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Abstract The study investigated the impact of cli-
mate and land cover change on water quality. The
novel contribution of the study was to investigate the
individual and combined impacts of climate and land
cover change on water quality with high spatial and
temporal resolution in a basin in Turkey. The global
circulation model MPI-ESM-MR was dynamically
downscaled to 10-km resolution under the RCP8.5
emission scenario. The Soil and Water Assessment
Tool (SWAT) was used to model stream flow and
nitrate loads. The land cover model outputs that were
produced by the Land Change Modeler (LCM) were
used for these simulation studies. Results revealed
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that decreasing precipitation intensity driven by cli-
mate change could significantly reduce nitrate trans-
port to surface waters. In the 2075-2100 period,
nitrate-nitrogen (NO5-N) loads transported to surface
water decreased by more than 75%. Furthermore, the
transition predominantly from forestry to pastoral
farming systems increased loads by about 6%. The
study results indicated that fine-resolution land use
and climate data lead to better model performance.
Environmental managers can also benefit greatly
from the LCM-based forecast of land use changes and
the SWAT model’s attribution of changes in water
quality to land use changes.

Keywords Climate change - SWAT model - Water
quality modeling

Introduction

In parallel with changing climatic conditions, anthro-
pogenic activities and related land cover changes
have had adverse effects on water resources in the last
few decades. Water resource management becomes
a much more crucial topic under the impacts of cli-
mate and land cover change when it comes to mitigat-
ing their economic, social, and environmental effects.
Extreme meteorological conditions that are driven by
climate change cause flooding and severe droughts
(Mustafa et al., 2019; Szpakowski & Szydlowski,
2018). Thus, changes in streamflow characteristics
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affect the transport and dilution of pollutants (Ros-
tami et al., 2018). Increasing the use of agricultural
fertilizers and urban pollutants has a major effect
on water quality in the region (Choi et al., 2021;
Mahmoodi et al., 2021; Whitehead et al., 2009; Yang
et al., 2018). The spatiotemporal variation in land use
and land cover (LULC) has a direct impact on both
the quantity and quality of runoff. This can be sup-
ported by several factors: (1) urbanization, (2) defor-
estation, (3) agricultural practices, and (4) climate
change. Overall, the relationship between spatiotem-
poral changes in LULC and runoff quantity and qual-
ity is well documented in scientific literature and sup-
ported by empirical evidence from various regions
around the world (Mustafa & Szydlowski, 2020;
Hashim et al., 2022; Bai et al., 2019; Delia et al.,
2021; Zhu et al., 2022 and Zango et al., 2022).0One
of the most comprehensive models that can simu-
late both the quantity and quality of surface water
and groundwater is the “Soil Water Assessment Tool
(SWAT)” which was developed by the USDA Agri-
cultural Research Service (USDA-ARS). The model
has been used by researchers to study the hydrologi-
cal cycle and water quality under climate and land
cover change (Abbaspour, 2015). Many studies on
water quality management by SWAT were carried
out for nutrients in the literature (Mehdi et al., 2015;
Sholichin & Prayogo, 2021). The results of several
studies concluded that changes in the hydrological
cycle could directly affect the transport of various
water pollutants, including but not limited to nitrate-
nitrogen (NO;-N) and phosphate phosphorus (PO4-P)
in the environment (Hosseini et al., 2017; Yang et al.,
2018). According to study findings conducted by
Khadka et al. (2023), Amiri et al. (2023), and Serpa
et al. (2017), the SWAT model may generate reasona-
bly accurate hydrologic and water quality predictions
with regard to climate change and future land cover
impacts when it is properly calibrated.

The studies in the literature mostly did not use
a dynamic land use modeling approach to evaluate
the impact of land use changes on water quality. The
novel contribution of the study was to investigate
the individual and combined impacts of climate and
land cover change on water quality with high spa-
tial and temporal resolution. The impact of climate
and land cover change on water quality based on
land cover estimations created by artificial neural
network (ANN)-oriented approaches and climate
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predictions with high spatial and temporal resolu-
tion in the Kucuk Menderes River Basin (KMRB),
Turkey, was investigated. The SWAT was used to
evaluate the impact of changes on surface water
nitrate content under climate and land use change
scenarios. Although it was used in hydrological
modeling (e.g., Anand et al., 2018; Gashaw et al.,
2018; Mekonnen & Manderso, 2023), this will be
one of the pioneering studies in the literature that
the SWAT model was used to determine impacts on
water quality under future land use scenarios that
were predicted using the ANN approach. Moreover,
individual and combined impacts of climate and
land cover change on water quality with high spatial
and temporal resolution were investigated.

Materials and methods

In the study, SWAT was used to simulate stream-
flow and nitrate loading under different climate and
land cover scenarios in KMRB, Turkey. Detailed
information on the study area and climate, land
use, hydrology and water quality modeling is given
below.

Study area

The KMRB is located in western Turkey and has a
3454 km® catchment area (Fig. 1). The population
of the basin was about 562,000 in 2022 (TURK-
STAT, 2023). Land cover distribution in the region
is as follows: agricultural land (AGRR_W, AGRR_
nonW and OLIV) (58%), forest and semi-natural
areas (FRST and PAST) (39%), artificial surfaces
(URML, UTRN and BARR) (2.66%), wetlands
(0.23%), and water bodies (WATR) (0.22%) (Fig-
ure S1). In the basin, the usual traits of the Medi-
terranean climate are predominant. It has a dry
and hot summer and a cool and rainy winter. Since
there are intensive agricultural activities, the defi-
cit of surface water is one of the main issues in the
region. As a result, agricultural communities in the
basin seek to fulfill their irrigation water needs by
exploiting groundwater resources with an increas-
ing demand, which is also declining (Gunacti et al.,
2022; MoAF, 2019) .
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Fig. 1 Study area

Datasets

Meteorological and hydrological data In the
study, required meteorological and hydrological data
were obtained on a daily basis from the Turkish State
Meteorological Service (MGM) and State Hydrau-
lic Works (DSI). Data from the 12 streamflow gaug-
ing and 10 meteorological observation stations were
used in the modeling study. The locations of the sta-
tions are depicted in Fig. 1. The solar radiation data
that were not observed by local authorities were
obtained from the SWAT model global database (Cli-
mate Forecast System Reanalysis- CFSR, data range
1979-2014) (Saha et al., 2014). Moreover, in cases of
discontinuity in meteorological data sets, the mete-
orological data generator table (WGEN) of the SWAT
database was used to generate continuous data.

Geophysical data The Digital Elevation Model
(DEM) is one of the main materials in this study and
contributes to both land cover change and hydro-
logical models. DEM for the basin at 10-m resolu-
tion was developed for the study using 1:5000 maps.
Using DEM and Coordination of Information on the
Environment (CORINE) data sets, the remaining set
of inputs for land cover change modeling were pri-
marily produced via ArcGIS software tools (Gunacti
et al., 2022).

Land cover data CORINE land cover data was
used in the land cover change modeling study (Gun-
acti et al., 2022). Data for the study area for the years
1990, 2000, 2006, 2012, and 2018 were compiled
separately. The CORINE and SWAT database land
cover classes were matched and reclassified down
to nine distinct classes for the model (Gunacti et al.,
2022) (see Table S1).

The classification of the cover types included level
1, 2, and 3 classification genres of CORINE as the
focus of the study requires.

o WATR represents “Water Bodies.”

BARR, FRST, PAST, and URML, represent
“Mine, dump and construction sites,” “Forest,”
“Shrub and/or herbaceous vegetation associa-
tions,” and “Urban fabric,” respectively.

e AGRR_W, AGRR_nonW, OLIV, and UTRN rep-
resents “Permanently irrigated land,” ‘“Non-irri-
gated arable land,” “Olive groves,” and “Road and
rail networks and associated land,” respectively.

Moreover, soil data were compiled from different
databases, which are global open access or govern-
ment/institutional sources. Multi-spectrum Landsat
satellite images with a terrestrial resolution of 30 m
were compiled from the United States Geological
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Survey (USGS) — Earth Explorer database (EarthEx-
plorer, 2019) to produce the albedo layer. Soil profile
data for 250 m was obtained from the SoilGrids data-
base (Soilgrids, 2019).

Water quality and pollutant source data In
the study, basin hydrology was simulated using the
streamflow discharges observed at the gauging sta-
tion located at the basin outlet. The calibration and
validation periods were determined considering the
availability of simultaneously observed meteoro-
logical and hydrometric data. For the calibration and
validation processes of the water quality model, the
required data (observed surface water quality and
discharge data) for the basin outlet monitoring sta-
tion were provided by local authorities. Details on
the calibration and validation of hydrologic and water
quality models are provided under the following sec-
tions titled “Hydrologic modeling” and “Water qual-
ity modeling.” As is seen in Table S2, the frequency
of the observed water quality records was generally
on a monthly and bimonthly bases. Wastewater dis-
charge loads from point sources (domestic and indus-
trial) were estimated either based on the water quality
characteristics or calculated using discharge records.
Furthermore, fertilizer consumption records were
provided by either local authorities or farmer associa-
tions, and the amount of fertilizer applied was given
to the model as an input.

Climate modeling

In the study, the regional climate model RegCM
(RegCM4.4) was used to produce high-resolution
regional climate simulations. The RegCM has been
used in regional climate change studies throughout
the world for the last two decades (Agacayak et al.,
2015; Oguz & Akin, 2018). RegCM is a hydrostatic
regional climate model and developed by the Abdus
Salam International Center for Theoretical Phys-
ics (ICTP). The dynamic structure of the model was
developed from the MMS5 (the Mesoscale Model 5)
model of the Pennsylvania State University National
Research Center (Solaimani et al., 2023). BATSI1E
(Biosphere—Atmosphere = Transfer ~Scheme) has
been used for surface-related processes, and Com-
munity Land Model (CLM) version 3.5 is given as
an option to be included in the dynamic structure
of the model. Radiative transfer is formed using the
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NCAR Community Climate Model, version CCM3
radiation package, whereas solar radiation transfer is
modeled by the 5-Eddington approximation (Kiehl
et al., 1996). The regional climate model uses three
parameters, such as partial cloudiness, the liquid
water content of the cloud, and the effective droplet
radius, to simulate the cloud radiation. The planetary
boundary layer (PBL scheme) is used in the model.
The convective precipitation patterns of the model
are calculated by choosing one of three schemes:
the modified-Kuo scheme, the Grell scheme, and the
MIT-Emanuel scheme (Koulov & Zhelezov, 2016).
The Grell scheme was employed with the Fritsch-
Chappell-type closure in simulating the convective
rainfall for present and future projections (Demiroglu
etal., 2015).

The RegCM4.4 version was used to downscale the
global climate data to 10-km resolution by the dou-
ble nesting method in the presented study. The global
circulation model MPI-ESM-MR of the Max Planck
Institute for Meteorology was dynamically down-
scaled to 10-km resolution under RCP8.5 emission
scenarios. Future changes in climate variables were
calculated for the future period of 2025-2100 com-
pared to the reference period of 1971-2000.

In the study, the MPI-ESM-MR global climate
model was selected to downscale RegCM4.4 since it
has a medium equilibrium climate sensitivity within
the CMIP5 ensemble; on the other hand, its perfor-
mance over most CORDEX-CORE (Coordinated
Regional Climate Downscaling Experiment—Coor-
dinated Output for Regional Evaluation) domains is
reasonably good (Ozturk, 2023). Even though the
ensemble approach, based on the ensemble mean
of multi-model results, has been an approved tech-
nique in the regional modeling community, running
the regional climate model with more than one driv-
ing field in high resolution is expensive. For this rea-
son, we picked the most reasonable global climate
model to downscale to provide data for this impact
study. Model performance includes a simple qualita-
tive discussion of the comparison between the model
and observational datasets of precipitation given
by Ozturk et al. (2018). According to their results,
RegCM outputs driven by MPI-ESM-MR show better
agreement than the results of RegCM driven by the
HadGEM2-ES global model concerning the obser-
vational dataset over the MENA (Middle East and
North Africa) region, including Turkey. The ability of
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the model to reproduce observed conditions was rea-
sonable (Ozturk et al., 2018).

Land cover change modeling

Land cover change modeling was conducted using
the LCM, a software tool called TerrSet, developed
by Clark Labs (Gunacti et al., 2022). The LCM tool
uses the multi-layer perceptron (MLP) and Markov
cellular automata (MCA) techniques to forecast
future land cover classes (Ansari & Golabi, 2019).
The model’s general process includes spatial change
analysis for historical land cover data, defining the
relevance of the driver variables with the model data,
developing a transition sub-model (MLP-MCA), vali-
dating the sub-model, and making future predictions
(Gunacti et al., 2022). The latest CORINE land cover
maps were utilized to represent the historical (the
years 2006 and 2012) and validation (the year 2018)
data. As for the driver variables of the transition sub-
model, DEM, slope, distance to urban areas, rivers,
roads, urban development areas, and water bodies
were included since they highly influence the land
cover change (Figure S2) (Khoi & Murayama, 2010;
Kim et al., 2014). For the validation of the model,
ROC analysis was carried out for each land cover
class. In Figure S3, true-positive and false-positive
ROC curves were given for each land cover class.
According to the ROC curve, high accuracy is indi-
cated by the fact that true-positive values tend to be
closer to true-positive values than false-positive val-
ues. Future land cover maps up to the year 2100 were
produced using the validated model (Gunacti et al.,
2022). The methodology of the land cover modeling
study is briefly summarized below.

The MLP approach, which is commonly used in
land cover change modeling methods, is divided into
three layers: input, output, and hidden. MLP estab-
lishes the weights between the input and output layers
by training the neural network based on mathemati-
cal correlations (Tu, 1996). MLP randomly selects
multiple pixels for training and assessment accord-
ing to the following criteria: (a) one-half of the pix-
els switched from one land cover class to the exam-
ined sub-model land cover class/classes, whereas the
other half did not; (b) the pixels are then randomly
allocated into two groups, one for training and one for
validation, with each group having half of the pixels
(Gunacti et al., 2022).

The training pixels are used to train the MLP and
compute the land cover change between historical
land cover data, while the validation group is used to
assess the training model’s ability to properly forecast
the persistence of land cover classes or their transi-
tion. The transition potentials obtained from this
training and validation procedure are then incorpo-
rated into a transition matrix, which is used to predict
the land cover maps for future periods (Gunacti et al.,
2022).

For spatial and temporal dynamic modeling,
in TerrSet, the combination of MLP with the CA-
Markov method is established, and then, the land
cover change model is validated using the relative
operating characteristic (ROC) curve, which is used
to assess the accuracy or performance of the land
cover change model. (Gunacti et al., 2022; Yariyan
et al., 2020).

Estimated land use maps for the years 2050, 2075,
and 2100 are seen in Figure S4.

Hydrologic modeling

In the initial part of the nutrient modeling study, to
estimate nitrogen fluxes in the study area, hydrologic
simulation was performed. Monthly discharge at the
outlet streamflow gauging station was simulated using
SWAT. Input variables needed in SWAT modeling
studies can be classified as (a) physical inputs and (b)
meteorological inputs. The physical inputs consist of
a representable DEM, a detailed soil map, and a land
cover map. The meteorological inputs are maximum
and minimum temperatures, solar radiation, precipita-
tion, wind speed, and relative humidity, representing
the investigated area.

The SWAT model operates the water balance on the
scale of hydrologic response units (HRUs), which are
called the smallest watershed units of a SWAT model
and contain similar land cover and soil-type combina-
tions within the sub-basin (Arnold et al., 2012).

In the study, the KMRB was discretized into 50
sub-basins, which were generated based on dominant
land cover, soil, and slope. Monthly discharge at the
outlet streamflow gauging station was calibrated and
validated for the period 2000-2012. This period was
determined based on the availability and quality of
the data. Calibration and verification processes were
performed using the calibration algorithm (SUFI-2)
in the SWAT-CUP utility.

@ Springer
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Water quality modeling

The amount of nitrate transported (monthly) from the
basin into the river was simulated using the SWAT
model. Similar to the hydrologic modeling, sensitivity
analysis, calibration, and validation processes were
performed for the basin outlet streamflow gauging
station using SWAT-CUP. Sensitivity analysis was
applied to 12 parameters commonly used for nitrate-
nitrogen calibration by evaluating the basin condi-
tions and examining the literature. Sensitivity analy-
sis in SWAT-CUP was performed by two methods:

e Global sensitivity analysis
e One-at-a-time sensitivity analysis

Water quality modeling examination under scenarios

The impact of climate and land cover change on water
quality was examined. In this study, the 2025-2050
period represented the “near-future” and 2050-2075
“mid-future” and 2075-2100 “far-future” accord-
ingly. Model scenarios and data requirements for each
scenario are given in Table 1.

In the study, the spatial differentiation of surface
water nitrate loads under different scenarios was
also examined. Monthly NO;-N loads estimated at
50 sub-basin outlet points were evaluated to inves-
tigate spatial differentiation under climate and land
cover change scenarios for each future period (near-,
mid-, and far-future) individually. Accordingly, the

Table 1 Model scenarios and data requirement

spatial distribution was mapped by considering the
90th percentile of the data set representing each
time period.

The SWAT model was run under the reference
period’s climatic conditions by changing only the
land cover maps to estimate the impact of land
cover change on water quality. In this context, esti-
mated land cover maps for the years 2035 (for the
near-future period), 2065, and 2085 (for the mid-
and far-future periods) were used to represent the
scenario periods.

In order to investigate the impact of climate
change on water quality in each sub-basin, the
SWAT model was run using estimated climate data.
It was assumed that there was no change in land
cover, and therefore, the 1990 CORINE land cover
map was used to represent reference and future
period land cover conditions.

The superposed impact of climate and land cover
change on water quality was also evaluated. The
model was run for:

e Near-future period, using land cover map esti-
mated for the year 2035 and 2025-2050 climate
estimations

e Mid-future period, using land cover map esti-
mated for the year 2065 and 2050-2075 climate
estimations

e Far-future period, using land cover map estimated
for the year 2085 and 2075-2100 period climate
estimations

The objective of the Data requirement

Reference period

scenario

Mid-future
2050-2075

Far-future
2075-2100

Near-future
2025-2050

1985-2009
Input data

Investigation of the
impact of climate
change

Investigation of the
impact of land use
change

Investigation of the
combined impact of
climate and land use
change

2025-2100 period climate estimations-model results
Land cover map 1990-Corine

Land cover map for the = Land cover map for the
year 2035 year 2065

1985-2009 period observed discharged data
2025-2100 period climate estimations-model results

Land cover map for the
year 2085

Land cover map for the
year 2035

Land cover map for the
year 2065

Land cover map for the
year 2085

Observed meteorological
and discharge data

Land cover map
1990-Corine

@ Springer
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Results and discussion
Hydrologic model calibration and validation

This study evaluated the sensitivity of input param-

eters in the SWAT model used for the modeling of

average monthly flow-discharge. Out of 45 param-

eters, the 14 most sensitive ones given by the SWAT-

CUP were calibrated using the following parameter

identifiers:

e “v” means the existing parameter value is to be
replaced.

e “a” means the existing parameter value is added to
the existing parameter value.

e “r” means the existing parameter value is multi-
plied by (1 +a given value) (Abbaspour, 2015).

Sensitive parameters and ranges for hydrologic
model are given in Table 2.

In the study, the 2001-2006 and 2008-2012 peri-
ods were selected as calibration and validation peri-
ods for the hydrologic model at a monthly scale.
Since 2007 was a dry period and the riverbed was
dry on many days, it was excluded from the calibra-
tion—validation process. The calculated goodness of
fit test results (NSE) are given in Table 3 for both
periods. The performance evaluation criteria (NSE)
for watershed scale models proposed by Moriasi et al.

Table 2 Sensitive parameters and ranges for hydrologic model

Table 3 Calculated goodness of fit test results for calibration
and validation processes

Statistics Nash-Sutcliffe
efficiency
(NSE)
Calibration (2001-2006) Land Use 0.80
(LU2006)

Validation (2008-2012) Land Use (LU2006) 0.89

(2007) were considered to evaluate model perfor-
mance. Since both values were above (.75, the model
simulation were assumed to be “very good.” The cali-
bration and validation results of the SWAT hydrologi-
cal model are depicted in Fig. 2.

Water quality model calibration and validation

In order to perform the sensitivity analysis as sug-
gested by Abbaspour (2015), 500 simulations were
run in a single iteration for the 12 water quality
parameters, and 8 parameters with p <0.05 were con-
sidered sensitive. After the Sth iteration, the NSE per-
formance statistic of the SWAT-CUP model was 0.84.
List of sensitive water quality parameters and calibra-
tion results is given in Table 4.

ArcSWAT was run for the catchment with the
same set of calibrated parameters for the calibration
(2001-2006) and validation periods (2008-2012).

Hydrological parameters Method Min. value Max. value
Initial SCS runoff curve number r 36.60 59.79
Average slope length (m) r 20.28 135.18
Lateral flow travel time (days) a 13.66 13.66
Max. canopy storage (mm water) a 17.40 17.40
Plant uptake compensation factor r 0.84 0.84
Calibration coefficient for storage time constant r 1.97 1.97
Time threshold used to define dormancy (hr) a 9.06 9.06
Effective hydraulic conductivity in main channel alluvium (mm/hr) a 4.29 4.29
Available water capacity of the soil layer (mm water/mm soil) r 0.38 0.61
Saturated hydraulic conductivity (mm/hr) r 0.14 0.69
Groundwater delay time (days) r 57.33 57.33
Deep aquifer percolation fraction r 0.24 0.24
Threshold depth of water in the shallow aquifer required for return flow to r 998.26 4991.31
occur (mm water)
Groundwater revap coefficient r 0.12 0.12

@ Springer
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Table 4, Cahbratlon rgsults Parameter Method Optimal value
for sensitive water quality
parameters Denitrification exponential rate coefficient r -0.98
Denitrification threshold water content r -
0.46
Fraction of porosity from which anions are excluded r 0.87
Initial NO; concentration in the soil layer a 81.23
Organic carbon content a 0.03
Half-life of nitrate in the shallow aquifer a 180.06
Initial depth of water in the shallow aquifer r 55.49
Soluble nitrogen concentration in runoff a 0.53

Simulated nitrate-nitrogen loads (in kilogram per
month) are depicted in Fig. 3. The NSE value for
the calibration period (2001-2006) were calcu-
lated as 0.77 and 0.69 for the verification period
(2008-2012). The observed and modeled results
shared certain similarities in their characteristics.
However, there was a notable disparity, particu-
larly in the peak values. This could be explained
by the transport of nitrate from urban stormwater
runoff to surface waters. Since there were no obser-
vations representing extreme precipitation on an
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hourly basis, extreme events could not be examined
in detail. On the other hand, since the NSE values
were above 0.65, model simulations were assumed
to be reliable for this study.

Using the best parameters, the SWAT model was
run to simulate surface water nitrate levels in the
basin. The model was run on a monthly time scale
for reference (1985-2009) and future time periods
under climate and land cover change scenarios.
The NSE value was 0.69 for the modeling period of
1985-2009.
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Fig. 3 Observed and modeled NO;-N loads of a calibration and b validation period

Impact of climate change on nitrate transport

The SWAT model was run for future period
(2025-2100) climate conditions, and results revealed
that surface water monthly average NO;-N loads
at the basin outlet decreased more than 50% in the
mid-future (2050-2075), and 75% in the far-future
(2075-2100) compared to the reference period
(1985-2009) (Table 5). The reduction in nitrate

Table 5 Relative change of the scenario period mean, NO,
loads, annual total precipitation, and discharge values at the

basin outlet compared to the reference period (under climate
change)

2025-2050 2050-2075 2075-2100
NO;-N loads -194 -524 =713
Annual total precipita- —4.6 -10.9 -239
tion
Discharge values -19.1 —-58.2 -90.4

@ Springer
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transport from agricultural areas to the stream net-
work could be explained by the decrease in rain-
fall (12% in 2050-2075, and 23% in the 2075-2100
period), accordingly, water discharge driven by cli-
mate change decreased by about 60% in the mid-
future, and 90% in the far-future.

Impact of land cover change on nitrate transport

Keeping the reference period’s climatic conditions
constant, the SWAT model was run using the esti-
mated land cover maps of future periods. The years
2035, 2065, and 2085 maps were used to model near-,
mid-, and far-future periods. The objective was to
examine the difference in transported nitrogen loads
between reference and future periods under changing
land cover conditions. Model results were compared
to reference conditions that were represented by the
1990-CORINE land cover map and the 1985-2009
climate conditions. Results showed that, in contrast
to climate change scenarios, surface water NO;-N
content showed an increasing trend at the basin outlet
in the future period under the land cover change sce-
narios. The increase was 2.9% in 2025-2050, 3.9% in
2050-2075, and 5.5% in the 2075-2100 time period
(see Table 6). Transitions in land cover classes played
an important role in this increase. This was discussed
in detail in the following sections of the paper.

The superposed impact of climate and land cover
change on nitrate transport

When the superposed effects of climate and land
cover changes at the basin outlet were evaluated, it
was seen that the monthly average values of NO;-N
loads in the future period had decreased compared to
the reference period. In the far-future, this reduction
is expected to be about 70% (Table 6).

Table 6 Percent change (%) in nitrate-nitrogen loads at the
basin outlet compared to the reference period

Scenario Near-future Mid-future Far-future
2025-2050 2050-2075 2075-2100

Climate change -194 —-52.4 -77.3

Land cover change 2.9 3.9 5.5

The combined impact —10.9 —40.0 -71.3

of climate and land
cover change

@ Springer

The reduction in nitrate load in the future was
explained by a decrease in the amount of nitrate trans-
ported to the surface water via less run-off and infil-
tration, which was driven by reduced rainfall. It could
not be considered a positive effect of climate change
on water quality. Furthermore, the transition from
predominantly forestry to pastoral farming systems
resulted in an increase in surface water nitrate loads,
and the rate of this change was negligible compared to
the impact of reduced rainfall. On the other hand, the
combined impact of climate and land cover change was
not equal to the sum of the individual effects of these
two factors. Hence, there was a non-linear effect when
these two factors were combined (see Table 6).

In summary, nitrate loads transported to surface
water decreased by more than 75% in the far-future
period under the climate change scenario (Table 6).
This could be explained by a drastic decrease in rainfall
patterns. This result stating “increasing temperature and
decreasing rainfall will reduce nitrogen loading” was
similar to the outcomes of previous studies (Shrestha
et al.,, 2018 and Fan & Shibata, 2015). In contrast,
land cover change increased transported nitrate loads
by about 6% in the same period. The transition from
predominantly forestry to pastoral farming systems
resulted in an increase in surface water nitrate loads.
Since the nitrogen loads (kg/ha year) transported to sur-
face waters from pasture were higher compared to forest
lands (USEPA, 1999), estimated transitions in land use
in the study area decreased water quality under the land
use scenario. The findings of the research confirmed
previous studies (Jacobs et al., 2017; USEPA, 1999).

Spatial differentiation of surface water nitrate loads
under scenarios

To represent the reference period climate and land
cover conditions, the SWAT model was run using
the CORINE 1990 land cover map and 1985-2009
period climate data. Model results showed that higher
nitrate-nitrogen loads (up to 26,000 kg/month) were
observed along the main channel and downstream
of the river (Fig. 4a). In contrast, there was rela-
tively less nitrate transport in the upstream sections.
Lower nitrate loads at these sites could be explained
by either lesser agricultural activity or specific land
cover characteristics (Figure S1).

The model results investigating the impact of land
cover change on water quality revealed that while there
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was an increase in one region, there was a decrease in
other locations. The distribution of NO;-N loads at the
sub-basin scale is depicted in Fig. 4b, ¢, and d. Since
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homogeneously, spatial differences were observed in the
basin extent (Table S3). On the other hand, differentiation
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is also caused by spatial heterogeneity in soil properties
(e.g., available water capacity, silt content). As has been
presented in Table S3, most of the change (spatially) in
the land cover class transitions between the reference and
scenario periods was from forest to pasture. The nitrate
loads transported into surface waters from different land
cover types were evaluated to assess model outputs.
Since the nitrogen loads (kg/ha year) transported to sur-
face waters from pasture were higher compared to forest
lands (Table S4 and Table S5), transitions from forests
to pasture/agricultural/grassland areas have a negative
impact on water quality.

The model results investigating the impact of climate
change on water quality in each sub-basin showed that
there were decreases in nitrate loads in almost all sub-
basins over time (Fig. 5). This result could not be consid-
ered a positive effect of climate change on water quality.
The reduction was explained by a decrease in the amount
of nitrate transported to the surface water via less run-off
and infiltration, which was driven by reduced rainfall.

Under the superposed scenario (combined impact
of climate and land use change), the spatial distribu-
tion and amount of nitrate loads in each sub-basin
were evaluated. Results revealed that, despite the
negative impact of land cover change scenarios that
increased nitrate loads transported to the surface,
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the total amount of nitrate loads was comparatively
low in the future period. As was explained previ-
ously, the reduction was explained by a decrease
in the amount of nitrate transported to the surface
water via less run-off and infiltration which was
driven by reduced rainfall (Fig. 6).

In summary, besides the temporal differences,
spatial variations in nitrate loads were also signifi-
cant in the region, and this should be considered
by decision-makers when developing management
plans. Priority in the development process of pol-
lution mitigation plans could be given to sites with
higher transported nitrogen loads.

Conclusions

The novel contribution of the study was to investigate
the individual and combined impacts of climate and
land cover change on water quality with high spatial
and temporal resolution. The study results revealed
that the simulation accuracy of nitrogen loading was
lower than that of runoff. Since observation of nitro-
gen loading in the basin was less frequent compared to
discharge, water quality simulation was less accurate.
Furthermore, decreasing the intensity of precipitation
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could result in great reductions in nitrate transport to
surface water under the climate change scenario. A
decreased nitrate load in the future could not be con-
sidered a positive effect of climate change on water
quality. The reduction was explained by a decrease in
the amount of nitrate transported to the surface water
via less run-off and infiltration, which was driven by
reduced rainfall. Furthermore, the transition from
predominantly forestry to pastoral farming systems
resulted in an increase in surface water nitrate loads.
However, the rate of this change was negligible com-
pared to the impact of reduced rainfall. Moreover, the
superposed impact of climate and land cover change
was not equal to the sum of the individual effects of
these two factors. Hence, there was a non-linear effect
when these two factors were combined.

In summary, it can be concluded that prediction
of land use changes based on LCM and attribution of
changes in water quality to land use changes using the
SWAT model can be of great use to environmental
managers.
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