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ABSTRACT

This study assessed the combined impacts of climate variability and land-use change
on the hydrological regime of the Kashafrud River Basin, Iran, during 1973-2023.
Hydroclimatic data, statistical trend analyses, Google Earth Engine land-use mapping,
and Indicators of Hydrologic Alteration (IHA) were applied to assess long-term
changes. The results revealed a significant decline in precipitation, particularly in
upstream areas, alongside a persistent increase in temperature throughout the basin.
Land-use analysis showed substantial urban expansion and agricultural development
over the five decades. These climatic and land-surface changes have jointly altered
runoff generation, infiltration, evapotranspiration, and groundwater recharge
processes. The river’s natural flow regime has consequently been disrupted, as
reflected by reduced low flows, shifts in peak-flow timing, and increased flow
variability. The findings demonstrate that streamflow alterations result from the
synergistic interaction of climatic changes and human-induced land-use
transformations. Therefore, integrated and adaptive land and water management,
conservation agriculture, and improved water governance are essential to enhance

ecological integrity and water security in this semi-arid basin.
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1. Introduction

Human and natural systems are closely
interconnected through processes operating
across spatial and temporal scales. The strong
relationship among climate, water, and land

use has raised increasing concern in recent

decades (Dibaba et al. 2020). These
interactions can have substantial
environmental  consequences, including

biodiversity loss, hydrological change, land

degradation, and lower

productivity (Garg et al. 2019). Watershed

agricultural

hydrology is shaped by vegetation cover, soil
geology,
practices, and the spatial organization of their

interactions (Zhang et al. 2025), all of which

properties, climate, land-use

can significantly influence streamflow, flood
frequency, base flow, groundwater recharge,
and mean annual discharge in river basins
(Puno etal. 2019; Kumar et al. 2022). It is
now widely recognized that these factors are
strongly affected by human activities as well
as climate change (Giglou et al. 2024).
Consequently, understanding the interactions
among climate, land use, and hydrological
processes is essential for water resource
management and for reducing the negative
impacts of environmental change on
watershed systems.

Climate change is widely recognized as a
major driver of hydrological change because
it intensifies the global water cycle and
increases the frequency of extreme events,
such as floods and droughts (Yan et al. 2016).

These changes can affect both the quantity

and quality of freshwater resources and alter
the

frequency and intensity of extreme events.

hydrological processes, increasing
Moreover, changes in precipitation and
hydrological conditions can substantially
affect ecosystems, agricultural production,
and water availability (Bekele et al. 2019).
Climate variability alters hydrological
regimes by changing runoff timing, peak flow
magnitude, and total flow volume (De
Girolamo et al. 2022; Mekonnen et al. 2018).
Furthermore, land use and climate regulate
the basin's hydrological behavior through
complex interactions across multiple spatial
and temporal scales (Garg et al. 2019).
Human-driven land use changes, such as
urbanization and agricultural intensification,
can significantly affect watershed hydrology
by altering infiltration, surface runoff, and
evapotranspiration processes (Kumar et al.
2022). These changes cause hydrological
regime shifts and threaten water security and
ecosystem stability, particularly in arid and
semi-arid regions where water resources are
already under stress.

Quantifying  watershed  hydrological
responses is challenging because these

responses are governed by complex
interactions among topography, climate, and
This

essential for land-use planners and water

hydrological conditions. makes it
resource managers to identify and quantify
such effects at the watershed scale. Several
studies have examined the individual impacts

of climate variability or land-use change on
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hydrological processes (Xiong and Yang,
2024; Wang et al. 2014a, b; Niraula et al.
2015).

investigated their combined influence at the

However, fewer studies have
watershed scale, despite its importance for a
more complete understanding of hydrological
responses (Mishra et al. 2009; Kim et al.
2013; Yin et al. 2017). Therefore, an
integrated approach that simultaneously
examines climatic variability and land-use
dynamics is needed to better capture their
synergistic effects on hydrological systems
(Suryavanshi et al. 2017).

The Kashafrud River Basin (KRB),
located in northeastern Iran, is an important
hydrological and ecological region that
activities, urban

supports  agricultural

settlements, and industrial

(Gholizadeh Sarabi et al. 2021). Owing to its

semi-arid climate and seasonal hydrological

development

regime, the basin is highly sensitive to both

climatic fluctuations and land-use
transformations. In  recent  decades,
population growth and economic

development have led to significant changes
in land cover, including expansion of built-up
areas, reduction in vegetation cover, and
changes in barren land and water bodies.
Together with climate variability, these
changes are likely to have altered streamflow
patterns and water availability in the basin.
This study aimed to address this gap by
providing a comprehensive assessment of the
combined effects of climate variability and

land use change on the hydrological regime

of the KRB over the period 1973-2023.
Specifically, this study: (1) examines long-
term trends and abrupt changes in key hydro-
climatic variables, including precipitation,
temperature, and streamflow, using the
Mann-Kendall test, Sen’s slope estimator,
and Pettitt’s test; (2) quantifies the
spatiotemporal dynamics of land use for
1973, 1983, 1993, 2003, 2013, and 2023
using the Google Earth Engine platform; and
(3) evaluates the resulting changes in the
river’s flow regime through the Indicators of
Hydrologic Alteration (IHA) framework. By
integrating statistical trend analysis, remote
sensing, and hydrological assessment tools,
this study provides a basis for improved water
resource management and offers insights for
policymakers and environmental planners in
semi-arid  regions facing increasing
environmental pressure. This study also
highlights the value of multidisciplinary
approaches for understanding the complex
interactions among climate, land use, and
hydrology in watershed management. Unlike
previous studies in the KRB, which have
mainly focused on isolated aspects of hydro-
climatic variability or land-use dynamics, the
present study provides an integrated long-
term assessment of hydro-climatic change,
land-use transformation, and hydrological
unified

alteration within a analytical

framework. This study contributes to
improving the understanding of how climate

variability and land-use change collectively

Iranian Journal of Remote Sensing &GIS
Vol. 18, No. 2, Summer 2026

145



Hydro-Ecological Effects of Land-Use Change ...

Mabhshid Hosseini and et. al.

influence streamflow characteristics and
ecological flow conditions in semi-arid river
basins. In addition, the integration of
statistical trend analysis, remote sensing-
based land-use evaluation, and the IHA
framework offers a comprehensive approach
that can support sustainable watershed and
under

environmental flow management

increasing environmental stress.

2. Materials and Methods

Study Area

The KRB, located in northeastern Iran, and
includes Mashhad, the country’s second
largest and most populous city. The basin has
played an important role in the region due to
the social, cultural, religious, and political
development of Mashhad
(Gholizadeh Sarabi et al. 2021). Covering

over time
approximately 16,500 km?, the basin has an
elevation range of 398 to 3224 m, with a
mean elevation of 1496 m. The basin
experiences a semi-arid climate with an
average annual precipitation of
approximately 236 mm.

Despite limited water availability and low
precipitation, approximately 140,000 ha of
irrigated agricultural land are used for food
production in the basin, highlighting the
importance of water resources for local
livelihoods and development (Pareeth et al.
2019). The Kashafrud River flows from
northwest to southeast through a canyon

formed by the Hezar Masjed and Binalud

Mountains before joining the Harirud River

at the Iran-Turkmenistan border (Fig. 1).

Data Collection

This study used hydro-climatic and geospatial
datasets to assess long-term environmental
changes in the KRB. Hydro-climatic data,
including daily streamflow and monthly
precipitation and temperature records, were
obtained from the Razavi Khorasan Regional
Water Company (RKRWC). To ensure data
consistency across the 50-year study period
(1973-2023), linear and multiple regression
methods were employed to fill gaps in stations
with missing records.

Landsat imagery from 1973, 1983, 1993,
2003, 2013, and 2023 was used for land-use
analysis. All imagery was processed using the
Google Earth Engine (GEE) platform. A
supervised classification approach based on
the Random Forest algorithm was applied to
classify the basin into four major land-use
classes: water bodies, vegetation cover, built-
up areas, and bare lands. A detailed summary
of the datasets used in this study is presented
in Table 1.

Analytical Methods

The analytical framework combined

nonparametric trend analysis, abrupt change
detection, remote sensing-based land-use

and hydrological alteration

mapping,
assessment. Figure 2 shows the overall

workflow used in this study.
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Fig. 1. Overview of the Kashafrud River Basin

Iranian Journal of Remote Sensing &GIS
Vol. 18, No. 2, Summer 2026
147



Hydro-Ecological Effects of Land-Use Change ...

Mabhshid Hosseini and et. al.

Table 1. Summary of Data Used in the Study

Data Temporal Temporal
Parameters Source Spatial Coverage
Category Coverage Resolution
Daily and monthly Razavi Khorasan Dail 7 hydrometric
aily, .
Hydrological streamflow Regional Water Co. 1973-2023 M tl};l stations across the
on
discharge (RKRWC) Y basin (Fig. 1)
Average monthly Razavi Khorasan Meteorological
Climatic precipitation & Regional Water Co. 1973-2023 Monthly stations within the
temperature (RKRWC) basin (Fig. 1)
) ) 1973, 1983, Decadal
Geospatial Land cover maps Landsat Satellite )
1993, 2003,  snapshots (10- Entire KRB
(land-use) (4 classes)! Imagery (1, 3, 5,7,9)? )
2013,2023  year intervals)

! Land use classes include water bodies, vegetation cover, built-up areas, and bare land.

2 Imagery was accessed and processed using the Google Earth Engine (GEE) platform.
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Fig 2. Flowchart of the methodology.

Trend Analysis

Trend  detection tests for  hydro-

meteorological time series can be parametric
or nonparametric (Chebana et al. 2013; Gocic
& Trajkovic, 2013; Ishak et al. 2013; Xu et
al. 2010). Nonparametric tests do not require
the time series to be normally distributed;

thus, these tests are often preferred over

(Abghari et al. 2013; Gocic & Trajkovic,
2013; Lopez- Moreno et al. 2014). This study
used the Mann—Kendall (MK) nonparametric

test to identify statistically significant
(p<0.05, 0.01) patterns in the
hydrometeorological time series. Sen's

approach (Bormann et al. 2011) was used to
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the of the

significant trends, while the Pettitt test was

determine slope detected
utilized to detect abrupt changes in the mean
of the variable of interest (Villarini et al.
2009, Villarini & Smith, 2010, Liu et al.
2012; Mallakpour & Villarini, 2015).
Trend-Free  Pre-

Autocorrelation and

Whitening (TFPW)

The presence of positive serial correlation in
hydro-climatic time series can significantly
inflate Type I errors, leading to the false
detection of trends and abrupt change points
(Bora et al. 2022). Therefore, prior to
applying non-parametric tests, all datasets
were examined for autocorrelation. To
eliminate the effect of serial correlation while
preserving the true trend structure, the Trend-
Pre-Whitening (TFPW)
proposed by Yue et al. (2002) was applied to
the datasets.

Free approach

In this procedure, the true magnitude of
the trend () is first estimated from the
original time series (Xi) using Sen’s slope
estimator. A detrended series (Y;) is then
generated by subtracting the linear trend from

the original data:

Yi=X,—B.i (1)

Next, the lag-1 autocorrelation coefficient
(r1) of the detrended series (Yi) was
calculated. This coefficient is used to remove
the autoregressive component, resulting in a

pre-whitened series (7).

Yi=Y,—r .Y, ()

Finally, the original trend is added back to
the pre-whitened series to construct the final
independent series (X;), which is free of serial
correlation but preserves the true trend

structure.

X,i:Y,i‘}‘B.i (3)

This pre-whitened independent series (X*)
was subsequently used as the input for both the
Mann—Kendall and Pettitt tests.

Mann-Kendall Test

The Mann—Kendall (Mann, 1945 & Kendall,
1946) test is a non-parametric test that has
been used to assess the significance of trends
in time series of selected data, such as hydro-
meteorological data (Ahmad et al. 2015;
Gaponov et al. 2019; Praveen et al. 2020) and
has been recommended by the World
Meteorological Organization for identifying
hydroclimatological parameter trends. In this
test, the null hypothesis assumes that there is
no significant trend in the data series, and
vice versa for the research hypothesis
(Ahmad et al. 2015; Islam et al. 2020b).
When the null hypothesis is rejected, the
trend is deemed significant. The significance
level at 0.05 is determined by the interval
— 1.96 <Z <1.96, which shows no significant
trends and falls under the acceptance region.
When Z < —1.96, the trend is significantly
decreasing, and when Z > 1.96, the trend is
significantly increasing (Zhang et al. 2020).
The test phases are as follows:

__ S—sgn(s)
" VAR(S)05

4)
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Where,
s=yrt it sgn(x; — x;) 5

Where,j >iandi=1,2...,n—1j=2,3..,n
and ‘n’ is the number of data, x; and x; are the
data values in time series and sgn(xj — x;) is

the sign function.

1 if (xj—xi) >0
sgn(xj —x;))=|0 if (xj —x;)=0
-1 if (xj —-x) <0
(6)
The mean and variance of S for
independent random variables with a uniform
distribution and no knot (two or more data
with equal numerical values following each

other in an ordered series) are as follows

E(s)=0 (7)

n(n—-1)(2n+5) _ 0_2
18

Var(S) =

If there is a tied group in the data series,
the variance value is calculated using the
following equation, where # is the number of
data points, m is the number of tied groups,
and ¢ is the number of ties of extent i: A tied
group consists of sample data with identical

values.

S = n(n—l)(2n+5)2i1+81 t;(DH(i-1)(2i+5) (8)

If there are more than ten data points in a
series, the standard normal test statistic Z; is

calculated as follows:

? if s>0
Zs=|0 if 6=0 )
% if s<0

Positive Z; values indicate increasing
trends, while negative Z; values indicate
decreasing trends. The Mann-Kendall test was
calculated and tested at significant levels of 1,
5, and 10% to determine the significant hydro-
climatological parameter trends. Initial trend
analyses  were
MAKESENs software, provided by the

National Iranian Meteorological Organization.

performed using the

Sen's Slope Estimator

Sen's slope estimator is frequently employed

in hydro-meteorological time series (Arra et

al. 2025; EINesr et al. 2010; Tabari & Marofi,

2011). Sen (1968) invented a non-parametric

approach for measuring the slope of trend in

a sample of N pairs of data:

Q; = ";:—’;" fori=1,..,N, (10)
x; and x; are the data values at times j and

k (j > k), respectively. If there is only one

. ) . 1
datum in each time period, then N_n(nz );

where 7 is the number of time periods. If

there are multiple observations in one or more

1

time periods, then N<n(% ; where 7 is the

total number of observations.

The N values of O; are listed from smallest
to greatest, and the median slope or Sen's
slope estimator is determined as

Q[(N+1)/2], if Nisodd
med = {Q[

N/2]+Q[(N+2)/2]
2

, if N is even
(11)

The QOmea sign represents data trend

reflection, and its value denotes the steepness
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of the trend. To assess whether the median
slope is statistically distinct from zero, we
acquire the Qs confidence interval with a
specific probability. The confidence interval
for the time slope (Frimpong et al. 2022) can

be calculated as follows:

Coc = Zl—“/ZW/ Var(S)

where Var(S) is defined in Eq. (5) and
Z1-42 18 obtained from the standard normal

table. this the

(12)

distribution In study,
confidence interval was computed at two

significance levels (oo = 0.01 and o = 0.05).

N-Ca N+Ca
Then, M= > and M= S are computed.

The lower and upper limits of the confidence
interval, Qumin and Quar, are the Mith largest
and the (M2 + 1)th largest of the N ordered
slope estimates. If the two limits (Qumi» and
Omnax) are of the same sign, the slope Oueq is
statistically distinct from zero. Sen's slope
estimator for the time series were conducted
using  XLSTAT
XLSTAT is a data analysis and statistical

statistical  software.

application available for Microsoft Excel.

Pettitt's Test

The Pettitt test was used to detect abrupt
changes in the mean of the hydroclimatic time
series. This nonparametric test is based on the
Mann—Whitney rank test and is suitable for
identifying a single change point at an
unknown time. The null hypothesis assumes
that the distribution of a sequence of random
does not while the

variables change,

alternative hypothesis assumes that the
distribution function F;(x) of the random
variables from X; to X; is different from the
distribution function F>(x) of the random
variables from X.; to Xr (Mallakpour &

Villarini, 2015).

Dij = Sgn(Xl- —X]) =

-1 (X;—X;)<0
+1 (X;—X;)>0

Where X; and X; are random variables,
with X; following X; over time. The test

statistic U, r depends on Dy, as follows:

Ur = 25:1 ZJT'=t+1 D;; (14)

The statistic U, 7 is the same as the Mann-
Whitney statistic for determining when the
.y Xp and Xi1y ..., Xr come

from the same population. The test statistic Uy r

two samples X,

is evaluated for all random variables from 1 to
T, and the most significant change point is

chosen where the value of |U, 7] is the greatest:

Kr = max1st<T|Ut,T|

(15)

A change point occurs at time ¢ when the

statistic Kris substantially different from zero

at the given level. The approximate
significance level is provided by

—6K2
p=2.exp (L) (16)

If the p-value is less than the pre-assigned
significance level a, we reject the null
hypothesis and partition the data into two

sub-series (before and after the change point)
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The
Pettitt test was also implemented in XLSTAT
at o =0.01 and o =0.05.

with distinct distribution functions.

Land-Use Change Analysis

Land-use maps were generated using multi-
temporal satellite imagery and remote
sensing indices to assess eco-hydrological
change over a 50-year period (Fig. 3). Land-
use change was analyzed using Landsat
imagery from six target years: 1973, 1983,
1993, 2003, 2013, and 2023 (Table 2). These
dates were selected to capture major decadal
transitions in the basin and to ensure temporal
consistency across the study period. Owing to
the lack of access to global qualified satellite
data due to sanctions and political limitations,
as well as the lack of a database of historical
ecosystem changes in third-world countries,
as well as the filtering of scientific websites
for Iran, 6 specific years in the indices for the
last five decades were chosen as the basis for
remote sensing analysis. These years were
chosen after conducting a thorough
assessment of all international and national
publications to identify the basin's primary
difficulties that have had a direct impact on
the eco-hydrological status of the KRB. The
first year, 1973, was deemed the most natural
state of the land cover, with no explicit
human or natural calamity. Using the Shuttle
Radar Topography Mission (SRTM) product,
a digital elevation model (DEM) and slope
layers were obtained and entered into the

random forest algorithm with more than five

indices, including NDVI, NDBI, NDWI,
texture, and PCA (Izzati et al. 2019; Yong et
al. 2021; Alam et al. 2020; Wang et al. 2021).
To evaluate the classification accuracy, the
available sampling points were divided into
training and testing subsets, with 75% used
for model training and 25% reserved for
validation. Four major land-cover classes
were defined: water bodies, vegetation cover,
bare lands, and built-up areas. Water bodies
included rivers and dam reservoirs;
vegetation cover encompassed both natural
vegetation and agricultural land; bare lands
included exposed soil and mountainous
areas; and built-up areas represented urban
and rural settlements. For each target year,
the area occupied by each class was
calculated, and temporal changes in class
extent were assessed across the five decades
2020;

Herrmann et al. 2020; Chen et al. 2021). The

of observation (Chamling et al.

main characteristics of the satellite images

used in this study are summarized in Table 2.

Table 2. Characteristics of satellite images used to

monitor land use change

Year- Satellite Spatial Cloud Cover
Image Resolution Percentage
1973-Landsat 1 30 2
1983-Landsat 3 30 2
1993-Landsat 5 30 2
2003-Landsat 5 30 2
2013-Landsat 7 30 2
2023-Landsat 9 30 2
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Fig 3. Land-use analysis methodology flowchart.

Accuracy Assessment

Evaluating classification accuracy is a
fundamental step in remote sensing to verify
the reliability and practical applicability of
the generated thematic maps (Tades et al.
2020; Yonaba et al. 2021). In this study, the
performance of the land use maps was
quantitatively assessed using a confusion
matrix. A confusion matrix was created using
the validation points and classified data
(Bojer et al. 2025). From these matrices, key
precision  metrics, namely, producer’s
accuracy (PA), overall accuracy (OA), and
user’s accuracy (UA), were derived. To
further account for potential class imbalances
and correct for agreement occurring by
chance, the Kappa coefficient (KC) was
calculated. The is

Kappa coefficient

particularly useful in land use classification

as it provides a more robust measure of
classifier consistency across all categories,
preventing overrepresented classes from
biasing the accuracy assessment (Li et al.
2023). The Kappa coefficient was computed

using the following equation:

_ NY Tii— X (TigTei)

Khae = N2=3" (TitT4) 7
Where N is the total number of
verification points or samples for the

accuracy evaluation in the confusion matrix,
n is the type number of land-use data in the
confusion matrix, 7 is the number of land
types correctly classified (the sum is the sum
of the diagonals in the confusion matrix), 7+
represents the sum of the category in the
classified data, and 7, represents the sum of
category i in the measured or reference data.

It is used to accept the impacts of accuracy
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changes, and its value shouldn't drop below
0.85 (Sajid et al. 2022).

Hydrological Alteration Analysis
The Nature Conservancy (Richter et al. 1996)
proposed the indicator of hydrological
alteration (IHA) as one of the most important
methods for water management to identify
flow characteristics that have been widely
considered as primary and most important
drivers of biotic and abiotic conditions in
riverine ecosystems (Olden & Poff, 2003).
IHA was
hydrological parameters in five groups: the

the

developed based on 33
magnitude of monthly streamflow,
magnitude and duration of annual extreme
flows, the timing of annual extreme flows, the
frequency and duration of high and low
pulses, and the rate and frequency of flow
changes (Richter et al. 1996; Mathews &
Richter, 2010, Shiau & Wu, 2008). These
indicators have been widely used to evaluate
eco-hydrological alterations and their
implications for riverine ecosystems (Olden
& Poff, 2003; Wood et al. 2000; Yang et al.
2010; Chen et al. 2013).

The range of variability approach (RVA)
was used to assess hydrological changes
between the pre-impact and post-impact
periods (Richter, 1996; Yang et al. 2014;
Shiau & Wu, 2008).

A minimum 20 years’ time series of river
discharge should be considered, and long-
term daily data are preferred over monthly

data (Mathew & Richter, 2007). The phases

of the procedure are as follows:

In the pre-impact period, 33 hydrological
indicators were computed.

The

hydrological parameter will be identified. For

range of variability of each
the pre-impact IHA statistics, the range of
variation between the 75th and 25th
percentiles was considered the ecological
target range (Zhou et al. 2020).

The 33 hydrological indicators were
computed using the RVA test in the post-
impact period.

The degree of hydrological modification
can be calculated using the following

formula:

p; = Tt 4 100 (18)

e

Where Ny and N, represent the observed
and expected number of years, respectively,
during which the post-impact values of i-th
IHA parameter fall within the ecological
The thresholds
medium- and high-level alteration were
defined as 0 %-33 %, 33 %—66% and 66 %—

target range. for low-,

100%, respectively (The Nature
Conservancy, 2009).
Seven  hydrometric  stations  were

operating intermittently in the study area over
the past 50 years. The final step of this study
was to integrate the findings and provide a
comprehensive assessment of the eco-
hydrological changes in the KRB, thereby
highlighting the procedures adopted for water

resources management.
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3. Results

Trend Test Results

Precipitation and Temperature Trend Results
The results of the trend tests for precipitation
reveal significant insights into the temporal
trends across different stations (Table 3, Fig.
4). DolatAbad and Andorokh Stations exhibit
a statistically significant decrease in
precipitation at a 99% confidence level. The
(-3.55 -3.42,

respectively) and Sen's Slope values (-2.63

negative Z-values and
and -2.96) show a steady decrease in
precipitation across the study period. The
Pettitt's test finds 1997 as the change point for
both stations, demonstrating that a decrease
in precipitation intensified after this year. In
contrast, Akhlamad, Golmakan, Radkan, and

AghDarband Stations indicate no statistically

significant trend (NS), indicating steady
precipitation patterns over the 50 years period.
P-values above 0.05 corroborate the absence of
significant trends. These findings indicate that
select the
particularly DolatAbad and Andorokh, have

had significant precipitation reductions.

stations  within river basin,

The temperature trend analysis indicates a
statistically trend
across all stations (Table 3, Fig. 5). Mareshk,

Mozduran, Pole-Khatun, and Zoshk Stations

significant increasing

demonstrate increasing trends at 99% and
95% confidence levels. The high Z-values
(ranging from 1.77 to 6.06) and positive Sen's
Slope values support the rising trend in
average monthly temperature. Pettitt's test
identifies change points in the early 1990s
(1993-1995).

Table 3. Trend Test Results for Average Monthly Precipitation and Average Monthly Temperature (1973-2023).

Trend Test Results for Precipitation

. Mann-Kendall Test Sen's Slope Test Pettitt's Test
No. S;;::: Trend Conf. Z  Sen's Confidence Level Change Conf. P Value
Alteration Level test Slope Qmax95 Qmin95 Qmax99 Qmin99 Point Level
1 Akhlamad - NS 007 0.02 1.31 -1.22 1.75 -1.66 - NS 0.738
2 DolatAbad  Decreasing 99% -3.55 -2.63 -1.12 -4.30 -0.58 -4.95 1997 99%  0.0002
3 Golmakan - NS 098 0.77 2.38 -0.94 2.98 -1.50 - NS 0.80
4 Radkan - NS -1.13 -0.68 0.62 -2.00 0.97 248 - NS 0.23
5 Andorokh  Decreasing  99% -3.42 -2.96 -1.03 -5.00 -0.49 -5.50 1997 99%  0.0006
6  AghDarband - NS 014 0.10 1.94 -1.83 2.73 -2.59 - NS 0.603
Trend Test Results for Temperature
Mann-Kendall Test Sen's Slope Test Pettitt's Test
No. StationName  Trend Conf. Z  Sen's Confidence Level Change Conf. P Value
Alteration Level test Slope Qmax95 Qmin95 Qmax99 Qmin99  Point  Level
1 Mareshk Increasing  99% 4.73 0.10 0.12 0.09 0.12 0.08 1995 99%  <0.0001
2 Mozduran  Increasing 99% 6.06  0.05 0.07 0.04 0.07 0.03 1995 99%  <0.0001
3 Pole-Khatun Increasing 99% 5.13  0.04 0.05 0.02 0.06 0.01 1993 99%  <0.0001
4 Zoshk Increasing  90% 1.77  0.01 0.02 0.002 0.03 -0.002 1993 95%  0.027
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Our analysis highlights a major warming
trend in the KRB. The trend analysis shows a
twofold pattern: a considerable decrease in
precipitation at some stations and a general
increase in temperature at all stations. The
identification of change points in the 1990s
suggests a shift in the hydro-climatic regime
of the KRB.

Flow Discharge Trend Results

The analysis of the average annual flow
discharge over the period 19732023 reveals a
significant decreasing trend at most stations
(Table 4, Fig. 6). Radkan, Golmakan, Kortian,
Mushang, Pole-Khatun, and SarAsiab Stations
exhibited statistically significant decreasing

58°56'0"E
'

trends with confidence levels ranging from
90% to 99%. The negative Z-values and
negative Sen's Slope values indicate a constant
reduction in flow discharge.

Pettitt's test identifies change points in
1998 for Radkan and Kortian stations and in
1983 for Pole-Khatun station, representing
important periods when the reduction in flow
increased. In contrast, AghDarband Station
show no statistically significant trend.

The analysis of the time series at the
downstream stations (AghDarband and Pole-
Khatun) provides a clear framework for
understanding these hydrological variations.
At Pole-Khatun, the significant decreasing
trend in flow discharge strongly aligns with
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Fig 4. Results of Trend Tests for Precipitation of the Kashafrud River Basin and Their Abrupt Change Years (1973-2023).
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the statistically significant increasing
temperatures observed at this station (at 95%
and 99% confidence levels). In contrast, the
AghDarband station exhibits stable flow
patterns, which correspond directly to its
steady precipitation records (showing no

statistically significant decreasing trend).

58°56'0"E
1

Overall, the trend analysis demonstrates a

twofold pattern across the basin: an
overarching rise in temperature across all
stations, combined with localized drops in
precipitation and streamflow that severely
impact downstream availability at stations

like Pole-Khatun.
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Fig 5. Results of Trend Tests for Temperature of the Kashafrud River Basin and Their Abrupt Change Years (1973-2023).

Table 4. Trend Test Results for Average Annual Flow (1973-2023)

Trend Test Results for Flow Discharge

. Mann-Kendall Test Sen's Slope Test Pettitt's Test
No. Station Trend Conf. Sen's Confidence Level Change Conf.
Name Z test P Value
Alteration Level Slope Qmax95 Qmin95 Qmax99 Qmin99 Point Level
1 AghDarband - NS -149 -0.012  0.006 -0.035 0.015 -0.044 - NS 0.651
2 Radkan Decreasing  90% -1.86 -0.005  -0.001 -0.009 0.000 -0.011 1998 99%  0.0002
3 Golmakan  Decreasing  95% -2.20 -0.003  0.000 -0.006 0.001 -0.007 - NS 0.139
4 Kortian Decreasing  99% -2.94 -0.009  -0.003 -0.016 -0.001 -0.018 1998  95%  0.011
5 Mushang  Decreasing  95% 225 -0.015  0.002 -0.034 0.009 -0.039 - NS 0.214
6  Pole-Khatun Decreasing 95% -2.02 -0.030  -0.005 -0.057 0.002 -0.067 1983  95%  0.031
7 SarAsiab ~ Decreasing  90% -1.91 -0.007  0.001 -0.013 0.004 -0.015 - NS 0.657
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Fig 6. Results of Trend Tests for Average Annual Flow at Hydrometric Stations of the Kashafrud River Basin and
Their Abrupt Change Years (1973-2023).

Land-Use Change Results

The results of monitoring land-use changes in
the KRB over five decades (1973-2023)
reveal significant transformations driven by
agricultural expansion, urbanization, and
land degradation (Fig. 7). The consistent
increase in agricultural land from 13.44% in
1973 to 18.23% in 2023.

In contrast, water bodies have experienced
minimal fluctuations, with a slight decline
from 0.08% in 1973 to 0.05% in 2023,
indicating relative stability in surface water
resources.

Rangeland has declined dramatically,
falling from 58.20% in 1973 to 36.98% in

2023. In contrast, bare land has increased

dramatically, going from 27.01% to 42.49%
during the same period. Furthermore, built-
up areas have steadily increased from 1.27%
in 1973 to 2.24% in 2023.

Land-Use Classification Accuracy

The accuracy assessment metrics for the
classified land-use maps across the six study
periods are summarized in Table 5. The
overall classification accuracy ranged from a
minimum of 84.15% in 1973 to a maximum
of 92.31% in 1993, consistently exceeding
the standard acceptable threshold of 85% for
most years (with 1973 being marginally
below at 84.15%). The Kappa coefficient
statistics varied between 78.42% (1973) and
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87.59% (1993), representing substantial to
almost perfect agreement between the
classification results and reference data.
Class-specific accuracies revealed high
reliability, particularly for the water body
class, which consistently achieved 100% user
accuracy (UA) and producer accuracy (PA)
across all years owing to its distinct spectral
signature. The bare land and rangeland
classes also exhibited high and stable
accuracies, with UA and PA values generally
exceeding 80%—-90%. For the agricultural
area class, PA values reached 100% in 2013
and 2023, although UA dropped to 62.50%
and 57.89% in those respective years, reflecting
some spectral mixing between active
agricultural plots and surrounding natural
vegetation or rangelands during those periods.
Similarly, the built-up area class exhibited
strong performance, with UA reaching 100% in
2013 and PA peaking at 100% in 1993. Overall,
these validation metrics confirm that the

generated land-use datasets are highly reliable

for subsequent change detection and
hydrological impact analysis.

Hydrological alteration and IHA results

To investigate the impact of climate

variability and land-use alterations on the
hydrology of the KRB, the Indicators of
Hydrologic Alteration (IHA) framework was
applied to seven hydrometric stations. Based
on the results of the Mann—Kendall trend test,
Sen’s slope estimator, and Pettitt’s test for
annual streamflow (discussed in Section
3.1.2), stations exhibiting significant trends
and change points were prioritized. These
stations include: 1. Radkan (decreasing trend,
change point: 1998), 2. Kortian (decreasing
trend, change point: 1998), and 3. Pole-
Khatun (decreasing trend, change point:
1983). The Pole-Khatun station, located at
the basin outlet, is especially crucial because
its THA analysis reflects the cumulative
basin-wide effects of upstream land-use

transformations and climatic shifts.

Table 5. Accuracy assessment metrics of the land-use classification for the study period (1973-2023)

Land-Use classes 1973 1983

1993

2003 2013 2023

UA (%) PA (%) UA (%) PA(%) UA (%)

PA (%) UA (%) PA(%) UA (%) PA(%) UA (%) PA(%)

Agricultural Area 76.40%  81.50%  81.20%  78.90%  88.89%

Bare land 8820%  83.60%  90.50%  85.10%  95.00%

Built Area 82.10%  85.00%  78.50%  88.20%  85.71%

Water Body 100.00% 100.00% 100.00% 100.00% 100.00%

Rangeland 8550%  8230%  88.00%  87.50%  92.54%

Overall accuracy 84.15% 85.60%

Overall, Kappa 78.42% 80.15%

Statistics

92.31%

87.59%

8421%  86.50%  8230%  62.50% 100.00% 57.89%  100.00%

86.36% 92.10% 88.50%  8537% 87.50%  94.87%  90.24%

100.00%  89.00%  94.10% 100.00% 90.91%  80.00%  80.00%

100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

9538% 91.20%  89.40%  92.68%  80.85% 100.00% 85.71%

89.45% 87.29% 88.89%

85.20% 82.28% 83.13%
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Fig 7. Land use changes in the Kashafrud River Basin (1973-2023).

The IHA analysis reveals significant
hydrological alterations directly linked to the
previously identified climatic and land use
changes. The magnitude of monthly flows
has decreased significantly, especially in
winter and spring, with the Radkan station
showing substantial losses in February
(-76%), April (-76%), and November (-87%).

At the downstream Pole-Khatun station, an
extreme flow loss of -93.16% was observed
in July. These severe reductions are not
isolated; they correspond directly to the
significant temperature increases and drastic
expansion of agricultural lands (from 13.44%

to 18.23%) reported in previous sections.
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Extreme flow conditions further illustrate
this disruption. Minimum flows show severe
declines, notably at Radkan, where 1-day and
3-day minimum flows decreased by 100%.
This total loss of base flow is a direct
consequence of prolonged droughts and
diminished groundwater recharge caused by
widespread vegetation removal. Conversely,
maximum flows show a mixed pattern at
Radkan, decreasing at longer durations (7- to
30-day: -21.74% -47.83%)
increasing at shorter durations (1- to 3-day:
+44% +56.52%); Pole-Khatun,

to while

to at

however, maximum flows declined
consistently across all durations, reaching -
79.47% at the 30-day scale. The timing and
frequency of hydrological pulses have also
shifted dramatically. Minimum flows
occurred earlier (by 14—17%), and high-pulse
frequencies increased at Radkan (+17.39%)
and Kortian (+9.56%).

The output graphs of long-term monthly
flow discharge alteration for the three
selected stations are presented in Fig. 8, and
a comparison between the natural flow

regime before and after the change points.

Table 6. Results of 33 indicators of hydrologic alteration at three hydrometric stations

Station Name Radkan Kortian Pole-Khatun
Index Parameters
Index Group Hydrologic Alteration Result
1- Mean flow in January -47.83%-M 40.96%-M 40.64%-M
2- Mean flow in February ~ -76-H -79.71%-H -65.79%-M
3- Mean flow in March -60.87%-M -39.13%-M -72.63%-H
Group 1 4- Mean flow in April 76-H -87.83%-H -45.26%-M
5- Mean flow in May -64.78%-M -22.53%-L -58.95%-M
Magnitude of monthly 6- Mean flow in June -17.83%-L -14.78%-L -71.49%-H
water conditions 7- Mean flow in July -60.87%-M -26.96%-L -93.16%-H
8- Mean flow in August -60.87%-M -14.78%-L -17.89%-L
9- Mean flow in September  -47.83%-M -14.78%-L -45.26%-M
10- Mean flow in October ~ -74-H 34.55%-M 29.24%-L
11- Mean flow in November -87-H 16.67%-L 19.74%-L
12- Mean flow in December -87-H 7.69%-L -0.79%-L
13- 1 d minimum -100-H 3.70%-L -7.90%-L
14- 3 d minimum -100-H 3.70%-L -7.90%-L
15-7 d minimum -73-H 3.70%-L -7.90%-L
“ G“’“: 2 g 1630dminimum -87-H 7.69%-L -11.62%-L
it ..
agnitucde an 17-90 d minimum 74H 28.15%L 36.84%M
duration of annual .
18- 1 d maximum 44-M 46.09%-M -38.42%-M
extreme water .
. 19- 3 d maximum 56.52%-M 9.57%-L -52.11%-M
conditions ]
20- 7 d maximum -21.74%-L 21.74%-L -58.95%-M
21- 30 d maximum -47.83%-M -2.61%-L -79.47%-H
22-90 d maximum -34.78%-M -14.78%-L -72.63%-H
23- Base flow index -45.82%-M -75.65%-H -79.47%-H
24- Zero-flow day -60.87%-M 3.70%-L -7.90%-L
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Continue Table 6.
Station Name Radkan Kortian Pole-Khatun
Index Parameters
Index Group Hydrologic Alteration Result
Group 3 25- Date of minimum 17.39%-L 16.67%-L 14.04%-L
Timing of annual
extreme water
.. 26- Date of maximum -21.74%-L -33.60%-M 23.16%-L
conditions
G 4 27- Low-pulse count -11.96%-L -18.84%-L -65.79%-M
rou
P . 28-Low-pulse duration -41.30%-M -39.13%-M -31.58%-L
Frequency and duration .
. 29- High-pulse count 17.39%-L 9.56%-L -31.58%-L
of high and low pulse ) ]
30- High-pulse duration -11.96%-L -2.61%-L -58.95%-M
Group 5 31- Rise rate -79-H 9.57%-L -31.58%-L
Rate and frequency of 32- Fall rate -79-H -11.46%-L -58.95%-M
water condition change 33. Number of reversals ~ -53.04%-M 22.53%-L -42.98%-M

H: High, M: Moderate, L: Low
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Fig 8. Monthly streamflow discharge over the last 50 years with RVA boundaries for (a). Radkan Station, (b). Kortian
Station, and (¢). Pole -Khatun Station.
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Continue Fig 8.

4. Discussion
Interplay of climate variability, Land-use
dynamics, and IHA-based streamflow
alterations

The integration of meteorological trends,
land-use of

hydrologic alteration (IHA) from 1973 to

dynamics, and indicators
2023 indicates substantial changes in the

KRB’s hydrological regime. Rather than

acting in  isolation, the  observed
meteorological ~ shifts and  land-use
transformations appear to be jointly

associated with changes in the magnitude,
frequency, and timing of streamflow. The
statistically significant drop in precipitation
at key stations such as DolatAbad and
Andorokh, punctuated by a regime shift
around 1997, coincided with a persistent
increase in temperature beginning in the early
1990s. This warming pattern, consistent with
global trends and supported by broader
national studies (Kousari et al. 2013; Saboohi

et al. 2012; Tabari & Talaee, 2011;

Zarenistanak et al. 2014), may have increased

atmospheric  evaporative demand and
contributed to changes in the basin’s water
balance.

When analyzing these climatic shifts
through the lens of the IHA model, the
mechanistic linkages become clear. The
severe reduction in monthly flow magnitudes
(IHA Group 1) and the dramatic decline in
extreme minimum flows (IHA Group 2),
including the near-total loss of base flow
during dry seasons, are not merely symptoms
of reduced rainfall. As similarly documented
in other Iranian basins, including the Lake
Urmia basin in northwest Iran (Nazeri
Tahroudi et al. 2019) and the Shahpour River
basin in south Iran (Fooladi et al. 2021), the
combination of declining precipitation and
rising temperatures has severely diminished
both

groundwater recharge. In the KRB, this

surface runoff generation and

climatic stress is further compounded by
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localized evapotranspiration increases driven
by rising temperatures (Baygi et al. 2023),
systematically draining the basin’s natural
water storage and depressing seasonal flow
volumes. Furthermore, the remote sensing
evidence of land-use changes, characterized
by the significant expansion of built-up areas
and agricultural lands at the expense of
natural vegetation, explains the specific
alterations in IHA pulse dynamics and flow
rates (IHA Groups 4 and 5). The transition
from natural vegetative cover to impervious
surfaces alters  the

urban physically

watershed’s response by reducing soil
infiltration capacity and accelerating surface
This
responsible for the increased frequency of

and the

runoff. mechanism is  directly

high-flow pulses increasingly
“flashy” nature of the hydrograph observed in
the IHA results. The dramatic conversion of
natural rangelands (from 58.20% to 36.98%)
into bare lands (increasing to 42.49%) and
agricultural fields fundamentally alters the
basin’s water balance by removing natural
vegetation cover. This loss of vegetation
significantly decreases canopy interception
and reduces soil organic matter, which in turn
diminishes soil permeability and infiltration
rates. Consequently, natural groundwater
recharge processes are impaired, leading to a
severe reduction in the sustained base flow
that feeds the Kashafrud River. Furthermore,
the continuous expansion of agricultural
lands (from 13.44% to 18.23%) directly

amplifies the basin’s actual evapotranspiration

(ET). Intensive agricultural practices and the
corresponding increase in crop water
demand, especially when combined with the
rising regional temperatures identified in the
climatic analysis, create a synergistic effect.
This heightened ET

volumes of water from both soil moisture and

extracts massive
shallow aquifers before it can reach the river
network. Additionally, the expansion of
built-up areas (from 1.27% to 2.24%)
increases surface

impervious coverage,

further restricting local infiltration and
altering natural flow dynamics. Ultimately,
the of
mechanisms, decreased soil permeability and
land

degradation, alongside significantly enhanced

compounded  effects these

water retention capacity due to
evapotranspiration from expanded agriculture
and rising temperatures, provide a clear
physical explanation for the substantial
declining trends in river flow, severely
impacting downstream water availability.
Gholizadeh et al. (2021) identified analogous
processes in the Mashhad basin, noting that
curtails  natural

urbanization severely

groundwater  recharge.  Simultaneously,
unsupervised agricultural development has
introduced profound anthropogenic forcing.
The expansion of cultivated areas has
increased water demand well beyond the
natural carrying capacity of the basin. This
has driven intense, often unrecorded, surface
water diversions and groundwater pumping,
further

flattening the hydrograph and

homogenizing the rate and frequency of
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water condition changes (IHA Group 5).
the

findings moves beyond recognizing simple

Consequently, integration of these

trends; it demonstrates a compounding
feedback loop where climate warming
(increasing demand and evaporation) and
land-use degradation (decreasing infiltration
and increasing withdrawals) converge to
dismantle the natural flow regime.
Understanding these interrelated dynamics is
paramount, as they underscore the critical
need for integrated watershed management
strategies that holistically address land-use
regulation and climate adaptation to restore
ecological flow requirements.

Hydrological alteration and  potential
ecological implications

Hydrological regimes dictate the physical
framework within which riverine ecosystems
evolve and function. In the KRB, the
integration of Indicator of Hydrologic
Alteration (IHA) outputs reveals that climatic
variability and shifting land use have pushed
the river system beyond its historical
ecological baseline. The critical change
points identified in the streamflow time series
(e.g., during the 1980s and late 1990s across
various stations) do not merely represent
statistical shifts; rather, they mark severe
ecological tipping points. Such structural
in the natural
the

between hydrological events and the life-

alterations flow regime

decouple temporal synchronization

cycle requirements of native aquatic biota,

severely threatening the ecological integrity
and resilience of riverine habitats (Wang et
al. 2017; Yang et al. 2017). It is important to
clarify that the ecological implications
discussed in this study are inferred from
alterations in the hydrological regime and
rely on established hydro-ecological
principles. The study does not provide direct
empirical biological data (e.g., biodiversity or
habitat surveys); rather, it focuses on
identifying hydrological stressors that may
compromise the ecological integrity of the
riverine system.

Ecologically, the loss of seasonal flow
disrupts aquatic habitats, reduces spawning
grounds for native fish, and concentrates
pollutants during low-flow months, while the
absence of natural high-flow events impairs
channel flushing, leading to sediment
accumulation, loss of deep-water refuges, and
degradation of riparian geomorphology, posing
a critical threat to aquatic biodiversity.
Extended periods of extreme minimum flows
and the potential desiccation of the river
channel during dry seasons lead to severe
habitat fragmentation, thermal stress, and
reduction in dissolved oxygen levels. Aquatic
species that rely on stable, continuous base
flows for survival and reproduction are highly
vulnerable to these conditions. This mechanism
of habitat degradation directly mirrors the
findings of Morid et al. (2016) in the Kordan
River, where the depletion of base flows
systematically dismantled critical fish habitats

and threatened local aquatic populations.
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Furthermore, the altered timing of high-
flow episodes and the intensification of
runoff pulses, largely driven by urban
and increased

expansion impervious

surfaces, introduce destructive physical
forces into the channel. Rapid, unbuffered
urban runoff increases stream power during
storm events, leading to severe riverbank
erosion, scouring of the benthic substrate, and
elevated suspended sediment loads. These
processes destroy spawning grounds by
burying gravel beds in sediment and disrupt
the biochemical balance of the water column.
Similar  degradation has been well
documented in the Shahrchai River by
(2024),
demonstrated that accelerated anthropogenic
land destabilized

hydrological

Mostafazadeh et  al. who

use  fundamentally

indices and exacerbated
sediment-driven ecological degradation.
Beyond the main river channel, the
ecological consequences extend to the
riparian zone interactions. The substantial
expansion of agricultural activities and
associated groundwater overexploitation has
drastically curtailed natural groundwater
recharge. This drawdown of the water table
disconnects the river from its floodplain,
inflicting severe moisture stress on riparian
that
This

consistent with the extensive evaluation by

vegetation depends on shallow

groundwater. cascading effect is
Parizi et al. (2020) across Iran, which
highlighted how declining groundwater
rates

recharge systematically  degrade

vegetative cover and reduce overall basin

biodiversity.
To  mitigate these compounding
ecological crises, ftransitioning toward

adaptive and integrated water resource

management is imperative. Restoring
elements of the natural flow regime, often
referred to as environmental flows through
regulated reservoir releases, is critical to re-
establishing essential base flows and high-
flow  ecological cues. Concurrently,
implementing nature-based solutions, such as
maintaining robust riparian buffer zones to
filter sediments and adopting sustainable
agricultural practices to minimize unseasonal
runoff, can significantly enhance habitat
connectivity and resilience (Gatgash &
Sadeghi, 2024; Guo et al. 2024). Ultimately,
mainstreaming coupled eco-hydrological
modeling into regional planning is essential
to balance human water demands with the
critical imperative of biodiversity protection

in the KRB.

5. Advantages and limitations

This study proposes an integrated research
methodology that combines the Indicator of
Hydrologic Alteration (IHA) method, remote
sensing, and robust statistical tests to assess
streamflow dynamics and their ecological
implications in the KRB. A fundamental
advantage of this approach is its ability to
identify significant transition points and
temporal shifts in the flow regime, which is
streamflow

crucial for directing future
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projections and ecological conservation
strategies (Liu et al. 2024). By incorporating
the IHA technique, this study provides a
comprehensive assessment of the potential
of

including  possible

streamflow
habitat

ecological implications
alterations,
degradation and changes in environmental
flow conditions, which are often overlooked
in conventional hydrological research.
Furthermore, combining multi-period land-
use imagery via Google Earth Engine
significantly improves the spatial accuracy of
identifying anthropogenic footprint expansion
and its concurrent effects on hydrological
dynamics (Torabi Haghighi et al. 2020). The
application of robust statistical approaches,
including the Mann-Kendall test, Sen’s slope
estimator, and Pettitt’s test, equips the study
with dependable tools for detecting monotonic
trends and abrupt change points in long-term
climatic and hydrological time series (Malede
et al. 2022). Despite these strengths, the
exhibits
limitations that should be addressed in future

current  methodology certain
research. Primarily, while the study establishes

strong  associative  evidence  between

environmental drivers and hydrological
changes, it does not employ explicit statistical
or physical attribution methods (such as the
Budyko framework, hydrological sensitivity
analysis, process-based- watershed modeling
(e.g., SWAT
statistical variance decomposition- techniques)

the

scenario  simulations), or

to quantitatively separate fractional

contributions of climate variability versus

land-use changes. Consequently, the findings
provide a qualitative understanding of
overlapping drivers rather than a quantified
variance decomposition. Another notable
limitation is the reliance on historical data
quality and availability, which might impair
the accuracy of trend detection, particularly in
stations with incomplete discharge and climate
records (Liu et al. 2024). This study, like all
long-term hydro-climatic analyses, is subject
to several sources of uncertainty. These
include potential measurement inconsistencies
in station records, uncertainty introduced by
regression-based infilling of missing data,
and the inherent variability of hydro-climatic
systems that affect trend detection even when
the Mann-Kendall test is used to mitigate
serial correlation bias. These uncertainties
should be considered when interpreting the
magnitude of detected trends. Furthermore,
the IHA approach focuses predominantly on
surface water that

dynamics, meaning

complex groundwater-surface water
interactions and aquifer depletion are not fully

integrated into the ecological assessment.

Finally, inherent uncertainties in global
climate models and future forecasts
complicate the projection of long-term

hydrological responses, potentially affecting
the reliability of proposed adaptation measures
(Nazeri Tahroudi et al. 2018). Addressing
these gaps through advanced quantitative
attribution models and coupled eco-
hydrological frameworks will further solidify

the understanding of watershed dynamics.
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6. Conclusion

This study applied an integrated methodology
combining robust nonparametric hydro-
climatic analysis, multi-temporal satellite-
based land-use mapping, and eco-hydrological
alteration metrics (IHA/RVA) to evaluate
long-term changes in the KRB from 1973 to
2023. The data show a substantial decrease in
precipitation and a consistent increase in
temperature, which were associated with
notable hydrological changes. The use of the
Indicators of Hydrologic Alteration (IHA)
framework indicated significant variations in
flow regimes, such as changes in low-flow
situations, peak discharge time, and total flow
variability. These shifts suggest that climate
variability and anthropogenic land-use
changes may have contributed to changes in
the basin’s natural hydrological equilibrium.
Our findings indicate that the DolatAbad and
Andorokh stations experienced the most
pronounced precipitation declines, with
statistically significant shift points identified
in the late 1990s. Concurrently, all monitored
stations exhibited a consistent warming trend,
aligning with broader regional and global
climatic patterns. These climatic shifts may
have increased evapotranspiration and
contributed to changes in the frequency and
magnitude of streamflow. Furthermore, land-
use analysis revealed that built-up areas and
agricultural lands expanded at the expense of
natural vegetation, a pattern that may be
associated with increased hydrological stress,
higher surface runoff potential, and reduced

groundwater recharge potential. Hydrological

alterations identified by IHA analysis show an
increase in flow irregularity, with lower base
flows and more erratic peak flows. These
changes may pose risks to the ecological
stability of the river system, with potential
implications for aquatic habitats, sediment
transport, and water supply for downstream
consumers. The fall in low flows, in particular,
poses threats to water security and ecosystem
health, prompting immediate action through
adaptive water resource management. Despite
the study’s robustness, certain limitations
remain, including the lack of high-resolution
climate projections and potential uncertainties
in land-use classification. Future studies
should use improved hydrological models and
scenario-based climate forecasts to improve
forecasting accuracy. Furthermore,
sustainable land management strategies, better
irrigation  techniques, and  integrated
watershed management approaches are critical
for mitigating the negative consequences of
climate variability and land-use alterations.

In conclusion, this study emphasizes the
critical necessity for comprehensive water
resource planning in the KRB. Given the
continued climatic and anthropogenic
pressures, proactive interventions, such as
conservation farming and enhanced water
governance, are essential for long-term
hydrological sustainability. Policymakers can
improve the resilience of the basin's water
resources by combining climate adaptation
methods with sustainable land-use practices,
protecting ecological integrity, and supporting

socio-economic development in the region.
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