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Fig. 4. The average change (mean + s.e.) in woody (black), grass (grey) and forbes (white) cover at four sites
along the Kalahari Transect.

between light and moisture availability
along the transect.
The density of woody plants varied
from over 950 stems/ha in Mongu to 181
stems/ha at Tshane, but neither stand basal
area nor stem density varied linearly with
mean annual rainfall (Table 4). Woody
species richness declined southwards
across the moisture gradient from 38
species/10 ha at Pandamatenga to 17
species/10 ha at Tshane. Grass and forb
cover was highly variable along the
transect (Fig. 4), suggesting that local
conditions, especially relative intensities
of livestock grazing and trampling,
determine the patterns.

Canopy structure
Leaf area profiles derived from stem
map data collected at four sites along the
gradient (Fig. 5) show marked changes in
the both the height and distribution of

leaves in the vegetation canopy. Patterns
are typical for the range of vegetation
types observed, with a distribution characteristic of woodland vegetation types in
the north, and a typical savanna–shrub
profile in the southern site.
General trends in the structure of the
woody vegetation, as determined from
Tracing Radiation and Architecture of
Canopies (TRAC instrument; 3rd Wave
Engineering, Ontario) data are shown in
Fig. 6. TRAC measures the frequency and
size of sun flecks along a grid line.19 The
data allow accurate estimation of Plant
Area Index [PAI (m2/m2), one-half the sum
of the area of all plant material] by compensating for canopy clumping (nonrandomness). Results show that the
overstorey PAI decreased by about 1.5
units (from 2.2 to 0.6) along the rainfall
gradient. Likewise, the Mean Contact
Number (S), which indicates the effective

Fig. 5. Distribution of leaves in the canopy at four sites along the Kalahari Transect.
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number of contacts with plant material
made by photons travelling along the
solar beam, decreased by about 50%
along the transect as canopy cover decreased. The clumping parameter, a metric indicating the deviation in the spatial
distribution of the canopy from a random
distribution (<1 = fully clumped, 1 = perfectly random, >1 = regularly spaced), was
fairly consistent (0.7 < S < 0.76 except for
Okwa). This quantifies the overstorey
discretization characteristic of savanna
systems. The Okwa site was a consistent
outlier in these results, but the shrubby
structure of the vegetation at the site was
not well suited to TRAC sampling at waist
level.
The structural data collected during the
March 2000 campaign is the most comprehensive near-synoptic data archive yet
collected over the KT. Extensive comparative and correlative analyses are under
way, as are scaling and validation studies
involving satellite products. These studies should provide further insight into
canopy resource allocation in a largely
water-limited environment, vegetation
succession, and relationships between
structure and canopy spectral reflectance
as measured by satellite.

Carbon and nitrogen cycling
Soil carbon and the C:N ratio decreased
from north to south as the environment
became drier. Soil ammonium and nitrate
concentrations were highest at the Kataba
forest site in Mongu and beneath tree
canopies, while concentrations at the four
other sites did not differ significantly20
(Fig. 7). Symbiotic N fixation is almost
absent in arid areas, even though the
dominant woody species are in the potentially N-fixing subfamily Mimosoideae,
and a shortage of available phosphorus
may be the limiting factor. Soil NO emissions increased with temperature and soil
moisture, although the response differed
across the five sites. There did not appear
to be a clear trend in estimated NO fluxes
from north to south as daytime fluxes
were highest at Pandamatenga. When the
daily fluxes were plotted against the
actual soil moisture at the time of the
campaign, however, the NO fluxes were
shown to decrease with soil moisture.21
Nitrogen is more 15N enriched in arid than
in humid areas, indicating higher losses
or lower inputs, relative to turnover as
precipitation decreases.21 The lower organic matter and N fixation in arid areas
can explain the high *15N, and seem to
have a stronger effect than NO emissions,
although other soil N emissions could
also affect the isotopic signatures.
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Fig. 6. Plant area index (black), mean contact number (grey) and the clumping parameter (white) for the vegetation along the Kalahari Transect.

Fig. 7. Mean (± s.e.) soil ammonium (black) and nitrate (grey) concentrations along the Kalahari Transect (taken
20
from Feral et al. ).

Aerosol optical thickness
Figure 8 shows a time series of instantaneous measurements of aerosol optical
thickness (AOT) at 340, 440, 675 and
870 nm in Maun during the KT wet season
campaign. The measurements were taken
with a Microtop II hand-held sun-photometer at intervals of 30 min between 06:00
and 15:30 GMT for three days (7–9 March
2000). The measurements show the
spectral AOT of the total air column of the
atmosphere, which in turn indicates
the aerosol loadings in the air column.
The data for the Maun site show relatively

high AOT on 7 and 8 March but lower
values on 9 March, possibly because of a
change in atmospheric circulation. These
data are being used to correct the remote
sensing data atmospherically, as well as to
understand the magnitude and angular
distribution of spectral irradiance.
Skukuza flux tower
Eddy covariance measurements of the
fluxes of CO2, water (LE) and energy (H)
began at Skukuza in April 2000. With the
exception of data breaks during periods of

Fig. 8. Time series of instantaneous measurements of aerosol optical thickness (AOT) at 340, 440, 675 and
870 nm in Maun, Botswana, during the Kalahari Transect wet season campaign, from 7 to 9 March 2000.
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power or instrument failure, fluxes and
associated micrometeorological, soil and
canopy profile measurements are continuous, with 30-min averaging. Rainfall in
the 1999–2000 rainy season (1260 mm)
was more than double the average for
Skukuza (550 mm). As a result, the growing season was unusually extended and
net primary production was high, particularly in the herbaceous layer. Flux
measurements for three example days
spanning the period from the end of the
wet season to the beginning of the dry
(April–June 2000) are shown in Fig. 9. As
expected, the CO2 and LE fluxes declined
into the dry season while the Bowen ratio
(H/LE) increased. Sensible heat flux
remained relatively constant, however,
because increased partition of available
energy to H is offset by the reduction in
available energy with the onset of the
southern hemisphere winter.
Next steps
The KT campaign resulted in a rich data
set for the relatively data-sparse Kalahari
region. Some of the first leaf- and
canopy-level flux and conductance measurements for the region were obtained.
Information about canopy structure was
rigorously measured at multiple spatial
scales. The 2001 campaign provided
further information on the Skukuza and
Maun sites in terms of canopy fluxes, as
well as a more complete and coherent
understanding of biogenic VOC fluxes.
The data from both campaigns will be
used to calibrate and validate models of
the structure and function of the land
surface, and associated biogenic emissions, in southern Africa. These models, in
turn, will form part of an integrated
model of the land-human-atmosphere
system in southern Africa. SAFARI 2000
data are also being used to validate the
operational remote sensing algorithms
and products, especially leaf area index,
fractional photosynthetically active radiation, and net primary productivity, developed in the EOS programme. These are
potentially useful results for measuring
plant production on a landscape scale,
and for assessing the extent to which
production potential has been disturbed
directly or indirectly by human activities.
MODIS validation studies based on
SAFARI 2000 data will be reported in a
forthcoming special issue of Remote
Sensing of Environment.22
Data analysis is under way and will be
reported in the scientific literature and
through conference reports. A suite of
papers, particularly on the Kalahari work,
is being prepared for a special issue of
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Fig. 9. CO2 flux (a), latent heat flux (b), sensible heat flux (c) and daytime Bowen ratio (d) measured from the
tower at Skukuza on 13 April (squares), 13 May (triangles) and 20 June 2000 (circles).

Global Change Biology. In July 2001,
SAFARI 2000 scientists presented posters
at the IGBP Open Science Conference in
Amsterdam. The first SAFARI 2000 preliminary data workshop was held in
Siavonga, Zambia, and the project had a
special session at the Fall AGU meeting in
December 2001 in San Francisco, where
approximately 40 papers and posters on
the first results were presented. A special
issue of the Journal of Geophysical Research
is expected by the end of 2002. (For
updates, see SAFARI 2000 website http://
www.safari.gecp.virginia.edu or http://
safari2000.org.)
The data collected in these campaigns
are being distributed through the SAFARI
2000 Regional Data Centre (http://safari
2000.org) in cooperation with NASA.
Associated satellite and ancillary data are
available on the first SAFARI CD-ROM,
released in August 2001. A second CD is
being prepared. Data are available online
to those who register with the Regional
Data Centre and agree to the terms set out
in the project’s data policy.
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