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Abstract: In this paper we focus on the model setup scheme for medium-size watershed with high 

resolution, multi-site calibration, and present results on the possible changes of the Minija River in 

flow, sediment load, total nitrogen (TN), and total phosphorus (TP) load in the near-term (up to 

2050) and long-term (up to 2099) in the light of climate change (RCP 4.5 and RCP 8.5 scenarios) 

under business-as-usual conditions. The SWAT model for the Minija River basin was setup by using 

the developed Matlab (SWAT-LAB) scripts for a highly customized watershed configuration that 

addresses the specific needs of the project objective. We performed the watershed delineation by 

combining sub-basin and hillslope discretization schemes. We defined the HRUs by aggregating the 

topographic, land use, soil, and administrative unit features of the area. A multisite manual 

calibration approach was adopted to calibrate and validate the model, achieving good to satisfactory 

results across different sub-basins of the area for flow, sediments and nutrient loads (TP and TN). 

After completing the climate change scenario calculations, we found that a net decrease of flow (up 

to 35%), TN (up to 34%), and TP (up to 50%) loads are projected under both scenarios. Furthermore, 

we explored the changes in the streamflow composition and provide new insight on the reason of 

projected nutrient load decrease. 

Keywords: hillslope discretization; SWAT model; water quality; Minija River watershed; climate 

change 

 

1. Introduction 

The recent State of the Baltic Sea report [1] shows that more than 97% of the Baltic Sea area suffers 

from eutrophication due to past and present excessive inputs of nitrogen and phosphorus. Owing to 

the implementation of the Baltic Sea Action Plan [2] by the Baltic Marine Environment Protection 

Commission (also known as Helsinki Commission, HELCOM) member states, the inputs from land 

have decreased considerably, but the effects of these measures are generally not yet reflected in the 

status. According to the assessment of progress towards the national targets for input of nutrients 

achieved by 2014 [3], Lithuania, as a HELCOM member, has yet to reduce the inputs to the maximum 

allowable levels, though the country has made some progress; for example, Lithuania was the only 

country that reduced total phosphorus inputs to all sub-basins to which it contributes [3]. 

Adaptation to climate change is a central issue for the planning and implementation of measures 

to reduce nutrient inputs, as well as for adjusting the level of nutrient input reductions to ensure 
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protection of the Baltic Sea marine environment in a changing climate. Currently, the maximum 

allowable inputs are calculated under the assumption that the Baltic Sea environmental conditions 

are in a biogeochemical and physical steady-state [1], which is not likely to last with a changing 

climate. 

Most of the land-based nutrient contribution from Lithuania to the Baltic Sea comes through the 

Nemunas River, which is the fourth largest river draining into the Baltic. The Nemunas watershed is 

shared by Belarus (48%), Lithuania (46%), Poland (2.57%), the Russian Federation Kaliningrad oblast 

(3.34%), and Latvia (0.09%) [4] (Figure 1), however, the responsibility to reduce the land-based 

nutrient loads to the river falls mainly on Lithuania, as Belarus is not a HELCOM nor an EU member, 

thus, is not bound by related international agreements. 

 

Figure 1. Minija River basin area (outlined in red) in the Nemunas River watershed modelling 

framework. 

Several studies conducted in the Baltic Sea region have addressed the effects of climate change 

on the river discharge at large scale [5–7] and medium to small scale [4,8,9], and studies focused on 

nutrient load change [10–12] from catchments in the Baltic Sea area. Some studies indicate that the 
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current climate change trends for the region might result in an additional increase in the nutrient 

reduction targets [13]. This would mean that Lithuania needs to adapt and optimize land and 

fertilization management, nutrient recycling, rural water management, and implement other nutrient 

reduction and retention measures to achieve substantial progress for minimizing nutrient transport 

to the rivers, into the Curonian Lagoon and subsequently—to the Baltic Sea. Our conducted study 

aims to contribute to this effort by providing awareness of possible nutrient load changes in the light 

of climate change in the Nemunas River watershed. Furthermore, we intend to create a tool which 

will be flexible enough to simulate large-scale transboundary watershed level processes (hydrology, 

sediment, and nutrient load), for which course resolution data and model setup is sufficient; and 

regional, local, or even farm-scale management practices, for which a high-resolution model with 

adequate physical process representation in the watershed would be best suited. 

We have tackled the challenges of creating a large-scale transboundary model for assessing the 

hydrological and water quality changes in a sub-basin of Nemunas watershed, located in Belarus 

(Vilija River basin) [14], which is the east most area of the entire watershed. Moving on with the 

study, now we tackle a similar challenge in the territory of Lithuania and the west-most area of the 

Nemunas River watershed, where the Minija River basin is situated (see Figure 1). In this paper we 

present the results of the model setup and test the watersheds response to climate change for near-

term (up to 2050) and long-term (up to 2099) under the “business as usual” conditions with two 

Representative Concentration Pathways (RCP): RCP4.5 and RCP8.5, derived from Hadley Global 

Environment Model 2—Earth System (HadGEM2-ES) [15]. Located close to the coastal area, the 

created study and drawn conclusions may serve as a proxy to the entire coastal region of the East 

Baltic. 

The Minija River basin model should be able to represent the study area and to simulate the 

hydrology and the water quality of the river and its response to different stressors, such as climate 

conditions. Furthermore, the model must be able to incorporate field-scale changes in the land use 

and land management; therefore, the model setup must reflect the processes in the sub-basin as 

accurately as possible. The SWAT (Soil and Water Assessment Tool) was chosen for this study for its 

comprehensive ability to simulate basically any type of hydrological model setup, which is backed-

up by multiple application examples (all can be found in the SWAT publication database [16] and a 

general model description is available in Supplementary Material A). Although the standard 

geographic information system (GIS) tools for model setup (like ArcGIS, ESRI 2011. ArcGIS Desktop: 

Release 10. Redlands, CA: Environmental Systems Research Institute.) are commonly used, we found 

that they are preprogrammed to specific datasets to generate a default SWAT parametrization. Some 

allow the usage of a lookup table for different and non-standard pixel values in user-supplied grids; 

however, the SWAT database table integrated into those user interfaces cause some limitations and 

are not always easy to extend. Thus, we chose to use the developed script-based SWAT input 

generator coded in MATLAB (The MathWorks, Inc., Natick, Massachusetts, United States): SWAT-

LAB (N. Čerkasova, Klaipėda, Lithuania [14]). The benefits of the script-based input generator are 

the flexibility in terms of automatic data generation, support of any type of model discretization (sub-

basin, hillslope, or grid [17]), no limitation on the model complexity and others [14]. Using SWAT-

LAB we could create a non-standard model setup which represents the spatial relationships of objects 

within the Minija watershed closest to the real physical conditions. 

2. Materials and Methods 

2.1. Case Study Description 

The Minija River basin is situated in the west of Lithuania; positioned close to the coastal region 

and is a part of the Curonian Lagoon drainage basin (Figure 1). The Minija River’s length is 201.8 km, 

its watershed area is 3097.04 km2 with an annual average discharge of 38.7 m3/s [18]. Minija discharges 

into the Nemunas River at the very mouth, so it is a direct contributor to the flow, nutrient, sediment 

and bacteria to the Curonian Lagoon [19]. A number of protected areas are established and are a part 

of the river basin, such as the Samogitia National Park (Žemaitija National Park), Salantai Regional 
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Park, Nemunas Delta Regional Park (which is a Ramsar site), and the Minija River Ichthyological 

Reserve. The river basin is under stress from different sources of pollution, including agriculture and 

aquaculture, recreational activities, domestic and industrial wastewater and others. 

The Minija River basin is located in the lowland, mainly flat zone (Figure 2a,b). Winter pasture, 

followed by forests and agricultural regions, dominates the land use of the area (Figure 2c). This lets 

us assume that the major part of the pollution is coming from diffused sources. On the other hand, 

the agriculture and animal handling in the protected areas are strongly regulated by regional law, 

i.e., the number of livestock per hectare is limited, and thus this source of pollution might be of less 

influence than in other regions. 

Located in the post-glacial area, the soils of the watershed are dominated by Hapli-

Epihypogleyic Luvisol (IDg8-p), and generally by soils formed by fluvioglacial deposits, mainly 

sandy and loam deposits (JIb2, GLb2) [20] (Figure 2d). The delta region is dominated by wet alluvial 

soils, thus, the main land use of the low-lying area are polders. 

The relation between the river discharge regime and the precipitation received by the watershed 

suggests that there are additional processes, which govern the streamflow and have a more 

significant impact than the surface runoff (Figure 3). Evapotranspiration (ET) has a great influence 

on the streamflow, although the case study area is situated in a temperate climate zone (or humid 

continental climate as defined by Köppen [21]). As can be seen in Figure 3, ET and rainfall alone 

cannot fully describe the streamflow intensity of the Minija River. 
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Figure 2. Minija river watershed characteristics: (a) DEM; (b) slope; (c) land use; and (d) soil types. 

 

Figure 3. Mean measured monthly precipitation over the Minija River basin, estimated 

evapotranspiration (ET) and measured discharge in the period from 2000–2010. 

The river stream can be categorized as the gaining or effluent, meaning that there is an increase 

in discharge downstream and it depends on the water table, therefore, we suggest that the 

groundwater contribution to the stream has a significant influence in the watershed. Other studies 

have suggested that the air temperature, plant cover and activity, and evapotranspiration are the 

regulating factors that link precipitation and river flow [4] in the Nemunas River basin, which the 

Minija River is a part of. These discrepancies in various studies suggest that a more detailed analysis 

is needed on the composition of the stream flows of the entire Nemunas River basin to determine the 

most significant regulating factor of the discharge. Modelling studies, such as this, can help broaden 

the knowledge and understanding about the hydrological regime of rivers in the area. 

2.2. Model Discretization Scheme 

The Minija River basin model is a part of the larger modelling framework covering the entire 

Nemunas River watershed [14]. To build a high-resolution model for the entire watershed we split 

the basin into manageable sub-models, based on their location and the individual sub-watershed 

topology. Minija River model is the west-most part of this framework (see Figure 1). 

The first step of model setup is the watershed discretization. 

The standard discretization approach that is conducted by most of the SWAT users is HRU 

(hydrologic response unit)-based. In this approach it is assumed that the outflow from each HRU is 

equally routed to the watershed outlet. While it is often possible to produce results with similar 

modelling performance in terms of goodness of fit compared to more advanced discretization 

methods such as hillslope/catena or grid [22,23], an HRU-only-based discretization approach does 

not realistically link the cascade of flow and related impacts of it on the hydrographs and 

pollutographs [24]. Sub-basin HRU-based lumped models often respond less to changes in land use, 

soil, and weather conditions and need to be recalibrated with each changing scenario [24]. To 

counteract the lack of realism caused by discarding the natural pathways of unchannelized routing, 

Jencso et al, 2010; Kraf et al (2012); Vigiak et al (2015); Zao and Beighley (2016); Hoan et al (2017) and 

Vigiak et al (2017) [25–30] utilized the hillslope/catena approach, whereas Gorgan et al., (2012); 

Pignotti et al. (2017) [31,32] preferred the grid based discretization approach. If SWAT is operated 
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following the grid-base discretization approach, each grid cell must be considered as a SWAT sub-

basin resulting in increase of the computational burden and, therefore, the runtime orders of 

magnitude, depending on the grid resolution. Further details on the increase of runtime because of 

following the grid-based discretization option as applied in SWAT is discussed by Arnold et al (2010) 

[22]. Drawing upon the experiences published previously, the optimum discretization method 

considering the realistic link of the cascade of flow and related impacts of it on the hydrographs and 

pollutographs and the computational burden of more advanced discretization methods, 

hillslope/catena-based discretion can be considered as the optimum. 

The ideas related to best management practices for nutrient loads reduction published by Leh et 

al (2008) [33] focused on field scale modelling, and Qin et al (2018) [34] focused on spatial 

optimization approach to watersheds based on slope position units, we concluded that hillslope 

discretization is physically more realistic and will produce more accurate results, in case the model 

set-up in this study would be operated for simulations related to land use change and pollution 

prevention measures programs in the future. A recent research comparing different watershed 

configurations (HRUs, spatially explicit HRUs, hydrologically connected fields, and slope position 

units.) by Zhu et al (2018) [35] also states that using the slope position units as BMP configuration 

units with the hillslope based discretization yielded the best results. 

Another reason for implementing the hillslope discretization scheme in this study is that; the 

modelling tool SWAT used in this study is continuously revised and is now undergoing a new 

development cycle named SWAT Plus [36], which is the future SWAT. SWAT Plus, to which many 

previously models developed on SWAT, including the model setup in this study, would be ported 

to, relies on a better and more comprehensive landscape unit discretization, which includes more 

cascade-based routing, resembling the hillslope/catena discretization. Therefore, incorporating 

hillslope discretization into this study, is considered a better strategy for the easier port of the model 

developed presently into the future. 

Modelling is an “alive” process. The Chesapeake Bay Watershed Model is a good example for 

this statement. As reported by Linker et al (2002) [37], the modelling efforts began in 1982 and were 

continued as multiple phases, the first phase being initiated in 1985 and reaching Phase 5.3 in 2010 

[38]. Recently, modelling phase 6 was initiated [39], which incorporates more detailed and revised 

input data and more advanced modelling tool and infrastructure ever. Considering the fact that 

model building is a time-costly effort, we believe that developing a model that would cover not only 

the aims of one study but more flexibly applicable to other future studies as much as possible within 

the resources made available for this study is the wiser roadmap to follow and therefore, we applied 

the hillslope based discretization to our model, considering its further use of land-use change and 

diffuse pollution measure scenarios, which are not covered in this study. However, all graphical user 

interface (GUI) tools developed for SWAT incorporate only the sub-basin/HRU discretization, which 

is the main reason why a script-based model setup approach was chosen for this study. 

To take advantage of the model flexibility, we first divide the watershed into sub-basins using 

the topographical features of the area, and then we further divide the sub-basins into hillslopes, thus 

producing a hillslope discretization [17] (a thorough description of the procedure is available in the 

Supplementary Material B). Next, we use a modified HRU definition procedure and run SWAT-LAB 

[14] to produce HRUs from a unique combination of topography, slope, soil, land use, and 

administrative unit grids. 

When defining the sub-basins in the Minija River model, we identified the main processes of 

interest and produced the following types of sub-basins: 

 Urban sub-basins (completely channelized); 

 Agricultural sub-basins (partly channelized); 

 Pond/reservoir sub-basins (completely channelized); 

 Forest/buffer sub-basins (not channelized); 

 Stream and forest sub-basins (partly channelized); and 

 Stream sub-basins (completely channelized). 

These sub-basin types reflect the physical conditions in the study area. 
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As stated previously, one of the aims of the model design and developments can be considered 

as “to utilize for possible future studies”. Models are not only used for system analysis but also to 

answer the management questions for the governmental agencies. Lithuania is a part of the European 

Community, hence it is subjected to the European Water Framework Directive (WFD) [40]. The WFD 

established a legal framework to achieve sustainable water management in the EU. The WFD is 

implemented through six-year recurring cycles. Member States were required to deliver their first 

River Basin Management Plans by the end of 2009 and shall review these plans every six years. The 

Programmes of Measures developed under the plans had to be operational by the end of 2012. The 

2nd cycle RBMPs needed to be in place by the end of 2015. By 2019, the WFD should be reviewed 

and, if necessary, revised. These facts imply that any watershed model would be facing to generate 

supporting information to answer more diverse and possibly more detailed management questions 

and should therefore be more flexible and more expandable and, if possible, should not be limited to 

single study aims. The model in this study, which is focused on the impact of climate change on the 

nutrient loads, is developed considering that it would be further utilized for land use change and 

best management practice scenarios in the future, which are not the aims of this study, however, 

components of which should be preemptively included into any model developed for the sake of 

“economy” in the efforts of watershed and water quality model development. 

2.3. Addressing the Model Complexity 

Dealing with the high-resolution spatial data of the DEM, soil and land use provided us with 

the possibility to create a very detailed model. However, the usability of this model had to be 

addressed. For large-scale applications, a coarse resolution model usually performs adequately for 

yearly or monthly flow/load predictions [41,42], but there is a general trend for the relative error to 

increase with the decrease of the spatial input data resolution, whilst the number of sub-watersheds 

needed for accurate predictions of sediment losses, has to increase [43]. The known solutions to deal 

with the SWAT model complexity during the setup is the use of coarse resolution data or reducing 

the number of HRUs by merging (i.e., merging all the HRUs beneath a given threshold with a 

dominant HRU, etc.). Alternatively, simplifying the input data (i.e., reclassifying the land use or soil 

maps or aggregating classes), therefore producing fewer HRUs, is also a solution. 

Since the model will be used for both total seasonal and annual runoff and sediment/nutrient 

load assessments and for land use change/best management practices we decided to produce two 

model setups, which are best suited for the purpose: a coarser model with simplified soil and land 

use grids; and a high-resolution model with the original structure. Since this study is focused on 

climate change assessments, we present the results of the simplified model setup. 

The flexibility of a script-based model setup let us incorporate a custom data simplification 

algorithm into SWAT-LAB. The idea behind the simplification is to reclassify certain land use or/and 

soil classes based on provided criteria. The reassigned classes are attributed on provided criteria, 

which are also user-defined (see Supplementary Material B for a detailed description of the 

algorithm). After running the simplification procedure, we have achieved a significant HRU 

reduction (from 73,986 to 29,861), and a decrease in model run-time (from four hours to approx. 45 

minutes for a 15 year modelling period with a monthly time step output). This allows us to produce 

more simulation runs for calibration at a reasonable computational time and an insignificant change 

in the model predictive accuracy for simulating flow (less than 2% difference in simulated flow). 

Although we refer to the simplified model as being “coarser” it still stands out among the vast 

majority of similar studies [16], where the number of HRUs rarely exceeds a couple of thousand. 

2.4. Data and Scenarios 

Most of the data for this study region were attained from national databases of Lithuanian. The 

digital elevation model (DEM) and soil maps were attained from the National Land Service under 

the Ministry of Agriculture of Lithuania [44,45]. The original DEM resolution was 5 m × 5 m. Many 

studies discussed the optimum digital elevation model resolution for hydrological modelling, where 

most of them supported the statement “the spatially higher resolution the better”. Studies conducted 
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by Ghaffari et al. (2011) and Goulden et al (2014) [46,47] imply that higher resolution DEM produces 

more realistic results, whereas Cotter et al (2003), Chaubey (2005) and Chang and Chao (2014) [48–

50] focus on the decrease of uncertainty if higher resolution DEMs are utilized. 

The DEM resolution was resampled to 35 m × 35 m. The topographical data was compiled from 

different sources covering all the Nemunas River drainage basin area, approximately to 100,000 km2, 

and extending to four countries: Lithuania, Belarus, Russia, and Poland. The model developed in this 

study is designed to be compatible with other watershed models within the Nemunas River Basin, 

where Minija Basin is a subwatershed. [29] suggested that an optimum spatial DEM resolution, where 

use of DEMs with very high resolution such as 1 m × 1 m or 3 m × 3 m are discouraged and 10 m × 10 

m DEM spatial resolution, which are still of much higher resolution than the DEM used in this study, 

are suggested as optimum for hydrological modelling. Considering all the facts, we used a 35 m × 35 

m DEM for topography which is the highest resolution that can be achieved in this study and can still 

be considered as spatially “not too high-resolution DEM” which is unsuggestable for general 

hydrological modelling. The land use dataset was created by combining the forest map from the State 

Forest Survey service under the Ministry of Environment of Lithuania, the Land Parcel Identification 

Database of Agri-information and rural business centre, and the spatial data set of georeferenced base 

cadastre from the Ministry of Agriculture of the Republic of Lithuania [51,52] data at a map scale of 

1:10,000. 

The characteristics of the waterbodies in the region were attained from the spatial data set of 

(geo) reference base cadastre of Lithuania [52]. The reported statistical crop yield data (used for soft 

calibration of the annual yields), livestock numbers (used for diffused pollution), population, and 

industries (used for point source discharge) were attained form the Statistical Yearbook of Lithuania 

[18]. 

The recorded weather conditions as well as observed flow and water quality data were attained 

from the Lithuanian Hydrometeorological Service under the Ministry of Environment. The records 

of flow, total nitrogen (TN), total phosphorus (TP), and sediment concentration were used to calibrate 

and validate the model. These records were available from the years 1995 to 2010 and were scattered 

over the watershed (Figure 4), meaning that different periods were available for different indicators 

from various locations in the basin; thus, a multi-site calibration was performed. Some of these 

gauging stations were constantly in use for performing daily monitoring of the river runoff, while 

others were in use for a short period. Minija–Lankupiai and Minija–Kartena are the runoff stations, 

which we used to calibrate flow on a monthly and daily basis (Figure 4). These are the only two 

stations with daily data available. Other stations (Minija near Suvernai, below Priekulė, below 

Gargždai, above and below Plongė) provided data mainly for nutrients (TN, TP) and sediment 

concentrations. The measurements in these stations have been taken, at best, twice per month, so 

there is a great deal of uncertainty attributed to them. Having no alternative, the water quality 

parameters were calibrated using monthly averages (in some cases represented by a single 

measurement) of these stations. We used the NS (Nash–Sutcliffe model efficiency coefficient), the R2 

(coefficient of determination) and PBIAS (percent bias) to evaluate the model performance, as well as 

visual analysis of the hydrographs. A five-year warm-up period (from 1995–1999) was used to initiate 

the model. 



Water 2019, 11, 676 9 of 24 

 

 

Figure 4. Monitoring network of Minija basin used for model calibration and validation: gauging or 

debit stations (used for measuring only flowrates) and water quality stations (used for measuring N, 

P, and other constituents). 

Data for the climate change scenarios was prepared using the Climate Change Toolkit [53]. The 

projected changes for the 2020–2050 and 2051–2099 periods for temperature and precipitation from 

the HadGEM2-ES model, RCP 4.5 and 8.5 scenarios were used to assess the possible changes on the 

hydrologic regime and water quality of Minija River and the affected Lithuanian coastal zone region. 

The earth system components of HadGEM2-ES compare well with observations and with other 

models. In addition, stratospheric processes and variability are represented realistically [15]. 

HadGEM2-ES compares well with the C4MIP ensemble of models and was previously used in 

various assessments conducted in the Baltic region [12,14], therefore, we used the same model for 

comparative reasons. The humidity, wind speed and solar radiation data was generated by the SWAT 

weather generator [54], based on the average projected statistical values. The choice to analyse two 

different time horizons was dictated by the need on one side to work with a strong signal (long-term) 

and on the other side to investigate a period (near-term) that is not too far ahead for a future socio-

economic analysis of the predicted changes. The scenario summary is presented in Tables 1 and 2. 

The changes in temperature projections display an overall increase in mean temperature in all 

seasons, most in summer months. Noteworthy is the fact that the projected changes in temperature 

for near-term are very similar for both RCPs (2a and 3a scenarios). Compared to the total set of 

representative concentration pathways, the RCP8.5 corresponds to the pathway with the highest 

greenhouse gas emissions, thus by the end of the century, the projections diverge [15] and the highest 

and most drastic changes are projected in this scenario by the end of 2100. The projected precipitation 

patterns show a net decrease of annual precipitation, although the distribution within seasons varies. 

All scenarios point to the increase of precipitation in spring months, while other seasons will receive 

less precipitation. 

Minija River basin, as the majority of the territory of Lithuania, is a rain-fed watershed, meaning 

that there are no irrigation systems in place. The heat supply for the vegetation period will increase, 

and in summer, due to high temperatures and lack of moisture, the aridity of the territory will 

increase as well. This should serve as an early warning to the farmers of the region, due to a possible 
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increase of hydrological draught frequency, which has already negatively affected the agriculture of 

Europe in recent years [55]. 

Table 1. Scenarios for the Minija River model. 

No. Name Description Period 
Analysed 

Period 

1 Baseline 
Baseline scenario of the present situation with 

measured climate forcing for the observed period 
1995–2014 1995–2014 

2a 
RCP 4.5 

Near-term Climate change scenario, based on projection of the 

RCP 4.5 from the HadGEM2-ES, downscaled [15]; 

2020–2050 2040–2050 

2b 
RCP 4.5 

Long-term 
2051–2099 2090–2099 

3a 
RCP 8.5 

Near-term Climate change scenario, based on projection of the 

RCP 8.5 from the HadGEM2-ES, downscaled [15]; 

2020–2050 2040–2050 

3b 
RCP 8.5 

Long-term 
2051–2099 2090–2099 

Table 2. Average seasonal changes in mean temperature and precipitation in the territory of Minija 

River basin for the climate change scenarios. 

Scenario 
Temperature (°C change) Precipitation (% change) 

Winter Spring Summer Fall Winter Spring Summer Fall 

2a 2.9 4.5 5.0 4.0 −10.6 23.7 −25.5 −20.5 

2b 3.5 5.3 6.2 5.2 −17.2 48.9 −21.5 −36.5 

3a 2.9 4.4 5.9 4.3 −16.5 22.2 −35.5 −19.5 

3b 6.9 7.6 9.3 7.7 −4.7 52.4 −35.2 −35.3 

3. Results 

3.1. Model Calibration and Validation 

A manual approach was used to calibrate and validate the model. Due to the comparatively long 

model runtime, we estimated that the automatic calibration procedure could last from 20 days 

(assuming the optimal parameter set would be determined in a single calibration iteration with 500 

simulations), to up to three months. Being constrained by the time period to complete the study and 

the lack of computational resources, we decided to build upon previous calibrations of the Minija 

watershed [4] and our knowledge of the physical processes in the area. We recognize that the 

automatic calibration tools may provide a better solution for model parametrization and are 

considering quantifying this in the future. 

The calibration procedure followed the general recommendations for SWAT model calibration 

[56], where one starts with flow calibration (baseflow plus surface runoff), then sediment and, finally, 

nutrients. Most of the model parameters were transferred from the previous study of SWAT model 

application (conducted with the SWAT 2009 version) for the Minija watershed [4]. In the ongoing 

study we are using the most recent available SWAT version 2018 (rev. 670) and are including the land 

management into the model, hence, a recalibration was essential. The parameters and their fitted 

values are presented in Table 3. 

Table 3. Calibration of sensitive parameters and fitted values for the Minija River basin. 

No. Parameter Associated Process and Description Assigned Value 

1 ALPHA_BF 

Baseflow alpha factor—baseflow recession constant, a direct 

index of groundwater flow response to changes in recharge 

(1/days) 

0.1 

2 GW_DELAY 
Groundwater delay time—the lag between the time that water 

exits the soil profile and enters the shallow aquifer (days) 
7 
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3 ESCO 

Soil evaporation compensation factor—the depth distribution 

used to meet the soil evaporative demand to account for the effect 

of capillary action, crusting and cracks 

0.75 

4 CN* 
Initial SCS runoff curve number—function of the soil’s 

permeability, land use and antecedent soil water conditions 
35.8–61.6 

5 SOL_K 
Saturated hydraulic conductivity—is a measure of ease of water 

movement through the soil (mm/h) 
84.52–1200 

6 SOL_AWC Available water capacity of the soil (mm H2O/mm soil) 0.02–0.06 

7 ADJ_PKR 

Peak rate adjustment for sediment routing in the sub-basin 

tributary channels—factor which impacts the amount of erosion 

generated in the HRUs 

0.5 

8 PRF 
Peak rate adjustment for sediment routing in the main channel—

impacts channel degradation 
1.25 

9 RSDCO 
Residue decomposition coefficient—the fraction of residue which 

will decompose in a day assuming optimal conditions 
0.05 

10 SDNCO 
Denitrification threshold water content—fraction of field capacity 

water content above which denitrification takes place 
1.0 

11 GWSOLP 
Concentration of soluble phosphorus in groundwater 

contribution to streamflow from sub-basin (mg P/L or ppm) 
0.03 

* For a full list of calibrated values see Supplementary Material C. 

One systematic error of the model was the inability to simulate peak flows (Figure 5). This 

appears to be a common issue in a number of studies [57–59] and is a source of uncertainty that has 

to be taken into account. The high resolutions of DEM are reported to systematically underestimate 

runoff, due to the misestimation of runoff pathways and the overestimation of runoff contributing 

areas [43], hence, the water quality estimations in small streams, where the average flow was less 

than 3 m3/s, was affected in a negative way. This is an expected outcome because this particular 

variation of the Minija River model is setup to assess watershed-scale processes, thus, in some cases 

the small-scale information has been generalized by our simplification procedure. Furthermore, in 

the initial discretization, the threshold accumulation area for creating streams and reaches was set to 

35 ha, thus every stream which has a drainage area attributed to it smaller than 35 ha was neglected. 

Despite these drawbacks, we were able to calibrate and validate the model, providing an overall 

satisfactory performance statistic, according to Moriasi [60] (statistics are given in Table 4). 

Table 4. Monthly model performance statistics for every station. 

Station 

Name 

Time 

Period: 

Calibration 

Validation 

Performance (Calibration/Validation) 

Flow TN TP SS 

R2 NS PBIAS R2 NS PBIAS R2 NS PBIAS R2 NS PBIAS 

Minija—

Lankupiai 

2000–2005 
0.75 

0.67d 

0.72 

0.65d 

9.8 

14.5d 
N/A N/A N/A 

2006–2010 
0.70 

0.62d 

0.68 

0.60d 

7.1  

−3.3d 
N/A N/A N/A 

Minija—

Kartena 

1995–2002 
0.84 

0.70d 

0.73 

0.68d 

10.2 

11.3d 
N/A N/A N/A 

2003–2010 
0.77 

0.66d 

0.70 

0.63d 

9.1  

−2.9d 
N/A N/A N/A 

Minija—

near 

Suvernai 

2006–2008 0.55 0.52 8.6 0.85 0.80 −11.0 0.45 0.40 −11.2 N/A 

2008–2010 0.52 0.49 9.8 0.63 0.62 −9.3 0.36 0.35 1.3 N/A 

Minija—

below 

Priekulė 

(Flow: 1995–

2001)  

1998–2001 

0.70 0.69 10.2 0.45 0.40 −25.9 0.45 0.39 −11.8 N/A 

2002–2004 0.69 0.65 12.1 0.42 0.39 −14.5 0.43 0.37 −12.6 N/A 

Minija—

below 

Gargždai 

2000–2002 0.94 0.92 3.5 0.50 0.50 −11.4 0.68 0.64 13.3 0.60 0.54 14.6 

2003–2004 0.92 0.92 5.7 0.52 0.51 2.4 0.70 0.62 20.6 0.56 0.53 −11.6 

1996–2000 0.52 0.50 12.3 0.50 0.47 18.7 N/A N/A 
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Minija—

above 

Plungė 

2001–2004 0.52 0.47 14.5 0.43 0.40 20.8 N/A N/A 

Minija—

below 

Plungė 

1996–2000 0.56 0.55 −10.5 0.52 0.5 20.1 N/A N/A 

2001–2004 0.45 0.47 −8.3 0.48 0.44 15.6 N/A N/A 

N/A: No available data for the station; d: Daily calibration/validation results. 

(a) 

(b) 

Figure 5. Hydrograph example of the Minija River at the Minija-Lankupiai station for the calibration 

and validation period: (a)—monthly and (b)—daily flows. 

The calibration and validation for hydrology was performed on a monthly basis and, where 

available, on a daily one, and displayed an overall reasonable performance, with four stations 

delivering very good to satisfactory statistical performance (see example hydrographs in Figure 5) 

and three (Minija—above Plungė and below Plungė, Minija—near Suvernai) delivering non-

satisfactory evaluation for R2. However, they were satisfactory for NS and PBIAS, according to the 

evaluation criteria for recommended statistical performance measures for watershed-scale models 

[60] (refer to Table 4). Stations around Plungė are situated in the upper part of the watershed, where 

the average streamflow is approx. 5 m3/s. Furthermore, the measurements in these particular stations 

were taken usually once per month with a varying interval. In some cases, a 20-day interval resulted 

in a six-fold increase in flow. Apparently, this data series is best used for annual calibration, rather 

than monthly, as a single observation cannot be representative for the entire period. 

To calibrate the sediment yield we first analysed and statistically evaluated the performance of 

each sediment routing method, and selected the one which displayed a better fit with the 

observations—the Simplified Bagnold Equation method. After this, we manually adjusted the 

parameters related to sediment load to the stream and channel erodibility factor to achieve the best 

fit with measured data (see Table 3). The only available measurement for sediments was the 

suspended sediment concentration at station Minija—below Gargždai. Here, we have encountered a 

similar issue, as in our previous study (see Čerkasova et al. [14] for more details), where there was a 

lot of uncertainty attributed with the measurements, i.e., we did not know the mesh size used to take 

samples, what was the exact location of the sampling, etc. Having no alternative, we used these data 

for calibration and validation, achieving satisfactory performance for sediment load (R2 = 0.6 for 
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calibration and R2 = 0.56 for validation, NS = 0.54 for calibration and NS = 0.53 for validation) (see 

Figure 6 top and second graphs). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Measured and simulated suspended solids concentration (a), sediment load (b), total 

nitrogen load (c), and total phosphorus load (d) at the Minija—below Gargždai station for the 

calibration and validation periods. 
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The calibration and validation for TN produced an overall good to satisfactory results (see he 

example in Figure 6c). The situation with nutrient calibration performance statistics values were 

similar to those for flow calibration. One must keep in mind that the primary source of low 

performance for nutrient load calibration comes from poor representation of hydrologic conditions 

for that particular station. But that does not mean that the model fails to represent the overall (net 

effect) picture of the processes, especially judging by the fact that our model produces good (in some 

cases very good) model fit for flow, TN, and TP for stations, which are in the lower parts of the 

watershed. 

The performance for TP ranged from very good (in Minija—below Gargždai) to satisfactory 

(Minija—near Suvernai) (Table 4). Usually, the calibration and validation results for phosphorus is 

similar to those of sediments, as the particulate form is the one that is usually being transported in 

the watershed. Sicne the only point, which was calibrated for sediments, was in the sub-basin of 

“Minija—below Gargždai” station, it is expected that the model will perform good for phosphorus 

in that location as well (see Figure 6d). As it became apparent in our previous study [14], the input of 

P to streamflow from groundwater is an issue in the Nemunas River watershed, at least in the upper 

sub-basins. A similar characteristic might be applicable for the Minija River basin as well. However 

we did not find any reliable sources, which could provide us with the precise concentration of 

phosphorus (usually PO4) in the groundwater, while the Lithuanian Environmental Protection 

Agency [61] suggests that the water quality of Lithuanian groundwater is poor. We used the values 

for soluble P contribution that provided the best model fit in the calibration period (see Table 3), 

which is on par with general groundwater PO4 concentration values declared in the reports from the 

Lithuanian Environmental Protection Agency [62]. 

To sum up, we deemed the model suitable for predicting the average annual and seasonal 

discharge, TN, and TP load of the Minija River basin and proceeded with scenario evaluation. 

3.2. Predicted Average Yearly Changes in the Minija Basin 

Some general changes of the entire basin are summed up and presented in the Table 5. On 

average by the end of the century, the amount of precipitation received by the area will decrease 

(from 776.6 mm to 661 mm in RCP 4.5, and 668 under RCP 8.5). A drastic decrease, by approx. 60%, 

in the snowfall is predicted, hence confirming the multiple studies that indicate an overall decrease 

in snow cover in the northern parts of Europe [62]. 

Table 5. Average parameter changes for the entire simulation period. 

Parameter Baseline [1994–2014] RCP 4.5 [2020–2099] RCP 8.5 [2020–2099] 

Precipitation 776.6 mm −15% −14% 

Snow fall 91.50 mm −60% −60% 

Temperature stress duration 159 days −34% −31% 

Water stress duration 19 days +55% +68% 

Total Water yield 470.40 mm −30% −26% 

Total N loading 143 tonnes −34% −28% 

Total P loading 6.9 tonnes −30% −11% 

Average flow 38 m3/s −35% −30% 

One interesting result that requires some explanation is the total nitrogen and total phosphorus 

loading. In both RCPs, the amount of nutrient loads decreases. This is associated with different factors 

for T and P. The amount of nitrogen transported with water (the concentration of constituents 

attributed to N) will not change by much in RCP 4.5, although, according to the model output for the 

RCP 8.5, it is expected to increase by 2%, which is a minor change. So, the decrease of TN load is 

attributed mainly to the change in flow, which is projected to decrease by 35% (from 38 m3/s to 24.6 

m3/s) in RCP 4.5, and by 30% (to 26.4 m3/s) in RCP 8.5 (Table 5). 

The modelled amount of phosphorus (concentration of constituents attributed with P) 

transported with waters of Minija River to the mouth will decrease by 30% in RCP 4.5, and by 11% in 
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RCP 8.5. This is a similar finding as the one made in another part of the Nemunas River sub-basin—

the Vilija River sub-basin (for more detail see Čerkasova et al (2018) [14]). Although it is difficult to 

identify the reason behind the overall decrease of the P load, we assume it is associated with the point 

source contributions and with groundwater. We used the average point source contributions for the 

past five years in our study, which has changed dramatically, compared to the early years of the 

baseline scenario, due to renewal of sewage treatment plants in the area. 

Phosphorus loading may contribute to the streamflow from different sources. It was determined 

by our pervious study [14] that there is phosphorus loading from the groundwater to the streamflow 

of the Nemunas River watershed. Minija River, as a part of the Nemunas watershed, also experiences 

significant groundwater contribution to the streamflow. Considering this point, we analysed the 

change in the constituents of the streamflow under the climate change forcing; thus, the change in 

the net phosphorus load became apparent: the groundwater contribution to the streamflow is 

modelled to decrease by 35% under conditions of the RCP 4.5, and by 28% under RCP 8.5. This is the 

reason why the modelled phosphorus load is projected to decrease under the changing climate 

conditions. 
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Figure 7. Predicted changes in average total seasonal precipitation and evapotranspiration for each 

decade of the scenarios. 

The decadal analysis of precipitation and ET variability (see Figure 7) sheds some light onto the 

changes in these and related processes. The total average ET is projected to gradually increase during 

winter months: from 3.5 mm in the baseline to 16.76 mm in RCP 4.5 and 22.21 mm in RCP 8.5); and 

during spring: from 79.84 mm in the baseline to 129.14 mm and 132.81 mm in RCP 4.5 and 8.5 

respectively. The changes in ET in the summer months vary from decade to decade, and in fall the 

ET does not change much over the century. However, precipitation patterns display a somewhat 

different trend. 

The total average precipitation during winter months decrease gradually through the decades, 

never reaching the values of the baseline period (178.31 mm), while in spring there is an increase in 

rainfall, received by the basin: from 115.97 mm in the baseline to 173.07 mm and 177.86 mm by the 

end of the century in RCP 4.5 and 8.5, respectively. The largest net decrease in precipitation is 

simulated in the summer months for the RCP 8.5: from 257.24 mm to 159.66 mm; and in fall for RCP 

4.5, from 234.29 mm to 150.91 mm. Still, both summer and fall periods are projected to receive on 

average much less precipitation: 30.7% and 23.1% for summer and fall in RCP 4.5; and 32.42% and 

22.6% in RCP 8.5, meaning that the area will become more arid in this time of the year. 

3.3. Predicted Changes in the Hydrological Regime 

3.3.1. Minija River Near-Term Flow Changes 

Apart from the projected annual and decadal changes in the watershed, we analysed the inter-

seasonal changes in the flow regime of the river for both near- and long-term periods. Following the 

projected changes in precipitation, it is apparent that for most months the flow will decrease. This 

can be clearly seen in the period from August to November (Figure 8), while differences among other 

months are not substantial, i.e., May. 

 
(a) 

 
(b) 
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Figure 8. Change in the hydrological regime for Minija River (in the mouth) for each month under 

RCP 4.5 and RCP 8.5, compared to the baseline period: (a) near-term projection; and (b) long-term 

projection. 

The minimum monthly flow rates are projected to experience a change mostly during October–

November months, whereas the maximal monthly flow will change substantially in the period from 

July–November. 

Apart from maximum, minimum, average, and median flow changes, there is a substantial 

amount of outliers present in the simulations of both RCPs, although their number differs from 

month to month. The outliers a present only for high flows, resulting from storm (or severe 

precipitation) events, which are considered to increase in frequency and in intensity in the future 

climate predictions [62]. 

The most notable difference between the two scenarios can be observed in May, when in RCP 

4.5 a decrease in the mean flow is projected, where under the RCP 8.5 an increase is modelled, 

although the statistics might be biased due to outliers modelled for this month under RCP 8.5. A 

substantial difference in the mean discharge and flow distribution is also projected in June and July, 

with some outliers present as well. 

3.3.2. Minija River Long-Term Flow Changes 

In January, RCP 8.5 simulates streamflow conditions close to those of the baseline, where RCP 

4.5 indicates a significant decrease in the streamflow. February, March, and April will experience a 

decrease in streamflow as well, although May and June indicate a possibly slight increase in average 

flow, and an increase in the number of outliers. The agreement between streamflow outputs under 

both RCPs from July to December is high, indicating similar model responses to climate change 

forcing. A decrease in flow, compared to the baseline, is projected under each scenario, with a more 

significant decrease from September to December under RCP 8.5. The outliers occur, but not as 

frequent as in the near-term period. 

3.4. Predicted Average Monthly Sediment and Nutrient Loads 

3.4.1. Minija River Near-Term Sediment and Nutrient Loads 

The total average sediment loads decrease through the near-term period by 48.8% in RCP 4.5 

and by 43.6% in RCP 8.5. May and June are the only months which are projected to yield more 

sediment loadings in the near future for both RCPs, with a more prominent change in the RCP 8.5 

(Figure 9a). Other months experience a significant reduction of sediment loading. This is mirrored in 

the projected hydrological changes (Figure 8a), where the average runoff during these particular 

months increase compared to the baseline. 

As already mentioned, the decrease in nutrient loads is a consequence of both, the total water 

yield and composition of streamflow. For nitrogen, being a highly mobile element, the total discharge 

will have the most influence on the loads, whereas the sources of phosphorus load to the streamflow 

is the main governing process in the TP load. 

The projected changes in the average loads of nitrogen display a similar trend under the 

conditions of PRC 4.5 and 8.5 (see Figure 9b), where a general decrease for each month (except 

variations in May and June) is modelled. The most significant decrease is expected from August to 

November, the same period as the most changes in flow rates. The period from April to July will 

experience less change, with an insignificant increase modelled in RCP 8.5, compared to RCP 4.5. 

The changes in phosphorus loads followed the same tendency of decrease, although with some 

variations from month to month (see Figure 9c). A significant change is found in the projected TP 

load, where a significant reduction is modelled under the conditions of RCP 4.5; but an increase in 

TP load is expected under RCP 8.5. On average, the projected decrease in TP load is more significant 

in RCP 4.5, compared to RCP 8.5. 
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Figure 9. Predicted (a) sediment; (b) total phosphorus; (c) total nitrogen load for every month under 

RCP 4.5 and RCP 8.5 of the Minija River watershed for near-term and long-term periods, compared 

with the baseline 

3.4.2. Minija River Long-Term Nutrient and Sediment Loads 

The long-term period indicates similar changes, as in the near-term, meaning that there are no 

significant changes in the system during the second half of the century, although some differences 

can be found. A yearly net decrease is projected for sediment loads: by 43.9% in RCP 4.5 and by 40.9% 

in RCP 8.5. As in the near-term, the long-term changes for May and June indicate an increase in 

sediment loading (Figure 9a), with a very prominent increase in June in RCP 8.5 (by 180% compared 

to the baseline). The sediment loadings for January and December mirror the differences in the 

projected hydrological changes for the long-term situation between the two RCPs (see Figure 8b) in 

these particular months. In January, the average flow is projected to be more in RCP 8.5, and in 

December, RCP 4.5 conditions yield more streamflow. This results in the same patterns of projected 

sediment loads for the long-term period. 

One noticeable change is in the total N load under RCP 8.5: it is projected to increase in January, 

May and June (Figure 9b). The projected changes in N loads in winter might be explained by the 

reduced snow cover in the region by the end of the century (See Table 5). As the Minija river basin is 

situated in a cold-climate region, where the vegetation during winter goes dormant, the nutrient 

wash-off will evidently increase. This hypothesis is also supported by the model results in the 

decrease of temperature stressed days summarized in Table 5. As for May and June—the streamflow 

projection for the RCP 8.5 indicates a slight increase during these months (Figure 8b). According to 

model results, the net amount of nutrients that are brought downstream from the basin are expected 

to change similarly to the streamflow. This might be a concern for the possible blooms in the Curonian 

lagoon, although currently the Minija River is a small contributor, compared to the Nemunas River, 

which brings the majority of nutrients to the lagoon. 
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The TN increase is also projected in December, May, and June under RCP 4.5. We suggest that 

the explanation for this is the same, as in the case of RCP 8.5: the projected streamflow increase will 

result in a net increase of nutrient load. 

The TP load is projected to increase only in June under RCP 8.5 (Figure 9c), while a decrease in 

total load is projected in the rest of the months for both RCPs in the long-term period. This could 

potentially be a problem for the Curonian lagoon, as phosphorus becomes a limiting nutrient during 

warm periods [63]. 

4. Discussion 

4.1. Possible Changes Related to Hydrologic Regime Change 

This study of the Minija River basin is a contribution to the fine-grid large-scale model 

development, where the ultimate goal is to assess the entire Nemunas River watershed in terms of 

hydrology, nutrient, and sediment loads under a changing climate. 

We determined that there are significant differences within the Nemunas watershed in the 

response to various forcing factors. Where the hydrological response from Vilija River basin (the east-

most sub-basin of the Nemunas River watershed; see Figure 1) under the conditions of RCP 4.5 and 

RCP 8.5 showed an increase in flow for all months, the projected changes in the Minija River basin 

(west-most sub-basin on the Nemunas River watershed) are quite the opposite (Figure 8) [14]. Basing 

our assumptions on the differences between these areas, we expect to see different responses of 

various sub-basins of the Nemunas watershed to projected climate change, when the final modelling 

framework will be completed. 

Based on the average annual output of the model (Table 5), both under RCP 4.5 and RCP 8.5 

near-term and long-term, it is probable that the coastal area of Lithuania will receive less precipitation 

(on average 14% less) of which snow fall will decrease substantially (by 60%), but will experience 

drier and warmer days, increasing the vegetation period in the area. As a result, this will have a 

significant impact on the average yearly Minija River discharge and the streamflow composition. A 

significant number of outliers in the warmer months (April to July) in both RCPs for long and short-

term periods indicate the possible contribution of storm events, which are projected to be more 

frequent in the future [62]. The warmer climate also points to the more frequent occurrence of 

droughts, which can cause significant economic damage. As an interesting finding, we can conclude 

that a yearly net effect on the watershed is more significant in RCP 4.5, rather than in the conditions 

of RCP 8.5 which is usually associated with a more prominent change in the global weather patterns. 

4.2. Possible Changes Related to Nutrient Loads 

The changes in the nutrient loads follow a similar trend of decrease in a similar manner as the 

total discharge of the river, although the relationship is not linear. The changes in TN load is mainly 

attributed to the change in flow rates, as the concentration of N will not be affected significantly by 

changes in climate. While performing the scenario simulations for both RCPs, we assumed that the 

land cover, land management and the point source contributions would not change for the entire 

period (long and short-term). Of course, we recognize that these changes will occur in the watershed, 

alongside some socio-economic and political changes, but at this point, our intention was to explore 

the influence of only the climate forcing. We can conclude that with no change in the land 

management, the land-based nitrogen load will not decrease; only the transported amount (the net 

mass) will change. 

The results in the projected TP load change display a different pattern, although they still show 

a decreasing trend for both short-term and long-term periods in both RCPs. It seems that the TP 

change is highly influenced by the groundwater contribution to the streamflow. Since the streamflow 

composition of the Minija River will change, so will the amount of phosphorus transported with the 

stream. Although studies suggest that the influence of anthropogenic factors on phosphorus loads, 

such as point source loads from sewage treatment plants, are the major ones [64], we found that the 

groundwater constituent and the phosphorus concentration in it are equally important in the Minija 
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River basin and will remain as such in the future, if no significant changes in the anthropogenic 

activities will occur. 

One alarming outcome is the increase in phosphorus and sediment loads in the months of May 

and June. In the warmer season, the hypereutrophic Curonian Lagoon experiences algal blooms, 

especially in the southern part. Phosphorus load increase in this season might enhance the frequency 

and intensity of the blooms. However, the inputs of nutrients to the lagoon from the Minija River are 

not large compared to the Nemunas River, thus, these changes might by negligible for a large system. 

A more detailed study is needed to quantify the effect of each contributor of nutrients to the lagoon 

and assess the possibilities and threats associated with the future changes of the loads. If the rest of 

the Nemunas River watershed will follow a similar trend, then we can assume a net reduction of 

nutrient and sediment loads to the Curonian Lagoon and hence, to the Baltic Sea, will occur in the 

future, as projected by the RCP 4.5 and RCP 8.5 scenarios. We are currently working on the rest of 

the modelling framework for the remaining parts of the Nemunas River watershed and we intend to 

test this hypothesis. 

Since there are dissimilarities in the hydrological and nutrient load response throughout the 

Nemunas River watershed to climate forcing, we suggest that a unified strategy for adaptation to 

climate change, planning and implementation of measures to reduce nutrient inputs in the Baltic Sea 

region might not be the optimal solution. The nutrient load assessments for determining the 

Maximum Allowable Levels could incorporate a similar strategy as in this study, where a large area 

(i.e., country) is divided into sub-regions and assessed separately within a net effect of the area, thus 

creating a more targeted (hot-spot) analysis of major polluters. Furthermore, this study indicates that 

the nutrient load from coastal areas of the East Baltic might reduce under the conditions of climate 

change, although anthropogenic activity might reverse this effect. 

4.3. Future Work 

Our future work includes the combination of all the modelled areas of the Nemunas River 

watershed (see Figure 1) to produce a modelling framework that could assess the influence of climate 

change, to analyse the scenarios for future programmes of measures for improving the water quality 

(including best management practices using built-in modelling options in SWAT) in the entire 

watershed and in different sub-basins. The framework must be sufficiently detailed, as we plan to 

assess possible nutrient retention measures and their effectiveness on the entire region. For this, we 

will have to evaluate our proposed simplification procedure (see Supplementary Material B) on the 

model run time, accuracy and test it on multiple case studies, with guidelines on the effectiveness of 

such simplifications and tradeoffs to follow. 

The model of the Minija River watershed will be used further in the context of the EcoServe 

project to conduct an ecosystem services assessment in the region, as well as a tool to guide the local 

policymakers on regional development strategy planning. We intend to run multiple land use and 

socio-economic change scenarios, which will enable us to detect the changes in the related ecosystem 

services in the region as well as identify possible emerging ecosystem services. Furthermore, the 

watershed model will be coupled with the Curonian Lagoon hydrodynamic model (SHYFEM) [65,66] 

to assess the ecosystem services related to water availability and water quality of the coastal areas of 

Lithuania. 

Our findings indicate that there is a gap in the knowledge of the streamflow composition of the 

rivers in the Nemunas watershed. A study that analyses the current and past streamflow composition 

would be a good contribution to understanding the consequences and the changes in the nutrient 

loads to the Curonian Lagoon. Along with other studies, this is something that we plan to investigate 

in the future. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Supplementary 

Material A: Soil and Water Assessment Tool (SWAT) model description, Supplementary Material B: 

Methodology for Hillslope delineation and data simplification, Supplementary Material C: CN values for 

different landuses. 
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