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Map 11. Areas with biomass decline as function of soil/terrain constraints and their agricultural

use. Note: (1) suitable soil/terrain includes good and bad soil/terrain conditions as in Maps 8a and
8b, and (2) cultivated land as from GLC2000 data (i.e., categories 3 and 6 in Map 10).
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Land Decline in Land-Rich Africa

6. Summary and Conclusions

The objective of this study was to identify areas of land degradation in sub-Saharan Africa as
observed from space by tracking the greenness of the vegetation signal expressed as NDVI
over time. This study has utilized a series of existing databases and, through successive
comparison of these, draws conclusions related to recent degradation of land in sub-Saharan
Africa. Vegetation decline based on mean annual NDVI was used as a proxy for land
degradation. The datasets (based on 8x8 km? pixels) of weather and NDVI-derived
vegetation dynamics were averaged annually from monthly observations over the last two
decades of the 20th century. This is likely to have captured reduced agricultural productivity
as well as loss in native vegetation cover. First, we divided sub-Saharan Africa in dry (mean
annual precipitation MAP <800 mm.yr-1), sub-humid (800 mm.yr-1 <MAP<1300 mm.yr-1)
and humid dry (MAP >1300 mm.yr-1) regions, yielding three zones of similar geographic
extent. In a second step we identified the regions where the annual vegetation reacts
significantly to changes in mean annual rainfall conditions. For those with positive
correlation, vegetation dynamics are affected by climate change (or cycles) and these are not
suitable to identify human induced degradation. This excluded less than 2% from further
analysis. In those with negative correlations the land shows either declining biomass despite
improving rainfall suggesting serious degradation, or improving biomass despite a decline
in rainfall. The latter is most likely due to human actions such as aforestation or irrigation
(e.g Northern Sudan). These areas were relatively small (95.000 out of the 2.18 million km?).

Subsequently the slope and the significance of the vegetation index (NDVI) over time were
considered. Areas not showing a decline or increase in this vegetation index (NDVI), either
in absolute or in relative terms, were considered stable vegetation covers. Those that showed
an increase in vegetation index were predominantly found in the pastoral zone below the
500 mm isohyets and revealed a “greening of the Sahel” in the period evaluated. This has
also been reported elsewhere. This region largely coincides with the region where NDVI
fluctuations were positively correlated with rainfall which was excluded from this analysis
of human induced land degradation. Large areas in of SSA showed a positive NDVI trend
not related to rainfall. One possible explanation would be the CO? and NOx fertilization due
to increased levels in the atmosphere. The areas that show a consistent and significant
decline in NDVI (or land degradation) over time amounts to around 2.13 million km? or 10%
of the SSA land mass. The characteristics of this area were analyzed in more detail.

Over 60 million people live on land that is losing its ability to produce green biomass
presumably due to human activity. For each rainfall zone, the mean population densities in
areas with declining vegetation were more or less the same as for the rainfall zone as a
whole. However, the large majority of the declining areas is thinly populated, irrespective of
the rainfall zone. This would suggest that these are marginal areas with limited bearing
capacities to start with. The GLASOD study found for sub-Saharan Africa that land
degradation at the time was more or less linearly correlated with population density. The
conclusion from this study is more nuanced. Most of the land that is degrading is doing so
with below average population densities. These regions are likely to get worse or will spread
further as population continues to increase in most of sub-Saharan Africa. Donors should
carefully analyze the sustainability of continued agricultural land use before embarking on
measures or investments in agriculture to alleviate poverty in these regions. Some of these
lands may be best taken out of cultivation. However, this study also identifies some
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degrading areas with high population densities. Often these are regions with high
productive potential and in urgent need of remediation. It is here that fertilizer schemes and
land conservation measures should be targeted as they are likely to be economically feasible.

A dataset derived from the FAO was used to delineate areas with different topographical
and soil constraints. These datasets were overlaid on the map with the declining vegetations.
For the terrain constraints, slopes over 25% and areas over 3500 m a.s.l. were considered
unsuitable. Similarly, soil constraint classes 5 through 8 in the FAO classification were
considered inappropriate for agriculture. The former covers less than 10.6 thousand km? and
is negligible, but the latter cover nearly 0.67 million km? of the degrading area. Most likely
farmers are occupying such marginal land due to land scarcity. Once denuded, such land is
often not productive and exposed to the elements, causing water or wind erosion. Farmers
seeking new land that move into such areas may do more harm to the environment than
they do themselves good. The donor community should seek ways for these farmers to
avoid occupying such land as remediation is difficult and costly. Nearly half of the
remaining degrading land is on soils that are of rather poor quality. These soils may not
easily be ameliorated and might never gain the resilience that good farm land requires.

In order to obtain a better insight into where exactly this degradation is occurring, the
emerging land degradation map was cross referenced with the land use/land cover map of
GLC2000. This allows differentiation of the degradation areas according to land use type. Of
the 0.67 million km? that are not suitable for agriculture, 105 thousand km? are actually being
farmed and probably should not be. Means should be found to offer alternatives to these
farmers so that land can be restored over time. Of the 1.46 million km?2 that are degrading
but suitable for cultivation, 0.3 million km2 are actually farmed (agriculture and
forest/cropland) and are likely over-exploited or poorly managed. Moreover, half of these
are on poor soils and it may be too costly to restore such land. These are areas where
considerable research efforts should be made to identify the immediate and proximate
causes and develop more sustainable farming practises. A quarter million km? is under
grassland, largely in the dry areas and most likely is being over-grazed. Nearly 1.09 million
km? are under woodland/shrubland and forest/savanna, which each might be losing native
trees as land

The fraction of the land showing significant decline in vegetation cover is relatively modest
(around 10%). This would correspond with the fraction of SSA with “very severe” land
degradation symptoms in the GLASOD assessment of late eighties. However, it is unlikely
that any direct comparison between these two studies can in fact be made. It is more likely
that these areas are additive, as the very severely degraded land from the GLASOD study
would not likely show great further vegetation decline. The creeping additional loss of 10%
over the last 20 years of the past century, if the pace is not slowed, translates into serious
trouble for sub-Saharan Africa in the course of the current century.

It may be reasonable to assume that, when land degradation can be observed from space
through declining biomass production, particularly on agricultural land, the underlying
degradation processes must indeed be rather severe. Even though the extent of degradation
from this assessment appears modest, much more degradation is likely to be on-going
without being detectable (yet) with satellites. Moreover, land degradation on agricultural
land seems to be taking place in the most productive areas of sub-Saharan Africa,
threatening food production in the long run. Finally, this land degradation is happening
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against a background of increasing population and deteriorating climate conditions in a food
insecure part of the world.

This assessment can only be seen as a first approximation, and the maps and assessments
made here need further verification in the field. The analysis, in essence, is as good as the
underlying databases. However, as better data becomes available the analysis framework
proposed here allows for easy substitution of this information and rapid generation of a new
assessment. As it stands, the following conclusions can be drawn that affect the research
community:

e In the absence of any instruments for monitoring the rate of land degradation on the
ground in SSA, satellite-based systems offer the best hope for tracking the state of this
vital natural resource on this vast continent. A systematic research effort should be made
to verify the validity of the findings reported here and to refine the analytical tool and
interpretation of the results. As more and better data-bases are placed in the public
domain the current study should be updated periodically.

e The current mapping exercise should be used to identify application domains, areas with
common climatic, vegetation, physiographic and soil and land use characteristics that
appear to be threatened by human induced land degradation. Based on this
stratification, research organizations should be able to select pilot research sites where
in-depth research can be undertaken to assess the total cost of land degradation
(including the valuation of loss of ecosystem services) and design sustainable land
management options that will maximize social benefits from the use of the land.

e Research should be undertaken to study the institutional arrangements around land
access and tenure within the application domains in order to find means that will allow
sustainable land management systems to be established equitably. In some cases this will
be possible only through payment for ecosystem services (PES) for which the level and
beneficiaries need to be determined. The use of such instruments should be an integral
part of the strategy to preserve the land for future generations.

However, some of the regions identified in this study deserve immediate attention from the

donor community and policy makers:

e Identify those agricultural regions where soil and terrain conditions seem so
unfavourable that immediate action is required to restore the land to its natural
condition. Donor agencies could offer incentives that lead to vacating such lands by
offering alternative pathways out of poverty.

e Identify areas in the humid tropics where population pressures are low but NDVI
change is high as such areas are likely being deforested. Where this is taking place on
poor or unsuitable soil or terrain, these practices lead to denudation and should be
stopped as the land is of little agricultural use and restoration of such land is a very slow
process.

e Identify areas of favourable soil and terrain where population pressure is high and
degradation is in full progress. These likely are relatively resilient regions that have
served as breadbaskets of Africa and require immediate attention from the development
community. These are areas where fertilizer markets and land conservation measures
could function and are likely to be profitable.

It is likely that further conclusions can be derived from this analysis, but such would require
a modicum of ground-truthing of the findings presented here. A more detailed insight of
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what land degradation is happening and where may be obtained through the web-based
version of this study (www.zef.de) which includes a zoom function. This allows zeroing-in
on countries or parts of countries. It provides access to the respective data-bases that were
employed in this study so they can be called upon for further analysis by interested parties.
In a further step, it is planned to allow local experts to upload verification data and
degradation details so that, over time, a monitoring tool will be created to keep track of the
land in sub-Saharan Africa, on which the development of the sub-continent ultimately
depends.
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Appendix 1
Pre-processing time-series AVHRR-NDVI data of African continent (1982 - 2003)

1. Data source:

The normalized differenced vegetation index (NDVI) product for a period of 22 year spanning
from 1982 to 2003 was retrieved from the Global Inventory Modeling and Mapping Studies
(GIMMS), published by the Global Land Cover Facility (GLCF)
(http://glcf.umiacs.umd.edu/data/gimms/). The data set is derived from imagery obtained from
the Advanced Very High Resolution Radiometer (AVHRR) instrument onboard the NOAA
satellite series 7, 9, 11, 14, and 16. This is an NDVI dataset that has been corrected for calibration,
view geometry, volcanic aerosols, and other effects not related to vegetation change. The
GIMMS's data are downloadable via the FPT links:
ftp://ftp.glcf.umiacs.umd.edu/glcf/GIMMS/Regional/Albers/Africa/. The downloaded data are
signed 16-bit integer files, TIF format in Albers Equal Area Projection.

2. Processing steps:
1) Regional masking and boundary clipping:

We used ERDAS IMAGINE 8.3 to convert the TIF files (16-bit integer) to IMG files, then
converted the Albers Equal Area Projection to Geographic Projection (Long/Lat WGS 1984).

The spatial coverage of downloaded data still covers a part of the Middle East. This non-African
part was first masked, and then eliminated from the dataset.

2)  Pixel-based masking and fixing errors:

We conducted pixel-based masking and fixing of errors for original NDVI values according to the
GIMMS guide
(http://glcf.umiacs.umd.edu/data/guide/technical/ GIMMSdocumentation NDVIe 8km rev4.pdf,
pp- 8-9). The signed 16-bit integer files above are referred to as the “raw” data.

In the “raw” data, pixels with a value of -10000 were converted to -0.1 (water), and pixels with a
value of -5000 were masked (null data). Raw pixels of -2000 are considered as missing data, thus
also masked as null areas.

To evaluate the quality of the raw data, FLAG value of a pixel was calculated as: FLAG = raw -
floor(raw/10)*10. The meaning of the FLAG index is as follows: FLAG = 6 (missing data), FLAG =
5 (NDVI retrieved from average seasonal profile, possibly snow), FLAG =4 (NDVI retrieved from
average seasonal profile), FLAG = 3 (NDVI retrieved from spline interpolation, possibly snow),
FLAG = 2 (NDVI retrieved from spline interpolation), FLAG = 1 (good value, possibly snow),
FLAG =0 (good value). Hence, pixels with FLAG > 1 were also masked as null data.

Lastly, we convert all remaining “raw” data to the standard NDVI (ranging from -1 to 1) using
the following formula: NDVI = fix (raw/10000)
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3. Description of final products:

1) Meta data:
Geographic projection (long/lat)
Datum: WGS 1984

Grid header:

ncols 953

Nrows 997

xllcorner -17.676018

yllcorner -35.004546

cellsize 0.072727272727273 (geographic degree, or equal to 8 km)

NODATA _value -9999
2) Temporal resolution: monthly (average of two archives a month)

3) Exported format: standard ArcInfo ASCII file (*.asc)
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Appendix 2
Pixel-based test of hypothesis concerning correlation coefficient

1. Theory

The correlation between X and Y can be measured by the Pearson’s coefficient Rxy

3 (X, = X)(Y, V)
V(X =X =YY

Suppose we want to test the hypothesis that the correlation of X and Y (Rv) is zero:
Ho: ny =0

Ry =

We can use Fisher’s transformation from Rxy to Z value that obeys normal distribution:
(1 +Ry )
1-R

Xy

Zzlln
2

The standard error of Z can be approximated to:

SE(Z) = —~

Jn-3

It follows that the test of hypothesis Ho is the ratio

to=Z | SE(Z)

which has a t-distribution with df = n-2. Suppose tad is the theoretical ration (obeying t-
distribution) at a confident level 1-a and the degree of freedom df, we can reject or accept
hypothesis Ho by comparing to and ta:
o If ltol> tadr : hypothesis Ho is rejected. This means the correlation coefficient is
significantly different from zero.
o If ltol< tadr: hypothesis Ho is accepted. This means the correlation coefficient is not
significantly different from zero.

2. Pixel-based application for inter-annual NDVI and rainfall data:

Let:  Xiis the mean annual precipitation (MAP), i = 1982 to 2002
Yiis mean annual NDVI, i = 1982 to 2002
df=21-2=19

For each pixel:

e Calculating Z, SE(Z) and the ratio to=Z / SE(Z)

o If ltol>to2s19 = 0.687 then the calculated Ruy is significantly different from zero at the
confident level of 75%.

o If [tol>to119=1.328 than the calculated Rxy is significantly different from zero at the
confident level of 90%.

o If [tol> toos19 =1.729 then the calculated Rxy is significantly different from zero at the
confident level of 95%.
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This computation was done using matrix algebra in Spatial Analyst module (an extension of
ArcView GIS 3.2).
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Appendix 3
Pixel-based test of hypothesis concerning slope coefficient in simple linear repression

1. Theory

Assuming X and Y have a stochastically linear relationship:
Y=AX+B+e¢

where: A- slope B-intercept ¢ —random error/disturbance

We thus define:
Sxx = Z(Xi _Y)z
S, =Y, =Y)?
Sy =2 (X = X)(Y, =Y)

Hence, the least square estimator for slope A and intercept B are:

slope: A, = zxy and intercept B = Y - Aca|Y
The coefficient of determination isxxgiven by:
RZ — szy
SS W

The residual sum of squares is given by:

RSS =S,,(1-R?)

Suppose we want to test the hypothesis that the true value of A is zero:
Hoe:A=0

It follows that the test for significant of A is the ratio:

t — A\:al
° SE(a)

where SE(A) is the standard error of the slope coefficient:

SE(A) =Var(A) = Var(e)/S,,

The variance of error Var(e) can be unbiasedly estimated by:

RSS _ Syy - A:alsxy

Var(¢) = =

() n-—2 n-—2
. _ _ Syy - A?alsxy

Thus, we have: SE(A) = 1Nar(g)/sXX = W

Suppose fads is the theoretical ratio (obeying t-distribution) at a confidence level 1-a and a
degree of freedom df (known from f-table), we can reject or accept the hypothesis Ho by
comparing to and fodt:
o If ltol > taar: The hypothesis Ho is rejected. This means the calculated slope coefficient
is significantly different from zero.
e If ltol < taar: The hypothesis Ho is accepted. This means the calculated slope
coefficient is not significantly different from zero.
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2. Pixel-based application for inter-annual NDVI data:

Let:  Xiis considered year, i = 1982 to 2003
Yiis mean annual NDVI, i = 1982 to 2003
df=22-2=20

For each pixel:

e Calculating A, SE(A) and the ratio to=Z / SE(Z)

o If [tol> to2520=0.687 then the calculated Ac is significantly different from zero at the
confident level of 75%.

o If [tol> to120=1.325) then the calculated A« is significantly different from zero at the
confident level of 90%.

o If ltol> toos20=1.725 then the calculated A is significantly different from zero at the
confident level of 95%.

This computation was done using matrix algebra in Spatial Analyst module (an extension of
ArcView GIS 3.2).
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Appendix 4
Sources of data used for the study

Data

Hosting organization

Downloadable link

NOAA-AVHRR
(GIMMS) (8km x 8km)

NDVI

Gridded climate of the world
CRU TS 2.1 (0.5° x 0.5°)

Gridded population of the world,
version 3 (GPWv3)

Global land cover GLC2000 (1km
x 1km)

Global digital elevation SRTM
(Ikm x 1km)

Soil constraints from Global
Agro-ecological ~ Assessment
for Agriculture by IITASA-FAO
(0.5° x 0.5°, or 5 arc-minute x 5
arc-minute)

Global Land Cover Facility (GLCF)
at the University of Maryland
(http://glcf.umiacs.umd.edu/data/g
imms/)

Climate Research Unit (CRU) at
the University of East Anglia
(http://www.cru.uea.ac.uk/)
Center for International Earth
Science  Information  Network
(CIESIN) at Columbia University
(http://www.ciesin.org/)

Global Vegetation Monitoring
(GVM) Unit of the European
Commission’s  Joint  Research
Centre (JRC) (http://www-
gvm.jrc.it/glc2000/)

Global Land Cover Facility (GLCF)
at the University of Maryland
(http://glcf.umiacs.umd.edu/data/s
rtm/)

The International Institute for
Applied Systems Analysis (IITASA)
and the Food and Agriculture
Organization (FAO) of the United
Nations
(http://www.iiasa.ac.at/Research/L

ftp://ftp.glcf.umiacs.umd.edu/glcf/ GIMMS/Regional/Albers/Africa/

http://www.cru.uea.ac.uk/cru/data/hrg/cru ts 2.10/

http://sedac.ciesin.columbia.edu/gpw/continent.jsp?region=Africa

http://www-gvm.jrc.it/glc2000/ProductGL.C2000.htm

ftp://ftp.glcf.umiacs.umd.edu/glcf/SRTM/GTOPO/

Soil depth constraints:

http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate21.zi
Soil fertility constraints:
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate22.zi

Soil drainage constraints:
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate23.zip

UC/SAEZ/index.html)
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Soil texture constraints:
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate24.zip
Soil chemical constraints:
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate25.zip
Soil constraints combined:
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate27.zip



http://glcf.umiacs.umd.edu/data/gimms/
http://glcf.umiacs.umd.edu/data/gimms/
ftp://ftp.glcf.umiacs.umd.edu/glcf/GIMMS/Regional/Albers/Africa/
http://www.cru.uea.ac.uk/
http://www.cru.uea.ac.uk/cru/data/hrg/cru_ts_2.10/
http://www.columbia.edu/
http://www.ciesin.org/
http://sedac.ciesin.columbia.edu/gpw/continent.jsp?region=Africa
http://www-gvm.jrc.it/glc2000/
http://www-gvm.jrc.it/glc2000/
http://www-gvm.jrc.it/glc2000/ProductGLC2000.htm
http://glcf.umiacs.umd.edu/data/srtm/
http://glcf.umiacs.umd.edu/data/srtm/
ftp://ftp.glcf.umiacs.umd.edu/glcf/SRTM/GTOPO/
http://www.iiasa.ac.at/Research/LUC/SAEZ/index.html
http://www.iiasa.ac.at/Research/LUC/SAEZ/index.html
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate21.zip
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate22.zip
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate23.zip
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate24.zip
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate25.zip
http://www.iiasa.ac.at/Research/LUC/SAEZ/plates/zip/plate27.zip

