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Abstract

In the Sahel region, farmers have adopted various farming practices to improve agricultural yields in order to offset an
increasingly variable climate regime and the extension of degraded land. This study analyses the functional behaviour
of such three selected water-harvesting techniques (stone rows, zal and half-moon) as compared to the traditional tillage
method through a comprehensive experimental setup monitored during three consecutive growing seasons (2015-2017).
The results indicate that these farming practices allow a runoff reduction by 25 to 100%. We propose a continuous model
simulating the hydrological dynamics of the farming techniques at plot scale. This model is able to reproduce accurately
the observed runoff (R? = 0.73 — 0.95), and gives an insight of the variability of the water storage for each type of
techniques in response to the rainfall regime. It appears in particular that zai and half-moons are able to mitigate the
effect of dry spells by sustaining available water for crops over extended periods up to three weeks, whereas the direct
seeding and stone row techniques rapidly leads to plant water deficit after five days. Even though water infiltration is
essentially fostered by surface water retention during rainfall events, our observations suggest that the changes induced
to the hydrological dynamics by farming practices also affect soil physical, chemical and biological properties. These
effects help completing the explanation of crop yield improvements, but raise some questions of soil evolution and farming
practice performances in the long run.
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1. Introduction chemical properties. These practices have helped to reha-
bilitate 200’000 to 300’000 hect f d ded land and

In the Sahel, agriculture is dominated by cereal-based Htate ) © octates of degraded fand ail
. hich for 97% of rainfed produce 80’000 tons of additional food per year in the cen-
c]go p;}){lngnsystemsi W2E)% 1 aCC(I)Junts. or 2170 odrzl.r;ﬁe ICTOPS tral plateau of Burkina Faso (Reij et al., 2009). This ex-
(Rockstrom et al} ). Low-income and difficult ac- plains the large adoption rate of farmers (more than 70%)

cess t.o undergrounq yvgter restrict 1rr1gajc10n agriculture of at least one of these techniques (Zongo) 2016 [Kpadonou
only in the close vicinity of the reservoirs, hence mak- ot al], P017)

ing each seasonal harvest essential for the subsistence of
the local population. During the last decades, decreas-
ing annual rainfall combined with growing anthropogenic
pressures have accelerated soil degradation processes and
increased the surface of barren land (Mahé and Paturel,
2009; Maisharou et al.,|2015)). This situation has led devel-
opment partners to regain interest and improve traditional
farming techniques, especially after the succession of dry
years in 1972/73 and 1983/85 (Maisharou et all [2015).
The nature of these farming practices are as diverse as soil
amendment, water harvesting, erosion control and mixed
measures (e.g. assisted natural regeneration). These farm-
ing practices aim at providing more favourable conditions
for vegetation development and gradually restore the nat-
ural functions of the soil by improving its physical and

Many scientific studies regarding farming practices are
available, but they are mostly focused on cereal yield (Dal
2008; Danjuma and Mohammed}, [2015]), on their poten-
tiel for soil restoration or on their impact on the local
economic income (Zougmoré et al., 2005 |Zongo, 2016)).
However, there is little literature on the changes induced
by these practices on the water regime and hydrological
processes (Duponnois and Dial 2013). These techniques in-
volve significant alterations of the surface topography, thus
strongly affecting the hydrological dynamics by providing
an intermediate retention volume, hence avoiding rapid
losses through runoff and increasing infiltration. On the
longer term, these changes in hydrodynamics also influ-
ence the soil properties, altering its physical, chemical and
biological processes (Roose et al.l [1995; [Zougmoré et al.
2014)). For example, limiting surface runoff does not only
entail larger infiltration, but it also impedes the flushing of
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amendments and prevent sediment loss (Zougmoré et al.,
2003a)).

In order to assess the impact of the different farming
techniques and the prevailing climatic regime on the wa-
ter balance, modelling could be a valuable analysis tool
as many processes are not easily measurable and the cli-
mate forcing cannot be controlled. For that matter, a con-
tinuous model is required, which encompasses recharge,
transfer and discharge processes both during the intra-
and inter-events periods. Two-dimensional runoff mod-
els (based on the shallow water equations) have success-
fully simulated observed runoff dynamics on infiltrating
surfaces at plot scale (Esteves et al., |2000; [Fiedler and
Ramirez, [2000; [Miigler et al., |2011). However, such mod-
els are compute-intensive for complex geometries, which
makes them unpractical for continuous simulations. In
addition, they lack an explicit characterization of the soil
water storage and are therefore difficult to combine with
evapotranspiration models. Lumped or semi-distributed
models, which implement simpler runoff schemes like the
well-known GR-models (Perrin et al., 2009), KINEROS
(Woolhiser et al., [1990]) or SCS-CN method (United States
Departement of Agriculture,|1986), are hardly appropriate
at plot scale and in their original form. They cannot ac-
count explicitly for uneven surface microtopography that
strongly affects surface runoff dynamics (especially com-
bined with low-infiltrating soils), and are therefore usually
unable to reproduce the complex interactions between sur-
face runoff, ponding and infiltration at such scale.

In this study, we aim at understanding how the imple-
mentation of different farming practices affect the water
balance at plot scale, and how the agricultural yield de-
pends on the hydrological conditions and may be affected
by water stress periods. For this purpose, an experimen-
tal setup combining four different water harvesting tech-
niques was installed and extensive hydrological monitoring
was performed during three consecutive years. As climate
variability during rain seasons is high and the local per-
ception seems to witness a shift of the rain season and a
decrease in rainfall frequency, we also want to provide a
tool that can predict the hydrological behaviour of each
technique under different climatic forcing. A simple daily
lumped model was developed and allows reproducing the
observed runoff and simulating the other components of
the water balance.

2. Materials and methods

2.1. Study area

The study area is the Tougou watershed (13.65°N;
2.26°F) located in the upper Nakambe River basin, North-
eastern Burkina Faso. This site provides a representative
study case regarding the issues raised, and has the advan-
tage of being monitored since 2004. The Tougou water-
shed covers an area of 37 km? (Figure . The climate
is semi-arid with an average annual rainfall of 650 mm

and temperature range between 18 to 40 °C during the
period of 1961 to 2015. The rainy season spans from June
to September with the peak rainfall generally recorded in
July or August. Soils are either cultivated (essentially dur-
ing the rainy season) or bare (generally because of degra-
dation) and the vegetation consists of savannah, shrubs
and grasslands (Mounirou et al.; 2012]).

Since 1972, a significant decrease of natural vegetation,
which covered then a fifth of the watershed area, has been
observed, whereas the surface of bare soils has increased
(Diello| 2007). A significant loss of fertility due to the
impact of increasing runoff and erosion on these bare soils
has been reported in this watershed (Mounirou et al., 2012}
Maiga-Yaleu et al., 2013, 2016). This decrease of arable
land combined with the scarce rainfall of the last decades
has encouraged more than 60% of local farmers to adopt
agricultural techniques (Barbier et al.l 2009; [Zongo et al.|
2015). In the Tougou watershed, surveys have shown that
farmers combine at least two farming practices (Barbier
et al., 2009).

2.2. Ezperimental design

The experimental setup was installed on a bare soil
that has been left uncultivated because of its productivity
deficiency. The soil type is tropical ferruginous, leached
with sediment and concretions (BUNASOLS]|, 2015 with
an average slope of 1.33%. The soil depth profile of 120 cm
can be divided in three distinct layers (Table . An ero-
sion surface crust was visually identified using the method
described by [Casenave and Valentin| (1989).

The experimental setup consists of two replicates (A
and B) of a complete Fisher random block (Jayaraman)
1999)). The two blocks were set up on the same geomorpho-
logical unit (crust, slope, soil type). A block is composed of
four identical plots (20 m by 10 m), except for the farming
practice that was implemented on each (Figure [2). Each
plot is isolated by corrugated iron sheets, vertically driven
30 cm into the soil. These sheets protrude 30 cm above
the ground, preventing lateral surface runoff from one plot
to the other. The plots have been designed following the
recommendations of the Environmental Institute for Agri-
cultural Research in Burkina Faso (Zougmoré and Zida,
2000ayb} [Zougmoré et al., |2000]).

The water harvesting techniques implemented are those
commonly used in the watershed (Barbier et al. 2009;
Zongol, 2016): stone row (T1), half-moons (T2), zai (T3)
and direct seeding (T0) which represents the control (Fig-
ure . The farming practices were first implemented be-
fore the 2015 rainy season (July to October) and then re-
habilitated at the same period in 2016 and 2017. The tra-
ditional direct sowing method in rows (with a small pick-
axe called ”daba”) is practiced on the control plot. The
zal consists of excavated holes every 80 cm distributed in
staggered rows, with a diameter of 20-40 ¢m and a depth
of 10-15 e¢m (about 16000 holes per ha). The half-moons
are staggered semi-circular excavations, with a diameter
of 4 m and a depth of 15-25 ¢m (about 420 half-moons
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Figure 1: Location of the experimental site in Tougou watershed, Burkina Faso (data from National Topographic Digital Database, BNDT,

2002).

Table 1: Soil texture, field capacity (FC), wilting point (WP) and bulk density (BD) of the experimental site (BUNASOLS] [2015).

Depth Textural class Clay Silt Sand FC WP BD
cm (USDA) % % % — — g/em?
0-22 Clay 43 22 35 0.20 0.09 1.67

22-56 Clay loam 35 22 43 0.20 0.10 1.67

56-83 Sandy clay loam 31 18 51 0.18 0.09 1.7

83-120 Sandy clay loam 31 18 51 0.19 0.09 1.74

per ha). Two meters separate two half-moons on the same
row, and the distance between the rows is 4 m. The ex-
cavated material from the deeper layers is used to form a
bulge around the half-circle on the downstream side, while
shallower excavated material is mixed with animal manure
and replaced in the half-moon. The stone row consists of a
line of densely packed stones buried 15 ¢m in the ground,
perpendicular to the streamflow. The stone row is 20-30
cm high above the soil surface and 15-20 ¢m wide. In the
20 m long plot, only one stone row has been built 6 m
upstream of the outlet (Figure . Pictures of the farming
practices are shown in Figure

The crop planted on all plots is a variety of millet
(IKMP5, nicknamed Kiipala). This crop has been intro-
duced in Burkina Faso by INERA (Institut de I’ Enviro-
nnement et Recherches Agricoles, Burkina Faso) for its
resistance to dry spells, its earliness and a relatively short
development cycle (the late season starts 70 days after sow-
ing, instead of 80 days for conventional millet), resulting in
a wide adoption by local farmers. Sowing was conducted
after the first showers announcing the onset of the rainy
season at regular intervals of 60 ¢m on each plot except on
zal, where spacing were 80 ¢m and distributed in staggered

rows. Manure and mineral fertilizer were supplied to each
plot before sowing, following the usual recommendations
in practice in this area. Animal manure consisting of cow
dung was applied at a dose of 35 kg (a wheelbarrow) per
half-moon; an equivalent rate of 900 g of manure was sup-
plied per zai hole, both rates resulting in a dose of 15 t/ha
also supplied to the control and stone row plots. NPK
(14-23-14, 100 kg/ha) was added after the first ploughing
occuring 14 days after sowing. Urea (46% N, 50 kg/ha)
was added at two different dates: 30 days after sowing
(corresponding to the second ploughing) and 56 days af-
ter sowing (Zougmoré et al.l 2004} [Sawadogo et al. 2008}

INERA, [2011).

2.3. Data collection and analysis

Rainfall was recorded by an automatic rain gauge (Rain-
Logger Gold, Solinst, Canada) and validated using rainfall
depths measured with a manual rain gauge. Tempera-
ture, solar radiation, wind speed and direction, air humid-
ity, dew point and relative humidity were recorded at an
hourly-timestep with a WatchDog weather station (Spec-
trum Technologies Inc., USA) allowing the calculation of
reference evapotranspiration using the Penman-Monteith
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Figure 2: Design of the experimental plot at Tougou, Burkina Faso.
Only one of two replicated blocks is represented: control plot (TO0),
stone row (T1), half-moons (T2) and zai (T3). Note that half-moons
and zal are not represented at scale.

method (Allen et al., |1998). Daily evaporation was mea-
sured using a Colorado evaporation pan.

Runoff volumes were measured on each plot after each
rainfall event. The outlet of each plot was connected to a
circular 1m-diameter tank fitted with 40 holes (diameter of
30 mm) drilled 500 mm above the bottom in the tank wall.
A plastic pipe connected one of the hole to a buried 250-
litres barrel nearby. Total runoff volume was calculated by
summing up the water volume of the circular tank and the
volume of water in the barrel multiplied by the number of
holes.

Volumetric moisture and pressure load were measured
using a moisture sensor TDR (TRIME-PICO T3 / IPH44,
SDEC France) and electronic tensiometer (SMS 25008,
SDEC France). Moisture and pressure head were recorded
daily every 10 cm, respectively 20 cm from ground level
up to 100 cm, respectively 120 ¢m. A moisture access
tube and 5 tensiometric rods were installed in the centre
of each plot (i.e. outside of the zai pocket or half-moon
pound). Soil saturated hydraulic conductivity was mea-
sured using a double-ring infiltrometer (SDEC France),
performing triplicate measurements at different locations
on each plot (inside the zai pits and half-moon ponds) be-
fore the onset of the 2015-, 2016- and 2017- rainy seasons.
Infiltration test was carried out with a constant water head
of 3 cm at the ground surface until reaching the steady in-
filtration rate. The saturated hydraulic conductivity cor-
responds to the asymptote of the infiltration curve (Niang
et al.l |2012; Keita et al. |2014). The drainage was esti-
mated using Darcy’s equation (Darcyl [1856|) at the depth
of 100 c¢m as the rooting depth for millet should not exceed

this value (Allen et al., |1998). The daily measurement of
pressure head at 80 and 120 ¢m and the determination of
unsaturated hydraulic conductivity function at the depth
of 100 ¢m were used for drainage estimation. Drainage
was finally overlooked as the measurements revealed that
no or negligible drainage occurs at this depth. In 2016 and
2017, the experimental site was monitored during the com-
plete rainfall season, i.e. from the date of seeding (2 July
2016 and 3 July 2017) to the date of harvest (16 October
2016 and 15 October 2017). In 2015, as the installation of
the experimental setup was still ongoing when the rainy
season set in, crop seeds were planted only on 15 July and
measurements began on 10 August. Harvesting took place
at the end of the rains on 12 October 2015, closing the
season with a slightly shortened crop cycle.

2.4. Modified SCS-CN method for continuous water bal-
ance modelling

The USDA National Resources Conservation Service
(NRCS) agency, formerly known as the Soil Conserva-
tion Service (SCS), has developed the SCS-CN approach
(Mishra and Singh! |2003) which has been widely used dur-
ing the last decades, also in the Sahelian context (see e.g.
Peugeot et al, [1997; |Gerbaux et al., [2009; |Assefa et al.|
2016]). This method allows to evaluate the partitioning
of rainfall between hortonian overland flow and infiltra-
tion, which is supposed to be proportional to the degree
of saturation of the soil, assuming a soil-specific storage
capacity. The SCS-CN approach was initially developed
for event-base modelling and therefore does not allow the
consideration of specific initial conditions for different rain-
fall events. This limits the relevance of such a model in
a context characterized by a large precipitation variabil-
ity, because the initial soil water content can vary largely
depending on the climatic conditions experienced ahead
of a rainfall event. Another constraint of the SCS-CN
method is that due to the lack of an explicit geometry, it
cannot account in its original form for more complex sur-
face processes than initial losses, which simply slice off the
earliest part of the rainfall (and are therefore definitely
lost for the hydrological system). In the present study,
we propose two major amendments to the original SCS-
CN method in order to address the restraints critical to
our case study. Firstly, as we aim at simulating the con-
tinuous hydrological fluxes during the entire rainy season
and accounting for variable conditions at the onset of each
rainfall event, the water storage needs to be continuously
monitored. Its state relative to the maximum storage ca-
pacity can thus be used to determine the partitioning be-
tween runoff and infiltration when a rainfall event starts.
This can be done by tracking incoming and outgoing fluxes
of the soil, essentially infiltration and evapotranspiration.
Secondly, another modification has been done to encom-
pass more complex surface retention/detention processes
induced by the layout of the water harvesting techniques.
Even if the rainfall or intercepted-runoff water that ponds
in the hollows on the soil surface could be viewed as initial



Figure 3: Pictures of the farming practices at the beginning of the rainy season (28 July 2015): zai (left), half-moons (center) and stone row

(right).

losses according to the original SCS-CN approach (runoff
is triggered once these depressions are filled), this would
represent an understatement in continuous simulation. In-
deed, the water stored in the hollows is partly evaporated
and infiltrated over a period that could persist even af-
ter rainfall event, depending on evaporation dynamics and
soil infiltration capacity. This infiltration of ponding wa-
ter also needs to be accounted for in the water storage. A
schematic of the model is shown in Figure

When a rainfall event starts, the water will first com-
pletely fill the surface storage (I, = 4, maz) before effective
rainfall P.sy is generated. P.yy is then partitioned be-
tween runoff production R (Eq. [1) and direct infiltration
F, (Eq. depending on the subsurface storage current

Subsurface
storage

Figure 4: Schematic representation of the processes in the conceptual
model.

state (Mishra and Singhl, [2003)):

Pl
R= ° 1
Pegp + (Smaz — S) @)

F,=PFP;yr—R (2)

with Syq. the maximum storage capacity and S the ac-
tual storage, expressed in mm. As the model is operated
at a daily timestep, all other terms are expressed in mm/d.
The difference S;,q, — S corresponds to the storage capac-
ity (usually also termed S) in the conventional SCS-CN
approach. Note that Eq. [I] stems from the empirical rela-
tionship between the cumulative infiltration over the soil
storage capacity and the actual cumulative runoff over the
potential maximum runoff (P—1,) that constitutes the ba-
sis of the SCS-CN method. In contrast to the conventional
method, runoff is recalculated here at each time step using
the current value of storage. This storage is thus also re-
calculated at each timestep by accounting for the incoming
fluxes (namely direct infiltration Fy, and pond infiltration
F,) and outgoing flux (namely actual evapotranspiration
ETg). This allows to run the model in continuous mode.

The slow draining of ponding water into the subsurface
is supposed to operate at a constant rate equal to the soil
saturated hydraulic conductivity measured on each plot
until the surface storage runs empty. Simultaneously to
pond infiltration, free surface evaporation £, also draws
water from the surface storage as long as water is avail-
able. Surface evaporation rates are calculated from the
measurements of the evaporation pan.

Finally, actual evapotranspiration ETg uptakes water
from the subsurface storage S, and therefore contributes
to restore the storage capacity Syq. (in mm) during inter-
event periods. The FAO-56 Penman-Monteith method
(Allen et al. [1998) has been used to calculate the refer-
ence evapotranspiration ETy with the data of the weather
station. Crop evapotranspiration (ET¢) is further calcu-
lated by Eq. [3] and accounts for the crop-specific water
requirements that depend on the development stage. The
layout of the different water harvesting techniques consid-
erably changes the effective plant density on the plot, as




the spaces between the hollows are left unplanted. Hence,
the equation for crop evapotranspiration reads:

ETc = KaKc - ET, (3)

with ET¢ and ETy in mm/d, and K¢ the unitless crop
coefficient for millet, and K 4 a unitless plant density cor-
rection factor (Table . The model assumes that actual
evapotranspiration (ETg) operates at its maximum rate
ETc as long as water is available in the soil, i.e. as long
as the soil water storage S is able to supply the demand
(Eq. 4) as suggested by |Allen et al.| (1998):

S > ETe

0<S< FET¢

ETg = ETe if
{ (4)

ETgp =S if

The surface storage and subsurface storage were con-
sidered completely empty at the beginning of the rainfall
season, as a long dry period usually precedes the onset of
the season. Note that the condition of S = 0 does not nec-
essarily imply a completely dry soil physically speaking,
but rather a state where no more water can be withdrawn
by evapotranspiration (corresponding to the wilting point
in soil science terms) and consequently not subject to a fur-
ther decrease of soil water content in natural conditions.
Given the sparse requirements of the SCS-CN method in
terms of parameters and the comprehensive experimental
measurement setup carried out, calibration can be rela-
tively straightforward and does not require the use of opti-
mization algorithm. For each farming practice, /4 maqe and
Smaz need to be defined. As I, 4, represents the thresh-
old above which runoff is generated, or the minimum rain-
fall volume to produce runoff (if I, is zero before rainfall
starts), it can be directly evaluated from the rainfall-runoff
experimental data. We have also assumed that the differ-
ent agricultural techniques can affect the storage functions
of the soil, therefore the maximum storage capacity Siqz
can be different for each technique. Thus, only Sy, is
calibrated for each technique in order to obtain the best
agreement between observed and simulated runoff, as well
as to increase the coefficient of determination. The other
constant parameters used in the model are summarized in
Table P

2.5. Statistics and model evaluation

A statistical Pearson’s correlation test was performed
using XLSTAT 2016 version to inspect the homogeneity of
runoff means across replicates for pairs of identical farming
practices. A Fisher test was used to estimate the equality
of variances. Distribution plots (P-P plot and Q-Q plot)
and normality tests (Shapiro-Wilk, Aderson-Darling and
Jarque-Bera) were used for assessing the normality of the
data (Ghasemi and Zahediasl, 2012), and Kruskal-Wallis
test was conducted to determine if the runoff data are
significantly different between the four treatments. The

5% confidence level was considered to determine statisti-
cal significance. The model performance for runoff predic-
tion was assessed using the coefficient of determination R?
(Moriasi et al., |2007; [Foglia et al., [2009).

3. Results

3.1. Field experiments

Rainfall and runoff volumes were measured for each
rainfall event during three consecutive crop growing sea-
sons in 2015, 2016 and 2017. Seasonal rainfall and runoff
statistics are summarized in Table 8l The recorded rain-
fall amounts during the three consecutive rainy seasons of
2015, 2016 and 2017 were 648 mm (29 events), 424 mm
(33 events) and 397 mm (34 events), respectively. Most
of the rainfall amount has fallen at the beginning of the
season, from July to August, which represents 80% of total
rainfall. In 2015, four extreme events were observed (50,
54, 68 and 124 mm), whereas only one extreme event of
59 mm was observed in 2017. In 2016, all events were less
than 50 mm. The rainfall was more evenly distributed in
2015 compared to 2016 and 2017, with event inter-arrival
time always shorter than a week. In contrast, three suc-
cessive periods of 12-14 days without significant rainfall
event (greater than 2 mm, the minimum daily evapora-
tion) were observed in September and October 2016 (mil-
let mid-season and late season). In 2017, two periods of 11
and 23 days in July and October 2017 (millet development
and late season) occurred.

Runoff measurements were available from the second
half of the 2015 rainy season (10 August) and for the en-
tire 2016 and 2017 rainy seasons. No significant difference
between block A and block B for a same treatment was re-
vealed by the Pearson’s correlation test. Coefficient of de-
termination were consistently strong, with R? values above
0.9 except for half-moons (R? = 0.73 — 095, because of a
much lower amount of runoff events observed) which indi-
cates that the block A and B replicates were highly simi-
lar in terms of runoff production. Yet, the Kruskal-Wallis
test at 5%-significance level (with Dunn’s pair compari-
son test) showed significant differences when comparing zai
and half-moons with the control (p—values < 0.0001), but
not between stone-row and the control (p—value = 0.072).
Hence, and for the sake of conciseness, we will only refer to
block A in the following. Figure [5| shows the distribution
of runoff event volumes of each farming practice during the
crop growing seasons from 2015 to 2017. Median runoff is
reduced from 8.4 mm for the control plot to 4.3 mm for the
stone row and 2.1 mm for the zai. Runoff was found to be
very low (volumes below 0.7 mm) on half-moon plots for
rainfall events below 50 mm. As compared to the control
plot, cumulative runoff values of the growing seasons 2016
and 2017 were reduced by a factor of 24-39% for the stone
row, 50-56% for the zal and 95-97% for the half-moons
(Table 3). It can be noticed that in 2015, runoff reduc-
tion factor of all techniques, but in particular stone row



Table 2: Description of the state-independent parameters and their values for each farming practice.

Unit Description Control Stone row Zal Half-moons
Koot em/h Saturated hydraulic 3.4 3.8 6.4 1.0
conductivity
Ap — Fraction of depression area 1 1 0.2 0.28
over total plot surface
dp plants/ha Areal plant density 24200 24200 16350 12600
Ka — Plant density correction factor 1 1 0.68 0.52
Ko — Crop coefficent (Allen et al, [1998)
Initial (day 0-14) 0.3
Development (day 15-39) 0.3 - 1.0
Mid-season (day 40-79) 1.0
Late-season (day 80-104) 1.0 - 0.32
After-season (from day 105) 0.3

LA linear increase between day 15 and day 39 is considered.
2 A linear decrease between day 80 and day 104 is considered.

and zal, are much lower than for the following years. This
can be explained by the occurrence of larger rainfall events
observed during a shorter monitored period in 2015 (more
than 25 mm were measured for 4 out of 9 events) that
have triggered especially large amount of runoff. In ad-
dition, the efficiency of cultural practices has been shown
to increase with time after their installation, which could
also explain the higher runoff reduction observed in 2016
and 2017 (Roose et al., [1995; |Zougmoré et al., [2014).
Saturated hydraulic conductivity measurements were
conducted on each plot before the onset of the rainy season
2015, 2016 and 2017 (i.e. on dry soils). They are shown
in Table [d Before the rainy season of 2015, the values of

35 q
. 30 q
£
E
> 257 .
£
= |
Q201 | - 1
= | |
2 \ |
S 151 | B
5 + ! -

I w0r ! .
+ |
|
5 : + 1
L
ol L L
. . . .
Control Stone row Zai Half-moon

Figure 5: Box plots of the event runoff volume for 2015, 2016 and
2017 combined (36 events). The box’s upper and lower edges rep-
resent the 25%- and 75%-quartile. The middle line is the median
and the + symbol the mean. The whiskers extend up to the last
value smaller (respectively larger) than the third (respectively first)
quartile plus 1.5 times the interquartile distance. The dots represent
all the data out of the range defined by the whiskers.

hydraulic conductivities were similar for the control, stone
row, zal and half-moon plots (around 4.2 c¢m/h) as the
plots were installed on the same soil with no prior agricul-
tural techniques. However, hydraulic conductivities have
likely been impacted by the farming practices reinstalled
during the two following seasons 2016 and 2017, as their
values show an increase in the zal pits (7.2 em/h in 2017),
compared to the control and stone row plots where hy-
draulic conductivities have not changed significantly (4.7
and 3.5 em/h in 2017, respectively). In contrast, saturated
hydraulic conductivity in half-moons has considerably de-
creased as low as about 1.1 em/h.

Daily measurements of soil moisture profiles on each
plot throughout the rainy season also depict some influ-
ence of the farming practices on infiltration dynamics (Fig-
ure @ On the control plot, soil moisture varied between
10 and 23%, but this variation was limited to a depth of
50 ¢m. On the zal and stone row plots, the wetting front
depth reached 80 c¢m illustrating an enhanced infiltration
capability, with higher soil moisture values between 20-60
cm below the soil surface. In the half-moon plot, the evolu-
tion of soil moisture profiles was different, with a strongly
reduced variability at the surface and at shallow depths,
but with a slightly larger variability beyond 60 ¢m. Note
that the profiles are not directly measured inside the hol-
lows, but between the rows. Hence, it has been observed
that half-moons have very limited impact on soil moisture
if not directly under a pond. As the hydraulic conductiv-
ity is low and the ponds are widely spaced, lateral transfer
is not significant, and a soil profile measured between two
half-moon may be much drier than a profile measured be-
low a pond. The key mechanism of half moons reside in
their ability to retain important volumes of intercepted
surface runoff in the ponds, which infiltrate slowly, but
for extended durations. This provides a more constant
and consistent water supply to the soil that can therefore
reach deeper soil depths.



Table 3: Characteristics of rainfall and runoff measured during the 2015-2017 crop growing seasons at the experimental plots. The longest
inter-arrival time refers to the number of consecutive days without any significant single rainfall event (higher than 2 mm/d). Cumulative
runoff represents the mean of block A and B (standard deviation in brackets) of the total runoff volume measured during a growing season

for the same cultural practice.

2015 2016 2017
Number of rainfall events (of which runoff monitored) 29 (9) 33 (33) 34 (34)
Number of rainfall events > 50 mm 4 - 1
Cumulative rainfall /mm/ 648 424 397
Longest inter-arrival time [days/ 6 14 23
Cumulative runoff /mm/ Control 108.7 (£11.4) 131.9 (£6.7) 123.7 (£9.3)
Stone row  103.8 (£12.1) 81.5 (£5.9) 94.0 (£8.1)
Zai 78.3 (£12.2) 58 1 (£5.5) 61.6 (£8.4)
Half-moon 16.3 (£ 3.0) 9 (£0.2) 5.9 (£0.6)
Runoff reduction factor (relative to the Stone row 4.5% 38.2% 24.0%
control plot) Zai 27.9% 56.0 % 50.2 %
Half-moon 85.0% 96.3 % 95.3 %

Table 4: Mean and standard deviations of the saturated hydraulic
conductivity measured on the experimental plots in April 2015, 2016
and 2017.

Kar [em/h] 2015 2016 2017
Control 0 (£0.7) 4 (+0.5) .7 (£0.6)
Stone row 3 (£0.9) 8 (£0.9) 5 (£0.1)
Zai 5 (£0.3) 4 (£0.4) 2 (£1.1)
Half-moon 9 (£0.2) 1 (£0.3) 2 (£0.4)
a Control b Stone row
Soil moisture [%] Soil moisture [%]
10 15 20 25 30 10 15 20 25 30
20 20
g 40 g 40
éi 60 éi 60
A a
80 80
100 100
C Half-moon d Zai
Soil moisture [%] Soil moisture [%]
10 15 20 25 30 10 15 20 25 30
20 20
g 40 g 40
éi 60 éi 60
A A
80 80

100 100
Figure 6: Overview of the temporal evolution of water profiles for
each type of farming practice. Each grey line represents the soil
moisture profile from ground level to 1 m depth measured on a spe-
cific day during the 2016 rainy season (block A). The profiles were
measured between the rows of zai and half-moons (and 1m upstream
of the stone row) and may not be representative of the profiles that
would be observed under the hollows of zai and half-moons (or far-
ther from the stone row).

8.2. Model parameters optimization for runoff simulation

The model was calibrated with the 2016 observed runoff
data using the parameters presented in Table 2] The two
main technique-specific parameters for the modified SCS-
CN model are surface storage capacity I, mqr and maxi-
mum storage capacity Sinez- As the model assumes that
surface storage must be completely filled before infiltration
and runoff can be produced (section [2.4), I, ;40 can be set
to the precipitation threshold that should be exceeded to
trigger runoff. This threshold is directly deducted from the
observations as the smaller precipitation volume among all
recorded events in 2016 that generates a significant runoff.
Hence, the values used were 7, 10, 20 and 50 mm for con-
trol, stone row, zal and half-moon plots respectively (see
section . Our previous observations suggest that farm-
ing practices increase hydrodynamic properties of the soil
surface, promoting a higher infiltration and sustaining an
improved soil water storage. Hence, Smax has been cal-
ibrated independently for each farming practice in order
to provide the best agreement between observed and sim-
ulated runoff volumes (see section . Calibrated values
for Spae were 35, 40 and 70 mm for control, stone row
and zal respectively. As half-moon plots have not gener-
ated any sizable runoff event, calibration and validation
were not possible. It has thus been assumed a maximum
storage Spuqz value of 70 mm, corresponding to the largest
storage capacity observed among the other plots. Fig-
ure [7b shows the rainfall timeseries and the observed and
simulated runoff response for each agricultural practice.
It can observed that both the occurrence of runoff events
and their magnitude are adequately reproduced, and the
variability among the practices is closely grasped by the
model. Observed runoff and climate data from the 2015
and 2017 campaigns were used for model validation using
the same parameters as for 2016. The 2017 simulations
also perform satisfactorily, with a good predictability of
runoff occurrence and volumes for the three practices (R?
varies between 0.87 and 0.95). The 2015 simulations are



represented in Figure [Th. They are also accurate, albeit
the season has been much wetter than in 2016 and 2017
with intense rainfall events and large runoff volumes (note
the different rainfall and runoff scales between 2015 and
2017 in Figure |z[)

3.8. Effect of farming practices on soil water storage and
dry spell mitigation

Besides simulating runoff, the modified SCS-CN model
can be used to evaluate the impact of farming practices on
the soil water dynamics, because the model is continuous
and accounts for storage recharge and uptake. Figure
shows the state of the soil water storage for the three con-
secutive years and each farming practice. Overall, soil wa-
ter storage (SWS) is higher for half-moons, followed by
zal, stone row and finally the control plot, which endorses
the differences in runoff generation observed earlier. In
2015, the abundant and well-distributed rainfall has al-
lowed sustaining the SWS throughout the season for all
plot types (Figure ) Thus, evapotranspiration has not
been limited at any time. This suggests that the hydrolog-
ical requirements were met this year, even without the aid
of a farming practice. The situation was different in 2016,
as rainfall was sparse and unevenly distributed through-
out the second half of the rainy season as opposed to year
2015 (Figure [8p). The SWS of the control and stone row
plots have run dry four times and three times respectively,
preventing water uptake from the crop. The three last dry
spells (65, 77, 93 days after sowing, DAS) may have been
particularly harmful for the yields because they lasted for
more than a week. In contrast, the zai and half-moon plots
have been able to store enough water to overcome these
dry spells and provide enough water for the plants. In to-
tal, the control plot and the stone row plot have faced 35
and 31 days (respectively) with dry storage, resulting in
a plant water deficit over the season of 117 mm (respec-
tively 105 mm). During 2017, the SWS could not be fully
replenished early in the season like in 2015 and 2016 due
to limited rainfall at this time, as shown in Figure [8c. As
such, SWS of all practices was low until 30-40 DAS and
even occasionally dried up for short periods in the control
plot. Still in the same year, right after the SWS of all
plots was at full capacity (just before 40 DAS), short dry
spells occurred, resulting in two small rainfall events of
less than 5 mm in 11 days. As a consequence, the higher
storage capacity combined to a smaller evapotranspiration
demand on half-moon and the zai plots (with respect to
their smaller crop density) prevented the SWS from dry-
ing up for a longer period than the control and stone row
plots, as pictured in Figure [Bc. This period has led to a
water shortage of one day only for the control plot, after
which abundant rainfall has fully replenished the SWS of
all plots. Very sparse precipitation occurred during the
late season (after 75 DAS), inducing the complete dry up
of the control and stone row storage during 16 and 14
days (respectively) until the harvest. In 2017, zal and half-
moon techniques were again able to mitigate efficiently the

effects of rain scarcity and losses through surface runoff.
The control and stone row plots have experienced 25 and
17 days (respectively) of water shortage leading to a total
plant water deficit of 58 and 44 mm (respectively).

Figure |§| compares the amount of time (fraction of the
total duration of the season) during which a given value of
SWC has been exceeded among the farming practices and
between 2015 and 2016. The distribution of the SWS were
very different between the two seasons: in 2015, the SWS
was filled beyond half-capacity during almost 90% of the
season for all plots, whereas half-capacity was exceeded
during less than 40% of the time (for control and stone
row) to 70% of the time (for half-moon). Moreover, the
SWS was never totally emptied for any technique in 2015.
Dry storage had occurred during about 30% of the crop
season in the control and stone row plots in 2016, whereas
zal and half-moons have undergone low storage periods,
but have barely dried up completely. This demonstrates
the efficiency of agricultural techniques (in particular zal
and half-moons) in maintaining available water in the stor-
age to overcome dry spells, but it also shows the sensitivity
of these complex hydrological systems to the climatic forc-
ing.

4. Discussion

The good performance of the model at reproducing ob-
served runoff during of the calibration (2016) and vali-
dation datasets (2015 and 2017) can be attributed to its
ability to grasp the different dynamics of the relevant hy-
drological processes that characterized each type of plot
configuration. In particular, the amendments provided to
the original SCS-CN method allows to account explicitly
for a surface storage that mimics the retention of water in
puddles shaped by the different types of agricultural prac-
tices. These large differences of surface retention capacities
are responsible for a great part of the runoff variability ob-
served. It should be reminded that the surface retention
capacity parameter (I, maqs) is not calibrated but directly
derived from the rainfall-runoff data. Their respective val-
ues for the zal and half-moon plots can also be retrieved
by calculating the total volume of the depressions divided
by the plot surface. This demonstrates the physical and
measurable interpretation of this parameter, which would
support the relevance of the model as a predictive tool
to simulate the effect of different geometries of the farm-
ing practices (as long as the total volume of the depression
storage can be easily measured or estimated). It should be
emphasized that the model assumes the complete filling of
the surface storage before direct infiltration and runoff are
triggered. Even if this surface storage has a similar ef-
fect as the initial abstraction defined by the conventional
SCS-CN method, this surface storage later actively con-
tributes to the recharge of the subsurface storage unlike
initial abstraction. The magnitude and the dynamics of
this recharge is driven by evaporation and pond infiltration
rates, allowing potentially its extent over several days after
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Figure 7: Observed and simulated runoff in 2015 (validation period) and 2016 (calibration period). Only the control plot, stone row and zal
are represented, as no runoff was observed on half-moons. The insets illustrate the correspondence between observed and simulated runoff
and indicate the goodness of fit. Note that in 2015, runoff was measured only since 10 August. Data from 2017 are not represented here, as
the rainfall regime and runoff responses were similar to 2016.
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Figure 9: Exceedance probability of soil water storage in 2015 and
2016 for the four plot types. The exceedance probability curves for
2017 (not represented) are very similar to 2016.

the end of a rainfall event for some cases (like half-moons).
The accounting of these processes allows the prediction of
the specific soil moisture conditions prevailing before each
rain event, which highly contributes to the capability of
the model at reproducing the variability of runoff volumes.
The saturated hydraulic conductivities measured on each
plot were used as pond infiltration rates. These values
seem to be overestimated, as the model did not show the
persistence of water in the surface storage for more than
one day, whereas field observations have demonstrated oc-
casional water stagnation during up to four days in the
half-moons. However, this situation does not have notice-
able effect on the simulations presented here, because only
half-moons have demonstrated water retention on longer
timescales than one day while the model works at the daily
timestep. Hence, for the other techniques, overestimation
of pond infiltration does not change the overall dynamics
of surface water, but only the partitioning of surface wa-
ter between evaporation and infiltration (however only to
a negligible extent). For half-moons, the overestimation
of pond infiltration rate may lead to the underestimation
of evaporation fraction in favour of infiltration, therefore
unduly inflating the subsurface storage. This could not
be evaluated as virtually no runoff has been observed on
half-moon plots.

The different values of S,,4, for each type of plots sug-
gest that the agricultural practices induce various changes
to the soil hydraulic properties, as all plots were initially
set up on the same soil. Even if other observations (dis-
cussed hereafter) qualitatively support this assumption, it
has to be mentioned that simulated runoff and soil water
storage are not very sensitive to this parameter, as the
magnitude of runoff is mostly controlled by the surface
storage capacity. Assuming a constant subsurface capac-
ity for all farming practices would have conducted to a
reasonable model fit.

As our model is based on the well-established FAO
evapotranspiration model, a theoretical crop development
is taken into account based on the typical duration of each
development stage (affecting the value of the crop coeffi-
cient K¢). Hence, even if evapotranspiration can be re-



duced or cancelled during water shortage, plants repeat-
edly exposed to dry spells are assumed to resume evap-
otranspiration at the same rate as if no stress had been
experienced once water becomes available again. In real-
ity, long or frequent water stress periods affect the plant
development, as it has been clearly observed for the con-
trol and stone row plots. Actual evapotranspiration would
be reduced compared to continuously well-watered crops.
In our model, this weakness leads to an overestimation
of the plant water requirements for the control and stone
row plots once the crops have accumulated a development
gap, thus potentially anticipating the start of dry spells
and increasing their frequency.

The better hydrologic conditions provided by the farm-
ing practices are also clearly transcribed in higher crop
yields during the three years. Table [5| shows the effec-
tive grain yield for each plot. We notice that crop yields
are systematically higher in 2015 compared to 2016 and
2017, even if we could have expected increasing efficiency
several years after the installation of the practices, as sug-
gested by many authors (Zougmoré et al.. [2003b} Barry
et al.l 2009; Bayala et all |2011). Despite the late sow-
ing and crop installation in 2015, the abundant and well-
distributed rainfall has ensured the plant water demand
even without the help of farming practices (Figure )
Only the half-moon plots have provided sufficient water
storage in order to foil the recurrent water stresses ob-
served in 2016 and to prompt higher yields than those
observed in 2015. The harvests are also slightly better in
2016 than in 2017, except for the zai plots. The rainfall
amount of these years are similar, however the rainfall was
more evenly distributed in 2016, especially during the early
stage of the season. The first stress period occurs around
55 DAS in 2016, whereas water deficit is already observed
after 22 DAS in 2017 (Figure [8p-b), which could have in-
duced a detrimental development delay. In addition, [Doto
(2016) has shown that stress periods arising at the late
season during the grain-filling period can strongly affect
the grain yield, even when the plant development has not
been disturbed. This is especially relevant in 2017, as after
the rainfall event that has occurred 70 DAS, there was no
further significant rainfall until harvest (Figure [8).

The grain yields shown in Table [f] give evidence of the
efficiency of the agricultural techniques, as it has also been
reported by |Araya et al| (2015). Looking at each year
individually, these results support the main outcomes of
the hydrological assessment, with stone rows providing a
slight improvement in terms of runoff reduction and soil
water availability compared to the control. Zai and half-
moon plots allow the mitigation of almost all dry spells
by retaining water at the surface and strongly reducing
runoff. However, it can also be noticed that securing wa-
ter availability for the plants is not the sole benefit of
these water harvesting techniques. Even when the rain-
fall amount seems to satisfy the plant water requirements
without the need of farming practices like in 2015, the
stone row, zal and half-moon plots still provide a sizeable
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Table 5: Millet grain yield on the experimental plots in
2015, 2016, 2017.

Grain yield (Kg/ha)

2015 2016 2017
Control 252.5 176.3 164.2
Stone row 710.6 661.8 571.8
Zal 1438.1 972.7 1091.4
Half-moon 1944.0 2177.3 1453.9

increase in yields.

Several factors can explain the high yields of the water
harvesting techniques in regards to the control. Indeed,
also in 2015 when no significant water stress has been no-
ticed even on the less efficient techniques, the grain yields
were much higher for zal and half-moons. However, in ad-
dition to providing better hydrologic conditions through a
modification of the water balance, farming practices also
allow to retain more efficiently the organic amendments
that stay in their vicinity instead of being rapidly washed
out (Zougmore et al., [1993; [Zougmoré et al., |2004; Kiema
et al. 2008)). Avoiding this amendment loss could signifi-
cantly raise the grain yield (Zougmoré et al.l [2014; |Suzuki
et al., 2016). In addition, improving the soil moisture
conditions and increasing the active soil depth (see Fig-
ure @ can enhance root development and induce signifi-
cant changes in soil physical, chemical and microbiological
properties, eventually enhancing infiltration, aeration and
soil nutrient availability. For example, Kaiser et al.| (2017])
have reported a large activity of termites in zai fields.
The furrows dig by the termites act as preferential flow
pathways, hence drastically increasing infiltration. These
feedback effects of farming practices on soil properties jus-
tify accounting for a technique-specific storage capacity in
our model, as it has also been recognized by [Soulis and
Valiantzas| (2012). The use of these techniques can in the
longer term (usually five years) lead to the full restoration
of soil and alleviate any further need of farming practices
(Roose et al., [1995; [Zougmoré et al.| [2014).

In this study, some of these feedback effects of farming
practices on soil properties have been detected, notably
in the changes of measured saturated hydraulic conduc-
tivities or the enhanced termite activity on the zai plots.
The erosion crust that initially existed on each plot has
persisted on the control and stone row plots, but seems to
be averted by the presence of zal pits that prompt higher
hydraulic conductivities throughout the years. Nonethe-
less, even though half-moons have always come out as the
best option both in terms of hydrological and agricultural
performances, these slow changes induced by the tech-
nique appear to be more detrimental than favourable in
the long run. Indeed, half-moon saturated hydraulic con-
ductivities have decreased from year to year, and were the
smallest of all experimental plots in 2017. In addition, a
decantation crust develops during the rainy season inside
the half-moons, and termite activity is strongly reduced



(as reported by [Fatondji et al., 2009). These changes may
be attributed to the large retention capacity of the half-
moons, which can hold water during extended periods and
may be more prone to clogging through the slow deposi-
tion of fine particles. Moreover, this ponding effect leaves
the crop base immersed, which is likely to be harmful for
the plants if immersion persists for too long. This may
also explain the significant reduction of grain yield be-
tween 2016 and 2017, whereas those of the zai plots show
a slight increase.

It has been shown that the capacity to provide a water
supply that meets the crop requirements even during dry
spells is a prerequisite for a successful agricultural tech-
nique. However, the design and sizing of these techniques
should be carefully adjusted to the local climatic condi-
tions in order to provide this necessary supply at any time
while avoiding the creation of adverse conditions in the
longer term. In the future, more efforts will be needed in
order to understand better the response of soil physical,
chemical and biological properties to the hydrological con-
ditions prompted by the nature of the water harvesting
techniques.

5. Conclusion

The field experiments conducted in the Burkinabe Sa-
hel have demonstrated the runoff reduction potential of
water harvesting techniques, in particular zal and half-
moons. The parsimonious model developed performed well
at reproducing the observed runoff under different rain-
fall regime without recalibration between the seasons. It
has also allowed providing an assessment of the soil water
dynamics, which prove very different between the types
of techniques, but also highly conditioned by the precip-
itation distribution during the growing season. Zal and
half-moons were able to sustain sufficient water available
for the crops even during the longer dry spells, whereas
stone row and direct sowing without any specific farming
practice experience several days of dry storage leading to
substantial plant water deficits at the end of bad seasons.
Our model can be used as a decision-making tool to evalu-
ate the performance of a variety of farming practices under
different climatic regimes.

These farming techniques allow ensuring a constant
water availability for crop, which obviously appears as
a prerequisite for optimal plant development and for se-
curing decent yields. However, our study also gave some
insights on some other effects induced by the changes of
hydrological conditions. Some of these outcomes seem to
have immediate effects on crop health as the impediment
of amendment leaching through runoff, but other operate
on the longer term and can affect soil physical, chemi-
cal and biological properties. These feedbacks will require
more attention in order to improve soil management un-
der a climate change perspective and to propose optimize
farming practices for specific contexts.
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