexts, such as livestock
predation, wildlife management or biodiversity conservation
(Cowan et al., 2000; Nielsen et al., 2015; Tobajas et al.,
2020), and with new potential chemical compounds for dif-
ferent species (Tobajas et al., 2019c).

The present study shows that the use of CFA plus an odor
cue is a promising tool by which to reduce the adverse
impact of fox predation during post-release acclimation,
without the risks of the predator control methods affecting
non-target and endangered predator species. The approach
shown here could be used to improve future translocations
of the European rabbit, which has recently been declared
endangered by the IUCN (Villafuerte & Delibes-Mateos,
2019). The European rabbit needs to increase its populations
in Mediterranean woodland in order to ensure its population
viability and help the conservation of the Iberian lynx and
imperial eagle (Moreno et al., 2004; Delibes-Mateos et al.,
2007). The CFA technique could also be expanded as a
wildlife management tool for other species and conservancy
challenges (Baker et al., 2007; O’Donnell et al., 2010; Toba-
jas et al., 2020).
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