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“plastic threat.” Plastics are widespread in all biomes and ecosystems accumulating

pieces of plastics can be degraded into smaller particles, the latter representing a
great threat to biodiversity and ecosystem health, producing detrimental effects on
biota. Since the effects of plastics on terrestrial systems remain largely unexplored,
this study aimed at contributing to increasing the knowledge on the interaction be-
tween plastics and terrestrial biota. We put our emphasis on the novel and broad topic
of plastic degradation by saproxylic beetle larvae, describing how they fragmented
macroplastics into microplastics. To investigate whether saproxylic cetonid larvae
could degrade expanded polystyrene, we performed an experiment. Thus, we put
larvae collected in the field in an expanded polystyrene box. We observed that lar-
vae dug in the thickness of the box fragmenting macroplastics into microplastics and
producing a total of 3441 particles. Then, we removed the larvae from the EPS box
and isolated them in glass jars filled with natural substrate. The substrate was checked
for EPS microplastics previously ingested and now egested by larvae. Additionally,
we pointed out that plastics remained attached to cetonid larvae setae, with a mean
number of 30.7 +12.5 items. Although preliminary, our results highlighted that micro-
plastics attached to saproxylic cetonid larvae might be transported into habitats and
transferred along the food web. In conclusion, plastic pollution might affect vulner-

able species and ecosystem services representing a risk also for human health.
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1 | INTRODUCTION

Old-growth forests host a rich diversity of invertebrate assem-
blages. Among them, saproxylic insects play a fundamental role in
the nutrient cycle and ecosystem functioning (Stokland et al., 2012).
Saproxylic organisms are species that depend on decaying wood in
living or dead trees, or other saproxylic organisms during at least one
part of their life cycle (Speight, 1989). The evolution of deadwood
inhabitants, their specializations, and functional roles (such as wood-
borers, detrivores, fungivors, predators, and parasites) occurred
over millions of years (Stokland et al., 2012). Different assemblages
can follow depending on the wood-decaying stage, setting a com-
plex and well-established species turnover on this resource. These
successional stages imply interactions between organisms that co-
evolved from the Carboniferous when the first saproxylic inverte-
brate was recorded (Labandeira et al., 1997; Stokland et al., 2012).

In forest ecosystems, saproxylic beetles constitute a large pro-
portion of the biodiversity (Siitonen, 2001) and due to their role as
keystone species, they are one of the most important taxa (Sdnchez
et al., 2017). Indeed, some saproxylic larvae, like the ones of some
cetonid beetles, develop in decaying vegetable matter and rotten
wood (Micé et al., 2011), thus they are primarily responsible for
the mechanical breakdown of woody material, by tunneling and
feeding on it (Sanchez et al., 2017), and could be important facil-
itation factors that determine higher insect species richness in
old-growth forests (Ranius et al., 2005). Plant-animal interaction
within old-growth forests has taken years to establish. These deli-
cate ecosystems and subtle organism interactions were recognized
to be threatened mainly due to habitat loss and fragmentation
(Grove, 2002). However, at local scale nowadays, they are doomed
to face a new threat: plastics. In fact, plastics accumulate in all eco-
systems persisting for a long time due to the high durability of poly-
mers (Gallitelli et al., 2020; Rillig, 2012; Strungaru et al., 2019; de
Souza Machado et al., 2018). Once accumulated, macroplastics (MA,
plastics>0.5 cm) (Blettler et al., 2018; Gallitelli & Scalici, 2022) can
be mechanically fragmented into smaller particles <5mm, called sec-
ondary microplastics (MP) (Thompson et al., 2009).

Based on their size, plastics interact differently with biotic and
abiotic ecosystem components and for this reason, MA and MP are
studied as two separate units. Nevertheless, as a matter of fact,
these are and should be treated as, a continuum in time of the same
issue. In fact, ecosystems affected by the occurrence of MA after a
certain amount of time, are very likely to be exposed to the impact
of autochthonous MP originated from larger debris (Helmberger
et al, 2019).

Understanding interactions between MA and biota has a piv-
otal role in assessing which are the key processes leading to their
fragmentation into MP and the potential consequences for the
environment. Many studies analyzed how MA can be degraded
into MP due to abiotic factors (e.g., wind, UV rays, marine waves,
see Andrady, 2011) while only a few focused on the fragmenta-

tion caused by biota. Regarding terrestrial ecosystems, the MA

fragmentation process is enhanced by fungal and microbial coloni-
zation (Kale et al., 2015; Zhang et al., 2019), as well as by insects. For
instance, termites and ants were found to be able to degrade poly-
ethylene (PE) MA into MP, and, as they are decomposers of organic
matter, can move MP into the soil altering the bioturbation of soil
(see Biiks et al., 2020). Furthermore, degradation of PE and polysty-
rene (PS) MA into MP and digestion of MP provoked gut microbiome
alteration in Coleoptera Tenebrionidae larvae (Biiks et al., 2020;
Peng et al., 2019; So et al., 2022; Yang et al., 2015). Oxidative stress,
caused by different MP concentrations in the environment, was
recorded in Nematoda, Gastropoda, Collembola, and Lumbricidae
(see Buks et al., 2020). Other physiological alterations, due to the
occurrence of MP in the environment, such as a reduction in motil-
ity and body mass, with consequent lower fertility and a decreased
life span, were also documented. All these studies suggest that MP
affects individuals and with a trickle-down effect, biological popula-
tions and communities, so local diversity and ecosystems (see Biiks
etal., 2020).

Therefore, as for other ecosystems, the maintenance of healthy
old-growth forests with their well-settled equilibria is a key for pro-
viding services for human welfare. Particularly, old-growth forests
can act as a global carbon sink, indeed they can continue to accumu-
late carbon (Hoover et al., 2012; Luyssaert et al., 2008) mitigating
climate change. Nevertheless, the importance of forest ecosystems
is globally recognized, studies on threats to these ecosystems do not
take into account the disturbance by plastics, up to now. Thus, this
study aimed at increasing the knowledge of interaction between MA
and terrestrial biota, pointing out for the first time the possible risk
to which old-growth forests and saproxylic community are exposed
to. We carried out an experiment under controlled conditions on
macroplastic degradation to investigate whether saproxylic cetonid
larvae could degrade expanded polystyrene (hereafter EPS) MA into
MP. Here, we put our emphasis on the novel topic of degradation of
MA into MP by saproxylic cetonid beetle larvae discussing their role
in introducing MP in forest ecosystem food webs.

2 | MATERIALS AND METHODS

2.1 | Model organisms

Overall, seven cetonid larvae were collected, in September 2020,
by digging in the ground in “Bosco Macchia Grande di Manziana”
in central Italy. According to the dichotomous key of Klausnitzer
and Krell (1996), larvae of the species sampled were identified as
Protaetia (subgenus Potosia) cuprea (Fabricius, 1775), tribe Cetoniini
(Scarabaeidae, Cetoniinae). Then, to confirm the identification made
on larvae, we reared one larva to the adult stage. In forest eco-
systems, cetonid larvae are quite common in trunk cavities (Mico
et al., 2011). These species are good examples for many other spe-
cies that show similar ecology and lifestyles indicating good health

of forest ecosystems.
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2.2 | First phase of the experiment: Mechanical
fragmentation

To investigate whether the collected saproxylic cetonid larvae could
degrade EPS MA into MP, we performed an experiment. Larvae
were weighed using a digital balance (0.01g precision) and photo-
graphed. Then, larvae were placed in an EPS box with a lid (length
27.0 cm, depth 17.5 cm, height 20.0 cm, thickness 1.50cm) filled
with substrate collected in the field. The substrate is a mixture of
rotten wood, decaying vegetable matter, and soil. The rotten wood
that constitutes the substrate in the box was of the same size and
type as the ones that larvae may colonize in nature. For the EPS box,
we bought EPS packaging used for food purposes. The boxes were
left outdoor for 7days and then checked. Outdoor temperatures
were measured with a digital thermometer. Temperatures varied be-
tween 18.4°C and 28.6°C (mean 23.1°C).

The substrate and larvae were removed from the EPS box. The
empty EPS box was checked to find tunnels and holes. When pres-
ent, EPS fragments were gently removed from the holes with a small
brush. To eventually find EPS fragments, the substrate from the
EPS box was checked under a stereomicroscope (Nikon C-LEDS) by
zooming up from the minimum magnification (i.e., 0.7x) to the high-
est one (3.0x).

2.3 | Second phase of the experiment: Ingestion
After the first phase was completed, each larva was stored in a
different 1 L glass jar (10 cm x 10 cm x 10 cm) with a clean sub-
strate. This new substrate was collected in a field with the same
composition as the one used in the first phase. Temperature and
humidity were kept at an environment level (e.g., 24° and 60%,
respectively).

The substrate used in glass jars was checked under a stereomi-
croscope every 5days for one month to look for plastic fragments
potentially ingested by larvae when still in the EPS box and now
egested with feces. Fragments of EPS are easily recognizable for
their white color and round shape, and we checked for MP fragments
using a stereomicroscope (Nikon C-LEDS) following the protocol by
Gallitelli et al. (2020), Gallitelli et al. (2021). During the experiment
we followed protocols to prevent sample contamination, considering
EPS particles our target. Specifically, we used nitrile gloves, labo-
ratory coats, and steel tools to avoid external contamination (see
Gallitelli et al., 2020).

2.4 | Dataanalysis

Microplastics fragments originated from the EPS box during the first
phase of the experiment were weighed and photographed. To count
plastic items and measure plastic fragment size, photographs were
analyzed with the Image J 1.53c software adapting the protocol by
Chen et al., 2021 (Figure S2 in Appendix). In detail, we set the scale
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FIGURE 1 Larvae were photographed to obtain the length of
each individual with ImageJ.

for obtaining the size for each particle. To do so, we processed im-
ages distinguishing the fluorescence from the background using the
default threshold (Chen et al., 2021). As the particles were all ap-
proximatively circular, the automated counting function to detect all
particles and their features ran easily. All MP features (e.g., number of
particles, area, and feret diameter) were reported in Supplementary
Materials (Figure S3 and Table S1-S3 in Appendix) (Figure 1).

3 | RESULTS

In the first phase of the experiment, after 7 days, three larvae were
found in the depth of the bottom layer of the EPS box. These larvae
dug in the bottom of the EPS box producing three galleries (mean
diameter 1.8 cm, overall length 16.5 cm). EPS fragments (n = 3441,
Figure S1-S3 in Appendix) produced by the digging activity of lar-
vae had irregular rounded shapes with a mean size of 0.27+0.20cm
(feret diameter, see Figure S3 and Table S1-S3 in Appendix). The
total volume of fragments was 19.0 ml, and the overall mass was
0.56g.

After digging into EPS, larvae remained sprinkled with fragments
attached to their setae (Table 1, Figure 2d).

Concerning the length and the weight of the larvae, the length
ranged between 3.10 cm and 4.12 cm, while the weight was between
1.34gand 1.87 g (Table 1). The mean number of MP attached to their
body was 30.7 +12.5 items (Figure 2d, Table 1).

No EPS fragments were found in the substrate collected from

glass jars used to store larvae in the second phase of the experiment.

4 | DISCUSSION

This study highlighted for the first time that saproxylic beetle larvae
mechanically fragmented EPS MA into MP contributing to filling the
knowledge gap on MA degradation in terrestrial ecosystems and on
the interaction of MA with terrestrial biota.
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Cetonid larvae originated 3441 MP fragments from the EPS
box (MA item) within a week. The breaking down of large plastic
items is favored by the mouthpart morphology of cetonid larvae apt
at cutting and chewing (Video S1). Indeed, although most studies
focus on the degradation of MP in terrestrial ecosystems (see Baho
et al., 2021; Malizia & Monmany-Garzia, 2019), cetonid beetles pro-
voked bioerosion of MA, that in natural ecosystems possibly make
available autochthonous MP to a wide plethora of terrestrial organ-
isms. Within Coleoptera, it was only found that Tenebrionidae can
digest plastic. In particular, Tenebrio molitor larvae can biodegrade
PS MA within 12-15h (Buks et al., 2020; Peng et al., 2019; Yang
et al., 2015), as well as Galleria mellonella (see Lou et al., 2020) and
Zophobas atratus larvae (Luo et al., 2021).

In addition, fragmentation due to terrestrial biota can allow plas-
tic to enter in a plastic biogeochemical cycle (plastic cycle, see Bank
& Hansson, 2019; Brahney et al., 2021). This biotic fragmentation en-
hances abiotic factors, such as plastic erosion and weathering (e.g.,

TABLE 1 Length and weight of cetonid larvae with the number
of MP attached to their body (see Figure 2d)

Number of
N° of larva Length (cm) Weight (g) EPS MP
L1 3.28 1.37 39
L2 412 1.87 54
L3 3.54 1.61 29
L4 3.86 1.81 31
L5 3.28 1.34 24
L6 3.10 1.39 21
L7 3.19 1.36 17

wind, UV rays, and other factors), to degrade plastics more easily.
Indeed, it is known that soil microbial communities and terrestrial or-
ganisms may accelerate the biodegradation of plastics (Rillig, 2012),
and this newly formed MP may affect microbial processes in soils
(Rillig et al., 2021).

As known, cetonid larvae can degrade woody substrates facili-
tating their use by other saproxylic organisms in terrestrial ecosys-
tems (Mico et al., 2011). Therefore, MP made available by cetonids
might affect soil fauna and threaten vulnerable species in forest
ecosystems as well as the whole saproxylic community that compre-
hends important indicators of optimal habitat conditions (e.g., listed
in the annex Il and IV of the Habitats Directive 92/43/EEC). Plastics
in terrestrial ecosystems are poorly studied; however, plastics might
occur in these habitats (Piehl et al., 2018; Rillig & Lehmann, 2020).
Specifically, polystyrene (PS) plastics are broadly used in everyday
life activities (Plastics Europe, 2020). Thus, if PS plastics are mis-
managed, they could occur in forests and there could be a certain
probability of larvae chewing them and fragmenting them into MP.
If other polymers (e.g., such as polyethylene terephthalate and poly-
propylene, respectively) are also occurring within terrestrial ecosys-
tems, larvae may degrade them and PS plastics. Future research is
necessary to investigate whether other polymers might be degraded
by larvae.

Concerning the second phase of the experiment, as no MP was
found in the feces, we assume that the larvae only chewed with-
out ingesting the EPS fragments. Indeed, after digging into EPS,
larvae remained sprinkled with fragments attached to their setae.
Thus, MP can be transferred along the food chain when the larvae
are eaten by predators, such as hole-nesting birds (Redolfi De Zan
et al., 2014) (Figure 3). In addition, due to the long residence time,

FIGURE 2 The phases of degrading
macroplastics: The entire EPS
macroplastic is degraded by larvae (a)
originating holes (b) and microplastics
(c). EPS MP remained attached to larvae
setae (d).
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FIGURE 3 The “plastic cycle”: MA

is degraded by abiotic (e.g., UV rays,
wind, and rain) and biotic (e.g., larvae)
factors. Thus, this fragmentation process
originates MP that can be ingested by
organisms and be attached to cetonid A @i
larvae setae after digging into plastics. ‘ 4
Indeed, some terrestrial species were
observed to act as bioindicators for

soil MP pollution (Al Malki et al., 2021).
Then, MP may be transferred along the
food chain when the larvae are eaten by
predators, such as hole-nesting birds.
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MP produced by cetonid larvae can enter terrestrial trophic webs
(Huerta Lwanga et al., 2017). In fact, saproxylic beetles are at the
base of the forest trophic web and they have an important role in
recycling energy and matter from deadwood, providing a key eco-
system service.

In conclusion, these preliminary observations provide a new per-
spective on the bio-fragmentation of MA in the wider framework
of the biogeochemical plastic cycle. Indeed, considering MP, as
produced from MA, they can undergo geological processes such as
weathering, erosion, and sedimentation provoked by abiotic factors
but can also be ingested by organisms, and transferred in the trophic
web so affecting ecosystems at different biological levels. Indeed,
at the ecosystem level, plastic might impact vulnerable species and
ecosystem services being a risk also for human health. However,
after presenting our results, it is worth discussing two limitations
of our study. First, the sample considered is relatively small, thus
future studies should focus on a larger dataset to obtain more ro-
bust results. Second, the results we obtained under controlled con-
ditions should be verified in nature. Thus, in this view, future studies
should focus on long-term exposure experiments to investigate the
effect of smaller MP on the fitness of saproxylic species and confirm
whether insects may be used as an early warning system for MP

pollution in forest ecosystems.
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