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Featured Application: The LUPLES method, explained in this paper, allows for the estimation
of the level of pressures to which lentic waterbodies are exposed from land uses in the catch-
ment area and direct alterations in their basin. The method can be used to approach the in-
tensity of pressures and the possible effects of land uses in the catchment (and its changes) on
the ecological status of lentic waterbodies, as having being validated by the correlation of the
LUPLES estimated pressure levels with the metrics measuring impacts according to the Water
Framework Directive.

Abstract: The features of lentic waterbodies largely depend on the surrounding environment.
Mediterranean coastal lagoons have been historically altered, with their catchment being highly
modified for agricultural, livestock, or urban uses. Changes in land uses induce pressures that
impact the waterbodies and alter their ecological status. The objectives of this paper were: to develop
a methodological approach (LUPLES: Land Uses for estimating Pressure Levels to approach the
Ecological Status), to quantify the main pressures on the waterbodies and to forecast the possible
impacts of these pressures on their ecological status. Corine-Land Cover maps and Geographic
Information System technics were used to delineate and identify land uses in the catchments. Spe-
cific algorithms were created to quantify the main pressures from land uses in the catchment and
hydro-morphological alterations in the immediate basin. The values of the estimated pressure levels
were correlated with ecological status indicators using metrics developed for the European Water
Framework Directive. Data were obtained from European and River Basin Authorities databases.
Results showed statistically significant correlations between the pressure levels quantified by the
LUPLES method and the impact level detected by biological, physical and chemical metrics. This
method provides a useful approach to estimate the pressure levels affecting lentic waterbodies and
could be applied to approach how they could affect their ecological status.

Keywords: GIS analysis; Mediterranean coastal lagoons; water pollution; ecological status; water
framework directive; catchment areas

1. Introduction

Mediterranean lentic ecosystems (standing waters) have been historically altered [1],
as pressures in their catchments can impact them to different degrees. These include
changes from natural land uses to croplands or pastures for livestock [2], accompanied by
increasing land reclamation to urban uses, especially in coastal areas [3]. The ecological
quality of lentic ecosystems is largely influenced by their catchments, as runoff ends in
the waterbody and largely determines its characteristics [4]. Organic matter, nutrients,
sediments or specific pollutants can reach the waterbodies by runoff and diffuse sources [5].
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In fact, constructed wetlands are used to retain or detoxify pesticides and other pollutants,
and are used as water filters [6–8]. Therefore, any activity or change produced in the
catchment may have direct effects on the waterbody [9,10].

Both the estimation of direct impacts on hydrological and morphological features, as
well as that of the indirect impacts based on the quantification of land uses causing alter-
ations in water and sediment quality, provide a useful approach to assess the relationship
between the waterbody and its environment [11,12]. Pressures linked to the pollution of
waterbodies can have different effects depending on the land use and the type of activ-
ity in the catchment area, including eutrophication [13], increased organic pollution [14],
acidification [15], or the release of specific pollutants [16], such as heavy metals, pesticides,
antibiotics or other pharmaceutical and cosmetics products, the latter being among other
so-called “priority substances” (Directive 2013/39/EC [17]). On the other hand, hydro-
logical and morphological alterations both in the catchment and in the waterbody itself,
represent specific pressures that can also alter the ecosystem ecological status.

The physical, chemical, biological, hydrological and morphological features of lentic
ecosystems can change as a consequence of the impact caused by the increasing pressures
promoted by land use and direct alterations. The changes in the ecosystem due to these
pressures and alterations could lead to an impoverishment of the biological communi-
ties [18]. Consequently, the ecological structure and functioning of these waterbodies could
be altered [19–21]. The relationship between the pressure level and the response of the
system to these pressures (impacts) determines the degree of affection (impact) and the
consequences on the ecological condition of the waterbodies.

The use of Earth Observation has shown to be an essential tool for ecosystem moni-
toring and assessment [22]; being especially useful for the mapping and identification of
lentic ecosystems and their surrounding areas [23,24], as well as their hydrology [25] and
assessment of their water quality [26,27]. Geographic Information Systems (GIS) techniques
and available Copernicus products, such as the Corine-Land Cover maps [28,29], can be
useful information sources that can be applied to provide estimations of pressures. Thus,
these tools represent an approach for the ecological status assessment. There are other
resources, such as SWOS (Satellite-based Wetland Observation Service), whose tools allow
for the processing of images with several specific utilities; for example, the study the land
uses in the catchment area of wetlands [30].

The pressure estimation methodology based on land uses may be used as a preliminary
approach to forecast the ecological status of waterbodies, especially for those not included
in monitoring networks, such as, for the case of Europe, most lentic ecosystems that
are not declared as waterbodies following the European Water Framework Directive
(WFD, Directive 2000/60/EC [31,32]). The correlation of the response of the ecological
status metrics with the pressures level estimated from land uses and the determination of
hydro-morphological alterations, may provide insights into how waterbodies respond to
pressure levels, and might be extrapolated for waterbodies that are not well covered by
monitoring networks, providing a direct ecological status assessment [33]. Pressure level
identification could also be applied to conservation status assessment according to the
Habitats Directive (HD, 92/43/EEC), not only for the structure and functions parameter
but, specifically, also to provide an estimation of future prospects. All of this is especially
plausible when products or tools showing the estimation of Land Uses and Land Uses
Changes (LULUC), such as those available from Copernicus and SWOS, respectively, are
available [34]. Therefore, land uses in the catchment area could be used as a proxy to
approach the ecological health of lentic ecosystems in line with the assessment targets
defined, for instance, by European regulation.

Assessment and monitoring of lentic ecosystems, however, can not only be restricted
to waterbodies or protected habitats by European Directives, but could also be expanded
to other aquatic ecosystems worldwide. This would be especially important in territories
lacking monitoring networks of ecosystem status. The high cost of sampling and anal-
ysis, together with the lack of resources, make it difficult to control the status of many
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sites of ecological and social importance. For this reason, it is important to develop al-
ternative methods of lower economic cost, which can be used as proxies to approach the
status of aquatic systems, thus facilitating the use of the generated information to design
management measures to protect natural features and ecosystem services.

The main aim of this work is to define a novel method, named LUPLES (Land Uses
for estimating Pressure Levels to approach the Ecological Status), to estimate the pressure
levels exerted on aquatic ecosystems using GIS tools, by identifying land uses and direct
alterations in the catchment area. The influence of land uses in the catchments and the
direct hydrological and morphological alterations are analyzed in order to unveil their
relationship with the ecological status of the waterbodies. The relationships of the values of
different biological, physical and chemical indicators used to measure the impacts—mostly
considering metrics based on the WFD guidelines [31]—with the pressure levels assessed
by our method, are addressed. The here defined method for pressure assessment could be
used as a complementary tool for identifying indirect ways to approach to the measurement
of the ecological status of waterbodies, as well as for the estimation of pressures driving
ecological status in non-surveyed aquatic ecosystems.

2. Materials and Methods
2.1. Study Sites

The method developed consists of the application of two approaches to assess pollu-
tion and hydro-morphological pressures, respectively. A different set of study sites was
used for the assay of these approaches. The first approach was based on the weighted assess-
ment of the land uses in the catchment for the evaluation of pressures related to pollution,
whereas the second approach evaluated the direct alterations of the hydro-morphological
characteristics, both in the catchment area and in the waterbody immediate basin.

To explore the influence of land use on the determination of the pressure level and the
consequent ecological status, 11 representative Mediterranean coastal lagoons distributed
throughout the Mediterranean biogeographical region of Europe were selected (Figure 1).
All of them are waterbodies declared under the national regulations deriving from the
WFD and thus have information available on their ecological status indicators in European
databases (Waterbase, [35]), collected by the European Environmental Agency (EEA), as well
as by the River Basin Authorities, as monitored by the different member states (Table 1).

Hydrological and morphological pressures were assessed in a set of 43 waterbodies of
different types, with available information on specific metrics based on macrophytes [36]
(Table S1). Data on hydrological alterations were obtained from the Spanish inventory
DATAGUA [37]. The assessment of morphological alterations was done using the ge-
ometrical calculation tools and high resolution orthophotos available on Google Earth
Pro. References of the dates of the images used are in Table S1. The ecological status
metric values assessing the hydrological and morphological impacts, based on submerged
macrophytes or helophytes, respectively, were obtained from the River Basin Authorities
of Spain (references in Table S2).
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Table 1. Location, morphological features, water electrical conductivity (Cond.) and classification according to salinity, and degree of affection of the sites studied for the determination of
the pollution pressures. Conductivity is shown as the average ± standard deviation, as well as the maximum and minimum values (range) given by the data sources. HMWB = heavily
modified water body.

Mediterranean
Coastal Lagoons Code EU Member

State Longitude Latitude
Waterbody

Size
(Km2)

Catchment
Area Size

(Km2)

Cond.
(mS/cm)

Cond. Range
[min-max]
(mS/cm)

Salinity Natural or
HMWB

Conductivity
Data Source

Albufera de València ALBU Spain 000◦21′ W 39◦20′ N 27.0 769.7 2.1 ± 0.5 1.5–3.0 Freshwater HMWB [38]
Etang de Biguglia BIGU France 009◦29′ E 42◦36′ N 13.9 166.4 26.8 ± 1.7 24.5–28.4 Brackish HMWB [39]
Stagno di Cábras CABR Italy 008◦29′ E 39◦57′ N 21.0 436.5 14.4 ± 4.9 6.7–19.6 Brackish N/A Waterbase [35]

Etangs de Canet et de
Villeneuve-de-la-Raho CANE France 003◦01′ E 42◦40′ N 9.6 278.2 33.0 ± 21.4 7.8–60.5 Brackish Natural [40]

Valli residue del
comprensorio di

Comacchio
COMA Italy 012◦11′ E 44◦37′ N 115.9 7891.2 54.6 ± 9.6 44.5–77.3 Saline N/A Waterbase [35]

Biviere di Gela GELA Italy 014◦20′ E 37◦01′ N 0.8 74.6 3.5 ± 0.9 1.6–4.8 Freshwater N/A [41]
Stagno di Corru S’Ittiri
Stagni di San Giovanni

e Marceddì
ITTI Italy 008◦30′ E 39◦44′ N 11.5 662.4 36.2 ± 18.3 1.1–63.9 Brackish N/A Waterbase [35]

Kotychi lagoon KOTY Greece 021◦17′ E 38◦00′ N 4.4 478.2 24.3 ± 7.8 18.8–29.8 Brackish N/A Waterbase [35]
Les Etangs littoraux de

la Narbonnaise NARB France 003◦03′ E 43◦09′ N 55.2 664.2 55.6 ± 7.2 65.1–45.1 Saline Natural [40]

Etang de Thau THAU France 003◦37′ E 43◦23′ N 67.5 363.0 61.6 ± 2.4 58.2–64.3 Saline Natural [40]
Etang d’Urbino URBI France 009◦29′ E 42◦02′ N 7.3 43.5 57.6 ± 6.5 40.8–63.4 Saline HMWB [40]
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Figure 1. Map of the location of the waterbodies where land uses in the catchments were determined for pollution pressure
estimation; all located within the European Mediterranean biogeographical region. The sites tested for hydro-morphological
pressures are listed in Table S1.

2.2. Catchment Area Delineation

The catchment areas of the selected sites were defined by the procedures of a Geo-
graphic Resources Analysis Support System (GRASS) integrated into Q-GIS free software
(Q-GIS 2.18.20 with GRASS 7.4.0.), using a Digital Elevation Model (DEM) raster, available
in the Copernicus program [42]. Figure 2 details the steps taken for the loading of the DEM
raster layer until obtaining the delineation of the watershed.

The lagoons BIGU, ITTI, THAU and NARB, presented more than one independent
catchment area, e.g., north–south, according to the determination made by the GIS pro-
cesses. As they are large lagoons or complexes, their catchments cover large areas and
may be separated. Although the sum of all sub-catchments was considered as the total
catchment area, the sub-catchments were kept separated for this study. This allowed for
the separate assessment of land uses, and to correlate ecological status variables—with
data from waterbody areas that were more heavily influenced by these inputs—with their
corresponding pressure levels. For the rest of the cases, a single catchment area was defined
for each coastal lagoon.

2.3. Land Use Estimations

In order to quantify the main pressures affecting each waterbody, land use within the
waterbody catchment was analyzed using the delineation and classification of land uses
according to the European Corine-Land Cover (CLC) [28]. Land use maps were accessed
from the European Space Agency (ESA) CLC maps, v.20, year 2012, in Esri File Geodatabase
(Esri-FGDB) vector format [29]. Using Q-GIS tools, the land use layer coincident with the
delineated catchment of each lake was determined, then, the area of each land use class
reflected in the CLC maps was calculated (Figure 3a).

2.4. LUPLES Method for the Assessment of Pollution-Related Pressure Levels

For the quantification of pollution pressures, the method developed, LUPLES (Land
Uses for estimating Pressure Levels to approach the Ecological Status), is based on the
quantification of the relative influence of land uses on the four main pressures related to
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pollution experienced by lentic ecosystems, namely: eutrophication, organic enrichment,
acidification, and pollutant pressures.

Figure 2. Steps followed for the delineation of the catchment area of the 11 studied coastal lagoons in Geographic Resources
Analysis Support System (GRASS) Q-GIS, with the example of CANE (Etangs de Canet et de Villeneuve-de-la-Raho
waterbody): (a) Digital Elevation Model (DEM) and coastal lagoon delineation; (b) flow accumulation map; (c) drainage
direction map; (d) streams map; (e) sub-catchments map (minimum 2000 pixels per sub-catchments); (f) integration of
sub-catchments and total catchment (in black).

Land uses were aggregated into groups from the different land cover uses that appear
disaggregated at the third level category of CLC. Groups of land use of a similar type and
incidence on each specific pressure were joined (Figure 3b). The groups were:

• Irrigated agriculture areas, such as rice fields, vegetables and fruit trees (CLC codes
212, 213 and 222).

• Rain-fed agriculture, including vineyards, olive groves, annual crops associated with
permanent crops, mosaic crops, agricultural lands with significant natural and semi-
natural vegetation spaces, as well as agroforestry systems (CLC codes 211, 221, 223,
241, 242, 243, 244).

• Pressures exerted by livestock were estimated from land uses such as meadows and
natural pastures (CLC codes 231 and 321).

• Urban uses by continuous and discontinuous urban structure, industrial and com-
mercial areas, railways and associated land for these networks, port areas, airports,
areas under construction, green urban areas, and sports and leisure facilities, which
correspond to the CLC codes 111, 112, 121, 123, 124, 133, 141, 142, respectively.

• Finally, communication infrastructures (code 122), dumps (code 131), and mining
areas (code 132) were also each mapped and assessed separately.

Natural uses were not considered for the pressure assessment due to their low impact
regarding the pressures identified in comparison with the other land uses promoted by the
human activities.
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Figure 3. (a) Land uses obtained from Corine-Land Cover (CLC) in the catchment area of CANE (Etangs de Canet et de
Villeneuve-de-la-Raho waterbody) (taken as an example). (b) Land uses joined by the land use groups established for the
LUPLES (Land Uses for estimating Pressure Levels to approach the Ecological Status) method. Dumps and mining do not
appear because their coverage is not relevant in the catchment of this lagoon.
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In order to normalize the data for their use as pressure estimations, the percentage of
the area occupied by each of these land use groups regarding the total catchment is used,
as follows (Equation (1)):

Land use pressure level = [(Land use group area, km2)/(Total catchment area, km2)]·100 (1)

Once the data for the areas of each land use type had been normalized, the relative
contribution of each land use type to the level of each specific pressure related to pollution
(eutrophication, organic enrichment, acidification and specific pollutants) was obtained for
each of the studied coastal lagoons by using a weighting factor. Weighting factors were
adjusted according to the relative influence of each land use on each defined pressure
type, the later causing impacts on the waterbody. The weighting factor was assigned by
ranking each land use over a range from 0 to 1, as low (0.0 to 0.2), middle (0.3 to 0.6), and
high (0.7 to 1). The determination of the degree of contribution (specific weighting factor)
of each land use to each pressure type was then fixed within these ranges based on the
literature, mainly using technical reports on pressure evaluations and their impacts in lentic
waterbodies [43], as well as scientific papers and monographies on the impact of the land
uses causing the increases in the assessed pressures (e.g., [44–46] for eutrophication, [47]
for organic enrichment, [48,49] for acidification, and [50–52] for pollutants).

To obtain the final pressure values, the percentage coverage of each relative area of
the different land use groups in the catchment was multiplied by the associated weighting
factor for the pressure type evaluated (eutrophication, organic enrichment, acidification
and specific pollutants), then, these weighted relative contributions were added to sum up
the pressure level of each waterbody for the specific pressure type. Table 2 summarizes the
weighting factors used for the estimation of the contribution of each land use class to the
different pressure type.

Table 2. Weighting factors applied for the quantification of the pressure type level for each land use group.

Land Use Group Eutrophication Organic Enrichment Acidification Specific Pollutants

Irrigated agriculture 0.8 0.2 0.0 0.7
Rainfed agriculture 0.3 0.1 0.0 0.3
Pastures (livestock) 0.3 0.4 0.3 0.5

Urban uses 0.4 0.6 0.2 0.5
Communication infrastructures 0.0 0.0 0.2 0.7

Mining 0.0 0.0 0.9 0.9
Dumps 0.7 0.8 0.8 0.8

The weighting factors used for the calculation of the eutrophication pressure level
consider the contribution of land use to nutrient runoff to the waterbody [44–46]. Irrigated
agriculture is the land use type with stronger effects due to the use of fertilizers in agri-
cultural practices [44]. Weighting for dumps is also high as they are an important source
of inorganic nutrients. Less relevant, but also having an impact, rainfed agriculture and
urban uses are also considered as they are potential sources of nutrients for the waterbod-
ies [50]. Finally, meadows and pastures, which may be used for livestock feeding, are taken
into account [46], but with a lower weighting because they are just indirect indicators of
livestock activity.

With respect to organic enrichment, dumps are considered as one of the greatest
sources for this pressure, because of their high content of organic matter that potentially
may end up in the waterbody. Urban uses are also an important source of organic com-
pounds when they are located in a waterbody catchment area [47] because wastewater
and other waste could reach the waterbody. Pastures could also be considered as indirect
sources of contamination due to livestock drops dragged by runoff towards the waterbody.
Agriculture generates a lower pressure level in comparison to its effect on eutrophication,
although with a higher impact of irrigation agriculture due to the wider water pollutant
dispersal capacity.
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Regarding acidification, land use for dumps and mining are considered as more
important than other land use types and could have a strong negative impact on this
pressure [48,49]. Livestock, urban uses, and communication infrastructures could also
contribute to acidification pressures [49].

Finally, the strongest source of pollution by priority and non-priority specific chemical
pollutants is mainly linked to mining and dumps. Communication infrastructures, mainly
roads, and urban uses could also exert important pressures due to the spillage of chemical
substances. Livestock could also be an important source of some types of chemical sub-
stances, due to the use of drugs and hormones in farming. Agriculture may also contribute
to this pressure type through the use of pesticides, representing one of the most common
and extended sources of such types of pollutants [51,52].

Equations (2)–(5) summarize the application of the LUPLES method as a proxy for the
pollution pressure level assessment for each group of defined pressures.

Eutrophication pressure level = irrigated agr.∗0.8 + rainfed agr.∗0.3 + pastures∗0.3 + urban uses∗0.4 + dumps∗0.7 (2)

Organic Enrichment pressure level = irrigated agr.∗0.2 + rainfed agr.∗0.1 + pastures∗0.4 + urban uses∗0.6 + dumps∗0.8 (3)

Acidification pressure level = pastures∗0.3 + urban uses∗0.2 + comun.infras.∗0.2 + mining∗0.9 + dumps∗0.8 (4)

Pollution pressure level = irrigated agr.∗0.7 + rainfed agr.∗0.3 + pastures∗0.5 + urban uses∗0.5 +
comun.infras.∗0.7 + mining∗0.9 + dumps∗0.8

(5)

Usual values could range from 0–10 (low pressure level), 10–20 (moderate pressure
level), 20–30 (high pressure level), to >30 (very high pressure level).

2.5. LUPLES Method for the Assessment of Hydrological and Morphological Pressure Levels

In order to quantify the level of hydrological pressures experienced by the waterbody,
both the water abstractions and consequent reductions in the normal volume, and the non-
natural contributions, as well as over damming by heightening of the waterbody basin, are
considered. To define the pressure levels, in the case of abstractions and transferences, the
volumes extracted or transferred are compared to the maximum volume of the waterbody
(Equations (6) and (7)). For heightening, the height of the over damming is compared with
the maximum depth, as indicated in Equation (8). Data for these direct alterations at the
studied sites were obtained for the sites listed in Table S1, with information gathered from
the Spanish inventory DATAGUA [37].

Abstractions = (Volume extrac., in Hm3)/(Max waterbody volume, in Hm3) (6)

Transferences = (Volume transferred, in Hm3)/(Max waterbody volume, in Hm3) (7)

Heightening = (Height of over damming, in m)/(Max waterbody depth, in m) (8)

To homogenize the scale of the hydrological pressure levels to the other types of
pressures, the results of this quantification were normalized to percentage form. To do
this, data obtained from the quotient of the corresponding formula were divided by the
highest data reached for abstractions, transferences and heightening, respectively, in all of
the studied sites. Then, the three homogenized data were added up in order to obtain a
joint value for the hydrological pressure, ranking from 0 to 100%, as shown in Equation (9).

Hydrological pressures level = Abstractions + Transferences + Heightening (9)

Morphological pressures were calculated directly from satellite image viewing tools,
more specifically, using Google Earth Pro. These tools were especially useful for the
identification and quantification of the anthropogenic alterations of the waterbody margins
and banks. To visualize and determine the percentage of altered shore areas, orthophotos
and the geometrical calculation tools of the Google Earth Pro viewer were used. Through
this free viewer, the altered areas were identified with respect to the total perimeter of
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the waterbody. The percentage of altered margins was calculated from the perimeter by
shoreline area altered, by modifications or constructions in the shore of the waterbody
(Equation (10)). Sites studied were mostly the same as in the hydrological pressures section,
all being waterbodies from Spain.

Morphological pressure level = (Longitude of modified margin, in m)/(Total waterbody perimeter, in m)∗100 (10)

2.6. Validation of the Method with Ecological Status Metrics

The results of the pressure levels assessed with the proposed method, were correlated
with the available public data on the ecological status assessment by using the indicators
(metrics) available in European databases [35] and the River Basin Authorities database
(Table S2). Data for the Mediterranean coastal lagoons were obtained from available
datasets in the European Environmental Agency resources [35]. The information used cor-
responds to the databases: “Waterbase—Lakes” (which included the data for CABR, GELA
and ALBU sites, freshwater to brackish lagoons) and “Waterbase—Transitional, coastal
and marine waters” (which included the brackish and saline lagoons). These data were
obtained from disaggregated databases. Not all the lagoons had available information
on every metrics studied. The physical and chemical variables (indicators) selected in-
cluded concentrations of ammonium (µmol N L−1), dissolved oxygen (µM O2 L−1), nitrate
(µM N L−1), nitrite (µM N L−1), orthophosphate (µmol P L−1), silica (µM Si L−1), total
nitrogen (µM N L−1), and total phosphorus (µM P L−1), although for some of them there
were not enough data for a proper statistical analysis. The data sources and availability for
these selected variables in the studied lagoons are shown in Tables S2 and S3.

As biological indicators, three main biological quality elements (BQE), described in the
WFD, were selected. Phytoplankton abundance was used as a measure of the chlorophyll-a
concentration (chl-a, µg L−1); this, as well as the macrophytes coverage and benthic fauna,
were in all cases normalized as the Ecological Quality Ratios (EQR) (ranking between 0 to
1, dividing classifications between bad, poor, moderate, good and high status). In terms of
both macrophyte coverage and benthic fauna, little or no information was present in the
European databases for the selected coastal lagoons. Therefore, these data were obtained
from national reports on the ecological status of these waterbodies, according to the WFD,
available from River Basin Authorities of Spain and France. Macrophyte BQE assessment
for both member states was mainly based on the percentage of vegetation cover, the relative
percentage of type-specific taxa, and the specific richness. Indices used for the benthic
fauna in France were AMBI (AZTI Marine Biotic Index) and multivariate-AMBI (M-AMBI).
AMBI is based on the relative abundance of the species of the benthic macrofauna classified
in ecological groups, which represent different degrees of tolerance to the alteration of the
environment. AMBI correlates with an anthropogenic index, in this case the % of organic
matter in sediments (as indicated in the national reports included in Table S2). M-AMBI is
obtained by factor analysis, from the AMBI, the specific richness S and the diversity index
H′. In Spain, the standardized benthic invertebrates index used for lentic waterbodies is the
IBCAEL, that joins two indices assessing the taxonomic composition and the abundance of
the benthic invertebrate assemblages. This index has also previously been demonstrated to
be a good indicator of the ecological quality of lentic waterbodies [53]. References to the
reports and websites from where the information was obtained, as well as to the protocols
of the sampling and index determination, can be found in Table S2.

The results of the LUPLES method for quantifying the pressures of eutrophication,
organic enrichment, acidification and toxic pollution in each coastal lagoon were correlated
with the values of the quality indicators of the ecological status, to validate the method
and determine the correlations. Each pressure level assessed, corresponding to each study
site, was correlated with the available physical–chemical and biological disaggregated
metric data. Since both replicates and data from different dates were considered, this
increased the variability. As explained above, for sites with more than one independent
catchment ending up in the waterbody (NARB, BIGU, ITTI, THAU), for each catchment
data included for the correlations were correlated with the values of the metrics for the
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part of the waterbody most affected by each sub-catchment. When testing the method, all
the studied waterbodies were used without splitting them into groups based on salinity
(conductivity) levels: this is because a wide range of pressures is required in order to
evaluate and determine significant trends in the response of the ecological status metrics to
such pressures, which cannot be achieved when splitting into groups because the sample
would be too small. However, in this sense, some assays did show similar trends for cases
with large enough sample sizes (data not shown). Further work will be developed in the
future for this purpose.

For validation of the hydrological and morphological pressures, the percentages of
coverage by submerged and emerged macrophytes were used as metrics for assessing the
impact of these pressures on the ecological status of the lentic waterbody. These metrics
are approved for ecological status assessment in Spain for assessing hydro-morphological
pressures [36,43]. Data used were provided by official sources of the Spanish River Basin
Authorities (Table S2).

The Spearman correlation coefficient was used to determine the correlation between
the pressure levels estimated from land uses and the metric values, since in most cases the
data did not follow a normal distribution. For hydrological and morphological pressures,
Pearson correlation coefficients were applied, as both studied variables (metric values
and pressure levels) were continuous and fitted a normal distribution. In this case, each
waterbody had a pressure level and a metric value, in contrast with the land use pressures,
where each waterbody had a single pressure level per pressure type with multiple metric
values. Linear regression models were also obtained for determining the response of
the metric values to the pressure levels. Linear regressions were selected following the
recommendations of the WFD when studying the relationship between pressures and
assessed ecological status.

3. Results
3.1. Estimation of Pressure Levels in Coastal Lagoons

For the selected Mediterranean coastal lagoons, the relative coverage of the main
groups of land uses in the catchment areas differed among sites (Figure 4), with a larger area
of rainfed agriculture in most catchments. A clear predominance of irrigated agriculture
was found for ALBU and KOTY. Urban uses were above 10% of the total catchment
area only for ALBU, BIGU, CANE and THAU. Comparatively, other land uses, such as
communication infrastructures, mining areas and dumps were scarcely represented in the
catchments. In three of the studied lagoons, BIGU, NARB, URBI, natural land uses (forest,
scrubs, other vegetated areas, bare rocks, beaches and water bodies) dominated, covering a
greater surface area than the rest of the uses, classified according to CLC.

Pressure levels regarding eutrophication, organic enrichment, acidification, and toxic
pollutants, were estimated (Table 3) using the LUPLES method, from land uses in the
catchments of the studied coastal lagoons. These pressure values were then correlated
with the metrics assessing the ecological status (Table 4). For lagoons with more than one
catchment the location of the sampling points was considered in order to select which
metrics data had to be correlated with pressure levels of the respective sub-catchment.

ALBU and KOTY, the sites with the highest relative area used for irrigated agriculture
in their catchment, were those with the highest estimated levels of eutrophication pressure:
above 40, as calculated by the LUPLES method (i.e., very high pressure level). Other sites,
such as CANE, CABR, COMA, GELA or ITTY showed values above 20 for this pressure,
also indicating a high pressure level. All the places presented values for eutrophication
pressure above 10, and only the western basin of BIGU was below this threshold. Regarding
the organic enrichment pressures, only ALBU showed values over 20, corresponding to a
high pressure level, whereas the rest of the sites were around 10, with some of them even
registering below this boundary level, indicating a low pressure level (i.e., ITTY, URBI,
NARB center and south, and BIGU west). Acidification pressure was not significant in
any studied site, with all the values being far below 10. Finally, pollutant pressures were
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estimated to be at the very high level (above 30) in ALBU and KOTY, the same lagoons that
showed the highest eutrophication pressures, and again, only BIGU west was below 10.
When combining these pressures with the values of the physical, chemical and biological
water indicator metrics, significant correlations were obtained (Table 4).

Figure 4. Percentage of land uses from which the pressure levels were obtained for the whole catchment area of the studied
coastal lagoons. BIGU, ITTI, NARB and THAU values show data for the whole catchment by the addition of the relative
coverage in sub-catchment areas.

Table 3. Pressure levels estimated from the land uses in the catchment (or sub-catchment) areas for eutrophication, organic
enrichment, acidification, and specific pollutants, using the LUPLES method, Equations (2) to (5). Pressure levels are
categorized as low (green, 0–10), moderate (yellow, 10–20), high (orange, 20–30), and very high (red, >30).

Catchment Areas Eutrophication Pressure Organic Enrichment Pressure Acidification Pressure Specific Pollutants Pressure

ALBU 48.2 21.5 4.8 46.6

BIGU center 14.9 12.5 4.8 17.4

BIGU north 12.1 13.8 4.8 14.7

BIGU south 23.0 15.9 6.8 27.1

BIGU west 4.5 5.0 2.8 6.2

CABR 26.8 13.7 4.3 29.2

CANE 26.0 15.9 3.9 28.0

COMA 23.3 10.5 1.6 24.1

GELA 29.3 10.1 0.5 29.0

ITTI north 23.5 8.7 0.4 23.7

ITTI south 21.8 8.9 1.3 22.6

KOTY 41.7 12.6 0.5 38.6

NARB center 12.9 8.4 2.9 14.5

NARB north 19.5 12.3 3.5 21.8

NARB south 10.5 5.1 1.0 11.1

THAU north 16.7 12.5 3.9 19.3

THAU south 20.0 10.0 1.5 20.7

URBI 14.5 9.6 4.6 17.3
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Generally, metrics values showing poor and bad ecological status were positively
correlated with the pollution pressure levels estimated by the LUPLES method (Table 4).
Nutrient concentration, as indicated by ammonium, nitrite, orthophosphates, silica, total P
and total N were generally positively correlated with eutrophication and specific pollutant
pressure levels, with p-values < 0.01 (except for the total nitrogen and eutrophication pres-
sure level, with a p-value of 0.084). Dissolved oxygen concentration positively correlated
both with the pressures of eutrophication and specific pollutants, with Spearman values
higher than 0.29 and 0.23, respectively (p-value < 0.01), whereas it correlated negatively
with the organic enrichment pressure level (Spearman −0.31, p-value < 0.01). The acidifica-
tion pressure level also significantly correlated with some of these metrics, probably due
to covariation, as this pressure was estimated to be low in all the studied sites. The chl-a
concentration was positively correlated with both eutrophication and organic pressures.

Table 4. Correlation and linear regression of the physical and chemical indicators and biological quality elements with each
of the pressure types defined (EUTR: eutrophication, ORG: organic enrichment, ACID: acidification, POLL: presence of toxic
pollutants). Only statistically significant correlations and regressions with p-value < 0.05 are reported here. n = number of
corresponding metrics data used for the analysis.

Metric Pressure n Spearman p-Value Linear Regression R2 F p-Value

Ammonium EUTR 555 0.349 <0.001 y = 0.19x + 0.01 0.193 14.212 <0.001
(µmol N-NH4

+ L−1) POLL 555 0.345 <0.001 y = 0.18x + 0.01 0.189 8.959 0.003

Dissolved Oxygen EUTR 756 0.293 <0.001 y = 9.43x + 123.61 0.089 73.842 <0.001
(µmol O2 L−1) ORG 756 −0.309 <0.001 y = −11.73x + 422.20 0.031 24.266 <0.001

ACID 756 −0.427 <0.001 y = −33.16x + 392.91 0.144 126.851 <0.001
POLL 756 0.231 <0.001 y = 8.06x + 136.93 0.054 43.271 <0.001

Nitrite EUTR 702 0.196 <0.001 y = 0.03x + 0.02 0.013 9.515 0.002
(µmol N-NO2-L−1) POLL 702 0.251 <0.001 y = 0.02x + 0.14 0.007 5.125 0.024

Orthophosphate EUTR 575 0.519 <0.001 y = 0.16x + 0.01 0.188 22.812 <0.001
(µmol P-PO4

3- L−1) ACID 575 −0.361 <0.001 y = −1.09x + 5.62 0.058 32.850 <0.001
POLL 575 0.485 <0.001 y = 0.15x + 0.01 0.180 18.363 <0.001

Silica EUTR 240 0.408 <0.001 y = 3.41x + 0.01 0.408 23.621 <0.001
(µmol Si L−1) ORG 240 0.576 <0.001 y = 7.33x + 0.01 0.455 66.200 <0.001

ACID 240 0.269 <0.001 y = 23.73x + 13.14 0.174 49.951 <0.001
POLL 240 0.554 <0.001 y = 3.35x + 0.01 0.431 40.578 <0.001

Total N ORG 169 0.328 <0.001 y = 20.29x + 0.01 0.438 57.900 <0.001
(µmol N L−1) ACID 169 0.345 <0.001 y = 106.94x + 72.86 0.059 10.202 0.002

POLL 169 0.490 <0.001 y = 7.65x + 0.01 0.407 2.728 0.050

Total P EUTR 452 0.591 <0.001 y = 0.41x + 0.01 0.190 27.814 <0.001
(µmol P L−1) ACID 452 −0.364 <0.001 y = −2.70x + 13.76 0.054 25.519 <0.001

POLL 452 0.560 <0.001 y = 0.38x + 0.01 0.181 22.425 <0.001

Chl-a EUTR 440 0.206 <0.001 y = 0.62x + 0.01 0.245 106.638 <0.001
(µg L−1) ORG 440 0.256 <0.001 y = 1.01x + 0.01 0.204 40.635 <0.001

Benthic inverteb. EUTR 13 −0.776 0.002 y = −0.01x + 0.71 0.676 22.974 0.001
(EQR) ORG 13 −0.783 0.002 y = −0.04x + 0.95 0.685 23.942 <0.001

ACID 13 −0.708 0.007 y = −0.33x + 1.73 0.823 51.187 <0.001
POLL 13 −0.776 0.002 y = −0.01x + 0.77 0.683 23.705 <0.001

The benthic invertebrate index values, in EQR, significantly correlated with all four
pollution pressure types, responding negatively to increases in each of the pollution pres-
sure levels (Table 4). Macrophyte coverage—also as normalized data in EQR, joining the
different metrics established per member state—showed a negative trend with increasing
levels of pollution pressures, though these trends were not statistically significant.

Apart from the correlation, linear regression analyses were carried out to explore
the response of each metric value to the pressures identified. Although linear regressions
were significant, (p-values < 0.05), a small amount of variance was explained in several
cases, which could be due to the nature of the data. Each pressure level assigned in the
study sites was correlated with all the available values of each metric. Therefore, for each
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x value (pressure level) the results showed a vertical distribution of points through the
X-axis corresponding to the individual data for each associated sampling site at different
dates, as found in the European and River Basin Authorities databases.

3.2. Eutrophication Pressure

The estimated eutrophication pressure level was significantly correlated with most
of the metrics studied, in accordance with the expected trend. Positive correlations were
found with several nutrient metrics, such as ammonium (Figure 5a), nitrite, orthophosphate
or silica concentrations (p-value < 0.001). A strong positive correlation was found with
dissolved oxygen, as a measure of the increased photosynthetic activity, linked to increased
trophic levels (Figure 5b). Chl-a concentration was also significantly correlated with the
eutrophication pressure (Figure 5c). Finally, even with a low number of samples (n), a
negative correlation was found for the benthic invertebrates EQR, demonstrating the
negative response of this ecological quality indicator to eutrophication (Figure 5d). In line
with the correlations, the linear regressions were also significant, although, as previously
mentioned, with a relatively low explained variance in most cases.
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3.3. Organic Enrichment Pressure

Chl-a concentration increased in parallel to increases in the organic enrichment pres-
sure levels, with a significant correlation (p-value < 0.001) and linear regression (p-value of
the regression <0.001) (Figure 6a), whereas dissolved oxygen was concentration negatively
correlated with the organic enrichment pressure level as a consequence of the increased
respiratory activity to this type of pressure (Figure 6b). As for the other estimated pollution
pressures, the response of the benthic invertebrate indices, normalized to EQR, to the
organic enrichment, was found to be significantly negative, both in the correlation analysis
and the linear regression model (Table 4), despite the relatively small sample size (n = 13).

Figure 6. Relationship between organic enrichment pressure level with (a) Chl-a concentration, and (b) dissolved oxygen.
Spearman coefficient (with the significance of the correlation), as well as linear regression (with the R2 and significance of
the regression model) are shown.

3.4. Specific Pollutants Pressure

Specific pollutant pressure was significantly correlated with some nutrient concentra-
tions, such as ammonium, nitrite, orthophosphate, silicate, total P or total N (p-value < 0.001).
In all these cases, linear regressions with a positive slope were also found to be significant,
except for the total N (Table 4). There was also a significant positive correlation and re-
gression for the specific pollutants pressure level with the dissolved oxygen concentration
(Figure 7a). On the contrary, a significant negative correlation and regression of the specific
pollutants pressure level was found with the benthic invertebrates EQR (Figure 7b), as
shown for the other pollution pressures assessed.

3.5. Hydrological and Morphological Pressures

Table 5 shows the statistics for the hydrological and morphological pressures correla-
tion with the ecological status metrics, based on macrophytes as biological quality element
(BQE). The morphological pressures level, estimated by the LUPLES method, correlated
significantly with the percentage of emerged macrophytes (helophytes) coverage, which
dropped as the pressure value increased (p-value < 0.001 for the correlation and linear
regression analysis) (Figure 8a). Meanwhile, the level of hydrological pressures was signifi-
cantly negatively correlated with the percentage of submerged macrophyte (hydrophytes)
coverage (p-value < 0.001 for the correlation and linear regression analysis) (Figure 8b),
which also decreased as the hydrological pressure level increased.
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Figure 7. Relationship between specific pollutants pressure level with (a) dissolved oxygen concentration, and (b) benthic
invertebrate index, as EQR. Spearman coefficient (with Table 2 and significance of the regression model) are shown.

Table 5. Correlations and linear regressions of the macrophytes metrics with the hydro-morphological pressure levels
(HYDR: hydrological pressures, MORP: morphological pressures).

Metric Pressure n Pearson p-Value Linear Regression R2 F p-Value

Emerged macrophytes coverage (%) MORP 47 −0.502 <0.001 y = −0.77x + 78.52 0.252 15.191 <0.001

Submerged macrophytes coverage (%) HYDR 38 −0.697 <0.001 y = −1.58x + 70.11 0.487 33.954 <0.001

Figure 8. Relationship between (a) morphological pressure level with helophyte coverage and (b) hydrological pressure
level with hydrophyte coverage. Pearson coefficient (with the significance of the correlation), as well as linear regression
(with the R2 and significance of the regression model) are shown.

4. Discussion

The methodology proposed here, the LUPLES method, uses GIS techniques and the
mapping of waterbodies and land uses in their catchment area, as well as the assessment
of direct and indirect influences on their hydrology and morphology, to quantify pressures
on lentic ecosystems. The method then presents a forecast of its possible ecological status.
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In line with the method developed in this study, land uses have been demonstrated to
have direct influences on changes in the water quality [54], as well as in the responses of
biotic elements [18]. Therefore, as we have demonstrated, they can be used as a proxy to
define pressures that are capable of inducing changes in the ecological characteristics of
lentic ecosystems. The alterations to hydrological and morphological features, both in the
catchment area and the waterbody itself, can also be considered as a source of pressures, as
they are capable of modifying the ecological features of the waterbodies [19]. The response
of aquatic ecosystems to the defined pressures were reflected in the impacts on the physical,
chemical, biological and hydro-morphological indicators, as those established by the WFD
guidelines [33].

For pollution-related pressures, the LUPLES method considers the relative influence
of each land use according to its relative surface coverage of the whole catchment, and its
relative importance for such pressure. The application of this methodology for evaluating
land use in the whole catchment and not just in the near-waterbody, is supported by the
strong relationship existing between the activities and uses in the entire catchment and
water quality [10]. The LUPLES method considers the main implications that different land
uses (e.g., irrigated and rain-fed agriculture, livestock, or urban uses) have on eutrophica-
tion [44–46], organic enrichment [47], acidification [48,49] and pollutants [50–52].

In the studied sites, the eutrophication pressure level was mainly determined by
agricultural land use, with a higher weighting for irrigated agriculture. The weight of
agriculture in the global value of the method proposed was decisive considering the
implications of agricultural land use in the catchment area on the water quality of the
lagoons [44–46], as this consists of the main source contributing nutrients via runoff [9,10].
The values obtained from our method were higher in Albufera de València and, to a lesser
extent, in Kotychi lagoon; the sites with a higher level of irrigated agriculture relative
coverage in their catchment. These two sites, with a very high eutrophication pressure
assessment, have been historically altered ([55] for Kotychi lagoon), with a permanent
occurrence of cyanobacterial blooms due to nutrient enrichment ([38] for Albufera de
València). Other sites with high eutrophication pressure levels, with LUPLES method
values between 10 and 20, were located in highly altered catchments, with a percentage of
agriculture coverage above 50 or even 75% of the total area, such as Etang de Canet, Stagno
di Cábras, Valli residue del comprensorio di Comacchio, Biviere di Gela or Stagno di Corru
S’Ittiri. Generally, all the studied coastal lagoons presented a eutrophication pressure level
above 10, which is in agreement with the general degradation of the coastal systems [56].
The specific pollutants pressure level presented quite similar results, especially in terms
of the relationship between agriculture and the use of nutrients and chemical compounds
as fertilizers or pesticides [57]. For the organic enrichment pressure level, Albufera de
València was the only site with a value above 20, i.e., a high pressure level. Apart from
the organic matter that can originate from agriculture [38], the Albufera catchment is
highly populated, with urban uses representing an important source of pressures [3]. The
acidification pressure level correlated significantly with some of these metrics, however,
since this pressure was estimated to be low in all the studied sites, this may be considered
as a spurious correlation that is mostly due to covariation. Further refinement of the specific
assessment algorithms for this type of pressure seems to be necessary in order to refine our
method. Subsequent analyses, such as genetic programming, will allow us to refine the
method for this type of pressure, and indeed, the rest of the pressure types in future work,
with validations using additional sites and data sources [25].

Pressure levels estimated by land use in the catchment area could be translated
into changes in some ecological parameters on the waterbody, which could also imply
reductions in their ecological status [12]. The levels of pressures estimated by the LUPLES is
coherent with the impacts measured by the ecological status indicators on the waterbodies,
showing a degreasing ecological status in response to increased levels of pressures, as we
have shown in our study, which validates the method developed.
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One of the ecosystem pressure responses estimated by our method, was the positive
correlation between the estimated pressure levels and the concentrations of nitrogen and
phosphorus. These significant correlations demonstrated the relationship that exists be-
tween land use in the catchments and the level of eutrophication pressure, as reported
in previous studies [10]. Another effect of the increased pressure on the status of the
waterbody was the response of metabolic activity as a measure of ecosystem functioning,
especially induced by eutrophication and organic enrichment [58,59]. A positive correlation
between the eutrophication pressure level and the dissolved oxygen concentration (DO)
was found, in accordance with the expected response of the ecosystem by the proliferation
of photosynthetic organisms [60]. Contrarily, a negative correlation of DO with the organic
enrichment pressure level was found, as the increases in organic matter availability can pro-
mote exacerbated growth of heterotrophic organisms, thus enhancing oxygen-consuming
organic matter degradative metabolism, namely, respiration [61].

The impacts on biological communities also showed clear responses to the pressure
levels estimated by the LUPLES method. Sites with high pressure levels where those
with poorer values of indicators of bad ecological status (such as chl-a concentration),
also showing lower values of indicators of good ecological status (such as the benthic
invertebrate EQR), which indicates the clear relationship between the pressures quantified
by our method and their associated impacts on the biological communities. The response
of the biological indicators to the pressures assessed by the LUPLES method was studied
by the BQE, defined in the WFD, which is already intercalibrated and used at the European
level [62,63], using the normalized values (EQR) to allow the comparison of the assessed
impact, regardless the metric used.

Eutrophication pressure levels determined by the LUPLES method correlated sig-
nificantly with the chl-a concentration, defined as one of the main metrics for the BQE-
phytoplankton, used for ecological quality assessment [13,64]. Organic enrichment pres-
sures also corelated significantly with the chl-a concentration, which suggested a proper
estimation of the defined pressure, as the decomposition of organic matter provides inor-
ganic nutrients which enhances phytoplankton growth [65].

The pollution pressures defined by the LUPLES also showed negative significant
effects on benthic invertebrate assemblages. The structure and composition of the commu-
nities of these organisms have been widely studied as indicators of the ecological status
of waterbodies [66,67], representing good indicators of the effects of eutrophication on
the ecological quality of the waterbody [14], organic enrichment [68], toxic pollution [16],
and acidification [15]. In our case, the results for benthic invertebrates also validated our
hypothesis, with a significant negative response of the four water quality pressure types to
the normalized data, based on benthic invertebrate indicators.

Contrarily to phytoplankton and benthic invertebrates, no statistically significant
relationship between pollution pressure level and macrophytes was found, although a
negative trend was apparent. We would expect a reduction in macrophyte coverage with
increases in the eutrophication pressure level [69], although there are more sensitive or
more tolerant taxa already defined as indicators by the WFD [70]. Depending on the nature
of the macrophyte indices, based on abundance, richness, or a combination of both, they
could be more or less sensitive to the assessed pollution pressures.

Macrophytes, however, are also used as indicators of the impacts caused by hy-
drological and morphological pressures, and their coverage is used as a metric of the
ecological status for the BQE “other aquatic flora” [43]. Considering the relevance of the
hydro-morphology of the waterbody for the status of macrophyte communities [19], the
identification of hydrological and morphological pressures is key for ecological status
assessments [63]. This is even more important in Mediterranean waterbodies due to the
higher levels of hydrological stress [43]. The LUPLES method proposes the assessment of
these two types of pressures separately, by estimating the direct alterations on the water
fluxes in the catchment, as well as by alterations of the waterbody shoreline and banks.
Hydrological alterations, assessed by the LUPLES method, were correlated negatively
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with the percentage of submerged macrophytes, meanwhile, morphological alterations
correlated negatively with helophytes coverage.

Although our results generally showed statistically significant correlations between
the pressure levels assessed by the LUPLES method and the metric values, in some cases
some statistics were weak (i.e., even if p-values showed statistically significant relationships,
the percentage of variance explained was not very high). This could be explained by several
factors. First, the data were obtained from raw databases, where the values of the metrics
of the different member states are stored. We assumed that they were obtained using
similar or comparable methods (the so-called “intercalibrated methods” according to the
WFD terminology). On the other hand, they correspond to historical series, which, for the
data used, were collected between 2004–2013. The pressures assessed were estimated at a
fixed time point, based on the 2012 maps, since the available information on the metrics
was not so abundant as to be suitable to make correlations in different time periods. Each
waterbody could have large deviations in their historic series of data, sometimes with
high intra-annual variation, as naturally occurs in Mediterranean waterbodies. For the
BQE macrophytes and benthic invertebrates, with almost no data for the studied lagoons
in the European databases, we compiled the EQR values for the waterbodies included
in the study from national reports of the River Basin Authorities from Spain and France,
where we found a relatively low number of values. Still, significant trends in some of the
indicators studied gave insights into the relationship between the pressure levels obtained
from land uses in the catchments and the ecological status assessed by the indicators used.
Data for the hydrological alterations were retrieved from a Spanish database that collects
the volume of the waterbodies and the height of damming for modified waterbodies, and
this allowed for the identification of correlations between the hydrological pressures and
macrophyte metrics values.

The application of the LUPLES methodology demonstrated the validity of using land
use map data as proxies for the estimation of pollution impacts and direct alterations on the
hydro-morphology, through the estimation of the different pressures affecting waterbodies,
as they responded to the impacts requested by the WFD [33]. Specifically, the six main
pressure types assessed (eutrophication, organic enrichment, acidification, toxic pollutants,
hydrological and morphological pressures) correlated with some of the main indicators
of ecological status developed for the implementation of the WFD [32]. In addition, the
pressure level was reflected in the impacts on the physical–chemical features and BQE of
the waterbodies. The methodological approach described here, combined with the use of
the available information and GIS techniques, can be a used not only as an effective method
to estimate the pressures on lentic waterbodies, but also as a first approach to predict the
ecological status of these ecosystems.

Despite the fact that ensuring the monitoring of water bodies is mandatory according
to the WFD, there are many aquatic ecosystems that do not have monitoring programs,
either because they are not declared as waterbodies, or because they are not under the
European regulations, due to them being outside of the European Union. Faster and
cheaper methods, such as that proposed here, may help to approach the assessment of the
pressures as an indirect way to identify their ecological status when monitoring facilities
are not available.

Currently, there are multiple sources of geographic information, which represent not
only a wide basis to generate knowledge, but also to be applied in the monitoring and
management of ecosystems. In this work, we worked with Digital Elevation Models (DEM)
that are used for the delimitation of watersheds. These three-dimensional raster are now
available at high resolution for the whole of the surface of Europe [42]. On the other hand,
Corine-Land Cover (CLC) maps are widely used in many studies [23,54]. These maps—also
available for the whole of Europe [29]—are updated, and may even include maps of land
use changes (LULUC). GIS software allows for multiple studies to be carried out using
this information through its tools. On the other hand, satellite images in viewers such as
Google Earth Pro are highly useful for the assessment of morphological pressures. Applied
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science studies, such as our work, and others focused on determining and developing
methodologies for use in the management and monitoring of waterbodies [27,54], can be
of great importance and represent advances that improve the quality of assessments and
reduce costs. This is especially useful for covering a larger number of lakes and wetlands,
not just those declared as waterbodies in accordance with the WFD by the River Basin
Authorities. It would be interesting to combine field and laboratory measurements, as
real data on the conservation and ecological status, with applications from GIS or remote
sensing, using methods such as LUPLES for estimating pressure levels, to predict the
response of the ecological status of ecosystems to the variation of types and levels of
different pressures.

5. Conclusions

In this work, a methodological approach for estimating pressures in lentic ecosystems
was presented. The method developed starts by assessing the relationship that exists
between types of land use in the catchment areas, and the influences of this on pollution
pressures (eutrophication, organic enrichment, acidification, and pollutants). Additionally,
the method also includes a direct determination of hydro-morphological pressures. The
algorithms used were based on the relative area of each land use in the catchment, weighted
by factors that are related to the influence of each type of land use with the level of the
pressure evaluated. Hydrological and morphological pressure levels were also defined
from their influence on the water exchange and alterations in the waterbody shoreline and
immediate basin. The LUPLES method was statistically validated by the correlation and
linear regression of the pressure values obtained by various physical–chemical parameters,
and the ecological status indicators, mostly biological metrics established by the member
states of the European Water Framework Directive (WFD). By using the described method-
ology, it was possible to assess the pressures acting on each lentic waterbody, through the
use of GIS techniques and DEM and land use information that are available for free from
different sources. These techniques could be used to reinforce and expand in situ ecologi-
cal status assessment methods, and could also alternatively be used when conventional
approaches cannot be implemented.
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