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Abstract: The Water Framework Directive (WFD) requires from member states to monitor
hydromorphological features of rivers in order to assess their ecological quality. Thus, numerous
hydromorphological assessment methods have been developed with most of them focusing on the
dynamics of hydrology, geomorphology and riparian zone extent. Within the scope of this study, we
assessed the hydromorphological features of 106 river reaches distributed among thirteen WFD River
Basin Districts (RBDs) to identify the main drivers of hydromorphological perturbation at a national
scale. The studied reaches reflect a wide range of natural variability as they include various types of
watercourses extending from lowlands to mid-altitude and mountainous systems. We employed the
River Habitat Survey (RHS), and we recorded hydromorphological features and modifications in
both banks and the channel bed along 500 m for each reach. Then, the Habitat Modification Score
(HMS) and the individual sub-scores that indicate the extent of specific modifications (e.g., bridges,
fords, weirs, bank reprofiling, bank reinforcement, etc.) were calculated in order to a) assess the
severity of the total artificial modification and b) to highlight the most common and severe causes of
overall alteration. The results showed that alterations such as reprofiling and reinforcement of banks
contributed the most to the total HMS followed by the presence of fords and bridges. Particularly,
the bank alterations indicate a serious deterioration of the longitudinal profile of the reaches, while
the occurrence of many fords and bridges is the main cause for perturbations that affect locally the
stream cross-sectional profile. Overall, these results compile a first nationwide assessment of the
hydromorphological status of Greek rivers in line with the WFD and set the basis for further research
that will focus on the diversity of stream habitat features as a measure for the overall ecological quality.

Keywords: rivers; hydromorphology; River Habitat Survey; WFD; bank modifications; river
resectioning; channelization

1. Introduction

Riverine ecosystems of Europe are inarguably under threat of multiple stressors, with nutrient
pollution and hydromorphological alteration being the most common and serious causes for ecological
degradation [1-3]. Changes in the hydromorphology in particular are usually linked with the
destruction of floodplains and riparian areas, which lead to habitat loss and biodiversity decline [2].
Not surprisingly, numerous hydromorphological assessment methods have been developed, with most
of them focusing on the dynamics of hydrology, geomorphology and riparian zones, in order to evaluate
the severity and the extent of the hydromorphological degradation [4]. Most of hydromorphological
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assessment methods initially required field surveys that evaluated the status of a given river reach by
measuring and recording a series of characteristics associated with the naturalness of flow regime,
riparian zone, river connectivity and others [5-7]. Other assessment methods may combine field
observations with remote sensing and GIS (Geographic Information Systems) tools to overcome some
limitations such as the limited spatial scale and to provide assessments at a larger scale that might be
more appropriate for capturing meaningful changes in the hydromorphology [8-11].

Undoubtedly, the introduction of Water Framework Directive (WFD) offered the opportunity to
better understand the relationships between hydromorphology and ecology in European rivers [12],
while at the same time dictated to all member states to monitor all community waters with the scope of
establishing objectives to avert further status deterioration and to achieve a “Good Status” by 2021.
This also raised the need for conducting novel research and developing new methods and tools for
assessing the hydromorphological status.

However, once hydromorphological alteration was recognized as one of the main causes for
European rivers failing to achieve a “Good Ecological Status” [13], it became obvious that member
states will have to strengthen the monitoring activities and develop more efficient tools and methods
for detecting and analyzing the drivers of hydromorphological perturbation. What was quickly evident
from early studies was that European rivers present distinct characteristics in terms of hydromorphology.
Thus, rivers in the Southern Europe are different from those in Northern and Central Europe as are
more likely to present low flow conditions and certain characteristics (e.g., more diverse bank features,
less aquatic vegetation, coarse substrate) [14]. This means that hydromorphological features and
their modifications are driven by different factors across Europe and also that hydromorphological
assessments should take into account the natural variability of temperature, flood frequency, drought
intensity, sedimentation rates and other river and catchment characteristics.

There are multiple hydromorphological pressures associated with different driving forces. Probably
agriculture, urbanization, hydropower and flood protection are the most common and important
drivers of hydromorphological modifications in rivers of Europe [13]. As a result, dams, bridges, weirs,
channelization, embankments, deepening, resectioning and many others are some examples of the
modifications that threaten the river connectivity, the naturalness of the riparian corridor and the
overall ecosystem health. Identifying these pressures at reach scale is often accomplished through
monitoring activities in accordance to the implementation of the WED.

In Greece, the monitoring of the biological quality elements (BQEs), the physicochemical and the
hydromorphological conditions of all running waters in compliance with the WFD is implemented
by the Institute of Marine Biological Resources and Inland Waters (IMBRIW) of the Hellenic Centre
for Marine Research (HCMR). The sampling network extends to the whole national territory and is
distributed among fourteen WFD River Basin Districts (RBDs) [15]. Hydromorphological features and
modifications of the sites of the sampling network are recorded once for the duration of the monitoring
period according to the River Habitat Survey (RHS) method. The RHS is a commonly used system for
assessing the habitat quality and the hydromorphological modification of rivers [5,16]. The method
involves filling a detailed field protocol during a survey of a 500m length of river channel. During the
field survey, multiple features of the channel (both in-stream and banks) and adjacent river corridor
are recorded. Thus, a detailed record of hydromorphological pressures at a local scale is achieved,
and thereby an estimation of the total hydromorphological modification is made. For a complete
description of the survey method and the calculation of the Habitat Modification Score, see also the
study of [17].

In this study, we examined preliminary results of the hydromorphological assessment for a subset
of monitoring stations to explore patterns of the hydromorphological modifications at reach scale,
with emphasis placed on the identification of major alterations and their possible causes. This work
is a first nationwide assessment of the hydromorphological status of Greek rivers in line with the
WEFD that will set the basis for further research on the relationships between hydromorphological
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modifications, diversity of stream habitat features and ecological responses, with significant implications
for developing new methods and indices for rapid assessments of hydromorphological status.

2. Materials and Methods

2.1. Samplings and Data Collection

The RHS protocol was filled for 106 reaches of the national monitoring network during the summer
(low flow period) of 2018 and 2019. The surveys were carried out in summer to avoid floods that may
pose a safety risk for the surveyors and that may hamper the ability to observe features related with
the flow types and the channel substrate. The studied reaches are distributed among 13 of the total
14 River Basin Districts (RBDs) (Table 1, Figure 1). The collection of the hydromorphological data
was conducted for a standard 500m length of the watercourse according to the guidelines of the RHS
method. Hydromorphological features of the channel (both banks and channel bed) and characteristics
of the riparian corridor were recorded in a detailed protocol in the form of the presence/absence. More
specifically, types of substrates, flow, aquatic vegetation, habitats, physical formations, modifications
and structure of the bank vegetation were recorded at 10 spot-checks located at 50 m intervals of
the examined reach. In addition, an overall assessment, called sweep-up, was conducted to collect
information on features that were not recorded during the spot-checks. The protocols were then
transferred to the River Habitat Survey Toolbox software for calculating the Habitat Modification
Score (HMS) and the sub-scores. The sub-score categories are based on different hydromorphological
modifications that are assessed based on the data that were recorded during the spot-checks or the
sweep-up or both (Table 2). Thereby, with the calculation of the HMS, which is an indicator of the
artificial modification of the reach [5], and the individual sub-scores, which indicate the extent of
specific modifications (e.g., bridges, fords, weirs, bank reprofiling, bank reinforcement, etc.), we were
able to assess the severity of the total artificial modification and to identify the most common and
severe modifications. Furthermore, based on the derived HMS, the river sites are categorized according
to the five Habitat Modification Classes (Table 3).

Table 1. Distribution of sampling sites per River Basin District (RBD).

River Basin District (RBD) No of Records
GRO1 (Western Peloponnese) 2
GRO02 (Northern Peloponnese) 5
GRO03 (Eastern Peloponnese) 11
GRO04 (West. Sterea Ellada) 13
GRO5 (Epirus) 19
GRO6 (Attica) 1
GRO7 (East. Sterea Ellada) 1
GRO8 (Thessaly) 13
GR09 (Western Macedonia) 5
GR10 (Central Macedonia) 2
GR11 (Eastern Macedonia) 0
GR12 (Thrace) 4
GR13 (Crete) 14
GR14 (Aegean Islands) 16

Total 106
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Table 2. Short descriptions of the sub-scores that are assessed based on specific modifications; a brief
explanation of the score derivation is also given.

Sub-Score Category Assessed Features Score Derivation

Score is derived by records obtained during

Culverts Presence of culverts
spot-checks and sweep-up
Score is given for presence of artificial bank
Bank and Bed o . and channel substrate materials combined
Reinforcement Artificial bank and bed materials with bank and channel modifications

recorded during spot-checks and sweep-up
Resectioning of banks and channel.

Bank and Bed Signs of resectioning include Score is derived by records obtained during
Resectioning deepening, straightening, absence spot-checks and sweep-up
of bank vegetation.
. Obvious change in the river’s Score is based on observations during the
Realignment
planform sweep-up.
Artificial berms and embankments Score is derived by records obtalnec! during
Berms and . spot-checks and sweep-up. Score is also
that aim to reduce the low-flow . .
Embankments . . given for the presence of artificial two-stage
channel width and raise the banks .
channel recorded during the sweep-up
Weirs, Dams and Presence of permanent weir, sluice Score is based on observations during the
Sluices and dam structures sweep-up.
Bridges Presence of bridges Score is based on observations during the
sweep-up.
. Banks that are significantly Score is derived by records obtained during
Poaching )
trampled by livestock spot-checks and sweep-up
Fords Permanent crossing places for Score is based on observations during the
vehicles sweep-up.

Outfalls concern structures that
allow abstraction from or
Outfalls and Deflectors discharge to watercourses and
deflectors are structures that avert
currents from eroding cliffs

Score is based on observations during the
sweep-up.

Table 3. Habitat Modification Classes and their description.

Habitat Modification Score Habitat Modification Class Description
0-16 1 Pristine/semi-natural
17-199 2 Predominantly unmodified
200-499 3 Obviously modified
500-1399 4 Significantly modified
>1400 5 Severely modified

Environmental characteristics for the sampling sites, such as elevation, slope, distance from source
and upstream catchment area, were obtained from the National Monitoring database of the HCMR.
In addition, the shares of agricultural, artificial and natural land use within the catchment for each
sampling site were calculated based on the available CORINE (Coordination of Information on the
Environment) 2012 maps.
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Figure 1. Map showing the location of the sampling sites where the River Habitat Survey (RHS)

2.2. Data Analysis

method was applied. The distribution among the intercalibration river types according to [18]. R-M1
refers to “small Mediterranean streams”, R-M2 to “medium Mediterranean streams”, R-M3 to “large
Mediterranean streams, R-M4 to “Mediterranean mountain streams” and R-M5 to “temporary streams”.
“Very Large rivers” refer to catchments >10,000 km? and NJ/A refers to reaches that have not been
classified yet to types.

Our data analysis comprises two discrete approaches. First, we investigated significant correlations

between the total HMS, the sub-scores, the environmental characteristics and the land-uses by estimating
the Pearson r coefficient with the purpose of highlighting strong relationships that could be worth
further exploration. Second a principal component analysis (PCA) was conducted with the habitat
modification sub-scores to identify the modification variables that explain most of the data variation and
to explore gradients of key hydromorphological alterations. Correlation analysis was conducted with
the "corrplot” package [19] and PCA with the “FactoMineR” package [20] in the R environment [21].
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3. Results and Discussion

3.1. Hydromorphological Status

Figure 2 shows the distribution of the examined sites among the five classes of hydromorphological
modification. The majority of the sites were characterized as significantly modified (N=32), while an
additional 14 sites were severely modified in terms of hydromorphological alterations. Conversely,
only 16 sites achieved an HMS between 0 and 16, thus falling into the pristine and semi-natural class of
hydromorphological modification. Figure 3 illustrates examples of severely and significantly modified
reaches. An important conclusion derived by these observations is that at least 70% of the studied sites
presented severe hydromorphological modifications, which is in line with the general trend recorded
for all of Europe. The latest report from the European Environment Agency (EEA) [22] reported that
60% of all surface water bodies did not achieve good ecological status, while at the same time it listed
hydromorphology as the most common pressure affecting almost 40% of all surface water bodies.
Undoubtedly, our findings highlight the key role of hydromorphology in defining the ecological status
of rivers.

We also explored correlations between HMS and environmental descriptors of the river sites such
as the elevation, the upstream catchment area, the distance from source and the shares of agriculture
and natural land uses in the catchment (Table 4). We did not find any significant relationships between
HMS and elevation, slope or catchment area, which can be interpreted as a lack of connection between
river typology and hydromorphological modification. All river types presented similar variability in
their hydromorphological status. Interestingly, the results showed weak relationships between the
HMS and the proportional land uses in the upstream catchment (natural, artificial and agricultural).
Specifically, HMS correlated positively (p < 0.05) with agriculture in the catchment and negatively
with natural land uses (p < 0.05). This simply means that higher hydromorphological modification
scores were recorded for streams that were located in catchments with higher agricultural activity
or less natural land cover. Although this finding does not prove a cause—effect relationship between
agriculture and hydromorphological degradation, it provides an indication that should be further
explored in upcoming studies. It is not unlikely that intensive agricultural activities in the catchment
are linked with farming and irrigation practices that alter the hydromorphology of rivers, as agriculture
is considered the main driver of hydromorphological alteration in Europe [13].

No of Sites

severely modified || EGTzTNGIEGGG 1-

significantly modified 32
obviously modified 28

predominantly unmodified 16

pristine/semi-natural || GGG 1c

0 5 10 15 20 25 30 35

Figure 2. Number of sites per class of hydromorphological modification.
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Figure 3. The photos show watercourses with various degrees of hydromorphological modification. (A)
A watercourse with absence of modifications rated as predominantly unmodified. (B) A significantly
modified river reach. Left bank is characterized by resectioning and poaching. (C) This reach is
classified as severely modified due to the presence of a large bridge, reinforcement of banks and channel

and resectioning. (D) An example of channelized river with concrete (both banks and channel bed).

Table 4. Pearson correlations between Habitat Modification Score and environmental descriptors of the
studied reaches. ** means that correlation is significant at the 0.01 level and * that correlation is significant
at the 0.05 level. LUs refer to types of land uses according to the CORINE land cover inventory.

Upstream Distance

o o cpe s
HMS Elevation Slope Catchment from JoNatural %o Artificial
LUs LUs
Area Source
HMS 1
Elevation -0.019 1
Slope —-0.156 0.453 ** 1
Upstream -0.115 0128  —0.237* 1
catchment area
Distance from , 19 -0139  -0370*  0.773* 1
source
%Natural LUs -0.204*  -0.454*  0.319 ** -0.057 -0.008 1
% Artificial LUs 0.179 -0.104 —-0.080 —-0.046 —-0.032 0.225*
% Agricultures 0.227 * —0.430 *  —0.279 ** 0.061 —0.003 —0.948 ** —-0.089

3.2. Main Components of Hydromorphological Modification

A correlation analysis and a principal component analysis (PCA) for the HMS and the sub-scores
were employed to identify the modifications that contributed the most to the total HMS and explained
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the variance in our dataset. Our results showed that the banks and bed resectioning sub-score
(mentioned as RS hereafter) had the highest correlation with the HMS followed by the channel
realignment (RA), bank and channel reinforcement (RI) and the presence of dams and weirs (Figure 4).
RS in particular presented a strong, linear relationship with HMS (R = 0.93) (Figure 5), which in
practice shows that this kind of river alteration defines the total hydromorphological modification in
the examined reaches.

Concerning the results of the PCA, the first two components of the PCA accounted for a relatively
low share of the total variance (28.7%), which indicated that the individual sub-scores were mostly
uncorrelated. Still, using the PCA as an exploratory tool we examined the contribution of the HMS
sub-scores to each component, and we identified that the presence of banks and bed resectioning,
channel realignment and bridges had the largest contributions to the first principal component (PC1)
(Figures 6 and 7), which partly agree with the results of the correlation analysis. In contrast, the
presence of bridges and fords had the largest contribution to the second principal component (PC2).
These results may indicate a gradient of cross-sectional modifications across the reach along the PC1
where resectioning coincides with channel realignment. Similarly, PC2 may suggest a gradient of
cross-sectional modifications at local points highlighted by the presence of bridges and fords and
the reinforcement of banks and the channel bed that usually occurs with the construction of artificial
in-channel features. As a main conclusion, the prevailing modifications in the studied reaches were
the RS and the RA, which usually occurred together (high correlation between RS and RA, Figure 4),
which also indicated the dominance of longitudinal modifications across the river reach. Conversely,
modifications that occurred as artificial constructs in the form of bridges, weirs, dams and fords,
appeared to play a lesser role in the total hydromorphological modification.
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Figure 4. Correlogram showing the correlations between the Habitat Modification Score and sub-scores.
Positive correlations are displayed in blue and negative correlations in red. Color intensity is
proportional to the correlation coefficient.
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Figure 5. Linear relationship between Habitat Modification Score and resectioning (RS) sub-score.

These results agree with other previously published studies that have highlighted bank resectioning
and reinforcement as main sources of hydromorphological alteration in 79 river sites from five different
EU countries [23]. Bank resectioning is usually associated with channel realignment [5] and is used for
producing more uniform channel forms that facilitate flood flows. Thus, bank and channel resectioning
involves modifications that are part of flood defense management practices that usually protect
neighboring agricultural land from flood events. On the other hand, bank reinforcement includes
modifications that protect banks from erosion, using hard materials (concrete, bricks, rip-rap, etc.) as
artificial substrate for banks and bed. Here we showed that bank reinforcement is associated with the
presence of bridges; thus, we assume that reinforcement of both banks and bed occurs because of the
construction of bridge structures and components (foundations, piers, abutments, etc.).
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Figure 6. Bars show the % contribution of each HMS sub-score to components 1 and 2 of the Principal
Component Analysis (PCA). The red dashed line in each graph indicates the expected average
contribution. RI means Bank Reinforcement, RS means Banks and Bed Resectioning and RA means
Banks and Bed Realignment.
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Figure 7. PCA factor map of the HMS sub-scores. 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. RI means Bank Reinforcement, RS
means Banks and Bed Resectioning and RA means Banks and Bed Realignment.

By further examining the PCA biplot (Figure 8), we can distinguish the most impaired sites
(Group 5: severely modified) grouped along the vectors of RS and RA, while the sites that are
significantly modified (Group 4) are mostly located between the vectors of RI and RA. Obviously
modified sites (Group 3) showed a preference for the vector of Bridges HMS sub-score. These
observations imply that bank and bed resectioning and realignment are closely related with the severe
modifications, while at moderately impaired river reaches bridges appear to be the dominant cause for

hydromorphological alteration.

PCA - Biplot

DIm2 (13.1%)

Fords

Dim1 (15.7%)

Figure 8. PCA biplot showing the examined river reaches grouped based on their HMS score and
the loadings of the shares of the HMS sub-scores to the total HMS. Groups (1-5) correspond to HMS
Classes, where 1 = pristine/semi-natural, 2 = predominantly unmodified, 3 = obviously modified,

4 = significantly modified and 5 = severely modified.
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3.3. Recommendations for Mitigation of Hydromorphological Alteration and Restoration of Degraded Rivers

The hydromorphology of rivers in Europe has been impacted for many decades by river engineering
practices that usually aim to reduce the flood risk for the adjacent urban areas and agricultures [24].
Such practices involve the change of the planform and the physical geometry of the channel leading
to a simplification of river networks (e.g., loss of meanders and floodplains) [25]. Resectioning and
realignment can be described as anthropogenic interventions that are part of an overall channelization
process that transforms natural complex channels to simple forms (uniform channels) by widening,
deepening and straightening the channel [25,26]. With this study we identified the channel resectioning
and realignment as the main components of the overall hydromorphological modification in the
examined river reaches, which suggests that channelization is a major problem in rivers of Greece. As
channel complexity is known to promote biodiversity and ecosystem functioning in riverine systems [27],
it is obvious that any anthropogenic change that causes loss of physical and morphological complexity
may result in ecological degradation. In addition, we recognized the presence of bridges and other
transversal structures (e.g., fords and weirs) as important features of the overall hydromorphological
alteration, but to a lesser extent. However due to the limited dataset, compared to the whole extent
of the national monitoring program, and the fact that a significant share of the monitoring sites is
located close to bridges for easier accessibility, we consider it very possible that bridges actually play
an even smaller role in the determination of the hydromorphological status. Moreover, the majority
of the examined monitored sites were not close to significant dams or other large-scale abstraction
schemes; therefore, the associated ecological impacts close to such hydrological pressures may not be
adequately recorded yet. As the WFD monitoring process evolves, a more complete picture about the
hydromorphological pressures and impacts in the Greek rivers will be captured.

Nevertheless, what is clear is that restoration projects should include measures that aim to
re-establish the natural character of the degraded reach by recreating physical habitats, such as
pool-rifles sequences, and practically restore the natural planform by remeandering and widening
the floodplain [28-30]. There are examples that have shown in practice a significant improvement
in habitat diversity by applying restoration measures such as floodplain widening [31]. At the
same time, nature-based solutions can be used to ensure adequate measures to minimize the risk of
flooding [32]. With this regard, modelling studies can be used to simulate the effects of nature-based
restoration techniques in order to ascertain and even optimize their application before their actual
implementation [32,33].

However, perhaps the most important implication for an effective management and restoration
scheme is that measures that aim to improve the river hydromorphology require also actions at
local reach scale and not only general and abstract schemes of measures that are implemented at
catchment scale (e.g., land conversion). This study showed that modifications at small spatial scale
(e.g., site-specific artificial structures, fords, bridges) play a small but significant role in determining
the hydromorphological status of watercourses. Furthermore, severe modifications, such as river
resectioning and realignment, may concern larger river segments but may appear also locally (few
hundred meters). Field surveys such as the RHS can locate small-scale hydromorphological alterations
and aid water managers to formulate additional measures or adjust the current ones in order to meet
the requirements of the WED.

4. Conclusions

This work presents the first results from a nationwide assessment of the hydromorphological
status of Greek rivers in line with the WFD that will set the foundations for exploring the relationships
between river hydromorphology, habitat diversity and ecological responses in Greek rivers.

In summary, our findings highlighted channel resectioning, realignment and reinforcement as the
main features of hydromorphological alteration, followed by the presence of bridges and fords. We
assume that bank reprofiling and channel straightening, which are common flood protection measures
for mitigating flood risk in agricultural catchments, are the main cause of longitudinal cross sectional
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hydromorphological changes in Greek rivers. Conversely, bridges, fords and associated artificial
structures and reinforcements in banks and channels are the most common cause for site-specific
cross-sectional changes and appear to play a lesser role in the overall hydromorphological modification.
This could possibly mean that hydromorphological assessments can focus on changes that concern the
overall shape of the watercourse and disregard extensive and laborious field recordings of local artificial
structures (e.g., small bridges, fords, weirs, deflectors, etc.). In this regard, novel hydromorphological
assessments may take advantage of technological advancements such as unmanned aerial vehicles
(UAVs) that allow for a rapid assessment of major hydromorphological features such as types of
substrates, riparian cover, planform, riverine habitats and others [34,35].

Thus, it is feasible and relatively easy to identify modifications that occur at larger spatial scale
such as realignment and resectioning of river reaches.

Furthermore, river typology plays a crucial role in identifying patterns of alterations and
distinguishing the main hydromorphological features [35]. Although our analysis is based on
an extended dataset covering 106 river reaches from all over Greece, additional observations and
measurements will allow us to produce more robust results. Nevertheless, the presented findings can
provide valuable information regarding the extent of the total hydromorphological change and its
main components that may potentially aid water managers to formulate more effective management
plans and restoration measures.
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