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Abstract. Land degradation has been a persistent problem in
Senegal for more than a century and by now has become a
serious impediment to long-term development. In this paper,
we quantify the impact of land degradation on crop yields us-
ing the results of a nationwide land degradation assessment.
For this, the study needs to address two issues. First, the land
degradation assessment comprises qualitative expert judge-
ments that have to be converted into more objective, quan-
titative terms. We propose a land degradation index and as-
sess its plausibility. Second, observational data on soils, land
use, and rainfall do not provide sufficient information to iso-
late the impact of land degradation. We, therefore, design a
pseudo-experiment that for sites with otherwise similar cir-
cumstances compares the yield of a site with and one without
land degradation. This pairing exercise is conducted under a
gradual refining of the classification of circumstances, until a
more or less stable response to land degradation is obtained.
In this way, we hope to have controlled sufficiently for con-
founding variables that will bias the estimation of the impact
of land degradation on crop yields. A small number of shared
characteristics reveal tendencies of “severe” land degradation
levels being associated with declining yields as compared to
similar sites with “low” degradation levels. However, as we
zoom in at more detail some exceptions come to the fore,
in particular in areas without fertilizer application. Yet, our
overall conclusion is that yield reduction is associated with
higher levels of land degradation, irrespective of whether fer-
tilizer is being applied or not.

1 Land degradation in Senegal

Land degradation is a worldwide process that affects all five
continents (Masto et al., 2015; Xu and Zhang, 2014; Thomas
et al., 2015; Yan and Cai, 2015; Wang et al., 2013; Jafari
and Bakhshandehmehr, 2013; Cerda and Lavee, 1999; Bai et
al., 2013). The process of land degradation deprives the qual-
ity of natural resources and impairs directly on human soci-
ety (1zzo et al., 2013) through loss of ecosystem goods and
services. Moreover, land degradation changes hydrological
and biogeochemical cycles in the earth system and hampers
development of new soil, or pedogenesis (Berendse et al.,
2015; Keesstra et al., 2012; Brevik et al., 2015). Annually
land degradation costs an estimated USD 40 billion world-
wide (ELD Initiative, 2013), and degraded land is costly to
reclaim (LADA, 2015). Consequences of land degradation
are severe especially for poorer societies that do not have
the available means to compensate loss of land productivity
(e.g. Rajashekhar Rao, 2015) and suffer from the created land
scarcity, food insecurity, and damaged ecosystems. This also
holds for sub-Saharan Africa where already in the late 19th
and early 20th centuries warnings were issued about severe
risks of land degradation (Chevalier, 1900; Stebbing, 1935),
as colonial governments had been introducing commercial
agriculture, with natural vegetation replaced over large sur-
faces by monocultures of cash crops. By now these risks have
turned into rather dramatic erosion and a consequent threat to
food security, biodiversity, and economic development, espe-
cially in the poorest parts of the continent where farmers lack
access to fertilizer and other inputs (Lal, 2011).

Senegal is a case in point. Sharp increases in dust de-
position of terrigenous sediments could be related to land
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degradation processes in Senegal that started in the 1840s,
after the promotion by the French colonial power of ground-
nut cultivation (Mulitza et al., 2010). The incessant demand
for agricultural land eliminated the last stretches of origi-
nal wooded savannas and open woodlands in the early 1900s
(Boahene, 1998). What remained were agricultural parklands
dominated by a small range of Acacia species (Tschakert and
Tappan, 2004) that no longer could protect the soils against
wind and water erosion and resulted in less favourable physi-
cal and chemical properties in the top soil (Kairé, 2003). Dur-
ing the first half of the 20th century, development of a net-
work of roads and processing centres, and establishment of
railroads enabled further expansion of groundnut cultivation,
which from 1960 (the year of independence) until 1980 also
benefited from domestic support through state-dominated co-
operatives and from preferential export arrangements with
France, the main customer. The European Union has pur-
sued this relationship until present within the Lomé Conven-
tion and Cotonou Agreement (European Commission, 1999;
Bergtold et al., 2005).

This resulted in more intensive forms of agriculture, while
demand for fertile land gradually came to exceed availabil-
ity (Mortimore et al., 2005), which gave rise to Senegal’s first
large wave of rural-urban migration in the period 1971-1980
(Mbow et al., 2008). Reform policies undertaken in the 1980s
and implemented as the Structural Adjustment Programme
reduced the state involvement but had detrimental effects on
soil fertility management as fertilizer subsidies were abol-
ished, and even the application of locally produced phos-
phorus became too expensive for Senegalese farmers to use
(Speirs and Olson, 1992).

An expert judgement-based inventory (Sonneveld, 2003;
Omuto et al., 2014) under the Land Degradation in Dry-
land Areas (LADA) project (FAO/UNEP) shows that cur-
rently 34 % of the national territory and 58 % of the agricul-
tural areas are affected by a degradation process. Sonneveld
et al. (2012) tested the consistency of these expert judge-
ments by a cross-comparison of mapping units with identical
characteristics for annual rainfall, soil suitability, slope, pop-
ulation density, and livestock density. The study concluded
that experts had a high consistency in their judgement and
gave reliable assessment on the degree of land degradation.
The experts indicated that land degradation seriously impairs
agricultural capacity and the quality of ecosystem services.
Particularly alarming is the fact that the observed increase
in the rate of land degradation affects 26 % of the total land
area and 40 % of the agricultural areas against 5 and 6 % with
improving trends in land quality, respectively. The LADA in-
ventory also reveals that types, causes, and impacts of land
degradation are diverse. While the Senegalese government
has recognized the severity of these problems (Declaration of
Abuja; IFDC, 2006, Senegal Emergent Plan in ADB, 2014),
the planning of actual interventions seems to be constrained
by lack of more than very general knowledge about the actual
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impact of land degradation on agricultural production under
the various conditions prevailing in Senegal.

Yet, establishing a relationship between land degradation
and productivity loss is not an easy task, for various reasons
(Vieira et al., 2015). First, our available crop yield statistics
refer to a spatial unit (polygons that combine land use and
districts) for which the experts gave an assessment on de-
gree and extent of land degradation but without more spe-
cific indication of where crops are cultivated, and where
land degradation is prevalent. Second, there are various con-
founding factors at play that impact on both land degradation
and crop production (Ferreira et al., 2015). Isolating these
is especially difficult for Senegal because there are no his-
torical records available on fertilizer application. While an
experimental field trial can for given observed biophysical
conditions simulate various intensities of land degradation
and for every intensity measure the resulting crop yield, un-
der non-experimental conditions, treatment effects cannot be
isolated in this way, and estimation biases can hardly be
avoided, since correlation between these conditions is in-
evitable and observed fertilizer application cannot be cor-
rected for in a satisfactory manner. Instrumental variable es-
timation (Nkonya et al., 2008) and propensity score matching
(Kassie et al., 2008) are no exception to this.

Here we opt for a direct matching approach, whereby we
measure differences in crop yields (outcomes) at various lev-
els of land degradation (treatment intensities) under the same
external circumstances (conditions), proceeding in two steps.
First, we compile a representative land degradation assess-
ment for our spatial entities combining expert assessments
on degree and extent of land degradation in a single land
degradation factor that can be related to corresponding crop
production figures. Second, we compare crop production for
sites that share similar biophysical and socio-economic char-
acteristics, but one site suffers from land degradation and the
other site not. To assess the sensitivity of this relationship
for the number of shared conditions, we extend the number
and degree of detail of the, largely categorical, explanatory
variables referring to these conditions.

There is a tradeoff here. The finer explanation will have
fewer observations in every treatment class, but it will ac-
count for more variables, hopefully reducing the correlation
of remaining unobserved variables with the treatment inten-
sity (i.e. land degradation). Hence, it maps out in a categori-
cal setting what would for ordinary regression on continuous
variables be the tradeoff as obtained for a larger number of
variables, between good fit and better significance of coef-
ficients. Our assertion will be that relationships that change
little under this variation are presumably relatively stable to
other, so far unobserved factors as well.

The paper proceeds as follows. Section 2 describes the
data used in this study. Section 3 re-interprets expert judge-
ments so as to relate the degree and extent of land degrada-
tion to crop production. Section 4 assesses the effect of land
degradation on crop yields. Section 5 concludes.
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Table 1. Data, geographical resolution, and source.

Data Resolution Source

Expert assessments on land degradation Polygons Sonneveld et al. (2010), CSE (2008)
Administrative subdivision (2009) Polygons CSE (2008)

Administrative subdivision (2005) Polygons CSE (2008)

Natural resources: soils, altitude classes, land use ~ Polygons CSE (2008)

Slope Grid 1 x 1km  FAO/IIASA (2000)

Production systems Polygons CSE (2008)

Population density Grid 1 x 1km  Nelson (2004)

Livestock (cattle, buffalo, sheep, and goats) Grid1x 1km FAO (2007)

Presence of primary, secondary, and tertiary roads  Segment Van Wesenbeeck and Merbis (2012)
Distance to primary, secondary, and tertiary roads  Grid 1 x 1km  Van Wesenbeeck and Merbis (2012)
Millet production (kg ha—1) District FAO (2006)
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Figure 1. Average degree of land degradation.

2 Material and methods

Table 1 summarizes data attributes, geographical dimen-
sions, and sources.

Land degradation assessments: the land degradation in-
ventory has been based on judgements of experts who identi-
fied for each of the 33 Senegalese districts and per production
system area shares and the degree and rate of land degrada-
tion. Degree and rate of land degradation are expressed in
ordered qualitative classes. Figure 1 presents the degree of
land degradation by district and production system zone.

Administrative data: we combine two administrative sub-
divisions — an (older) administrative subdivision of 30 units
that is used as a georeference for district statistics on agricul-
tural production and the current administrative subdivision
of 33 units which serves as a spatial reference for production
systems, land degradation assessments, and population.

Base resource maps: the two major components of the
base resource map provided four rainfall classes (1 =< 200;
2 =200-400; 3=400-700; 4=>700mm) and four soil
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Table 2. Production system, area (in hectare), and share of total land
area in percentage.

Production system Area (ha)  Share of total
Peri-urban 245234 1.2
Irrigated 200572 1.0
Floodplains 160068 1.0
Agro-pastoral 2541424 12.7
Rainfed 1891141 9.4
Transhumant 3357948 16.8
Forestry 7678003 38.3
Nature reserve 2995748 15.0
No assessment made 962 385 4.8

suitability classes (1 =unsuitable; 2= moderately suitable;
3 =suitable; 4 = very suitable).

Production system map: the nine production systems, their
area in hectare, and a share of the national total are presented
in Table 2.

The population density map was obtained from the UNEP
database (Nelson, 2004) and upscaled for each district for the
year 2005 with data from the Agence Nationale de la Statis-
tique et de la Démographie, in Senegal.

The tropical livestock unit map was derived from
FAO (2007). Global density maps were given for cattle,
goats, and sheep at 1 x 1 km scale. These animals comprised
86 % of the total livestock expressed in tropical livestock unit
(TLU), which allows the comparison of grazing demand of
different species in a common unit. As detailed data per dis-
trict are missing we upscaled the total TLU nationwide pro-
portionally to the prevailing total TLU densities that were
derived from the cattle, goats, and sheep.

Roads: the Food Atlas of Africa project (van Wesenbeeck
and Merbis, 2012) provided the segments on primary, sec-
ondary, and tertiary road presence. The segments were grid-
ded on the 1 x 1 km grid. Using the ILWIS distance operator
(ILWIS Academic version 3.3) we calculated for each pixel
the distance to the primary, secondary, and tertiary roads.
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Table 3. NPK applications (kg ha—1) for millet groundnut, rice, and cowpea.

Region AEZ Millet  Groundnut Rice Cowpea
Dakar Niayes 95

Diourbel Centre Nord Bassin Arachidier 4 15

Fatick Sud Bassin Arachidier 4 28

Kaolack Sud Bassin Arachidier 3 28

Kolda Basse et Moyenne Casamance 207 6 0

Kolda Sénégal Oriental/Haute 83 28

St Louis Fleuve 0 247

St Louis Zone Sylvo-pastorale 0 0
Tambacounda  Sénégal Oriental/Haute Casamance 83 28

Thiés Centre Nord Bassin Arachidier 4 28

Thiés Niayes 94 28

Ziguinchor Basse et Moyenne Casamance 186 6 0

Source: IPNIS (www.fao.org/ag/agl/agll/ipnis/index.asp); last access: November, 2009.

Crop production data at district level were for rice, maize,
millet, sorghum, cassava, cowpeas, groundnut, and sesame,
derived from FAO (2006; Agromaps). The crops represented
93 % of the total cultivated area (FAOSTAT, 2005). Areas
and production levels were upscaled to the national level to
represent the entire cultivated area; yield data remained the
same as reported in the Agromaps database.

The procedure for estimating the yield by grid cell is as
follows. We distribute the district output by crop over the
cultivated land at grid level, relying on a constrained scal-
ing procedure (Keyzer and Pande, 2007), which adjusts grid-
level output until it meets the district total, within grid-level
bounds. We set these bounds so as to offer a range around
a reference vyield (output divided by cultivated land) mul-
tiplied by grid-level area. The reference yield was given
to pixels that were assigned to production system zones
where crop production is made possible. Furthermore, we ac-
counted for the spatial variation of the soil quality by multi-

plying reference yields for soils “unsuitable”, “not very suit-
able”, “moderately suitable”, and “suitable”, with 0.2, 0.6,
0.8, and 1.0, respectively, analogue to the AEZ methodology
(FAO/NIIASA, 2000). For our analysis we will concentrate on
the yields of millet, as this crop is the most widely cultivated
and avails of spatial fertilizer statistics.

Fertilizer: data on fertilizer applications were derived
from the Integrated Plant Nutrition Information System (IP-
NIS; www.fao.org/ag/agl/agll/ipnis/index.asp). The IPNIS
database provides data on NPK fertilizer and organic fertil-
izer at province level and by major Agro-ecological zone.
The data were complete only for millet and groundnut, data
for two other reported crops (rice and cowpea) were sparse
while no information was given for other crops. Table 3 sum-
marizes the total of inorganic and organic NPK applications.

Georeferencing spatial data: all spatial data were georef-
erenced on a 1 x 1km grid. Specifications of the coordinate
systems are given in Sonneveld et al. (2010). Polygons of the
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natural resource base map and the production system map
that were smaller than 1 km were mapped on this grid map
with a nearest neighbour operation, using areas in the at-
tribute tables to indicate a proportional share of the grid area.

Creation of a land degradation index: to compare the im-
pact of land degradation on crop yields between different
sites, we relate crop yields to a land degradation index that
combines area shares and degradation classes as provided by
the experts of the LADA exercise.

To provide a general impression of the relationship, we
conduct an exploratory analysis of non-parametric regression
using a smoothing method that interpolates point observa-
tions on crop yields for the area shares and degree of land
degradation so as to reveal the prevalent patterns between
the variables. Specifically, we apply a mollifier mapping, a
flexible form of curve-fitting that follows the data closely
and compensates for the lack of a priori knowledge of an
explicit parametric functional form (Keyzer and Sonneveld,
1998) of the land degradation index. The mollifier program
implements a kernel density regression to show estimated
values in 3-D graphs in a surface plot against two indepen-
dent variables. Furthermore, the program generates descrip-
tive statistics about the reliability of the estimate and depicts
these in the default mode as colour shifts in the surface plot
and ground plane, respectively — alternatively, the incidence
of other covariates can be shown in these dimensions. We
apply to the tool to gradually zoom in on the reliable areas
of the data domains. Since fertilizer emerges as an important
explanatory variable, we included it as a covariate.

Climatic conditions are accounted for by expressing the
crop yield as a ratio of actual to potential yield that is de-
fined as a climate-constrained crop output under optimal soil
conditions. As noted earlier, the assessment attributes to ev-
ery production system zone one or several degrees of degra-
dation with a corresponding area share. To isolate degree-
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Figure 3. Yield ratio (actual / potential yield) against area share under moderate and strong degradation; covariates: fertilizer applications

and likelihood ratio.

specific effects, we select observations with area shares that
are higher than 75 % for the dominant degradation degree.

Figure 2 shows the results for “light” and “moderate” de-
gree of land degradation. The fertilizer applications appear as
colour shift in the surface curve, while the observation den-
sity appears in the ground plane. The southeast—northwest
axis shows an increasing area share of the “light” degrada-
tion class. In this direction we see a small increase of crop
yield for higher area shares. Rising area shares for the “mod-
erate” class are found along the northeast—southwest axis and
show a rapid decline of the crop yield. There is, however, a
slight recovery at higher area shares, which correspond to
larger fertilizer applications. We further note that the higher
observation densities are concentrated around the lowest area
shares.
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Next, Fig. 3 shows increasing area shares for the “mod-
erate” and “strong” classes along the southeast—northwest
and northeast—southwest axis, respectively. Crop yields de-
cline rapidly for the “moderate” class to its lowest levels at
around 50 % of the area share but rise sharply in areas with
high fertilizer applications. In areas with low fertilizer sup-
plies crop yields decline with increasing area shares of the
“strong” degradation, similarly to the “moderate” class. This
suggests that “moderate” and “strong” degradation classes
have similar impacts on millet yield while the impact of the
“light” degradation is definitely lower. This leads us to define
an aggregate index of degradation types that attributes twice
the weight to area shares of “moderate” and “strong” degra-
dation. The “severe” degree of degradation was reported only
twice, and no clear response to yield ratio could be made. As-
suming that “severe” degradation is an exceptional case we
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Table 4. Variables and encoding of categories used to make uniform sites.

Variable Encoding of categories Place in code
Rainfall 1=<200; 2=200-400; 3=400-700; 4 =>700 mm 1
Soils 1 =unsuitable; 2 = not suitable; 3 = moderately suitable; 4 = suitable 2
Slope 1=no slope; 2 =undulating 3
Population density 1 =< 600; 2 = 600-9000; 3 =>9000 p km~—2 4
TLU density 1=<21;2=21-32;3=>32TLU km—2 5
Fertilizer use 1=<50; 2="50-150; 3=>150kgha1 6
Access markets* 1=1.cat.<10; 2=2. cat.<10; 3=3. cat. <10;4=>10km 7

* Access to markets expressed as distance to road categories.

Percentage suitable

combinations/area coverage

-7- -5- -5- -4- -3- -2-
Number of combinations

Figure 4. Percentage area coverage (green bar) and available com-
binations for pairwise uniform sites (red bar) defined by number of
selected variables.

weigh its area share four times. Finally, the weighted values
were normalized to let the range of the land degradation in-
dex fluctuate between 0 and 1.

We acknowledge that the created land degradation index
cannot be tested in full, yet combining classes and area shares
in a single land degradation index has been used in many
other peer-reviewed studies (Leiwen et al., 2005; Pace et al.,
2008; Sonneveld and Dent, 2009), which gives us, jointly
with our empirical results, sufficient confidence to apply the
index for our analysis.

3 Results and discussion

We are now ready to analyse the effect of land degradation on
crop production by comparing crop yields for sites that have
similar circumstances pairing one with land degradation and
one without it. We account for the occurrence of confound-
ing factors by testing if this relationship is sensitive to the
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level of detail that is used to describe these circumstances.
Hence, we gradually expand the number of explanatory vari-
ables hopefully reducing the correlation of remaining unob-
served variables with the treatment intensity (i.e. land degra-
dation and the bias in the estimation of the treatment effect).
We suppose that once we find a stable relationship — that is
no major change in yield effect after an extension of the list
of explanatory factors — the relationship has become insensi-
tive to unobserved factors (errors) and, consequently, that the
bias has been sufficiently eliminated.

To describe these circumstances, we use three up to seven
categorical variables as were identified in the geographical
profile to create uniform sites. For these circumstances, we
distinguish only two “treatment” levels, “low” and “severe”,
depending on whether they are below or above the 0.1 thresh-
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Figure 6. Comparing yields under “low” (green) and “severe” (light brown) degradation for uniform sites defined by three variables (rainfall,
soil, and slope) for “low” (a) and “moderate” (b) fertilizer applications. Codes on x axis for rainfall are 1 = < 200; 2 = 200-400; 3 = 400-700;
4 =>700 mm,; for soils 1 = unsuitable; 2 = not suitable; 3 = moderately suitable; 4 = suitable; for slope 1 =no slope; 2 = undulating.

old point of the land degradation index. From the available
combinations we selected those that occupy more than 10 %
of the area of a production system zone for which a land
degradation assessment was available. Table 4 lists these
seven variables and their class categories. The last column
shows the place within the seven-digit code that is used to
characterize the sites. A zero in this code means that this
characteristic is not considered for the combination.

The selection of the number of variables for crossing seeks
to strike a balance between accuracy and policy relevance.
Use of many variables reduces the effect of unobserved vari-
ables but will rapidly increase the number of combinations.
There will be more observations without a match in this case
and hence reduces representativeness of the estimation. Con-
versely, with fewer variables accuracy of comparison will
be less but the number of matches higher. Figure 4 illus-
trates the tradeoff, by plotting the percentage of combina-
tions that could be compared for two land degradation con-
ditions, and their area share is plotted against the number of
variables used for crossing. The seven variables combined
comprise 36 % of the registered combinations while the two
combined variables cover almost 90 %; in between we find a
more or less linear increase of successful combinations under
a decreasing number of selected variables. Concerning area
share, differences are less pronounced. The seven variables
combined cover an area share of 64 %, while other combi-
nations report 89 % or higher shares. Hence our assessment
compares yields under “low” and “severe” degradation con-
ditions for sites that are defined by combinations of three,
four, and finally seven variables.

Figure 5 shows the pairwise comparison of average yields
for “low” (green bars) and “severe” (sandy brown bars) land
degradation at uniform sites defined by a combination of
three variables (rainfall, soil, and slope). In all cases, lower
yields are reported for “severe” degradation, varying from

www.solid-earth.net/7/93/2016/

declines of less than 1-66 %, with an average of 25 %. Yield
drops are most pronounced for low rainfall regimes and un-
suitable soils, as well as for the combination of high rainfall
and moderately suitable soils. Thus, we do not detect any def-
inite relationship between severity of yield decline and spe-
cific combinations of rainfall, soil, and slope.

Figure 6 shows the comparison for sites defined by com-
bining four variables (rainfall, soil, slope, and fertilizer). As
we observed in Sect. 3, fertilizer can mitigate land degrada-
tion effects on yield and we decided to separate the pairs for
“low” (Fig. 6a) and “moderate” (Fig. 6b) fertilizer applica-
tions. For low fertilizer applications, four out of the six com-
binations show a declining yield under “severe” land degra-
dation, varying from 3 to 52 % with an average of 30 %. The
two cases with higher yields had “moderately suitable” and
“suitable” soils. This might indicate that the productivity of
better soils is not yet affected. However, we cannot exclude
that other factors like soil conservation activities affect the
outcome as well. In case of moderate fertilizer applications,
we obtain in all six cases a decline in yield that varies from
9 to 69% with an average of 33%. This is remarkable as
the non-parametric estimation in Sect. 3 seemed to indicate
that fertilizer has a compensating effect on land degradation.
Yet, this more refined comparison tells us that land degra-
dation effects cannot be mitigated by fertilizer. The solution
might be more complex than merely applying more fertilizer,
as some studies point to micronutrients (Moortman, 2010),
while others clearly indicated a nitrogen deficiency (Saito et
al., 2013). Furthermore, restoring phosphorus and potassium
is not an easy task as the soils will first restore their buffer
capacity and will not release a steady flow of nutrients until
they reach new equilibrium.

Finally, we discuss the pairwise comparison, at sites that
have seven variables in common (rainfall, soil, slope, pop-
ulation, TLU, fertilizer, and markets). For low fertilizer ap-
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ables (rainfall, soil, slope, population, TLU, markets) for “low”
fertilizer applications. Codes on x axis for rainfall are 1=<200;
2 =200-400; 3 =400-700; 4 => 700 mm; for soils 1 = unsuitable;
2=not suitable; 3=moderately suitable; 4 =suitable; for slope
1=no slope ; 2=undulating; for population density 1=<600;
2=600-9000; 3=>9000pkm~2; for TLU density 1=<21;
2=21-32; 3=>32TLU km*2; fertilizer use 1=<50; 2=50-
150; 3=>150kgha~1; and for access to markets 1=1. cat.
road<10km; 2=2. cat. road<10km; 3=3. cat. road<10km;
4=>10km.
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Figure 8. Comparing yields under “low” (green) and “severe”
(sandy brown) degradation for uniform sites defined by six variables
(rainfall, soil, slope, population, TLU, markets) for “moderate”
fertilizer applications. Codes on x axis for rainfall are 1 =<200;
2 =200-400; 3 =400-700; 4 => 700 mm; for soils 1 = unsuitable;
2=not suitable; 3=moderately suitable; 4 =suitable; for slope
1=no slope; 2=undulating; for population density 1=<600;
2=600-9000; 3=>9000p km*2; for TLU density 1=<21;
2=21-32; 3=>32TLU km_z; fertilizer use 1=<50; 2=50-
150; 3=>150kgha1; and for access to markets 1=1. cat.
road<10km; 2=2. cat. road<10km; 3=3. cat. road <10km;
4=>10km.
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plications (Fig. 7), six out of the eight combinations show
a declining yield under “severe” land degradation compared
to the “low” level. Average yield decline for these six cases
was 25%, varying from 1 to 51%. The two cases where
higher yields are reported for “severe” degraded land cor-
respond to better soils. However, one site, also endowed with
“suitable” soils, shows declining yields for severe degraded
areas. As noted earlier, this would suggest that better soils
also have higher resistance against land degradation, albeit
that other unobserved effects might be at play as well. The
reason that productive soils are more resistant against degra-
dation processes like water (Stanchi et al., 2015) and wind
erosion (Herrick and Beh, 2015) is closely related to prevail-
ing aggregate stability (Colazo and Buschiazzo, 2010) that
determines important soil production properties like infiltra-
tion and permeability while protecting soils against disper-
sive water and wind forces (Jozefaciuk and Czachor, 2014;
Geng etal., 2015). Organic matter that acts as a binding agent
and nucleus in the formation of aggregates is the most impor-
tant component of soil aggregate stability. Therefore, most
cultivation techniques aim to optimize the soil organic matter
through (zero-)tillage techniques (Costa et al., 2015; Singh
et al., 2015), planting of native tree species (Tesfaye et al.,
2014), mulching (Mwango et al., 2014), and land use systems
(Araya et al., 2010). These activities are not observed in our
database but influence the soil organic matter levels at surface
and deeper horizons; moreover, the magnitude of variation is
also shaped by specific pedogenic processes (Kukal et al.,
2014). Hence, with the choice of our approach to test the sta-
bility of the relationship between land degradation and crop
yield under an increasing level of detail, we hope to have
controlled sufficiently for these confounding variables that
otherwise might bias the estimation.

Yet, emphasizing the role of better soils and their resis-
tance to land degradation is always worthwhile. Globally
they cover only 3 % of the land but produce 40 % of the food
and 90 % of cereals. As regards the sites with moderate fer-
tilizer applications (Fig. 8), we find declining yields for de-
graded soils that vary from 7 to 69 % with an average of 23 %
for all sites. Here also, the moderate fertilizer applications
cannot compensate for reduction in yield due to land degra-
dation. Absence of historical records on fertilizer application
obstructs a more direct evaluation of impacts and nutrient dy-
namics at every location. Yet, the lower yields on degraded
areas with fertilizer applications are presumably caused by
the long-term depletion of P and K stocks that are not eas-
ily compensated for through fertilizer volumes and mixes
that were commonly applied. For example, currently applied
72 kgha~1 NPK for groundnuts is lower than recommended
rates of 150 kg ha—* NPK and 200 kg ha~! for gypsum (Thuo
etal., 2011; Ntare et al., 2008).

A follow-up study might consider including information
on land conservation practices applied at the sites, so as to
allow for comparison of sites with and without such inter-
ventions, other circumstances remaining equal. For this, vari-
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ables of two kinds would need to become part of the data set:
(1) specific conservation techniques that are tailored to the
biophysical characteristics and land use systems, and (2) fea-
tures of the institutional setting, which might otherwise re-
main a source of confounding factors, and are known to have
been decisive for past success and failure of sustainable land
management programmes (Bouma, 2008). Inclusion of these
variables would allow for identification of the most advisable
interventions and hence contribute to more tangible targeting
of environmental measures, in line with the recently signed
Partnership for Action on Green Economy (UNEP, 2014).

4 Conclusions

Two important conclusions can be drawn from this study.
First, the land degradation index based on a combination
of qualitative expert judgements and area shares affected by
land degradation summarizes key information indicating that
higher values correspond to lower crop yields in the way one
would expect on the basis of literature. Second, a negative
effect of land degradation could be established in qualitative,
descriptive terms using a pairwise comparison with a num-
ber of shared characteristics. The results show that “severe”
land degradation levels are being associated with declining
yields as compared to similar sites with “low” degradation
levels. The sensitivity to confounding factors was tested by
conducting the matching at different level of detail for shared
characteristics, until a stable relationship was obtained. As
we zoomed in with more detail about shared characteristics,
some exceptions came to the fore, particularly in areas with-
out fertilizer application. Yet, overall we conclude that yield
falls with land degradation, irrespective of whether fertilizer
is being applied or not. Thus, intervention is called for to
arrest further damage to physical soil properties and avoid
further depletion of soil nutrients. At the same time, lack of
information seems to be a major hurdle and more research is
urgently needed to identify remedies.
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