[ —

© 00 N O O

10

11

12

13
14

15
16

17
18
19

Confidential manuscript submitted Wdater Resources Research

Tropical montane forest conversion is a critical driver for sediment supply in

East African catchments

Jaqueline Stenfert Kroesé? SuzanneR. Jacob$, Wlodek Tych', Lutz Breuer®*“, John N.

Quinton?, Mariana C. Rufino?

Y ancaster Environment Centre, Lancaster University, Lancaster, LA1 4¥ifedKingdom
Centre for International Forestry Research (CIFOR), c/o World Agroforestry Centre, United
Nations Avenue, Gigiri, P.O. Box B8@7 i 00100 Nairobi, Kenya’lnstitute for Landscape
Ecology and Resources Management (ILR), Justus Liebig University, HeBuitfRing 26,
35392 Giessen, GermariGentre for International Development and Environmental Research
(ZEU), Justus Liebig University, Senckenbergstr. 3, 35390 Giessen, Germany

Corresponihg author:Jaqueline Stenfert Kroegestenfertkroese@Ilancaster.ac.uk)

Key Points:

1 Agricultural catchmets generatedsix times more suspended sediment yield than a

forested catchment.

1 Land use change towards agriculture shifted the dominant water pathways from deep

subsurface to shallosulsurfaceflow and surface runoff

1 Delayed sediment responses wereeobsd in a smallholder agricultumatchment in

contrast to fast resporsia a foreséd catchment.
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Abstract

Land use change is known to affect suspended sedifiogas in headwater catchments. There

is howeverimited empirical evidence of the magri of these effects for montane catchments

in East Africa. We collected a unique feygar high frequency dataset and assessed seasonal
sedimentvariation, water pathways argkdiment response to hydrology three catchments
under contrasting land usetinhe Mau Forest Compl ex, Kenyads
Annual suspended sedimentyield was significantly highe in a smallholder
agriculturedominatedcatchmeni(131.5+90.6 t km? yr') than ina teatree plantatiorcatchment
(42.0+21.0t km? yr) and a natural forest catchmentL.&11.1tkm?yr?) (p<0.(6). Transfer
function models showed thai the natural forest anthe teatree plantations subsurface flow
pathwaysdelivered water to the streanvhile in the smallholder agriculture shallsubsurface

and surface runoff were dominant. There was a delayed sediment response to raittiell for
smallholder agriculture and the twae plantations. A slowdepletionin sediment supply
suggests that the wider catchment ana@aplies sediment, esgially in the catchment dominated

by smallholder farming. In contrast, a fast sediment responseeghetionin sediment supply in

the natural forest suggests a dominance of temporarily stored and nearby sediment sources. This
studyshowsthat the vegetaon coverof a forest ecosystem is very effective in conserving saill,
whereas catchmesvith more bare soil anpoor soil conservatiompracticesgeneratd six times
moresuspended sedimeyield. Catchment connectivity through unpaved tracks is thought to be
themain explanatioror the differencein sediment yield

Keywords: Land use, temporal and spatial variabjlisagspended sedimentyater pathways,

tropicalmontandorests Lake Victoria basin

1 Introduction

The conversion of native ecosystems to agriculteagls to the degradation ebil properties
(Morgan 2005; Githuiet al. 2009; Owuoret al. 2018), which can increase soil erosion rates
(Bruijnzeel 2004) Soil erosion does not only deplete fertile topsoil from agricultural land, but
also leadsd water quality deterioration caused by an increase in fine suspended sediments
(Brown et al. 1996; Quintoret al.2001;Horowitz 2008) Hence, suspended sediment physically

affecs the fluvial network (Owenset al. 2005) polluting drinking water for communities,

24



49
50
51
52
53
54
55

56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74

75
76
77

Confidential manuscript submitted Wdater Resources Research

livestock and wildlife, and impaicly downstream water reserveiand hydropower generation
because of the accumulation of the sedim@vitsyakaet al. 2006; Fosteet al. 2012; Wangechi

et al. 2015) Additionally, pollutants such as pesticid&8rown et al. 1996) and nutrients
(phosphorus or nitrogen(Fraseret al. 1999; Quintonet al. 2001; Horowitz 2008)can be
attached to sedimenémdcan harm aquatic bio{®wenset al.2005; Kempet al.2011; Gellis &
Mukundan 2013) The increasén nutrient concentrations can result in eutrophication of water
bodies(Foy & BaileyWatts 1998; Hiltoret al.2006; Mogakaet al.2006)

Land usechange in catchments with strong connectibgégween sediment sources and streams
can abruptly increase sediment supply to the fluvial sy$kegirs 2013) There may be multiple
sediment source areasuchas hillslope soil{Minella et al. 2008; Didonéet al. 2014) gullies
(Poeseret al. 2003; Minellaet al. 2008; Faret al. 2012) riverbankg(Trimble & Mendel 1995;
Lefrancoiset al. 2007) and unpaved track&iegler et al. 2001; Minellaet al. 2008; Ramos
Scharron & Thomaz 2016Ynravelling sediment dynamics complexand requiresontinuols
high-frequency monitoring because suspended sediment concentrationkang rapidly
througtoutindividual storms (De Girolamoet al. 2015; Suret al. 2016; Vercruysset al. 2017)
Alternatively, turbidity observations can bsed as a surrogate to determinstieam suspended
sediment concentrations, which alldar establising continuousin situ suspended sediment
datasetseven for remote sitgiewis 1996; Ziegleet al.2014; Minellaet al.2018)

Streams in montane headwaters are major contributors to suspended sedimdrgcgiesd of
the steep terrain that leads teteong hillslope to channel connectivifywohl 2006; Grangeoat

al. 2012; Morris 2014)Significant increasein suspended sedimeyield can be expected from

tropical montane headwater catchments, which are heavily affected by deforestation followed by

cultivation of erosion prone areasten without soil conservation measu(BamosScharron &
Thomaz, 2016; Wohl, 2006).and use changenay impact catchmenthydrology and runoff
mechanisms in the tropi¢dluiiozVillers & McDonnell 2013; Ogderet al. 2013) which are

key processedetermining sediment yields

In EastAfrica, land use change in tropical montane forests are mainly driven by scarcity of
arable landPellikka et al. 2004) with the mostfertile lands located irthe proximity ofnatural

ecosystemgKrhoda 1988) The Mau Forest Complex exemplifies this case, with one quarter of
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78 the forestconverted to agricultural land over the last four decg@eandt et al. 2018) in

79 addition to the clearances at the beginning of thd 2@ntury to establish commercial tea
80 plantations(Binge 1962) Due to its location in the highlands of Kenya, the Mau forest is a
81 critical catchment area for the countriyis the headwater to tvxee rivers, one of which is the
82 Sondu River, a tributary of Lake Victorfd NEP et al.2005; Mogakaet al. 2006)

83 Eutrophication and sedimentation are major environmental problems affecting Lake Victoria,
84 where sedimentareestimated to accumulate at a rate of @@ yr' (Verschureret al. 2002)

85 Although authorities in Kenya acknowledge the need to reduce sediment polluitinkages

86 betweenand use changandchanges irsediment dynamics in the headwater catchments are not
87 well quantified(Nyssenet al. 2004; Vanmaeeke et al. 2010, 2014) There is limited data on

88 sediment export for montane catchments in-Saharan Africa in generand in East Africa in

89 particular(Walling & Webb 1996; Ntibaet al. 2001) Clearly, this is a significant gap in our

90 knowledge of these environments that requires empirical measurements to @ddiessnly

91 will these measurements improve our understanding of these-rasgarched environmentut

92 theywill alsoassist inthe development ofargeted soil and water conservation strategies to
93 disconnect sediment source areas in the upper catchments of the Mau Forest from the fluvial

94 system and downstream environments, including Lake Victoria.

95 The overall aim of this study was to elucidate the spatial and temporal dynamics of suspended
96 sediment and to quantify suspended sediment loads in tropical montane streams under
97 contrasting land useusing a four year higkemporal resolution dataset. Theaim objectives

98 were: (@) toquantify rainfall, streamflow and suspended sediment transport dynamics, (b) to
99 comparethe seasonal respomrss@ suspended sediment yield, (c) dssesghe timing of the

100 responsef suspended sediment to rainfall and discharge and (d)p@ve our understanding

101 of thedominantwater flow pathways.

102 2 Materials and Methods

103 2.1 Catchment characteristics and site description

104 The three catchments studied are located in the headwateesRdriduRiver basin (3,47&m?)
105 in the Western Highlands of Kenygkigure1). Each catchment is dominated aylistinct land
106 use: (1) natural forest (NF35.9km?), (2) smallholder agriculture (SHA27.2km?) and (3)
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teatree plantations (TTP33.3km?). The SonduRiver drains into Lake Victoriawhich isthe

second largest fresh water lake in the world, an important water and economic resource for five

countries and onsource of the Nile River.

= Major towns
® \Weather station
A Rain gauge
(®) Gauging station
= River
[]catchments
[_]Sondu basin
[]South-West Mau
Land use
Forest
Commercial agriculture
Small-holder agriculture
Rangeland
Tea plantation
Tree plantation
Wetland
Waterbody
Infrastructure
Elevationinm
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Figure 1 Overview of theA) study catchments: tdaee plantations (TTP), natural forest (NF) and the

smallholder agriculture (SHAxhowinglocations ofgauging andveather stationgipping bucket rai

gaugesandland usdn the B) Sondu River basin and its outlet to Lake Victd@&RTM digital elevation
model 30m resolutionUSGS, 2000jn Western Kenya.

The three catchmeni@able 1) are characterized by steep hillslopgegh a maximum slope

gradient of 72% in the natural forest catchment. Sineams are mostly firsand secondrder

perennial streams that mergeether to form the River Sonda sixth-order stream)The rainy

seasons are bimodal with a long rainy season between March and June, and a short rainy season

between October and December with a continued intermediate rainy season between the two wet

seasons. Mean annual precipitation is 1,3888mm (period 19052014)with rainfall peaksn
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121 April and May (>260mmmonthY). January and February (<8&mmonth') are the driest
122 months.

123 Table 1 Physicalcharacteristicof the three catchmentsder different land use natural forestatree
124  plantationsandsmallholder agriculture in the Sodtlest Mau, Kenya

Natural forest Teatree plantations Smallholder agriculture
Outlet coordinatés 35°1832.0472'E 35°13'17.22'E 35°2831.7316'E
0°27'47592'S 0°2834.9176'S 0°244.0248'S
Area (knf) 35.9 33.3 27.2
Elevationrange (m a.s.l.) 1,9682,385 1,7882,141 2,3892,691
Mean slope £ SD (%) 15.748.4 12.4+7.6 11.6+6.7
Basin order (Strahler) 2 2 2
Drainage density 0.48 0.42 0.64
(km km®
Soil infiltration rate 760500 430£290 401211
(mmhri)P
Geology Igneous rock (Volcanic) Igneous rock (Volcanic) Igneous rock (Volcanic)
(100%) (100%) (72%) & Pyroclastic (28%)
Dominant soil$ Humic Nitisols (100%) Humic Nitisols (100%), Humic Nitisols {2%) &
mollic Andosols 28%)
Vegetation Afromontane mixed forest, Tea plantationsvith Perennial & annuadrops
grassland, bamboo, broad woodlots ofEucalyptus (maize interspersed with
leafed evergreen trees and spp.,Cypressspp and beans, potatoes, millet,
shrubs Pinusspp. cabbage and onions),
woodlots, grassland
Riparian vegetation Forest vegetation >30m buffer with Degraded riparian
indigenous vegetation vegetation, Eucalyptus
woodlots

125 *WGS 1984 UTM Zone 36S

126  °Owuoret al. 2018

127 °KENSOTER Geology data from the Soil and Terrain database for Kenya (KENSOTER) version 2.0

128 The natural forest catchment is located in the S®uést Mau block of the Mau Forest
129 Complex. The Mau Forest is an afromontane mixed forest domibgtedigenous broatkafed
130 evergreen trees and shrubs with a complex vegetation p&ipamianforestswith a mixture of
131 indigenous vegetation are present throughout the catchiieatnhatural forestcatchment is
132 characterized byigh infiltration rateswith the occurrence of shalloiw deeper subsurface water
133 pathwayswhereaghe teatree plantatiorand the smallholder agriculture catchnsdmve lower
134 infiltration rates witha dominanceof surface runoffJacobset al. 2018a; Owuoret al. 2018)
135 (Tablel).
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In the smallholder agriculture catchmergubsistence farmers grow maize interspersed with
beans, potatoes, millet and cabbage on small farms (cingd. ISmaliscale ¢a plantations
eucalyptus Eucalyptusspp), cypress(Cypressusspp) and pine (Pinus spp) woodlots are
interspersedvith crop fieldsand grazing landTiable1). A combination of hand weeding, hoeing

and herbicides is used for weed control. Bam®ambusaspp.)is genertly found around

natural springs. The whole catchment is connected by a dense network of unpaved tracks either
bare or sparsely covered by grasseam crossings rarely have bridges. The heavily travelled
unpaved trackkavecommonly becomeroded gulliegFigure 2a-b), thatrun downthe slope to

rivers, conneding surface runoff from surrounding fields with the stream néetwBrgure 2c-€).

Cattle entrance points to the stream are generally highly disturbed and have degraded riverbanks
(Figure 2d-f). The natural riparian vegetation is irany areas replaced by Eucalyptus woodlots

or small bushes. In some places, riparian wetlands are found.
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h the stregndedraded ahd

disturbed riverbank from livestock entering the streams and f) eroded suspended sediments in streams

Figure2 a-c) Incised and unpaved tracks provide a direct connection wit

within the smallholder agriculture catchment.

The teatree plantation catchment has fedds alternated witfEucalyptusspp.andCypressspp.
woodlotsthat areused for fuelwood at the tea factories. Some of the tea companieaulete m

and rows of oat grass between rows oftteeontrolsoil erosion duringhte establishmenof new
teabushes. Herbicides are commonly used to control weeds. Covervatbpmature tea trees

during theestablishmenof a new tea cragerracing and sited cuaiff drains are also usedithin

the catchment to control soil erosidrhe catchment is covered by a network of wedlintained

paved and unpaved roads, linked to drainage systems, such as open culverts along the roads that
connect them to the streanie riparian vegetatiomcludes amix of indigenous tree species

that coer denselythe grouncandform abuffer ofapproximately 30n (Tablel).

The study area is composed of folded volcanics frometimty Miocene times Porphyritic
phonolites a member of the sequence of basic and intermediate lavas (igneous aaxks)
30
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163 predominant in thetudyarea(Binge 1962) wherepyroclastic rocksover the upper part of the
164 catchment(ISRIC 2007) The study area comprises weéthined, very deep (>1r8) darkred
165 and darkbrown loamy soil§Sombroeket al. 1982) with moderate to high amounts of organic
166 matter undetheforest cove(Dunne 1979)

167 2.2 Automated hydrological and sediment monitoring

168 This study uses a four year dataset (January 2015 to December 2018) on rainfall, discharge and
169 turbidity with a 10 minute resoluton (Figure 1). A radar sensorMEGAPULS WL61, VEGA

170 Grieshaber KG, Schiltach, Germany) collected continuoagemwlevel measurements. Water
171 | evel ( 6 st a gdetérmine wteeam dischardgasetl ona sitespecific seconarder

172 polynomial stagalischarge relationshi@acobset al. 2018b) The calibration was cheottever

173 a wide range of stream flows using gdilution gauging(Shaw et al. 2011) an Accoustic

174 Doppler Velocimeter (ADV; FlowTracker, SonTek, San Diego CA, USA) or an Acoustic
175 Doppler Current Profiler (ADCP; RiverSurveyor S5, SonTek, San Diego, Wd8pgnding on

176  river size and dischargdacobset al. 2018b) Specific discharge [mrday'] was determined by

177 integratinginstantaneous dischar¢gken at 10ninute intervalsovera dayand relating it to the

178 catchment area. Precipitation sveneasured using eight automaijping bucket rain gauges

179 calibrated to measure cumulative rainfall everymrifutes with a 0.2mm resolution (5 tipping

180 bucket rain gauges: Theodor Friedrichs, Schenefeld, Germany, and 3 weather stations: ECRN
181 100 high reolution rain gauge). Using Thiessen polygons, we estimated the weighted
182 contribution of rainfall of every tipping bucket in each catchment. A more detailed description of
183 the studysites and instrumentation can be foundacobset al.2018b Turbidity was measured

184 in situas a surrogati®r suspended sediment concentrations using a UV/Vis spectroscopy sensor
185 (spectro:lyser, s::can Messtechnik GmbH, Vienna, Austria). Turbidity is measured in FTU
186 (formazin turbidity unit) by transmitting laeam of lightto an optical receptor. With an irase

187 in water turbidity thetransmission of lightdecreasesTo calculate sediment concentrations, a
188 sitespecific turbiditysuspended sedimewtlibration was established (sectidh3.1). Before

189 each turbidity measurementthe window of the sensors as automatially cleaned by

190 compressed airot removeany interfering particlesThe sensors weredditionally cleaned

191 manually on a weekly basis usinggecfic cleaning agentecommendethy the manufacturdo

192 reducebiofouling on the measamentwindow andby manuallyremovingdebris and sediment
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2.3 Calibration, quality assurance and analysis

2.3.1 Sedimentturbidity rating curve

We used a sitgpecific,exsituincremental suspeim calibration to convert lonterm turbidity

records into an estimate of instantaneous suspended sediment concentratibls Antiyer
watersediment suspension with 16 to 18 concentration increments was established to simulate
changing stream water suspended sediment concentrations occurring from low flow conditions
(minimum O0mg!™) to storm eventémaximum 4,607ng|™). The sediment suspension consisted

of fine suspended sediment collected from sediment traps-iftiegratedPhillips samplers) and

fine soil material mixed with turbid river water collected during storm eventenBore that

only the clay size fraction remainéal the suspensionhé sediment suspension was decanted

twice after thesettling time for coarse paotes (particle size 2um) had elapsed (Stokes law:

98sec) The spectro::lyser probes from each monitoring station measured each concentration
increment starting with river water representing low flow conditions (0 E'8). Small
guantities of the syhetic sediment suspension were added at each concentration increment until
the maximum measurable turbidity of 1,990U was reached. The exact concentration was then
determined gravimetrically from a 25 subsample at each incrementotal suspended
saliment load wasletermined by multiplyingguspended sedimenbncentration by discharge
Suspended sediment yield was calculated by integrtesgediment load over time and relating

it to the catchment are@ihe sediment mass is reported in tonneséyagramyto conform with

other publshed values
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213 2.3.2 Data quality assurance

214 Quality assurance of the turbidity, discharge and precipitation dataset was performed in two
215 different ways. First, during equipment maintenance and manually downlaziding data any

216 observed anomalities were recorded in a log book. Potential causes of anomalous values included
217 (i) sensorabove water levelii) turbidity sensocompletely buried by depositegdimenduring

218 storm periods (iii) biofilm or other phenomenaon the measuement window due to

219 malfunctioning of automatic cleaning with compressed @u) measurement gaps due to

220 incidents of power supply failurer (v) counting onumber of tips by theain gauges restricted

221 by blocked funnel or spiderwebsThe readings for these periods were flagged with

222  Not-aNumber (NaN).

223 After anomalous values were replaced by N#i¢ medianabsolute deviation (MAD) was used
224  to detect local outliers. The MAD has the following form:
225 060 0 = 0 ws (1)

226 wherew is thewhole dataet,0 is the median of thelatasetand 0 is the median of the
227 absolute deviation from thdataset from itanedian. The ®nstantb estimats the standard
228 deviationandwasset to 1.4826 for normal distributigheyset al.2013)

229 A moving window ofk measurements around observatiorat time0 wasused to detect local

230 outlierswithd & 78w M 8® 5 :

231 b (2)

h

232 wherea=6 is the threshold for outlier selectian,; is the median and the 6 ‘Q is the MAD for
233 w, while the moving windovk was set to 16Missing sediment data was interpolated using a

234 linear function.
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2.3.3 Dataanalysis

All data were tested for normality with the Shapifblk test. We tested significant differences

on suspended sediment, rainfall and discharge values among the different land uses using
KruskalWallis test for analyses of variancd® detect the significance of the effect of land use

on the hydrological and sedimentological parametarg] within and amongseasoa on

suspended sediment loa@ usedhe pairwise Wilcoxon rank sumest

Five seasondry season, start of long rainsnp rains(long rainy season)ntermediate rains
(seasonbetween the long and short rainy season) and short (stest rainy seasonyere
identified to calculate theicontribution toannual suspended sediment yieldacobset al.

2018b) The periods were chosen based on exceeding a threshold of monthly specific discharge
for each catchment. The seasons for each year vary in length and timitggvduations in the

onset of the rains and monthly streamfldvig(re3).

© ! ] ' 1 ! z ; : . ] NF
S e - E—— ——————— | | P
~N - | ' i 5 S . SHA
~ i ! i : - . e [F
5 : O ese—" e S —— | |
e : : B —————————————ee ST
© m— | — "
5 _ — : : g LLR
N — — e : SHA
0 m— —_— — e
5 — ) TTP
~N j w SHA

Jan iFeb EIVIar %Apr ‘May Jun  Jul  {Aug {Sep (Oct Nov iDec

Dry season Start of long rains mssss | ong rainsmem |ntermediate === Short rains s
rains

Figure3 Timing of the five hydrological seasons for the natural fofld§), teatree plantation (TTP) and
smallholder agriculture (SHA) catchment during the observation period Januarp26émber 2018

2.3.4 Modelling flow pathways

A linear continuoustime (CT) transferfunction (TF) model with rainfall-runoff norlinearity
was used to identifythe dynamicghat explain the response of water flow pathways to rainfall
within a catchment by conceptualisiagSinglelnput, SingleOutput (SISO) system(Young &
Garnier 2006) Thesetypes of modek are equivalent to systems of linear differential equations
and can be applied in numerous masd energyransportas well as chemical or biochemical

proccessapplications, including flow and sedimeielivery models(Chappellet al. 2006) The
34
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transfer function modkhg processfollows the Data-Based Mechnistic (DBM) modelling
philosophy searching through a range of model structures, ordering them according to statistical
criteria, then retainingnodels that havea physical explanatiorfYoung & Beven 1994)The

DBM approach produceparsimoniousmodels describing rainfall-runoff relationships, that
include very few tuneable parametétses 2000)Hourly time series of rainfallmm hr?] was

used as input, and the correspondirmyrly time series of dischargen® sec¢'] as output(the

units conversion is absortbénto the model coefficients, in case of Eq. Bito coefficient ).

These parameters have hydrological integiren, describindydrological pathways, swhile

these are not strictly ydrological models derived from the process models, they still apply to

hydrological systemeven 2012)

Hydrological processes at@mown to be nonlinear (Beven 2012) with the effectiveness of
rainfall (amount of rainfall converted into discharge) dependent upon theotsauration of
the catchmentTherefore,the rainfall-runoff nonlineaity is modelled using thélammerstein
model structure,with the input (rainfall) transformed using a rlamear function into what is
termeddéeffective rainfal§ which then drives the linear dynamics of the transport process model
This studyuses a power law relationship betweeneasured rainfaland effective rainfallas
surrogate for soil moisturte translaterainfall to effective rainfal{Seetext S1for more detailks
Effective rainfall is thedynamically changing proportioof rainfall representinghe volume of
streamflow generateafter soil moisture storage deducted from the total rainfdlBeven 2012)
The RIVCBJ (RefinedristrumentalVariable Continuous TimeBox-Jenkinsldentification for
continuous modelsfoung and Garnier, 200@&Jgorithm was used to estimate model parameters.
RIVCBJ is a component ahe CAPTAIN toolbox which runs within MATLAB (Taylor et al.

2007) The linear CT transfer function modwls the following form:

Oi  —TYiQ O (3)

0 i andd i characterise the dynamic relationship between the input and the output signals in
the Laplace operator domain. The Laplace operator is the Laplace frequency domain equivalent

of the time derivative operatdf —. Functionsd i and0 i are constru&d as polynomials in

the s domain as follows, withm and n being the respective orders of the numerator and

denominator polynomials
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0 i i Wi E &i (4)

~

O i Wi Wi E @i (5)

In Eq. (3) @i denotes the Laplace transform of the output signah@sly strearflow

[m®sec'], "Yi is the Laplace transform of the input signal hourly rainfall [mij, Oi are

the model residuals arfd is the Laplace transform of time delayepresenting the pure
delay (as opposed to the dynamic | ag

between the input and output signals.

time

resul ti

In this study, up to third order models were tested fothallsites andnodel fit wasevaluated

according tahe coefficient of determinatiofl ) (also known as the NasButcliffe efficiency)

(seetext S2) andthe Young Identification Criterion (YICjseetext S3 and S4). First order

transfer function modelsvere selected for the three catchmentbere each systerhas a

differentdepletion time, determined by its time constant. A first omgrtinuous time transfer

functionmodel is writteras

® — QY — Q7Y (6)

wherep¥® is thetime constant and the paramede®& represent the Steady State Gain

(SSG)

of the hypothetical pathway of rdall through the catchment witth and & as the dynamic

response characteristicBhe time constar(iTC) reflects theresponsdetween the inputdinfall)

and the output (runoff or streamflow (Young & Garnier 2006)Linear CT transfer function

models were identified for each year between 2015 and 2018 for all three catchments.

2.3.5 Sediment response to hydrological variables

We usedhe crosscorrelation function (CCF) talentify thestatistical correlatiotetweentwo

sets oftime series at different time ladgkee et al. 2006; Mayaudet al. 2014) Rainfall and

discharge time series were cressrrelatedwith the suspendedsedimentconcentration time

series The peak response time betweegither precipitation or discharge tsediment

concentratioawascalculated as the delay tinretime lagstogether with itcorrelationstren

between these variablgsrosscorrelation functions were calculated as:

gth
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313 006d (7)

314 whered 6 &) is the crossorrelation coefficient at time lagy T ™ p ¢8 & between
315 the two time series(sampled everylOminutes) where w is observed rainfall or positive
316 derivative of discharge atample numbekandw is the suspended sediment concentration at
317 sample numbeiQ T, of is the mean rainfall or positive derivative of dischargegs the mean
318 suspended sediment concentratipnjs the standard deviation of rainfall estimatedoositive
319 derivative of discharge anfl is the standard deviation of suspended sediraadt is the
320 number of data points. At the 9586nfidence intervalagtime correlationgaresignificart when
321 6 6 &) exceeds the standard errorc@0 , where( is the length of the datas@iggle 1990)
322 The positive derivative of discharge, i.e. #timatedrate of change on the rising limb of the
323 hydrograph, was selected because the main sediment pulse®sitg generated during éh
324  rising limb (Alexandrovet al. 2003; De Girolameet al. 2015) A similar derivative effect has
325 been observeth dynamic sediment load models Walsh et al(2011). The CCF analysis was

326 carried oufor each year between 2015 and 2018 for all three catchments.

327 3 Results

328 3.1 Hydrologicalresponse of the three catchments

329 Meanannual rainfallfor the study period wa%,842 1,730 and 1,554 mmyr® with maximum

330 hourly rainfall over the whole observation period of 37.4, 33.1 andr@m®&r” for the natural
331 forest, tedree plantationsandsmadlholder agriculturecatchmentsrespectivelyThe wettest year
332 for the smallholder agriculture catchment was 2@ 1,823mmyr™ of rainfall, while for the

333 natural forest and telaee plantations precipitation was highest in 2015 with 1,986 and
334 1,928mmyr?, respectively.The annualmean specific discharge was 632+1670+153 and
335 621+224mmyr’ for the natural forest, tedree plantationsand smallholder agriculture
336 catchmentsrespectively The catchment runoff coefficiemtassimilar for thenatural forest and
337 the teatree plantations with a mean of 0.34 and 0.35, respectively, and 0.39 for the smallholder
338 agriculture Table2).
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Table 2 Hydrological characteristics ardtal suspendedediment(and 95%confidence interval) fothe

three catchments under different land use natural forest 88@km?), teatree plantationgTTP;
33.3km? andsmallholder agriculture (SHA35.9km?) in the SouthiWest Mau, KenyaDifferent capital

letters indicate significant differences between the different land uses (p<0.05).

Year Annual Annual pecific Runoff coefficien?  Total suspended Total suspended sediment
Site rainfall discharge sediment load yield
(mmyr?)  (mmyr?) (tyr?) (tkm®yr)
2015 1,986 714 (693738) 0.36 (0.350.37) 407(378439 113(10.512.2
NE 2016 1,846 518 (497542) 0.28 (0.270.29) 667 (615724 18.6 (17.1-20.2
2017 1,783 483 (466502) 0.27 (0.260.28) 673 (622-729 18.7 (17.320.3)
2018 1,755 812 (783844) 0.46 (0.450.48) 1,337 (1,2281,457) 37.2 (34.240.6)
Mean 1,842A 632 (610656)A 0.34 (0.330.36)A 771(711-8379) A 21.5(19.8-23.2) A
2015 1,928 768 (730820) 0.40 (0.380.43) 2,376(2,1852,603 714 (65.6782)
TP 2016 1,655 593 (555642) 0.36 (0.340.39) 1,397(1,27%1,539 42.0(38.4-46.2)
2017 1,478 408 (372468) 0.28 (0.250.32) 780(701-880) 23.4 (21.626.4)
2018 1,858 673 (634728) 0.36 (0.340.39) 1,042(952-1,15]) 31.3 (28.634.5)
Mean 1,730A 610 (573665)A 0.35 (0.330.38)A 1,399(1,2791,543 A 42.0(384-463) A
2015 1,607 561 (539582) 0.35 (0.340.36) 2,324(2,161-2,494) 854 (79.5-917)
SHA 2016 1,369 479 (456503) 0.35 (0.330.37) 2,271(2,0882,464 83.5 (76.890.6)
2017 1,416 492 (471514) 0.35 (0.330.36) 2,440(2,237%2,653 89.7 (82.2-97.5)
2018 1,823 953 (920986) 0.52 (0.560.54) 7,273(6,7747,790 267.4 (249.1:286.9
Mean 1,554A 621 (596646)A 0.39 (0.380.41)A 3,577(3,3153,85) A 1315(1219-1416) B

#Annual specific discharge as proportion of anmaaifall

Discharge in all catchments was flashy aadedseasondy. Rising limbs were generally steep

and had vaable falling limbs depending on evemsize. The highest discharge peaks were

measuredduring the long rainy seasemetween April and July in 2015, 2016 and 2018. In

contrast, 2017 was the driest year with a late onset of the rains and the highest discharge peaks

between August and November for the smallholder agriculture and the natasat&chments

However, in the tetree plantation catchment the rains started in May lasting until November

2017 resulting in discharge peaking in May and September 2017. High discharges were also

recorded in January 20X&causdhe 2015 rains contimd through November and December

and were followed by an unusually wet Janu&igire4).
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354 Figure 4 Time seriesof daily accumulatedrainfall (R) [mmday'], daily specific discharge (Q)
355 [mmday'] andhourly suspended sediment yield (SSYkifit® hr'] aggregated from 1finute resolution
356 with 95%confidence intervabf the a) natural forest, b) smallholder agricidtand c)eatree plantation

357 catchments in th8outhWest Mau, Kenya, between Octol214 andDecembef018.
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3.2 Relationship between turbidity and suspended sediment concentration

We obtained one rating curve for all three catchments to predict suspended sediment
concentration from the measured turbidity values. A linear model provided the best fit between
the in situ turbidity and suspended sedimecdncentrationsand there was naignificant
difference between slopes for each -specific calibration (pralue>0.1). The intercept of the
linear model was forced through the origin to prevent negative sediment concentrations at low
turbidity, yielding an equation of the form TS 4*turbidity (R*=0.98, pvalue<0.001, n=50;
Figure 5). This equation was used to convene turbidity data to suspended sediment

concentrations.
5000
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* NF
= TTP "
40001 4 SHA A
. -~
A - o
A P
— 30001 & g "
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8 < Ay .
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Figure 5 Relation between total suspended sediment concentrations (TSS)*[nand turbidity
[FTU=Formazin Trbidity Unit] measurements for three catchments: natural forest (NFireea
plantations (TTP) and smallholder agriculture (SHA) and fitted linear model (grey shaded area:

95%-confidence interval).
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372 3.3 Suspended sediment dynamics

373 Sedimentyield forthe natural forest was lower théor the other two catchmentBi@ure4). The
374 sedigraphof the natural forest had smaller peaksth a short event timewhereas the
375 smallholder agriculture and té@ee plantations showed a steep increase followed by a flat
376 recession with éong event timeThe sedigraph of thesmallholder agriculture catchment showed
377 a flashy sediment response to rainfall and increased discfidrgenaximum sedimenyield in
378 the natural forest catchmentas 0.2t km?hr', followed by theteatree plantationswith
379 1.5tkm?hr'and the smallholder agricultumith a maximumsediment pealof 1.6t km?hr?
380 (Figure 4). The mean annual suspended sedimeyield was significantly highe for the
381 smallholder agriculturecatchment(131.5+90.6 t km?yr?) than for the teatree plantations
382 (42.0+21.0tkm?yr') and the natural forest 15+11.1tkm?yr') (p<0.®) (Table 2). The
383 lowest mean suspended sediment concentrati®.§+73.8mgl™) was also lowest for the
384 natural forest catchmerfgllowed bythe teatree plantation§47.4+90.7 mgl™). Concentrations
385 were three to fourtimes highe at the outlet of the smallholder agricukucatchment
386 (128.6+2334mgl™) than at the other catchmerffs=0.04) The daily mean suspended sediment
387 load from the natural forest wabe lowest, followed by the tetmee plantations and the
388 smallholder agriculture (2.1, 3.9 ard).0t day’, respectively. The total suspended sediment
389 load for the entire study period (202818)for the smallholder agriculture 41308t) wasfour
390 times higher thanthat of the naturalforest 3,083t), whereas sediment loddr the teatree
391 plantations (5,95t) was only twice that of the natural forest. These lgagsesent a meaof
392 771, 1,3M9and3,577t yr’ for thenatural forest, tetree plantations ansimallholder agriculture,
393 respectively. 8spended sediment yield increased from 2015 to 2018 imaheal forest and
394 smallholderagriculturecatchmentsin the tedree plantations, a similagediment and rainfall
395 pattern was observed wittdeclinefrom 2015to 2017 and then aimcrease again in 2018 #ble
396 2). The natural forest had tHengestperiod of missing datdasting for 95 daysin November
397 2015 to February 2016, followed by a shorter gaghe smallholder agriculture of Blays from
398 March to April2015andthe teatree plantations had the shortest period of missing sediment data
399 of 13days between March and April 201Besidesthese periods, minor gaps were usually
400 less than 24ourswith a total of missing sediment data of 766 the natural fores2% for the

401 teatree plantationand 4%for thesmallholder agriculture catchmeritetweer20152018
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3.4 Seasonal variations in suspended sediment

During the study period, suspended sedimeityshowed pronounced seasonal variability, with
most sedimenbeingtransported during the long raim all catchments, and the highest monthly
yields beingrecorded forthe smallholder agriculture catchmédigure 6). Overall more than
half of the sediment yield46-52%) was attributed to the long rajnghich coverless than one
third of the year.The sediment contribution during the long rains, inteliate rairs and short
rains in the smallholder agriculture was significantly greater thathe natural forest and
teatree plantationg(p<0.05). For the natural forest thetreamscarried significantly more
material during the long rains (mean vyield of341.8t km? month?) than during any other
season. In the teaee plantationand smallholder agriculturéhe sediment yield fothe long
rains (mean 10.9+6.8nd 307+106 t km™ month’, respectively differed significantly from the
dry seasor{mean 0.4+0.2nd 0.6+0.3 km™ month’, respectively, the intermediate ras(mean
1.1+0.6 and 5.4+3.3 km? month®, respectively and the short rai (mean 3.2+2.2and
23.9+26.1t km month?, respectively, while there was no difference betweere teediment
yield for the start of the long rains (meary56.5 and 7.8 t km? month', respectively andthe
long rains (p<@®5).
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Figure6 Boxplotsof the monthly total suspended sediment yielérfi? month'] for different seasons for
the naturaforest (NF),teatree plantationgT TPs) and smallholder agriculture (SHA) cdiments in the
SouthWest Mau, Kenya Seasons: dry seasostart of the long rainy season, long rainy season
intermediate rainy seas@nd sha rainy season betweelanuary 215 and December2018 Different
letters above the box plot indicate signifidadifferences between the land useghin each season
(p<0.03.

3.5 Flow pathways and streamflow dynamics

We comparedhydrological flow pathwaysor each catchment abese are key indelivering
sedimers to the streamsRainfall-runoff responsavas modelled over a continuous period of one
year for each monitoring year 202518 (seefigure S1). In all three catchmentsijrét order
linear models(Eq. 6) were selectetbecause these hdlde highest coefficiestof determination
(Y rangingbetween 86 and 93% amxXplained the data witthe most negative YICanging
between-12.5 and-10.4 The teatree plantationshad a lower model performancen 2017
compared to thetheryearswith a'Y valueof 54% anda YIC of -8.3 wherethe first order
model was identified as thaptimal model (Table 3). A simple first ordermmodelwas used to
derive the time constanto compare the dynamicelationship between rainfall andunoff

responsamongthe three catchment®ur interpretation of theontinuous timdransfer function
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436 model suggests slower rainfalrunoff catchmentresponse in the natural forest and-tres
437 plantation catchmentsn contrast tothe fast flow responséo rairfall in the snallholder
438 agriculture catchmenthetime constans calculatedranged fronB8.4 to 11.5days in the natural
439 forest catchmentand from 9.6 to 13.(days in the teatree plantations The smallholder

440 agriculturehadtime constarg betweer6.2 to 8.6days(Table3).

441 Table3 Summary of the linear continuotisne transfer function models for the natural forest;ttea
442  plantation and smallholder agriculture catchment in the Satgbt Mau, Kenydor four years (study
443 period 20152018). YIC=Young Identification Criterion, 'Y =coefficient of determination, model
444  structurgn=denomirator polynomialjr=numerator polynomial¥pure time delay

Site Year Time constant [days] YIC =| < Modelstructurep,m, U]
Natural forest 2015 115 112 0.92 [112]
2016 12.6 -11.1 0.92 [112]
2017 8.4 -11.2 0.92 [112]
2018 9.8 -12.1 0.93 [112]
Teatree plantations 2015 12.1 -10.4 0.86 [112]
2016 9.6 -11.5 0.90 [112]
2017 13.0 -8.3 0.54 [112]
2018 10.5 -11.4 0.92 [112]
Smallholder agriculture 2015 8.6 -10.7 0.86 [112]
2016 8.7 -11.3 0.88 [113]
2017 6.2 -12.5 0.96 [112]
2018 6.9 -11.4 0.92 [112]

445  ®Data used in the analysis 1M&8§Dec2015

446 3.6 Timelags betweemainfall anddischargeo sediment concentrations

447 The analysis using cros®rrelation functions (CCFJEqQ. 7) showed statistically significant
448 correlations between rainfall and discharge to suspended sedimestceeding the
449 95%-confidence interval of 0.00fbr a sample size of 61,204 all three catchments for the four
450 years The CCF indicatethe impulse response time betwélea peak ofainfall and discharge to
451 the suspended sedimemteak (see figureS2). The natural forest had almost instantaneous
452 (<10minuteg to rapid responses (1.brs) in suspended sediment to both rainfall and discharge
453 in all four yearsA period shorter than a year was used for the natural forest in 2015 and 2016
454  becauseof missingsedimentdata(Table 4). The rainfall to sedimentcrosscorrelogramin the

455 teatree plantations differed from the other two catchmenmith a first fastpeakwithin one hour

456 followed by a delayedecondpeakafter5 to 8.5hours. The discharg® sedimentesponse in

457 the teatree plantations was similar to that of the smallholder agricuttatehmentwvith a time
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458 lag of around two to three hourShe smallholder agriculturbad variabletime lags between
459 eitherrainfall or dischargeto sedimentangng between 1.5 to 3.Bours Theimpulse response
460 time betweenhe peak of dischargeandsedimeniconcentratiorwasin generalonger compared
461 totherainfall peak(Table4).

462 Table4 Summary of crossorrelation functions (CCF) between rainfall/ positive derivative of discharge
463 to suspended sediment with time lag (in hours) and peak-coossation coefficients reported for the
464 natural forest, tetree plantation and smallholder agriculture catchment in the Statt Mau, Kenya
465 over four years (study period 262618).

Site Year Discharge to sediment Rainfall to sediment
Time lag[hours] CCF coefficient Time lag [hours] CCF coefficient
Natural forest 2018 1.0 0.10 15 0.16
2016° <0.2 0.03 <0.2 0.05
2017 0.5 0.07 <0.2 0.12
2018 0.5 0.10 0.2 0.03
Teatree plantatiors 2015 25 0.34 105and ¥6.5 1%0.08 and ¥0.17
2016 2.3 0.18 1%'1.0and ¥7.0 10.08 and ¥ 0.16
2017 3.2 0.32 10.8and 8.5  1%0.08 and 2'0.14
2018 1%05and 2.0 1M0.17and2?0.17 1%0.3and 5.0 1%0.18 and ¥'0.15
Smallholder agriculture 2015 2.8 0.27 0.7 0.13
2016 2.2 0.18 1.5 0.08
2017 3.8 0.17 1.5 0.11
2018 2.2 0.21 3.5 0.15

466 “Data used in the analysis 132PNov2015 and 1MaB1Dec2016

467  P1%tand 2% identifies the first and second time lag and CCF coefficient of thei€ @fe teatree plantations

468 4 Discussion

469 4.1 Suspended sediment dynamics

470 This study shows that the annual suspended sediment yield is asiauimdes greater for the

471 drier smallholder agriculture catchmerand twice greater in the té@e plantation catchment
472 compared to thevetternatual forest catchmenfhe sediment yield difference is likely the result
473 of morevegetation cover and low surface hydrological connectivity in the natural forest, where
474  consequently erosion processes (including mass wasting) are not as active. Sinmigs firede

475 reported for the neighliwing Mara river basin, where a seamnd catchment had higher

476 suspended sediment yiel@t km™? yr'Y) with half of the annual rainfall in contrast to a wetter,
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477 but less populated and less disturbed catchmentki®3 yr') (Dutton et al., 2018(Fehler!

478 Verweisquelle konnte nicht gefunden werden.

479

46



Confidential manuscript submitted Wdater Resources Research

480 Table5 Overview of different studies reportiremnual suspendestdiment yield§SSY)in Kenyan headwater streams and tropical montane forest

481 catchments worldwidderived from gauging station measurements.

Montane catchment Area  Land use Study period Annual rainfall SSY Reference
(km?) (year) (mmyr?) (tkm2yr?)
Sub-catchments of Sondu basin 35.9 Natural forest 20142018 1,842 21 This study
(West Kenya) 33.3 Teatree (Eucalyptus) plantations 20142018 1,730 42
27.2 Smallholder agriculture 20142018 1,554 131
Different catchments throughout n.a. Natural forest (100%) 19481968 n.a. 20-30 Dunne, 1979
southern half of Kenya n.a. Natural forest (>51%) 19481968 n.a. 10-100
n.a. Agricultural land (>50%) 19481968 n.a. 10-1,500
n.a. Grazing land 19481968 n.a 5,00020,000
Athi (Kenya) 510 Agriculture, grazing land and settlements 1985 n.a. 109 Kithiia, 1997
Upper MaraEmarti (SoutiWest 2,450 Smallholder agriculture and urban development 20112014 1,400 33 Dutton et al., 2018
Kenya) (3-4 month3y
4,050 Grazing land 20112014 600 44 Dutton et al., 2018
Middle MaraTalek (SouthWest (3-4 months)
Kenya)
Ruharo (Uganda) 2,121  Grazing land, agriculture, <20% Papyrus wetlands 20092010 1,535 106 Ryken et al., 2015
Koga (Uganda) 379 Grazing land, agriculture, >80% Papyrus wetlands 20092010 1,330 37 Ryken et al., 2015
Andit Tid (Ethiopia) 4.77 Agriculture (30%) 19891996 1,467 522 Guzman et al., 2013
Anjeni (Ethiopia) 1.13 Agriculture (80%) 19891996 1,675 2,470
Maybar (Ethiopia) 1.12 Agriculture (60%) 19892001 1,417 740
May Zegzeg (Ethiopia) 1.87 Agricultureand grazing land 2000 774 850 Nyssen et al., 2009
Agriculture and grazing land with soil conservation practices 2006 708 190
Arvorezinha (South Brazil) 1.23 Agriculture with traditional soil management & natural forest 20022003 2,051 298 Minella et al., 2018
Agriculture with soil conservation practices & natural forest 20042008 1,655 68
Agriculture with traditional soil management & cultivated fore: 20092016 2,102 163
Conceicd (South Brazil) 800 >85% agriculture (soybean, wheat, oats, ryegrass) with s 20002010 1718 140 Didoné et al., 2014
management, <15% gallery forest, wetlands and urban areas 2011 1,422 242
2012 1,463 41
GuaporgSouth Brazil) 2,000 Agriculture (soybean, tobacco, maize, oats, ryegrass), grazin 20002010 1550 140 Didoné et al., 2014
land and cultivated forest 2011 1,195 390
2012 1,660 158
Baru(Borneo) 0.44 Disturbed logged natural forest 1989 3,205 1,632 Douglas et al., 1993
Natural forest immediately after logging 1991 2,609 1,017 Douglas et al., 1993
Natural forest after logging 19951996 2,956 592 Chappell etl., 2004
W8S5 (Borneo) 1.7 Natural forest 1989 3,205 118 Douglas et al., 1993
1991 2,609 117
Mae Sa (Thailand) 74.2 Natural forest (62%) and agriculture (>20%) 20062008 1,743 323 Ziegler et al, 2014
Basper (Philippines) 0.32 Grassland and shrubs 2013 2,660 2,740 Zhang et al., 2018
482 n.a.=no data available

483
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Missing sediment data and linear interpolattonfill these gaps could havicreasd the
uncertainty in the sediment yialccalculated However, data gaps during dry periods, such as
those in the sediment data five natural forest during 2015 and 2016ould not havea large
influence on yield calculationsecause of the small amount of nietetransportedGaps during
periods of heavy rainfagliwhich occasionally occurred in the smallholder agriculaatehment
due to siltationcould have contributedo underestimation of the sediment yield, as peaks in the

sediment concentratiaould bemissing.

For Africa, suspended sediment yields estimated to b&34tkm?yr' at continental scale
basedon 682 catchments andvers with larger drainagareas ifiean>1,000km?®) (Vanmaercke

et al.2014) Compared to this, and otheedimenstudiesin Kenyawith varying catchment sizes
of 24-42,000km? and 8.2 to 6,330km?yr! (Dunne, 1979 Vanmaercke et al., 20)4our
annual suspended sediment yiel@4-131tkm?yr?) are within the lower reportedrangss.
Suspended esliment yields from théeatree plantations and natural forest catchment of our
study are comparable tothose observed inthe neighbarring upper Mara river basin
(33t km?yr’; Dutton et al., 2018)which is dominated by smadcale farming and urban
development. The smallholder agriculture catchment in our studgligddly higher suspended
sediment yields than the Athi catchment in Kenya (02 yr'*; Kithiia, 1997 and hadower
suspended sediment yields than disturbed agricuitatahment$n montane headwaters such as
the May Zegzeg catchment in Ethiopia (83 yr’; Nyssen et al., 200%r the Arvorezinha,
Concegdo and Guapore catchments in South Brazil (288t km™?yr'; Didoné et al., 2014;
Minella et al.,, 2018) Guzman et al. (2013jound that in Ethiopia the highest suspended
sediment yield$2,470t km™? yr?) in small catchments were in those with the largest proportion
of agricultural landTheir reported annual yields were significantly highwan the suspended
sediment yields observed in this study with similar annual raimffathual suspended sediment
yields of 117 up to 2,740km™?yr' from undisturbed to highly disturbed forest or upland
grasslanccatchmentsvere measureth SouthEast Asia(Borneo, Thailand and the Philippines)

subjecedto mass wastinduring typhoon or podiyphoon events.

4.2 Factors controlling sediment yield

Vegetation cover
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513 The low annual suspended sediment yield measured in the Mau forest showsrdbat fo
514 vegetation is the most effective surface cover to limit soil erosion despite the steepesbfslopes
515 the forested catchmerffable 1). The dense vegetation, diverse tstrand complex rooting
516 systems prevent soil detachment and trap potentially erodible matemailarly, a dense
517 perennialtea vegetation covers thsoil surface in the tetree plantations, which can buffer
518 erosive rainfallEdwards & Blackie 1979)Nevertheless, the annual suspended sediment yield
519 for the teatree plantation catchmemnwas twice that of thenatural forestdespite the soil

520 conservation practices applied by tea compasueh asnulching, planting of buffer stripsdat

521 gras$ between rows ofoungteabushes or cover trees on newly planted tea plots.ifthisates

522 that hgh sediment load®riginate from unprotectedbare surfacesduring renovation of tea

523 plantations orlogging activitiesof woodlots Logging activities trigger overland flow and
524  erosion processemdleadsedimend to the streamsvhen thereare nobuffer strips(Douglaset

525 al. 1993; Chappelét al. 2004) The denseregetationcontrass with the land management in the
526 smallholder agriculture catchmemthere steep slopes tend to be bare between crop harvest and
527 the start othe next cropping season. During that period, bare sgréaeg@rone to soil erosign

528 althoudn cropland surfaceerosion wasnot observed which may be explained byhe high

529 infiltration rates previously measuredon these croplands(401+211mmhr?) (Owuor et al.

530 2018) The routing of min flow pathswasobserved orcompactedullied trackswhich act as

531 ephemeral channetikiring a storm evenBased on thesebservatios, we hypothesize that rural
532 unpaved tracks in the smallholder agriculture generate a larger contribution to the total sediment
533 load thamagriculturalland, but further work is required to confirm thdspotentialreason for the

534 annual increase in suspended sedinyaitl in the smallholder agriculturandthe natural forest

535 catchmentgluring the study periodould bethe reducedtree cover and increasing areas under
536 annual crops and forest disturbance indicated by the stugiyantlt et al(2018)

537 Connectivitypetween sediment sources and the steeam

538 The teatree plantations and the smallhaldagriculture have higher catchment surface
539 connectivity than the natural forest, whichay be causinghigher sediment transfeby
540 connecting multiple source areas with the stredmteral linkagegtracks, gullies or drains)
541 connect sedent source areaat catchmenscale with the stream netwo(kane & Richards

542 1997) which can be an important driving force for the total sediment Idadhe rivers(Sidle
49
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& Ziegler 2010)

In the smallholder agricultureatchmentunpavedtracks are the main pathwsayor people and
livestock to access streams, thus being frequently arseé heavily traffickedlso by motorbikes
(Figure2). This activity generates highly compactedfaces where soil infiltration is impeded.
Ziegler et al. (2001 observed thatinpavedrural roads, similain appearancéo the unpaved
tracksof our study, generate significantly more overland flow compared to adjduéstopes.
As a consequence of low infiltration rates amownslopeorientatedtracks surface runoff
energy increasegenerating more volume and velocity of flow that can transport large quantities
of soil, eventually eroding tracks into gulli€Svoray & Markovitch 2009; Sidle & Ziegler
2010) Other researchers fouradstrong influence of subgace water tables in valleys gully
formation andhe development of largscalesediment mobilizatiofTebebuet al.2010; Zegeye
et al. 2018) High sediment loads at the outlet of the smallholder agriculture catchment are
thought to originate from therodedunpaved tracksnd its connectingadjacent source areas
Catchment drainage density is higlirethe smallholder agriculture (0.64n km™) compared to
the natural forest and teeee plantations (0.48 and 0.k km™, respectively) suggesting a link
to increased erosion ratddhe teatree plantation catchmentiiydrologicaly connected through
a network oftracksandwell-engineeregbaved and unpaved drains in betwéasitea fields.The
designof the well-engineered drainw®ok into account theppropriaterouting of surface runoff
to theriparianzones before entering thstreamssuggesting higher hydrological connectivity
thanin the smallholder agricultureatchmentHowever,the drains are welmaintainedwith a
densely forested riparian zonehich reducessediment export, therebgeducing sediment
transport connectivityThe strong hydrdogical connectivity of the tereeplantation catchment

could lead to high sediment transport and loads with poor maintenance of the drainage network.
Riparian zones

Dense riparian vegetatiaran trap sedimentseforethey reachthe strean{Pavanelli & Cavazza
2010) An intactforesedriparian zone in theatural forest and riparian buffeof 30 m, aspre-
describecbytheKe ny a 6 s YRepuldic of Kenya 2012pf mixedindigenous vegetation
in the teatree plantationseem to beedudng sediment deliveryto the streans by trapping

eroded soil In contrast high sediment loads are expected the smallholder agriculture
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572 catchmentwherethe riparian vegetation is highlyegraded oreplaced bycrops or woodlots
573 plantedon the river banksSmall floodplairs in a steep, narrow valley floor priae limited
574 space for sediment storaga.the same river basin, othstudiesreportedthat highly degraded
575 riparian zonesdjacento areas cultivated by smallholder agricultiead toincreased suspended
576 sediment concentratior{8/laseseet al. 2012; Njueet al. 2016) In the smallholdergriculture
577 catchment livestock access the streams through the riparian area for wafErquge 2d-f),

578 whichdamagsthe riverbank and the riparian vegetataondfurther increagssediment supply.

579 4.3 Water pathways are key for sediment production

580 Hydrological pathways such as surface runoff or subsurface flow are key in determining
581 sediment response in catchmen@ur analysis showed that the natural forest anetrésa

582 plantation catchments, with lower suspended sediment yields had the |stg=shflow

583 responsetime to rainfall using theCT transfer function model (E®). This supports or

584 hypothesis that shorter pathways indicate that surfaeff mobilizessoil particles causing six

585 times more suspended sediment yields.

586 The number of pathways and their respamnmse depend on catchment characteris{iChappell
587 et al. 2006; Ockenden & Chappell 2011Forest ecoystemsare generally characterized by
588 complex catchmenbehaviar (Chappellet al. 1999) where sils with high infiltration rates
589 promoteinfiltration to deeper subsurfaceBhese pathways can be divided into shallow water
590 pathway and deep groundwater pathw@happell & Fanks 1996) The high infiltration rates
591 (760+500mmhr?, Owuoret al.2018)and theong time constantderived through modelling for
592 the natural forest catchme(ifable 3) point to subsurface flow pathwaydacobset al. (20183

593 reported he occurrence of shallote deepersubsurface flonby using anendmember mixing
594 analysisin the same natural forest catchmeatoundwater seemed to be an important stream
595 water source Jacobset al, 20183, which agrees with théong response timeve calculated
596 (Table 3). Our findingscorroboratethose ofotherstudies in tropical forest catchmentghich
597 demonstrate that subsurfacdlow is the mainvater pathwayof forest ecosystem@oguchiet
598 al. 1997; Boyet al. 2008; MufiozVillers & McDonnell 2013) Consequently, low suspended
599 sediment yields arassociated witlimited surface erosion arskdimentelivery to the streams

600 inthe natural forest catchment.
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The main pathways in the tdeee plantatioawith slightly shortetime constant¢Table 3) and
almost half the infiltration rat¢430+290mm hr?, Owuor et al. 2018) comparedto the natural
forestsuggesthatshallow subsurface flo@andsurface runofimay dominateOverland flowwas
observed to beoutedthroughthe well-engineered drainage network along roads sundiace
water drainsbetween tea plantations to the well buffered fluvial netw@kerlandflow was
also thought to be significant klacobset al. (2018, where nitrate concentrations in stream
water seered to be diluted by surface runoff. The welinaintained drains explain the lower
suspended sediment yie|Jdsepite the prevalence ofsurface runoffobserved in the tetee

plantations.

The analysis of the smallholder agriculture catchment showed a relatively fast pathway.
However,Owuor et al.(2018) measured infiltration rates of 401+2aimhr’ on croplands in

the catchmentsuggesting thasubsurface flowis the most likely pathwayNeverthelessfield
observations of runoff along with poorly maintained highly compacted tracks, and the shape of a
classification of hysteresis loops hjacobset al. (20180 provides a contrasting insight
suggeshg that surface runoff in the smallholder agriculture israpartant vector for sediment.

Our hypothesis is that the tracks act as ephemeral streams and receive water from the
surrounding areas as shallow lateral flow, thus explaininghbeterwaterresponsdimes. The

natural forest and temee plantation catonent with high tree cover showedmilar time
constants, wlreasthe much lower tree cover in the smallholder agricultaihment lead to

faster pathways. The generally slow pathway component in each model can be explained by the

presence of deep and Nvdrained soils irall catchmerg (Sombroelet al.1982)

4.4 Sediment responggnesand event duration

The shorter time lag between the peaks of rainfall to sediment than to dischargeattributed

to exposed and easy erodible material adjacent to the dtlieetalmost instantaneous sediment
response to rainfall in the natural forest andttea planations suggest sediment supply from
readily available, nearby sediment sour(f@mnckeet al. 2014; Teneet al. 2014; De Girolamo

et al. 2015) (Figure 7). Nearchannel or irchannel sediment sources can originate from the
stream bank or the stream b@¢ronvanget al. 1997; Chappelket al. 1999; Lenzi & Marchi
2000) Temporarily stored sedimerns thought to bemobilized very quickly during the first

stages of storm even{Ederet al.2010) Fast response systemifsshort duratiorand low mass
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magnitude asthose observed ithe natural forest catchment, are etaerized by rapid sediment
flushing and fast depletion of sediment supf@appellet al. 1999) due to limited availability

of eroded materigrom the protected surfag€anget al. 2008; Faret al. 2012; De Girolamaet

al. 2015) The paved drain network in the tégee plantation catchment can act as conduits
transporting sedimennhstantaneously fronmearby logged plantations or tracks to the stream.
The delayed sediment response after a rainfall event in the smallholder agricultuttee and
second sediment response in teatree plantation catchmemstuggesta long travel distane
betweenthe sedimentsourceandthe catchment outleThe delayed response can be related to
the magnitude of massvhere more distant sediment source arfeas the wider catchment
accumulate more mass over a longer perldaseresponsesnay alsoindicate the breaching of
barriers such ashedges,fences orgrazing land, especially in the smallholder agriculture
catchment The long recession limb in the smallholder agriculture and théréeaplantation
catchmert is typically explained as a slodepletionof sediment supplyFranckeet al. 2014;
Tenaet al. 2014; De Girolameet al. 2015) The more pronounced sedigraph in the smallholder
agriculturecatchmentcan be associated with the wide rangeaofumulatedsediment source
areagFigure?).
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647
648 Figure 7 Typical shape of the sedigraph (sediment conc.=concentratiori™Jmand hydrograph

649 (discharge [Msec'] (10 minute resolution) for events in the natuforest (02/06)3/06/2018 10:00), the
650 teatree plantation (24/025/04/2018 10:00) and the smallholder agriculture (:18955/2018 16:00)
651 catchment in the SouWest Mau, Kenya.
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4.5 Seasonal variability of suspended sediment

Throughout the study period, wabserved distinct seasonal variability in suspended sediment
yield for the natural forest, tdeee plantationsndsmallholder agriculturvith higher yields in
periods of high discharge and rainfaf.climates with strong seasonality of rainfaléasnscan
explain sediment dynamidsiorowitz 2008; De Girolamet al. 2015) as we observed ithis
study. Wet seasons or hiflow events generate the largest proporti8B@-95%) of the annual
sediment loadas observed bpe Girolamo et al. (2015), Sun et al. (2016) and Vercruysak e
(2017)in other aregswhile thesediment load ithe smallest in the dry season with less than 5%
in our study. The seasondifferenceswere more pronounced in the smallholder agriculture
catchmentcompared to the other two catchmeetsplainedby the high catchmensurface

connectivity and low vegetation cover.

5  Conclusions

This study preseathe first longtemrm highresolution sediment dateat in Kenya. The fowyears

of continuous data for the naturforest, teatree plantationand smallholder agriculture
catchments provide critical insights in contrasting sediment dynamics afoiieal montane

Mau Forest Complex. The analysis revealed that land use is a critically important driver for
sediment supplywhere smallholder agritture generatesix times more annual suspended
sediment yield than a catchment dominated by natural forest. Besides vegetation cover, a strong
catchment surfaceonnectivity through unpaved tracks and gullies from hillslopes to the fluvial
network is thoght to be the main reason for the differeicesediment yields. However, further

work is required to test this hypothesis. Catchments with a high tree cover, such as the natural
forest and the teiee plantations seem to have similar water pathways avilominance of
subsurface flow. In contrgsnh the highly disturbed landscape suchthat of the smallholder
agriculturecatchmentsurface runoffdominates andoil erosion increases suspended sediment
yield. Thissuperficialwater pathway results itné more pronounced seasomalpact of rainfall

in the smallholder agriculture compared to the other two catchmealsts due to varying
vegetation covemDelayed sediment response to rainfall and a slepletionin sediment supply

in the smallholder agnidture and tedree plantations suggeghat the wider catchment area is

supplying sediment from a range of sediment sources, especially in the catchment dominated by

55



681
682

683
684
685
686
687
688
689
690
691
692
693

694
695
696
697
698
699
700
701
702
703
704
705

706

707
708
709

710

Confidential manuscript submitted Wdater Resources Research

smallholder farming. In contrast, the fadgpletionin sediment supply in the naturabrést

suggests the importance of nearby sediment sources and temporarily stored sediment.

Land scarcity and population growth bring enormous pressure on natural forest ecosystems.
Forest conversion will increase sediment production, which will affectomigtmany people in

the SondwRiver basin who rely on the rivers for drinking water, but also Lake Victoria which is
already affected by increased sediment supply. The implementation of catchment management,
such as soil conservatiomeasuresand betterengineering of rural trackways is essential to
reduce sediment supply to water bodielowever, a detailedesiment source fingerprinting
analysisis necessaryo identify the main contributing sediment sources. This will support the
application of bettemanagement strategies at the source to prevent sedimteningthe stream
network. Sedimenyields reported irother sediment studies in montane smallholder agriculture
catchments were higher than in our study, which provide a warning of potentiallgr high

sediment loss in the future unless mitigation strategesgriemented
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