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Abstract: A method was developed for the standardisation and analysis of
environmental and agronomic covariates to discriminate the effects of specific
explanatory variables on a given bioindicator. To test it, the effects of plant
protection products (PPP) was assessed on soil fauna sampled in organic and
conventional hazelnut orchards. More than 100 standardised covariates were
numerically reduced, by Principal coordinates analysis (PCoA), to two derived
covariates. Then, redundancy analysis (RDA) was applied using, as explanatory
variables, two indexes referred to PPP input and the derived covariates. The
results showed a marked differentiation of the soil fauna communities between
the two groups of sampled sites and their clear response to the use of PPP. The
procedure proved to be effective in reducing the ‘background noise’ determined
by a great number of covariates. This method can be successfully applied in
monitoring activities concerning the effects on biodiversity of several
initiatives aimed at reducing PPP use.

Keywords: plant protection products impact; agricultural management;
covariates; bioindicators; organic farming; principal coordinates analysis;
PCoA; canonical correspondence analysis; CCA; soil fauna.
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and the publication and dissemination of technical-scientific indications,
guidelines or regulatory instruments for prevent the human impact, especially
caused by pesticides.

1 Introduction

‘Bioindicator’ is a term taken from environmental toxicology where it is defined as “an
organism or biological response that reveals the presence of the pollutants by the
occurrence of typical symptoms or measurable responses” (Karr, 1981). Over time, other
disciplines have successfully experimented bioindication and currently a wider definition
of bioindicators can be the following: ‘‘a species or group of species that readily reflects
the abiotic or biotic state of an environment, represents the impact of environmental
change on a habitat, community, or ecosystem, or is indicative of the diversity of a subset
of taxa, or of the wholesale diversity, within an area’” (McGeoch, 1998). In the European
Union an impetus to the use of protocols for bioindication has been given by their
introduction into regulatory instruments such as the Water Framework Directive (Dir.
2000/60/CE) (Lopez-Lopez and Sedefio-Diaz, 2014; Monteagudo and Moreno, 2016).

Although bioindicators are effective in recording environmental variations (Bispo
et al.,, 2009; Botias et al., 2017; Cunningham et al., 2022; Edwards et al., 1996;
Eijsackers, 1983; Gerlach et al., 2013; Girotti et. al, 2013; Li et al., 2005; van Straalen
and Krivolutsky, 1996), assessing which variables are responsible for those variations
could be extremely difficult. In fact, in observational studies, the effects of the target
explanatory variables (object of the study) on the response variables (generally a
population or a taxocenosis) are always, at least partially, masked by the effects of other
not target independent variables that can be defined as covariates.

In order to eliminate this background noise, it is very important to draw up a list, as
complete as possible, of the covariates that can have consistent effects on the response
variables, associated with their specific measurement or classification method in order to
fulfil two fundamental objectives:

1 to obtain detailed and (semi) quantitative descriptions of the environmental contexts
that must be compared, which helps choose sampling sites with as little dissimilarities
as possible except for the target variables

2 to possibly use the covariates together with the target variables in a multivariate
analysis that is able to identify which ones have a solid effect on the bioindicator
communities.

It is well established today that it is necessary to standardise the bioindicator sampling
protocols (Smallshire and Beynon, 2010; Stahlschmidt and Briihl, 2012; Tourinho and
Lo-Man-Hung, 2021). In a similar way, the organisation of a shared standard protocol for
collecting data on environmental variables and pressures represents an objective of
primary importance to gather comparable data and ensure replicable studies.

All of these topics have been addressed in a 5-year Italian project (2015-2019)
financed by the Italian Ministry of the Environment and Energy Security (MASE),
coordinated by Italian Institute for Environmental Protection and Research (ISPRA) and
carried out in collaboration with Regional agencies for the protection of the environment
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(ARPA) of Latium and Piedmont Regions, the University of Turin and the University of
Rome Tor Vergata. The main aim of the project was to verify if organic farming and
good practices of agroecology are more compatible with the conservation of biodiversity
than conventional farming where PPP are used. This is in line with the provisions of
Measures 13 and 16 provided in the ‘Guidelines for the protection of the aquatic
environment and drinking water and for the reduction of the use of plant protection
products (PPP) and their relative risks in Natura 2000 sites and in natural protected areas’
(Interministerial Decree 10/3/2015) for the application of the Italian National Action Plan
for the sustainable use of PPP (NAP) (Interministerial Decree 22/01/2014) according to
the European Directive 2009/128/EC. Moreover, the study was aimed at identifying
bioindicators that are useful for evaluating the effects of PPP on biodiversity (D’Antoni
et al., 2020).

The project focused on three different permanent crops: rice fields, vineyards, and
hazelnut orchards. These crops have been selected because, among those grown in
protected areas and in Natura 2000 sites, they are all subjected to a high number of
treatments with PPP (Italian Ministry of Agricultural, Food and Forestry Policies, 2022).
The study has been carried out in two Italian Regions: Piedmont for rice fields and
vineyards, and Latium for hazelnut orchards. The data have been collected during
2015-2016 and 20182019 campaigns.

In order to compare organic and conventional farming and, therefore, to observe the
effects of PPP on biodiversity at different spatial and temporal scales, a wide range of
bioindicators have been selected and tested: flora and vegetation, soil fauna, soil
arthropods and carabid beetles (only in hazelnut orchards), bees, butterflies, dragonflies
(only in rice fields), amphibians (only in rice fields), reptiles (only in hazelnut orchards)
and bats.

This paper focuses on one of the main outputs of the project which is the
development of a rapid method for the identification and the analysis of environmental
and agronomic covariates in order to appreciate the qualitative and quantitative effects of
the explanatory variable on a given bioindicator. This method has been tested using the
project dataset concerning soil fauna sampled in hazelnut orchards. A secondary
objective of the paper is to assess the effects that the use of PPP has on this taxocenosis.

2 Methodology

To achieve the above mentioned objectives, 6 hazelnut orchards cultivated in an organic
regime (labelled with acronym ‘OH”) and 6 hazelnut orchards selected in conventional
farms (labelled with acronym ‘CH”) have been selected and compared for the presence
and abundance of a set of soil fauna taxa as a bioindicator case study. To minimise the
covariates effects, study areas have been selected in pairs of fields (organic versus
conventional) having geographic location, environmental characteristics and size as
similar as possible. The selection was based on the covariates as described in §2.1.

First of all, a standardised list of environmental and agronomic covariates, suitable for
agricultural contexts, has been created (Annex 1). In the list, methods of measurement
and/or classification are given for each covariate. Then, these original covariates have
been numerically reduced by Principal Coordinates Analysis (PCoA) in a smaller number
of new derived covariates. The derived covariates, together with a variable referred to
PPP input in neighbouring fields and with an index related to PPP used within the field
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have been used as target explanatory variables. Finally, the effectiveness of this approach
was tested using the soil fauna as bioindicators in assessing the response to the use of
PPP by redundancy analysis (RDA) carried out on data relating to organic fields and the
corresponding conventional fields (ter Braak and Verdonschot, 1995; Legendre and
Legendre, 1998).

2.1 Testing the approach on a bioindicator used as a case study

The sampling method used to monitor soil fauna as a bioindicator is based on Parisi
(2001) for evaluating the biological quality of soil. Briefly, in each field, three cubic
clods (10 cm side) were extracted, equidistant along the diagonal and both intra and inter
row of hazelnut trees. The cubic samples were transported within 24 hours to the
laboratory, closed in a hermetic container and protected from thermal shock or bumps.
There, they were carefully placed in modified Berlese-Tullgren extractors (Goérny and
Griim, 1993), with 2-mm sieve and 40 W lamps, for 14 days. The results of extraction
were kept in hermetic canisters filled with preservative solution (3 parts 75% ethanol and
1 part glycerol).

Figure 1 Sample structure in terms of decreasing absolute abundance in taxa or subcategories of
taxa as classified by Parisi (2001) where the numbers following the codes (along the
abscissa axis) are associated with the adaptation to edaphic life (see online version
for colours)
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Specimens were observed under a stereomicroscope at low magnification
(range 5x—100%) to identify individual micro-arthropod taxa, annelids, mollusks and
nematodes. Micro-arthropods have been classified following Parisi (2001) which divides
some taxa into smaller groups according to their different adaptation levels to the edaphic
environment. Such classification verifies if, inside the same taxon (in some cases orders
which count several families and species), there are different responses to the use of PPP
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depending on the different edaphic level occupied. Moreover, all individuals of each
taxonomic group have been counted.

Since the number of valid sampling sessions was not identical for the different
hazelnut orchards during the 2015-2016 and 2018-2019 campaigns, the average number
of individuals counted per session was used for each taxon. Moreover, as natural
populations of different taxa show great differences in numbers of individuals (up to two
orders of magnitude) (Figure 1), (Galli et al., 2019; Galli et al., 2011; Hopkin, 1997;
Mateos, 2016) the averages of the counts have been transformed in the natural logarithm
[In (n + 1)] in order to limit the effect on the results that this disparity can cause. In
addition, the taxa or the subcategories of taxa (as classified by Parisi, 2001) detected only
in a single station were not considered in the analysis in order to exclude the ‘noise’ of
accidental taxa and to avoid putting too much weight on rare taxa in the analysis (Leps
and Smilauer, 2003), so bringing to 41 subcategories of taxa used for the analyses.

Table 1 Description of the different topics into which the covariates have been classified
according to their coherence of information

Topic Description

1 Data relating to farms, crops and the agronomic practices

2 Information on soil tillage

3 Data regarding timing and quantities of treatments with plant protection products

4 Timing and quantities of treatments with fertilisers

5 Presence and size of agricultural annexes and the presence of any crops in a 10 metres

buffer around the perimeter of the monitored field

6 Coverage of EUNIS land use categories in a 10 metres buffer around the perimeter of
the monitored field. For the EUNIS categories relating to tree vegetation, the
measurement of basic structural parameters (trunk diameter and height) and the
assessment of the maturity of the formation in classes were also envisaged

7 Variables relating to the flowering and fruiting as well as the structure of the crop and
of any natural vegetation within the monitored field and in the 10 metres buffer

Meteorological data recorded before and during the sampling events

9 Soil data and other variables directly detected at the sampling points. The surface
considered for data collection is a circle centred at the sampling point and having 1m
radius

10 Data of laboratory analysis of soil samples

11 Data from cartographic analysis (using Corine Land Cover inventory) carried out for
field and field buffers of 10, 50, 100, 200 and 500 metres

12 Indicators of use of plant protection products, developed during the research

2.2 Statistical analysis

2.2.1 Original covariates and target variables and their reduction into a smaller
number of derived covariates

A list of environmental and agronomic variables, suitable for agricultural contexts, has
been created consulting a wide bibliography (citing only the most relevant: Colemana and
Withman, 2005; Ferrari et al., 2008; Previati et al., 2007; Rismondo et al., 2011; Smeets
and Wetering, 1999; Taffetani and Rismondo, 2009). In regard to the extreme
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heterogeneity of environmental variables and mechanical agronomic practices, the
covariates were detected in different formats: measures, categorical and ordinal, with the
latter by far more frequent. Covariates were organised into topics (from 1 to 12; see
Table 1) based on their coherence of information. Further descriptors derived from
collected data, such as ordinal versions (ranks) of measures or categorical data, or by
calculating ratios between different covariates (Annex 1).

In order to select study areas having environmental characteristics and size as similar
as possible, data concerning the variables listed in topics 1, 2, 5, 6 and 11 of Annex 1
have been collected since the first phase of the project for a large number of hazelnut
orchards.

The list of environmental variables presented in Annex 1 has been developed to be
used by those who undertake research studies on agroecosystems, considering those that
may affect the status of the species and habitats considered in the study. For this reason,
Annex 1 collects a great number of environmental and agronomic variables, and data
from territorial analysis performed through GIS and from soil analysis. Therefore,
depending on the type of study the researchers intend to undertake, it is possible to select
the suitable covariates for that specific research within it. It should be underlined that for
the study presented in the paper, all the variables listed in Annex 1 were considered.

Table 2 Criteria to assign a score to each plant protection product
Criteria Score
Products candidate for replacement and banned 1
Environmental toxic products (N) 0,75

Products with precautionary phrases for the environment (SPe) defined by

Directive 2003/82/EC which indicate possible impacts on non-target organisms + 0,50
phrases H400 ‘highly toxic to aquatic organisms’ + H410 ‘highly toxic to aquatic
organisms with long-term effects’

Products with risk phrases for aquatic ecosystems (H411, H412, H413) 0,25

Products authorised in organic farming without precautionary or risk phrases for 0
the environment

Source: The highest score has been given to the most toxic products
according to the Commission Regulation EU no. 547/2011, the
Directive 2003/82/EC and the Interministerial Decree 10/3/2015

The use of PPP inside each study areca was expressed through the plant protection
products index (PPI), expressly developed to give information on the quantity and quality
of products distributed inside each field. To calculate PPI, first of all, each PPP has been
assigned a score plant protection products score (PPS) based on its degree of toxicity for
plant and animal species and for habitats as reported on the product label in accordance
with the Commission Regulation EU no. 547/2011 and the Directive 2003/82/EC (see
Table 2). These criteria are the same considered in Measure 13 of the Guidelines for the
application of the NAP (Interministerial Decree 10/3/2015) for the indication of PPP that
must be eliminated/replaced/reduced in protected areas and Natura 2000 sites.

Then PPI has been developed considering, for each growing season, how many
different products and how many times they have been used and the level of toxicity for
the environment of each product used (PPS). Regarding the quantities dispensed on each
field, the farmers confirmed they followed the indications given on the product labels.

The PPI for field ‘i’ and crop season ‘j° was then calculated as
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PPIij = )" PPSij

A second explanatory variable, PPP input in neighbouring fields (PNF), gives
information on whether or not PPP are used in the neighbouring fields.

A large number of covariates is usually required to describe the environmental state
of the sites. On the other hand, for statistical aims, the high number of original covariates
and their wide-ranging multicollinearity requires their reduction and the removal of the
correlations among them; in fact, such correlations can cause considerable distortions,
capable of magnifying the effect of some variables while masking that of others.

First of all, the covariates that showed values too similar in both hazelnut orchard
groups (due to the selection of the pairs of fields, organic and conventional, aimed to
minimise differences except for PPP treatments), were excluded from the statistical
analysis. The reduction of all the other original covariates was carried out by applying the
analysis of the principal coordinates PCoA, a method that processes heterogeneous data
together (Legendre and Legendre, 1998).

The reduction through PCoA was not applied to all the original covariates together,
because, in order to maintain a level of traceability with the original data, it was applied
for groups coherent for spatial scale:

a Covariates detected in the field describing the morphological and management
characteristics and habitat availability in the field and in the 10m buffer. These
covariates are listed in topics 1, 5, 6, 7 of Annex 1 (named ‘X0107’ in the figures and
tables.

b Covariates described in topic 11 and derived from cartographic analysis (using Corine
Land Cover classes) in progressive radius buffers from 10 to 500 metres from the
perimeter of the sample fields (named ‘X11’ in the figures and tables). These
covariates describe the territorial matrix in which the field is embedded.

¢ Covariates relating to soil grain size measured in the laboratory and listed in topic 10,
adding the richness index (number of soil grain size classes) and the dominance index
(1-Simpson index of the arcsine transformed coverage percentages of grain soil size
classes) (named ‘X10’ in the figures and tables).

For each of the three groups of original covariates, a smaller number of principal
coordinates (called derived covariates) was selected to explain about 70% of the observed
group variability.

Since the data to be reduced consisted of environmental variables, the Spearman rho
coefficient was chosen as a measure of monotonic association of symmetrical type (this
coefficient also includes the cases in which the considered variable is absent in both sites
under comparison, the so-called ‘double zeros’ in the calculations).

2.2.2 Multivariate methods

canonical correspondence analysis (CCA) and RDA are multivariate methods for
elucidating the relationships between biological communities (composition and
abundance of taxa) and their environment. Both methods are designed to extract synthetic
environmental gradients from ecological datasets. Gradients are the basis for
synthetically describing and visualising the different habitat preferences (niches) of taxa
through an ordering diagram. While CCA assumes unimodal functions in the habitat
preferences of taxa, RDA assumes linear function.
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To decide whether the biological data are homogeneous or heterogeneous (and
therefore more suitable for linear rather than unimodal sorting methods, respectively), the
detrended correspondence analysis (DCA) was firstly performed to check the length of
the first axis in units of standard deviation (SD) (Lep$ and Smilauer, 2003): if greater
than 4 SD it is appropriate to apply the CCA, if less than 3 SD the RDA is more adequate
while in the interval between 3 and 4 SD both techniques can be used. Since the length of
the first axis obtained by DCA is less than 3 SD, the RDA has been applied.

Finally, the relationships between environmental variables and each In-transformed
taxonomic group abundance have been examined using multiple linear regression with
stepwise backward selection by Akaike information criterion (Akaike, 1973).

3 Results and discussion

3.1 Covariates dimensionality reduction and its efficacy tested on the soil fauna

Original covariates were listed in Annex 1 that is a very important part of the study since
it describes, for each covariate, its method of measurement, classification, standardisation
and ranking. Following the reduction, as described in §2.2.1, a number of derived
covariates has been selected to explain about 70% of the variability for each of the 3
groups of original covariates: one for the covariates detected in the field (‘X0107UP’);
two for covariates derived from cartographic analysis (‘X11AP’ and ‘X11BP’), the first
of the two being most important, explaining more variability of the group than the
second; one for the group of covariates related to soil grain size measured in the
laboratory (‘X10UP’) (Table 3). A statistically significant correlation remained
(rho-Spearman P < 0.05) between the derived covariates representative of the soil particle
sizes (X10UP) and the first of the two representing the set of covariates detected in
progressive buffers (X11AP). Therefore, one of them had to be excluded from the
analysis. Since it is reasonable to expect a greater influence from the covariates acting on
a limited spatial scale for the soil fauna, such as the grain size of the soil, than those
acting on a larger scale, the covariates derived from cartographic analysis (X11), referred
to the territorial matrix, have been excluded. Therefore, starting from the analysis of more
than 100 standardised covariates, they were numerically reduced to two derived
covariates by PCoA.

Table 3 Final number of derived covariates obtained by applying the PCoA to the three groups
of original covariates

New covariates group derived from PCoA Number and name Eigen Variation
reduction and original topics associated of selected Axes value explained
X0107 (topics 01, 05, 06, 07) 1: X0107UP 0.7344 79.65%
X10 (topic 10) 1: X10UP 0.1010 72.55%
X11 (topic 11 for buffer of 500, 200, 100, 50, 1: X11AP 0.1927 54.39%
10 metres)

2: X11BP 0.0530 14.95%

Notes: For derived covariates X0107 and X10 a single axis each is sufficient to explain
more than 70% of the variability, while for X11 two axes are needed to reach the
threshold of 70% of the explained variability.
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3.2 Results of multivariate methods

The graph in Figure 2 is set up with scaling ‘type 2’°, to be preferred when most of the
explanatory variables are non-binary, and with fitted site scores, i.e., site scores are
expressed as linear combinations of the environmental variables. The blue dots express
the taxa and subcategories of taxa, the differently coloured dots flanked by the prefix OH
or CH represent the organic and conventional hazelnut orchards, respectively, while the
position of the environmental variables (X0107UP; X10UP; PPI index and PNF variable)
can be identified in the ends of the vectors in green.

Figure 2 RDA tri-plot showing the distribution of taxa and subcategories of taxa (blue dots),
sampled sites (CHx and OHx) and environmental variables (green vectors) (see online
version for colours)
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The points representing the sampled sites (hazelnut orchards) with the same type of
management are graphically collected within their own-coloured convex hull (the
smallest convex polygon containing a given set), allowing to appreciate their dispersion
in the two-dimensional space formed by the first two main axes. The closer the sites are
to each other (and the smaller the convex hull), the more similar the structure and
composition of the soil fauna sampled therein. The graph shows a good separation of the
convex hulls of organic and conventional hazelnut orchards (with only a modest overlap
due to CH1), indicating a marked differentiation of the soil fauna communities between
the two groups of sampled sites.

The separation between the two convex hulls is greater along the vertical axis, i.e., the
second of the two main axes represented, with all biological hazelnut orchards having
negative ordinates and all conventional hazelnut orchards, with the exception of CHI,
having positive ordinates. The second main axis is also characterised by the highest
correlation of PPI and PNF, whose absolute ordinate values are significantly higher than
those of the derived covariates X10UP and X0107UP.

On the contrary, the derived covariates show a higher correlation towards the first
principal axis (this is graphically expressed by the higher absolute values of the
respective abscissae).
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In addition, it can be observed that most of the taxa express a negative ordinate, thus
being closer to the convex hull of biological hazelnut fields and, at the same time, they
are more distributed along the environmental gradient, expressed by the first major axis,
which is predominantly characterised by the covariates rather than by the PPI index and
the PNF variable.

Table 4 RDA statistics and overall permutation tests to assess the significance of the
constraints
Sum eigenvalue canonical axes = 10.0186 Overall test
Axis Cumulative taxa — Axis p-
Ui Eigenvalue inertia inertia environment - permutation R 0.6326
explained  explained  correlations test
% % (R) significance
RDALI 5.3119 33.54 33.54 0.939 0.002 ** RZg  0.4226
RDA2 2.9710 18.76 52.30 0.926 0.024 * F 3.013
RDA3 1.2281 7.75 60.05 0.860 0.400 N.S. p— 0.001
permuta  (***)
tion (n
=999)
RDA4 0.5077 3.21 63.26 0.849 0.804 N.S.

Sum eigenvalue residual axes = 5.8193

The variance explained by the canonical axes (‘constrained variance’) is clearly higher
than that explained by the residual axes (‘unconstrained variance’, 63.26% vs. 36.74%).
The explanatory variables defined for the analysis (factors associated with the use of PPP
and covariates) were therefore able to explain most of the variation shown in the response
variables (the abundances of the different taxa).

Table 5 Partial RDA statistics to show the effect of the covariates (‘conditional’) with respect
to that of the environmental variables of interest (‘constrained’)

Partial RDA
Inertia Percentages Rank p-permutation test significance
Total 15.8378 100
Conditional 6.1052 38.55 2
Constrained 39134 24.71 2 0.017*
Unconstrained 5.8193 36.74 7
Eigenvalues for constrained axes
RDA1 RDA2
3.0807 0.8327

Eigenvalues for unconstrained axes
PC1 PC2 PC3 PC4 PC5 PC6 PC7
2.1731 1.5457 0.8542 0.4947 0.3386 0.2123 0.2006
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Results of the multiple linear regression analyses between environmental factors and

abundance In-transformed for each taxonomic group

Table 6
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Results of the multiple linear regression analyses between environmental factors and

abundance In-transformed for each taxonomic group (continued)

Table 6
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The goodness of the solution produced by the analysis tested through the overall
permutation test was statistically significant. This indicates the effectiveness of the
environmental variables chosen in explaining most of the variability in the bioindicator
community (Table 4). The two first canonical axes are statistically significant at the
permutation test, indicating that the corresponding environmental gradients fit very well
with the abundance distribution of the taxa categories used as bioindicators.

The result of the partial RDA (Table 5) shows that the soil fauna of the sampled
hazelnut orchards soils is currently distributed mainly along the gradient represented by
the set of natural variables and mechanical agronomic practices (conditional inertia:
38.55%), mainly characterising axis 1. At the same time, it highlights that the effect of
PPP, mainly characterising axis 2, assumed a considerable importance in differentiating it
(constrained inertia 24.71%), with a statistically significant permutation test (P < 0.05),
which is likely to increase with a PPP prolonged use over time.

The developed methodology has proven to be effective as it reduces the ‘background
noise’ determined by agronomic management and by environmental and anthropogenic
variables. Therefore, the qualitative and quantitative effects of the PPP on the soil fauna
sampled in hazelnut orchards could be clearly appreciated.

The work has highlighted that the use of PPP has a considerable impact on the soil
fauna of hazelnut orchards. PPI index and PNF variables have proven to be functional in
detecting the impacts on biodiversity of PPP in hazelnut orchards, having noted for them
an evident sensitivity by most of the soil fauna groups used as bioindicators.

Table 6 shows the 26 taxa (over the 41 taxa analysed) whose models were found to be
statistically or almost significant (threshold at p < 0.07) by multiple linear regression
analysis with stepwise backward selection of the explanatory variables. The models for
Pauropoda (PAU), Symphyla (SIN), Diplura (DIPLU), Collembola4 (COLA4),
Collembola8 (COLS8) and Psocoptera (PSC) do not incorporate variables related to the
use of PPP but only the variable associated with the soil grain size (X10UP), except for
the Psocoptera. Therefore, a poor capacity of bioindication could be attributed to these
taxa relative to treatment with PPP. On the other hand, Acari (ACA), Collembola2
(COL2), Thysanoptera (TI), Hymenopteral (IM1) and Annelida (AN) incorporate
variables related to the use of PPP in their models, showing a presumably good
bioindication capacity. The remaining 15 taxa models require both the variables
associated with the use of PPP and other covariates.

4 Conclusions

This work defines a wide range of covariates to be considered in monitoring the effects of
the use of PPP as target explanatory variable, on species and habitats related to
agroecosystems.

The system used for detecting and recording covariates in agricultural contexts
represents the baseline for the development of standard protocols to collect comparable
data and ensure the replicability of the study on biological communities linked to
agroecosystems. This methodology has already been tested in the activities of insect
pollinators monitoring in the National Parks funded by the Italian MASE (Ministry
Directives 2020, 2021, 2022). In particular, it has been used in order to have comparable
datasets at a national level and share them at the European level according to the EU
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Pollinator Initiative (Italian Ministry of Environmental and Energy Security, 2023;
European Union, 2023c).

Therefore, the sampling of the most significant covariates, selected based on the
statistical analysis carried out, is strongly recommended in monitoring activities,
especially in order to assess the impacts of PPP on non-target species or biological
communities and to define appropriate management measures aimed at mitigating their
effects on biodiversity. This type of monitoring will also be increasingly necessary to
verify the effects on biodiversity of the PPP in order to reduce their use, especially in
protected areas and Nature 2000 sites, according to the European Biodiversity Strategy
for 2030 and of the Farm to Fork Strategy (European Union, 2023a, 2023b). In fact, both
provide for the reduction of the use of PPP, in particular those most dangerous for human
health, environment and biodiversity.

For example, the European Pollinators Initiative (European Union, 2023¢) addresses
the decline of pollinators emphasising the importance of increasing monitoring of certain
taxa (e.g., bees, butterflies, hoverflies) in terms of richness and abundance. In this
context, considering environmental and management covariates that may influence the
status and trends of pollinator populations as well as the presence of PPP in the
environment, could provide useful information for an integrated approach to define
conservation actions and policies (Hermoso et al., 2022). Indeed, within the same project
we highlighted that insect pollinators abundance was conspicuously higher in organic
fields compared to conventional ones (Bonelli et al., 2020; D’ Antoni et al., 2020).

The proposed method is easy to implement as data on covariates needs to be recorded
in categories and classes and does not have to be measured precisely. However, we
underline that one limitation is that the method is time consuming as it requires a long list
of environmental and agronomic variables that have an influence on species and habitats
related to agroecosystems.

Future research lines will concern the identification of the variables, through
statistical analyses on covariates and bioindicators already sampled, that have the greatest
effect on each taxonomic group. Thus, in further ecological studies, sampling only the set
of covariates that has a significant effect on the selected bioindicator will be possible.
Moreover, since different taxonomic groups of soil fauna have shown a different
bioindication capacity concerning treatments, it may be possible in the future to optimise
the bioindication capacity by appropriately selecting subsets of more sensitive taxa based
on the type of crop and the explanatory variable of interest.
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Annex 1

List of environmental and agronomic variables that have an influence on species and
habitats related to agroecosystems. In order to be clearly described, they have been
grouped into coherent topics. Further descriptors have also been calculated from the
original variables. All methods of measurement, classification, standardisation and
ranking are described for each variable in the following table. The annex is a tabular
representation of all the field data sheets.
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Annex 1 (continued)
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