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Abstract

Current theories regarding the connections and feedbacks between surface and tectonic processes are predicated on the assumption that higher
rainfall causes more rapid erosion. To test this assumption in a tectonically active landscape, a network of 10 river monitoring stations was
established in the High Himalayas of central Nepal across a steep rainfall gradient. Suspended sediment flux was calculated from sampled
suspended sediment concentrations and discharge rating curves. Accounting for solute and bedload contributions, the suspended sediment fluxes
were used to calculate watershed-scale erosion rates that were then compared to monsoon precipitation and specific discharge. We find that, in
individual watersheds, annual erosion rates increase with runoff. In addition, our data suggest average erosion rate increases with discharge and
precipitation across the entire field site such that the wetter southern watersheds are eroding faster than the drier northern watersheds. The spatially
non-uniform contemporary erosion rates documented here are at odds with other studies that have found spatially uniform long-term rates (105–
106 yr) across the pronounced rainfall gradient observed in the region. The discrepancy between the modern rates measured here and the long-term
rates may be reconciled by considering the high erosional efficiency of glaciers. The northern catchments were much more extensively glacierized
during the Pleistocene, and therefore, they likely experienced erosion rates that were significantly higher than the modern rates. We propose that,
in the northern watersheds, the high rates of erosion during periods of glaciation compensate for the low rates during interglacials to produce a
time-averaged rate comparable to the landslide-dominated southern catchments.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A current theory in geology proposes a strong linkage be-
tween tectonics, climate, and erosion (Beaumont et al., 2001;
Hodges et al., 2001; Hodges et al., 2004; Wobus et al., 2003).
According to this hypothesis, surface uplift of the Himalayas
causes orographic precipitation that focuses erosion at the
southern range front. Erosional unloading, in turn, is interpreted
⁎ Corresponding author. Tel.: +1 408 924 5035; fax: +1 408 924 5053.
E-mail address: egabet@email.sjsu.edu (E.J. Gabet).
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to localize tectonic strain and control the location of thrust faults
(Beaumont et al., 2001; Hodges et al., 2001; Hodges et al.,
2004; Wobus et al., 2003). Inherent in this argument is the
assumption that erosion increases with precipitation (Reiners
et al., 2003). Indeed, Thiede et al. (2004) measured exhumation
rates along the Himalayan front in India and found that the
highest rates were in the region of highest precipitation. In
contrast, others (Burbank et al., 2003) have suggested that at the
time-scale of 105–106 yr, erosion rates in the Himalayas are
driven primarily by tectonic rates. This hypothesis is supported
by approximately uniform fission-track ages along a north–south
transect in central Nepal that crosses the Greater Himalaya and
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Fig. 1. Shaded-relief map of the Annapurna watershed with monitoring stations. Lithological map modified from Searle and Godin (2003). Dotted lines delineate
lithological contacts. The location of the two major fault systems are shown (MCT = Main Central Thrust; STD = Southern Tibetan Detachment). Rectangle in main
map delineates area covered by weather station network (see Fig. 2). Khola = river.
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spans an order-of-magnitude increase in precipitation rates
(Blythe et al., 2007; Burbank et al., 2003; Whipp et al., 2007).

Because most erosional processes are dependent on flowing
water (e.g., landslides and bedrock channel incision), annual
precipitation is often invoked as having a first-order control on
rates of denudation. Whereas some have found a relationship
between runoff (a proxy for precipitation) and erosion (e.g.,
(Milliman and Syvitski, 1992), studies that have specifically
focused on tectonically active mountain ranges have generally
failed to find a correlation. For example, Riebe et al. (2001)
concluded that climate had only a weak control on erosion in
catchments in the Sierra Nevada of California, despite a nearly
order-of-magnitude difference in precipitation across the study
area. Similarly, after analyzing sediment flux records from 47
catchments in the Andes, Aalto et al. (2006) failed to find a
relationship between denudation and runoff. Instead, Aalto et al.
(2006) concluded that erosion rates were positively correlated to
average basin slope and relief. The dominant role of topography
in controlling erosion rates in mountainous landscapes has also
been supported by Montgomery and Brandon (2002) in the
Cascade Range of Washington State (USA), Schaller et al.
(2001) in Europe, and Vance et al. (2003) in the Upper Ganges
catchment in Nepal.

To explore potential relationships between climate, erosion,
tectonics, and topography, we initiated a project in the Annapurna–
Manaslu region of Nepal (Fig. 1). Between 2000 and 2002, a
network of 10 river-gauging stations was established along the
Marsyandi River and 6 of its tributaries. Over the next 5 yrs, the
stations were monitored during the monsoon season for mea-
suring discharge and suspended sediment concentrations in order
to calculate suspended sediment fluxes and, by inference, the
basin-averaged erosion rates. These river monitoring stations
complemented a network of established meteorological stations
(Barros et al., 2000; Putkonen, 2004). This provided an op-
portunity to compare erosion rates and climatic variables at the
same temporal scale: whereas erosion in the Himalayas can be
measured at various time scales, from the present to the past 107 yr
(e.g., Ruhl and Hodges, 2005), accurate measurements of
precipitation can only be made for the present.

2. Material and methods

2.1. Field site

The study region spans the breadth of the High Himalayas in
central Nepal and reaches into the Tibetan Plateau (Fig. 1). This
area is one of the wettest in the High Himalayas (Bookhagen
and Burbank, 2006) and has a striking precipitation gradient:
weather station data (Barros et al., 2000; Burbank et al., 2003;
Gabet et al., 2004c; Putkonen, 2004) indicate a ten-fold
decrease in monsoon rainfall (4500 to 350 mm/yr) along a
40-km, south-to-north transect (Fig. 2). The southern portion of
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Fig. 2. South–north precipitation transect (see Fig. 1). Rainfall data from a
network of meteorological stations show a steep decline in annual rainfall across
the High Himalayas.
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the field area is underlain by schists, limestones, and quartzites
of the Lesser Himalayan series (Fig. 1). The middle portion is
dominated by gneisses of the Greater Himalayan series and the
northern portion is underlain by sedimentary units of the
Tethyan series (Colchen et al., 1986). The field site is divided by
two main fault zones, the Main Central Thrust in the south and
the Southern Tibetan Detachment in the middle of the study area
(Fig. 1). Schmidt hammer measurements of rock strength reveal
uniformly strong rocks across the study area, except for some
weaker units within the Tethyan series (Craddock et al., 2007).

The 10 gauged watersheds represent a range of basin areas as
well as topographic and climatic conditions (Table 1). Whereas
some of the watersheds in the study area are glacierized, with
the area covered by glaciers ranging from 0–21% (Table 1),
the dominant erosional process on the unglaciated slopes is
landsliding (Burbank et al., 1996; Gabet et al., 2004a; Shroder,
Table 1
Watershed attributes and rates

Site no. a Area
(km2)

Mean elev.
(m)

Mean slope
(deg)

Average relief b

(m)

1 — Koto 812 4794 30 1076
2 — Nar Khola 1052 5174 28 909
3 — Temang Khola 21 4087 29 1070
4 — Danaque Khola 7 3349 32 442
5 — Upper
Dharapani

1946 4918 26 886

6 — Dudh Khola 491 4694 32 1147
7 — Dona Khola 89 d 4851 32 1117
8 — Lower
Dharapani

2605 4870 27 947

9 — Bhulbule 3217 4522 28 958
10 — Khudi Khola 152 2566 26 862
a Keyed to Site nos. in Fig. 1.
b Relief determined over a 1-km radius moving window.
c Total erosion rate includes estimated bedload and measured solute load contribu
d A proglacial lake traps sediment issuing from the upper reaches of the catchment;

the erosion rate calculation. The entire catchment is 155 km2 and 21% of that area
1998). The region is sparsely populated and only a small pro-
portion (bb10%) of the area is cultivated, inhabited, or logged,
thus minimizing the effects of human land-use impacts. The
fluvial network is dominated by bedrock channels, with no sig-
nificant storage of alluvium.

2.2. Measurements

The first monitoring station was established in 2000 on the
Khudi Khola (Fig. 1); the nine others were established in the
ensuing years. The establishment of the stations consisted of
cross-sectional surveys and installation of stage gauges. Tur-
bidity sensors and pressure transducers were also installed and
recorded measurements to dataloggers every 30 min. To ensure
the morphological stability of the cross-sections, nine of them
span bedrock reaches; due to access problems, the cross-section
on the Nar Khola (Fig. 1) was established across an alluvial
reach. Velocities were measured at each cross-section by drop-
ping a small plastic ball partially filled with water into the middle
of the flow and timing its travel across a known distance (i.e., the
“floating boat method”); the surface velocity was multiplied
by 0.8 to obtain the mean cross-sectional velocity (Leopold
et al., 1964). The mean flow velocity was measured at a range of
discharges and, in conjunction with the cross-sectional surveys,
used to develop stage-discharge rating curves for each station.
Although the channels were essentially bedrock rivers, scour and
fill of the bouldery beds may have resulted in some uncertainty in
our estimates of discharge.

Twice daily (morning and evening) during the monsoon
season (June–October), the river stage at each station was
recorded and 3 water samples were collected in 500-ml bottles.
Where possible, the water bottles were weighted and lowered
from a bridge into the middle of the flow. Where there was no
bridge, the bottles were attached to a 2-m pole and thrust as far
out as possible into the flow. Because of the power of some of
the rivers, the water bottles were often unable to penetrate deep
Runoff
(m/yr)

% Area glacierized Average erosion rate,
(range) (mm/yr) c

Record length
(yr)

0.76 12 1.0 (0.7–1.3) 4
0.15 10 0.1 (0.1–0.2) 3
1.62 0 0.1 (0.1–1.9) 2
1.17 0 1.0 (0.0–1.9) 2
0.56 11 0.4 (0.4–0.4) 3

0.67 15 0.3 (0.2–0.5) 4
1.09 0 d 0.4 (0.2–0.7) 3
0.44 12 0.5 (0.4–0.5) 2

0.76 10 0.5 (0.4–0.6) 3
3.54 0 2.0 (1.5–3.0) 5

tions.
the value shown here is the drainage area below the lake and is the area used for
is glacierized.
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into the flow, thus only the top 50 cm of the water column was
typically sampled. The water samples were filtered, dried, and
weighed to determine sediment concentrations.

The three sediment concentrations that were collected at
a given time were averaged and multiplied by water discharge
to calculate sediment discharge. Sediment discharges were then
integrated throughout each monsoon season to calculate an an-
nual mass sediment yield. Although the rivers were only moni-
tored during ~4 months each year, discharges were much lower
and the water much less turbid during the remainder of the
year (Fig. 3A), suggesting that we were measuring N90% of the
sediment flux. Annual suspended sediment yields at each station
were then averaged and used to calculate an erosion rate for the
upstream contributing area.

Monitoring continued until 2004. Because of damaged and
lost equipment and the staggered establishment of stations, only
one station has a full 5-year record. The average record length is
3 yr and 4 stations yielded only 2 yr of data (Table 1).

2.3. Discharge calibration

Because of the difficulty in accurately gauging these rivers
with our rudimentary techniques, we used satellite-based TRMM
(Tropical Rainfall Measuring Mission) data (Bookhagen and
Burbank, 2006) to validate our dischargemeasurements estimated
Fig. 3. (A) Two years of discharge and sediment flux data from the Khudi watershed. H
that the highest sediment flux peaks occur later in the monsoon season, emphasizin
landscape for larger and more frequent slope failures (Gabet et al., 2004a). (B) An exa
peaks in discharge from glacier melt are evident from the twice daily stage gauge readi
shading; the assumed rainfall-derived component is shown in grey shading.
from the stage gauges and rating curves. The TRMM data was
calibrated with ground-based precipitation data from a network
of 17 weather stations distributed throughout the field area
(Putkonen, 2004). From the TRMM data, we created a map of
total precipitation that fell on our field site during the 2002
monsoon season. With an altitude-based model presented by
Lambert and Chitrakar (1989), we created a map of potential
evapotranspiration (PET) for the field site using a Geographical
Information System (GIS). Assuming that the potential evapo-
transpiration approximates the actual evapotranspiration, we
subtracted the PET from the satellite-derived precipitation to
estimate net precipitation for the 2002 monsoon season. The
estimated net precipitation was then used to estimate the total
discharge from each watershed for the 2002 monsoon season.
Finally, this calculated discharge was compared to the discharge
estimated from the twice daily field measurements.

Although precipitation during the monsoon accounts for
nearly all of the flow from most of the watersheds, there is an
important component of glacial melt in the discharge from 3
watersheds (Nar, Koto, and Upper Dharapani). This glacial melt
contribution is seen in consistent afternoon discharge peaks
that are not related to rainstorms (Fig. 3B). The volume of flow
contributed by glacial melt for each of the 3 watersheds was
determined by integrating the discharge in these afternoon
peaks; identification of these meltwater peaks was based on a
igh discharges and sediment flux peaks are limited to the monsoon season. Note
g the role of prior rainfall in increasing pore water pressures and priming the
mple of discharge measurements from the glacierized Koto watershed. Afternoon
ngs. The assumed glacial melt component of the total discharge is shown in black
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Fig. 4. (A) The close correlation between the TRMM-calibrated discharge at the
Lower Dharapani station and the sum of the flows from the upstream stations
suggests that the discharge rating curves are reasonably accurate. The regression
(solid line) indicates, however, a slight but systematic error in which the
discharge at the Lower Dharapani site is lower than the sum of the upstream
stations' discharges. 1:1 line is dashed. (B) The sediment flux at the Lower
Dharapani station matches reasonably well the sum of the sediment fluxes from
the upstream stations over four orders of magnitude (note logarithmic axes). The
rapid passage of the sediment pulses and the asynchronous timing of the
sampling times account for some of the scatter. 1:1 line is dashed.
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visual examination of the hydrographs and is, therefore, subject
to error. For these 3 watersheds, the glacial melt contribution
was subtracted from the total discharge in order to compare the
discharge measurements with the TRMM data.

3. Results

3.1. Error analysis

There are two main sources of potential errors in our erosion
rate calculations: incorrect estimates of discharges and sediment
concentrations. In general, the discharges calculated from the
rating curves were higher than the discharges estimated from the
TRMM data. For example, the average specific discharge cal-
culated with the rating curve for the Khudi Khola is 65% higher
than the amount of net precipitation that fell in that watershed.
Because of these discrepancies, we used the TRMM data to
calibrate the discharges measured in the field. This calibration
was performed by scaling the daily discharge value by the ratio of
the measured monsoon discharge to the discharge predicted from
the TRMM data. For example, if the measured seasonal
discharge from a watershed was 65% of the TRMM-estimated
discharge, all of the daily discharge values from the monitoring
stations were multiplied by 1/0.65. Although there may be some
error in this technique due to groundwater losses, these losses are
likely small relative to the river discharges.

Problems related to errors in measuring sediment concentra-
tions are more difficult to resolve than the discharge uncertainties.
In particular, the sediment concentrations used in the calculations
of the sediment fluxes may underestimate the vertically averaged
sediment concentration. Although the particle-size distribution of
the sediment captured in the sample bottles varied daily at each
station, an analysis of a random selection of sediment samples
suggests that 89–100% of the sediment, by mass, was smaller than
0.5 mm, with the balance of the sediment being between 0.5 and
1.5 mm. Theoretical suspended sediment concentration profiles
were determined at the gauging stations using the Rouse equation
(Dingman, 1984). The calculated profiles indicate that particles
b0.5 mm were well-mixed throughout the water column. For
particles between 0.5–1.5 mm, however, the surface concentration
was undoubtedly lower than the vertically averaged sediment
concentration, suggesting that total suspended sediment concentra-
tions were somewhat underestimated. In addition, because the
suspended sediment samples were taken in the mornings and late
afternoons, there is the possibility that the measurements taken
during these two times were not representative of the average
condition. Few of the turbidity sensors survived unscathed: near-
ly all of them succumbed to water leakage, despite our best efforts
to seal them tightly. As a result, the data from the turbidity sensors
are essentially dismissed in this study. The few records that we do
have, however, are useful for addressing the issue of sampling
times. The sensors indicate that, typically, the highest sediment
fluxes were occurring during the late night and early morning
hours. Fortuitously, we find that discharges and sediment fluxes
determined from the twice dailymeasurements and those from the
sensors yield remarkably similar daily averages for both glacially-
dominated and landslide-dominated watersheds.
Given the possible uncertainties, the internal consistency of
the measurements can be evaluated by performing mass-balance
calculations. Because the three major channels above the Lower
Dharapani station (Site #8) were gauged, we can compare the
sum of the flow from those tributaries to the flow past Lower
Dharapani. For the 2002 monsoon season, the year with the most
complete records, we find a robust correlation between the daily
discharge measured at Lower Dharapani and the sum of the
upstream gauges although the regression indicates that the mea-
sured discharge is slightly lower than the sum of the contributing
flows (Fig. 4A). Given our use of rudimentary techniques and
the practical difficulties in gauging these remote, high-gradient
rivers, we consider the strong correlation of the Lower Dharapani
discharges with the sum of the contributing discharges to indicate
that the overall pattern and magnitude of discharge were reliably
captured. For the same period, we find a reasonable 1:1
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relationship between the sum of the suspended sediment flux from
the tributaries and the measured sediment flux past Lower
Dharapani over a range of four orders of magnitude (Fig. 4B)
(note that the channels are steep and narrow and no significant
fluvial sediment storage occurs in or adjacent to the channels).
Because of the rapid passage of sediment pulses and the
asynchronous sampling times, the comparison of the sediment
fluxes displays more scatter than the water discharges. Never-
theless, the results of the two mass-balance calculations are
encouraging and suggest that, at a minimum, the relative rates of
erosion are being accurately characterized.

3.2. Erosion rates

To calculate total erosion rates, estimated bedload fluxes and
solute fluxes must be added to the suspended sediment fluxes.
Solute loads measured during the 2002 monsoon season suggest
that the mass lost by chemical weathering is 1–4% of the mass
lost by suspended sediment flux (Gabet et al., 2004b). To es-
Fig. 5. (A) There is a positive relationship between net monsoon precipitation
and erosion rate over nearly 2 orders of magnitude of precipitation. Error bars
represent 1σ. Large error bars in erosion rates are associated with sediment
records dominated by highly pulsed events that cause pronounced year-to-year
variations. Overlap of two markers gives the appearance of only 7 data points,
rather than the 8 plotted. (B) A positive relationship also emerges between
specific discharge and erosion rate. The specific discharge includes contribu-
tions from melting ice and snow. Because specific discharge implicitly accounts
for glacial activity, it may be a better predictor of erosion rate than precipitation.
Note logarithmic axes on both plots.
timate bedload contributions, lacustrine and deltaic deposits
from a mid-Holocene landslide-dammed lake in the northern
portion of the field area were mapped (Garde et al., 2004; Pratt-
Sitaula et al., 2007); this analysis determined that bedload
(assumed to be the deltaic sediments) contributed ~33% to the
total sediment yield (cf. Galy and France-Lanord, 2001). We
apply this 2:1 suspended load-to-bedload ratio throughout our
field site. Nevertheless, we recognize the problem inherent in
applying this single value for all of the sites and address the issue
later in this contribution.

The erosion rate for the Temang Khola catchment (Site #3)
is considerably lower than rates for the adjacent watersheds
(Table 1); this is likely due to its relatively small drainage area
(21 km2), short monitoring record (2 yr), and the impulsive
nature of sediment delivery to channels due to episodic land-
sliding. The Danaque Khola (Site #4) drainage area is even
smaller (7 km2) and, as a result, we dismiss the erosion rates
from these two catchments and only consider the rates from the
remaining eight watersheds in the following analyses.

Although the data are not evenly distributed across the range
of monsoon precipitation values, they suggest a positive linear
relationship between effective precipitation and erosion rate
(Fig. 5A). Erosion rates are also positively correlated to specific
discharge, which integrates both rainfall and flow from glacial
melt (Fig. 5B). In addition, all but one of the watersheds (Lower
Dharapani) has positive year-to-year correlations between spe-
cific discharge and erosion (Fig. 6). Finally, erosion rates are not
positively correlated with either average watershed slope nor
with relief; this is not surprising considering that, for a portion
of the field area, higher precipitation is associated with gentler
slopes and lower relief (Gabet et al., 2004c). Similarly, Garzanti
et al. (2007) found no relationship between erosion rates and
relief in the region.

The relatively short monitoring periods render any conclu-
sions regarding relationships between erosion rates and climatic
and topographic factors tenuous. Although the erosion rate
estimate in the Khudi Khola catchment is encouragingly similar
to rates determined in other studies (Blythe et al., 2007; Brewer
et al., 2006; Burbank et al., 2003; Garzanti et al., 2007; Niemi
et al., 2005), short monitoring periods introduce unavoidable
problems with using river data to calculate erosion rates. Short
monitoring periods typically miss the very large events that
happen infrequently. Conversely, rare, high-magnitude events
may be recorded, but without estimates of their recurrence in-
tervals, their role in contributing to the long-term erosion rate is
unknown. The use of a set of watersheds that spans nearly 3
orders of magnitude also introduces problems that make it dif-
ficult to relate erosion rates with regional patterns of precipita-
tion: small watersheds may bear the brunt of a particularly
intense storm whereas a very large watershed may be averaging
an order-of-magnitude range in annual precipitation. In addition,
when landsliding is a dominant erosion process, as is typical
in the Himalaya (Burbank et al., 1996), the measured sediment
flux is expected to scale with catchment size and, in small
catchments, to systematically underestimate long-term erosion
rates (Niemi et al., 2005). Therefore, in order to compare the
measured denudation with the broad pattern of precipitation,
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Fig. 6. Annual erosion rates in individual catchments typically increase with specific discharge (except for the Lower Dharapani, shown in gray with the dotted line).
Each point represents the data for one year. Data identified with filled markers and thicker lines represent catchments N500 km2. Axis titles for inset plot are the same as
for the larger plot.
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erosion rates were calculated for 4 similar-sized regions in the
Bhulbule watershed. Erosion rates for the Middle and Lower
Marsyandi regions, both comprising partial watersheds, were
determined by subtracting the sediment entering into a reach
from that exiting it. Although the uncertainties are large due to
this differencing technique, the results suggest a general trend of
higher erosion rates in the southeastern portion of the field site
and lower rates in the northwest portion (Fig. 7). This southeast-
Fig. 7. Erosion rates (±1σ) for areas N600 km2 and the Khudi catchment. Erosion rate
tributaries. For example, the asterisked erosion rate for the Middle Marsyandi include
regions delineated in black (see text); the higher standard deviations are a result of err
Erosion rates appear to generally decrease along a northeast transect.
to-northwest decrease in erosion rates parallels the dominant
wind patterns in the region that bring moisture from the Bay of
Bengal (Lang and Barros, 2002); as the moist air is lifted up and
over the Annapurnas, orographic effects focus the highest
amounts of rainfall in the southeast portion of the field site.
Although their erosion rates are higher than those found in this
study, Garzanti et al. (2007) also found the highest erosion rates
along the southern front of the High Himalayas.
s with the asterisks are the rates for the entire catchment, including the upstream
s the Nar and Koto watersheds. Erosion rates in parentheses are for the individual
or propagation. Mean runoff for regions delineated in black shown with a + sign.
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4. Discussion

4.1. Controls on modern erosion rates

Attempts to relate the erosion rates measured here to to-
pographic or climatic factors must be done carefully. In addition
to the measurement uncertainties and the short monitoring
periods, the landscape is most likely not at steady-state in
the short-term (Pratt-Sitaula et al., 2004). The strength of the
monsoon has varied significantly over time (Bookhagen et al.,
2005a; Overpeck et al., 1996; Prell et al., 1992), and as noted
above, some of the catchments were more extensively gla-
cierized in the past. The effect of this history on both measured
and actual erosion rates could potentially be substantial. The U-
shaped valleys cut by the glaciers in the higher catchments
trap hillslope-derived sediment on the low-gradient valley floor,
thus decoupling the hillslopes from the channels and biasing
our results towards lower erosion rates. Although we observed
numerous small fans and talus cones at the base of the slopes,
especially in glaciated valleys, we estimate the storage of mate-
rial to be small relative to the measured sediment fluxes. Perhaps
a more important legacy from the recent glaciation is its effect on
the supply of sediment. As the glaciers withdraw upslope, they
leave behind valley walls scoured clean of weathered and easily
erodible rock and soil, unveiling a landscape where erosion is
limited by the supply of transportable material. Although this
may be offset somewhat by the presence of glacial deposits
on the valley floor, the relatively low erosion rates in the high
elevation sites suggest that the easily accessible sources have
already been mined. During the strengthened early Holocene
monsoon, sediment transport rates were high (Goodbred and
Kuehl, 1999) and many Himalayan rivers were overwhelmed
with sediment (Pratt et al., 2002), suggesting that the watersheds
may have been flushed of sediment. The sediment-poor con-
dition of the northern catchments today is supported by the
Fig. 8. Sediment flux vs. water discharge from the Nar Khola during the 2002 mo
watersheds in the field site. The grey arrow indicates the direction of time. The syste
englacial sediment source. For clarity, peak sediment fluxes are not shown; see Fig.
clockwise hysteritic loops in the discharge–sediment flux re-
lationships (Fig. 8).

Given the caveats enumerated above, it appears that the
current erosion rate increases with rainfall and specific discharge
(Fig. 5A, B). Admittedly, the data are not evenly distributed
across the range of monsoonal rainfall and thus the correlation is
leveraged by the data from the driest and wettest watersheds;
nevertheless, a positive trend is apparent over nearly two orders
of magnitude of monsoon precipitation. Although short-term
records such as these may fail to capture the average conditions,
the positive correlation between precipitation and erosion found
here is supported by work done by others in the region (Amidon
et al., 2005; Garzanti et al., 2007). In addition, the mass-balance
calculations (Fig. 4A, B) and the generally positive relationships
between annual erosion and discharge recorded in each water-
shed (Fig. 6) suggest that, at the very least, the relative rates are
reasonable.

Because the channels issuing from the studied watersheds
are steep bedrock rivers, the sediment flux reflects the produc-
tion of sediment from hillslope erosion. The role of precipitation
in modulating the sediment supply can be addressed at two
different spatial and temporal scales. At the annual scale for
individual watersheds, the sediment supply increases with pre-
cipitation (Fig. 5A) because of the role of rainfall-induced in-
creases in pore pressure in triggering landslides (Gabet et al.,
2004a). In the northern glacierized watersheds, greater dis-
chargesmay be associated with higher sediment fluxes due to the
production ofmore meltwater and the extension of the subglacial
hydrological network (Riihimaki et al., 2005). At the scale of
102–103 yr and over the entire field site, higher rates of chemical
weathering (White and Blum, 1995) and biotic activity (Gabet
et al., 2003) in the wetter watersheds may produce more easily
erodible material.

The apparent control of present-day erosion rates by pre-
cipitation in the High Himalayas supports an important premise
nsoon season. Clockwise hysteresis loop is typical of the northern glacierized
m becomes sediment-starved as the monsoon season progresses, suggesting an
9B for full data set. Y-axis is logarithmic.
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in the hypothesis that precipitation, erosion, and uplift are linked
via a feedback loop (Beaumont et al., 2001; Hodges et al., 2001;
Hodges et al., 2004). Hodges et al. (2004) and Wobus et al.
(2003) have suggested that, at present, high rock uplift rates
in the region are spatially correlated with the zone of highest
rainfall. The data that we present here suggest that the catchment
with the highest erosion rate is also spatially correlated with the
highest rainfall rates, the hanging wall of the Main Central
Thrust (which was active during the Quaternary: Huntington
et al., 2006), and the southern flank of the High Himalayas
(Fig. 7), thus potentially closing the feedback loop.

4.2. Modern erosion rates vs. long-term erosion rates

Paradoxically, erosion rates measured at time scales of 105–
106 yr suggest that rates of rock uplift and erosion are insensitive
to the steep precipitation gradient (Blythe et al., 2007; Burbank
et al., 2003). For example, despite the 10-fold rainfall gradient
across the study area, spatially uniform apatite fission-track ages
imply similarly uniform erosion rates of 2–5 mm/yr over the last
0.5–1.0 Myr (Blythe et al., 2007; Burbank et al., 2003; Whipp
et al., 2007). Although our sediment flux-based rate for the
Khudi watershed agrees with these long-term rates, the rates
measured here for the rest of the study area are 4–20 times lower
than the long-term denudation rates (Fig. 7). This difference
raises the question of whether we are underestimating long-term
erosion rates when using modern river data.

In addition to the sources of uncertainty noted above, other
sources of error could lead to an underestimate of erosion rates.
First, the bedload flux may be underestimated. Although our
suspended load:bedload ratio is locally derived (Garde et al.,
2004; Pratt-Sitaula et al., 2007), Galy and France-Lanord
(2001) suggest that bedload fluxes in the Himalayas may be of
the same magnitude as suspended sediment fluxes. If this were
the case for our study area, the modern erosion rates (excluding
Khudi) would range from 0.2–1.1 mm/yr, yet would still remain
lower than the long-term rates (Blythe et al., 2007; Burbank
et al., 2003; Whipp et al., 2007). In fact, a suspended load:
bedload ratio of 1:4 would be needed to produce modern ero-
sion rates similar to the long-term rates, a value that is well
beyond the range of previous estimates (Galy and France-Lanord,
2001; Garde et al., 2004; Pratt-Sitaula et al., 2007). Moreover,
based on this supposition, the southeast-to-northwest decrease
in modern rates would still exist: the rates would simply be higher
unless the fraction of bedload systematically increased from
south to north. Another source of error may be that our estimates
of river flow are too low. By calibrating our field-based discharge
measurements with the TRMM data, we are confident that our
discharge estimates are approximately correct; revising our
discharge measurements upwards would imply that more water
is leaving the watersheds than is entering, even after accounting
for reasonable rates of glacial melt. In addition, our mass-balance
calculations suggest that our discharge measurements are suf-
ficiently reliable to permit meaningful comparisons among sta-
tions (Fig. 4A).

It might also be argued that erosion rates in the northeast
are underestimated due to a mismatch between the frequency of
large erosional events and the sampling duration. In addition to
glacial activity, erosion in the drier, northern watersheds may
also occur by rare, deep-seated landslides that were not captured
during the short monitoring period (Bookhagen et al., 2005b;
Weidinger, 2006), but which could potentially contribute the
bulk of the sediment flux (Hovius et al., 1997). Our field ob-
servations suggest, however, that deposits from deep-seated
failures along the length of the Marsyandi River are roughly
uniformally distributed and do not appear to be concentrated in
the north. Finally, we note that a single, large debris flow in the
northern catchment of the Dudh Khola in 2003 (a rare occur-
rence according to the local population) doubled the calculated
erosion rate for that watershed, but only brought it up to 0.3 mm/
yr, still less than the long-term rate of 2−5 mm/yr (Blythe et al.,
2007; Burbank et al., 2003).

To reconcile the general present-day trend of low erosion
rates in the north and high rates in the south with the high,
spatially uniform long-term rates (Blythe et al., 2007; Burbank
et al., 2003; Whipp et al., 2007), we examine the spatial dis-
tribution of erosional intensities and regimes. Erosion in the
southern, landslide-dominated watersheds may be approxi-
mately steady across several temporal scales; this is supported
by the similar rates measured for the Khudi catchment over
three different time scales: 100−101 yr (this study), 102−103 yr
(Niemi et al., 2005), and 105−106 yr (Blythe et al., 2007;
Burbank et al., 2003; Whipp et al., 2007). In contrast, the rate of
erosion in the high elevation northern watersheds likely oscil-
lates between extremes. Although the high elevation regions
of these watersheds are presently glacierized, glaciers were
far more extensive in the past (Duncan et al., 1998; Fort, 1986;
Pratt-Sitaula et al., 2005). For example, glacial striae and other
geomorphic features suggest that valley glaciers may have
descended down the entire length of the Dudh (Site #6) and
Dona Khola (Site #7) watersheds, nearly reaching the junction
with the Marsyandi. A valley glacier likely also reached down
the upper Marsyandi to its junction with the Nar Khola. At
present, the lower reaches of these three valleys are ice-free and
glaciers can only be found in the headwaters of their catch-
ments. Because glaciers are generally considered to be highly
efficient agents of erosion (Hallet et al., 1996; Mitchell and
Montgomery, 2006; Naylor and Gabet, 2007; Oskin and
Burbank, 2005), denudation rates in these northern watersheds
during glacial periods likely outpace the rates in the lower,
unglaciated (or slightly glaciated) southern watersheds. Con-
versely, during interglacials, the glaciers retreat and under the
generally drier conditions of the north, erosion slows drama-
tically. Therefore, although erosion rates are high during glacial
periods, the prolonged pause during the interglacials may lead to
a time-averaged erosion rate in the higher elevation sites that
matches the rate of the wetter, non-glaciated regions in the south,
producing the long-term spatially uniform rates documented by
others (Blythe et al., 2007; Burbank et al., 2003). Given this
hypothesis, it is reasonable to ask why the non-glacial landscape
to the south should be eroding at the same rate as the glaciated
landscape to the north.We propose that, at the time-scale of 105–
106 yr, rock uplift may be balanced by erosion throughout the
entire region as southern Tibet is laterally advected over a
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crustal-scale ramp (Bollinger et al., 2006; Burbank et al., 2003).
Recent modeling of coupled tectonic and surface processes of
the central Nepalese Himalaya (Godard et al., 2006) showed low
sensitivity to the spatial distribution of rainfall but high
sensitivity to the underlying structural geometry, spatial
variations in rock strength, and the total amount of rainfall.

In the lower, southern portion of the field area, hillslopes
appear to be at their threshold angle for failure (Gabet et al.,
2004c), and the absence of floodplains tightly couples the hill-
slopes to the channel network. As the relative baselevel of the
Marsyandi drops (due to regional uplift), incision propagates
up the channel network, destabilizing the toes of hillslopes
and triggering landslides. In this way, rock uplift is matched by
erosion from the bottom up such that steady-state conditions are
imposed by the lower boundary (Burbank, 2002; Burbank et al.,
1996). In contrast, in the northern, glaciated catchments, we
speculate that steady-state is imposed from the top down. As the
mountains are pushed skyward, the mean heights of mountain
ranges are modulated by the elevation of the equilibrium-
line altitude, where the greatest ice flux and fastest erosion is
inferred to occur (i.e., the “glacial buzzsaw”) (Broecker and
Fig. 9. (A) Higher discharges on the Nar Khola were recorded as the mean daily
Temperatures above 1.5 °C (dotted line) are associated with higher sediment fluxe
elevation of 4220 m; temperatures at the snout of the glaciers (elev. ~5200 m) were es
monsoon seasons; for clarity, peak sediment fluxes are not shown. (B) High sediment
season (2002) when the mean daily temperatures are the highest; significant sedimen
higher amounts of precipitation recorded later in the season are not associated with h
suggests a subglacial sediment source.
Denton, 1990; Brozovic et al., 1997; Humphrey and Raymond,
1994; Mitchell and Montgomery, 2006). Faster rock uplift rates
lead to more terrain at higher elevations thus allowing for more
ice and snow accumulation. Greater volumes of ice and snow
produce more and larger glaciers that can drive erosion rates that
match and, for short periods, exceed rock uplift rates. We note
that in the northern Marsyandi catchment, only a small fraction
of the area lies above 6500 m elevation. As such, the effec-
tiveness of glacial erosion is not significantly limited either by
being cold-based and frozen to their beds (i.e., not eroding) or by
lying within the arid zone proposed for regions N6200m (Harper
and Humphrey, 2003).

The role of glaciations in accelerating erosion rates in the
region during the Pliestocene can be explored by estimating the
amount of bedrock lowering presently being accomplished by
glaciers. The discharge and sediment flux records from the
northern watersheds demonstrate a clockwise hysteretic rela-
tionship between discharge and sediment flux whereby sediment
fluxes are high during the early monsoon but decrease later in the
season (Fig. 8). Others have also observed a similar relationship
from glacially fed channels and Riihimaki et al. (2005) reasoned
temperature at the snout of the glaciers increased above freezing (solid line).
s, suggesting a subglacial sediment source. Temperatures were recorded at an
timated using a lapse rate of 5 °C/km (Pratt-Sitaula, 2005). Data from 2001, 2002
fluxes from the Nar Khola watershed occur during the early part of the monsoon
t flux was only measured when temperatures were above ~3 °C. In contrast, the
igh sediment fluxes. The dependence of sediment flux on temperature strongly

http://dx.doi.org/10.1029/2003GL017329
http://dx.doi.org/10.1029/2003GL017329
http://dx.doi.org/10.1029/2004JF000189


492 E.J. Gabet et al. / Earth and Planetary Science Letters 267 (2008) 482–494
that the hysteresis was due to a flushing of subglacial sediment
(see also Willis et al., 1996). Although our monitoring stations
were tens of kilometers from the glaciers, the suspended
sediment signal strongly suggests that the chronic sources of
sediment to the channels are the presently glacierized areas. The
dependence of discharge and sediment flux on temperature
(Fig. 9A) also argues in favor of modern glaciers being an
important sediment source in the northern catchments. Higher
discharges and sediment fluxes appear to be associated with
threshold temperatures at the snout of the glaciers (Fig. 9A); as
the warmer temperatures move upslope and reach the glaciers,
meltwater is produced and the subglacial hydrological network
may extend into pockets of stored sediment (Riihimaki et al.,
2005). In addition, high sediment fluxes coincide with warmer
temperatures rather than higher rainfall (Fig. 9B), another
indication that the sediment is being produced from the
glacierized regions. In contrast, in the landslide-dominated
southern catchments, the suspended sediment signal is clearly
due to the storm-driven delivery of sediment from landslides,
and no evidence exists of a clockwise hysteritic relationship
between discharge and sediment flux during themonsoon season
(Gabet et al., 2004a). Indeed, sediment fluxes in the landslide-
dominated catchments increase during the monsoon as the
slopes become progressively wetter and unstable (Fig. 3A).
Therefore, with the inference that the predominant sources of
sediment in the northern catchments are the currently glacierized
areas, the erosion rates due to glaciers may be roughly estimated
by dividing the modern watershed-scale erosion rates by the
fraction of ice-covered area (Table 1). With this approach, the
glacial erosion rates in the northernmost watersheds are
estimated as 4.8 mm/yr for the Nar catchment and 3.8 mm/yr
for the Dudh Khola catchment, similar to rates measured by
Gardner and Jones (1993) for glacial erosion in the Nanga Parbat
region of the Himalayas. These values suggest that rapid erosion
during glacial advances in the northern catchments could
compensate for low interglacial erosion to produce a time-
averaged rate that may match the erosion rates measured in the
landslide-dominated southern catchments.

5. Conclusion

Hypotheses on the relationships between climate, erosion,
and tectonics hinge on the spatial distributions of precipitation
and erosion. It has been proposed that intense monsoonal rain-
fall at the Himalayan front has driven high erosion rates that
localize tectonic strain. Long-term exhumation rates (105–
106 yr) measured in central Nepal, however, appear quite inde-
pendent of modern climate gradients at spatial scales of tens of
kilometers. Through quantification of variations in suspended
sediment loads across the Himalaya, we show that spatial gra-
dients in modern erosion rates parallel modern monsoon rainfall
rates. Thus, in contrast to the high, spatially uniform, long-term
denudation rates documented by others, we find high erosion
rates in the low-elevation, wet, southern watersheds and low
rates in the high elevation, arid, northern watersheds. We pro-
pose that at longer time scales (N104 yr), rapid but intermittent
erosion by glaciers in the northern watersheds balances the more
steady erosion in the landslide-dominated southern watersheds
such that, over time, the entire region is being eroded at ap-
proximately the same rate.
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