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Abstract: In the last decade, large scale biomonitoring programs have been implemented to obtain
a robust understanding of freshwater in the name of helping to inform and develop effective
restoration and management plans. A comprehensive biomonitoring dataset on the macroinvertebrate
assemblages inhabiting the rivers of the Po Valley (northern Italy), comprised a total of 6762 sampling
events (period 2007–2018), was analyzed in this study in order to examine coarse spatial and temporal
trends displayed by biotic communities. Our results showed that macroinvertebrate compositions
and derived structural and functional metrics were controlled by multiple environmental drivers,
including altitude and climate (large scale), as well as habitat characteristics (local scale). Altitude
proved to be the primary geographic driver, likely due to its association with thermal and precipitation
regimes, thus explaining its overriding influence on macroinvertebrate assemblages. Significant
temporal variations were observed across the study period, but notably in 2017, the overall taxonomic
richness and diversity increased at the expense of Ephemeroptera, Plectoptera and Trichoptera taxa
during an unprecedented heatwave that occurred across southern Europe. The detail of this study
dataset allowed for important environmental attributes (e.g., altitude, habitat characteristics) shaping
biotic communities to be identified, along with ecologically vulnerable regions and time periods (e.g.,
extreme climatic events). Such research is required globally to help inform large-scale management
and restoration efforts that are sustainable over long-term periods.
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1. Introduction

Assessing the ecological status of riverine ecosystems is fundamental to informing the conservation
and management of freshwater ecosystems [1]. A large amount of data has been generated through
biomonitoring efforts globally, including in the USA, Australia, South Africa and various nations
within Europe [2]. Such data often span decadal time periods and cover broad spatial scales, making
them ideal to uncover spatio-temporal effects of environmental drivers on biological communities.
Examining data generated from biomonitoring programs is thus crucial to guide river management
strategies and achieve ecological improvements through identifying primary environmental drivers
shaping riverine ecosystems, as well as ecologically important regions and time periods. Moreover,
such information can be useful in informing water managers and environmental regulators on how to
enhance efficiency of the existing network of biomonitoring sites (e.g., biologically important locations).
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Rivers serve many societal functions and are one of the most intensively human influenced
ecosystems worldwide [3]. The benefits of water provision for various human purposes, including
agriculture, energy production, drinking water supply, and the displacement of pollutant loads often
impair riverine ecosystems and biodiversity [4], with potentially serious societal costs. Anthropogenic
activities threaten riverine ecosystems through habitat loss and degradation [5] such as physical
modification of riverine environments, deforestation of pristine wildernesses, pollution and introduction
of non-native species [6–8]. Riverine environments, due to their societal and ecological importance, are
integral to environmental policies such as the Water Framework Directive (WFD—[9]), and benthic
invertebrate fauna (macroinvertebrates) are one of the predominant Biological Quality Elements [9]
used for their ecological assessment. Macroinvertebrates are intermediately positioned in freshwater
food webs, consuming basal resources like primary producers, organic matter and detritus, and serving
as a food source for amphibians, birds, reptiles, fish and humans.

Both biodiversity assessments and biomonitoring programs utilizing macroinvertebrate
assemblages routinely process and examine single metrics targeting different facets of community
assemblages, such as taxonomic richness (e.g., [10]); taxonomic diversity (e.g., [11,12]); ecological
response guild summaries (e.g., [13–15]); community abundance (e.g., [16]) and functional diversity
(e.g., [17]). However, metrics characterizing different community properties respond differently to
environmental stressors. Thus, single-metric approaches can miss important information about the
assemblage structure and its response to environmental gradients [18], highlighting the importance of
adopting multi-metric approaches to increase the likelihood of detecting ecological responses to different
environmental conditions and stressors. In summary, variations in environmental conditions driven
by natural and anthropogenic processes can mediate its influence on different structural and functional
metrics. As such, other multivariate approaches (e.g., Non-Metric Multidimensional Scaling—NMDS)
may thus be used along with metrics to better represent assemblage structure variations.

Despite the large amount of data collected on Italian river macroinvertebrates since the
implementation of WFD programs, only recently has such data become available for researchers, policy
makers and water managers (e.g., [19–21]). Fornaroli and coauthors [21] collected and homogenized
data on the presence, distribution and abundances of macroinvertebrate taxa inhabiting the River
Po catchment (northern Italy) in the last decade, providing the first checklist of macroinvertebrates
occurring in this area. This data source represents a comprehensive spatial and temporal data set on
the macroinvertebrate assemblages of the rivers of the Po Valley to help overcome the lack of analyses
in the region and to help guide effective restoration and management efforts.

The objective of this study is to examine spatial and temporal trends of the macroinvertebrate
assemblages inhabiting the River Po catchment. We tested the following hypotheses: (H1)
macroinvertebrate assemblages show a geographic pattern that is primarily driven by altitude;
(H2) there are differences among the assemblages inhabiting the pristine and anthropogenically altered
study sites; (H3) there are families associated with the human alteration status; (H4) macroinvertebrate
response metrics display significant temporal trends.

2. Materials and Methods

2.1. Study Area and Samples Selection

For this study we selected suitable data from a recently released dataset [21] collating the data
collected by the Environmental Agencies using the Italian national standardized method [22] for the
implementation of WFD activities. The underpinning data were collected between 2007 and 2018
and comprised a total of 6762 sampling events. All study rivers lie within the River Po catchment
(North Italy), which covers 71,000 km2 and crosses different Administrative Regions (Aosta Valley,
Piedmont, Lombardy, Liguria, Veneto, Trentino, and Emilia-Romagna) including mostly the Subalpine
area and the Po Plain, (Biogeographic region: Alpine, Continental and Mediterranean, [23]). Following
the national standardised monitoring protocol [22], three samples were collected each year with a
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Surber-net enclosing an area of 0.05 or 0.10 m2, with a mesh size of 0.5 mm. Each sample consisted of
ten replicates collected proportionally to reflect predominance of the most representative microhabitats
(mix of substratum type, current velocity, presence/absence of macrophytes, etc.). The different
sampling efforts (0.5 or 1 m2—i.e., all replicates of each Surber-net summed) were standardized by
reporting all the abundances to 1 m2. The protocol includes sampling each site in at least two different
seasons (the most related to the local life cycle of insects) [11]; consequently, the winter season is
underrepresented in this dataset and excluded from the analyses.

To allow for the evaluation of temporal trends, only sites sampled for at least three years and
with at least two sampled seasons annually were retained. Among the selected sites, none belong to
the Emilia-Romagna administrative region because they do not fulfill the minimum requirements of
replicates that we imposed for temporal trend analyses, as samples collected before 2013 are not present
in the original database. The 270 remaining sites (Figure 1) had an average (median) of 11 samples,
collected over an average period of 7 years. The considered rivers are natural, artificial (channel)
or partially modified by different forms of infrastructure (e.g., dams, weirs) constructed along the
rivers. For the selected samples sites, we extracted percentage representation of sampled microhabitats,
classified in nine mineral substrate classes (e.g., cobble and gravel) and eight biological substrates (e.g.,
emerging macrophytes and coarse particulate organic matter) as included in the national standardized
method [22], the presence of human impacts (i.e., each site was a priori classified as pristine or altered),
the WGS-84 coordinates (as decimal degrees) and altitude (as m a.s.l.). The altitude of the sampling
sites ranges from 29 to 2280 m a.s.l.

Identification of organisms was performed at different taxonomic rank levels by operators of the
Environmental Agencies, thus, we homogenized the taxonomic level to the least common denominator
(mostly family level) using the “biomonitoR” package [24] within R software [25].
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2.2. GIS Analyses

We extracted several climatic variables from the WorldClim database (version 1.4) at the highest
resolution (30 arc-s) using the function getData from the “raster” package [26] for each study site.
These variables represented mean monthly and annual values of temperature and precipitation.
For subsequent analyses, we considered 18 bioclimatic variables derived from the monthly temperature
and rainfall values in order to generate more biologically meaningful variables. The bioclimatic
variables represent annual trends (e.g., mean annual temperature, annual precipitation) seasonality
(e.g., annual range in temperature and precipitation) and extreme or limiting environmental factors
(e.g., temperature of the coldest and warmest month, and precipitation of the wet and dry quarters).

2.3. Macroinvertebrate Metrics

We extracted the relative density (i.e., log10(individual per m2 + 1) of three macroinvertebrate
families (Plecoptera: Nemouridae, Ephemeroptera: Heptageniidae and Trichoptera: Limnephilidae)
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that were selected based on these families being: (i) identified as driving assemblage differentiation
along altitudinal gradient; (ii) widely used as good environmental indicators for lotic ecosystems
(e.g., [13,14]); and (iii) being the more abundant family within the respective order during the study
period. We also evaluated three assemblage metrics commonly used in the bioassessment of riverine
environments: (i) the richness of all families; (ii) the percentage representation of Ephemeroptera,
Plecoptera and Trichoptera (%EPT) individuals; and (iii) the Shannon diversity index (H’) [11].
Such metrics and indices represent different parameters of the benthic assemblages such as taxa
abundance, sensitivity and diversity.

Based on the same list of macroinvertebrates, each family in the database was linked
to its auto-ecological preferences downloaded from the freshwaterecology.info database [27,28].
Freshwaterecology.info is an online tool that unifies, standardizes and codifies more than 20,000
European freshwater organisms and their biological properties and ecological preferences: through
this database, we obtained traits of more than 140 macroinvertebrate families. The nomenclature of
functional traits is reported herein by their “grouping features” and “traits” (see [29]). Grouping features
represent a functional trait category (e.g., “substrate preference” and “food”), while traits signify
modalities residing within these (e.g., substrate preference—“gravel”, “macrophytes”; food—“fine
detritus”,“ dead animal”). A total of 21 grouping features comprising 113 traits were utilized from the
functional traits database in subsequent analyses (Table S1). We derived functional traits from Tachet
and coauthors [30] and, subsequently, aggregated them in two functional diversity indices.

Firstly, the Functional Richness (FRic) was derived, which represents the amount of functional
space filled by the community [31]. FRic is defined by the trait extremes and thus reflects the potential
maximum functional dissimilarity. FRic is calculated as the hypervolume enclosing the functional
space filled by the community, the resulting FRic variable is standardized by its maximum, ranging
from 0 to 1. Secondly, Rao’s quadratic entropy [32] was used to estimate Functional Diversity (FDiv)
because it has been considered more appropriate than other indices [33]. This index is estimated using
abundance data and standardized by the maximum value to constrain the values within the range 0–1.

2.4. Data Analyses

We used non-Metric Multidimensional Scaling (NMDS), a gradient analysis approach based on a
distance or dissimilarity matrix, to visualize differences in taxonomic structure of the macroinvertebrate
assemblage [34]. NMDS is an iterative procedure and was performed using the function metaMDS from
the “vegan” package [35]. For this, we used the Bray-Curtis dissimilarity distance, a non-Euclidean
distance used to quantify the compositional dissimilarity between two different samples, and log10(x + 1)
transformed abundance in each sample. To examine the gradient of effect of the geographic variables,
we fitted smooth surface splines using the ordisurf function from the “vegan” package. This procedure
uses generalized additive models (GAMs) to overlay a smoothed response surface, which allows a
more detailed interpretation than a simple linear vector [36].

To assess the correlation between macroinvertebrate assemblages and environmental variables,
we ran variance partitioning [37,38] for the macroinvertebrate assemblage matrix and the metrics,
using the varpart function in “vegan” while the significance of fractions was tested using the dbrda
function. This method partitions the variation between the pure effects of each variable, or group of
variables and the shared variance explained. First, we considered the three groups of variables (i.e.,
geographic, climatic or habitat) together, and afterwards we ran separate analyses for each group. The
pure effect of each geographic variable (i.e., altitude, latitude or longitude) was considered, while for
habitats the variables were divided in two groups (distribution in classes of mineral and biological
substrates abundance) as well as for climatic variables (temperature and precipitation related variables).

Differences in assemblage composition among alteration classes were quantitatively explored, as
well as seasonal controls, with the additive effects of “sampling season” and “alteration status” being
tested within a permutational multivariate analysis of variance (PERMANOVA) via the adonis function
within the “vegan” package. Indicator species analysis (IndVal.g; [39]) was employed to search for
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significant indicator species discriminating the pristine versus altered study sites. Raw species relative
density data were used within the function multipatt function from the “indicspecies” package [39]
that incorporated a correction for unequal group sizes. IndVal combines the information on the
concentration of species abundances in a particular group (A) and the degree of occurrence in that
particular group (B). Thus, ideal indicator species are those that are always present at sites in a given
group and never occur in other groups [40]. The indicator values range from 0–1, the value presented
in this study corresponding to the square root of the product between A and B. The significance of the
indicator values was tested by 999 Monte Carlo permutations where the observed indicator value was
tested against those derived from randomized data, alpha was set to 0.001.

Temporal trends of different macroinvertebrate metrics (three taxonomic, two functional and
three selected taxa) were explored separately for each season as their differing taxonomic compositions
(driven by organism’s life-cycles) can respond differently to long-term changes in environmental
conditions (e.g., [41]). Invertebrate metrics were modeled as a smoothed response over time through
GAMMs via the gamm function in the “mgcv” package [42]. For this, cubic splines were implemented
and a Gaussian distribution was modeled. Each study site was input as a random effect to account for
communities from each sampling location potentially being correlated over time [8] and a first-order
autoregressive process was adopted to account for temporal autocorrelation (correlated errors within
years were accounted for); these criteria yielded the optimal model compared to respective models
(GAMs or GAMMs) without a random effect or a first-order autoregressive process in all instances
(indicated by an Akaike Information Criterion value of ≤−2). Then, residual diagnostics were inspected
for each optimal GAMM to ensure the assumptions of homogenous variances and normal distributions
were met; where these criteria were satisfied, the significance of the time smoothing parameter was
obtained. In addition, periods where invertebrate responses significantly increased or decreased were
explored by the first derivatives of each GAMM using the method of finite differences derived from 200
equally spaced time points over the study period [43]. When residual checks revealed the assumptions
of GAMMs were not satisfied, temporal changes were instead visualised through a “LOcally Estimated
Scatterplot Smoothing” (LOESS) function.

We performed all statistical analyses using R project software [25].

3. Results

3.1. Similarity among Macroinvertebrate Assemblages

The NMDS plot showed that macroinvertebrate assemblages inhabiting the River Po catchment
displayed a strong geographic pattern (Figure 2). The main influence of longitude and altitude
were observed along the NMDS axis 1 (Figure 2a,b) while the effect of latitude was more important
along NMDS axis 2 (Figure 2c). Sites positively loaded on axis 1 tended to be characteristic of
lowland sites (<400 m a.s.l.), while sites negatively loaded were typical of high-altitude sites (>1800
m a.s.l). We identified a clear altitudinal pattern in the position of the macroinvertebrate families in
the ordination space (from right to left and from bottom to top Figure 2c). Assemblages inhabiting
high-altitude sites were characterized mostly by families (with average NMDS1 score < −0.5) belonging
to the Plecoptera order (i.e., Taeniopterygidae, Chloroperlidae, Perlodidae, Perlidae and Nemouridae),
but also some Trichoptera (i.e., Glossosomatidae, Philopotamidae and Limnephilidae), Coleoptera (i.e.,
Scirtidae and Hydraenidae), Diptera (i.e., Blephariceridae, Thaumaleidae, Pediciidae and Psychodidae),
Oligochaeta (i.e., Haplotaxidae) and Platyhelminthes (i.e., Planariidae). Macroinvertebrates inhabiting
lowland sites were characterized mostly by non-insect families (with average NMDS1 score > 1.2)
(e.g., Unionidae, Acroloxidae, Salifidae, Haemopidae, Corbiculidae and Hydridae), although some
exceptions to this were observed with certain insect families (e.g., Sciomyzidae, Coenagrionidae and
Hydrometridae). The effects of longitude and latitude on assemblage structure are less representative
but coherent with the geographic characteristics of the studied catchment and partial covariates with
the observed pattern of altitude.
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Figure 2. Nonmetric multidimensional scaling (NMDS) ordination plot for aquatic macroinvertebrate
assemblages where the a-priori identified alteration status are colored. Dark gray denotes the
assemblages that belong to pristine sites (n = 534) while light gray denotes those assemblages that
belong to sites where an impact is present (n = 2563). Shaded ellipses represent the 95% confidence
interval surrounding the centroid of each impact class in the ordination space. Overlaid smooth
surface display blue splines using generalized additive models (GAMs) for Altitude (a), Longitude (b)
and Latitude (c). Numbers on the splines represent respectively meter above sea level and WGS84
coordinates. Macroinvertebrate families are positioned in the ordination space with uppercase labels,
as weighted averages. 3D stress = 0.16.

In the variance partitioning framework, when examining climatic, habitat and geographical
variables simultaneously, climatic variables alone explained a much higher proportion of the variability
than habitat or geographic variables. The total variance explained was 32.2%, with the pure effect of
the climate accounting for 9.4% and, combined with the shared influence of habitat and geographic
variables, this increased to 28.0% (Figure 3a). The pure effect of the habitat variables was 3.1% and,
combined with the shared influence of climatic and geographic variables, this increased to 15.1%.
Similarly, the pure effect of geographic variables was 1.0% and, combined with the shared influence of
habitat and climatic variables, this increased to 15.1%. When examining variable types (climate, habitat
and geographic) separately, the variance explained by climatic variables was mostly due to the shared
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influence among temperature and precipitation related variables (16.4% Figure 3b). The total variance
explained by habitat was 15.1%, with the mineral substrate yielding the greatest statistical influence
(pure effect 11.2%, Figure 3c). Similarly, geographic variables explained 15.1% of the statistical variation
whereby altitude proved to be the most influential variable (pure effect = 8.1%, pure plus shared effect
= 14.0%, Figure 3d).
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Figure 3. Results of variance partitioning on macroinvertebrate assemblage matrix. Panel (a) shows
the results for the three considered groups of variables together while other panels show the detailed
results for each group. Panel (b) refers to climatic variables, panel (c) to habitat variables and panel
(d) to geographic ones. Values displayed are the adjusted R2 and negative values are not shown.
The unexplained portion is shown in the bottom right of panels (Residuals). Significance of the pure
effects are show as asterisks. *** p < 0.001.

3.2. Presence of Human Impacts

PERMANOVA highlighted significant differences among the assemblages inhabiting pristine sites
versus those subjected to some form of human alteration (F = 167.97, R2 = 0.05, p < 0.001). The two
clusters cover most of the altitudinal and latitudinal ranges of the River Po catchment, while the
pristine sites were better represented in its western part (Figure S1).

Indicator species analysis highlighted a range of macroinvertebrate families that differed
significantly between the two alteration classes, with many insect families associated with pristine sites
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and non-insect families associated with altered sites (Table 1). Twenty-three macroinvertebrate families,
spanning across several taxonomic orders, displayed greater affinities for pristine sites, while 12
families showed greater affinity for the sites impacted by anthropogenic environmental alterations
(Table 1). For all the selected families, the A term was bigger than the B term, suggesting these taxa are
good indicators of the altered group, but are present only occasionally.

Table 1. Results of the IndVal analysis for Pristine and Altered sites. A represent the probability that
the surveyed site belongs to the target site group given the fact that the family has been found, whereas
B represent the probability of finding the family in sites belonging to the site group. All the reported
associations were significant after 999 permutation at alpha = 0.001.

Taxa Group Family A B IndVal

Pristine Sites

Oligochaeta Haplotaxidae 0.76 0.90 0.82
Plecoptera Chloroperlidae 0.80 0.70 0.75
Trichoptera Polycentropodidae 0.76 0.71 0.74

Diptera Dixidae 0.71 0.73 0.72
Ephemeroptera Leptophlebiidae 0.80 0.59 0.69

Plecoptera Taeniopterygidae 0.76 0.52 0.63
Oligochaeta Enchytraeidae 0.78 0.49 0.62

Diptera Psychodidae 0.76 0.46 0.59
Diptera Rhagionidae 0.70 0.48 0.58

Plecoptera Perlodidae 0.86 0.32 0.52
Trichoptera Philopotamidae 0.82 0.31 0.51
Trichoptera Glossosomatidae 0.75 0.32 0.49
Trichoptera Beraeidae 0.71 0.28 0.44
Coleoptera Scirtidae 0.80 0.20 0.40
Trichoptera Odontoceridae 0.79 0.20 0.40

Diptera Thaumaleidae 0.69 0.19 0.36
Plecoptera Perlidae 0.83 0.16 0.36

Diptera Blephariceridae 0.81 0.16 0.36
Platyhelminthes Planariidae 0.83 0.15 0.35

Diptera Pediciidae 0.72 0.16 0.34
Diptera Athericidae 0.84 0.09 0.28

Coleoptera Hydraenidae 0.90 0.04 0.19
Plecoptera Nemouridae 0.96 0.02 0.15

Altered sites

Oligochaeta Tubificidae 0.80 0.70 0.59
Hirudinea Erpobdellidae 0.76 0.71 0.55
Crustacea Gammaridae 0.71 0.73 0.51
Crustacea Asellidae 0.80 0.59 0.41

Gastropoda Physidae 0.76 0.52 0.37
Odonata Calopterygidae 0.78 0.49 0.30

Gastropoda Lymnaeidae 0.76 0.46 0.30
Hirudinea Glossiphoniidae 0.70 0.48 0.27
Bivalvia Corbiculidae 0.86 0.32 0.27

Heteroptera Aphelocheiridae 0.82 0.31 0.24
Gastropoda Hydrobiidae 0.75 0.32 0.23
Gastropoda Planorbidae 0.71 0.28 0.20

3.3. Metrics and Indices

The density of macroinvertebrates ranged between 12 and 36,820 individuals *m−2 (1673 ± 2260,
mean ± standard deviation) in the whole study area, whereas family richness varies between 3 and 44
(19 ± 7). The macroinvertebrate families selected on the basis of their wide geographic distribution and
relevance to bioassessment (i.e., Nemouridae, Heptageniidae and Limnephilidae) were often present
in the considered samples (48%, 77% and 42%, respectively) and their density ranged between 0–830,
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0–1660 and 0–6760 (respectively) per square meter. The percentage of Ephemeroptera, Plecoptera and
Trichoptera individuals (%EPT) within a sample was 51 ± 25%, while the Shannon diversity index (H’)
ranged between 0.01 to 2.96. The Pearson’s correlation between metrics and indices was significant in
the majority of instances (Figure 4), but the only two pairs of highly correlated indices (r > 0.70) were
taxonomic richness versus functional richness (r = 0.76, p < 0.001) and H’ versus functional diversity
(r = 0.80, p < 0.001).
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along with the significance levels. Levels of statistical significance are as follows: ***, p < 0.001;
**, p < 0.01; ns, p > 0.05.
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In the variance partitioning framework, the relative density of the three selected macroinvertebrate
families (Nemouridae, Heptageniidae and Limnephilidae) and functional diversity were less influenced
by the geographic position, climate and habitat than the multivariate assemblage structure and other
univariate metrics (Table 2). The total variance explained for structural indices and functional richness
ranged between 27 and 31% and the influence of climatic variables was always the greatest (24–28%),
as observed also for the multivariate assemblage structure. The variance explained by climatic variables
was mostly due to the shared influence with habitat and geographic position than to its pure effect for
all metrics (Figure S2).

Table 2. Results of variance partitioning on macroinvertebrate metrics and indices. Values reported are
the adjusted R2.

Metric/Index Total Explained Variance Geographic Climatic Habitat

Assemblage distance matrix 32.2 15.1 28.0 15.5
Nemouridae density 16.2 13.2 14.1 5.4

Heptageniidae density 10.3 4.9 8.4 3.6
Limnephilidae density 6.0 2.8 5.9 0.1

Family richness 31.3 8.6 27.6 11.0
EPT proportion 30.2 13.8 25.7 19.8

Shannon 27.6 7.6 24.6 11.3
Functional Richness 26.7 13.9 24.6 6.6
Functional Diversity 11.3 4.4 9.4 2.5

3.4. Temporal Trends of Metrics and Indices

Using GAMMs, it was possible to assess the significance of the temporal trends for four out of
eight tested metrics and all proved to be significant (p < 0.05) for all the seasons with coherent patterns.
Over the first few years of monitoring (c. 2008–2011), family richness, Shannon and functional diversity
declined significantly (Figure 5a–c,e). The taxonomic richness and Shannon notably increased between
c. 2011–2017, decreased significantly thereafter (Figure 5a–c,g–i); these patterns were broadly mirrored
by the functional diversity response, although fewer significant changes were detected for this metric
(Figure 5j–l). The %EPT broadly contradicted the temporal trends observed for the other metrics,
although they largely displayed a lack of significant temporal variations. One exception to this was
a significant increase in values in the fall months after 2017, whereby an abrupt decline (c. 10–15%)
occurred across the two years prior and then completely recovered by the end of 2018.



Water 2020, 12, 2452 11 of 17

Water 2020, 12, x FOR PEER REVIEW 11 of 17 

 

 

Figure 5. Temporal trajectories of (a–c) family richness, (d–f) %EPT, (g–i) Shannon diversity index 

(H’) and (j–l) functional diversity as a function of the generalized additive mixed-effect models 

(GAMMs) outputs for the different seasons. The significance of the time smoothing parameters is 

reported within each panel. Significant increases or decreases in slope are represented respectively in 

blue and red colors. Corresponding graphs, only to visualize temporal trends via LOESS (Locally 

Estimated Scatterplot Smoothing) for the other metrics and indices are shown in Figure S3. 

4. Discussion 

Findings from this study highlighted that the structure of macroinvertebrate assemblages in the 

River Po catchment (Northern Italy) were controlled by multiple drivers acting at both coarse (e.g., 

altitude and climate) [44] and local spatial scales (e.g., habitat characteristics) [45]. The variance 

partitioning analyses highlighted that the variation in macroinvertebrate assemblages was mainly 

explained by the shared influence of the three groups of environmental variables and indicated that 

climate defined most of the variance explained, followed by habitat and then geographic position. 

Altitude has a well-documented control of flow and thermal regimes, which are widely recognized 

as primary determinants shaping macroinvertebrate assemblage structures (e.g., [46–48]). Mineral 

Figure 5. Temporal trajectories of (a–c) family richness, (d–f) %EPT, (g–i) Shannon diversity index (H’)
and (j–l) functional diversity as a function of the generalized additive mixed-effect models (GAMMs)
outputs for the different seasons. The significance of the time smoothing parameters is reported within
each panel. Significant increases or decreases in slope are represented respectively in blue and red colors.
Corresponding graphs, only to visualize temporal trends via LOESS (Locally Estimated Scatterplot
Smoothing) for the other metrics and indices are shown in Figure S3.

4. Discussion

Findings from this study highlighted that the structure of macroinvertebrate assemblages in
the River Po catchment (Northern Italy) were controlled by multiple drivers acting at both coarse
(e.g., altitude and climate) [44] and local spatial scales (e.g., habitat characteristics) [45]. The variance
partitioning analyses highlighted that the variation in macroinvertebrate assemblages was mainly
explained by the shared influence of the three groups of environmental variables and indicated that
climate defined most of the variance explained, followed by habitat and then geographic position.
Altitude has a well-documented control of flow and thermal regimes, which are widely recognized
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as primary determinants shaping macroinvertebrate assemblage structures (e.g., [46–48]). Mineral
substrate composition showed greater association with macroinvertebrate than biological substrates,
which is likely due to the latter being almost completely absent in sites above 500 m a.s.l. [21],
while coarse substrates are commonly associated with steeper channel slope, and hence occur more
widely at higher altitudes. Our findings highlighted that altitude was the main geographic driver within
the study area, as reported in many other studies (e.g., [49,50]), thus confirming our H1 hypothesis.

The results of NMDS analyses showed that the macroinvertebrate assemblages of the present
study were strongly driven by geographic variables and particularly by altitude, confirming again our
H1 hypothesis. High altitude assemblages, as well as those inhabiting pristine sites, were dominated
by Plecoptera families. The association between Plecoptera and altitude is well known (e.g., [51,52]),
as is their vulnerability to climatic changes through their restricted altitudinal niche, which has been
previously highlighted [53] and represents a new threat for this order in the study region (alongside
pollution) [54]. Families belonging to other orders such as Trichoptera, Coleoptera, Diptera, Oligochaeta
and Platyhelminthes showed similar altitudinal gradients (i.e., strong association with high-altitude
sites). These results are due, at least partially, to their biogeographic distribution and not the effect of
human alterations. Among the families representative of lowland sites, some are commonly associated
with the potamal stretches (longitudinal distribution according to [30]) of rivers and streams (e.g.,
Unionidae, Corbiculidae), or with lentic waters (e.g., Hydrometridae, Acroloxidae), whereas others are
more habitat generalist (e.g., Salifidae, Haemopidae). While some of these are considered indicators
of good environmental status (e.g., Unionidae and Hydrometridae), Corbiculidae is considered an
invasive family in Italy and was associated with altered sites in this work. In summary, high altitude
assemblages were dominated by insects, while lowland assemblages were dominated by non-insects,
and were more susceptible to biological invasions [55].

According to PERMANOVA, significant differences occurred among the assemblages inhabiting
the pristine versus altered sites, confirming our H2 hypothesis. Moreover, IndVal analysis identified
various families associated with the different alteration status, supporting our H3 hypothesis.
The macroinvertebrate families associated with pristine sites were typically indicators of good
water quality, as highlighted within Biological Monitoring Working Party (BMWP—[13]). Conversely,
most families associated with altered sites are generally classified indicators of impaired water quality.
Such findings agree with the extensive literature available about the tolerance of macroinvertebrate
families to water quality impairment (e.g., [56–58]); nonetheless, many families commonly classified as
sensitive to nutrient enrichment (e.g., Leuctridae, Heptageniidae and Leptoceridae) did not display
significant differences between their abundance in pristine and altered sites. In addition, many of the
families associated with pristine sites are classified as rheophilic within the Lotic-invertebrate Index
for Flow Evaluation metric (LIFE—[14]), which is widely used to define hydroecological relationships.
Conversely, many of the families associated with altered sites possess LIFE scores that indicate they
are reflective of slower flow conditions. Such ecological trends are critical within biomonitoring
assessments, and as such further explorations of the relationships among selected pressures and the
responses of biological indices required to help guide specific management actions [59].

The results of the variance partitioning analyses applied to structural indices, functional richness
and those of multivariate assemblage structure were broadly comparable; while the absolute abundance
of Nemouridae, Heptageniidae and Limnephilidae and the functional diversity were less responsive to
the considered environmental drivers. We processed a limited number of metrics which responded
differently to different stressors. Given that individually, these metrics only characterize a small
part of the assemblage, they may lack sensitivity to changes in certain environmental conditions or
when multiple anthropogenic stressors are present [60], which may have resulted in incongruent
responses and certain ecological trends not being detected [61]. Future studies that focus on the effect
of specific anthropogenic modifications in this catchment (as well as studies using biomonitoring data
elsewhere) could build upon this study and focus on macroinvertebrate indices and metrics developed
to assess a species stressor (e.g., BMWP for nutrient enrichment and LIFE for hydrological alterations).
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Notwithstanding, univariate indicators used in this study consider complete macroinvertebrate
assemblages which reliably characterize assemblage structure and are capable of capturing ecological
responses to environmental gradients. The relative density of selected families are likely controlled
both by stochasticity and by natural and anthropogenic drivers that act at smaller temporal and spatial
scales than considered in this research, such as short-term climate variations and/or local pollution
events [62].

In accordance with our last hypothesis (H4) we identified significant temporal trends for some
of the studied metrics. Inter-annual variations in macroinvertebrate assemblages can be due to
environmental changes such as climatic variations driving river flow and thermal regimes [63], changes
in anthropogenic pressures (e.g., river restoration), to the establishment of invasive species [8], or to
the interactive effects of those drivers [41]. The first few years of the study period witnessed evident
declines in various response metrics; namely, taxonomic richness and diversity, during a time when
discharges were increasing following a major drought in 2007 [64]. Comparably, significant increases
in the same metrics were observed in 2017, when an unprecedent heatwave occurred across southern
Europe that triggered a severe drought in many areas, persisting into fall [65]. These significant
temporal trends indicate that macroinvertebrate assemblages inhabiting the Po catchment thrive
during low-flow periods, likely due to many taxa within the regions displaying strong tolerance
mechanisms to drought in a region known for its harsh, dry summers. Despite this, Ephemeroptera,
Plecoptera and Trichoptera taxa displayed the opposite trend, most notably during autumn months.
Such findings are unsurprising, as at the order level these taxa are negatively associated with low-flow
periods [66], while autumn months depicts a critical time for the larval recruitment development.
As such, significant temporal variations displayed in the Po catchment are most likely attributed to
inter-annual flow and thermal regime variations. It is unlikely that temporal trends within this large
catchment were driven by modifications of the anthropogenic pressures because those would have
varied spatially across the Po catchment and generally do not present abrupt changes like the ones that
we observed for the macroinvertebrate assemblages [67].

5. Conclusions

Final Remarks

Our results provide evidence of the link between local climate and macroinvertebrate assemblages
in the catchment of River Po (North Italy). The detail of this study dataset allowed for important
environmental attributes (e.g., altitude, habitat characteristics) shaping biotic communities to be
identified, along with ecologically important and vulnerable regions and time periods (e.g., extreme
climatic events). Such research is required globally to help inform large-scale management and
restoration efforts that are sustainable over long-term periods. While this study represents the first
of its kind across the region, further studies need to focus both on the effects of inter-annual climate
variability on macroinvertebrate assemblages to further explore temporal trends described here, as well
as to cultivate a better understanding of primary stressors shaping biotic assemblages through the use
of specifically developed metrics (e.g., nutrient enrichment—BMWP; flow—LIFE,). To achieve a better
understanding of macroinvertebrate assemblage dynamics within this catchment, the biomonitoring
network can be improved by focusing on “reference” sites (largely free from human interference),
although this study highlighted the difficulty finding such conditions in lowland environments. Further
analyses should focus on the response of the families which we have identified representative of
pristine sites in this study; in medium-high altitude sites in particular, such research could unveil
differences in ecological dynamics between pristine and impacted sites. Moreover, from a management
perspective, there remains a global need to incorporate measures of different anthropogenic impacts
within (or alongside) ecological databases, as this would allow key drivers and stressors to be identified
and integrated into effective management strategies.
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