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ABSTRACT

The mechanisms by which climate and vegetation affect erosion rates over various time scales lie at the heart of understanding landscape
response to climate change. Plot-scale field experiments show that increased vegetation cover slows erosion, implying that faster erosion
should occur under low to moderate vegetation cover. However, demonstrating this concept over long time scales and across landscapes
has proven to be difficult, especially in settings complicated by tectonic forcing and variable slopes. We investigate this problem by measur-
ing cosmogenic “Be-derived catchment-mean denudation rates across a range of climate zones and hillslope gradients in the Kenya Rift,
and by comparing our results with those published from the Rwenzori Mountains of Uganda. We find that denudation rates from sparsely
vegetated parts of the Kenya Rift are up to 0.13 mm/yr, while those from humid and more densely vegetated parts of the Kenya Rift flanks
and the Rwenzori Mountains reach a maximum of 0.08 mm/yr, despite higher median hillslope gradients. While differences in lithology and
recent land-use changes likely affect the denudation rates and vegetation cover values in some of our studied catchments, hillslope gradient
and vegetation cover appear to explain most of the variation in denudation rates across the study area. Our results support the idea that
changing vegetation cover can contribute to complex erosional responses to climate or land-use change and that vegetation cover can play

an important role in determining the steady-state slopes of mountain belts through its stabilizing effects on the land surface.
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INTRODUCTION

Over the past decade, new approaches for quantifying landscape denu-
dation rates over multiple time scales have helped to reveal the relative
importance of tectonic and climatic factors in controlling landscape denu-
dation (Montgomery and Brandon, 2002; Molnar, 2004; Wittmann et al.,
2007; Champagnac et al., 2012; Kirby and Whipple, 2012; Carretier et al.,
2013; Scherler et al., 2014). Steeper slopes and higher runoff are generally
expected to increase hillslope sediment flux and denudation rates (Gilbert,
1877; Wischmeier and Smith, 1965; Kirkby, 1969; Summerfield and Hul-
ton, 1994; Roering et al., 1999), while steeper river channels and higher
discharge increase the erosional potential and sediment-transport capac-
ity of rivers (Howard, 1994; Whipple and Tucker, 2002). In areas with
relatively uniform and stable climatic conditions, denudation rates are
thus positively correlated with hillslope angles, river steepness, or other
measures of landscape relief (e.g., Ahnert, 1970; Granger et al., 1996;
Montgomery and Brandon, 2002; Binnie et al., 2007; Harkins et al., 2007;
Wittmann et al., 2007; Ouimet et al., 2009; DiBiase et al., 2010; Cyr et al.,
2010; Roller et al., 2012; Miller et al., 2013; Scherler et al., 2014). Tec-
tonic activity can induce faster denudation when higher uplift rates lead to
river incision and consequent hillslope steepening (Willett, 1999). A func-
tional relationship between denudation rates and precipitation or effective
precipitation, however, is not always apparent. Whereas some studies have
shown positive correlations between millennial-scale denudation rates and
precipitation (Moon et al., 2011; Bookhagen and Strecker, 2012; Kober et
al., 2007; Heimsath et al., 2010), most have revealed no clear correlation
(Riebe et al., 2001; von Blanckenburg, 2005; Safran et al., 2005; Binnie et
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al., 2010; Insel et al., 2010; Portenga and Bierman, 2011; Scherler et al.,
2014). This disagreement may arise because the effect of precipitation on
denudation is modulated by other factors, including the density of the veg-
etation cover (Langbein and Schumm, 1958; Kirkby, 1969; Dunne et al.,
1978; Dunne, 1979; Collins et al., 2004; Istanbulluoglu and Bras, 2005;
Vanacker et al., 2007; Molina et al., 2008).

Over shorter time scales of up to decades or centuries, plot-scale stud-
ies provide important insights into the mechanisms through which vegeta-
tion cover affects erosion processes and denudation rates. These studies
have shown that both the type and density of vegetation cover increase
the resistance of soil to erosion through the binding effects of roots, the
formation of soil aggregates, the resistance to flow exerted by leaf litter
and stems, and the protection of the surface from rainsplash (e.g., Dunne
et al., 1978, 2010; Wainwright et al., 2000; Gyssels and Poesen, 2003;
Duran Zuazo et al., 2008). Higher infiltration rates in densely vegetated
areas with thick soils also decrease the likelihood of overland flow, which
can rapidly denude slopes (Horton, 1933, 1945; Abrahams et al., 1995;
Prosser and Dietrich, 1995). Although plot-scale experiments and model-
ing studies demonstrate continued increases in denudation with decreas-
ing vegetation cover under imposed rainfall (e.g., Nearing et al., 2005),
in natural systems sparse vegetation often correlates with low precipita-
tion, limited bioturbation (Gyssels and Poesen, 2003; Gabet et al., 2003;
Pelletier et al., 2011), and potentially lower soil-production rates (Jenny,
1941; Dixon et al., 2009a, 2009b; Roering et al., 2010), which together
can minimize sediment transport. This general pattern in natural systems
has been used to argue for an expected peak in denudation at intermedi-
ate values of precipitation and vegetation (e.g., Langbein and Schumm,
1958), although numerous other forms of this relationship, sometimes
with multiple peaks, have been proposed for different climate regimes
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(summarized in Wilson, 1973). Nonetheless, variations in tectonic forc-
ing, rock strength, storminess, temperature-dependent erosion processes,
and anthropogenic land-use changes make direct tests of the effects of
vegetation cover on denudation rates at catchment scales challenging.

Catchment-mean denudation rates derived from cosmogenic nuclides
may provide an alternative to better understand how climate, tectonics,
lithology, and any complicating influence of vegetation affect denuda-
tion rates (Bierman and Steig, 1996; Granger et al., 1996). The relatively
long averaging time scale of the technique (typically ranging from several
thousand to several hundreds of thousands of years) decreases sensitivity
of the measurements to recent (e.g., human) disturbances (Bierman and
Steig, 1996; Brown et al., 1998; von Blanckenburg, 2005; Vanacker et
al., 2007), which is a primary concern when attempting to use contem-
porary measurements to infer long-term erosion rates (e.g., Milliman and
Meade, 1983). Indeed, Bierman and Steig (1996) calculated a change in
cosmogenic basin-average denudation rates of <30% for recent soil loss of
0.5 m. The potential for these measurements to average over broad spatial
scales also provides greater possibilities for deriving spatially represen-
tative denudation rates, which are critical for investigating interactions
among erosion, climate, and tectonics (Granger et al., 1996). Nonetheless,
a recent multivariate linear regression analysis of a global compilation of
cosmogenic catchment-mean denudation rates found vegetation cover to
be unimportant in explaining denudation-rate variations (Portenga and
Bierman, 2011). The absence of any discerned effect may result from (1)
the difficulty of finding metrics that quantify aspects of vegetation cover
that may affect denudation, (2) vegetation cover having indeed minimal
effects on denudation rates, or (3) the relationship between vegetation
cover and denudation rate being highly nonlinear.

Here, we present new cosmogenic catchment-mean denudation rates
from a range of climatic zones in the eastern branch of the East African Rift
system (Kenya Rift; Fig. 1). Together with published denudation rates from
the Rwenzori Mountains in the western branch of the rift system in Uganda
(Fig. 2; Roller et al., 2012), we explore how hillslope gradient, precipitation,
lithology, and vegetation cover influence denudation rates. In particular, we
investigate whether or not a clear signal of hillslope stabilization by vegeta-
tion cover can be discerned across a landscape with widely varying slopes
and climate regimes.

EAST AFRICAN RIFT

The present-day topography of the Kenya Rift is characterized by
steep rift escarpments and low-relief rift shoulders (Fig. 1). This topog-
raphy results from regional domal uplift, which had been accomplished
by the middle Miocene, followed by extension and formation of the rift
after ca. 13.5 Ma (Smith, 1994; Hetzel and Strecker, 1994; Wichura et
al., 2010). Although extensive areas of the rift are covered by Neogene
and Quaternary volcanic rocks, Proterozoic basement rocks (predomi-
nantly quartzitic gneisses, but also quartzites, migmatites, and schists) are
exposed at the steep Elgeyo (northern rift) and Nguruman (southern rift)
escarpments and on rift shoulder areas, while Miocene to recent sediments
are found in the main rift and major river valleys draining the rift-shoulder
areas (BEICIP, 1987; Ackerman and Heinrichs, 2001). Our study area
includes three principal morphotectonic units in the Kenya Rift, which we
refer to as the northern, central, and southern rifts (Fig. 1A).

The Rwenzori Mountains of Uganda have also evolved since Miocene
time and now reach elevations over 5 km (Ebinger, 1989; Chorowicz,
2005; Bauer et al., 2010, 2012). The Rwenzori Mountains consist of an
Archean basement complex composed of gneisses, schists, quartzites, and
amphibolites (Bauer et al., 2010). Unlike the catchments we studied in the
Kenya Rift, high-elevation regions within the Rwenzori Mountains have

experienced repeated glaciations (Osmaston and Harrison, 2005; Hasten-
rath, 2009). Despite the steep slopes that characterize much of the Rwen-
zori Mountains, Roller et al. (2012) interpreted the positively skewed
hillslope distributions together with consistent cosmogenic nuclide con-
centrations across different grain sizes to argue for limited rockfalls or
other mass movements in the region over millennial time scales.

Overall, the East African Rift lies in an equatorial zone characterized
by seasonal shifts in the Intertropical Convergence Zone (ITCZ) and the
Congo Air boundary (Nicholson, 1996). Precipitation patterns and amounts
are influenced by the elevation of the East African Plateau, the volcanic
edifices, the uplifted shoulder regions of the individual rift basins, and by
high evapotranspiration (Nicholson, 1996; Sepulchre et al., 2006; Bergner
et al., 2009). Considering that the main characteristics of the present-day
topography in the rift-shoulder areas (Figs. 1 and 2A) were formed by Neo-
gene volcano-tectonic processes (e.g., Wichura et al., 2010), tectonically
induced changes to the regional topography and hence, precipitation pat-
terns, have probably been minor since that time. Annual precipitation ranges
from 0.003 m/yr in the arid northern Kenya Rift to 4 m/yr in the Rwenzori
Mountains and in the humid western highlands of the Kenya Rift (Figs. 1C
and 2C). Recurring humid periods from the Miocene to the Quaternary
(deMenocal et al., 2000; Trauth et al., 2005; Tierney et al., 2011; Garcin et
al., 2012) were accompanied by shifts in vegetation between open wooded
grasslands and grasslands (Bonnefille, 2010; Cerling et al., 2011). More
recently, land-use changes in the Kenya Rift have led to reductions in veg-
etation cover due to grazing and crop cultivation (Ovuka, 2000; Fleitmann
et al., 2007). These land-use changes strongly influence modern sediment
yields, with the most disturbed areas yielding erosion rates several orders of
magnitude higher than those in lightly or undisturbed sites (Dunne, 1979).

METHODS
Sampling Methods and Assessing Catchment Characteristics

We determined catchment-mean denudation rates from in situ—pro-
duced cosmogenic “Be concentrations in detrital quartz sand collected
from 20 streams in the Kenya Rift (Fig. 1; Fig. DR1"). River catchments
were selected to avoid the influence of faults (Fig. 1). We sampled catch-
ments with a minimum drainage area of 5 km? to help ensure sufficient
mixing of river sands (e.g., Bierman and Steig, 1996; Portenga and Bier-
man, 2011), and we distributed our sampling within the different sectors of
the rift to ensure that we obtained samples across a wide range of climate
zones, vegetation zones, and mean hillslope gradients. When calculating
topographic, climatic, and vegetation properties of the catchments, we only
considered the areas that are underlain by quartz-bearing rock types, as
denudation from those areas alone is recorded in the cosmogenic nuclide
analysis. Within those regions, we assumed a uniform distribution of quartz.

Hillslope gradients and the relief of the contributing areas for each
catchment from Kenya (Fig. DR1 [see footnote 1]) and the Rwenzori
Mountains (Fig. DR2 [see footnote 1]) were extracted from 90-m-reso-
lution Shuttle Radar Topography Mission (SRTM) data. We chose a 2 km
moving window to calculate relief, because this is large enough to capture

'GSA Data Repository Item 2015169, Figures DR1 and DR2 Catchment char-
acteristics of samples in The Kenya Rift and the Rwenzori Mountains, including
lithology, relief, catchment slope, mean annual precipitation, vegetation cover
based on the Enhanced Vegetation Index (EVI), and elevation based on 90-m
resolution SRTM data; additionally, we show the river longitudinal profile with
schematic illustration of geology, slope-area plots, and the distribution of slope
values for the sampled catchments in Kenya, is available at www.geosociety.org
/pubs/ft2015.htm, or on request from editing@geosociety.org, Documents Secre-
tary, GSA, P.0. Box 9140, Boulder, CO 80301-9140, USA.
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Figure 2. Rwenzori Mountains area and sample sites (A) Digital elevation model (Shuttle Radar Topography Mission [SRTM] 90 m resolu-
tion) showing the location of samples and catchments. (B) Vegetation cover represented by the enhanced vegetation index (EVI). (C)
Mean annual precipitation derived from calibrated TRIVIM 2B31 rainfall averaged from 1998 to 2007. Black lines outline river catchments,

and white circles correspond to sample sites.

the valley-ridge top elevation difference for many of the catchments. For
most catchments, gradient and relief values do not have a normal distribu-
tion (Fig. DR1 [see footnote 1]). To ensure consistency in the interpreta-
tion of results, we therefore used median gradient and relief values when
analyzing trends in the data.

We used two data sets to characterize vegetation cover across our sam-
pled catchments in the Kenya Rift and those sampled by Roller et al. (2012)
in the Rwenzori Mountains: the enhanced vegetation index (EVI) and the
vegetation continuous fields (VCF). The EVI was developed to provide a
satellite-based measure of vegetation cover that remains sensitive in areas
of high biomass and reduces atmospheric influences (Huete et al., 2002).
The EVI is sensitive to variations in the near-infrared band, and hence it
reflects variations in canopy structures (Huete et al., 2002). We calculated
average enhanced vegetation index (EVI) values for each catchment based
on the MODIS sensor subsetted land products, collection 5, with 250 m
resolution and 16 d temporal intervals (ORNL DAAC, 2012). We averaged
the EVI products available from April 2000 to April 2012 (276 images) for
the Kenya Rift and the Rwenzori Mountains. In addition, we used the vege-
tation continuous fields (VCF) collection MOD44B V005, which provides
a rough representation of surface vegetation cover (divided into percent
tree cover, percent non-tree cover [herbaceous], and bare), to characterize
vegetation type within each catchment. Both of these vegetation-cover data
sets are imperfect for comparison with cosmogenic nuclide—derived denu-
dation rates, because the satellite products characterize modern vegetation
cover, while the cosmogenic nuclide data are averaged over many millen-
nia. Nonetheless, we used the remotely sensed vegetation data to explore to
a first order how vegetation cover may influence denudation rates.

Annual precipitation for each catchment was based on 5 x 5 km reso-
lution, calibrated, satellite-derived Tropical Rainfall Measuring Mission
(TRMM) 2B31 precipitation data averaged over the years of 1998-2009.
To obtain a measure of the distribution of yearly rainfall, particularly with
respect to the importance of storm events, we used a 90th percentile rain-
fall threshold to define the number of extreme hydrometeorological events
from 1998 to 2009.

Cosmogenic Nuclide Sample Preparation and Analysis
Quartz grains ranging from 250 to 500 um in size from each sample

were first concentrated through magnetic techniques and then cleaned for
12 h in a 1:1 hydrochloric acid and water solution. Next, samples were

leached at least 4 times with a 1% hydrofluoric acid solution in a heated
ultrasonic bath to remove unwanted minerals like feldspars (see procedure
described in Kohl and Nishiizumi, 1992). These initial sample prepara-
tion steps were performed at the University of Potsdam, and they yielded
between 10 and 80 g of clean quartz for each sample (Table 1). Sample
dissolution in hydrofluoric acid, addition of °Be carrier, isolation of Be
through ion-exchange chromatography, oxidation, mixing of BeO with
niobium powder, and target packing were performed in a clean labora-
tory at the GeoForschungsZentrum (GFZ) Potsdam. Ratios of ’Be/’Be
were measured at the Center for Accelerator Mass Spectrometry at Law-
rence Livermore National Laboratories in the United States, and resulting
values were converted into '’Be concentrations, which are reported along
with analytical errors in Table 1. We relied on the original ICN standard
(07KNSTD3110) as reference and used a value of 5.0 x 10~ yr~! for the
decay constant for '’Be (Chmeleff et al., 2010), which is equivalent to the
1%Be half-life of 1.387 + 0.012 yr (Korschinek et al., 2010).

To determine '°Be production rates for the quartz-bearing contributing
areas of each catchment, we averaged the production rates calculated for
every 90 m pixel from SRTM elevation data, including variations in alti-
tude, latitude, spallation and muon production, and topographic shielding
(for details, see Scherler et al., 2014). We calculated erosion rates using
the numerical functions from the CRONUS online calculator (Balco et al.,
2008). All erosion rates we present here are based on the time-dependent
version of the production-rate scaling model after Lal (1991) and Stone
(2000), denoted “Lm” in Balco et al. (2008).

RESULTS

The sampled catchments in Kenya yielded denudation rates between
0.001 and 0.132 mm/yr (Table 1). Median hillslope gradients (m/m)
ranged from 0.03 to 0.30, and mean annual precipitation was between
0.2 and 2.4 m/yr (Table 2). Calculated EVI spanned dimensionless val-
ues between 0 and 0.5 in the Kenya Rift, representing sparse to dense
vegetation (Figs. 1B and 3; Table 2). In the Rwenzori Mountains, denuda-
tion rates ranged from 0.007 to 0.077 mm/yr, median hillslope gradients
ranged from 0.03 to 0.37, mean annual precipitation was between 1.3 and
2.8 m/yr, and EVI ranged from 0.39 to 0.54 (Fig. 2B; Table 2).

The VCF data indicate that the vegetation cover of most sampled
catchments is characterized by at least 50% herbaceous cover (Fig. 4).
Additionally, those catchments with EVI values below 0.2 are character-
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TABLE 1. COSMOGENIC NUCLIDE ANALYTICAL DATA FOR SAMPLES FROM THE KENYA RIFT

. Surface production rate’ . Denudation . Corrected

Sample Elevation Latitude Longitude Sample  *Be atozms "Be e;toms P Denudation rate Integration denudation
D (masl) CN) gy weight (x10° = (x10%16) = \yogenic  Spallogenic rate uncertainty  Ume rates

(9) (atoms-gqtz) (atoms-gqu) (atoms-g;:z-yr") (atoms-g;}l-yr‘) (mm/yr) (o) (k.y.) (mmiyr)
Southern Rift
S-01 1707 -1.876 36.779  37.189 2243 34 0.3 10.9 0.0030 0.0003 201 0.0032
S-02 1567 —1.446 36.971 52.970 3890 51 0.3 9.9 0.0014 0.0001 437 0.0015
S-03 2246 -1.809 36.045  50.261 874 14 0.4 14.6 0.0111 0.0009 54 0.0130
Central Rift
C-01 1400 0.658 35.883 13.947 48 2.8 0.3 8.0 0.1315 0.0112 4.6 0.1550
C-02 1830 0.633 34.999  38.303 806 16 0.3 121 0.0101 0.0008 60 0.0122
C-03 2010 0.612 34.962  42.848 2320 27 0.3 11.2 0.0029 0.0003 204 0.0040
C-04 2244 0.655 34.839  49.257 1422 15 0.3 13.7 0.0062 0.0005 97 0.0079
C-05 1511 0.631 35.569  38.217 78 22 0.3 9.4 0.0877 0.0062 6.8 0.1058
C-06 1540 0.608 35.579  78.575 78 2.1 0.3 9.6 0.0885 0.0062 6.8 0.1100
C-07 1540 0.582 35,570  44.168 73 2.1 0.3 9.6 0.0950 0.0067 6.3 0.1215
C-08 1657 0.513 35.586  45.889 432 10 0.3 10.4 0.0174 0.0013 34 0.0228
C-09 1621 0.395 35.640  44.682 202 4.7 0.3 9.9 0.0358 0.0026 17 0.0465
C-10 1803 0.442 35.628  78.257 199 2.8 0.3 11.3 0.0407 0.0028 15 0.0519
Northern Rift
N-01 1306 1.812 36.715  30.350 714 15 0.3 8.3 0.0086 0.0007 70 0.0091
N-02 1415 1.908 36.837  29.871 1122 25 0.3 8.8 0.0052 0.0004 116 0.0054
N-03 1405 1.792 36.799  29.645 1053 11 0.3 9.3 0.0058 0.0005 103 0.0063
N-04 1347 1.773 36.794  29.500 705 9.4 0.3 8.7 0.0086 0.0007 70 0.0090
N-05 1555 2.005 36.890  27.005 169 3.3 0.3 10.3 0.0422 0.0029 14 0.0444
N-06 1318 2.125 36.588  29.957 237 4.6 0.3 7.7 0.0245 0.0017 24 0.0257
N-07 1258 2.148 36.594  32.619 65 1.8 0.3 8.5 0.0962 0.0066 6.2 0.1050

*Standard used for normalization was 07KNSTD3110; °Be/°Be ratio for standard = 2.85e—12.
fProduction rate according to time-dependent Lal/Stone scaling; see details in Balco et al. (2008).
SCorrected for chemical erosion using relationship reported in Riebe and Granger (2013).

ized by at least 20% bare soil/rock, and those with EVI values above 0.4
are characterized by at least 40% trees (Fig. 4). Despite the well-known
impacts of humans on the natural vegetation (as well as modern erosion
rates) in East Africa (Dunne et al., 1978; Dunne, 1979), there is a positive
correlation between mean annual precipitation and EVI in our sampled
catchments (R* = 0.642; Fig. 5).

In comparing the denudation-rate data from the Rwenzori Mountains
with our data, we excluded five samples from glacially influenced catch-
ments where denudation rates may be overestimated due to ice/snow
shielding; Roller et al. (2012) excluded the same samples when analyzing
their data. Considering the remaining samples from East Africa, we find
poor linear correlations of denudation rates with median gradient (R? =
0.266; Fig. 6A), EVI (R? = 0.050; Fig. 6C), mean annual precipitation (R?
= 0.042; Fig. 6D), and extreme rainfall events (R> = 0.004; Fig. 6E). The
best correlation (R? = 0.479) is with mean basin relief (Fig. 6B). Interest-
ingly, the combined data from East Africa yield what appear to be two
distinct scaling relationships: one showing denudation rates that increase
rapidly with median gradient, and another showing denudation rates that
increase more slowly with median gradient (Fig. 6A). In the following
discussion, we explore whether any of the catchment characteristics can
explain these two scaling relationships.

DISCUSSION

Biogeomorphic and Geologic Controls on Denudation-Rate
Patterns

As has been demonstrated in a global compilation of cosmogenic
catchment-mean denudation rates, mean basin slope is the most power-

ful regressor in explaining denudation-rate variations, but a host of other
catchment characteristics also contribute to variations (Portenga and Bier-
man, 2011). Our bivariate analyses of denudation rates versus various
catchment properties from East Africa yield relatively poor to moderate
correlations for the full data set (R? values ranging from 0.004 to 0.479;
Fig. 6). However, the two distinct scaling relationships (one steep and one
shallow) in the plot of denudation rate versus hillslope gradient (Fig. 6A)
suggest that there may be a threshold value in one or more catchment
characteristics and/or a fundamental change in hillslope/erosion processes
across the two groups of data that influences the sensitivity of denudation
rates to median gradient. As such, we next explore whether different pro-
cesses, rock types, or threshold values in climatic/vegetation characteris-
tics separate the two scaling relationships.

One potential explanation for the two different scaling relationships
could be differences in chemical weathering across the different climate
zones. Chemical weathering can increase the residence time of quartz
within vertically mixed soils, slowing exhumation of quartz through the
uppermost meters of the surface, and resulting in biased (slower) rates
(e.g., Riebe and Granger, 2013). Assuming that annual precipitation is an
appropriate proxy for the extent of chemical weathering within a given
region, we can correct our data for the presumed effects of chemical
weathering based on relationships proposed in Riebe and Granger (2013).
However, the corrected data show only a slight increase in denudation
rates for wetter catchments (Table 1; Fig. 7A) and do not eliminate the
separation of the two scaling relationships.

The influence of human activity in the region for at least the past several
thousand years in East Africa is another source of concern with respect to
anthropogenically induced faster denudation and changes in land use (e.g.,
Dunne et al., 1978; Dunne, 1979). For example, Ba/Ca ratios in corals
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Figure 3. Differences in vegetation cover and corresponding
enhanced vegetation index (EVI) values in the Kenya Rift.

Enhanced vegetation index (EVI)
n n ;n N N OO N 1NV o0 N AN M ST S OUN 0O OO0 MmN VW VW WOVWWYW W W OO ©O O O — Mm m <
- = - = ==& N d MmMmMmMmMmMm Man 0 mnmm9$ 9 8 S5 S 9§ §$|mnnn n n non
O O O O O O O O 0O O O O O O O OO0 O OO0 OO0 O Ooooo O o oo o o o o o o o
100 s [os B b
w0 e , t
90 t ~ S ~ 'y t
t | ¢ | | =7 . t e \
55 I t ttt t ‘ r\.t t
80 Y 0025
70
§60
b :
> 50
40
30
20
10

= N O N ¥ o un — = N OV M N N W 00 N O O 1N O O M < O — N — <
392 338$3$325538 0 35 3 : - B B =T A B S G-
z z =z zZz zZz Zz Z nw UV VUV U vou v V) () ;; gg

I:I Bare rock/soils (bs) Trees (t) Herbaceous (h)

Figure 4. Vegetation continuous fields (VCF) data summarized for each of the studied catchments in the Kenya Rift and the Rwenzori Moun-
tains. Catchments are sorted from left to right according to their mean enhanced vegetation index (EVI) value (shown on top). Sample names
are shown at the bottom of each column. Note that sample names starting with N, C, and S correspond to the northern, central, and southern
rift sectors. Sample names without a preceding letter are from the Rwenzori Mountains.
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0.6 and N-07) are underlain by 41%—68% sediments (Fig. 7B; Table 2). How-
ever, three samples that lie on the shallow scaling relationship (S-03, C-08,
and C-10) are underlain by 23%—43% sediments (Fig. 7B; Table 2), mak-

_é 0.5 ing it difficult to explain the two scaling relationships based on lithologic
£ differences alone.

‘5 The apparently minor influence of lithology (and sediments in par-
% 0.4} ticular) in explaining the two scaling relationships is counterintuitive, but
> it can be explained by considering that the portions of the catchments in
_; Kenya covered by sediments have very low slopes (typically only up to a
g 0.3} few degrees; Fig. DR1 [see footnote 1]); hence, those areas are unlikely to
s contribute much sediment despite their high erodibility. Indeed, the quartz-
S contributing area of catchment S-02 is characterized by 100% sediments,

0.2} n R?=0.642 but it has a very low median gradient of 0.03 (1.7°) and a denudation rate

= - u of only 0.001 mm/yr. In contrast, catchment 538 in the Rwenzori Moun-

o1 tains has slopes up to ~9° in the areas underlain by sediments (Fig. DR2

0 0.5 1.0 1.5 2.0 2.5 3.0
Precipitation (m/yr)

Figure 5. Correlation between enhanced vegetation index

(EVI) and mean annual precipitation (m/yr) for sampled

catchments in the Kenya Rift and the Rwenzori Mountains.

Black squares are for the Kenya Rift catchments; gray circles

are for the Rwenzori Mountain catchments.

along Kenya’s coast document a continuous increase of suspended sedi-
ment load in rivers draining eastern Kenya beginning at ca. A.D. 1900,
which has been related to intensified land use (Fleitmann et al., 2007). As
described earlier, recent soil erosion of up to 0.5 m could affect catchment-
mean denudation rates by ~30% (Bierman and Steig, 1996). However,
because the highest denudation rates from the sparsely vegetated areas
(which would be most affected by human disturbances due to their shorter
integration times of ~4.6-7 k.y.; Table 2) are more than 5x higher than
densely vegetated areas with equivalent hillslope gradients, human impact
on our erosion-rate measurements is likely small relative to the size of
the signal, and it cannot explain the existence of the two scaling relation-
ships. Furthermore, the full range of cosmogenic nuclide—derived denuda-
tion rates from East Africa (0.001-0.13 mm/yr) does not greatly exceed
denudation rates based on modern sediment yields from catchments in
the Kenya Rift with little to no human disturbance (0.007-0.075 mm/yr,
assuming rock with a density of 2.65 g/cm?® was eroded; Dunne et al.,
1978; Dunne, 1979). This similarity supports our contention that human
disturbance has limited influence on our denudation-rate results. That dis-
turbance may be more important with respect to the EVI values, but as
noted earlier, the strong positive correlation with precipitation (R? = 0.642;
Fig. 5) supports the idea that much of the variation in vegetation cover is
still a result of natural forcing.

Differences in lithology, vegetation cover, or rainfall could alterna-
tively produce the two scaling relationships in the hillslope-gradient—
denudation-rate data, with strong rock/soil (Dunne et al., 1978; Molnar
et al.,, 2007; Hahm et al., 2014), dense vegetation (Dunne et al., 1978;
Dunne, 1979; Collins et al., 2004; Vanacker et al., 2007), or a low fre-
quency of intense storms (Tucker, 2004; Lague et al., 2005; Molnar et
al., 2006; Turowski et al., 2009; DiBiase and Whipple, 2011) requiring a
steeper gradient to achieve a given denudation rate. Although the quartz-
contributing regions are dominated by resistant metamorphic rocks (e.g.,
gneiss, quartzite, and migmatite), some catchments are underlain by sig-
nificant proportions of Miocene to recent sediments (Fig. 7B; Table 2;
Fig. DR1 [see footnote 1]; Smith, 1994; Bauer et al., 2012), which may
contribute to higher denudation rates. Indeed, our fastest-denuding catch-
ments that lie on the steep scaling relationship (C-01, C-05, C-06, C-07,

[see footnote 1]), suggesting that in that case, incision through the highly
erodible sediments may contribute to faster denudation rates.

Differences in fracture/joint density can also contribute to variations
in rock strength and hence erodibility (Molnar et al., 2007), but without
detailed field surveys, this factor is difficult to quantify. Still, given the
similar tectonic setting across our field area and our avoidance of catch-
ments crossed by faults, we do not expect significant differences in rock-
fracture density. Indeed, the regionally extensive faults that bound the
rift-shoulder areas in northern Kenya are fault-line scarps, where mechani-
cally more affected rocks in the vicinity of the former fault scarps have
been removed (Hetzel and Strecker, 1994; Mugisha et al., 1997).

With respect to climatic properties of the catchments, we find no
threshold value in annual precipitation (Fig. 7C) that appears to separate
the different scaling relationships. However, considering vegetation cover,
the steep scaling relationship (with lower gradients for a given denuda-
tion rate) includes samples from the most sparsely vegetated environments
in the Kenya Rift (EVI < 0.35), while the shallow scaling relationship
includes samples from the most densely vegetated parts of the western
Kenya Rift and all of the samples from the Rwenzori Mountains (EVI >
0.35; Fig. 7D).

Two samples appear to be outliers in this division according to EVL
One sample from the Rwenzori Mountains (catchment 538) has a high
EVI (0.50) but appears to lie on the steep scaling relationship. Although
we cannot identify the reason for its higher denudation rate with certainty,
within the Rwenzori data set, it is the only catchment with a significant
exposure of relatively easily erodible Miocene to recent sediments (38%,
vs. 0%—7.2% for all other catchments; Table 2; Fig. DR2 [see footnote 1]).
In contrast, one relatively sparsely vegetated catchment from the Kenya
Rift (S-03) appears to lie on the shallow scaling relationship, but its 23%
sediment cover (Fig. 7B; Table 2) does not help to explain its relatively low
denudation rate. Importantly, S-03 is the one catchment from the Kenya
Rift with both a prominent knickpoint in the river profile and quartz-bear-
ing rocks both upstream and downstream from the knickpoint (Fig. DR1
[see footnote 1]). If a higher proportion of sediment is derived from the
steep, lower section of the catchment (which is wetter and more densely
vegetated) compared to the gently sloping upper part, then the catchment
characteristics such as slope, vegetation cover, and precipitation that we
compare with denudation rates should also be weighted toward the char-
acteristics within the steeper section. As such, the “effective” catchment
characteristics would have a higher mean gradient, higher average EVI,
and higher average yearly precipitation. Because the EVI averaged for
the whole catchment is 0.33, it would only take a small increase in the
proportion of sediment derived from the steeper part of the catchment to
make the effective EVI fall above 0.35, and hence no longer appear to be
an outlier.
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Figure 7. Analysis of various catchment characteristics with respect to the two main scaling relationships in the plot of denudation rate vs.
median gradient illustrated in Figure 6A. (A) Plot of denudation rates that are uncorrected (open symbols) and corrected (filled symbols)
for the effects of chemical weathering, based on the relationship proposed by Riebe and Granger (2013). Squares are for the Kenya Rift
catchments; circles are for the Rwenzori Mountain catchments. Relationship between cosmogenic catchment-mean denudation rates
and median hillslope gradients for East Africa with points colored according to (B) the underlying lithology of the catchment, (C) mean
annual precipitation, and (D) enhanced vegetation index (EVI). Squares are for the Kenya Rift catchments; circles are for the Rwenzori
catchments. A threshold EVI value (0.35) appears to divide the data according to the two different scaling relationships.Two outliers (538
and S-03) are discussed in the text. More sparsely vegetated catchments (EVI < 0.35) show a greater sensitivity to (and better correlation
with) both (E) hillslope gradient and (F) mean annual precipitation compared to more densely vegetated catchments (EVI > 0.35).
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Despite these two potential outliers, if we reanalyze our data after
separating it into two groups (EVI > 0.35 and EVI < 0.35), some stronger
correlations emerge. The more sparsely vegetated areas show a positive
linear correlation with mean gradient (R? of 0.806, or 0.923 if sample S-03
is excluded), and the more densely vegetated areas show a positive linear
correlation with an R? value of 0.666, or 0.779 if sample 538 is excluded
(Fig. 7E). Also, when comparing denudation rates to mean annual precipi-
tation, the sparsely vegetated areas show an improved positive linear cor-
relation with an R? of 0.333 (or 0.384 if sample S-03 is excluded), while
the densely vegetated area shows no correlation (R* of 0.002, or 0.006 if
sample 538 is excluded; Fig. 7F). Similar results were derived concerning
the role of vegetation cover in Kenya on modern sediment yields, whereby
more sparsely vegetated areas (in this case, areas more strongly affected
by crop planting and grazing) were more sensitive to changes in runoff
and slope compared with densely forested areas (Dunne, 1979). While
other factors (lithology in particular) surely contribute to the variability in
the data, our ability to separate the data along the two scaling relationships
in the hillslope-gradient—denudation-rate plot according to a specific EVI
value suggests that vegetation cover may be a primary factor explaining
the two scaling relationships.

This interpretation of the importance of vegetation cover relies on the
measurements for the steepest catchments in the Kenya Rift (samples
C-08, C-09, and C-10) being robust. We have no reason to believe that
they are unreliable; compared to the catchments we sampled farther north
along the escarpment (C-01, C-05, C-06, and C-07), they have similar
morphology and a similar distribution of rock types (Fig. 1D; Fig. DR1
[see footnote 1]), and we observed nothing in the field that would lead us
to suspect that the measurements would be questionable.

The EVI value of 0.35 that separates the different scaling relationships
in our data corresponds to a change from predominantly herbaceous veg-
etation cover with at least some bare rock/soil and generally <20% trees
at EVI values of <0.35 to 20%—-64% trees and no bare rock/soil at higher
EVI values (Fig. 4). While the distinct EVI value that separates the denu-
dation-rate data in East Africa may point toward a threshold behavior of
the system associated with a change in erosion processes, we emphasize
(1) that modern vegetation indices do not capture potentially important
regional and/or time-integrated variations in vegetation cover on cosmo-
genic time scales, and (2) that recent changes in land use (and vegetation
cover) may not strongly affect cosmogenic denudation rates. Also, other
catchment differences with respect to lithology, climate, biology, soil type,
and erosional processes exert additional influence on denudation-rate pat-
terns in the data. For these reasons, we suggest that, although our data
support a change in the effectiveness of dense vegetation cover in stabiliz-
ing hillslopes, the exact values reported here are likely to differ from those
that may be identified in other landscapes, and that more extensive data
sets may reflect transitional rather than threshold behavior. Indeed, more
transitional behavior has been revealed in modern sediment yields as a
function of different land-use types (Dunne, 1979).

Denudation Rates under Changing Climate Conditions

The integration time scale for cosmogenic denudation is equal to the
absorption depth scale (i.e., ~60 cm in silicate rock; von Blanckenburg,
2005) divided by the denudation rate. Because the integration times of our
samples from East Africa range from 4.6 to 437 k.y. (Table 1), samples
from slowly denuding regions are averaged over episodes in the past that
were more humid than today, as indicated by periods of high lake levels
(e.g., Garcin et al., 2012) with increased forest cover and decreased grass-
lands/savannahs (deMenocal et al., 2000; Hessler et al., 2010; Bonnefille,
2010; Tierney et al., 2011; Wolff et al., 2011). Therefore, as we discussed

already, our comparison with modern vegetation cover does not capture the
time-integrated effects of vegetation shifts. A similar problem exists when
attempting to compare variations in modern precipitation with denudation
rates based on cosmogenic nuclides (e.g., Bookhagen and Strecker, 2012;
Kober et al., 2007; Riebe et al., 2001; von Blanckenburg, 2005; Safran, et
al., 2005; Portenga and Bierman, 2011; Scherler et al., 2014). However, if
we assume that shifts in climate resulted in overall denser or sparser veg-
etation without significant changes in the relative distribution of vegetation
cover, an idea supported by pollen records in East Africa (i.e., Hessler et
al., 2010), then we can still use the modern vegetation indices to assess
relative amounts of vegetation cover over similar integration times. For a
given denudation rate, which corresponds to a specific integration time,
more densely vegetated catchments have higher gradients compared with
more sparsely vegetated ones (Fig. 7E). Viewed from this perspective, the
stabilizing effect of dense vegetation (requiring a steeper hillslope gradient
to achieve a given denudation rate) persists even when we consider a range
of different integration times (multiple pairs of data points).

Although the cosmogenic data that we analyze often average denuda-
tion rates over several climate cycles, the behavior of the system that we
infer, with maximum denudation rates occurring under low to moderate
vegetation cover, provides insights into the ways in which shifts in climate
and vegetation affect landscape denudation rates. For a given hillslope
gradient, the highest denudation rates occur in areas with intermediate
vegetation cover (e.g., EVI < 0.35). In these regions, we anticipate that
increased precipitation should initially increase denudation rates, but only
until the vegetation cover densifies and lowers hillslope erodibility, pro-
vided that soils are thick enough to support denser vegetation (e.g., Knox,
1972). Supporting this inference, Dunne (1979) reported that long-term
erosion rates in southern Kenya calculated from late Cenozoic erosion sur-
faces were lower during the wetter period that preceded the Quaternary.
The effect of vegetation cover on surface erodibility further implies that
vegetation helps to control the shape and relief of mountain ranges, with
densely vegetated mountains requiring higher slopes to achieve the same
denudation rate as compared to more moderately vegetated ones, if all
other factors are roughly equal.

CONCLUSIONS

Our new denudation-rate data from the Kenya Rift combined with pre-
viously published data from the Rwenzori Mountains show that variations
in vegetation cover may explain differences in denudation rates across
East Africa in a pattern consistent with our understanding of how vegeta-
tion cover affects surface erodibility: Areas with dense vegetation cover
(EVI > 0.35) yield relatively low denudation rates for a given hillslope
gradient compared to those with lower values of vegetation cover. While
this “threshold” value in EVI appears to explain the separation of our
data along two scaling relationships in hillslope gradient versus denuda-
tion rate, a more extensive data set may reveal more transitional behav-
ior. Also, we cannot rule out lithologic differences as contributing to the
large difference in the scaling relationships. Nonetheless, if these results
are applicable to other regions, the stabilizing effect of vegetation cover
should exert a fundamental influence on the steady-state slopes of moun-
tain belts and also help to explain complex erosional responses to changes
in climate (or land use), particularly if they induce rapid changes between
densely and sparsely vegetated conditions.
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