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22 September 2025 Introduction
Integrated Water Resources Management (IWRM), defined by the Global
Revise Date Water Partnership (GWP), promotes coordinated development of water, land,
10 October 2025 and related resources to maximise welfare without compromising ecosystem
sustainability. A key aspect is integrating environmental water needs into
Accept Date planning and allocation. The lack of a quantitative index that objectively
11 October 2025 reflects water management while considering environmental requirements
remains a major challenge. A physical index has recently been proposed,
Keywords: based on water availability and supply, enabling integrated and comparative
f; ZZ'Z?@WZ’@; kge assessment (Naderi, 2021). It allows quantification under land use change,
Level of Manage;nen : agricultural expansion, and increased abstraction. The Sefidrud watershed,
River, covering 58,452.84 km? in north-west Iran, shows significant variation in

Sefidrud watershed. elevation, rainfall, and geography. Studies highlight the need to quantify
water management levels with a focus on preserving water-dependent
ecosystems. Two gaps are evident: no prior quantitative estimation and no
analysis of land use change effects. This study aims to assess surface and
groundwater management in the Sefidrud watershed during 1995-2017 and
evaluate the impact of observed land use changes on management levels.
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Materials and Methods

To evaluate and quantify the level of surface and groundwater resource management in the Sefidrud
watershed, the SWAT hydrological model was applied. Using a 30-metre resolution Digital Elevation
Model (DEM) and data from hydrometric stations and dams, the watershed was divided into 15 sub-
basins for the period 1995-2017. These 23 years were split into two phases: a 16-year calibration period
(1995-2010) and a 7-year validation period (2011-2017). River management level (LOM) was estimated
using a physical index incorporating available water and total water supply, defined as the volume
abstracted from the river (Naderi, 2021):

AW = Y TWS;
LOM = f;; l (1)

Where LOM is the management level for river or groundwater, AW is available water (m?/s), TWS is
water abstracted for sector i (e.g., agriculture), and n is the number of water-use sectors. Environmental
Flow Requirement (EFR) was defined as a percentage of the long-term average annual river flow, and
for groundwater, by considering baseflow contribution. Management levels for river and groundwater
resources were calculated under two scenarios: (1) actual conditions (climate and land use), and (2) land
use scenario (using the 2002 land use map with actual climate), and the results were compared.

Results and Discussion

SWAT model performance during the calibration period (1997-2010) showed acceptable accuracy in
simulating monthly river flow at the subbasin scale. Most subbasins had a coefficient of determination
above 0.7, and Nash—Sutcliffe efficiency exceeded 0.7 in most cases. Kling—Gupta efficiency ranged
from 0.6 to 0.8, indicating reliable model performance. Validation results (2011-2017) confirmed
SWAT’s capability in simulating river flows in the Sefidrud basin. Most stations reported R? above 0.6,
and Kling—Gupta efficiency exceeded 0.5 in all but subbasins 6 and 15. The agreement index was above
0.75 in most subbasins during both calibration and validation, reflecting good alignment with observed
data. Uncertainty analysis showed P-factor> 0.5 and R-factor < 0.5 in most subbasins, indicating well-
managed uncertainty. Although present, model uncertainty was not significant. Hydrological sensitivity
varied by subbasin characteristics. Subbasins 1, 6, 8, and 9 were most sensitive to SOL-AWC; 10, 12,
and 15 to GW-QMN; and 6, 7, 9, and 13 showed the lowest sensitivity to ESCO. Changes in the
management index were driven by water availability. Land use changes increased subbasin management
levels due to higher river flow and accessible water, but reduced groundwater availability in most areas.
Consequently, the groundwater management index declined in most regions. Environmental water share
was based on long-term average flow, though river discharge varied seasonally and annually. Thus, the
environmental share fluctuates over time, likely decreasing during droughts due to reduced flow and
infiltration, and increasing in wet years. Future climate change may alter rainfall patterns, affecting water
volume and increasing instability. Groundwater recharge across the Sefidrud watershed was estimated at
1-49 m3/s (0.54-26.43 mm/year), closely matching the 32 mm/year reported by the Japan International
Cooperation Agency, confirming the validity and accuracy of this study’s results.

Conclusion

This study assessed the effects of land use changes on the management level index of surface and
groundwater resources in the Sefidrud watershed, Iran. Land use analysis shows a decline in rangelands
and forests and an increase in agricultural lands from 2002 to 2021. The watershed also experienced
rising annual temperatures; however, precipitation varied spatially between 1995 and 2017. River water
assessment indicates that southern and some central areas had the lowest access and withdrawal, while
northern and eastern areas had the highest, leading to negative management indices in eight subbasins
during 1995-2017. Land use changes increased river flow and water availability, raising the river
management index. Groundwater assessment shows western and eastern areas had the least access, while
northern and central areas had the most during 1995-2017. Yet, groundwater withdrawal was higher in
southern areas than in the eastern basin. Most areas had acceptable management levels (LOM> 0), but
three subbasins had negative indices due to excessive groundwater withdrawal, marking them as
ecological hotspots. Land use changes also reduced groundwater management indices in the most
dominant areas. Overall, the watershed saw reduced natural cover and expanded agriculture, increasing
surface runoff and reducing groundwater recharge. This raised the river water access and management
index, while lowering the groundwater access and its index. These opposing responses highlight differing
hydrological impacts of land use change. Land use type determines water distribution between river and
groundwater systems: runoff-prone covers limit recharge, and vice versa. Areas with more natural cover
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and less agriculture may show reduced river access but improved groundwater indices. Similar land use
trajectories yield similar hydrological responses, while differing histories lead to varied patterns. Still,
the contrasting behaviour of river and groundwater systems under similar land use changes remains

consistent.
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Fig 1. Study Area (a) Spatial Distribution Maps of Elevation (b), Slope Classification (¢), And Soil Types
(d) Within The Sefidrud Watershed.
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Table 1. Monthly Water Withdrawals (m?/s) From River And Groundwater Resources of The Study Area
For The Reference Year 2009.

FHERYS

River
oole il e G @Y cwST el ST g psles agly 4 wdg>
Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Subbasin
672  6.72 672 450 450 4.50 043 043 043 005 0.05 0.05 1
206 206 206 337 337 337 036 036 036 0.00 0.00 0.00 ‘ 2
3.65 3.65 3.65 467 4.67 4.67 1.03 103 1.03 023 023 023 3
125 125 125 130 130 1.30 0.11 0.11 0.11 0.00 0.00 0.00 ‘ 4
180 1.80 180 150 150 1.50 054 054 054 053 053 053 5
469 4.69 469 244 244 244 084 084 0.84 007 0.07 0.07 ‘ 6
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7
0.10 0.10 0.10 0.06 0.06 0.06 0.03 003 0.03 0.00 0.00 0.00 ‘ 8
12.81 12.81 12.81 1648 1648 1648 8.85 885 885 481 481 4381 9
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.71 171 171 258 258 258 0.73 073 0.73 0.00 0.00 0.00 ‘ 10
851 851 851 16.61 16.61 16.61 475 475 475 038 038 0.38 11
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Fig 2. Spatial Distribution Maps of Land Use Within The Sefidrud Watershed For The Years 2002 (a) And
2021 (b).
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Table 2. Land Use Area in Each Subbasin of The Sefidrud Watershed For The Years 2002 And 2021. The AA Denotes Change in Land Use Area.
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AA (2021-2002) The land area in 2021 (km?) The land area in 2002 (km?) 4 3
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Agriculture water Forest Orchard Pasture Urban Agriculture water Forest Orchard Pasture Urban Agriculture water Forest Orchard Pasture Urban

-108.84 336 0.00 -63.51 1233 36.69 3791.79 336 0.00 9993 239656 48.61 3900.63 0.00 0.00 163.44 2524.09 11.92 1
95.43 938 0.00 -4836 -59.13 2.79 64176 938  0.00 6.71 1.3562  2.79 546.33  0.00  0.00 55.07 22148 0.00 2
81226  2.64 0.00 -77.07 -766.89 29.06 3387.78 3.51 0.00 11.17 4.65435 347 257552 0.87  0.00 88.24 5202.54 5.64 3
41.25 519 0.00 -15.63 -31.34 1.07 719.38  5.19  0.00 030  903.85 1.18 678.13  0.00  0.00 1593 93519 0.11 4
313.57 17.90 -127.65 7.83  -229.77 1873  572.03 179 78749 17.29 17235 2723 25846  0.00 915.14 946  402.12 850 5
115824  7.52 -14336 -132.48 -928.16 38.24 271283 7.68 -048 6128 153428 955 155459 0.16 142.88 193.76 2462.44 57.26 6
6.59 2.58 -1528 0.00 6.11 0.00 8.62 2.58 199.01 0.00 17.08  0.00 2.03 0.00 21429  0.00 10.97  0.00 7
27.04 0.50 -29.26 -5.36 6.81 0.27 27.04 0.50 0.03 0.01 135.54  0.27 0.00 0.00  29.29 5.37 126.73  0.00 8
126793  1.66 -543.58 61.76 -835.75 4791 194434 1.66 14877 163 546294 5246 67641 0.00 692.35 101.24 6298.69 4.55 9
289.04 18.62 -173.56 27.21 -171 9.63 34046  41.13 72.02  71.62 1233.19 14.21 51.42 2251 24558 4441 1404.19 458 10
591.90 11.35 -105.21 -2.44 -50241 6.81 858.75 1135 8.56 80.99 3903.12 9.65 266.85  0.00 113.77 83.43 440553 2.84 11
15276 486 0.00 -46.25 -119.09 7.72 88398 486 0.00 9.92 14349 1293 73122  0.00  0.00 56.17  262.58 5.21 12
1677.46 942 0.00 -119.88 -1622.88 55.88 600829 9.42  0.00 448 1701.19 63.87 4330.83 0.00 0.00 12436  3324.07 7.99 13
158124 454 0.00 -7827 -1539 3149 388445 454 0.00 -0.08 114259 3943 230321 0.00  0.00 78.19  2681.59 7.94 14
653.80 14.88 0.00 -109.92 -612.48 53.12 583442 1534 0.00 2.35 877.73  70.1 5180.62 0.46  0.00 112.27 149021 1698 15
5
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Fig 7. Comparison of Land Use Changes Within The Study Area Between 2002 And 2021.
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Table 3. The SWAT performance during the Calibration and Validation periods

(Y~ \V—Y~\\) (ST oo (50,99
Validation Period (2011-2017)

(Y AR Q‘\V) W‘j &o)9°
Calibration Period (1997-2010)

obyr Sils : 23 % § g es ol oeSile z - % g % 5
LS T T Bt I & T - I A B
Mean Annual Flow (m%/s) Q) § = g j—\ LE L'!)é ::g % %’ g Mean Annual Flow (m%s) a) § = g _; LE: \j E %‘ % %\ § . §
2E & 2 29% 2 ¢ 5 J& 25 2 2 3% g 5
1 1 g u z g 1 1 K = b 3
19.59 18.41 0.88 1.18 1845 0.69 0.67 0.67 36.21 39.88 0.93 -3.60 30.10 0.70 0.80 0.83 1
3.80 3.81 0.84 -0.01 291 0.71 0.54 0.55 3.51 3.31 0.82 0.20 3.64 0.56 0.58 0.60 2
12.75 11.36 0.86 1.39 1241  0.67 0.61 0.62 24.10 23.58 0.96 0.52 13.40 0.90 0.88 0.88 3
2.23 2.46 0.84 -0.23 2.46 0.61 0.61 0.62 2.08 2.05 0.87 0.03 2.00 0.75 0.61 0.62 4
43.49 53.39 0.86 990 50.74 0.69 0.56 0.59 72.15 65.53 0.95 6.691 45.49 0.86 0.81 0.82 5
0.95 0.93 0.66 0.01 2.37 0.41 0.29 0.29 1.90 2.03 0.92 -0.14 343 0.75 0.75 0.76 6
6.21 6.24 0.94 -0.04 2.11 0.79 0.80 0.80 6.39 6.59 0.93 -0.20 2.32 0.78 0.89 0.80 7
0.46 0.52 0.88 -0.06 0.50 0.58 0.70 0.77 0.38 0.28 0.82 0.10 0.46 0.51 0.49 0.52 8
28.23 33.35 0.82 -5.12  31.18 0.51 0.58 0.64 46.64 51.64 0.91 -5.00 39.37 0.69 0.74 0.77 9
4593 48.98 0.90 -3.05 32.00 0.80 0.66 0.68 68.93 68.93 0.95 -1.53 39.89 0.88 0.82 0.82 10
13.82 16.65 0.93 -2.83 8.45 0.77 0.75 0.78 16.96 18.23 0.96 -1.27 9.60 0.85 0.81 0.85 11
0.30 0.40 0.86 -0.10 0.32 0.66 0.49 0.60 1.02 1.10 0.93 -0.08 0.95 0.57 0.62 0.87 12
8.56 7.30 0.94 1.26 5.51 0.69 0.83 0.88 14.86 17.40 0.92 -2.54 14.40 0.62 0.80 0.89 13
5.83 6.83 0.94 -1.00 5.66 0.63 0.84 0.95 8.48 11.03 0.95 -2.55 7.44 0.62 0.87 0.96 14
0.94 0.73 0.58 0.21 1.43 0.23 0.83 0.19 3.10 4.02 0.96 -0.92 2.57 0.76 0.84 0.86 15
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Table 4. Model Uncertainty Metrics (P-Factor And R-Factor) And Mean Annual Observed And Simulated Streamflows During The Calibration Period.

(Y' Vo) ﬁ‘W) W‘s &0y9°
Calibration period (1010 — 1997)
(a5l 55 cuaSeye) by el

Mean Annual Flow (m3/s) =
R-Factor P-Factor Subbasin
ol (65l 4l ol (6 S o3Il
Simulated Observed

36.21 39.88 0.28 0.54 1
3.51 3.31 0.48 0.64 2
24.10 23.58 0.41 0.57 3
2.08 2.05 0.49 0.60 4
72.15 65.53 0.27 0.35 5
1.90 2.03 0.36 0.56 6
6.39 6.59 0.34 0.57 7
0.38 0.28 0.33 0.52 8
46.64 51.64 0.30 0.65 9
68.93 68.93 0.15 0.44 10
16.96 18.23 0.78 0.68 11
1.02 1.10 0.53 0.77 12
14.86 17.40 0.64 0.64 13
8.48 11.03 0.29 0.50 14
3.10 4.02 4.32 0.83 15
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Table 5. Parameters used in the SWAT model and results of sensitivity analysis

Gl 56T SWAT Jue ;o oo oslizwl sla el )b
Sensitivity analysis parameters used in the SWAT model
SS9 Ll b
S otk asy o sl i T’”'” a;» P’m’ A
t
Minimum Maximum  Subbasin Range  Unit Definition y.pe. ° arametet ow
variations name
. . ° LQu:l .
SOL K SOL AWC 1 -02-02 e e CN2 1
Curve Number Relative
S Ss 0 Culan Gl
SOL AWC HRU SLP 2 0-2000 mm/h SOL K 2
Soil Hydraulic Conductivity Absolute
S s W 3
ALPHA BF  SLSOIL 3 0-1 T o e e ESCO 3
Soil Evaporation Reduction Coefficient Absolute
Kb doles o ) o 3
REVAPMN CN2 4 001-1 ) R e e OV N 4
Manning’s Roughness Coefficient Absolute
G 450 dua-"
REVAPMN GW_DELAY 5 0-1 o HRU SLP 5
Slope angle Absolute
o Jsb Solea 5
ESCO SOL _ AWC 6 10-150 m et e oS e SLSUBBSN 6
Mean slope length Absolute
Gree Olsel 4 Ol 355 e 3l
ESCO LAT TTIME 7 0-1 mm RCHRG DP 7
Deep aquifer recharge Absolute
235 Sl i s 2l e JBlo Glhe

SOL BD SOL_ AWC 8 0-500 mm REVAPMN 8
Minimum groundwater depth for evaporation ~ Absolute

o)y o] Sute S o sllas
ESCO  SOL_AWC 9  0.02-02 IR SRS e e GW_REVAP 9
Groundwater Re-evaporation Coefficient Absolute
LAT TTIME GW QMN 10 0-1 days et ALPHA BF 10
Baseflow Alpha Factor Absolute

GW_DELAY ALPHA BF 11 0- 500 days  abog,al bz & im0 sy slool w3b slbs  GW_DELAY 11
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SOL K

ESCO

GW QMN

GW_REVAP

GW_REVAP LAT TTIME

SLSOIL

GW QMN

12

13

14

15

0- 5000

0-1

0.9-2.5 gr/cm’

0-180

0-150

mm

mm

days

mm

Groundwater Delay
al bz obml sl plsl 5o 5k 9,50 O Gas il
Minimum water table depth required for baseflow

S o ytws o ol Oy

Available Water Content

S ool J&s
Soil Bulk Density

&Sl ol &S ol

Lateral Flow Travel Time

ey Sl Ol @l e Jsb

Slope Length for Subsurface Lateral Flow

Absolute
e
Absolute
e
Absolute
e
Absolute
e
Absolute
llas
Absolute

GW QMN

SOL _AWC

SOL_BD

LAT _TTIME

SLSOIL

12

13

14

15

16
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Fig 8. Comparison Between Observed And SWAT Simulated Monthly River Discharge During The
Calibration (1997-2010) And Validation (2011-2017) Periods Using The Coefficient of Determination
(R?) And Nash—Sutcliffe Efficiency (NSE).
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Fig 9. Spatial Distribution Maps of Mean Annual River Discharge (Q), Available River Water (ARW),

Total Water Supply From Rivers (TWS) And Level of Management (LOM) For Surface Water Resources
Under Real Scenario.

River (NLU)

e e e o
e 8 8 =

£=3 = o o =
o B ? o - < S o -

{Available River Water, ARW) 4il559, 35590 &l o (Q) ails3g; b 35 4Vl (mfileo (580 a9 597 (Loadidii Ve JSi
Level of ) oy oo gaw g 46l 3 o yio e 1 ((Total Water Supply, TWS) &5l509, 3l ouls Q.:.oia ol JS px>
NLU) ool 53,5 99 3baw 40 xbaw o gsbwo 61 (Management, LOM

Fig 10. Spatial Distribution Maps of Mean Annual River Discharge (Q), Available River Water (ARW),
Total Water Supply From Rivers (TWS) And Level of Management (LOM) For Surface Water Resources
Under The Land Use (NLU) Scenario.
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Fig 11. Spatial Distribution Maps of Mean Annual River Discharge (Q) And Available River Water
(ARW) Under The Real Scenario, And Corresponding Changes in River Discharge (AQ) And Available
River Water (AARW) Under Land Use Change All Unites Are m3/s.
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Fig 12. Spatial Distribution Maps of Mean Annual Groundwater Recharge (GWR), Available
Groundwater (AGW), Total Water Supply From Aquifers (TWS) And Level of Management (LOM) For
Groundwater Resources Under The Real Scenario.
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Fig 13. Spatial Distribution Maps of Mean Annual Groundwater Recharge (GWR), Available
Groundwater (AGW), Total Water Supply From Aquifers (TWS) And Level of Management (LOM) For
Groundwater Resources Under The Land Use (NLU) Scenario.
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