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Abstract
Riverine ecosystem services to human beings are dynamically evaluated by harmonic relationships; however, over grow-
ing human service demands (HSDs) are leading to deteriorate the river health resilience. In this study, an assessment index 
system of river health involving pressure-state-response (PSR) based on twenty indicators of riparian, channel geomorphic, 
hydroecological, and social attributes was developed to detect the multifunctional reliability and resilience of river system 
integrity for HSDs at upper (US), middle (MS), and lower segments (LS) of Kangsabati River using fuzzy logic, analytical 
hierarchical process (AHP), and entropy weight–based multi-criteria decision matrix (MCDM) methods. Borda integrating 
MCDM results revealed that overall indicator performance is high health score in US (77), medium score in MS (69), but 
mostly unhealthy score in LS (34); thus, entropy-MCDM models give highest rank to US, medium rank to MS, and least 
rank to LS, while AHP and fuzzy MCDM models assigned as high priority rank to MS, medium rank to US, and least rank 
to LS, respectively. According to model validation performances, entropy-MCDM models (RMSE < 2.48) are rationalized to 
the harmonic relationship of riverine system, whereas fuzzy and AHP-MCDM models (RMSE < 2.79) are signified to HSDs, 
and these results are closer to real problems. With the acceptability of AHP-MCDM models through the percentage change 
(73.89%) and intensity change (17.16) assessment, it points that over HSDs are crucial factors for river health degradation. 
Moreover, final outcome of the present research helps to find out the sick river health sites for ecological restoration.

Keywords Harmonic relationship · Human service demands · River health resilience · Multifunctional reliability · Multi-
criteria decision matrix

Introduction

River health is one kind of metaphor like human health 
and veterinary health, which indicates the overall status of 
a river particularly ecological function and biodiversity as 
required enough expectation of burgeoning human social 
needs and enriching the sustainable development (Ma et al. 

2019; Zeng et al. 2020). Contrastingly, human satisfaction 
and response along with physical, chemical, and biological 
resilience capacities controlled the river’s well-being state 
(Sadat et al. 2020; Zhao et al. 2019; Shan et al. 2021). Dur-
ing the twenty-first century, river health including the eco-
logical environment has become a prime concern caused 
by abruptly socio-economic development and several con-
structions across the river for flow regulation like dams, 
reservoirs, barrages, bridges, and weirs (Gain and Giupponi 
2015; Restrepo et al. 2018). Thus, river health resilience 
(RHR) (ecosystem ability to improve its original structure 
and function after the harmful disturbance) has become 
more speed up from the river ecosystem to socio-economic 
and cultural realms with the following ecosystem integ-
rity and human service demand (HSD) (Von Schiller et al. 
2017; Cheng et al. 2018). Many research works have been 
already done about the RHR which indicates river ecosys-
tem as a more dynamic process involving constant changes 
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after the crossing of the autogenic level (Liu et al. 2019) and 
then turning to socialize with the corresponding of HSDs 
(Luo et al. 2018). With the understanding of the harmo-
nious relationship between dynamic river ecosystem and 
HSDs, assessment techniques play a big role to determine 
the resilience of river health ensuring scientific management 
of rivers. In this context, several theories and methods are 
employed with continuously revised and enriched to meas-
ure the RHR (Alemu et al. 2018; Yang et al. 2018). Entire 
assessment approaches are based on three different studies, 
i.e. (1) single-based studies like biological, floral species, 
and faunal species (Zhao et al. 2019); (2) river ecological 
function related studies like plant respiration, evapo-tran-
spiration, and photosynthesis rates (Ma et al. 2019); and (3) 
composite index–related studies like water quality index and 
macro-invertebrate indices (Singh and Saxena 2018; Sadat 
et al. 2020). Recently, several indices like biological integ-
rity (Petesse et al. 2016; Su et al. 2021), pollution overall 
index (Sargaonkar and Deshpande 2003), river pollution 
index (Mupenzi et al. 2017), multi-metric assessment index 
(Shi et al. 2017), and ecological quality index (Singh and 
Saxena 2018) are widely used to assess the river health.

Henceforth, several mathematical approaches like mul-
tivariate analysis (Ustaoglu et al. 2020), analytic hierar-
chy process (Wu and Chen 2020), artificial neural network 
(Kadam et al. 2019), and fuzzy comprehensive assessment 
(Deng et al. 2015) are already applied for river health assess-
ment. It points that all of these methods have such significant 
role in evaluating the multi-dimensional diversity, reliability, 
structural, and functional complexity of the river ecosystem. 
However, these methods could not be effectively determined 
the multi-index assessment and multi-object decision-mak-
ing for RHR (Deng et al. 2015; Su et al. 2021). Thus, due 
to the complex multifunctional threshold state of resilience 
factors of the river health, a single evaluation method cannot 
be trustfully performed as well as does not provide effective 
results. Consequently, RHR approach has been integrated 
with multi-dimensional human demands; hence, nonlin-
ear and indeterminate methods are applied to measure this 
obscure multifunctional relationship (Karr 1999; Zhao et al. 
2019). Thereafter, application of fuzzy membership function 
with its assessment evaluation method has now been used 
in different perspectives such as comprehensive evaluation, 
scientific decisions, and pattern recognition (Zhu et al. 2019) 
that help for scientific and rational utilization to get more 
effective evaluation results (Feng et al. 2021). Based on 
fuzzy membership function, fuzzy matter element method 
(FME) for scientific and comprehensive decision making, 
combining grey relational analysis method (GRA) for theo-
retical explanation of uncertain information and incomplete 
data samples (Deng et al. 2015; Shan et al. 2021), and har-
mony degree evaluation method (HDE) for the analysis of 
dynamic equilibrium in between HSDs and river ecosystem 

integrity (Zuo et al. 2016; Luo et al. 2018) are successively 
used for achieving the different goals, i.e. analysis of the 
overall performance of every attributes under river health 
and comparison and validation amongst the models (Sadat 
et al., 2020; Xue et al. 2020).

Nevertheless; fuzzy membership functions could not be 
significantly determined the attribute performance of RHR 
against the various environmental stresses in particular river 
ecosystem integration. Moreover, fuzzy assignments are 
incorporated either various uncertainties of criteria perfor-
mance values or uncertainties of criteria weights for river 
health assessment. With the comparison approach, no one 
fuzzy function is not properly detected in the multifunctional 
threshold state of RHR attributes with respect to HSD. In 
this regard, this research has tried to evaluate several hydro-
ecological and social river health assessment criteria and 
their indices in Kangsabati River using comparison amongst 
five multi-criteria decision making (MCDM) methods, i.e. 
VIKOR, TOPSIS, SAW, CORPAS, and WASPASS under 
fuzzy membership function, AHP, and entropy evaluation 
environment.

AHP and entropy weight–based MCDM models inte-
grated with fuzzy membership function can perform well to 
evaluate the multifunctional RHR of the riparian, channel 
geomorphic, planform, hydroecological, and social attrib-
utes as well as to detect the healthy and sick sites in the 
entire Kangsabati River. Moreover, AHP weight assigning 
MCDM methods helps to detect the resilience capacity of 
health indicators, whereas entropy MCDMs find out the 
harmonic relationship amongst indicators. The objectives 
of this study are (1) to assess the reliability-resilience of 
riparian, channel geomorphic, hydroecological, and social 
dimensions on RHR with respect to HSD; (2) to quantify the 
multifunctional threshold state amongst the health indicators 
at different segments; (3) to validate and compare of twelve 
MCDM models as well as identify the best-fit methods for 
assessing the overall RHR status; and (4) to find out the sick 
health sites for ecological restoration strategy and environ-
mental management policy.

Materials and methods

Study area

The Kangsabati River (21°45′N–23°30′N, 85°45′E–88°15′E) 
is originated from south-east of Chhota Nagpur plateau 
fringe in Jharkhand and then feeds its water to the Rup-
narayan River and Kheliaghai River in lower Gangetic basin. 
The Kangsabati River has a basin area of 9658  km2 (Fig. 1). 
The main stream length of this seasonal alluvial river is 
approximately 465.23 km, and the average width-depth 
ratio in this river ranges from 35.61 to 1208.01 m under the 
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significant changes of elevation as 2–656 m above mean sea 
level (MSL). Maximum rainfall occurred mainly monsoon 
season (June to October) with an average of 1200 mm/year. 
In recent past, Mukutmonipur dam construction near con-
fluence point at Kansai and Kumari River, built up of bar-
rages, artificial embankments, weirs, cross bridges, intensive 
instream, and floodplain sand mining, changed several sur-
face characteristics and altered the riverine land cover and 
land use. Therefore, human beings have strongly interrupted 
many aspects of Kangsabati River, i.e. flow regime, sedi-
ment inflow and outflow, channel morphology, and habitat 
degradation (Mura and Gope 2020).

Since the construction of Mukutmonipur dam (1956), 
sand mining is one of the prime anthropogenic activities 
removing a huge volume of sand (588,155 ton/year) than 
natural replenishment (1,413,112 ton/year) from Kangsabati 
River (2002–2016) (District Land and Land Reforms office 
of Paschim Midnapore and Bankura, India 2002–2016) 
(Bhattacharya et al. 2019a). In terms of sand mining in 
Kangsabati River, natural replenishment (76,644 ton/year) 
is far better than mining (13,956 ton/year) in Dherua seg-
ment, but the rate of mining (161,308 ton/year) exceeds 
replenishment (20,096 ton/year) in Kapastikri segment. In 
Lalgarh segment, annual replenishment (529,325 ton/year) 
always crossed the over-growing sediment removal (75,058 
ton/year) (Bhattacharya et al. 2019a, b). As a result, maxi-
mum water quality deterioration, channel wideness, bed 
level lowering, reduction of channel meandering, habitat 
destruction or transformation, and fragmentation of biodi-
versity indices occurred in the entire Kapastikri segment, 

while these consequences are restricted in mining and pit 
sites but sandbar sites are fully free from those affects in 
Dherua and Lalgarh segments (Bhattacharya et al. 2019a, 
b, c; 2020a).

Selection of river health indicators and indices

In this study, the river health estimation procedure comprises 
mainly twenty indicators under five attributes, i.e. riparian 
zone feature (A), river water condition (B), morphology and 
its planform (C), ecological structure (D), and social struc-
ture, and (E) based on their relative importance on RHR and 
HSDs. All corresponding assessment criteria and estimation 
techniques are defined and presented in Table 1. Twenty 
health indicators were taken from three different segments, 
i.e. Lalgarh (upper), Dherua (middle), and Kapastikri seg-
ments (lower) of Kangsabati River. With the understanding 
of the multifunctional RHR attributes, three sections were 
taken from unstable mining sites, abandoned mining or 
pit sites, and stable sandbar sites of Lalgarh, Dherua, and 
Kapastikri segments (Fig. 2a, b, c).

Assessment indicator system

Determination of assessment criteria has a more signifi-
cant role to find out the influence intensity of indicators on 
river health (Deng et al. 2015). However, human demand 
changed the assessment criteria day by day, and no one con-
sistent standard has been properly set up (Karr 1999). Sev-
eral typical methods including field surveys, ground truth 

Fig. 1  Location and segment 
sites of the study area
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verification, comparative analyses, reference system for rel-
evant research results, and national standards have been used 
to determine the river health assessment (Zhao and Yang 
2009; Sadat et al. 2020). With the assignment of different 
criteria assessment, threshold ranges of physical, ecological, 
and social indicators are easily determined amongst different 
river sites. In this study, standard evaluation methods, expert 
consultation method, surface water quality index (WHO 
2011), overall pollution index (Yang et al. 2018), and biodi-
versity indices, were used to find out the threshold limit in 
each indicator for classifying their range, i.e. very well, well, 
critical, poor, and very poor, respectively (Table 2).

Human encroachment in riparian site (A1)

Trends of several encroachment activities including fish-
ing, sand mining, vegetation depletion, and domestic waste 
stacking along the riparian sites are considered of human 
encroachment intensity (Yang et  al. 2018). Very poor 
encroachment category is regarded when losses of biotic 
habitat diversity, degradation of structure and function of 
the river ecosystem, and cut off of the connectivity of river 

channel-floodplain mostly occurred near 5 m from the active 
channel. Very well encroachment category is considered 
when all of those human activities have not been found up 
to 25–50 m from active channel to riparian sites (Zheng et al. 
2007; Yang et al. 2017).

Riparian vegetation buffer width (A2)

With the following vegetation protection conditions, large 
volume of riparian vegetation coverage not only initiated 
the habitat potentiality for organisms but is also favourable 
for biological diversity formation to conserve the vegeta-
tion water as well as to protect the bank erosion (Yang et al. 
2018). Human activities can threaten as more hindrances for 
disturbing the native species in the riparian vegetation zone 
where production modes are directly reflected by various 
land use types. In Kangsabati River, sand mining and agri-
cultural practices in riparian zone cause an adverse impact 
on changing the vegetation composition and structure; as 
a result, hence, the intensity of erosion highly increases 
(Bhattacharya et al. 2019a). Therefore, good buffer width 

Fig. 2  Riverine land use patterns including sand mining, mining pit and sandbar sites in three segment sites. a Lalgarh (upper course), b Dherua 
(middle course), and c Kapastikri (lower course)
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is considered of > 200 m, and poor buffer width considered 
of < 50 m, respectively (Table 2).

Bank erosion degree (A3)

Degradation of river habitat, estuary silting, and riverbed 
emerging occurred by prime ecological factors such as bank 
erosion, soil erosion, and water loss (Yang et al. 2018). Bank 
erosion is one of them that degrade the riparian habitat and 
biodiversity. Maximum bank erosion and bank line shift-
ing in Kangsabati River progressively grew up near the 
higher bank slope along the upper course, but it becomes 
accelerated in sand mining sites along the middle and lower 
courses. Contrastingly, sediment accumulation across the 
riparian zone can restrict the bank erosion; as a result, mini-
mum erosion observed in sandbar sites but erosion expanded 
in mining and pit sites. So, assessment level is inversely 
related between bank erosion and river health connotation 
which means the very well level assigning to < 10%, and 
the very poor level assigning to > 60% ( Zheng et al. 2007; 
Yang et al. 2017).

Water flow condition (B1)

Water flow in the channel is the most effective indicator 
for preserving the basic ecological process of key species 
along with maintaining the entire river ecosystem struc-
ture and function, i.e. biotic and energy exchange, biotic 

spawn, sediment cycle, and pollution dilution (Yang et al. 
2013, 2018). In this study, flow condition for river health 
connotation is determined with the taken of daily and annual 
discharge measured by acoustic Doppler current profiler 
(ADCP) across the nine cross profiles. In Kangsabati River, 
poor flow condition is highly dominated in mining and pit 
sites than sandbar sites.

Mean flow velocity (B2)

Flow velocity is an important physiographic indicator 
to develop the particular habitat potentiality at the chan-
nel segment scale (Dutta et al. 2017). High-flow velocity 
can significantly disturb the biological community; con-
sequently, river habitats changed into red zones caused by 
sudden increases in water discharge especially middle and 
downstream. Contrastingly, low to moderate flow velocity of 
upstream sites supported the maximum diversity for provid-
ing the good health connotation. In Kangsabati River, the 
maximum flow velocity is observed in pit pool sites along 
the middle and lower course during monsoonal flow, while 
minimum flow velocity is observed along the upper course 
(Mittal et al. 2014).

Substrate compositions (C1)

River substrate characteristics and structure both depend 
on substrate composition to provide the diverse habitat 

Table 2  Assessment criteria 
of river health evaluation 
indicators

Where ve + mean positive attribute role, ve − mean negative attribute role, / mean normal value

Indicators Attribute role Unit Very well Well Critical state Poor Very poor

A1 ve + Meter  < 25 15–25 10–15 10–5  < 5
A2 ve + Meter  < 200 100–200 50–100 0–50 0
A3 ve − %  < 10% 10–30% 30–45% 45–60%  > 60
B1 ve + /  < 0.8 0.8–0.6 0.6–0.4 0.4–0.2  > 0.20
B2 ve + m/s 0.60–0.75 0.40–0.50 0.30–0.40 0.20–0.30  > 0.20 to < 0.75
B3 ve − %  < 25 25–50 50–70 70–100  > 100
B4 ve − /  < 0.9 0.9–1.0 1.0–1.1 1.1–1.2  > 1.2
C1 ve + Millimetre  < 0.50 0.25–0.50 0.10–0.25 0.05–0.10  > 0.05
C2 ve + Meter  < 500 500–400 400–300 300–200  > 200
C3 ve + Meter  < 1.7 1.7–1.5 1.5–1.3 1.3–1.0  > 1.0
C4 ve + Number  < 2.00 1.60–2.00 1.40–1.60 1.20–1.40  > 1.20
D1 ve + Number  < 0.8 0.8–0.6 0.6–0.4 0.4–0.2  > 0.20
D2 ve + Number  < 10 10–8 8–6 6–4  > 4
D3 ve + Number  < 1.8 1.8–1.6 1.6–1.4 1.4–1.2  > 1.2
D4 ve + Number  < 4.5 4.5–3.5 3.5–2.5 2.5–1.5  > 1.5
D5 ve + /  < 0.8 0.8–0.6 0.6–0.4 0.4–0.2  > 0.20
D6 ve − Number  < 0.8 0.8–1.0 1.0–1.2 1.2–1.5  > 1.5
E1 ve − /  < 0.1 0.1–0.3 0.3–0.6 0.6–0.8  < 0.8
E2 ve − Meter  < 0.5 0.5–1 1–1.5 1.5–2  < 2
E3 ve − /  < 1 5–1 10–5 15–10  > 15
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complexity, especially aquatic organisms through the shel-
tering for benthonic organisms, which also offered the vast 
spawn site for fish species (Dutta et al. 2017; Yang et al. 
2018). Based on sediment grain size, substrate composi-
tion in Kangsabati River is classified into four classes, 
i.e. boulders (ø > 60  mm), gravel (ø = 3–60  mm), sand 
(ø = 3–0.25  mm), and mud (ø < 0.25  mm), respectively 
(Kristensen et al. 2011; Wang et al., 2020). In addition, the 
finer grain size of hard clay and peat both are included under 
the substrate category.

Average channel width (C2)

Channel width is determined by quantitative analysis of 
hydraulic geometry to use for identifying the morphologi-
cal attributes of river segments namely routine of sediment, 
flow regime, physical habitats, and interaction between 
channel and floodplain (Stewardson 2005; Yang et al. 2013). 
A wide channel always provided extensive physical habi-
tat potentiality than a narrow channel (Maddock 1999). In 
Kangsabati River, channel width including the riparian zone 
has more extensive along with the middle course segments, 
but the width becomes narrowing along with the upper and 
lower segments (Bhattacharya et al. 2019a). So, the ripar-
ian vegetation buffer has progressively grown up in a wide 
channel.

Average channel depth (C3)

Water depth in an open channel, shallow water, and deep 
pools sustained primary habitat potentiality of the river eco-
system on one hand and successively contributed to habi-
tat complexity including maximum diversity on the other 
hand (Dutta et al. 2017). Maximum aquatic species diversity 
including fish community has been observed in more deep 
pools with moderate to low velocity of the alluvial channel, 
but water depth (< 1 m) has negatively affected on species 
diversity. Channel depth in Kangsabati River has been dras-
tically reduced after the construction of the Mukutmonipur 
dam (1956); consequently, minimum flow discharge is now 
observed over the season (Mittal et al. 2014). Recently, mas-
sive sand mining in this alluvial river increases the chan-
nel depth to form numerous pit pools that have positively 
influenced on flora and fauna composition to survive the 
ecological richness (Bhattacharya et al. 2019b).

Habitat complexity (D5)

Habitat complexity indicates the characteristics and com-
position of river habitat along with microhabitat and biotic 
habitat associations which are grown up in gravel river beds 
and shrinking holes across the bank margin, pool, riffle, dry 
branches, embankment, natural leaves, and hydrophytes, 

respectively (Yang et al. 2018; Wang et al. 2020). Habitat 
complexity hurts species competition but can generate suit-
able space for all living species. Based on substrate composi-
tion, sand and mud composed habitat has zero complexity, 
while gravel composed habitat has maximum complexity. In 
this study, maximum habitat complexity is concentrated in 
coarse grain river beds along the upper course, but complex-
ity has declined in finer grain beds along the lower course, 
respectively.

Land use density (E1)

Land use has a great impact on river health through the con-
trolling of river ecosystems like altering water flow, degra-
dation of river habitat, and biotic condition (Aazami et al. 
2015). Various riverine land use patterns can change the 
hydrological systems, stream water quality, and structure of 
flora and fauna assemblages in the entire course (Shi et al. 
2017; Cheng et al. 2018). In Kangsabati River, sand mining, 
channelization, urban expansion in the floodplain and bank 
margin, and inverse riverine land use change are declined 
the river health over the years (Bhattacharya et al. 2019a). 
Therefore, high land use density is given as poor health 
class, whereas low density is assigned to well health class.

Groundwater depletion level (E2)

Groundwater hydroecology has a great impact on river eco-
system function; however, over exploitation and surface 
water intrusions are depleting the groundwater level over 
the last decade (Boulton 2000). In addition, most of the 
exchange occurred in hyporehic zone situated in the bottom 
layer of saturated sediments and river banks. So, hyporehic 
zone alters the water flow, microbial and chemical processes 
through the transformation of the decomposed organic mat-
ter, consuming oxygen, nutrients, and other activities (Boul-
ton 1993). Over exploitation of groundwater can hamper 
the hyporehic zone, algal growth, and invertebrate composi-
tion. In this study area, groundwater health has been more 
depleted caused by over water utilization and the presence of 
recharge resistance such as dense settlement sites and crop 
land sites across the river bank (Bhattacharya et al. 2020b). 
Land use change and land cover alteration have negative 
impacts on groundwater potentiality in mining sites, which 
causes the degradation of hyporehic zone as well as river 
health.

Developmental density (E3)

The dynamic process has been identified in the entire evolu-
tion of the river ecosystem, which is observed as the regu-
lar process for achieving a dynamic balance between river 
ecosystem protection and human development (Luo et al. 
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2018). Socio-economic development density is to be a key 
hindrance to river health as determined by a contradiction 
between the protection of riverine ecosystem and human 
activities. In respect of human service demand, long-term 
harmonious relationships depicted the generation of several 
problems from the ongoing human development and river 
health. In Kangsabati River, the construction of Muku-
tmonipur dam and Anicut dam, six bridge construction, 
weirs, rapid industrial development, and urban pollution are 
causes of the gradually deteriorating river ecosystem and 
basin water environment (Mura and Gope 2020).

Assessment index system

Water quality (B3) and pollution level (B4)

Interaction amongst the chemical, biological, and physical 
components helps to comprehensively determine the vari-
ous attributes like water quality (Yang et al. 2018). Phys-
icochemical parameters (PPs) i.e. salinity, dissolved oxy-
gen (DO), electric conductivity (EC), total dissolved solids 
(TDS), and pH along with major cations  (Mg2+) and ani-
ons  (NO3

−) are controlled the composition of surface and 
groundwater water quality (Sharma et al. 2014; Bhattacharya 
et al. 2019c). Moreover, PPs like DO,  PH, and  NH3

− are used 
to measure the pollution index for detecting the intensity of 
pollution level and the ratio of major pollutants (Yang et al. 
2018).

River meandering degree (C4)

The meandering degree reflects the natural curvature of 
the river as well as the flow continuity of different struc-
tures and functions; however, channel meandering has been 
intensively modified caused by navigation, flooding, over 
agricultural irrigation, and straightening construction for 
railways and roads (Yang et al. 2018). Meandering does not 
only demonstrated the channel planform change but also 
reveals the entire morphological responses name as sedi-
ment transition, biotic and energy exchange, longitudinal 
connectivity, and aquatic habitat diversity. The meander-
ing degree is measured by taking two points from the chan-
nel of the bed along the straight and middle lines (Friend 
and Sinha 1993). In this study, the maximum meandering 
degree is concentrated along the middle and lower course 
than the upper course. Nonetheless, intensive sand mining 
can inversely change of meandering degree to interrupt the 
erosion and deposition sequences.

Biodiversity index (D1, D2, D3, D4, D6)

River ecosystem health is effectively determined using 
biological indices especially aquatic organisms, i.e. micro 

invertebrates (Smith et al. 1999), algae (Poikane et al. 
2016), fish (Karr 1981), and plankton (Reynolds 2003). 
These indices are considered as crucial indicators for 
accessing or evaluating the health connotation (Cheng 
et al. 2018). Micro invertebrates are important biologi-
cal indicators due to providing their sedentary behaviour, 
ubiquitous nature, quick sampling, identification, and long 
life cycle (Birk et al. 2012). In the present study, species 
diversity and richness in the aquatic community have been 
deteriorated caused by massive instream sand mining. 
Thus, maximum habitat degradation occurred in mining 
sites than in sandbar sites over the course.

Weight assignment of the river health indicators

AHP‑based weight assignment for MCDM

AHP is a more effective practical cum quantitative and 
qualitative analysis–based multi-criteria decision-making 
method as developed by Saaty (1977) to significantly 
explain the non-sequential relationship amongst the target 
criterion. In this study, a pair-wise comparison was greatly 
supported to conduct the AHP process with the taking of 
the overall goal from twenty RHR criteria, sub-criteria, 
and a judgment matrix. Therefore, Wn × n is expressed as 
follows:

where ij states the relative importance between two indica-
tors following linguistic term–based fuzzy number, i.e. equal 
important (1), weakly more important (3), strongly more 
important (5), very strongly more important (7), absolutely 
more important (9), and median value between two adjacent 
judgments (2, 4, 6, 8).

Finally ij was secured the following conditions according 
to Eq. 2.

Then, maximum eigenvalue and eigenvector of matrix 
were calculated after the computation of root mean square as 
follows: 

(1)

(2)X
�

xij
�

=

⎧

⎪

⎨

⎪

⎩

xij > 0 (i, j = 1, 2,… , n)

xii = 1 (i = 1, 2,… , n)

xij =
1
�

xji
(i, j = 1, 2,… , n)

⎫

⎪

⎬

⎪

⎭

(3)
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Therefore, it can be said that the judgment matrix is 
greatly influenced by expert knowledge and performance 
(Si et al. 2020), whereas the consistency test is most effec-
tively used to check the matrix for ensuring the credibility of 
each indicator according to Eq. 6. In the case of C.R. < 0.1, 
the judgment matrix is more acceptable, while in the case of 
C.R. > 0.1, the judgment matrix must be needed to reassign 
until the passing of the consistency check. The following 
equation was used to calculate consistency ratio (C.R.):

where C.R. means consistency ratio, λmax denotes maximum 
eigenvalue of the judgment matrix, n states order number 
of matrix, and R.I. indicates average value of random con-
sistency indicator ranges of 0, 0.513, 0.893, 1.119, 1.249, 
and 1.345 as corresponded with order number of 2, 3, 4, 5, 
6, and 7, respectively. The specific calculated equation of 
eigenvalue is as follows:

 

Entropy‑based weight assignment for MCDM

Entropy evaluation process was adopted for accurately 
assigning the weight of each indicator based on their rela-
tive importance and functional role (Zou et al. 2006; Zhu 
et al. 2020). In present research, entropy weight assignment 
for twenty indicators has been calculated within three steps 
for finding their harmonic relationship as follows:

(1) Relational matrix normalization.

At first, relational matrix normalization was calculated 
through the transformation from analogous to normalization 
and then conducted the process of entire performance val-
ues for ensuring the conversion from every alternative into 
a specific comparability sequence (Kuo et al. 2008). Thus, 
relational matrix (Rmn) was converted into comparability 
sequence matrix (Qmn) by the following equation:

(4)Wj =
bj

∑n

k=1
bk

(5)C.R =
�max

(n − 1)R.I

(6)

(7)Rmn = (Aij)(mxn)converted to Qmn = (Bij)(mxn)

where Rmn = (Aij) (m × n) denotes average indicator matrix; 
Qmn = (Bij) (m × n) indicates normalized matrix; i is considered 
as 1, 2…, n; j is expressed as 1, 2… n

(2) Entropy computation of each indicator.

Based on entropy information analysis, value of m indi-
cators and n assessment was calculated for assessing the 
entropy information (Sadat et al. 2020) as follows:

where Hj means entropy value of jth indicator and 
fij =

Bij
∑n

j=1
Bij

 (Qiu, 2011).

If fij = 0, In (fij) is regarded as no mathematical meaning; 
therefore, fij can be redefined after rearrangement as follows:

(3) Weight assessment of each indicator.

Equation 12 was used to determine the entropy weight 
of jth as follow:

where 
∑m

j=1
Wj = 1 , Wj denotes weight of jth indicator, and 

m means number of the indicator.

River health assessment methods

Fuzzy set theory for river health assessment

Fuzzy set theory was applied to get a decision about multi-
functional RHR through solving several problems like uncer-
tain knowledge about the indicators. This theory is originally 
arranged as a crisp setup where considerable value ranges of 
0 and 1 (Wang et al. 2020). In this setup, 1 denotes the full 
membership function, whereas 0 indicates the non-member-
ship function. With the understanding of fuzzy situation, tri-
angular fuzzy number (TFN) was employed to take a decision 
for multiple purpose and situation of health indicators (Shukla 

(8)Bij =

{ Aij−min(aj)

max (aj)−min(aj)
max (aj)−aij

max (aj)−min(aj)

}

for ef f iciency indicator

for cost indicator

(9)Hj = −
1

In(n)

m
∑

j=1

fij × In
(

fij
)

(10)fij =
Bij + 0.0001

∑m

j=1
(Bij + 0.0001)

(11)Wj =
1 − Hj

m −
∑m

i=1
Hj

�

0 ≤ Wj ≤ 1
�
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et al. 2014). Subsequently, a linguistic scale of importance was 
used to assign the TFN rating scale in multi-criteria decision 
making (MCDM) problems as follows equal (1, 1, 1), weak 
(1/2, 1, 3/2), fairly strong (3/2, 2, 5/2), very strong (5/2, 3, 
7/2), and absolute (7/2, 4, 9/2), respectively (Fig. 3a). Gener-
ally, the fuzzy number ã is expressed through trio X = (x, y, z). 
Therefore, the membership of TFNs was calculated according 
to this equation (Kaganski et al. 2018).

(1) Fuzzy analytical hierarchy process (FAHP)

Fuzzy-AHP is a very effective comprehensive MCDM 
evaluation approach for spoiling the decision problem and 
then converted into a very small problem using a sophisti-
cated comparison matrix on the basis of TFNs (Solangi et al. 
2019). So, TFN was constructed for making a pair-wise com-
parison matrix to determine the multifunctional threshold 
state amongst the river health indicators at different segments 
(Fig. 3b). With the following qualitative health indicators, four 

(12)𝜇x(X) =

⎧

⎪

⎨

⎪

⎩

0, x < 1
x−x

y−x
x ≤ x ≤ y

z−x

z−y
y ≤ x ≤ z

⎫

⎪

⎬

⎪

⎭

0 , x > 0

different levels were considered, i.e. very high, high, general, 
and low as the corresponding value of f(1) = 1, f(2) = 0.75, 
f(3) = 0.5, and f(4) = 0.25. According to expert feedback, all 
those values were converted into fuzzy numbers as follows:

where d(x)ij(x = 1, 2, 3, 4, 5) denotes to the expert feedback 
proportion at different levels. Qualitative health indicator 
value was determined based on the weighted average method 
as follows:

TFN was employed to measure the membership function 
of the twenty river health quantitative indicators according 
to this equation. Subsequently, fuzzy relation matrix (W) was 
computed as follows:

where rij denotes the membership degree of every evaluated 
object in respect to fuzzy subset from indicators Xi.

(13)yij =
[

d(1)ij, d(2)ij, d(3)ij,d(4)ij,d(5)ij
]

(14)rij =

5
∑

a=1

[

d(X)ijf (X)
]

(i = 1, 2, .., n)
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Fig. 3  Fuzzy structure. a Fuzzy 
membership functions for 
linguistic values and b decision 
hierarchy for river health selec-
tion criteria at nine sites
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Then, W and R, both matrixes, were combining used to 
evaluate the vector B with the following of appropriate fuzzy 
operator as:

At the final stage, best alternative was selected based on 
maximum membership principle as follows:

(2) Fuzzy TOPSIS
To detect  the  multifunctional threshold state 

amongst the health indicators,  Fuzzy TOPSIS was 
constructed to easily solve the problems of decision 
making in uncertain data using the fuzzy number 
from the triangular membership function (Krohling 
and Campanharo 2010; Nadaban et  al. 2016). With 
the following fuzzy set in the weighted normalized 
fuzzy-decision matrix of Ṕ = [Ṕij] m × n, i = 1, …, m and 
j = 1, …, n both were generated by the multiplying of 
a normalized fuzzy-decision matrix with its associated 
weights. Therefore, the weight of the fuzzy normalized 
value as Ṕ ij was computed according to this formula 
as follows:

F-TOPSIS was formulated with six steps by the follow-
ing equations:

Step 1: This step has been involved to identify the posi-
tive ideal solution A + (benefits) and negative ideal 
solution A − (cost) as given by:

w h e r e  1
Ṕj

+ =
(

max 1Ṕij, j ∈ J1; min 1Ṕij, j ∈ J2
)

 a n d 
1Ṕj− =

(

min 1Ṕij� j ∈ J1; max 1Ṕij� j ∈ J2
)

 , and  J1 and  J2 rep-
resent the criteria benefit and cost, respectability .
Step 2: Second step was comprises to calculate the dis-
tance of every alternative in respect to various mem-
bers. To identify the distance of Ai alternative from the 
positive ideal solution of the group member M1, 1d1

+ 
was obtained by:
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Step 3: As like positive ideal solution distance, the dis-
tance of Ai alternative was obtained negative ideal solu-
tion of member M1, 1d1

− was obtained by:

where distance of d (Ṕij, Ṕj
+) in between two fuzzy mem-

bers was measured as follows: 

Step 4: To determine the relative closeness for every alter-
native Ai based on positive ideal solution as follows:

Step 5: Relative closeness was used to assign the rank of 
alternatives; hence, higher value of �i is selected for best 
alternative. Moreover, this alternative selection is based 
on closing distance to the positive ideal solution.
Step 6: Final step was comprises to priority the rank 
amongst the entire health indicators for selection of the 
best indicator according to the order of �i value.

AHP and entropy weight–based MCDM models

(1) VIKOR method

Vise Kriterijumska Optimizacija I Kompromisno Resenje 
(VIKOR) is a crucial approach for multi-criteria decision 
making through the solving of problems with the associat-
ing of incompatible and incompatible standards (Opricovic 
and Tzeng 2004). With the application of VIKOR, health 
indicators were assigned in ranking order, and then the best 
indicator was selected to fulfil the aim using this equation 
(Bhattacharya et al. 2020b).

where S+ means minimum value,  Minj Sj; S− means maxi-
mum value,  Maxj Sj; R+ means minimum value,  Minj Rj; 
R− means maximum value,  Maxj Rj; and V means weight 
which is measured by the maximum agreement of the group.

(21)1di+ =

n
∑

j=1

d(1 �

Pij,
1

�

P

+

j
),with i = 1,… ,m;l = 1,… ,L

(22)

1di− =

n
∑

j=1

d(1 �

Pij

, 1

�

P

−

j
),with i = 1,… ,m;l = 1,… ,L

ã ҍ (23)

(24)�i =
di−

di+ + di−

(25)Qj = V ×
(Sj + S+)

(S− + S+)
+ (1 − V) ×

(Rj − R+)

(R−R)
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(2) SAW method

Simple additive weighting (SAW) is an effective 
MCDM method to assign the score in every health indi-
cator obtained by aggregating values in different criteria. 
After the construction of decision matrix, every criteria 
score was assigned with the taken relative weights (Sar-
gaonkar et al. 2011). Then final data integration process 
was completed by acquiring from final score value of 
every option (Ki) as follows (Ameri et al. 2018; Bhattacha-
rya et al. 2020b):

(3) COPRAS method

Complex proportion assessment of alternatives 
(COPRAS) is regarded as a new effective MCDM technique, 
which was used to find out the superiority of one alternative 
over another along with making a comparison in the healthy 
alternatives based on their importance and utility degree 
(Zavadskas et al. 2009). Hence, COPRAS was applied to 
determine the maximum and minimum criteria assessment 
for considering one criterion (Hezer et al. 2021). To estimate 
the final weights of all alternatives, COPRAS was estimated 
according to this equation.

where S−
min means minimum value, S−

j means maximum 
index, and S−

j means minimum index.

(4) WASPAS method

WASPAS method is a new scientific method based on 
weighted sum model (WAS) and weighted product model 
(WPM), which was proposed by Zavadskas et al. (2012). 
To successfully establish a better accuracy in comparison to 
the accuracy of other MCDM methods, final calculation of 
WASPAS was computed for assessing and sorting of health 
alternatives as follows (Deveci et al. 2018):

In the supplementary section, VIKOR, SAW, COPRAS, 
and WASPAS methods are step-by-step detail explained 
along with presenting the output values of these MCDM 
methods in tabular form.

(26)Ki =
∑

Pij ×Wj

(27)Ci = S+
j
+

S−
min

∑n

j=1
S−
j

S−
j

∑n

j=1

S−
min

Sj

= S+
j
+

∑n

i=1
S−
j

S−
j

∑n

i

1

S−
j

(28)WPSi = 0.5
n
∑

j=1

=
xij + 0.5

n
∏

j=1

=
xij i = 1, m; j = 1, n

Integration of river health proposed methods

Borda was used for combining the proposed ranking method 
or integrating the proposed method. This method is imple-
mented after the construction of diagonal matrix as m × m 
to express the row to column with respect to number of 
wires (Ghaleno et al. 2020). Based on matrix arrangement, 
boards are encoded with M if the number of this technique 
is high, while boards are encoded with X if number of votes 
is equal or column is in line. In this research, row num-
ber of boards in every row was assigned based on ranking 
order which means higher number belongs to win and higher 
rank was calculated using copy writing method following 
not only bets number but also taken of losses number for 
every indicator at segment level. Thus, ranking order can be 
reduced through the differentiation between boards (Opri-
covic and Tzeng 2004).

On the other hand, root-mean-square method was applied 
to obtain the closest MCDM method for getting the final 
result of health status as follows:

yi refers to the final rank; f (xi) is obtained through the 
applying of every multi-index decision-making method.

Performance of application MCDM models

In this research, percentage change and intensity change 
both were considered to validate the river health assess-
ment methods as well as find out the best suitable method 
amongst them (Badri 2003; Ameri et al. 2018; Bhattacharya 
et al. 2020b).

(1) Percentage change
  This method was employed for assigning rank order 

in different section of river segment with the respect of 
different methods as follows:

where ∆P means percentage of changes, N indicates 
total alternative number, and Nconsistent states the alter-
native numbers of same rank.

(2) Intensity change
  To make a comparison amongst the using techniques, 

intensity change find out the actual rank of every indi-
cator in different sections as obtained by following 
equation.

(29)RMSE =

n
∑

i=1

(yi − f (xi))
2

(30)ΔP =
N − NNconstant

N
× 100
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Alternative River segments

Lalgarh_Mining area

Lalgarh_Mining pit area

Lalgarh_Sandchar area

Dherua Mining area

Dherua Mining pit area

Dherua_Sandchar area

Kapastikri Mining  area

Kapastikri_Mining pit area

Kapastikri_Sandchar area

Criterion
Human Activity Index in riparian zone

Vegetation Buffer Width index

Bank erosion degree

Water Flow Condition

Water velocity

Water quality

Pollution Index

Substrate composition

River Average width (m)

River Average depth (m)

River Meandering Degree

Simpson index of biodiversity

Simpson reciprocal index

Shannon-Wiener index

species Richness Index

Habitat complexity

species evenness as Pielou index

Area with human activity

Ground water depletion level (m)

Developmental work

River health Index

Analytic Hierarchy Process (AHP) & Entropy weight method (EWM) to 

determine the weight 

Formation of decision 
matrix

Weight use in different 
method

TOPSIS VIKOR COPRAS SAW WASPAS

FUZZY TOPSIS FUZZY AHP

Combine all ranks by Borda method

Final River Health status 

RMSEModel Validation
Percentage change
Intensity change

Best MCDM Method
AHP SAW, AHP WASPASS

Fig. 4  Methodological framework for multifunctional resilience of river health assessment in Kangsabati River
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  In this context, ∆I refer to intensity change, r1 rep-
resent 1st method of alternative rank, and r2 indicate 
2nd method of alternative rank.

  Finally, it can be stated that the entire methodologi-
cal framework helps to determine the resilience capac-
ity of river health in respect of HSDs (Fig. 4).

Result

Relative weight assignment of indicators

AHP weight method is adopted to determine the relative 
importance of each indicator in Fig. 5 where the weight 
scores of riparian zone feature (A), river water condition 
(B), river morphology and structure (C), ecological struc-
ture (D), and social structure (E) are given of 0.176, 0.333, 
0.098, and 0.266, respectability. Consistency index (CI) in 
comparison matrix table of A, B, C, D, and E groups are 
0.010, 0.020, 0.050, 0.000, and 0.010; however, incom-
patibility rate of final matrix in this study is acceptable 
for lowering value (0.090) than 0.1 (Saaty 1977). In line 
with results of Yang et al. (2018), Zhao et al. (2019), Sadat 
et al., 2020), and Wang et al. (2020), high weight score 
is assigned to water quality (0.163), bank erosion degree 
(0.111), and pollution index (0.102) for their intensive 
influences on river health, whereas low score is assigned 
to river meandering degree (0.015), groundwater level 
(0.015), and Simpson reciprocal index (0.019) for their 
least impact on health level (Fig. 5).

On the other hand, the entropy-based weight of 
twenty indicators for nine sample sites was esti-
mated separately as shown in Fig.  5 which denotes 
every attribute significant role to the rivers. Maxi-
mum weight values are given to development density 
(0.091), groundwater level (0.0695), and land use den-
sity (0.0656) for their much-controlled role on health 
resilience (Table  3). On contrary, minimum values 
are considered as substrate composition (0.035), bank 
erosion degree (0.041), and Simpson reciprocal index 
(0.0413) for their less control capacity to health level. 
Therefore, it is interesting that AHP and entropy both 
weights have given contradictory scores for respon-
sible indicators of river health. For this reason, AHP 
and entropy-based MCDM models including two fuzzy 
techniques were applied to estimate the proper rank of 
indicators along with finding out the threshold limit of 
these indicator responses.

(31)ΔI =

∑N

i=1

rank i (r1)

rank i (r2)

N

Assessment indicator score

Score of riparian health indicators (A)

In riparian zone feature, maximum concentration of 
encroachment activity near riparian corridor (A1) observed 
in all mining Sections (9 m) causes for over growing poor 
to very poor health state, but encroachment activity is far 
away in sandbar Sections (11 m) which increases health 
potentiality. Although overall encroachment area in three 
segments has now reaches to unhealthy level, A2 reveals 
that vegetation buffer in riparian corridor of all sections 
has much lower except Kapastikri sandbar section with a 
low average value (36.25 m). In A3, all section of Dherua 
and Kapastikri segments faces a critical to unhealthy situa-
tion due to high magnitude bank erosion (Fig. 6a). Average 
value of erosion degree is highly dominated in mining and 
pit Sections (47%) than sandbar Sections (37%). It is a point 
that all indicators of riparian zone are more susceptible to 
healthy ecosystem in mining and pit sections of middle and 
lower segments.

Score of river water condition (B)

In river flow conditions, B1 ranges from 0.60 (Dherua 
sandbar section) to 0.15 (Kapastikri pit section) with an 
average of 0.32. Overall result of B1 indicates that poor 
flow condition is highly dominated in mining and pit sec-
tions than sandbar sections (Fig. 6b). Poor flow condition 
is not satisfied for ecological demand, and consequently, 
low water flow creates a hindrance to health potentiality 
(Sadat et al. 2020). The value of B2 gradually downed 
from Lalgarh (1.7 m/s) to Kapastikri segment (0.82 m/s). 
Average value of B2 (1.13 m/s) provides the significant 
health level in the entire river while monsoonal peak flow 
from July to October and low base flow from December 
to April hampered the velocity requirement for ecological 
flow satisfaction (Bhattacharya et al. 2021). In terms of 
water quality, B3 demonstrated that good water quality is 
observed in sandbar Sections (41) than in mining (50) and 
pit Sections (63) of all segments except Dherua segment 
where overall water quality is quite good (27.20). In case 
of pollution level, B4 is highly concentrated in mining Sec-
tions (1.20) for significant pollution level and lowly con-
centrated in sandbar Sections (1.04) for moderate pollution 
level (Fig. 6b). Moreover, average value of pollution index 
(1.15) revealed that significant pollution level dominated 
throughout the river. Over growing mining activities have 
negative impacts on water quality and also expanded the 
negative consequences on the ecosystem in Kangsabati 
River; hence, habitat suitability gradually degraded (Bhat-
tacharya et al. 2020c).
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Score of substrate composition and hydromorphic health 
indicators (C)

Substrate composition (C1) in Lalgarh segment (0.30 mm) 
signified the well healthy level, but this composition gradu-
ally reduces the health level in the Dherua (0.18 mm) and 
Kapastikri (0.08 mm) segment (Fig. 6c). In terms of com-
position intensity, dense substrate generally forms in sand-
bar sections than in mining and pit sections of river. Aver-
age width (C2) increased the health resilience in Dherua 
(314 m) than Kapastikri (258 m) and Lalgarh (257 m) seg-
ments, while maximum width is recorded in mining Sections 
(387 m) and minimum section recorded in sandbar Sections 
(191 m). Similarly, average depth (C3) revealed that depth 
increases in mining and pit Sections (1.32 m) but decreases 
in sandbar Sections (0.97 m). Both results demonstrated 
that instream mining enhanced the spatial extant of river 
habitat perimeters, but huge sedimentation in sandbar sec-
tions is narrowing the habitat realms. In respect to planform 
change, average value of meandering degree (C4) gradually 
increases from Lalgarh (1.54) to Kapastikri segment (1.6), 

whereas instream mining reduces meandering degree in the 
entire river through the increasing of average width and 
depth. Overall results of substrate composition, hydraulic 
geometry, and planform denoted that excessive human ser-
vice demands like sand mining interrupted the geomorphic 
health status.

Score of ecological health indicators (D)

With the application of biodiversity indices on 154 spe-
cies as collected from three segments of Kangsabati River 
during 2016–2017, Simpson index of diversity (D1) and 
Simpson reciprocal index (D2) are highly concentrated in 
pit sections (D1 0.86, D2 7.70) and sandbar sections (D1 
0.84, D2 6.62), but both indices are reaches at the critical 
state to poor level in mining sections (D1 0.79, D2 5.20). 
The Shannon–Wiener index (D3) in all sections is situ-
ated at the poor level (< 1.60) except Dherua sandbar Sec-
tions (1.66). Species richness index (D4) is very poor than 
that of sustainable health level in mining Sections (3.06), 
whereas richness increases the potentiality at the health 
level in pit (3.54) and sandbar Sections (3.31). Overall 
level of richness index is not good and also propagated 
towards the critical state over the segments. The value of 
habitat complexity (D5) is much lower than critical state 
of health level in pit Sections (0.45), while complexity is 
slightly lower than poor health level in mining (0.33) and 
much lower than poor level in sandbar Sections (0.23). 
In terms of species evenness (D6), very poor health 
level found in pit section of Lalgarh (1.21) and Dherua 
(1.20) causes high species evenness and well health level 
observed in sandbar section of Kapastikri (0.82) for low 
species evenness (Fig. 6d). Moreover, average value of D5 
and D6 indicates that health level reaches at the critical 
to poor class over the segments. Thus, it points that all 
biodiversity indices including habitat complexity are suf-
fered as critical to poor health level that means ecological 
indicators are crossed the resilience state throughout the 
course.

Fig. 5  Weight assigning to every river health indicator using AHP 
and Entropy methods

Table 3  Estimation of weight 
assignment of the river health 
indicators using entropy method

Indicators eij dij wij Indicators eij dij wij

A1 0.668 0.332 0.045 C4 0.652 0.348 0.047
A2 0.597 0.403 0.055 D1 0.673 0.327 0.044
A3 0.698 0.302 0.041 D2 0.694 0.306 0.041
B1 0.692 0.308 0.042 D3 0.684 0.316 0.043
B2 0.695 0.305 0.041 D4 0.683 0.317 0.043
B3 0.587 0.413 0.056 D5 0.58 0.42 0.057
B4 0.668 0.332 0.045 D6 0.672 0.328 0.044
C1 0.739 0.261 0.035 E1 0.514 0.486 0.066
C2 0.66 0.34 0.046 E2 0.485 0.515 0.07
C3 0.632 0.368 0.05 E3 0.326 0.674 0.091
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Score of social health indicators (E)

In the response to social structure, land use density 
(E1) is much higher in Kapastikri segment than Lal-
garh and Dherua segments. This result demonstrated 

that overgrowing construction activities along with 
dense population rapidly degraded the standard health 
level along the lower segment (Kapastikri), while low 
construction rate with sparse population helps to main-
tain the threshold state of the health resilience along 

Fig. 6  Normalized value of health indicators: a riparian zone feature, b river water condition, c river morphology and its planform, d riverine 
ecology, and e social status
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the upper segment (Lalgarh) (Mura and Gope 2020). 
Recently, intensive mining, ongoing urban population, 
and industrial activities are creating moderate pressure 
on river health along the middle segment (Dherua). 
Groundwater depletion level (E2) is not enough for well 
health state in particular Dherua (2.2 m) and Kapas-
tikri segments (1.01  m) (Fig.  6e). Overall depletion 
level revealed that intensive sand mining deteriorated 
the groundwater potentiality in middle and lower seg-
ments. In addition, developmental density (E3) is pro-
gressively grown up in Kapastikri segment than Lalgarh 
and Dherua segments as a result very poor health status 
dominated in the entire lower segment. Therefore, aver-
age values of land use density, groundwater depletion 
level, and development density are reaches at the criti-
cal state to poor healthy level in the lower and middle 
segments than upper segment.

Relationship between pollution index and PPs

In respect of physicochemical parameters at segment scale, 
BOD, salinity, TDS, turbidity, conductivity, DO, and  Mg2+ 
are highly fluctuated from 25 to 75% (range within 1.51 quar-
tile from median) in middle and lower segments except pH 
which is maximum fluctuated in the upper segment (Fig. 7a, 
b, c, d, e, f, g, h). On the other hand, value of conductivity, 
turbidity, salinity, and  Mg2+ are increasing in mining and pit 
sections, but these are decreasing in sandbar sections. Simi-
larly, BOD, DO, and pH decreased in mining and pit sections, 
but these are increased in sandbar sections (Bhattacharya 
et al. 2019c). Pearson correlation matrix denoted that pollu-
tion index is positively correlated with turbidity (r = 0.98), 
conductivity (r = 0.69), and  Mg2+ (r = 0.4), and negatively 
correlated with salinity (r = -0.13), pH (r = -0.14), and BOD 
(r = -0.08) (Fig. 8). It can be said that intensive sand mining-
induced PP changes effectively deteriorated the water quality 

Fig. 7  Variation of water quality parameters along the upper (Lalgarh), middle (Dherua), and lower (Kapastikri) segments of Kangsabati River. a 
BOD (mg/l), b salinity (PPT), c turbidity (NTU), d TDS (mg/l), e conductivity (µs/cm), f pH, g DO (mg/l), and h Mg.2+ (mg/l)
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and increased the pollution level in mining and pit sections 
than in sandbar sections.

Relationship between hydraulic geometry and geomorphic 
indicators

Based on hydraulic geometry; relationships amongst the flow 
velocity (v), flow discharge (Q), water depth (d), and channel 
width (w) in different sections were obtained following equa-
tion as follows (Yang et al. 2018):

According to flow equation of Q = vwd, coefficient value 
of hydraulic geometry in Kangsabati River was estimated as 
follows:

where b, f, and m are three exponent parameters of reach 
hydraulic geometry and a, b, and c are three coefficient 
parameters of reach hydraulic geometry.

In accordance with the hydraulic geometric rela-
tionship, b/f ratio denotes how channel morphology 
changes from upper course to lower course, while m/f 
ratio demonstrated the relationship between the water 

(32)v = kQm, d = cQf , w = aQb

(33)b + f + m = 1, a × c × k = 1

depth and f low velocity as well as change tendency 
throughout the channel (Navratil and Albert 2010). In 
present study, all highest values of b/f concentrated 
in mining (162.52) and pit Sections (242.42) than in 
sandbar Sections (118.3) that means wide-deep channel 
forms in mining pit sites and narrow-shallow channel 
forms in sandbar sites (Fig. 9a). Another coefficient of 
m/f was used to determine the relationship amongst the 
f low velocity, channel modification trend, and water 
depth in comparison between mining and sedimenta-
tion at segment level. In this study, all highest values of 
m/f in each segment are observed in sandbar Sections 
(2.95), while the least values are recorded in mining 
(0.78) and pit Sections (1.31) (Fig. 9b). In terms of 
channel modification, most of the hydraulic changes 
occurred from mining sites to pit sites than segment to 
segment change (upper to lower) (Fig. 9c). Thus, f low 
discharge and water depth are drastically increased in 
mining and pit sections with the generating of criti-
cal f low velocity due to occurring of wide-deep chan-
nel, while discharge, depth, and velocity are gradually 
decreasing in sandbar sites caused by huge sedimenta-
tion (Bhattacharya et al. 2019b).

Fig. 7  (continued)

84155Environmental Science and Pollution Research (2022) 29:84137–84165



1 3

Assessment of health indicators threshold using Fuzzy AHP 
and fuzzy TOPSIS

Computation results of fuzzy AHP and fuzzy TOPSIS 
revealed that both have almost same consistent rank order of 
the health status in each section (Table 5). In fuzzy method, 
highest score is assigned as higher priority in terms of 
weight and health index in each indicator and lowest score 
is given as lower priority. In case of fuzzy AHP, maximum 
compound score of Dherua pit (0.1270), Lalgarh sandbar 
(0.1195), and Dherua sandbar (0.1189) sections are given 
highest rank as 1 to 3 for their well health level, whereas 
minimum compound scores of Kapastikri sandbar (0.09), 
Kapastikri mining (0.1046), and Lalgarh pit (0.107) sections 
are given lowest rank as 9 to 7 for unhealthy level (Figs. 10 
and 11a). Based on positive relation between final score 
and health resilience, assessment results of fuzzy TOPSIS 
demonstrated that maximum compound scores of Dherua 
pit (1.417), Lalgarh sandbar (0.567), and Dherua sandbar 
(0.540) sections are assigned highest rank as 1 to 3. While 
minimum scores of Kapastikri sandbar (0.380), Dherua min-
ing (0.421), and Lalgarh pit (0.428) are assigned lowest rank 
as 9 to 7, respectively (Fig. 11b). It points that fuzzy-based 
rank assignment is same rank order in all sections except 
mining and pit section of Kapastikri and mining section of 

Dherua; however, all except sections fall under unhealthy 
level as predicted by fuzzy AHP and fuzzy TOPSIS.

Assessment of health indicators threshold using AHP‑based 
MCDM methods

The results of rank prioritization of the river health status 
and its potentiality at section level of Kangsabati River using 
AHP weight–based VIKOR, SAW, COPRAS, WASPAS, and 
TOPSIS methods are presented in Fig. 11b, c, d, e, f. In 
VIKOR model, based on negative relation between com-
pound score and health level amongst the twenty indica-
tors (Table 6), least compound scores of Dherua sandbar 
(0), Dherua pit (0.21), and Lalgarh sandbar (0.25) sections 
are given highest rank as 1 to 3 for their potential health 
level, while more compound scores of Kapastikri pit (0.809), 
Lalgarh pit (0.727), and Kapastikri mining (0.665) sections 
are assigned lowest rank as 9 to 7 for their unhealthy level 
(Table 5). Based on positive relation between final score 
value and health level, AHP weight–based COPRAS, SAW, 
WASPASS, and TOPSIS denoted that highest final score of 
Dherua sandbar, Dherua pit, Lalgarh sandbar, and Dherua 
mining sections are evaluated to best rank around 1 to 4 
for their high habitat potential level, but least final score 
of mining, pit, and sandbar sections of Kapastikri and pit 
section of Lalgarh sections are assigned around 9 to 6, 

Fig. 8  Pearson correlation 
matrix of water quality param-
eters with pollution index
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respectively. In addition, SAW and WASPAS models have 
same assigned rank order in nine sections except pit and 
sandbar sections of Kapastikri while CORPAS and TOPSIS 
models have slight changes in rank order. Finally, all AHP 
weight–based MCDM models give the well health level to 
Dherua sandbar, Dherua pit, and Lalgarh sandbar sections. 
On contrary, lowest rank or unhealthy levels are assigned to 
mining, pit, and sandbar sections of Kapastikri out of nine 
sections. Therefore, it can be said that sandbar sections of 
Dherua and Lalgarh segment are sustained their potential 

health level, but mining and pit sections of Kapastikri are not 
sustained their health level. In spite of pit section in Dherua, 
health potentiality is well for huge natural sand and nutri-
ent replenishment than sediment removal over the segment.

Assessment of health indicators threshold using 
entropy‑based MCDM methods

With the application of entropy weighting in MCDM mod-
els, based on negative relation between final score and river 

Fig. 9  Hydraulic geometry in 
mining, pit, and sandbar sites of 
Lalgarh, Dherua, and Kapastikri 
segments. a b/f, b m/f, and c 
hydraulic relationship amongst 
the flow discharge, width, 
depth, and velocity
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Fig. 10  Rank prioritization of recommending MCDM methods on river health assessment amongst the nine sites of Kangsabati River

Fig. 11  Compound score of river health in nine sections: a fuzzy AHP; b entropy, AHP, and fuzzy TOPSIS; c AHP and entropy VIKOR; d AHP 
and entropy SAW; e AHP and entropy COPRAS; and f AHP and entropy WASPASS
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Fig. 11  (continued)

Table 4  Ranking of 
recommended MCDM methods 
in different sites using Borda 
test

Sample sites Score Average Priority Sample sites Score Average Priority

Lalgarh Mining 73 6.083 4 Dherua Sandbar 62 5.167 5
Lalgarh Mining pit 82 6.833 2 Kapastikri Mining 40 3.333 7
Lalgarh Sandbar 76 6.333 3 Kapastikri Mining pit 31 2.583 8
Dherua Mining 54 4.500 6 Kapastikri Sandbar 30 2.500 9
Dherua Mining pit 92 7.667 1

Table 5  Computation of total 
root mean square for proposing 
MCDM methods to river health 
assessment

MCDM methods Symbol RMSE MCDM methods Symbol RMSE

Fuzzy AHP A 2.108 Entropy SWA G 2.055
Entropy VIKOR B 1.886 Entropy WASPASS H 2.055
AHP VIKOR C 2.981 AHP WASPASS I 2.261
Entropy COPRAS D 2.211 AHP TOPSIS J 2.667
AHP COPRAS E 2.357 Entropy TOPSIS K 2.211
AHP SAW F 2.211 Fuzzy TOPSIS L 2.404
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health in VIKOR model, least final scores of mining, pit, and 
sandbar sections of Lalgarh are given highest rank as 1 to 3 
for significant well health potentiality (Figs. 10 and 11b, c, 
d, e, f). Contrastingly, maximum final scores of mining, pit, 
and sandbar sections of Kapastikri are assigned lowest rank 
as 9 to 7 for staying of poor health level. Based on negative 
relationship between compound score and health resilience 
in COPRAS, SAW, WASPASS, and TOPSIS models, maxi-
mum final scores of all sections of Lalgarh and sandbar sec-
tions of Dherua are evaluated highest rank order around 1 
to 4 for good health condition, but all sections of Kapastikri 
are given lowest rank as 9 to 7 due to poor health scenario 
(Table 5).

Validation of MCDM model performance

With the following of integrating order of proposed tech-
niques results, pit section of Dherua, pit, and sandbar sec-
tions of Lalgarh are considered as highest priority rank 
order (1–3) for potential health level, while all sections of 
Kapastikri are regarded as lowest priority rank order (9–7) 

for poor health status (Table 4). The result clearly stated 
that sand mining and other anthropogenic activities are not 
intensively affected to health potentiality in pit sections of 
Lalgarh and sandbar sections of Dherua but anthropogenic 
hindrances including mining extreme consequences in all 
sections of Kapastikri. On the other hand, RMSE results 
revealed that entropy VIKOR and entropy SAW models have 
lowest values of 2 and 2.01 in terms of maximum accuracy 
and efficiency against the fuzzy and other MCDM models 
(Table 5). Therefore, both entropy models predicted rank 
prioritization are more acceptable than other MCDMs on 
the basis of river health potentiality.

On the other hand, percentage change of every method 
is compared to each other presented in Table  6. Low 
percentage change is obtained in AHP SAW (63.88%) 
than AHP WASPASS (67.59%), entropy SAW (69.44%), 
entropy WASPASS (69.44%), entropy COPRAS (72.22%), 
entropy TOPSIS (72.22%), entropy VIKOR (73.14%), 
AHP COPRAS (73.15%), AHP VIKOR (80.55%), AHP 
TOPSIS (84.26%), fuzzy TOPSIS (87.03%), and fuzzy 
AHP (88.88%), respectively. Amongst the twelve methods, 

Table 6  The percentage of the changes in the twelve MCDM methods compared to each others

A B C D E F G H I J K L Average

A 100.00 100.00 88.89 88.89 66.67 77.78 100.00 100.00 77.78 66.67 100.00 33.33 88.89
B 100.00 100.00 77.78 44.44 88.89 55.56 44.44 44.44 77.78 100.00 44.44 100.00 73.15
C 88.89 77.78 100.00 100.00 77.78 55.56 88.89 88.89 55.56 55.56 88.89 88.89 80.56
D 88.89 44.44 100.00 100.00 77.78 66.67 33.33 33.33 88.89 100.00 44.44 88.89 72.22
E 66.67 88.89 77.78 77.78 100.00 44.44 88.89 88.89 22.22 77.78 66.67 77.78 73.15
F 77.78 55.56 55.56 66.67 44.44 100.00 55.56 55.56 22.22 66.67 77.78 88.89 63.89
G 100.00 44.44 88.89 33.33 88.89 55.56 100.00 0.00 77.78 100.00 44.44 100.00 69.44
H 100.00 44.44 88.89 33.33 88.89 55.56 0.00 100.00 77.78 100.00 44.44 100.00 69.44
I 77.78 77.78 55.56 88.89 22.22 22.22 77.78 77.78 100.00 66.67 55.56 88.89 67.59
J 66.67 100.00 55.56 100.00 77.78 66.67 100.00 100.00 66.67 100.00 100.00 77.78 84.26
K 100.00 44.44 88.89 44.44 66.67 77.78 44.44 44.44 55.56 100.00 100.00 100.00 72.22
L 33.33 100.00 88.89 88.89 77.78 88.89 100.00 100.00 88.89 77.78 100.00 100.00 87.04

Table 7  The intensity of the 
changes in the twelve MCDM 
methods compared to each 
others

A B C D E F G H I J K L SUM

A 1.00 1.52 1.20 1.44 1.16 1.13 1.64 1.62 1.98 1.17 1.53 1.04 16.42
B 1.44 1.00 1.45 1.02 1.36 1.39 1.06 1.75 1.85 1.44 1.01 1.47 16.24
C 1.14 1.58 1.00 1.50 1.05 1.04 1.76 1.82 1.99 1.05 1.58 1.18 16.70
D 1.49 1.02 1.46 1.00 1.33 1.40 1.13 1.67 1.88 1.45 1.02 1.53 16.37
E 1.16 1.47 1.06 1.40 1.00 1.02 1.53 1.69 2.07 1.04 1.47 1.22 16.12
F 1.10 1.48 1.05 1.43 1.02 1.00 1.54 1.68 2.06 1.02 1.49 1.15 16.01
G 1.53 1.06 1.49 1.09 1.37 1.42 1.00 1.68 1.81 1.47 1.06 1.57 16.55
H 1.81 1.49 2.06 1.53 2.05 2.00 1.59 1.00 1.20 1.95 1.48 1.84 20.00
I 2.01 1.48 2.13 1.56 2.10 2.11 1.36 1.34 1.00 2.11 1.47 1.98 20.65
J 1.14 1.55 1.04 1.49 1.05 1.02 1.66 1.57 2.03 1.00 1.54 1.22 16.31
K 1.53 1.01 1.47 1.02 1.36 1.42 1.06 1.67 1.86 1.45 1.00 1.58 16.44
L 1.05 1.53 1.21 1.47 1.22 1.19 1.67 1.90 1.77 1.26 1.57 1.00 16.84
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AHP SAW with the least value of percentage change is 
considered a more efficient and accurate method for giv-
ing the rank priority at section level on the basis of health 
potentiality and its connotations (Badri 2003; Ameri et al. 
2018).

The pair-wise comparison method has been used 
to determine the intensity change in each method pre-
sented in Table 7. Maximum rate of changed is observed 
in AHP WASPASS (20.65) followed by entropy WASP-
ASS (20), fuzzy TOPSIS (16.84), AHP VIKOR (16.70), 
entropy SAW (16.55), entropy TOPSIS (16.43), entropy 
COPRAS (16.37), AHP TOPSIS (16.30), entropy VIKOR 
(16.23), AHP COPRAS (16.11), and AHP SAW (16.01), 
respectively. Therefore, AHP WASPASS with highest 
intensity change is regarded as a much more efficient and 
accurate method than others. According to percentage 
and intensity changes for fuzzy logic, AHP, and entropy 
MCDM validation test, it is true that AHP SAW and AHP 
WASPASS methods are more accurate than others due to 
present their best efficiency and accuracy values. Moreo-
ver, both methods have same priority rank order amongst 
the nine sections.

Discussion

The results of fuzzy techniques and MCDM models revealed 
that rank order of the river health condition in each sec-
tion of Kangsabati River is not same level (Table 5); how-
ever, these models help to detect the resilience capacity of 
river health indicators (Deng et al. 2015; Sadat et al., 2020). 
Moreover, rank order of entropy weight–based MCDM 
models is not always the same assigned as given by AHP 
weight–based MCDM models. With the harmonic relation-
ship between the river and its ecosystem, entropy-based 
MCDM approaches are employed to synthesize the evalu-
ation of indicators (Sadat et al., 2020; Xue et al. 2020). On 
contrary, comprehensive processes of AHP-based MCDM 
models are used to assess the actual RHR for considering 
of HSDs (Luo et al. 2018). In respect of MCDM valida-
tion performance, entropy-based MCDM models are given 
as high priority to Lalgarh segment than Dherua segments 
for healthy physical setup, while AHP-based MCDM mod-
els are assigned as maximum priority to Dherua segment 
than Lalgarh segment for optimum HSDs; however, both 
weight methods stated to low priority rank order for Kapas-
tikri segment due to over HSDs, respectively. Rank assign-
ment in all entropy-based MCDM models demonstrated that 
the entire upper segment (Lalgarh) and sandbar section of 
the middle segment (Dherua) have high health potentiality 
including enough healthy resilience, whereas entire lower 
segment (Kapastikri) has low health potentiality including 
fragmented connotations.

Huge sediment deposition increases the resilience level 
of damaged indicators with the increasing substrate compo-
sition, water quality, species diversity, and richness as well 
as less encroachment activity near riparian sites in sand-
bar section of Lalgarh segment (Bhattacharya et al. 2020a; 
Bhattacharya and Das Chatterjee, 2021). Widen vegetation 
buffer zone, wide and deep channel, meandering channel, 
rich biodiversity indices, numerous species, and high habitat 
complexity are sustained potential habitat level in pit sec-
tion of Lalgarh segment. Nevertheless, lack of sediment in 
pit sites leads to massive bank erosion, thin substrate com-
position, polluted water quality, and species evenness as a 
result; health potentiality gradually decreases over time. Fur-
thermore, low species diversity indices, moderate riparian 
vegetation buffer zone, wide and meandering channel, low 
species evenness, meagre land use density, and low develop-
ment density including low groundwater deterioration level 
are provided as medium standard habitat level in Lalgarh 
mining section. With the following overall model results, 
upper segment fall in medium health level but indicators 
in this segment are relative changes from sandbar to min-
ing and pit sections. Therefore, it points that overall river 
health status in upper segment reaches the standard level in 
Kangsabati River.

In sandbar section of Dherua segment, entropy-based 
MCDM models have clarified the moderate bank erosion, 
poor water quality, narrow with shallow channel, and low 
vegetation complexity for hindrance to health standards 
(Bhattacharya et al. 2021), while AHP-based MCDM mod-
els signified the less encroachment activity near riparian 
zone, widen riparian vegetation buffer, long water flow 
condition, moderate water velocity, slightest pollution level, 
thick substrate composition, meandering channel, rich bio-
diversity indices, moderate species evenness, and meagre 
development density for enhancing the health resilience (Liu 
et al. 2019; Yang et al. 2018). Despite the wide and deep 
channel and restricted bank erosion in mining section of 
Dherua, maximum encroachment activity near riparian, nar-
row riparian vegetation buffer, low water flow, variable flow 
velocity, high pollution level (more fluctuated physicochemi-
cal parameters), straight channel pattern, least biodiversity 
indices, and species richness damage the health potentiality 
(Yang et al. 2018; Zeng et al. 2020; Bhattacharya and Das 
Chatterjee, 2021; Gupta and Gupta 2021). In addition, sedi-
ment deficiency causes intense bank erosion, high pollution 
level, thin substrate composition, and massive encroach-
ment activity near riparian sites. On contrary, wide riparian 
vegetation buffer, good water quality, wide and deep chan-
nel, rich biodiversity, high species richness, and vegetation 
complex are maintained to suitable health level in pit sites 
of Dherua segment (Bhattacharya et al. 2019c). Contrast-
ingly, regardless of widened riparian vegetation buffer and 
meandering channel pattern, massive bank erosion, least 
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water flow condition, and water velocity, poor water quality, 
meagre thickness of substrate composition, low biodiversity 
and species richness, slight habitat complexity, maximum 
groundwater deterioration level, and dense land use density 
including over growing development density helped to cross 
the resilience capacity of health potentiality in the entire 
lower segment (Bhattacharya et al. 2019a, b; Bhattacharya 
et al., 2021). Finally, it can be said that enough replenish-
ment of sediment over the sand mining maintained the health 
status in upper and middle segments but massive sand min-
ing than replenishment degraded the health resilience in 
mining and pit even sandbar sites of lower segment (Bhat-
tacharya et al. 2019c).

On the other hand, some major limitations are observed 
in this study, i.e. certain degree of subjectivity and uncer-
tainty in indicators assessment, none uniformly dealing, and 
less cross-section selection; hence, indicator system cannot 
provide the details information about the river health in the 
Kangsabati River. In addition, assessment methods are inca-
pable of actual estimating the indicator’s role in decision 
process. However, findings in this research also help to iden-
tify the sick health sites where most of the indicators crossed 
their resilience capacity. Moreover, applied MCDM models 
provided the threshold status of indicator for policy makers 
to take proper management for ecological restoration.

Conclusion

The present research has evaluated the multifunctional resil-
ience of river health to HSDs with the consideration of twenty 
pressure-state-response (PSR) indicators of the riparian struc-
ture, water flow condition, channel geomorphic structure and 
its planform, ecological connotation, and social structure 
along the upper, middle, and lower segments of Kangsabati 
River. Indicator assessment results demonstrated that HSDs 
crossed the tolerated level of natural integrity of river hydrau-
lics, morphology, ecology, and social services in Kangsabati 
River especially lower course. However, uncertainty and 
unevenly dealing with indicator assessment results along 
with fewer cross-sections along the upper, middle, and lower 
segments have made such limitations in this research. With 
the following of river health prioritization at section level, 
entropy-based MCDM models comprehensively assess the 
state of natural integrity indicators to acquire the harmonic 
relationship, while fuzzy set theory and AHP-based MCDM 
models accurately determined the anthropogenic pressure and 
its response indicators to find out the unhealthy level in lower 
segment and healthy level in upper and middle segments of 
Kangsabati River. Based on validation results through RMSE, 
percentage and intensity change of every entropy, fuzzy, and 
AHP MCDM methods in comparison to each other, entropy 

SAW, AHP SAW, entropy VIKOR, and AHP WASPASS have 
more reliability and least error in assessing the river health 
resilience for over growing HSDs. On contrary, the rest of 
entropy and AHP MCDM including fuzzy logic have less 
reliability and maximum error with the integrating results 
of health resilience in response to HSDs at segment scale. 
Therefore, development of an assessment index system of 
the multi-functional reliability and resilience of river system 
integrity for HSDs including proposing validated models in 
this research enriched the literature on river health assessment 
and also helps to take effective ecological restoration manage-
ment policy at unhealthy sites over the world.
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