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Abstract

The loss of soil ecosystem functions and services represents a major threat to environmental
sustainability and human well-being, particularly in the context of increasing anthropogenic pressures
and large-scale soil degradation. Traditional approaches to soil quality assessment, largely based on
physical and chemical parameters, are often insufficient to capture the biological complexity and
ecological functioning of soils. Consequently, there is an urgent need for innovative, ecologically
relevant, rapid, and cost-effective indicators capable of detecting early signs of soil degradation and

supporting risk assessment and management strategies.

This PhD thesis addresses these challenges by developing and validating a novel behavioural
ecotoxicological endpoint based on the combined assessment of avoidance and population
disaggregation responses in gregarious soil invertebrates, with a particular focus on the terrestrial
isopod Porcellionides pruinosus. By integrating behavioural ecology into soil ecotoxicology, the
proposed approach aims to capture not only individual stress responses but also alterations in
population structure and adaptive capacity. The thesis explores the sensitivity and versatility of this
endpoint under a wide range of conditions, including exposure to physical and chemical

contaminants, abiotic and biotic stressors, real urban soils, and soils amended with biochar.

Experimental results demonstrate that disaggregation responses occur at different levels of soil
contamination than avoidance, revealing sublethal effects that may compromise population cohesion
and soil habitat function even when organisms are able to migrate, reinforcing the need to use the two
endpoints jointly. We demonstrated that disaggregation effects may affect even by abioic and biotic
factors, suggesting the versatility of the bioassay even for other soil stressors. Furthermore, specific
physicochemical properties of contaminants, such as Henry law constant of chemicals, were
identified as a potential key descriptor of behavioural disruption, suggesting a potential role of
volatility in the insurgence of social alterations. Behavioural outcomes were also shown a great
versatility as rapid screening test for assessing reductions in invertebrate biodiversity in real soils,
highlighting the ecological relevance of the proposed endpoint. Overall, this thesis demonstrates that
behavioural bioassays integrating avoidance and disaggregation responses provide a sensitive and
realistic early-warning system for assessing soil health, supporting their application in soil

monitoring, biodiversity conservation, and sustainable land management.



Chapter 1

Introduction: Soil Health and

Novel Monitoring Strategies



1.1 The Legacy of Soil Health

In “The Language of the Goddess ” (1989), Marija Gimbutas postulates that in the Neolithic cultures
of Old Europe (ca. 7000-3500 BCE), the soil held a central symbolic and cultic function,
conceptualized as a sacred element intrinsically linked to the archetypal figure of the Great Goddess.
It was not merely perceived as an agricultural resource or ecological substrate, but as an ontologically
living space (panentheistic), within which the fundamental processes of birth, death, and regeneration
were inscribed. This agro-symbolic dimension of soil, understood as a locus sacer, emerges
systematically through the iconographic and typological analysis of over 2,000 artefacts, some
previously known and others uncovered by Gimbutas herself during excavations in the Danube basin
and northern Greece (Gimbutas, 2001). These findings reveal a deep integration between material
infrastructures and mytho-religious systems, focused on the cult of Mother Earth as a generative,
cosmological, and social principle. A comparable structural correlation between soil, fertility, and
sacrality is found in Erich Neumann’s theoretical elaboration in “The Great Mother ” (1981), where
soil is thematized as an expression of the maternal archetype in its dual valence: on one hand, as a
fertile and nurturing womb; on the other, as a devouring and chaotic abyss. For Neumann, soil is not
merely a mythological metaphor, but a profound psychic configuration that reflects the dialectical
tension between containment and separation, generation and dissolution. Despite being distinct
archaeological and psychological frameworks, both perspectives underscore the semantic centrality
of soil health within symbolic systems of early societies: not merely an agricultural matrix, but an
ontological and ecological entity, a vital ecosystem fundamental to collective life that demonstrates
the interdependence between humans and soil.

Indeed, soils are among the most species rich ecosystems, and their functions contribute to biomass
production, the maintenance of biogeochemical cycles, water storage and purification, organic carbon
storage, and the supply of medicines, particularly antibiotics (Blum, 2005; Pulleman et al., 2012;
Brevik et al., 2018). Due to the integrity of their ecological functions, healthy soils provide essential
ecosystem services that are useful for achieving various Sustainable Development Goals (SDGSs)
(Sachs, 2012), including zero hunger, clean water and sanitation, life on land, flood control, and
biodiversity conservation (FAO and ITPS, 2015). At the same time, it is well known that soils are
becoming increasingly vulnerable due to various environmental and/or anthropogenic pressures. The
main drivers include land use change, deforestation, agricultural intensification, urbanization,
pollution, acidification, salinization, erosion, and climate change, which often act synergistically to
reduce soil diversity and function, leading to desertification (FAO, 2020). Since soil formation or
recovery rates are too slow to cope with current rates of soil loss and degradation, strategies are
urgently needed to ensure that this non-renewable natural resource is preserved for future generations

(Orgiazzi et al., 2016; Kraamwinkel et al., 2021; Panagos et al., 2022). There is an urgent need for



integrative and mechanistic research to assess the cumulative and interactive effects of global change
drivers on soil ecosystems (Borrelli et al., 2018).

The urgency of monitoring and safeguarding soil health is justified historically, as well as
ecologically, by the deleterious effects that erosion has had on societies. Several ancient civilizations
experienced irreversible decline due to soil degradation driven by unsustainable anthropogenic
practices. In Mesopotamia, the Sumerian civilization was undermined by salinization of irrigated
lands and upland erosion, processes identified by Perlin (1991) and Montgomery (2007) as central to
its collapse. The Epic of Gilgamesh (ca. 2700 BCE) preserves a mythopoetic account of this
ecological unravelling: the hero’s deforestation of the great cedar forests is followed by a divine curse
upon the land, which "turned white", a likely reference to salt-encrusted soils, signalling the onset of
agricultural decline and the subsequent demographic shift northward to Babylon and Assur. A parallel
trajectory is evident in the decline of the Maya civilization, where intense deforestation of the plains
and slopes of Central America caused severe erosion and sedimentation of the black fertile soils
(Eklu'um), contributing to the socio-ecological collapse of the region (Beach et al., 2006). Similarly,
the ancient Greeks, as observed by Plato himself, documented soil erosion and the consequent decline
in agricultural productivity (Panagos et al., 2024). Soil degradation was closely linked to the
population growth of early sedentary civilizations, and unsustainable agricultural practices often led
to soil degradation, compromising food security, political stability, and social resilience. While in the
past such collapses were localized, today's global population of 7.9 billion people, which is projected
to reach 9.8 billion by 2050, combined with a highly interconnected global economy, makes soil
degradation a serious threat (Kopittke et al., 2017). For this reason, soil degradation should be
considered as the tenth planetary boundaries framework (Kraamwinkel et al., 2021). In the European
Union alone, annual costs linked to soil degradation exceed €50 billion (Broothaerts et al., 2024), and
such degradation has been associated with mass migration and armed conflict (IPBES, 2018).
Alarmingly, the Intergovernmental Technical Panel on Soils (FAO and ITPS, 2015) estimates that up
to 90% of global soils may be degraded by 2050.

1.2 A Soil Deal for Europe
Over 60% of soils in the European Union (EU) are unhealthy (Veerman, 2023), and crop productivity

levels and other soil functions may already be compromised. To prevent irreversible damage to soil
health, the EU has implemented a series of policies to protect soils and agroecosystems over the past
two decades, such as the Thematic Strategy for Soil Protection (EC, 2006) and the greening of the
Common Agricultural Policy (CAP) (EC, 2013). The Commission Communication “Thematic
Strategy for Soil Protection” represents the first comprehensive document aimed at establishing a
European policy for soil protection. It identifies the main threats to soil, such as erosion, loss of

organic matter, contamination, compaction, salinization, sealing, and loss of biodiversity, and



emphasizes the need for a common regulatory framework to ensure the long-term sustainability of
the ecological function of soil in the Union. Regulation (EU) No. 1307/2013 establishes rules for
direct payments to farmers under the CAP, introducing agricultural practices that are beneficial to the
climate and the environment in a greening strategy approach. These measures include the obligation
to allocate at least 5% of agricultural land to Ecological Focus Areas (EFAS), crop diversification,
and the maintenance of permanent grassland, with the aim of reducing the environmental impact of
intensive agriculture and preserving soil biodiversity.

Presented in 2019 and repealed in 2020, the EU adopted a sustainable growth strategy known as the
European Green Deal (EC, 2019), with the aim of transforming the EU economy into a climate-
neutral, resource-efficient, and socially equitable model by 2050 (Cavoski, 2020), placing soil
protection at the top of the political agenda (Panagos et al., 2024). In line with the objectives of the
Green Deal, the European Commission (EC) has adopted the EU Soil Biodiversity Strategy 2030
(EC, 2020), the Zero Pollution Action Plan (EC, 2021a), the EU Strategy on Adaptation to Climate
Change (EC, 2021b), and the ninth Horizon Europe program (EC, 2021c), followed by the Nature
Restoration Law (EC, 2024) and the proposed Soil Monitoring Act (EC, 2025). The EU Biodiversity
Strategy for 2030 sets binding conservation targets: at least 30% of the Union's terrestrial area and
30% of its marine areas must be legally protected by 2030, with at least 10% subject to strict
protection. The strategy also requires a 50% reduction in the use and risk of chemical pesticides and
the restoration of at least 20% of degraded terrestrial and marine areas by 2030, promoting ecological
resilience and soil functionality. In the EU Action Plan “Towards Zero Pollution for Air, Water and
Soil,” the EC sets complementary quantitative targets, including a 50% reduction in nutrient losses
(nitrogen and phosphorus) and a 50% reduction in overall pesticide use by 2030. The plan recognizes
the close connection between soil health, water quality, and air quality, and introduces integrated
monitoring tools to mitigate diffuse pollution from agricultural and industrial activities. The EU
Strategy on Adaptation to Climate Change focuses instead on increasing the resilience of European
territory to climate impacts, providing for the strengthening of green and blue infrastructure and
improving the water and carbon retention capacity of soils. In September 2021, Horizon Europe was
also launched as the EU's ninth framework program for research and innovation, with the aim of
addressing some of Europe's most pressing and global challenges. Among these challenges, “A Soil
Deal for Europe” is one of five flagship missions (alongside Adaptation to climate change, Cancer,
Climate-neutral and smart cities, and Restore our Ocean and Waters), which aims to establish 100
living labs and lighthouses to lead the transition towards healthy soils by 2030, combining research,
innovation, and active citizen engagement to build a more sustainable and resilient future.

The first binding legislative act for EU member states is Regulation (EU) 2024/1991 on nature
restoration, dedicated to large-scale ecological restoration. It requires Member States to take measures

to restore at least 20% of the EU's terrestrial and marine areas by 2030 and all degraded ecosystems



by 2050, with specific targets for soil organic matter recovery and ecological connectivity.
Complementary to the Nature Restoration Law, the proposed Soil Monitoring Act also represents a
fundamental step towards the protection and sustainable management of soils in the European Union.
The main objective is to ensure healthy soils by 2050, in line with the “Zero Pollution” strategy. In
the legislative proposal, the concept of soil health is also defined for the first time as "“the physical,
chemical, and biological condition of the soil that determines its ability to function as a vital living
system and to provide ecosystem services.” The legislation requires Member States to adopt common
methodologies for monitoring and assessing soil health, based on physical, chemical, and biological
descriptors. A soil status classification system (good, moderate, critical) is also established to guide
targeted interventions. The directive introduces principles for mitigating land consumption,
combating soil sealing and topsoil removal. It also requires the management of contaminated sites
through public registers and corrective measures. Finally, the legislation promotes the strengthening
of technical and laboratory capacities to ensure reliable and consistent data at European level. This
integrated approach aims to elevate soil to a fundamental natural resource, on a par with water and
air, contributing to the continent's sustainable development goals and environmental resilience. To
achieve these objectives, the proposed law requires the development of rapid and environmentally
relevant tools that can be used both prognostically and diagnostically to identify, monitor, and

preserve soil health.

1.3 Soil Ecotoxicology — the need of practical and relevant tools

Ecotoxicology is an applied ecological science that aims to assess the risk posed by chemical or
physical contaminants introduced into the environment at specific ecological levels. The first
pioneering studies in soil ecotoxicology date back to the 1960s (Volpe, 1964; Edwards, 1969) and
documented the negative effects of pesticides on soil invertebrates, such as earthworms and
collembolans (Ghabbour and Imman, 1967; Scopes and Liechtenstein, 1967). These studies
stimulated the development of official guidelines for chemical testing, supporting risk assessment
procedures and pesticide registration adopted in most Western countries. The first standardized
toxicity test for soil invertebrates was the acute (survival) earthworm test (OECD, 1984).

Soil ecotoxicology thus emerged and became established at the regulatory level. In the 1990s, through
the European SECOFASE project (Development, Improvement and Standardization of Test Systems
for Assessing Sublethal Effects of Chemicals on Fauna in Soil Ecosystems, 1993-1996), supported
by the dissemination of the Handbook of Soil Invertebrate Toxicity Tests by Professors Lgkke and
van Gestel (1998), the possibility of developing toxicity tests for a wide range of soil invertebrates
was explored. These included enchytraeids, nematodes, staphylinid beetles, mites, centipedes,
millipedes, and isopods. The project laid the groundwork for the development of new guidelines,
some of which are still undergoing standardization, and for the introduction of sublethal endpoints,
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which had previously been subordinate to acute lethal tests. Today, soil ecotoxicology encompasses
studies ranging from single chemical compounds to mixture models, physical contaminants at both
micro- and nanoscale dimensions, and the combined effects of contaminants and environmental
stressors, in line with the paradigm calling for “more ecology in ecotoxicology” (van Straalen, 2003).
Despite the substantial advances achieved in soil ecotoxicology, the core framework of
ecotoxicological risk assessment has remained essentially unchanged, with two main approaches
being distinguished: prognosis and diagnosis (van Gestel, 2012). The prognostic approach aims to
estimate the potential effects of new or existing chemical substances in order to regulate their use or
prevent their introduction onto the market. This estimation is carried out using laboratory toxicity
tests, from which ecotoxicological endpoints—such as the effective concentration affecting 50% of
the population (EC50) or the no observed effect concentration (NOEC)—are derived to establish
environmental safety levels. The diagnostic approach, by contrast, is aimed at assessing the ecological
risk posed by chemical substances at contaminated sites. In this case, toxicity tests are integrated with
chemical analyses and field-based ecological observations following a TRIAD approach (Jensen and
Mesman, 2006), which is useful for setting management priorities for contaminated sites.

Taken together, the two ecotoxicological approaches pursue a common goal: the protection of
biological communities, in terms of both structure and function, from the effects of chemical and
physical pollution through environmental risk assessment (ERA). As outlined above, conventional
ERA approaches primarily rely on endpoints related to mortality, growth, and reproduction; however,
these endpoints are often not sufficiently informative with regard to the potential effects that
contaminants may exert on organisms. Indeed, sublethal concentrations can still induce deleterious
effects on individuals that may substantially impair soil ecological functions. For example, highly
neurotoxic chemicals with specific modes of action (MoAs) can affect population-relevant endpoints
by reducing individual mobility, with direct consequences for foraging and mating behaviour
(Legradi et al., 2018). For these MoAs, no consolidated ERA approach currently exists, despite their
recent introduction into the regulatory debate under REACH through the European Chemicals
Agency (ECHA, 2024) report on Key Areas of Regulatory Challenge. Such sublethal endpoints are
classified as semi-conventional (defined by standardised guidelines for a limited number of species)
or non-conventional (not defined by any standardised guidelines), in order to distinguish them from
conventional standardised measures used in chemical risk assessment (Hilgendorf et al., 2025).
Within this conceptual framework, semi-conventional and non-conventional endpoints can be
incorporated into ERA through a MoA-based approach following an Adverse Outcome Pathway
(AOP) structure up to the population level for biochemically active substances, including genotoxic,
teratogenic, neurotoxic, immunotoxic, and endocrine-disrupting compounds (Hilgendorf et al., 2025).
As most of these endpoints act at the molecular or biochemical level, measurements at sub-individual

biological levels, such as biomarkers, are commonly used under the assumption that they are
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predictive of ecologically meaningful effects. However, this assumption is not always validated. Over
the past 40 years, biomarkers have been widely applied in ecotoxicology and ecological risk
assessment as alternative early warning signals to detect measurable effects on individual
performance (Forbes et al., 2006). Biomarkers have proven valuable in elucidating chemical modes
of action, providing mechanistic insight into ecotoxicological effects on soil organisms across
different levels of biological organisation. Nevertheless, they have largely failed to demonstrate their
actual relevance in terms of potential impacts on population dynamics or on community structure and
function (Vighi et al., 2006).

In this context, the most informative ecotoxicological endpoints are those that allow the prediction of
relevant effects at the population, community, and ecosystem levels (Figure 1). Alterations in
foraging behaviour, destabilisation of trophic networks, avoidance responses, and habitat selection
are among the main non-conventional endpoints with direct effects on population performance or

community stability.
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Figure 1. Relationships between responses at different hierarchical levels, their ecological relevance,
and challenges in interpretation, with the specific roles and relevance positions of biomarker and

behavioural ecotoxicology (modified from Vighi et al., 2006).

However, such endpoints are often excluded from ERA due to concerns regarding their reliability
and, in particular, their high sensitivity, often considered overly conservative, which may hinder the
market introduction of new chemical substances (Agerstrand et al., 2020). Consequently, they are
consistently assigned lower weight in regulatory decision-making compared to standard studies, for

example when submitted as supporting studies within registration dossiers. Despite this, these
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endpoints provide strong ecological relevance. In light of this scenario, the most promising and

ecologically relevant early warning indicators may be those associated with behavioral responses.

1.4 Behavioural bioassays as early warning tools

In recent years, there has been a notable increase in the interest surrounding the investigation of the
impact of stressors and sublethal concentrations of contaminants on behaviour as early and sensitive
indicators of soil stress (Coyle et al., 2017; Agerstrand et al., 2020). Among these, behavioural
responses related to the structure and dynamics of soil populations represent ecologically relevant
warning signals for detecting soil with habitat fragmentation. Therefore, understanding the
ethological traits associated with the migration or communication of edaphic populations and the
effects of soil stressors on their ecological niche contributes to enhancing ecological realism in the
ecotoxicological risk assessment framework (van Straalen, 2003). Among the main behavioural
responses, alterations in communication, mobility, feeding, physical fitness, and social behavior of
soil fauna are the most studied indicators (De Vries et al., 2012; Boiteau and MacKinley, 2013;
Morgado et al., 2015; McAfee et al., 2022; Trigos-Peral et al., 2024), as such alterations can affect
population dynamics, reproduction, distribution, and survival. At the same time, these responses are
highly species-specific, depending on the tolerance and adaptability of the species, and the choice of
appropriate model organisms must be justified in terms of ecological relevance and functional role.
Despite their importance, behavioural bioassays remain underutilized in regulatory contexts, making
difficult to obtain standardisable and widely comparable data (Ford et al., 2021). A survey conducted
by Ford et al. (2025) clearly shows that most academic and government sectors consider behavioural
testing to be essential and should be included in risk decisions. However, such inclusion would likely
increase costs for regulatory authorities, but more importantly, it could have a direct economic impact
on chemical companies, making these sectors less likely to endorse this approach, as a higher degree
of sensitivity in ecotoxicological testing could highlight additional risks and lead to stricter regulatory
restrictions (Schaffer et al., 2023). Despite the critical issues, some standardized behavioural tests
already exist.

Among the relevant, rapid, and cost-effective ecotoxicological bioassays, the avoidance behaviour
test is considered a sensitive screening tool with improved ecological realism for evaluating the
“limited habitat function” of the soil ecosystem (ISO, 20204, 2020b), using soil organisms’ ability to
choose or avoid harmful substances within the soil. This test provides both prognostic and diagnostic
information about soil depopulation, allowing the assessment of the suitability of chemicals and
amendment, such as compost and biochar. However, although easy to perform and highly versatile,
the avoidance behaviour of soil invertebrates varies between species and contaminants, with

numerous non-avoidance episodes occurring due to different ecological factors (Gainer et al., 2022).
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Nowadays, behavioural avoidance tests have been conducted using different soil organisms such as
earthworms, potworms, springtails, and woodlice (Loureiro et al., 2009; Santos et al., 2010;
Lackmann et al., 2023; Puddephatt et al., 2022; Renaud et al., 2022; Malheiro et al., 2023). Despite
their advantages, avoidance tests can present a wide variability of responses depending on the type
of stressor studied, the model organism selected, and even the type of standard substrate used, whether
natural or artificial. Furthermore, they only quantify the impact of stressors on the dispersion of
individuals, but do not consider the fragmentation or alteration of individual density at the end of the
test: in practice, they do not provide information on how these organisms migrate from a treated soil
to a control soil. To compensate for this shortcoming, selecting gregarious organisms, such as

terrestrial isopods, is an excellent strategy.

1.5 Terrestrial Isopods as a Non-Conventional Biosensor

Among the main non-target organisms, terrestrial isopods have been proposed as a suitable model
organism for behavioural testing, as they are litter detritivores, involved in biogeochemical cycles,
and exposed to various exposure pathways, including interstitial water, soil, organic and inorganic
matter, air, and food (Lokke and van Gestel, 1998; van Gestel et al., 2018). Currently, there is no
established toxicity assessment protocol for this biological model, despite numerous studies
demonstrated a greater sensitivity to soil contamination compared to other model organisms (Drobne
and Hopkin 1997; Morgado et al., 2016; Maria et al., 2024). The main reason for this is their longer
and more complex life cycle compared to other edaphic organisms, such as springtails or earthworms.
This makes it difficult to obtain individuals that are synchronized in terms of age, which would be
useful for obtaining more homogeneous and comparable results (van Gestel et al., 2018).

At the same time, terrestrial isopods exhibit unique and well-defined eco-ethological traits, the
analysis of which suggests that this species could serve as a promising model organism for assessing
the impact of stressors on soil communities. Among these traits, the gregarious behaviour and the
relative increase in population density are considered an ecological feature of considerable adaptive
value. Aggregation confers several advantages to individuals, including enhanced protection against
predators, improved access to food resources, and greater reproductive opportunities. Most
aggregation behaviours are mediated by pheromones (semiochemicals) (Takeda, 1980), which play a
crucial role in animal infochemical communication by eliciting behavioural modifications not only
among conspecifics but also across taxonomic boundaries. This mechanism is particularly relevant in
cryptic ecosystems such as soil, where chemical signals prove more effective than visual or auditory
cues (Cardé & Millar, 2009). From an evolutionary point of view, aggregation behaviour represents
a pivotal adaptive strategy developed by terrestrial isopods to cope with terrestrial conditions and to
mitigate water evapotranspiration under environmental stress. This adaptation is especially vital

during moulting periods, which require an increase in haemolymph hydrostatic pressure (Hornung,
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2011). Furthermore, the evolution of biphasic ecdysis and nocturnal activity constitute additional
physiological and behavioural adaptations that enhance desiccation resistance in these organisms
(Devigne etal., 2011; Broly et al., 2016; Nako et al., 2018). Due to their vagile and gregarious nature,
woodlice can be used to assess the impact of soil stressors on population-level avoidance and
aggregation patterns, as alterations in dispersion or gregariousness represent a sensitive indicator of
soil quality. This endpoint acts at population level, therefore is ecologically relevant, as lower
individual density reduces litter decomposition rates and increases risk of dehydration, but it is also
advantageous because it is rapid and not time-consuming. The proposal of defined and replicable
disaggregation indices may also allow for better quantification and standardization of stress effects
compared to measurements based solely on the number of individuals in contact with each other
(Cividini and Montesanto, 2018; Durajkové et al., 2022; Delhoumi et al., 2023). As a consequence,
alterations in gregariousness represent relevant and standardized indicators, in line with the European
Commission’s Soil Monitoring Law (Panagos et al., 2025). In this perspective, the development of
biosensors based on the behaviour of terrestrial isopods represents a key goal to be achieved in order
to identify and prioritize soils subject to depletion, and has been proposed in this doctoral thesis within
the Multi-layered Urban Sustainability Action (MUSA) project.

1.6 The Multi-layered Urban Sustainability Action (MUSA) project

The protection of soil health lines with the MUSA (Multi-layered Urban Sustainability Action)
project, a research and innovation program funded by the Italian Ministry of University and Research
(MIUR) as part of the National Recovery and Resilience Plan (PNRR) adopted and approved by the
EC with the aim of supporting and guiding the transformation of metropolitan urban areas towards
the creation of an Innovation Ecosystem through an integrated multidisciplinary approach. The
project is structured around six areas of intervention (spokes), each divided into different task forces
composed of specialized working groups. Specifically, soil protection in terms of habitat function
falls under Spoke 1, dedicated to urban regeneration and the design of the ‘city of tomorrow’, with a
particular focus on environmental improvement through monitoring, the protection of ecosystem
services, and the implementation of strategies to mitigate the risk associated with contaminants
through phytoremediation techniques. Spoke 1 projects include various tasks focusing on strategies
and monitoring of phytoremediation processes, as well as analysis of interactions between plants,
organisms, and soil microbiota. In particular, Task 5 (Organisms and stress factors) focuses on the
effects of contaminants on soil organisms through experimental methodologies that include both field
and laboratory investigations, using advanced expertise in ecotoxicology and stress ecology. This
project therefore studied and developed an integrated and scalable strategy for monitoring ecological
quality in terms of biodiversity, functionality, and contamination of urban soils subjected to greening
activities. This strategy required the development of a rapid, economical, and low-impact ecological
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indicator to identify soils subject to depopulation and with limited habitat function. To this end, this
doctoral project proposed the use of terrestrial isopods, in particular the species Porcellionides
pruinosus, as a model organism on which to develop, for the first time, a new ecological and
ecotoxicological endpoint that can consider variations in gregariousness as indicators of soil quality
and health.

1.7 PhD Thesis Outline

The loss of soil ecosystem functions and services poses a serious threat to the health of the
environment and humans. Given the large scale of degradation, it is necessary to develop new
indicators and screening tools that are ecologically relevant, economical, and rapid for monitoring,
identifying, and prioritizing unhealthy soils. These indicators cannot be based solely on physical-
chemical parameters concerning soil organic matter content, soluble salt concentration, or pH range
variations, but must be based above all on the actual biological and ecological responses of soil fauna,
primarily those concerning population dynamics and structures. For this reason, it is believed that
behavioural tests on gregarious terrestrial organisms, such as Porcellionides pruinosus (Ord.
Oniscidea), can fill this knowledge gap.
This PhD thesis challenges these gaps by providing new insights into the following topics:

1) Assessing a new ecotoxicological endpoint referring to the joint avoidance and disaggregation

effects

2) Investigate the versatility of the new endpoint under different abiotic and biotic stressors

3) Findings some physiochemical descriptors involved in behavioural alterations

4) Linking such behavioural responses to the metrics of soil biodiversity levels in real soils

5) Performing the new endpoint for assessing quality of amended such as biochar

This thesis consists of eight chapters. The current Introduction provides an overview of the state of
the art in soil health, the main European standards designed to protect against soil loss, the main
challenges relating to the use of ecologically relevant indicators, and the proposal to use terrestrial
isopods in behavioural tests. Next, a collection of seven articles is presented (one published review,
four research articles already published or submitted, and one ready to be submitted pending patent
filing), while the last chapter provides a summary of the overall results and proposes further
recommendations and future prospects.

Chapter 2 provides a detailed review of tire particles (TPs) as one of the main sources of micro- and
nano-plastics in the environment. It highlights that, although most TPs are deposited in soil or
freshwater sediments and accumulate in organisms, research has predominantly focused on the
toxicity of leachates, overlooking the direct effects of the particles and their ecotoxicological impact.
The chapter also emphasizes that while studies have mainly concentrated on aquatic ecosystems,
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significant knowledge gaps remain regarding the potential harmful effects of TPs on soil fauna,
despite soil being a major plastic sink. Various aspects are analysed, including tire composition and
degradation, the transport and deposition of particles in different environments with particular
attention to soil, the toxicological effects on soil fauna, potential markers and detection methods for
environmental monitoring, an initial risk characterization through the case study of Forlanini Urban
Park in Milan, and finally possible risk mitigation measures to promote future sustainability. This
review highlights a clearly elevated risk associated with tire particles (TPs) and benzothiazole (BT),
a co-formulant used in rubber vulcanization. Additionally, behavioural avoidance tests have proven
particularly sensitive to TP contamination. As a result, these two contaminants, both physical (TPs)
and chemical (BT), were selected as primary targets for developing the novel behavioural
ecotoxicological endpoint.

In chapter 3, a new ecotoxicological endpoint related to the disruption of aggregation behaviour in
the gregarious soil species Porcellionides pruinosus is developed and evaluated. While avoidance
behaviour tests are commonly used for rapid soil quality screening, the impact of soil contamination
on the species’ adaptive aggregation ability had not been previously investigated. Using tire particles
(TPs) and benzothiazole (BT) as representative physical and chemical contaminants, the chapter
introduces the disaggregation index (DI) and disaggregation groups (DG) as measures to quantify
population fragmentation under contaminant exposure. Results showed that woodlice exposed to
certain concentrations of TPs and BT avoided contaminated soil but exhibited reduced aggregation
behaviour, indicating population fragmentation. Notably, disaggregation occurred at higher
contaminant concentrations than avoidance, suggesting an effect on the population’s adaptive
capacity even when individuals relocate to uncontaminated soil. These findings highlight that
combining avoidance behaviour and disaggregation endpoints may provide more precise and reliable
assessments for environmental risk evaluations.

In Chapter 4, we investigate how shifts in soil abiotic and biotic factors influence the aggregation
behaviour of P. pruinosus and potentially compromise soil habitat function. This study evaluates the
effects of temperature, soil moisture, salinity, and pH as abiotic stressors, and edaphic interference,
oleic acid (necromone signalling), and microbial community dilution as biotic one. These factors
were selected and analysed with the aim of identifying those capable of inducing disaggregation in
earth pigs, defining the threshold levels at which these effects occur, and verifying whether it is
possible to group the various environmental stress factors according to their intensity and relative
impact. The study revealed that temperature and soil moisture produced U-shaped disaggregation
patterns, with fragmentation at both low and high levels, while salinity and biotic stressors followed
a sigmoidal response. Only pH showed a bimodal distribution, with increased aggregation at both
extremes. Such distinct responses were confirmed by K-means cluster analysis, suggesting a distinct

behavioural patterns and magnitudes of alteration. These findings demonstrate that P. pruinosus
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aggregation represents a sensitive biosensor of soil environmental changes, providing valuable
insights for assessing soil health and for the standardization of laboratory bioassays aimed at
monitoring soil habitat function.

Chapter 5 investigates the role of specific physicochemical properties of contaminants on the onset
of avoidance and disaggregation responses in terrestrial isopods. A series of twenty-five chemicals
related to plant protection products (PPPs), pharmaceutical and personal care products (PPCPs) and
perfluoroalkyl acids (PFCAs), all of which are particularly prevalent and dangerous to soil health,
were selected as test substances. For each chemical, several nominal concentrations expressed in
mg/kg dry soil (d.w.) were selected based on the respective maximum solubilities (g/L) of each
compound. Based on the effects observed, the substances were classified into three categories: those
that induce both avoidance and disaggregation, those that cause only one of these responses, and
inactive substances. Regression models revealed a significant positive correlation between
disaggregation and Henry's law constant, identifying a threshold value of 1x107* Pa-m*-mol™, beyond
which aggregation ceases. These findings suggest that disaggregation effects worsen as substance
volatility increases, and that Henry's law constant can serve as a prognostic threshold in regulatory
contexts to predict the impact of substances on gregarious populations. In contrast, no predictive
descriptors for avoidance responses were identified, indicating that the mechanisms driving migration
remain unclear. Given the heterogeneity of behavioural responses, with avoidance and disaggregation
responses occurring synchronously or separately, the combined use of the two endpoints in a single
bioassay is emphasised to gain a more comprehensive understanding of the ecological impact of soil
contaminants.

In Chapter 6, we investigate the role of behavioural bioassays as rapid and integrative tools for
assessing and predicting soil biodiversity levels. The study aims to link the behavioural responses of
soil invertebrates with biodiversity patterns in invertebrate and bacterial communities across three
different urban soils under greening strategy at University of Milano Bicocca. Using a comparative,
multi-species, and multi-method approach, model organisms such as earthworms (Eisenia fetida),
collembolans (Folsomia candida), and terrestrial isopods (Porcellionides pruinosus) were used to
identify soils with reduced habitat function and lower biological diversity. Behavioural results were
compared with soil physical-chemical parameters and with ecological indices describing the
structural and functional diversity of faunal and microbial communities. The behavioural responses
of the test organisms consistently matched reductions in invertebrate biodiversity, indicating habitat
depopulation and fragmentation. However, similar patterns were not observed in microbial
communities, highlighting a discrepancy that requires further investigation. Overall, the chapter
shows that behavioural bioassays, combined with invertebrate diversity assessments, provide an

efficient early-warning system for detecting and identifying biodiversity loss in real soils. This
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integrative approach improves monitoring effectiveness and supports targeted actions for soil
conservation and ecosystem restoration.

In conclusion, in Chapter 7, we apply the behavioural responses of soil invertebrates to biochar
amendments, a carbon-rich product of biomass pyrolysis, is applied under EU regulations to enhance
soil fertility and sequester carbon. While it can improve soil structure and immobilize contaminants,
its impact on soil fauna remains debated. This study assessed the responses of collembolans
(Folsomia candida) and terrestrial isopods (Porcellionides pruinosus) to soils amended with biochar
derived from Ricinus sp. and Brassica sp., pyrolyzed at 400°C and 600°C, and applied at 1% and
10% wi/w. After 48 hours, F. candida avoided Ricinus biochar at high concentrations, suggesting that
dosage had a stronger effect than pyrolysis temperature. In contrast, P. pruinosus was attracted to
Brassica biochar at 400°C but avoided it at 600°C, highlighting the combined influence of feedstock
type and pyrolysis conditions. Avoidance behaviour in collembolans strongly correlated with
increased soil pH and conductivity, indicating alkaline and osmotic stress, whereas these parameters
only partially explained isopod responses, implying other contributing factors. To investigate
potential mitigating mechanisms, the study tested whether interspecific interactions modify biochar
avoidance. Specifically, the presence of woodlice was evaluated for its effect on collembolan
behaviour via ecological facilitation, quantified by the proportional of collembolans in biochar
amended soil pre and post colonization. Remarkably, collembolans no longer avoided soils previously
inhabited by terrestrial isopods, suggesting facilitation mediated by bioturbation, microbial
conditioning, or faecal deposition. Overall, Chapter 7 demonstrates that the effects of biochar on soil
fauna are shaped by multiple factors, including species identity, biochar feedstock, application rate,
pyrolysis temperature, and interspecific interactions. Incorporating facilitation processes into
ecotoxicological assessments can provide a more realistic understanding of natural mitigation

mechanisms and their role in preserving soil biodiversity.
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Abstract: Tire particles (TPs) are one of the main emission sources of micro- and nano-plastics into
the environment. Although most TPs are deposited in the soil or in the sediments of freshwater and
although they have been demonstrated to accumulate in organisms, most research has focused on
the toxicity of leachate, neglecting the potential effects of particles and their ecotoxicological impact
on the environment. In addition, studies have focused on the impact on aquatic systems and there
are many gaps in the biological and ecotoxicological information on the possible harmful effects of
the particles on edaphic fauna, despite the soil ecosystem becoming a large plastic sink. The aim of
the present study is to review the environmental contamination of TPs, paying particular attention
to the composition and degradation of tires (I), transport and deposition in different environments,
especially in soil (II), the toxicological effects on edaphic fauna (III), potential markers and detection
in environmental samples for monitoring (IV), preliminary risk characterization, using Forlanini
Urban Park, Milan (Italy), as an example of an urban park (V), and risk mitigation measures as
possible future proposals for sustainability (VI).

Keywords: tire particles; soil pollution; ecotoxicology; environmental risk assessment

1. Introduction

Highway and road runoff are one of the main sources of pollution of the environ-
ment [1], contributing to the release of a plethora of contaminants such as hydrocarbons
(HCs), heavy metals (HMs), micro-plastics or nano-plastics (MPs and NPs), and airborne
particulate matter (PM) [2]. However, road traffic contributes to the release of insidious
and silent contaminants into the environment, such as MPs produced by tire tread wear:
tire particles (TPs).

This contamination was understated for a long time due to a poor consideration of
synthetic rubbers in the definition of plastic; in fact, for the International Organization
for Standardization (ISO), plastic is defined as a “material which contains as an essential
ingredient a high polymer and which, at some point in its transformation into finished
products, can be shaped by flow” [3]. Except for thermoplastics and thermosets, elastomers
such as rubbers, which compose the tread of tires, have been excluded from this definition.
However, Hartmann et al. [4] elaborated an inclusive plastic debris classification, including
elastomers (synthetic rubber), heavily modified natural polymers or vulcanized natural
rubber, and inorganic and hybrid polymers contained in the tire rubber. Therefore, tire
wear particles are considered one of the main hidden sources of MPs and NPs which will
require more insights in the future. [5-9].

Recent studies have shown that TPs could be responsible for about 40% by weight
of the total amount of MPs in rivers in Europe, with concentrations up to 179 mg/L in
sediments flowing from rivers [10]. TPs are furthermore responsible for more than 50% of
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the contamination of the soil, as shown by the fraction content in the urban and rural soils
of China [11].

Globally, it has been estimated that more than 6 million tonnes of TPs per year are
released, of which 1 million tonnes per year are from the European Union and the United
States [12-14]. In general, TPs are found in every environment, especially in the soil
ecosystem, which is strongly polluted by TPs with an estimated annual release of plastic
from 4 to 23 times higher than that in the ocean [15]. Only 12% of TPs eventually reach
the surface of the water through sewers; despite this, the large environmental load of TPs
in the soil is underestimated and deserves to be investigated. The crucial role of particles
produced by tire degradation and their human health impact have been well documented in
recent studies [16-20], while others have been concerned with the potential environmental
risks associated with using tire fill material [21,22]. However, most of these studies have
focused only on the chemical leachate derived from the TPs and most of the observed
effects have rarely come down to the molecular level.

The aim of this review is to sift through, especially for the soil ecosystem, the current
knowledge about the environmental contamination of TPs, paying particular attention
to the chemical composition and degradation processes of tires (I), the transport and
deposition in the environment according to their size and density (II), the potential markers
and detectors in environmental samples for monitoring (III), the toxicological effects in
edaphic organisms (VI), a preliminary risk characterization, paying particular attention
to the TPs emission in Forlanini Park, Milan (Italy), as a sampling area (V), and some risk
mitigation measures as possible future proposals for sustainability (VI).

2. Materials and Methods

This review was drafted by searching the literature for keywords such as “tire parti-
cles”, “soil”, “ecotoxicology”, “risk assessment”, and “sustainability”. The use of datasets
such as Web of Science or Minerva and Prometheus (University of Milano-Bicocca) was
utilized for this research. For a coherent review supported by scientific data, recent (less
than ten years) and old (more than ten years) articles and reviews were considered for a
general overview of the composition, fate, and environmental markers of TPs. A further
criterion for the literature selection was applied for the ecotoxicological effect section,
skimming the time frame and selecting only suitable items from 2020 until January 2023
in order to report recent studies. Overall, about 119 articles of the 137 open-access articles
related to TPs in soil were selected. Only peer-reviewed articles were included.

3. Definition and Chemical Composition of Tire and Road Wear Particles

TPs occur due to mechanical friction between tires and the road surface during driving,
acceleration, or braking, and the heat generated alters the original chemical composition
of the wear particles [23,24]. Factors such as the climate, the type of tire, the road surface,
the nature of the contact, the speed, the weight of the vehicle, and the driving style could
affect their production [13,25,26]. It is estimated that an average car tire lasts between
20-50,000 km before wearing out, releasing about 10-30% of the tread rubber into the
environment (at least 1-2 kg) [27].

When they come into contact with asphalt, the TPs undergo a morphological and
dimensional change due to the incorporation of the road surface material and the increasing
particle core size [28,29]. These aggregates are defined as tire and road wear particles
(TRWPs), which have a coating of 10-50% by volume [24] and significantly change their
density from 1.13-1.16 g/m? to 1.5-2.2 g/cm?® [30,31]. The most abundant percentage mass
(about 90-95%) of TRWDPs is made up of heavy particles defined as ‘coarse particles’ [32],
which are deposited on soil, sediment, or freshwater environments and not suspended
in the air, while small amounts (maximum 10% of the total mass) are made up of a more
volatile fraction and emitted into the air, and they are defined as ‘fine particles’ [28,33,34].
Particle size distribution and fractionation during transport into the environment is not
currently known but could range from 10 nm to <5 mm [6-9,35,36].
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The average percentages of a car tire’s composition are shown in Figure 1. The tread

of a tire has a wide variety of chemical compounds, mainly:

HFILLERS m SYNTHETIC RUBBER NATURAL RUBBER ® ADDITIVES B STEELS M TEXTILE

Figure 1. Donut chart relating to the percentage average composition of car tire treads. The data

come from the literature [37,38].

Rubbers: Components typically consist of blends of styrene-butadiene rubber (SBR),
such as polybutadiene (PBD), and isoprene rubber (IR), the forerunner of natural
rubber (NR), mixed with carbon black or silica (as a reinforcing agent/filler), oils
(as softeners and extenders), and curing chemicals. In the past, tires were made
only of natural rubber, such as that extracted from the Brazilian rubber tree Hevea
brasiliensis [39]; nowadays, also for ecological reasons, a mixture of natural and syn-
thetic rubbers is used. Such SBRs describe families of synthetic rubbers derived from
emulsion-polymerized (E-SBR, more widely used) or solution-polymerized (S-SBR)
styrene and butadiene. The styrene/butadiene ratio affects the properties of the rubber:
if the styrene content is high, the rubbers are harder and less rubbery. Normally, 23.5%
of the rubber consists of styrene and the remaining 76.5% consists of butadiene [40].
Organic chemicals: Benzoic acid (BZA) and N-nitrosodiphenylamine (NDphA) are
burning retarders and slow down the vulcanization process [34]. Diamines and
waxes are also used as anti-degradants by oxidizing agents (oxygen or ozone) and by
heat [41,42]. Studies on TRWPs leachate confirmed that they are a potential source of
benzothiazoles (BTs), as accelerators of vulcanization, and 1-octanethiol (1-OT) [43],
phthalates (PTEs), additives, such as bisphenol A (BSA), and polycyclic aromatic
hydrocarbons (PAHs), such as benzo-y-perylene, fluorene, benzo-x-pyrene, benzo-f3-
fluoranthene, phenanthrene, benzo-k-fluoranthene, pyrene, anthracene, and fluoran-
thene [35,44-47]. Other substances released in leachate are N-(1,3-dimethylbutyl)-N’'-
phenyl-p-phenylenediamine (6-PPD) and its ozonation product 6-PPD-quinone [48],
used as stabilizing additives, hexa(methoxymethyl)melamine (HMMM) [49-51], and
N,N’-diphenylguanidine (DPG), an accelerator of vulcanization [14,52].

Heavy metals (HM): Trace elements such as Zn, Al, Fe, Cd, Cr, Ni, Hg, and Cu are
present on TRWPs [43]; consequently, tire wear contributes to the release of HMs into
the environment. About 1% of zinc oxide (ZnO) is used as a catalyst to vulcanize the
rubber mixtures, transforming them into highly elastic matter; consequently, TRWPs
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are considered to be among the main sources of Zn in the environment [53]. Other
accelerators are sulfur, sulphenamides, and thiazoles [34].

e  Fillers: Most of the components of a tire tread consist of fillers, mainly black carbon
(22-40%) finely pulverized by incomplete combustion and added for making the tire
resistant to UV rays. In recent years, carbon is sometimes replaced by nanometer glass
spheres of silica, which gives the tread strong adhesion and resistance to tearing, heat,
and ageing [13].

4. Environmental Fate of TRWPs
4.1. Transport and Deposition Pathways

Once produced, TRWPs deposited on roads can be mobilized and transported by wind,
traffic-induced air currents or washed away by rainwater action to other compartments,
such as topsoil, air, waste waters, sediment, water surfaces, or other road sections [24,54].
They may potentially drift, accumulate, aggregate, persist, leach, or degrade, affecting the
stability of the exposed ecosystems such as those reported in Figure 2 [32,55].

Transport distances depend on particle size and density; coarse particles tend to settle
very close to the roadside, within 30 m [34], while fine particles can remain suspended in
the air for a long time before settling over many meters [1,2]. Transport of TRWPs can also
be influenced by aggregation events both with natural particulates (homo-aggregation)
and anthropic particulates (hetero-aggregation) [56-59]. Most of the TRWPs produced
accumulate in the soil (about 67%), while the remainder accumulates in the air (3-5%)
and in wastewater treatment systems (30%), where they settle in the purification sludge,
are transported in freshwater, bioaccumulate, or biodegrade [13]. Only 12% of TRWPs
eventually reach the surface of the water through sewers [35], while about 18-22% settle
in sediment [60,61]. TRWPs can also bioaccumulate in soil organisms through the food
web [62-64].

Figure 2. Pathways of the transport, deposition, and fate of TRWPs in environments such as soils,
the atmosphere, wastewaters, sediments, and freshwater [13,60,61]. Most of the TRWPs accumulate
in the topsoil (67%), while during storm events, they end up accumulating in wastewater (30%)
through road surface sewers, where they are transported and accumulate in freshwater such as
rivers and lakes, settling in sediments (18%) or remaining on the surface (12%); only a small fraction
of the ‘fine particles” end up in the atmosphere (3%), but they are also the most unstable, as they
can settle after a long time and be resuspended or not at all. The pathways of accumulation in
organisms through respiration, feeding, or drinking are potentially viable, which makes these TRWPs
particularly dangerous and treacherous.
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4.1.1. Soil

Soil is the main ecosystem affected by TRWPs contamination. These particles are
dispersed from the road surface, where the concentrations are between 0.7 and 210 g/kg
d.w. [65-67]; similarly, coarse TRWPs concentrations in the soil range from 0.6 to
117 g/kg d.w. [66,68-70]. Soil concentrations of TRWPs decrease rapidly with the in-
crease in the distance from the road, with a reduction of more than 80% at a 30 m distance
from the road [66,69] and it decreased by 30-40% at a 10-30 cm depth in the soil [66], but the
estimated concentrations depend on the type of environmental marker used for detecting
these particles and the type of sampling carried out whether it was conducted in-depth or
adjacent to busy roads. In addition, the distribution can vary according to various climatic
(wind, water, and UV) and anthropic (vehicle traffic) variables; as degradation in the soil is
slow, it is possible that they are resuspended in the air by wind erosion or washed away by
runoff [69].

4.1.2. Air

The finest particulates, with a diameter generally greater than a micrometer, are
emitted directly into the air [71]. These have much longer residence times in the atmosphere
than coarse particles due to their low specific weight and reduced density. In addition,
once deposited even many kilometers away, they can be resuspended in the atmosphere
by wind or the air turbulence of vehicular traffic [71]. The road air can contain about
0.4-11 ng/ m? of TRWPs [65,66,69,70,72], but estimated concentrations are a function of
the sampling distance: in general, the concentration of fine TRWPs increases by 40-50%
at about 18 m away from the roadside [66]. The scattering distance depends on wind
action, particle size and density, vehicular traffic, and even temperature, ranging from a
maximum distance of 30 m [69] to a distance of 86 m from the road [73]. The particle size
distribution is variable: the dominant size is between 2.5-10 um (PM10), while the portion
below 2.5 (PM2.5) constitutes only 0.68% in reference to the mass [24,74].

4.1.3. Sewer Systems, Freshwater, and Sediments

A major source of runoff from the road surface, after wind action, is rainwater, which
contributes to the transport of TRWDPs into the aquatic environment. In sewage systems con-
nected to urban roads, the estimated concentration ranges from 0.3 to 179 mg/L [34,64,65,75].
In rivers, the concentrations during storm events range from 0.09 to 3.6 mg/L, while concen-
trations under dry conditions are below the limits of detection [65,76]. In sediments, TRWP
concentrations are between 0.3 to 155 g/kg d.w., with the greatest concentration being
observed in heavily trafficked areas [16,34,64]; however, some of the TRWP concentrations
in sediments reported in the literature are based on the use of benzothiazoles (BTs) as
a marker, which, being soluble in water, could underestimate the actual amount of TPs
accumulating in the sediment [77].

Table 1 reports and summarizes the TRWP concentrations in different ecosystems.

Table 1. Concentrations of TRWPs in different environmental compartments and relative references.

Compartments [TRWPs] References
Road face 0.7-210 g/kg ! [60-63]
Soil 0.6-117 g/kg ! [62,64-66]
Sediment 0.3-155 g /kg ! [16,34,60,63]
Sewage 0.3-179 mg/L [34,60,61,63,71]
Freshwater 0.09-6.4 mg/L [34,61,72,73]
Air 0.4-11 pg/m3 [61,62,64,66,68-70]

! dry soil.
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4.2. Degradation Processes

The degradation of TRWPs (Figure 3), which depends on the susceptibility of pho-
todegradation and biodegradation processes [32], presents a degradation rate of 0.15% per
day [69].
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Figure 3. Diagram relating to the main degradative processes in which TRWPs are involved [32,78-80].
The photodegradation processes of rubbers are minimal and do not provide quantitative informa-
tion, while biodegradation processes depend on the type of monomer involved (cis-1,4-isoprene or
cis-1,4-polybutadiene) and the laboratory conditions.

Data relating to the photodegradation processes of rubbers are minimal and do not
provide quantitative information [78]. Furthermore, the polymeric double bonds of rubbers
can only be lysed by high-energy UV radiation (UV-C, 100-280 nm) and, consequently, are
considered stable to direct UV photolysis [79]. Embrittlement due to UV radiation in the
range of 290-400 nm is also prevented by protective agents such as antiozonants and an-
tithermoxidants [79]. Concerning to biodegradation processes, cis-1,4-isoprene monomers,
typical of natural and synthetic isoprene rubbers, are among the most sensitive to aerobic
and anaerobic biodegradation, with a weight loss of about 0.26% per day [32,80]. This is
because, during the vulcanization processes, the polyisoprene chains are covalently linked
via sulfide bridges, which can be severed by aerobic and anaerobic microbes and modified,
with an increase in hydrophilicity and unsaturated bonds [79]. Cis-1,4-polybutadiene
monomers, typical of butadiene and styrene-butadiene rubbers, are resistant to biotic and
abiotic oxidation, with a loss of 0.047% or 0.142% per day, respectively, depending on the
absence or presence of styrene [32]. It has been demonstrated that Nocardia spp. 835A-Rc
can degrade pneumatic dust under laboratory conditions [81]. Complete biodegradation of
TRWPs is believed to be inhibited by the presence of co-formulates, such as Zn salts, BT,
and 6-PPD [79,81].

4.3. Environmental Markers of TRWPs

For detecting TRWP pollution in soils and other ecosystems, different chemical mark-
ers can be used, as reported in Table 2.
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Table 2. Summary table of the most used markers for the detection of tire particles in the environment,
their specificity, and relative literature references.

Markers Methods Specificity References

Thermal extraction desorption gas chromatography—-mass
spectrometry (TED-GC/MS)

SBR Fourier transform infrared spectroscopy (FTIR) High [25,34,62,65,66,69]
Raman spectroscopy
Thermal extraction desorption gas chromatography—mass .
BTs spectrometry (TED-GC/MS) Medium [34,60,61,70,72,78]
7n Inductively coupled plasma—optical emission spectroscopy Medium /low [16,34,79-83]

(ICP-OES)

Elastomers such as styrene-butadiene (SBR) or natural rubber (NR) can be used as a
marker to identify TRWPs in different environments [34,66,69,70]; indeed, 70% and 75%
of the SBR and NR produced globally are totally employed in the production of tires,
respectively [42].

BTs, used as vulcanization accelerators in tread manufacturing processes [77], are addi-
tional environmental markers for monitoring TRWPs in soil or sediment [34,64,65,73,76,83].
The main BTs include 24MoBT (2-(4-morpholinyl) benzothiazole), HOBT (2-hydroxybenzoth-
iazole), and NCBA (Ncyclohexyl-2-benzothiazolamine); however, the use of BTs in indus-
trial processes has decreased in less than two centuries [65]; in addition, BTs detected in the
environment could have different origins, such as antifreeze products [34].

One of the most used environmental markers in the identification of TRWPs is certainly
Zn, coming from the ZnO used as a catalyst in the tread vulcanization processes [34,53,84-86].
Despite its wide use, Zn appears to be the most generalist environmental marker of TRWPs,
with it having different emission sources and being soluble in particulates, returning
less precise vertical and horizontal content gradients, which may underestimate the real
concentration of TRWPs in the environment [84]. Although Zn may appear to be a generic
marker, methods have been developed to quantify extractable organic Zn as a marker of
TRWPs in various environmental matrices [84].

In general, the detection of TRWPs can be performed by thermal extraction desorption
gas chromatography—mass spectrometry (TED-GC/MS), quantifying the mass of MPs in
soil samples produced after the thermal degradation of SBR, or by density separation pro-
cesses. Zn can be quantified by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) after acid digestion of soil samples with hydrofluoric (HF) or nitric (HNO3)
acid [84]. Spectroscopic methods are not recommended, because added carbon black
causes total absorbance or fluorescence interferences [14]; however, Workek et al. [25] de-
veloped a spectroscopic method which combined Fourier transform infrared spectroscopy
(FTIR) with a Raman spectrometer, capable of analyzing particles below 10 pum, to identify
synthetic rubber.

In any case, it is legitimate to underline once again that environmental markers
for the detection of TRWPs have limitations; in fact, some of these chemical markers
are subject once leached to seizure or degradation, such as BT [38], which could lead
to underestimation, but, at the same time, different emission sources could lead to an
overestimation of the concentrations of these environmental markers of TRWPs [34].

5. Toxicity Effects on Edaphic Fauna and Plants

TRWPs have demonstrated important and often underestimated toxic effects and
are starting to be an important stressor for ecotoxicological investigations [87,88]. In the
literature, most of the studies conducted on TRWPs have focused on the leachate’s effects,
mainly in aquatic environments [14,17,43,89-91]; only a few studies have investigated the
effect of particles, despite previous studies showing that particles can be as toxic as the
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leachate [43,68,87,92-94]. Furthermore, studies on TRWP toxicity conducted in soil are still
in the infancy stage and require more attention.

As reported by Khan et al. [94], a different toxicological trend of the particulate and of
the leachate could not be excluded, perhaps following a dose-dependent trend in the first
case and a non-sigmoidal trend in the other and suggesting an important factor of danger
in the ingestion of particles and the release of chemicals into the digestive tract.

To date, a proper risk assessment of TRWPs is challenging due to a lack of data. In this
regard, it should be essential to draw up a repeatable and comparable experimental design,
which takes into account the effects of tire particles as well as leachate, in order to provide
more realistic ecological data. One of the main causes of this scarce and non-standardized
data plethora is probably due to the lack of attention paid in the past to soils.

Currently, in the literature, in addition to particles, the main factors responsible for
the toxicity of TRWPs are co-formulates (PAHs, BTs, and HMs), and their overall toxicity
depends on the size and density of the particles themselves, their composition, their aging,
and the model organisms used during the experimental tests. Below, the major soil model
organisms and plants exposed to TRWPs are reviewed (Table 3).

Table 3. Summary table of the main soil organisms exposed to TRWPs. For each experiment,
the dimensions of the particles, the duration of exposure, the type of soil used, and the physical
parameters were kept constant, and the analyses carried out are specified. N.A.: data not available.

TRWPs’ [TRWPs'] Exposition Phvsical
Species Average Size Range Time Soil Para)llrslectirs Analyses Ref.
(1m) (mg/kd d.w.) (Days)
Temperature: oy, .
Acute test: 2 . o 20+2°C Endpoint (%): Survival
davs Texture: sand 93.3%, silt WHC: 0.34 rate, body length, and
C. elegans 125 pm 1-10.000 mg/kg Ch 4 . 5.0%, and clay 1.7% e brood size [95]
ronic test: . +0.10mL/g . .
pH:6.7 £0.2 oo Chemical analysis:
12 days Photoperiod: ICP-OES
in the dark
Endpoint (%): Net
. g Temperature: response (avoidance
Acige;%t' 95 ;:,?X:ff érfllgedsaanj 59, 20£2°C test) and brood size
E. andrei <600 pm 1-1000 mg/kg . . 270 'y i WHC: 50% Biochemical parameters: [96]
Chronic test: Organic Carbon: 2.5% Ph iod: Protei ROS
08 days PH: NA. otoperiod: rotein content, ,
N.A. GST, CAT, GR, AChE,
CES, GPx, and MXR
Standard soil (OECD
220 guideline): kaolinite Temperature: Biochemical parameters:
clay 20%, quartz sand 20 Ii 20oC . SOD, CAT, POD, GSH,
E. fetida 606.25 tm 10,000-200,000 Chronic test: 70%, and sphoagnum WHC: 25% ar}d MDA . [65]
mg/kg 14-28 days peat 10% Photoperiod: Chemical analysis:
Organic carbon: 5% 12{)2 h : ICP-MS, ATR-FTIR,
Nitrogen: 0.098% ’ and SEM
Edaphic pH: 6.9
fauna T -
LUFA 2.2 soil: loamy ernz%ecr éture. Endpoint (%): Survival,
Chronic test: sand WHC: brood size, and gut
E.crypticus ~ 443.25 pm 48-30,000 mg/kg 21 davs ’ Organic carbon: 1.73% 50 60") microbial alteration [68,97]
Y Nitrogen: 0.19% Photo. erioo " Chemical analysis:
pH: 5.6-4.94 i 6}; n % GC-MSand ICP-MS
LUFA 2.2 soil: Temperature:
. . . loamy sand 20°C Endpoint (%): Survival,
F. candida 382.5 um 20121 1/51’(000 Chzré) rélac t§St' Organic carbon: 1.73% WHC: 50% body length, and [62,68,98]
8/X8 Y Nitrogen: 0.19% Photoperiod: brood size
pH: 5.6-4.94 16:8 h
Biochemical analysis:
LUFA 2.2 soil: Temperature: é ChE and FTS .
. loamy sand 20°C Enetlc ana ysfls.
P.scaber 14145 um 200-15,000 Chronictest: o onic carbon: 173% ~ WHC: 40% . DXpressiono [98,99]
mg/kg 21 days Ni . o L immune-related genes
itrogen: 0.19% Photoperiod: in hemocytes and the
pH: 5.6-4.94 in the dark Y

digestive gland and
hepatopancreas
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Table 3. Cont.

TRWPs’ [TRWPs'] Exposition Phvsical
Species Average Size Range Time Soil Para)n]neters Analyses Ref.
(um) (mg/kd d.w.) (Days)
Albic Luvisol: Temperature:  Endpoint (%): Effects on
. . loamy sand 22-18°C plant growth, change
A. porrum 125 pm 10’03?_/116(0’000 C}gg rc111ac tsest. Organic carbon: 1.87% WHC: 40% soil pH, and alteration [100]
8/%8 ¥ Nitrogen: 0.12% Photoperiod:  in litter decomposition
pH:5.41 12:12h and respiration
Endpoint (%): Growth
rate of the shoots and
Plants leaves and root length
Temperature: Biochemical analyses:
Chronic test: Loamy sand organic 26°C Content of polyphenolic
V. radiata 326.5 um 1-10 g/kg 28 davs ’ matter (SOM): 0.9% WHC: 80% compounds [62]
Y pH: 5.4 Photoperiod: (anthocyanins,
16:8 h chlorophyll, flavonoids,
and nitrogen balance
index), and

photosynthetic activities

5.1. Earthworms

Regarding earthworms, Enchytraeus crypticus, Eisenia andrei, and Eisenia fetida have
recently been used for the effect assessment of TRWPs alone or in mixtures with other
substances, often showing ambiguous results [64,68,96,97].

Studies conducted on E. crypticus exposed to TRWPs have shown both a survival and
reproduction decrease, but it is not yet clear whether this decrease is dose-dependent or not.
In Ding et al.’s study [97], exposure to TRWPs > 240 mg/kg significantly reduced enchy-
traeid survival, while exposure at concentrations > 48 mg/kg reduced their reproductive
rates, showing dose-dependent toxicity; on the contrary, in Selonen et al.’s study [68], the
reproduction rates of enchytraeids decreased only at the lowest (200 mg/kg) and highest
(15,000 mg/kg) concentrations, showing a non-dose-dependent trend. Maybe, the different
results depend on the size of particles, the chemical conditions of the soil, such as the pH,
or the type of tire used. Future studies will help us to better understand these results.

Exposure to TRWPs tests conducted on the Lumbricidae family, such as E. andrei and
E. fetida, did not show any mortality or effects on reproduction or avoidance behavior,
while the activity of some oxidative stress biomarkers, such as ROS, GST, and CAT, showed
variable trends during the exposure time [63,96,97]. The biochemical response of antioxi-
dant enzymes, such as CAT, or secondary detoxification systems, such as GST, represent
important early defense systems that different organisms activate against any disturbing
factor; the increase in reactive oxygen species (ROS), on the contrary, underlines a strong
condition of oxidative stress usually caused by a general breakdown of the biochemical
defense systems [63]. Even if considered early defense systems, molecular biomarkers can
warn about the effects that a contaminant or any stressor can have both at an individual
level and at a population level, such as an effect of an endocrine disruptor, the consequences
of which can affect the entire dynamics of a population species.

Earthworms have also been shown to ingest tire particles, modifying their surface and
favoring the release of Zn in the digestive tract, emphasizing, once again, how the particles
play a crucial role as leachate [97]. It is probable that, due to the morphological simplicity
of the digestive tract, the retention time of these particles is short [101]; however, ingestion
can alter gut microbial diversity, which could the change physiology and resistance to stress
over time [97].

These results suggest that the accumulation pathways and toxic effects of these TRWPs
are not yet fully understood in earthworms, which requires the implementation of standard,
replicable, and more ecologically realistic methods that consider the concentrations of
TRWPs to use, their size, their vehicular origin, and the effects of long-term exposure, also
at the microbial level.
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5.2. Nematodes

In the literature, the only study conducted on the nematode Caenorhabditis elegans has
shown that the toxicity of TRWPs may depend on the exposure time and the aging period
of the contaminated soils, altering survival, growth, and brood [95]. In short-term tests on
C. elegans, it was observed that aged soils (soil incubated with TRWPs for 30 and 75 days)
showed effects on growth and brood size at 1 mg/kg d.w., while the same effects in soils not
incubated with TRWPs occur at 100 mg/kg and 10,000 mg/kg, respectively. Similarly, long-
term exposure tests showed early effects on survival already by the 6th day (10,000 mg/kg)
in aged soils, rather than by the 8th day (10 mg/kg) in unaged soils. The authors suggest
that the increase in toxicity in aged soils depends on an increase in the leachate of chemicals.
Among these substances, the concentrations of metals leached into interstitial waters may
not show a significant variation between treatments, demonstrating that the presence of
HMs may not be the main cause of the high measured toxicity; conversely, PAHs or other
organic chemical compounds may be mainly responsible for the measured toxic effects, but
these studies require further investigation [95]. For the authors, it is not to be excluded that
these values may depend on the low origin concentration of metals in the tire tread, too
high soil pH, or too short an exposure period [95].

5.3. Springtails

Springtails such as Folsomia candida are often used in ecotoxicological tests related to
soil contamination, with them being organisms of high ecological value and easy to grow
in laboratory conditions.

In the literature, exposure to TRWPs in F. candida has shown different effects. In
Selonen et al.’s study [68], nominal exposure concentrations of only tire particles from 0
to 15,000 mg/kg d.w. showed a decreasing trend in survival and reproduction, but not
significantly. In Kim et al.’s study [62], on the other hand, TRWPs appear to reduce the
growth rate in springtails at the concentration of 10,000 mg/kg d.w., probably due to the
engulfment of soil pores, which stimulates springtails to expend more energy in movement
or to expel ingested particles; furthermore, reproduction rates appeared to decrease in
TRWP treatments, albeit not in a statistically significant way. Springtails have also been
shown to ingest them, showing the potential role of the particles’ toxicity.

TRWPs can also modify the bioavailability for edaphic organisms of other contami-
nants; in springtails, it was demonstrated that TRWPs decrease the toxicity of insecticide
chlorpyrifos, reducing its lethality (but not significantly) and its reproduction effects accord-
ing to the sigmoidal concentration-response [98]. These results may be related to a seizure
of chlorpyrifos by the tire particles, probably due to their lipophilicity; future tests could
focus on mixture studies involving organic chemicals or metals in order to understand the
mechanisms of seizure or release by TRWPs under different environmental conditions for a
real risk assessment.

5.4. Woodlice

Woodlice are important edaphic organisms in litter and they are used as test species in
studies of ecotoxicity and ecophysiology [102,103].

For springtails, in Selonen et al.’s study [98], the effect of mixing chlorpyrifos with
low and high concentrations of tire particles reduced mortality and the interference on
acetylcholinesterase (AchE) in Porcellio scaber, demonstrating reduced bioavailability of
chlorpyrifos by TRWPs. AChE, an enzyme involved in neurotransmission in the cholinergic
nervous system, is a target for specific and nonspecific neuro-inhibitors, such as organic
and inorganic compounds; as Zn and BT are present in high concentrations, they are likely
to inhibit AChE activity [98].

Other preliminary studies conducted on P. scaber exposed to TRWPs suggest that these
induce the activation of immune-related genes in hemocytes and the hepatopancreas, mod-
ulating the immune system and the types of hemocytes in the hemolymph; in Dolar et al.’s
study [99] increased ETS activity and impaired differential hemocyte count (DHC) were ob-
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served at the maximum concentration of 300 mg/kg, but hemocyte alteration was restored
after the 7th day of exposure, showing immune recovery in the woodlice.

5.5. Plants

TRWPs have been shown to negatively affect plant growth by inducing an alteration
in photosynthetic activity and polyphenolic composition, modifying soil pH, and changing
litter respiration and decomposition processes [62,100].

The seeds of Allium porrum, once sterilized (0.5% solution of NaClO-bleach for 10 min
and 70% ethanol for 40 s) and germinated in soils contaminated by TRWPs, in a range of
0-160,000 mg/kg according to a progression per step of 10,000 mg/kg, showed a reduction
in leaf and root growth already at concentrations of 10,000 mg/kg, with this stabilizing at
around 60,000 mg/kg [100]. Litter decomposition, consisting of tea leaf sachets (Lipton
Green Tea, Sencha Exclusive Selection), slightly increased at low concentrations of TRWPs,
but reversed its trend at concentrations > 60,000 mg/kg, decreasing slightly, underlying how
the presence of TRWPs profoundly alters biogeochemical cycles and soil decomposition
rates [100]. Furthermore, the soil respiration rate, as well as the pH and leached Zn levels,
continued to increase until the end of the test [100]. The increase in leached Zn seems to be
one of the main disturbing elements for plant growth, but its bioavailability is influenced
by abiotic parameters, such as pH; in fact, heavy metals are easily absorbed at an acidic pH,
while their absorption is already inhibited at more alkaline pHs. It is therefore important to
know the abiotic conditions of soil to understand how TRWP contamination affects soil
processes and plant homeostasis.

Similar effects were observed in the leaf and shoot growth of Vigna radiata exposed to
TRWPs from three different vehicles (car, bike, and e-scooter) under dry soil concentrations
of 1 and 10 g/kg for 28 days [62]. Specifically, TRWPs from different vehicles have been
observed to alter plant homeostasis differently; bikes and e-scooters in fact reduce leaf
and sprout growth, as well as altering polyphenolic biomarkers, reducing anthocyanin
and flavonoid levels, and increasing nitrogen balance [62]. In addition, the photosynthetic
activity of some parameters of photosystem II (PSII) was altered differently according to
the TRWPs: the steady-state PSII efficacy (QYLss), the photochemical hardening coefficient
(qP), and the fraction of open PSII centers (qL) were reduced in V. radiata leaves exposed
to TRWPs from cars and bikes, while they increased in those exposed to TRWPs from e-
scooters [62]. These three parameters are related to the photosynthesis of PSII and generally
decrease when the photosynthetic activity of chlorophyll-a in PSII is inhibited; instead,
polyphenolic compounds, such as anthocyanins and flavonoids, protect plants from reactive
oxygen species by neutralizing cellular ROS levels. The decrease in anthocyanin and
flavonoid levels, as well as the reduction in the photosynthetic activity of PSII, demonstrates
that TRWPs induce oxidative stress in plants and that this stress factor depends on the
type of tire compound, considering that tire particles emitted by different vehicles show
different effects. This underlines how even the composition of the tread can influence the
expected effects on plants.

6. Preliminary Risk Assessment and Future Projections for Urban Soils: The
‘Milan Case’

For estimating a preliminary risk related to TRWPs and co-formulates, a preliminary
risk assessment was applied to a green area as an example in the city of Milan, Italy:
Forlanini Park. This park is a huge Milanese urban green area located close to Forlanini
Avenue, a long speedway that connects the city to the nearest Linate airport; therefore,
being a busy road, TRWPs and associated contaminants could potentially be released into
the adjacent Forlanini Park, which was chosen in this review as a reference area to assess
the preliminary risk associated with TRWPs transport.

Parco Forlanini was also selected as a green area in Milan subject to reforestation by
the ForestaMi Project, promoted by the Municipality of Milan and Co., which involves
the planting of 3 million trees by 2030 in all green areas of Milan in order to purify the
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air, improve living conditions in the wider area, and mitigate the effects of climate change;
consequently, Parco Forlanini can be considered as an outdoor laboratory for monitoring
the impact of contaminants, such as TRWPs, and the effects of climate change.

In order to estimate the environmental risk of TRWPs and co-formulates, the risk
quotient (RQ) was calculated by the ratio of the predicted environmental concentration
(PEC) and the predicted no effect concentration (PNEC):

RQ = PEC/PNEC, 1)

Consequently, all RQ > 1 values were considered as an unacceptable risk factor, while
RQ < 1 values were considered as acceptable risk factors. For evaluating the PEC, an
estimation method based on the ratios between the emission factors (EFs) of tire particles
or associated compounds and urban soil mass was applied:

PEC, = EF,/M,, )

PECy = predicted environmental concentration of the x contaminant
EF, = mg of the emission factor of the x contaminant emitted by registered cars
M = kilograms of urban soil considered.

6.1. TRWP Emission Factors

For quantifying the emissions factors, three principal methods have been developed
in the literature [13,35,100]. The most widely used method for estimating EFyryps and
considered in this review combines the emission factors of tire wear by vehicle type, the
number of vehicles on the road, and the annual kilometers driven [13,35,104]:

EFtrwps = EFy X Ny x d, 3)

EFtrwps = emission factors of TRWPs (mg x vehicles/y);
EF, = vehicle-specific emission factors of TRWPs (mg/km);
Ny = number of vehicles on the road

d = distance in km/y

The tire wear EFs by vehicle category and track type are shown in Table 4 [13,35,104].

Table 4. Tire wear emission factors (mg/km) of some different vehicles, depending on the type of
road (urban, rural, or highway) [13,35,104].

EFTRWPS (mg/km)

Vehicles Urban Rural Highway
Car 1.32 x 102 8.5 x 10! 1.0 x 102
Bus 42 x 102 2.7 x 102 3.3 x 102

Motorcycle 6.0 x 10! 3.9 x 10! 4.7 x 10!
Truck 6.6 x 102 42 x 102 5.2 x 102
Lorry 8.5 x 107 5.5 x 102 6.7 x 10

To estimate the EFs of TRWPs in Forlanini Park, only the emissions from cars were
considered. Considering a Milanese car fleet of 688,223 since 2020, an emission factor of
cars equal to 132 mg/km [13,35,104], and the length of Forlanini Avenue of approximately
3 km, the EFpoR is equal to:

EFroR = (EFcar) X (Ny) x (Ipor) = (1.32 x 10° mg/km) x (688,223) x (3 km) =27.2 x 10" mg, (4)
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EFror = Maximum emission of TRWPs produced by car fleet in 3 km of Forlanini Avenue
EFcar = Estimated emission factor of TRWPs per kilometer (mg/km) from a common car
(Table 4)

Vmr = Milan’s registered cars

lror = Forlanini Avenue’s length (3 km) adjacent to the park (Figure 4a).

(b)

Figure 4. Satellite image of Forlanini Park; the portion of land considered in this review is marked in
purple (a). Image of Forlanini Avenue, where it is possible to notice the proximity without obstacles
between the road and the park (b).

6.2. Mass of Considered Soil

To evaluate the PECtrwps from Equation (2), the soil’s volume to Forlanini Park of
soil susceptible to contamination by TRWPs was estimated, since this is potentially limited
to the first 30 m from the roadside and to the first 10 cm of depth [66,69]; estimating that
Forlanini Avenue (Figure 4) is about 3 km long, the volume of land affected by TRWPs is
equal to:

VsorL = lrpor X Wror X drogr = (3000 m) x (30 m) x (0.1 m)=9.0 x 10°m3,  (5)

Vsor, = Total volume of Forlanini Park soil potentially impacted by TRWPs
lror = Forlanini Avenue’s length adjacent to the park

wroRr = Width of soil impacted by TWRP transport [66,69]

dror = Depth of soil potentially contaminated by TRWPs [66]

Estimating a general soil density of about p = 1.4 x 103 kg/m3, the mass of soil volume
affected by TRWPs is equal to:
Maoil = (p) X (Voit) = (1.4 x 10° kg/m®) x (9.0 x 10° m®) =1.26 x 10" kg d.w.,  (6)

Mgoi1 = kg d.w. of the Forlanini soil mass considered
p = kg/m? of the soil’s density
Vsor, = m® of the total volume of Forlanini Park’s soil from Equation (5)
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6.3. PEC of TRWPs

By relating the number of maximum emissions of TRWPs produced by car fleets within
3 km of Forlanini Avenue to the mass of the soil potentially subject to such contamination
in Forlanini Park, PECrwps was obtained by Equation (2):

PECtrwrs = (EF3m1)/ (Mgoi) = (27.2 x 107 mg)/(1.26 x 107 kg) = 21.62 mg/kg d.w. (7)

In addition, the PECs relating to some of the most common contaminants traced in the
TRWPs (organic chemicals and metals) were calculated through a proportion, using the
average tire particle concentrations known in the literature (Table 5) [23,43,68,97,105-108].

Table 5. PNEC (mg/kg d.w.), PEC (mg/kg d.w.), and RQ related to the car tire particles and some co-
formulates estimated based on the concentrations reported in the literature [23,43,68,97,105-108] and
potentially released in the first 30 m of topsoil of Forlanini Park, Milan. (*) = high risk; (-) = no data.

Substances PNECgoq1, [mg/kg d.w.] PECgojy, [mg/kg d.w.] RQ
Tire Particles 104 21.62 2.16*
Benzothiazole 0.017 2 0.060 3.58 *
Org(arﬂ)ifl_(lf)}:eHrr;i)cals 1-indanone - 0.002 -
1-octanethiol - 0.0008 -
Pyrene 12 0.037 0.037
Fluoranthene 1.52 0.018 0.012
Phenanthrene 1.82 0.009 0.005
Benzo[ghi]perylene 0.172 0.004 0.024
Anthracene 0.132 0.002 0.022
Acenaphthylene 0.292 0.0004 0.001
Benzo(b)fluoranthene 0.282 0.006 0.022
Organic Chemicals Chrysene 0.552 0.012 0.023
(PAHs) Indeno(1.2.3-cd)pyrene 0.132 0.002 0.022
Fluorene 12 0.004 0.004
Naphthalene 12 0.0002 0.0002
Benzo[a]anthracene 0.079 2 0.008 0.105
Benzo(a)pyrene 0.053 2 0.004 0.075
Acenaphthene 0.038 2 0.0001 0.005
Benzo(k)fluoranthene 0.272 0.001 0.007
Dibenzo(a.h)anthracene 0.054 2 0.001 0.034
Zn 83.11 19.62 0.23
Fe - 0.37 -
Al - 0.76 -
Cu 6513 0.42 0.006
Metals Cr 2111 0.06 0.003
Ni 29.91 0.06 0.002
Pb 2121 0.06 0.0003
Hg 0.0221 0.0003 0.018
Cd 091 0.001 0.002

1 ECHA website; 2 EU website; 3 ref. [105]; * From this review.
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The PNEC values related to the compounds have been reported in the literature
(ECHA website; EU website, ref. [105]) and the PNEC for the TRWPs was determined
starting from the most conservative data found in the literature (10,000 mg/kg on growth
in F. candida) [62] and applying an assessment factor (AF) of 1000, as reported by the ECHA
guidelines. It was not possible to determine the PNEC of some co-formulas, due to the
paucity of data in the literature on the toxic effects of these substances in soil.

Finally, the RQs related to the TRWPs and co-formulates were determined by Equation (1).

7. Discussion

The results showed an unacceptably high risk for TRWPs (RQ = 2.16) and BTs
(RQ = 3.58). A low risk emerges for all the priority PAHs, from which it is also possible to
identify whether the soil is heavily or slightly contaminated by summing the estimated
environmental concentrations of them [109]; according to the results obtained in this review,
Y PECpaps is equivalent to 0.115 mg/kg, which would correspond to Forlanini Park’s soil
not being considered as contaminated by PAHs coming from the TRWPs of cars. Regarding
HMs, a high risk did not emerge, but it should be remembered that these results can be
influenced and modified by important chemical parameters, such as pH; it was not possible
to define an RQ for important HMs such as Fe and Al due to the absence of soil PNEC
data, which will require further investigation in the future. Despite these results, on the
one hand, the tire particles seem to induce a risk related to the particles and the effects
of the mixture, whereas on the other hand, they could reduce the bioavailability of some
co-formulates [98]. Further investigations will help us to understand these aspects and fill
some gaps in the literature.

It should be noted that the RQs evaluated for Forlanini Park, as well as any value
reported in this review, are modeling results and do not take into account the real en-
vironmental contamination in that park by these TRWPs. The entire vehicle fleet of the
city of Milan was also considered, as there are no data relating to the actual vehicular
circulation in Forlanini Avenue, and, consequently, the value of TRWPs emitted could
be overestimated; furthermore, only tire particles emitted by cars were evaluated in this
review, thus underestimating the real PEC of TRWPs in Forlanini Park. In addition, the EFs
and mileage depend on local factors, such as the climate conditions, type of road, driving
speed, the type of vehicle, and the weight of them [110]; regarding the last one, it has
been demonstrated that heavy cars increase the friction with the asphalt and, as a result,
purportedly greener and heavy electric and hybrid cars release TRWPs in the same way as
other petrol-powered heavy cars. This aspect should not be underestimated for functional
ecological transition, and a thorough investigation is suggested for the future.

However, this review could offer an initial and potential corpus of data for a risk
assessment of TRWPs in urban soils. Actually, there is not a proper risk characterization
for TRWPs contamination in soils yet. On the one hand, this lack depends on historical
factors, because the attention paid to tire particle contamination is relatively recent and
has mainly affected aquatic environments rather than the soil; on the other hand, this lack
depends on technical and replicable factors, such as the sampling areas or type of toxicity
tests, which have shown fluctuating results depending on exposure times, particle size, or
model organisms.

Moreover, the data in the literature may underestimate the true contamination of
TRWPs depending on the type of environmental marker used; in fact, although products
of thermal degradation of SBR appear to be the most specific markers, most of the semi-
quantitative information in the literature on the accumulation in roadside soils is derived
from Zn content measurements [35], which is a generic marker and could return underesti-
mated vertical transport values [16,34,66,84]. The choice of environmental markers is of
great importance, as it could affect the actual distribution of TRWPs in the environment,
and, consequently, future studies of these estimates should be investigated using more
reliable markers.
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8. Sustainability and Risk Mitigation Measures

Risk mitigation measures (RMMs) can be proposed to reduce the impact of TRWPs and
associated chemicals. As suggested by Kumar et al. [111], potential risk mitigation measures
(RMMs) to reduce TRWP pollution could be contamination source reduction, environmental
fate capture, and end-of-sewage treatment; most of these aspects, however, have so far been
dealt with only for aquatic environments, both sewage and freshwater [35,112,113]. Hence,
an accurate future study is necessary for characterization of the risk to the soil ecosystem.

An initial intervention could be to act at the source level, promoting technologies to
reduce and minimize the friction between tires and roads or promoting less use of heavy
vehicles, which would help to increase the contact between the tread and the asphalt and,
consequently, the release of TRWPs. Further attention could be placed on the distance of
highways or roads from the soil ecosystem, increasing the width of sidewalks or, in general,
reducing the contact between the soil and the road as much as possible; it is also possible
to think of fairly high structures capable of blocking and retaining these rubber particles,
preventing them from dispersing into the surrounding soil. However, such research has
not been taken into consideration yet.

One RMM could also be formulating new sustainable tires; in fact, tires alone con-
tribute to 20-30% of pollution from the automotive industry [114] and many of the petro-
chemical components, such as synthetic rubber polymers, carbon black, and adjuvants,
are not renewable [115]. Several alternative solutions regarding tire compounds have
already been proposed, such as latex from guayule (Parthenium argentatum), as alternative
and sustainable sources of polyisoprene [116] and recycled plastic bottles, as sources of
reinforcing fabrics such as polyethylene terephthalate (PET) [117]. Fillers such as carbon
black and silica can be obtained more sustainably through the recycling of used tires in the
first case or from rice husk silica in the second case [118]. Vegetable oils, such as soybean,
flax, and guayule, could replace adjuvant petrogenic oils, such as naphthenic and paraffinic
oils, giving tires greater performance and making them more sustainable, with them being
biodegradable and safer oils [115,119].

9. Conclusions

This review has analyzed different aspects of TRWPs, focusing on their chemical
composition, their environmental fate, their detection techniques, their toxicity, and the
associated risk, taking as an example the case study of Forlanini Park. It was found that TR-
WPs and BTs could constitute a high risk, which will require further confirmation through
field studies. These data reinforce those reported in the literature about the potential hazard
of TRWPs and associated chemicals, placing more attention on soil ecosystems and particle
contamination, as well as leachate.

In conclusion, we can define these points as future goals of the research and under-
standing of TRWPs contamination in soil:

(a) Greater and deeper attention to soil contamination by TRWPs;

(b) Standardization in the detection of these contaminants, with greater awareness of the
choice of environmental markers;

(c) Standardization in toxicity tests, using efficient model organisms sensitive to TRWPs;

(d) Analyze the effects determined not only by the leachate but also by the particles to
understand the environmental toxicity of TRWPs;

(e) Carry out interventions at the urban level to reduce both the contact between the tire
tread and the asphalt and between the road and the surrounding soil;

(f) Promoting new sustainable tires as an efficient strategy to reduce TRWPs.
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ABSTRACT

Among rapid ecotoxicological bioassays for screening soil quality, avoidance behavior tests on gregarious
edaphic species such as Porcellionides pruinosus are widely used. However, the effect of soil contamination on
adaptive aggregation ability has not been investigated. The aim of this study was to develop a new ecotoxico-
logical endpoint related to the disaggregation effect under infochemical disruption at the population level during
an avoidance behavior test. This new endpoint was evaluated using tire particles (TPs) and benzothiazole (BT) as
preliminary physical and chemical substances. The disaggregation index (DI) and disaggregation groups (DG) are
presented as measures of fragmentation of the population to quantify the effect of contaminants on aggregation
behavior. Aggregation disruption in a group of ten individuals was assessed alongside the sub-lethal avoidance
test after a 48 h exposure. The degree of disaggregation is measured by the number of subgroups formed. The DI
and DG indices range from O to 1, representing the highest degree of aggregation and disaggregation, respec-
tively, achieved at the end of the test.

Our results show that all woodlice exposed to TPs >1,250 mg/kg d.w. and BT >500 mg/kg d.w. successfully
avoided contaminated soil, but failed to show gregarious behavior, indicating fragmentation within the popu-
lation, even if in uncontaminated soil. The disaggregation effects in woodlice occurred at higher concentrations
(TPs >7,500 mg/kg d.w.; BT = 1,000 mg/kg d.w.) than the avoidance ones, suggesting a possible effect on the
adaptive capabilities of the population even if they move to the control soil. These results suggest a combination
of avoidance behavior and disaggregation in individuals of P. pruinosus. Consideration of both aspects may
provide more accurate and robust results for environmental risk assessment.

1. Introduction

Among the relevant, rapid, and cost-effective ecotoxicological bio-
assays, the avoidance behavior test is considered a sensitive screening

In recent years, there has been a notable increase in the interest
surrounding the investigation of the impact of contaminants and
stressors on the dynamics of soil populations (van Straalen and van
Gestel, 2008; Lima et al., 2015; Morgado et al., 2015; Ferreira et al.,
2016; Bandeira et al., 2020; Sengupta et al., 2023), in line with the
ecotoxicological paradigm that has been developed into stress ecology
(van Straalen, 2003; van Gestel, 2012). Therefore, understanding the
ethological traits associated with the migration or communication of
edaphic populations and the effects of contaminants and multiple
stressors on their ecological niche contributes to enhancing ecological
realism in the ecotoxicological risk assessment framework.

* Corresponding author.
E-mail address: gianna.monti@unimib.it (G.S. Monti).

https://doi.org/10.1016/j.ecolind.2024.112602

tool with improved ecological realism for evaluating the ”limited habitat
function” of the soil ecosystem (ISO, 2008), using soil organisms’ ability
to choose or avoid harmful substances within the soil (Loureiro et al.,
2005; Gainer et al., 2022). This test provides both prognostic and
diagnostic information, allowing to assess the suitability of chemicals
and materials introduced into the environment, such as compost and
biochar, and identify the effects of contaminants and environmental
stressors on population distributions in anthropized soils. However,
although easy to perform and highly versatile, the avoidance behavior of
soil invertebrates varies between species and contaminants, with
numerous non-avoidance episodes occurring for different ecological
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factors (Gainer et al., 2022). Nowadays, behavioral avoidance tests have
been carried out using different soil organisms such as earthworms,
potworms, springtails and woodlice, underlining the versatility of the
tests (Loureiro et al., 2009; Santos et al., 2010; Lackmann et al., 2023;
Renaud et al., 2022; Malheiro et al., 2023; Puddephatt et al., 2022).

Particularly, the terrestrial isopod Porcellionides pruinosus is consid-
ered a relevant model organism (Loureiro et al., 2005; van Gestel et al.,
2018), due to the possibility of studying different exposure pathways
(soil, interstitial water, air, and food) and determining different end-
points (Warburg, 1993). Being epiedaphic detritivores, they are also
considered keystone species in maintaining soil ecosystem processes,
such as biogeochemical cycles, and ecosystem services, such as regu-
lating services (Meészarosné Poss et al., 2022). Notwithstanding, there is
currently no established toxicity assessment protocol for this biological
model, due to the longer and more complex life cycle than other edaphic
organisms, such as springtails or earthworms, which makes complicated
to obtain age-synchronized individuals, which would be useful to obtain
more homogeneous results (van Gestel et al., 2018).

Likewise, terrestrial isopods such as P. pruinosus possess some unique
and evident eco-ethological traits, the analyzes of which would allow
this species to be considered as a potential model organism for assessing
the impact of stressors on edaphic communities. Among these traits, the
ability of these organisms to aggregate and increase the population
density is considered an interesting trait of high ecological value
(Takeda, 1980). Aggregation offers individuals a series of benefits, such
as protection against predators, availability of food or accessibility to
reproduction. Most aggregation behaviors are driven by pheromones
(semiochemicals), which perform important functions in animal info-
chemical communication by inducing behavioral alterations between
individuals of the same species and beyond, especially in cryptic eco-
systems such as soil, where chemical signals are more useful than other
senses (Lee and Frost, 2022; Cardé and Millar, 2009). From an evolu-
tionary point of view, aggregation behavior is a strategy that woodlice
have selected to adapt to terrestrial life and to reduce water loss under
conditions of environmental stress, particularly during molting periods
where an increase in hemolymphatic hydrostatic pressure is required
(Allee, 1926; Elisabeth, 2011). The evolution of a biphasic ecdysis, as
well as nocturnal adaptation, are other important physiological and
behavioral characteristics evolved by woodlice to counteract dehydra-
tion (Devigne et al., 2011; Broly et al., 2016; Nako et al., 2018).

Although aggregation plays an important ecological role, the impact
of soil contaminants on such behavior in woodlice and how such alter-
ation impacts population dynamics is an unexplored area of research. In
literature, there are some different considerations about the aggregation
impact on avoidance assessment. Zidar and Fiser (2022) reported that
the aggregation behavior could suppress the avoidance leading to an
underestimation of soil contaminants, while Loureiro et al. (2005) have
observed that the number of organisms does not produce differences in
the avoidance responses. Within this framework, we support the use-
fulness of aggregation behavior as a tool for a more ecological soil
stressor effect. The aim of this study is to propose the assessment of the
disaggregation effect in individuals of P. pruinosus exposed to soil con-
taminants as a new ecotoxicological endpoint to be evaluated jointly
with the avoidance behavior. We propose a methodology to evaluate the
alteration of gregariousness, introducing two new disaggregation in-
dexes, namely the disaggregation index (DI) and the disaggregation in
groups index (DG). This protocol was therefore tested using two types of
soil contaminants: tire particles (TPs) and benzothiazole (BT). Frag-
mentation of the population on individuals of P. pruinosus is then pro-
posed as a new parameter at the population level for understanding the
effects of hazardous physicals or chemicals on the infochemical activity
of individuals.
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2. Materials and Methods
2.1. Test organism and culture procedure

Organisms of the species Porcellionides pruinosus Brandt (1833) were
kindly provided by the Laboratory of Applied Ecology and Ecotoxicol-
ogy, CESAM, at the University of Aveiro (Portugal), and kept in the fa-
cility at the University of Milano-Bicocca, Milan (Italy). Isopod cultures
were maintained in moist soil (water holding capacity - WHC 40 %), at
21 °C temperature, photoperiod of 16:8 h (light-dark) and were fed ad
libitum with gruel made from alder leaves (Alnus glutinosa), potato peels
and rabbit vegetable chow (Lokke and van Gestel, 1998; van Gestel
etal., 2018; Loureiro et al., 2006). The cultures were sprayed with ultra-
pure water twice a week and food was provided. Only adults with a wet
weight of 14-30 mg were used during the experiment, regardless of sex.
The distinction between adults and juveniles was made on phenotypic
traits, in particular by the individual size and color of the cuticle (Ismail,
2021). Molting animals, abnormal individuals, pregnant females and
individuals lacking antennae were excluded. The last one is considered
essential as the aggregation pheromone receptors are placed in the
antennae.

2.2. Soil and test substances

The standard LUFA 2.2 sandy loam soil (Speyer, Germany) was used
in all the experiments. The properties of this soil include a pH = 5.5 +
0.2 (0.01 M CaCl2), WHC =41.8 +3.0(g/100g),C =1.77 + 0.2 (%),
N =0.17 + 0.02, texture = 7.3 + 1.2 (%) clay; 13.8 & 2.7 (%) silt and
78.9 + 3.5 (%) sand.

To develop the method for assessing disaggregation and avoidance
behaviors, two different types of contaminants were chosen: a composite
material made of tire particles (TPs), and a pure substance, benzothia-
zole (BT), which is a co-formulate of TPs used as accelerators of vulca-
nization (Federico et al., 2023). Benzothiazole was purchased from
Merck Millipore (C7H5NS 96% purity, CAS: 95-16-9). A stock solution
of 50 mg/mL was prepared in methanol (Merck Millipore) to allow
chemical solubilisation and was stored at 4 °C until use. Serial dilution in
Milli-Q Water was performed to obtain the final eight test concentrations
(0, 30, 60, 125, 250, 500, 750, and 1,000 mg/kg dry weight - d.w.). In
the final test solutions, the maximum percentage of co-solvent used was
0.02 % in volume (v/v %). This percentage was below the level sug-
gested by the OECD guideline based on aquatic testing (OECD, 2019),
used in this work as threshold value for test dilutions.

Tire particles (TPs), black in color and size less than 180 ym diam-
eter, were provided by the Department of Earth and Environmental
Sciences, University of Milano-Bicocca (Italy), and details were provided
elsewhere (Gualtieri et al., 2008). Eight nominal concentrations of TPs
(0, 300, 600, 1,250, 2,500, 5,000, 7,500, and 10,000 mg/kg d.w.) were
tested. These nominal concentrations correspond to concentrations
detected or predicted in the environment (Federico et al., 2023).

2.3. Range finding tests

Before the final avoidance and disaggregation behavior test, range-
finding avoidance tests with only one individual of P. pruinosus were
performed to assist in the selection of appropriate concentrations to be
used, as suggested by OECD guidelines (i.e. OECD, 2019), while
assessing the effect of compounds and/or materials of unknown toxicity.
These tests were performed to avoid interference induced by the ag-
gregation pheromone during the experiment and to provide a new
method for the standardization of the model organism. The tests were
monitored at two different times, T1 = 24 h and T2 = 48 h, in order to
assess whether this behavior could also occur at 24 h within the standard
48 h of the avoidance test.

A removable plastic divider was placed in plastic Petri dishes 100 x
10 mm along the longest diagonal of the dish and 10 g d.w. LUFA 2.2 soil
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was placed on each side. Uncontaminated soil was added to one side of
the dish and treated soil to the other. Three nominal concentrations for
each substance (TPs =100, 1,000 and 10,000 mg/kg d.w.; BT =10, 100
and 1,000 mg/kg d.w.) were chosen. Dual controls with LUFA 2.2 soil on
both sides of the Petri dishes were also carried out.

TPs were added directly to dry soil and mixed gently, while BT from a
stock solution of 50 mg/mL were diluted in distilled water and spiked on
the treated soil. The experiments on the two substances were performed
separately. Both control and treated soils for each substance were
moistened to achieve a WHC = 40%. Five replicates were carried out for
each concentration. The tests were carried out in thermostatic chambers
at 21 + 1 °C, 16:8 h (light:dark) photoperiod. After 24 h and 48 h, the
number of individuals present on the two sides of the Petri dishes was
counted.

2.4. Behavioral tests

The avoidance and disaggregation behaviors tests were performed to
evaluate the ability of edaphic organisms to avoid contaminated soil
towards clean soil (ISO/CD, 2003) and to determine a potential info-
chemical disruption on aggregation behavior during the avoidance
behavior.

Nine replicates were performed for each treatment with ten in-
dividuals of P. pruinosus per replicate, which were gently introduced by
spoon in the midline of each test box.

Plastic boxes (170 x 120 mm) were divided into two compartments
using a removable plastic split and filled with 50 g d.w. of LUFA 2.2 soil
per each side. A part of the soil was treated with the test substances,
while the other part was left uncontaminated. Dual controls were per-
formed with LUFA 2.2 soil on both sides of the box to infer the homo-
geneous distribution of the organisms in the box. In the TPs experiments,
TPs were added directly into the soil and mixed uniformly with the
highest concentration tested being 10,000 mg/kg d.w. In BT experi-
ments, the BT highest concentration used was 1,000 mg/kg d.w. Both
test soils and control soils were spiked to reach a WHC of 40%.

Nine replicates were performed for each treatment with ten in-
dividuals of P. pruinosus per replicate. The tests were carried out in
thermostatic chambers at 21 + 1 °C, 16:8 h (light:dark) photoperiod.
After 48 h, plastic boxes were gently removed from the thermostatic
chambers and left to rest for 30 min. All these precautions were imple-
mented to avoid any external disturbances that could induce individuals
to move and dissociate from any clusters formed during the experiment.
High resolution color pictures were therefore taken and processed by the
Image J software.

2.5. Statistical methods for data analysis

Avoidance behavior A% was calculated by the equation:

Ag = e

x 100, (@]
where n¢ is the number of individuals on the control soil, nr is the
number of individuals on the test soil, and n is the total number of in-
dividuals retrieved at the end of the experiment (n = n¢ + nr) for each
level of concentration per replicate. A positive net response indicates
avoidance whilst a negative net response indicates attraction to the
contaminated soil (Gainer et al., 2022).

Non-avoidance occurs when the distribution of organisms is
approximately equal (50% plus or minus 10) between treated and con-
trol soils (Gainer et al., 2022). When the total number of individuals in
treated soils is less than 20%, it means that more than 80% of individuals
avoided it, according to the "limited habit function” (ISO/CD, 2003; ISO,
2008).

The avoidance response was ascertained in two ways. At first, we
tested the proportion of organisms on the uncontaminated soil at the end
of the experiment p¢ (proportion of organisms in control soil) against a
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fixed value of 0.5 for each concentration by means of a robust test and
using an M-estimator of central tendency (Mair and Wilcox, 2020). We
provided also a bootstrap based 95% confidence interval for pc condi-
tioning to a fixed concentration level. Second, we used avoidance data,
aggregating the replicate results for each concentration level, to esti-
mate a concentration-response curve with the aim to derive effective
concentration EC50, namely the estimated concentrations required to
obtain a 50% of an avoidance response in the organisms. We obtained
95% confidence intervals for EC50 via the delta method.

Several dose-response curves were estimated (Finney, 1979). In
particular we considered three common nonlinear regression functions
namely: log-logistic (L), log-normal or probit (P) and Weibull (W)
models, and a simple linear regression to the log-transformed toxicity
data values and logit transformed endpoint values (backwards log-lo-
gistic (BL)) and a simple linear regression applied to the log-transformed
toxicity data values and probit transformed endpoint values (backwards
probit (BP)). Table 1 reports the list of model functions used to fit the
concentration-response data (Seber and Wild, 1998). The coefficient b
denotes the slope of the concentration-response curve, and ®() is the
cumulative distribution function of a standard normal distribution.
Nicely, for log-logistic model e parameter corresponds to the effective
concentration EC50 (i.e. concentration triggering the 50% of response).
Maximum likelihood estimation is used for fitting concen-
tration-response models. A robust version of BL (BLR) and BP (BPR),
using MM-type estimators for linear (regression) models are also
considered.

Note that we considered only models with two parameters to not
incur in overfitting, i.e., when the statistical models are too complex in
view of the limited available data.

Akaike Information Criterion (AIC) and Bayesian Information Cri-
terion (BIC) were used for model selection: models with the lowest AIC
and BIC values were considered the “best”.

To measure the aggregation behavior of individuals of P. pruinosus,
we considered the number of groups or clusters formed at the end of the
experiment. In our analysis we define a “cluster” as a group of in-
dividuals whose bodies touch at least at one point. If an individual is
completely detached from the others, it is referred to as a singlet group.
Closed individuals, but without interaction, weren’t considered as part
of the same clusters. Specifically, at the end of the experiments, the
boxes were gently opened and released for 15 min before counting off
the clusters, in order to avoid any movement and consequently cluster’s
disruption. Several color pictures were taken and analyzed by ImageJ
software. The number of clusters was evaluated both in control and
treated soils.

As a measure of the disaggregation behavior effect, we propose two
disaggregation indexes, the disaggregation index (DI) and the disag-
gregation in groups index (DG) as follows:

_s+2d
" n

DI and

DG =¢, @)
n

where s is the number of singlet groups at the end of the experiment,
d the number of doublets at the end of the experiment, g is the number of
identified groups, and n is the number of individuals at the end of the

Table 1

Concentration-response regression models. List of regression models for the
response (y = f(x)) as a function of the concentration (x) of a given
contaminant.

Regression Model Model equation

log-logistic (L) _ 1

T =1 exp(bllog) — log(@)}

f(x) = @(b(log(x) ~log(e)))

f(x) = exp{ —exp{b(log(x) —log(e))}}
f(x)

81

®(f(x)) = a + blog(x)

probit (P)
Weibull (W)
backward log-logistic (BL)

= a + blog(x)
backward probit (BP)

50



L. Federico et al.

experiment per replicate.

Both indexes can assume a value in the range (0,1), where 1 indicates
a maximum degree of disaggregation, while 0 indicates aggregation in
only one cluster.

The indexes could be calculated considering only the organisms in
the uncontaminated soil at the end of the experiment but also referring
to all animals alive at the end of the experiment considering the entire
box.

The rationale for the DI proposal is based on the assumption that
groups formed by a single individual or at most two individuals are
indicators of population fragmentation, and this trend could seriously
affect the probability of regional or spot density reduction of isopod
population. From an ecological point of view, singlet groups represent
the maximum degree of fragmentation of the population, while doublet
groups represent the minimum condition in which there could be a 50%
chance that the two individuals are sexually compatible and that they
can consequently increase the fitness of the population. The DI index
measures the disaggregation behavior as a weighted mean of the number
of singlets and doublets where the weights are equal to the group size,
and it ignores higher aggregation orders.

DG index is equal to the ratio between the total number of identified
clusters and the total number of alive organisms at the end of the
experiment. In the case in which all the organisms are disaggregated, i.
e., each forms a cluster, the DG index will be equal to 1, while if all the
organisms are aggregated, i.e., there is only one big cluster, the index
assumes its minimum value 1/n, which in case of a large sample size,
tends to zero.

The two proposed indexes both measure the level of disaggregation,
but from two different perspectives: while the first one is closely linked
to groups formed by a single individual or at most two individuals, the
second index is a more general measure of the degree of granularity of
the final aggregation. Moreover, due to the complexity of the phenom-
enon under analysis, we believe that an approach based on multiple
indicators is preferable to using a single indicator, as this can reduce
measurement error and lead to more precise results.

As a further step, we considered the disaggregation index data
calculated for each concentration level to estimate a linear regression
model with the aim to derive the median effective concentration EC50,
as, by convention, a value of 0.5 has been assigned as the threshold
above which organisms show disaggregation behavior. This assigned
value has an ecological meaning because if, for example, the disaggre-
gation index DI value is equal to 0.6, it means that, out of 10 total in-
dividuals collected at the end of the test, six groups composed of one or,
e.g. three groups formed by two individuals were counted (or four sin-
glets and a doublet), while only four individuals, which means less than
half, maintained a gregarious behavior.

The data were considered statistically significant for values of p <
0.05. All statistical analyses were performed using R 4.3.0 (R Core Team,
2023).

3. Results
3.1. Range finding test at one individual

Results about the avoidance behavior tests on single individuals of
P. pruinosus are reported in supplementary material (Table S1).

Single individuals of P. pruinosus showed a net avoidance response at
concentrations of TPs = 10,000 mg/kg d.w. and BT = 1,000 mg/kg d.w.,
which were therefore considered the maximum concentrations to test.

However, in the final tests on ten individuals, it was decided to test
lower sub-lethal concentrations which did not determine avoidance re-
sponses, in order to obtain a greater number of points for the repre-
sentation of the concentration-response curves of the individual
contaminants during the data analysis.
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3.2. Avoidance behavior tests

All avoidance behavior tests performed presented less than 20% of
mortality and a stochastic distribution in the controls, which are
essential conditions for the validity of tests (Loureiro et al., 2005).

Isopods showed a significant avoidance already at TP concentration
of 1,250 mg/kg d.w. and at BT concentration of 500 mg/kg d.w.,
meaning that less than 20% of individuals were in the treated soil
(Fig. 1).

The robust proportional test (p¢) against a fixed value of 0.5 and 95%
confidence intervals confirmed the depopulation of the test soils,
showing a greater number of individuals in the control soils from a
concentration level of at least of 1,250 and 500 mg/kg d.w. for TPs and
BT, respectively (Fig. 2).

According to the AIC and BIC selection criteria, the Weibull model
(AIC: —6.48; BIC: —6.242) resulted in the best fit one (Fig. 3 -left) for
TPs, thus the estimated EC50 concentration level along the related 95%
confidence interval (CI) was 1,039 mg/kg d.w. (CL: 527.5-1,550 mg/kg
d.w.). For BT we selected the log-logistic model (AIC: —18.6; BIC:
—18.36)(Fig. 3 - right), thus the estimated EC50 was 153 mg/kg d.w.
(CI: 105.9-200.1 mg/kg d.w.). All the estimated parameters are sum-
marized in Table 2.

3.3. Disaggregation effect tests

In order to standardize the method, a mortality condition of less than
20% and a gregarious condition of not less than 80% were imposed in
the controls. In fact, in all control tests, individuals always showed a
disaggregation never greater than 20%, emphasizing that 80% of the
individuals were always aggregated in a single cluster, thus validating
our test. DI and DG indexes confirm the validation of the control tests
(Table S2).

The cluster distribution (Fig. 4) indicates that while there was a
disaggregation effect in the exposure to TPs and BT, the majority of these
fragmented clusters were present in the control soil. This suggests that,
although terrestrial isopods avoided contaminated soil, they did not
maintain gregarious behavior, which could affect the survival and
fitness of the population even in uncontaminated soil. In Fig. 4, for each
replicate and for each concentration level the number of identified
clusters in uncontaminated soil is shown, with the size-color point being
proportional to the cluster size (lighter colors identify larger groups). It
is evident that as the concentration increases, the level of disaggregation
increases in the control soil, and the sample size of each cluster is also
becoming increasingly smaller, e.g., at the highest concentration, in fact,
we find many groups made up of a few individuals.

The values of DI and DG indexes (see Egs. (2)) were used separately
as endpoints to derive EC50 estimates along with a 95% confidence
interval fitting a linear regression model (Fig. 5).

The two estimated linear models, considering the DI and DG indexes
as dependent variables, are both statistically significant and show
approximately the same goodness of fit. The estimated EC50 concen-
tration level and related 95% confidence interval for each substance and
index are reported in Table 3.

The EC50 estimates derived from the DI and DG indexes used as
dependent variables in a regression linear model differ slightly from
each other, in particular the use of DG leads to more conservative values
for both TPs and BT. However, the resulting confidence intervals at 95%
levels for EC50 partially overlap, although the inference from DG is al-
ways more precise, resulting in a narrower confidence interval for EC50
at the same confidence level for both TPs and BT.

The composite use of both indexes could help in catching the com-
plex aggregation phenomenon and the partially statistical overlap be-
tween these indicators suggests that future research might consider
using these indicators to measure gregarious behavior of individuals of
P. pruinosus.
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Fig. 1. Avoidance behavior (A%) of Porcellionides pruinosus (left) and proportion of individuals in test-soils (right) when exposed to tire particles and benzothiazole
(mg/kg d.w.) in LUFA 2.2 soil for 48 h. Avoidance behavior responses are expressed as mean values + standard error, while the distribution of values relating to each
replicate is shown. The dotted line in the right panel refers to the 0.2 corresponding to the “limit habitat function” of test soil.
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Fig. 2. Robust one-sample test results for the proportion of organisms on uncontaminated soil against a fixed value of 0.5 for each concentration, along with the

approximated 95% confidence intervals based on 10,000 bootstrap replicates.
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Fig. 3. Dose-response curves for the avoidance behavior of Porcellionides pruinosus to the exposure to tire particles (left, Weibull) and benzothiazole (right,
log-logistic). Points represent mean observed net response data and line is the fitted regression model (shaded region = 95% confidence bounds).

3.4. Consolidated results

The combined avoidance and disaggregation test yielded the
following noteworthy findings:

e The avoidance and disaggregation responses exhibited by
P. pruinosus individuals occurred at different concentrations. The
concentration at which disaggregation can be detected is higher than
that at which avoidance occurs.

e The disaggregation effects were observed exclusively among popu-
lation that avoided the treated soil as the remaining individuals in

the treated soil exhibited a percentage of <20%, which is a requisite
condition for confirming avoidance.

e The population in the uncontaminated soil demonstrated an increase
in the degree of disaggregation, emphasizing that despite the success
of avoidance, the individuals exhibited a reduction in their gregar-
ious behavior.
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Table 2

Concentration-response models and parameter estimates from the avoidance
behavior tests with Porcellionides pruinosus exposed to tire particles and benzo-
thiazole for 48 h in Lufa 2.2 soil (Signif. codes: 0 ***** 0.001 **** 0.01 *** 0.05 .’
0.1’ 1).

Contaminants Model Parameter Estimate SE p-value
Tire Particles Weibull b -1.130 0.387 0.027 *
e 751.289 157.288  0.003 **

EC50 1,039 mg/

kg d.w.
Benzothiazole  log-logistic b -0.974 0.124 0.0002
e 153 19.2 0.0002
dedkedk
EC50 153 mg/kg
d.w.

4. Discussion

4.1. Effect of the number of individuals and contaminants on the
avoidance behavior response

The avoidance assay using individuals of P. pruinosus is a useful and
sensitive screening method for appraising contaminated soil. In our
work, TPs and BT induced avoidance behavior on the terrestrial isopods
following a dose-response function. Referred to TPS, the EC50 estimate
is in the same order of the environmental concentrations, which range
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from 600 to 117,000 mg/kg d.w. (Wik and Dave, 2009; Federico et al.,
2023), suggesting a “limited habitat function” (ISO, 2008) and a po-
tential risk of depopulation effect in soils exposed to TPs. There are few
studies on avoidance effects of TPs at relevant ecological levels and the
results are not always consistent as the effects depend on their physical
dimensions, chemical composition and the aging state of the tire
(Federico et al., 2023). Nevertheless, Lackmann et al. (2023) reported no
avoidance up to a concentration of TPs (< 600 ym) of 1,000 mg/kg d.w.
on individuals of Eisenia foetida. Therefore, our findings demonstrate the
higher sensitivity of individuals of P. pruinosus to sublethal concentra-
tions of contaminants in avoidance tests, highlighting the significance
and importance of standardizing this biological model. The EC50
calculated in this study for BT is higher than the concentrations of BT
found in soil, ranging from 0.23 to 99.3 mg/kg d.w. (Zhang et al., 2018;
Li et al., 2023). To our knowledge, no avoidance tests involving BT and
any organisms have been conducted previously, allowing for fair

Table 3
The estimated EC50 concentration level and related 95% confidence interval for
each substance estimated from the fitted linear model for the two different in-
dexes as a function of the contaminant concentration. Data are expressed in mg/
kg d.w..

Contaminants Index Estimated EC50 95% CI
Tire Particles DI 8,566 [4,318 - 12,814]
DG 7,454 [3,754 - 11,154]
Benzothiazole DI 922 [241 - 1,604]
DG 712 [269 - 1,154]
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Fig. 4. Identified clusters for each concentration level of tire particles (left) and benzothiazole (right) in control soil. Each point represents the number of clusters
identified for each replicate (n = 9), and the size-color point is proportional to the cluster size (lighter color identifies larger groups). Black points correspond to the
mean size of the clusters identified for each concentration level + standard error. In the legend max.n refers to the size of the largest group identified in that

replication.
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Fig. 5. Linear regression fit (solid line) with the 95% confidence region (shaded region) for DI response (left) and for DG response (right) of Porcellionides pruinosus as
a function of tire particles and benzothiazole exposure. Points represent mean observed DI and DG data respectively. Both indexes refer to all alive organisms at the

end of experiments.
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comparisons to be made. In both cases, our study verified the sensitivity
of the bioassay, even when carried out with either ten (n = 10) or one
(n =1) individuals per replicate in tests, as the thresholds for the lack of
avoidance behavior remained constant for both sample sizes (Table S1).

This outcome is unexpected because it is commonly understood that
interaction with others of the same species can hinder or weaken the
capacity to effectively avoid polluted soil. In the study of Zidar and Fiser
(2022), avoidance tests performed with paired individuals of Porcellio
scaber reduced the capability of the groups to avoid soil contaminated by
a pyrethrin-based insecticide compared to single individuals, which
resulted in an underestimation of the contaminant’s impact on the
avoidance response of the individuals due to their gregarious behavior,
thereby increasing the proportion of individuals in treated soil. In our
study, on the contrary, the impact of individual interaction doesn’t
affect the ability of individuals to avoid contaminated soil, and the net
response (A%) in the final ten individual tests was not underestimated
by gregariousness, which is also supported by the first study where
isopods were used in avoidance behavior tests (Loureiro et al., 2005).

The causes of these outcomes may be influenced by different factors,
including the model organism, the size of the sample group, the toxi-
cological characteristics of the substances under investigation, or their
physical and chemical properties.

Ecotoxicological testing frequently seeks to draw conclusions about
larger ecosystems or populations, therefore a higher number of tested
individuals can enhance the ecological extrapolation of test results.
Therefore, a small number of individuals during ecotoxicological bio-
assays may not sufficiently represent ecological realism of dynamic
populations. To improve the uniformity of results and standardize
toxicity assessments on P. pruinosus, we suggest maintaining ten in-
dividuals per box for avoidance and disaggregation behavior biotests.

Additionally, using individual tests to preliminarily determine the
range finding of substances (chemical or physical) can allow for the
avoidance response in the absence of influences determined by the ag-
gregation pheromone. Observing these species and noting any variations
in preferences between individuals and groups can provide valuable
insights. Another factor that helps explain the observed discrepancy can
be the mode of action of the administered substances. Usually, avoid-
ance behavior tests are performed for detecting chemical presence
before the induction of toxicity, so it is expected that organisms avoid
the treated soil before getting effects. At the same time, it is not possible
to underestimate the effects induced by chemicals within 48 h on the
ability of exposed organisms to avoid, as demonstrated, for example, by
the effect of pharmaceutical such as carbamazepine or fluoxetine which
can still induce an effect within the end of the test and, as a result, reduce
the ability of organisms to abandon the treated soil as they are unable to
do so (Oliveira et al., 2015).

In our work, BT shows a narcotic effect on the ability of individuals of
P. pruinosus to avoid. As known in literature, BT is an aromatic hetero-
cyclic compound exhibiting fungicidal activity, stimulating apoptosis by
synthesizing programmed cell death protein 5, altering F-actin struc-
tures and cytoskeleton stability, and reducing gene expression of cyto-
chrome P450 4F5 and glutathione S-transferase associated with
detoxification metabolism (Mei et al., 2019). In general, it is expected
for BT to not have an arthropod-selective mode of action. In contrast,
Zidar and Fiser (2022) tested a product containing pyrethrin as an active
principle, which has a specific mode of action on arthropods, preventing
the closure of voltage-gated sodium channels in axonal membranes. A
challenge in comprehending the mechanism of soil pollutants on col-
lective behavior in woodlice is the lack of characterization of the ag-
gregation pheromone molecule. Therefore, a deeper understanding of
the means by which substances induce infochemical changes in the
collective behavior of soil organisms and grouping species could
enhance our comprehension of the phenomena of aggregation and
disaggregation and the impact of compounds on modulating this
behavior.

Additionally, our experiments demonstrate that avoidance behavior
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in individual tests was elicited within 24 h, and the positions of the
individuals were unaltered even after 48 h of exposure. Consistent with
previous research (Natal-da Luz et al., 2008; Owojori et al., 2011;
Frankenbach et al., 2014), reducing exposure duration to 24 h is both
feasible and appropriate for individual tests. Subsequently, this tech-
nique enhances the timing of the 48 h follow-up assessments on ten
individuals, with the goal of evaluating avoidance and disaggregation in
a more efficient manner.

4.2. Disaggregation behavior effect as a new ecotoxicological endpoint

The article presents a newly proposed method of developing an
expeditious and cost-effective behavioral endpoint to assess the effects
of altering gregariousness in the population of P. pruinosus. We suggest
merging this endpoint with the avoidance behavior test, in order to
reinforce the ecological informative meaning of the bioassay. In fact,
avoidance behavior only is insufficient to clarify the modality of
migration, that is the way in which the population of P. pruinosus moves
towards the control soil, whether in groups or clusters.

To deal with these issues, the adaptive aggregation behavior in in-
dividuals of woodlice may, on the contrary, be helpful for understanding
how such avoidance occurs, observing whether the individuals move in
groups or if the population is fragmenting.

This behavioral endpoint has ecological relevance, since aggregation
behavior has widespread in many edaphic organisms (Verhoef and
Nagelkerke, 1977; Salmon and Ponge, 2001; Broly et al., 2014; Chase
et al.,, 1980; Broly et al., 2014; Zirbes et al., 2012), especially in
terrestrial isopods, which are the only crustaceans to have fully colo-
nized the mainland (Broly et al., 2013), through morpho-physiological
adaptations (Gibbs and Rajpurohit, 2010; Dias et al., 2013; Nako
et al., 2018; Sfenthourakis and Hornung, 2018) and behavioral strate-
gies, as being nocturnal or gregarious (Devigne et al., 2011; Broly et al.,
2014). As a result of soil contamination, the aggregation ability of these
organisms has a significant impact on soil adaptation, primarily by
reducing population density and affecting population fitness. Changes in
social structure and the dispersal of individuals may affect mating op-
portunities and offspring survival, as they have distinct sexes. Therefore,
contaminant-induced disaggregation can disrupt the reproductive suc-
cess of woodlice.

Likewise, it cannot be ruled out that fragmented migration and
disaggregation behavior in general may be an adaptive strategy for
terrestrial isopods themselves in stressful situations, in order to colonize
or separately patrol neighboring areas in search of non-stressed soils.
This assumption is still conjectural and deserves to be explored further in
the future. Despite the many aspects to be explored regarding disag-
gregation behavior the combination with the avoidance behavior test
could help to refine the protocols relating to the standardization of the
biological model of P. pruinosus, for which there is still no regulatory
toxicity assessment yet (van Gestel et al., 2018), and to refine the
avoidance tests themselves, currently under development by the Inter-
national Organization for Standardization (Loureiro et al., 2005), in
order to evaluate, through a single and rapid avoidance-disaggregation
bioassay, two different and ecologically relevant endpoints at a popu-
lation level.

To deal with it, this paper introduced two disaggregation indexes (DI
and DG) to measure the alteration of gregariousness on individuals of
P. pruinosus and for extrapolating an EC50 of disaggregation, useful for
the purposes of identification and characterization of the risk. Both of
these indexes help to highlight an effect of social alteration, taking into
consideration both the number of clusters and the numerousness of
these, especially those made up of one or a maximum of two individuals,
whose formation may not necessarily lead to conditions of population
restoration. Specifically, the DI index, although it returns slightly higher
EC50 values, has ecologically effects, given that it takes into consider-
ation the number of singlet and doublet clusters, which can be sensitive
to those selective bottleneck and genetic drift phenomena that lead to
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the isolation of the population (Sfenthourakis and Hornung, 2018).
These non-Darwinian selection phenomena could profoundly reduce
population variability and increase its sensitivity to anthropogenic or
environmental stressors. At the same time, the effects on the population
dynamics of isolated groups may depend not only on the “size of
bottleneck” but also on the rate of population growth (Nei et al., 1975).

Furthermore, both DI and DG values encompass the assessment of
both control and treated soils, along with the entire boxes. Neglecting
this aspect would be unwise since prior research indicates that in-
dividuals undergoing avoidance bioassay may fail to avoid the treated
soil, possibly due to preventing factors or immobilization (Oliveira et al.,
2015). In that case, the number of clusters in the control soil will be very
low and therefore it would be better to consider the number of clusters
over the entire total box. For this reason, it is recommended to use DI or
DG indexes considering the entire box.

5. Conclusions

A new ecotoxicological endpoint related to the disaggregation effect
was adopted to rapidly detect the presence of infochemicals that can
disrupt the intraspecific communication and influence the modality of
avoidance behavior. The quantification of the disaggregation index (DI)
and disaggregation in groups (DG) also allowed the determination of
EC50 values useful in the regulatory context. This work demonstrated
how exposures to TPs and BT induced terrestrial isopods to migrate
towards the control soil, maintaining an aggregation state within a range
of tested concentrations, while higher concentrations induced disag-
gregation behavior even when the isopods were moved in the control
soil.

Future studies will focus on understanding the potential molecular
mechanisms underlying the disaggregation effect in individuals of
P. pruinosus, in order to confirm a disruption of aggregation behavior
induced by soil contamination.
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Table S1. Range finding of avoidance behavior tests with one individual of P. pruinosus at three
nominal concentrations of TPs (100, 1,000, 10,000 mg/kg d.w.) and BT (10, 100, 1,000 mg/kg d.w.).

The table shows the replicates, the percentage of avoidance (A%) for each replicate and the mean

value.
mo/kg Replicates control treated number of A% Mean
d.w. soil soil individuals
[TPs] 100 1 0 1 1 -100 -20
100 2 0 1 1 -100
100 3 0 1 1 -100
100 4 1 0 1 100
1
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Table S2. Mean value of the disaggregation indices (DI and DG) in the controls.

Index Tire particles (TPs) benzothiazole (BTs)
DI 0.13 0.12
DG 0.2 0.2
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Shifts in abiotic and biotic factors can alter the behavior of edaphic
organisms and compromise the soil habitat function. This study explores
the impact of temperature, soil moisture, salinity, pH, edaphic
interference, oleic acid (necromone signals), and microbial community
dilution on the aggregation behavior of <Porcellionides pruinosus> as a
potential new indicator of population-level stress. Aggregation patterns
were quantified using two novel ecological indices, the Disaggregation
Index, which measures groups formed by a single individual or at most
two individuals, and the Disaggregation in Group Index, which quantifies
the total number of groups formed at the end of the experiments. The
disaggregation indices range from 0 (highest level of aggregation) to 1
(highest level of disaggregation). A value of 0.5 has been set as the
concern threshold, i.e. the point at which more than 50% of the
population is fragmented. Results reveal that most environmental factors
modulate aggregation. A U-shaped disaggregation was observed for
temperature and soil moisture, with population fragmentation occurring
at both extremes. In contrast, salinity and biotic factors caused
disaggregation following a sigmoidal curve. Only pH did not influence the
aggregation behavior; on the contrary, an aggregation trend was
observed at the lower and upper limits tested, showing a bimodal
distribution. The cluster analysis revealed three primary trends in the
disaggregation response curves as a function of stress level: parabolic,
sigmoidal and bimodal. Given the need for tools to assess soil health and
monitor habitat function, these findings demonstrate that terrestrial
isopods' aggregation behavior is a sensitive indicator of soil changes and
can be used to detect and quantify environmental stress through
measurable changes in degree of aggregation. Valuable insights on
laboratory conditions are also produced to standardize this bioassay.
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62



Page 1 of 42

oNOYTULT D WN =

Environmental Toxicology and Chemistry

nl Ay

[1]

SCHOLARONE

MANUSCRIPTS

63



oNOYTULT D WN =

(el | AN WD B~ W N —

O

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Environmental Toxicology and Chemistry Page 2 of 42

Highlights

e Abiotic and biotic factors modulate aggregation behavior in terrestrial isopods.

e Population fragmentation observed at temperature and soil moisture (lower and upper) extremes.

e Salinity and tested biotic factors induced disaggregation in a sigmoidal-shaped response curve.

e pH did not influence the aggregation behavior of terrestrial isopods
Abstract

Shifts in abiotic and biotic factors can alter the behavior of edaphic organisms and compromise the soil habitat
function. This study explores the impact of temperature, soil moisture, salinity, pH, edaphic interference, oleic
acid (necromone signals), and microbial community dilution on the aggregation behavior of Porcellionides
pruinosus as a potential new indicator of population-level stress. Aggregation patterns were quantified using
two novel ecological indices, the Disaggregation Index, which measures groups formed by a single individual
or at most two individuals, and the Disaggregation in Group Index, which quantifies the total number of groups
formed at the end of the experiments. The disaggregation indices range from 0 (highest level of aggregation)
to 1 (highest level of disaggregation). A value of 0.5 has been set as the concern threshold, i.e. the point at
which more than 50% of the population is fragmented. Results reveal that most environmental factors modulate
aggregation. A U-shaped disaggregation was observed for temperature and soil moisture, with population
fragmentation occurring at both extremes. In contrast, salinity and biotic factors caused disaggregation
following a sigmoidal curve. Only pH did not influence the aggregation behavior; on the contrary, an
aggregation trend was observed at the lower and upper limits tested, showing a bimodal distribution. The
cluster analysis revealed three primary trends in the disaggregation response curves as a function of stress
level: parabolic, sigmoidal and bimodal. Given the need for tools to assess soil health and monitor habitat
function, these findings demonstrate that terrestrial isopods' aggregation behavior is a sensitive indicator of
soil changes and can be used to detect and quantify environmental stress through measurable changes in degree
of aggregation. Valuable insights on laboratory conditions are also produced to standardize this bioassay.

Keywords: behavior, terrestrial isopods, climate change, soil health, soil organisms
1 Introduction

Behavioral alterations in soil organisms, induced by abiotic and biotic stressors, are considered early
indicators of shifts in soil ecological conditions (Coyle et al., 2017). Variations in soil moisture gradients
(Chikoski et al., 2006; Aupic-Samain et al., 2021; Frankenstein et al., 2024), temperature (Rombke et al., 2011;
Benbellil-Tafoughalt, 2015; Bahrndorff et al., 2021), pH levels (van Straalen & Verhoef, 1997), and salinity
(Owojori et al., 2009; Pereira et al., 2015) represent the main abiotic drivers of behavior. Biotic pressures, such
as interspecific competition or predation (Migge-Kleian et al., 2006; Cazzolla Gatti et al., 2020), as well as
changes in soil microbial communities (A'Bear et al., 2014; Des Marteaux et al., 2020), can also significantly
influence behavioral patterns in edaphic organisms. These changes affect the communication, mobility,
feeding, fitness, and social behavior of soil fauna (De Vries et al., 2012; Boiteau & MacKinley, 2013; Morgado
et al., 2015; McAfee et al., 2022; Trigos-Peral et al., 2024), with potential consequences for population
dynamics, reproduction, distribution, and survival. At the same time, these responses are highly species-
specific, depending on species tolerance and adaptive capacity, and the choice of appropriate model organisms
must be justified in terms of their ecological relevance and functional role.

Among the non-target organisms, terrestrial isopods have been proposed as a suitable model organism for
behavioral testing due to their ecological relevance, as they are detritivores of the litter and play a crucial role

1
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in biogeochemical cycles (Drobne, 1997; van Gestel et al., 2018). Due to their vagile and gregarious nature,
terrestrial isopods can be used to assess the impact of soil stressors on population-level aggregation patterns,
whose effects have proven to be a sensitive indicator of soil quality (Federico et al., 2024; 2026).

In this context, Federico et al. (2024) introduced the concept of disaggregation effect as a novel
ecotoxicological endpoint to quantify the impact of soil contaminants on the aggregation behavior of
Porcellionides pruinosus

Aggregation operates at the population level and provides individuals with several advantages, including
protection from predators, improved access to food resources and enhanced opportunities for reproduction
(Hornung, 2011). Conversely, alterations of gregarious behaviour indicate fragmentation of woodlouse
populations, leading to potentially decreasing litter decomposition rates and increasing the risk of dehydration
(Hassall et al., 2002; Hornung, 2011; Broly et al., 2014). The proposal of defined and replicable disaggregation
indices also allows for better quantification and standardization of stress effects compared to measurements
based solely on counting the number of individuals physically clustered together (Cividini and Montesanto,
2018; Durajkova et al., 2022; Delhoumi et al., 2023). From a behavioural perspective, aggregation induces a
calm and stable state in terrestrial isopods, modulated both by group size and the time individuals spend
together (Broly and Deneubourg, 2015). Aggregation occurs rapidly, within approximately ten minutes,
starting from a minimum of ten individuals and reaching a maximum of sixty to seventy, beyond which inter-
individual competition arises and the benefits, such as reduced water loss, decline (Broly et al., 2016).
Therefore, through a rigorous and standardized approach, As a result, disaggregation patterns represent useful
indicators of soil quality and offer a rapid, cost-efficient screening approach (Federico et al., 2026). In light of
the recognition of soil degradation as the tenth planetary boundary (Kraamwinkel et al., 2021), disaggregation
endpoints represent relevant and non-conventional indicators for assessing soil ecological functions, aligning
with the European Commission’s Soil Monitoring Law (Panagos et al., 2025). This new ecological endpoint
has so far been applied only to physical, such as tire particles, and chemical pollutants (Federico et al., 2024),
while the effects of other abiotic and biotic soil stressors remain to be investigated.

This study aims to assess the sensitivity to disaggregation effects in the population of P. pruinosus, a
cosmopolitan terrestrial isopod identified as a relevant model organism in ecotoxicological testing (Loureiro
et al., 2005; van Gestel et al., 2018), which has previously been used to investigate responses to a range of
abiotic and biotic stressors typical of soil environments (Morgado et al., 2018). Specifically, we selected
temperature, soil moisture, salinity, and pH as main soil driver of ecological regime shifts (Rengel, 2011;
Corwin, 2021), while interspecific interferers with invertebrate with Tenebrio molitor (mealworms) and Acheta
domesticus (crickets), exposure to oleic acid to simulate necromone signaling from conspecifics (i.e., signals
associated with dead conspecifics), and varying levels of soil microbial community diversity, were selected as
main and potential biotic factors involved in disaggregation effects.

These factors were selected and analyzed to address the following knowledge gaps:

e Which of these stressors induces disaggregation in terrestrial isopods?
e  What are the threshold levels at which these effects occur?

e (Can these environmental stressors be clustered according to their relative impact?
2 Materials and methods
2.1 Model organisms and standard soils

Individuals of Porcellionides pruinosus Brandt (1833) were derived from long-established, stable cultures
maintained in the Laboratory of Applied Ecology and Ecotoxicology, CESAM, at the University of Aveiro
(Portugal). The culture was maintained under controlled conditions (20°C temperature, 16:8 h light-dark
photoperiod), sprayed with distilled water twice a week, and individuals were fed ad libitum with alder leaves.
According to previous works (Loureiro et al., 2005; Morgado et al., 2015), during the tests, only adults with a
wet weight of 14-30 mg, without sex distinction, were used, while molting animals, individuals with
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100  malformations, and females with litter in marsupium were excluded. Individuals were not re-used during the
101  experiments.
102 The LUFA 2.2 sandy loam soil (Speyer, Germany, batch SP2.2 2123) was used in the main experiments as
103 astandard soil. The properties of this soil include a pH = 5.5 = 0.2 (0.01 M CaCl,), Water Holding Capacity
104 (WHC)=445+3.0g/100g, C=1.77+0.2 %, N=0.17 £0.02 %, texture = 7.3 + 1.2 % clay; 13.8 £2.7 %
9 105 siltand 78.9 + 3.5 % sand. To assess the effect of disaggregation induced by different pH levels, artificial soil
10 106  was prepared according to OECD Guideline 207 (1984), using different percentages of ground sphagnum peat,
11107  kaolin clay, and industrial fine sand by dry weight (d.w.), and adjusting the pH with calcium carbonate.
12108
13 109 2.2 Experimental set up

110
16 111 The assessment of disaggregation effects induced by several environmental stressors on individuals of P.
17 112 pruinosus followed the same protocol reported in previous studies (Federico et al., 2024). In rectangular plastic
18 113 boxes (9.5 cm x 7.3 cm x 5 cm), 50 g d.w. of standard soils (LUFA 2.2 or OECD) were added and moistened
19 114  with ultrapure water until achieving 40% of WHC (at least for the control, in case of soil moisture tests). Both
20 115  control and treated soils were slightly flattened to eliminate clumps, thereby reducing the thigmotaxy of
21116 terrestrial isopods (i.e., the tendency to seek physical contact with surfaces or other individuals) and
117  encouraging them to aggregate only with conspecifics. Ten individuals of P. pruinosus were added to each
54 118 replicate box, covered with a plastic lid. Five replicates per treatment were used for statistical analysis. The
25 119 experiments were performed in thermostatic chambers at 20°C (except when temperature was the study
26 120  variable and different temperature treatments were assessed), photoperiod of 16:8 h light-dark for 48 h.
27 121 Organisms were never fed during the tests in order to avoid aggregation induced by food attraction. At the end
28 122 ofthe test, each arena was gently removed from the thermostatic chamber and placed on an adjacent laboratory
22 123 bench. A camera (Trust Teza 4K Ultra HD webcam, 3024 x 4032 pixels) was positioned above the arena at a

oNOYTULT D WN =

2(1) 124 fixed distance of 15 cm from the focal point, and three high-resolution color images were recorded at 5-minute
3o 125 intervals (without flash) for subsequent analysis of aggregation patterns.

33 126

34 127 2.3 Abiotic effect tests

35 128

36 129 Temperature experiments were conducted over a range that simulated temperate/Mediterranean climates
37130 (Morgado et al., 2015). The temperature levels selected were 5, 10, 15, 20, 25, 30, and 35°C (£1 °C). A
;2 131  temperature of 20°C was considered the control temperature, similar to the temperature conditions of

40 132 laboratory cultures. The degree of temperature was set by increasing or decreasing the thermostatic chambers
41 133 settings.
42 134 The effect of different soil moisture contents was studied covering a range that simulated the dry/wet regime
43 135 conditions of soil. The moisture levels were based on WHC levels and were 10, 20, 30, 40, 60, 70, and 80%
44 136 WHC,,,,. The negative control was set as 40% WHC according to reported soil toxicity testing procedures with
45137 this species (Loureiro et al., 2005). Distilled water was added to dry LUFA soil in order to achieve the different
46 138 selected levels of WHC % calculated by the WHC,,.x % reported on the sheet of physical and chemical
139 properties of the LUFA 2.2 standard soil. Any potential loss of soil moisture during the 48-hour exposure
49 140 period was considered negligible in line with observations reported in previous studies (Morgado et al., 2015;
50 141  Gonzélez-Alcaraz et al., 2019), and was therefore not specifically monitored.
51 142 The effect of soil salinity was evaluated using NaCl as a reference substance since it represents the
52 143  predominant salt in most saline environments (Owojori et al., 2008) and it is the principal additive for salting
53 144  roads during winter in temperate and subarctic regions (Skarkova et al., 2016). The concentrations of NaCl
>4 145 selected were 2.5,3,3.5,4,4.5, and 5 g/kg d.w., based on literature (Owojori and Reinecke, 2009; Skarkova
146  etal., 2016). Being a euryhaline species with extreme osmoregulatory capabilities (Wright et al., 1997), these
57 147 concentrations have been considered sublethal for terrestrial isopods. NaCl was added as an aqueous solution
58 148  into the LUFA 2.2 standard soil by preparing a stock solution of 46.7 mM/L in ultrapure water.
59 149 Effects on aggregation behavior induced by different soil pH values were assessed using the standard
60 150  OECD soil (1984) as reference substrate, by adjusting the relative percentage dry-weight of sphagnum peat,
151  kaolin, sand, and calcium carbonate (Table 1). All the different pH OECD soils were incubated in the
3
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thermostatic room at 20°C in the dark for two weeks before the final test. At the end of the incubation, aliquots
from each soil mixture were used for the quantification of the pH using a solution of CaCl, 0.01 M (v/v %)
following the OECD guideline (1984). The final pH values obtained were 4.06, 4.43, 5.15, 6.07, 7.22, 8.05,
and 8.13 (= 0.1). Since the OECD soil at pH 6.07 was obtained following the standard percentages of sand,
kaolin, and peat sphagnum recommended by the guidelines (OECD, 1984), it was used as the negative control
soil. Moreover, the WHC ., % was measured for each OECD soil according to the OECD standard guidelines
(OECD, 2009). The electrical conductivity and pH of the different soils, varying in salinity and pH, were
analyzed at the beginning and at the end of the tests using a conductometer (WTW 3110/set meter) and a pH
meter (WTW-pH 330i/set meter).

2.4 Biotic effect tests

To investigate biotic interference on aggregation behavior, we selected Tenebrio molitor (larvae) and
Acheta domesticus (adults). These are model organisms widely used in ecotoxicological testing, highly reliant
on chemical communication (infochemicals), and employed in this study as experimental proxies to investigate
interspecific interactions among topsoil fauna (Ribeiro et al., 2018). These species may also exploit similar
microhabitats to P. pruinosus, including moist organic layers where shelter and microbial resources are
spatially limited, making them relevant potential competitors (Ghouri, 1961; Ribeiro et al., 2018).
Additionally, both species are easy to keep in laboratory cultures and therefore available to use. Given that
disaggregation in terrestrial isopods has been linked to the disruption of infochemical cues (Federico et al.,
2024), the inclusion of these invertebrates provides an ecologically meaningful framework for examining how
naturally occurring or management-mediated faunal interactions may influence social aggregation processes.
Thus, their use allows us to explore biotic interference under controlled conditions while maintaining
ecological realism and relevance to soil functioning.

Both species were cultured at the Laboratory of Applied Ecology and Ecotoxicology, CESAM, at the
University of Aveiro (Portugal). The tests consisted of exposing terrestrial isopods to soils in which the
invertebrates had been previously incubated for varying periods of time. In 50 g d.w. of standard LUFA 2.2
soil and moistened up to 40% WHC, one individual of 7. molitor or one individual of A. domesticus were
added separately in rectangular plastic boxes, maintaining five replicates per treatment, for different time
intervals: 3 min, 7 min, 15 min, 30 min, 24 h, and 48 h (no food; 20°C temperature; photoperiod of 16:8 h
light-dark). At the end of the exposure time intervals, animals were removed, and the soils were dehydrated to
achieve 40% WHC. Then, ten individuals of P. pruinosus were added to each treatment and exposed to the
soil previously incubated with invertebrates.

Oleic acid (C3H340,, CAS: 112-80-1, 99% purity, Sigma-Aldrich Chemical Co. and Merck) was chosen
as a necromone reference substance as it has been used to simulate the presence of necromonic signals
associated with predators or dead conspecifics (Yao et al., 2009; Tuf and Durajkova, 2022). The stock solution
of oleic acid at a concentration of 10 mg/mL was obtained by dissolving the liquid substance in 1.5 mL of
dimethyl sulfoxide (DMSO, (CH;),SO, CAS: 67-68-5, 99% purity, Sigma-Aldrich Chemical Co. and Merck).
Subsequently, serial dilutions were carried out in ultrapure water to obtain the following increasing nominal
concentrations: 0, 46.9, 93.7, 187.5, 375, 750, and 1,500 mg/kg d.w. Consequently, each serial dilution was
added to 50 g d.w. of standard LUFA 2.2 soil to achieve the nominal concentrations. Solvent controls were
performed using the same volume of DMSO as the highest concentration tested.

The effects of different levels of microbial community on aggregation behavior were achieved by the
Dilution-to-Extinction (DtE) method (Diaz-Garcia et al., 2021). LUFA 2.2 soils (500 g wet weight) were
placed into sterilized glass vessels and autoclaved at 121 °C for 20 minutes to sterilize the soil microbial
community. Sterilized soils were used to carry out 10-fold serial dilutions with non-sterile LUFA 2.2 soil,
reaching a final volume of 500 g of soil (Table SM1). The final dilutions, expressed as the weight/weight (%)
ratio of sterile to non-sterile soil, were 107, 10, 10, 10, 10-3, 102, and 10°!. The dilution of 107 % was
carried out by exposing terrestrial isopods to sterile soil, while the undiluted fresh soil was considered as a
negative control (10°%). The disaggregation tests on sterilized soils were performed using previously purged
(organism cleared of their gut contents before the test) and non-purged isopods (organism not cleared of their
gut contents before the test), following the procedure in Loureiro et al. (2006). Terrestrial isopods were purged

4
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1

2

3 204  to minimize contamination from intestinal microbes, while the non-purged individuals had not received this
4 205  treatment. Soils were incubated for two weeks in thermostatic rooms (20°C, in the dark, sealed) (de Souza et
Z 206  al.,2017;de Souzaetal., 2021). The sterilization process was confirmed by plating the soil bacterial and fungal
; 207 communities in agar plates with general culture media. For this, 5 g of soil was suspended in 25 mL of sterile
g 208  water, shaken at 200 rpm for 20 minutes, and then allowed to settle for 10 minutes. Then, 100 ul of that
9 209  suspension were plated in culture media Tryptic Soy Agar (TSA, for bacterial community) and Potato Dextrose

10 210  Agar (PDA, for fungal community), incubated for 48 h at 20°C. After incubation, the sterilization process was
11 211  validated, as the autoclaved soil samples showed no bacterial or fungal colonies on the culture plates. After
12212 two weeks of incubation, the soil was characterized by measuring WHC (OECD, 2009), pH (OECD, 1984),
13513 and conductivity. At the end of the test, the soil pH and conductivity were reassessed.

15 214

16 215 2.5 Data analysis

17 216

18 217 The disaggregation effects were measured by two ecological indices (Federico et al., 2024), the
19 218  disaggregation index (DI) and the disaggregation in groups index (DG):

20 219

21 s+2d

23 221
24 222 Where s represents the group formed by one individual, d the group formed by two individuals, g the total
25223 number of groups recorded at the end of the experiments, and # the number of living individuals after 48 h.
224 For the measurement of these indices, the number of clusters formed at the end of the experiment was counted,
225  where a “cluster” consisted of a group of individuals who touched each other with at least one part of their
29 226 body. Nearby individuals, but without interaction, weren’t considered as part of the same clusters. These
30 227  indices vary between 0 and 1, which represent the maximum degree of aggregation and disaggregation,
31 228  respectively. Conventionally, a value of 0.5 was imposed as the threshold level above which the disaggregation
32 229  affects more than 50% of the terrestrial isopods population. For the validation of the test, the mortality rate in
33230  controls should not exceed 10%, and the values of DI and DG should be lower than or equal to 0.2 (Federico
34231 etal, 2024).
232 From an ecological perspective, DI quantifies population fragmentation by measuring the proportion of
37 233 individuals occurring as singlets or doublets, which represent the smallest and most vulnerable social units.
38 234 Singlets indicate maximum fragmentation and potential isolation from mating and social benefits, whereas
39 235  doublets represent the minimal condition under which reproduction may still occur. In this index, groups
40 236  composed of more than two individuals are intentionally not considered, as DI was specifically designed to
41 237 capture fragmentation through the smallest social units. DG measures the overall granularity of the population
g 238 by relating the total number of clusters to the number of individuals. Together, these indices capture
44 239  complementary aspects of aggregation behavior, allowing the detection of ecological stressors that disrupt
45 240 social clustering and increase population fragmentation. Importantly, the interpretation of DI and DG does not
46 241 assume that isopods under ideal conditions form a single large cluster. Terrestrial isopods naturally exhibit a
47 242 dynamic balance between aggregation and dispersion, and multiple clusters may occur even in the absence of
48 243 stressors. Rather than defining an absolute “optimal” configuration, the indices are intended to detect relative
49 244 increases in fragmentation, reflected by a higher proportion of singlets or very small clusters, compared with
20245 the baseline spatial organization observed in control conditions. Accordingly, the validity criterion of 0.2 (i.e.
g; 246  at least 80% of aggregated population) was introduced to allow some flexibility in evaluating the
247  gregariousness of the control population, acknowledging that individuals may distribute across several clusters
54 248  while still maintaining a socially aggregated structure.
55 249 Indices data were tested for normality using the Shapiro-Wilk test and for homogeneity of variances using
56 250  Levene’s test, while the presence of heteroscedasticity was evaluated using the Breusch—Pagan test to ensure
57251  the reliability of variance assumptions.
38 252 Generalized Additive Models (GAMs) were applied to DI and DG indices to allow modeling non-linear
> 253 relationships by fitting a smooth spline function (k = 5) with a Gaussian family and identity link. Alternative

254  model fits were assessed and compared using adjusted R?, deviance explained, and Akaike's
5
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information criterion (AIC). Predicted responses with 95% confidence intervals were generated to visualize
factors-dependent trends in DI and DG. Thin-plate regression splines and restricted maximum likelihood
(REML) were used to fit the models. Models were compared using an F-test of their fits, and the alternative
model was accepted when p < 0.1.

Multivariate analysis was conducted using a partitional clustering approach based on the K-means
algorithm, following z-score normalization of the data to ensure comparability between variables. This method
partitions the dataset into & non-overlapping clusters by minimizing within-cluster variance and maximizing
between-cluster variance, based on Euclidean distances to cluster centroids (Jain, 2010). K-means clustering
was applied to identify and group similar patterns of disaggregation behavior in P. pruinosus based on the
relative magnitude of the impact of the tested abiotic and biotic factors. Partitional clustering was chosen over
hierarchical methods due to its computational efficiency, scalability, and ability to define a set number of
clusters, which aligns with the study's goal of quantitatively categorizing behavioral responses. K-means also
provides clearer cluster boundaries, aiding ecological interpretation. The optimal number of clusters was
determined using the Silhouette Index, with higher index values indicating greater cluster cohesion and
separation (Rousseeuw, 1987). Prior to clustering, potential outliers were identified and removed to minimize
distortion in cluster formation (Legendre & Legendre, 1998). To assess statistical differences among clusters,
analysis of variance (ANOVA) was performed, ensuring that the assumptions outlined above were met. The
data were considered statistically significant for values of p < 0.05. All the statistical analysis was performed
using R v. 4.5.2 package (R Core Team, 2024).

3 Results

Validity criteria were met in all control tests, i.e. less than 10% of mortality and at least more than 80% of the
terrestrial isopods aggregated. The majority of the treatment test experienced less than 10% of mortality,
therefore the disaggregation tests were considered sublethal. However, temperature tests at 5°C and soil
moisture tests at 80% of WHC met more than 50% of mortality (Table 2), therefore these point data were
excluded from the statistical analysis being lethal.

3.1 Population responses induced by abiotic factors

The aggregation behavior of P. pruinosus was modulated by all tested abiotic factors, although the
magnitude of the response varied among them (Fig. 1). The disaggregation degrees are provided in the
supplementary materials (Table SM2).

Fig. 1 Disaggregation indices (DI and DG) of Porcellionides pruinosus exposed to different abiotic factors. GAM-
predicted curves of DI (left) and DG (right) are shown for (a) temperature (°C), (b) soil moisture (%), (c¢) NaCl
concentration (g/kg d.w.), and (d) pH. Points represent observed values; dashed black lines and dashed blue lines indicate
GAM-predicted means for DG and DI, respectively. Grey and light blue shaded areas denote 95% confidence intervals
for DG and DI, respectively. Index values below 0.5 indicate that more than 50% of the population maintains aggregation.

Temperature altered the aggregation behavior of terrestrial isopods following a parabolic response curve
(Fig. 1a), with indices peaking at low (<15°C) and high (>25°C) temperatures and reaching a minimum around
20°C, indicating a non-monotonic response to thermal variation. For DI, the GAM results showed a significant
non — linear of temperature (F, 579 = 4.086, p = 0.0124), with an intercept of 0.347 + 0.046 (p < 0.001). The
adjusted R? was 0.322, and the deviance explained was 39.1%, with an AIC of 7.13. For DG, temperature also
had a strong effect (F3 46 = 5.027, p = 0.00411), with an intercept of 0.423 + 0.037 (»p < 0.001). The
adjusted R® was 0.391, deviance explained 45.9%, and AIC —5.16. The DG curve
similarly showed a paraboloid—-like trend, with elevated wvalues at both
temperature extremes and a trough around 20°C, reflecting a sensitive, non—
linear thermal response. For each index, CI (95%) were broader, reflecting
greater uncertainty in predictions at extreme temperatures. Due to high
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1

2

3 306 mortality observed at 5°C, disaggregation indices could not be evaluated at
g 307 this temperature, which was excluded from the GAM analysis. DI and DG values
6 308 less than 0.2 were observed in a temperature range between 15 and 20°C,
7 309 indicating a preference for aggregation of the population within this range.

8 310 Like temperature, soil moisture altered isopods’ aggregation following a parabolic response curve, affecting
? 0 311  more at the higher than at lower levels (Fig. 1b). For DI, the GAM showed significant non — linear effects of

11 312 soil moisture (F526 = 7.061; p = 0.00104), with an intercept of 0.407 + 0.0343 (p < 0.001). The model
12313  explained a substantial portion of variability (adjusted R*® = 0.45; deviance
13314 explained = 51.1%) and exhibited good parsimony (AIC = — 9.24). The same
12315 significance was observed for DG (Fsss = 8.807; p = 0.000232), with an intercept of 0.461 +
16 316 0.0254 (p < 0.001). the model explaining 51.5% of the variability (adjusted R? =
17 317  0.515; deviance explained = 57.1%: AIC = —27.29). Predicted values and 95% CI were
18 318 calculated across the observed soil moisture range (10-70%) to assess
20319 prediction uncertainty. The mortality rate of terrestrial isopods exposed at
21 320 80% of soil moisture has reached almost 50%. Consequently, this moisture level
22 321 was deemed to be beyond sublethal and was excluded from GAM analyses. DI and
22 322 DG values less than 0.2 (aggregation pattern) were shown at 40% of WHC.
25 323 The disaggregation pattern observed in NaCl followed a sigmoidal-shaped dose-response model (Fig. 1c¢).
26 324  Regarding DI, GAM analysis revealed no significant effects (F; ¢4 = 2.882; p = 0.0767), with the intercept of
27 325  0.419 £ 0.0448 (p < 0.001) indicating only a weak non-linear trend. The model explained a modest portion of
28 326  the variability (adjusted R? = 0.121; deviance explained = 16.4%) and had an AIC of 10.90. The predicted DI
29327 curve suggested a slight increase or decrease along the NaCl gradient, but the effect was not statistically robust,
31 328  consistent with the good tolerance of P. pruinosus to soil salinity. Compared to DI, GAM results revealed
5 329 significant non-linear effects on DG index (F; .46 =4.519; p = 0.0164), with the intercept of 0.469 = 0.0287 (p
33330 < 0.001). The model explained a higher proportion of variability (adjusted R? =
34 331 0.22; deviance explained = 26.6%) and exhibited better parsimony (AIC = —20.04).
35332  The predicted DG curve showed a clear trend along the NaCl gradient, with
37 333 behavioral maxima and minima reflecting a non-linear response to salinity,
38 334 although deviance explained remained moderate, suggesting additional factors
39 335 contribute to DG. The results seem to suggest that, despite NaCl having no
j? 336 effects on disaggregation in singlets or doublets, they may still contribute to
42 337 a fragmentation in different groups. During the test, no mortality was detected at any of the
43 338  tested concentrations. The soil EC and pH values (Figure SM3) increased significantly after 48h compared to
44 339 the beginning of the test (One Sample paired t-Test, p EC;=0.00184; p EC;=0.00431; p pH;<0.0001; p pH;
45340  <0.0001). However, there were no significant correlations between the increase of EC (Adj. R?=0.235 for DI
j? 341 and Adj. R2= 0.0235 for DG) or pH (Adj. R2=-0.0157 for DI and Adj. R2=-0.123 for DG) and the levels of
48 342 DI and DG quantified in the salinization bioassay. The observed low correlation may be due to the fact that
49 343 the NaCl concentrations used in this study fall within a realistic salinity range to which these organisms are
50 344  already adapted.
51 345 No disaggregation effects in terrestrial isopods were detected in the pH tests (Fig. 1d). For DI, the smooth
52 346  term of GAM was not statistically significant (F; 99, = 1.358; p = 0.256), with the intercept of 0.375 £ 0.041 (p
53347 < 0.001). The model explained a small portion of variability (adjusted R? = 0.0702; deviance explained =
g;‘ 348 12.2%; AIC = 4.812). For DG, the GAM revealed similar non-significances (F; g3 = 1.474; p = 0.252), with
56 349 theintercept of 0.433 £0.036 (p < 0.001), showing the same limited variability (adjusted
57350 R?=0.0689; deviance explained = 12%: AIC = —4.235). Despite not being statistically robust,
58 351  the predicted DI and DG curves exhibited a bell-shaped pattern of disaggregation (bimodal aggregation
59 352 pattern), with slightly higher values at intermediate pH and lower values at extreme low and high pH levels.
60 353 Compared to LUFA soil controls, OECD soil controls showed disaggregation indices slightly above 20%,
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highlighting that the gregariousness of controls depends on the type of soil used, whether artificial or natural.
The pH values (Figure SM4) increased significantly after 48h compared to the beginning of the test (p_pHi <
0.0001; p pHf<0.0001, — One Sample paired t-Test). However, there were no significant correlations between
the increase in pH and the levels of DI and DG calculated (Adj. R?>=-0.181 for DI and Adj. R>=-0.131 for
DQG).

3.2 Population responses induced by biotic factors

All biotic factors modulated the aggregation behavior of P. pruinosus individuals, following a sigmoidal
dose-response model (Fig. 2). The values of the indices are reported in Table SM2.

Fig. 2 Disaggregation indices (DI and DG) of Porcellionides pruinosus exposed to different biotic factors. GAM-
predicted curves are shown for (a) Acheta domesticus (minutes of exposure, expressed as In(x+1)), (b) Tenebrio molitor
(minutes of exposure, expressed as In(x+1)), (c) oleic acid concentration (mg/kg d.w.), and (d) different microbial
community diversity of LUFA 2.2 soil (% w/w). Points represent observed values; dashed black lines and dashed blue
lines indicate GAM-predicted means for DG and DI, respectively. Grey and light blue shaded areas denote 95%
confidence intervals for DG and DI, respectively. Index values below 0.5 indicate that more than 50% of the population
maintains aggregation.

The interference of A. domesticus exposure showed a positive, exposure-dependent trend (Fig. 2a). For DI,
the model intercept was 0.247 + 0.055 (t = 4.501, p = 7.96 x 107°), representing the estimated mean
disaggregation at zero exposure. The slope for log-transformed exposure was 0.0265 + 0.0122 (t=2.177,p =
0.0367), indicating a statistically significant increase in DI with exposure. The
model explained 9.91% of the variance (adjusted R?) with 12.6% deviance
explained and an AIC = —9.65. Predicted values and 95% CI revealed a gradual
increase in DI across the exposure gradient, with wider CI at higher exposure
due to sparser data. Similarly, DG increased with exposure, with an intercept of
0.327 £ 0.037 (t = 8.890, p =2.83 x 107'%) and a slope of 0.0234 £ 0.0082 (t = 2.863, p = 0.00723).
The model accounted for 17.5% of the variance (adjusted R?), with 19.9% deviance
explained and an AIC = —37.71, indicating a slightly better fit than for DI. The
predicted DG curve followed a similar trend, confirming a significant, albeit
moderate, exposure effect.

Like crickets, the interference with 7. molitor displayed a slight positive trend in disaggregation indices
with increasing exposure (Fig. 2b). For DI, the intercept was 0.257 + 0.064 (t = 4.009, p = 3.28 x 107%),
representing the estimated mean DI at zero exposure. The slope for log-transformed exposure was 0.0237 +
0.0142 (t=1.670, p = 0.104), indicating a positive but statistically non-significant effect. The model accounted
for 5% of the variance (adjusted R* = 0.050) and explained 7.8% of the deviance, with an AIC = 1.067.
Predicted values and 95% CI suggest a gradual increase in DI across the exposure gradient, with wider CI at
higher exposure values reflecting greater uncertainty. Similarly, DG increased with exposure, with an intercept
of 0.355 £ 0.049 (t = 7.169, p = 3.25 x 1078) and a slope of 0.0187 + 0.011 (t = 1.705, p = 0.0977). The
model explained 5.31% of variance (adjusted R*?) and 8.1% of deviance, with an AIC
= —16.993, indicating a slightly better model fit than for DI. Predicted DG curves
mirrored those of DI, showing a positive trend with exposure, although the
effect was marginally non—significant.

Both DI and DG displayed significant non-linear responses to oleic acid (Fig. 2c). For DI, the model
intercept was 0.427 + 0.031 (t = 13.69, p = 3.7 x 107'%), representing the baseline DI at minimal oleic acid.
The smooth term for oleic acid showed significant disaggregation effects (F = 12.56, p = 0.0012). The
model explained 25.4% of variance (adjusted R? = 0.254) and 27.6% of the deviance,
with an AIC = -15.079. Predicted DI curves increased with oleic acid
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404 concentration, with 95% confidence intervals illustrating moderate
405 uncertainty at higher concentrations. Similarly, DG exhibited a comparable
406 response, with an intercept of 0.490 * 0.026 (t = 19.2, p <2 x 107'°) and high statistical
407  significance (F = 12.44, p = 0.00126). The model explained 25.2% of variance (adjusted
408 R? =0.252) and 27.4% of deviance, with an AIC = —29.034.

409 Alterations were detected under the distinct microbial community diversity already at 10-fold dilution of
11 410 the microbial community (Fig. 2d). For DI, the GAM model intercept was 0.529 + 0.047 (t = 11.174,
12411 p=2.68 = 10714), with a slope was -1.252 + 0.467 (t = -2.679, p = 0.0104), indicating a significant effect
13 412 of soil microbial dilution on DI. The model explained 12.3% of variance (adjusted R?> = 0.123) and 14.3% of
14 413 deviance, with an AIC =21.37. Similarly, DG increase with decrease in microbial diversity, with an intercept
414 of 0.574 £ 0.042 (t = 13.540, p <2 x 10719), and a slope of -1.073 + 0.418 (t = -2.566, p = 0.0139). The
17 415 model explained 11.3% of variance (adjusted R* = 0.113) and 13.3% of deviance, with an AIC = 11.37.
18 416  Considering the soil microbial community diversity level, the soil conductivity and pH values (Figure SM5)
19 417  also significantly increased and decreased, respectively, after 48h compared to the beginning of the test (p. EC
20 418 and p_pH < 0.0001 — One Sample paired t-test). However, there were no significant correlations between the
21 419 increasing EC or pH and the increasing levels of DI and DG quantified at the end of the bioassay.

S\DOO\IONU'I-PUUN—‘

>4 421 3.3 Multivariate analysis
26 423 The final clusters obtained from the K-mean method are illustrated in Fig. 3.

28 425 Fig. 3 K-mean cluster analysis related to the effect of the abiotic and biotic factors tested on the disaggregation effects in
29 426  individuals of P. pruinosus. Each data point is represented by coordinates (X, y) of the Euclidean distances from the
30 427 respective cluster centers. Cluster 1 includes observations related to pH; Cluster 2 groups observations associated with
31 428  NaCl, Acheta domesticus, Tenebrio molitor, oleic acid, and microbial community diversity (MCD); Cluster 3 includes
32 429  observations related to temperature and soil moisture.

34 431 The optimal clustering number was k = 3 (Table SM6), grouping 17 to 23 observations per cluster, whose
432  inter-cluster Euclidean distances ranged from 0.60 to 0.71 (Table 2). The mean silhouette index was positive
37 433 for all clusters, indicating some degree of overlapping. The highest Euclidean distance was found between
38 434 Cluster 3, which primarily assembled temperature and soil moisture data, and Cluster 1, which mainly
39 435  consisted of soil pH data, while biotic factors and salinity data were mostly separated in Cluster 2 (Table 3).
40 436 The ANOVA output of K-mean cluster analysis and relative F values (Table 4) shows that all tested abiotic
41 437 and biotic stressors significantly affected P. pruinosus aggregation behavior (p < 0.05), confirming its high
42 438 sensitivity to all the environmental disturbances.

439 The final partitioned cluster obtained by the K-means algorithm is consistent with the different trends in
45 440 disaggregation effect observed for each environmental factor (paraboloid for temperature and soil moisture,
46 441 sigmoidal shape for NaCl and biotic factors, and bimodal for pH). This partitioned analysis, therefore,
47 442 contributed to visualizing and distinguishing the different disaggregation effects induced by different
48 443  environmental factors, showing how cluster analysis in the study of stress ecology can contribute to
49 444  understanding and comparing the effects induced by non-collinear variables.

30 445

>1 446 4 Discussion

52

53 447

54 448 4.1 Parabolic disaggregation effects: temperature and soil moisture

55 449

56 450 Temperature and soil moisture affected aggregation in terrestrial isopods at the lower and upper limits of

57 451  the tested range, showing a parabolic trend complementary to the right-shifted curves of stressors’ responses
58 452 in ectotherms (Huey and Berrigan, 2001). These findings suggest that the thresholds affecting aggregation and
453  survival are aligned, reinforcing the ecological relevance of the disaggregation effect. Indeed, gregariousness

60 454  (homeostatic) was observed for temperatures and soil moisture range between 15 - 20°C and 40% WHC,
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respectively. Such aggregation behavior reflects the temperatures that may occur of temperate or
Mediterranean regions during summer nighttime hours (Morgado et al., 2015), when P. pruinosus perform
their main activities (Hornung, 2011), as well as the moisture level required for their xerophilic nature (Quinlan
& Hadley, 1983). These conditions, therefore, represent ecological optimum levels that should be maintained
when testing these model organisms. In contrast, ranges outside this optimum caused terrestrial isopods to
fragment, suggesting niche conformity (Miiller et al., 2020).

Sensitivity to the two factors, however, was differentially shifted towards lower and upper levels,
respectively. Specifically, individuals of P. pruinosus showed good tolerance at higher levels of temperature,
in line with the tolerance range observed elsewhere (Edney, 1964), while temperatures close to 5°C induced
high mortality likely due to a physiological limit condition of individuals and the absence of shelter, like rocks
or food, to protect themselves. Despite their tolerance to high temperatures, terrestrial isopods did not maintain
their gregarious behavior. This alteration suggests that endpoints assessed at the population level may highlight
ecological risks that studies conducted on individual organisms tend to underestimate. It is hypothesized that
extreme temperatures compromise isopod aggregation by reducing mobility, with high heat potentially causing
numbness similar to cold coma (Morgado et al., 2015; Castafieda et al., 2004). As temperature anomalies
increase worldwide, particularly in Europe, with average temperatures rising by 2-3°C compared to pre-
industrial levels (Garcia-Garcia et al., 2023), the aggregation behavior of terrestrial isopods may be affected
once species-specific tolerance thresholds are exceeded. Although some species can thrive under slightly
warmer conditions, as observed along forest edge-to-interior gradients (De Smedt et al., 2016; De Smedt et al.,
2018), higher temperature anomalies may disrupt aggregation patterns. Monitoring this behavioral endpoint
could therefore help identify and prioritize soils that are increasingly exposed to temperature rise.

Regarding soil moisture, terrestrial isopods survival was compromised at higher moisture levels, due to
their air-adapted pseudotracheae and an open “Porcellio-type” water-conducting system (WCS) (Spencer &
Edney, 1954; Wright & Machin, 1990), making excess water potentially harmful to both respiration and WCS
function. On the contrary, tolerance to low moisture levels depends on the fact that the tissues of terrestrial
isopods draw on hemolymph as a source of water for cell volume regulation during periods of dehydration,
showing osmoregulation during desiccation (Wright et al., 1997). Despite their tolerance, aggregation was
affected even under dry soil conditions, likely due to reduced locomotion. Since climate change is expected to
cause desertification in over 10-20% of drylands (Diallo, 2008), combined with extreme events like floods
that cause sudden changes in soil moisture, this may threaten terrestrial isopod populations that are not tolerant
of dry conditions.

4.2 Sigmoidal disaggregation effects: soil salinity and biotic factors

Even when exposed to NaCl and all the biotic factors tested, terrestrial isopods underwent niche aggregation
conformity, following a sigmoidal-shaped model.

Despite the euryhalinity of P. pruinosus, supported by hemolymph osmoregulation through sodium and
chloride accumulation in the hindgut and hepatopancreas (Wright et al., 1997), 50% of the population in sodic
soils was fragmented. This highlights the importance of assessing population level, which may be
underestimated when focusing on individual tolerance. Salinization endangers population stability by
accelerating molting and increasing evapotranspiration. Given that soil salinization affects between 25% and
30% of irrigated land (Shaid et al., 2018), it is expected that gregariousness may be compromised in real
environments. Although a complete insight into the effects of salinization on soil organisms cannot be reduced
to NaCl, these preliminary studies should be used as a proxy for understanding the impact of this threat on
edaphic populations and ecosystem functionality. These changes in aggregation may have direct consequences
for individual fitness, as gregariousness can influence survival and reproduction under stressful conditions.
Therefore, understanding the link between social behavior and fitness is crucial for interpreting population-
level responses to salinization.

The results did not show alteration in aggregation patterns caused by the invertebrate interference. The
transient behavioral effect induced by 4. domesticus and T. molitor interference may be a result of sympatric
interactions typical of cryptic environments, such as soil (Zimmer, 2003). Despite their synanthropic nature,
these species exhibit divergent ecological requirements. 7. molitor and A. domesticus have been shown to
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prefer humid conditions and high temperatures, respectively (Ribeiro et al., 2018; Kulessa et al., 2024), but
these conditions are not suited to the gregarious behavior of P. pruinosus. Therefore, these experiments should
only be considered as proof of concept for understanding the interference effects between different organisms
in the topsoil. However, despite the ecological differences between the tested species, the behavioral response
of P. pruinosus remains consistent, suggesting that the observed disaggregation phenomenon does not depend
on the specific traits of the interfering species, but may represent a general response to the presence of
heterospecifics in the soil. Future studies may explore these interactions in more detail. For example, these
experiments have not exceeded n = 1 individual per treatment, and marked effects may be highlighted if the
number of pre-exposure individuals increases.

Oleic acid has been shown to be a necromone, altering the gregarious behavior of terrestrial isopods. It acts
as a repellent across phylogenetically distant taxa, such as ants (Lopez-Riquelme et al., 2006), bees (McAfee
etal., 2018), cockroaches (Rollo et al., 1995), and terrestrial isopods (Yao et al., 2009). This suggests that there
is a conserved evolutionary mechanism for fatty acid recognition as cues of predation or dead conspecifics.
For this reason, oleic acid has been authorized in the European Union as an active ingredient in pesticides (EC,
2011). To date, the European Commission has decided not to renew its approval, leading to its withdrawal by
15 December 2024 (EC, 2024). Nevertheless, the removal of oleic acid products will require a significant time
period, as Member States may grant transitional periods for the sale and use of remaining stocks (EC, 2009).
Therefore, the observed effects on gregariousness provide evidence that may support the decision to withdraw
oleic acid from the EU market, indicating a potential impact on non-target organisms.

Even a 10-fold dilution of the microbial community ultimately compromised the sociability of terrestrial
isopods, with peaks of significance for sterile soils. Various stressors can reduce the abundance and diversity
of soil microbial communities, e.g., antibiotics and pharmaceutical residues. Consequently, based on our
results, it is expected that such stressors may affect gregarious behavior. The mechanisms linking these levels
of disaggregation to soil microbial diversity remain unclear. However, it is well established that soil microbial
communities come into contact with terrestrial isopods through the ingestion of plant litter or coprophagy of
fecal pellets from conspecifics (Zimmer et al., 2003). The acquisition of certain microorganisms, especially
those involved in lignocellulose degradation, may have played an important evolutionary role in the terrestrial
colonization of isopods (Bredon et al., 2019; Delhoumi et al., 2020). It is expected that the dilution of the soil
bacterial community may reduce the load of environmental microorganisms being ingested through the diet or
alter the gastrointestinal microbial community composition. It cannot be excluded that active dispersion of
isopods in sterile environments is induced precisely by the need of these organisms to seek environments more
favorable for acquiring beneficial microbial communities. In this context, the "Dilution to Extinction" approach
can represent a practical and ecologically relevant method to understand how such an alteration may influence
the aggregation behavior in the P. pruinosus population. By gradually reducing microbial abundance, this
method shows how the decrease in microbially derived chemical cues may affect group formation and the
species’ social interactions.

4.3 Bimodal aggregation patterns: soil pH

Tests conducted on different pH ranges found that these variations did not alter the gregarious behavior of
terrestrial isopods. On the contrary, aggregation pattern was observed at both extremes of the pH range tested
compared to the controls, indicating a case of niche regulation (Miiller et al., 2020). It is known that variation
in soil pH can affect the fitness and survival of soil invertebrates (van Straalen & Verhoef, 1997), but terrestrial
isopods are fairly resistant to such changes. For example, some terrestrial isopod populations have been found
in acidic habitats such as peat bogs (Brigi¢ et al., 2017), and the pronounced aggregation observed in 100%
sphagnum conditions may reflect the higher availability of organic matter, supporting social cohesion. Even
in the absence of organic matter, as in 100% carbonate tests, terrestrial isopods regulated their sociality through
the presence of fecal pellets on the surface. These pellets serve both as chemical cues that help individuals
locate conspecifics and maintain aggregation, and as a source of organic matter, since isopods are
coprophagous and utilize them as food. These act as an organic input in nutrient-poor soils, increasing contact
between conspecifics and promoting the formation of microhabitats conducive to the development of the soil
community. In both extreme conditions, enhanced gregarious behavior may represent an adaptive strategy to
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maintain physical fitness and reproductive success under environmental stress, highlighting the ecological
value of disaggregation endpoints for assessing soil organism responses to abiotic disturbances.

As part of the development of the novel methodological approach, a comparison with LUFA soil controls
yielded important results. OECD soil exhibited lower aggregation values, and this effect primarily depends on
the lumpiness of artificial soils, which stimulates positive thigmotactic responses in organisms. Consequently,
we recommend using natural soils, such as LUFA, instead of OECD soils to reduce the underestimation of the
disaggregation degree.

4.4 Implications for soil risk assessment

The disaggregation effects in terrestrial isopods can provide a valuable addition to current soil screening
and ecological risk assessment (ERA) frameworks. Traditional soil hazard assessments primarily rely on
survival, or reproduction endpoints (OECD, 1994; OECD, 2009), which, although robust, may underestimate
early sublethal alterations at the population level. The disaggregation indices developed in this study provide
a sensitive, rapid, and non-invasive measure of soil stress at the population level, capturing ecological
responses analogous to those observed in population-level avoidance tests (ISO, 2020). From a practical
perspective, disaggregation tests represent an early-warning signal that can be performed under controlled
laboratory conditions, both for prognostic analyses, i.e., assessing the effects of different compounds, and
diagnostic analyses, i.e., applying the test to various soil samples collected from the field and prioritizing those
that require further investigation (Federico et al., 2026). Incorporating aggregation behavior into soil
monitoring programs provides a valuable tool for soil screening, supporting Soil Screening Level (SSL)
assessments by helping to identify and prioritize critical areas at risk of depopulation and determining whether
further detailed evaluations are needed. Moreover, this approach aligns with the requirements of the European
Commission’s Soil Monitoring Law (EC, 2025), offering an effective and compliant method for early
identification of soil stress. In light of the results of this work, this tool is particularly well suited to addressing
multifactorial stress scenarios, where interactions between temperature, humidity, and contaminants are
expected to determine biological responses. Current results show that these factors can influence social
cohesion and habitat use, suggesting that disaggregation can serve as an early warning signal for compromised
soil functionality and ecosystem health. Overall, the proposed methodology represents a potential refinement
of soil risk assessments, linking behavioral ecology with ecotoxicology. By quantifying disaggregation as an
indicator of social stress, it can complement traditional ecotoxicological tests, improve the predictive capacity
of chemical assessments as environmental factors change, and support a more integrative assessment of soil
ecosystem resilience under the pressures of global change.

5 Conclusion

Marked alterations in gregarious behavior were observed in the population of P. pruinosus across all
environmental factors, each of which influenced the population of terrestrial isopods according to different
patterns that emerged from the clustering analysis. Our findings provide a relevant contribution for future soil
hazard and risk assessments by demonstrating that the behavioral responses of P. pruinosus are not fixed, but
are modulated by key abiotic and biotic factors. This knowledge can be directly integrated into soil screening
and ERA frameworks (i.e. in soil monitoring models, or climate scenario simulations) by supporting the
interpretation of behavioral endpoints under variable environmental conditions, reducing the uncertainty often
associated with context-dependent ecotoxicological responses. In practical terms, this approach can
complement current standard toxicity assays by offering a sensitive, rapid, and ethically favorable tool capable
of detecting sublethal effects that may precede measurable impacts on survival or reproduction. Moreover,
acknowledging the influence of multiple interacting stressors aligns with emerging regulatory efforts toward
more realistic, complexity-based hazard assessment strategies.
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Table 1 OECD Standard Soil amended with different percentages of weight (% w/w) of sand, kaolin, sphagnum and
calcium carbonate for achieving different soil pH values (CaCl, 0.01 M). The asterisk (¥) identified the recommended
percentages of the Standard OECD Soil (1984) and was assumed as control for the soil pH bioassay.

OECD Standard Soil

Sand % Kaolin % Sphagnum % Calcium Carbonate % pH
80 20 0 10 8.13
70 20 0.3 10 8.05
75 20 5 0.3 7.22
70 20 10 0.3 6.07*
35 20 55 0 5.15
10 20 70 0 4.43
0 0 100 0 4.06

Table 2 Summarized values of mortality (mean +S.D.) per each environmental stressors and tested ranges.

Environmental stressors Ranges Mortality mean (£S.D.)
Temperature °C 5 100
10 4 (£5.48)

15 4 (£5.48)

20 0

25 4 (£5.48)

30 8 (£10.9)

35 8 (£10)

Soil Moisture % 10 0
20 0

30 0

40 0

60 0

70 4 (£0.55)

80 46 (+1.82)

NaCl g/kg d.w. 0 0
16
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Acheta domesticus (min. or h)

Tenebrio molitor (min. or h)

25

3.5

4.5

4.06
4.43
5.15
6.07
7.22
8.05

8.13

15
30
24 (h)

48 (h)

15
30

24 (h)
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4 (20.58)

0

4.47 (+4.47)

0

2 (£4.47)

0

2 (+4.47)
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1

2

3

4 48 (h) 0
5

? Oleic acid mg/kg d.w. 0 0
8

: 46,9 2 (£4.47)
10

1 93,7 6 (£5.48)
12

13 187,5 0
14

1 2 375 4 (£5.48)
17

18 750 0
19

20 1500 0
21

22 Microbial Community Diversity (% w/w) 100 0
23

24 10-1 0
25

26 10-2 0
27

28

29 10-3 0
30

31 10-4 0
32

33 10-5 0
34

35

36 10-6 2 (+4.47)
37

38 10-7 (not purged) 0
39

40 10-8 (purged) 8 (£8.37)
41 808

42

43 809 Table 3 Number of observation and Euclidean distances between final cluster centers performing a K-mean cluster
44 810  algorithm for k£ = 3. The highest number represents the most distant clusters.

45

46 Observation Cluster 1  Cluster 2  Cluster 3
j; Cluster 1 20 0

49 Cluster 2 17 0.60 0

50 Cluster 3 23 0.73 0.65 0

51 811

52

53 812 Table 4 Final cluster center output of K-means cluster analysis related to the effect of the main abiotic and biotic factors
54 813 on the aggregation behavior on individuals of Porcellionides pruinosus separated with Euclidean distances. MCD:
55 814 Microbial Community Diversity.

z(;Final Cluster Center Temperature Moisture NaCl pH A domesticus T. molitor Oleic acid MCD

58 Cluster 1 0.31 0.30 043  0.59 0.27 032 0.36 0.35
59 Cluster 2 0.22 0.33 0.62 051 0.52 0.54 0.54 0.75
60 Cluster 3 0.63 0.77 044 027 0.40 0.40 0.54 0.51
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Table 5 ANOVA output of K-means cluster analysis related to the effect of the main abiotic and biotic factors on the
aggregation behavior on individuals of Porcellionides pruinosus. MCD: Microbial Community Diversity.

K-mean clustering analysis - ANOVA

Stressors Cluster SS  Error DF  Error SS  F value Prob > F
Temperature 0.464 57 0.065 7.13 0.0017

Abiotic Moisture 1.503 57 0.032 46.5 <0.0001
factors NaCl 0.219 57 0.047 4.63 0.014

pH 0.456 57 0.045 10.1 <0.0001

A. domesticus 0.338 57 0.020 16.7 <0.0001
Biotic T. molitor 0.237 57 0.038 6.22 0.0036
factors Oleic acid 0.214 57 0.028 7.63 0.0012

MCD 0.808 57 0.061 13.3 <0.0001
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A OWN -

Table SM1. — Bacterial and fungal colony counts obtained after the implemented Dilution-to-Extinction methodology
to obtain a gradient of diversity on the soil microbial community.

SUPPLEMENTARY MATERIALS

Bacterial colony counts

Fungal colony counts

Treatment (Colony forming unit (CFU) in Tryptic Soy (Colony forming unit (CFU) in Potato
Agar - TSA) Dextrose Agar - PDA)
Initial microbial community
r' o A > <
High diversity » H'g?ﬁxe;'w "
Fresh soil - of bacterial gal
. . morphologies
undiluted colonies and L
morphologies and a visible
' fungal mat.
Microbial community post-autoclave
Autgg:?ved No colonies. No colonies.

Serial dilutions plated in cult

ure media after the equilibration time (incubation of DtE for 2 weeks)

DtE 10*

(450 g of
autoclaved
soil plus 50

g of
undiluted
soil)

Reduced L—
number of VZ%’*‘“M

bacterial
colonies with

different
morphologies
compared to
undiluted soil.

Reduced
density of , eon A 13
fungal
colonies and
mat growth
compared to
the undiluted
soil.
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DtE 107

Reduced

S . - Decreased 7 g
number_ of f 7% R density of ’ Conil
(450 g of bacterial / ;
autoclaved | colonies with ungal colony
soil plus 50 different and mat
gofsoil | morphologies growth
fromDtE | compared to compared to
10'1) DtE 102 \ DtE 10,
Bacterial
DtE 107 colonies with V/";‘“ — Decreased , —
5|m|Iar_ g density of PDR AG3
(450 gof | morphologies. y
autoclaved Reduced fungal colony
soil plus 50 number of and mat
g of soil colonies growth
from DtE formed comparegl2 to \
10°?) compared to - DtE 10~ S N -
DtE 107,
Bacterial
DtE 10* colonies with D q '
similar // % ecrease (w» 4o
(450 gof | morphologies. density of
autoclaved Reduced fungal colony
soil plus 50 number of and mat
g of soil colonies growth
from DtE formed comparei to
107) compared to Dt 10°. =
DtE 10°.
5 Bacterial
DtE 10 colonies with F., wws Decreased .
(450 g of similar : density of
autoclaved | morphologies. fungal colony
soil plus 50 Reduced and mat |
g of soil number of growth
from DtE colonies compared to
10%) compared to DtE 10™.
DtE 10,
% Bacterial rm M g Very low V’SE
Dtk 10 colonies with nUfmbGFIOf
similar unga
aﬁi&gvoefd morphologies. COkinleS v?/tn:
soil plus 50 Reduced mat gro .
g of soil numbe_r of compare_s 0
colonies DtE 10™.
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from DtE compared to
10°) DtE 10°.

5
6  Table - SM2 - Disaggregation indexes values (mean and standard deviation) in individuals of P. pruinosus for abiotic
7 and biotic tested factors per each level. N.D.: No detected.

Abiotic Factors Range Indexes  Mean  + Standard Deviation
DI N.D. N.D.
> DG N.D. N.D.
10 DI 0,25 0,25
DG 0,34 0,19
15 DI 0,15 0,06
DG 0,25 0,06
. DI 0,14 0,13
Temperature (°C) 20 DG 0.24 0,09
25 DI 0,25 0,27
DG 0,35 0,22
30 DI 0,66 0,34
DG 0,72 0,27
3 DI 0,47 0,34
> DG 0,54 0,30
10 DI 0,26 0,17
DG 0,38 0,13
20 DI 0,42 0,19
DG 0,48 0,11
30 DI 0,36 0,09
DG 0,42 0,13
. DI 0,14 0,13
Moisture (%) 40 DG 0.24 0.09
60 DI 0,46 0,36
DG 0,48 0,22
70 DI 0,62 0,33
DG 0,66 0,29
80 DI N.D. N.D.
DG N.D. N.D.
0 DI 0,14 0,13
DG 0,24 0,09
25 DI 0,48 0,33
DG 0,56 0,22
NaCl (g/kg d.w.) 3 ]| 0,38 0,42
DG 0,5 0,26
35 DI 0,57 0,30
DG 0,48 0,15

4 Dl 0,54 0,11



pH

A. domesticus (minutes)

T. molitor (minutes)

4.5

4.06

4.43

5.15

6.07

7.22

8.05

8.13

15

30

1440

2880

15

30

DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG

0,64
0,32
0,42
0,46
0,44
0,22
0,32
0,42
05
05
05
0,45
0,51
0,48
0,54
0,26
0,3
0,3
0,36
0,14
0,24
0,26
0,42
0,34
0,36
0,26
0,38
0,59
0,55
0,38
0,52
0,42
0,42
0,14
0,24
0,26
0,42
0,34
0,36
0,26
0,38
0,65
0,64

0,11
0,23
0,16
0,31
0,11
0,13
0,13
0,30
0,28
0,16
0,14
0,36
0,32
0,36
0,29
0,18
0,12
0,14
0,13
0,13
0,09
0,20
0,13
0,11
0,11
0,17
0,13
0,26
0,13
0,18
0,16
0,15
0,13
0,13
0,09
0,20
0,13
0,11
0,11
0,17
0,13
0,29
0,23
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10
11

1440

2880

46.9
93.7
Oleic acid (mg/kg d.w.) 187.5
375
750
1500
10°
107!
10

103

Microbial Community Diversity

-4
(%) 10

10~
107¢

107 - No purgation

1077 - With
purgation

Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG
Dl
DG

0,39
0,47
0,38
0,44
0,14
0,24
0,39
0,51
0,46
0,52
0,38
0,46
0,48
0,48
0,34
0,42
0,64
0,68
0,14
0,24
0,56
0,6
0,58
0,64
0,42
0,48
0,62
0,66
0,3
0,36
0,35
0,39
0,76
0,82
0,59
0,6

0,33
0,24
0,21
0,11
0,13
0,09
0,12
0,09
0,20
0,19
0,20
0,11
0,21
0,16
0,19
0,18
0,21
0,18
0,13
0,09
0,32
0,32
0,28
0,25
0,34
0,31
0,25
0,23
0,25
0,21
0,26
0,20
0,33
0,25
0,33
0,26

Fig. SM3 Soil conductivity (EC) (a) and pH (b) measured in the beginning and 48h after the beginning of the salinity
bicassay. ECiand EC; refer to the conductivity at the beginning and end of the test, respectively (expressed as dS/m)

and pH;i and pHs, the pH measured at the beginning and end of the test.
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Fig. SM4 Soil pH measured in the beginning and 48h after the beginning of the pH bioassay. pHi and pHf, represent
the pH measured at the beginning and end of the test.
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Fig. SM5 Soil conductivity (EC) (a) and pH (b) measured in the beginning and 48h after the beginning of the microbial
dilution bioassay. EC; and EC;s refer to the conductivity at the beginning and end of the test, respectively (expressed
as dS/m) and pHiand pHs, the pH measured at the beginning and end of the test. Treatments are presented as % of the
sterilized soil used, where 10° refers to the higher level of microbial communities in soil and 107 represents the
sterilized soils.
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Table — SM6 — Optimal cluster number based on the Silhouette Index (SI) for the K-mean cluster analysis.
Cluster  Average Silhouette Index (SI)

3
4
5

0.185
0.178
0.169

(b)
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Abstract

Behavioral alterations in terrestrial isopods emerged as early warning signals of soil pollution, but
their link to specific physicochemical properties of contaminants remains unexplored. This study
investigates whether specific chemical properties can predict two ecologically relevant behavioral
endpoints in the gregarious isopod Porcellionides pruinosus. A combined avoidance-disaggregation
bioassay was applied to a set of twenty-five substances. The substances were categorised according
to the effects they induced: those that induced both avoidance and disaggregation, those that triggered
only one of these effects, and those showing no detectable effects. Regression models revealed a
significant positive association between disaggregation and the Henry’s law constant, with a threshold
value estimated at 110 Pa m® mol™, beyond which aggregation breaks down. This value can be
proposed as a potential indicator in the regulatory field for predicting the impact of a substance on
the social behaviour of woodlice, supporting management decisions in assessing the impact of
contaminants on soil. Conversely, no predictive descriptors were found for avoidance responses,
indicating that the mechanisms underlying migration remain to be elucidated. Furthermore, given the
heterogeneity of behavioural responses, the combined use of avoidance and disaggregation endpoints

is recommended for a more comprehensive investigation.

Keywords: terrestrial isopods, Henry law constant, soil, contamination, avoidance test,

disaggregation effect, robust regression.

1. Introduction

Pollution exerts an increasing pressure on the stability and integrity of soil ecosystems, making rapid
and replicable risk assessment essential to predict the adverse ecotoxicological effects. To date, the
risk assessment regarding the impact of contaminants in soil remains uncertain and requires further
exploration (Vieira et al., 2024). These gaps reflect the greater heterogeneity and complexity of soil
ecosystems compared to aquatic ecosystems (Edwards, 2002; Rodriguez-Eugenio et al., 2018). The
heterogeneity of soils particularly influences the bioavailability, transport, uptake, and persistence of
contaminants (Zang et al., 2017). These parameters depend in turn on the physicochemical properties
of contaminants, including solubility, Henry's law constant (H) values, and partition coefficients
(Tetko, 2007; Hewitt et al., 2009; Zang et al., 2017). Identifying quantitative relationships between
these parameters and ecological effects on soil organisms remains a key challenge. At the same time,
it is necessary to evaluate sub-lethal and ecologically relevant effects such as effects on population

structures and dynamics (EC, 2025), or trophic net effects (Vighi and Villa, 2013). In light of these
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complexities, regulatory frameworks have begun to emphasize the importance of evaluating the
impacts of chemical substances on non-target soil organisms and their behaviors, as outlined, e.g., in
Regulation No. 1107/2009 of the European Commission (EC), as well as in EC Regulations No.
283/2013 and 284/2013. Indeed, behavioral endpoints are gaining attention as early and sensitive
indicators of chemical stress (Agerstrand et al., 2020); however, they remain underutilized in
regulatory contexts. Among the main non-target organisms, terrestrial isopods are a suitable model
organism in behavioral testing. They are representative detritivores of soil litter and are exposed to
various exposure pathways, including interstitial water, soil, organic and inorganic matter, air, and
food (Lokke and van Gestel, 1998; van Gestel et al., 2018). Being both vagile and gregarious
organisms, woodlice can be used in a single combined avoidance and disaggregation bioassay to
provide insights into how contaminants affect population density and dispersal patterns (Federico et
al., 2024). Avoidance reflects active migration away from contaminated soil and can signal
deteriorated habitat quality (Caro et al., 2013), whereas disaggregation reflects a breakdown in social
cohesion, potentially due to the deception of chemical information signaling (Federico et al., 2024).
Both endpoints are ecologically meaningful, particularly in gregarious species where chemical
communication plays a role in aggregation. Despite this potential, there are still no standardized
guidelines on these organisms, even though numerous studies demonstrated a greater sensitivity to
soil contamination compared to other model organisms (Jones and Hopkin, 1996; Drobne, 1997;
Loureiro et al., 2009; Morgado et al., 2016; Maria et al., 2024). Furthermore, the primary exposure
pathways responsible for triggering these behavioral responses remain poorly characterized. In 'hard-
bodied' organisms, soil pore water represents a key exposure route of pollutants (Peijnenburg et al.,
2012), though direct soil contact is also critical (EFSA, 2017). This is particularly relevant for
euedaphic species like springtails, but for litter organisms such as woodlice, exposure via the soil-air
or water—air interface should not be neglected. In fact, as outlined by van Gestel et al. (2018), airborne
chemicals may also be taken up through inhalation via ventral pleon, in addition to uptake through

direct contact with contaminated soil or ingestion of food (Fig. 1).

Figure 1. The main routes of exposure for terrestrial isopods (food, contact, inhalation). Exposure
through contact with solid soil or pore water is mainly absorbed through the setae of the pereopods,
but contact with semiochemicals through the antennae cannot be ruled out. Inhalation of airborne

substances and water vapor occurs mainly through absorption by the pleon.

For this reason, identifying physicochemical descriptors involved in behavioural onset is a key area

for ecotoxicological management. However, the extent to which behavioural responses such as
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avoidance and disaggregation can be predicted based on the physicochemical properties of

contaminants remains to be investigated. The purpose of this study was twofold:

e Identify the specific contaminants for which both avoidance and disaggregation effects occur,
do not occur, or only one of the responses is triggered;
e Determine which physicochemical parameters can reliably predict the onset of disaggregation

and/or avoidance behaviors.

2. Methods
2.1 Model Organisms. Individuals of Porcellionides pruinosus Brandt (1833) were cultured in the
Laboratory of Ecotoxicology, Department of Earth and Environmental Sciences, at the University of
Milano Bicocca, Italy. Cultures were maintained at 20 + 1 °C with a photoperiod of 16:8 h light:dark
and were sprayed with distilled water twice a week. They were fed ad libitum with alder leaves. As
consolidated practice in literature (Loureiro et al., 2006; Morgado et al., 2016; van Gestel et al., 2018),
only adults (wet weight of 14-30 mg) were used in the bioassays, excluding molting animals,

individuals with malformations, and pregnant females.

2.2 Soil. For the toxicity bioassays, the natural LUFA 2.2 sandy loam soil (Speyer, Germany) was
used as a standard soil. The properties of this soil include a pH = 5.6 = 0.3 (0.01 M CaCl,), Water
Holding Capacity (WHC) = 48.9 + 5.6 (g/100 g), C = 1.82 £ 0.5 (%), N = 0.19 £ 0.05, Cation
Exchange Capacity (CEC) =9.54 £ 1.36 meq/100 g.

2.3 Chemicals. To investigate which chemical-physical parameters played a role in the occurrence
of avoidance and disaggregation effects, 24 different organic compounds belonging to different
classes were selected and tested: for PPPs 1,3-dichloropropene (DCP), azadirachtin A (AZA),
chlorpyrifos (CPF), dichlobenil (DCB), dimethoate (DMT), glyphosate (GLY), parathion (PAR),
pendimethalin (PEN), S-metolachlor (S-MET), sulfoxaflor (SFX), terbuthylazine (TBA), triclopyr
(TCP), trifluralin (TFL); for PPCP benzophenone-1 (BP-1), carbamazepine (CBZ), N,N-
diethyltoluamide (DEET), fipronil (FIP), galaxolide (GAL), oxybenzone (OXB), and for PFCAs
perfluorobutanoic acid (PFBA), perfluorododecanoic acid (PFDoA), perfluorooctanoic acid (PFOA),
perfluoropentanoic acid (PFPeA), perfluoropropionic acid (PFPrA). Avoidance data of benzothiazole
(BTZ) were collected from Federico et al. (2024) for the predictive analysis. For each substance,
concentration range, physical-chemical properties, and database references from which the sources
of all these compounds were obtained are reported in Supplementary Materials (Table S1). All the

tested chemicals were purchased from Merck Millipore, with purities ranging from 98% to 99%.
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1

2

2 100  Nominal concentrations expressed in mg/kg dry soil (d.w.) were selected based on the respective
5 101 maximum solubilities (g/L) of each compound. This means that the chosen concentrations never
6 g . o

7 102  exceeded the maximum solubility threshold of the individual contaminants, thereby avoiding the use
g 103  of organic solvents that could have masked or affected the behavioral responses and the related study

10104  of physicochemical descriptors. Additional concentrations close to the maximum solubilities were

12 105  performed only for those chemical contaminants that showed no significant avoidance or

13 . . . . . . .
14 106 disaggregation effects in the chosen concentration range. Contaminated soil was prepared in 200 mL

12 107  glass beakers by mixing the chemicals with LUFA 2.2 soil in an aqueous medium. For PFCA
17 108  compounds, only 250 mL Nalgene HDPE containers were used to prevent adsorption onto glass
18

19 109  (Kleiner et al., 2021). For volatile substances (DCP, GAL, PEN, TFL), contamination via an aqueous

;? 110 medium followed the method of An (2005), widely employed to assess the toxicity of volatile
;g 111 compounds (Zhiqun et al., 2017; Wang et al., 2021).
24 112

26 113 2.4 Bioassays. The avoidance and disaggregation behaviours tests were performed to evaluate the

27
28

29 115  from the International Organization for Standardization guidelines (ISO, 2020) and to determine a

114  ability of edaphic organisms to avoid contaminated soil towards uncontaminated soil as requested

31 116  potential alteration on aggregation behaviour during the avoidance test (Federico et al., 2024). Glass
32
33

gg 118  and filled with 50 g d.w. of LUFA 2.2 soil per each side. One side was filled with contaminated soil,

117  arenas with airtight lids (9.5 % 7.3 x 5 cm) were divided into two sides using a removable plastic split

36 119  while the other part was left uncontaminated. Dual controls were set up using only uncontaminated
37

383 120  LUFA 2.2 soil on both sides of the test boxes. In one condition, dry uncontaminated soil was treated
39
40
41 122 in a liquid solution. All controls and treated soils were gently flattened to obtain a soil surface as
42

43 123 homogeneous and lump-free as possible, thereby minimizing thigmotactic effects from the woodlice.

121 with distilled water (control), while in the other, the soil was treated with the test chemical dissolved

44 e e . . . . .
45 124 For each treatment, ten individuals of P. pruinosus were introduced into each arena, with five

j? 125 independent replicates per treatment. The tests were carried out in thermostatic chambers at 20 + 1

48 126  °C, with a 16:8 h (light:dark) photoperiod, for 48 h. During the experiments, the individuals were
49

50 127  never fed to reduce aggregation or attraction behaviour induced by food. At the end of the test, each
51
52
gi 129  the thermostatic chamber, maintaining a fixed distance of 15 cm from the focal point, and high-
55130 resolution colour images were recorded for subsequent analysis by Image] software.

128  arena was positioned beneath a camera (Trust Teza 4K Ultra HD webcam, 3840 x 2160 pixels) inside

56

57 131
58
59
60 133 (A %), as follows (Eq. 1):

132 2.5 Statistical analysis. Avoidance response was assessed by quantifying the avoidance percentage
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135
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9 137

A% = =100 (1)

where n., n;, and n represent the number of individuals on the uncontaminated, the individuals on the
contaminated soil, and the total number of individuals collected at the end of the experiment,
respectively. Positive values indicate avoidance responses. If the total number of individuals in the
contaminated soils is less than 20%, such soils are considered to have “limited habitat function” (ISO,
2020). Negative responses were treated as no avoidance, while no-avoidance occurs when the
distribution of organisms is approximately equal between contaminated and uncontaminated soils.
This distribution, including a mortality rate of less than 10%, also represents the conditions required
for dual controls to validate the tests.

The disaggregation effects were measured by the disaggregation index (DI%) as follows (Eq. 2):
s+2d

DI %= -100 (2)

considering the number of singlet (s) and doublet (d) groups, and total individuals (n) recovered at
the end of the test. Groups were defined as individuals in physical contact with at least one body part.
Close individuals without physical interaction were not considered part of the same clusters (Federico
et al.,, 2024). Percentage values tending towards 100% indicate an increase in the gregarious
fragmentation effect in the population, and values of 50% were selected as thresholds for
extrapolating effect concentrations on 50% of the population (EC50). To validate the tests, the DI
values of control should not exceed 20 %.

Four standard nonlinear regression functions were selected to estimated dose-response effects
(Finney, 1979): log-logistic (L), probit (P), Weibull (W), and a Brain-Cousens hormesis (B) model,
also known as the biphasic model. Only two-parameter models were considered to avoid overfitting,
except the Brain-Cousens hormesis model, which requires more parameters due to its ability to
capture both stimulatory effects at low concentrations and inhibitory effects at higher concentrations
(Table 1). Model-specific parameters include: slope (b), median effective concentration EC50 (e),
upper asymptote (d), and hormetic effect (f). To select the best-fitting model, we used the Akaike and
Bayesian Information Criteria (AIC and BIC), choosing the model with the lowest values as the
optimal one. The goodness-of-fit of the dose-response models was assessed using the McFadden's

Pseudo R? (McFadden, 1974) calculated as follow (Eq. 3):

2 _q_ Imdw)
Pseudo R* = ~ o) (3)

where [n (Ly) is the log-likelihood of the fitted model and In (Lg) is the log-likelihood of the null
model, i.e., intercept-only model. The resulting value, which ranges from 0 to 1, indicates the
improvement in fit provided by the predictor variables, i.e., concentration, compared to the null

model, with values closer to 1 signifying a stronger fit. The statistical significance of the overall dose-
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1

2

2 167  response relationship was tested using the Likelihood Ratio Test (LRT), comparing the deviance of
5 168 the fitted model to the deviance of the null model, resulting in a y? statistic. Values of p < 0.05 were
6

- 169  considered statistically significant. EC50 values were estimated, along with 95% confidence intervals
S 170  obtained via the delta method. Note that this approximation can yield confidence bounds extending
10171 into negative values, indicating substantial uncertainty in the estimates.

1

12 172

13

14 173 Table 1. List of regression models for the response (y = f(x)) as a function of the concentration (x)

12 174  of a given contaminant, where ¢ is the cumulative distribution function of a standard normal

17 175  distribution. Parameters (b, d, e, f) are model-specific and estimated from the data, as implemented
18

19 176  in the drc package in R (version 3.0.1).

20
21 Regression Models Model equation

22

23 o

24 Log-logistic (L) f(x) =@ + exp(b(log(x) — log(e)))™
25

26 Probit (P) f(x) = ¢(b(log(x) — log(e)))

27

;g Weibull (W) f(x) = exp(—exp(b(log(x) — log(e))))
30
31

Brain-Cousens hormesis (B) f(x)=(0d+ fx)/(1 + exp(b(log(x) —log(e))))

32

33 177
34
35
36 179  analysis was conducted between avoidance percentages (A%) and disaggregation index (DI) values

178 To explore potential mechanisms underlying the observed behavioral alterations, a correlation

38180 and a set of physicochemical descriptors. Based on descriptors showing strong and significant

39 . .. . . .
40 181 correlations, predictive models were developed to evaluate whether the physicochemical properties

2; 182  of contaminants could explain behavioural endpoints (avoidance and disaggregation). Specifically,

43 183  regression models were fitted using two alternative response variables: (i) the maximum of the mean
44

45 184  responses across concentration levels—computed by first averaging the five replicate avoidance
46
47
jg 186  DImax, respectively; and (ii) the 75th percentile of the A and DI values observed across all replicates
50 187  for each chemical, referred to as A75 and DI75, respectively. These two metrics were chosen to
51 . . . . .
55 188  capture different aspects of the upper tail of the response distribution: the mean of the most substantial
53
54

55190 reduces the influence of outliers. All physicochemical descriptors were log-transformed to reduce

185  values at each concentration and then selecting the highest of these means—referred to as Amax and

189  replicate-level effects (Amax/DImax) and a robust, quantile-based summary (A75/DI75), which

57 191  skewness and to reflect the common log-scale behavior of environmental variables. Statistical
58 . . .. . .
59 192 significance was evaluated at the 5% significance level. All statistical analyses were carried out using

60 193 R software, version 4.4.1 (R Core Team, 2024).
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3. Results.

3.1 Behavioural responses
All individuals in the control groups showed a mortality rate of less than 10%, a stochastic population
distribution, and a gregariousness condition greater than 80%, thereby confirming the validity and
reliability of the test conditions.
The avoidance and disaggregation responses, quantified according to formulas 1 and 2, respectively,
are presented in Fig. 2. The results demonstrate that exposure to several contaminants elicited
significant behavioral alterations. These effects influenced either the migratory behaviour, the

dispersal pattern, or both, in P. pruinosus populations.

Figure 2. Boxplots of behavioral responses—avoidance (blue) and disaggregation (red)—as a
function of chemical concentration levels (mg/kg d.w.) in P. pruinosus populations. The boxes
represent the interquartile range (IQR) with the median indicated by the horizontal line, while
whiskers extend to the most extreme data points within 1.5 times the IQR. Response values range
from -100% to 100%. Positive values indicate the expected behavioral effect (avoidance or
disaggregation), while negative values represent inverse effects (attraction or aggregation). The

dashed grey lines indicate the £50% threshold, marking levels of high behavioral alteration.

For avoidance behavior (Fig. 2, blue boxplots), seven compounds (benzophenone-1, chlorpyrifos,
dimethoate, PFDoA, S-metolachlor, sulfoxaflor, and triclopyr) elicited a clear dose-dependent
avoidance response in more than 50% of the exposed woodlice. Hormetic effects were observed for
carbamazepine, oxybenzone, and parathion, while the remaining substances failed to trigger
avoidance responses, even at concentrations close to their solubility limits (Table S1).

In terms of population disaggregation (Fig. 2, red boxplots), nine chemicals (1,3-dichloropropene,
chlorpyrifos, DEET, dichlobenil, galaxolide, oxybenzone, parathion, pendimethalin, and trifluralin)
triggered dose-dependent fragmentation in over 50% of the tested individuals. Notably, six of these
compounds (1,3-dichloropropene, DEET, dichlobenil, galaxolide, pendimethalin, and trifluralin)
induced disaggregation without avoidance, suggesting that disaggregation occurred independently of
the animals' ability to migrate away from the contaminated soil. No significant disaggregation was
observed for the other substances, even near their maximum solubility.

Overall, the results of A% and DI1% responses reveal distinct behavioural profiles among the tested
chemicals, with substances that induced both avoidance and disaggregation (chlorpyrifos,

benzothiazole), substances that triggered avoidance but not disaggregation (benzophenone-1,
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1

2

z 228  dimethoate, PFDoA, S-metolachlor, sulfoxaflor, triclopyr). substances that caused disaggregation
5 229  without avoidance (1,3-dichloropropene, DEET, dichlobenil, galaxolide, PFBA, pendimethalin,
6

7 230 trifluralin), substances that elicited hormetic responses related to avoidance, with (oxybenzone,
g 231  parathion) or without (carbamazepine) disaggregation, and substances that showed no detectable
10 232 behavioural effects (azadirachtin, fipronil, glyphosate, terbuthylazine, PFOA, PFPeA, PFPrA).

11

12 233

13

14 234 For all chemicals that produced measurable behavioural changes, dose-response models were fitted
12 235 (Table 2 a and b). In cases where no significant behavioral response was observed for a given

17 236 endpoint, no best-fitting model could be identified.
18

19 237 The statistical significance of the models for avoidance (Table 2.a) yielded a highly significant p-
;? 238 value < 0.001, for all substances where an EC50 could be calculated.t. Furthermore, the overall

;g 239 goodness-of-fit for the selected models was strong. The calculated McFadden's Pseudo R? values,

24 240 ranging from 0.63 to 0.86, indicate that the concentration variable effectively explains a large portion

26 241 of the variance in the avoidance endpoint, thus demonstrating a strong fit for the selected models (W,

27
28

29 243  The final results for the concentration-response relationship concerning the disaggregation endpoint

242 L, B, P) to the experimental data.

31 244 (Table 2.b) demonstrate a statistically significant concentration-dependent effect for all tested

22245 compounds (BTZ, CPF, DCB, DCP, DEET, GAL, OXB, PAR, PEN, and TFL), yiclding a highly

34 246  significant p-value < 0.001. The models exhibited a moderate to strong goodness-of-fit, with

36 247  McFadden's Pseudo R? values ranging from 0.30 (for CPF) to 0.64 (for TFL), indicating that the
37

3g 248  selected models explain a substantial, yet lower, portion of the variance in the disaggregation response
39
40
41
42 250

43

44 251  Table 2. Effective concentrations (EC50) expressed as mg/kg d.w. for avoidance (a) and

249  compared to the avoidance endpoint.

46 252 disaggregation (b) endpoints for chemicals that induced statistically significant behavioral alterations.

47
48

49 254  dose-response model for each substance. Model quality indicators include the Akaike Information

51 255  Criterion (AIC), the McFadden's Pseudo R?, and the p-value from the Likelihood Ratio Test (LRT).

52
53 256 n.d.: not detected by model.

54 257
55

56258 (a)
57
58
59
60

253  The lower and upper bounds of the 95% confidence interval (CI) are reported alongside the best-fitted

Substance EC50 Model  AIC Pseudo R?  p-value
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259

260

(b)
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BP-1 1.1[0.71-1.47] A 35.73 0.87 < 0.001
BTZ 154[106-200] L 5282 0.86 < 0.001
CBZ 20.7 [4.3-37] B 61.11 0.66 < 0.001
CPF 11.9 [0.44-23] L 48 0.79 < 0.001
DMT 15.3 [0 -33.5] L 52.8 0.78 < 0.001
OXB 3.43[0 - 34] B 62.7 0.7 < 0.001
PAR 39.5[15.2-63.9] B 56.1 0.64 < 0.001
PEN 3.44 [0-67] B 50 0.63 < 0.001
PFDoA 0.02 [0-0.04] P 46.42 0.75 =< 0.001
< 0.001
SFX 13.7 [0-35.6] W 50.9 0.72
< 0.001
S-MET 0.46 [0-1.26] w 45.8 0.65
< 0.001
TCP 0.25 [0-0.62] w 55 0.8
Pseudo R?
Substance ECS0 Model AIC p-value
TZ 3,546 [0- 28,825] 69 0.48 < 0.001
CPF 0.16 [ n.d.] 476 0.3 < 0.001
DCB 0.52 [0-2.44] 457 0.36 < 0.001
DCP 4.01 [0-8.97] 43.8 0.61 < 0.001
DEET 0.01[0-0.03] 52.38 0.55 =< 0.001
GAL 0.014[0-0.07] 47.34 0.61 < 0.001
OXB 0.45 [0-1.46] 48.38 0.37 < 0.001
PAR 15.8 [1.79-29.7] 44.5 0.53 < 0.001
PEN 1.61 [0-6.8] 48.45 0.39 < 0.001
TFL 2.27 [0-4.75] 48.34 0.64 < 0.001
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It is challenging to compare disaggregation EC50 values, as this parameter was recently introduced

and no effect values for this endpoint have been reported elsewhere (Federico et al., 2024).

Conversely, the EC50 values for avoidance responses can be compared with the results obtained in

previous studies, albeit with other organisms (Table 3).

Table 3. Avoidance EC50 values, expressed as mg/kg d.w., for soil invertebrates exposed the tested

chemicals. EC50 values (in mg/kg d.w) are reported alongside fold-differences (nx) relative to P.

pruinosus to facilitate direct comparison of species sensitivities. Asterisk (*) denotes concentrations

converted from field application rates (g a.i./ha) assuming a soil bulk density of 1.3 g/cm and a mixing

depth of 15 cm. ‘No avoidance’ indicates that no significant behavioural response was observed at

the maximum tested concentration. pg/kg range denotes values in the microgram per kilogram range.

N.C.: not comfortable.

Chemical Species

ECS50

Fold-difference

Reference

CPF Porcellionides pruinosus

Eisenia fetida

Folsomia candida

DMT Porcellionides pruinosus

Porcellionides pruinosus

Porcellionides pruinosus

Folsomia candida

S-MET Porcellionides pruinosus

Eisenia fetida

TCP Porcellionides pruinosus

Folsomia candida

Oppia nitens

11.8

49

0.45

15.3

31.5

28.6

no avoidance

0.46

>40

0.25

2.65*

12.1*

0.04x

N.C.

>&7 X

1-5x%

this study

Garcia-Santos & Keller-Forrer 2011

Santos et al. 2012

this study

Santos et al. 2010

Loureiro et al. 2005

Pereira et al. 2013

this study

Xuetal. 2010

this study

Voinorosky et al. 2022

Voinorosky et al. 2022

104



Page 11 of 26 Environmental Toxicology and Chemistry

PFAS Porcellionides pruinosus ~ pg/kg range this study

oNOYTULT D WN =

Eisenia fetida  ng/kg range N.C. Melo et al. 2022

CMZ Porcellionides pruinosus hormesis this study

Folsomia candida hormetis 1 Oliveira et al. 2015
17 GLY Porcellionides pruinosus no avoidance this study
20 FEisenia fetida no avoidance 1 Santos et al. 2012

23 Folsomia candida mno avoidance 1 Niemeyer et al. 2018

27 274  Despite the paucity of observations pertaining to P. pruinosus avoidance responses, there is
29 275  substantial concordance among the findings of studies. As shown in Table 3, a comparison of
31 276  avoidance data reveals several consistent patterns across taxa and compounds. Compared to P.
277  pruinosus, individuals of Eisenia fetida exhibited divergent responses to chlorpyrifos, manifesting
34 278  either no-choice behaviour (Santos et al., 2012) or avoidance at a concentration of 49 mg/kg d.w.

36 279  (Garcia-Santos & Keller-Forrer, 2011). In contrast, chlorpyrifos induced avoidance responses in

g; 280  Folsomia candida at an EC50 of 0.45 mg/kg d.w. It is relevant to note that these studies employed

ig 281  chlorpyrifos-based formulations rather than the pure active ingredient. This discrepancy may

41 282  therefore be attributed to the use of a high-purity compound in the present study, as opposed to
42
43 283  commercial formulations that include co-formulants capable of enhancing behavioural responses

j;' 284  (Klatyik et al.,, 2023). The EC50 of dimethoate obtained in this study (15 mgkg d.w.) is

j? 285  approximately two-fold lower than previously reported values of 31.5 mg/kg d.w. (Santos et al., 2010)

48 286  and 28.6 mg/kg d.w. (Loureiro et al., 2005). Unlike P. pruinosus, F. candida shows no avoidance

49 . . . . .
50 287  behaviour in response to dimethoate up to the maximum tested concentration of 32 mg/kg d.w. of

g ; 288  soil, a response that has been attributed to immobilization effects (Pereira et al., 2013). With respect

53289  to S-metolachlor, E. fetida has been observed to avoid contaminated soil only at concentrations

55 290  exceeding 40 mg/kg d.w., whereas P. pruinosus exhibits avoidance at a much lower EC50 of 0.46
56
57

gg 292 sensitivity of woodlice to triclopyr was consistent with the responses observed in F. candida and

291 mg/kg d.w. (Xu et al., 2010). Although derived from experiments using contaminated litter, the

60 293 Oppia nitens at application rates of 5,167 and 23,597 g a.i./ha, respectively. Assuming a soil bulk
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1
2
z 294  density of 1.3 g/cm?® and a mixing depth of 15 cm, these application rates correspond to approximate
5 295  soil concentrations of 2.65 and 12.1 mg/kg d.w. (Voinorosky et al., 2022). A comparable sensitivity,
6
; 296 in the pg/kg range, was also observed for PFDoA avoidance concentrations in woodlice and
g 297  earthworms exposed to PFAS-contaminated soils (Melo et al., 2022). Nevertheless, direct
10 298  comparisons remain challenging because that study involved complex PFAS mixtures, whereas the

—_
—_

12299  present experiments focused on single-compound exposures. The hormetic responses of P. pruinosus

1 . ..
12 300 to carbamazepine also results comparable to F. candida (Oliveira et al., 2015). The lack of response

12 301 exhibited by P. pruinosus is consistent with the responses demonstrated by E. fetida and F. candida

17 302  in avoidance tests involving glyphosate (Santos et al., 2012; Niemeyer et al., 2018), but in contrast to
18

19 303 the findings reported in the literature for the same species (Santos et al., 2010). This observed
20
21
22 305  contrast to commercial formulations, which contain co-formulants that can enhance behavioural
23

24 306  responses (Klatyik et al., 2023). A preliminary analysis of the existing data suggests that woodlice

304 discrepancy may be attributed to the use of a high-purity active ingredient in the present study, in

26 307 may exhibit a level of sensitivity to chemicals that is comparable to, or potentially even exceeds, that

27
28

29309 etal., (2024). However, the scarcity of studies addressing avoidance behaviour precludes the drawing

308  observed in model organisms such as earthworms and springtails, as previously suggested by Maria

31 310 of definitive conclusions.
32
33

gg 312 3.2 Physicochemical descriptors involved in behavioral alterations.

36 313  Correlations analysis between selected physicochemical parameters (Table S1) and behavioural
37

38 314 endpoints for avoidance or disaggregation were assessed. For disaggregation, only DI75 and DImax
39
40
41316 A log-log regression model was employed in both cases, as it captures power-law relationships and
42

43 317  helps linearize the association between variables. The model was specified as follows (Eq. 3):

315  were significantly and positively correlated with Henry’s law constant (H).

44
45 318
jj 319 log(DI75) = a + Blog(H) + € (4)

48 320  where ¢ is the model error term.

49

50 321  Three estimation methods were applied for comparison (Fig. 3): Ordinary Least Squares (OLS),
51
52

gi 323 normality and homoscedasticity assumptions, whereas quantile and robust regression are less

322 Quantile Regression (t = 0.5), and Robust Regression using the MM-estimator. OLS relies on

55324  sensitive to their violation. The MM-estimator was used for its robustness to outliers and

57 325  heteroscedasticity (Yohai, 1987; Rousseeuw and Leroy, 2006), while quantile regression was applied

58
59

60 327  Bassett, 1978). All three models identified a statistically significant positive association between the

326 at DI75 (t = 0.5) to estimate median responses under asymmetric error distributions (Koenker and
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log-transformed Henry’s law constant and logDI75, with B = 0.02 (Table S2). From an ecological
perspective, given that the regression coefficient (f = 0.02) is significant on the log-log scale, a tenfold
increase in the Henry's law constant of a chemical is associated with an approximate 20% increase in
DI75. This implies that more volatile or semi-volatile compounds are more likely to disrupt the
chemical signals that drive aggregation in P. pruinosus, leading to greater fragmentation of the group.
Even a modest slope, therefore, represents a significant ecological effect, as the volatility of the
compounds tested covers several orders of magnitude and disaggregation intensifies steadily with

increasing volatility.

Figure 3. Scatterplot of log(H) versus log(DI75), with fitted regression lines: robust regression
(solid), quantile regression at T = 0.5 (twodash), and ordinary least squares (dotted). The shaded area
represents the 95% confidence band for the robust regression model. Each point corresponds to a
chemical substance, labeled by its acronym. According to the weights assigned by the robust MM-
estimator, all observations were retained with substantial influence (i.e., all weights > 0.72),

suggesting the absence of high-leverage outliers in the dataset.

To evaluate predictive performance and avoid overfitting, leave-one-out cross-validation (LOOCV)
was applied to each model: Ordinary Least Squares (OLS), Quantile Regression (t = 0.5), and Robust
Regression (MM-type estimator). For each left-out observation, the model was fitted on the remaining
data and used to predict the excluded point. Prediction error was quantified using three metrics: Mean
Absolute Error (MAE): Root Mean Squared Error (RMSE), and Pseudo-R2?. All models yielded
comparable results, indicating consistent predictive accuracy across methods (Table S3). Among the
tested models, quantile regression yielded the lowest MAE, indicating superior performance in
minimizing typical errors. RMSE was identical across models. Pseudo-R? was similar for OLS and
quantile regression and slightly lower for robust regression. Overall, the three models displayed very
similar performance. However, in contexts with potential outliers or heteroscedasticity, robust
regression remains a valuable alternative due to its resistance to outliers, albeit at the cost of a slight

trade-off in overall fit.

In the context of environmental protection, it is of interest to identify a threshold value of H above
which disaggregation is expected to occur in the test organism. Specifically, we estimated the value
of H corresponding to a DI75 value of 0.5 by inverting the fitted robust regression function (Eq. 4),

under the log-log regression model given in formula 2, to obtain the point estimate
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359 a= exp(@) (5)

oNOYTULT D WN =

360 where & and B are the robust point estimates of the log-log regression model. To quantify the
9 361 uncertainty around this estimate, we applied the delta method (Oehlert, 1992) to derive an
11 362 approximate 95% CI for the predictor value, obtaining an estimate of H = 8x10* Pa m? mol! with a
12363 CI of (-1.51x1073, 3.11x10-3 Pa m3 mol!). This result suggests a tentative threshold, above which

14 364  adverse population-level effects are likely to occur.

17 365  Using the maximum of the mean responses across concentration levels as the response variable, all
366 three regression models (OLS, quantile regression at T = 0.5, and robust regression) identified Henry's
20 367  law constant as a statistically significant predictor (p-value < 0.01). The estimated slope was
22 368  consistently around 0.03 across models, with slight variations in intercepts (Fig. 4). Notably, in this
22 369 case, the robust procedure detected S-MET as an outlier. While its exclusion improves model fit, the
;2 370  ecological or mechanistic basis for this deviation remains to be elucidated and should be interpreted

27 371  with caution.

373  Figure 4. Scatterplot of log(H) versus log(DImax), with fitted regression lines: robust regression
gg 374  (solid), quantile regression at T = 0.5 (twodash), and ordinary least squares (dotted). The shaded area

36 375  represents the 95% confidence band for the robust regression model. Each point corresponds to a
37

38 376  chemical substance, labeled by acronym.

39
40
41
42 378  setting DImax = 0.5, the estimated H value was 1.2x10* Pa m? mol! with a 95 % CI of (-1.41x104,
43

44 379  3.80x10* Pa m?® mol!). While the threshold estimate based on DImax is lower than that obtained
45 . . . . T . .

46 380  using DI75, their confidence intervals partially overlap, indicating that the difference is not
4
4

49 382  are likely to occur when Henry’s law constant values exceed 1x10 Pa m? mol-'.

377  Similarly, when using the maximum mean disaggregation response (DImax) as the outcome and

; 381 statistically significant. Nonetheless, both estimates consistently suggest that disaggregation effects

51 383 The same regression analyses were performed, using as response variables either the 75th percentile

52
53
gg 385 statistically significant descriptors were identified.
56 386

57 ] .

5g 387 4. Discussion.

59
60

389  4.1. Avoidance responses at the population level

384  of avoidance or the maximum of the mean responses across concentration levels. However, no

388

108



Page 15 of 26 Environmental Toxicology and Chemistry

390
391
392

oNOYTULT D WN =

393

e}

_‘_‘
- o
w
G
=

12 395
13
14
15 397
16

17 398
18

19 399

20
21 400

22 401
23

24 402

396

25

26 403
27
28
29 405

404

31 406
32
33

34 408
35

407

36 409
37
38 410

39
40 411

41 212
42

43 413
44

45 414
46 415

47

48 416
49
50 417

51
57 418

33 419
54

55 420

56
57 421
58
59
60 423

422

The avoidance results obtained from this work reinforced the proposal that terrestrial isopods are
suitable biosensors for soil contamination, a proposal previously advanced by other authors (Drobne
and Hopkin, 1994; Drobne, 1997). Indeed, it has been demonstrated that woodlice, specifically P.
pruinosus, exhibit sensitivity to concentrations lower than those measured in other species, mainly
Eisenia fetida and Folsomia candida. This finding attests to their suitability for use in behavioural
ecotoxicity tests (Loureiro et al., 2005; van Gestel et al., 2018).

Despite this, it is still unclear what role the physicochemical properties of soil contaminants play in
the onset of avoidance behaviour and whether they can serve as predictive descriptors of behavioural
responses. Although this study aimed to determine descriptors that can reliably predict the occurrence
of behavioural alterations, no significant descriptors emerged as predictors of avoidance responses.
This suggests that avoidance may arise from mechanisms not directly linked to bulk phase
partitioning, but rather to organism-specific traits or mode-of-action (MoA) dependent physiological
pathways. In fact, considering also the mode of action (MoA) of chemicals, it is important to note
that all neurotoxic compounds considered in this work (mainly organophosphorus insecticides) elicit
a positive avoidance response; however, other chemicals with different modes of action also induce
behavioral alterations (i.e., UV filters and certain herbicides). Consequently, MoA is not the only
factor involved in avoidance responses and cannot explain the variability of avoidance responses.
This evidence suggests that the onset of avoidance responses in woodlice requires further
investigation. It is hypothesised that the mechanisms underlying these responses may be contingent,
at least in part, on specific traits of this crustacean that have yet to be elucidated. Among these traits,
we can include the peculiar evolution of the olfactory system in terrestrial isopods. It is known, for
example, that woodlice have developed distinct tritocerebral neuropiles in the second pair of
antennae, which may be involved in chemoreception in other terrestrial isopods such as Ligia
occidentalis and Hemilepistus reaumuri (Seelinger, 1983; Hansson et al., 2010; Harzsch et al., 2011).
These studies provide preliminary evidence that alternative chemosensory pathways may be involved
in terrestrial isopods compared to their marine counterparts. Since aggregation in terrestrial isopods
is mediated by pheromonal signals (Takeda, 1980), it is plausible that chemosensitivity could be
maintained in these species. While we recognize that this is speculative, the purpose of this work is
not to verify the biochemical processes and anatomical structures involved in the selection process.

Future research could be directed at filling these knowledge gaps.

4.2 Disaggregation effects at population level
In contrast to the avoidance responses, the results of this work revealed a positive correlation between

the disaggregation effects and the Henry's law constant of selected chemicals. A threshold of H equal
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1

2

2 424  to 1 x 107 Pa m?® mol™" has been estimated as a significant value above which gregariousness is not
5 425 maintained. The model’s validity has been verified by the LOOVC technique, ensuring its robustness
6 . : o .
7 426  in the quantitative prediction of the disaggregation effect. Despite the utility of the model in
g 427  expeditious prediction of disaggregation in woodlice, it is acknowledged that the model was derived

10 428  from a comparatively limited dataset. On the other hand, it is important to underline that the

12429  robustness of the results lies in the large number of individuals tested per concentration (50

13 NPT . . . . .
14 430 individuals) and by the wide range of physicochemical properties covered by the selected chemicals,

1 2 431  including an eight-order of magnitude range for solubility and a ten-order of magnitude range for H

17 432 (refer to Table S1).

18

19 433 In general, the regression model (Eq. 3) suggests that H constant may serve as a potential descriptor,
20
21

;g 435  gregarious populations. We support considering sublethal effects in evaluations of environmental risk

434  albeit one requiring validation, in the regulatory field to predict the impact of a substance on

24 436 at both the individual and higher ecological levels. This finding supports the inclusion of effects at

26 437 sublethal and social level in the evaluations of environmental risk, complementing approaches

27
28

29 439  disaggregation bioassay in terrestrial isopods addresses the need to assess social-level alterations. At

438  previously applied for social pollinators (Fisher et al., 2023). From this perspective, the use of the

31 440  the same time, the proposal of physicochemical cut-off may serve as a strategic prognostic value

32 . . . . . .
33 441 above which alteration of gregariousness is already expected, to avoid over-testing.

34 442 Special attention should be given to cases in which disaggregation occurred without avoidance

36 443 (groups C and D). In these groups are listed the results obtained from those molecules with an H value
37

3g 444  higher than the threshold level of 1 x 107 Pa m*® mol™. We hypothesize a more conservative
39
40
j; 446  measurable volatility, it is plausible that woodlice may absorb a fraction of these substances from the
43 447  surrounding air, possibly through the pleopodal respiratory surfaces or via antennal chemoreception.
44 . : e .

45 448 Although the subsequent distribution of airborne chemicals within the organism has not been
46
47
48 450  in aggregation. This possibility, while hypothetical, suggests that airborne exposure might modulate
49

50 451  social organization in ways that could indirectly affect measured avoidance responses. However,

51 . . . . . . . .
5, 452 empirical evidence for this mechanism requires further investigation.

445  interpretation of the potential exposure mechanism: given that several of the tested compounds exhibit

449  experimentally verified, such uptake routes could, in principle, influence sensory processes involved

33 453
54

55454 5. Conclusions.
56
57 455  This study provided pivotal insights into the responses of Porcellionides pruinosus exposed to various

58
59

60 457  demonstrated that Terrestrial isopods show a high degree of sensitivity to sublethal concentrations of

456  chemicals, utilizing the joint avoidance and disaggregation bioassay. The results obtained
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1

2

2 458  the chemicals tested, thereby supporting their use in ecotoxicological bioassays. It is important to
5 459 note that neither avoidance nor disaggregation tests are exhaustive in themselves, as some compounds
6 . . 1

7 460 may induce one response rather than the other. This reinforces the recommendation to utilise these
g 461  two endpoints in combination to obtain complete and comprehensive information. Furthermore, the
10 462  study revealed a relationship between the constant of Henry Law and the disaggregation effects for

—_
—_

12 463 substances with a magnitude above the cut-off of 1 x 10-3 Pa m? mol™". This cut-off is of considerable

13 . . . . . . .
14 464 significance in the prognostic identification of chemicals that have the potential to cause

:2 465  disaggregation in woodlice. It is proposed to assess the effect on soil organisms of those molecules

17 466  with an H above the found threshold level to reduce over testing. It is recommended that future studies
18

19 467  be conducted to facilitate a more comprehensive understanding of the mechanisms that underpin these
20
21

22 469
23

468  behavioral alterations.

24 470  Data availability

26 471 Data will be made available on request.
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Potential of Henry’s Law Constant as a Predictive Indicator of Behavioural Effect in
Porcellionides pruinosus

Supplementary Materials

Table S1. Selected test compounds and relevant properties are classified as Plant Protection Products
(PPPs), Pharmaceutical and Personal Care Products (PhPCPs), and perfluorocarboxylic acid
(PFCAS). There are also reported: Chemical Abstract Service number (CAS N); concentration range
tested (C); molecular weight (MW); density (D); solubility (S); vapor pressure (VP); Henry Law
constant (H); logarithmic octanol-water (logKow), and organic carbon-water (logKoc) partition
coefficients.
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Chemical Class

acronym
AZA PPPs
BP-1 PhPCPs
BTZ PPPs
CBZ PhPCPs
CPF PPPs
DCB PPPs
DCP PPPs

DEET PhPCPs

DMT PPPs

FIP PPPs

CAS N

11141-17-6

131-56-6

95-16-9

298-46-4

2921-88-2

1194-65-6

542-75-6

134-62-3

60-51-5

120068-37-3

C
(mg/kg
d.w.)

0.0005-0.1

0.05-10

30-1000

0.5-50

0.5-100

0.005-5

0.5-100

0.0005-10

0.5-100

0.0005-0.6

MWs

(g mol™)

720.71

182.22

135.19

236.27

350.58

172.01

111.37

191.27

229.26

437.15

D

(g cm™™)

1.2

1.27

1.27

1.25

1.51

1.37

1.22

0.99

1.31

1.71

S

(gL™)

2,90E+00

2,36E-01

4,30E+00

2,00E-01

1,00E-03

3,96E-02

2,45E+00

9,12E-01

2,59E+01

3,78E-03

VP

(mPa)

3,60E-10

1,40E+01

1,90E+02

6,00E-07

1,43E+00

1,10E+00

3,76E+06

1,10E-01

2,50E-03

2,00E-06

H logKow

(Pam?

mol™)
1,00E-08  0.99
1,40E-04  2.96
3,79E-02 2.01
2,24E-05 1.9
4,78E-01 4.7
7,20E-03 3.3

1,70E+02 1.82

1,47E-02 24
1,42E-06  0.75
2,31E-04  3.75

logKoc REF
2.26 1
3.09 3
2.73 1;2
2.74 3
3.74 1
241 1
1.67 1
1.64 1;3
1.22 1;3
3.72 1;3
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GAL

GLY

OXB

PAR

PEN

PFBA

PFDoA

PFOA

PFPeA

PFPrA

SFX

S-MET

PhPCPs

PPPs

PhPCPs

PPPs

PPPs

PFAS

PFAS

PFAS

PFAS

PFAS

PPPs

PPPs

1222-05-05

1071-83-6

131-57-7

56-38-2

40487-42-1

375-22-4

307-55-1

335-67-1

2706-90-3

44864-55-3

946578-00-3

87392-12-9

0.0005-0.1

0.0005-0.1

0.005-1

0.5-100

0.05-10

0.0005-0.1

0.005-1

0.0005-0.1

0.001-0.5

0.005-1

0.5-100

0.05-10

258.4

169.1

228.24

291.27

281.31

214

614.1

414.07

264.05

163.02

277.27

283.79

1

1.71

1.43

1.26

1.17

1.65

1.82

1.8

1.67

1.64

1.52

1.12

1,65E-03

1,00E+02

6,00E-03

1,24E-02

3,30E-04

4,50E-01

7,55E-06

2,60E-05

1,05E+00

2,43E+01

5,68E-01

4,80E-01

7,30E-02

1,31E-05

1,00E+00

8,90E-01

3,40E-03

2,13E-03

7,21E+01

2,43E-07

6,86E-01

3,07E+00

1,40E-06

3,70E+00

1,14E+01

2,21E-08

2,00E-02

3,02E-02

1,27E+00

5,07E+00

3,43E-05

1,93E-05

2,99E-05

3,70E-01

6,83E-07

2,20E-03

5.3

-6.28

3.45

3.83

5.4

2.82

8.27

3.1

3.36

1.9

0.8

3.05

4.15

3.15

2.98

3.88

4.24

1.94

4.93

3.06

1.98

0.77

1.61

2.43

1: 3
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

TBA PPPs 5915-41-3 0.05-10 230.11 1.19 6,60E-03  1,52E-04 2,30E-03 34 0.93 1,2

TCP PPPs 55335-06-03 0.05-10 256.47 1.3 8,10E+00 2,00E-01 2,90E-03 -0.45 1.43 1

TFL PPPs 1582-09-08 0.05-10 335.28 1.36 2,21E-04  9,50E+00 1,02E+01 5.27 4.2 1

References of database consulted:
1 Hertfordshire University, Database: https://sitem.herts.ac.uk/aeru/ppdb/en/

2 European Chemical Agency, ECHA, Dataset: https://echa.europa.eu/de/information-on-chemicals

3 U.S. Environmental Protection Agency, EPA, Dataset: https://comptox.epa.gov/dashboard/

Acronyms:

1,3-dichloropropene (DCP), azadirachtin A (AZA), benzophenone-1 (BP-1), oxybenzone (OXB), benzothiazole (BTZ), carbamazepine (CBZ),
chlorpyrifos (CPF), dichlobenil (DCB), N,N-diethyltoluamide (DEET), dimethoate (DMT), fipronil (FIP), glyphosate (GLY), galaxolide (GAL)
,parathion (PAR), pendimethalin (PEN), perfluorobutanoic acid (PFBA), perfluorododecanoic acid (PFDoA), perfluorooctanoic acid (PFOA),
perfluoropentanoic acid (PFPeA), perfluoropropionic acid (PFPrA), sulfoxaflor (SFX), S-metolachlor (S-MET), terbuthylazine (TBA), triclopyr (TCP),
trifluralin (TFL).

Table S2. Association between log-transformed Henry’s law constant and log-transformed disaggregation index (D175) across regression models. Note

that for robust regression, approximate inference can be conducted using t-statistics derived from the estimated coefficients and their standard errors.

However, such p-values should be interpreted with caution due to the robustness adjustments.
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28

29

30
31

32

Model

B

SE p-value

Ordinary Least Squares (OLS) 0.02 0.01 <0.001

Quantile Regression (t = 0.5)

Robust Regression (MM)

0.02 0.01 0.02

0.02 0.01 <0.01

Table S3. Model performance metrics (MAE, RMSE, and Pseudo-R2) obtained through leave-one-out cross-validation (LOOCV) for OLS, quantile

regression (1 = 0.5), and robust regression (MM-type estimator).

Regression Model MAE RMSE  Pseudo-R?
OLS 0.137  0.167 0.311
Quantile (t=0.5)  0.135 0.167 0.311
Robust 0.137 0.167 0.307
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Abstract

Soil health represents a key component of urban ecosystems and a priority for achieving the European Union’s climate
neutrality and biodiversity restoration goals. Changes in edaphic diversity are the first indicators of soil health, but require
long investigation times. Therefore, rapid, multi-level, and low-impact diagnostic tools are required. Behavioural bioassays,
including avoidance and disaggregation tests, serve as rapid and ecologically relevant indicators for identifying soils subject
to population decline. However, the metrics of in situ biodiversity loss and the laboratory-based ecotoxicological responses
are not aligned. This pilot study investigates the potential use of the behavioural endpoints as screening indicators of
biodiversity in invertebrate and bacterial communities in three urban soils. Multi-species bioassays were employed using
model organisms with contrasting morpho-ecological traits, i.e. soft-body (earthworms) and hard-body (collembolans,
and terrestrial isopods), to evaluate soil quality gradients. The behavioural results were then compared with ecological
biodiversity data concerning the soil fauna and microbial communities. The behavioural responses of model organisms
consistently aligned with reductions in invertebrate biodiversity, indicating habitat population decline. These changes,
however, did not emerge from microbial analysis, suggesting that links between organismal responses and microbial
diversity are yet to be investigated. The results support the use of behavioural bioassays, in combination with faunal
diversity assessments, as an effective first-tier screening tool for urban soil health evaluation. This multi-level framework
enhances the resolution and efficiency of soil quality monitoring and supports targeted management interventions in
degraded urban environments, as well as in peri-urban, agricultural, and other human-impacted landscapes.

Keywords Behavioural test - Soil biodiversity - Porcellionides pruinosus - Folsomia candida - Eisenia fetida - Urban
ecosystems

Introduction proposed directive on Soil Monitoring and Resilience

presented by the European Commission (EC 2025a). This

Recent years have seen a heightened focus on monitoring
and remediating soil ecosystems, driven by the need to
implement effective environmental strategies for ecological
transition and to counteract climate change effects (Bowler
et al. 2010). A significant development in this context
is the adoption by the European Union of legislation to
make soil health monitoring mandatory, including the

< Lorenzo Federico
lorenzo.federico@unimib.it

DISAT, Department of Earth and Environmental Sciences,
University of Milano- Bicocca, Piazza della Scienza 20126,
Milan, Italy

directive establishes guiding principles for sustainable soil
management and addresses situations where soil stressors
pose unacceptable health and environmental risks. Since
more than 60% of European soils are depleted, monitoring
and prioritisation strategies are required to assess and
achieve the agreed EU climate and biodiversity goals.
Concurrently, the global community has recognised
the urgency of soil ecosystem restoration, culminating
in the establishment of the UN Decade on Ecosystem
Restoration, which aims to encourage a coordinated and
comprehensive approach to the restoration of degraded
ecosystems and stem the rapid decline of biodiversity
(UNEP and FAO 2020). Among the main stressors,
pollution has a significant impact on soil health (Vieira

@ Springer
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et al. 2024), and the development of a framework for the
regular assessment of soil pollution is strongly urged by
the European Commission, in line with the Zero Pollution
Action Plan (EC 2021).

To provide an initial snapshot of soil quality, the study
of changes in edaphic communities represents a first rel-
evant approach (Linden et al. 1994; Schloter et al. 2003;
Santorufo et al. 2012). Quantifying both invertebrate and
microbial biodiversity is necessary to evaluate soil health,
and represents the key element of the Nature Restoration
Law (EU, 2024), and the Sustainable Development Goals
(SDGs) (Sachs 2012). Despite their importance, diversity
analyses are primarily diagnostic and demand substantial
time and costs. Therefore, it is crucial to implement rapid
and cost-effective prognostic strategies to effectively sup-
port these studies.

Behavioural bioassays of edaphic organisms represent
ecologically relevant indicators of changes in soil condi-
tions (Coyle et al. 2017). Among the behavioural tests,
those related to avoidance responses (ISO 2020a, 2020b)
and alteration of gregariousness in social edaphic organ-
isms (Federico et al. 2024) can be used as prognostic early-
warning tools to detect effects on population decline and/
or fragmentation at population level. Since these behav-
ioural traits are indicative of limited habitat function, soils
that induce such responses are expected to support reduced
biodiversity, as more sensitive and vulnerable species will
avoid threatened conditions. Most soil taxa exhibit lim-
ited long-distance mobility and are therefore unable to
migrate across broader spatial scales (Coyle et al. 2017).
Avoidance responses are expressed as active displacement
away from stressed soils (Gainer et al. 2022), resulting in
reduced residence time and constrained colonisation of
affected patches. In contrast, disaggregation reflects a frag-
mentation of the gregarious behaviour of isopods, which
may occur both within stressed soils and in adjacent buf-
fer zones, where individuals redistribute locally rather than
abandoning the area entirely (Federico et al. 2024). It fol-
lows that over time, such responses can result in local redis-
tribution, population decline, and loss from the community
under continued environmental stress, even in the absence
of large-scale dispersal. Consequently, soils that elicit pro-
nounced avoidance or altered social behaviours are likely
to exhibit reduced local diversity, not only through migra-
tion but also through decreased activity, limited population
establishment, and gradual species loss. As recently high-
lighted by the European Commission (EC 2025b), metrics
of biodiversity loss remain poorly aligned with laboratory-
based ecotoxicological endpoints. Addressing this gap,
the present study moves beyond a priori assumptions by
empirically linking behavioural responses to the diversity

@ Springer

of invertebrate and bacterial communities in urban soils.
The ultimate goal is to contribute to the identification of
a tiered and targeted approach, balancing the speed and
cost-efficiency of ecotoxicological bioassay with the com-
plexity of biodiversity analysis, in order to guide decision-
making in prioritising areas for further investigation.

Materials and methods
Study area and soil properties

Three distinct urban areas under greening strategies
(designated as U2, U3, and U4) situated at the Milano
Bicocca University campus (Italy, latitude: 45°
30°49.0497’; longitude: 9° 12°40.9114") were considered
as a case study (Fig. 1). A comprehensive description of
the university square can be found in Picot (2004). Briefly,
these patches boast identical extension (15%30 m) and
share comparable vegetation species but U2 garden is
distinguished by its shaded status due to its proximity to
university buildings, and such distinct solar irradiance has
been resulted in varied levels of student presence, since
U3 and U4 areas have been noted to experience a higher
influx of students compared to U2, which area remained
inaccessible since the 2022 year. Soil sampling activity
was conducted in April 2024. Within each green area, a
5x10 m grid was established to delineate different plots.
Threeplots (A, B,and C), representing distinct spatial zones
(one central and two peripheral), were selected. Within
each selected plot, six replicate samples of approximately
1 kg (10x 10 % 10 cm) were randomly collected, excluding
litter, resulting in a total of 18 samples per green area.
Three replicates of each plot were designated for biological
behavioural assays and physicochemical characterization,
while each of the remaining three replicates was split for
the assessment of soil pedofauna structural and functional
diversity (QBS-ar) and for microbial diversity analyses.
Soil samples were collected using a field shovel cleaned
with an ethanol-water solution (70:30, v/v) prior to each
sampling to prevent cross-contamination and transported
to the laboratory in black plastic bags for subsequent
analyses. Aliquots of sampled soils were analysed in
terms of texture, water holding capacity (WHC), pH, and
soil organic matter (SOM) (Supplementary Materials -
SM1). These parameters were considered as the main core
descriptors of soil health and habitat quality according to
the Soil Monitoring and Resilience Directive (EC 2025a).
Before each analysis, all samples were allowed to dry
under a hood for evaporation of the water content, and
then placed in an oven at 105 °C overnight for total drying.
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Fig. 1 Map of Piazza della
Scienza with the respective green
areas, designated as U2 (a), U3
(b) and U4 (c), located within

the University of Milan Bicocca
campus. The three green areas are
characterised by different irradia-
tion gradients, afflux of university
community and lawn integrity
(black arrows). Source of floor
plan: Studio Aegis, Brescia, Italy
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Photosynthetic efficiency

In each green area of the campus there are three individuals
of Tilia spp. on which photosynthetic efficiency parameters
were measured during the same sampling period, in order to
confirm any differences induced by solar exposure levels. By
measuring chlorophyll fluorescence efficiency, it is possible
to obtain information on photosynthetic activities, since the
intensity of fluorescence emission is inversely proportional
to the amount of solar radiation used during photosynthetic
processes (Maxwell and Johnson 2000). Leaves were taken
from branches in a position of full light, at the top of the
canopy, potentially subjected to a maximum photosynthetic
activity (Gottardini et al. 2016). For each individual, 15
leaves were collected and chlorophyll a fluorescence was
measured with the Handy-PEA fluorometer (Hansatech
Instruments, Pentney, Norfolk, UK). Among the parameters
measured by the instrument, Fv/Fm is the ratio of variable
fluorescence (Fv) to maximum fluorescence (Fm) after
dark adaptation, representing the maximum quantum yield
of photosystem II. This parameter is the most widely used
to investigate the photosynthetic aspects of a plant species
(Septilveda and Johnstone 2018; Callow et al. 2018).

Behavioural bioassays

Individuals of Porcellionides pruinosus (Brandt, 1833),
Eisenia fetida (Savigny, 1826), and Folsomia candida
(Willem, 1902) were provided from the Laboratory of
Ecotoxicology of Milano Bicocca University (Italy)
(SM2). All the model organisms were used for performing
the avoidance bioassays, following the protocol outlined
in ISO guidelines (2020a, 2020b), while only terrestrial

isopods were used for investigation of the avoidance and
disaggregation effect (Federico et al. 2024). The soils
sampled from the green areas (U2, U3 and U4) were
compared with standard laboratory soil (LUFA 2.2), in
order to evaluate the attractive, elusive or indifferent
responses of the tested species to urban soils. Plastic boxes
(170x120 mm) were used as test arena for earthworms
and terrestrial isopods, and Petri dishes (¢ = 100 mm) for
collembolans. In one side of the container, 100, 50, and 10 g
d.w. of sample soils per each green area and replicates were
added, in the earthworms, terrestrial isopods, and collembola
bioassays respectively. On the other side, the same relative
quantity of soils was filled using the standard LUFA Speyer
2.2 soil (batch no. SP2.2 2123). The chemical and physical
characteristics of this standard soil are reported in SM2.
Dual controls were performed using only LUFA 2.2 soil on
both sides of the box to infer the homogeneous distribution
of the organisms and validate the tests. The moisture related
to the experiments of terrestrial isopods, collembolans, and
earthworms was maintained at WHC of 40%, 50%, and
60%, respectively. For each experiment, ten individuals of
the representative species were added separately in any tests
and five replicates were performed for statistical reasons.
The tests were carried out in thermostatic chambers at
21+£2 °C, photoperiod 16:8 h light: dark for 48 h. During the
test, the animals were not fed. After 48 h, plastic boxes were
gently removed from the thermostatic chambers, and high-
resolution colour pictures were taken and processed for the
statistical analysis. Avoidance behaviour was expressed as
Avoidance (A%):

c -7

n

A= x 100 (1
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Where C=number of individuals located in the LUFA ref-
erence soil compartment, 7=number of individuals located
in the sampled soils, and n=the total number of live indi-
viduals at the end of the experiment. Positive values indi-
cate avoidance behaviour, whereas negative values indicate
attraction to the urban soil. Non-avoidance occurs when the
distribution of organisms is approximately equal between
treated and control soils. Sample soils with less than 20%
of individuals were considered as having “limited habitat
functions” (ISO 2020a, 2020b).

The disaggregation effects were measured by the disag-
gregation index (DI):

2
DI:S+ d

x 100 2

were s=number of groups with only 1 individual, d=num-
ber of groups with only 2 individuals, and n=the number
of alive individuals at the end of the experiment. The index
varies between 0 and 100, which represent the maximum
degree of aggregation and disaggregation, respectively,
while 50 was fixed as the threshold level above which dis-
aggregation affects 50% of the population. Further details
referred to the index can be found in Federico et al. (2024).

Biodiversity analysis

Before soil arthropods extraction using the Berlese-
Tullgren method, any earthworms (Lumbricinae) and snails
(Gasteropoda) were removed manually and counted from
each soil sample. Soil arthropods extraction was conducted
within 48 h of the sampling time using a Berlese-Tullgren
extractor, following the methodology outlined in Parisi
et al. (2005). The extractor was basically composed by
a sieve (mesh of 2 mm, @ = 20 cm), resting on a plastic
funnel whose end part is inserted inside a plastic container
filled with 2:3 ethanol and 1:3 of glycerol. From the freshly
sampled soil samples, 950 g were placed inside the sieve
and placed under incandescent lamps (40-60 W) at 30 cm
of distance. In this way, the soils gradually dry out and the
aridity of the soil forces the fauna present in the sample
to avoid towards the depth of the sieve, until they fall
and are captured inside the container with the alcohol and

glycerol solution. The extraction of edaphic organisms took
place for 7 days. The collected organisms were therefore
analysed under a stereomicroscope at low magnification
and classified at order/class level according to the major
taxonomic groups listed in the standard table of Parisi et
al. (2005). The remaining 40 g of soil from each replicate
was used for the extraction of enchytracids and nematodes,
with 20 g allocated for each extraction. For enchytraeids,
soil was mixed with 96% ethanol (1:5 ratio), topped with
distillate water, and stained with 10 drops of rose Bengal
(Pereira et al., 2018). Nematodes were extracted for 7 days
using the tray method (McSorley 2000).

For each sample, the total number of individuals (N),
taxa (S), and density (p) per volume of soil extracted (N/
m?) were assessed. The levels of edaphic biodiversity of the
soil meso and macrofauna were quantified using structural
synthetic diversity indices (Table 1).

The A/C ratio structural index (Bachelier 1986) was
calculated based on the most abundant group of arthropods,
Acarina (A) and Collembola (C), respectively. Functional
metric relating to the QBS-ar index (acronym of Soil
Biological Quality based on arthropods) was calculated
through the sum of the ecomorphological indices (EMI) for
each arthropod detected on each soil (Parisi et al. 2005). The
EMI value ranges from 1 (epigeous species) to 20 (euedaphic
species). Some taxonomic groups have a single EMI value
because all species within the group exhibit the same level
of adaptation to soil, whereas other groups are characterized
by arange of EMI values, reflecting different degrees of soil
adaptation among species (Menta et al. 2018). The QBS-ar
value for each green area was calculated by summing the
EMI values assigned to the taxa identified in the extracted
samples. When more than one EMI value was attributed to
the same taxon, only the highest EMI value was considered
in the QBS-ar calculation.

Molecular analysis

The diversity of bacterial communities in the soil can
reflect important ecological functions and is closely linked
to habitat quality and the availability of resources for soil
fauna (Van Elsas et al. 2006; Hermans et al. 2017). For
this reason, we investigated whether the characterization

Table 1 List of utilised structural indices, where N is the total number of individuals, S the number of taxa, pithe relative abundances, and H, Hi,
and H: represent the surrogate hill’s numbers for richness, Shannon-Wiener and Simpson indices, respectively

Structural Indices References Formula
Richness indices Margalef (1958) d = Sl 7N1 (Eq. 3)
. . _ 3 _ S . .
Abundance indices Shannon-Wiener (1948) H= Z S, — piln (pi) (Eq. 4)
. _ s -\ 2
Simpson (1949) D= Z i (pi) (Eq. 5)
Absolute Effective Diversity indices (AED) Gatti et al. (2020) (Eq. 6)

AED = H+ 2%
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of the soil bacterial community could reflect the responses
provided by behavioural tests. Ten grams of soil from each
of the three samples per plot in each green area were pooled
together, homogenised, and DNA was extracted from 0.5 g
of soil from each pool with the FastDNA™ SPIN Kit for
Soil (MP Biomedicals). The characterisation of soil bacterial
communities was achieved by sequencing the V5-V6
hypervariable regions of the 16 S rRNA, as outlined by
Gandolfi et al. (2024). Amplicon sequence variants (ASVs)
were then inferred with a divisive amplicon denoising
(DADA?2) algorithm (version 1.30.0), as described by
Callahan et al. (2016). Forward reads were truncated to
180 bp and reverse reads to 150 bp, Reads containing any
ambiguous base calls (Ns) were discarded, reads with an
expected number of errors greater than 0.5 were removed
for both forward and reverse reads and trimming was done
for the first 10 bases of forward reads and the first 20 bases
of reverse reads. Classification was done with the Ribosomal
Database Project (RDP) 11.4 (http://rdp.cme.msu.edu/).

Data analysis

Statistical analyses were performed with R 4.2.1 (R Core
Team 2022). Generalized linear models (GLMs) with a
Poisson distribution and a logarithmic link function were
used to model the relationship between the independent
variable (green areas) and the dependent variables (soil
properties, percentage of behavioural alterations in model
organisms, individual counts by Order, and number of
taxa), accounting for the fact that the three green areas
were unreplicated. Analysis of variance (ANOVA) was
conducted to assess the effect of the three green areas on
Fv/Fm values. Patterns of variation in pedofauna richness
of soil across the three green areas were explored using
a Principal Component Analysis (PCA) to allow for the
reduction of dataset dimensionality while preserving the
most significant variance, enabling a refined interpretation
of relationships and trends in the biodiversity data.
Eigenvalues greater than or equal to 1.0 (Keiser criterion)
were considered significant for the extraction of the
principal components. To investigate bacterial community
diversity, cluster analyses were performed on the Hellinger-
transformed ASV table. GLMs with a Poisson distribution
corrected for overdispersion were performed on the most
abundant classified genera to see their variation according
to the area. The ASV table rarefied at 2820 sequences was
used to obtain a Venn diagram to investigate the shared
ASVs among different areas and to calculate alpha-
diversity indices, i.e. Gini index, Shannon index, and the
number of ASVs, Chao index was calculated on a non-
rarefied dataset (Gini 1912; Shannon 1948; Chao 1984).
Differences in the alpha diversity indices according to

the sampling areas were further investigated with GLM
with a Gaussian distribution. The data were considered
statistically significant for values of p<0.05.

Results
Green areas characterizations

Properties of sampled soils (Table SM3) were evaluated to
contextualise any differences in environmental conditions
that might have influenced behavioural responses or species
composition. The three soils displayed the same texture.
The soil pH values of the three green areas were near-neu-
tral, ranging from 6.6 to 7.1. On the contrary, U4 showed
the lowest level of WHC percentage compared to the soils
from U2 (p<0.05), and U3 (p<0.001), the last of which
showed the highest WHC,,, level detected. The SOM %
content was significantly higher in U3 soils compared to U2
(»<0.01), and U4 (p<0.001) soils.

Regarding the photosynthetic efficiency in the three
areas, the results revealed a statistically significant differ-
ence between the groups (p=0.016), and the comparison
showed that the Fv/Fm value of U3 was significantly higher
than that of U2 (< 0.05, Tukey post hoc test). No significant
differences were found between U4 and the other groups.

Behavioural bioassays

Within each green area, the three plots (A, B, and C) and
their replicates exhibited minimal variability in avoidance
responses, with a standard error (SE) lower than 12, 13, and
14% for woodlice, springtails and earthworms, respectively.

Referring to the green areas (U2, U3, and U4), distinct
responses emerged (SM4). The avoidance results suggested
a no-choice response for all the model organisms tested
exposed to U2 soils (Fig. 3a and b, and 3c¢), and the disag-
gregation bioassay showed that more than 70% of the ter-
restrial isopods were aggregated in groups in the condition
with U2 soil (Fig. 3d). These results suggest a good quality
for the U2 soils in terms of habitat function.

U3 soils elicited attraction in more than 40% of
collembolans (p<0.05), and over 70% of terrestrial isopods
(»<0.0001) compared to the LUFA soil controls (Figs. 2¢
and 3b), whereas earthworms displayed no statistically
significant preference, despite more than 40% of the
individuals being found in U3 soils. Attraction phenomenon
could be induced by specific soil properties, but can even
be attributed to immobilization or locomotor alterations
(Oliveira et al. 2015). In contrast to this hypothesis, the
outcomes of P. pruinosus showed a higher degree of
aggregation (Fig. 3d), suggesting an active behaviour
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Fv/Fm

Green areas

Fig. 2 Box charts referred to the ratio of variable fluorescence (Fv) to
maximum fluorescence (Fm) of the Zilia spp. leaves from U2, U3, and
U4 green areas. Data are expressed as mean (+standard error) (n=>5
replicates per site). Asterisks denote significant differences to control
(Signif. codes: 0 “***20.001 “***0.01 “**0.05)

instead of a lack of locomotion, suggesting that the observed
attraction is driven by soil characteristics, such as high
organic matter content identified in soil analyses.

In contrast, U4 soils significantly induced a strong
avoidance behaviour (Fig. 3) in more than 50% of
earthworms (p<0.05), more than 60% of springtails
(»<0.0001), and more than 80% of terrestrial isopods
(»<0.0001). U4 soils also triggered a strong disaggregation
effect on the terrestrial isopod population, showing a

Fig. 3 Box charts referred to

(a)

100

disaggregation index (DI) mean of 84% + 5.2% SE
(»<0.0001) (Fig. 3d). The behavioural tests were
conducted under controlled laboratory conditions, so it is
likely that the limited habitat function observed in U4 soils
is due to specific characteristics of these soils. Federico et
al. (2024) demonstrated that soil contaminants can induce
infochemical disruption; similarly, the effects observed in
U4 soils may reflect contaminant presence.

In essence, avoidance responses are ranked in sensi-
tivity as P. pruinosus>F. candida>E. fetida, underlying
a different degree of susceptibility of these model organ-
isms. The heightened sensitivity of terrestrial isopods aligns
with literature reports of soil contaminant impacts (Maria
et al. 2024). Furthermore, the employment of disaggrega-
tion indices has enhanced comprehension of soil quality in
the case of attractive responses, as emerged from U3 soils.
Therefore, the combination of the two ecological endpoints
in a single bioassay are a promising tool in the framework
of the environmental safety assessment.

Edaphic invertebrates diversity
A total of 1,395 individuals, representing 20 distinct taxa,
were extracted from soil collected from the university green

areas, showing significant differences in richness and pro-
viding valuable insights into the sub-optimal quality of green

100 (b)
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%) responses in E. fetida (a), F.
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(¢) populations, with the relative
disaggregation index percentage
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spaces (Table SM5). Almost all taxa, except Symphyla,
were found in U2, while the taxonomic richness in U3 and
U4 was significantly reduced compared to U2 (p<0.0001).
GLMs results showed variable responses across the three
urban areas. The abundance of Acarina (p<0.0001) and
Isopoda (p<0.0001) was significantly lower in both U3
and U4 compared to U2. The number of Hymenoptera
(»<0.0001) and Enchytreideae (p<0.001) was significantly
different only between U2 and U4. Additionally, Diplura
(»<0.0001) and Pauropoda (p<0.05) showed significant
differences between U2 and U3. The PCA identified five
principal components (PCs), which together explained
74.13% of the total variance in the multifactorial analysis
(Table SM6), while 49.8% was explained by the first two
components (PC1 and PC2) (Fig. 4). The PC1 accounted
for 33.9% of total variance with positive weak loading
of Acarina (0.35), Chilopoda (0.36), Protura (0.37) and
Isopoda (0.36). In contrast, PC2 accounted for 15.9% of
total variance, with positive weak loading of Collembola
(0.38), Lumbricidae (0.34), Diplura (0.35), and Symphila
(0.32), while Hymenoptera (—0.43) and Gasteropoda (—0.3)
showed negative weak loading.

These results emphasise a clear separation of the three
urban soil communities, in line with the prediction of
previously conducted behavioural tests. Specifically, U2
soils, which did not show restricted habitat functionality,
displayed a greater edaphic composition, with a high
percentage of species sensitive to changes in soil
conditions such as Acarina (32.3%), Protura (7.8%),
detected exclusively in this green area, and Isopoda (6.7%)
(Toth et al. 2023). Regarding U3 soils, behavioural tests
had previously indicated an attraction due to an enrichment

3 T T T
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X
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) 1 4 Lumbricinae
0
— Hemiptera
: Lepidoptera
O
o 0
-1 4
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=2 -1 0 1 2 3

PC 1 (33.93%)

Fig. 4 Principal Component Analysis (PCA) related to the number of
individuals per each taxon identified per each urban soil area (n=18
replicates per green area), specifically U2 (blue dots), U3 (green dots),
and U4 (red dots)

of organic matter, and these results were subsequently
confirmed by both the analysis of soil characteristics and
diversity analyses. These analyses revealed a community
dominated by species sensitive to moisture loss and
organic matter content (Lapied et al. 2009), including
Collembola (43.1%), Diplura (14.6%), Lumbricinae
(4.1%) and Symphila (0.8%), the latter occurring only
in U3 green areas. Finally, the results of the behavioural
tests in U4 soils outlined a limited habitat function,
consistent with the low edaphic composition and with the
community partitioning identified through PCA based on
taxa abundances. Importantly, the PCA also reflected the
reduced contribution of epiedaphic taxa, indicating an
overall impoverishment of soil biodiversity, an aspect that
would not be captured by indices such as QBS-ar focusing
exclusively on edaphic adaptations.

Bacterial communities’ diversity

Following high-throughput sequencing, a total of 6,838
ASVs were detected per green area (Figure SM7). The
taxonomic composition of the bacterial communities
across the three urban green spaces indicated that the most
abundant classified genera overall in ascending order were:
Microlunatus sp. (3.88%), Nocardioides sp. (2.26%), Gaiella
sp. (1.72%), Agromyces sp. (2.52%), Mycobacterium sp.
(0.84%), Microvirga sp (0.63%), Flavobacterium sp. (0.6%)
and Pedomicrobium sp. (0.62%). In particular, Gaiella sp.
(Fp6 = 22.50, Pepg = 0.035), and Pedomicrobium sp. (F, ¢
= 22.43, Pppr = 0.035) emerged from the GLMs as more
abundant in U2 and U4 soils, respectively (Fig. 5).

Pedomicrobium sp. has been identified in soil samples
as a heterotrophic bacterium that can oxidise manganese
and iron (Rosenberg et al. 2014). Also, it’s reported to be
a metal-tolerant species and present in Cr-contaminated
sites (Sheik et al. 2012; Araujo et al. 2023), in microcosm
experiments it showed hydrocarbon-clastic capacities (de
la Cueva et al. 2016), and was significantly predominant in
soils contaminated with low-density polyester microplastics
(LDPE-MPs) up to 7% w/w (Rong et al. 2021).

Gaiella sp. has been identified as a strict chemoorgano-
troph that can also be encountered in soil (Albuquerque and
da Costa 2014). Its presence also seems to be positively
correlated with the presence of polycyclic aromatic hydro-
carbons (PAHs) in soils, but information on the ecological
response of this bacterium to PAH contamination is still
limited (Zhang et al. 2023).

The Venn diagram (Fig. 6a) revealed that site U3 har-
boured the highest proportion of unique ASVs (22%), sug-
gesting a more distinct microbial community structure,
potentially driven by site-specific environmental conditions
or human impact, as a consequence of a higher influx of
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Fig. 5 Boxplot showing the statistical significance of the relative
amplicon read abundances of (a) Pedomicrobium sp. and (b) Gaiella
sp. in the different sampling areas (n=18 replicates per green area).

Fig.6 (a) Venn diagram of
similar shared ASVs for the three
different areas (n=18 replicates
per green area). (b) Hierarchical
cluster analysis on the Hellinger-
transformed ASV table of the
bacterial communities
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Table 2 Pedofauna diversity refers to the structural (d-Margaled, D-Simpson, H-Shannon, AED, A/C ratio, Gini, Chao, number of ASV) and func-
tional indices (QBS-ar) of soils from U2, U3, and U4 green areas. Values are expressed as mean =+ standard error (n=18 replicates per green are)

Sites Group d-Margalef D-Simpson H-Shannon AED A/C ratio QBS-ar

U2 Pedofauna 3.3 (+0.10) 0.19 (+0.02) 2.1 (£0.10) 25.6 (+1.02) 1.40 (£0.52) 142 (£6.7)
U3 Pedofauna 2.2 (£0.23) 0.26 (+0.01) 1.7 (£0.05) 15.6 (£1.51) 0.49 (+0.01) 115 (£17.3)
U4 Pedofauna 2.1(x£0.42) 0.23 (£0.01) 1.8 (£0.06) 14.9 (+2.38) 0.48 (£0.04) 97 (£4.01)

students in these green areas. In contrast, U4 and U2 pre-
sented lower proportions of unique ASVs, at 12% and 9%,
respectively. The overlap in community composition was
minimal between U2 and the other sites (8% shared ASVs),
whereas U3 and U4 exhibited a greater degree of similarity
(15% shared ASVs). Importantly, 26% of ASVs were shared
among all three sites, indicating a core microbiome poten-
tially reflective of common ecological functions or environ-
mental baselines across urban green areas.

Cluster analysis on the Hellinger-transformed ASV table
of the bacterial communities (Fig. 6b) further supported
this spatial differentiation, with samples from U3 and U4
predominantly clustering by site. Notably, U4A samples
formed a distinct subgroup with a high heterogeneity when
comparing all the replicates, separate from the remaining
samples, while U2 samples diverged early from the other
clusters (Fig. 6b). These patterns indicate a higher degree

@ Springer

of similarity in both ASV richness and relative abundance
between the U3 and U4 sites. This observation aligns with
the Venn diagram results, which showed a higher proportion
of shared ASVs between U3 and U4 (15%), reinforcing the
potential use of shared microbial taxa as indicators of eco-
logical similarity and site conditions.

Ecological indices

The utilisation of ecological indices (Table 2) facilitated
the integration of diversity data, confirming a significant
decline in edaphic invertebrates in U3 and U4 compared to
U2 areas, whereas no significant differences were detected
between U3 and U4 areas (Table SMS).

All structural and functional indices showed the high-
est level of invertebrate species, more widely distributed
and belonging to edaphic groups with ecomorphological

134



Urban Ecosystems (2026) 29:42

Page9of 13 42

Table 3 Bacterial diversity refers to the structural (H-Shannon, Gini,
Chao, number of ASV) indices of soils from U2, U3, and U4 green
areas. Values are expressed as mean=standard error (n=18 replicates
per green area)

Sites  Group H-Shannon  Gini Chao ASV

U2  Bacteria 5.75 (£0.26) 0.87 778.59 563
(£0.03)  (£268.44) (£47.41)

U3  Bacteria  6.17 (£0.05) 0.8 1487.3 846.33
(£0.01)  (£204.65) (+£43.24)

U4  Bacteria  5.8(£0.37) 0.85 971.69 623.33
(£0.05)  (£370.4) (£192.3)

adaptations relevant to U2 soils. Conversely, the soils of
U3 and U4 showed a worse condition in terms of diver-
sity, with a dominance in generalist and tolerant edaphic
species. These outcomes were corroborated and consistent
with the results previously detected by behavioural tests.
U4 soils, which had limited habitat function, showed the
lowest diversity, and U3 soils also showed reduced diver-
sity compared to U2 soils, despite displaying a higher
quantified organic matter content. The results outlined
from U3 also demonstrated that conducting avoidance or
disaggregation tests alone would not be exhaustive for
understanding alterations in soil diversity, as aggrega-
tion behaviour, a positive condition of ecological qual-
ity, occurred in U3 soils with low edaphic diversity, while
avoidance tests itself for these soils would not have clari-
fied whether it was movement inhibition or spontaneous
attraction. It is therefore suggested that the combination of
the two endpoints is essential for a correct environmental
safety assessment of soil quality.

Conversely to the invertebrate diversity, analysis of
alpha diversity indices revealed no statistical difference
between the sampling areas in terms of bacterial commu-
nities (Table 3).

Discussion

The habitat function of urban soils was assessed through a
combined approach between behavioural responses of soil
fauna and biodiversity analyses, providing a comprehensive
framework to evaluate ecosystem quality. This multilevel
strategy enabled us to identify ecological indicators
that reflect key aspects of soil community structure and
potential habitat suitability, highlighting the added value
of behavioural bioassays as early-warning tools. y. Our
findings confirmed that behavioural responses of soil
organisms, particularly in avoidance and disaggregation
bioassays, serve as indicator tools for assessing soil quality,
offering a rapid and cost-effective screening method.
Unlike traditional ecotoxicological endpoints, behavioural
responses integrate multiple environmental constraints and

reflect the capacity of soils to support organismal activity,
persistence, and ecological interactions. In this context,
avoidance and disaggregation emerged as complementary
indicators of habitat quality. Avoidance behaviour reflected
the perception of unfavourable edaphic conditions and was
expressed as active displacement away from stressed soils,
resulting in reduced residence time and limited colonisation.
Disaggregation responses, by contrast, revealed more
subtle functional impairments through the fragmentation
of social behaviour, particularly in gregarious taxa such
as terrestrial isopods. Importantly, disaggregation did not
necessarily imply complete abandonment of the soil, but
rather a local redistribution of individuals, occurring both
within stressed soils and in adjacent buffer zones, under
suboptimal conditions. The choice of model organisms,
including both soft-bodied (e.g., earthworms) and hard-
bodied invertebrates (e.g., woodlice and springtails), was
essential to capture a wide range of ecological sensitivities
and behavioural responses. This selection allowed for a
broader assessment of edaphic conditions, as these taxa
differ in physiological tolerance, mobility, and habitat
requirements (Menta and Remelli 2020). The inclusion of
all three organism types within the broad soft- and hard-
bodied categories was justified by the observed differences
in responses, which were complementary rather than
redundant. Notably, terrestrial isopods displayed the most
distinct and sensitive behavioural patterns, likely due
to their gregarious nature, which amplifies responses to
environmental cues and enhances detectability of habitat
quality differences. The utilisation of terrestrial isopods
also facilitated the observation of variations in population
structure through the disaggregation endpoints, which are
not captured by conventional avoidance test (Federico et al.
2024). Consequently, these model organisms may represent
a rapid assessment tool for soil quality to complement
standard ecotoxicological assays.

Analysis of biodiversity provided quantitative
confirmation of soil habitat functionality, as predicted by
the behavioural tools. This consistency was corroborated by
the study of invertebrate diversity, where the U2 soils were
found to be those with no limited habitat functions and with
the greatest diversity. The study of bacterial communities
revealed no significant variations of the alpha diversity
indexes. Although high bacterial alpha diversity is indicative
of a healthy soil (Van Elsas et al. 2006; Hermans et al. 2017),
it is expected that diversity indices do not show marked
differences, as microbial communities may not follow the
same basic rules of ecology as many edaphic organisms in
response to a disturbance (Fiereretal. 2011; Learetal. 2011).
Microbial communities respond rapidly to environmental
changes (Rutigliano et al. 2023), and show broad tolerance
e for a range of stresses, such as temperature, pH, heavy
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metal and radionuclide concentrations (Satyanarayana et al.
2005), allowing high levels of diversity even under extreme
environmental conditions. These results suggest that
behavioural bioassays may be more sensitive than microbial
diversity metrics in detecting local-scale functional habitat
degradation.

Conversely, invertebrate communities may be more
directly affected by even small variations in edaphic and
physico-chemical factors than bacterial communities, such
as variations in water retention and pH, as well as the pres-
ence of chemical or physical contaminants (Menta and
Remelli 2020). Specifically, sampled soils from U2 areas
showed a high percentage of species sensitive to changes
in soil conditions such as of Acarina, Protura, and Isopoda
compared to the other green areas. Mites and Proturans
are generally sensitive to mechanical stresses induced by
trampling (Maraun et al. 2003), and deforestation (Toth et
al. 2023). As a consequence of U2 isolation, the reduction of
human disturbance may facilitate the increase in abundance
of mites and proturans. Isopoda represent synanthropic spe-
cies successfully adapted to urban soils (Vilisics et al. 2012;
Hornung et al. 2018; Szlavecz et al. 2018), and their signifi-
cant decrease in abundances in disturbed habitats, such as
U3 and U4 soils, highlights their potential role as indicators
of soil quality, as supported by previous studies (Paoletti
and Hassall 1999; van Gestel et al. 2018). These outcomes
suggest that the presence and abundance of Acarina, Pro-
tura and Isopoda could be indicative of the soil’s ecologi-
cal integrity, further emphasizing the importance of habitat
preservation and management in urban green spaces.

As for the U2 soils, also for the U3 and U4 soils, the
results of the behavioural tests were found to be consistent
with those relating to invertebrate diversity, as well as with
the percentage levels of WHC and SOM detected, the latter
likely reflecting inputs from bars and restoration areas near
the university refectory or the effects of soil compaction
from foot traffic. In fact, U3 soils exhibited a higher abun-
dance of species sensitive to soil moisture loss, such as col-
lembolans (Hopkin 1997), or symphylans (Edwards 1961),
and species sensitive to organic matter content, such as dip-
lopoda, and earthworms (Lapied et al. 2009; Huerta et al.
2013). These results indicate that the abundance of spring-
tails, symphylans, and earthworms may be indicators of
soils with higher moisture and organic matter content. The
high percentage of SOM likely induced attractive behaviour
in all populations of model organisms tested in behavioural
bioassays, as well as increasing the gregarious behaviour
of terrestrial isopods. It is interesting to note that the SOM
increases in U3 was higher despite a decline in faunal diver-
sity. This may be an example of the “enrichment paradox™
(Rosenzweig 1971), where an increase in productivity does
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not correspond to an increase in fauna diversity. However,
the effect of additional organic matter on soil biodiversity
depends on its quality and structure, and the present study
does not allow for verification of mechanistic explanations
of this effect, which would require more detailed studies on
interactions between populations.

Conversely, U4 soils exhibited the most restricted levels
of both structural and functional diversity. It is noteworthy
that behavioural assessments proved to be more discerning
indicators of habitat functional limitations in comparison
to bacterial analyses. These soils showed a high abun-
dance of Hymenoptera, specifically of ants (Formicidae).
The higher abundance of ants can be attributed to their
competitive behaviour for food and territory (Trainello,
1989; Duma 2003). Cakir (2019) showed that ants reduce
and replace Collembola and Protura in arid and semi-
arid environments. Furthermore, ants modify soil texture,
increasing porosity and reducing water retention capacity
(Cammeraat et al. 2002; Frouz and Jilkova 2008), which
affects edaphic species requiring higher moisture, such as
Collembola. Furthermore, the family Formicidae consists
of vagile species, and this could be a possible explana-
tion for their low sensitivity to current soil disturbances
compared to other taxa (Remelli et al. 2024). The results
suggest that an increasing abundance of ants may be an
indicator of low diversity. At the same time, it cannot be
excluded that their abundance may depend on an induced
recruitment effect induced by an alteration of the ecologi-
cal conditions of the U4 soils, such as the presence of con-
taminants or fertilisers.

In light of these findings, it is necessary to recognize the
spatial and temporal limitations of our biodiversity assess-
ments. Sample size and representativeness are essential
parameters for reliable analysis and that the implementation
of seasonally repeated sampling is crucial to improve the res-
olution of biodiversity dynamics and trends, especially in an
explicit spatial context (Hillebrand et al. 2018). Specifically,
arthropod communities are affected by seasonal variations
in both highly and slightly polluted soils, exhibiting distinct
responses to the same site when sampled at different times
(Santorufo et al. 2014). Despite these constraints, the aim
of this study was to undertake a first attempt at proposing a
framework that links behavioural early-warning responses
to biodiversity loss. This endeavour was undertaken in order
to address the priorities of the European Commission (EC
2025b), which highlights the current misalignment between
biodiversity loss metrics and laboratory-based ecotoxico-
logical assessments. We acknowledge and support the need
for future studies incorporating a larger number of samples
and seasonal sampling, which will be essential to strengthen
the validity and robustness of these preliminary results.
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Conclusion

This work represents a first attempt to use behavioural
responses as a tool to support soil biodiversity assessment
within a multilevel framework. By integrating dispersal
traits of different hard- and soft-bodied edaphic organisms,
along with fragmentation traits of gregarious species such
as terrestrial isopods, it is possible to identify soils poten-
tially subject to invertebrate diversity loss. This approach
allows for the prioritization of economic and management
interventions in a targeted and efficient manner for assess-
ing urban ecosystems. Future studies will need to validate
this framework across different environmental contexts
(i.e. agriculture, forest, wetland, and prairie soils), at larger
spatial scales and over multiple sampling periods, to con-
solidate its applicability and robustness for urban soil health
assessment.
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Supplementary Materials
SM1 - Soil Properties Analysis

Texture: the soil texture was determined using the sedimentation cylinder technique in accordance with
Stokes's Law (1SO, 2009). in 100 mL cylinders, 50 g of dry weight (d.w.) soil were weighted and distilled
water was added to achieve a final volume of 50 mL. The two fractions were mixed by shaking the cylinder.
Once emulsified, the soil was expected to settle for 2 days, in order to measure (cm) the layers of clay, silt and
sand percentage. The results were used to determine the soil type using a soil texture triangle based on the
United States Department of Agriculture (USDA) classification.

Water Holding Capacity (WHC): the determination of soil WHC was quantified following the Annex E
reported in ISO 11268-2 guidelines (2023a). 20 g d.w. of the sampled soils were first weighed, and then placed
on perforated vials with filter paper at the bottom. The vials were then placed in a water bath in a plastic
container, with the water level not higher than the soil surface. The samples were left to moisten for 2 hours
and then allowed to drain for 1 hour. Finally, the wet samples were weighed and the WHC was calculated
according to the formula:

WHC = [(S - T - D)/D] x 100

Where S = water-saturated substrate + tare, T =tare vials, D = dry mass of substrate.

pH: the determination of soil pH was determined following the ISO guidelines (ISO, 2005). 20 g d.w. of soil
samples were placed into vials, to which 20 mL of a 0.01 M calcium chloride (CaClz) solution was added. The
resulting suspension was then agitated for 15 minutes using an agitator, after which it was left to settle for a
period of 2 hours. Following this, the pH of the liquid phase was measured using a pH Multi-parameter portable
meter (WTW, ProfiLine Multi 3320 model Germany).

Soil Organic Matter (SOM): The SOM % was estimated using the loss-on-ignition (LOI) technique
(Cambardella et al., 2000). 2 g d.w. soil samples were heated at 500 °C for 6 hours in a muffle. The percentage
of SOM was determined as the subtraction of incinerated soil dry weight from the dried soil weight,
normalizing the value to the initial dry weight of soil.

SM2 - Animal cultures and LUFA 2.2 soil

Terrestrial isopod: Woodlice breeding was carried out following methods previously established in various
lines of research (Loureiro et al., 2005; Morgado et al., 2015; Federico et al., 2024). Porcellionides pruinosus
(Brandt, 1833) culture was maintained in the laboratory at controlled conditions (20 + 2°C of temperature,
photoperiod of 16:8 h light-dark) and were fed ad libitum with alder leaves (Alnus glutinosa). The cultures
were sprayed with ultra-pure water twice a week and food was provided. Only adults with a wet weight of 14-
30 mg, without sex distinction, were used during the tests. Moulting animals, individuals with malformations,
and pregnant females were excluded.

Earthworms: Earthworm breeding was carried out as reported in Annex D of ISO guidelines (2023a). Eisenia
fetida (Savigny, 1826) were collected from a vermicompost (50% sphagnum peat and 50% cattle dung) at
controlled conditions of 20 + 2°C of temperature, and 16:8 h light-dark. Earthworm cocoons were periodically
separated from the culture to which earthworm cohorts synchronized for tests. Only adult worms with well-
developed clitellae and fresh weight between 250-300 mg were random selected for the behavioural tests

Collembolans: Collembolans breeding was carried out as reported in Annex A of ISO guidelines (2023b).
Folsomia candida (Willem, 1902) were cultured in glass Petri-dishes (z = 8.5 cm) on a moist substrate of
plaster of Paris and activated charcoal (8:1), and maintained at temperature of 20 + 2°C, photoperiod regime
of 16:8h light:dark and fed weekly with dried baker’s yeast (Saccharomyces cerevisae). Collembola eggs were
periodically separated from the culture to obtain synchronized individuals for tests. Only adults 20 days after
hatching were selected.
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LUFA 2.2 soil: the properties of this soil include a pH =5.5 £ 0.2 (0.01 M CaCl.), WHC =44.5 + 3.0 (g/100
g), C=1.77 £0.2 (%), N=0.17 £ 0.02, texture = 7.3 + 1.2 (%) clay; 13.8 + 2.7 (%) silt and 78.9 £ 3.5 (%)
sand.

SMB3 - Table 2. Mean (z standard deviation) values referred to the sand (%), silt (%), clay (%), texture, pH, Water
Holding Capacity (%), and Soil Organic Matter (%) of the three urban soils (U2, U3, and U4) from the University
of Milano Bicocca, Italy.

Sites  Sand % Silt % Clay % pH WHC % SOM %

U2 8561 (+1.3) 950 (+0.45) 3.95 (+0.13) 6.75 (+0.54) 49.1 (+3.6) 5.59 (+0.36)
U3 88.13 (0.97) 953 (+0.06) 2.9 (+0.26) 7.11 (+0.07) 51.6 (+3.12) 6.11 (+0.84)

U4 869 (£0.70) 9.25 (+0.31) 3.26 (+0.16) 6.89 (£0.49) 44.9 (£2.78) 5.42 (+0.83)

SM4 - Statistical results of generalized linear models (GLMs) for the behavioural response of invertebrate model
organisms across different green areas. For each model organism, the p-values indicate the significance of
differences between green areas (U2, U3, and U4) (Signif. codes: 0 ****>(.001 ***°(0.01 ¢*’ 0.05). Model fit statistics,
including estimate, standard error (SE.), z value, Confident Interval (Cl), and Akaike Information Criterion (AIC)
are also presented.

Model Behavioural Samples Estimate SE z p value  Signif. CI AIC
organisms endpoint value
E. fetida Avoidance (Intercept)  1.23 1.1 108 0.28 [-5.53- n.d.
4 4.18]
U2 2.37 1.3 182 0.068
0
U3 2.06 1.3 158 0.11
U4 2.82 1.3 217 0.036 *
F. candida Avoidance (Intercept)  1.39 04 338 0.00072  *** [-5.52- 524
1 4.61]
U2 0.71 04 148 0.14
8
U3 1.89 09 208 0.037 *
1
u4 2.71 0.4 5.97 2.3%9e-9  x**
5
P. pruinosus Avoidance (Intercept) 2.17 0.3 6.52 6.92e-11  *** [-4.48- 514
3 6.15]
U2 0.55 03 147 0.14
7
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u3 1.97 0.3 513 2.97e-7 falale

8
U4 2.23 03 6.13 8.92e-10  ***
6
Disaggregation  (Intercept) 2.71 02 129 <2e-16  *** [-7.64- 991
1 7.74]
U2 0.48 02 1.85 0.065
6
U3 0.41 02 1.69 0.09
4
U4 1.68 02 714 9.19e-13 ***
4

SM5 - Statistical results of generalized linear models (GLMs) for the comparison of taxa and invertebrate groups
across different green areas. For each taxon or invertebrate group, the p-values indicate the significance of
differences between green areas (U2, U3, and U4) (Signif. codes: 0 “***°0.001 ‘**> 0.01 ‘** 0.05). Model fit statistics,
including dispersion, null deviance (Null Dev.), residual deviance (Res. Dev.), and Akaike Information Criterion
(AIC), are also presented. The number of interactions (N. of Inter.) refers to the number of pairwise comparisons
conducted within each model.

Variables Areas p value Dispersion  Null Dev.  Res. Dev. AlC N. of
Inter.

Taxa U2 intercept 1 22.64 5.18 124.3 4
U3 0.00051***
U4 0.00039***
Acarina U2 intercept 1 104.11 6.28 127.06 4
U3 6.66e-12***

U4 < 2e-16***

Araneae U2 intercept 1 16.86 10.88 26.88 18
U3 0.215
U4 0.997

Chilopoda U2 intercept 1 55.47 7.13 37.12 19
U3 0.998
U4 0.998

Coleoptera U2 intercept 1 22.3 21.08 7451 5
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Collembola

Diplopoda

Diplura

Diptera

Enchytreideae

Gasteropoda

Hemiptera

Hymenoptera

U3

U4

U2

U3

U4

U2

U3

U4

U2

U3

u4

U2

U3

U4

U2

U3

U4

U2

U3

U4

U2

U3

U4

U2

U3

U4

0.533
0.280
intercept
0.4354
0.0546 *
intercept
0.166
0.670
intercept
0.384e-7***
0.244
intercept
0.0571*
0.5299
intercept
0.99485
0.00239**
intercept
0.996750
0.111245
intercept
0.5645
0.0578*
intercept
0.683

1.3e-13***

16.93

32.28

75.26

28.42

62.28

35.12

32.53

161.66

9.25 140.25 4

30.17 76.11 5

30.74 994 5

23.86 64.96 5

26.39 62.82 17

7.33 54.87 18

28.41 78.68 6

19.07 97.73 5
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Isopoda U2
U3

U4

Lepidoptera U2
U3

U4

Lumbricinae U2
U3

U4

Nematoda U2
U3

U4

Opiliones U2
U3

U4

Pauropoda u2
U3

U4

Protura U2
U3

U4

Symphila U2

intercept 1
0.000311***
0.0001059***

intercept 1
0.6569

0.6569

intercept 1
0.3387

0.0832

intercept 1
0.9951

0.0544*

intercept 1
0.998

0.998

intercept 1
0.01615*

0.26059

intercept 1
0.998

0.998

intercept 1

57.12

21.67

31.3

28.07

16.86

31.12

112.47

15.96

12.54

214

23.52

14.33

5.88

24.20

4.80

9.36

51.47

40.01

72.69

38.18

21.88

75.64

42.48

19.98

17

19

19

18

SM6- Extracted eigenvectors and eigenvalues from the Principal Component Analysis (PCA) of soils
from U2, U3, and U4 green areas. Bold values: eigenvector positive and negative weak loading of first
(PC1) and second (PC2) principal components.

Extracted Eigenvectors

Taxa
PC1 PC2 PC3 PC4 PC5
Acarina 0,35 0,12 0,05 -0,08 -0,02
Araneae 0,19 0,05 0,12 -0,14 0,54
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SM7 — Bacterial communities’ genera abundances of the three green sampling areas (U2, U3, and U4).

Genera Relative Abundance (%)

SM8 - Statistical results of generalized linear models (GLMs) for the comparison of diversity indices across
different green areas. The p-values indicate the significance of differences between green areas (U2, U3, and U4)
(Signif. codes: 0 “*** (0.001 ‘*** 0.01 *** 0.05). Model fit statistics, including dispersion, null deviance (Null Dev.),
residual deviance (Res. Dev.), and Akaike Information Criterion (AIC), are also presented. The number of

100-

25-

0-

Chilopoda 0,36 0,03 -0,08 -0,07 0,03
Coleoptera 0,10 -0,07 0,22 -0,56 0,24
Collembola 0,04 0,38 0,37 0,06 -0,04
Diplopoda 0,05 -0,25 0,53 0,11 -0,09
Diplura -0,17 0,35 0,24 0,04 0,11
Diptera -0,09 0,21 0,24 0,39 0,34
Hemiptera 0,10 0,24 -0,16 -0,39 -0,31
Enchytreida 0,29 -0,07 -0,11 0,18 0,27
Gasteropoda 0,26 -0,30 -0,01 0,22 -0,01
Hymenoptera -0,20 -0,43 -0,13 0,01 0,14
Isopoda 0,36 0,04 -0,04 -0,01 -0,01
Lepidoptera 0,09 0,19 -0,42 0,13 -0,01
Lumbricinae 0,07 0,34 -0,17 -0,07 0,26
Nematoda 0,28 -0,06 0,22 0,21 -0,11
Opiliones 0,28 0,05 0,10 0,16 -0,44
Pauropoda 0,13 -0,07 -0,25 0,26 0,23
Protura 0,37 -0,03 0,04 -0,04 0,03
Symphyla -0,08 0,32 -0,11 0,30 -0,07
Eigenvalue 6,79 3,17 1,95 1,71 1,20
Variances % 3393% 15.85% 9.77% 8.56% 6.02%
Cumulative Variances

% 33.93% 49.78% 59.55% 68.11% 74.13%

Figure 5. Barplot showing genera relative abundances of the three sampling areas. Genera with a relative abundance <1%
were grouped in “Other Genera”.

Genera

Other_Genera
Unclassified_

[ unciassified_intrasporangiaceae
L

Unclassified_Bacteria
Undlassified,

I unciassifies_Gammaproteobacteria

B undiassifed_solirusrobacterates [l Agromyces
n q_Bstaprotecbacteria || Unclassified_lamiacsae

B Fisvopacterium

Undassified_Micromonosporaceae

Undlassified_Acidimicrobiales

interactions (N. of Inter.) refers to the number of pairwise comparisons conducted within each model.
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Variables  Areas pvalue Dispersion ~ Null Dev. Res.Dev. AIC N.of Inter.
d-Margalef U2 intercept 1 3.33 0.48 7.22 2
U3 0.0028**
U4 0.0017**
D-Simpson U2 intercept 1 0.0078 0.0014 4596 2
U3 0.0017**
U4 0.029*
H- U2 intercept 1 0.36 0.034 16.73 2
Shannon
U3 0.00041***
U4 0.001**
Absolute U2 intercept 1 230.83 18.01 39.78 2
Effective
g‘g;ity U3 0.00041 %+
U4 0.00029**
A/Cratio U2 intercept 1 221 0.54 8.14 2
U3 0.0097**
U4 0.0092**
QBS-ar U2 intercept 1 5174.9 2090.7 8257 2
U3 0.123
U4 0.025*
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Biochar is applied to soils under EU regulations to enhance fertility and sequester
carbon, but its impacts on soil fauna remain debated, with studies reporting adverse
effects. This work assessed the behavioural responses of collembolans (Folsomia
candida) and terrestrial isopods (Porcellionides pruinosus) to soils amended with
different samples of biochar derived from two different feedstocks, Ricinus communis
and Brassica juncea, both pyrolyzed at 400°C and 600°C. The four biochars were
tested at 1% and 10% w/w. F. candida avoided R. communis biochar at high
concentrations, suggesting a stronger role of dosage than pyrolysis temperature. In
contrast, P. pruinosus was attracted to B. juncea biochar at 400°C but avoided the
sample pyrolyzed at 600°C, highlighting the joint influence of feedstock and pyrolysis
conditions. Avoidance in collembolans strongly correlated with increased soil pH and
conductivity, suggesting alkaline and osmotic stress. For isopods, these parameters
explained behavioural responses only moderately, implying additional factors.
Furthermore, we examined whether terrestrial isopods presence alters collembolans
responses through ecological facilitation - non-trophic interactions that benefit at least
one species. Remarkably, collembolans no longer avoided soils previously inhabited
by terrestrial isopods, suggesting facilitation likely mediated by bioturbation, microbial
conditioning, or faecal deposition. These findings suggest that the observed effects
were shaped by a combination of factors, including the model organism, biochar
feedstock type, application rate, pyrolysis temperature, and interspecific interactions.
We suggest incorporating facilitation processes into ecotoxicological assessments of
biochar to better understand natural mitigation mechanisms.
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Abstract

Biochar is applied to soils under EU regulations to enhance fertility and sequester carbon, but its impacts on soil fauna
remain debated, with studies reporting adverse effects. This work assessed the behavioural responses of collembolans
(Folsomia candida) and terrestrial isopods (Porcellionides pruinosus) to soils amended with different samples of biochar
derived from two different feedstocks, Ricinus communis and Brassica juncea, both pyrolyzed at 400°C and 600°C. The
four biochars were tested at 1% and 10% w/w. F. candida avoided R. communis biochar at high concentrations, suggesting
a stronger role of dosage than pyrolysis temperature. In contrast, P. pruinosus was attracted to B. juncea biochar at 400°C
but avoided the sample pyrolyzed at 600°C, highlighting the joint influence of feedstock and pyrolysis conditions.
Avoidance in collembolans strongly correlated with increased soil pH and conductivity, suggesting alkaline and osmotic
stress. For isopods, these parameters explained behavioural responses only moderately, implying additional factors.
Furthermore, we examined whether terrestrial isopods presence alters collembolans responses through ecological
facilitation - non-trophic interactions that benefit at least one species. Remarkably, collembolans no longer avoided soils
previously inhabited by terrestrial isopods, suggesting facilitation likely mediated by bioturbation, microbial conditioning,
or faecal deposition. These findings suggest that the observed effects were shaped by a combination of factors, including
the model organism, biochar feedstock type, application rate, pyrolysis temperature, and interspecific interactions. We
suggest incorporating facilitation processes into ecotoxicological assessments of biochar to better understand natural
mitigation mechanisms.

Keywords: Biochar; Ecological facilitation; Soil fauna; Behavioural ecotoxicology; Species interactions
Highlights

e Collembolans showed dose-dependent avoidance in response to biochars.

e  Terrestrial isopods’ behaviour was affected both by dose and pyrolysis degrees of biochars.

e  Terrestrial isopods’ presence reduced collembolan avoidance of biochar-treated soils.

1. Introduction

The utilisation of biochar has been identified as a promising method for the removal of atmospheric carbon and the
amelioration of carbon storage in forests and soils, as outlined in the Carbon Removals and Carbon Farming (CRCF)
Regulation (EU/2024/3012). Biochar is produced through the pyrolysis of biomass, e.g. crop residues, green waste, wood
chippings, or chicken manure, and can be amended in soils to improve soil fertility, facilitate soil water management,
sequester CO2 and manage organic waste (Li et al. 2011). In general, the application of biochar improves the structures
(texture, pH, porosity and aeration) and processes (water retention capacity, conductivity, biogeochemical cycling) of soil
ecosystems (Glaser et al. 2002; Verheijen et al. 2010; Lehmann and Joseph 2024), maintaining the fertility and integrity
of soils. Furthermore, biochar is effective in removing contaminants from interstitial water, and absorbs heavy metals up
to six times more effectively than activated carbon (Cao et al. 2009).

However, it is crucial to ensure that biochar application does not negatively affect soil biodiversity or ecological functions,
in order to fully realize these benefits. In this regard, behavioural bioassays represent a pivotal screening tool in the
identification and prioritisation of soils that are susceptible to depopulation and diminished soil fauna biodiversity
(Federico et al., 2026). Indeed, previous studies have shown that biochar negatively affected growth, survival, and
behaviour in both earthworms (Liesch et al. 2010; Li et al. 2011; Tammeorg et al. 2014) and collembolans (Marks et al.
2014; Prodana et al. 2019; Bastos et al. 2022). In contrast, terrestrial isopods seem to prefer soils amended with biochar
(Madzari¢ et al. 2018; Bastos et al. 2022). To date, most of these studies have focused on direct effects of biochar on
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single model species, with limited attention to recruitment and facilitation phenomena or probiosis which are non-trophic
interactions that benefit at least one species without harming others (Stachowicz 2001). Facilitation can occur through
ecological niche regulation by pioneer species, which facilitate the colonisation of other edaphic organisms in areas that
would otherwise be unsuitable for them.
Considering these processes is essential for a more realistic assessment of biochar impact on soil habitat function, as it
allows the inclusion of species that occupy different spatial ecological niches, not yet considered in ecotoxicological
assays, to be incorporated beyond trophic level differentiation. In this way, it is possible to balance ecological complexity
with the need to reduce the number of model organisms, according to the Directive 2010/63/EU of the European
Parliament, which mandates the application of the 3Rs (Replacement, Reduction, Refinement) for animal use in scientific
research. For instance, collembolans inhabit a variety of vertical soil layers, ranging from the litter layer to deeper soil
horizons, reducing interspecific competition through spatial segregation. In contrast, terrestrial isopods act as primary
decomposers of litter, occupying an epiedaphic spatial niche. Ecologically, they could be among the first organisms
affected by the presence of soil improvers such as biochar, which could influence the responses of other edaphic
organisms.
Based on this ecological framework, the present study aimed to investigate the effects of biochar on soil fauna through a
series of behavioural assays. Specifically, the objectives were to:

1. Assess the direct behavioural responses of model soil invertebrates to different parental feedstocks,

concentrations, and pyrolysis degree of biochar;

2. Evaluate potential facilitation mechanisms mediated by biochar-amended soils, with a focus on non-trophic
interactions;

3. Explore how biochar influences recruitment dynamics and interspecific interactions within soil communities,
going beyond species-specific toxicity to capture broader ecological impacts.

2. Materials and Methods
2.1 Model Organisms

Individuals of Folsomia candida (Willem 1902) and Porcellionides pruinosus (Brandt 1833) were bred in the Laboratory
of Ecotoxicology of the Department of Earth and Environmental Sciences at the University of Milano-Bicocca, Milan
(Italy). Collembola were cultured in glass Petri-dishes (z= 8.5cm) on a moist substrate of Calcium Sulphate
Hemihydrate, also known as plaster of Paris (CaSO,4-1/2 H,0), and activated charcoal (8:1). The collembolans were
maintained at temperature of 20 + 2° C, at 16:8 h light:dark photoperiod regime and fed weekly with dried baker’s
yeast (Saccharomyces cerevisiae). Collembolan eggs were periodically separated from the culture to obtain synchronized
individuals for tests. Terrestrial isopods were cultured at 21°C at 16:8 h (light—dark) photoperiod in a terrarium and were
fed ad libitum with alder leaves (Alnus glutinosa). The cultures were sprayed with ultra-pure water and food was provided
twice a week.

2.2 Biochar production, extraction and chemical analysis

Four different types of biochar obtained from waste biomasses Brassica juncea and Ricinus communis pyrolyzed at two
different temperatures (400°C and 600°C) were tested. Pressed cake pellets of Brassica juncea were by-products of the
processing of the original feedstock, while Ricinus communis stems, branches and leaves were collected from sites
subjected to phytoremediation treatments. The two parental feedstocks were dessicated at 80°C for 48h and then pyrolysed
for 1 hour in a horizontal split tube furnace (Nabertherm®) at the chosen temperatures (400°C and 600°C), applying a
thermal gradient of 300°C h. Before pyrolysis, the furnace was flushed with ultra-high purity nitrogen at a rate of 100
cm® min for 20 minutes to ensure anoxic conditions, which was maintained throughout the entire pyrolysis process and
during the cooling stage (Onay 2007). Biochar was then collected and stored in hermetic containers at room temperature.
Biochar samples were subjected to Soxhlet extraction using toluene. Unlike the EBC protocol, which specifies a 6-hour
extraction with 2.5 g of biochar using 100 mL of toluene (EBC v10.5), we used the extended 36-hour version proposed
and optimized by Hibler et al. (2012) and confirmed by Mayer et al. (2016) and Madej et al. (2016), to enhance the
recovery of a broad range of extractable organic compounds from the biochar matrix. Initially, the biochar samples were
dried in a ventilated oven at 80°C for 24 hours, then grounded and finally sieved to obtain particles smaller than 1 mm
and a homogeneous material. Then, 2.5 g of biochar were weighed and carefully placed inside the cellulose thimble.
Soxhlet extraction was performed with 100 mL of toluene (w:v 1:40) for 36 hours (at a siphoning rate of 6 cycles h?)
under reflux conditions at a constant temperature equal to the boiling point of toluene between 110 and 115 °C. Once
collected and cooled to room temperature, the extracted samples were transferred to a rotary evaporator to concentrate
them and then transferred to 1 mL vials for qualitative analysis by GC-MS.

The chromatographic separations were performed using a Shimadzu GCMS QP2020NX (Shimadzu Corporation, Kyoto,
Japan) equipped with Shimadzu autosampler AOC20i. An SH-Rxi-5ms fused silica capillary column (stationary phase
(5%-Phenyl)-methylpolysiloxane, 30 m x 0.25 mm i.d., 0.25 um, Shimadzu Corporation, Kyoto, Japan) was used as
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stationary phase, and He (UHP purity grade) as carrier gas. The GC system was operated in linear velocity mode at 39.5
cm s™!, with the injector and MS interface temperatures maintained at 280°C. The injection volume was 1 pL, the injection
port operated in splitless mode. The temperature program was set as follows: the initial temperature of 60°C was held for
3 min, then increased at a rate of 10 °C min! to 280 °C, which was maintained for 33 min. The MS operated in electron
ionization mode (El) at 70 eV, acquiring in full-scan mode in the m/z range of 35-600. LabSolutions—GCMS Version
4.54 software (Shimadzu Corporation) was used as system control, instrument management and data acquisition.
Compounds were identified using NIST MS Search, version 2.4 (2020).

2.3 Behavioural tests

Individuals of F. candida were used for performing the avoidance bioassays (1SO 2020), while individuals of P. pruinosus
were used for both investigation of the avoidance and disaggregation effect (Federico et al. 2024). These endpoints were
specifically chosen because they provide sensitive indicators of soil quality in terms of habitat function. Soils that cause
avoidance or reduced aggregation behaviour typically reflect a decline in habitat suitability, which may experience
reduced species richness and functional diversity due to the loss of suitable microhabitats.

Collembolan adults (9-12 days after hatching) were selected for the bioassays, while terrestrial isopods’ adults with a wet
weight of 14-30 mg were used, regardless of sex. Moulting animals, abnormal individuals, pregnant females and
individuals lacking antennae were excluded. Glass boxes (9.5 x 7.3 x 5 cm) were used as test arena for terrestrial isopods
and collembolans. LUFA 2.2 Soil Speyer was used for the ecotoxicological bioassays. The properties included pH = 5.5
+ 0.2 (0.01M CaCl,), WHC =44.5+ 3.0 (g/100 g), C=1.77 £ 0.2 (%), N = 0.17 + 0.02 (%), texture = 7.3 £ 1.2 (%) clay;
13.8 £ 2.7 (%) silt and 78.9 + 3.5 (%) sand. Treated soils were prepared by amending LUFA 2.2 with biochar at 1 % and
10 % w/w, representing realistic and worst-case application scenarios, respectively. These correspond approximately to
field application rates of 22 and 225 t/ha, assuming a bulk density of 1.5 g/cm? and incorporation to 15 cm depth (Conti
et al. 2018). Biochar-amended soils were allowed to stabilize in the dark for at least 96 h before testing. Responses of the
test species were then compared to those in unamended LUFA 2.2 soil to evaluate attraction, avoidance, or indifference,
following the procedure of ISO guidelines (2020). These responses were assessed by placing an aliquot of 50 g d.w. of
untreated soil (control) on one side of the container and 50 g d.w. of biochar-amended soil on the other. Dual controls
(i.e. glass boxes with only LUFA 2.2 soil) were also performed for each bioassay to verify the homogeneous distribution
of organisms and validate the tests. Soil moisture in both the bioassays was maintained at WHC of 45 %. Both control
and treated soils were slightly flattened to eliminate clumps in the terrestrial isopod bioassays. This technique is necessary
to reduce the tigmotaxis of woodlice and induce them to aggregate only with conspecifics. For each experiment, ten
individuals of the representative species were added separately in each test and five replicates for each condition were
performed for statistical reasons. The tests were carried out in thermostatic chambers at 20 £ 2° C, photoperiod 16:8 h
light:dark. After 48 h, arenas of collembolans were separated by a plastic divisor and the number of individuals per each
side of the dishes was counted following the ISO (2020), while the arenas of terrestrial isopods were gently positioned
beneath a camera (Trust Teza 4K Ultra HD webcam, 3840 x 2160 pixels) inside the thermostatic chamber, maintaining a
fixed distance of 15 cm from the focal point, and high-resolution colour images were recorded for subsequent analysis by
ImageJ software.

To assess the effect of potential ecological facilitation, at the end of the terrestrial isopod bioassays, individuals were
removed and additional ten collembolans were added in the glass boxes for another period of 48 h under the same
environmental conditions, at the end of which the distribution of the population was analysed following the method
reported in 1SO (2020).

At the end of all behavioral tests, pH and electrical conductivity were measured by pH meter (WTW-pH 330i/set meter)
and conductometer (WTW 3110/set meter) in a 1:5 soil:distilled water ratio as outlined in ISO 10390 (2021) and I1SO
11265 (2025), respectively.

2.4 Statistical analysis

Avoidance behaviour, assessed both in F. candida and P. pruinosus bioassays, was expressed as Avoidance (A%):

A (%)== 2100 (eq. 1)
Where C = number of individuals moved to unamended soils, T = number of individuals which moved towards the
biochar-amended soils, and N = the total number of alive individuals recovered at the end of the experiment. Sample soils
with less than 20% of individuals were considered as having “limited habitat functions” (ISO 2020).
The disaggregation effects, assessed only for P. pruinosus, were measured by the disaggregation index (DI):

s+2d

DI (%) = (eq. 2)

n

were s = number of groups with 1 individual, d = number of groups with 2 individuals, and n = the number of alive
individuals at the end of the experiment. A group represents all the individuals who touch each other with at least one
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part of the body. The index varies between 0 and 1, which represent the maximum degree of aggregation and
disaggregation, respectively, while 0.5 was fixed as the threshold level above which disaggregation affects 50% of the
population. Further details referred to the indices can be found in Federico et al. (2024).

Avoidance behavioural data were analysed using generalized linear models (GLMs) with a Poisson distribution and a log-
link function to account for non-normal response distributions. Zero values were retained in the analysis for negative data.
Overall model significance was assessed via chi-square (x?) deviance tests, with statistical significance set at p < 0.05.
For disaggregation responses, GLMs with a Gaussian distribution and identity link were fitted to continuous,
approximately normally distributed data. Overall significance for these models was evaluated using analysis of variance
(ANOVA) with F-tests. To examine the effect of collembolan recruitment in response to the presence of terrestrial
isopods, a Mann—Whitney U test was performed. Differences in soil pH and electrical conductivity were assessed using
ANOVA. Paired t-tests were applied to evaluate changes in these parameters between pre- and post-mitigation conditions
following terrestrial isopod activity. All statistical analyses were conducted in R version 4.2.1 (R Core Team 2022).

3. Results
3.1 Behavioural test results

All behavioural tests performed with individuals of Folsomia candida and Porcellionides pruinosus showed stochastic
population distribution and no mortality in controls.

Exposure to soils treated with biochar from R. communis and B. juncea resulted in consistent elusive responses by F.
candida at concentration of 10% w/w (x> = 103.9, p < 0.0001), regardless of the pyrolysis degree, suggesting a higher
sensitivity to the concentration of biochar (Fig. 1a).

In contrast, the behaviour of P. pruinosus (Fig. 1b) was influenced predominantly by biochar type and pyrolysis
temperature (y2 = 1137.4, p < 0.0001). Individuals were significantly attracted to both soils amended with B. juncea
biochar pyrolyzed at 400 °C (p < 0.0001), but avoided those containing the same biochar pyrolyzed at 600 °C (p < 0.0001).
No significant behavioural responses of terrestrial isopods were observed in soils treated with R. communis biochar (p >
0.05).

Figure 1. Avoidance test results for Folsomia candida and Porcellionides pruinosus exposed to soils amended with
Brassica juncea and Ricinus communis biochar pyrolyzed at 400 and 600°C at concentrations of 1 and 10 % w/w. Dashed
lines indicate those values above or below which 50 % of the population avoids or is attracted to soils with biochar. Values
are expressed as mean (£ standard error). Different letters indicate significant differences among treatments (post hoc
test, p < 0.05).

Terrestrial isopods exhibited a dose-dependent disaggregation behaviour across all biochar types (Fig. 2), with statistically
significant effects observed only at the highest concentration of 10% w/w (B. juncea: F = 0.814, p = 0.011; R. communis:
F=1.12,p=0.013).

The disaggregation observed in the R. communis bioassay may be influenced by biochar granularity, which appears to
trigger a positive thigmotactic response in the isopods, drawing them toward the biochar particles. This hypothesis is
further supported by the lower p-values observed for B. juncea biochar at 400°C (p = 0.0011) and 600°C (p = 0.0012)
compared to R. communis biochar at 400°C (p = 0.0046) and 600°C (p = 0.0088). In contrast, the alteration of
gregariousness in the B. juncea bioassay is more likely attributable to intrinsic biochar contamination rather than a
thigmotactic effect, as no isopods were recorded in the treated soil at 10% w/w and 600°C. These results suggest that soils
amended with B. juncea biochar are more repellent to terrestrial isopods, with behavioral responses influenced by
pyrolysis temperature in the case of avoidance behaviors, and by both pyrolysis temperature and concentration in the case
of gregariousness alterations.

Figure 2. Scatter plot referred to the disaggregation index (DI) results for Porcellionides pruinosus exposed to soils
amended with Brassica juncea and Ricinus communis biochar pyrolyzed at 400 and 600°C at concentrations of 1 and 10
% w/w. Dashed lines indicate those values above or below which 50 % of the population is fragmented in groups. Different
letters indicate significant differences among treatments (post hoc test, p < 0.05).

The reintroduction of new collembolans in the terrestrial isopod-bioassays showed a different pattern of behavioral
responses after 48 hours of exposure. Notably, no significant avoidance behavior was observed in any of the treatments
(Fig. 3), suggesting that terrestrial isopods may function as niche-regulating organisms. This active role of terrestrial
isopods may depend on the deposition of fecal pellets or bioturbation resulting in a selective microhabitat for maintaining
homeostasis in collembolans.

As a result, the effects induced by biochar appear to vary according to successional changes in soil species composition.
In our study, the presence of litter-dwelling species like terrestrial isopods modified the susceptibility of the biochar-
amended soil compared to single-species exposure scenarios.
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Figure 3. Avoidance test results for Folsomia candida after the 48 h colonization of Porcellionides pruinosus exposed to
soils amended with Brassica juncea and Ricinus communis biochar pyrolyzed at 400 and 600°C at concentrations of 1
and 10% wi/w. Dashed lines indicate those values above or below which 50 % of the population avoids or is attracted to
soils with biochar. Values are expressed as mean (z standard error). Different letters indicate significant differences
among treatments (post hoc test, p < 0.05).

To assess the impact of terrestrial isopods activity on collembolan behavior, avoidance responses were compared between
pre- and post-incubation substrates using the Mann—Whitney U test. For R. communis biochar, median avoidance shifted
from —20% (interquartile range [IQR]: —20 to 20%) in the absence of isopods to —10% (IQR: —40 to 11%) following
incubation. The difference was statistically significant (U = 548.5, p = 0.018), indicating a measurable influence of
terrestrial isopod activity on collembolan distribution. In contrast, B. juncea biochar exhibited median avoidance values
of —20% (IQR: —20 to 20%) without isopods and 0% (IQR: —35 to 30%) after incubation. The difference did not reach
significance (U = 513, p = 0.074), suggesting no detectable effect of isopods on collembolan behavior in this substrate.
These results indicate a species-specific modulation of collembolan avoidance by terrestrial isopods activity, highlighting
an ecological facilitation effect depending on the type of biochar.

3.2 Changes of pH and conductivity in soils amended with biochar

The pH and electrical conductivity (EC) of LUFA soils amended with biochar varied significantly after 48 h of exposure
as a function of feedstock type, application rate, and pyrolysis temperature (Table 1). Soils amended with B. juncea
biochar exhibited significant increases in both pH (F = 14.7, p < 0.0001) and EC (F = 7.16, p = 0.0055). A stronger
response was observed in soils treated with R. communis biochar, which induced marked changes in pH (F = 95.8, p <
0.0001) and EC (F = 70.5, p < 0.0001), indicating a higher capacity of this feedstock to alter soil chemical properties
compared to B. juncea biochar. The magnitude of the pH response was consistently greater than that of EC, suggesting
that alkalinity-driven processes dominated the short-term soil-biochar interactions. These biochar-induced alterations
persisted following biological mitigation by terrestrial isopods, confirming the structural stability of the biochar effects.
In post-mitigation soils, B. juncea biochar remained associated with significant variation in pH (F = 86.4, p < 0.0001) and
EC (F = 20.8, p < 0.0001). In contrast, soils amended with R. communis biochar displayed a strong pH response (F =
260.3, p < 0.0001), while the effect on EC was reduced, although still significant (F = 11.1, p = 0.001), suggesting a
partial buffering of soluble ions following faunal activity.

Direct comparisons between pre- and post-colonization soils revealed that terrestrial isopods primarily influenced EC
rather than pH. Significant differences were detected only for conductivity, with a markedly stronger reduction in B.
juncea amended soils (t = —29.1, p < 0.0001) compared to those amended with R. communis biochar (t = —4.08, p =
0.001). This indicates that isopod-mediated processes preferentially modulated ion mobility and redistribution, while the
biochar-driven alkalinisation remained largely unaffected.

Collectively, all biochar types increased soil pH and EC; however, the EC response was strongly concentration-dependent,
with significant increases observed exclusively at the highest application rate (10% w/w). These findings demonstrate
that feedstock identity and dosage are key determinants of short-term soil chemical shifts, while biological activity can
selectively mitigate biochar-induced changes in soil conductivity without substantially altering pH.

Samples Dose Pyrolysis Pre-ecological facilitation Post-ecological facilitation
% °C pH ECuScmt pH ECuScmt
Control 6.08(+0.12)a 212.6(+9.05)a 6.14 (£ 0.03)a 226.1(+3.64)a
B. juncea 1 400 6.61(+0.04)b 208 (+2.08) bc 6.96 (+0.06) b  226.3 (£ 3.64) bc
600 6.75(x 0.14)b  200.7 (+ 3.88) hd 6.85(x0.04)b 248 (+11.8) hd
10 400 6.96 (+0.03) b  371.3 (£ 31.1) be 7.04(x0.03)b  304.8 (+3.8) be
600 6.74 (£0.02)b 333.3(+59.1)bf  6.96(+0.03)b  291.4 (+ 1.55) bf
R. communis 1 400 7.64 (£0.12) bc 255.7 (+ 13) bc 7.77 (£0.12) bc  255.83 (+19.9) a
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600 7.69 (£0.21)bd 545.7 (+100)bd  7.93 (+0.03)bd 580 (+ 19.7) a
10 400 8.53 (£0.04)be 1,888 (+123.6)be  8.11(+0.06)be 1,006.6 (+5.9) b
600 9.41 (£ 0.07) bf 2,797.3 (+ 261.3) bf 9.01 (+0.04) bf 2,077.2 (512) b

Table 1. Soil conductivity (EC, expressed as uS cm™) and pH measured at the beginning of the collembolan test (pre-
ecological facilitation) and 48h after the behavioural bioassay of collembola reintroduced in terrestrial isopod tests (post-
ecological facilitation) for B. juncea and R. communis biochar. Different letters indicate significant differences among
treatments (post hoc test, p < 0.05).

Pearson correlation analysis revealed consistent and robust associations between soil chemical parameters and biological
responses, with distinct patterns depending on biochar feedstock and mitigation conditions (Fig. 4). Across all treatments,
soil pH and electrical conductivity (EC) were strongly and positively correlated, indicating a tightly coupled response of
soil alkalinity and ionic strength following biochar amendment.

In soils amended with B. juncea biochar, avoidance behaviour of F. candida showed only weak associations with soil pH
and EC, both prior (r_pH = 0.32; r_EC = 0.27) and after terrestrial isopod colonisation (r_pH = 0.23; r_EC = 0.25). In
contrast, soils amended with R. communis biochar exhibited stronger positive correlations between F. candida avoidance
and both pH (r=0.72) and EC (r = 0.76) levels. These results suggest that higher pH and EC in the R. communis amended
soils may have contributed to increased repellence in collembolans, likely due to shifts in soil chemistry or osmotic stress,
in line with other studies (Bastos et al. 2022). Following the introduction of terrestrial isopods, these correlations were
moderately attenuated, with reduced associations for both pH (r = 0.45) and EC (r = 0.53). These results indicate that the
introduction of terrestrial isopods altered soil properties, influencing collembolan perception of habitat quality and
potentially reducing avoidance behavior in previously repellent substrates.

In contrast, no strong correlations were observed between avoidance responses of P. pruinosus and soil pH or EC in soils
amended with either B. juncea or R. communis biochar. Disaggregation behaviour was rather moderately correlated with
pH (r = 0.49) and strongly correlated with EC (r = 0.69) in B. juncea biochar, suggesting an influence of osmotic stress
on gregariousness. A similar, though less pronounced, pattern was observed in R. communis biochar, with moderate
correlations for pH (r = 0.58) and EC (r = 0.46).

Overall, the correlation patterns indicate that biochar increases in pH and EC are closely interrelated and constitute the
primary drivers of the behavioural responses recorded. Avoidance behaviour in collembolans appears to be more sensitive
to chemical shifts in the soil, particularly under R. communis amendment, and can be partially mitigated by the presence
of terrestrial isopods. By contrast, social behaviour of terrestrial isopods appears more closely linked to changes in EC,
highlighting a differential sensitivity of soil fauna to biochar-mediated chemical alterations.

Figure 4. Pearson correlation matrices illustrating relationships between soil pH and electrical conductivity (EC) and
behavioral responses of soil arthropods under biochar amendment. Panels (a - b) show correlations between initial and
final soil pH (pHi, pHf) and EC (ECi, ECf) and F. candida avoidance behavior before (F1) and after (F2) ecological
facilitation by terrestrial isopods in soils amended with B. juncea (a) and R. communis (b) biochars. Panels (c - d) show
correlations between soil physicochemical parameters and avoidance (P1) and disaggregation (P2) behaviors of P.
pruinosus in B. juncea (c) and R. communis (d) amended soils.

4. Discussion

This study clearly demonstrates that the addition of biochar derived from Brassica juncea and Ricinus communis
significantly altered soil physicochemical properties, which in turn influenced the behavioural responses of two key soil
mesofauna species, Folsomia candida and Porcellionides pruinosus. These effects were strongly dependent on biochar
type, application rate, and pyrolysis temperature, highlighting the importance of these factors in shaping ecological
outcomes in soil ecosystems.

The observed increases in soil pH and electrical conductivity (EC) at the initial sampling confirmed the well-documented
capacity of biochar to modify soil properties (Lehmann et al. 2011). Notably, R. communis biochar exerted a more
pronounced effect than B. juncea, especially at higher concentrations, likely reflecting differences in feedstock
composition and ash content.

F. candida exhibited a clear avoidance response to soils amended with biochar at 10% w/w compared to soils amended
at 1% w/w. The responses at 10% w/w concentrations are consistent with findings from other studies in the literature,
where application rates above 10% have been shown to be toxic to F. candida (Conti et al. 2018). Usually, such
concentration reflects only worst-case scenario conditions, as field applications of biochar are not expected to exceed 5%.
However, there is no regulation at the EU level that imposes an explicit 5% w/w limit on the application of biochar in
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soil, while such limit is derived from established agronomic practices and technical guidelines (Lehmann and Joseph
2015), rather than from EU legal obligations. Results in the F. candida bioassay showed effects depended entirely by the
application dose, rather than by the degree of pyrolysis, and adverse effects were consistent with previous studies showing
that extreme shifts in soil pH and EC can negatively affect collembolan activity and distribution (Hopkin 1997; Bastos et
al. 2022).

Compared to collembolans, P. pruinosus demonstrated attraction to soils amended with B. juncea biochar pyrolyzed at
400°C, while those treated with the same biochar pyrolyzed at 600°C induced avoidance responses and altered
aggregation behaviour. This indicates that pyrolysis temperature critically influences biochar quality and toxicity, in line
with literature research (Godlewska et al. 2021). GC-MS analysis showed that B. juncea biochar pyrolyzed at 400 °C
contained alkanes together with free fatty acids, and esterified fatty acids. In contrast, free fatty acids were not detected
in the B. juncea pyrolyzed at 600 °C, which was dominated by alkanes, and contained minor amounts of esterified fatty
acids. Furthermore, in B. juncea 400 °C were additionally detected traces of steroid derivatives. Figure S1 (Supplementary
information) shows the overlay of the GC—MS chromatograms obtained for the four biochar extracts, in which the main
compositional differences are highlighted. The observed P. pruinosus attraction at 400°C in the Brassica juncea assay
may be attributed to enhanced moisture retention which is compatible with the presence of free acids, rendering the
environment more hydrophilic; moreover, biochar itself can serve as a food source for isopods, comparable to natural
detrital substrates like alder leaves (Madzari¢ et al. 2018). The neutral behavioural response of P. pruinosus to R.
communis biochar suggests a degree of tolerance or adaptation to altered soil conditions.

The disaggregation of social behaviour observed across the concentration range may be influenced by the granularity of
the biochar itself, as coarser particles may enhance thigmotactic behavior by providing shelter or reducing
evapotranspiration. However, in the case of the B. juncea 600°C treatment, most terrestrial isopods were not found in the
amended soil, but still showed a disaggregation index greater than 50%. This suggests that the observed disaggregation
reflects an effect beyond simple thigmotaxis. Pearson correlation analysis revealed a strong association between soil
electrical conductivity (EC) in B. juncea-amended soils and the disaggregation index, but this relationship alone does not
seem to fully explain this effect. In fact, despite higher EC, soils treated with R. communis showed moderate correlations
with soil electrical conductivity, suggesting that this parameter may not be the only factor involved. Rather, the
phenomenon appears to be primarily determined by biochar composition. This is analogous to observations in salt-
enriched soils, where, at comparable EC levels, terrestrial isopods show a preference for NaCl-amended soils (0.46—
1.87 dS/m) but not for KCl-amended soils with similar EC (0.74—1.67 dS/m) (Skarkova et al. 2016).

The decrease in soil pH and EC observed after 48 hours in isopod-colonized soils suggests that biotic activity modifies
soil chemical conditions, likely through faecal pellet deposition, bioturbation, or microbial input. This is supported by the
shift in F. candida avoidance patterns upon reintroduction to soils previously inhabited by terrestrial isopods, where
correlations between avoidance and soil properties changed direction. Such results point to biochar transformation or
detoxification processes mediated by isopods and associated microbes, ultimately influencing collembolan habitat
preferences and indicating complex trophic and microbial interactions (Scheu 2002; Frouz 2018). The role of isopod
facilitating species emerged in laboratory studies by Bastow (2011), in which the abundance of bacterivorous nematodes
was influenced by the facilitating effect of litter degradation by P. scaber population. In other studies, the synchronous
presence of isopods and collembolans accelerates and controls nutrient supply and mobilization in urban soils (Pieper and
Weigmann 2008). Some myrmecophilous woodlice species, such as Porcellionides myrmecophilus and Porcellio scaber,
can live as facultative guests in ant nests, including those of Lasius fuliginosus, where they contribute to nest hygiene by
feeding on faecal pellets and fungal spores (Parmentier et al. 2025). The U-test helped to reveal and quantify the
magnitude of facilitation effect exerted by woodlice on collembolans. The observed facilitation, particularly for R.
communis biochar at 10% and 600°C, confirmed that terrestrial isopod activity can indirectly enhance collembolan
colonization in biochar-amended soils. This underscores the complexity of ecological responses where abiotic
amendments and biotic interactions collectively shape soil biodiversity and functions.

In summary, our findings highlight that biochar effects on soil fauna are strongly modulated by feedstock origin, pyrolysis
conditions, and amendment rates. Behavioural responses of soil mesofauna are governed by intricate interactions between
altered soil physicochemical properties and facilitation activity of soil fauna. These insights emphasize the necessity of
integrating biochar characteristics and soil biota dynamics when designing sustainable biochar applications in
agroecosystems and soil management strategies.

5. Conclusion

This study investigated the effects of two types of biochar derived from Brassica juncea and Ricinus communis biomasses,
pyrolyzed at 400°C and 600°C, on the behaviour responses of Folsomia candida and Porcellionides pruinosus. Biochar
samples were applied at 1% and 10% w/w to assess potential alterations in structure and dynamics of population of both
species. The findings demonstrated that biochar effects on soil fauna were modulated by feedstock type, pyrolysis
temperature, application rate, and species-specific sensitivity. F. candida exhibited a concentration dependent sensitivity
to both biochar types, whereas P. pruinosus demonstrated attraction to Brassica sp. biochar produced at 400°C, but
avoided the biochar at 600°C, regardless of concentration. Furthermore, terrestrial isopods exhibited modified aggregation
behaviour in response to biochar doses. Of particular significance was the observation that the presence of P. pruinosus
modulated the behavioural responses of F. candida, thus suggesting a potential ecological facilitation effect that is likely
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to be mediated by isopod-driven bioturbation and faecal pellet deposition. These findings emphasise the necessity of
incorporating interspecific interactions in ecological assessments, as they may elucidate natural mitigation processes and
recolonization processes.
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Figure S1 Overlay of the GC-MS chromatograms obtained for the four biochar extracts: black, B. juncea 400 °C; pink,
B. juncea 600 °C; blue, R. communis 400 °C; dark-orange, R. communis 600 °C. The chromatograms show a region
between approximately 7 and 17 min mainly characterized by alkanes (both linear and branched) for all samples. Free
fatty acids were detected only in B. juncea biochar pyrolyzed at 400 °C, while B. juncea biochar at 600 °C showed only
esterified fatty acids. In contrast, the GC—MS profiles of R. communis biochar extracts were predominantly characterized
by alkanes, with no evident other contributions. In B. juncea 400 °C traces of steroid derivatives were additionally
detected.
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8.1 General Overview of PhD Thesis

The progressive loss of soil functions and ecosystem services represents one of the major
environmental challenges of the 21st century, with direct implications not only for biodiversity
conservation but also for food provisioning, human health, climate resilience, and the sustainability
of socio-economic systems. In this context, there is a need to move beyond monitoring approaches
based solely on soil physicochemical descriptors, which are often insufficient to capture functional

and biological alterations of soil ecosystems.

This PhD thesis addresses this critical context by proposing a methodological and conceptual shift,
based on the idea that soil health cannot be fully assessed without careful analysis of the behavioural
responses of the organisms that constitute its living component. From this premise, the PhD thesis
explored the potential of behavioural ecotoxicology as a rapid and ecologically relevant operational
tool to bridge the gap between laboratory assessments and the ecological complexity of soil
ecosystems. In particular, this work argues that population-level behavioural bioassays constitute key
indicators of soil habitat functionality and ecological integrity. Such indicators can be effectively
derived from the use of highly gregarious species, such as terrestrial isopods, which serve as
particularly suitable sentinels for studying the spatial distribution and social cohesion of populations

in response to different soil stressors.

The guiding thread throughout this work is the development and validation of a novel
ecotoxicological endpoint based on the combined analysis of avoidance and disaggregation
behaviours in the gregarious edaphic organism Porcellionides pruinosus (order Oniscidea). The
choice of this species was motivated not only by ecotoxicological sensitivity but also by its ecological
relevance and eco-ethological traits, which make aggregation behaviour a central functional trait for
survival and population stability. In this sense, social alteration is interpreted as a direct signal of
population fragmentation and impairment of soil habitat function, complementing population
dynamics studies such as avoidance tests. Through a series of experimental studies presented in
Chapter 3 and progressively developed in subsequent chapters, this PhD thesis demonstrates that
disaggregation in P. pruinosus may occur independently or in conjunction with avoidance of
contaminated soil, revealing dimensions of ecological risk that are not detected by traditional
behavioural assays. The results highlight that avoidance represents a potentially underestimated
migratory response if not integrated with an assessment of population gregariousness, which reflects
the loss of social cohesion with direct implications for individual fitness, survival, and population

stability. The combination of these two endpoints therefore allows for distinguishing between active
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spatial redistribution of individuals and impairment of population structure, providing a more nuanced

and biologically meaningful interpretation of contaminant effects.

Another significant contribution of this PhD thesis is the systematic analysis of P. pruinosus
behavioural responses to a wide range of abiotic and biotic stressors, as described in Chapter 4. The
identification of distinct response patterns (U-shaped, sigmoidal, bimodal) according to
environmental variables demonstrates that aggregation behaviour is finely tuned to soil conditions
and responds predictably to stress gradients. In particular, soil temperature and moisture gradients
significantly influence population gregariousness, which reaches its maximum under intermediate
conditions of both factors. These conditions are complementary to the distribution of maximal
population fitness, suggesting that peak gregariousness coincides with peak reproductive output,
highlighting the ecological relevance of disaggregation indices. These results reinforce the idea that
disaggregation can serve as an integrative biosensor of environmental conditions, reflecting not only
the presence of contaminants but also physical and biological soil alterations potentially linked to

climate change or soil management practices.

A further contribution emerges in Chapter 5, where behavioural responses to a wide spectrum of
contaminants identified disaggregation as a predictive endpoint associated with specific
physicochemical properties of substances. In particular, the identification of a threshold Henry’s law
constant beyond which gregariousness is compromised provides a mechanistic criterion with
potential regulatory applications, suggesting that the water—air partitioning of chemical contaminants
plays a crucial role in exposure to terrestrial isopods and the onset of disaggregation. The absence of
predictive descriptors for avoidance responses, in contrast, underscores the complexity of
mechanisms governing migration and highlights the need to integrate multiple behavioural endpoints

within a single bioassay.

Chapters 3 to 5 primarily serve an investigative purpose. Complementarily, Chapters 6 and 7
demonstrate the potential applied value of disaggregation tests in terrestrial isopods. Chapter 6
extended the application of behavioural bioassays to real urban soils, showing that model invertebrate
responses are consistent with reductions in faunal biodiversity along urban degradation gradients.
Soils inducing marked population-level behavioural responses were the same where structural and
functional diversity was low. The multispecies approach further showed greater sensitivity of P.
pruinosus compared to F. candida and E. fetida in avoidance bioassays, likely due to the species’
gregarious nature amplifying the population-level response. Moreover, the use of disaggregation
indices helped interpret population-level effects in cases of attractive behaviours; high aggregation in

attractive contexts suggests preference (e.g., due to high organic matter content, as observed in
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Chapter 6), whereas attractive behaviour coupled with altered gregariousness indicates loss of social
cohesion and impaired infochemical functionality due to individual disorientation. Overall, the results
indicate that behavioural bioassays provide an effective early-warning system for biodiversity loss
and habitat fragmentation in terms of pedofaunal diversity, while the discrepancy between
behavioural responses and microbial community structure suggests lower predictive power of

behavioural tests for bacterial communities.

While behavioural bioassays in Chapter 6 had primarily diagnostic value, in Chapter 7 they were used
for their prognostic potential to assess the quality of soils amended with biochar varying in
concentration and pyrolysis degree. The analysis of responses to biochar amendments shows that
effects on soil invertebrates depend on a complex combination of factors, including feedstock type,
pyrolysis temperature, application rate, and species identity. Populations of F. candida were
particularly sensitive to biochar dose, correlated with changes in soil conductivity and pH post-
amendment. In contrast, P. pruinosus avoidance responses were more influenced by pyrolysis degree
and biochar composition, while alterations in aggregative behaviour primarily depended on biochar
concentration. These results indicate that biochar can modulate both the dynamics and population
structure of isopods in a species- and context-specific manner. Additionally, observation of
interspecific facilitation processes mediated by terrestrial isopods demonstrated that the presence of
epiedaphic organisms can mitigate avoidance responses of euedaphic collembolans, highlighting the
importance of incorporating biotic interactions into ecotoxicological bioassays and confirming that
natural systems possess intrinsic compensatory mechanisms often overlooked in standard

assessments.
8.2 Advantages and Applications

Taken together, the chapters of this PhD thesis outline a coherent scientific trajectory, moving from
the urgent need to protect soil health and ecosystem services toward the development of innovative,
ecologically relevant, and operationally applicable monitoring tools. The adopted approach integrates
behavioural ecotoxicology, environmental factor analysis, and biodiversity assessment, overcoming
the limitations of traditional indicators based solely on physicochemical parameters. The results of
this PhD thesis open multiple avenues for future research and methodological development in soil

health assessment and sustainable ecosystem management.

First, behavioural bioassays, already validated as sensitive and integrative indicators, could be further
developed into standardized protocols for ecotoxicological monitoring and comprehensive chemical
and physical risk assessment. Integrating disaggregation effects with already standardized tests, such

as avoidance responses, would allow for a more complete and predictive evaluation of soil habitat
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condition. Given that standardized avoidance tests are currently limited to E. fetida and F. candida,
an initial standardized protocol based on terrestrial isopods such as P. pruinosus could incorporate an
integrative avoidance—disaggregation endpoint as a soil quality indicator.

Second, the relationship between contaminants’ physicochemical properties and disaggregation
behaviours suggests the potential for more accurate predictive models combining molecular
descriptors, exposure thresholds, and environmental parameters, extending bioassay applicability to
regulatory and in silico risk management contexts. Investigating the underlying molecular,
biochemical, and metabolic responses driving disaggregation—currently poorly understood—will be
essential. This limitation is partly due to the complexity and limited characterization of the
aggregation pheromone in P. pruinosus, necessitating collaborative efforts among biologists,

chemists, ecologists, and ecotoxicologists.

Finally, while using behavioural bioassays as predictors of depopulated soils with reduced diversity
is promising, empirical validation with large, statistically robust datasets is still required. Such
validation, across scales from microcosms to field-level assessments, could enhance the ability to
detect and predict ecological tipping points, facilitating proactive interventions in forested, urban, and

agricultural areas.
8.3 Limitations and Challenges

Despite its innovative contributions and solid experimental framework, several limitations and critical
challenges must be acknowledged, which at the same time outline important directions for future

research.

First, the mechanistic basis of aggregation and disaggregation responses is not yet fully understood.
The biochemical identity of aggregation pheromones in P. pruinosus, the mechanisms underlying
their synthesis, release, perception, and degradation, as well as the neurophysiological and metabolic
processes regulating social cohesion, require further investigation. At present, disaggregation is
interpreted as a functional signal of ecological stress; however, the causal chain linking contaminant
exposure, individual physiological alteration, and collective behavioural response remains only
partially clarified. Without a detailed mechanistic understanding, the capacity to perform robust
predictive extrapolations or to fully integrate these endpoints into quantitative risk models remains

constrained.

Second, behavioural responses are inherently species-specific and strongly linked to the eco-
ethological traits of the model organism. The gregarious nature of P. pruinosus represents a strength

in terms of population-level sensitivity, but it also implies that extrapolation to non-gregarious taxa,
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other functional groups, or different trophic levels requires careful comparative validation. The
proposed framework therefore cannot be considered universally representative of soil fauna, but
rather should be integrated within multi-species and multi-trophic assessment strategies capable of

providing a more comprehensive view of soil ecosystem functioning.

Third, environmental context dependency constitutes a significant methodological challenge.
Aggregation patterns are strongly modulated by abiotic factors such as soil temperature and moisture,
which directly influence water balance, metabolic activity, and reproductive fitness. If not rigorously
controlled or statistically incorporated into experimental designs, these variables may interfere with
the interpretation of contaminant-induced responses. Although this sensitivity to environmental
gradients enhances the ecological relevance of the endpoint, it also increases experimental complexity

and requires carefully designed studies across multiple environmental conditions.

An additional limitation concerns the capacity of behavioural endpoints to represent the full spectrum
of soil ecosystem functioning. Behavioural alterations observed in macroinvertebrates did not
consistently predict variations in microbial community structure and composition, suggesting that
microbial dynamics may respond to different drivers or operate at distinct temporal scales. This
highlights the need to integrate behavioural indicators with microbiological, biochemical, and

functional parameters in order to achieve a truly holistic assessment of soil quality.

Finally, although the results obtained are robust at laboratory and mesocosm scales, their
generalizability across broader spatial scales remains to be confirmed. Extended empirical validation
encompassing diverse soil types, climatic regions, and land-use systems is essential to consolidate
the reliability, sensitivity, and specificity of the endpoint under real-world conditions. Only through
such multi-scale verification will it be possible to fully support the implementation of this framework

within regulatory contexts and official environmental monitoring programs.
8.4 Future Directions

Future research should focus on the harmonization and standardization of combined avoidance and
disaggregation bioassay, including inter-laboratory validation and ring tests to ensure reproducibility
and facilitate regulatory adoption. The integration of this dual endpoint into existing ecotoxicological
guidelines would significantly enhance the ecological resolution of soil monitoring frameworks.
Furthermore, the development of an experimental prototype equipped with exposure arenas integrated
with cameras would allow real-time recording of effects on terrestrial isopods. This would provide a
single, integrated, and replicable tool, minimizing errors associated with manual observation, such as

disaggregation caused by impacts or sudden movements of the arena.

171



Mechanistic investigations represent a priority. Interdisciplinary collaboration among ecologists,
chemists, and molecular biologists will be essential to identify aggregation pheromones, characterize
stress-induced metabolic pathways, and clarify the physiological basis of behavioural disruption.

Such knowledge will strengthen causal interpretation and predictive modelling.

In a regulatory context, the development of predictive models integrating behavioural responses with
physio-chemical contaminant descriptors, exposure parameters, and environmental variables could
support in silico screening tools and regulatory risk assessment applications. The threshold identified

for Henry’s law constant provides an initial foundation for such integrative modelling approaches.

Finally, future ecotoxicological research should systematically incorporate biotic interactions and
community-level processes, recognizing that soil ecosystems possess intrinsic compensatory and
facilitative mechanisms. Embedding behavioural ecotoxicology within broader biodiversity and
ecosystem-function frameworks will consolidate its role as a scientifically robust and operational

pillar of soil health assessment and sustainable ecosystem management.
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