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The competing controls of glaciers, precipitation, and
vegetation on high-mountain fluvial sediment yields

Dongfeng Li"">***, Ting Zhang®*, Desmond E. Walling®, Stuart Lane’, Bodo Bookhagen?,
Shang Tian'?, Irina Overeem?, Jaia Syvitskig, Albert J. Kettner’, Edward Park'®, Michéle Koppes",
Rafael J. P. Schmitt'*3, Weiling Sun'?, Jinren Ni"%, Todd A. Ehlers'*

Investigating erosion and river sediment yield in high-mountain areas is crucial for understanding landscape and
biogeochemical responses to environmental change. We compile data on contemporary fluvial suspended sedi-
ment yield (SSY) and 12 environmental proxies from 151 rivers in High Mountain Asia surrounding the Tibetan
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Plateau. We demonstrate that glaciers exert a first-order control on fluvial SSYs, with high precipitation nonlin-
early amplifying their role, especially in high—glacier cover basins. We find a bidirectional response to vegetation’s
influence on SSY in the Eastern Tibetan Plateau and Tien Shan and identify that the two interacting factors of
precipitation and vegetation cover explain 54% of the variability in SSY, reflecting the divergent roles of vegeta-
tion in promoting biogenic-weathering versus slope stabilization across bioclimatic zones. The competing inter-
actions between glaciers, ecosystems, and climate in delivering suspended sediment have important implications
for predicting carbon and nutrient exports and water quality in response to future climate change.

INTRODUCTION

Climate change and glaciation drive rapid changes in erosion and
sediment yield that are of major interest to the earth science com-
munity (1-3) and water-energy-environmental policy-makers (4-6).
Glaciers carve mountain landscapes, limit mountain heights above
the snowline [the “glacial buzzsaw”; (7)], and produce abundant read-
ily mobilized sediment and associated bioavailable materials (e.g., carbon,
nutrients, and contaminants) that further affect biodiversity, aquatic
ecosystems, and downstream communities (2, 8-11). At the catch-
ment scale, basin-averaged erosion rates and sediment yields repre-
sent the net effect of glacial, fluvial, and mass-wasting processes that
are further influenced by multiple competing factors including cli-
mate, vegetation, glaciation, tectonics, seismicity, lithology, and topog-
raphy (12-14). However, our understanding of the relative importance
and efficacy of these competing factors in regulating basin-averaged
erosion and sediment yield across different timescales remains incom-
plete and the focus of ongoing debate (13, 15-17). Here, we investigate and
measure the competing influences of glaciers, vegetation, climate, and
topography on contemporary fluvial sediment yield in the high-
mountain areas of Asia.

Key Laboratory for Water and Sediment Sciences, Ministry of Education, College of
Environmental Sciences and Engineering, Peking University, Beijing 100871, China.
Zstate Environmental Protection Key Laboratory of All Materials Flux in River Ecosys-
tems, Peking University, Beijing 100871, China. 3Institute of Carbon Neutrality, Peking
University, Beijing 100871, China. “Institute of Tibetan Plateau, Peking University,
Beijing 100871, China. *Center for Agricultural Water Research in China, College of
Water Resources and Civil Engineering, China Agricultural University, Beijing 100083,
China. ®Department of Geography, Faculty of Environment, Science and Economy,
University of Exeter, Exeter EX4 4RJ, UK. 7Institute of Earth Surface Dynamics,
University of Lausanne, Lausanne CH-1015, Switzerland. 8Institute of Geosci-
ences, Universitat Potsdam, Potsdam 14476, Germany. °CSDMS, Institute of Arctic
and Alpine Research, University of Colorado Boulder, Boulder, CO 80309, USA.
National Institute of Education, Earth Observatory of Singapore and Asian School
of the Environment, Nanyang Technological University, Singapore. ''Department of
Geography, University of British Columbia, Vancouver, BCV6T122, Canada. *Environ-
mental Studies, University of California Santa Barbara, Santa Barbara, CA 93106, USA.
3The Natural Capital Project and the Woods Institute for the Environment, Stanford
University, Stanford, CA 94305, USA. "School of Geographical and Earth Sciences,
University of Glasgow, G12 8QQ, Scotland, UK.

*Corresponding author. Email: dongfeng@u.nus.edu (D.L.); zhang_ting@u.nus.edu(T.Z)

Lietal., Sci. Adv. 10, eads6196 (2024) 27 November 2024

High Mountain Asia (HMA) comprises the Tibetan Plateau and
some of the planet’s highest mountain ranges (e.g., Himalaya,
Karakoram, Tienshan, Kunlun, Qilian, and Hengduan). HMA has been
referred to as the Earth's third pole because it contains the planet’s larg-
est ice reservoir outside the Arctic and the Antarctic and serves as the
headwaters of most large Asian rivers (6, 18, 19). These rivers transport
water, sediment and dissolved material, nutrients, and organic carbon
downstream, supporting four global biodiversity hot spots (i.e., the
Himalaya hot spot, the Indo-Burma hot spot, the Mountains of
Southwest China, and the Mountains of Central Asia) and the lives of
approximately one-third of the world’s population (8, 18, 20). Changes
in fluvial water, sediment, and related nutrient and carbon fluxes have
profound implications for downstream aquatic ecosystems, large
human populations, and potential climate feedbacks (2, 10, 21). Exist-
ing HMA studies of erosion rates and sediment yields and their driv-
ers mostly rely on millennial to million-year timescale basin-averaged
erosion rates from cosmogenic radionuclides or low-temperature
thermochronometry data (15, 22, 23). However, environmental fac-
tors influencing present-day fluvial sediment yields at the decadal-
scale remain less studied across the entire HMA region.

Here, we present a compilation of present-day fluvial sediment yields
and 12 environmental proxies from 151 quasi-pristine rivers located
across HMA, including data from 47 previously unidentified catch-
ments and 104 published values (1995-2015; see Materials and
Methods). Our compilation represents a markedly expanded database
compared to previous work (24-27) with the addition of environmen-
tal factors such as climate (precipitation and temperature), glacial cov-
er, permafrost extent, lithology, topography, and vegetation cover. The
influence of environmental factors on fluvial SSY was analyzed using
multiple statistical approaches (correlation, partial least squares struc-
tural equation model, and random forest model) and the geographical
detector (Geo-detector) g-statistic index (an index, ranging from 0 to
1, used to detect the extent to which an environmental variable and its
interaction with other environmental variables can explain the spatial
variability of the response variable; see Materials and Methods). We
divide the HMA into five subregions for comparison to earlier stud-
ies (5, 28) and the physiographic characteristics such as glacier and
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vegetation cover, climate, and topography. These regions include Qi
Lian (QL), Eastern Tibetan Plateau (ETP), Himalaya—Karakoram-
Hindu Kush (HKH), Kun Lun-Pamir (KLP), and Tien Shan (TS) (Fig. 1
and figs. S1 to S4). Our analzsis focuses on mean annual suspended
sediment yield (SSY; tons/km” per year), defined as the total amount of
eroded sediment transported from a river basin in suspension per year,
normalized by its drainage area (29, 30).

RESULTS
The mean annual SSYs in HMA are characterized by high spatial
heterogeneity and vary between 21 (Jimai on the Yellow River, ETP)

and 5481 (Shigar on the upper Indus River, HKH) tons/km” per year
(Fig. 1A and table S1). The area-weighted SSYs for the mountain
ranges are highest in HKH (987 + 134 tons/km” per year, means +
SE), followed by TS (644 + 99 tons/km” per year) and KLP (606 +
103 tons/km” per year) and then QL (157 + 43 tons/km” per year)
and ETP (134 + 13 tons/km” per year), respectively (Fig. 1A). The
area-weighted mean glacier coverage is highest in HKH (10.28 +
1.84%) and KLP (10.25 + 1.02%), followed by TS (6.91 + 1.35%),
QL (1.49 + 0.59%), and ETP (0.51 + 0.12%), respectively. The mean
annual normalized difference vegetation index (NDVI) is highest in
ETP (0.32 + 0.01), moderate in TS (0.17 + 0.01) and QL (0.16 + 0.02),
and lowest in HKH (0.09 + 0.01) and KLP (0.06 + 0.01) (Fig. 1, A and B).
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Fig. 1. Spatial variations of SSY, vegetation cover, and precipitation in HMA. (A) Spatial variation in contemporary mean annual SSY in the five subregions: Qi Lian (QL;
11 river basins), Eastern Tibetan Plateau (ETP; 44 river basins), Himalaya—Karakoram-Hindu Kush (HKH; 40 river basins), Kun Lun—Pamir (KLP; 16 river basins), and Tien Shan
(TS; 40 river basins). The insert shows the area-weighted mean annual SSYs, glacier cover, mean annual normalized difference vegetation index (NDVI), and mean annual
precipitation from the five subregions, with error bars denoting standard errors. The glacier map is based on the Randolph Glacier Inventory v7.0 (28). (B) Spatial variation
in the mean annual NDVI. NDVI is based on the Global Inventory Modeling and Mapping Studies (GIMMS) NDVI product (73). (C) Spatial variation of mean annual pre-
cipitation. Precipitation is based on the ERA-5 reanalysis product (74). See tables S1 and S2 for details of the 151 selected quasi-undisturbed headwater river basins and
the five subregions. mm/yr, millimeters per year; t/km?/yr, tons per square kilometer per year.
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The mean annual precipitation is highest in ETP (875 + 35 mm)
and HKH (710 + 50 mm), moderate in TS (670 + 30 mm) and QL
(510 + 45), and lowest in KLP (445 + 30 mm) (Fig. 1, A and C). The
basin-averaged slope (hillslope angle) is highest in HKH (18.86° +
0.65°), followed by TS (15.24° + 0.60°), KLP (14.85° + 1.27°), ETP
(11.46° + 0.66°), and QL (9.17° + 1°), respectively (Fig. 1A).

DISCUSSION
Influence of glaciers, precipitation, and topography
Statistical analysis indicates that glacier coverage is a crucial factor
controlling SSY in HMA (Fig. 2). The selected quasi-pristine basins
are classified into four categories: glacier-free basins (glacier cover <
0.1%; 30 basins), low-glacier cover basins (0.1% < glacier cover <
10%; 81 basins), moderate-glacier cover basins (10% < glacier cover
< 20%; 33 basins), and high-glacier cover basins (glacier cover >
20%; 7 basins). Our analysis shows that the mean annual SSYs in
high-glacier cover basins (2690 + 540 tons/km® per year) are an
order of ma;;nitude greater than those in glacier-free basins (214 +
33 tons/km” per year) (Fig. 2A). The SSYs demonstrate a strong
positive correlation with glacier cover in HMA (coefficient of deter-
mination 7* = 0.62, P < 0.01; Fig. 2B). The SSYs also display positive
correlations with slope (Fig. 2B) and other topographical factors in-
cluding relief and river channel steepness (factors reflecting tecton-
ics, seismicity, and sediment connectivity and delivery) (fig. S5A).
The previous results support that the extent of basin-wide glacier
cover represents an important driver of contemporary SSY, using
only glacier cover or a few environmental factors (24, 31). Basin-
wide glacier cover can, to some extent, reflect ice volume or ice flux
given the well-established scaling relation between glacier area and
volume/thickness, as well as glacial activity (1, 3, 13). Glaciers are
effective erosive agents, and, therefore sediment sources, erode and
mobilize substantial amounts of sediment, especially in temperate
and tectonically active mountain regions like HMA. This mobilized
sediment is then exported downstream through subglacial drainage
networks and proglacial streams (fig. S1, A and B) (I, 3, 26, 32). The

impact of glaciers on fluvial sediment yields may also reflect the role
of paraglacial processes and sediment remobilization deposited dur-
ing previous glacial advances (33), including from the Last Glacial
Maximum (34, 35) or the Little Ice Age (36). These factors lead to
increased fluvial sediment yields through enhanced failures of de-
buttressed slopes (e.g., rockfalls and landslides), remobilization of
glaciation-related sediment via fluvial processes (37, 38), and the pro-
gressive development of increased connectivity between hillslopes
and valley-bottom streams (fig. S1, C and D) (39). Restricted by the
monitoring strategy for river sediment data (i.e., river gauging sta-
tions tend to be located at relatively distal locations from the glacier
terminus), all our studied sites have a glacier cover extent of less
than 50% (Fig. 2B), indirectly suggesting the potentially important
role of paraglacial sedimentation, mass wasting, and fluvial read-
justments in the glacier-free landscapes.

Comparison of SSY to environmental factors highlights their sen-
sitivity to different factors. For example, we find that precipitation can
amplify the roles of glaciers in regulating fluvial SSYs, especially in
high-glacier cover basins (Fig. 3). In addition, the Geo-detector g sta-
tistic (an index, ranging from 0 to 1, used to detect the extent to
which two interacting environmental variables can explain the spa-
tial variability of the response variable; see Materials and Methods)
for the two interacting factors of glacier cover, and mean annual pre-
cipitation is 0.72 and much higher than the g statistics for mean an-
nual precipitation (0.01) and glacier cover (0.51) treated as single
factors (fig. S5C). This suggests that the interaction between glacier
cover and mean annual precipitation can explain 72% of the spatial
variability of SSY in HMA. High mean annual precipitation can like-
ly enhance glacial erosion through multiple mechanisms: more rain-
fall reaching the glacier bed, promoting sliding and expanding
subglacial networks; and increased winter snowfall in the accumula-
tion zone, promoting thicker ice, steeper mass balance gradients,
and thus glacial erosion (3, 13, 40). High-magnitude rainstorms can
also trigger other erosion events such as landslides, debris flows,
and channel erosion in the downstream basin (41, 42). In HKH, the
high summer monsoonal rainfall coincides well with the widely
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Fig. 2. SSY as a function of percentage glacier cover. (A) Variations in mean annual SSYs for glacier-free basins (glacier cover < 0.1%; 30 basins), low-glacier cover basins
(0.1% < glacier cover < 10%; 81 basins), moderate-glacier cover basins (10% < glacier cover < 20%; 33 basins), and high-glacier cover basins (glacier cover > 20%; 7 ba-
sins). IQR, interquartile range. (B) Mean annual SSY as a function of percentage glacier cover in HMA (y = 87.5x°‘98, P = 0.62, P < 0.01). (C) The dependence of mean an-
nual SSY on percentage glacier cover in the world’s cold regions. The correlation includes data from all the five cold regions (y = 190x**®, ¥ = 0.34, P < 0.01). See table 53
for the detailed SSYs in other cold regions. The gray-shaded areas denote the 95% confidence intervals.
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Fig. 3. The observed relationship between SSY and mean annual precipitation
conditioned by glacier cover (circle sizes). The inset indicates that, in high-gla-
cier cover basins (glacier cover > 20%; symbols marked with +), the SSYs increase
with mean annual precipitation. Subregion labels correspond to those identified in
Figs. 1 and 2. Error bars denote SD.

documented rainfall-driven landslides (fig. S3), confirming the role
of rainstorms in amplifying erosion and SSY. Furthermore, large vol-
umes of sediment produced by glacial erosion and paraglacial ero-
sion could be temporarily deposited in proglacial systems, awaiting
high-magnitude precipitation events in combination with meltwater
to remobilize the sediment and transport it further downstream
(43-45). Such underlying mechanisms at least partly explain why the
sediment yield in the relatively wet HKH (area-weighted SSY of
~1000 tons/km” per year, glacier cover of ~10%, mean annual pre-
cipitation of ~710 mm/year, and slope of ~19°) is much higher than
that associated with the relatively dry KLP (area weighted SSY of
~600 tons/km* per year, glacier cover of ~10%, mean annual precipi-
tation of ~450 mm/year, and slope of ~15°) (Fig. 1).

Furthermore, comparison of our results to other global moun-
tain regions provides additional insights in SSY from glacierized
regions. More specifically, our compilation of data shows that the
mean annual SSYs in HMA’s glacierized basins are close to those
reported in Alaska with equivalent glacier cover but higher than
those reported in the European Alps, Andes, and Norway with
equivalent glacier cover (Fig. 2C). This is likely due to the steeper
topography and higher monsoonal fluvial energy in HMA as com-
pared to other glacierized mountain areas (12, 35). Steep topogra-
phy (relief and river channel steepness) has been linked to high
tectonic uplift rates and seismic activities that can result in frequent
landslides, high sediment connectivity, and thus high sediment
yield (15, 23). Tectonics and seismic activity in the European Alps,
Andes, and Norway are overall less active than in HMA and Alaska,
and the very resistant crystalline bedrock in Norway is another rea-
son for its relatively low sediment yield (24, 31, 43, 46). In addition,
the high-magnitude summer monsoonal rainfall and stream power
in the HKH region are powerful agents for fluvial incision, landslide
(fig. S3) (38), and outburst floods (4, 42), probably also contributing
to the higher sediment yields.

Divergent control of vegetation on sediment yield

We find a bidirectional U-shaped relationship between SSY and the
vegetation index (NDVI) can be detected in ETP, TS, and HKH,
although, in general, the SSYs display a significant negative rela-
tionship with the vegetation index for the whole dataset (Fig. 4).
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Fig. 4. The observed relationship between SSY and vegetation cover (NDVI)
and precipitation. (A) SSY vegetation exhibits a bidirectional U-shaped pattern,
with a negative exponential correlation with vegetation in TS (y = 1633.6e™ 7%,
r* = 0.54, P < 0.01) and a positive exponential correlation with vegetation in ETP
(see the inset; y = 20.32¢*%% > = 0.39, P < 0.01). An overall negative exponential
correlation between SSYs and vegetation cover is indicated by the data from all the
151 basins (y = 793.36e‘3‘78", P = 0.26, P < 0.01). Subregion labels correspond to
those identified in Figs. 1 and 2. Error bars denote SD. (B) The observed relationship
between SSY, NDVI, and mean annual precipitation conditioned by slope (circle
sizes) in ETP and TS. A threshold of 0.3 is identified for the positive relationship be-
tween SSY and NDVI in ETP (larger SSY corresponds with larger NDVI) and the
negative relationship between SSY and NDVI in TS (larger SSY corresponds with
smaller NDVI).

Specifically, the SSYs exhibit a significant positive exponential rela-
tionship with the vegetation index in the relative humid and heavily
vegetated basins in ETP (mean annual precipitation of ~900 mm/
year and NDVT of ~0.3 to 0.5) and a significant negative exponential
relationship with the vegetation index in the relatively dry and sparse-
ly vegetated basins in TS (mean annual precipitation of ~670 mm/
year and NDVI of ~0.1 to 0.3). In HKH, the relationship between
SSY and vegetation is characterized by a bidirectional U-shaped re-
lationship, with a negative relationship (NDVI < 0.3) and a positive
relationship (NDVI > 0.3). In contrast, no obvious positive or nega-
tive relationships are detected between SSY and the vegetation index
in the other subregions of QL and KLP.

The positive relationship between SSY and vegetation cover in
ETP reflects the interacting influences of vegetation, precipitation,
and slope. The high annual precipitation found in southeastern ETP
(1000 to 2000 mm/year; Figs. 1C and 4B) is influenced by the Indian
monsoon and is associated with more frequent intense rainstorms
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(47, 48) that could increase erosion and thus sediment yield (fig. S3).
The partial least squares structural equation model indicates that
the role of vegetation in controlling SSY in ETP is largely derived
from precipitation (fig. S6). We also find that, in ETP, the basins with
denser vegetation cover are generally associated with steeper slopes
that favor erosion (slopes over 20° for the basins with NDVI be-
tween 0.45 and 0.5; fig. S7). Furthermore, high annual precipitation
is required to sustain dense vegetation cover (toward the southeast-
ern part of ETP; Fig. 1, B and C) that likely has a stronger impact on
enhancing weathering and erosion than on stabilizing the slopes
and reducing erosion. Similar findings have also been reported from
other high mountain areas such as the Andes (14) and East Africa
(49). For instance, Starke and colleagues documented a strong posi-
tive correlation between '“Be-derived erosion rates and vegetation
cover in the more densely vegetated and wetter region of the Andes
(between 10°S and 14°S) (14). Such diverse erosion-vegetation cover
relationships are also supported by the process-based landscape
evolution model in high mountain areas (50).

The two interacting factors of mean annual precipitation and
vegetation cover can explain 54% (g statistic at 0.54) of the variabil-
ity in SSY within HMA, which is much higher than that explained
by either mean annual precipitation (g statistic at 0.01) or vegetation
(q statistic at 0.25) alone (fig. S5C). This suggests that, in relatively
humid regions (e.g., ETP), high mean annual precipitation enhanc-
es vegetation growth and is likely to boost biotic weathering (14), in
addition to promoting surface runoff and associated erosion. In
contrast, in relatively dry regions (e.g., TS), increased mean annual
precipitation promotes vegetation growth, thereby inhibiting ero-
sion and reducing sediment yield, while biotic weathering remains
relatively low because of the limited vegetation cover density (NDVI
< 0.3; Fig. 4A). Furthermore, our data show that the effects of tem-
perature and lithology on SSY are overshadowed by the effects of
differences in glacier cover (text S1 and figs. S8 and S9). For in-
stance, the moderate-to-high-glacier cover basins are characterized
by high sediment yields, but low mean annual temperatures and
hard lithology and negative correlations are found between SSY and
temperature/lithology.

Implications and summary

Our study demonstrates the interacting roles of glaciers, vegetation,
precipitation, and slope in mobilizing sediment and controlling
contemporary fluvial SSYs. We highlight that the SSYs in high-
glacier cover basins are on average an order of magnitude higher than
glacier-free basins, and SSYs in Asia’s glacierized catchments appear
overall higher than those reported for the European Alps, the
Andes, and Norway with equivalent glacier cover extents. The excep-
tionally high erosion and fluvial sediment yields from Asia’s heavily
glacierized mountain areas suggest the potential for more physical
and biogeochemical threats to downstream water quality (e.g., large
exports of fine-sediment-associated nutrients and contaminants),
aquatic ecosystems (e.g., influences on biofilms, macroinvertebrates,
and fish), river infrastructure (e.g., hydropower systems, bridges,
and water intakes), and human environments (e.g., agriculture, pas-
toralism, heritage landscapes, and socioeconomic activities). For
instance, more mercury and microplastic exports from glacier melt-
water and glacier-derived fine sediment pose severe threats to water
quality and river ecosystems on the Tibetan Plateau and down-
stream (51, 52). High-magnitude erosion and river sediment trans-
port events in glacierized basins in the Himalaya and other alpine
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settings could destroy river infrastructure including large hydro-
power systems and cultural heritage sites (4, 53), as well as degrade
aquatic biofilms and thus benthic macroinvertebrate and fish habi-
tats (fig. S1, E and F) (54, 55). In addition, glacial erosion and the
large areas of fresh reactive mineral surfaces created or accelerated
by glacier recession can likely enhance chemical weathering and
carbon cycling (2, 11, 56), as evidenced by the much higher chemi-
cal weathering rates found in heavily glacierized basins than in
glacier-free basins (24). However, the precise role of glacial erosion
in enhancing chemical weathering and carbon cycling as well as the
related timescales remains uncertain and an outstanding question to
explore in the future.

Our results also indicate that precipitation can amplify the role of
glaciers in controlling fluvial sediment yields (Fig. 3), possibly high-
lighting the role of precipitation in combining with ice melt to en-
hance basal sliding, glacial erosion, subglacial drainage networks,
and sediment transport capacity. Given that global warming is fre-
quently associated with more frequent extreme rainfall (18, 57), the
interacting roles of glaciers and precipitation suggest that, in the
next decades, more intense warming-driven rainstorms will interact
with deglaciation to influence mountain erosion and fluvial sedi-
ment yields. In the glacial basins of the Himalaya and Andes, there
is emerging evidence of the interacting roles of precipitation and
deglaciation in enhancing multi-decadal fine-sediment exports (21).

Our data provide evidence of a bidirectional U-shaped relation-
ship between fluvial sediment yield and vegetation cover (Fig. 4A),
reflecting the interacting influences of vegetation, precipitation, and
slope angles. This finding corroborates the view that there are diverse
erosion-vegetation relationships operating in different climatic zones
worldwide (14, 58), especially in mountain belts where climate, vege-
tation cover, and slope angles could vary substantially over a relatively
small distance (14, 41). The bidirectional relationship between sedi-
ment yield and vegetation also implies that, in the present-day dry
zone (e.g., TS), the future erosion-vegetation relationship could pos-
sibly shift from a negative relationship toward a positive relationship,
under future warming-wetting-greening scenarios (18, 19). Such
global change-driven dynamic erosion-vegetation relationships have
profound implications for land management in high-mountain areas.

Together, the findings reported here suggest that, in the next few
decades to centuries, mountain erosion and fluvial sediment yields
will be jointly regulated by deglaciation, vegetation change, precipita-
tion, as well as their interactions with slopes. Despite the positive
relationship between fluvial sediment yield and glacier cover, we cau-
tion that glacier retreat and changes in glacier dynamics (18, 59-61)
in response to the 21st century global warming are unlikely to cause
an immediate decrease in erosion and sediment yield. Instead, the
unprecedented climate change and glacier retreat will likely enhance
paraglacial erosion, expand thermally controlled erodible landscape,
and thus increase fluvial sediment yield (16, 21, 37). Multi-decadal
observations worldwide have demonstrated ice degradation-driven
increases in sediment yields since the 1950s (21, 62). The impact of
warming-driven vegetation greening on slope stabilization and ero-
sion reduction is likely to be complicated by the diversity of erosion-
vegetation relationships and their conditioning by precipitation.
Furthermore, global warming is frequently associated with more fre-
quent extreme precipitation (18, 57) that may interact with deglacia-
tion and vegetation change to influence future fluvial sediment yields.

In conclusion, this study provides regionally extensive constraints on
how multiple environmental factors influence present-day mountain

50f9

202 ‘0T Jequwess uo auuesre] Jo A1seAlun e 610°80us 105 Mmm//:sdniy WoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

erosion and fluvial sediment yields in glacierized catchments. We
highlight the importance of Asia’s glacierized mountain rivers in
providing not only strategically important water resources (6, 63)
but also the large potential for delivering high sediment loads and
fine-sediment-associated carbon, nutrients, and contaminants (2, 51).
Our work elucidates the multiple competing factors in controlling
basin-scale fluvial sediment yields and implies that the more accu-
rate prediction of future fluvial sediment yields should rely on the
explicit consideration of not only climate change (18) but also gla-
cier dynamics and vegetation change as well as their interactions
with slope. Such findings have important socio-ecological policy
implications and suggest the necessity of using a systematic whole-
basin approach for climate change adaptation in high-mountain ar-
eas, given the fundamental impacts of changing mountain erosion
and fluvial sediment yields on agriculture, water quality, flood man-
agement, as well as the development of hydropower and other river-
related infrastructure.

MATERIALS AND METHODS

Geographical setting

HMA encompasses the Tibetan Plateau and its surrounding Asian
high mountains, such as the Himalaya, Karakoram, Hindu Kush,
Kun Lun, TS, QL, and Hengduan (5, 18). HMA also contains the
Earth’s largest ice reservoir outside the two polar regions and four
global biodiversity hot spots in its diverse morphoclimatic zones
(8, 20). Recent studies have highlighted the importance of the HMA
in terms of amplified climate change due to the elevation-dependent
warming, rapid cryosphere degradation, and associated hydrogeo-
morphic and widespread societal impacts (4, 42, 53, 64, 65).

To examine the influence of different environmental factors on
fluvial sediment yield in different morphoclimatic zones, the 151
selected river basins are grouped into five mountain ranges: QL (up-
per Hei-Shule River), ETP (upper Yellow-Yangtze-Mekong-Salween
River), HKH (upper Brahmaputra-Ganges-Indus River), KLP (up-
per Tarim South River), and TS (upper Tarim North River). We di-
vided the HMA into these five subregions by referring to the
mountain range divisions of the subregions in the Randolph Glacier
Inventory for HMA (28) and the Extended Hindu Kush Himalaya
Region (5) and also considering their physiographic characteristics
such as glaciers, vegetation and climate, as well as topography (Fig.
1). Specifically, QL represents a low-precipitation, low-glacier, moderate-
vegetation region; ETP represents a high-precipitation, low-glacier,
high-vegetation region; HKH represents a high-precipitation, high-
glacier, low-vegetation region; KLP represents a low-precipitation, high-
glacier, low-vegetation region; TS represents a moderate-precipitation,
high-glacier, moderate-vegetation region.

Selection of quasi-pristine glacierized and glacier-free

river basins

As a basis for our analysis, we selected 151 quasi-pristine and largely
unregulated headwater river basins located across HMA. Of these,
121 river basins are glacierized basins (glacier cover > 0.1%), and 30
basins are glacier-free basins (glacier cover < 0.1%), based on the lat-
est Randolph Glacier Inventory v6.0 (28). Within these selected ba-
sins, the population density is low, and no large dams have affected the
basin over the period of analysis (table S4). The very limited areas of
agricultural land (<4%; fig. S2) are mostly located downstream of the
hydrological monitoring stations at the basin outlets and restricted to
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the floodplains rather than the slopes of the catchments. This made it
possible to preclude the potential impacts of various human activities
on the fluvial sediment yields [e.g., water abstraction for agriculture
and trapping of sediment in large reservoirs or changes in land use;
(27, 30, 66)]. For the headwater basins where large dams were con-
structed during the investigation period (table S4), but the population
was low and agricultural activity limited (fig. S2), we reconstructed
the sediment yields for the post-dam period using the sediment yield/
runoff relationships for the “pre-dam” periods.

Data on fluvial SSY and basin-averaged

environmental factors

Data on SSY

We collated and analyzed available contemporary fluvial SSY data
from 151 quasi-pristine basins located across the entire HMA (47
previously unidentified compilations plus 104 published values; table
S1) and also the associated environmental data (glacier cover, slope,
vegetation, precipitation, drainage area, relief, temperature, litholo-
gy, runoff, and permafrost cover). The majority of the 151 selected
river basins had records of sediment yield extending over at least
5 years, and 125 of them had records extending over at least 10 years
(table S4); this selection criterion is critical to reduce the potential
uncertainties caused by the interannual variations of sediment yield
(26, 29). For the river basins with multi-decadal observations of sed-
iment yield, we selected the sediment yields covering the period
1995-2015 to match the environmental data for the same period. For
instance, the glacier boundaries provided by the Randolph Glacier
Inventory v7.0 are mostly derived from observations made during
the period 1995-2015; we also used the vegetation and climate data
covering the period 1995-2015.

The river runoff and SSY data for the 151 headwater basins are
mostly based on hydrological stations within the framework of national
monitoring programs managed by the Ministry of Water Resources,
China; the Water and Power Development Authority, Pakistan; the De-
partment of Hydrology and Meteorology, Nepal; and the Central Water
Commission, India. Fluvial suspended sediment loads are measured
throughout the melt season and the measured annual sediment load
accounts for >90% of the total annual suspended sediment load. The
measured annual suspended sediment loads (tons/year) are here re-
ported as SSYs (tons/km” per year) to facilitate comparison between
individual basins. For the Chinese monitoring stations (112 stations),
suspended sediment is sampled once per day to determine the daily sus-
pended sediment concentration (SSC) during low-flow periods when
the SSC shows limited sub-daily variation. More frequent sub-daily
samples are collected for periods during the flood season characterized
by notable sub-daily variation of SSC. Both point and depth-integrated
sampling coupled with cross-sectional measurements are undertaken.
SSC values are determined by the conventional gravimetric/filtration
approach (there are no reported changes in the SSC measurement pro-
cedure over the investigation period). The uncertainty associated with
the sediment load data for the Chinese monitoring stations is reported
to be less than 10%, according to the Chinese Hydrological Data Year-
book. SSY data for the rivers in India, Nepal, and Pakistan have been
widely used in the literature (17, 25, 67), but detailed information on
standardized sampling procedures and potential data uncertainty is not
readily available.

We also carefully checked the original literature and removed
those stations with measurement biases or where the loads reported
were strongly influenced by human activities. For example, the SSY
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data from the Ghousal and Tandi stations on the Indus River are not
included in our analysis, because the data were deemed unreliable
due to major underestimation when compared with downstream
stations (68). Similarly, the sediment yield data from the station of
Nar Khola in the Nepal Himalaya were excluded from our analysis,
because the measured cross section was located within an unstable
alluvial reach (69). In addition, a few river basins with specific sedi-
ment yields exceeding 6000 tons/km” per year as reported in (26)
were excluded because of lack of coordinates and detailed/reliable
sources. In addition, we checked the original annual time series of
the fluvial SSYs in the upper Indus (HKH subregion) from the “Sed-
iment Appraisal of Pakistan Rivers” and updated contemporary flu-
vial SSYs from the 1990s to 2000s as compared to those in (18, 67)
(stations S56 to S69 in table S4). The resulting carefully collated da-
taset is seen as representing the most comprehensive empirical in-
formation available to date on contemporary sediment yieldsin HMA.

Bedload fluxes can be high in high mountain rivers (20 to 60% of
the total sediment load) (30, 31, 70), but, as with most rivers world-
wide, they are not measured systematically in HMA and are notori-
ously challenging to model (71). Variations in the relative magnitude
of bedload component between different rivers and at different mea-
suring stations along the same river can be substantial as they reflect
the influence of lithology, glacier cover, the efficiency of subglacial
and fluvial quarrying and abrasion rates, hydraulic slope and grain
size, as well as discharge (70, 71). In this study, we therefore limited
attention to fluvial SSY only.

Environmental data

Environmental data such as the glacier cover, vegetation cover, pre-
cipitation, temperature, topography, lithology, and permafrost were
also collected for use in exploring the factors influencing SSYs. The
basin glacier cover was calculated using the latest Randolph Glacier
Inventory v6.0 (28) (a globally complete inventory of glacier outlines
compiled by the Global Land Ice Measurements from Space initiative;
www.glims.org/RGI/). The distribution dates in the Randolph Glacier
Inventory v6.0 have been set as close as possible to the year 2000, thus
mostly falling within the period 1995-2015 and being consistent with
the dates of the contemporary SSY data used in this study. Permafrost
cover over the period of 2000-2016 was based on the dataset of “New
high-resolution estimates of the permafrost thermal state and hydro-
thermal conditions over the Northern Hemisphere” that is available at
the National Tibetan Plateau Data Center (72) (https://data.tpdc.
ac.cn/en/data/5093d9ff-a5fc-4f10-a53f-c01e7b781368/).

The basin-averaged vegetation cover was computed using the
NDVI data over the period 1995-2015 that are derived from the
Global Inventory Modeling and Mapping Studies (GIMMS) group
(73). In addition, we also compared the GIMMS NDVI product
with the MODIS NDVI and found a very significant correlation be-
tween the two NDVI products, confirming the robustness of the
NDVI data for the statistical analysis in this study (fig. S10).

The basin-averaged mean annual air temperature and annual pre-
cipitation were computed using the ERA-5 reanalysis climate dataset
(European Centre for Medium-Range Weather Forecasts Reanalysis
v5, https://cds.climate.copernicus.eu/). To match the sediment yield
and glacier cover data that mostly cover the period 1995-2015, we
also extracted the NDVI and ERA-5 reanalysis climate data covering
the same period of 1995-2015. The ERA-5 reanalysis climate data are
widely used in the cryosphere-hydrology-geomorphology analysis in
HMA because of its improved spatial resolution and reduced biases
compared to the earlier ERA-Interim (74, 75).

Lietal., Sci. Adv. 10, eads6196 (2024) 27 November 2024

Tectonically related topographic proxies such as relief, slope
(hillslope angle), and river channel steepness were calculated using
the Shuttle Radar Topography Mission (SRTM) digital elevation
model (DEM) dataset with a spatial resolution of 90 m (https://
earthexplorer.usgs.gov). The relief is the difference between the
maximum elevation within a specific basin and the elevation at
the related sediment monitoring station. The basin-averaged slope
influences sediment connectivity and was derived using the
slope analysis tool in the ArcGIS software (https://pro.arcgis.com/
en/pro-app/2.8/tool-reference/spatial-analyst/how-slope-works.htm).
The basin-averaged peak ground acceleration (PGA) was calculated
using the Global Seismic Hazard Map at http://gmo.gfz-potsdam.
de/pub/introduction/introduction_frame.html. The basin-averaged
normalized river channel steepness (K,) also influences sediment
connectivity and was computed using the MATLAB-based Topo
Toolbox (76) (https://topotoolbox.wordpress.com/2020/07/23/
calculating-basin-averaged-ksn-values/).

The basin-averaged lithology erodibility was computed using the
Glim dataset of global lithologic distributions (77, 78). The erod-
ibility index of different lithology classes can be found in (77) and is
not repeated here. The distribution of lithology in HMA is shown in
fig. S4.

Geo-detector g-statistic index

The Geo-detector g statistic (79) was used to quantify the relative
importance of glacier cover, vegetation cover, mean annual precipi-
tation, mean annual temperature, topography, lithology, basin area,
and their interactions in influencing SSY. The Geo-detector g-
statistic index builds on the theory of spatial stratification heteroge-
neity and is widely used in geospatial analysis to detect the extent to
which an environmental variable (X) can explain the spatial vari-
ability of the response variable (Y) (79).

More specifically, the g-statistic index has a value ranging from 0
to 1. A high g-statistic index suggests a strong influence of X on
Y. When the g statistic approaches 1, it means that Y is fully deter-
mined by X (i.e., X explains 100% of the spatial variation of Y). In
addition to measuring the effect of a single factor, the g statistic can
also quantify the effect of the interaction between two factors on the
spatial variation of Y. In this study, Y refers to the SSY, and X refers
to the key controlling variables of glacier cover, vegetation cover,
precipitation, and topographic slope (fig. S5C). To reflect the poten-
tial interactions between multiple environmental factors and the as-
sociated nonlinear effects, it is possible to test the effect of both a
single environmental factor X and the interaction of two environ-
mental factors on the spatial variation of SSY (Y). The results of us-
ing the g-statistic index are shown in fig. S5C. The Geo-detector
software and more details about the spatial stratified heterogeneity
analysis are freely available at www.geodetector.cn/.

Area-weighted average SSYs and environmental variables

Using the SSY values from the 151 gauging stations, we applied the
area-weighted average approach to estimate the area-weighted mean
SSY of the gauged basins in each subregion. Within each subregion,
the weight of each gauged basin can be calculated as the ratio of the
area of this gauged basin (excluding the overlapping areas for nested
basins) to the total area of the gauged basins. This approach is also
used to estimate the area-weighted mean of other environmental
variables for the five subregions (Fig. 1A). Such an approach ensures a
more accurate estimate of the fluvial SSY and associated environmental
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variables for the gauged area than a simple arithmetic average ap-
proach, by assigning an increased weight for larger basins covering
a greater proportion of the gauged area.

Supplementary Materials
This PDF file includes:
Supplementary Text S1

Figs.S1to S10

Tables S1to S5
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