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Abstract: Water vulnerabilities in Central Asia are affected by a complex combination of climate-sensitive
water sources, trans-boundary political tensions, infrastructure deficiencies and a lack of water
management organization from community to federal levels. This study aims to clarify the drivers of
water stress across the 440 km Naryn River basin, headwater stem to the Syr Darya and the disappearing
North Aral Sea. We use a combination of human and physical geography approaches to understand
the meltwater-controlled hydrology of the system (using hydrochemical mixing models) as well as the
human-water experience (via community surveys). Surveys indicate that current water stress is primarily
a function of water management and access issues resulting from the clunky transition from Soviet era
large-scale agriculture to post-Soviet small-plot farming. Snow and ice meltwaters play a dominant
role in the surface and ground water supplies to downstream communities across the study’s 4220 m
elevation gradient, so future increases to water stress due to changes in volume and timing of water
supply is likely given frozen waters” high sensitivities to warming temperatures. The combined influence
of social, political and climate-induced pressures on water supplies in the Naryn basin suggest the need
for proactive planning and adaptation strategies, and warrant concern for similar melt-sourced Central
Asian watersheds.

Keywords: mountain hydrology; glacial runoff; meltwater; cryosphere; groundwater; downstream
water vulnerability; Central Asia; Aral Sea basin

1. Introduction

Meltwater from snow and glaciers feeds downstream rivers and is a critical part of water supplies
around the world [1]. Peak meltwater flows, in the spring and summer, coincide with increased demand
from human users for irrigation and hydropower. Rising temperatures associated with climate change will
influence the timing and magnitude of this annual cycle [2]. The uncertainties associated with climate change
translate to uncertainties about the timing and volume of meltwater contributions to river discharge [3].

In eastern Kyrgyzstan, the glaciers and snowpack of the Tien Shan Mountains form the headwaters
of the Naryn River Basin. The Naryn flows westward across Kyrgyzstan before crossing the border
into Uzbekistan where it joins the Kara Darya (River) to create the Syr Darya, central source to the
disappearing North Aral Sea. The trans-boundary nature of the Syr Darya river basin and its tributaries,
such as the Naryn, mean that there is an overtly political dimension to their flows. In a semi-arid
region already facing water stress, the development of new infrastructure such as dams or diversions
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have the potential to create tension with downstream neighbors [4]. This will play out in yet to be
determined ways in the Naryn River Basin, as Russian financing for the Upper Naryn cascade and
Kambarata-1 hydropower projects is in limbo [5]. Similar examples of competing water demands as
a conflict spark can be found across the trans-boundary mountain sourced rivers of Central Asia [6,7].

With the myriad of demands on melt sourced rivers in Central Asia, clarification of the stressors on
these system—in terms of both water quantity as well as infrastructure issues—can provide a basis for
water management planning and adaptation across sectors. With this study we present water chemistry
data from the Naryn River Basin as a method for identifying changing source water contributions
to river discharge from the mountain headwaters downstream to agricultural areas serving larger
populations. In addition to collecting water samples, our field work included community surveys
along the river in order to understand how water availability and access has changed over time,
and to understand what challenges the people of the Naryn basin face in obtaining adequate water
supplies. Our unique combination of data sets allows us to address the following objectives: (1) Utilize
geochemical and isotopic hydrochemistry data to clarify the role that melt water plays in summer water
supplies from mountain headwaters to downstream agricultural areas; and (2) present a narrative of
community water issues observed along a 440 km stretch of the Naryn River.

The summer timing of our data collection is particularly valuable as a contribution to understanding
the partition of river water between meltwater and other sources (e.g., groundwater and rain) during the
irrigation season. Water issues for communities in the basin range from irrigation infrastructure and water
availability that became problematic after the fall of the Soviet Union to the long-lasting impacts of relocation
due to construction of the Toktogul Dam when many communities were moved to new sites in the 1960s.

The human relationship with water in the Naryn River basin is multi-faceted and is influenced by
water quality, water volume, access to water and varying degrees of reliance on water for livelihoods.
In the headwaters the Kumtor Gold Mine, which has been in operation since 1997, has accounted for
up to 12% of Kyrgyzstan’s GDP and half of its exports in a given year [8], adding a unique but complex
facet touching many factors that define the human-water relationship. All of these factors are in turn
impacted by local, regional, and national government management approaches.

Analysis of our coupled hydrologic and socio-hydro datasets responds to recent calls for
interdisciplinary consideration of “the glacier run off problem” [9]—how glacier recession affects
downstream populations, acknowledging the sometimes disproportionate impacts that socio-political
factors may have on melt water access. We incorporate both the physical context for water resource
management and the socio-political dimensions of water availability and use at the community level.
Thus, our work is able to more realistically evaluate and uniquely inform the need for adaptive
planning and resiliency strategies for the Naryn River basin and basins with similar characteristics
across Central Asia.

2. Materials and Methods

2.1. Quantifying the Hydrologic Setting

Hydrologic inputs to the system include rain, seasonal snow and glacial melt. Remotely sensed
products were utilized to quantify these inputs due to the dearth of in situ data available for the basin.
The MODIS (Moderate Resolution Imaging Spectroradiometer) Snow Covered Area and Grain Size
(MODSCAG,) algorithm [10] was utilized to develop a snow probability map using snow cover fraction.
Compared to traditional MODIS maps, this approach results in increased accuracy particularly amidst
complex land cover types [11]. Snow cover probability for a pixel represents the chance on any
given day that the pixel was snow covered, and it is calculated based on clear sky acquisitions by
MODIS satellites from 2001 to 2014. Snow probabilities less than 30% are ignored and re-set to 0 given
the difficulties of differentiating clouds from snow cover. Glacier surfaces are mapped using the
Randolph Glacier Inventory (RGI) [12], a product of the Global Land Ice Measurements from Space
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(GLIMS) glacier monitoring project [13]. Precipitation across the basin was calculated using downscaled
2001-2014 MERRA (Modern-Era Retrospective Analysis for Research and Applications) reanalysis data.

River discharge records are available at three locations within the study domain. While historical
records are more extensive for some gauges, records overlap at all gauges for the four-year period
between 2012 and 2015.

2.2. Synoptic Sample Design

A central challenge of conducting field work at regional scales in austere mountain environments
is finding the balance between achievable sample numbers given challenging terrain and access, and
sufficient variety to characterize change throughout the basin. The study domain includes an upstream
glaciated alpine region that transitions through to plains over 440 river kilometers.

Our study area captures a diverse spectrum of characteristics and is defined as the Naryn River
basin upstream of Uch Terek, at the head of Toktugul Reservoir. This catchment covers an area
of 48,085 km? and spans an elevation range between 898 m and 5116 m. Ecosystems transition
from a semi-desert classification at the lowest elevations, up through steppe, sub-alpine meadow,
alpine meadow, and culminating in a glacial environment. Vegetation is predominantly grass, shrubs,
with a sparse presence of small trees. The Naryn River basin has a severe continental climate, with
temperatures below —50 °C in winter and exceeding 40 °C in the summer. The geologic setting
is primarily metamorphic, with the Naryn-Sonkul fault zone of the Northern Tien Shan stretching
approximately 200 km in a general east-west trend along the river basin.

Our sampling design aimed to target water chemistry information to capture key hydrologic
transitions over this diverse domain resulting in low sample numbers but highly explanatory data.
This is in contrast to a sample design based on sampling at a pre-determined distance interval or site
selection triggered by any tributary input.

Surface water sampling sites in this study initially focused on tributaries that either drained
a significant sub-basin, thereby providing an integrated chemistry snapshot of a substantial drainage
area, or tributaries with unusual landscape features that were hypothesized to have an impact on water
chemistry. In total 23 surface water samples were collected including 13 mainstem and 10 tributary
samples (Figure 1) with a synoptic Lagrangian approach, a sampling scheme that aims to follow
roughly the same plug of water as it moves downstream.

We utilize End Member Mixing Analysis (EMMA) to distill multi-variate water chemistry data
from samples to quantify the contributions of river source waters to flow [14]. To do this effectively, it is
important to have a chemical fingerprint of possible end members contributing to river flow. In the case
of the Naryn River, much of the water inputs to the system occur at higher elevations in the form of snow
(Figure 3). Accordingly, end member samples collected for this study include glacial ice (1 = 2, duplicate),
snow (n = 2, one snow on glacier, one snow on land), and glacial outflow (n = 3). Glacial outflow is
a conglomerate of individual water sources originating on or adjacent to glaciers. These waters access
and are routed through glacial plumbing, eventually discharging at the glacier snout. Glacial outflow
components include ice melt, snow melt, groundwater and rain, but are dominated in the Naryn basin
during the study period by the cryospheric contributions. We experienced no rain while conducting
fieldwork in the Naryn but rainwater was acquired in the adjacent Kyzyl Suu basin (1 = 1).

Due to the importance for acquiring spatial representation of groundwater throughout the
domain, groundwater sites were sought across the elevation gradient from a high elevation spring
adjacent to Bordu glacier (3707 m) and at a high headwater pass (4005 m) to a low lying spring
adjacent to Toktogul Reservoir (1036 m). Samples were collected at both naturally exiting groundwater
springs and hand-pumped wells established for community water supplies. Depending on the site
(well versus spring) and the level of ion concentrations in the waters, groundwaters are classified into
three categories: reacted deep (wells), reacted shallow (high elevation springs), and unreacted shallow
(interpreted as lateral “quickflow”) groundwater. Higher ion concentrations in groundwater suggest
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longer flow paths, longer residence times, or tortuous paths across reactable substrate (i.e., talus fields,
rock glaciers), whereas low concentrations imply rapid movement at shallow depths [15].
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Figure 1. Water sampling, surveyed communities and stream gauge locations across the glacier-to-plains
study domain. The Upper Naryn basin is defined upstream of the Naryn town gauge, and the Naryn River
and major tributary alignments are shown (white line). Top right inset: Glacial headwater source water
sampling locations. Top left inset: Naryn basin study domain location within the Central Asian region.

2.3. Water Sample Collection and Analysis

Samples for geochemical and isotopic analysis were collected and analyzed following the protocols
and methods described in Wilson et al. [16] with analysis performed at the Arikaree Water Chemistry
Laboratory (ions) and the Ecohydrology Laboratory (isotopes) at the University of Colorado-Boulder. Stable
water isotopes are reported as a ratio of the sample to the Vienna Standard Mean Ocean Water (VSMOW):

R
6180, oD = [(%) —1] x 10° 1)

where R is the ratio of 80/1°0 or 2H/'H. Results are reported as & (per mil, or %o).

2.4. Mixing Models and Source Water Separations

EMMA is traditionally employed with a time series of data to calculate the hysteresis of source
waters over a relatively small spatial domain, e.g., [15,17,18]. These studies generally anticipate a set
pool of end members that are consistent throughout the time series. In this study, we utilize a synoptic
survey in July and August 2016 to evaluate changes in water sources to river flow over space, not time.
End member options for river water sources continually change throughout the catchment due to the
availability of new inputs and as the nature of groundwater evolves.

To apply EMMA to this unique study, we divide the basin into two sub-regions that we
hypothesize are controlled by separate but related source waters and processes: the headwaters
(Upper Naryn) and the plains (Lower Naryn). This allows for the outflow river composition at the
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lower headwater boundary to feed the inflow river composition at the upstream extremity of the
plains, and recognizes that there are discrete differences to possible inputs (i.e., melt inputs) between
the headwaters and plains that warrant the systems to be considered separately.

The headwaters (Upper Naryn) start as the Kumtor River and is fed initially by the Petrova
glacier’s terminal lake, Petrov Lake. The Kumtor River and the Kichi Naryn River come together
32 km upstream of Naryn town and collectively make up the headwater sources to the larger Naryn
River. The Lower Naryn sub-region spans from Naryn town to Toktogul reservoir over 255 km.

End-member mixing analysis was employed separately for the Upper Naryn and Lower Naryn.
Following Hooper [12], the dimensionality of the mixing space and identification of conservative tracers
was determined. Conservative tracers were utilized to distill the multi-variate chemistry dataset into two
principal components for a 3-member mixing space. The two principal components serve as the basis
for axes in a “U-space” plot (a mixing diagram) where all end members and surface water samples are
projected [14].

End member selection is derived using several diagnostics [19]. Triangles formed by three end
members will ideally encapsulate all river samples in the mixing diagram. To further evaluate end
member fit the distance between the projected point and the actual point, the so-called Euclidean
distance, is calculated as a percent of the original tracer concentration. Ideally the Euclidean distance
is minimized for selected end members [20]. Percent contributions of each selected end member are
then quantified for each surface water sample. To evaluate the model performance and confirm end
member selection, tracer concentrations were re-constructed using end member concentrations and
the percent contribution results from EMMA. Poor concentration reconstructions for any tracer may
prompt further consideration such as testing use of different conservative tracers or different end
members in the mixing model.

2.5. Socio-Hydro Surveys

Depending on the total population of communities located in the vicinity of the water chemistry
sampling locations along the Naryn River, we used two techniques for socio-hydro data collection:
(1) interviewing local government, district and provincial water managers as well as local data
management department staff in larger communities such as Naryn and Toktogul; and (2) door-to-door
surveys in small communities with an average of 300 households and total population up to 2000.
Door-to-door surveys included an initial step of identifying communities” informal leaders (e.g., elders,
teachers) to find local community experts with 4 to 5 mixed-gender, multi-generational households
surveyed per community. Across large and small communities more than 40 survey participants took
part in a total of 17 interviews. Overall, the two approaches assessed current, local water supply
dependencies as well as socio-economic changes within communities over the last 15 years as a result
of modified water flow, hydropower and irrigation projects.

The emphasis of the questionnaire was to assess the “resiliency” of communities to changing water
supplies with respect to both consumption and production. Topics included changes in river services
for irrigation, food, flood, recreation, and water access, as well as changes in household activities,
estimated income, and income structure over the last 15 years. An example of survey questions and
responses is provided in the Supplementary Material.

Community selection aimed to capture the difference between communities living adjacent to
natural river flow versus a regulated reservoir. Naryn, Dostuk and Kazarman communities are situated
upstream of Toktogul reservoir and were chosen to represent unregulated river basin communities.
In contrast, the downstream river basin communities surveyed in this study (Toktogul, Kotormo,
Terek Suu and Cholpon Ata) experience regulated water management impacts due to village relocation
in the 1960s as a result of the reservoir construction. Toktogul and Kotormo lie adjacent to Toktogul
reservoir, so their current interaction with the Naryn generally relates to the reservoir itself. Terek Suu
and Cholpon Ata villages were relocated to a tributary that flows into Toktogul Reservoir. None of the
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downstream communities surveyed are affected by regulated flows downstream of Toktogul reservoir
per se, but dam construction has disrupted their historical approach to water access.

3. Results

3.1. Hydrologic Setting

Peak flow in the Upper Naryn occurs in late July or early August, while the Lower Naryn
experiences an earlier peak in late May or early June. The Naryn River hydrograph shape across
elevations demonstrates the transition from ice to snow melt sourced waters as the river progresses
downstream. The upper gauge (Chong Naryn) exhibits a typical sustained late summer flow shape of
a glacier sourced system, while the lower elevation gauge at Uch Terek shows more water mass and
higher flows earlier in the year coincident with the spring snow melt season (Figure 2). The “flashy”
character of the annual hydrograph’s rising limb suggests a river system that is fairly responsive to the
highly variable precipitation inputs over the course of the year (Figure 2a).

Rain during the drier months almost always comes in multi-day storms, and in the rainy months
the intensity can vary by an order of magnitude from day to day. Based on the 14 years of MERRA
precipitation data across nine 500 m elevation bands (500 m to 4500 m), 70% of the months record
both rain and snow event within the same elevation band. This suggests rain-on-snow events may
exacerbate the high magnitude response of stream flow to new precipitation inputs across elevations.
Since glaciers play a role reducing both intra- and inter-annual flow variability by providing a consistent
ice melt supplied baseflow through the melt (summer) season that is independent from storm spikes,
depletion of ice mass in glacier systems will lessen the water they supply to river systems over the
long term and may impose a hydrograph that is even more responsive to changes in weather.
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Figure 2. Melt-dominated hydrographs at the three gauge locations in the study domain. (a) Time series
of flow record demonstrating inter-annual variability and (b) the daily average of the four-year flow
record over 2012-2015. Top right inset: drainage area outlines correspond to the color of each hydrograph.

A substantial baseflow of approximately 200 m® s ! is observed outside of the melt season at the
regional basin scale shown at the Uch Terek gauge, while consistent but smaller baseflows are present
in the Upper Naryn. A small run-of-river reservoir is located immediately upstream of Uch Terek flow
gauge and may account for the highly consistent winter flow recorded at this point.

Precipitation across the basin averages 27.13 cm per year, with 63% falling as rain and 27% falling
as snow, however above 3000 m the total precipitation inputs are approximately half rain and half snow.
In relation to the way the basin is split in this paper for analysis, approximately 40% of precipitation
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in the Upper Naryn falls as snow. Within the Lower Naryn Basin, annual precipitation inputs are
comprised on average of 89% rain.

In the Upper Naryn basin, 84% of the area (8632 km?) has snow probability >30% while this
figure applies to 54% (20,424 km?) of the Lower Naryn basin area (Figure 3). Glaciers are present at the
headwaters and provide melt inputs to both headwater stems as well as to the Ak-Tal, a major tributary
joining the Naryn River at Dostuk. Glacier ice covers 994 km?, or 2% of the entire study domain.

Legend
[JNaryn Basins

Lower . ® Naryn Town gauge
Naryn basin B Glacier Ice (RGI)
Snow Probability
B < 30% Upper
[1>30% Naryn basin

N

S S s s m e e |
0 25 50 100 Kilometers A

Figure 3. The Upper Naryn basin receives substantial snow cover and houses the vast majority of
glaciated systems in the study domain, while the lower elevation Lower Naryn basin receives less.
Snow probability is defined as the likelihood that the pixel will be snow covered on any given day, and
is based on all clear sky MODIS acquisitions from 2001 to 2014. MOD10A1 snow cover data provided
by Karl Rittger.

3.2. Hydro Chemistry Elevation Gradient

Isotope variation of Naryn River waters across the elevation gradient show a strikingly consistent
isotope value throughout the basin (Figure 4a). §'80 values for mainstem waters hover around —12%o
from the highest elevation sample all the way through to Toktogul Reservoir. Tributary sample 580
values vary more than the mainstem ranging from —13%o to —9%o. Notably, crysopheric end member
samples—Snow, ice, glacial outflow and high elevation groundwater—bracket the isotope values
found in the Naryn River. In contrast, the rain sample acquired in the adjacent Kyzyl Suu basin
has a 6180 value of 0%y, suggesting that surface waters in the Naryn basin are dominated by melt
water sources. With the exception of the groundwater spring at Kazarman Pass (2299 m, —16%o),
groundwater isotopes throughout the basin (—13%o to —11%o) also hover near the isotopic values of
the high elevation melt water group and are discretely different than rain.

The ion concentration progression demonstrates the combined influence of groundwater
contributions and mine discharge on the chemical signature of mainstem waters (Figure 4b,c).
The mine discharge sample provides exceptionally high levels of SO4>~ (25,387 peq L~!) and Na*
(24,596 peq L~1) to the mainstem waters. However, it is Ca®* poor (599 peq L~1) and does not account
for the high Ca2* values observed in both mainstem waters and tributaries that are hydrologically
disconnected from the mine discharge waters (e.g., Bordu Stream and Arabel River). Extremely
elevated levels of Ca?* (4116 peq/L, twice the level of Ca?* in the mainstem) were found in the
Bordu alpine groundwater sample that logically also contributes to high elevation river flow. These
groundwaters are SO,%>~ and Na* poor (453 peq L~! and 238 peq L1, respectively), and so there is
intuitively a joint contribution from mine discharge waters and groundwater that accounts for the
elevated ion profile of the Kumtor (Upper Naryn) River.
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Figure 4. Hydrochemical trends over the study domain elevation gradient. (a) Naryn River §180
values show a remarkably consistent melt source water signal, and all waters are notably different

than rain; (b) CaZ* and (c) SO42~ concentrations in groundwater increase with decreased elevation
indicating longer flow paths and/or residence times. Mine discharge is elevated in some ions (c) but

not in others (b).

Dilution of ions with decreasing elevation likely result from added ion-poor snowmelt
contributions as the catchment expands to include major additional sub-basins adding significant
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alpine areas and snow cover to the basin. This dilution trend is observed until 3182 m in the Ca?* profile
(Figure 4b), then reverses towards an increasing concentration pattern likely a result of groundwater
contributing increasing proportions to the river flow.

3.3. EMMA Diagnostics and Mixing Model Results

3.3.1. Upper Naryn

Diagnostic tests for conservative tracers examining the randomness of residuals between actual
and projected tracers suggest that the following tracers are conservative for the Upper Naryn: Ca?*,
Nat, Mg2+, K*, Cl—, SO42~, 6180 [20]. Solute concentration reconstructions using all of the tracers
and two principal components rendered poor concentration reconstructions for Mg?* and Cl1~ so these
tracers were dropped from the model and re-run with only Ca?*, Na*, K*, SO42~, 6180. With this
combination of tracers, 1 dimensional space (two end members explains only 64% of the variance
in the data. Two principal components (three end members) explain 94% of the chemistry variation
indicating three dimensions is a more appropriate model space (Figure 5).

In the Upper Naryn, three end members were used to describe stream flow compositions for
all samples, however a change in end member selection from mine discharge waters to snow is due
to dilution of river water with downstream distance from the mine. Note that for the three samples
influenced by the mine discharge, snow is not considered an end member. Conversely, for all other
surface water samples in the Upper Naryn, mine discharge is not considered an end member.

Upper Naryn basin: Glacier to Naryn Town Lower Naryn basin: Naryn Town to Toktogul
O e . End Members End Members
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Figure 5. EMMA diagrams including mainstem Naryn River and tributary samples as well as all possible
end members. (a) Upper Naryn basin EMMA diagram shows the gradual dilution of mine discharge
waters with increasing distance from the mine; (b) While deep groundwater does not appear to be a good
geometric fit in the Lower Naryn basin EMMA diagram, it is selected due to other diagnostics (Table 1).

End members were selected based on the quantitative tests described in Section 2 above.
Decision-making rationale for end member selection is shown in Table 1. Percent contributions of
end members to river flow across the elevation gradient are shown in Figure 6. The headwater reach
is fed by Petrov Lake and deep upstream groundwater, with an influence from the mine discharge.
Petrov Lake is in essence a modified version of glacial outflow because some combination of snow and
ice melt, groundwater and rain—the same combination expected to produce glacial outflow—combine
to run-off and fill Petrov Lake. While in Petrov Lake, ponded water has the potential to fractionate via
evaporation, somewhat modifying the isotopic character of Petrov Lake as compared to glacial outflow
samples that do not experience prolonged exposure to surface fluxes in an arid climate. Petrov Lake
is considered a proxy to glacial outflow in the realm of source waters while acknowledging some
difference between the two end members’ isotopic signatures.
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Table 1. Methodology and rationale for end member selection for Upper Naryn and Lower Naryn

EMMA models.
Sample Used
Reach Tracers Used End Members to Characterize End Member Selection Rationale
End Member
. . . . . Clear explanatory power regarding chemical
Mine discharge Mine discharge tributary

UPSTREAM: From
glacier snout to
Naryn town

Ca?*,Na*, K*,
50,42, 5180

progression of upstream samples

Seasonal snow

Bordu snow

Well positioned to constrain samples in EMMA
diagram, acceptable Euclidean distances but
important for concentration reconstructions

Glacial outflow

Petrov Lake

Well positioned to constrain samples in EMMA
diagram, Low Euclidean distances

Reacted upstream

Tash Prabat

Well positioned to constrain samples in EMMA

groundwater groundwater well diagram, Low Euclidean distances

. Well positioned to constrain samples in EMMA

. Naryn River above . R . .
Upper Naryn River Naryn town diagram, Low Euclidean distances, an obvious

DOWNSTREAM: b source water to downstream flow
From Naryn Ca?t, Mg2+, Na*, K*, Reacted Low Euclidean distances, EMMA diagram
town to Cl~, 50427, 6180 downstream At Kiya well location encapsulates samples despite not
Toktogul Reservoir groundwater being a “tight” fit.

Unreacted (lateral
flow) groundwater

Kalmak spring

Well positioned to constrain samples in EMMA
diagram, Low Euclidean distances

Mine discharge and Upper Naryn groundwater sources are high in some ions but not in others.
While these end members have relatively higher ion concentrations, meltwaters that do not travel
through the subsurface have relatively lower ion concentrations. The source waters of the most
upstream site (3587 m) are dominated by reacted upstream ground water and glacial outflow, with
mine discharge contributions to river flow calculated to be 5% or less at all headwater sites (Figure 6).

The gradual ion dilution effect observed across the elevation gradient is echoed by the gradual
movement of the more downstream river samples in the EMMA diagram away from the mine discharge
position (Figure 5). After the confluence of the Chong Naryn and Kichi Naryn, river samples are
sourced by snow, reacted upstream groundwater and Petrov Lake/glacial outflow. The rise of snow as
an end member supports the idea of low-ion concentration dilution waters as the basin expands to
include more snow covered area through to the confluence of the Chong Naryn and Kichi Naryn at the
Chong Naryn gauge site (Figures 1 and 3). The inflow of the more reacted Kichi Naryn tributary waters
mixes with the Chong Naryn and increases some ion concentrations once again. With decreasing
elevation, river sources transition from being majorly sourced by glacial outflow with groundwater as
a subsidiary contributor, to the inverse just above Naryn town (Figure 6). Logically, the importance of
glacial waters wanes with distance from the glacier.

Of note, the shallow “quickflow” groundwater appears to be a similarly good fit as an end
member as snow in both Euclidean distances and EMMA diagrams (Figure 5). Utilizing shallow
groundwater instead of snow as an end member yields a much poorer reconstruction, including an
inverse relationship between modeled versus observed isotopes. Snow as an end member appears
indispensable for the mainstem above Naryn town. Tracer concentration reconstructions show
significant linear fits (p < 0.01 for all tracers, R%2>09 except for CI™ and isotopes) (Table 2), but there
are some biases in the model with both under and over prediction of concentrations across tracers.

Table 2. Summary of R? for modeled vs. observed concentrations based on concentration reconstructions
for model validation. All reconstructions yield significant relationships (p < 0.01). Reconstruction plots
provided in supplementary information.

Ca?* Mg? Na®* K+ CI= NO3;~ S04 6180 4D

Downstream Naryn basinmodel 092 043 095 095 068 095 0.9 078 077
Upstream Naryn basin model 084 08 09 083 094 079 0.9 092 085

Analyte
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Figure 6. Source water separation results across the 440 km study site show the importance of both
meltwater and melt-sourced groundwater to river flow. Direct contributions from glacier melt wane
with distance from snout.

3.3.2. Lower Naryn

As with the upper basin, Ca%*, Nat, Mg2+, K*, Cl—, S04%~, 6180 were deemed to be conservative
as per the diagnostic tests from Hooper [10]. Also as with the Upper Naryn, two principal components
were selected for analysis as they explain 94% of the data as compared to 78% variance explanation
with 2 end members (1 dimension) (Figure 5).

Naturally, the Naryn River inflow from the Upper basin feeds the downstream reach and is
an obvious end member selection for the Lower Naryn. While we treat the Naryn River inflow as
an end member in and of itself, it is important to recall the composition of these waters derived
from the Upper Naryn mixing model: 67% reacted groundwater, 24% glacial outflow and 9% snow.
Meltwater plays an inherent role in this end member. Along with Naryn River inflow, deep reacted
downstream groundwater and shallow lateral flow groundwater are the other end members. While
we acknowledge that the deep groundwater point does not appear to be a geometrically tight fit to the
EMMA diagram, the Euclidean distances for other end members ruled them out as compared to the
selected point (Table 1).

The Naryn River immediately below Naryn town is naturally dominated by the Upper Naryn
inflow end member at Naryn town. The system progresses to a river flow roughly equally partitioned
into water coming from the Upper Naryn (51%) and downstream groundwater sources (49%) just
above Toktogul Reservoir (Figure 6).

Concentration reconstructions perform soundly for the Lower Naryn samples (p < 0.01 for all
tracers, R? > 0.84 except for NOs) (Table 2) however under prediction and some minor over prediction
of solutes/isotopes is observed.

3.3.3. Mixing Model Validation

Primarily mixing model validation was performed via concentration reconstructions to assess
adequate performance by comparing the modeled concentrations to the observed values (Table 2).
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Model validation was also afforded on a conceptual basis by contrasting model results between
diurnal samples collected at (1) the Bordu River tributary site adjacent to Bordu glacier and (2) on
the mainstem Naryn above Kazarman. On the Bordu River samples were collected at 6 p.m. and
6 a.m. at a site 3622 m in elevation. While isotope values are similar during both times, lower ion
concentrations in the evening support the notion of the afternoon being a time when higher melt
rates contribute more snow and ice melt transferred directly to the river composition relative to other
times. The 6 a.m. sample has ion higher concentrations by a factor of 3-4 as compared to the 6 p.m.
sample. This agrees with our general understanding of diurnal fluctuations in glacial systems where
melt-sourced groundwater makes up a larger portion of river flow in the early morning, after cold
nights mitigate overland flow melt inputs to the channel.

Similarly, at 1328 m in the Lower Naryn basin, samples were collected at 6 p.m. and 10 a.m. on
the Naryn River upstream of Kazarman town. In contrast to the diurnal hydrologic behavior of Bordu
glacial stream, the Naryn River near Kazarman shows no significant variation in chemistry between
early evening and mid-morning. This is an expected result given the groundwater dominated source
waters of the mainstem Naryn River at this location. The agreement between these results and what
we know about glacial melt patterns and larger river systems contributes to validation of Upper and
Lower Naryn mixing models.

Further validation of our two-regime hypothesis is provided by poor model performance when
using all samples to derive a single source water separation for the entire glacier-to-plains study domain.

3.4. Socio-Hydro Results

Survey results indicate a common response across all communities relating to an overall decrease
in water access over the last 15 years. Survey participants stated that water availability depends not on
the physical water supplies but primarily on water management and infrastructure investment for
both municipal and irrigation systems. Much of the water stress stems from agricultural reorganization
after the Soviet collapse from large collective farm structures to individual, small private farms. This
transition lies at the root of many factors contributing to current water stress across Naryn River basin
communities. The deputy water manager in Naryn province summarized several factors, including:

1.  Gapsin knowledge. Farmers accustomed to single task jobs associated with large scale farming
practices lacked knowledge about crop rotation, irrigation techniques suitable for the climate and
soils of the Naryn basin, and the complete cycle of agricultural production needed for productive
small-plot farming.

2. Alack of agricultural, economic, educational and hydrologic infrastructure needed to service
small-plot farmers. Farmers were ill-equipped without financing options, reliable irrigation and
water distribution, and appropriate machinery. As a result, yields declined and irrigation systems
deteriorated leading to greater inefficiencies.

3. Complete absence of new irrigation technologies.

4.  Inadequate government support for struggling farmers due to understaffed water management
offices in the region. A shortage of qualified specialists was largely attributed to low compensation.

The impacts to the agricultural sector due to the transition between large-to-small scale farming
demonstrates a shift in water-human experiences from one that was nationally regulated to one where
communities are largely responsible for addressing water needs. Some communities responded to
water supply stress by installing groundwater wells, especially for drinking water. The survey results
show that changes to water supply sources (surface water versus groundwater well) are not dependent
on water availability or location within the basin. For example 2 out of 6 surveyed communities
with heavier reliance on groundwater are unregulated upstream communities, Naryn and Kazarman,
communities one may expect to be more heavily tied to the surface flows of the Naryn River. Water
quality—not quantity—motivated the increase in groundwater use.
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In contrast to these two communities” adaptive responses, the regulated downstream communities
near Toktogul preferred tributary surface water sources and traditional Soviet community based water
systems such as gravity fed canals and water storage. Despite these preferences, upon relocation
reservoir communities were provided with electric pumps to extract lower-lying water to service the
village. These pumps were a common gripe among survey respondents, as they require continual
maintenance and are notoriously prone to failure, decreasing overall reliable access to water.

A comparison of survey results shows that source of income was one of the most obvious
differences over time in unregulated upstream versus regulated downstream communities. Income
shifted from salaries paid by state run organizations in 2000 to small businesses, water-efficient crops
and livestock in unregulated upstream communities while in regulated downstream communities
income increasingly comes from labor migration and associated remittances. Downstream survey
participants indicated that factors contributing to this difference include smaller land plots per
household and less water supplies in regulated downstream communities, which are not enough to
provide food for households.

Apart from these changes, it was obvious that even though the price of water increases in
downstream communities, at some point the price of water does not really matter in light of much
bigger issues faced by regulated river basin communities near Toktogul reservoir. The biggest issues
in the Toktogul district are limited water availability, land and funds scarcity, and lack of trust
in government, all of which were being perceived by the local communities as a direct result of
communities” relocation and hydropower development in the region in 1960s. As a result, survey
respondents in regulated river basin communities indicated that there were no positive socio-economic
changes within their communities in the last 15 years.

This observation is strikingly different from the survey replies in the upstream communities where
survey respondents were much more optimistic in their ability to change things, turn things around, or
earn enough income with existing resources. One survey response summarizes the general attitude in the
upstream communities: “If there will be another dry season (no rain and less water flow in the river), we
will farm a different crop, like wheat, that requires less water.” Indeed, respondents in all communities noted
that the majority of farmers shifted agricultural production from water-intensive crops grown under Soviet
rule (e.g., vegetables and fruits), to less water-intensive crops such as alfalfa and barley to feed livestock.

Survey respondents in all communities brought up the topic of climate change, albeit with
different emphasis. Upstream communities are aware that warmer temperatures may threaten their
normal agricultural production cycle, including an observed shift in peak flows that they attribute
to climate changes now misaligns water arrival with the height of the growing season. The survey
respondents in regulated downstream communities acknowledged climate change but it was a lesser
focus as compared to their counterparts in upstream communities.

In summary the survey found that Naryn basin communities responded to changes in water
supplies, water flow, hydropower and irrigation projects at various levels. The responses suggest that
the overall impact in communities is a mixture of actions on mainly household, farm, private firm and
organization levels. These actions include a heavier reliance of some municipalities on groundwater,
shifting to less water-intensive crops and/or livestock, and transitioning from agricultural sources of
income to labor migration and associated remittances.

4. Discussion

4.1. Use of EMMA over Regional Scales

Use of EMMA over a regional domain, especially in data-poor mountain environments, appears
to be a useful first and best shot at hydrologic characterization in areas that we currently know little
(or nothing) about. Due to the large spatial domain, there are likely many small contributions from
sources that are not captured in mixing models with 3—or even 4 or 5—end members. The imperfect
reconstruction of concentrations from model results implies this is the case, with under and over
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estimates of recreated concentrations. A perfect fit is unreasonable given that only major end members
are represented in the model calculations [21]. For these types of austere environments and large-scale
study domains, we can improve our understanding of major water sources to the river system by
using sound methods with the little data we have. Unlike the melt dominated Naryn basin, systems
with more complex hydrologic inputs may not be well suited to this approach.

4.2. Hydrologic Controls on River Flow

The physical hydrologic results suggest that the hydrology of the Naryn basin is a headwater
controlled system where both snow and glacial melt waters are an important element of sustaining
river flows through direct (overland flow) and indirect (groundwater recharge) channels. As compared
to the more heavily studied Eastern Himalaya where monsoon rains can supply upwards of 50% of the
precipitation inputs to a basin [22] the Naryn watershed and the larger Syr Darya appear especially
vulnerable to climate-induced changes to snow and ice.

In the Upper Naryn, melt inputs directly contribute to surface water flows by way of both glacial
outflow and snowmelt. The isotopic values for groundwater suggest that it, too, is dependent on
meltwater sources for recharge, compounding meltwater’s dominance in the Upper Naryn basin.
In the Lower Naryn basin, meltwater likely plays a similarly prominent role albeit indirectly. While
river flow at Naryn town is an end member for the Lower Naryn mixing model, embedded in this
end member is an inherent combination of melt-sourced snow, glacial outflow and groundwater.
At lower elevations we observe increasing ion concentrations but similarly depleted isotopic values
in groundwater, suggesting that melt-sourced groundwater may be recharged at higher elevations
requiring longer, more tortuous flow paths to reach lower lying elevations.

These melt-controlled results bring to bear important questions about compounding water
vulnerabilities to downstream supplies. As observed in survey responses, local awareness of shifting
melt timing suggests changes to amount and timing of melt sources to river flow will affect the
livelihood of agricultural workers in the Naryn basin. Forecasts for continued shifts towards earlier
melt, more precipitation falling as rain than snow, and higher glacial melt rates suggest that historical
patterns in melt-dominated river basins are unreliable. Indications that groundwater recharge also
relies on meltwaters may exacerbate water vulnerability.

Groundwater has often been viewed as a buffer to water stress in times of drought, but what happens
if this buffer wanes because it, too, is sourced by melting snow and glaciers? A time lag between changes
to melt patterns/volumes and groundwater supplies will depend on residence times but may afford
additional time to adapt to altered hydrologic norms. Awareness of these difficult-to-observe subsurface
groundwater changes during the time lag could lead to detrimental groundwater drawdowns before effects
are realized, and a precautionary approach to groundwater management is recommended. Ultimately, in a
melt-dominated catchment such as the Naryn, climate change will inevitably induce changes in the timing
and volume of river discharge and groundwater supplies.

4.3. Social Implications

While the physical hydrology suggests high future water vulnerability due to the dominance of
melt-sourced supply, our survey findings suggest that current water stressors are mostly tied to a failed
water management transition after the Soviet collapse due to either short sighted or under-resourced
water management approaches. The ability for community resilience amidst water stress differs
between upstream and downstream communities, both in the context of changing water regulation
and climate-induced hydrologic patterns.

The unregulated communities appear to be more readily adaptable to the changes in water
supplies with socio-economic adaptation including use of groundwater for municipal supplies and
a shift to less water-intensive crops and/or livestock. There is a general sentiment among upstream
communities that the migration to Russia and other countries is not a preferable option as a response
to water stress, and many are optimistic about finding other approaches to overcome water shortage.
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In contrast, regulated downstream communities look to labor migration as a greater means of
income, and this is a primary adaptation strategy to the water shortage. Nonetheless, they are also
pursuing some adaptation approaches including replacement of expensive and high maintenance
electric water pumps with traditional gravity fed water canals. This reiterates the need for water
resource infrastructure improvements to mitigate water stress mandating collaboration between local
and national government programs.

On a more philosophical level, a central difference of the approach to water stress and resiliency
between upstream and downstream communities based on survey responses is related to their
experience and history with hydropower development. In general the “can do” approach observed
in surveys of upstream communities to combat water stress through their own vision and actions
is in contrast to a much less proactive mentality documented in the relocated communities around
Toktogul Reservoir. A sense of victim-hood incurred during relocation can be inferred from some
survey responses, which could influence is a perception that water access is owed to them by the
larger organization; this mentality may impede creativity and proactivity for independently problem
solving water access issues, ultimately exacerbating water vulnerabilities and mitigating resilience in
the downstream communities.

5. Conclusions

Current water stress for communities in the study domain is closely linked to water management
practices and distribution infrastructure. The clumsy transition from large-scale agricultural practices
during the Soviet era to individualized small-plot farming now in place has led to unreliable water
access in the region despite current sufficient supply. The importance of melt water supplies to both
surface and groundwater suggests increased future water stress across the region. Over reliance on
groundwater given the uncertain buffer provided by groundwater reserves brings about additional
water vulnerability and risk, especially given the area’s reliance on agriculture for human livelihood.
Adaptation strategies will likely require a two-pronged approach addressing both infrastructure and
management as well as increasing community resilience by diversifying income sources and farming
practices in light of long term forecasts for changes to melt inputs in the context of a changing climate.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/5/325/s1;
Figure S1: Modeled vs. observed concentration reconstruction plots for hydrochemical variables; Table S1:
Example community survey questions and responses.
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