
Article

SWAT Model Adaptability to a Small Mountainous Forested
Watershed in Central Romania

Nicu Constantin Tudose 1,* , Mirabela Marin 1, Sorin Cheval 2 , Cezar Ungurean 1, Serban Octavian Davidescu 1,
Oana Nicoleta Tudose 1, Alin Lucian Mihalache 1,3 and Adriana Agafia Davidescu 1

����������
�������

Citation: Tudose, N.C.; Marin, M.;

Cheval, S.; Ungurean, C.; Davidescu,

S.O.; Tudose, O.N.; Mihalache, A.L.;

Davidescu, A.A. SWAT Model

Adaptability to a Small Mountainous

Forested Watershed in Central

Romania. Forests 2021, 12, 860.

https://doi.org/10.3390/f12070860

Academic Editors: Ovidiu Badea,

Alessandra De Marco, Pierre Sicard,

Mihai A. Tanase and Timothy

A. Martin

Received: 22 April 2021

Accepted: 24 June 2021

Published: 29 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Institute of Research and Development in Forestry ‘Marin Drăcea’, EroilorBulevard, No. 128,
077190 Voluntari, Romania; mirabelamarin@yahoo.com (M.M.); ucezar@yahoo.com (C.U.);
serydavidro@yahoo.com (S.O.D.); oanatodoni@yahoo.com (O.N.T.); mihalache.alin.93@gmail.com (A.L.M.);
agafiadavidescu@yahoo.com (A.A.D.)

2 National Meteorological Administration, 013686 Bucharest, Romania; sorincheval@yahoo.com
3 Faculty of Silviculture and Forest Engineering, Transilvania University of Bras, ov, 29 EroilorBulevard,

500036 Brasov, Romania
* Correspondence: cntudose@yahoo.com

Abstract: This study aims to build and test the adaptability and reliability of the Soil and Water As-
sessment Tool hydrological model in a small mountain forested watershed. This ungauged watershed
covers 184 km2 and supplies 90% of blue water for the Bras, ov metropolitan area, the second largest
metropolitan area of Romania. After building a custom database at the forest management com-
partment level, the SWAT model was run. Further, using the SWAT-CUP software under the SUFI2
algorithm, we identified the most sensitive parameters required in the calibration and validation
stage. Moreover, the sensitivity analysis revealed that the surface runoff is mainly influenced by soil,
groundwater and vegetation condition parameters. The calibration was carried out for 2001–2010,
while the 1996–1999 period was used for model validation. Both procedures have indicated satisfac-
tory performance and a lower uncertainty of model results in replicating river discharge compared
with observed discharge. This research demonstrates that the SWAT model can be applied in small
ungauged watersheds after an appropriate parameterisation of its databases. Furthermore, this tool
is appropriate to support decision-makers in conceiving sustainable watershed management. It also
guides prioritising the most suitable measures to increase the river basin resilience and ensure the
water demand under climate change.

Keywords: SWAT; hydrological model; sensitivity analysis; calibration; validation; small forested wa-
tershed

1. Introduction

Watershed behaviour is influenced by multiple factors such as its geomorphologic
characteristics (e.g., slope, soil, land use) and climate conditions [1]. Evaluating the water-
shed response to these stressors is pivotal for achieving environmental sustainability [2],
considering that worldwide, meaningful changes are projected by the Intergovernmental
Panel on Climate Change (IPCC) in rainfall, temperatures and extreme events [3]. Addi-
tionally, for European regions, an increased risk of droughts and floods is projected [4].
Besides, flood events generated by faster snowmelt or compounded rain-snow events
due to increased temperatures will be more frequent, particularly in the mountainous
regions [5–7]. Those changes will jeopardise the future sustainability of natural resources
and, accordingly, all activity sectors [8], particularly water resources, through changes
in flow regime [9,10]. Alongside land use modifications due to urban development, wa-
ter resources are more vulnerable to additional pressures [11,12], especially its quality and
quantity [13]. It is noteworthy that there is an intensification of hydrological processes in
urban watersheds simultaneous with increments in the degree of urbanisation [14]. Further-
more, as a climate change consequence, increments in water demand are forecasted [15].
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Considering the resource interlinkages, the entire ecosystem and humanity’s well-being
are jeopardised by individual shifts with a spillover effect [16]. Hydrological modelling is
a useful and valuable approach for understanding these interconnections at the watershed
level and to assess the impact of multiple drivers (e.g., climate, land use, socio-economic)
on ecosystems. Hydrological processes within different sizes and scales of watersheds can
be understood, described and explored using hydrologic models [17]. Lately, many re-
searchers have employed various models (like the Soil and Water Assessment Tool (SWAT),
Distributed Hydrology Soil Vegetation Model (DHSVM), Hydrologic Engineering Center’s
Hydrologic Modelling System (HEC-HMS), Variable Infiltration Capacity (VIC), Euro-
pean Hydrological System Model (MIKE SHE) and so on) to investigate these cumulative
impacts on hydrological processes within the watersheds aiming to anticipate and mitigate
multiple challenges [18–21]. This action is crucial for the appropriate planning and man-
agement of natural resources in various environments [22]. Almost 40% of the worldwide
population is located in mountainous watersheds [23]. The mountainous regions and
urban areas are characterised by a high vulnerability to climate change [23]. Therefore,
natural resources can be endangered by those changes [23]. Those environments assure up
to 80% of freshwater resources [24] and are susceptible to numerous shortcomings related
to water resources, particularly water supply reservoirs located in urban areas [25]. To cap-
ture the local or regional specificity of watersheds with high accuracy, the simulation must
be performed under the regional climate model [26,27]. Moreover, small watersheds are
more numerous than large ones and receive less attention globally [6,28]. Starting from a
small scale is essential for accurate hydrological assessments [29,30], even if, unfortunately,
limited hydrological data are available for local levels [17,31,32]. Therefore, considering the
orographic influence and assessing the long-term impacts at an appropriate resolution is
fundamental for mountainous watersheds [7,33]. For watersheds located in mountainous
regions, as is the studied watershed, the topography and snowmelt significantly influ-
ence streamflow [33,34]. Consequently, not only heavy rainfall but also the snow melt
process, amplified by increased temperatures [35], will generate higher downstream river
flows [5,36], events that were already confirmed at the national level, particularly for the
winter months and early spring [37,38].

Unfortunately, the National Strategy for Flood Risk Management is currently designed
for large watersheds only; for small watersheds, no nationwide action plan exists [39].
Small watersheds, mostly without conventional gauges, have short response times and are
therefore more vulnerable to flash flood events [40,41]. Hence, a new approach focused on
small watersheds is mandatory for developing appropriate response strategies for these
watersheds. In this respect, investigating small watersheds’ behaviour under multiple
challenges by assessing the negative impact on the local environment, and thus on the local
society, is fundamental. Further, short-, medium- and long-term stream flow prediction
is necessary to inform decision-makers and support them in achieving sustainable water
management [42,43]. Amongst the wide range of hydrologic models developed to date,
for this study, we chose the SWAT hydrological model due to its high adaptability and
flexibility to investigate a wide range of water-related issues and supportive user groups
that can be easily accessed. Constantly improved since the 1990s, SWAT is a physical
open-sources model that, even if it was initially developed for large river basins, has also
been proved to be suitable for watersheds up to 1000 km2 [13]. Additionally, the model
is recognised as suitable for investigating long-term impacts, particularly in watersheds
without conventional gauges [1,44]. SWAT is considered a valuable tool that assists decision-
makers and enables them to project a series of impacts and, hence, identify and prioritise
measures needed to alleviate future risks.

To our knowledge, the application and validation of the SWAT model for a small
watershed represent a novelty for both the region being studied and the entire country.
In this respect, the specific objectives of this research are: (1) to personalise the SWAT model
databases and (2) to test its adaptability to the local specificity of a small mountain forested
watershed. Given that a large local population depends on its reservoir, the calibrated and



Forests 2021, 12, 860 3 of 18

validated SWAT model represents a valuable tool for local and national decision-makers,
supporting them in designing new sustainable water resources management strategies, par-
ticularly because small watersheds are usually seen with reservoirs that ensure downstream
water demand [15]. In this context, considering the multiple challenges that society faces
nowadays, a new integrated approach for investigating the possible changes realistically
and advocating for achieving sustainable management of those changes is required [15,25].

2. Materials and Methods
2.1. Study Area

The watershed is located in the central part of Romania (Figure 1) at 45◦30′56” N
and 25◦48′13” E. Our research was performed in the Tărlung watershed upstream of the
Săcele reservoir.
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Figure 1. Study area location.

The watershed upstream of the Săcele reservoir covers 184 km2 and represents the
main source of water (90%) for the Bras, ov metropolitan area. The watershed elevation
ranges between 724 and 1899 m. The study area is characterised by a continental climate
that receives an annual precipitation of 700-800 mm and records an average temperature of
4–5 ◦C. The main land use within the watershed is forests (73%), followed by mountain
meadows (12% of the area), pastures with scattered trees (8%), pastures (2%), meadows (4%)
and water bodies (1%). Regarding the soil types, 84% of the watershed soils are included
in the cambisoil class, followed by spodisols (11%), cernisols (2%) and protisols (1%).

2.2. SWAT Hydrological Model

SWAT is a basin-scale model that operates at a daily time step and is extensively
used in gauged and ungauged watersheds to simulate long-term hydrological processes
under different drivers [45]. The model divides watersheds into sub-basins, which sub-
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sequently are delineated into multiple hydrological response units (HRUs) in agreement
with homogeneous characteristics of soils, slopes and land use [46]. Thus, a more accurate
physiographic description of the watershed will be ensured [1]. The model has a default
database, but it also enables users to create a personalised database for the request in-
puts: soil, land use and weather database [47]. The flowchart to run the SWAT model is
highlighted in Figure 2.
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Figure 2. Diagram of SWAT model [48].

The model is an open-source software with low parameter requirements that enables
users to customise their database and define elevation bands to adjust the orographic effect
on precipitation and temperature, particularly for watersheds located in mountainous
regions [46]. Moreover, for each elevation band, SWAT estimates accumulation, sublima-
tion and snow melt [35] parameters with a large influence on hydrological processes within
those river basins [36,49].

2.3. Model Parameterisation

To setup SWAT, four components are needed: The digital elevation model (DEM),
weather, soil and a land use database. All model input data in vector and raster format
(namely DEM, land use and soil) are in the EPSG 3844 projection (the projected coor-
dinate system for Romania), datum Pulkovo 1942 (58)/Stereo70. DEM is the first and
most important input considering that defining all the watershed characteristics relies
on this component. We used a DEM with a 10-meter spatial resolution for our study,
characterised by a 10-meter horizontal resolution and 5-meter vertical resolution. DEM has
been supplied by the National Institute of Hydrology and Water Management (INHGA
database). Using the ArcSWAT interface (an ArcGIS extension tool), the Tărlung watershed
was delineated. Afterwards, we continued with HRU delineation by overlapping three
spatial characteristics: land use, soil maps and slope. This procedure is based on similar
characteristics of land use, soil and slopes that are lumped together after a threshold set
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by the user. For the Tărlung watershed, we established a threshold level of 10% each
for soil, slope and land use to minimise errors due to multiple HRUs covering minimal
surfaces. The action allows the reallocation at the sub-basin level of those three basic char-
acteristics, which cover areas lower than the threshold value [50]. In doing so, the studied
watershed was delineated into 169 sub-basins and 2419 HRUs. Moreover, to encapsulate
the orographic influence and obtain accurate results, we defined ten elevation bands. Af-
ter stream delineation, the morphological parameters and flow direction were obtained at
the sub-watershed level.

Weather data are the second input requested by the SWAT model. For our research,
we utilised data retrieved from the ROCADA dataset V 1.0 [51,52] and covered the
1961–2013 period. ROCADA represents a state-of-the-art homogenised gridded climatic
dataset encompassing Romania at a spatial resolution of 0.1◦. This database has been used
and its accuracy has been confirmed in many studies [53,54]. We also two used other patchy
datasets regarding precipitation (1988–2010) and river discharge (1974–2015) that were
recorded inside of the watershed (Babarunca and Săcele Reservoir hydrometric stations).
The river discharge measurements were used to calibrate and validate the model and min-
imise the model’s uncertainty. These two hydrometric stations belong to the INHGA that
provided us with the river discharge datasets. The INHGA is empowered to provide hydro-
logical data for different types of research and development projects. The weather database
comprises the precipitation, minimum and maximum temperature, average wind speed,
solar radiation and relative humidity and was conceived in a particular format accepted by
SWAT, and afterwards embedded in the model and used for performing simulations.

The soil database was updated based on the information retrieved from the forest and
pastoral management plans (Forest Management Plan 2009 and 2013, Silvopastoral Manage-
ment Plan 1989) compiled for the Tărlung watershed by the National Institute for Research
and Development in Forestry (INCDS) database. The maps enclosed in the aforementioned
studies were used to identify the spatial distribution of the soil types within the studied
watershed (Figure 3). The database was developed at the forest management compartment
level in vector format and subsequently converted into raster format.

Due to time and money constraints, we did not have information regarding some
soil characteristics like bulk density (SOL_BD), hydraulic conductivity (SOL_K) and water
content (SOL_AWC) required when building the SWAT model. Instead, we used the soil-
plant-atmosphere-water model (SPAW), an open-source software [55]. The SPAW program
automatically determines those parameters according to certain soil properties like organic
matter, sand and clay percentage. The value of each soil characteristic was inserted into
the SPAW application, which automatically delivered water content, bulk density and
hydraulic conductivity for each soil layer. Other parameters like soil albedo (SOL_ALB)
and soil erodibility factor (K_USLE) were computed considering the research performed
by [56,57], respectively. After determining all the required parameters regarding soil
characteristics, the user soil table was completed (Table S1). To connect the default database
and the raster of soil types at the watershed level, we created a table (user soil .txt format)
with codes for each soil type. The codes can be found both at the raster level and in the
SWAT default database. Finally, the user soil table was fed into the model and soils were
reclassified in agreement with the SWAT codes. Subsequently, soil types were classified
by hydrological groups. This classification was made considering the research performed
by [58] in accordance with sand and clay percentage and soil layer depth. The soils
within the watershed were framed in two hydrological groups, namely Group B (90.57%)
and Group C (9.43%), which are characterised by medium and low infiltration capacity,
respectively [59].
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The land use database was updated using the information collected from the man-
agement plans alluded to above and observations on satellite images regarding roads,
buildings and water bodies. The dominant land use categories (Figure 4) identified in
the watershed were forests (73%), followed by mountain meadows (12%) and pastures
with scattered trees (8%). Small percentages within the watershed area were occupied by
meadows (4%), pastures (2%) and water bodies (1%).

The land use look-up table was designed in the requested format (.txt file) and was
uploaded in the model, and afterwards, the land use was reclassified accordingly with
the codes defined in ArcSWAT. Soil and land databases were developed at the forest
management unit level. After building the requested databases and feeding them into the
model, we set SWAT to run at a monthly time step for the 1961–2013 period (i.e., 53 years).
This procedure also implied setting a warm-up period, namely 1961–1965, a length of
time following the recommendations regarding the warm-up period setting for hydrologic
models [60]. Hence, we obtained the hydrological parameters at the sub-basin level for
48 years and were also able to identify potential errors.
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2.4. Model Performance Evaluation Criteria

The performance of the SWAT model was automatically carried out using the SWAT-
CUP software [61]. We selected the SUFI-2 (Sequential Uncertainty Fitting version 2)
algorithm from the four distinct procedures provided by SWAT-CUP due to its ability to
optimise the parameters with minimal repetitions [44]. Another advantage is that this
procedure considers both the model uncertainty and the uncertainty between the SWAT
parameters and those that are measured [61]. The following widely applied parameters in
hydrological studies were used for evaluating the model performance [62]: The coefficient
of determination (R2), percent bias (PBIAS), standard deviation rate (RSR) and Nash
Sutcliffe Model Efficiency (NSE). Choosing a multiple statistics indicator has to “increase the
likelihood of mixed interpretation of model performance” [63]. R2 reflects the degree of co-
linearity amongst simulated and observed values and is computed using Equation (1) [64].
This index ranges between 0 and 1, where 0 describes no correlation, while 1 shows a
good agreement:

R2 =

[
∑n

i=1
(
Qobs −Qobs,m

) (
Qsim −Qsim,m

)]2[
∑n

i=1
(
Qobs −Qobs,m

)2
∑n

i=1
(
Qsim −Qsim,m

) ]2 (1)

where Qobs is the discharge measured, Qsim is the discharge simulated, Qobs, m is the mean
of measured discharge, and Qsim, m is the mean of simulated discharge.

PBIAS calculates the model errors [65]. Expressed in percentage after using Equation (2),
the good fit of the model is indicated through values close to 0 [66]. The underestimation
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of the model results is highlighted by positive simulated PBIAS values, while negative
simulated values suggest overestimation [63]:

PBIAS =
∑n

i=1

(
Yobs

i − Ysim
i

)
∗ (100)

∑n
i=1

(
Yobs

i

) (2)

where Yobs is the measured value of considered variable, Ysim is the simulated value of
considered variable.

RSR is computed as the ratio between root mean square error (RMSE) and standard
deviation of observed values (STEDEVobs) using Equation (3) [63]. A value close to 0 of
this parameter indicates a perfect model simulation [63]:

RSR =
RMSE

STEDEVobs
=

[√
∑n

i=1

(
Yobs

i − Ysim
i

)2
]

[√
∑n

i=1

(
Yobs

i − Ymean
i

)2
] (3)

where Yobs is the measured value of considered variable, Ysim is the simulated value of
considered variable, Ymean is the mean of the measured and simulated value.

NSE highlights the 1:1 fit between observed and simulated values using Equation (4) [67]:

NSE =
[∑n

i=1(Qsim −Qobs)]
2[

∑n
i=1
(
Qobs −Qobs,m

)]2 (4)

where Qsim is the discharge simulated, Qobs is the discharge measured and Qobs, m is the
mean of measured discharge.

Additionally, the model performance was evaluated using the p-factor and r-factor.
The p-factor indicates the fraction of data bracketed by the 95PPu band, while the r-factor
represents the ratio of the average width of the 95PPu band and the standard deviation
of the measured variable [68–70]. For p-factor, better values are higher than 0.7, while for
r-factor values between 0.7–1.5 are recommended [68–70].

3. Results
3.1. Sensitivity Analysis

The sensitivity analysis aims to identify the parameters with the largest influence
on model outputs, thus influencing its successful application. Undertaken before cali-
bration, this procedure has the role of identifying key parameters that subsequently will
be used in model calibration [71]. The sensitivity analysis is a mathematical technique
applied to enable users to examine how variations in the outputs of a numerical model
can be attributed to variations of its inputs [45]. Alongside calibration and validation,
this procedure is decisive for minimising the output uncertainty and efficiently perform
the simulations [71]. The sensitivity analysis uses a t-test to assess the relative parameter
significance, while the p-value indicates the sensitivity rank. After performing the global
sensitivity analysis, the parameters with large t-test values and smallest p-values are the
most sensitive [72]. We considered 12 parameters (defined in Table 1) with the largest
influence on model outputs: CN2, REVAPMN, GW_DELAY, SOL_K, ESCO, GWQMN,
CH_N2, CH_K2, GW_REVAP, ALPHA_BF, LAT_TIME and SOL_BD.
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Table 1. The default range and adjusted values of parameters included in the calibration procedure.

Parameter Description Variation
Method

Minimum and Maximum
Value

Adjusted
Value

First calibration performed for parameters that insert water into the system

SFTMP.bsn Snowfall temperature Replace −20 . . . 20 −4.791781
SMFMX.bsn Maximum melt rate for snow during year Replace 0 . . . 20 13.605089
SMFMN.bsn Minimum melt rate for snow during the year Replace 0 . . . 20 6.092970
SMTMP.bsn Snow melt base temperature Replace −20 . . . 20 2.299827

CANMX.hru_FRSE Maximum canopy storage for forest evergreen Replace 0 . . . 100 2.149979
CANMX.hru_FRSD Maximum canopy storage for forest deciduous Replace 0 . . . 100 4.746581
CANMX.hru_PAST Maximum canopy storage for pastures Replace 0 . . . 100 4.563951

Second calibration performed for chosen parameters

CN2.mgt SCS runoff curve number (-) Multiply −0.20 . . . 0.20 0.120750
ESCO.hru Soil evaporation compensation factor Replace 0 . . . 1 0.506750
EPCO.hru Plant uptake compensation factor (-) Replace 0 . . . 1 0.337250

HRU_SLP.hru Average slope steepness (m/m) Multiply 0 . . . 1 0.597250
OV_N.hru Manning’s “n” value for overland flow (-) Multiply −0.20 . . . 0.00 −0.078850

GW_REVAP.gw Coefficient for groundwater revap (days) Replace 0.02 . . . 0.2 0.165935
GW_DELAY.gw Groundwater delay time (days) Replace 0 . . . 500 496.875000
ALPHA_BF.gw Base flow alpha factor (1/days) Replace 0 . . . 1 0.640750
RCHRG_DP.gw Deep aquifer percolation fraction (-) Multiply 0 . . . 1 0.899750

REVAPMN.gw Threshold depth of water in the shallow
aquifer for revap or percolation (mm) Replace 0 . . . 500 132.875000

GWQMN.gw Threshold depth of water in the shallow
aquifer for return flow (mm) Replace 0 . . . 5000 288.750000

SURLAG.bsn Surface runoff lag time Replace 0.05 . . . 24 10.847938
SOL_BD(1).sol Moist bulk density Multiply 0.9 . . . 2.5 0.047175
SOL_K(1).sol Saturated hydraulic conductivity (mm/hr) Multiply −0.80 . . . 0.80 −0.410800

SOL_AWC(1).sol Available water capacity of the soil layer
(mmH2O/mm soil) Multiply −0.20 . . . 0.10 −0.175625

CH_N2.rte Manning’s “n” value for the main channel Replace −0.01 . . . 0.3 0.119475

CH_K2.rte Effective hydraulic conductivity in main
channel alluvium Replace −0.01 . . . 500 172.625000

3.2. Model Calibration

After sensitivity analysis, we performed the calibration procedure to minimise the
discrepancies amongst simulated data and recorded values [73]. The automatic calibration
was also conducted using the SWAT-CUP program under the SUFI-2 algorithm. The model
performance was assessed in agreement with the model performance evaluation criteria
alluded to above.

The calibration was done for 2001–2010. This period was chosen due to continuous
measurements and the dry, average and wet years necessary to ensure a high model
performance with a lower uncertainty in the predictions [74]. Previously, we set up a
five-year warm-up period (1996–2000) requested for model initialisation [61]. In doing so,
we obtained the monthly river discharge for 10 years (Figure 5).

To obtain the best estimates between simulated and observed flow (Figure 6), we used
the parallel processing module and performed seven iterations of 2000 simulations each.
The process stopped when the model achieved a good performance rating indicated by the
values of the statistical parameters recommended by [63], which can be accepted and used
for assessing future impacts.
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Figure 6. The 95PPU plot between observed and best simulated discharges after the calibration procedure.

The parameters that insert water into the system (e.g., snowmelt or canopy storage
parameters) should be calibrated independently from the other parameters [73]. Therefore,
we performed the first calibration, including only SFTMP, SMTMP, SMFMX, SMFMN,
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TIMP and CANMX parameters, and ran the model until the statistical indices reached the
performance rating recommended [63]. After those parameters were adjusted and fixed,
they were subsequently excluded for the following calibration simulations. The second
calibration was done independently for the first one and for 17 parameters that concerned
only the parameters related to soil, groundwater, watershed and management character-
istics. The selected parameters, the default range and their adjusted values are given in
Table 1. Similar to the first calibration, the procedure was repeated until the statistical
indices met the performance level that proves model acceptance.

Overall, the calibration procedure revealed a satisfactory SWAT performance, indi-
cated by the statistical parameter values, appraised after [63], namely: R2 = 0.61 (satis-
factory), NSE = 0.59 (satisfactory), RSR = 0.64 (satisfactory), PBIAS = −5.7, p-factor = 0.72,
and r-factor = 1.22. Hence, the SWAT performance was satisfactory to very good, and the ob-
tained values revealed the model acceptance for simulating hydrological processes within
the Tărlung watershed.

3.3. Model Validation

The validation confirms the results obtained after calibration [73]. This stage is impor-
tant for ensuring the accuracy of the outputs considering that these will be further used in
the decision process [75]. In our study, the validation was carried out for the same parame-
ters used in calibration and considering the 1996–1999 period after previously setting up a
five-year period for model warm-up. The period adopted for validation followed the same
characteristics as in the calibration, namely continuous river discharges measurements
and the presence of wet, dry and average years. For obtaining the best estimates between
simulated and observed river discharge during validation, we performed a single iteration
of 2000 simulations (Figure 7).
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Nonetheless, if the user performs more than one iteration, it will increase the un-
certainty of the model output due to the iterative character of the SUFI-2 algorithm [69].
The model efficiency was assessed using the same statistical indices as in the calibration.
For those indices we obtained the following values appraised in accordance with the
recommended performance rating [63]: R2 = 0.78 (very good), NSE = 0.62 (satisfactory),
RSR = 0.62 (satisfactory), p-factor = 0.67 and r-factor = 1.22. Overall, the model performance
was satisfactory to very good, and the validation procedure results indicate that SWAT is
suitable for assessing future impacts within the Tărlung watershed.

4. Discussion

The SWAT model developed particularly for large watersheds was applied, for the
first time, both to the case study area and nationwide for a small-sized watershed. In this
respect, we first customised the SWAT database to the local specificity of the studied region.
In the next step, we performed the sensitivity analysis procedure that reduces the time
required for calibration. During this stage, the parameters with the largest influences on
hydrological processes are identified. In doing so, it was revealed that snowmelt and
canopy retention are parameters with large influences on water balance within the Tărlung
watershed. Those parameters have triggered lately, in the mountainous area, perilous floods
during the spring months [48], particularly when snowmelt is overlapped with rainfall [38].
Due to their meaningful influence on hydrological process parameters that directly insert
water into the system, they should not be calibrated together with other parameters (e.g.,
groundwater delay time, the coefficient for groundwater revap, base flow alpha factor
and so on) because, as [73] states, they can generate identifiability issues. Therefore,
snowmelt and canopy retention parameters were calibrated separately from the rest of the
parameters that describe the watershed characteristics. In this respect, the first calibration
includes only the snowmelt and canopy retention parameters, and the second calibration
was made only for parameters that illustrate the watershed characteristics. Comparing the
maximum canopy storage (CANMX) for evergreen forests and deciduous forests, the lower
value was obtained for evergreen forests (see Table 1). A similar situation was also reported
by [76]. However, the maximum canopy storage of deciduous forests is quite similar to
the value obtained for pasture (see Table 1). This result agrees with the findings reported
by [77], who obtained for pastures a maximum canopy storage even higher than those
obtained for forests. In the case study area, an extension of pasture will affect the water
quality due to the turbidity increments. These increments are also favoured by the main
soil types from the watershed (Eutric Cambisol and Dystric Cambisol), which have high
percentages of clay and silt (see Table S1), particles that are retained longer in suspension
and affect the quality of water [1]. Thus, the water treatment capacity of the water plant
will be exceeded and the water demand will not be covered (as has previously happened in
the case study area). To prevent turbidity increments, the decision-makers should consider
promoting “close to nature” forest management. This management practice will help
preserve biodiversity and achieve the objectives highlighted and promoted in the EU’s
Biodiversity Strategy for 2030 [78].

Afterwards, the model performance was appraised through calibration and validation
procedures that provided a satisfactory rating. This result indicates that the hydrological
processes within the Tărlung watershed are well captured. After performing both proce-
dures we noticed that the values of R2 and NSE parameters increased in the validation
compared with calibration. This is an unusual situation because the optimisation of param-
eters occurs during the first procedure, but this circumstance has been reported in other
research [22,66,79–81]. This situation may be due to the symmetry regression of the SWAT
model [80], the number of wet or dry years included in both procedures or most likely
due to the iterative character of the model [79–81]. The model uncertainties were assessed
through p-factor and r-factor. The values obtained for the p-factor showed that the 95PPU
band envelops 72% of the measured river discharges in the calibration and 67% during
validation. Those results indicate a minimum uncertainty for calibration compared with
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validation. Although the p-factor value during validation was 0.67 (slightly less than the
lower limit of the interval recommended in the literature), we preserved this result. We did
not perform another iteration because this repetition would have increased the uncertainty
of the model results [73]. The r-factor represents the thicknesses of the 95PPU envelope
and was 1.22 both for calibration and validation. According to [61], the values obtained for
these two indices during both procedures revealed lower uncertainties in model results.
Overall, the SWAT performance evaluated using the R2, NSE, RSR, and PBIAS showed a
satisfactory model performance.

After running the SWAT model, both overestimations and underestimations at the
monthly level were revealed (see Figure 6). The most meaningful overestimations were
observed during the spring season (e.g., March 2003, 2005, 2006, 2009) and can be attributed
to the fast snowmelt process [17,38,80,82–85]. Overestimations were also noticed during
the summer season after heavy rainfall events, with similar results being reported by other
authors [11,86,87]. The most significant underestimations were noticed during May in
2003, 2005, 2006 and 2010. These deficiencies can be generated by rainfall spatial variability
within the watershed [86,88] and underline the necessity of research infrastructure instal-
lation that is properly spatially distributed to capture the spatial variability of rainfalls
inside the watershed with high accuracy. Another consequence can be an inaccurate simu-
lation of some parameters included in the water balance equation like groundwater and
evapotranspiration [89], highlighting the importance of using field measurements.

Nevertheless, the SWAT model proved its performance and reliability and is suitable
scientific support for decision-makers in planning activities, particularly in watersheds
located in mountainous regions. These environments are important sources of freshwa-
ter, food, energy and biodiversity, and therefore enhancing their resilience is imperative
under climate and land use change [24]. This task is a priority mentioned in the SDG 15:
“Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage
forests, combat desertification, and halt and reverse land degradation and halt biodiversity
loss”. SDG’s target is in 15.4 “By 2030, ensure the conservation of mountain ecosystems,
including their biodiversity, in order to enhance their capacity to provide benefits that
are essential for sustainable development” [90]. Considering that mountain areas host
23% of the total forests [24], their protection will alleviate climate change effects [78]. Fur-
thermore, the “Framework convention on the protection and sustainable development of
the Carpathians,” signed by our country, also highlights the importance of mountainous
regions for all ecosystems and the role of the local community to achieve an integrated and
balanced sustainability of these environments [91]. Therefore, the calibrated and validated
SWAT model can be considered a valuable planning tool for designing action plans for
small watersheds, which are currently neglected.

5. Conclusions

This research is an effort that can be considered a novel step for future studies inves-
tigating the hydrological behaviour of small watersheds. We presented the methodology
used for customising the SWAT model to the local specificity for testing its ability to sim-
ulate the hydrological processes within a small forested ungauged watershed located in a
mountainous region. The studied watershed has meaningful importance for Bras, ov city and
its surrounding areas because it represents the main drinking and industrial water source.
Future climate change projections published for the 21st century underline the importance of
conducting such hydrological assessments to investigate watershed behaviour under climate-
related risks. Therefore, we focused on testing, for the first time (nationwide and for a small
forested watershed), the applicability of the SWAT hydrological model in a small watershed
located in a mountainous area. Given that we built a detailed and customised database, the
calibration and validation procedures revealed that SWAT meets the requirements and is
adequate to simulate the hydrological processes within the Tărlung watershed. The model
was developed for large river basins and had certain deficiencies reported in the literature.
Nevertheless, this study stresses the importance of several factors (e.g., the accuracy of input
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data, choosing the proper interval for performing the model’s calibration and validation
procedures, and carefully selecting the parameters to perform those procedures) that con-
tribute and ensure the SWAT’s suitability for application in small ungauged watersheds.
After running the SWAT model for 53 years, we noticed a good agreement in mirroring the
hydrological process, which is accurately captured within the watershed. The contribution
of this paper enables the local upgraded SWAT model to be further used as a guidance tool
for management decisions that pursue sustainable and integrated watershed management
under multiple challenges (climate, environmental and societal).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12070860/s1, Table S1 presents the physicochemical characteristics across soils type under
study case (Tărlung watershed).
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