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Abstract. Smallholder rainfed farming systems generally are that the Sls that were tested are effective in enhancing
realise sub-optimal crop yields which are largely attributedsoil moisture retention at field scale and that diversions al-
to dry spell occurrences during crop growth stages. How-low crop growth moisture conditions to be attained with early
ever, through the introduction of appropriate farming prac-rains. From the partitioning analysis, it is also concluded that
tices, it is possible to substantially increase yield levels everthere is more scope for efficient utilisation of the diverted
with little and highly variable rainfall. The presented re- runoff water if storage structures could be installed to min-
sults follow research conducted in the Makanya catchment inmise runoff and deep percolation and, hence, regulate water
northern Tanzania where gross rainfall amounts to less thaflow to the root zone when required.

400 mm/season which is insufficient to support staple food
crops (e.g. maize). The yields from farming system innova-
tions (Sls), which are basically alternative cultivation tech- 1 |ntroduction

niques, are compared against traditional farming practices.

The Sls tested in this research are runoff harvesting usedhe impact of climate variability and climate change is felt
in combination with in-field trenches and soil bundianya  differently by different sectors and at different scales. In rela-
juus). These Sls aim to reduce soil and nutrient loss from thetion to food security, the effect of dry spell occurrences dur-
field and, more importantly, promote in-field infiltration and ing critical cropping seasons as a result of erratic rainfall pat-
water retention. Water balance components have been oherns may result in severe yield reductions in farming systems
served in order to study water partitioning processes for thgBarron et al., 2003). In semi-arid environments, water is a
“with” and “without” SI scenarios. Based on rainfall, soil major constraint to agricultural production (cf. Ngigi, 2003).
evaporation, transpiration, runoff and soil moisture measureThis implies that farmers need to improve on current yield
ments, a water balance model has been developed to simulalgvels by adopting innovative rainwater harvesting and soil
soil moisture variations over the growing season. Simula-water conservation techniques (Kosgei, 2009; Mupangwa et
tion results show that, during the field trials, the average pro-al., 2006; Rockstim, 2003; Rockstim et al., 2004). The
ductive transpiration flow ranged between 1.1-1.4mrd big challenge now is that the current levels are generally too
in the trial plots compared to 0.7-1.0 mmdunder tradi-  |ow for existing food demands and average less than ttha
tional tillage practice. Productive transpiration processes acfor maize in some semi-arid environments (Bhatt et al., 2006;
counted for 23-29% while losses to deep percolation acRockstbm et al., 2004). Irrigation is perceived to be the so-
counted for 33—-48% of the available water. The field systemiution to the challenge of dry spells. However, the large in-
has been successfully modelled using the spreadsheet-basggstments required to set up irrigation schemes means that,
water balance 1-D model. Conclusions from the researchwithout external assistance through the support of govern-
ments and donors, many vulnerable communities will still
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Rainwater harvesting systems are not widely implementedscale to explain the hydrological processes prevailing when
in Eastern and Southern Africa despite numerous researcimproved techniques are applied.
findings recommending the adoption of rainwater harvesting However, it seems very well possible to improve crop pro-
as a solution to the challenge of mid-season dry spell occureluctivity even under these challenging conditions. A vari-
rences. The few micro-dams and ponds identified in arid andety of Sl options exist which, if applied, help to achieve im-
semi-arid areas are generally poorly located for effective ir-proved results. The level of success for any Sl that can be
rigation or for use as multi-purpose reservoirs (Roékstr  considered largely depends on site conditions. An exam-
2000). On the other hand, large scale and seemingly orgarple of more efficient techniques is tifi@nya juucultivation
ised irrigation schemes require substantial investment costmethod which, if used in combination with runoff harvest-
and tend to benefit only few participating members. Thising, results in improved soil moisture availabilityFanya
means that the majority of the population, who, incidentally, juus are basically trenches constructed along contour lines
rely mostly on rainfed subsistence agriculture, need to rewithin the cultivated field and are spaced as dictated by the
sort to simple and innovative agricultural techniques for soil slope. Soil from the excavated trenches is deposited upslope,
moisture retention in order to cope with the mid-season dryso as to create a bund for water retention. Téreya juus
spells. In the past, when more unoccupied land was availhave been researched before as soil conservation structures
able, communities practiced shifting agriculture by relocat- (Gichuki, 2000; Mwangi et al., 2001; Tenge et al., 2005) but
ing to less populated and more fertile land resources (cf. Fistheir hydrological functioning on cropping systems have not
cher, 2008). Nowadays, local solutions which aim to opti- been investigated in detail.
mize available resources are required. Such solutions exist The objectives of the research presented in this paper are
through the adoption of more efficient system innovationsto (i) use observed on-site data to model soil moisture dy-
(Sls) (Ngigi et al., 2007; Rockg€im et al., 2001; Temesgen namics for the tested “improved” farming techniques, and
et al., 2007) and such Sls include conservation tillage, rainhence (ii) quantify water partitioning at the field scale to as-
water harvesting, the promotion of water retention at fieldsess the impact of the applied techniques with regards their
scale (e.gfanya juu$, the development of more community- hydrological functioning.
driven irrigation schemes, use of drought resistant seed vari-
eties, adoption of more appropriate crops for different envi-
ronments and, better farm management (e.g. timing of oper2 Materials and methods
ations, application of pesticides and insecticides, addition of
soil nutrients through fertilisers and animal manure). How-2.1 Research site
ever, the adoption of these solutions is not often guaranteed
as social preferences and traditional practices tend to influThe research has been conducted in the Makanya catch-
ence community behaviour. ment in northern Tanzania (Fig. 1) at two sites. These sites,
Rainfall variability in sub-Saharan Africa is very high with Site 1 (Iddi farm) and Site 2 (Walter farm) are located in
a difference of as much as 60 mmdin rainfall recorded the Mwembe village within the Makanya catchment. The
within a spatial distance of 10 km (Mul et al., 2009). The in- Makanya catchment is part of the Pangani Basin and cov-
creasing climate variability has seen an upward trend in dryers a catchment area of about 30Ck(Mul et al., 2007).
spells in some parts of semi-arid Sub-Saharan Africa (En-The rainfall variability is high and ranges between 400-
fors and Gordon, 2007; Fischer, 2008). It is becoming a800 mm a*! and is heavily influenced by altitude. Two rain-
bigger challenge to improve or, at least, maintain the cur-fall seasons are experienced in a year with the long rainfall
rent crop yield levels under the existing climate regime andseason Nasikg occurring between March and May while
traditional farming practices. Instead, smallholder farmers,the short rainfall seasorv(li) occurs anytime between Oc-
who constitute the greater proportion of the population, will tober and December. The annual rainfall received is thus
increasingly rely on food imports as a result of these seasplit over two agricultural seasons which implies that, on
sonal low yields and their vulnearbility to droughts and dry average, seasonal rainfall alone cannot support the common
spells. Given these challenges, it is important to assist smallerops grown in the area such as maize, beans and coffee (Mu-
holder farmers to break the poverty cycle by relying less ontiro et al., 2006). An analysis of the rainfall patterns at a
food imports and encouraging them to adopt more efficientnearby meteorological station suggests a steady mean in the
farming techniques which result in improved crop produc- total amount of rainfall received but an increasing trend in
tivity under harsh climatic challenges (Enfors and Gordon,dry spell occurrences especially in tMasikaseason (En-
2008). A number of improved agricultural techniques havefors and Gordon, 2007).
been tested throughout the region with promises of success The local communities in the catchment rely on subsis-
but adoption by farmers has not been encouraging (Ngigi etence agriculture for food production. A variety of soil
al., 2005). One possible explanation for the poor adoptionand water conservation practices is observed within the
by farmers could be that scientists themselves do not havstudy area and these include hand-hoeing, terracing, inter-
full understanding of the water partitioning processes at fieldcropping, rainwater harvesting (particularly flow diversions)
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and irrigation from micro-dams. Groundwater exploitation
is low with substantial amounts of surface water infiltrating
into the ground and, possibly, draining out of the catchment
as sub-surface flow (Mul et al., 2007).

2.2 Experimental design

The research has been conducted over four seasons betwet
2006 and 2007. The research compares current farming prac
tices of hand-hoe cultivation against system innovations (SIs)
which basically consist of the application of conservation

tillage practices in combination with water harvesting In the

research, an ordinary field has been partitioned into strips off
about 10 m width across the field. This spacing is dictated [
by slope and follows general soil conservation guidelines for
the construction of contour ridges which have been gener-
ally applied as soil conservation structures in tilled plots. For

steeper slopes this spacing is reduced while it increases ot
flatter terrains. Trenches measuring 50 m by 50 m have beer
dug across the field along the contour line. The soil from

the excavations is thrown upslope to form soil bunds just up-
slope of the trenches. This type of in-field constructions is

called thefanya juutechnique in East Africa. Runoff gen-

Legend

@® villages

river
sub-catchment
\ | Mwembe

‘ ‘ Vudee

erated from storm events has been diverted from adjacen [ ] chome
drainage channels such as footpaths and gullies and has bee [T
directed into the trenches constructed within the field. The [ | valley

trenches act as temporary storage structures after rainfall and

diversion events while the bunds create ponding conditiongrig. 1. Location of the study areas in the Mwembe sub-catchment
upslope of the excavated trenches. Infiltration potential isof the Makanya catchment in northern Tanzania.

enhanced in the trenches and at the ponding zones as a result

of increased residence time of water. In addition, the reduc- _ _ _
tion in runoff velocity within the cultivated field implies an Water stored in the trench while Tube D monitors the effect

increased potential for deposition of nutrient-rich fine soil Of ponded water as a result of the soil bund. Tube C monitors
within the cultivated plots. in the moisture distribution across the cultivated strip mainly

Water balance components necessary for the simulatio®s a result of direct infiltration and lateral flow from the water
have been measured on site or determined from empiricatlhat is temporarily stored in the trenches. Soil moisture ob-

relationships. servations have been made twice a week during the growing
season and once in two weeks during the dry season.
2.3 Soil moisture measurements Soil moisture has been observed at 10 cm depth intervals

but, since the roots of the studied maize crop in the research

To evaluate the effect of different treatment techniques, soifréa hardly exceeded 50 cm, soil moisture at 30 cm depth has
moisture has been measured by use of the time domain rdieen taken as a realistic representation of the soil moisture
flectometry (TDR) method. Four access tubes have been incontent across the rooting zone.

serted within the cultivated field using a hand auger to the

maximum possible depth. This depth does not normally ex-24  Water balance modelling

ceed 1.5min the studied area. Tube A has been placed in th§oi| moisture storage has been modelled using a spreadsheet

control plot i.e. the section within the same sloping transectbaseol water balance model (based on Savenije, 1997). The

file but upslope of the diversions which implies that it mea- , . o
) . . . . model is based on the water balance equation which is given
sures soil moisture variations which are largely influenced by

rainfall events only. The other three tubes have been pIacegs'

within one cultivated strip but. Iocated.such that Tube_ B is % + ddiu + ‘% =P—Er—Ej—E;—Qg— O (1)
closest to the trench, Tube C in the middle of the cultivated

strip and Tube D has been placed at the lower end of thavhere (all terms in mmd?),

cultivated strip and closest to the bunds. From Fig. 2 it canP is the precipitation received in the system,

be seen that Tube B monitors the impact to the root zone ofE 7 is the transpiration,
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TDR access tubes

T

Fig. 2. Schematic of a section of the cultivated field showing TDR
access tubes placed to measure soil moisture variation in relation to
the location of the trenches and soil bunfdgya juuconstructions).

E; is the evaporation from interception i.e. from canopy
cover and soil surface,

E, is the evaporation from the soil,

Q; is the net surface runoff,

Q, is the groundwater runoff,

45 is the rate of change of surface water storage,

dt
45 is the rate of change of water storage in the root zone,

dt
and

% is the rate of change of groundwater storage.

The components in the above equation can be determined
from direct observations or, alternatively, from empirical re-
lationships.

During the field trials,P and Q, were measured using on-
site rain gauges. At the daily time scale us@& is consid-
ered to be negligible compared to the other fluxes. The tran-
spiration and soil evaporatio£¢ and E;), are modelled as
a function of the soil moisturd,. Groundwater storage and

flow (% and Q,) are fed by groundwater recharge which
occurs when the soil moisture within the root zone exceeds
field capacity. This study concentrates on the root zone hence
these deeper groundwater processes can be ignored. The in-
terception,E;, is determined on the basis of the daily rainfall
following the method by De Groen and Savenije (2006). As a
result, the soil moisture storage in the unsaturated z§ne,
remains the only unknown in the equation. The simulated
soil moisture storage is subsequently compared with the ob-
served soil moisture variations. This process is only analysed
in the vertical direction hence the model is defined as a 1-D
model.

Estimation of model inputs

The modelling approach for evaporation is based on the
FAO-56 dual crop coefficient method which separates evap
oration and transpiration processes Fig. 3 shows a flow chart
illustrating the adapted method.

Input parameters have been estimated according to the
processes explained below (Allen et al., 1998, 2005;
Savenije, 1997; Temesgen et al., 2007).

Hydrol. Earth Syst. Sci., 14, 62838 2010
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Input parameters obtained from direct observations

— Precipitation f) has been measured daily using rain

gauges installed on site.

— Surface runoff contributiond@,) has been directed onto

the experimental sites through one inlet point and has
been allowed out through one exit point. Tipping bucket
loggers have been installed at these points to measure
surface flow into and out of the study plot. The dif-
ference between inflow and outflow is the net surface
flow contribution, Q. Hence, the runoff contribution
has been measured continuously.

the Decagon Acupar meter
(Decagon Devices Inc., 2004) has been used to mea-
sure the leaf area index of the growing maize crop. The
equipment measures above canopy and below canopy
radiation from which the leaf area index is calculated.
Measurements have been taken at all sites on a weekly
basis during the long season of 2006.

Dialy open water evaporationkf) has been measured
using a Class A pan located at a nearby meteorological
station. The evaporation has been determined from the
measured volume required to top up the water level at a
set time every day.

Input parameters obtained from literature

— Interception £;) is estimated based on De Groen and

Savenije (2006) where all the rainfall received is inter-
cepted until a certain threshold value of precipitation,
D, is reached beyond which the excess precipitation be-
comes available for infiltration and runoff.
E;=min(P, D) 2)
where (all in mmd?1)

E evaporation from interception,

P daily rainfall

D interception threshold determined by calibration
(ranges between 2-5mm# (De Groen and Savenije,
2006)

Crop coefficientsK.) have been obtained from FAO-56
for evaporation and transpiration are treated separately
as shown in Fig. 3.

erived input parameters

— The reference evaporatiotk &) is estimated from the

FAO recommended methods of estimating the total
evaporation (soil evaporation, interception and transpi-
ration) (Allen et al., 1998) i.e.

Eret=

Eokp 3)

www.hydrol-earth-syst-sci.net/14/627/2010/
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EVAPORATION
L ks >| Ep | ——— » E;

Adjustment for soil
moisture conditions

Fig. 3. Flow chart for determining evaporation and transpiration.

Eref reference evaporation (mnmé) content (AWC) range described as the difference
E, open water evaporation (mntd) between the field capacityS¢) and the perma-
k, pan coefficient (=), ranges between 0.6-0.8 for the nent wilting point Swp). Potential transpiration
conditions in study area (according to FAO-56) occurs between saturated moisture conditions un-

til the moisture content drops to a fractipntaken

— Transpiration as 0.6) of the available soil moisture when stress

— Potential transpiratiort,
A growing crop under optimum conditions tran-
spires at the potential transpiration ra#g, This
potential transpiration is related to the reference
transpiration by a crop transpiration factok,,
which is a function of the crop type and its devel-
opment stage.
The potential transpiration for any crop is therefore
calculated as

Tp = Erefkc (4)

whereT,, potential transpiration (mmdh)

k. crop factor (—) and ranges between 0.15-1.15 for
the maize crop (according to FAO-56)

Equation (4) applies to a crop growing under ideal
conditions. The natural environment necessitates
a further adjustment of, to suit local conditions
(Allen, 2000). When there is no moisture stress
transpiration is assumed to be related to the leaf
area index/ a, (Temesgen et al., 2007). The mod-
ified potential transpiration is hence calculated as

Tp,adj=Max((Eretkc — E1)O)min(L, I a) ®)
where T, aqj adjusted potential transpiration
(mmd1)
I A leaf area index (fhm=2)

— Actual transpiration from a crog

T, described in Eq. 5 assumes unlimited water
availability within the root zone. In practice, how-
ever, soil moisture varies within the available water

www.hydrol-earth-syst-sci.net/14/627/2010/

conditions start to occur. Transpiration stops when
the soil moisture level drops to the permanent wilt-
ing point. Within the moisture stress range3)

(Stc — Swp) transpiration reduces according to pro-
portions dictated by the gradiehtvhich is defined

as

1
k =
(1-p) (Sfc - Swp)

wherek moisture stress gradient (mrh
Stc soil moisture at field capacity (mm)
Swp soil moisture at wilting point (mm)
p fraction of no moisture stress (-)

(6)

The moisture stress factor limiting transpiration can
therefore be expressed as

fmt=kmin((S, — Swp).1) )

where fimt moisture stress factor (—)
S, soil moisture within the root zone (mm)

The actual transpiration, E7 (mmd1), is
given by the relationship

Er = Tp,adjfmt (8)

— Soil evaporationF

The energy available at the soil surface is shared be-
tween transpiration and direct soil evaporation (Allen,

2000). Where water is in abundance, climatic influences
play a less significant role towards transpiration rates

Hydrol. Earth Syst. Sci., 14,688/2010
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(Novak et al., 2005). As canopy cover increases, more3 Results
energy is used for transpiration at the expense of direct
soil evaporation. Similar to transpiration, soil evapora- 3.1 Soil moisture observations
tion only occurs at the potential rate under ideal condi- _ .
tions including sufficient soil moisture. Whereas tran- SOil moisture measurements over four seasons (2006-2007)
spiration occurs at reduced rates up to the wilting point, &€ Shown in Fig. 4 and have been used as a measure of
the cut-off level for soil evaporation occurs before the the performance of the water balance model. The observed
wilting point due to capillary forces of the soil matrix. soil moisture shows a clear trend where the tube located
) . ) on the most downslope part and next to the bund (Tube D)
The soil moisture stress factor can be described by anecr4s the highest moisture levels. The control tube (Tube
exponential function involvingS, and the maximum Ay records the least moisture levels which are also compa-
water available within the root zon&ra with a e apje 15 the middle tube (Tube C). Tube B records values in
duction scalé (mm): between. This trend is more distinct at Site 1 where the ter-
_ — Smax rain is more gentle and the soils are deeper. Site 2 has steeper
Sms=min (exp( b ) ) 1) 9 slopes and shallower soil depths. The moisture distribution at
Site 2 exhibits a similar trend as for Site 1 although the con-

where fms moisture stress reduction factor () trol tube and Tube B appear to respond more quickly to rain-
Smax maximum soil moisture in the root zone (mm) fall and diversion events at Site 2. The middle tube, Tube C,
b reduction scale (mm) also records better response to events at Site 2 than at Site 1.

. — 3.2 Soil moisture modelling
The evaporation from the soil is given by

The spreadsheet based water balance model has been con-
structed as conceptualised above. The model simulates soil
moisture at daily time steps. Each simulation calculates the
soil moisture for the control and the site under Sis. The main
difference between these sites is that the area under Sls bene-
fits from diversion water while the control is strictly rainfed.
A rooting depth of 50 cm is used in the model. The soil prop-
In Eq. 10, interception is subtracted from reference erties are assumed to remain constant within the 10 m width.
evaporation because both are evaporation processes The output is plotted in Fig. 4 where the solid lines indicate
with evaporation from interception occurring immedi- the simulated soil moisture.
ately after a rainfall event as canopy interception or  The modelling results show a good agreement with the
evaporation from the soil crust. observed soil moisture for both the control and the portion
benefitting from diverted water. The modelled results for di-
o 5 . ] o verted flow correspond well with the downslope tube (Tube
At daily time steps, wher&: is considered negligible, D), while the simulation with no diversion corresponds well
the infiltration into the soilF (mmd) is calculated as  with the control (Tube A). The difference between the control
and experimental lines indicates the effect of the Sls which,
in this case, is the diversions. The biggest difference occurs
at the beginning of the season and is lowest when enough
rainfall and infiltration is realised and field capacity condi-
The soil moisture balance at any given time-stephich is tions_ are attained. At both_sites the s.imulated ﬂow with di-
also the model output at each time step, is hence calculatee"sions shows that the soil reaches field capacity much ear-
as lier than the control section at the onset of the rainy season.
This is important since it allows the growing season to start

ddis —F—E;r—E,—R (12)  earlier.

E; =max(1— I a,0)max(ks Evet— E1,0) fms (10)
whereE; soil evaporation (mmd?)

ks soil evaporation factor (equivalent to crop factor in
cropped areas) (-)

— Infiltration, F, and deep percolatioR

F=P+Q;—E; (11)

Calculated model output

where deep percolatio® (mmd-1) is calculated as a flow 321

: i Improving model performance
over threshold process which only occurs when the field ca-

pacity is exceeded. In Fig. 4, Site 1 shows better agreement between observed
S, — Stc and simulated soil moisture levels than Site 2. The simula-
R= max[—R,O} (13)  tion (a) of Site 2 shows disagreement especially at the onset

_ _ _ o of the experiment where simulated values are much higher
andkg, (d) isthe maximum number of days during whichfield than the observed. This is explained by the fact that the
capacity can be exceeded after high infiltration events. experimental plot may not have been prepared well enough
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Fig. 4. Model results at different sites compared with observed soil moisture values for Site 1 and Site 2. The grapl{lgt[Bsehts an
improved simulation than the graph at Sif@aR

with the top soil still very dry hence less infiltration actu-  The improved model output is shown as Site 2 (b) in Fig. 4
ally occurred. The model has been improved by lowering theand shows a much better correspondence between modelled
field capacity during the first few days of experimentation and observed values.

thereby restricting infiltration after rainfall events. There-

after, and for the rest of the season, the control plot records$-2.2  Test of model efficiency

higher moisture levels as it also receives extra water fromFigure 5 shows a comparison of the modelled and observed
Iat_eral flows from upslope. Simila_\rly, during the dry season results with the graph forced to pass through the origin. All
prior to November 2007, a few rainfall events have been Ob'trend lines have slopes close to 1 which is satisfactory. Site

;erveg which werle tre_msllateddmto |Ff|ltrﬁt|onh|_n rt]he smula— 2 (b), which shows the trends after the model improvement
r'on'l rc])nser?uegt Y su‘(rj\u:te resu t_s S Or\]N \gher mo's,tl;rﬁjescribed above, reflects an improvemenkfvalue which
evels than the observed. However, since the previous rainfali o ts more refined simulations. This is also confirmed by

season had recorded extended dry spells towards the end, tlﬂ"?e Root Mean Square Error (RMSE) calculation of 3.3 and
soils were in fact much drier hence, again, the rainfall could1 9 at Site 1 for Tube A and Tube D, respectively. At Site

not practically be translated into infiltration. The model has2 the RMSE decreased from 4.2 to 2.6 for Tube A after the
been corrected by draining this apparent infiltrated waterdur—m’Odel improvement while it in(;rease-d from 2.3 to 2.4 for

ing the dry season. Tube D. This also shows that the model improvement was
most efficient in the control plot.

www.hydrol-earth-syst-sci.net/14/627/2010/ Hydrol. Earth Syst. Sci., 14,688/2010



634 H. Makurira et al.: Modelling field scale water partitioning using on-site observations

Site 1 (Tube A) Site 1 (Tube D)
30 -
g7 . yeios § V= 10208
9 20 - 2o R2=058 o 25 .
£ K / 5
2 . . 2 20
S 15 ~3%e + e
E ::" P S W4 E 15
2 10 * & %, S
H PR T 10
3 5 3 s
E £
“ o “ 0 ;
0 5 10 15 20 25 0 5 10 15 20 25 30
Observed soil moisture [%] Observed soil moisture [%]
30 < 30 .
- ‘ Site 2a (Tube A) - Site 2a (Tube D)
e 25 . = 1.0121x g 25 s
2 R2=0.05 £ y=1.0474x
§ 20 Y Y TR g 20 DRI~ a4 T R?=0.69
[ * ¢ . 2 3 g
g 15 s 2 15 PR TN S ]
° % . ] M ad .
£ ° Y & /(0 o € A
g 10 s AT - g 10 " ¢ X3
£ [y £
£’ g
" "
0 ‘ ‘ 0 :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Observed moisture content [%] Observed moisture content [%]
30 n 30 N
g Site 2b (Tube A) - Site 2b (Tube D)~ v-0so1
g R y=08707x g 25 2
£ . R?=0.75 £
S 2 g 20 3 *
g ¢ g& : ‘ g i . .':
2 15 5 2 15 P v
g . Te o z IR *e R
£ 1 : LA £ 10 <l
T ° 3
Z s - Z2 s
[ ~ @
0 T nl 0 —
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Observed moisture content [%] Observed moisture content [%]
Fig. 5. Comparison of observed and modelled moisture in Tube A (control) and Tube D.
3.2.3 Sensitivity analysis The sensitivity analysis shows thatis not a sensitive pa-

rameter for the calculation of transpiration values. Figure 6
A sensitivity analysis has been conducted to check if the asshows graphs of total seasonal transpiration obtained for in-
sumed values for some parameters used in the model woulgkrception values ranging between 1-5 mm,dand a com-
have any significant influence on model output. Assumptionsparison of the values with the 3 mm#interception thresh-
were made fop (soil moisture depletion factor,(residence  old used in the model. Seasonal transpirationfforalues of

time of_water within soil profile abc_)v_e field capacity), (In- 1,3and 5mmd?! (D1, D3 andD5, respectively) are plotted
terception thresholdk, (crop coefficients) and, (pan fac-  against the value used in the modBR3 (i.e. a change iD
tor). (dD/D) of 67%). This change i would result in change in

k. andk, values are obtained from standard guidelines.transpiration ofT/T.
Alsop is not likely to vary much away from the generally  The deviation from theD3 graph is less than 20% in all
recommended value of 0.6. These parameters result in minisgses (see Fig. 6). The sensitivity of the relationship can be
mum sensitivity within reasonable ranges as offered in Sta”'expressed as an elasticity relationshgT(T)/(dD/D)] where
dard guidelines. k¢ (residence time above field capacity) an elasticity of 1 reflects a highly sensitive relationship. In
does not affect the daily water balance as, in the model, thignost cases, an inelastic relationship of less than 0.3 is ob-
retention time does not exceed 1.5 days. This only leaves thgyined which confirms thab is not a very sensitive param-
interception threshold as an important parameter to be testegher, While the interception threshold does not prove to be
in a sensitivity analysisD ranges between 2-5mmt(af- 3 sensitive parameter, interception is still important in water
ter De Groen and Savenije, 2006). balance analysis as the available water for other processes
(e.g. transpiration) is dependent on the balance available af-
ter interception.

Hydrol. Earth Syst. Sci., 14, 62838 2010 www.hydrol-earth-syst-sci.net/14/627/2010/



H. Makurira et al.: Modelling field scale water partitioning using on-site observations 635

Site 3 with diversions Site 3 without diversions
200 200
§ 180
180 = 2 .
> P -~ _A4 § 160 —
160 . e - o -
= = Linear (D3) £ = ::g " Linear (D3)
~ el N - N -
g 10 %/ — -~ Linear (D) % 2 0 P e — - - Linear(D1)
$ e N G Linear (D5) 5 e ot Linear (D5)
EE — £g 80  ood
=< 10 = SE &0
© -
8 4 o8 40
28 g . . % € 20
a 80 100 120 140 160 180 5 30 50 70 90 10 180 150 170
. " 1]
Seasonal transpiration at D=3 [mm/season] s Seasonal transpiration at D=3 [mm/season]
8
=

T

Site 4 with diversions Site 4 without diversions
200 200
S 180
180 w b
3 L § 160
<4
= 160 L / Linear (D3) % = 1:3 .- u Linear (D3)
g 140 = = —= — -+ Linear (D1) =8 - _—3 — - Linear(D1)
3 - N S 8 100 = ——= )
k] P It Linear (D5) 5o - R Linear (D5)
£ ¢ 120 = ——== £ 80 -
E - /:' SE 60 s
£ e 1 | e
8 - 8 40 1+—==
© o ®
= 80 gL 20 T T T
80 100 120 140 160 ;—',_ 30 50 70 90 110 130
7]
Seasonal transpiration at D=3 [mm/season] s Seasonal transpiration at D=3 [mm/season]
S5 =

Fig. 6. Comparison of seasonal transpiration values for different interception thresholds.

3.3 Water balances section, because it is entirely rainfed, has less water avail-
able to infiltrate. The traditional cultivation technique of us-
The total amount of water received at field scale is due to theéng the hand hoe results in the formation of a hard pan thus
rainfall (P) and runoff diversion Q). This water is parti-  reducing the infiltration potential while increasing the poten-
tioned into transpirationKr), interception £;), soil evap- tial for soil evaporation (Rocksim et al., 2001). On the
oration (Ey), deep percolationk) and soil moisture storage other hand, the trenches improve the potential for infiltra-
variation @S,/dt). tion through increased residence time in the field. In the
Table 1 shows the average daily water partitioning for thesection with the Slis, the moisture distribution varies across
combined cropping seasons. At Site 1, the volume of watethe field in response to the impacts of the Sls. The highest
diverted surpasses the rainfall received while at Site 2, thesoil moisture levels are observed near the soil bunds (around
runoff contribution is about 30% of rainfall received. Deep Tube D) where more residence time for water enhances in-
percolation accounts for the largest proportion of the parti-filtration. This ponding effect also increases the chances of
tioned water. deposition of nutrient-rich fine sediment which also bene-
For the combined seasons, at Sitel, transpiration increasdiis the crop. The difference in moisture levels at Tubes B,
from an average of 1mmd to 1.4mmd?! (range 0.86— C and D can further be attributed to the effect of soil depth
1.93mmd?) as a result of the improved agricultural tech- and slope. At Site 1, where the slope is flatter and the soils
niques. At Site 2, the average transpiration increased fronare deeper, more infiltration and vertical drainage occurred
0.7mmd? to 1.1mmd? (range 0.37-1.26 mn1d). De- resulting in the tube next to the trench (Tube B) not respond-
spite an increase in transpiration values, deep percolation adhg as much to the diversion as at Site 2. At Site 2 the middle
counts for almost 50% of the diverted water at both sites.  tube, Tube C, recorded soil moisture values which are similar
to the control tube suggesting that the moisture that infiltrates
in thefanya juutrenches does not reach the centre of the plot
4 Analysis and discussion of results through lateral drainage, but is evacuated vertically as sub-
surface drainage. This suggests that, forfrea juutech-
Simulation results show that the Sls result in increased moisnique to be more effective on steeper terrains, the spacing be-
ture availability in the study plots and, hence, confirm thattween trenches should be further reduced to values much less
there is, indeed, scope for improved productivity if dry spell than those recommended for soil conservation. A 2-D model
management is improved. More moisture in the root zonesuch as HYDRUS2/3D would better explain this process.
leads to increased potential for transpiration and, hence, The model results also show the positive effects of divert-
biomass production. The lower moisture levels in the con-ing runoff onto the field plots. The additional water available
trol section can be explained by the fact that the controlthrough diversions and the subsequent temporary in-field
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Table 1. Water partitioning “with” and “without” Sis (mm€1).

P Qs Total inflows Er E; Es Rg dds;‘ Total outflows
Site 3
with 21 27 4.8 14 07 02 23 0.2 4.8
without 2.1 0 2.1 1.0 07 01 02 01 2.1
Site 4
with 28 1.0 3.8 1.1 0.7 02 16 0.2 3.8
without 2.8 0 2.8 07 07 02 10 0.2 2.8

storage of water facilitates the attainment of conducive mois-nfiltrated water to the root zone only through, e.g. construc-
ture levels for germination in a relatively shorter time than tion of micro-storages from where water can be released only
without the Sls. This effectively lengthens the growing sea-when required.

son with the crop benefitting more from the available water

in a season. This means that crops grown under the adjusted

farming conditions, in addition to benefitting from a longer 5 Conclusions

growing season, also stand a less chance of suffering from , n
moisture stress during dry spells and, hence, are likely to opWith rainfall of less than 400 mm/season it is very clear that

tain higher yields compared to those crops grown under tragirainfall alone is not sufficient to support common food crops

tional practices. Grain yield increases of more than threefold©-9- maize) in the study area. The existing cultivation tech-
have been recorded under these improved farming systenfddues are not efficient enough to cope with the frequent dry
(Makurira et al., 2010). At Site 1, the difference in moisture SP€llS hence the need to apply more efficient farming tech-
availability between control conditions and those under Sishidues. The Sis tested in this researchfaeya juusused in

is much larger than at Site 2 due to the fact that the diversiorf®MPpination with storm water diversion, have demonstrated
potential is much higher at Site 1 and, also, the gentler S|0p(1';he .potent|al to improve the §O|I moisture avallapmt_y within
at Site 1 promotes more water retention and infiltration thanCultivated plots and, hence, increase the transpiration poten-

at Site 2. tia , _ ,
Modelling techniques have been applied successfully to

The moisture gap during dry seasons between the conzomplement observed data. It has been shown that the ma-
trol and the locations benefitting from diversions in the dry jor advantages of the tested techniques are that the growing
season suggests that residual moisture is higher under thg,aqon, effectively starts earlier while the damage due to mid
new techn_lque, thus allowing for_ the cultivation of alterna- go550n dry spells is minimised by the generally higher soil
tive crops in the dry season, particularly around the trenchesyistyre conditions created. It has also been demonstrated

and bunds. These dry season crops have proved a success §fids the ponding zones created around the bunds offer wetter
provide alternative cropping practices and additional food iNand, possibly, more fertile conditions for crop growth. Where

the dry season. shallower soils exist, especially in combination with steeper
The water partitioning analysis shows that the effect of theslopes, the findings show that the water in the trenches drains
diversion is also a function of slope and soil depth. Steepemore as sub-surface lateral flow which may not benefit the
slopes experience less infiltration. In such cases more suroot zone. Since the trenches and bunds are constructed ac-
face runoff leaves the system as lateral flow. Diversions in-cording to soil conservation guidelines, this then may sug-
crease in-field water availability which, depending on the gest that, in steeper slopes and for fhaya juustructures
partitioning processes, should result in more water availablé¢o be more effective, the spacing between the bunds and the
for productive purposes. The proportion of water attributedtrenches should be less than that recommended for soil con-
to deep percolation also demonstrates that the available waservation purposes. The HYDRUS2D model has been used
ter with Sls cannot all be retained within the root zone duringto demonstrate this process in a paper being prepared by the
the short rainfall events. This suggests that the trenches dauthors.
not offer sufficient storage to regulate the release of water The tested techniques show that higher moisture levels are
into the root zone when required. Rockstr et al. (2001) obtained even in the dry seasons. This is an advantage in
also showed that non-productive purposes (evaporation anthat longer season alternative crops (such as bananas, paw-
deep percolation) can easily account for more than 50% opaws, fodder and cassava) can be successfully grown in the
the available water. Re-partitioning of available water to in- trenches and at the bunds. However, the general decline
crease productivity should therefore not only focus on reduc-n soil moisture levels throughout the dry season as a re-
ing evaporation processes but should also aim to restrict theult of soil evaporation implies that valuable soil moisture
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is lost through soil evaporation during the dry seasons. [fBhatt, Y., Bossio, D., Enfors, E., Gordon, L., Kongo, V., Kosgei, J.
conserved, the moisture level at the close of the growing sea- R., Makurira, H., Masuki, K., Mul, M., and Tumbo, S. D.: Small-
son could provide a better starting point at the beginning of holder System Innovations in Integrated Watershed Management
the subsequent season. Therefore, a way of minimising dry (SSI): Strategies of water for food and environmental §ecurity
season evaporation can significantly benefit the performance N drought-prone tropical agro-ecosystems. Colombo, Sri Lanka:
of the subsequent season. Future research should focus onInternatlonal Water Management Institute, IWMI working paper

. o . . .. 1009; SSI Working Paper 1, 59 pp., 2006
investigating different land management techniques (e.g. dn‘—De Groen, M. M. and Savenije, H. H. G.: A monthly interception

f'erent P'OUgh'”Q techniques, or reducing bare soil evapora- equation based on the statistical characteristics of daily rainfall,

tion by introducing a canopy, Wallace et al., 1999) to reduce  \water Resour. Res., 42, W12417, doi:10.1029/2006WR005013,

moisture losses through soil evaporation during the dry sea- 2q0s.

sons. Decagon Devices Inc.: AccuPar PAR/LAI ceptometer, Model LP-
The high proportion of water entering the deep percola- 80: Operators Manual, Version 1.2., 2004.

tion zone suggests that there is still inefficient utilisation of Enfors, E. and Gordon, L.: Analyzing resilience in dryland agro-

harvested water even under the tested Sl systems. In hydro- ecosystems, A case study of the Makanya catchment in Tanzania

logical terms this is not a loss as this water would most likely ~ OVer the past 50 years, Land degradation and development, 18,

benefit downstream ecosystems. However, at local scalesE, ?80_?596' %1087'(1 L - Dealing with drought: The chall "

this demonstrates that the in-field temporary storages cre="o'S E- and Gordon, L.: Dealing with drought: The challenge o

ated, while they help in altering the water balance, cannot using water system technologies to break dryland poverty traps,

. ’ Global Environ. Chang., 18(4), 607-616, 2008.
cope with the generated volumes of water and do not al;

. scher, B. M. C.: Spatial variability of dry spells, a spatial and tem-
low for regulated release of water into the root zone when g rainfall analysis of the Pangani Basin & Makanya catch-

required. The tested techniques would most likely perform  ment, Tanzania, MSc Thesis, Delft University of Technology,
more efficiently when used in combination with (micro) stor-  Delft, 2008.

age systems for more effective dry spell management. Futur&ichuki, F.: Mokueni District Profile: Soil Management and Con-
investigation should therefore focus on Sls in combination servation, Drylands Research, Working Paper 4., 2000.

with micro dams and/or storage tanks from rainwater har-Kosgei, J. R.: Rainwater harvesting systems and their influences on
vesting. field scale soil hydraulic properties, water fluxes and crop pro-

duction in Potshini catchment, South Africa, PhD Thesis, Uni-
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