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Abstract: European rivers are under ecological threat by a variety of stressors. Nutrient pollution,
soil erosion, and alteration in hydrology are considered the most common problems that riverine
ecosystems are facing today. Not surprisingly, river monitoring activities in Europe have been
intensified during the last few years to fulfil the Water Framework Directive (WFD) requirements.
With this article, we present a nationwide assessment of the water quality and hydromorphological
variability in Greek Rivers based on the results of the national monitoring program under the WED.
Water quality and hydromorphological data from 352 sites belonging to 221 rivers were explored
with principal component analysis (PCA) to identify main environmental gradients and the
variables that contribute the most to the total variance. Nitrate, phosphate, ammonium and electrical
conductivity were identified as the most important water chemistry parameters, and typical vector-
based spatial data analysis was applied to map their spatial distribution at sub-basin scale. In
addition, we conducted simple linear models between the aforementioned parameters and the share
of land uses within the basin of each sampling site in order to identify significant relationships.
Agriculture was the most important land use affecting the nitrate and electrical conductivity, while
artificial surfaces were the best predictor for phosphate and ammonium. Concerning the
hydromorphological variability, fine types of substrate and discharge were the variables with the
highest contribution to the total variance. Overall, the results of this article can be used for the
preliminary assessment of susceptible areas/rivers to high levels of nutrient pollution that can aid
water managers to formulate recommendations for improvement of further monitoring activities.
Furthermore, our findings implicate the need for enhancement of agri-environmental measures and
reduction of point-source pollution in disturbed areas to avert the risk of further environmental
degradation under the anticipated global change.

Keywords: water quality; rivers; nutrients; WFD; national monitoring network; PCA; geostatistical
analysis

1. Introduction

The Directive 2000/60/EC established a framework for Community action in the field of water
policy and set the objectives to prevent further status deterioration of all Community waters —rivers,
lakes, coastal waters, and groundwaters—in order to achieve and maintain their good status by 2015
[1,2], which was extended from 2015 to 2021 and from 2021 to 2027 [3]. Some of the main objectives
of the Water Framework Directive (WFD), except for the achievement of good status, include the
provision of an integrated water management system based on hydrological catchments, bringing
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together economic and ecological perspectives (Art. 3) [3], the involvement of active stakeholders and
the public (Art. 14), and the introduction of a combined approach to pollution control (Art. 10) [2].

The implementation of the WFD relies on the measures proposed by the River Basin
Management Plans (RBMPs) and the Programmes of Measures (PoMs) of river reconstruction,
rehabilitation or restoration [4]. Quality elements for assessment are divided into biological,
hydromorphological, and physicochemical, and for each one, a descriptive definition of high, good,
moderate, poor, and bad status is given. Each National authority should set standards for those
elements most relevant to the pressures faced by the water body under its responsibility and classify
waters accordingly [2]. Across EU Member States discussions are on-going as to how to integrate
climate change into the process of RBMPs for the next management cycles (2015-2027) of the WFD
[1]. A key challenge in this context is the adaptation to climate change impacts through the design
and implementation of PoMs at the river basin scale [5-7].

Since the second WFD implementation cycle had ended in 2015 [8,9], several problems
concerning the implementation of the WFD have been recorded and summed up in the reports of all
EU27 Member States (MSs). Those problems mainly concern the failure of some MSs to comply with
certain WFD Articles, the deficient validation of surface waters’ typology, undeveloped financial
analysis, little progress in transparent pricing policies implementation, generalized measures
proposed in the RBMPs, and the absence of a schedule for the measures implementation.
Furthermore, the most important issue in the WFD implementation among EU Northern and
Southern countries was the water quality problems in contrast to water quantity problems that the
latter usually face. Another striking difference in the WFD implementation among MSs concerns the
effectiveness in the utilization of water resources management tools, as certain MSs have greater
experience than others [8-10].

At the national level, Institute of Marine Biological Resources and Inland Waters (IMBRIW) of
Hellenic Centre for Marine Research (HCMR) has been assigned by the Special Water Secretariat,
which belongs to the Greek Ministry of the Environment, Energy, and Climate Change to implement
the WFD in Greek rivers. Reference conditions were defined for each Intercalibration Type (ICT) of
rivers according to the available information for the Biological Quality Elements (BQEs), the
physicochemical and hydromorphological conditions. ICTs refer to the river typology that is used by
each geographic intercalibration group in order to identify river systems with common
characteristics. BQEs comprise four biological elements that are used for the assessment of ecological
quality of rivers according to the WFD. These four elements are the benthic invertebrates, benthic
diatoms, fish, and aquatic macrophytes. During the First Cycle of Management, all RBMPs had
identifed the significant pressures from point sources, diffuse sources, water abstraction sources,
groundwater abstractions, flow regulation and morphological alterations, saline intrusion, artificial
recharge, land cover and population density, and other pressures [8,9]. Since then, numerous research
approaches [11-15] have tried to promote the River Basin Management Plans (RBMPs) of the WFD
implementation process by developing methods for the monitoring and assessment of rivers’
ecological status, by taking into account objective indicators demonstrative for hydromorphological,
water physicochemical, and biological elements [16,17]. Seasonal or more frequent water sampling,
hydromorphological analysis, identification of pollution patterns and sources (mainly through land
cover/use analysis) and advanced statistical elaborations are some of the available tools that have
been extensively used in order to determine the most water quality-relevant and significant
environmental variables.

In Greece, water quality and hydromorphological monitoring of all river and catchment sizes is
systematically implemented on the last decades compared to other countries [18]. Based on Reference
[18], till the early 2000s, approximately 35% of the total Greek runoff that enters the sea from river
basins had unknown hydrological and hydrochemical regimes. Unfortunately, due to a lack of data,
especially for small and medium catchments, the majority of the studies that deals with the water
quality and the hydromorphological variability are only focused at catchment scale [15,19-25]. Until
recently, there was no large-scale water quality and hydromorphological data assemblage for all river
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and catchment sizes, highlighting a knowledge gap and the importance of the Greek rivers
monitoring program that is based on the WFD implementation.

Therefore, in the context of this paper, hydromorphological and water quality results of the
national monitoring program 2012-2015 have been utilized. The present study is the first that focuses
on the variability of water quality and hydromorpholy at the national scale. Those results incorporate,
among others, the concentrations of certain nutrients, values of physicochemical variables, types of
substrate, water discharge, and land cover/use analysis at sub-basin and/or basin scale of each
sampling site. The main scope of this research is the determination of the dominant environmental
factors affecting the total quality variance by using strong statistical tools (PCA, linear modelling and
network modularity) in order to constitute a strong background in future river monitoring
management plans. In contrast to most of the other works that attempt to assess water quality and
hydromorphology in individual catchments and/or water bodies, our study is set on a national scale
and utilizes a vast dataset that was compiled during a standardized sampling effort under the scope
of the national monitoring program. Thus, our methodological approach ensures homogeneous
results that cover the whole national territory and can be assessed for extracting useful conclusions
with implications for future river management.

2. Materials and Methods

2.1. Description of Data

Physicochemical and hydromorphological data for 352 sampling sites (Table 1, Figure 1) were
obtained by the results of the national monitoring programme in Greek rivers for the period 2012-
2015. The coverage of the sampling network extends to the whole national territory and is distributed
among fourteen WFD River Basin Districts (RBDs) (Table 1, Figure 1). Multi-annual seasonal field
samplings were carried out in the operational sites of the network, while surveillance sites were
sampled once for the duration of the monitoring. Thus, our dataset consisted of 1002 records
containing information on nine physicochemical and fifteen hydromorphological variables (Table 2).
In addition, the nutrient quality classification score (NCS) for each site was calculated according to
the Nutrient-quality Classification System [18]. NCS was developed to fill the gap of chemical
classification of small and intermediate Greek rivers influenced by nutrient pollution. The system
was based on the average values of nutrients for the five ecological quality classes defined by the
benthic invertebrates. For more details please see [18].

Collection of water samples, field measurements, and laboratory analyses were conducted by
the Department of Inland Waters of the Hellenic Centre for Marine Research (HCMR) for the
requirements of the WFD implementation. Technical details about field protocols and water
chemistry analyses can be found in the Greek Government Gazette II 1635 of 9 June 2016 [26]. Land
use data for each basin of the sampling site were obtained from the CORINE (Coordination of
Information on the Environment) 2012 maps. The land cover database includes information on 44
land cover classes and is available for download from the European Environment Agency website
(www.eea.europa.eu). For the purposes of this work, the shares of land uses were calculated at the
1st level of CORINE classification and were used in further analyses.
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Table 1. Distribution of sampling sites per River Basin Districts (RBD).

RBD Code RBD Name No Sites
GRO1 Western Peloponnese 36
GRO2 Northern Peloponnese 33
GRO3 Eastern Peloponnese 13
GR0O4 West Central Greece 35
GRO5 Epirus 27
GRO06 Attica 6
GRO7 East Central Greece 30
GRO8 Thessaly 43
GR09 Western Macedonia 25
GR10 Central Macedonia 20
GR11 Eastern Macedonia 25
GR12 Thrace 25
GR13 Crete 26
GR14 Aegean Islands 8
Total 352
Legend N
:| WFD River Basin Districts| W B
e River Sampling Sites
Elevation (m) S
High : 2892
Low: 0

0 80 160 320 480 640
Kilometers|

Figure 1. Location of the river sampling sites.
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Table 2. Descriptive statistics of water quality and hydromorphological variables aggregated at river
site. (sd means standard deviation and se means standard error of mean).

Variable Mean Median Min. Max. sd se
Physicochemical variables
Electrical conductivity (uS/cm) 490 420 60 3320 320 320
Total dissolved solids (mg/L) 295 253 28 2155 192 10
pH 8.02 8.05 6.65 9.43 0.46 0.02
Nitrate (mg/L) 1.26 0.60 0.01 16.46 1.89  0.10
Nitrite (mg/L) 0.06 0.004 0.00 7.75 0.43 0.02
Ammonium (mg/L) 0.22 0.02 0.00 21.24 1.33 0.07
Dissolved inorganic nitrogen (mg/L) 1.54 0.69 0.01 21.34 2.44 0.13
Phosphate (mg/L) 0.14 0.02 0.00 4.98 047  0.03
Oxygen saturation (%) 99.62 101.05 20.30 169.30 17.03 091
Hydromorphological variables

Rock (%) 2.52 0.00 0.00 85.00 9.32 0.50
Boulders (%) 11.00 8.01 0.00 70.00 1312 0.70

Cobbles (%) 28.99 28.51 0.00 90.00 18.65  0.99

Pebbles (%) 21.47 20.00 0.00 70.00 11.60  0.62

Gravel (%) 13.68 13.00 0.00 60.00 8.53 0.45

Sand (%) 13.84 10.00 0.00 95.00 1556  0.83

Silt and Clay (%) 8.62 3.93 0.00 100.00 1595 0.85
Channel vegetation (%) 11.78 5.00 0.00 100.00 18.00 0.96
Canopy shade (%) 20.98 20.00 0.00 95.00 23.66 1.26

Right bank vegetation (%) 46.43 45.52 0.00 100.00 32.03 1.71
Left bank vegetation (%) 47.03 46.31 0.00 100.00  31.76  1.69
Channel width (m) 12.95 7.50 1.05 380.00 2439 1.30
Channel depth (cm) 41.98 37.75 0.00 24500  30.05 1.60
Flow (m/s) 0.34 0.28 0.00 2.26 0.28 0.01
Discharge (m?/s) 1.95 0.63 0.01 53.53 4.29 0.23

2.2. Statistical Analysis

The relationships between the environmental variables were evaluated with correlation analysis
and estimating the Pearson r coefficient. Highly correlated variables (r > 0.8) were considered
redundant and omitted from further analysis. Next, we conducted a principal component analysis
(PCA) separately for water quality and hydromorphological data to explore for hidden patterns and
environmental gradients and identify the variables that explain the most variation in our data.
Additionally, we produced a series of boxplots to visually assess the spatial distribution of the most
significant parameters among river intercalibration types (ICTs) and RBDs.

A network analysis was conducted with the Gephi software v.0.9.2
(https://gephi.org/users/download/) [27], and its modularity feature was used to detect
commonalities among rivers and sampling sites with regard to their physicochemical status.

In order to explore for significant relationships among land uses within the basin of each
sampling site and for the most important water chemistry parameters, we ran simple linear models
where the water chemistry parameter of interest was the response variable, and the shares of
agricultures, artificial surfaces, and forests with semi-natural cover were the model predictors. A
linear model with NCS as response variable was also employed to show the effects of land uses on
the overall water quality.

Correlation analysis was conducted with the "corrplot” package [28] and PCA with the
“FactoMineR” package [29] in R environment [30]. Linear models were fitted in R environment with
the “Im” function [30].

2.3. Physicochemical Variables Analysis at the Sub-Basin Scale

The physicochemical variables with the highest contribution in the first two principal
components were used for the vector-based spatial data analysis at sub-basin scale. The data used in
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this analysis is the dataset of 1002 records and the sub-basins vector files retrieved from the European
Environment Agency (EEA) Catchments and the Rivers Network System ECRINS v1.1 [31]. The
spatial data analysis involves several spatial and attributes query operations. Thus, the medians of
the examined parameters were calculated based on the sampling site location in agreement with the
location of the corresponding sub-basin.

3. Results

3.1. Relationships Among Environmental Parameters

Figure 2 illustrates the results of the correlation analysis. Multiple associations among the
variables were identified. Total dissolved solids, right bank vegetation, and dissolved inorganic
nitrogen correlated highly with electrical conductivity, left bank vegetation, and nitrate, respectively
(r > 0.8), and were omitted from further analysis. Among the remainder relationships, we can
distinguish the strong positive correlations between discharge, flow velocity, and channel
dimensions (width and depth) and among electrical conductivity, nitrate, and channel vegetation
cover. Conversely, the most significant negative correlations were noted for oxygen saturation with
ammonium and phosphate concentration.

Flow
Depth

Width

L Bank Cover K X
R Bank Cover . X XX
Canopy X
JF‘GFEE\lI(!!] >< ><
Sitt&Clay X X X
Sand X X X
Gravel HKIX[HK| XX B
Pebbles X X | X X .ﬂ
Cobbles X | x| x x| W
Boulders X XX XX 05
Rock X XX | X XIX| XX .'m
DO% XXX | X| X[ X KX X XX
phosphate X < | X % R X KX XX
DIN X XX XX [X| X [X]| X
ammonium KX XK AKX X[ XX KX X | XXX
nirate H PBEEE BE BBl B o
nitrite X XX | X IXK[X[X KIXKIKXIX[X|X[X[X]X
pH XX X x| X XK X X KX | X | X| X X
DS b X Ho XX X
ec | < x| % x| x> | = I ¢
& e c\x@iﬁ‘@ Q\iﬁ‘“@ & @ﬁce\“ﬁ-ﬁ"w‘:e@‘"yr( < o
S & ¢ ©

Figure 2. Correlogram showing the correlations between environmental variables. Positive
correlations are displayed in red and negative correlations in blue color. Color intensity is
proportional to the correlation coefficient. The X mark means insignificant correlations.

3.2. Environmental Gradients of Water Quality and Hydromorphology

Concerning the PCA that was conducted with the water quality variables, the results showed
that the first two components accounted for a substantial share of the total variance (48.7%). The
description of the dimensions (Figure 3) showed that phosphate was highly correlated with
component 1, followed by ammonium. In contrast, nitrate presented the highest correlation with
component 2, followed by electrical conductivity. Oxygen saturation correlated negatively with
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component 1, while pH and nitrite displayed the weakest relationships with both components. Thus,
phosphate and ammonium contributed the most to PC1 (54%), and nitrate with electrical
conductivity had the largest contribution to the second PC (83%) (Figure 4). These results may
indicate a gradient of organic pollution (high concentration of ammonium and phosphate coincides
with low oxygen saturation) along the PC1, whereas PC2 may hint at an environmental gradient of
agricultural pollution indicated by the high nitrate concentration.

Conversely, the first two components of the PCA based on the hydromorphological variables,
explained a smaller fraction of the total variance (35.1%) compared to the first PCA. As shown in
Figure 5, the first component correlated with the substrate types of sand, cobbles, and silt followed
by the vegetation cover in the channel. The second component showed the highest correlation with
discharge, followed by the gravel substrate, water depth, and flow. Here, PC1 implies a gradient from
coarse to fine substrates that promote higher cover of channel vegetation, while PC2 is suggesting a
gradient from small to larger river reaches (deeper and wider) with a larger quantity of water (higher
discharge).

Regarding the network analysis (Figure 6), Gephi software identified four (4) distinct river
groups that also incorporate the high, good, moderate, and poor physicochemical status. Network
analysis used the rivers that have been sampled more than nine (9) times, and the colour of edges
vary depending on the node they are attached at and by the additional connection that may have
with another community. The short or long length of each edge indicates the strong or weak,
respectively, connection not only among the stations but also among the physicochemical status.
Some sites are connected with more than one physicochemical status and present a colour gradation
depending on how many times have presented those respective classifications. Network analysis has
also managed to spatially distinguish the sites according to their physicochemical status, which is not
absolute for all the sampling campaigns. Sampling sites clustered as of mostly poor physicochemical
status are mainly located in Western and Eastern Macedonia (GR09 and GR11) RBDs, stations with
predominantly moderate status are detected in Attica, Thessaly, and Central Macedonia (GRO06,
GRO08, GR10) RBDs, whereas grouped sites with good and high status are largely situated in North
and Eastern Peloponesse, West Central Greece, and Epirus (GR02, GR03, GR04, and GR05) RBDs.

Water quality variables

1.0
nitrate
/ EC
/ ?
0.5
— saturation ! /
o) T L Squared loadings
~ ] 0.6
- . 0.4
%‘ "~ phosphate
= “~ammoHium 02
0.5
1.0 :
-1.0 -0.5 0.0 0.5 1.0

Dim1 (31.2%)

Figure 3. PCA factor map of the water quality variables. Arrows represent the squared loadings of
the variables. Color intensity is proportional to the value of the loading. Variables that are closer to
the correlation circle contribute more to the principal components.
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Figure 4. Bars show the % contribution of each variable to principal components 1 and 2 of the PCA
for water quality variables (top two graphs) and the hydromorphological variables (bottom two
graphs). The red dashed line in each graph indicates the expected average contribution.

Hydromorphological variables
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Figure 5. PCA factor map of the hydromorphological variables. Arrows represent the squared
loadings of the variables. Color intensity is proportional to the value of the loading. Variables that are
closer to the correlation circle contribute more to the principal components.
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Figure 6. Network analysis of the main Greek rivers based on the physicochemical quality
classification-Only rivers with more than nine (9) sampling efforts are included.

3.3. Variability among ICTs and RBDs

Boxplots in Figures 7 and 8 illustrate the variability of the most influential parameters according
to the results of PCA among the six intercalibration classification types and the 14 RBDs. In addition,
maps in Figure 9 depict the spatial variability of nitrate, phosphate, ammonium, and EC at the sub-
basin scale. In general, water quality parameters displayed large variation among the six
intercalibration types and the RBDs. For instance, nitrate and phosphate showed the highest variation
in sites of RBDs of Central and Eastern Macedonia and Attica (GR10, GR11, and GRO06, Figure 3,
Figure 9). In addition, highest mean concentrations of nitrate and phosphate were observed in RBDs
of Attica followed by Central Macedonia, the most urbanized regions of Greece. In contrast,
conductivity displayed lower variation, but with higher mean values estimated again for Attica and
Central Macedonia RBDs. Sand substrate appeared to prevail in sites of Eastern and Central
Macedonia, while cobbles were observed more in the RBDs of Eastern Peloponnese and Western
Greece. Small differences were observed among the intercalibration types, and those occurred mostly
between very large rivers and the other five ICTs. For instance, higher discharge and finer substrates
were characteristic for very large rivers.
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Figure 8. Boxplots for key variables per intercalibration river type (ICT). The red dot represents mean

values.
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Figure 9. Physicochemical status of the selected parameters at sub-basin scale: (a) Nitrate, (b)
Electrical conductivity (uS/cm), (c) Phosphate, and (d) Ammonium. Classification of nitrate,
phosphate and ammonium into the five classes of nutrient quality follows the Nutrient-quality
Classification System (NCS) [18].
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3.4. Relationships Between Water Chemistry and Land Uses

Table 3 presents the linear model fitting results for the NCS and the four water chemistry
variables that contributed the most to the PCA, to the share (%) of Agriculture, Artificial and Forest
and semi-natural land uses. The model for the NCS had the highest R? implying that the land uses
explained approximately 46% of the observed variance. Artificial surfaces were the most important
predictor, followed by agricultures and forests. The models for nitrate and EC were characterized by
substantially higher R? than those for phosphate and ammonium, with artificial land uses and
agricultures being both highly significant predictors for nitrate and ammonium, whereas artificial
surfaces was the only significant predictor for phosphate and ammonium.

The relationships between each response variable and their significant predictors are shown in
Figures 10 and 11. Specifically, Figure 10 presents the predicted values of NCS to Agriculture,
Artificial and Forest and semi-natural land uses, where it can be seen the negative effect of agriculture
and the positive effect of Forests and semi-natural areas. It is worth noting that a remarkable decrease
of NCS occurs for changes in agricultural cover from 0 to 25%, where above that threshold the effect
is smaller. The same conclusions can be made from the partial responses of nitrate and EC to
agriculture cover (Figure 10). On the other hand, artificial surfaces appear to have a notable effect on
phosphate, ammonium, and NCS for changes in their cover between 0% and 10%.

Table 3. Linear model fitting results for nitrate, phosphate, ammonium, and EC to Agriculture,
Artificial and Forest and semi-natural land uses.

Variable Nitrate  Phosphate Ammonium EC NCS

(Intercept) 1.02 ** 0.35* 0.26 0.80 ***  3.59 ***
Artificial LUs 0.19 *** 0.08 *** 0.17 *** 0.04 **  —0.46***
Agricultures 0.18 *** -0.01 -0.01 0.04**  -0.14**

Forests and Semi- 010 20,06 ~0.04 —010**  011*
natural areas

R? 0.32 0.15 0.14 0.31 0.46
% <0.001; **p<001; *p<0.05.

Bas
=
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3.0 . . 3 :
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4.51
35
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=
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35
3.04
0]
Q251
=
207
1.5¢ i 1 3
0 25 75 100

50
% Forest and semi-natural

Figure 10. Predicted values of NCS to Agriculture, Artificial and Forest and semi-natural land uses.



Water 2019, 11, 1680 13 of 19

0.9
:é- _-..04
W E O
Sos Q
Z =)
=] i)
Sp3 0.3

0.0

0 2 _ 50 75 ' 0 % 50 75
% Agriculture % Agriculture

b
-
=]
"]

o) Eo0s
i 3
£ 5
@ £0.4
£ E
S02] %
3 892
0.01 0.0

ol

30 40

ol

20 20
% Artificial % Artificial
Figure 11. Predicted values of the nitrate (top left) and EC (top right) to Agricultural land use, and
phosphate (bottom left) and ammonium (bottom right) to Artificial land use.

4. Discussion

4.1. Water Quality and Hydromorphological Status in GREEK Rivers

With this work, we assessed a large dataset of physicochemical and hydromorphological
descriptors of riverine systems at the national scale belonging to six intercalibration types and
covering a wide range of variability. Our results indicated that water quality explained a larger
fraction of variance than hydromorphology and that nitrogen and phosphorous accounted for the
most variation in our data. In addition to phosphate concentration, ammonium, and oxygen
saturation were also significant contributors to the first component of the PCA based on
physicochemical variables. Oxygen saturation was negatively associated with the first component
and also correlated negatively with ammonium concentration. These findings support the notion that
the first component of the PCA represents a gradient of organic pollution. Low oxygen content in
water is often attributed to microbial decomposition of excess organic matter resulting in hypoxic or
even anoxic conditions [32]. Furthermore, high levels of ammonium could reflect increased
dissimilatory nitrate reduction to ammonium process (DNRA), which usually occurs under anaerobic
conditions with high carbon and nitrate availability [33]. On the other hand, nitrate, which is a more
mobile form of nitrogen than ammonium, was found to have the largest contribution to the second
component suggesting a possible gradient of agricultural driven pollution characterized by low levels
of organic pollutants. Thus, water quality variability in Greek rivers can be attributed to two distinct
drivers of pollution, non-point source agricultural pollution vs point-source organic pollution. The
low correlation between nitrate and phosphate partially confirms this notion suggesting the existence
of different pollution pathways for these pollutants. Agricultural, industrial and urban effluents are
considered the main sources of river pollution worldwide [34,35]. Particularly for Greece, there is a
significant amount of research that has underpinned the impacts of agriculture in the water chemistry
of running waters [21,23], as many anthropogenic pressures are linked with the agricultural activity.
Catchment model simulations have demonstrated that the use of fertilizers in heavily agricultural
catchments results in increased concentrations of nitrates and phosphates under various scenarios of
future climate and management [36]. In addition to agricultural driven diffuse pollution, industrial
point sources of organic pollution in the form of small agro-industries (e.g. olive mills) are scattered
throughout the country causing various implications for aquatic life [37]. Their impacts on the water
quality include, among others, the increase of phosphates and ammonium and the decrease of oxygen
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content in water [37]. This kind of agro-industrial waste pollution could explain the observed
downgraded water properties in small catchments that are not typically agricultural, as opposed to
the catchments in the regions of Thessaly or Thrace (e.g., Pinios and Evros).

Furthermore, our results highlighted electrical conductivity along with nitrates as top
contributors to the second component of the PCA. While rivers of Greece are characterized by higher
major ion concentrations than the European average [38] due to the predominance of a carbonate
geological background, high values of electrical conductivity (e.g., >900 uS/cm) are usually indicative
of polluted environments [38]. However, other works have linked the high conductivity with the
increased potential for more productive soils in the calcareous catchments that can support more
intensive agriculture and farming [39]. This practically implies that electrical conductivity is not a
result of water quality degradation, but rather a consequence of the fact that agriculture driven
pollution is likely to occur in more productive catchments.

The results of the linear models agree with the aforementioned findings since it was shown that
nitrate and EC were mostly influenced by the share of agriculture in the catchment, whereas
phosphate and ammonium were influenced by the artificial land cover. On top of that, the linear
models for phosphate and ammonium had substantially lower R? than those for nitrate and EC (0.14
and 0.15 vs. 0.31 and 0.32) meaning that land uses explained a smaller fraction of the variance. Thus
land uses had a more significant effect on nitrate and EC than phosphate and ammonium, implying
a direct linkage between diffuse agricultural driven pollution and the levels of nitrate and EC in the
studied rivers. Other studies have also highlighted the significance of agricultural land uses on the
ecological status in contrast to forest and/or artificial land cover. For instance, Reference [40] did not
find any significant effect of forest cover on the likelihood of maintaining high ecological status of
Irish rivers, whereas they showed that grassland agricultures impacted ecological status regardless
the examined spatial scale. This finding is important for the prioritization of nutrient mitigation
measures as it confirms that reducing diffuse inputs would mostly affect nitrates and therefore in
rivers with high concentrations of phosphorus and ammonium, measures of mitigation of point
sources are recommended. Examples from the literature have reported an immediate effect of point
source removal or urban waste treatment on the levels of phosphorus [41] in contrast to diffuse
pollution mitigation where high nitrogen levels may persist.

Concerning the hydromorphological variability, our results showed that the first component
represents a gradient of substrates that are related with higher cover of channel vegetation, while
PC2 indicates a gradient of deeper, larger river reaches with larger quantity of water. The sand
substrate was the main contributor to the PC1 and together with Silt and Clay contributed more than
35%. In addition, taking into account the positive correlations between nitrate, conductivity and total
dissolved solids with Sand and Silt and Clay substrates we can possibly attribute these findings to
the role of agriculture in enhancing fine sediment deposition in river systems. Lately, excessive fine
sedimentation due to the intensification of agriculture has emerged as a serious threat to river
ecosystems all around the world [42]. While there are multiple factors associated with the processes
of sediment accumulation in rivers [43], there is growing evidence that agricultural practices increase
sediment erosion resulting in increased sediment loads [42,44].

Furthermore, aquatic vegetation is known to interact with the sedimentation process in rivers
affecting the sedimentation rates [45]. More specifically, densely vegetated reaches alter river flow,
reduce water velocity, and ultimately facilitate the accumulation of sediments on the riverbed. Here,
we found that channel vegetation correlated with Sand and Silt and Clay substrates and contributed
significantly to the second principal component, which agrees with findings from previous works.

Overall, the analysis of this large spatial dataset suggests that agriculture is a main driver of
water quality and hydromorphological variability, since it influences nitrogen loads, but it may also
affect the substrate types. In addition, there are signs that organic pollution may play another
significant role in shaping water quality variability as it affects the oxygen levels and the ammonium
concentration.
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4.2. Spatial Patterns of Variability Among Rivers

Our results highlighted that rivers of water districts with large cities and industrial areas, such
as Attica and Central Macedonia, were characterized by high concentrations of nutrients reflecting
the impact of point-source pollution in heavily urbanized catchments [22,46]. Furthermore,
agriculture in Greece is a major driver of environmental change with multiple effects in aquatic
ecosystems and resources. Thus, we expected to observe obvious signs of water quality degradation
in water districts with agricultural catchments (e.g., Thessaly and Thrace). Conversely, mountainous
systems in Western Greece (GR04 and GR05) RBDs were mostly classified in Good and High nutrient
quality status based on the nitrate concentrations, which makes sense given the low agricultural
activity in the area. Phosphate levels were problematic in several sub-basins in Northern Greece and
in urbanized areas, which clearly emphasizes the impact of urban wastes on the water quality.
Network analysis after having identified four (4) distinct river groups, managed subsequently to
distinguish and connect the groups of sites with similar physicochemical status by also combining
their location. Thus, sites with more degraded water quality were detected at Attica and Central
Macedonia while West Central Greece and Epirus (GR04 and GR05) RBDs presented the grouped
sites with better water quality (high and good).

5. Conclusions and Implications for Further Management

The reports from Europe's first River Basin Management Plans (RBMPs) report that 56% of
European rivers have failed to achieve the good status targets of the Water Framework Directive
(WFD) [47-49]. Diffuse pollution and hydromorphological degradation are still considered the most
common combination of pressures in rivers. Clearly, there is a great need for adopting effective
mitigation measures that can avert the risk of further environmental degradation.

Specifically for Greece, this work showed that nitrate and phosphorus are the most important
water chemistry parameters in rivers and that diffuse and source point pollution still dominate in
many of these systems. Apparently, further actions are needed in order to achieve significant
improvements in water quality status. With this article, a preliminary assessment of the spatial
distribution of nutrients can provide a rapid overview of the sub-basins that require a prioritization
in the application of mitigation measures of diffuse or source point pollution. For instance, in areas
where high concentrations of phosphate and ammonium dominate it would be more cost-effective to
focus on measures that reduce phosphorus and organic load inputs, such as urban waste water
treatment, than diffuse pollution mitigation measures (e.g., riparian buffer zones).

Identifying priorities for nutrient mitigation in rivers has become an attractive research topic for
river scientists all over the world since it becomes obvious that there are cases where achieving the
WED target is very difficult and unrealistic [50-52]. For these cases, it might be optimal to apply
measures that sustain the current situation rather try to reduce nutrients below thresholds that cannot
be reached. For instance, Reference [50] proposed that phosphorus mitigation measures should be
applied in rivers of the UK that are already below a threshold of 100ugL-! where the chances of
ecological recovery are higher.

Nevertheless, there are other overlooked factors that should also be taken into account before
formulating a proper mitigation strategy. Thus, in catchments with polluted groundwater that act as
a source of nitrogen, diffuse pollution mitigation actions will not have the desirable outcome.
Reducing the nitrogen levels in these rivers will be extremely difficult considering that residence time
of groundwater may span several decades [53-55]. Thus, an integrated management that considers
the status of both surface and groundwaters will likely have higher chances of success. Concerning
the hydromorphological alteration of rivers, one issue of interest that emerges as a potential threat
for the ecology and is often overlooked by water managers is the increased rates of fine sedimentation
that have been observed the last few years as a result of global change [56,57]. Future trends in land
use changes, such as abandonment of farmlands in mountainous and semi-arid areas, may increase
the soil erodibility as the natural vegetation recovers at very slow rates in water scarce environments.
Thus, future changes in precipitation variability, land use management [58], and land cover will likely
increase soil erosion in Mediterranean systems, enhancing fine sedimentation in rivers. However,
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current monitoring programs cannot provide evidence for direct linkages between the dominance of
fine substrates and agricultural driven pressures since Sand and Silt substrates are usually the
predominant substrates in lowland rivers where agricultural activity is more intense. This means that
river monitoring should encompass methods that can detect temporal changes in sedimentation that
can be linked to anthropogenic pressures. For instance, such methods are the use of Unmanned Aerial
Vehicles that can monitor the sedimentation regime, among many other hydromorphological
features in rivers [59].

Overall, this study provides an overview of the current status of water chemistry and
hydromorphological variability in Greek rivers that sets the basis for further assessments under the
scope of improving the cost-effectiveness of the national monitoring program and ultimately making
recommendations on adopting appropriate management measures.
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