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Abstract: Despite peri-urban areas being crucial for ecosystem service provisioning, they usually
become degraded, as they are burdened with effluents from urban production activities. Such is
the case of Laspias River (Thrace, Greece), where a series of diffuse and point pollution sources are
met throughout its course, neglecting the fact that it discharges into a protected area. In an attempt
to assist possible management implications in this less-researched river, two years of investigative
monitoring provided the insight to test the effect of abiotic parameters in the benthic invertebrate
biota and water quality, in turn. The results revealed an avalanche of pressures, where nutrients
and organic pollution loads diminish richness and biodiversity, losing any temporal or seasonal
pattern, resulting in biotic (taxonomic/functional) homogenization. The river is at a tipping point,
and tailored measures must be designed and implemented immediately.

Keywords: benthic macroinvertebrates; monitoring; physicochemical parameters; spatial–temporal
patterns; biodiversity

1. Introduction

Globally, anthropogenic activities, including agriculture, industrialization, livestock
production and flow regulation, threaten and deteriorate stream ecosystems, along with
protected areas [1–4], resulting in the degradation of water quality and loss of biodiversity
and ecosystem services [5]. Moreover, rivers are overfilled with allochthonous nutrients,
mainly nitrates and phosphates, due to semi- or untreated wastewater (municipal, in-
dustrial and agricultural) and the extensive usage of fertilizers in agricultural areas [6,7].
Additionally, the loss of riparian vegetation due to land use changes and pollution effects
further impairs the buffer zone of streams, which serves as a filter against contaminants
and, thus, tends to accelerate water deterioration [8,9]. Particularly, peri-urban aquatic
systems areas, although valuable for multiple ecosystem service provisions [10], usually
have a bad fate due to multiple pressures. The large water footprints of their adjacent
urban areas usually raise water security issues, both quantitative and qualitative [11]. The
extent of this pressure can sometimes even surpass an aquatic system’s self-purification
ability [12]. Water-dependent urban and peri-urban environments degrade freshwaters
through hydromorphological alterations, water extraction, invasive species and climate
change [13,14].

Over the past 50 years, the mitigation measures taken up to tackle a variety of problems
through national incentives and coordinated strategies’ commands have hopefully resulted
in quantifiable improvements in freshwater biodiversity but without significant river water
quality amelioration [15]. The European Union (EU) through the Biodiversity Strategy
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2030 clearly underscores that geomorphic complexity supports biodiversity [16], which, in
turn, ensures a river’s health [17] and water quality, thus safeguarding societal benefits [18].
The Water Framework Directive (WFD) [19] is key European environmental legislation,
providing a comprehensive horizontal framework that sets clear objectives for water quality
and ecological health. Within this framework, water bodies are classified, monitored and
managed to achieve good or potentially good ecological status. However, almost half of
European rivers (53%) are classified with less-than-good ecological status or potential [20],
though two-thirds of Greek rivers (63%) are in good ecological status or potential [20].

Benthic macroinvertebrate assemblages are included in EU national water quality
assessment indices and are used worldwide to detect human effects, including nutrient
and organic matter contamination, deoxygenation and flow regime alteration (e.g., [21,22]).
Among other organisms, they have the assets of ease of collection, presence in almost
all aquatic habitats, limited mobility that reflects local conditions, species with life cycles
suitable to detect changes in the system and a range of taxa with different sensitivities
to anthropogenic disturbance [23]. One of the major weaknesses when using benthic
macroinvertebrates as quality indicators is the precision and representativeness of the
sampling procedure [24,25]. Despite these arguments on the bioassessment, their sensitivity
response to anthropogenic pressure is still undoubtful [26–29].

Generally, it is difficult to discriminate the responses of benthic macroinvertebrates
from anthropogenic stressors from those deriving from natural variations [30,31]. Especially
in Mediterranean areas, this task is even more challenging, because the eco-hydrological
status is characterized by hydrological variability, influencing benthic macroinvertebrate
communities [32,33]. There is a decrease in available habitats during low flows, for instance,
leading to elevated water temperatures and higher concentrations of nutrients [34]. Such
environmental changes, enhanced by climate change, shape hydromorphology and can
have an essential impact on species diversity. When the above are combined with agri-
cultural and urban pollutants, it contributes to the increase in taxonomic and functional
similarity of macroinvertebrate communities [35,36], thus limiting their ability to respond
to additional stressors. Moreover, the increased demands for water resources, such as
agricultural, industrial or urban use, alter the natural flow regime of many perennial rivers,
modifying them into “artificially intermittent” rivers [37].

The aim of this study was to investigate biota responses to multiple pressures under
system uncertainty in a peri-urban degraded heavily modified river ecosystem and assess
possible management implications for pollution mitigation. Thus, we used data from
Laspias River (Xanthi, East Macedonia and Thrace Region, Greece), gathered during an
investigative (two-year) monitoring routine to assess the structure and diversity of benthic
macroinvertebrate communities and the river’s ecological quality. Water quality was
evaluated through a series of parameters, including physicochemical parameters, nutrients
and benthic communities’ structure and diversity in both space and time. In this context,
we used multivariate and modeling statistical techniques to map spatial and temporal
patterns of water quality and diversity.

2. Materials and Methods
2.1. Study Area

The study area is the lesser-studied and monitored basin of Laspias River, a river
situated in Xanthi Prefecture, Thrace Water District, Greece. The river is about 30 km in
length with gentle slopes, regulated (and delineated) in its entire route, and covers an area
of approximately 212 km2. It has tributaries with ephemeral flow and receives a significant
amount of water from the adjacent basin of Nestos River. Laspias flows among agricultural
areas without riparian vegetation in its major part [38]. It discharges in an area protected
by the Ramsar Convention on Wetlands of International Importance, while the river’s
lowlands are included in the NATURA 2000 network (GR1150001, GR1150014). The climate
is continental with Mediterranean characteristics. The river’s water is primarily used for
agricultural irrigation, as the area is dominated by intensive agriculture [38,39]. Beyond
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agricultural runoffs that constitute a non-point pollution source, several point pressures
complement this effect [39]. Its upstream part runs through a military field and then crosses
a landfill (Figure 1). Moving downstream, the main tributary receives the effluents from
animal husbandry farms and some tributaries contribute, having received effluents from
the wastewater treatment plant of Xanthi and the industrial park (Figure 1). All these
constitute a network of stressors upon the biota of the river ecosystem. In addition to its
importance, the river received little attention until recently concerning monitoring and
restoration/mitigation measures.
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Figure 1. Geographical distribution of the five sampling stations located in Laspias River, Xanthi,
Greece, along with the mainland uses and the protected areas in the wider study area.

2.2. Water Sampling and Lab Analyses

Water samples were collected from five sites in Laspias River (Figure 1) in two consec-
utive years (2021 and 2022) in different seasons within the framework of the Eye4Water
Project [40]. Site selection was performed after extensive land use and pressure assessment
through a scoping review and swot/pest analysis [41]. The sites were finally designated
downstream of the confluences of selected tributaries, thus providing an insight into the
status of the above sub-basins. Each of these sub-basins was characterized by at least
one major point pollution source other than the diffuse sources. A total of 16 duplicate
water samples were analyzed during this intensive monitoring routine. Sampling was
conducted once per season per site in summer (four sites) and autumn 2021 (two sites)
and in spring (three sites), summer (three sites) and autumn 2022 (four sites). Note that
sites were not sampled in all seasons due to drought or inability to approach riverbanks.
A series of physical and chemical parameters of the water were measured in situ and
at the laboratory, and morphological parameters of the nearby surrounding landscape
were also recorded. Specifically, dissolved oxygen (DO, mg/L), water temperature (T, ◦C),
electrical conductivity (EC, µS/cm), salinity (Sal, ppt) and pH were measured in situ. Stan-
dard methods were used to measure the concentration of biochemical (BOD5, mg/L) and
chemical oxygen demand (COD, mg/L), solids (total, suspended, volatile suspended, dis-
solved and, TDS and TSS, mg/L), nitrogen ionic fractions (NO2-N, NH4-N, NO3-N, mg/L)
and orthophosphates (PO4-P). For more details regarding the analytical processes, see
Papaevangelou et al. [42]. The primary substrate types were visually assessed at each site
following Wentworth classes [43] (boulder, cobble, gravel, pebbles, sand and silt/clay),
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while differentiations were observed between seasons and years within site (Supplementary
Material, Figure S1).

2.3. Macroinvertebrate Sampling and Analyses

Benthic invertebrate sampling was conducted at the same sites and seasons in which
water samples were collected. Samplings were performed using a D-shaped pond net
(0.9 mm mesh size) following the semiquantitative 3 min kick/sweep method [44] plus
1 min sweeping of the bank vegetation when it existed [45]. All the available microhabitats
were covered proportionally, based on a matrix of possible river habitats [46], modified
from [47]. This habitat matrix classifies the sites into poor or rich habitat types [47]. At the
lab, samples were sieved with a 500 µm mesh size and fixed in 75% ethanol. Specimens
were identified mainly to the family level (except for Ostracoda, Hydracarina, Araneae
and Oligochaeta, apart from Tubificidae) using appropriate taxonomic keys [48]. Addition-
ally, the relative abundance of taxa with different levels of pollution tolerance (sensitive,
medium and tolerant to pollution) was calculated based on Hellenic Evaluation System 2
(HESY2) [46] to investigate how the richness and relative abundance of different categories
vary within site and across seasons. Finally, the ecological water quality was assessed using
HESY2 [46].

2.4. Statistical Analyses

The mean and standard deviation of parameters related to water quality were cal-
culated to detect variation across seasons and sampling years. Additionally, the effect of
sampling year and season was explored on parameters with Generalized Linear Mixed Ef-
fect Model analysis (GLMM, Gaussian error distribution and identity link function), using
site ID as a random factor. Modeling was performed with the R package lme4 [49]. The mul-
ticollinearity between physicochemical parameters and nutrients was tested by computing
the Variance Inflation Factors (VIFs) with the vifstep function in the R package usdm [50]
and using VIF < 10 as criterion. The analysis showed collinearity issues, and the pa-
rameters salinity, TDS, EC, NO3-N and NO2-N were excluded from any subsequent
analysis. Figure S2 (Supplementary Material) depicts the correlation of each one of the
latter variables with all the remaining physicochemical- and nutrient-related parameters.
Then, Principal Component Analysis (PCA) was applied to examine differences in pa-
rameters across the sites, seasons and years and the contribution of each parameter to
PCA axes. The PCA and estimation of variables’ contributions were considered with the
R package factoextra [51].

The diversity (species richness and Shannon diversity index) and abundance of fami-
lies and orders were estimated per site, season and year. Additionally, the relative abun-
dance (% abundance) of Ephemeroptera, Plecoptera and Trichoptera (EPT) was calculated,
given that these orders are sensitive to pollution, and their abundance percentage was
considered to reflect the water quality. Following this, to gain further insights into diversity
and abundance patterns, we estimated the family abundance distribution per site, season
and year, and skewness, the Berger–Parker index as a dominance index (number of indi-
viduals of the most abundant species/total number of individuals) and the percentage of
singletons (number of species with one individual to the total number of individuals) as
a measure of rarity. The effects of season, sampling year and water quality parameters
quantified by PCAenv1 and PCAenv2 were explored on species richness, abundance and
Shannon diversity index using GLMM. In all models, site ID entered the models as a
random effect. The differences in species richness, abundance and Shannon diversity index
were assessed between seasons and years (Tukey’s post hoc test), while significant effects
were detected with the function glht of the R package multcomp [51].

Non-metric multidimensional scaling (NMDS; with the abundance-based Bray–Curtis
index) ordination was applied using R package vegan [52] to pinpoint differences in the
composition of communities across seasons, years and stations with different habitat quality.
Furthermore, seasonal and year-by-year differences and effects of PCAenv1 and PCAenv2
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via the envfit function of the R package vegan were tested. Next, we estimated the pairwise
abundance-based Bray–Curtis and presence/absence-based Jaccard similarity index within
a year and between years. To map spatial and temporal β-diversity, we compared the
values of the following categories: between sites within season per year, within site between
seasons per year, within site between seasons and years and within site within season
between years.

3. Results
3.1. Physicochemical Parameters and Nutrients

There was some variation in physicochemical parameters and nutrients between
seasons and years, yet significant differences were detected primarily between sampling
years (Table 1). Only temperature exhibited significant differences between seasons. A PCA
was applied to explore how different physicochemical parameters and nutrients related
to sampling site grouping. The first two PCA axes explained approximately 70.8% of the
variation in physicochemical parameters and nutrients of surface water (Figure 2a). The first
PCA axis (hereafter PCAenv1) was strongly related (in descending order of contribution)
to BOD5, PO4-P, SS, NH4-N, COD and DO. The second PCA axis (hereafter PCAenv2) was
related (in descending order of contribution) to pH, DO, T, TS and VSS (Figure 2b). The
two PCA axes were used in subsequent analyses to explore the effect of water quality on
the diversity and abundance of benthic macroinvertebrate communities.

Table 1. Mean values (±standard deviation) of parameters quantifying water quality (physicochemi-
cal, nutrients) across the seasons and years of research period in River Laspias. The effect of seasons
and years on parameters was assessed with GLMM analysis and the significance of each predictor
(p-value) is provided. ns: non-significant, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Parameter
2021 2022 p-Value

Summer Autumn Spring Summer Autumn Season Year

Temperature 20.30 ± 1.64 19.30 ± 1.27 12.13 ± 1.18 20.10 ± 2.18 17.15 ± 2.33 *** ns
pH 7.81 ± 0.16 7.66 ± 0.01 7.84 ± 0.31 7.61 ± 0.28 7.91 ± 0.16 ns ns
Conductivity 1239.75 ± 454.63 1312.50 ± 91.22 1117.00 ± 361.26 476.67 ± 193.56 767.63 ± 271.90 ns ***
DO 3.45 ± 2.43 1.03 ± 0.62 7.33 ± 3.86 3.93 ± 3.53 5.48 ± 2.12 ns ns
Salinity 0.65 ± 0.24 0.65 ± 0.07 0.57 ± 0.23 0.20 ± 0.10 0.38 ± 0.13 ns *
COD 60.80 ± 21.86 80.00 ± 49.78 14.93 ± 7.39 12.80 ± 0.00 51.20 ± 23.95 ns ***
BOD5 15.00 ± 5.77 18.65 ± 13.65 1.67 ± 1.53 5.00 ± 2.65 4.00 ± 5.35 ns **
SS 22.50 ± 10.91 29.50 ± 21.92 9.77 ± 2.04 9.77 ± 5.61 9.38 ± 7.30 ns ns
TS 736.48 ± 371.46 720.00 ± 14.14 673.56 ± 359.26 316.67 ± 128.54 493.25 ± 159.42 ns **
VSS 17.50 ± 6.03 0.00 ± 0.00 9.77 ± 2.04 2.43 ± 4.21 4.13 ± 4.44 ns ns
TDS 590.00 ± 289.83 655.00 ± 35.36 606.67 ± 312.14 263.33 ± 134.29 422.50 ± 158.40 ns *
NO2-N 0.31 ± 0.28 0.05 ± 0.02 0.25 ± 0.18 0.13 ± 0.06 0.09 ± 0.04 ns ns
NO3-N 1.98 ± 2.15 0.14 ± 0.16 3.76 ± 0.88 0.74 ± 0.34 1.26 ± 1.07 ns *
NH4-N 14.19 ± 19.08 22.82 ± 16.35 3.13 ± 4.14 2.44 ± 2.17 9.30 ± 14.19 ns *
PO4-P 1.91 ± 2.47 2.45 ± 2.30 0.69 ± 0.67 0.45 ± 0.30 0.52 ± 0.54 ns ns

3.2. Abundance and Diversity

We recorded a total of 24,527 individuals (4370 individuals in 2021 and 20,157 indi-
viduals in 2022), belonging to 19 orders (10 orders in 2021 and 17 orders in 2022) and
38 families (23 families in 2021 and 34 families in 2022) in the sampling sites in both years.
Among them, the non-native species Branchiura sowerbyi (Beddard, 1892) was recorded
for the first time. The order Neotaenioglossa was recorded only in 2021, and the orders
Amphipoda, Hemiptera, Heterostropha, Megaloptera, Sphaeriida, Trichoptera, Tricladida
and Trombidiformes were recorded only in 2022. The most diverse order was Diptera
(2021: 5 families and 2022: 8 families), which showed the highest relative abundance in
almost all seasons and years (Figure 3a,b). Although the order Coleoptera was represented
by seven families in 2022, all the families were of low abundance. Similarly, the EPT
abundance was lower than 10% of the total abundance (Figure 3c) but in one site in autumn
2022 (L6, approximately 20%).
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Figure 3. The relative abundance (%) of different orders (a) across sites, (b) seasons per sampling year
and (c) the relative abundance of Ephemeroptera, Plecoptera and Trichoptera (EPT) across seasons
in River Laspias during the research period. Solid lines and diamonds indicate median and mean
values, respectively, boxes represent inter-quartile ranges (25–75%), outer lines the highest and lowest
values and dots the outlier values.

Among 38 families recorded, 4 were present only in 2021, 15 were present only
in 2022 and 19 were present in both sampling years. The abundance per site ranged
between 85 individuals (summer 2021) and 10,315 individuals (autumn 2022). The family
abundance distribution per site was right-skewed and had a similar shape across sites,
seasons and years (Figure 4a). However, family abundance distributions tended to be
more right-skewed in the second sampling year, both on average and when comparing the
skewness of the respective seasons within the site (Figure 4b). The dominance index ranged
between 0.40 and 0.99, and the rarity index ranged between 0 and 0.56, with both indices
exhibiting higher values in the second sampling year (Figure 4b). The most abundant
taxa were Chironomidae (10,290 individuals), Simuliidae (9791 individuals), Oligochaeta
(1560 individuals) and Asellidae (1556 individuals). Therefore, sites (i) were characterized
by the dominance of one family (mainly of Chironomidae) or few taxa, while the majority
of remaining taxa were represented by few individuals in most cases.
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The mean family richness per site was equal to 8.6 families (2021: 8 families and
2022: 7 families). Abundance per site ranged between 85 and 10,315 individuals, with the
minimum and maximum values recorded in the summer and autumn of 2022 (Figure 5a).
The highest family richness per site (19 families) and higher value of the Shannon diversity
index were observed in a site in the autumn of 2022, namely site L4a (Figure 5a,c). However,
communities tended to be more diverse in the summer of the first sampling year (Figure 5c).
Inspection of seasonal patterns confirmed that communities were, on average, richer and
had more individuals in autumn 2022 but were more diverse in summer 2021 (Figure 5d–f).

According to the habitat matrix, habitats’ sites changed across seasons and years in
most cases (Figure 6a,b). Yet, site L3.5 was categorized as rich in all seasons and both
years. Furthermore, the habitats of all sites were as rich as in the summer of 2022. The
pollution-tolerant taxa prevailed in terms of richness and abundance in all sites and across
seasons, even in sites indicated as rich by the habitat matrix (Figure 6c,d).

Regarding HESY2, the ecological quality of all sites in all seasons was less than good
(Table 2). Comparing summer and autumn between the two years, a slight amelioration
was observed.

Table 2. Ecological quality of sites in River Laspias during research period based on Hellenic
Evaluation System 2 (HESY2).

Sites
2021 2022

Summer Autumn Spring Summer Autumn
L3.5 Poor Inaccesible Poor Poor Poor
L4a Bad Bad Bad Bad Poor
L4b Poor Bad Bad Poor Poor
L6 Poor Inaccesible Bad Moderate Inaccesible
L6.5 Dry river Dry river Moderate Dry river Dry river

We found significant effects of PCAenv axes on both family richness and abundance
of communities, while we observed significant differences in abundance between seasons
and sampling years (Table 3). Season, year and the two PCAenv axes exerted a significant
effect on the abundance, but no significant effects were observed in the case of the Shannon
diversity index (Table 3).
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Table 3. Results of Generalized Linear Mixed Effect Models GLMM predicting family richness,
abundance and Shannon’s diversity index as a function of season (seasons’ comparison: repetition
of the main test using each time different season as reference group), sampling year (the second
years was used as reference group in sampling years’ comparison) and values of the first two PCA
axes physicochemical parameters.* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, while absence of asterisks
indicates non-significant relationship.

Response Variable Comparison Estimate Standard Error df t-Value Pr(>|t|)

Family richness

(Intercept) 2.10 0.29 7.29 0.00 ***

Seasons
autumn–spring −0.53 0.29 −1.84 0.07

autumn–summer 0.06 0.23 0.27 0.79

Sampling years
second-first −0.07 0.33 −0.22 0.83

PCenv1 −0.18 0.08 −2.28 0.02 *
PCenv2 −0.24 0.09 −2.72 0.01 **

Abundance

(Intercept) 7.97 0.47 16.87 <0.001 ***

Seasons
spring–autumn −2.20 0.04 −60.16 <0.001 ***

summer–autumn −1.07 0.03 −36.17 <0.001 ***
summer–spring 1.13 0.05 25.24 <0.001 ***

Sampling years
second-first −0.38 0.04 −10.42 <0.001 ***

PCenv1 −0.31 0.02 −18.62 <0.001 ***
PCenv2 −0.37 0.01 −31.27 <0.001 ***
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Table 3. Cont.

Response Variable Comparison Estimate Standard Error df t-Value Pr(>|t|)

Shannon index

(Intercept) 0.91 0.37 2.45 0.03 **

Seasons
autumn–spring −0.25 0.49 −0.50 0.63

autumn–summer 0.34 0.31 1.10 0.30

Sampling years
second-first −0.34 0.44 −0.78 0.45

PCenv1 0.01 0.06 0.09 0.93
PCenv2 0.12 0.07 1.70 0.12
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Figure 6. The relative richness (a,c) and abundance (b,d) of sensitive, medium and tolerant taxa per
site and across seasons in River Laspias during the research period. With blue font are indicated
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font. Solid lines and diamonds indicate median and mean values, respectively, boxes represent
inter-quartile ranges (25–75%), outer lines the highest and lowest values and dots the outlier values.

Regarding the composition of communities, the results of NMDS showed just a rough
differentiation of benthic communities among seasons and sampling years, but sites were
differentiated based on habitat quality (Figure 7). The envfit results confirmed that year and
season did not have a significant effect on variation in the family composition of benthic
communities. However, idiosyncratic characteristics of the site (site ID) were associated
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with benthic communities. Focusing on pairwise results of β-diversity values, it showed
that communities within the site were similar across seasons in the second sampling year,
and this also applies to spatial β-diversity (across sites within season). Overall, temporal
differences in family composition emerged within the site and season between years
(Figure 8). The differences were more pronounced in the case of the Bray–Curtis similarity
index than in the Jaccard index, suggesting that differences in the relative abundances of
the taxa contributed to differentiations.
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Figure 8. Summary plot of β-diversity patterns across seasons and years: (a) pairwise values of
β-diversity quantified by the abundance-based Bray–Curtis and (b) presence/absence-based Jaccard
similarity indices. Boxplots showing mean spatial β-diversity per year and mean seasonal temporal
β-diversity within year (along with the distribution of values) and temporal β-diversity within year
and season with the (c) Bray–Curtis and (d) Jaccard similarity indices. Solid lines and diamonds
indicate median and mean values, respectively, boxes represent inter-quartile ranges (25–75%), outer
lines the highest and lowest values and dots the outlier values.

4. Discussion

Stressors’ effect on biota was examined using WFD-compliant national methodology
to obtain a deeper understanding of those relations, as a solid knowledge base is critical for
promoting management implications [15]. Such knowledge, especially for Mediterranean
rivers, may shed light on the gaps in climate change’s ecological impacts [53]. In this study,
we attempted to examine a heavily modified system under multiple pressures and, espe-
cially, the response of benthic macroinvertebrate communities to an abiotic environment
in the pursuit of management implications. The two-year monitoring routine was proven
sufficient to depict the system’s status in detail, offering insight into communities’ compo-
sition, the lack of clear spatio-temporal patterns and the physicochemical attributes that
played a major role in assemblages’ formation. To our knowledge, this is the first complete
monitoring routine for such an important waterbody that acts like the sink of the adjacent
city of Xanthi. This valuable information can set the basis for a tailor-made restoration
scheme targeting the augmented resilience of the system through integrated management.
The declining image of benthic communities and the harassed ecology concerning the
pressures posed on this heavily modified system act as an alert for the region.

Peri-urban rivers, like our study river Laspias, receive nutrient and organic loads
from surrounding agricultural, industrial and other diverse human-related activities and
pollution sources. Increased levels of these loads may result in decreased dissolved oxygen
and increased water turbidity [54], adversely affecting benthic macroinvertebrate commu-
nities such as low diversity and dominance of tolerant taxa [55,56], such as Chironomidae
and Oligochaeta. In Laspias, nutrient (P-PO4 and N-NH4) and organic load (COD, BOD)
gradients were identified, and these, along with the turbid state of the water (SS, TS, VSS), af-
fected the water oxygenation. This was more than expected in such a burdened river [34,57],
where pollution loads flow throughout its course. Actually, Laspias is riddled with point
and diffuse pollution sources (for details, see Figure 1), which have known pollutants, and
these, in turn, have effects on the abiotic attributes of the waterbody (i.e., organic pollution
enhances TSS and COD), affecting temperature and oxygen demand/concentration [58].
This pattern has also been observed in other Mediterranean rural rivers, where low oxygen
and high values of TSS were related to seasons and agricultural practices, while nitrogen
compounds related to urban and peri-urban effluents [34].
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Taking a brief look at the taxonomic analysis, our central remarks are (a) the low
number of families recorded, (b) the dominance in abundance of a few tolerant-to-pollution
taxa (Chironomidae, Oligochaeta and Asellidae), (c) the low EPT presence, indicating
water pollution, and (d) the recognition of a non-native species (B. sowerbyi) in benthos
assemblages. Low local richness is linked to the presence of environmental stressors [59],
with studies documenting that human-driven pollution and hydrological changes result in
low macroinvertebrate diversity and low EPT (i.e., pollution sensitive taxa) abundance in
Mediterranean rivers [34,60]. Additionally, Chironomidae tend to dominate in polluted
rivers, primarily due to the wide range of habitat preferences and life history traits that
allow them to utilize resources to thrive, even in disturbed environments [61,62]. Moreover,
Oligochaeta and Asellidae could be found in highly degraded systems, such as rivers
with a high level of organic pollution or with low oxygen [63,64]. The non-native species
B. sowerbyi, a thermophilous tropical species tolerant to several toxins, is favored when
the substrate has important quantities of sludge from effluents [65], which is exactly the
case of Laspias. Moreover, this species is characterized by high distributional spreading
and breeding rates, which could cause various instabilities in freshwater ecosystems, such
as habitat degradation [66]. Therefore, communities were characterized by low local taxa
richness and exhibited similar composition both in space and time.

Communities tended to be richer in the summer of the first sampling year, perhaps
due to the precedent wet spring [67]. This pattern has previously been reported in other
studies [68,69]. Yet, the higher species richness was observed in a station located upstream,
partially due to some rain incidents but mainly because this station is located on a primary
tributary upstream and not as affected by the cumulative effect of pressures as those located
downstream [70,71]. Moreover, the poor and homogeneous habitat characteristics of the
Laspias River led to lesser habitat complexity and availability of resources and niches for
benthos assemblages [72,73]. When we examined β-diversity in more depth, we could
not extract significant differentiation among sites, seasons or years, except within site
alterations. However, it is typical to observe higher regional and beta diversity, but not
alpha diversity, in Mediterranean-climate regions [74]. Both presence-based and abundance-
based indices (Bray–Curtis and Jaccard) confirmed it, despite some minor divergences
between them due to relative abundance contribution.

Pollution-tolerant taxa thrived in all stations, and we did not find a link between
taxa richness and habitat richness, perhaps due to the stresses identified in the entire
river route [34,35]. It can be extracted by the slight differentiation in composition and
the uniformity among sites (Figure 6a,b) that there is a major driver shaping the entire
ecosystem in all sampling sites. Regarding other studies in the Mediterranean region,
pollution-sensitive taxa are almost extirpated from river ecosystems [31,57]. Perhaps this
major force is the combined effect of nutrients and organic load, as GLMM also confirmed
that the factors of PCA axes seemed to drive—at least to some extent—family richness
and abundance, with the latter also being differentiated between seasons and sampling
years. In addition, the NMDS affirmed that the rough differentiation among sites is mostly
due to habitat richness variation. It seems like the cascade of pressures actually creates an
avalanche of stressors, all working together without giving us the ability to pinpoint some
of these than just witness their effect.

All the above, meaning (a) the overlap in species composition with similar tolerance
and community assemblages, (b) taxa group fulfilling the same functional role while much
fewer (or none) occupy unique niches despite habitat richness, (c) non-native species
(B. sowerbyi) and (d) the low a- and b-diversity, clearly advocate a biotic homogenization
and, especially, a taxonomic (and functional perhaps) one. It is stated that increasing hu-
man pressure causes the decline of most habitat-specialist species, while many generalists
can benefit from this pressure, resulting in biotic homogenization [75]. Laspias River is
a case where more sensitive taxa have been replaced by more tolerant ones following
environmental change [64], while urban environments affect neighboring systems due
to their dependency on them (production activities and waste disposal) [76,77]. Species



Sustainability 2023, 15, 16569 13 of 17

richness response to human pressure hides important assemblage transformations [78].
The presence of non-native species suggests that Laspias is at a tipping point, since bio-
logical homogenization is usually followed by the prevalence of non-native species, with
a sudden increase in local richness (α-diversity), something that is not yet observed [79].
These “ring a bell”, according to ecological and evolutionary theory, since homogenized
ecosystems host resilient populations to stressful events due to the ecosystem simplicity
and similarity.

As for the overall water quality, it is our assumption that the generally degraded pic-
ture was possibly affected by some rain incidents that took place prior to some samplings
(wet spring and autumn 2021 and high precipitation in late summer 2022). This implies
that the higher discharges allowed for a better dilution effect of pollutants and associated
abiotic parameters that can actually shape the habitats and influence the macroinvertebrate
community structure [34,35,80]. In general, flow availability is a crucial component impos-
ing self-purification processes and species recolonization [31]. This Mediterranean river
system seems to be far from reaching the WFD goal. It is noted that abiotic parameters
surpassed the legislative limits for urban wastewater and fish life (Directive 2006/44/EC,
Directive 91/271/EEC) in both years, indicating additional water quality degradation [42].
All this renders Laspias river a complex puzzle to solve since it is a river included in the
national monitoring program (acknowledging that state monitoring is lacking with only
two stations that cannot pinpoint the pressures), outflowing in protected areas, while it is
treated as a receptor.

Coming finally to management implications, the monitoring results showed that there
is inadequate control over the effectiveness of pollution mitigation measures planned or im-
plemented by the Programs of Measures (PoMs) of RBMPs. Namely, these were landfilling,
waterproofing and effluent immobilization. Moreover, based on the analyses’ outcomes, we
suspect malfunction and delinquency concerning waste treatment in productive units. Now
that there is augmented awareness of major point sources, we are also concerned regarding
their impact. Given the existing diffuse pollution from agricultural lands, the effort must be
focused on pressures that exert pollution from point sources. Our suggestion is to opt for
nature-based solutions in order to not harass an already disturbed ecosystem, first targeting
control of the organic load. The particular hydrological status of Laspias, with ephemeral
tributaries, water “loans” from a neighboring basin and water volume affected by WWTP
outflow along with the instability that is inherent in Mediterranean environments, does
not allow for prediction. Given the magnitude of pressures, there is an extra need for a
dilution effect and perhaps the introduction of more water from the adjacent Nestos basin.
In an attempt to generalize our findings, adopting the catchment-state approach, there is
an urgent need for water-sensitive urban design [81], enhancement of regional and govern-
mental funding tools to support end-users’ needs, strengthening of the natural hydrological
regime, operational update of water utilities, provision of incentives for private waste
and water treatment installations and improvement in information systems to properly
support the environmental legislation implementation. The above proposals are in line
with the stakeholders’ opinion, whose concern is related to water quality and believe that
intervention is needed [82].

5. Conclusions

This work makes an important contribution to a little-studied river ecosystem of
primary importance. Despite the small dataset produced by the investigative monitoring
routine of the Eye4Water project, we managed to obtain a complete insight into the river’s
biota and environmental interplay through this series of statistical analyses. Laspias’ picture
is characteristic of a mismanaged river, and the multiplicity effect of pollutants surpasses
the river’s self-purification ability. Nutrients and organic pollution loads diminish benthic
macroinvertebrate richness and biodiversity and enhance the prevalence of only tolerant
species, rendering obscure seasonal or interannual patterns. Additionally, there was ev-
idence of biotic homogenization, perhaps primarily due to pollution derived from the
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productive chain supporting Xanthi’s needs. Therefore, it is urgent to exploit our awareness
in favor of proper management implications, using novel management approaches that
merge water management and spatial planning to increase the functionality of man-made
systems. These findings should be regarded as an alert for the protection/re-naturalization
of the basin to ensure the sustainability of the entire area and the protected areas’ prosperity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su152416569/s1, Figure S1: The relative contribution of different
types of substrates per site and season in River Laspias during sampling campaign; Figure S2: Sum-
mary plot depicting the pairwise relationships between physicochemical parameters and nutrients
across sites. The significance of the relationship was explored by GLMM analysis (Gaussian error
distribution, identity function). Significance levels are indicated as follows: * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001, while absence of asterisks indicates non-significant relationship.
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Beklioğlu, M.; et al. Impacts of Multiple Stressors on Freshwater Biota across Spatial Scales and Ecosystems. Nat. Ecol. Evol. 2020,
4, 1060–1068. [CrossRef] [PubMed]

16. Tornwall, B.; Sokol, E.; Skelton, J.; Brown, B. Trends in Stream Biodiversity Research since the River Continuum Concept. Diversity
2015, 7, 16–35. [CrossRef]

17. Qu, Y.; Keller, V.; Bachiller-Jareno, N.; Eastman, M.; Edwards, F.; Jürgens, M.D.; Sumpter, J.P.; Johnson, A.C. Significant
Improvement in Freshwater Invertebrate Biodiversity in All Types of English Rivers over the Past 30 Years. Sci. Total Environ.
2023, 905, 167144. [CrossRef] [PubMed]

18. Parker, H.; Oates, N. How Do Healthy Rivers Benefit Society? A Review of the Evidence; ODI and WWF: London, UK, 2016.
19. Directive 2000/60/EC; Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 Establishing a

Framework for Community Action in the Field of Water Policy 2000. The European Parliament and the Council of the European
Union: Luxemburg, 2000.

20. European Environment Agency Water Framework Directive—2nd River Basin Management Plans—European Environment
Agency. Available online: https://www.eea.europa.eu/data-and-maps/explore-interactive-maps/water-framework-directive-
2nd-rbmp (accessed on 8 October 2023).

21. Bruno, D.; Belmar, O.; Sánchez-Fernández, D.; Guareschi, S.; Millán, A.; Velasco, J. Responses of Mediterranean Aquatic and
Riparian Communities to Human Pressures at Different Spatial Scales. Ecol. Indic. 2014, 45, 456–464. [CrossRef]

22. Buss, D.F.; Carlisle, D.M.; Chon, T.-S.; Culp, J.; Harding, J.S.; Keizer-Vlek, H.E.; Robinson, W.A.; Strachan, S.; Thirion, C.; Hughes,
R.M. Stream Biomonitoring Using Macroinvertebrates around the Globe: A Comparison of Large-Scale Programs. Environ. Monit.
Assess. 2015, 187, 4132. [CrossRef]

23. Bonada, N.; Prat, N.; Resh, V.H.; Statzner, B. Developments in Aquatic Insect Biomonitoring: A Comparative Analysis of Recent
Approaches. Annu. Rev. Entomol. 2006, 51, 495–523. [CrossRef]

24. Ramos-Merchante, A.; Prenda, J. Macroinvertebrate Taxa Richness Uncertainty and Kick Sampling in the Establishment of
Mediterranean Rivers Ecological Status. Ecol. Indic. 2017, 72, 1–12. [CrossRef]

25. Carvalho, L.; Mackay, E.B.; Cardoso, A.C.; Baattrup-Pedersen, A.; Birk, S.; Blackstock, K.L.; Borics, G.; Borja, A.; Feld, C.K.;
Ferreira, M.T.; et al. Protecting and Restoring Europe’s Waters: An Analysis of the Future Development Needs of the Water
Framework Directive. Sci. Total Environ. 2019, 658, 1228–1238. [CrossRef] [PubMed]
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