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Abstract: Reduction of nutrient loadings is often prioritized among other management measures for
improving the water quality of freshwaters within the catchment. However, urban point sources and
agriculture still thrive as the main drivers of nitrogen and phosphorus pollution in European rivers.
With this article we present a nationwide assessment of nitrogen and phosphorus loads that 18 large
rivers in Greece receive with the purpose to assess variability among seasons, catchments, and river
types and distinguish relationships between loads and land uses of the catchment. We employed
an extensive dataset of 636 field measurements of nutrient concentrations and river discharges to
calculate nitrogen and phosphorus loads. Descriptive statistics and a cluster analysis were conducted
to identify commonalties and differences among catchments and seasons. In addition a network
analysis was conducted and its modularity feature was used to detect commonalities among rivers
and sampling sites with regard to their nutrient loads. A correlation analysis was used to identify
major possible connections between types of land uses and nutrient loads. The results indicated that
the rivers Alfeios, Strymonas, and Aliakmonas receive the highest inorganic nitrogen loads while
the highest inorganic phosphorus loads were calculated for the rivers Strymonas, Aliakmonas, and
Axios. Concerning the temporal variation of loads, inorganic nitrogen presented a peak on March
and gradually declined until October when the dry period typically ends for most regions of Greece.
Inorganic phosphorus loads had the highest average value in August and the lowest in October. Thus,
our findings confirmed the presence of a typical seasonal variation in nitrogen loads that follows
the seasonality in hydrology where high surface runoff during the wet months contribute to higher
river discharges and higher nitrogen loads from the catchment. On the contrary, high phosphorus
loads persisted during dry months that could be attributed to a dilution effect. Furthermore, the
results imply a clear connection between agriculture and both nitrogen and phosphorus. Overall,
this work presents extensive information on the nitrogen and phosphorus loads that major rivers
in Greece receive that can largely aid water managers to adapt and revise basin management plans
in accordance with agricultural management (e.g., which months farmers should reduce the use of
fertilizers) with the purpose of meeting the environmental targets defined by the Water Framework
Directive (WFD).
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1. Introduction

Riverine nitrogen (N) and phosphorus (P) are in various dissolved, particulate, organic and
inorganic forms. From a global perspective particulate organic nitrogen (PON) is the dominant nitrogen
form, even if dissolved inorganic nitrogen (DIN) becomes increasingly important due to a growing
anthropogenic contribution [1]. Moreover, particulate inorganic phosphorus (PIP) is the dominant
transport form for phosphorus while DIP can be bound to suspended or settled material, making it
difficult to distinguish between dissolved and particulate forms. The P content of rivers may thus be
governed by a “spiral pattern” [2,3] involving the absorption and release of dissolved phosphorus
from dynamic sediment transport and settling.

Excessive nutrient loading is inarguably the primary cause of anthropogenic eutrophication
nowadays. Particularly urban point sources and agriculture are the main drivers of nitrogen and
phosphorus pollution that consequently trigger eutrophication processes in many freshwater lakes and
streams worldwide [4,5]. The consequences of eutrophication on aquatic ecosystems are well known
and documented in numerous scientific articles, with water quality degradation and biodiversity loss
acknowledged as the most prominent [6]. On the other hand, rivers are important sources of freshwater
and nutrients for coastal waters as in the case of the oligotrophic Mediterranean and the mesotrophic
Black Sea [7,8]. Moreover, for nitrogen (N) and phosphorus (P) additional inputs from human activities
often dominate the natural sources and it has been postulated that between 1970 and 1990, humans
increased the global delivery of dissolved inorganic N and P to the oceans by a factor of three [9,10].

Yet, future changes in socioeconomic drivers (e.g., population growth and increased food demand)
are expected to exacerbate nutrient pollution, mainly through an increase in agricultural production
that will inevitably lead to intensification of agriculture and extensive use of fertilizers [7–9]. In
addition, climate change may affect the underlying processes of nutrient kinetics and transportation
from land to water [8]. For example, changes in precipitation patterns by affecting the hydrologic
regime would influence the nutrient dynamics in the catchment. For Greece particular, modelling
studies have predicted an increase of nutrient pollution by 2060 either due to socio-economical changes,
or future changes in the hydrology or both depending on the prevailed future world scenario [11].

Concerning the estimation of nutrient loads, there are two broad approaches to load apportionment
modelling. First, load-orientated approaches which apportion origin based on measured in-stream
loads [12,13], and second, source-orientated approaches where amounts of diffuse emissions
are calculated using models typically based on export coefficients from catchments with similar
characteristics [14,15].

In order to avert deterioration of all European inland waters (rivers, lakes, coastal waters, and
groundwaters), the Directive 2000/60/EC established a framework for Community action in the field of
water policy and defined the objectives and the guidelines for all European member states to achieve
and maintain good ecological status by year 2015. However, since the second WFD implementation
cycle ended in 2015, several problems concerning the implementation of the Directive were reported.
Most of these problems concern the failure to comply with certain WFD Articles that consequently led
to the inability to meet the environmental targets. According to the reports from Europe’s first River
Basin Management Plans (RBMPs), 56% of European rivers have failed to achieve the good status
targets of the Water Framework Directive (WFD) [16–18], with diffuse pollution to be considered a
major factor of water quality degradation. At the same time, the development of new activities, the
need to increase the productivity of existing ones, and the needs arising from population growth and
the raising of living standards create an increasing demand for water of appropriate quality for each
use [19]. Therefore, the continuous quality degradation, coupled with the need to maintain ecological
balance and sustainable management of natural resources, requires a careful and effective planning
of catchment management. The latter often is associated with detailed information on the spatial
distribution of pollution sources and the seasonal variation of nutrient effluents, which can be achieved
with a systematic monitoring of water quality. The Institute of Marine Biological Resources and Inland
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Waters (IMBRIW) of Hellenic Centre for Marine Research (HCMR) has been assigned to implement the
WFD monitoring in the surface water bodies of Greece [20].

In Greece, management of river waters is a challenge, because a systematic water quality
monitoring of all river and catchments is implemented only the last few years compared to other
countries [20–22]. An additional difficulty is the presence of little information on periods with low
discharges. In addition discharge measurements are often prone to extreme conditions such as droughts,
flash floods, desertification, and forest fires [23] making them, in particular, vulnerable to hydrological
pressures [24]. Moreover, very little is known concerning future changes in river flow regime due to
climate change [25–27], and their environmental consequences, which are of great importance for the
society and the national economy.

In this work, we present a nationwide assessment of nitrogen and phosphorus loads in 18 Greek
rivers aiming to identify patterns of spatial and temporal variability that could have significant
implications for catchment management schemes, according to the WFD’s requirements. More
specifically, we take advantage of the extensive monitored data, collected during the National River
Monitoring Program, to: (i) Estimate nutrient N and P loads; (ii) assess variability among seasons,
catchments and river types; and (iii) distinguish relationships between loads and land uses. In addition,
the results of this work consist a first important step for future studies that aim to employ catchment
modelling at national scale for simulating nutrient transport processes from the catchment to surface
and coastal waters.

2. Materials and Methods

2.1. Description of Data

Physicochemical and hydromorphological data for 18 rivers belonging to 16 basins in Greece
(Table 1, Figure 1) were obtained from the results of the National River Monitoring Program for the
period 2012–2015. Greek rivers flow along the southern part of the Balkan peninsula and they are
characterized as mountainous (high relief) with variable catchment lithology and a high seasonality
in terms of water discharge [28]. The present investigation presents the analysis of data sets from 18
rivers with catchment areas of varying sizes and flow regime (Table 1) [29].

Multi-annual seasonal (winter, spring, and summer) field samplings were carried out in the
operational sites of the network. Surveillance sites were sampled seasonal but for one year only during
the monitoring period (2012–2015). Thus, our dataset consisted of 636 records containing information
on concentrations of nitrate, nitrite, ammonium and phosphate in water. Total inorganic nitrogen
was calculated as the sum of the three nitrogen species (nitrate, nitrite, and ammonium). Discharge
estimations were made according to Rantz et al. [30] based on multiple measurements of flow velocity
and water depth at intervals of channel width.

Then, nitrogen and phosphorus loads were calculated using the nutrient concentrations and the
discharge according to the following equation:

Load
(

kg
day

)
=

Discharge
(

m3

s

)
× 3600× 24×Nutrient concentration

(mg
L

)
1000

(1)
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12 Asopos 
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Figure 1. Location of monitoring sites per river basin.

Table 1. List of studied rivers per River Basin District and the number of measurements obtained from
the National River Monitoring Program, as well as their catchment area and annual discharge [20].

River River Basin
District (RBD) No of Records Catchment Area (km2)

01 Alfeios GR01 (Western
Peloponnese)

131 3610
02 Neda 16 278
03 Pamisos 57 781

04 Glafkos GR02 (Northern
Peloponnese)

19 165
05 Pineios Pelop. 22 913
06 Vouraikos 12 233

07 Evrotas GR03 (Eastern
Peloponnese) 15 2410

08 Acheloos GR04 (West. Sterea
Ellada)

79 5688
09 Mornos 18 1010

10 Arachthos GR05 (Epirus) 23 2209

11 Kifissos GR06 (Attica) 25 430

12 Asopos GR07 (East. Sterea
Ellada)

12 1100
13 Spercheios 21 1662

14 Pineios GR08 (Thessaly) 94 10,845

15 Aliakmonas GR09 (Western
Macedonia) 49 9455

16 Axios GR10 (Central
Macedonia)

13 24,938
17 Gallikos 12 930

18 Strymonas GR11 (Eastern
Macedonia) 18 16,816

TOTAL 636
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2.2. Data Treatment and Analysis

Descriptive statistics were calculated for each river and intercalibration river type (ICTs) and
boxplots were produced to visually assess the spatial variation of physicochemical parameters and
loads among the studied river basins. ICTs refer to the river typology that is used by each geographic
intercalibration group in order to identify river systems with common characteristics. Here, ICTs
were defined according to [31]. Seasonal variability was examined with the use of statistics on a
monthly basis.

A cluster analysis was conducted with the method of furthest neighbor and Euclidian distance
based on the averages of N-NO2, N-NO3, N-NH4, TIN, and P-PO4 loads for each basin in order to
distinguish groups of basins that share similar features in terms of loads. In addition Spearman
correlation analysis was conducted to check for significant relationships among nutrient loads,
discharge, and land uses. All statistics were conducted with the IBM SPSS v 25. Boxplots were created
in R environment [32]. Hierarchical cluster analysis followed after grouping all pollution loads by river
catchment and applying the squared Euclidean distance algorithm in the SPSS. The output diagram
clustered the examined rivers in different groups depending on their pollution load levels.

Finally, a network analysis was conducted with the Gephi software v.0.9.2 (https://gephi.org/

users/download/) [33] and its modularity feature was used to detect commonalities among rivers and
sampling sites with regard to their nutrient loads. The network analysis was complementary to the
cluster analysis and occurred by again grouping all available nutrient load data by river catchment.
The relevant algorithm placed each river in the network space depending on the number of samples
that they had in each quality class. The resulted network diagram was very useful for comparative
purposes since the it assigned different positions in the studied rivers according to their overall quality.

2.3. Spatial Data—Land Uses at Catchment Scale

Spatial data that were used for mapping were downloaded from the Geoportal of the Special
Secretariat for Water (http://wfdgis.ypeka.gr/, access on 5 November 2018) as shapefiles. The spatial
data concerned the national water monitoring network, the hydrographic network, the extent of the
river basins of Greece, the extent of the RBDs and the ecological status of the Greek riverine systems.

Land use data for each basin were obtained from the CORINE (Coordination of Information on
the Environment) 2012 maps (https://land.copernicus.eu/pan-european/corine-land-cover, access on
5 November 2018). For the purposes of this work, the shares of land uses were calculated at the 1st
level of CORINE classification and thus the following land uses were considered in further analyses,
Artificial Areas, Cultivated Areas, Forest and Semi-natural Areas, Wetlands, and Water Bodies. The
shares of each land use type in the total basin area were also calculated.

3. Results and Discussion

3.1. Spatial Variation of Nutrient Loads

Boxplots in Figure 2 show the spatial variation of discharge, total inorganic nitrogen and phosphate
loads among the 18 studied rivers. The boxplots offer a first quick assessment of the differences in the
estimated nutrient loads that the rivers receive. Alpheios and Pineios P. (Western Peloponnese RBD),
as well as Aliakmonas (Western Macedonia RBD), are the rivers with the highest TIN median loads in
the particular study period while Mornos, Aracthos (West. Sterea Ellada), and Spercheios (East. Sterea
Ellada) are the ones with the lowest median values (Figure 2). Regarding Inorganic Phosphorus loads,
Aliakmonas, Axios (Central Macedonia RBD), and Strymonas (Easter Macedonia RBD) are the rivers
with the highest median values while Aracthos, Mornos, and Glafkos (Northern Peloponnese RBD) are
the rivers with the lowest values. In addition, Figures 3–5 show maps that classify the phosphorus and
nitrogen loads into four classes, ranging from very low to high loads.

https://gephi.org/users/download/
https://gephi.org/users/download/
http://wfdgis.ypeka.gr/
https://land.copernicus.eu/pan-european/corine-land-cover
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The classification of nitrogen and phosphorus loads into four quality classes was based on the
25th percentile, 50th percentile, and 75th percentile values (Table 2). Quality classes for the studied
basins were mapped with the ArcMap 10.3. The produced maps also included the main land uses
and the ecological status for the river water bodies in each basin according to the results of the WFD
National River Monitoring Program.

Table 2. Quality classes and thresholds for total inorganic phosphorus and nitrogen loads.

Class Total Inorganic Phosphorus Load
(kg/day)

Total Inorganic Nitrogen Load
(kg/day)

High >4.25 >171
Moderate 0.95–4.25 46–171

Low 0.2–0.95 8–46
Very low <0.2 <8

For example we can identify areas in Central Greece where a high share of agriculture coincide with
moderate and high inorganic phosphorus loads and moderate to bad ecological status. Furthermore, the
maps can show areas with high total inorganic nitrogen loads and agriculture. In contrast, catchments
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that forests and semi-natural areas prevail are mostly characterized by low and very low loads and
water bodies with good ecological status.

Riverine systems in rural areas appear to have either poor or bad ecological status. Phosphorus
loads in sampling sites belonging to these systems have a moderate or high load class. The catchments
of Pineios in Central Greece (Figure 3), Axios and Aliakmonas in Northern Greece (Figure 4) and
Kifissos, Asopos, and Pamissos in Southern Greece (Figure 5) are all good examples of the linkages
between urban and agricultural environments and increased nutrient loads. On the contrary, water
bodies in catchments with high proportion of forest and semi-natural areas (e.g., Acheloos and Mornos)
present good and even high ecological status with low or very low loads.

The produced maps clearly show a spatial variation of nutrient loads that depends on the dominant
land uses in the catchment. There is an obvious pattern where catchments with natural land uses
have more water bodies with good and high ecological status and lower nutrient loads compared to
the urban and agriculture dominated catchments where bad, poor, and moderate ecological status
coincides with moderate and high nutrient loads. These results agree with several other studies that
have showed that agriculture are the main source of nitrogen loads that end in water bodies [34,35].
For phosphorus, high loads may be related not only with agriculture but also with other sources such
as urban and industrial wastes [34,36].

The maps also aid us to identify areas that deviate from the expected pattern of high loads in
agricultural and/or urban catchments. For example, sites located in the transboundary catchments of
Axios and Strymonas and very close to the borders exhibit high loads of nitrogen and phosphorus
although the main land uses are forests and the ecological status is classified as good (Figure 4). This
possibly implies that water bodies in transboundary catchments are affected by upstream sources of
pollution which raises the need for an effective cooperative management framework. At the same time
it proves that transboundary freshwater treaties must include provisions for securing the good water
quality status along the countries’ boundaries [37]. Another striking exception is the case of Vouraikos
where although there is a high share of forested areas within the catchment, all sites along the river
are characterized by high phosphorus loads. Yet, the nitrogen loads are moderate and the ecological
status classification of these water bodies falls within the Good class which could mean that in these
systems nitrogen is the limiting factor of eutrophication processes which is a rather interesting finding.
Nevertheless, the visualization of our results offers a rapid assessment of catchments that deviate from
the normal patterns and draws the attention on these systems for more elaborate analyses.

By further examining the spatial variation of nutrient loads among catchments we observe that
the three highest mean values of total inorganic nitrogen loads (kg/day) were calculated for Alfeios,
Strymonas, and Aliakmonas (Figure 2, Table 3). Concerning the total inorganic phosphorus loads
(kg/day) the highest values were estimated for the basins of Strymonas, Aliakmonas, and Axios
(Table 2). Conversely the three lowest mean values of total inorganic nitrogen were calculated for
Spercheios, Arachthos, and Mornos and the lowest total inorganic phosphorus loads were measured in
Neda, Glafkos, and Mornos.
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Table 3. Estimated average rates of loads of phosphate and total inorganic nitrogen that the rivers
receive. Average discharge measured at site is also given.

Catchment N Sites P-PO4 Load
(kg/day)

TIN Load
(kg/day)

Discharge
(m3/s)

Aliakmonas 49 17 47.71 660.63 1.98
Alfeios 131 23 2.95 887.49 3.31
Axios 13 5 39.28 368.17 2.63

Arachthos 23 9 1.65 23.58 2.53
Asopos 12 3 4.51 60.29 0.22

Acheloos 79 18 3.16 45.07 2.49
Vouraikos 12 4 4.44 76.70 1.11
Gallikos 12 6 21.45 108.10 0.35
Glafkos 19 3 0.54 89.32 1.34
Evrotas 15 9 2.40 153.29 2.10
Kifissos 25 5 6.07 63.27 0.17
Mornos 18 4 0.42 13.21 1.29

Neda 16 3 1.20 176.71 3.12
Pamisos 57 9 4.51 183.59 3.44
Pinios 94 36 18.81 87.10 1.37

Pinios Pel. 22 5 25.43 387.24 4.21
Sperchios 21 11 1.90 27.18 1.89
Strymonas 18 12 312.56 851.05 6.37

The rivers Strymonas and Axios presented also the highest fluctuations in total phosphorus loads,
followed by Aliakmonas and Pineios (Figure 2). Large fluctuations in total inorganic nitrogen are
observed for rivers Pineios of Peloponnese, followed by Alpheios, Pamissos, and Strymonas.

Concerning the variation of nutrient loads and discharge among the intercalibration river types
(ICTs), we can see from boxplots in Figure 6 that measurements from sites that belong to the type of
“Very large rivers” are notably higher than the other types. Conversely, there are not large variations
among the other 5 types, although average loads for sites belonging to the R-M5 (temporary rivers) are
lowest than all the other types. These observations imply two things. First, very large water bodies
that have larger drainage basins than other types are more likely to receive highest loads of nutrients
from diffuse and point sources. Conversely, temporary rivers that are characterized by intermittent
flow dynamics and usually drain semi-arid areas with an extensive dry period [38] are less susceptible
to nutrient pollution from surface runoff. Thus, water management of intermittent rivers should
prioritize measures that mitigate water abstraction (e.g., irrigation) in order to ensure a flow regime
that meets the environmental requirements.

3.2. Hydrology and Land Uses as Main Factors Controlling Temporal and Spatial Variation of Nutrient Loads

Figure 7 show the monthly variation of phosphorus and nitrogen loads in all studied rivers. Total
inorganic nitrogen loads are highest in March and then they gradually decline until October which is
practically marked by the end of the dry period. Then by December and January we can note a rise in
nitrogen loads probably attributed to soil leaching caused by the increased surface runoff [22]. Thus,
we can distinguish a clear seasonal pattern in nitrogen loads following the hydrologic change caused
by the transition from dry to wet period and vice versa. Nitrogen loads are higher in wet months than
the dry months.
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phosphorus load (log. scaled) per river ICT. The red dot indicates the mean value. R-M1 refer to “small
Mediterranean streams”, R-M2 to “medium Mediterranean streams”, R-M3 to “large Mediterranean
streams, R-M4 to “Mediterranean mountain streams”, R-M5 to “temporary streams” and Very large to
“Large rivers” according to the typology for the Mediterranean Intercalibration Group.

Concerning phosphorus, the medians showed a similar seasonal variation with highest values
noted for March and August and the lowest in October. Yet this seasonal pattern is not as clear as the
one for nitrogen loads as phosphorus loads showed very similar ranges each month with the exception
for August and October. This could be because of the prevalence of urban sources of phosphorous
loads in some catchments that release effluents throughout the year. In addition, urban wastes in
Greece, and in other Mediterranean countries, that increase in summer as a result of the higher tourist
traffic, could possible explain the higher phosphorus loads observed in August [39,40]. Overall, by
examining the temporal variation of the nitrogen and phosphorus loads we can conclude that nitrogen
follows a clear seasonal pattern as it depends on the soil leaching caused by precipitation. Conversely,
phosphorus loads are influenced by other factors, apart from the hydrological seasonality, such as peaks
in wastewater production that can be catchment specific (e.g., more wastes in large urban catchments
and in catchments that attract more tourists).
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We showed that inorganic nitrogen and phosphorus loads, and nitrogen in particular, follow a
seasonal variation which may be related with the seasonality in hydrology. Indeed, when examining
the monthly variation of average discharge we can note that river discharges follow the same temporal
pattern with nitrogen loads where their values are higher in February and March and then decline
until October (Figure 7). This is confirmed by the results of the correlation analysis where discharge
correlated significantly with total inorganic nitrogen load (Table 4) but not with phosphate load.
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Table 4. Spearman’s rho correlation coefficients between nitrate, ammonium, total inorganic nitrogen,
phosphate loads and shares of main land uses (LU) in the catchment. * indicate significant correlations
with p ≤ 0.05 and ** with p ≤ 0.001.

Artificial
LU (%)

Agricultural
LU (%)

Forest and
Semi-Natural

LU (%)

N-NO3
(kg/day)

N-NH4
(kg/day)

P-PO4
(kg/day)

TIN
(kg/day)

Agricultural LU (%) 0.382 1
Forest and

semi-natural LU (%) −0.579 * −0.909 ** 1

N-NO3 (kg/day) 0.171 0.744 ** −0.629 ** 1
N-NH4 (kg/day) −0.115 0.535 * −0.400 0.797 ** 1
P-PO4 (kg/day) 0.559 * 0.753 ** −0.821 ** 0.282 0.538 * 1
TIN (kg/day) 0.162 0.741 ** −0.624 ** 0.997 ** 0.803 ** 0.685 ** 1

Discharge (m3/s) −0.459 0.379 −0.182 0.579 * 0.621 * 0.218 0.571 *

Thus inorganic nitrogen load presented higher correlation with discharge than phosphorus as
phosphorus loads were notably raised during summer and particularly August. This contrasting
pattern with lower loads of nitrogen and higher loads of phosphorus in the dry than the wet period
is noted by several other studies. There is a general consensus that higher loads of nitrogen during
the wet season usually reflects the effect of autumn and winter runoff of nitrate from agricultural
land [41–43]. Concerning phosphorus, higher concentrations during the summer than the winter is
often attributed to a dilution effect of the overall catchment phosphorus load [41]. Thus phosphate
load is affected more by in stream processes and base flow and less by surface runoff explaining the
observed pattern [36]. Nevertheless, we should not exclude the possibility of increased urban waste
production in summer caused by higher tourist activity. With regard to this, several authors have
highlighted the impact of tourism on water quality as an emerging threat for freshwater systems and
environment all over the world [44,45]. The average daily loads of N and P that enter the coastal area
from 17 of the studied rivers (Strymonas river is excluded) reach 5500 and 370 kg/day, respectively, for
the given period. This is a coarse estimate that is derived by averaging the load results from sampling
sites, located close to the coastal area.

Simple linear regression analysis combined with mapping of nutrient loads and land uses in
catchments showed that inorganic nitrogen loads are largely driven by the presence of agriculture
(Figure 8). These results corroborate the findings of other studies from around the world [22,43,46,47]
highlighting once again the role of agriculture as main source of diffuse pollution. However, local
specific factors such as urban land uses in some catchments may also shape the spatial and temporal
variability of phosphorus loads. For instance, from Figures 8 and 9 we can distinguish outliers that
represent catchments with high nitrogen and phosphorus loads but relatively lower share of agriculture.
This implies that the high nutrient loads are driven not only by the agriculture but possibly by other
sources, e.g., industrial point sources or other local factors. Furthermore, a large portion of natural land
uses (e.g., forests and other semi-natural areas) in the catchment is more likely to indicate low nutrient
loads as human activity and human-induced pressures are practically absent in these areas. For
instance, the rivers Mornos and Arachthos were characterized by low nutrient loads and both have over
80% of forest and semi-natural areas in their catchment area. On the contrary, rivers with a high share
of cultivations in their catchments, such as Axios, Gallikos, and Pineios exhibited higher nitrogen loads.
This is important for catchment management as it shows that nitrogen mitigation strategies need to
consider measures that aim to nutrient retention by improving natural land uses in the catchment [48].
Agri-environment schemes that are based solely on increasing the efficiency of fertilizers and thus
reducing their application are likely insufficient to achieve the environmental targets [49]. On the other
hand, the restoration of natural wetlands and riparian forests is proven to improve nutrient retention
while at the same time has additional benefits (e.g., increase of biodiversity, recreation activities).
Considering the multiple benefits of these solutions they can be considered more cost-effective than the
current management schemes that usually deal with one aspect of the environmental problem [50,51].
However, given the rising need for sustaining global food security within the next few decades, it
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becomes obvious that integrating socio-economic aspects to environmental management is inevitable.
Water managers and river scientists will have to set trade-off priorities between provision of agricultural
services and improvement of water quality. With this regard, certain future socio-economic scenarios
predict a decline in agricultural yield as a result of reduced water availability [11] which further
complicates the decision making process for a sustainable management. Undoubtedly, sustainable
management of agro-ecological systems requires transdisciplinary approaches that integrate natural
and social sciences in developing novel management schemes [52].
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3.3. Cluster and Network Analysis

A cluster analysis and a network analysis were conducted to identify groups of river catchments
based on common patterns of land uses and nutrient loads. The results revealed four groups (Figure 9)
where Group 1 includes rivers (Arachthos, Spercheios, Mornos, and Acheloos) with the lowest average
nutrient load rates but also the highest percentage of forest land in their catchment area (about 80%),
Group 2 includes rivers (Asopos, Kifisos, Vouraikos, Pinios, Gallikos, Glafkos, Neda, Evrotas, and
Pamisos) with medium to low nutrient loads but also a relatively small area of forest areas in their
catchment area, in the 3rd Group 3 belong two rivers (Axios and Pineios Peloponnese) with catchment
basins that are occupied mostly (70–80%) of cultivated land and have fairly high nutrient loads.
Catchments of Group 4 have the highest average values and fluctuations in nutrient loads and 40–45%
of their catchment areas consist of cultivated land (Aliakmonas, Alpheios, and Strymonas). Concerning
the network analysis, the creation of networks resulted to the placement of rivers in classes according
to the class in which each sampling belongs for each river. The results in general confirm the findings
of the cluster analysis (Figure 10). The grouping is similar with the cluster analysis as rivers Alpheios
and Strymonas were grouped together in both analyses as rivers with high nitrogen loads while rivers
Arachthos, Mornos, and Acheloos were grouped together as rivers with low nitrogen loads. However,
there are rivers such as Evrotas and Neda that although classified as of low Nitrogen loads they are
close to the group of rivers with high N-loads because there were some sampling efforts in these
rivers with higher than usual N-load values (Figure 10). Similarly, Spercheios and Kifissos rivers are
classified as of very low Phosphorus loads but they are placed close to the group of rivers with high
P-loads because there was a number of samplings in which high P-loads were detected in these rivers.
On the contrary, Aracthos, Glafkos, and Neda belong to the same group (Very low P-loads) as the
aforementioned rivers. Yet they are located far away from them and from other rivers, belonging to
high load groups, since the vast majority of their samples indicated less than moderate P-load classes.
This grouping offers valuable insight for policy makers for decision support regarding the development
of catchment management strategies and prioritization of mitigation needs, at national scale.
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4. Conclusions

Here, with this work, we used an extensive set of monitoring data collected by the National
Monitoring Program for rivers in Greece, to calculate nitrogen and phosphorus loads and thus
practically quantify the pressure of nutrient pollution in major catchments. We explored the relations
between land uses and nutrient loads as exemplified by thematic maps and we classified rivers into



Water 2020, 12, 1531 15 of 18

groups that require similar attention in terms of management. We showed that seasonality and land
uses within the catchment play a key role in the spatio-temporal variability of nutrients. In most cases
N-loads were higher in wet periods and in river catchments with high proportion of agricultural land
while P-loads did not present a district seasonality pattern and were rather correlated with urban
waste than agriculture. Tourism seem to be also an important factor for P-loads, since in many rivers
reaches a peak in August, the month with the highest touristic activity in the country. High flows
are a mitigating factor for P-loads due to the dilution effect while for N-loads the contrary occurs.
High surface runoff during the wet periods drain the Nitrogen rich agricultural catchments’ soils
and transfer high N-loads in the rivers. The impacts from the relatively high N- and P- loads for
the aquatic ecosystems both in the riverine and coastal environments can be significant, are well
documented and require mitigation measures to be undertaken timely [20]. Analyzing nutrient loads
instead of concentrations in rivers provides the important advantage of having a clear connection with
the pollution pressures and identifying/prioritizing the potential problems. Nevertheless, combining
information about both nutrient loads and concentration can offer a more complete picture about the
pollution pressures and potential impacts on the environment. In this study, a large national database
has been used to analyze the nutrient loads in rivers which offers a certain degree of credibility for
the main findings but as further improvements, a larger number of autumn and winter sampling
efforts could be suggested, to account for the spatiotemporal distribution of loads in a higher variety of
hydrological conditions.

Therefore, since agriculture is the top driver of nutrient pollution in the country a series of
measures could be proposed such as the promotion of organic and/or smart farming, as well as
agri-environmental practices that would reduce the amount of water and fertilizers used in the sector.
Moreover, restoration of coastal wetlands and riparian vegetation would be an effective measure to
increase the resilience of the natural water bodies and reduce the pollution loads through natural
attenuation mechanisms. A real-time monitoring system for the key, problematic sites and rivers to
provide alerts when certain pollution thresholds are exceeded would be a valuable tool for the local
and regional authorities in supervising and enforcing the environmental legislation.

Thus, it should be emphasized that as increased nutrient loads persist in European catchments,
it becomes clear that management efforts need to be stepped up. Abatement of diffuse and source
point pollution is prioritized among other mitigation measures but eutrophication and water quality
degradation are still considered a major problem in many catchments.
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