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Abstract

The pine processionary moth (Thaumetopoea pityocampa, PPM) is a major
defoliator in Mediterranean pine forests, with broad ecological and socioeco-
nomic impacts. While vertebrate predators of its eggs, larvae, pupae, and
imagos have been well documented, predation on adult females by mammals
has not been previously described. Here, we present the first evidence of
opportunistic predation by generalist carnivores on PPM imago females. We
collected and analyzed fecal samples of red foxes (Vulpes vulpes), stone mar-
tens (Martes foina), common genets (Genetta genetta), and European badgers
(Meles meles) in several Spanish mountain ranges between 2022 and 2024.
Morphological and molecular analyses revealed PPM eggs and anal scales in
19.1% of red fox and 11.3% of stone marten feces in Cazorla in 2022, with mean
counts of 1773 and 680 eggs per feces, respectively. This predation likely
results from the limited dispersal and ground activity of ovipositing females,
making them accessible prey for opportunistic terrestrial carnivores. Further
studies are needed to assess the frequency, spatial extent, and ecological signif-
icance of this phenomenon, as well as its potential role in integrated pest man-
agement strategies.
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Insect populations susceptible to pest outbreaks are
regulated by natural enemies, including predators, par-
asitoids, and pathogens, which help maintain ecologi-
cal balance (Dwyer et al., 2004; Elkinton et al., 1996;
Janssen & van Rijn, 2021). In recent silvicultural prac-
tices, promoting natural predator populations is a
widely used method for biological control of pest out-
breaks (de Boer & Harvey, 2020; Klapwijk et al., 2016;
Plat et al., 2025). Yet, effective implementation
requires a detailed understanding of which species prey

on each pest and the stages of the pest’s life cycle they
target.

The pine processionary moth (Thaumetopoea
pityocampa; hereafter PPM) is an oligophagous moth of
the Mediterranean region, which feeds on conifers of the
genus Pinus and Cedrus, with economic, medical, and
conservation concerns (Bonamonte et al.,, 2013; CABI,
2025; Gatto et al.,, 2009; Hoédar et al., 2003; Hodar &
Zamora, 2004). The vertebrate predators of the PPM are
well documented, with distinct species targeting specific
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developmental stages (Battisti et al., 2015; de Boer &
Harvey, 2020). Eggs that are laid in batches on pine
needles are consumed by some birds, such as tits
(Barbaro & Battisti, 2011). From the third instar onwards,
caterpillars develop urticating setae, which serve as a
defense mechanism against vertebrate predators.
However, some species have evolved specific techniques
and adaptations that allow them to feed on these larvae
(Battisti et al., 2015). For instance, tits consume only the
internal tissues of the caterpillars, avoiding the urticating
setae, while cuckoos (Clamator glandarius and Cuculus
canorus) possess gizzards adapted to expel the setae
through regurgitation (Barbaro & Battisti, 2011;
Gonzalez-Cano, 1981). At the end of their development,
larvae make a head-to-tail procession occurring most
commonly from late winter to spring and look for favor-
able places to bury themselves in the ground (Dulaurent
et al.,, 2011; Samalens & Rossi, 2011). Once pupated in
the soil, there is high predation pressure, particularly
from hoopoe (Upupa epops), whose long, curved bill is
especially adapted to access this subterranean life stage
(Barbaro et al., 2008; Battisti et al., 2000). Wild boars (Sus
scrofa) also prey on the pupae, digging them out through
rooting behavior (Battisti et al., 2015). The seasonal flight
activity of the imagos typically lasts from 2 to 4 months
during the summer and are eaten in flight by nocturnal
aerial hunters, such as nightjars, Caprimulgus sp., and
bats (Augusto et al., 2024; Battisti et al., 2015; Garin
et al., 2019). Male moths exhibit more frequent flight
activity while actively searching for mates (CABI, 2025;
Charbonnier et al., 2014; Démolin, 1969; Garin et al.,
2019; Mirchev et al., 2013; Zhang & Paiva, 1998), making
them more exposed and, therefore, more likely to be
targeted by these predators. In contrast, females are less
exposed to aerial predators because they live only
1-2 days and exhibit limited flight and dispersal capacity,
typically ovipositing on nearby pines (Battisti et al., 2015;
CABI, 2025; Devkota et al., 1992; Zhang & Paiva, 1998),
although some individuals can travel up to a few kilome-
ters (Démolin, 1969).

Here, we document a previously undescribed preda-
tion pattern on PPM imago females by generalist, carni-
vore mammals.

As part of a wide project to study the trophic relation-
ships among carnivore mammals, feces were collected
from four species of generalist carnivores: red fox, Vulpes
vulpes; stone marten, Martes foina; common genet,
Genetta genetta; and badger, Meles meles. The feces of
common genets and European badgers were readily
identifiable to species level due to their distinctive
morphology and characteristic deposition in latrines
(Blanco-Garrido & Rivas, 2014; Salgado, 2014). In con-
trast, feces from red foxes and stone martens are more

difficult to distinguish from one another or from those of
other species such as domestic dogs; therefore, species
identification was performed using molecular analyses
(see below). Only freshest feces were collected to ensure
that the samples represented the summer period.

Feces were collected at a distance of less than 1500 m
from pine forests between the end of June and the begin-
ning of July 2022 and 2023, in Sierras de Cazorla, Segura
y Las Villas (hereafter Cazorla; 2000 km?), and Sierra de
Aracena (1870 km?), and in 2023 in Sierra Nevada
(1720 km®) (Figure 1). Cazorla and Sierra Nevada have
large areas of pine forests, and Sierra de Aracena has only
small areas planted with pine trees. In September 2024,
red fox, stone marten, and/or common genet feces were
searched again in Cazorla, Sierra Nevada, and in a new
area, Cartaya, an area with a pine extension of 5700 ha
(Figure 1). In these extra samplings, we did not identify
species by molecular analyses, since we were only inter-
ested in checking the presence of predation of PPM
imago females in generalist carnivores. Feces were identi-
fied to species level by the researchers using prior experi-
ence, based on morphological characteristics and the
deposition site.

For molecular analyses, we hydrated the surface of
the feces with a preservative solution (buffer), and a swab
moistened with the same buffer was rubbed on the sur-
face of the excrement and stored in an Eppendorf tube
with the same buffer. The collected feces were stored in
paper bags with silica gel and then dried in an oven at
60°C inside a fume hood.

DNA extraction was performed in the Molecular
Ecology Laboratory (LEM) at the Dofiana Biological
Station (EBD) under sterile conditions. A two-step proce-
dure was applied to the swabs collected in the field,
consisting of digestion and extraction, following the typi-
cal methodology for degraded, scarce, and old samples
(Boom et al., 1990; Hoss & Piidbo, 1993).

On the DNA extraction, we first used specific primers
that amplify conserved regions of the mitochondrial cyto-
chrome b gene in several Iberian species (Fernandes
et al., 2008). These regions are easily distinguishable
between species due to size differences observed through
agarose gel electrophoresis.

The analysis of the excrement content was performed
by manual techniques, which consisted of breaking up
samples into separate micro and macro-remains of prey,
followed by their identification using reference collec-
tions (Putman, 1984; Reynolds & Aebischer, 1991).

Fecal examinations revealed characteristic white dots
in some samples, which were later identified as PPM eggs
approximately 1 mm in diameter (Figure 2D). Laboratory
analyses also detected PPM anal scales (Figure 2F),
which appeared rolled up due to passage through the

858017 SUOWWID A1) 3|qeo!(dde au3 Ag pauienob aJe Ss(oe YO ‘8sn Jo Se|nl Joj Afeiq18UlUO 8|1 UO (SUOHIPUOD-PUR-SLLIBY/WOD A8 | 1M A1 1 Ul |UO//STIY) SUONIPUOD Pue Swis | 841 88S *[9202/£0/92] U0 Akeid)Taul|uo A8|IM BABNH 80 PEPSIBAIUN -eNndD Aq Z¢S0. ZS98/200T OT/10p/Loo" A3 1M Aselq Ul |uo's feuIno fess//:sdiy ol pepeojumoq ‘Z ‘9202 ‘52680512



ECOSPHERE

Vulpes vulpes

Martes foina

FIGURE 1 (A)Location of the survey areas in the Iberian Peninsula: (1) Sierra de Aracena Natural Park; (2) Cazorla, Segura y Las
Villas Natural Park; (3) Sierra Nevada Natural Park; and (4) Cartaya pine forest. (B, C) Detail of the Cazorla, Segura y Las Villas Natural
Park. The green area indicates the distribution of the pine forest areas; the blue dots indicate the feces collected in 2022, and the red ones in
2023; the black squares indicate the location of the excrements in which the remains of imago females of the processionary pine moth were

found.

digestive tract of the carnivores (Figure 2E). These scales
are characteristic and diagnostic of each species of
Thaumetopoea (Agenjo, 1941; Frerot & Demolin, 1993).

Table 1 summarizes the total number of fecal samples
by predator, year, study area, and the count containing
PPM eggs and/or scales. PPM eggs and scales were
detected in the feces of red foxes (19.1%; n = 42) and
stone martens (11.3%; n = 53) in the Cazorla area in
2022, but not in those of genets and badgers. No occur-
rences were found in 2023. In 2024, only suspected
PPM-positive feces were collected (see Figure 2D). PPM
eggs and scales were found in four feces, likely from red
fox in Cazorla.

To estimate the number of PPM eggs present in each
excrement, the contents were homogenized, and the
number of eggs was counted in a quarter and extrapo-
lated to the total. A mean of 1773 (SD = 1054; range:
420-3500; n = 8) eggs were found in red fox feces, and
680 (SD = 1032; range: 20-2400; n = 6) in stone marten
feces.

The maximum distance between excrements with
PPM eggs was 19 km for red foxes and 16 km for stone
martens. These values greatly exceed the home range of
both species (Abramov, 2024; Soulsbury & Statham,
2023), so it can be ensured that the excrements belonged
to different individuals.

Based on the frequency of occurrence and the average
number of eggs per excrement, it is possible to estimate
the consumption of females of PPM by red foxes and
stone martens in 2022 in our study area in Cazorla. To do

this conservatively, we used the minimum density for
foxes and stone martens found in Spain, which is 0.3
individuals/km? (Abramov, 2024; Jimenez et al., 2019;
Jiménez et al.,, 2017; Rau et al., 1985; Sarmento et al.,
2009). The defecation rate described in different studies
for the red fox ranges between 4.4 and 9.4 defecations per
day (Ferreras & Fernandez-de-Simon, 2019; Webbon
et al., 2004). For the stone marten, no studies have been
conducted, but for the pine marten, Martes martes, a spe-
cies ecologically and morphologically similar, the defeca-
tion rate is between 5 and 15 defecations per day (Birks
et al., 2005; Caryl et al., 2012). Using the lower values of
defecations per day for the red fox and the stone marten,
during the two months (60 days) in which the main flight
period of PPM occurs, each species would have produced
79.2 and 90 feces/km?, respectively. Based on our data,
these would contain an estimated 26,821 PPM eggs/km”
in red fox feces and 6916 PPM eggs/km? in stone marten
feces. Since female PPM in the Iberian Peninsula carry
on average 200 eggs (Schmidt et al., 2001), red foxes and
stone martens would have consumed at least 134 and
35 females of PPM/km?, respectively.

Although the presence of Lepidoptera caterpillars is
habitual in the diet of non-flying mammals, such as
rodents, monkeys, or carnivores (Bryer et al., 2015;
Elkinton et al., 1996; Ménard, 1984; Pigozzi, 1991), cases
of imago predation are rare and have been described for
vulnerable situations, such as predation of overwintering
adults of butterflies by rodents (Brower et al., 1985;
Wiklund et al., 2008). To our knowledge, there are no
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TABLE 1 Number of feces of each carnivore mammal collected in or close to pine forest of several study areas of the Iberian Peninsula.

Year Vulpes vulpes Martes foina Meles meles Genetta genetta
Cazorla_2022 42 (8) 53(6) 11 37
Cazorla_2023 27 50 5 10
Nevada_2023 40 31 16 51
Aracena_2022 5 8 6
Aracena_2023 2

Cazorla_2024 264 (4) 110

Nevada_2024 236 22 70
Cartaya_2024 107

Note: Only feces collected closer than 1500 m from a pine forest were considered. In parentheses, the number of feces containing pine processionary moth eggs.
In the 2022 and 2023 sampling, red fox and stone marten feces were identified genetically. In the extra sampling of 2024, only red fox, stone marten, and/or
common genet feces were searched for and were not identified genetically, although based on the experience of the two previous years, we assigned them to a
carnivore species. In addition, during 2024, sampling only feces that externally appeared to have pine processionary moth (PPM) eggs, such as those in

Figure 2D, was collected. Cazorla: Sierras de Cazorla, Segura y las Villas; Nevada: Sierra Nevada; Aracena: Sierra de Aracena; Cartaya, extra locality survey
only in 2024.

previous records of moth predation by carnivorous cannot be completely ruled out, as well as that of
mammals. other opportunistic mammals. Both species consume a

Here, we report the first evidence of predation on wide variety of invertebrates (Gaubert et al., 2024;
female moths by generalist carnivores. Accessibility to Newman & Buesching, 2024), and their presence in
this prey is undoubtedly facilitated by the reduced move- pine-dominated habitats during the PPM flight
ment ability of these imago females (CABI, 2025; period suggests that they might occasionally prey on
Devkota et al., 1992); indeed, we have observed imago females, particularly under conditions of high local
females walking on the pine forest floor at dawn. This abundance or reduced prey availability. Future studies
appears to be an opportunistic form of predation, depen- using molecular identification can help determine if
dent on local availability, which is already reflected in = more species of terrestrial mammals prey on PPM
the variation observed in our dataset. However, more females.

studies would be necessary to assess the generality of the Our results highlight once again the importance of
phenomenon described here. The traditional view of how  the conservation of complex and well-structured commu-
generalist predators (mainly mammals) affect forest lepi- nities in which the presence of generalist predators is a

dopteran pests suggests that they only control prey at low  key element in the control of species that can develop

densities (see, e.g., Gschwantner et al., 2002; Liebhold into pests (Dupuy et al., 2009; Symondson et al., 2002;

et al., 1998), which does not seem to be our case of oppor- ~ Wyckhuys et al., 2024).

tunistic predation. However, predation on imago females

of PPM could be a key factor in the biological control of =~ AUTHOR CONTRIBUTIONS

the species (CABI, 2025). It seems logical that consuming Jacinto Roman, Javier Calzada, and Francisco .

a female full of eggs would have a greater impact on the Palomares conceptualized the study. Jacinto Roman,

population than eating caterpillars, pupae, or male moths  Javier Calzada, Juan Carlos Rivilla, and Francisco

individually, as other predators do (Battisti et al., 2015). J. Palomares collected the samples. Juan Carlos Rivilla

Nonetheless, conclusions about this effect cannot be performed the dietary analysis. Jacinto Romdan drafted

drawn without first knowing the PPM population levels. the original manuscript. All authors revised and
Although we have not found predation by common approved the final version of the manuscript. Francisco

genets or badgers in our preliminary study, this J. Palomares secured funding for the study.

FIGURE 2 (A)Imago female of processionary pine moth. (B) Detail of the anal scales used by the female to protect the eggs, in the tip
of the abdomen. (C) Detail of the scales and eggs extracted from a collection specimen. (D) Red fox excrement showing the pine
processionary eggs on the surface. (E) Eggs and scales extracted from a red fox excrement; the scales are grouped and rolled up due to
passage through the carnivore’s digestive tract. (F) Comparison of anal scales extracted from a collection specimen (left) and from an
excrement (right), once stretched. Photo credit: Jacinto Romadn.
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