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The Heterogeneity of Ecosystem Services across
the Riverine Landscape of the Koshi River Basin,

Nepal

Sagar Ratna Bajracharya, Martin C. Thoms, and Melissa Parsons

Riverine Landscapes Research Laboratory, Department of Geography and Planning, University of New England, Australia

A foundational tenet of the ecosystem services concept is that they arise from biophysical processes.

Riverine landscapes are process-response systems where river flow and geomorphology generate a

heterogeneous physical template that influences ecological processes, suggesting that the supply of ecosystem

services in riverine landscapes should be congruent with the character and heterogeneity of the physical

template. In this study, we examine the congruency between the physical template (river functional process

zones; FPZs) and the supply of river flow dependent ecosystem services from riverine landscapes of the Koshi

River Basin, Nepal. The supply of ecosystem services was congruent with FPZs. Social factors were shown to

mediate the use and value of ecosystem services between FPZs. Heterogeneity of the physical template

interacts with place, social activity, and demography to influence the use and potential value of ecosystem

services across the riverine landscape. These spatial patterns of greater use of some types of riverine

ecosystem services in certain areas of the riverine landscape are indicative of a highly coupled agricultural or

“green loop” social-ecological system (SES) and show that maintaining riverine template heterogeneity is an

important element of this green loop SES that supports 40 million people in the Koshi River Basin. Key
Words: Himalayan river system, physical river template, river networks, social-ecological systems.

E
cosystem services are a well-established frame-

work for identifying the benefits people obtain

from nature and assessing the contributions of

those benefits to human well-being (Kumar and

Martinez-Alier 2011). Ecosystem services have been

associated with biomes such as oceans, deserts, and

mountains (Millenium Ecosystem Assessment [MEA]

2005). The ecosystem services supplied by riverine

landscapes (including rivers, floodplains, and wet-

lands) are highly valuable: The economic value of

ecosystem services supplied by rivers and their flood-

plains has been estimated to exceed US$25,681 ha�1

(Costanza et al. 2014). Moreover, approximately 25

percent of global terrestrial ecosystem services are

supplied by floodplains (Tockner and Stanford

2002). Monetary or other values assigned to the eco-

system services of riverine landscapes illustrate their

importance to society and aid decision-making about

trade-offs between the use of riverine ecosystems and

their ongoing capacity to continue to supply ecosys-

tem services (De Groot et al. 2012; Costanza 2020).

A foundational tenet of ecosystem services is that

they arise from biophysical processes in ecosystems

(MEA 2005). While early research in ecosystem

services recognized that the nature of ecosystem

services differs among biomes (e.g., Daily 1997), the

focus of much ecosystem service research to date has

been about quantifying the supply and economic

value of ecosystem services (e.g., Costanza et al.

2014). The link between biophysical processes and

ecosystem services has recently been revived to

include a spatial element that examines the supply

of ecosystem services in relation to the physical

character of landscapes at multiple spatial scales (cf.

Rieb and Bennett 2020). Commensurate with the

foundational tenet of ecosystem services, these stud-

ies show a nonuniform distribution of ecosystem

services that varies within the underlying template

of biophysical processes at spatial scales ranging from

individual landscape units (Mitsch and Gosselink

2015) to continents (Schr€oter et al. 2019). Thus,

heterogeneity or the spatial variation in biophysical

processes (White and Brown 2005) suggests the sup-

ply of ecosystem services might be related to spatial
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variations in biophysical processes. Understanding

the spatial distribution of ecosystem services avoids

assumptions of spatial homogeneity and could pro-

vide better information for decision-making about

use and conservation trade-offs.
In riverine landscapes, humans derive provisioning

(fuelwood, hydropower, water for drinking and irriga-

tion, etc.), regulating (climate regulation, groundwater

recharge, water yield, carbon sequestration, etc.), sup-

porting (habitat protection, habitat for birds and ani-

mals, soil formation, etc.) and cultural (tourism,

cremation, religious bathing, etc.) benefits from intact

riverine and flow-dependent ecosystems (Yeakley et al.

2016). However, rivers are heterogeneous landscapes

because of biophsyical processes at multiple spatial

scales (Gilvear et al. 2016). The supply of flow-depen-

dent ecosystem services across a riverine landscape is a

function of hydrogeomorphic complexity; that is, the

complexity of the physical template of the riverine

landscape (Thoms et al. 2017). Strong positive rela-

tionships between the diversity of physical river chan-

nel features and the supply of ecosystem services were

demonstrated at the reach scale (i.e., less than one

kilometer in length) in the River Allan, River Tyne,

and Yana River by Large and Gilvear (2015).

Similarly, Tomscha, Gergel, and Tomlinson (2017)

showed different geomorphic reach types to be associ-

ated with specific ecosystem services. The emerging

evidence suggests that heterogeneity of the underlying

physical template should be a key consideration in

understanding ecosystem services across riverine land-

scapes because different services will be supplied by dif-

ferent features of the physical template. Studies of the

relationship between the character of the physical tem-

plate and ecosystem services are restricted to reach or

site scales of less than one kilometer, however (cf.

Gilvear et al. 2016). Increasingly, the study and man-

agement of river systems has shifted from a reach- or

site-based scale to a larger landscape or catchmen-

t/river basin scale that considers the entire river net-

work (Gilvear et al. 2016). This shift is associated

with a recognition that smaller scale approaches fail to

address problems that contribute to longer term

declines in the sustainability of rivers at the basin scale

(Likens et al. 2009).
Many models explain the organization of the

physical river template within a river network. The

structure of the river template has been portrayed as

a simple continuous downstream gradient (cf. the

river continuum concept of Vannote et al. 1980) or

a mosaic of hydrogeomorphic river zones that differ

in length, physical composition, and spatial arrange-

ment (Thorp, Thoms, and Delong 2006). The spa-

tial pattern of the physical character of the river

template reflects variations in hydrological regimes,

sediment regimes, and valley conditions throughout

a river network as well as a myriad of physical and

ecological feedbacks. The riverine ecosystem synthe-

sis (Thorp, Thoms, and Delong 2006) portrays river

networks as a series of river zones that do not occur

in a regular manner along river networks. These

river zones or functional process zones (FPZs) have

been shown to have unique physical properties and

river features (Collins, Thoms, and Flotemersch

2014), biological communities (Elgueta et al. 2019),

and food web character (Thoms, Scown, and

Flotemersch 2018). Given the foundational tenet

that biophysical processes generate ecosystem serv-

ices, the type, abundance, and arrangement of eco-

system services across a river network is expected to

be congruent with the type and distribution of FPZs

in the river network (cf. Thorp et al. 2010).
This study investigates the spatial distribution of

flow-dependent ecosystem services in relation to the

spatial arrangement of the physical template (FPZs)

in an entire river network. Given potential differ-

ences in the hydrogeomorphic character among

FPZs, we expect that the supply, use, and value of

ecosystem services will be congruent with the type

and distribution of FPZs across the river network.

Study Area

The Koshi River Basin is a transboundary system

draining the eastern Himalayas (Figure 1). Its head-

waters are located in the Tibetan Plateau of China

and, for most of its length, the Koshi River flows

through Nepal before joining the Ganga River in India.

The Koshi River Basin has a catchment area of

55,930km2 at the Nepal–India border, of which

approximately 51 percent is in China and 49 percent

in Nepal. Six major physiographic zones are found

within the Koshi River Basin—the Tibetan Plateau,

High Himalaya, High Mountains, Middle Mountain,

Siwalik, and Terai, each with unique geology and

topography (Dixit et al. 2009; Dhital 2015). The

Trans-Himalaya (Tibetan Plateau and High Himalaya)

covers 69 percent of the area of the basin, followed by

the Middle Mountain (20 percent), High Mountains (5

percent), Siwalik (3 percent), and Terai (3 percent)
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zones. Alluvial deposits dominate in the Terai, and

sedimentary rocks are dominant in the Siwalik,

whereas the Middle Mountain and High Mountains

physiographic zones are dominated by sedimentary

and metamorphic rocks. Crystalline rocks dominate

in the High Himalaya physiographic zone, and fossil-

iferous sedimentary rocks dominate in the Tibetan

Plateau. Elevation varies from 19m above sea level

(ASL) in the southern regions of the basin to

8,848m ASL in the northern regions. Slopes range

from 0� to 84� (Mishra et al. 2019). Precipitation is

strongly influenced by the South Asian monsoon

across most of the basin, but the Tibetan Plateau lies

in the rain shadow. As a result, precipitation ranges

from 207mm per year in the trans-Himalaya region

to 3,000mm per year in the eastern mountains

(Shrestha et al. 2017). The Koshi River Basin is

characterized by a range of climatic conditions—from

humid tropical conditions in the Terai physiographic

zone to arctic conditions in the High Himalaya

physiographic zone (Dixit et al. 2009). For example,

temperatures in the northern regions of the Koshi

River Basin can reach as low as �19 �C in winter,

whereas in the southern regions, maximum tempera-

tures of 45 �C have been recorded in summer. The

long-term average annual discharge of the Koshi

River at the Chatara hydrological station is 1,545

m3s-1 (Mishra et al. 2019).

A diversity of regional fluvial morphologies have

been described in the Koshi River Basin (cf. Mahato

and Shukla 2013; Kafle, Khanal, and Dahal 2015;

Mishra et al. 2019). For example, in the upper basin,

extensive fluvial flat lands (floodplains) and highly

sinuous river channels are associated with wide valley

surfaces and low channel slopes (Mishra et al. 2019).

This contrasts to the highly constrained narrow val-

ley, high-energy river systems associated with the

High Himalaya physiographic zone. Relatively con-

strained fluvial systems, with narrow floodplain surfa-

ces and bedload dominated river channels, are also

Figure 1. The Koshi River Basin and its location within Southeast Asia (inset).
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characteristic of most of the High Mountains and

Middle Mountain physiographic zones of the Koshi

River Basin. Local variations in valley width are asso-

ciated with increases in floodplain surface area, how-

ever, the relatively narrow valleys and steep adjacent

slopes facilitate a high degree of coupling between

underlying basin character and the presence of fluvial

landforms (Mishra et al. 2019). In the lower elevation

part of the basin, where the Koshi River emerges from

the Himalayas, the suite of fluvial landforms changes.

River systems become more dynamic with increasing

valley widths and the multithread braided river chan-

nel transports large quantities of bedload material.

The dynamic nature of the Koshi River in the south-

ern regions of the basin is reflected with lateral chan-

nel movements of up to 115 km over the past

200 years (Kafle, Khanal, and Dahal 2015). In the

Siwalik physiographic zone of the Koshi River Basin,

the supply of bed load material has resulted in the

construction of a megafan with a surface area greater

than 15,000 km2. Further downstream in the Terai

physiographic zone, the Koshi River has a meandering

channel and is associated with large floodplain surfa-

ces (> 1,300 km2) that are heavily cultivated (Danish

et al. 2013).
The Koshi River Basin has been listed as a global

biodiversity hot spot (Mittermeier et al. 2004).

Important ecosystems and protected areas include

snow and glacial landforms, barren land, rangelands,

forests, wetlands, alpine meadows with grassland,

water bodies and floodplains (Bhatta et al. 2015).

There is also a diversity of land cover across the

basin including grasslands (which occupy 40.34 per-

cent of the land surface area), native forests (24.45

percent), and agriculture (12.45 percent). Other

land covers in the Koshi River Basin include barren

land (11.26 percent), snow and glaciers (9.45 per-

cent), shrubland (1.52 percent), natural water bodies

(0.5o percent), and urban areas (0.03 percent;

Uddin, Wahid, and Murthy 2015). The natural

resources of the Koshi River Basin also provide serv-

ices including hydropower, water for domestic use,

irrigation, floodplains for agriculture, and recreation

and cultural sites (Shrestha et al. 2017). The Koshi

River Basin has a total hydro potential of

22,350MW (Khadka 2021). There are approximately

40 million people residing within the basin and pop-

ulation densities vary, from fewer than five persons

per km2 on the Tibetan Plateau to between 200 and

500 persons per km2 in the Middle Mountain and

Terai physiographic zones (Wahid et al. 2017). The

livelihood of most of the population is dependent on

the provision of ecosystem services with a direct link

to water, including water-dependent agricultural

activities within the basin (Hussain et al. 2018).
The Koshi River Basin can be described as a

“green loop” system characterized by high direct

dependence on local ecosystems, with little or no

external economy through which to secure natural

resources from elsewhere (cf. Cumming et al. 2014).

Of the 40 million people within the Koshi River

Basin, the majority (83 percent) are agriculturally

dependent (Shrestha et al. 2017). Anaysis by the

Koshi Basin Programme showed basin demography is

closely related to regions of agricultural production

and access to other natural resources. Thus, popula-

tion densities are higher in the lowland regions of

the basin—the Terai physiographic zone—compared

to the mountainous Himalaya and the Tibetan

Plateau physiographic zones. Within the Nepal sec-

tion of the Koshi River Basin, the average popula-

tion, according to the 2011 census, was 176 people

per km2. This varies across the basin, presumably

with topography (Dixit et al. 2009). River valleys

and their associated fertile floodplains are areas of

higher population density.

Methods

The distribution, use, and value of ecosystem serv-

ices among FPZs of the Koshi River Basin was deter-

mined using three steps (Figure 2). First, FPZs were

identified. Second, an inventory of ecosystem serv-

ices within the FPZs of the Koshi River Basin was

constructed. Third, the relative use of each ecosys-

tem service and their potential value among the

FPZs of the Koshi River network was calculated.

Step 1: River Characterization and Identification of
FPZs

The drainage network (streamlines), watershed

boundary, flow direction and accumulation of the

Koshi River Basin were prepared from the 30m

ASTER digital elevation model (ASTER DEM)

using the Arc Hydro tool in ArcGIS.
Data collection sites were created at 5-km intervals

along the drainage network of the Koshi River (n
¼ 1,272) and became the focus for the extraction of

fifteen hydrogeomorphic variables used to delineate
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FPZs (Table 1). At each data collection site, water-
shed, valley, and channel scale variables were

extracted using a series of GIS tools (Thoms, Scown,

and Flotemersch 2018; Elegueta et al. 2019; Maasri
et al. 2021). The watershed-scale variables were ele-

vation, annual rainfall, and dominant geology (Table

1). Elevation was determined from the 30-m ASTER
DEM digital National Elevation Dataset. Mean long-

term annual rainfall data (n¼ 30 years) were obtained

from rainfall stations in the Koshi River Basin from
the Department of Hydrology and Meteorology of

Nepal, and the Asian Precipitation–Highly Resolved
Observed Data Integration Toward Evaluation

(APHRODITE) data set allowed for spatial infilling

in the Tibetan Plateau region of the basin. Geology
data were from Chen et al. (2013) and assigned

according to their rock type, erodibility, and potential

sediment yield (cf. Thoms, Scown, and Flotemersch
2018). The valley-scale variables were valley width,

valley floor width, the ratio of valley width to valley

floor width, the left and right valley slopes, and down-
valley slope, determined from the DEM of the water-

shed (Table 1). The six channel-scale variables were
channel belt width, channel belt sinuosity, channel

belt wavelength, channel sinuosity, planform class,

and the number of river channels, determined from
the streamlines of the basin (Table 1). Data sources

used to derive the fifteen hydrogeomorphic variables

used for the river characterization of the Koshi River
are given in Table 1.

The data set of hydrogeomorphic variables (1,272
sites by fifteen variables) was analyzed using multivari-

ate statistical techniques to identify groups of sites

with similar physical characteristics. Sites were classi-
fied using the flexible unweighted pair-group method

with arithmetic averages (UPGMA) fusion strategy, as

recommended by Belbin and McDonald (1993), based
on the fifteen variables. Groups of sites with similar

physical character were selected from the dendrogram

representation of the cluster analysis, whereby the least
number of groups with maximum similarity was cho-

sen. This step required the identification of an inflec-
tion point in the relationship between the number of

groups in the classification and their corresponding

similarity value (Thoms, Scown, and Flotemersch
2018). This analysis was also used to construct an FPZ

nomenclature for the Koshi River Basin. Once identi-

fied, the sites were overlaid on the drainage network
with their corresponding group nomenclature from the

cluster analysis. Groups equate to FPZs. Sequences of

the same group delineate FPZ segments in the river
network—lengths of the river with similar valley–

floodplain settings and river morphologies, inferred to
be influenced by similar geomorphic processes

(Thoms, Scown, and Flotemersch 2018). Finally, anal-

ysis of similarity (ANOSIM) and similarity percentage
analysis (SIMPER) was used to determine differences

in hydrogeomorphic variables and which hydrogeo-

morphic variables contribute to group similarity of
each FPZ, respectively.

Figure 2. An approach to determine the congruency between the physical template and ecosystem services within the Koshi River

Basin. Note: FPZ¼ functional process zone.
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The floodplain area for all continuous FPZ segments

was also determined. The valley floor area delineated

for each FPZ segment was used as a surrogate for the

floodplain area. Where two different FPZs met, valley

floor polygons were split laterally across the valley at

each site. The total floodplain area of each FPZ type

and the distribution of floodplain areas among individ-

ual segments of each FPZ was calculated in ArcGIS.

Verification of the location of some FPZs that

emerged in the Koshi River network was undertaken

in several ways. First, a field-based study of nine ran-

dom sites assessed the physical riverine landscape char-

acter according to the valley-scale hydrogeomorphic

variables used in the classification. Second, the studies

of Mahato and Shukla (2013) and Sinha et al. (2019)

on the regional variability of fluvial landforms pro-

vided information on geology, topography, valley

slopes, and valley dimensions as well as general

descriptions of the physical character of river networks

within the Koshi Basin. Collectively, these data form

an independent, albeit limited, field-based verification

of the FPZs delineated in the river network.

Step 2: Ecosystem Services Associated with FPZs
of the Koshi River Basin

Four sources of information provided data on flow-

dependent ecosystem services supplied by the riverine

landscapes of the Koshi River Basin. First, a review of

the ecosystem service literature for the region enabled

the construction of a database of potential ecosystem

services in the riverine landscape. Second, spatial data

sets obtained from the International Center for

Integrated Mountain Development (ICIMOD) pro-

vided land cover information for 2010 at a resolution

of 30m for the entire Koshi River Basin. These data

sets were used as a proxy for ecosystem services. In

addition, the Soil and Water Assessment Tool

(SWAT) model, developed for the Koshi River Basin,

also provided data on ecosystem services across the

entire basin. SWAT is a basin modeling tool that can

simulate water-dependent provisioning and regulating

ecosystem services, and proxy variables, to estimate

associated supporting and cultural services through

river networks (cf. Crossman et al. 2013; Francesconi

Table 1. Variables used to characterize functional process zones (FPZs) in the Koshi River Basin network

Variable Scale Data source

Elevation (m) Watershed The ASTER regional digital elevation model (DEM) is the primary

elevation database, available from www.rds.icimod.org.

Geology Watershed The regional geology was extracted from Chen et al. (2013).

Mean annual precipitation (mm) Watershed The DHM and APHRODITE provide historical annual precipitation

data, available at www.rds.icimod.org.

Valley width (m) Valley The valley width was derived from the DEM for the Koshi Basin

(DEMKB); data available at www.une.edu.au.

Valley floor width (m) Valley The valley floor width was derived from DEMKB; data available at

www.une.edu.au.

Ratio of the valley to valley floor width Valley The ratio of the valley to valley floor width was derived from

DEMKB; data available at www.une.edu.au.

Left valley side slope Valley The left valley side slope was derived from DEMKB; data available at

www.une.edu.au.

Right valley side slope Valley The right valley side slope was derived from DEMKB; data available

at www.une.edu.au.

Down-valley slope Valley The down-valley slope was derived from DEMKB; data available at

www.une.edu.au.

Width of the river channel belt (m) Channel The spatial geometry of streamlines within the Koshi basin was

extracted from the DEMKB; data available at www.une.edu.au.

Wavelength of the channel belt width (m) Channel The spatial geometry of streamlines within the Koshi basin was

extracted from the DEMKB; data available at www.une.edu.au.

Sinuosity of channel belt Channel The spatial geometry of streamlines within the Koshi basin was

extracted from the DEMKB; data available at www.une.edu.au.

Sinuosity of the main river channel Channel The spatial geometry of streamlines within the Koshi basin was

extracted from the DEMKB; data available at www.une.edu.au.

River channel planform class Channel Manually derived from Google Earth satellite image.

Number of river channels Channel Manually derived from Google Earth satellite image.

Note: DHM¼Department of Hydrology and Meteorology; ASTER¼Advanced Spaceborne Thermal Emission and Reflection Radiometer;

APHRODITE¼Asian Precipitation—Highly Resolved Observed Data Integration Toward Evaluation of Water Resource.
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et al. 2016). Third, household surveys undertaken

as part of the Poverty and Vulnerability

Assessment (PVA; see http://rds.icimod.org/Home/

DataDetail?metadataId=22324&searchlist=True) in

2011–2012 (Gerlitz et al. 2014) and the Nepal Census

in 2011 (Central Bureau of Statistics [CBS] 2012), pro-

vided household-level data on the use of ecosystem serv-

ices for each Village Development Committee (VDC)

district in the Nepal section of the basin. Fourth, data

obtained from various Nepalese government depart-

ments (e.g., Nepalese Tourism Board, Nepal Electricity)

provided information on a variety of ecosystem services,

including the location of dams, and cultural, tourism,

and recreational sites and activities.

The source of information dictated how the sup-

ply or occurrence of individual ecosystem services

within an FPZ was determined. The area or number

of individual ecosystem services present within an

FPZ segment was calculated from spatial data (i.e.,

the land cover and SWAT model data) and loca-

tional data from the Nepalese government. The use

of household-level survey data first required VDCs

to be linked to a specific FPZ. An FPZ shapefile was

overlain on the VDC shapefile of the Koshi River

network to determine the VDCs directly associated

with a specific FPZ. Most VDCs were associated

with only one FPZ. In situations where a VDC over-

lapped two FPZs, the areal proportion of a VDC

within a FPZ was used to allocate the number of

households associated with specific individual ecosys-

tem services per FPZ. As a result, data from 726

VDCs (CBS 2012; Gerlitz et al. 2014) were used in

this study of ecosystem services associated with the

FPZs of the Koshi River. Ecosystem services identi-

fied and their accompanying information sources are

given in Table 2.

Step 3: Use and Value of Ecosystem Services
Among FPZs

There are many approaches to determine the use

and value of ecosystem services (De Groot et al.

2012); most focus on economic valuation (e.g.,

Costanza et al. 1998). Evaluating the benefits of river

ecosystem services differs according to discipline (i.e.,

environmental science, social science and econom-

ics), and is influenced by data availability (cf.

Costanza and Farber 2002; Hanna et al. 2018). Most

evaluations of the benefits from ecosystem services are

economic, but this study took a different approach,

developing two indicators of benefit—relative use and

potential value—for individual FPZs in the Koshi

River. Relative use describes whether an ecosystem

service is used by people in the Koshi River Basin and

value describes the importance and demand for the

use of an ecosystem service by people in the Koshi

River Basin.
The relative use of each ecosystem service is

expressed as the ratio of either the area or number of

individual ecosystem services to the total area or the

total number of that ecosystem service across all FPZ

segments. The relative use of ecosystem services deter-

mined from spatial data used the areal calculation and

those ecosystem services determined from household-

level census and PVA activity data used the numerical

calculation. For example, the relative use of provision-

ing services was the ratio of the number of households

using an ecosystem service within an FPZ segment to

the total number of households associated with that

FPZ. Similarly, the ratio of the number of cultural sites

within an FPZ to the total number of cultural sites

within the river network provided a relative use for

cultural ecosystem services. By comparison, the rela-

tive use of supporting ecosystem services was the ratio

of the area of an ecosystem service to the total area of

an FPZ, whereas the relative use of regulating services

was the ratio of the number regulating ecosystem serv-

ices in an FPZ to the total number of that regulating

service within the Koshi River Basin. Relative use of

individual ecosystem services ranges from 0 to 1,

where 0 represents that an ecosystem service is not

used within an FPZ and 1 represents a situation where

all households use a particular ecosystem service

present within an FPZ. The total relative use of each

ecosystem service group (provisioning, regulating, sup-

porting, cultural) was the sum of all relative use values

for each FPZ type. Similar methods have been used by

Large and Gilvear (2015) and Tomscha, Gergel, and

Tomlinson (2017) for determining the relative use of

ecosystem services within smaller river reaches.
Potential value of ecosystem services in FPZs was

calculated as a function of the relative use of an eco-

system service within an FPZ, the geographic loca-

tion of the FPZ, and the associated population

density of the FPZ. Thus, the approach taken does

not derive an economic value but integrates the bio-

physical context (the FPZ and its location within

the river network) with the overall demand (relative

use and population density of an FPZ) for an ecosys-

tem service. Population density was determined for
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each FPZ within the river network. For the Tibetan

section, population data from the 2011 Chinese cen-

sus were clipped according to their direct association
with an FPZ. For the Nepal section, population data

for each VDC (CBS 2012; Gerlitz et al. 2014) asso-

ciated with an FPZ was used. Each FPZ was assigned

a geographic location score, which ranged from 0 to
1, based on its elevation and climate, using the

method outlined by Haines-Young, Potschin, and

Kienast (2012). Potential values were grouped and

groups of potential value groups were determined
from the number and position of inflections present

on the cumulative distribution curve of all potential

values for the Koshi River Basin network and then

ranked from low to high. A rank value was assigned
to each FPZ and arrayed spatially on the river

Table 2. The ecosystem services associated with the riverine landscape of the Koshi River Basin

Ecosystem service type Ecosystem services

Provisioning Domestic water use �ⵠ Driftwood ⵠ
Timber/pole � Branches/twigs ⵠ
Wood � Grazing livestock ⵠ
Bamboo � Hydropower �

Thatch for roofing � Irrigated agriculture w

Fuelwood/firewood � Rain-fed agriculture w

Fishes ⵠ Water bodies w

Crab/snail/tortoise ⵠ Aggregate (sand-gravel-boulders) w

Game (Wild animals) ⵠ Forest w

Medicinal and ornamental plants ⵠ Alpine grassland/grassland w

Wild edible fruits ⵠ Shrubland w

Wild edible vegetables ⵠ Transport

Staple crops (paddy and wheat) ⵠ Industry

Cash crops (vegetable, potato, pulse) ⵠ Paha (Agricultural field frog)

Leaf litter ⵠ Horticultural crops

Foliage ⵠ Fiber

Forage/grass ⵠ Bushmeat

Fodder ⵠ Natural plants

Regulating Climate regulation w Biodiversity conservation w

Water yield w Habitat provision w

Nutrient regulation w Hydrological cycle

Groundwater recharge w Water retention

Sediment transport w Water purification

Sediment yield w Seed dispersal

Nutrient deposit w Pollination

Sediment retention w Air quality regulation

Carbon sequestration w Pollution transport and dilution

Flow regulation w Flood protection

Habitat-terrestrial w Erosion control

Habitat-aquatic w Soil stability

Habitat corridors w Waste treatment

Cultural Cremation � Wildlife watching w

Research � Picnic

Rafting/boating � Swimming

Fishing � Social gathering (women)

Pilgrimage � Traditional market

Religious bathing � Sense of place

Tourism � Traditional cultural practices

Temple/religious site � Education

Supporting Aquatic habitat w Ecosystem resilience

Terrestrial habitat w Genetic diversity

Habitat protection w Pollination

Nutrient cycling Soil formation

Note: Ecosystem services in bold are those where data were available. The different symbols represent data sources: � ¼ 2011 Nepal census data; ⵠ ¼
2011 ICIMOD household survey data; � ¼ Nepal government reports; w ¼ Spatial data (land cover and Soil and Water Assessment Tool).
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network. The spatial organization of ecosystem ser-

vice rank values was undertaken to examine the

association between FPZs and their ecosystem service

value across the river network.

Statistical Analyses

The nonparametric Kolmogorov–Smirnov test was

used to determine pairwise differences in the supply,

relative use, and potential value of ecosystem serv-

ices among FPZs within the Koshi River network.

SIMPER analyses determined the contribution that

each ecosystem service made to the mean similarity

of the relative use and value within each FPZ.

Results

Functional Process Zones of the Koshi River Basin

Five FPZs emerged from the classification of the

1,272 sites in the Koshi River network (Figure 3A).

These five FPZs explain 79.9 percent of the similar-

ity between sites within this river network. FPZs had

significantly different physical characteristics

(ANOSIM: Global R¼ 0.702). From the cluster

analysis, the first separation grouped sites via valley

widths, explaining river channels contained in wide

and narrow valleys. This corresponded to the low

elevation floodplains in the Terai and the high ele-

vation floodplains of the Tibetan Plateau, plus river

channels associated with narrower river valleys

(Figure 3A). Further into the dendrogram, sites were

differentiated based on down-valley slopes and chan-

nel pattern (Figure 3A). Thus High Himalayan

River channels were associated with narrow gorges,

high down-valley slopes, and in-channel velocities.

Braided river channels with multiple channels were

associated with moderate down-valley slope.

Meandering rivers were associated with relatively

open valleys and well-developed floodplain surfaces

(Figure 3A) and occur in the lower slopes of the

southern Himalayan region.
The composition of the FPZs in the Koshi River

Basin differed in terms of their total length and the

number of individual segments (Table 3). The most

abundant was the High Elevation Floodplain River

FPZ covering 35 percent of the river network (Table

3). The next most abundant was the Meandering

River FPZ, followed by the Braided River, High

Himalayan River, and Low Elevation Floodplain

River FPZs (Table 3). In terms of the number of

individual segments comprising each FPZ, the

Braided River FPZ had the highest number of single

segments, followed by the High Himalayan River

FPZ, the High Elevation Floodplain, the Meandering

River FPZ, and finally the Low Elevation Floodplain

River FPZ with one individual segment (Table 3).
The spatial organization of the five FPZs displayed

a broad pattern within the Koshi River Basin (Figure

3B). Within the network, FPZs are arranged as a

mosaic from the Tibetan Plateau through the

Himalayas to the lowland regions of the Terai.

Therefore, FPZs occupy discrete areas of the river

network, and some FPZs repeat in different places

within the river network. Braided River FPZs are

most frequently adjacent to either Meandering River

or High Elevation Floodplain River FPZs.
There is 3,278 km2 of floodplain in the Koshi River

Basin, which represents 5.86 percent of the total basin

area and 80.00 percent of the total surface area of the

riverine landscape in the basin. Floodplains are located

in two distinct regions of the basin, the high and low

elevation areas of the river network; that is, the

Tibetan and Terai regions, respectively (Figure 3C).

Overall, 72.33 percent of the floodplains in the Koshi

River Basin are in the Tibetan Plateau (High

Elevation Floodplain River FPZ).

The Occurrence of Ecosystem Services
within FPZs

The literature review revealed eighty-six ecosys-

tem services that had been previously identified to

occur across the riverine landscape of the Koshi

River Basin. Among the eighty-six ecosystem serv-

ices, data were available for only fifty-six of these

ecosystem services (Table 2) and for all FPZ types in

the Koshi Basin. Of these, provisioning services are

more abundant (twenty-nine) than regulating (fif-

teen), cultural (nine), and supporting (three) serv-

ices (Figure 4A). The total abundance of ecosystem

services was highest in the Low Elevation Floodplain

River FPZ and lowest in the High Himalayan River

and High Elevation Floodplain River FPZs (Figure

4B). There was a significant difference in the occur-

rence of supporting, regulating, provisioning, and

cultural services among the FPZs (Kolmogorov–

Smirnov test: p< 0.01 for all pairwise tests).

Provisioning services dominated in the Low

Elevation Floodplain River, Braided River, and

Ecosystem Services in the Koshi River Basin, Nepal 9



Figure 3. Elements of the riverine landscape of the Koshi River Basin. (A) The classification dendrogram of the Koshi River network

used to derive functional process zones (FPZs). (B) Spatial organization of FPZs within the Koshi River network. (C) Distribution of

major areas of valley floor.
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Table 3. The character of functional process zones (FPZ) in the Koshi River network

FPZ

Total channel

length (km)

Proportion of

total (%)

No. of

segments

Floodplain

area

(km2)

Influencing variables

identified via

the SIMPER analysis

Physical

character

High Himalayan

River

739.4 13.40 42 471 � Valley confinement

� Down-valley slope

Highly constrained

sections of the river

network associated

with the High

Himalaya

physiographic zone,

where river channels

flow through narrow,

deep valley sections

that are dominated by

steep bed slopes, like

river channels in

Canyon zones (cf.

Schumm 1985).

Meandering River 1756.6 31.83 24 335 � Valley confinement

� Down-valley slope

� River channel pattern

Single-channelled

sections of the river

network with a

sinuosity of less than

1.3, associated with

moderate-to-low down-

valley slopes; increases

in river valley widths

and lower down-valley

slopes enable

floodplain

development.

Braided River 1069.2 19.37 56 175 � Valley confinement

� Down-valley slope

� River channel pattern

Sections of the river

network dominated by

relatively high-energy

multichannelled river

systems; these braided

river settings have

higher down-valley

slopes and abundant

sediment supply.

High Elevation

Floodplain River

1913.1 34.66 22 1900 � Valley confinement

� Elevation

Floodplain dominated

zones occur in those

areas of the river

network with extended

river valley widths;

high elevation

floodplains are in the

Tibetan Plateau region

of the Koshi River

Basin.

Low Elevation

Floodplain River

40.6 0.74 1 397 � Valley confinement

� Elevation

Floodplain dominated

zones occur in those

areas of the river

network with extended

river valley widths; low

elevation floodplains

are in the Terai region

of the Koshi River

Basin.
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Figure 4. Ecosystem services of the Koshi Basin riverine landscape. (A) The abundance of ecosystem services. (B) The abundance of

ecosystem services in the functional process zones (FPZs). (C) The number of ecosystem services shared among the FPZs of the Koshi

Basin, where five means that an ecosystem service occurs in all FPZ types.
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Meandering River FPZs, whereas regulating services

were relatively more abundant in the High Elevation

Floodplain River and High Himalayan River FPZs

(Figure 4B). Cultural and supporting services were

relatively evenly distributed among the five FPZs of

the Koshi River Basin (Figure 4B).
Some ecosystem services occurred in all FPZs.

Overall, eleven provisioning services, fifteen regulat-

ing services, four cultural services, and three support-

ing services were common to all FPZs (Figure 4C).

Of the remaining fifteen provisioning services, two

were shared between two FPZs: hydropower in the

Meandering River FPZ and Braided River FPZ and

wild edible fruits in the Braided River FPZ and Low

Elevation Floodplain River FPZ. Two provisioning

services (forest and shrubland) were shared among

four FPZs, however (High Himalayan River,

Meandering River, Braided River, and Low

Elevation Floodplain River FPZs), and the remaining

eleven services were shared among three FPZs

(Meandering River, Braided River, and Low

Elevation Floodplain River FPZs). By comparison,

five cultural services (rafting/boating, fishing, pil-

grimage, religious bathing, and the presence of tem-

ples) were shared among three FPZs (Meandering

River, Braided River, and Low Elevation Floodplain

River FPZs). The provisioning services of game, wild

edible vegetables, and driftwood were unique to the

Low Elevation Floodplain River FPZ (Figure 4C).

Use and Value of Ecosystem Services among FPZs

The relative use of the fifty-six ecosystem services

differed significantly among FPZs (Kolmogorov–

Smirnov test: p< 0.01 for all pairwise tests). Overall,

relative use of ecosystem services was higher in the

Meandering River FPZ compared to the Braided

River FPZ, Low Elevation Floodplain River FPZ,

High Himalayan River FPZ, and High Elevation

Floodplain River FPZ (Figure 5). Relative use of the

four ecosystem service groups also differed among

the five FPZs. The relative use of provisioning serv-

ices was highest in the Meandering River FPZ and

the relative use of regulating services was highest in

the High Himalayan River FPZ (Figure 5). By com-

parison, the relative use of cultural services was

highest in the Meandering River FPZ, whereas the

relative use of supporting services was highest in the

High Himalayan River FPZ (Figure 5).

Figure 5. The relative use of ecosystem services within the functional process zones of the Koshi River Basin.
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The potential value of ecosystem services varied

significantly among most of the FPZs (Kolmogorov–

Smirnov test: p< 0.01 for all pairwise tests). Of the

ten pairwise FPZ comparisons, only two were not sig-

nificantly different from one another; that is, the

potential value of ecosystem services in the High

Elevation Floodplain River FPZ and High

Himalayan River FPZ. In decreasing order of poten-

tial value (where higher numbers are greater poten-

tial value), median potential value of ecosystem

services was 3.3 for the High Elevation Floodplain

River FPZ, 17.5 for the High Himalayan River FPZ,

505.1 for the Braided River FPZ, 4,245.0 for the

Meandering River FPZ, and 9,899.0 for the Low

Elevation Floodplain River FPZ.
Five groups of potential values for ecosystem serv-

ices emerged from an analysis of the cumulative dis-

tribution of potential values: Group 1, 15 to 18;

Group 2, 19 to 30; Group 3, 30 to 53; Group 4, 54

to 132; and Group 5, more than 132, where higher

numbers represent greater potential value. The spa-

tial distribution of these groups varied across the

Koshi River Basin drainage network (Figure 6). In

terms of length, Group 5 occupied 2,015 km or 35

percent of the river network and was the dominant

potential value. This was followed by Group 2

(1,987 km or 34 percent), Group 1 (1,110 km or 19

percent), Group 3 (355 km or 6 percent), and Group

4 (303 km or 5 percent). In terms of riverine land-

scape area, however, 51 percent of the riverine land-

scape was occupied by Group 2, followed by Group

5 (23 percent), Group 1 (22 percent), Group 3 (2

percent), and Group 4 (2 percent).
The spatial distribution of the five potential value

groups (Figure 6) shows Group 5 to be located pre-

dominantly in the lower elevation regions of the

Figure 6. The distribution of the potential value of ecosystem services across the Koshi River Basin. Groups are explained in the text

but in general, represent a continuum of lower (Group 1) to higher (Group 5) potential values.

14 Bajracharya, Thoms, and Parsons



river network, and associated with the Low

Elevation Floodplain River and Meandering River

FPZs. In contrast, the lowest potential value of eco-

system services (Group 1) was located mainly in

higher elevation regions of the basin in the High

Himalayan River FPZ (Figure 6). Overall, the High

Elevation Floodplain River FPZ was associated pre-

dominantly with Group 2. The Braided River and

High Himalayan River FPZs were mostly associated

with Groups 3 and 4. A broad pattern of increasing

potential value in ecosystem services from the

Tibetan Plateau through to the lowland regions of

the basin is evident (Figure 6). There are areas of

the river network that interrupt this general pattern,

however, suggesting a nonuniform distribution of the

potential value of ecosystem services across the river

network. Some potential value groups are repeated

with distance along the river network in association

with the distribution of FPZs in the river network.

Thus, the similarity between the spatial distribution

of FPZs and ecosystem service potential value group

was low, with a 15.85 percent similarity between the

two for the Koshi River Basin drainage network.

Discussion

A foundational premise of river science is that

the physical river template and associated biophysi-

cal processes are heterogeneous (Gilvear et al.

2016). Given the relationship between biophysical

processes and ecosystem services, the supply of eco-

system services is not expected to be uniform

throughout the river network. Studies of flow-depen-

dent ecosystem services, however, have not exam-

ined heterogeneity in the river template and have

been reach or site based. This study of the Koshi

River Basin has found a direct relationship between

the heterogeneity of the river template and the sup-

ply, use, and value of ecosystem services at the spa-

tial scale of an entire river network. The approach

of uncovering congruence between FPZs and ecosys-

tem services in this river network is directly transfer-

able to other river basins, regardless of their size.

Knowledge of the heterogeneity in the supply, use,

and value of ecosystem services in a river network

will support evidence-based decision-making about

river conservation activities and the use of river

resources. The findings of this study advance our

knowledge of ecosystem services in riverine land-

scapes in three areas, each of which is discussed

next.

Congruency between the Physical Template and
Ecosystem Services

A unique assemblage of ecosystem services exists

among the five FPZs of the Koshi River Basin.

Significant statistical differences among all FPZs

confirm the congruency between the physical tem-

plate and the supply of ecosystem services. Similar

congruencies have been shown to occur in terrestrial

landscapes, namely for agricultural (Qiu et al. 2020;

Rieb and Bennett 2020), forested (Grêt-Regamey

et al. 2014), and urban systems (Haase, Frantzeskaki,

and Elmqvist 2014; Qiu et al. 2017). In general,

these terrestrial-based studies support the founda-

tional tenet that ecosystem services are generated by

biophysical processes (Potschin et al. 2016). Our

study of the Koshi River Basin demonstrates that

this congruence also occurs in riverine landscapes.

Landscape structure is a mediator of the supply of

ecosystem services (cf. Tamy et al. 2016; Rieb and

Bennett 2020). The review and meta-analysis of

Mitchell, Bennett, and Gonzalez (2015; Mitchell,

Suarez-Castro, et al. 2015) suggests landscape struc-

ture affects how ecosystem services are supplied

across landscapes. Within riverine landscapes, Thorp

et al. (2010) hypothesized that large-scale hydrogeo-

morphological differences would influence the supply

of ecosystem services. For example, floodplains are

known hot spots that generate a wide range of eco-

system services such as fertile soils and carbon stor-

age (Tockner and Stanford 2002). The importance

of riparian and floodplain areas in supplying bundles

of ecosystem services, at local spatial scales, has been

shown by Tomscha, Gergel, and Tomlinson (2017),

Van Looy et al. (2017), and Hornung, Podschun,

and Pusch (2019). By comparison, river channel

environments that experience extreme disturbances,

from extended periods of drying or flooding, inter-

mittently supply a limited array of ecosystem services

(cf. Ruiz, Alonso, and Vidal-Abarca 2021). Large-

scale regional differences in hydrogeomorphology

and the supply of ecosystem services are evident in

the Koshi River Basin. The extensive floodplain eco-

systems that characterize the Low Elevation

Floodplain River FPZ, located in the Terai region,

supply a greater number of ecosystem services
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compared to the other FPZs. This dominance is pri-

marily from the enhanced supply of provisioning

services (Figure 4). In contrast, the supply of provi-

sioning services in the High Himalayan River FPZ is

reduced (Figure 4), presumably because this FPZ is

dominated by a high-energy river channel system

constrained within narrow bedrock controlled val-

leys, with no floodplains and limited riparian areas.

In contrast, the Meandering River and Braided

River FPZs are less controlled by valley widths, and

have some floodplain areas and a greater ability to

supply provisioning services. Thus, regional-scale dif-

ferences in the physical template of the Koshi River

Basin, as expressed by the presence of FPZs, are asso-

ciated with variations in the supply of unique bun-

dles of ecosystem services.
The influence of structure on biophysical pro-

cesses is a function of landscape composition and

location or place (Phillips 2018). In terms of riverine

landscapes, composition can be represented as the

number of FPZs, each with a different physical char-

acter or hydrogeomorphology; and, place is the posi-

tion of FPZs within the stream network. Place

factors, including climate and biological production,

represent the local or regional environmental con-

text. FPZs have been shown to have a nonuniform

distribution along river networks (cf. Thoms, Scown,

and Flotemersch 2018) and some FPZs repeat down-

stream. According to the riverine ecosystem synthe-

sis of Thorp, Thoms, and Delong (2006; Thorp et al.

2010), however, similar FPZs are considered to have

equivalent biophysical features and processes, thus

they might have equivalent ecosystem services

regardless of place. In the Koshi River Basin, the

two floodplain-dominated FPZs differ in terms of

their ecosystem service assemblages. Overall, the

Low Elevation Floodplain River FPZ supplies a

greater number of provisioning (n¼ 28) and cultural

(n¼ 9) ecosystem services compared to the High

Elevation Floodplain Rivers FPZ (n¼ 11 for provi-

sioning services, n¼ 4 for cultural services). In terms

of provisioning services, only 40 percent were found

in both floodplain FPZs. The main differences

between the two floodplain FPZs relate to those pro-

visioning services supplied by various vegetation

communities and reflect the influence of broader

environmental factors like elevation, temperature,

and photosynthetic activity (Mitsch and Gosselink

2015). The Tibetan region of the Koshi Basin, with

an average elevation of 4,380m ASL, has lower

mean annual temperatures and a significant snow-

pack coverage compared to other regions of the

basin (Dixit et al. 2009). All of these factors have

the potential to limit the occurrence of certain

floodplain vegetation communities and the ability to

supply provisioning ecosystem services. Thus, not all

floodplains are the same and place is a factor

influencing the ability to supply ecosystem services

regardless of the type of FPZ or physical template.
Landscape heterogeneity—the spatial variation in

the organization of components in a landscape—

affects the supply of many ecosystem services (Rieb

and Bennett 2020). Landscape heterogeneity influ-

ences ecosystem interactions and regulates ecosystem

responses to extrinsic and intrinsic stressors (Turner

and Gardner 2015), subsequently influencing the

supply of ecosystem services. For example, Qiu and

Turner (2015) showed landscape heterogeneity to

affect the supply of hydrologic ecosystem services

and explained surface-water quality conditions in the

Yahara River in Wisconsin. In the Yahara River

catchment, surface-water quality was negatively cor-

related with percent cropland and positively corre-

lated with the percent forest, grassland, and wetland

in the basin. In general, empirical and theoretical

evidence indicates landscape configuration (e.g., dis-

tribution of land uses, proximity of source and buffer

ecosystems) mediates the transport of water and

nutrients across agricultural landscapes (Kreiling

et al. 2020), thereby affecting hydrologic ecosystem

services (Qiu and Turner 2015).
Heterogeneity is a feature of the physical template

of riverine landscapes, as evident by the character

and organization of FPZs. The distribution of FPZs

in the Koshi River Basin does not support the tradi-

tional clinal or gradient models of river system orga-

nization. Rather, there is a mosaic structure, as

hypothesized by the river ecosystem synthesis (cf.

Thorp, Thoms, and Delong 2006; Thorp et al.

2010). For example, High Elevation Floodplains

River was the dominant FPZ in the upper reaches of

the Koshi River network. This FPZ transitioned into

the gorge-like High Himalayan River FPZ, and even-

tually further downstream into the Low Elevation

Floodplain River FPZ. Because of the relationship

between the physical template and ecosystem serv-

ices, there is also “mosaicked” heterogeneity in the

supply of ecosystem services. This occurs as the non-

uniform distribution of ecosystem services across the

riverine landscape of the Koshi River Basin.
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Although the supply of ecosystem services was most

abundant in the Low Elevation Floodplain River

FPZ, the Braided River and Meandering River FPZs

located in the midsections of the basin were both

abundant in terms of the supply of ecosystem serv-

ices. Distinct zones of unique assemblages of ecosys-

tem services exist across the riverine landscape of

the Koshi River Basin. This knowledge is fundamen-

tal to improving management of the basin, especially

for assessing the environmental impacts of future

water developments and for the process of decision-

making around trade-offs.

The Social-Ecological Riverine Landscape

Heterogeneity of ecosystem service use is also a fea-

ture of the Koshi riverine landscape. Significant statis-

tical differences in total relative use values among all

FPZs infer congruency between the physical template

and ecosystem service use. The character of heteroge-

neity in total relative use, however, did not match

that of ecosystem service supply. Ranking FPZs in

terms of total relative use showed the Meandering

River FPZ to have the strongest use, followed by the

Braided River FPZ, Low Elevation Floodplain River

FPZ, High Himalayan River FPZ, and High Elevation

Floodplain River FPZ. By comparison, the rank order

for ecosystem service supply had the Low Elevation

Floodplain River as the FPZ with the greatest supply,

followed by the Braided River FPZ, Meandering River

FPZ, High Himalayan River FPZ, and High Elevation

Floodplain River FPZ. There are two components of

heterogeneity: compositional and configurational

(Lovett et al. 2005). Compositional heterogeneity is

the number, type, and abundance of spatial units in

the landscape, whereas configurational heterogeneity

is the spatial arrangement of those units (Lovett et al.

2005). Thus, a mismatch in configurational heteroge-

neity occurs between ecosystem service use and supply

in the riverine landscape of the Koshi River Basin.
Studies assessing relationships between the supply

and social demand (use) of ecosystem services have

increased over the past decade (Bennett et al. 2021).

Most are focused on agricultural landscapes.

Regardless of the landscape, mismatches between

ecosystem service supply and demand have been pro-

posed to reflect the ability to access, receive, and

modify the benefits from ecosystems (cf. Hanna

et al. 2020); community demographics and types of

ecosystem service bundles available (Flotemersch

et al. 2019); and social preferences for particular

bundles or individual ecosystem services (Mart�ın-
L�opez et al. 2012). Patterns of differential use of eco-

system services that emerge from diverging social

preferences toward ecosystem services will influence

configurational heterogeneity of ecosystem service

use. Differences in the relative use of bundles of pro-

visioning, regulating, supporting, and cultural ecosys-

tem services occur among FPZs, regardless of

whether the ecosystem services might be present in

multiple FPZs. Overall, the relative use of provision-

ing and cultural services was dominant in the

Meandering River FPZ while regulating and support-

ing services were dominant in the High Himalayan

River FPZ, compared to other FPZs (cf. Figure 5). In

addition, differential use of individual ecosystem

services occurred within FPZs, and this differed

among FPZs. In terms of provisioning ecosystem

services, despite being more abundant in the Low

Elevation Floodplain River FPZ (n¼ 28) compared

to other FPZs (n¼ 11, 12, 25, and 26 for the High

Elevation Floodplain River, High Himalayan River,

Meandering River, and Braided River FPZs, respec-

tively) actual use was dominated by those individual

services associated with agricultural activities. In the

remaining FPZs, all provisioning ecosystem services

were used in similar proportions, with an enhanced

total relative use. Thus, social factors have an influ-

ence on the heterogeneity of relative use of ecosys-

tem services.

The concept of value is central to the science and

practice of managing riverine landscapes (Gilvear

et al. 2016). Despite a well-developed body of theory

and evidence that explores concepts of value in dif-

ferent ways across different disciplines and land-

scapes, our knowledge of the value of ecosystem

services within riverine landscapes is limited (Basak

et al. 2021). A degree of congruency was also

observed between the physical template and ecosys-

tem service value. Differences in potential value

were only recorded between two FPZs. As result,

there was a marked simplification of the configura-

tional and compositional heterogeneity of the poten-

tial value of ecosystem services compared to the

heterogeneity of the relative use and supply of eco-

system services.
Valuation of ecosystem services has primarily

been conducted within the context of the economic

value of these services to society (Costanza et al.

1998). Economic analyses can be hindered by
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limited data, especially in remote regions like the

Himalayas. The approach taken in this study is simi-

lar to the contingency analysis of Castro et al.

(2011) and relies on the availability and relative use

of ecosystem services as well as demographic infor-

mation—the transfer of benefits to society. Given

the spatial demography of the Koshi Basin, we would

expect heterogeneity in the value of ecosystem serv-

ices to reflect basic demographic patterns, with

enhanced ecosystem values in the Low Elevation

Floodplain River FPZ and those river valleys with

easy access, such as the Meandering River and

Braided River FPZs. Overall, our findings show

marked difference between the upper and lower

regions of the Koshi River Basin. Higher ecosystem

service values in the lower regions of the basin

reflect the greater supply, use, and population using

these services compared to the upper regions.

Riverine landscapes are coupled and complex

social-ecological systems (Pingram, Price, and Thoms

2019; Weigelhofer et al. 2021). Congruency between

the physical template and the supply, use, and value

of ecosystem services provides evidence for this cou-

pling. The Koshi River Basin is a green loop system

(cf. Cumming et al. 2014) characterized by the

direct dependence of mostly agricultural communi-

ties on local flow-dependent ecosystem services pro-

viding benefits to people within the Koshi River

Basin. The majority of communities are centered on

the riverine landscapes of the basin. The differential

patterns of ecosystem service heterogeneity, however,

highlight the character of the coupling between the

natural and human subsystems. The supply of ecosys-

tem services reflects the primacy of the physical tem-

plate. The place or location of FPZs and their

associated ecosystem services, social values of associ-

ated bundles of ecosystem services, and demography,

however, have a marked and differential influence

on the use and value of the ecosystem services.

These spatial differences between supply, use, and

value are also indicative of a developing coupled

agricultural or green loop social-ecological system

(cf. Hamann, Biggs, and Reyers 2015).

Riverine Landscapes as Complex Adaptive
Systems: A Model for the Koshi River Basin

The social-ecological landscape of rivers is

increasingly conceptualized as a complex adaptive

system by virtue of its hierarchical organization and

ability to adjust multiple forms to an array of physi-

cal, ecological, and social processes (Thoms and

Sheldon 2019). Identifying and understanding the

various interactions between biophysical and social

drivers, processes, and interrelated states that com-

prise social-ecological riverine landscapes is challeng-

ing. Conceptual models aid in understanding this

complexity. Flow chain models demonstrate interac-

tions between various components of complex adap-

tive systems at multiple spatial scales. Flow chain

models have been used to demonstrate the efficien-

cies of environmental flow regimes on biophysical

processes (Yarnell and Thoms 2022) and the ecolog-

ical concept of disturbance in urban river systems

(Grimm et al. 2017). Flow chain models have four

basic components representing the interplay of bio-

physical and social characteristics in riverine land-

scapes: Drivers are the main agents of change,

functions are a series of controllers or processes that

are governed by the agents of change, templates are

those surfaces (both abiotic and biotic) on which

drivers and functions act, and finally there are a

series of responders, which are sets of processes or

actors that are parts of the social-ecological environ-

ment present across the riverine landscape.
A flow chain model of the Koshi River Basin

(Figure 7) shows the supply, use, and value of eco-

system services of the riverine landscape to be the

product of multiple biophysical and social interac-

tions. The flow regime is the main driver that acts

on the geomorphological structure of the riverine

landscape, and this can be expressed as FPZs with

similar hydrogeomorphic characteristics. The output

of this interaction directly influences the assemblage

of ecosystem services that can be supplied by the riv-

erine landscape—the type, abundance, and position

in the network (cf. Thoms, Scown, and Flotemersch

2018). Controllers, such as population density, social

values, and geographic location or place, influence

the supply, use, and value of ecosystem services in

the riverine landscape. Controllers interact via a

series of feedbacks between the supply of ecosystem

services and their use and value. Overall, this frame-

work helps to understand the complex relationships

between flow, the physical template (ecological),

and ecosystem services (social) within coupled

social-ecological riverine landscapes.
The flow chain representation of the interactions

between the physical template and ecosystem serv-

ices is a heuristic model of the Koshi River Basin

18 Bajracharya, Thoms, and Parsons



riverine landscape. Like any landscape model, there

are limitations, and it could be improved with addi-

tional data. Our study was fortunate to have ecosys-

tem service data for all FPZs identified in the basin,

but data were not available for all individual FPZs.

This is especially important in mountainous regions

where access can be restricted. Understanding varia-

tions among similar FPZs located in different regions

of the basin is important for considering finer level

interactions between the physical template and eco-

system services. Variations in data availability were

also noted across the four ecosystem service groups.

Provisioning and regulating services (Table 2,

Figure 4) dominated the ecosystem services for the

Koshi Basin. This could reflect bias in the sampling

design. The distribution among the four ecosystem

service types in the Koshi Basin, however, is similar

to that reported from other studies in different geo-

graphic regions (cf. Bennett, Peterson, and Gordon

2009; Burkard et al. 2009; Ezenwaka and Grave

2014; Kamlun and Arndt 2019). In the Koshi River

Basin, the contribution of the four ecosystem service

types was 51.8 percent, 26.8 percent, 5.4 percent,

and 16.1 percent for provisioning, regulating, sup-
porting, and cultural services, respectively, compared

to the mean across nine other studies of 40 percent,

29 percent, 20 percent, and 11 percent, respectively.

This could suggest that our sampling of ecosystem

services across the four types was sufficient.

Summary

The Himalayas are a biodiversity hot spot
(Chettri et al. 2008) identified as a global conserva-

tion priority region (Brooks et al. 2006). The Koshi

River Basin is a large river system draining the

Himalayas and home to more than 40 million peo-

ple, many of whom depend on the ecosystem serv-

ices of its riverine landscape. The supply of
ecosystem services (e.g., supporting, provisioning,

regulating, and cultural) provided by the riverine

ecosystems contributes to the well-being of the

populations that reside in the basin and the basin

communities further downstream in India. Despite

the multidimensional (ecological, sociocultural,
and economic) importance of ecosystems to human

Figure 7. A flow-chain model for describing process interactions and the character of ecosystem services across riverine landscapes

(modified from Thoms et al., 2017). The flow-chain model has four basic components: the abiotic or biotic agent or regulator of change,

or driver; the template or substrate on which the driver acts; controllers of the driver or agent of change; and an entity or process that

responds to the driver or agent of change. Responders can be sets of processes, ecosystem services, organisms, or parts of the physical

environment. Note: FPZ¼ functional process zone.
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society, there have been limited efforts to assess

the provision of ecosystem services in the riverine

landscape of the Himalayas. Efforts to manage

flow-dependent ecosystem services must be cogni-

zant of the physical template and social interac-

tions in controlling the spatial distribution across

riverine landscapes.
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