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Abstract

In the Sahel, poor soil quality and rainfall levels have a great influence on pasture production and hence on
secondary output. In areas where rainfall is the limiting factor for primary production, recovery of primary and
secondary production after the dry season depends on soil type. On sandy soils a large fraction of rainfall infiltrates
and becomes available for plant growth, stimulating fast herbage growth, while on clayey and loamy soils low
infiltration rates generate runoff, leading to slower herbage growth rates. The very different moisture retention
characteristic of sands and clays is another possible cause for the observed differences in growth rates. In this paper
we investigate the herbage growth rate from the onset of the rainy season. We hypothesise that, in areas where rainfall
is the limiting factor for primary production, the vegetation growth rate on clayey soils is lower than that on sandy
soils. We will test this hypothesis using long-term rainfall, soil types and satellite derived normalised difference
vegetation index data. This research shows that the growth rates on sandy soil are significantly greater than that on
clayey soils during the early part of the rainy season. We also show that these differences can be detected at large
scales using satellite imagery. We also conclude that, at this scale, movement strategies of pastoralists would be
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intrinsically linked to not only rainfall patterns and distribution, but also to the underlying soil types in the region
as this affects the quality and quantity of fodder available. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Herbage growth; Soil hydrology; Semi-arid grazing systems; Remote sensing; NOAA—-AVHRR; Normalised difference

vegetation index

1. Introduction

While the Sahel is relatively sparsely populated,
it normally offers good rainy-season grazing to
huge herds of cattle, camel, goats and sheep. The
area is mainly utilised by transhumant pastoral
groups such as the Maur, the Tuareg, the Songhai,
and the Fulani. In Burkina Faso, these groups
move north into the Sahelian zone during the rainy
season and travel back south to the fringes of the
Sahelian zone at the end of the wet season as the
northern parts cannot sustain the animal popula-
tion during the dry parts of the year and also due
to the attraction of crop residues in the southern
regions.

The planning and time selections for movement
up north are crucial as a wrong decision can have
devastating effects on the herds. Departing too
early entails the risk that there will not be enough
water and suitable pasture available for the ani-
mals, while leaving it till too late means that there
will be increased competition for resources at their
semi-permanent place in the south as most of the
grazing land will now be utilised for agriculture.

With the arrival of the seasonal rains the barren
areas of the north are transformed into good
grazing lands, but this transformation is neither
homogenous nor all at the same time. The vegeta-
tion comes up in patches; a result of many different
factors. Some of these include soil type, nutrient
availability, terrain, etc. (Breman et al., 1991). In
the absence of advanced technology and prior
knowledge as to which areas have the best vegeta-
tion, the herdsmen depend on word of mouth or
past experience to decide exactly when to start their
journeys and which routes to take (Ruttan and
Borgerhoff Mulder, 1999; de Boer and Prins, 1989).
A better understanding of the vegetation recovery
patterns in these areas will help us gain better
insights into how the pastoralists of the region plan
and time their journeys and will also aid in mod-
elling these complex systems.

Remote sensing is a common technique used to
gather information relating to primary production
over a period of time. The green leaf biomass or
intercepted photosynthetically active radiation
(PAR) of plant canopies can be non-destructively
estimated using the red and near-infrared channels
of remote sensing sensors such as NOAA-
AVHRR and Landsat (Tucker, 1979, 1980; Cur-
ran, 1980). Indices such as the normalised
difference vegetation index (NDVI) can be used to
estimate primary production, as there is a high
correlation between these ‘greenness’ indices and
the intercepted PAR. One of the advantages of
using satellite remote sensing to estimate primary
production is that large areas can be measured
directly and that the biomass integrates many biotic
and abiotic variables affecting primary production
(Tucker et al., 1985).

In this paper we investigate the rate of increase
in vegetation biomass on sandy and clay soils from
the onset of the rainy season, by using NDVI data
derived from the NOAA-AVHRR sensors. We
hypothesise that, in areas where rainfall is the
limiting factor for primary production, the rate of
increase in vegetation biomass on clayey soils is
lower than that on sandy soils. The reasoning
behind this is that if there is limited rainfall then
vegetation on sandy soil will have an advantage
over that on clayey soils as whatever little rain falls
on sandy soil will infiltrate and be available for
plant use, while of this same rain falling on clay
soils, only a small fraction will infiltrate and be
available for plant use. The major portion will be
redistributed through runoff or lost through evap-
oration. Differences in water holding capacity be-
tween the two soils is also an important
contributing factor. We also study the time lag
between biomass on sandy soil and that on clayey
soil; i.e. the time it takes vegetation on clayey soils
to reach the same levels to that on sandy soils. We
then discuss the implications of these differences in



L. Kumar et al. / Ecological Modelling 149 (2002) 143—152 145

vegetation growth rates and time lag on decisions
taken by herdsmen in relation to planning their
migration into the Sahel region at the start of the
rainy season.

2. Method
2.1. Study area

The study was carried out in the Sahelian (north-
ern) zone of Burkina Faso (West Africa). This area
is predominantly used for grazing, although some
agricultural intrusion is taking place. The region
has clearly defined seasons, with a short monomo-
dal rainy season lasting 2—3 months (July—Septem-
ber), and a long dry season. Mean annual rainfall
(averaged over the years 1960—1999) is from 350 to
500 mm as a range over the N—S Sahel. The region
also has very high evapotranspiration rates. Mean
monthly temperature ranges between 21 °C in
January to 35 °C in May, with maximum temper-
atures of well over 40 °C. The Sahelian zone
represents about 25% of the country’s surface area
and is the driest climatic region of Burkina Faso.
The region has a population density ranging from
15 inhabitants per square kilometre in the north to
about 50 inhabitants per square kilometre in the
southern Sahelian zone (based on 1996 census
data).

This region was selected for the study as it is
mainly used by pastoralists (transhumance system)
and the rainfall is in the range where water becomes
the limiting factor for vegetation growth (Breman
and de Wit, 1983).

2.2. Data

Biomass information was obtained by using the
maximum-value-composite (MVC) NDVI images
derived from the NOAA series of satellites. An
MVC image groups data that are collected daily
into 10-day periods (dekad) and each pixel is
assigned the maximum value over the dekad (Hol-
ben, 1986). The resolution of the images was 7 by
7 km. While this is fairly coarse, it is the only data
available on a time series basis over a long period
of time. MVC images for every dekad over an

18-year period (1982-1998) were stored in a GIS
database. The data for 1990 was not used in the
analysis due to problems with some of the images.
A 1:500 000 soil map (Boulet and Leprun, 1976) of
the area was digitised and regions with predomi-
nantly clay and sandy soil were selected. This data
layer was then used to extract NDVI values from
the MVC images and for the correlations.

2.3. Correcting for differences in soil background
reflectance

For a vegetation canopy on a rangeland soil
surface the incoming solar radiation interacts with
the vegetation canopy and also, depending on the
actual amount of cover, interacts with the back-
ground. Different soils will have different reflec-
tance signatures, therefore similar cover on two
different soil types do not produce the same reflec-
tance value. To compare vegetation recovery rates,
differences in background reflectance are corrected
by assuming that at the end of the dry season the
region was devoid of any vegetation and therefore
any differences in reflectance values were caused by
differences in soil reflectance properties. This is a
valid assumption for the region studied as, for
Northern Burkina Faso, the only green vegetation
left at the end of the dry season is some shrubs and
a few trees, hence reflectance differences can confi-
dently be attributed to differences in soil reflectance
properties.! So, to correct for these differences, the
difference in NDVI value between sandy soil and
clay soil lines at the end of the dry season was
subtracted from all subsequent values of sandy soil
NDVT’s. The result was that the sandy soil line was
displaced downwards to coincide with the clay soil
vegetation line at the beginning of the rainy season.
A somewhat different method may have been
to use the PD54 index (Pickup et al., 1993), which
rather than subtracting a fixed value from all
post-drought NDVI values, takes into account
the changing vegetation and how this may
affect reflectances from different surfaces.

''We would like to add that soil reflectance also varies by
degree of wetness, and since this is almost impossible to
monitor for the multi-year analysis reported here, the method
used is the best available alternative.
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The use of this method would result in slightly
greater differences than that observed here for the
later part of the rainy season. However, it would
have very little effect for the early part of the
rainy season when there is much less vegetation,
and since we were interested in the vegetation
growth (as opposed to identification or mapping)
for the early part of the rainy season, we do not
expect any difference in the results between the
two methods.

2.4. Correcting for differences in start of rainy
season

In order to make between-year comparisons
one has to take into account that the rainy season
does not start on the same date every year, so for
example the NDVI value for a given day of one
year cannot be compared with the value of the
same day the following year. We normalised this
by taking the start of the rainy season as the first
dekad for all years. To decide when the rainy
season starts each year, we used cumulative rain-
fall values and declared the rainy season date to
start when the cumulative rainfall exceeded 20
mm. This was based partly on the findings of
Prins (1988), who reported that the perennials
started responding when rainfall exceeded 20 mm.
Preliminary investigation of the NDVI images
showed that there was no noticeable change in
NDVI values with cumulative rainfall being less
than 20 mm, indicating that even the annuals
were not responding significantly to rainfalls be-
low this level.

2.5. Removal of agricultural zones

To compare the vegetation recovery rates, it
was also necessary to identify those areas used for
cultivation and remove them from the selection.
This was necessary as cultivated areas have a
better plant growth rate since the land is tilled
(which increases water infiltration rates) and ma-
nure or fertilisers are applied. The overall vegeta-
tion recovery rates would be affected based on
whether more of clay or sandy soil was under
cultivation.

Using remote sensing images, areas under culti-
vation can be identified on the basis of the rate at
which their NDVI values change. In Northern
Burkina Faso, the major agricultural crops are
millet and sorghum. During harvest, most of the
stalk is either used as fodder for the animals or
for making walls and roofs for the houses. Hence
during the harvest period, the areas under cultiva-
tion are transformed into barren earth in a matter
of days. This change can easily be detected using
time series remote sensing data, in that the NDVI
values decrease very quickly in a short time period
when compared to non-agricultural areas. For
this exercise we used the rule that there should be
a consistent decline of 20% in the NDVI values
for every dekad over 3 dekads during the harvest-
ing season before an area was declared to have
been under cultivation. Sensitivity analysis
showed that using values between 15-25% re-
turned similar results, so a value of 20% is not
critical.

2.6. Statistical analysis

To test whether the vegetation lines of the two
soil types had significantly different slopes, we
used the multiple regression analysis (GLM) with
NDVI as the dependent variable, soil type as the
fixed variable and time as the covariate. The data
for the eighteen years were grouped together. We
also calculated the differences between the NDVI
values for both soil types at each dekad and used
Spearman’s correlation to check whether these
differences were correlated with either cumulative
rainfall or time from the beginning of the rainy
season. A strong correlation would show that the
difference between the vegetation biomass on the
two soil types increases with time, and would
confirm our hypothesis that the two soil types
have different vegetation growth rates. Alter-
nately, a weak or no correlation would suggest
that the recovery rates on both the soil types are
similar.

The lag times were calculated as the averages of
lags at dekad 3, 4, 5 and 6 (in the mid-growing
season) from the beginning of the rainy season.
Fig. 1 gives a general representation of lag be-
tween clay and sandy soils.
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The annual rainfall patterns were also analysed
and negatively and positively skewed rainfall dis-
tribution years were separated and the vegetation

Clay
Lag

Time (from start of rainy season)

NDVI

Fig. 1. Representation of lag between NDVI levels on clay and
sandy soils. The lag was taken as the average of the lags at
dekad 3, 4, 5 and 6 from the beginning of the rainy season.
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Fig. 2. Average NDVI levels on sandy and clay soils after
correction for background reflectances.
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Fig. 3. The rate of change in NDVI (vegetation recovery)
during the main growing season (error bars show standard
errors of mean, n = 18).

growth rates for these two sets were also com-
pared using the methods as described above.

3. Results

3.1. Rate of increase in NDVI derived index

When long-term data (data over 18 years) are
grouped together, it is clearly seen that the aver-
age NDVI on sandy soils is consistently greater
than that on clayey soils (Fig. 2). This is especially
true for the rainy and the early part of the dry
season, where the NDVI level for sandy soil is
always above the clay soil NDVI level. The differ-
ences are greatest around eight to ten weeks after
the start of the rainy season, and occur before
maximum NDVI levels are reached. During the
later part of the dry season (February—May) the
NDVI levels are similar on both sandy and clayey
soils.

Note that an analysis of the soil map indicated
that there was an even distribution of sandy and
clay soils over the range of rainfall zones; thus the
differences reported here are not due to the possi-
bility of the clay soils being in low rainfall zones
and sandy soils being in higher rainfall zones.

For the early growing season (the first two
months of the rainy season) the average rate of
increase in NDVI on sandy soils is significantly
greater than that on clayey soils (Fig. 3). The
slope of the NDVI line on sandy soil was found
to be significantly different (P < 0.01). The slopes
were also significantly different when data from
the beginning of the rainy season to the maximum
NDVI levels were used.

On an annual basis, it was clear that the differ-
ence in NDVI levels between the two soil types
increased for the first few months of the rainy
season and then levels out (Fig. 4); i.e. the rate of
change in biomass levels is greatest at the begin-
ning of the rainy season, as depicted by the trend
line in Fig. 4. Table 1 shows the results of corre-
lating the difference in NDVI levels for the two
soil types with cumulative rainfall for the eighteen
years. The second column gives the results where
all NDVI values from the beginning of the rainy
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Fig. 4. The difference in NDVI levels between sandy and clay
soils increases at the beginning of the rainy season and then
levels off. The bars show the absolute difference between the
corrected NDVI values of sandy and clay soils, and the dashed
line gives the trend.

Table 1
Correlation between difference in NDVI (maximum minus
minimum, and during main growing season) and cumulative
rainfall

Spearman correlation

Min—Max NDVI Main growing season

1982 0.87%* 0.93%*
1983 0.65* 0.83*
1984 0.70%* 0.96%*
1985 0.84** 0.86*
1986 0.58 0.89*
1987 0.87%* 0.75*
1988 0.82%* 1.00%*
1989 0.67 0.94**
1991 0.26 0.90*
1992 0.23 0.71
1993 0.80%* 0.81*
1994 0.78%* 0.89*
1995 0.15 0.96%*
1996 0.92%* 0.95%*
1997 0.61 0.43
1998 0.90** 1.00%*

* P<0.05.

** P<0.01.

season to the time when maximum NDVI is
achieved being used for the correlation, while for
the last column only the main growing season
data (the first eight weeks after the start of the
rainy season) are used. The results show that
there is a strong correlation between differences in
NDVI levels and cumulative rainfall for most of

the comparisons. Correlation coefficients are
higher when the main growing season data are
used.

3.2. Lag times

The average lag time in biomass levels between
sandy and clay soils was found to be about twelve
days. This means that, on average, the levels of
biomass on clay soils were about twelve days
behind those on sandy soils. The time lag de-
creased to an average of eight days when the
rainfall distribution over the rainy season was
normal to positively skewed and increased to
approximately 20 days when the rainfall season
was negatively skewed.

4. Discussion

It has been suggested that environmental pro-
cesses at large (coarse) scales are to a great degree
the result of processes at smaller (fine) scales
(Heuvelink, 1998). We believe that the differences
in vegetation growth rates at large scales as seen
here are the result of several dominant small-scale
processes. Research undertaken at small scales
have shown that there are large differences in
water infiltration rates between sandy and clay
soils (Withers and Vipond, 1974; Morgan, 1986;
Rietkerk et al., 2000). Our own research within
the study region showed that sandy soil had
infiltration rates three times higher than clay soil
(Rietkerk et al., 2002). The water holding capac-
ities and the water potentials of the two soil types
also differ greatly.

For untilled clayey soil regions with low rain-
fall, the first process (water infiltration rates)
dominates and will determine the amount of wa-
ter available for plant growth. If there is limited
rainfall then vegetation on sandy soil will have a
distinct advantage to that on clayey soils. This is
because rain falling on sandy soil will largely
infiltrate and be available for plant growth. On
the other hand, of this same rain falling on clay
soils, some will infiltrate and be available for
plant growth, while a large portion will be lost as
either runoff or through evaporation. The differ-
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ences in soil water potential between sandy and
clay soils also works against vegetation on clayey
soils. Under normal circumstances infiltration
rates for sandy soils are much higher than that on
clayey soils, but this difference is greatly increased
in the Sahel due to the extent and types of crust-
ing present on the two soil types (Graef and
Stahr, 2000). Crusting decreases the infiltration
rate, reduces the available water at the root zone,
increases runoff and soil erosion and affects
seedling and plant growth (Mualem and Assou-
line, 1996). Crusts also appear on sandy soils,
based on their clay content, but are different to
those on clayey soils (Govers and Poesen, 1985;
Mualem and Assouline, 1996). Crust types are
correlated with soil texture (Casenave and
Valentin, 1989) and each of these crust types have
different thickness, strength and porosity (Graef
and Stahr, 2000). Hence the differences in infiltra-
tion rates are greatly increased and are one of the
main reasons why we see such large differences in
the vegetation growth rates. A number of studies
have identified soil crusting as a major factor
decreasing water infiltration capacity and increas-
ing runoff in most areas of the Sahel (Hoogmoed
and Stroosnijder, 1984; D’Herbés and Valentin,
1997), which also implies a strong impact on crop
yield security and pasture availability. While the
work of Hoogmoed and Stroosnijder (1984) dealt
with arable soils, our work shows that similar
reasoning can be extended to the study of pastoral
and natural systems.

The different growth rates and time lag can
perhaps be equally well explained by the different
amounts of rainfall that is required to bring an air
dry sand or clay to a moisture level that allows
significant flow in the root zone (i.e. pF <4.2).
Air dry moisture contents are typically 1-2% for
sands and 5-7% for clay. Moisture contents at
wilting point are typically 2—8% for sands and
can be more than 25% (or even 30%) for clays.
For a 50 cm root zone, this means that plant
growth can resume with approximately 20-30
mm of rainfall for sandy soil, but will require
three to four times as much rainfall on clayey
soils.

It should be noted that the importance of the
two processes discussed, namely infiltration rates

and moisture retention characteristics, will differ
at different spatial scales. At large (regional)
scales, the runoff generated in one part of a pixel
is likely to infiltrate elsewhere (foot slopes,
streamlines, etc.) within the same unit, and possi-
bly lead to increased plant production for the unit
as a whole. At such scales, the observed differ-
ences in herbage growth rates are more likely to
be due to accumulated soil moisture rather than
infiltration capacity. This view is also supported
by Nicholson and Lare (1990) and Malo and
Nicholson (1990). At smaller (local) scales and in
uniform landscapes, differences in water infiltra-
tion rates will play a more prominent role.

The results here suggest that the differences in
vegetation early growth on different soil types
could also determine the strategies adopted by
pastoralists during their annual migration from
the southern regions to northern areas at the
beginning of the rainy season. This annual move-
ment of herds from the south to the north takes
place as more areas in the southern regions are
used for agriculture (mainly maize and sorghum)
and thus the pastoralists are forced to relinquish
their dry season grazing grounds. The movement
north is in search of better grazing grounds, with
better quality pasture and less diseases, and also
to avoid competition for limited resources avail-
able in the south. The migrations are more proac-
tive than reactive.

At low water availability ((i) low rainfall or (ii)
high rainfall but high runoff), growth cycle is
shorter than at high water availability (species
composition adapt to growing period determined
by water availability). Nutrient contents (in par-
ticular proteins) in plants decrease during the
growth cycle, whereas the lignine content in-
creases. Thus, feed quality decreases during the
growth cycle, but at low water availability nutri-
ent concentrations will stay higher during the
entire growth period than at high water availabil-
ity. Fodder availability and quality will thus alter-
nate between sandy and clay soils during the
growing season in a given rainfall zone (Breman
and de Wit, 1983). At sandy soils vegetation will
recover earlier than at clay soils (little but green
biomass available at high quality in young
plants). At clay soils vegetation will recover later,
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at that time of still high quality but low biomass
whereas the vegetation on sandy soils already has
developed to higher biomass with lower quality.
Thus in time and space livestock may shift from
sandy soils to clay soils if the ratio of quantity
and quality becomes more favourable on the clay
soils compared to the sandy soils.

Based on our results, within a given rainfall
zone, we can divide the movement decisions to be
made by pastoralists into three zones (Fig. 5).
From the beginning of the rainy season to time
T,, the movement should be towards areas with
sandy soil. During this period the direction of
movement is dictated by the quantity of vegeta-
tion, and since sandy soil regions have greater
biomass than clay soil regions, the movement
would be directed towards sandy soil areas.

After time T7,, quantity of vegetation would no
longer be an issue as both sandy and clay soil
regions have a biomass above a certain threshold
level B,. Hence after this time period (75) quality
and digestibility of vegetation rather than quan-
tity of vegetation would dictate the direction of
movement. The quality of vegetation also depends
on the richness of the underlying soil, and gener-
ally the nutrient content of clay soils is better than

that of sandy soils; hence one would expect that
after 7, the movement might be more towards
clay soil areas.

Between the time periods 7, and T, there is a
transition zone where the direction of movement
is not dictated by any one factor alone. There
would be interplay between quality and quantity
of vegetation, as explained earlier.

The above discussion is valid if locations are
within a given rainfall zone. For locations that are
in different rainfall zones, the movement would
first be towards locations in higher rainfall regions
and then would be based on soil types as dis-
cussed above. It should also be noted that the
movement strategies would not only depend on
soil types in the surrounding area but also on the
pattern of rainfall. If, at the start of the rainy
season, rainfall is consistently low then the time
taken for vegetation on clay soils to reach the
levels to that on sandy soils is longer, so pastoral-
ists would delay going to these regions. On the
other hand, if there is good rainfall at the begin-
ning of the season, the lag in vegetation biomass
on clay soils is lower, so pastoralists can move to
these areas sooner.
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Fig. 5. Time and space zones showing how livestock may shift positions based on differences in quality and quantity of vegetation
between regions. From the beginning of the rainy season to time 7', quantity of vegetation is the dominant factor, and since sandy
soil has more vegetation the movement will be towards zones of sandy soil. After time 7, the quality and digestibility of vegetation
are the primary factors, and since there is sufficient vegetation on both sandy and clay soils, the movement will be towards zones
of clay soils (higher quality vegetation). Note that it is also likely that the sandy and clay lines start at different 7.
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Pastoralists almost always move their herds
around in response to the changing climatic
conditions and a variety of other constraints so
as to make the best use of grazing and water
resources (Jorritsma, 1979; Ruttan and Borger-
hoff Mulder, 1999; Prins, 1999). We believe
that, through experience, the pastoralists have a
good knowledge of the underlying soil types
within the range of migration and that, in the
absence of other constraints, their movement
strategies take these into consideration. We plan
to carry out further research to see whether
their movement patterns of the past correlate
with the major soil types present in the region.

5. Conclusion

Our research shows that the herbage early
growth rates on sandy and clay soils are signifi-
cantly different. The growth rates on sandy soils
are greater than that on clayey soils. The largest
differences in growth rates are seen at the begin-
ning of the rainy season and this difference
gradually becomes constant after about eight
weeks into the rainy season. These differences in
herbage growth rates can be detected using
NOAA-AVHRR imagery. We anticipate that
these results can be used to better understand
the semi-arid regions and to model the move-
ment behaviour of pastoralists.
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