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a b s t r a c t
Vegetation has long been hypothesized to inﬂuence the nature and rates of surface processes. We test
the possible impact of vegetation and climate on denudation rates at orogen scale by taking advantage
of a pronounced along-strike gradient in rainfall and vegetation density in the Himalaya. We combine
12 new 10 Be denudation rates from the Sutlej Valley and 123 published denudation rates from ﬂuviallydominated catchments in the Himalaya with remotely-sensed measures of vegetation density and rainfall
metrics, and with tectonic and lithologic constraints. In addition, we perform topographic analyses to
assess the contribution of vegetation and climate in modulating denudation rates along strike. We
observe variations in denudation rates and the relationship between denudation and topography along
strike that are most strongly controlled by local rainfall amount and vegetation density, and cannot be
explained by along-strike differences in tectonics or lithology. A W–E along-strike decrease in denudation
rate variability positively correlates with the seasonality of vegetation density (R = 0.95, p < 0.05), and
negatively correlates with mean vegetation density (R = −0.84, p < 0.05). Vegetation density modulates
the topographic response to changing denudation rates, such that the functional relationship between
denudation rate and topographic steepness becomes increasingly linear as vegetation density increases.
We suggest that while tectonic processes locally control the pattern of denudation rates across strike
of the Himalaya (i.e., S–N), along strike of the orogen (i.e., E–W) climate exerts a measurable inﬂuence
on how denudation rates scatter around long-term, tectonically-controlled erosion, and on the functional
relationship between topography and denudation.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The role of vegetation in shaping landscapes and moderating
denudation has been long recognized (e.g., Langbein and Schumm,
1958), but our understanding of the inﬂuence of vegetation cover
over differing time and spatial scales remains incomplete (e.g.,
Dietrich and Perron, 2006). Langbein and Schumm (1958) posited
that as effective precipitation increases, sediment yield will increase until there is suﬃcient precipitation to support a stable
vegetation cover, causing subsequent decrease in sediment yield.
Modeling studies have suggested that vegetation inhibits erosion
and ultimately creates steeper landscapes, resulting in more variable and extreme erosion events (e.g., landsliding) than in analogous environments with less or no vegetation (Collins et al., 2004;
Istanbulluoglu et al., 2004; Istanbulluoglu and Bras, 2005). Several ﬁeld studies have demonstrated that the absence of vegetation
following wildﬁres or forest degradation leads to a signiﬁcant in-
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crease in erosion and sediment yield over short timescales (e.g.,
Lamb et al., 2011; West et al., 2015). However, the general applicability of these ﬁndings has not been conﬁrmed in large-scale ﬁeld
studies, or over longer timescales. While some large-scale studies
have addressed this problem in recent years (Carretier et al., 2013;
Torres Acosta et al., 2015), documenting how vegetation inﬂuences
denudation rates in active orogens can prove diﬃcult due to the
strong interdependence of tectonics, topography, regional climate,
and vegetation.
In the Himalaya, the present-day climate is strongly inﬂuenced
by tectonically-created topography. Seasonal rainfall from the Indian Summer Monsoon (ISM) is focused at orographic barriers
along the southern ﬂank of the orogen (Fig. 1A) (Bookhagen and
Burbank, 2010), although this effect decreases toward the west. In
general, vegetation density (Fig. 1B) is highly inﬂuenced by available moisture and temperature, which are controlled primarily by
geographic location and elevation. Thus, across strike of the orogen, peak rainfall and vegetation density correspond to orographic
barriers and coincide with abrupt increases in topographic steepness. The resulting high interdependence of climate, vegetation,
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Fig. 1. Regional distribution of mean annual rainfall (A) and vegetation density (B) of the Himalayan region. Mean annual rainfall (MAR) is from the Tropical Rainfall Measuring
Mission (TRMM) calibrated 12-yr average product 2B31 (Bookhagen and Burbank, 2010). Bands of high rainfall are focused along the orographic barriers of the Lesser and
Higher Himalaya, corresponding approximately to the 1000 m asl and 3000 m asl contours shown in grey. Mean annual vegetation density is characterized by the Enhanced
Vegetation Index (EVI), derived from MODIS product MOD13C1 (Huete et al., 1994) and averaged over 14 yrs. Low EVI values represent sparse or bare vegetation, while high
values represent dense vegetation cover. 1000 m asl and 3000 m asl contours are shown for reference in white. White areas indicate no-data regions that are snow covered.
Summer and winter EVI maps can be found in Fig. S1. Black lines indicate political boundaries in both maps.

and topography complicates potential strike-perpendicular comparisons of these highly dynamic variables. Nonetheless, samples
for the determination of centennial to millennial denudation rates
from terrestrial cosmogenic nuclides or million-year long-term erosion rates from thermochronology are mostly collected in transects
perpendicular to strike of the most important structures and topographic relief. One way to minimize these complications is to
consider a broader region characterized by an along-strike climatic
gradient. In the Himalaya, mean annual rainfall (MAR) decreases
as the moisture-bearing winds of the ISM travel westward from
their primary moisture source in the Bay of Bengal (e.g., Barros
et al., 2006). The east to west rainfall gradient (Fig. 1A) corresponds to an along-strike decrease in vegetation density (Fig. 1B).
We take advantage of these along-strike gradients, 12 new 10 Be
terrestrial cosmogenic nuclide (TCN) denudation rates and previously published denudation rates from the Himalaya (Godard
et al., 2014; Scherler et al., 2014; Le Roux-Mallouf et al., 2015;
Morell et al., 2015; Olen et al., 2015; Portenga et al., 2015) to
investigate the relationships between climate, denudation rates,
and topography along strike of the Himalaya. We assess the potential inﬂuence of rainfall and vegetation using 12 yrs of calibrated remotely-sensed rainfall (TRMM 2B31, Bookhagen and Burbank, 2010) and 14 yrs of remotely-sensed vegetation density
measurements (MODIS MOD13C1, Huete et al., 1994). We combine this analysis with topographic metrics, lithologic and tectonic constraints, and the compiled dataset of 10 Be TCN denuda-

tion rates. Several studies have highlighted the dominance of tectonic uplift in forcing denudation rates across strike of the Himalaya (e.g., Burbank et al., 2003; Godard et al., 2014; Scherler
et al., 2014). In this study, however, we document evidence that
along-strike of the Himalaya, climate and vegetation inﬂuence both
the variability of denudation rates around long-term means, and
the functional relationship between denudation rates and topography.
2. Synthesis and new observations: denudation rates across the
Himalaya
To characterize denudation rates along strike of the Himalaya,
we compiled a dataset of 195 10 Be TCN denudation rates from
recently published studies (Table S1). The compiled dataset was
divided into major catchment; from west to east, they are: the Sutlej (Table 1), Yamuna (Scherler et al., 2014), Upper Ganges (Morell
et al., 2015), Gandaki (Godard et al., 2014), Sun Kosi (Godard et
al., 2014), Arun (Olen et al., 2015), Wang Chu (Le Roux-Mallouf
et al., 2015), and Puna Tzang Chu (Le Roux-Mallouf et al., 2015;
Portenga et al., 2015) (Fig. 2A). All denudation rates were recalculated using the Lal/Stone scaling scheme, which takes into account
time-dependent muogenic production and non-dipole geomagnetic
effects (Balco et al., 2008 and references therein), and the revised 10 Be half-life of 1.387 ± 0.016 Myr (Chmeleff et al., 2010)
to ensure standardized data. We have, to the best of our ability,
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Table 1
10
Be TCN denudation rates and concentrations from the Sutlej.
Sample
name

Sample
longitude
(◦ )a

Sample
latitude
(◦ )a

Denudation
rate
(mm/yr)b

Denudation
rate error
(mm/yr)

10

Be Conc.
(atom/g)c

10
Be Conc.
error
(atoms/g)

Topographic
shieldingd

Ice
shieldinge

Snow
shieldingf

Total
shielding

BB29
BB22
BB21
BB24h
BBh
RS-7
BB30
RS-5
RS-6
BB18
BB11
BB9

78.18
78.60
78.19
78.05
78.05
78.19
78.08
78.44
78.41
78.38
77.74
78.06

32.10
31.95
32.12
32.25
32.25
32.09
32.17
31.78
31.80
31.37
31.40
31.52

0.61
0.64
0.09
2.19
2.07
0.15
0.17
0.36
0.24
2.03
0.08
0.41

0.11
0.05
0.01
0.20
0.18
0.02
0.02
0.03
0.03
0.49
0.01
0.06

6.96E+04
4.05E+04
0.00E+00
1.53E+04
1.62E+04
3.84E+05
0.00E+00
1.35E+05
2.32E+05
2.31E+04
4.63E+05
9.96E+04

1.31E+03
8.39E+02
0.00E+00
7.65E+02
6.69E+02
8.92E+03
0.00E+00
3.49E+03
5.44E+03
7.32E+02
8.68E+03
1.88E+03

0.91
0.95
0.94
0.93
0.93
0.98
0.97
0.96
0.96
0.92
0.93
0.92

1.00
1.00
1.00
1.00
1.00
0.98
0.97
0.97
0.97
0.95
0.94
1.00

0.96
0.98
0.97
0.97
0.97
0.99
0.98
0.98
0.97
0.97
0.95
0.94

0.82
0.88
0.92
0.85
0.85
0.95
0.92
0.92
0.90
0.80
0.78
0.81

a

Catchment outlet coordinates.
Denudation rates are calculated with a bedrock density of 2.6 g cm−3 and an attenuation length for spallation of λ = 160 g cm2 .
c
Derived from blank-corrected AMS measurements undertaken at Lawrence Livermore National Laboratory and normalized to ICN standard (Nishiizumi et al., 2007).
d
Topographic shielding based on 90-m SRTM DEM following Dunne et al. (1999).
e
Ice shielding is based on present ice coverage from the National Snow & Ice Data Center (NSIDC) Global Land Ice Measurements from Space (GLIMS) Randolph Glacier
Inventory (RGI) database (http://www.glims.org/RGI/).
b

f
h

Snow shielding is based on model output form Bookhagen and Burbank (2010).
For regression analysis, the two measurements of BB24 were averaged and used as one data point.

Fig. 2. Compilation of 10 Be terrestrial cosmogenic nuclide (TCN) denudation rates from the Himalaya. (A) Digital elevation map of Himalaya (USGS GTOPO30, nominal 1-km
resolution), with major rivers (dark blue), location of the Main Frontal Thrust (black), extent of present-day glaciation (light blue) (GLIMS, 2005; http://www.glims.org/),
and political boundaries (white). Mt. Everest/Sagarmatha is shown for spatial reference. Sample locations (catchment centroids) of 10 Be dataset are shown as circles within
major river catchments: Sutlej (purple), Yamuna (orange), Upper Ganges (green), Gandaki (dark blue), Sun Kosi (yellow), Arun (red), Wang Chu (pink), and Puna Tzang
Chu (light blue). Gray circles represent samples that were excluded from the ﬁnal dataset (see Supplementary Material S1–3). The approximate division of the Lesser
and Higher Himalaya is shown by the 2500 m asl contour in yellow. (B) Boxplot of denudation rates from each study area from west to east, with coloring following
sample color scheme in (A). Median values for each study site are represented by the thick black bar; boxes extend from the 25th to 75th percentiles; whiskers extend to
all samples not considered outliers. (C–E) Strike-perpendicular swath proﬁles from (C) NW India (Scherler et al., 2014; Morell et al., 2015), (D) Nepal (Godard et al., 2014;
Olen et al., 2015), and (E) Bhutan (Le Roux-Mallouf et al., 2015; Portenga et al., 2015). Elevation is averaged over swaths oriented perpendicular to local strike that encompass
all included sample sites, denoted in (A). Thick black line denotes mean elevation, dark gray shade ±1σ , light gray shade ranges from minimum to maximum elevation
values. Sample denudation rates (circles) ±1σ (vertical error bars) are plotted against the distance of the catchment centroid from the MFT, and follow the same color
scheme as (A). This color scheme will be used for Figures throughout the remainder of the manuscript. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Power-law relationship between 10 Be TCN-derived denudation rates and catchment-mean values of (A, C) normalized channel steepness (ksn ), and (B, D) hillslope
gradient. (A) and (B) show data plotted with individual OLS power law regressions for each study area. Inset gives power law exponent b, following the relationship
f (x) = axb , and goodness-of-ﬁt (R 2 ) for each regression. Italic text denotes where correlation is not signiﬁcant at the 95% conﬁdence level. Additional correlation statistics
for each study area can be found in Table S1. (C, D) show regression for the compiled dataset, highlighting the poor ﬁt between denudation rates and topographic metrics
when all data is considered together.

accounted for the possibility of native 9 Be in the compiled dataset
(see Supplementary Material S1). To avoid complications from nonﬂuvial and transient processes in our dataset, we excluded samples
from the following environments: (1) catchments with >5% modern glacial coverage (33 samples total; 25 from Puna Tzang Chu
(Portenga et al., 2015)); (2) catchments in a state of topographic
transience (18 samples total; see Supplemental Material S2 for detailed description of how topographic transience was determined);
(3) catchments with suspected or known recent landslide activity based on original publication (6 samples total (Scherler et al.,
2014; Olen et al., 2015); see Supplementary Material S3 for further
information); and (4) large trans-Himalayan catchments that integrate several climatic, tectonic, and topographic regimes (6 samples from the Arun River). After excluding transient and non-ﬂuvial
catchments, our compiled dataset contains 135 samples collected
in environments dominated by ﬂuvial erosion.
Across strike in each region, we observe that high catchmentmean denudation rates generally correspond to orographic rises,
with relatively lower denudation rates where mean elevation is
steady (Fig. 2C–E). Median denudation rate along strike remains
relatively constant (0.30 ± 0.12 mm/yr) (Fig. 2B) over a distance
of ∼1500 km, with slightly lower denudation rates in Bhutan. The
range of denudation rates, however, generally decreases from west

to east, primarily by a decrease in the highest denudation rates
(e.g., 75th percentile) (Fig. 2B).
A traditional approach for empirically estimating the controls
of denudation rates in active orogens is to compare local (e.g.,
catchment-scale) denudation rates with metrics that have been
shown to positively correlate with tectonic uplift, e.g., hillslope
gradient, normalized channel steepness (ksn ), or speciﬁc stream
power (SSP) (e.g., Kirby and Whipple, 2012 and references therein).
We have calculated hillslope gradient, ksn , and SSP for each sampled catchment in the dataset. To account for the possibility that
higher rainfall rates will induce higher erosion, we additionally
calculate ksn and SSP with an MAR-weighted upstream area and
discharge, respectively (see Supplementary Material S4 for topographic metric calculations). In Fig. 3, we show the relationship
between denudation rates and (1) ksn and (2) hillslope gradient
in the Himalaya. The raw data are shown with ordinary least
squares (OLS) power-law regressions for each study area (Fig. 3
A, B) and for the compiled dataset (Fig. 3 C, D), following several
studies that have observed a power-law relationship between topography and denudation, where topographic metric ∼ (denudation
rate)b (e.g., Kirby and Whipple, 2012; Lague, 2014). In most study
areas (with notable exceptions, discussed below), the power law
regression provides a moderate to good ﬁt between denudation
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rates and tectonically-linked topographic metrics. However, the nature of the power law relationship varies considerably between
study areas (see Table S2 for full regression results for each study
area). Although denudation rates and topographic metrics are signiﬁcantly correlated for the entire Himalaya dataset (p < 0.05),
the regressions provide a poor ﬁt to the data (e.g., R 2ksn = 0.26,

R 2Hillslope = 0.18, n = 135) (Fig. 3C, D). The range of power-law exponents between study areas, and the poor goodness-of-ﬁt of the
compiled regression, suggests that there are one or more complicating factors causing scatter in the dataset (e.g., Kirby and Whipple, 2012). In a global compilation of 10 Be derived catchment-mean
denudation rates, Lague (2014) also found that the relationship of
k sn ∼ (denudation rate)b varied considerably between regions, with
the power-law exponent ranging from highly non-linear (b = 0.25
in the Mendocino Triple Junction) to nearly linear in the Siwaliks (b = 0.93). In the Himalaya, we likewise observe a range of
power-law values characterizing the relationship between denudation rates and ksn ; from highly nonlinear in the Upper Ganges
and Yamuna (bksn = 0.21–0.23), to an increasingly linear relationship in the Sun Kosi and Gandaki (bksn = 0.48–0.50). In the following sections, we investigate possible causes and contributing
factors to the distribution of denudation rates along strike of the
Himalaya and the relationship between denudation rates and topography.
3. Data and methods
3.1. Geology and tectonics
The Himalayan orogen can be divided into four major lithologic
groups, separated by four major fault systems. From the foreland
to the hinterland, they are: (1) the Cenozoic sedimentary deposits
of the Siwaliks north of the Main Frontal Thrust (MFT); (2) the
Lesser Himalaya Series, ranging from low- to high-grade metasediments (high-grade metasediments are also known as the Lesser
Himalayan Crystalline, or LHC) north of the Main Boundary Thrust
(MBT); (3) the Higher Himalayan Crystalline (HHC), predominantly
granites and high-grade metamorphic rocks, separated from the
LHC by the Main Central Trust (MCT); and (4) the Paleozoic sedimentary rocks of the Tethyan Himalaya, north of the South Tibetan Detachment (STD) (e.g., Gansser, 1964). Using the geologic
maps of Hodges (2000) for NW India and Nepal and Grujic et al.
(2011) for Bhutan, we created a simpliﬁed lithologic map for the
Himalaya divided into: Quaternary sedimentary deposits, sedimentary rocks, metasedimentary rocks, and crystalline rocks; approximately corresponding with the Siwaliks and intermontane basins,
Tethyan Himalaya, Lesser Himalayan Series, and Higher Himalayan
Crystalline, respectively. Based on this simpliﬁed lithologic map,
we characterized each basin by the percent area in each lithology.
If lithology exerts a primary control on denudation rates or
on the relationship between denudation rates and topography, we
might expect basins from similar lithologies to ﬁt the same relationship between denudation rate and topographic metric. Thus,
by separating denudation rates into subsets based on basin lithology, one would expect a reduction of scatter in each subset. To
test this, we binned our dataset into dominant lithology (>50%
area) and performed a suite of regressions and correlation analysis
between denudation rates and common tectonically-linked topographic metrics (Table 2).
The exposure of lithologic units in the Himalaya corresponds
to relatively old phases of tectonic activity and mountain building during the Cenozoic (Hubbard and Harrison, 1989), and
is likely not representative of tectonic activity over the last
102 –105 yr. Thus, to investigate the link between modern denudation rates and long-term erosion rates associated with recent
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Table 2
Parameters characterized for each catchment used in regression analysis.
Lithology and
tectonics

Climate

Vegetation

Topography

% Crystalline1

TRMM 12-yr
MAR
(mm/yr)3

14-yr mean
annual EVI6

Hillslope
gradient (m/m)8

% Metasediments1

MAR-ET
(mm/yr)4

Vegetation
seasonality index
(SI)6

ksn (m0.9 )9

% Sediments1

MAR-PET
(mm/yr)5

Dominant land
cover7

MAR-weighted
ksn (m0.9 )9

(75th–25th
percentile EVI)
annual, summer6

SSP (W/m2 )10
MAR-weighted
SSP (W/m2 )10

HHC long-term
erosion rate
(mm/yr)2
1

% Lithologies derived from simpliﬁed map of Hodges (2000) and Grujic et al.
(2011).
Long-term erosion rates from thermochronometric inversion are from Thiede and
Ehlers (2013).
3
From the 12-yr mean annual rainfall product TRMM 2B31 (Bookhagen and Burbank, 2010).
4
ET derived from MODIS project MOD16.
5
PET derived from MODIS project MOD16.
6
14-yr average of MODIS vegetation indices MOD13C1.
7
Based on the FAO Global Land Cover SHARE (http://www.glcn.org/databases/
lc_glcshare_en.jsp).
8
Calculated for each pixel based on eight surrounding pixels.
9
Based on stream power incision model, ksn = ( S / A −θ ref ).
γ ×Q ×S
10
Based on the stream power incision model, SSP =
, where γ is the spew
2

ciﬁc weight of water (9819 N/m3 ), Q is discharge (m3 /s), S is the local bed slope
(m/m), and w is the width of the channel (m).

tectonic activity, we compared our data to the low-temperature
thermochronology dataset compiled by Thiede and Ehlers (2013).
This dataset comprises Apatite ﬁssion track, Zircon ﬁssion track,
and (40 Ar/39 Ar)-white mica ages and calculated erosion rates for
the Higher Himalaya along strike of the orogen. Long-term erosion
rates calculated from low-temperature thermochronology are averaged over 0–4 Myr and therefore represent chronologies three
to four orders of magnitude longer than 10 Be-derived denudation
rates. We used the nearest measurements of long-term erosion
to each major catchment to compare to TCN-derived denudation
rates. In the case of data gaps, (e.g., in the Arun, see Fig. 4), we
performed a bilinear interpolation between observations.
Present rates of tectonic uplift are believed to be reﬂected in a
physiographic divide between the low-elevation and relatively lowrelief Lesser Himalaya and the high-elevation, high-relief Higher
Himalaya (e.g., Hodges et al., 2001; Avouac, 2003). This physiographic transition, commonly termed the PT2 (Hodges et al.,
2001), does not correspond strictly to the geologic boundaries of
the Lesser Himalayan Series/Crystalline and the Higher Himalayan
Crystalline or to the location of the MCT along strike (e.g., Hodges
et al., 2001). Although there are different models for the cause of
this transition, including out-of-sequence thrusting (e.g., Hodges et
al., 2004) or exhumation over a mid-crustal ramp (e.g., Avouac,
2003), there is considerable data documenting differential uplift
on either side of the PT2 . We therefore separated our dataset into
physiographic bins corresponding to: (1) the physiographic Lesser
Himalaya (LH), from the MBT to the PT2 ; and physiographic Higher
Himalaya (HH), extending from the PT2 to the STD. Due to its
differing tectonic and topographic setting (Le Roux-Mallouf et al.,
2015) (Fig. 2e), we excluded the Bhutan data from these bins. We
performed regression and correlation analysis between denudation
rates and topographic and climatic metrics (Table 2) to determine
if the spread of denudation rates in the compiled dataset can be
explained by physiographic region and, we therefore infer, recent
tectonic activity.
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NDJFMA) EVI. To test if denudation rates are sensitive to the seasonality of vegetation density, rather than mean annual vegetation
density, we calculated a seasonality index (SI) to quantify the difference between summer and winter vegetation, such that:

SI =

Fig. 4. (A) Comparison between short-term denudation rates derived from 10 Be TCN
concentrations and long-term erosion rates from low-temperature thermochronology (Thiede and Ehlers, 2013). Elevation along strike is shown in dark gray, with
±1σ in light gray. Long-term erosion rates (stars) are shown with horizontal error
bars extending to the area integrated into mean long-term erosion rate values (following Thiede and Ehlers (2013); vertical error bars show ±1σ uncertainty. Shortterm denudation rates are shown in boxes that extend, horizontally, to spatial extent
of dataset and, vertically, to the ±1σ uncertainty. (B) Simpliﬁed vegetation density
and (C) simpliﬁed mean annual rainfall along strike for the Higher and Lesser Himalaya, respectively. Swaths were taken from 1.5 decimal degree (∼110 km) wide
swaths parallel to the strike of the mountain range, centered on the Higher Himalayan front and binned by elevation, approximately corresponding to the Lesser
(<2500 m asl) and Higher (>2500 m asl) Himalaya.

3.2. Climate and vegetation
Rainfall in the Himalaya was characterized using the Tropical
Rainfall Measurement Mission (TRMM) 2B31 12-yr calibrated MAR,
with a nominal spatial resolution of 5-km (Bookhagen and Burbank, 2010). We acknowledge that the TRMM 2B31 product does
not include snowfall, which has a larger inﬂuence in the Western
Himalaya, where winter precipitation is greater due to proximity to
the Westerlies (e.g., Barros et al., 2006). To estimate effective water
availability for surface processes, we also take into consideration
the effects of evapotranspiration (ET) and potential evapotranspiration (PET). Evapotranspiration is the sum of evaporation and plant
transpiration. This value is based on the Penmen–Montieth equation, which incorporates remotely-sensed atmospheric and terrestrial data, such as temperature, wind speed, relative humidity, and
solar radiation (Mu et al., 2011); potential evapotranspiration is the
amount of evaporation and transpiration that would occur given
suﬃcient water. We calculated MAR-ET and MAR-PET using the
MOD16 product from the Moderate-Resolution Imaging Spectroradiometer (MODIS) sensor aboard the NASA Earth Observing System
Terra satellite (Mu et al., 2011).
Vegetation density in the Himalaya was quantiﬁed using the
Enhanced Vegetation Index (EVI). EVI is a remotely-sensed measure
of vegetation density derived from multispectral analysis of the
red, near infrared, and blue wavelengths (see Supplementary Material S5 for details) (Huete et al., 1994). Valid values of EVI range
from 0 to 1, with 0 representing bare land and 1 representing extremely dense vegetation cover. Due to its relatively long temporal
coverage, we use the MODIS product MOD13C1, a 16-day composite EVI at 0.05 degree (nominal 5-km) resolution. Employing 14 yrs
of available MODIS vegetation indices, we calculated mean annual,
summer (May to October, MJJASO), and winter (November to April,

EVIMJJASO
EVINDJFMA

(1)

The seasonality index therefore quantiﬁes how much denser
summer vegetation is than winter vegetation (e.g., a value of SI = 1
indicates no vegetation seasonality, while a value of SI = 2 implies
that vegetation is twice as dense in the summer than in the winter; see Fig. S1). The range of annual and summer EVI within each
basin was measured as the difference between 75th and 25th percentiles. Assuming that higher and lower values of EVI correspond
to changes in vegetative land cover type (e.g., forest, grassland,
alpine vegetation), we used this range as a proxy for the variety
of land cover within each basin (see Supplementary Material S5.1
for the relationship between EVI and land cover in the Himalaya).
We assume that a low range of EVI within a basin corresponds to
relatively uniform land cover, while a large range represents a variety of land covers within the basin. Correspondingly, we expect
that when land cover is more uniform, the erosive processes acting within a basin will be more spatially uniform; when land cover
varies, the erosive processes within a basin are more likely to vary.
3.3. Denudation rate variability and regression analysis
In the compiled dataset, we observe that the range of denudation rates generally decreases from west to east (Fig. 2B). To
test possible factors controlling the variability of denudation rates
along strike, we calculated the denudation rate variability for each
study area as the 75th minus 25th percentile of all denudation
rates within a given study area. Correlation and regression statistics (R 2 , R, and corresponding p values) were then calculated
between the denudation rate variability and the median value of
topographic, rainfall, and vegetation metrics for each study area
(Table 2). Following several studies that suggest that the Himalaya
is at steady-state over long timescales (e.g., Myr) (e.g., Lavé and
Avouac, 2001), denudation rates in the orogen should reﬂect longterm erosion and uplift rates. Therefore, an alternative method of
determining the denudation rate variability in each study area is by
measuring the goodness-of-ﬁt between measured denudation rates
and tectonically-linked topographic metrics (e.g., ksn , Fig. 3A). High
scatter, or a poor ﬁt, of the data around the predicted ksn ∼ (denudation rate)b relationship may serve as a proxy for how denudation rates at the 102 –105 yr timescale are impacted by stochastic
climatic processes. We therefore analyzed the relationship between
the goodness-of-ﬁt (R 2 ) of the data to the OLS regressions presented in section 2 above as a further measure of how much each
region varies from tectonically-forced long-term erosion rates.
As discussed in section 2, the functional relationships between
denudation rates and topography show markedly different powerlaw relationships along strike. To determine what may inﬂuence
the nature of this relationship, we examine the degree of linearity
(power-law coeﬃcient b), assuming topographic metric ∼ (denudation rate)b , to dominant lithologic unit, and tectonic, climatic, and
vegetation metrics for each study area (Table 2). Such correlation
analysis allows us to examine if, e.g., higher tectonic uplift rates
result in a generally linear relationship between denudation rates
and hillslope gradient. Several studies have highlighted the importance of channel geometry and width to the relationship between
topography and denudation (e.g., Yanites and Tucker, 2010). We
acknowledge that variations in channel width along strike may
impact the relationship between topographic metrics and denudation rates (Fisher et al., 2013); however, due to lack of accurate
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Fig. 5. Denudation rate variability in each study area plotted against (A) mean annual EVI ±1σ ; and (B) EVI seasonality index ±1σ (summer/winter vegetation density, cf.
Equation (1)). Denudation rate variability for each study area is calculated as the 75th–25th percentile of all catchment-mean denudation rates in each study area. Vertical
error bars extend to the 90th–75th percentile and 25th–10th percentile. Linear OLS regressions were performed for the entire dataset (red); and for the dataset excluding
the Sutlej Valley (gray). Data points are colored by major catchment, following the color scheme in Fig. 2. Correlation and regression statistics of denudation rate variability
compared to all lithologic, tectonic, and climatic parameters can be found in Table S4. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

estimates of channel width at orogen scale, we did not presently
consider this factor.
4. Results
4.1. Geology and tectonics
Catchments in the compiled 10 Be dataset are predominantly located within crystalline and metasedimentary rocks of the HHC
(n = 44) and LHC (n = 60) units. Basins dominated by Tethyan
sediments are conﬁned to the Sutlej Valley and Bhutan (Fig. S2).
We observe no basins with dominant Quaternary sedimentary ﬁll
deposits, therefore our binned subsets are: sedimentary, metasedimentary, and crystalline catchments. Denudation rates binned by
lithologic units show signiﬁcant correlation at the 95% conﬁdence
level with several topographic metrics, but the correlations are not
consistent between lithologies, and the regression provides a poor
ﬁt to the data (R 2 ≤ 0.45), and in most cases the correlation is
weak (| R | < 0.5; Table S3).
When the data is binned by physiographic region, there are no
signiﬁcant correlations at the 95% conﬁdence level between denudation rates and tectonically-linked topographic metrics (e.g.,
ksn ) in the Higher Himalaya along strike. In the Lesser Himalaya,
there are signiﬁcant correlations at the 95% conﬁdence level between denudation rates and tectonically-linked topographic metrics (e.g., ksn ); however, the correlation is weak and provides a
poor ﬁt to the regressions (| R | < 0.5, R 2 ≤ 0.30 for all metrics;
Table S4).
4.2. Climate and vegetation
In general, rainfall and vegetation density increase from west
to east along the strike of the Himalaya (Fig. 4). At lower elevations (<2500 m asl), vegetation density and rainfall increase
relatively steadily from west to east. At high elevations, however, rainfall no longer follows a clear along-strike gradient and
is instead inﬂuenced by large valleys that are oriented approximately perpendicular to strike, funneling moisture into the orogen
(Anders et al., 2006) (Fig. 4C). Vegetation density continues to in-

crease eastward at higher elevation, but the gradient is more subdued.
We performed correlation analysis between the entire 10 Be
dataset, as well as the HH and LH subsets, and climatic and vegetation metrics from each sample basin. Denudation rates from the
entire dataset, and from the Higher Himalaya in particular, show a
signiﬁcant positive correlation with the range of summer EVI values in each catchment (entire dataset: R = 0.67, p < 0.05, n = 135;
Higher Himalaya: R = 0.70, p < 0.05, n = 29). A similar, though
slightly weaker, correlation exists between denudation rates and
annual EVI range. We do not see the same correlation in the Lesser
Himalaya, where the range of EVI (summer or annual) is relatively
small (Table S4).
4.3. Denudation-rate variability
Denudation-rate variability in each study area shows a strong
correlation with all vegetation-density metrics (Tables S5, S6). The
strongest correlation is with the seasonality index, with denudation rate variability increasing as vegetation seasonality increases
(R = 0.95, p < 0.05) (Fig. 5). There is also a strong negative correlation between denudation rate variability and vegetation density (R = −0.84, p < 0.05), where denudation-rate variability decreases as mean annual vegetation density increases (Fig. 5). Notably, there are no signiﬁcant correlations between denudation rate
variability and topographic, tectonic, lithologic, or rainfall metrics
(cf. Table S6). Denudation rate variability is signiﬁcantly higher in
the Sutlej, where vegetation density and rainfall are considerably
lower, and seasonality higher, than in the rest of the areas covered
by our dataset. Therefore, to test whether or not the relationship
between denudation-rate variability and vegetation holds without
this outlying data point, we performed regressions excluding the
Sutlej. Without the Sutlej data, the relationship between mean annual EVI and denudation rate variability breaks down (R = 0.13,
p > 0.1) (Fig. 5A). However, seasonality remains highly correlated
to denudation-rate variability even when the Sutlej data is excluded (R = 0.88, p < 0.05) (Fig. 5B). The regression excluding the
Sutlej is nearly identical to the regression of all study areas. Measuring denudation-rate variability with the goodness-of-ﬁt of de-
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Fig. 6. The power-law exponent b of the functional relationship (topographic metric) ∼ (denudation rate)b plotted against (A) mean annual rainfall ±1σ and (B) mean annual
EVI ±1σ for each study area. Vertical error bars extend to the 95% conﬁdence intervals of b. Linear OLS regressions were performed for the entire dataset (red) and for the
dataset excluding the more interior Sutlej Valley (gray). Data points are colored by major catchment, following the color scheme in Fig. 2. Correlation and regression statistics
of power law exponent b to all lithologic, tectonic, and climatic parameters can be found in Table S6. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

nudation rates to the functional relationship between denudation
rates and tectonically-linked ksn , we observe a signiﬁcant positive
correlation to MAR and EVI (R = 0.88, R = 0.75 respectively) and
no signiﬁcant correlation to tectonic or lithologic parameters. See
Table S7 for full correlation analysis.
4.4. Regression analyses
We observe signiﬁcant positive correlations between the powerlaw exponent b of the functional relationship between denudation
rates and hillslope gradient, ksn , and SSP and both MAR and EVI
(R > 0.75 in all cases; Table S8). Thus, as rainfall or vegetation
density increase, the relationship between denudation rates and
topographic metrics becomes increasingly linear. Conversely, when
rainfall or vegetation density is low, the relationship between denudation rates and topographic metrics is increasingly non-linear.
Fig. 6 shows the correlation between bksn and both MAR and EVI
(R = 0.93, 0.79 respectively, p < 0.05). The correlation between the
power-law exponent bksn and both MAR and EVI remains when
the Sutlej is excluded from the analysis (R = 0.9, 0.79 respectively
without Sutlej data). See Table S8 for complete correlation results.
5. Discussion
Several studies have put forth evidence that tectonic processes
control the rates and patterns of denudation across strike in
the Himalaya (Hodges et al., 2001, 2004; Burbank et al., 2003;
Scherler et al., 2014; Godard et al., 2014; Morell et al., 2015;
Le Roux-Mallouf et al., 2015). Conversely, other recent studies argue for an along-strike climatic impact in the evolution of the
Himalayan fold-and-thrust belt (Hirschmiller et al., 2014). In our
analysis, we observe along-strike variations in the local variability
of denudation rates and in the linearity of the functional relationship between denudation rates and topography, but ﬁnd no clear
evidence that tectonic uplift or lithology control these variations
in modern denudation rates along strike of the orogen. No consistently signiﬁcant correlation is observed between denudation rates
and common, tectonically-linked topographic metrics when samples are binned by physiographic region, assumed to correspond
to modern and recent tectonic uplift, or by major lithologic unit
(%HHC, %LHC). Similarly, when we compare the exponent b of the

power law relationship between denudation rates and hillslope
gradient, SSP, and MAR-weighted ksn , we ﬁnd no correlation between b and dominant lithologic unit or long-term erosion rates
from the Higher Himalaya. We therefore interpret that the alongstrike patterns we observe in denudation-rate variability and the
linearity of the functional relationship between topographic metrics and denudation rates cannot be best explained by variations
in the degree of tectonic activity or lithology along strike. Accordingly, we infer that one or more other factors must be responsible
for the along-strike variations in denudation-rate variability and
the relationship between denudation rates and topographic metrics.
Vegetation density (EVI) and seasonality show a strong correlation with denudation rate variability (R = −0.84, 0.95, p < 0.05,
respectively). Denudation rate variability decreases linearly as vegetation density increases, and increases as seasonality increases
(Fig. 5). The link between denudation-rate variability and climate is
reinforced by the positive correlation between both MAR and EVI
and the goodness-of-ﬁt of the measured denudation rates to functional relationship to the tectonically-linked ksn (R = 0.89, 0.75,
p < 0.05, respectively; Table S7). The goodness-of-ﬁt statistic approximates how well 102 –105 yr denudation rates reﬂect longerterm tectonically-driven erosion rates; hence as MAR and EVI increase, TCN-derived denudation rates are more likely to reﬂect
long-term denudation rates. Lack of stabilizing vegetation cover
may lead to environments that are more susceptible to stochastic climatic processes (e.g., storms) on centennial to millennial
timescales, thus resulting in poor correlation of denudation rates to
topographic steepness metrics (e.g., ksn , hillslope gradient). In wetter, more densely vegetated environments of the Himalaya, however, dense vegetation cover may act to buffer stochastic climatic
processes and thus result in TCN-derived denudation rates that
better reﬂect long-term, tectonically-inﬂuenced denudation rates
rather than stochastic climatic processes.
The strong correlation between an increase in denudation-rate
variability as the seasonality of vegetation increases suggests that
not only is the mean annual vegetation density important in stabilizing erosive regimes and decreasing denudation rate variability,
but that the degree of seasonal change in vegetation density also
plays an important role. High seasonality results in dynamic and
temporally variable vegetation density, marked by annual transi-
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tions from sparse or bare winter cover to denser summer vegetation. We also measure spatially variable vegetation density by
the range of EVI values within a catchment. The positive correlation we observe between denudation rates and basin EVI range
suggests that the spatial variability of vegetation also directly impacts denudation rates. Studies in other regions have suggested
that transitional vegetation regimes correspond to high denudation rates in the Central Andes of Chile (Carretier et al., 2013) and
in the Kenyan Rift (Torres Acosta et al., 2015). Seasonality and EVI
range may have a similar effect, with the highest denudation rates
corresponding to regions where transitional vegetation regimes
bridge the gap between temporally and spatially variable vegetation density and land cover. The link between vegetation density,
seasonality, and denudation-rate variability may also be applicable
when interpreting the results of paleo-denudation rates (e.g., from
ﬂuvial terraces). Signiﬁcant scatter observed in paleo-denudation
rates from past glacial periods, e.g., Late Pleistocene in the Garhwal
Himalaya (Scherler et al., 2015), may be the result of more variable
denudation during periods with sparser and more seasonal vegetation cover. Consequently, potential environmental changes, such as
past increases or decreases in vegetation density, will need to be
taken into account when interpreting paleo-denudation rates.
There is a positive correlation between the power-law exponent
b of the functional relationship topographic metric ∼ (denudation
rate)b and both EVI and MAR. Thus as rainfall rate or vegetation
density increases, there is a corresponding increase in the linearity
of the relationship between denudation rate and topographic metrics. For example, in the Gandaki, where rainfall and vegetation
density is high, the relationship between denudation rate and ksn
is more linear (bksn = 0.50) than in the Upper Ganges (bksn = 0.21)
or Yamuna (bksn = 0.23), where rainfall rate and vegetation density are lower (Fig. 6, Table S8). It is notable that in the wet
and densely vegetated Siwaliks, Lague (2014) found a highly linear
relationship between denudation rate and ksn (b = 0.93) (Lague,
2014), supporting our observation that increasing linearity correlates with greater vegetation density and higher rainfall.
Torres Acosta et al. (2015) document a similar phenomenon in
the East African Rift System. In this tectonically and climatically
very different region, where denudation rates and uplift rates are
slow and topographic steepness is low, the observed relationship
between denudation rate and hillslope gradient is linear. However, these authors found that the slope of the relationship between denudation rate and hillslope gradient (where hillslope is
the dependent variable) steepens as vegetation density increases.
Thus on the steep and densely vegetated slopes of the rift escarpments, denudation rates are lower than in regions where vegetation is considerably sparser. Both the increasing linearity of largely
non-linear functional relationships in the tectonically very active
Himalaya and the increasing slope of the linear functional relationships in the tectonically less active East African Rift suggest
that denser vegetation cover allows landscapes to become increasingly steep as a function of denudation rate, conﬁrming the results
of modeling studies (Collins et al., 2004). The shift in linearity in
the relationship between denudation rates and topographic steepness can also reﬂect a change in the relative importance of topographic threshold values as denudation rates increase. Several
studies have found that topography will steepen in response to increasing denudation rates until it reaches a threshold value, above
which the landscape cannot continue to steepen in response to
changes in uplift or denudation rates (e.g., Burbank et al., 1996;
Montgomery, 2001). As denudation rates increase in densely vegetated regions, however, topography is able to continue to steepen
to a greater degree than in sparsely vegetated regions, where
threshold hillslope angles are reached earlier as denudation rates
increase. A positive relationship between vegetation cover and topographic steepness has been observed in other orogens; in the
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Central Andes, for example, Jeffery et al. (2014) observed that hillslope gradients positively correlate to vegetation cover, and that
more continuously vegetated slopes tend to be steeper than gentler
hillslopes with bare or patchy vegetation cover. Hillslope gradient and channel steepness are nonlinearly related, such that ksn
∼ (hillslope gradient)n , where n > 1 and nonlinearity is driven by
the threshold hillslope value (e.g., ∼30◦ ). Bookhagen and Strecker
(Bookhagen and Strecker, 2012) document a shift in the relationship between channel steepness and hillslope gradient in the Central Andes corresponding to shifts from arid, transitional, to humid
environments. We propose that as vegetation density increases and
threshold hillslope values correspondingly increase, channel steepness will increase more gradually with respect to hillslope gradient and denudation rates, resulting in a more linear relationship
between normalized channel steepness and denudation rates (cf.
Fig. 6).
The observation that the highest measured denudation rates
and the highest denudation-rate variability are associated with regions characterized by the lowest rainfall rates (e.g., in the Sutlej)
to provide surface runoff for erosion appears at ﬁrst counterintuitive. If rainfall sets the along-strike pattern of denudation rates,
the highest denudation rates should correspond to high rainfall
rates. However, mean annual rainfall may not be characteristic of
how rainfall impacts denudation rates. The temporal variation of
rainfall (i.e., seasonality of rainfall) has been hypothesized to modulate erosion (e.g., Lague et al., 2005). Storminess has also been
proposed as an important driver for erosion and sediment transport (e.g., Tucker, 2004; Wulf et al., 2012). We analyzed the seasonality of Himalayan rainfall and the number of extreme rainfall
events (Fig. 7). The percent of annual rainfall that occurs during
the summer (MJJASO) increases from west to east, from 40 to 80%
in the western Himalaya to >80% in the central Himalaya and
Bhutan (Fig. 7A). This decrease in the seasonality of rainfall along
strike is caused by the greater impact of moisture from the Winter Westerlies in the western Himalaya (e.g., Barros et al., 2006),
resulting in higher winter rainfall in the western Himalaya with
respect to the monsoon-dominated regions to the east. Extreme
rainfall events are deﬁned as rainfall events that exceeded the 90th
percentile rainfall rate for the 12-yr time series of TRMM data at
that pixel (number/year) (cf. Bookhagen, 2010). The highest number of extreme rainfall events is documented in the eastern syntaxis of the orogen in NE India and decreases steadily westward
(Fig. 7B). Higher seasonality of rainfall or an increased number
of storms and extreme rainfall events may drive higher and more
variable denudation rates, even when mean annual rainfall is low
(Snyder et al., 2003). However, we observe that denudation-rate
variability is lowest in the Central Himalaya where rainfall seasonality is high (>80%) and extreme rainfall events are relatively
frequent (3–9/yr). We argue that this effect is due to the stabilizing
inﬂuence of vegetation on the landscape.
We suggest that in humid, monsoon-inﬂuenced regions with
high vegetation density, vegetation density moderates the effects
of highly seasonal rainfall and the impact of extreme rainfall
events, resulting in denudation rates that are less impacted by
stochastic climatic processes, such as large storm events, and are
therefore less variable. The dense, persistent vegetation cover in
these regions buffers the landscape from rainfall-driven erosion
via the stabilizing effect of root cohesion, higher inﬁltration rates,
and shielding from rain splash (e.g., Prosser and Dietrich, 1995;
Gyssels and Poesen, 2003; Dunne et al., 2010). Where vegetation
density is low, rainfall converts rapidly into surface runoff to drive
erosion. The western regions of the Himalaya (e.g., Sutlej, Yamuna)
simultaneously display high vegetation seasonality and relatively
low rainfall seasonality. Persistent winter rainfall, rare in Nepal
and Bhutan, therefore has the potential to cause a greater impact on the landscape when vegetation density is especially low.

66

S.M. Olen et al. / Earth and Planetary Science Letters 445 (2016) 57–67

Fig. 7. (A) Map of TRMM2B31 rainfall seasonality for the Himalaya region. Rainfall seasonality is deﬁned as the percent of total annual rainfall that occurs during the MJJASO
summer months (Bookhagen and Burbank, 2010). (B) Map of extreme rainfall events for the Himalaya region. Extreme events are deﬁned as those above the 90th percentile
of the 12-yr time series for each pixel.

Although the number of extreme events is typically lower in the
NW Himalaya, storms that do occur, or that penetrate far into the
region, can have a larger impact. Without the stabilizing effect
of dense vegetation cover, rainfall in these sparsely vegetated regions is able to mobilize and evacuate signiﬁcantly more sediment
(Wulf et al., 2012) than in more vegetated regions. This results in
highly variable denudation rates that are likely driven on centennial timescales by stochastic climatic events rather than reﬂecting
tectonic uplift rates.
6. Conclusions
Our study of denudation rate measurements from ﬂuvial catchments along strike of the Himalayan orogen highlights the importance of climate and vegetation in inﬂuencing both the rates and
variability of denudation. We observe a strong link between the
pattern of denudation rates and climatic factors, such as rainfall
and vegetation density, along strike. Importantly, denudation-rate
variability is strongly correlated to vegetation density (R = −0.84,
p < 0.05) and the vegetation seasonality (R = 0.95, p < 0.05). We
argue that along strike of the Himalaya, vegetation density buffers
the stochastic climatic processes that cause greater variability on
centennial timescales around longer-timescale, tectonically-driven
mean erosion and uplift rates. Such that in more densely vegetated environments, denudation rates measured with 10 Be TCN are
less variable and more indicative of tectonic rates of uplift and
erosion. Furthermore, vegetation density and mean annual rainfall
modulate the relationship between denudation rates and topography in a highly active and dynamic orogen. The degree of linearity

between denudation rate and topographic metrics (e.g., hillslope
gradient, SSP, ksn ) increases as mean annual rainfall and vegetation
density increase. The result is a more linear response of topography and topographic steepness to changes in denudation rates in
wet, densely vegetated environments, as opposed to a highly nonlinear response in dry, sparsely vegetated environments. Overall,
our study highlights the importance of vegetation in understanding the relationship between denudation rates and regional climate
and tectonics, even in a tectonically active and highly dynamic
orogen such as the Himalaya. Further studies of how vegetation affects denudation and topography in different tectonic settings will
greatly increase our understanding of how these important surface
processes interact globally.
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