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Dear Editor, 

 

This cover letter accompanies our paper “Patterns of effects of land-use structure on lake water 

quality in coastal lake catchments of the southern Baltic Sea”. Our paper addresses the 

relationship between catchment land-use structure and the trophic status of six coastal lakes of 

the Baltic Sea that differ in their levels of connectivity to the sea. We believe this will be of 

interest to the readers of the Special Issue “Hydro-Antropocene” of Ecohydrology & 

Hydrobiology. 

In our work, we searched for correlations between the catchment use structure of six 

coastal lakes and the quality of their waters as assessed by trophic indices and their mean 

Carlson Trophic State Index (CTSI). Analyses were conducted to determine the relationship in 

a specific hydrological catchment–lake–sea system, and to look for regularities in catchment 

structure that affect the trophic levels of the coastal lakes. According to our results, we conclude 

that there are three types of land use in the catchment areas of the studied coastal lakes. 

Although the lakes are characterized by high water trophy, depending on the share of each 

catchment component, patterns can be observed indicating that lakes with a high participation 

of forested and semi-natural areas, wetlands and water bodies in the catchment have a lower 

level of water trophy. Interestingly, the intensive intrusion of Baltic waters (=salinity level) 

included in the analyses was not confirmed to be important in improving the trophic level of 

lake waters, which indicates the predominance of the terrestrial factor over the marine factor. 

We confirm that neither the manuscript nor any parts of its content are currently under 

consideration or published in another journal. All authors have approved the manuscript and 

agree with its submission to Ecohydrology & Hydrobiology. 

We hope that you will consider this submission suitable for review, and we look forward 

to your response. 

 

Yours faithfully, 

Monika Szymańska-Walkiewicz (corresponding author) 
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Abstract: This study investigated potential relationships between land-use structure in the 

catchments of six southern Baltic coastal lakes that differ in the level of hydrological 

connection with the sea and the lakes’ trophic states. Our results indicate that three types of 

catchments can be distinguished, each of which has a high contribution of agricultural areas, 

plus: (i) considerable contributions of wetlands and water bodies (C1); (ii) a large contribution 

of wooded and seminatural habitats (C2); or (iii) a considerable contribution of artificial 

surfaces (C3). Correlations were analysed between land-use types and single-parameter 

Carlson’s trophic state indices of lakes (TSIChl, TSITP, TSISD, TSITOC). Type C2 clearly 

differed from the others and was linked with the lowest trophic state index values. The other 

two catchment types were similarly related to the fertility of the coastal lakes. The results 

show that the analysed lakes’ levels of connection with the sea do not affect the trophic state 

of their waters. Catchment structure, analysed using CORINE Land Cover data, is 

significantly linked with TP and TOC values, but it does not affect the Secchi depth or 

chlorophyll content of water in the lakes. Wetlands (especially peat bogs) in the catchment 

area most strongly reduced the phosphorus and organic carbon content of lake water. 

Furthermore, comparable contributions of natural vs. anthropogenic components (~1:1) are 

associated with a lower trophic state of water. The presented results may be important for 

shaping the proper management of various catchment types in the future, especially when 

implementing climate change mitigation strategies. 

Keywords: land use; water quality; trophic state; coastal lake; catchment management; habitat 

heterogeneity  

1. Introduction 

The Anthropocene is characterised by intensive changes in land-use structure within 

catchments and the gradual disappearance of natural habitats, to be replaced by transformed 

ones (e.g. Amiri & Nakane, 2009; Muchová & Tárníková, 2018). Currently, these trends are 

Manuscript (without Author Details) Click here to view linked References
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coinciding with global demographic, climatic, and socio-economic changes that often vary 

widely in the extent of their impact (Akasaka et al., 2010). It is also disturbing that the 

availability of usable fresh water is decreasing quickly as a result of inappropriate land use in 

catchment areas (Ding et al., 2016; Shi et al., 2017).  

To prevent unfavourable changes, concepts for regulating the functioning of aquatic 

ecosystems have been developed to limit nutrient loads and the input of other pollutants into 

river systems, and thereby to limit the eutrophication and contamination of rivers, lakes and 

the World Ocean (Kiedrzyńska et al., 2015; Whitehouse et al., 2000). Many European 

countries, including those located around the Baltic Sea, are facing the need to reduce 

pollution loads from anthropogenic sources and to meet the requirements of the European 

Water Framework Directive (2000/60/EC) and Urban Waste Water Treatment Directive 

(91/271/EEC), so that freshwater quality can be improved. These efforts are aimed at, for 

example, further developing and protecting the network of Natura 2000 sites. Its priority 

habitat types include coastal lagoons and lakes (priority habitat 1150) with a high 

conservation value. Coastal lakes of the southern Baltic Sea are the last terrestrial components 

of catchments of major tributaries, but they vary in degree of connection with the sea 

(Cieśliński, 2018; Obolewski et al., 2018). Thanks to their hydrological connection with the 

sea, there is an exchange of matter between the ecosystems, which affects their ecological 

status depending on the dominance of marine or terrestrial influences (Astel et al., 2016; 

Mrozińska et al., 2021). As the inflow of water into coastal lakes slows sharply, organic 

matter is mineralised in them more quickly, and both allochthonous matter and autochthonous 

matter are deposited in bottom sediments (A. Jarosiewicz et al., 2015). For this reason, the 

water flowing through the lakes to the sea can be less strongly polluted with nutrients and 

organic matter (e.g. Mashkova, 2022; Stanford et al., 1988). Thus, coastal lakes act as 

sedimentation basins, reducing the flow of pollutants deriving from the catchment area 
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(Hatvani et al., 2017; Tian et al., 2017). However, the lakes are gradually overloaded with 

nutrients, which leads to the death of aquatic plants and animals living in them (Astel et al., 

2016; Obolewski, 2009; Trojanowski et al., 1991). The reduction in biological components 

additionally limits the buffering capacity of lakes, and this in turn is a threat to the ecological 

status of the sea (A. Jarosiewicz et al., 2015; Teodoru & Wehrli, 2005). Hence, to improve 

lake condition, changes are necessary not only in them, but above all in their catchments, in 

accordance with Ecohydrological Nature-based Solutions (EH-NbS) (P. Jarosiewicz et al., 

2022). Thus, one possible protective measure is to modify the land-use structure in coastal 

lakes’ catchments to limit the pollution loads received by those lakes (Fernández-Alías et al., 

2022).  

In this study, we investigated relations between land-use structure in catchments of six coastal 

lakes and their water quality assessed using single-parameter trophic state indices (TSIChl, 

TSITP, TSISD, TSITOC) and mean Carlson’s trophic state index (CTSI)(Carlson, 1977). Large-

scale analyses were carried out for two reasons: (1) to determine relations in the hydrological 

system: catchment–lake–sea; (2) to search for catchment structure patterns affecting the 

trophic state of coastal lakes.  

2. Materials and methods 

2.1 Study areas 

The study covers six Baltic coastal lakes (BCLs): Liwia Łuża, Resko, Kopań, Wicko, Gardno 

and Sarbsko. They are polymictic, with high trophic state index values (Astel et al., 2016; 

Obolewski, Glińska-Lewczuk, Szymańska, et al., 2018). The lakes were selected on the basis 

of published literature to reflect a salinity gradient, from the freshwater Lake Wicko (<0.12 

PSU) to the most saline Lake Resko (>2.5 PSU) (Cieśliński, 2018; Mrozińska et al., 2021). 

Their catchments, located along the southern coast of the Baltic Sea, vary in area from 38.5 

km2 (Lake Kopań) to 907.2 km2 (Lake Gardno) (Figure 1).  
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2.2. Water sampling 

Samples were taken in these six BCLs (Figure 1) from May till September in 2019–20 to 

compare three seasons: spring, summer and autumn. In each lake, five sampling stations were 

located in both the littoral and pelagic zones (except the morphologically varied Lake Wicko, 

where seven sampling stations were selected). In-situ measurements of water transparency 

were taken using a Secchi disc. Simultaneously, water samples were collected to plastic 

containers (1L each) with the use of a Patalas sampler from the depth of 0.5–1.0 m. In this 

way, 192 lake water samples were taken for further laboratory analyses.   

2.3. Laboratory procedure 

Total phosphorus (TP) content was measured with a DR3900 spectrophotometer (Hach, USA) 

and assessed as recommended by Hashim et al. (2018). Total organic carbon (TOC) was 

analysed after filtering the samples through nitrocellulose membranes with pore size 0.45 μm 

(Millipore) using a QbD1200 analyser (Beckman Coulter, USA), which oxidises the organic 

carbon into carbon dioxide. 

The water samples for chlorophyll-a analyses were kept in darkness until analysis (~4 h), to 

obtain the optimal fluorescence intensity. In the laboratory, water was poured into a glass 25-

ml cuvette and analysed using a spectral AlgaeLabAnalyse (ALA) fluorimeter (BBE, 

Germany). For a detailed description, see Nguyen et al. (2015). 

2.4. Trophic state 

Carlson’s trophic state index (TSI) is used to provide a single assessable index for classifying 

lakes according to the trophic state of the lake. Recently, Carlson’s index has usually been 

accepted in the limnological community as a reasonable approach to this problem. It is used 

for assessing the trophic state of a marine body based on the following water quality factors: 

turbidity or transparency measured as Secchi disk depth (SD) and concentrations of total 

phosphorus (TP), chlorophyll-a (Chl-a) and total organic carbon (TOC). The spatial proration 
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of the TSI data was recorded as the mean (CTSI) by a modified Kriging (Dunalska, 2011; M. 

El Zokm et al., 2018) as follows:  

CTSI = [TSI(Chl) + TSI(SD) + TSI(TP) + TSI(TOC)]/ 4, 

The formulas for calculating TSI values from Chl-a, SD, TP and TOC are:  

(1) TSI(Chl) = 9.81 ln(Chl) + 30.6;  

(2) TSI(SD) = 60 – 14.43 ln(SD); 

(3) TSI(TP) = 14.43 ln(TP) + 4.15;  

(4) TSI(TOC) = 20.59 + 15.71 ln(TOC),  

where: ln is natural logarithm, TP is total phosphorus (µg L˗1), Chl-a is chlorophyll-a (µg L˗1), 

SD is Secchi depth (m), and TOC is total dissolved carbon (μg L˗1). 

Vollenweider’s method for assessing a water body’s trophic state was also applied, which is 

based on the average values of selected parameters (Vollenweider et al., 1998). On Carlson’s 

scale, a water body is classified as oligotrophic if TSI is <30, mesotrophic from 30 to 50, 

eutrophic from 50 to 70, and hypereutrophic >70. 

2.5.  Land-cover data 

The land-use structure of the catchment areas was analysed using the CORINE Land Cover 

(CLC) database created by the EU and coordinated by the EEA (CLC, 2018). Its major 

sources of information are images taken by Landsat 7 satellite (spatial resolution 30 m), 

followed by IRS and Spot 4. The images are interpreted using aerial photographs and 

topographic maps. The area was divided into five main categories of land use (level 1) and 44 

detailed classes of land cover (level 3). The analyses of land-use structure of total catchments 

were made in the GIS environment, with a minimum cartographic unit of 25 hectares, on the 

basis of visual interpretation of high-resolution satellite images. Next, we estimated areas 

covered by individual land-use categories and classes (CLC levels 1 and 3) characteristic of 

the studied catchment areas (Figure 1). Both the main CLC categories and detailed classes 
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were used for factor analysis to assess the influence that land use in the direct and total 

catchments had on the trophic state of the studied coastal lakes, which are the last mainland 

components of the catchments before the water flows into the sea. 

2.6. Patterns of the influence of land-use types on the trophic state of BCLs 

On the basis of CLC analysis results, we attempted to identify patterns of the influence of 

catchments on the trophic state of the selected BCLs. For this purpose, we calculated the ratio 

of the total percentage contribution of natural and semi-natural habitats to the total 

contribution of anthropogenic components for individual catchment types: 

N(FSNA+WB+W)
 : A(AA+AS),

 

where: N(FSNA+WB+W) is the sum of the natural components (FSNA – forests and semi-natural 

areas; WB – water bodies; W – wetlands); and A(AA+AS) is the sum of anthropogenic 

components (AA – agricultural areas; AS – artificial surfaces).  

Finally, N:A ratios were compared with the CTSI values of the coastal lakes in the studied 

catchments to assess the influence of land-use structure on the trophic state of the BCLs. 

2.7. Statistical analysis 

First, Spearman rank correlation analysis was conducted to detect correlations between each 

single-parameter trophic state index (TSI) and percentage contributions of the main land-use 

categories in the total catchment (level 1). The procedure was repeated using detailed land-

cover classes (level 3). All the analyses were conducted using Statistica v.13 software 

(TIBCO Software Inc.). 

Next, we classified the studied coastal lakes in respect of land-use structure assessed using 

CLC analysis. For this purpose, we applied agglomerative hierarchical clustering (AHC), 

followed by principal component analysis (PCA) to investigate the dispersion of data on 

percentage contributions of the main land-use categories in the studied catchments and values 
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of single-parameter trophic state indices of lake water (TSISD, TSITP, TSIChl and TSITOC). Both 

procedures were carried out using XLSTAT software (Addinsoft 2021). 

Finally, the significance of differences in mean Carlson’s index (CTSI) of coastal lakes 

between the distinguished catchment types and between seasons was assessed using 

permutational analysis of variance (PERMANOVA) on Euclidean similarity matrix (999 

permutations) with the Monte-Carlo test. Values of the predictor (CTSI) were earlier 

normalised, and all the analyses were conducted using PRIMER 7 software according to the 

procedure of Clarke & Gorley (2015) 

3. Results 

3.1. Trophic state 

Mean Carlson’s index values (CTSI) indicate that most of the lakes are eutrophic, except for 

Liwia Łuża and Kopań, where they exceed 70, which is characteristic of a hypertrophic state 

(Table 1). Among the single-parameter trophic state indices, TSITP reached the highest values, 

on average >80, characteristic of hypertrophic waters. In individual lakes, values of this index 

were highest in spring and lowest in autumn, except at Lake Resko. Values of TSISD, 

calculated on the basis of Secchi depth, reached on average 77 (hypertrophic). In all the 

analysed lakes, its values were highest in summer. TSITOC values were slightly lower, only 

slightly exceeding 60 on average, indicating a eutrophic state of the studied BCLs. They were 

highest in summer, as was TSISD. The mean level was lowest for TSIChl (below 60), indicating 

a eutrophic state. During this study, values of this index were higher in spring and summer 

than in autumn (Table 1).  

3.2. Catchment structure of coastal lakes 

Land-use structure in the catchments of individual BCL was characterised by a dominance of 

agricultural areas (AA) or forests and semi-natural habitats (FSNA), which belong to the main 

CLC categories (level 1). The highest contributions of AA were found in the catchments of 
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lakes Liwia Łuża and Resko, at 77.8% and 73.2%, respectively (Figure 2). A very different 

land-use structure was found in the catchments of lakes Sarbsko and Gardno, where 

agricultural areas accounted for 44.9% and 50.9%, respectively. Simultaneously, these two 

catchments had the highest percentage contributions of FSNA: 48.0% in Sarbsko and 42.4% 

in Gardno. As for water bodies (WB), their contribution was the greatest in the catchment of 

Lake Kopań (20.0%) but negligible in the case of Liwia Łuża (<1%). The catchments of all 

the studied BCLs had relatively low contributions of artificial surfaces (AS), ranging from 

2.7% (Gardno) to 5.1% (Wicko), and wetlands (W), varying from 0% (Liwia Łuża and 

Resko) to 4% (Kopań) (Figure 2). 

 All detailed information about percentage contributions of land-use categories and classes 

(CLC levels 1 and 3, respectively) in the catchment of each lake is given in the supplementary 

material (Table 2). 

3.3. Catchment cover structure vs. trophic state 

The analysis of Spearman’s rank correlations between single-parameter trophic state indices 

and CLC categories (level 1) shows that they were significant only for TSITP and TSITOC 

(Table 3).  

Significant contributions of artificial surfaces (AS) in the lake catchments were positively 

correlated with TSITP values (rs=0.46), whereas large contributions of forests or semi-natural 

areas (FSNA) were negatively correlated with TSITOC values (rs=˗0.48). A more detailed 

analysis of relations between values of trophic state indices and percentage contributions of 

CLC classes (level 3) showed the importance of specific forms of land use in the catchment 

on values of TSITOC and TSITP (Table 4). Increased contributions of discontinuous urban 

fabric are linked with higher values of these indices (in both cases, rs =0.42), as are, in the 

case of TSITOC, pastures (rs=0.42). Simultaneously, a decrease in TSITOC is associated with 

growing contributions of coniferous forest (rs=˗0.56), mixed forest (rs=˗0.48), land principally 
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occupied by agriculture with significant areas of natural vegetation (rs=˗0.44), and peat bogs 

(rs=˗0.40). Increasing TSITP values were significantly correlated with decreasing contributions 

of peat bogs (rs=˗0.43). Spearman’s rank correlation matrix did not show any significant 

correlations of CLC classes (level 3) with TSISD and TSIChl values (Table 4). We did not find 

any significant influence of degree of connection with the sea on values of trophic state 

indices in the study lakes. 

3.4. Classification of BCL catchments 

Considering the results of CLC analysis and using agglomerative hierarchical clustering 

(AHC), three types of BCL catchment were distinguished: (C1) lakes Wicko and Kopań; (C2) 

lakes Sarbsko and Gardno; and (C3) lakes Liwia Łuża and Resko (Figure 3A). They differed 

in percentage contributions of individual CLC categories (level 1) in the direct catchment.  

A comparison of catchment structure (CLC level 1) with values of trophic state indices of the 

BCLs was subjected to principal component analysis (PCA) (Figure 3B). In total, axes F1 and 

F2 explained 54.66% of variance. F1 was affected mostly by contributions of agricultural 

areas (AA) and of forests and semi-natural areas (FSNA), and F2 by contributions of water 

bodies (WB) and wetlands (W). Only high contributions of FSNA in type C2 were linked 

with low values of trophic state indices in BCLs (Figure 3B). 

All the distinguished catchment types had low percentage contributions of artificial surfaces 

(AS) and wetlands (W) (Table 5). Simultaneously, all catchments included large contributions 

of agricultural areas (AA), which in type C3 accounted for three quarters of the catchment. In 

type C2, contributions of agricultural areas were similar to those of forests and semi-natural 

areas, whereas in type C1, all CLC categories (level 1) were considerably represented (Table 

5).  

In all the distinguished catchment types, the coastal lakes were classified as hypertrophic on 

the basis of total phosphorus content. On average, TSITP reached 89 in C1 and C3 and 79 in 
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C2. Furthermore, the low transparency of water in the study lakes resulted in high TSISD 

values, also classifying the BCLs as hypertrophic (Table 5). The other trophic state indices 

(TSIChl and TSITOC) exhibited values corresponding to a eutrophic state (Table 3). Their 

values were lowest in type C2. The mean CTSI values indicated that the water quality 

(hypertrophic) was lowest in catchments of types C1 and C3, but slightly better (eutrophic) in 

type C2. 

Permutational analysis of variance (Table 6) revealed significant differences between the 

distinguished catchment types on the basis of CTSI values for the study lakes (p=0.001). Pair-

wise tests showed that CTSI values of lake water in C2 significantly differed from those in the 

other types (in each case with p=0.01). In contrast, no significant difference in CTSI values 

was found between lakes in C1 and C3 (p=0.25). Additionally, PERMANOVA did not detect 

any significant differences in CTSI between seasons (spring vs. summer vs. autumn) 

3.5. Patterns of the influence of land-use types 

The percentage contribution of natural and semi-natural areas (N=FSNA+WB+W) compared 

to anthropogenic areas (A=AA+AS) in catchments affected the trophic state index values of 

the lakes located in them. Only in the case of similar contributions of N and A (~1:1), as in 

the case of type C2, was the lake water eutrophic. In the other catchment types, the trophic 

state index values of the coastal lakes were not improved. In C1, the N:A ratio was ~1:2, 

while for C3 it was ~1:4. In both cases, CTSI values markedly exceeded the threshold for 

hypertrophic conditions.  

4. Discussion 

Coastal ecosystems are open systems whose functioning depends on the supply of matter from 

their catchment areas but periodically also from the sea, during seawater intrusion (e.g. Astel 

et al., 2016; Malone & Newton, 2020; McQuatters-Gollop et al., 2009). In general, like in 

other shallow lakes, eutrophication is caused mostly by phosphorus, slightly by nitrogen, and 
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only exceptionally by carbon (Stigebrandt et al., 2014; Withers et al., 2014; Zhou et al., 

2022). Our results confirm this conclusion, as the major predictor of poor water quality was 

phosphorus (Table 1). However, the capacity to decrease its supply to the lakes is greatly 

limited by the current land-use structure in the individual catchments (Figure 2). Among the 

analysed land-cover categories (CLC level 1), none showed an ability to accumulate 

phosphorus in their areas (Table 3). Only the detailed analysis of land-cover classes (CLC 

level 3) indicated that the presence of peat bogs in catchments can limit phosphorus migration 

towards coastal lakes (Table 4). Simultaneously, this class of land cover can reduce the 

migration of organic carbon. This also happens even if its percentage contribution to the total 

area of the direct catchment is small, as it reached up to only ~0.05% in the analysed 

catchments (Table 2). Clerici et al. (2014) and Zalewski (2020) reported that wetlands are 

components limiting the intensity of erosion and the migration of nutrients to the lowest point 

of catchment. The ability for wetlands to remove nutrients from waters is based on the 

interception of sediments and removal of excess nutrient loads by the rich plant and animal 

communities living in them (DeBusk, 1999; Obolewski, 2011). Thus, they apparently act as 

the “kidneys” of a catchment, constituting the principal component protecting water bodies 

and watercourses (e.g. Amoros & Bornette, 2002; Brooks et al., 2013). For this reason, much 

attention has recently been paid to the protection and restoration of natural wetlands as well as 

the construction of artificial substitutes (Lee et al., 2005; Obolewski et al., 2018).  

If the contribution of anthropogenic components (AS + AA) to the total catchment area 

increases, then a deterioration in lake water quality can be expected, even to the hypertrophic 

level. In the case of the BCLs, the major category of transformed components of catchments 

are agricultural areas (AS), accounting for 45–78% of the total area (Figure 2). However, their 

influence on the trophic state of BCLs is revealed only when detailed land-use classes are 

analysed (CLC level 3). Their negative impact concerns the presence of pastures (13%), 
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which are linked with an increase in organic carbon content of water in the BCLs (Table 4). 

Pastures are characterised by a relatively low ability to bind organic substances under 

conditions of continuous grazing (Cardoso et al., 2009). They are also treated as an element of 

traditional farming responsible for increased nutrient concentrations in surface runoff (e.g. 

Haidary et al., 2013; Johnson et al., 2013; Ongley et al., 2010; Zhang et al., 2014). 

Simultaneously, the presence of abandoned agricultural areas (old fields, etc.) can 

significantly reduce organic carbon loads received by lakes (Sánchez-Sánchez et al., 2014). 

This effect is observed, though the mean contribution of this CLC class is only ~2% (Table 

2). Thus, in the analysed catchments, it can be assumed that, in AA, the production and 

reduction of organic carbon are balanced. 

The identified types of BCL catchments differed in land-use structure in respect of its main 

categories (CLC level 1, Figure 3, Table 5). Type C1 had the highest contributions of 

wetlands and water bodies (in total 17.4%) but, despite this, very high TSITP and TSISD 

values. It appears that wetlands and aquatic ecosystems in the catchment are not capable of 

assimilating the amounts of phosphorus and organic matter produced in areas transformed by 

human activity. Similarly, an unfavourable catchment structure is found in type C3, where 

areas of these land-cover categories are absent or negligible (Table 5). The situation is slightly 

improved by the presence of forests in the catchment (<20%), which can bind part of TOC 

(Table 3). However, most of the pollution will be deposited in the BCLs, leading to 

hypertrophic conditions, implying intensive phytoplankton growth (Obolewski et al., 2018) 

Only larger contributions of forests and semi-natural areas (FSNA) comparable with those of 

agricultural areas (type C2) are linked with significantly lower values of trophic state indices 

of BCLs (Table 5). The presence of broad-leaved and mixed forests significantly limits 

carbon migration, which may lead to decreased primary production in the lakes (Olson et al., 

2020). This is confirmed by lower values of TSIChl in catchments of type C2 than in the other 
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types (Table 5). Krzemińska et al. (2006) and Staniszewski et al. (2017) showed that such a 

catchment structure creates a buffer zone, increasing the resistance of lakes to degradation, 

even of those particularly prone to eutrophication, e.g. shallow coastal water bodies 

(Trojanowski et al., 1991). Trophic state index values of lake water in C2 significantly 

differed from those in C1 and C3 (Table 6). Surprisingly, seasonal variation did not influence 

CTSI, although changes in plant activity are obvious during the growing season. Additionally, 

it is noteworthy that salinity level, reflecting hydrological connection with the sea, did not 

significantly affect the trophic state of the study lakes. It is commonly assumed that seawater 

intrusion to coastal water bodies temporarily lowers the trophic state of water and improves 

its ecological status (Djihouessi et al., 2021; M. El Zokm et al., 2018; Paturej, 2008). 

However, it seems that, in the BCLs, the intensity of intrusion of brackish water from the 

Baltic Sea is insufficient to influence markedly their CTSI values. In the interplay of 

influences of terrestrial and marine waters, the former prevail, but this may change if the 

water level in the World Ocean rises as a result of global climate change (Prange et al., 2020). 

However, to limit the current eutrophication of coastal lakes, we need to undertake protective 

measures within the catchment. In this context, it is advisable to attempt to balance the 

contributions of natural and anthropogenic components of the catchment (Figure 4). The 

presented results indicate that, when their contributions are similar (ratio ~1:1), then the land-

cover structure allows the eutrophic state to be maintained, which is natural for coastal lakes 

(Trojanowski et al., 1991). Obviously, it is impossible to eliminate agricultural areas and 

artificial surfaces from catchments, so to improve water quality in coastal lakes we need to 

introduce changes according to the ecohydrological concept, close to nature.  

Large-scale changes in land-use structure, such as deforestation, the creation of artificial 

surfaces in catchments, and the straightening of shorelines and river banks, increases the 

transfer of nutrients and pollutants along the river–water body–sea system (Zalewski, 2020). 
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A crucial component of the recommended form of catchment management is the protection, 

restoration or construction of wetlands to limit the migration of phosphorus and organic 

carbon (Table 4). Its limitation can be intensified by creating buffer zones, such as wooded 

patches among fields, green belts or forests (Silva & Williams, 2001). In areas transformed by 

human activity, over-engineering should be minimised, while the contribution of grassy 

pitches, parks and squares should be increased to neutralise the phosphorus produced by cities 

and towns (Di Capua et al., 2022). Continuing to manage coastal lake catchments without 

properly developed protection plans based on Ecohydrological Nature-Based Solutions (EH-

NbS) would lead to the disappearance of the lakes and a noticeable loss of biodiversity in the 

catchment. 

5. Conclusions 

Coastal lakes can be sites for monitoring the migration of water pollution towards the sea. 

They are prone to degradation, as reflected in a high trophic state of lake water. This is caused 

by transformations in catchments dominated by agricultural areas. Despite this, if the 

contributions of arable fields and forests or semi-natural habitats are balanced, then the 

coastal lakes within the catchments have a lower trophic state. This indicates that proper 

management of catchment areas can reduce human impact on its aquatic components and 

limit the resultant degradation of the Baltic Sea.  

Coastal lakes are subject to continuously opposing terrestrial and marine influences. In this 

context, it is surprising that the presented results do not confirm the importance of seawater 

intrusion from the Baltic Sea (salinity) on the trophic state of the study lakes. It seems that the 

importance of intrusion is a specific feature of coastal lakes connected with saltwater seas 

(whereas the Baltic Sea is brackish). For this reason, in other analyses of the trophic state of 

coastal lakes, both the marine and terrestrial influences should be taken into account, aiming 

to promote harmonious cooperation between various components of the environment 
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(catchment–lake–sea). The results of this study may be useful for shaping future procedures 

for catchment management in a broader system than in the case of coastal areas. 

Quantification of the problems of land-cover structure in catchment areas may help to develop 

EH-NbS programmes reducing the threats to the accessibility of high-quality water. 
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Figure captions 

Figure 1. Location of the studied Baltic coastal lakes and outlines of their catchments (area in km2) 

Figure 2. Land-use structure in the studied lake catchments, determined by the percentage 

contributions of CORINE land cover (CLC) categories (level 1) 

Figure 3. (A) Dendrogram resulting from agglomerative hierarchical clustering (AHC) of 

catchments of Baltic coastal lakes, based on the dissimilarity matrix of Euclidean distances 

(Ward’s method of agglomeration) for percentage contributions of land-cover categories (CLC 

level 1). (B) Principal component analysis (PCA) for percentage contributions of land-cover 

categories (CLC level 1) in the study lake catchments and single-parameter trophic state indices 

(TSI) 

Figure 4. (A) Functioning of coastal lakes with current level of human impact and catchment 

structure; (B) Method of changing catchment structure to diminish human impact and reduce 

nutrient loading of lakes 
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Table 1. Seasonal variation in mean (±SD) values of single-parameter trophic state indices and 

mean Carlson’s trophic state index (CTSI) for the studied Baltic coastal lakes (total n=192). 

 

Lake Season 
Trophic state indices 

CTSI 
TSISD TSITP TSIChl TSITOC 

Liwia Łuża 

n=30 

Spring 73±2 96±10 60±14 65±6 73H±5 

Summer 84±3 88±7 57±12 73±7 75H±4 

Autumn 71±24 78±28 54±22 60±20 66E±23 

Total 76±16 87±15 57±16 66±11 71H±11 

Resko 

n=30 

Spring 73±3 88±7 55±11 57±4 68E±4 

Summer 79±4 89±9 60±11 62±8 72H±5 

Autumn 76±4 89±8 57±13 59±5 70E±6 

 Total 76±4 89±8 57±11 59±6 70E±5 

Kopań 

n=30 

Spring 75±6 91±5 58±11 66±4 72H±3 

Summer 82±2 85±8 58±11 72±6 74H±5 

Autumn 75±25 76±27 53±21 69±24 68E±23 

Total 77±11 84±13 56±14 69±11 71H±10 

Wicko 

n=42 

Spring 70±20 88±25 58±21 54±15 67E±19 

Summer 78±2 85±12 60±15 64±3 72H±7 

Autumn 73±20 86±25 57±20 59±17 69E±20 

Total 74±14 86±21 58±19 59±12 69E±15 

Gardno 

n=30 

Spring 77±5 79±4 56±8 52±8 66E±4 

Summer 77±6 72±13 55±8 58±6 66E±5 

Autumn 64±21 67±23 51±19 51±18 58E±20 

Total 73±11 73±13 54±11 54±11 63E±10 

Sarbsko 

n=30 

Spring 70±2 85±8 62±16 58±10 69E±6 

Summer 79±2 81±17 63±17 59±6 71H±7 

Autumn 75±25 75±27 56±24 61±21 67E±23 

Total 75±10 80±17 60±19 59±12 69E±12 

Note: E – eutrophy; H – hypertrophy 
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Table 2. Percentage contributions of land-use classes (CLC levels 3) in the catchment of each 

lake. 

  

Type of catchment 

C1  C2  C3 

Wicko Kopań 
 

Sarbsko Gardno 
 Liwia 

Łuża 
Resko 

A
S

%
 

Discontinuous urban fabric 3.98 3.85 
 

3.29 2.27 
 

4.48 3.56 

Mineral extraction sites 0.00 0.00 
 

0.00 0.04 
 

0.14 0.27 

Industrial or commercial 

units 
0.00 0.00 

 
0.17 0.03 

 
0.17 0.00 

Sport and leisure facilities 0.00 0.00 
 

0.14 0.06 
 

0.00 0.00 

Construction sites 0.00 0.00 
 

0.00 0.00 
 

0.00 0.72 

Airports 1.09 0.00 
 

0.00 0.31 
 

0.00 0.00 

F
S

N
A

%
 

Coniferous forest 7.69 1.68 
 

22.97 24.10 
 

5.03 5.35 

Mixed forest 6.46 4.40 
 

13.42 10.87 
 

4.72 5.70 

Broad-leaved forest 6.26 0.50 
 

6.98 5.17 
 

5.91 7.21 

Transitional woodland-shrub 2.86 0.00 
 

4.38 2.15 
 

0.77 1.94 

Beaches, dunes, sands 0.17 0.00 
 

0.22 0.10 
 

0.00 0.00 

A
A

%
 

Non-irrigated arable land 48.12 50.50 
 

31.79 39.22 
 

46.92 50.88 

Pastures 9.16 9.94 
 

9.57 6.74 
 

27.82 18.63 

Land principally occupied by 

agriculture 
1.11 0.72 

 
1.38 3.95 

 
2.18 3.08 

Complex cultivation patterns 0.49 4.50 
 

2.15 0.99 
 

0.91 0.56 

W
%

 Inland marshes 3.80 3.95 
 

0.40 0.18 
 

0.00 0.00 

Peat bogs 0.00 0.00 
 

0.00 0.05 
 

0.00 0.00 

W
B

%
 

Water bodies 8.80 19.96 

 

3.16 3.79 

 

0.96 2.07 
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Table 3. Spearman’s rank correlation coefficients between the single-parameter trophic state 

indices and CORINE land cover (CLC) categories (level 1). (Correlation coefficients marked 

with asterisks are statistically significant with p<0.05; those in bold are the most significant). 

 

CLC categories (level 1) 
Trophic state indices 

TSISD   TSIChl   TSITP   TSITOC 

Artificial surfaces (AS) 0.06   0.06   0.46   0.18 

Agricultural areas (AA) 0.11   0.02   0.30*   0.33* 

Forests and semi-natural areas (FSNA) -0.21   0.00   -0.25   -0.48 

Wetlands (W) 0.15   -0.03   0.04   0.21 

Water bodies (WB) 0.09   -0.06   -0.02   0.08 
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Table 4. Spearman’s rank correlation coefficients between the single-parameter trophic state 

indices and CORINE land-cover (CLC) classes (level 3). (Correlation coefficients marked with 

asterisks are statistically significant with p<0.05; those in bold are the most significant). 

CLC categories (level 1) and classes (level 3) Trophic state indices 

Level 1 Level 3 TSISD TSIChl TSITP TSITOC 

A
S

 

Airports -0.13 -0.03 0.01 -0.33 

Construction sites -0.11 -0.03 0.11 -0.22 

Discontinuous urban fabric 0.17 0.07 0.42 0.42 

Industrial or commercial units -0.02 0.07 -0.23 0.00 

Mineral extraction sites -0.12 -0.01 -0.01 -0.16 

Sport and leisure facilities -0.12 -0.00 -0.39 -0.29 

Beaches, dunes, sands -0.10 0.03 -0.10 -0.28 

F
S

N
A

 

Broad-leaved forest -0.14 0.04 0.16 -0.29 

Coniferous forest -0.24 -0.02 -0.31 -0.56 

Mixed forest -0.21 0.00 -0.25 -0.48 

Transitional woodland-shrub -0.16 0.03 -0.07 -0.39 

A
A

 

Complex cultivation patterns 0.14 -0.02 -0.28 0.26 

Agriculture with areas of natural vegetation -0.24 -0.02 -0.26 -0.44 

Non-irrigated arable land 0.06 -0.04 0.29 0.13 

Pastures 0.15 0.06 0.26 0.42 

W
 Inland marshes 0.15 -0.03 0.04 0.21 

Peat bogs -0.18 -0.07 -0.43 -0.40 

W
B

 Sea and ocean (=hydrological connectivity) 0.13 0.05 0.36 0.35 

Water bodies 0.09 -0.06 -0.02 0.08 
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Table 5. Mean percentage (±Standard Deviation) contributions of CORINE land cover 

categories (CLC level 1) and trophic state index values in catchment types of Baltic coastal 

lakes (C1–3). 

Note: E – eutrophy; H – hypertrophy 

 

  CATCHMENT TYPE 

  C1  C2  C3 

CLC 

AS (%) 4.6  3.2  4.7 

AA (%) 61.7  47.9  75.5 

FSNA (%) 16.4  45.2  18.3 

W (%) 3.9  0.3  0 

WB (%) 13.5  3.5  1.5 

TSISD 

mean 78H  76H  77H 

±SD 4  6  5 

range 69–83  65–88  67–87 

TSITP 

mean 89H  79H  89H 

±SD 9  11  9 

range 67–104  54–105  72–111 

TSIChl 

mean 60E  59E  58E 

±SD 12.23  12.90  12.15 

range 47–93  47–94  48–84 

TSITOC 

mean 66E  58E  64E 

±SD 7  8  7 

range 53–87  39–75  45–91 

CTSI 

mean 73H  68E  72H 

±SD 5  6  5 

range 63–84  58–86  63–86 
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Table 6. Permutational analysis of variance (PERMANOVA) results testing the effects of 

catchment types (C1, C2 and C3) and seasons (spring, summer and autumn) on mean Carlson’s 

trophic state index (CTSI) in Baltic coastal lakes, based on the Euclidean similarity matrix, 

p(MC); p-value obtained with Monte Carlo permutation test. Bold values indicate significance 

(p<0.05). 

 Source of variation df SS MS 
Pseudo  

F-values 
p(MC) 

CTSI 

Type of catchment 2 909.0 454.5 14.827 0.001 

Season 2 82.1 41.1 1.340 0.25 

Type x season 4 93.7 23.4 0.765 0.58 

Residual 183 5609.7 30.7   

Pair-wise test 

Catchment types compared 

C1 x C2 5.163 0.001 

C1 x C3 1.184 0.25 

C2 x C3 3.776 0.001 
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