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Abstract

In semiarid regions the ratio of annual net primary production to precipitation, rain-use
efficiency (RUE), has been used as an index of desertification. In a recent publication
(Hein & de Ridder, 2006) it was proposed that an incorrect understanding of the
relationship between RUE and rainfall has led to a misinterpretation of the satellite
record of desertification in the African Sahel. Here, we examine this suggestion and show
that, contrary to Hein and de Ridder’s statement, satellite studies of Sahelian RUE have
reported increases, decreases, and constant values since 1981. Furthermore, we find that
data do not support their proposal that RUE increases with rainfall, even in nondegraded
areas. Hence we reject their corollary, that constant RUE is prima facie evidence of
desertification. The fundamental difficulty with the use of RUE for detection of
desertification remains, that is the difficulty of estimation of the RUE for nondegraded
land at a regional scale.
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Introduction

Several authors have concluded that the ratio of net
primary production (NPP) of vegetation to rainfall
[rain-use efficiency (RUE)] in the semiarid African Sahel
does not indicate widespread desertification during the
1980s and 1990s (Nicholson et al., 1998; Prince et al.,
1998) (the term desertification is used interchangeably
with degradation following UNCCD, 1994). This view is
challenged by Hein & de Ridder (2006) on the basis of
the following claims. (1) Ecological theory indicates that
RUE decreases as rainfall declines relative to the long-
term mean for a site. (2) RUE calculated using satellite
measurements of NPP have not found the increase in
RUE that would be expected because of the general rise
in rainfall in the Sahel over the past 20 years. (3) The
invariant RUE should be reinterpreted, not as evidence
for lack of degradation, but rather that there has been
widespread degradation in the Sahel. The first proposition
is incorrect as it is based on the use of total rainfall
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rather than available soil moisture (sometimes called
effective rainfall) and, furthermore, the behavior of RUE
as rainfall declines is subject to large errors owing to the
uncertainty of its value close to zero rainfall. The second
proposition is incorrect as satellite studies of the Sahel
of the past 20 years have found areas where RUE has
increased, as well as areas with constant and decreasing
RUE. The rejection of propositions 1 and 2 leads to the
rejection of the third, and so we find there is no basis to
reconsider the conclusion that RUE indicates no wide-
spread desertification in the Sahel since the beginning
of the satellite record in 1981.

Relationship between satellite observations of RUE and
rainfall

In satellite studies of NPP and rainfall in semiarid
regions it has often been noted that the RUE declines
above a high threshold rainfall (e.g. 800mm in the
tropics, lower in winter rainfall regions), as indicated
by the decline in the slope of a regression fitted to the
data shown in Fig. 1. The relationship between rainfall
and available moisture changes as the proportion lost to
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Fig. 1 Average normalized difference vegetation index (NDVI)
for growing season and rainfall for the Sahel from 1980 to 1994 at
rain gauge stations. The same Sahel regional boundaries were
used as in Anyamba & Tucker (2005). Net primary production
(NPP) was calculated using the regression equation NPP
(Mgha'yr) =[(0.114 x average NDVI x 123d)—0.086] from
Prince (1991). Note that there is no evidence at low rainfall for
a nonlinear relationship of NPP and rainfall. The expected
saturation at high rainfall occurs above approximately 800 mm.
These data also show that, at zero rainfall, NDVI is often
negative, and that zero NPP occurs when rainfall is still above
Zero.

runoff progressively increases. Moreover, satisfaction of
the water requirement probably leads to limitation by
other factors such as nutrition, as expressed by the law
of limiting factors (e.g. Nicholson et al., 1998; Prince
et al., 1998; Paruelo et al., 1999). However, high rainfall is
much more localized than low rainfall and so the high
totals at an individual station may not be representative
of the conditions in the large area corresponding to a
coarse resolution satellite measurement of NPP.
Neither NPP nor available soil moisture can be mea-
sured accurately at very low rainfall, yet slight errors in
these lead to dramatic changes in RUE. In studies that
use satellite data, available soil moisture is often as-
sumed to be the intercept of NPP on the rainfall axis
obtained by extrapolation of a regression line calculated
between rainfall and NPP estimated by satellite mea-
surements of the seasonal sum of the normalized dif-
ference vegetation index (NDVI) at higher rainfall (e.g.
Huxman et al., 2004) or it is assumed to be the same as
rainfall. However, the relationship between available
soil moisture and total rainfall depends on many local
environmental factors, such as within-season distribu-
tion of rainfall (e.g. Martiny et al., 2006), rainfall rates,
infiltration rates, and soil water retention, and also on
plant factors such as increases in the ratio of evapora-
tion to transpiration, reduced plant water-use efficiency
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at higher temperatures, thresholds in soil moisture
required for growth initiation, and nonlinear responses
of photosynthesis and leaf tissue mortality to water
stress — variables that cannot be measured over large
areas. Except for transient high and low rainfall events
(Goward & Prince, 1995; Prince et al., 1998, Huxman
et al., 2004), we are not aware of any ecological reasons
for a fall in RUE at low rainfall if, (1) NPP is measured
accurately, (2) available soil moisture is used in the
calculation and, (3) potential physiological differences
are considered.

The fall in RUE as rainfall declines presented in Hein
and de Ridder’s Fig. 1 may not represent any funda-
mental ecological process, as it would occur simply
because rainfall rather than available soil moisture was
used in their calculation. A similar effect arises if un-
transformed NDVI is used as a surrogate for NPP, as bare
ground generally has NDVI>0. The differences between
rainfall and available soil moisture and between zero
NDVI and NDVI at zero NPP lead to meaningless
tendencies of RUE to zero or infinity. The effect depends
on how accurate are the measures NPP and available soil
moisture. NPP with total rainfall causes RUE to tend to
zero at low rainfall, while an overestimate of NPP (e.g.
using untransformed NDVI) results in RUE tending to
infinity. Thus, the declines in RUE with rainfall that are
the basis of Hein and de Ridder’s re-interpretation could
occur for a mathematical reason without any interaction
between rainfall and NPP. For their ‘satellite’ RUE, Hein
and de Ridder do not say which offsets, if any, were
applied. Many studies have shown that RUE calculated
with the appropriate offsets is constant at low rainfall
(Prince et al., 1998).

Hein & de Ridder (2006) propose that RUE should
follow a quadratic relationship with rainfall and they
present field data from six sites in support of this.
Unfortunately, each site has only between seven and
17 points and, in several, the RUE for high and low
rainfall depends on single observations, so the fitted
curves inevitably have very wide confidence limits that
prevent useful comparisons of linear and quadratic
regressions. Inclusion of years with high rainfall, sig-
nificantly above the range considered here, is a justifi-
able reason for the use of a quadratic, but this forces
nonlinearity on the low rainfall end which is not sup-
ported by the data. Moreover, because RUE is a ratio of
NPP to rainfall, it is not independent of rainfall and so
regression of RUE on rainfall violates the requirement
of independence. This dependency does not occur if
NPP is regressed on rainfall rather than RUE (Fig. 1)
(Tucker et al., 1991a; Prince et al., 1998). When the six
data sets used by Hein and de Ridder were reanalyzed
by regressing NPP on rainfall, no convincing evidence
of an improvement of a quadratic over linear regression
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was found (Table 1) beyond the improved fit provided
by the extra regression term. Thus, there is no reason to
conclude that there is any reduction in RUE at low
rainfall.

Effects of interannual variation in rainfall

The ecological arguments advanced in support of Hein
and de Ridder’s proposed relationship between NPP
and rainfall are entirely reasonable as far as they go, but

Table 1 Regression analyses of NPP on rainfall for the six
sites used by Hein & de Ridder (2006)

Regression model
Site (number of

observations) Statistic Linear Quadratic
South Africa (17) R? 0.7201 0.7208

Constant ns ns

x * ns

12 ns
Negev (11) R? 0.7260 0.7474

Constant ns ns

X * ns

x? ns
Kuwait (10) R? 0.8900 0.8956

Constant ns ns

X * ns

x? ns
Chubut (10) R? 0.0759 0.2938

Constant ns ns

x ns ns

x? ns
Ferlo (10) R? 0.6906 0.8046

Constant ns ns

x *3% *

x? ns
Gadabedji (7) R? 0.5946 0.8000

Constant ns ns

X * ns

x? ns

RUE and rainfall were estimated from their Fig. 1 and used to
calculate NPP. The regression R, the significance of the con-
stant, linear (x), and quadratic (x?) rainfall terms are shown
(ns, not significant, *P <0.05, **P <0.01). The highest rainfall
points were omitted for the Ferlo, South Africa, and Chubut
sites because the aim was to compare the regressions at low to
median rainfall and these points had approximately twice the
mean rainfall. There was no convincing evidence that a quad-
ratic is any better than a linear model. The similarity was
increased when the regressions were forced through the
origin. Note that the data Hein and de Ridder used for the
Ferlo site are said by their source Miehe (nee Klug) (2006) to be
incorrect, and the data for Gadabedji were not found in the
source cited by Hein and de Ridder Wylie et al. (1992).

RUE, rain-use efficiency; NPP, net primary production.

they omit other effects such as interannual and seasonal
variability in rainfall that can completely alter the
relationship of NPP and rainfall between successive
years. Both temporal and spatial variations in rainfall
are normal in semiarid areas including the Sahel; coeffi-
cients of variation between 30% and 40% are common
(Nicholson, 1996, 2001; Le Barbe & Lebel, 1997), and up
to 90% has been reported. In fact a high coefficient of
variability is a better way than a rainfall range to define
the Sahel (Tucker et al., 1991b). The effect of such
variability is that there is often an increase of RUE in
a dry year following a wet one, and a decrease in RUE
in a wet year following a drier one (Prince et al., 1998;
O’Connor et al., 2001; Wessels et al., 2007). One explana-
tion of this pattern is that there is a lag in the response
of the vegetation to changes in rainfall, so that NPP in
1 year is partly affected by rainfall in previous years
(Goward & Prince, 1995; Oesterheld et al., 2001;
Huxman et al., 2004; Wiegand et al., 2004). RUE aver-
aged over very large regions such as the entire Sahel
(Nicholson et al., 1998) and over multiple years (Prince
et al., 1998) generally exhibits less variability, but some
studies in regions where the coefficient of variation of
annual rainfall is especially high have not found a
stabilizing effect of multiyear averages (Wessels et al.,
2007).

Changes in RUE in the Sahel

Hein and de Ridder are incorrect in their statement that
satellite data indicate constant values of RUE (‘remote
sensing did not detect any significant change in the
rain-use efficiency in the Sahel in the period 1980-
2000’), but do not give the source of the constant
satellite RUE in their Table 1, and so it cannot be
evaluated. Prince et al. (1998) state: ‘the ... regression
(RUE on year) ... showed significant increases in RUE
through the 9 year sequence (P <0.005)" (Fig. 2), further-
more, Herrmann ef al. (2005) show that this trend has
continued to present, that is over 22 years. In a study of
a longer period in the Sahel, using complete spatial
coverage (Fig. 3), we found areas with declining, con-
stant, and increasing RUE in agreement with other
studies of the region (e.g. Herrmann et al., 2005).

Discussion

The concept behind RUE is that, in dry regions, annual
NPP is primarily determined by annual rainfall because
of a correlation between rainfall, available soil moisture,
and vegetation production (Farrar ef al., 1994; Prince
et al., 1998). Only at rainfall amounts above normal do
other resources such as nutrients and light affect NPP.
Rainfall is, in effect, used as a surrogate for potential
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NPP that can be compared with the actual, measured
NPP. In degraded conditions it is further supposed that
RUE falls (Diouf & Lambin, 2001) because of changes in
the correlation caused, for example, by lower infiltra-
tion, increased evaporation, reduced water holding
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Fig. 2 Annual rain-use efficiencies (RUE) for 214 sites in all
Sahelian countries grouped by long-term (1961-1990) rainfall
means. Regressions fitted to the individual data sets and to the
ensemble all showed significant increases in RUE through the
9-year sequence (P <0.05). Figure reproduced from Prince et al.
(1998).
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capacity, loss of organic matter, erosion, or depletion
of the seed bank (Prince et al., 1998). The onset of
degradation can be expected to take longer than short-
term fluctuations in rainfall and so studies need to
extend over appropriately long periods (Prince, 2002).

In order to detect degradation using RUE there has to
be a reference value for the non-, or less-degraded
condition. Hein and de Ridder’s criterion (lack of in-
crease in RUE with rainfall) is based on an incomplete
model of rain and RUE. No methods are proposed by
which a reference RUE might be established, and so
there is no foundation on which to state that the RUE
for the Sahel indicates extensive degradation. It is
possible to infer the nondegraded RUE from sites that
share all the same conditions such as soils and vegeta-
tion but are known not to be degraded (Diouf &
Lambin, 2001; Prince, 2004). A fundamental difficulty
in this approach, however, is to identify such nonde-
graded sites at the appropriate time and space scales
(Wessels et al., 2007). Prince (2004) describes a techni-
que, called local NPP scaling, in which the maximum
NPP found in strata defined by climate, soils, and
vegetation type is used to estimate the nondegraded
NPP in that stratum. In the absence of reference sites,
however, RUE can only be compared with itself noting,
for example, any interannual trends.

A method that identifies interannual trends using
deviations from the regression of NPP on rainfall for

]
don ¥

Fig. 3 Interannual residual trends in deviations of normalized difference vegetation index (NDVI) from the expected values indicated
by annual rainfall (Wessels et al., 2007). For each pixel, annual NDVI was regressed on annual rainfall for all years [i.e. the mean rain-use
efficiency (RUE) for the pixel] and the deviation of the NDVI for each year from the regression was calculated. These deviations were
regressed on year and the slope for each pixel is mapped. Hyperarid and humid zones are masked in tan and light green, respectively.
Pink, white, and light green indicates areas where the regression of NDVI deviations on year were not significantly different from zero
(P<0.05). Red indicates pixels that had a significant decline (negative deviations) and dark green pixels had a significant increase
(positive deviations). Thus, during the 19-year period 1981-1999, RUE was constant in all except red and dark green areas. Spatially
smoothed Global Precipitation Climatology Project data and maximum-value composited 15-day NDVI from Tucker ef al. (2005) were

used.
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the nondegraded condition is described by Evans &
Geerken (2004) and Wessels et al. (2007) (Fig. 3). Con-
sistent negative trends in the deviations through time
may indicate degradation, and positive trends recovery.
The relationship of NPP and rainfall for nondegraded
sites is estimated using a best fit to the entire time series
thus the difficulties in estimation of NPP at low rainfall
are avoided. While the results can be misleading for
sites that were degraded before the time series started,
the procedure does identify areas for more detailed
examination. In an application of this method to the
Sahel (Fig. 3), the greater part of the region had no
significant trend and was, therefore, unlikely to be
undergoing desertification during the period of obser-
vations. Small areas, for instance in central Senegal,
southern Chad, and central Sudan, had negative trends
that may indicate active degradation while larger areas,
such as central Chad and eastern Sudan, had evidence
of recovery. By far, the greater part of the Sahel had no
significant trends, a finding that does not support Hein
and de Ridder’s reinterpretation of the satellite record.
Retzer (2006) also cast doubt on the reinterpretation, in
their case by showing that nonequilibrium vegetation
dynamics could account for Hein and de Ridder’s
results.

Biogeochemical modeling (e.g. Penning de Vries &
Dijiteye, 1982; Ellis & Coughenour, 1998; Parton et al.,
2004; Tracol et al.,, 2006) is needed to account for
correlations of rainfall and NPP. Key factors to consider
include precipitation (seasonal distribution, phenology
of vegetation, rain rate, antecedent rainfall, runoff,
infiltration, crusting, water content-available soil moist-
ure relationship), net production (annual and perennial,
species composition, above- and belowground, lags in
seed, and bud banks), and other factors (mineral nu-
trient limitation, erosion, trampling leading either to
compaction and increased runoff or breakage of biolo-
gical crust and shallow infiltration with subsequent loss
by evaporation, salinity) (O’Connor et al., 2001). Were
appropriate models to be parameterized for areas from
field sites of a few hectares to multiple satellite pixels
(10-100km?), and for within-season time periods to 20
years, it may be possible to advance beyond correlation
to account for the patterns found in remotely sensed
measurements (Niemeijer & Mazzucato, 2002; Retzer,
2006).

New types of remotely sensed data, for example
rainfall (Funk et al., 2003; Dinku ef al., 2007), soil
moisture (phased array type L-band synthetic aperture
radar), vegetation cover (advanced land imager), and
the sensor suite planned for NPP (NPOESS Preparatory
Project), that have recently become available or are
planned for the near future, can be expected to allow
more sophisticated rainfall-NPP models to be used at a

regional scale and with higher spatial resolution. These
measurements will still need to be combined, however,
with soil and vegetation studies on the surface (Nie-
meijer & Mazzucato, 2002).

Nicholson et al. (1998) and Prince et al. (1998) base
their conclusions, that there is no evidence for dramatic
degradation in the Sahel, on the lack of a downward
trend in RUE from satellite observations over the 12 and
9 years that were analyzed, respectively. The results in
Fig. 3 and Herrmann et al. (2005) provide further
evidence. As we found no widespread decline in
RUE, nor downward trends in deviations from longer-
term RUE, we do not find any evidence in support of
Hein and de Ridder’s proposed relationship between
low rainfall and RUE, and therefore no basis on which
to reinterpret the conclusions of studies of RUE in the
Sahel.

Conclusions

The uncertainties that arise from the inclusion of a
constant in calculation of RUE, the use of an inappropri-
ate-dependent variable (RUE), the lack of information
on the NPP at very low rainfall, and the probable
overfitting of the regressions as a result of the use of a
second-order polynomial regression, seem the most
likely explanations of Hein and de Ridder’s results.
These, together with a mistaken reading of published
time series of RUE for the Sahel, seem to have led to
their misinterpretation of RUE evidence.
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