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Prey that coevolve alongside their predators develop specific
antipredator responses to reduce their predation risk. Red
squirrels (Sciurus vulgaris) are one such prey species who
share an evolutionary history with a predator, the pine
marten (Martes martes). The recent resurgence of the pine
marten has caused a decline in the invasive grey squirrel
(Sciurus carolinensis) in Ireland; however, it has not had
the same impact on the Irish red squirrel population.
We used trail cameras to record pine marten and red
squirrel visits to feeders and analysed the behaviour of
the red squirrel following recent pine marten presence. We
found that red squirrels displayed an enhanced antipredator
response involving increased vigilance, and decreased feeding
following a visit from a pine marten. This effect was
strongest with increasing proximity to the pine marten visit
and weakened over time. These results indicate that red
squirrels can detect recent pine marten presence and assess
the perceived risk of predation based on the time since the
predator’s visit. These behavioural adaptations and sensitivity
to the recent presence of the pine marten are hypothesized
to have allowed for the red squirrel population recovery, in
direct contrast to the grey squirrel decline in Ireland.

1. Introduction

Animals in the wild face constant danger from a wide range
of threats. One of the biggest threats an animal faces is that
of a predator. Antipredator adaptations are traits that evolve
through natural selection in the prey species to assist in their
defence against a predator [1,2]. Some of these adaptations result
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in permanent antipredator responses that include but are not limited to changes in morphology [3],
physiology [4] and life history [5,6]. Antipredator adaptations may also be expressed temporarily, such
as changes in behaviour [7]. Plasticity in antipredator traits allows the animal to minimize the costs
of expressing this trait by not employing them when there is a low risk of predation [8]. The recent
presence of a predator can trigger a predator response sequence that allows for the expression of an
antipredator trait [9]. First, the prey detects the recent presence of the predator, then it recognizes the
threat and assesses the level of danger, and lastly, it displays the appropriate antipredator response. If
the prey fails in any of these steps, it will be at a greater risk of predation.

The first step in the antipredator response sequence is to detect the presence of a predator. Prey
that experience a greater proportional fitness loss if attacked will detect the predation risk earlier than
prey who would experience a lower proportional fitness loss [10]. Predator detection is often facilitated
by the cue of a predator. Cues may be chemical [11], visual [12], mechanical [13-15] and/or auditory
[16-18]. Chemical cues include odours left by a predator, often through sources such as skin, fur,
faeces, urine and gland secretions [19]. These olfactory cues may be left inadvertently by the predator
or deliberately for communication [20]. Olfactory cues are especially important for mammalian prey
who rely heavily on scent detection and identification in other activities such as foraging and commu-
nication [21,22]. Olfactory cues may also be left without physical secretion by the predator [19]. The
predator may indirectly transfer their scent while interacting with their environment through physical
contact alone, such as by rubbing against surfaces. It has been hypothesized that such cues may illicit a
greater antipredator response compared to feces or urine-derived cues, because they represent a more
reliable indication of imminent predator presence [23].

Once the prey has detected the recent presence of the predator, it must then recognize the
potential threat and assess the danger of the situation. The recognition of a predator can be
both learned [9,20,24] and inherited as a result of coevolution [2,25-28]. The level of risk can
be determined using additional information revealed by the cue. Not only does the cue reveal
the location of the predator at an earlier point in time, but the age or ‘freshness’ can reveal
how long ago it was left by the predator [29]. Cues can also reveal the direction in which the
potential predator was travelling [30]. All of this information can be used by the prey to assess
the likelihood of predation and react accordingly. The subsequent reaction to the predator’s recent
presence is the final stage of the antipredator response sequence [9].

The detection of a predator generates a trade-off for the prey whereby the prey must weigh the cost
of the perceived risk of predation against the benefits of opportunities such as mating or feeding [31].
This trade-off is often expressed as a behavioural change in the prey animal. Behavioural responses
are specific to the prey-predator relationship but generally involve reduced activity [32-34], increased
refuge use (i.e. hiding [35]), fleeing [11,36,37] and altering their habitat use [38,39]. For olfactory cues,
the behavioural change will also vary depending on the freshness of the scent. Prey have been shown
to reduce foraging behaviour when the predator’s scent is fresh, increase it as the predation risk drops,
and stop responding once the cue has aged [29,40].

The red squirrel and the pine marten are both native to Ireland and share an evolutionary history
[41-44]. A simulation of pine marten presence has been shown to affect the behaviour of the red
squirrel [45]. Red squirrels reacted to the cue by reducing the number of visits to the feeder, reducing
the time spent feeding and increasing the time spent vigilant. Conversely, the invasive grey squirrel
(Sciurus carolinensis) shows a lack of an antipredator response in the presence of a pine marten cue
[46]. This predator naivety, coupled with the resurgence of the pine marten, has led to the decline of
the grey squirrel population in Ireland [47-50]. Interestingly, the recovery of the pine marten has not
had the same impact on red squirrel populations, despite it being the natural predator of this species
[47]. Sheehy et al. [50] have hypothesized that this coexistence is possible because the red squirrel is
able to avoid the pine marten due to its inherent antipredator response, which the grey squirrel lacks.
Understanding the pine marten and grey squirrel dynamic is particularly important given the severely
detrimental impact of the grey squirrel on red squirrel populations in Europe, which has resulted in
local extinctions and significant population declines [51].

The aim of this project was to investigate and analyse the antipredator behavioural adaptations
of red squirrels in response to recent pine marten presence. While Twining et al. [45] simulated the
presence of pine marten by using a scat/water mixture, this study sought to investigate whether red
squirrels could detect and react to the recent presence of a pine marten. Trail cameras were used to
record red squirrel and pine marten visits to a feeder, and subsequently, the behavioural changes of
red squirrels were analysed. It was hypothesized that red squirrels would detect the recent presence
of a pine marten and display antipredator responses such as decreased activity, decreased feeding
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and increased vigilance. Additionally, it was hypothesized that these responses would become less n

pronounced with time since the pine marten visit, until normal behaviour was resumed.

2. Methodology

Data were collected from January 2020 to May 2021 at two sites in the west of Ireland. Red squirrels
and pine martens were present at both sites. Derryclare woods (570 ha) in Connemara is a commercial
forest consisting mainly of lodgepole pine (Pinus contorta) and Sitka spruce (Picea sitchensis) stands. It
also contains a small (12 ha) broadleaf stand, consisting mainly of oak (Quercus petraea), ash (Fraxinus
excelsior), birch (Betula sp.) and hazel (Corylus avellana). The second site, Belleek Woods in Ballina, Co.
Mayo (61 ha), is a public park with a mix of broadleaf (mainly beech, Fagus sylvatica) and conifer trees
(mainly Norway spruce, Picea abies). Sampling in Belleek lasted from February 2020 to September 2020
and Derryclare data were collected from January 2020 to May 2021. The number of videos recorded in
Derryclare was much lower than in Belleek, so the duration of the study was extended at that site.

Bushnell NatureView HD and Browning trail cameras were used to capture pine marten and red
squirrel visits to feeders. Squirrels were considered to have 'visited' the feeder if they approached
within approximately one meter of it, with or without touching it. All pine marten visits captured
involved an interaction with the feeder. The video length was set at 30 s, in order to capture either
pine marten presence, or the presence and initial response of the squirrel. It was not possible to
identify either squirrels or pine marten to the level of individuals due to a lack of visual identifiers.
Two designs of feeders were used: hairtubes and feeding stations. Hairtubes consisted of 30 cm long
65 x 65 mm square PVC pipes secured to trees between chest and head height. The feeding stations
consisted of a rectangular box (L20 cm x W15 cm x H15 cm) with a hinged lid and a small platform on
which the animal could stand. Bait for the feeders consisted of hazelnuts and peanuts, and was refilled
intermittently from once every few days to once every two months. Four cameras were deployed in
each site, at least 150 m apart, giving a total of eight cameras. Trail cameras were secured to a tree
within 6 m of the feeder. During every visit to a site the camera batteries and memory cards were
changed. In Belleek, cameras were in place for a total of seven months, at a density of one camera
per 15 ha of mature woodland. Cameras were positioned at their feeder for an average of 210 + 65
days/feeder. In Derryclare, cameras were in place for 17 months, at a density of one camera per 50.5 ha
of mature woodland. All cameras in Derryclare were relocated to a different feeder halfway through
the study, in order to maximize the range and number of individuals from both species monitored.
Cameras were positioned at a feeder for an average of 255 + 51 days per feeder.

Behaviour was analysed using BORIS behavioural software [52]. For red squirrels, we recorded and
analysed the following variables: the hour of the day in which the visit occurred (e.g. 15.00), whether
the visit occurred during the squirrel breeding season (February-July [53]), the visit duration (i.e. the
length of time the squirrel spent in frame during the video), whether or not bait was available, the
number of minutes since the most recent pine marten visit, referred to as 'time since marten’, and the
number of seconds the squirrel spent (i) feeding, (ii) showing vigilance and (iii) sniffing.

Red squirrels usually feed in a hunched posture, with the squirrel using its front limbs to hold
the food to its mouth, while chewing. At times red squirrels feed in a quadrupedal stance with the
head lowered to the food, also while chewing. Sniffing was normally conducted by the red squirrels
with their heads lowered to the feeder. Vigilance was recorded when the red squirrels were completely
immobile—usually sitting or standing—with the head raised and alert, or any time the red squirrel
was immobile but flicking its tail. This behaviour, known as tail flagging, is considered to be an alarm
response [54].

Both the visit durations and behavioural factors (feeding, vigilance and sniffing) were measured
in seconds. The residuals were tested for normality, and all were found to not have a normal distribu-
tion. The duration of vigilance, sniffing and feeding were transformed by adding a constant of 0.1
before applying a logjo transformation to meet the assumptions of normality. Visit duration was also
log1o-transformed.

Generalized linear models (GLMs) with Type III sum-of-squares analysis were conducted to
determine if the pine marten visit affected the duration of squirrel visits, and the occurrence of vigilant,
sniffing and feeding behaviour. Fixed effects included the time of the visit and whether it occurred
during the red squirrel breeding season. Time since marten was logjp-transformed and used as a
covariate. Furthermore, the effect of a pine marten visit on feeding behaviour during squirrel visits
within the subsequent 8 h was analysed using a t-test.
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Figure 1. Red squirrel arrival times recorded at a feeder in the months of February—September.
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Figure 2. Pine marten recorded arrival times at a feeder in the months of January—November.

The visit durations and the behaviours of sniffing and feeding were tested only for visits during
which bait was available, in order to control for food availability as a factor.
Analyses were performed using IBM SPSS Statistics 27.

3. Results

A total of 491 squirrel visits to feeders were recorded (Belleek = 454, Derryclare = 37), with a total of
7874 s of red squirrel presence. A total of 226 pine marten visits were recorded (Belleek = 81, Derryclare
= 145). Bait was visible for a total of 202 squirrel visits, and this subset was used in analyses of visit
duration, and sniffing and feeding behaviours.

Squirrels usually visited the feeders from dawn to just before dusk, with the earliest and latest
recordings occurring in the summer months. Pine marten mostly visited the feeders at night, but
also occasionally during daylight hours. Pine marten activity overlapped with squirrel activity in the
mornings for all months, but this overlap is more pronounced in some months, with some pine marten
recordings occurring as late in the day as 12.58 (see figures 1 and 2).

The duration of squirrel visits was not significantly affected by the recent presence of the pine
marten (F (1, 202) = 1.257, p = 0.264) (table 1). Whether the visit occurred during breeding season had
a significant effect on the duration of visits, with squirrels in the breeding season making longer visits
than squirrels in the non-breeding season (F (1, 202) = 4.027, p = 0.046). The time of the visit also
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Figure 3. A closer look at the initial 48 h following a pine marten visit, showing the number of seconds each red squirrel spent feeding
on visits when bait was available, plotted against the number of minutes since the most recent pine marten visit. Squirrels spent
significantly less time feeding in the first 8 h following a pine marten visit.

significantly affected the duration of visits (F (14, 189) = 2.260, p = 0.007), although no clear pattern
emerged.

Sniffing was similarly unaffected by the recent presence of the pine marten (F (1, 202) = 1.606, p =
0.207). Additionally, breeding season (p = 0.087) and the hour of arrival (p = 0.520) did not significantly
affect sniffing behaviour.

Vigilance was significantly negatively affected by the recent presence of the pine marten, meaning
that the time squirrels spent being vigilant decreased as the time since the pine marten’s visit increased
(B =-0.308, s.e. = 0.041, F (1, 489) = 56.951, p < 0.001). Whether or not the visit occurred during the
breeding season had no effect on vigilance (F (1, 489) = 3.820, p = 0.051), nor did the time of the
squirrel’s visit (F (1, 489) = 0.798, p = 0.680).

Feeding was significantly positively affected by the recent presence of the pine marten (B = 0.195,
s.e. = 0.088, F (1, 202) = 4.948, p = 0.027). While feeding behaviour increased significantly with increas-
ing time from the pine marten visit, the data also revealed a significant lack of feeding in the initial 8
hours following a pine marten’s presence (t (199) =-2.876, p = 0.004) (figure 3).

Squirrels who visited during the non-breeding season spent significantly less time feeding
compared to those who visited in the breeding season (F (14, 189) = 4.526, p = 0.035). The time of
the visit did not significantly affect feeding duration (F (1, 202) =1.159, p = 0.310).

4. Discussion

In this study, we have shown that red squirrels alter their behaviour in response to recent pine
marten presence. Following a pine marten visit to a feeder, red squirrels displayed a typical antipreda-
tor response, exhibiting increased vigilance and decreased feeding. There was no difference in the
duration of the red squirrels’ visits to a feeder, meaning red squirrels did not display a flight reaction
in response to recent pine marten presence.

Red squirrel and pine marten activity patterns overlapped during daylight hours in some months,
particularly in the summer (figures 1 and 2). It was found that the pine marten was active during
daylight hours for some of the year, which is in line with the literature [55,56].

The first two stages in the antipredator response sequence involve detection, followed by recogni-
tion and assessment [9]. Upon recognizing the scent of a predator, the prey will display an antipredator
reaction, such as fleeing [11,36,37]. However, for visits when bait was present, the length of the visit
was not significantly affected by the number of minutes since the pine marten’s visit. Recent pine
marten presence was predicted to elicit a flight response from the red squirrels, resulting in the visits
immediately following a pine marten visit being the shortest, in keeping with the literature [45].
However, this was not the case. A flight response, if it were to occur, would be expected to happen
immediately after the threat is recognized [57]. Therefore, a video length of 30 s is adequate to record
a flight response. The absence of a flight response indicates that the red squirrels chose continued
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foraging over fleeing. This may be because the perceived predation risk is low, based on the strength

of the cue [58]. Another possible response following the recognition of a predator’s cue is avoidance
[11,19,39]. However, the number of red squirrel visits recorded following a pine marten visit suggests
that red squirrels did not show an avoidance response.

In the absence of a flight response, other common antipredator responses such as a trade-off
between increased vigilance and decreased feeding may be expressed [26,59-61]. Following a pine
marten visit, red squirrels spent more time being vigilant at the feeder. The inverse was seen in feeding
behaviour. Squirrels fed less following a pine marten visit, and increased their feeding behaviour with
increasing time from the pine marten’s presence. These results show that red squirrels do display an
antipredator reaction in response to recent pine marten presence, in the form of increased vigilance
and decreased feeding, rather than flight.

The effect of a predator’s presence on antipredator behaviours diminishes over time as the cue
ages and the perceived risk of predation decreases [29,62]. This diminishment can be seen clearly in
the decrease in vigilance, and the increase in feeding, as indicated by the regression coefficient (B).
The starkest response to the recent presence of the pine marten was seen in feeding behaviour. Red
squirrels fed extremely rarely in the 8 h following a pine marten visit, despite the availability of bait
(figure 3). The subsequent weakening of the red squirrel antipredator response with increasing time
from pine marten presence is in line with previous research [45]. The current study’s results indicate
that red squirrels can evaluate the cost-benefit relationship of displaying antipredator responses and
react accordingly.

The grey squirrel does not have a shared evolutionary history with the pine marten and has
shown an inability to recognize the danger associated with the cue of the pine marten and display
an antipredator response [45]. This is hypothesized to be one of the factors contributing to the grey
squirrel’s decline in Ireland and Scotland [45,50]. The antipredator behaviours displayed by the red
squirrel in this study are probably a product of their coevolution with the pine marten. Recent pine
marten presence triggers a response where they become more vigilant and reduce their feeding
activity. In doing so, they allocate more time to investigate the perceived threat, thereby reducing
the risk of predation. These data support the hypothesis that the red squirrel’s antipredator response
has allowed for the red squirrel population recovery, despite the resurgence of their native predator,
in direct contrast to the grey squirrel decline [45,50]. Additionally, these data demonstrate that red
squirrels can detect recent pine marten presence, in the absence of defecating or urinating. The red
squirrel’s behavioural adaptations and sensitivity to the recent presence of the pine marten help to
explain the conflicting outcomes of two squirrel species in the presence of a shared predator.
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