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Abstract

We present a study of soil organic carbon (SOC) inventories and 6"*C values for 625 soil
cores collected from well-drained, coarse-textured soils in eight areas along a 1000 km
moisture gradient from Southern Botswana, north into southermn Zambia. The spatial
distribution of trees and grass in the desert, savannah and woodland ecosystems along
the transect control large systematic local variations in both SOC inventories and §"C
values. A stratified sampling approach was used to smooth this variability and obtain
robust weighted-mean estimates for both parameters.

Weighted SOC inventories in the 0-5 cm interval of the soils range from 7mgem ™ in
the driest area (mean annual precipitation, MAP = 225mm) to 41+12mgem ™~ in the
wettest area (MAP = 910 mm). For the 0-30 cm interval, the inventories are 37.8mgem ~°
for the driest region and 157+33mgem  ~ for the wettest region. SOC inventories at
intermediate sites increase as MAP increases to approximately 400-500 mm, but remain
approximately constant thereafter. This plateau may be the result of feedbacks between
MAF, fuel load and fire frequency.

Weighted 6"°C values decrease linearly in both the 0-5 and 0-30 cm depth intervals as
MAP increases. A value of =17.5+1.0% characterizes the driest areas, while a value of
— 254+ 0.7% characterizes the wettest area. The decrease in §°C value with increasing
MAP reflects an increasing dominance of C; vegetation as MAFP increases, SOC in the
deeper soil (5-30cm depth) is, on average, 0.4+0.3% enriched in “C relative to SOC in

the 0-5 cm interval.
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Introduction

One of the major terrestrial reservoirs of carbon is the
soil organic carbon (SOC) pool, amounting to approxi-
mately 1500 Pg of carbon. This is between one-half (e.g.
Townsend et al., 1995) and two-thirds (e.g. Trumbore
et al, 1996) of the total terrestrial carbon pool and
therefore the SOC pool plays an important role in
modulating anthropogenic changes to the global carbon

cycle.
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The inventory of SOC in any soil profile is deter-
mined by the complex interplay of many factors
including climate, soil texture, land use, fire frequency
and topography (Bird et al, 2001). In order to better
understand these interactions, there is considerable
need for observational studies of the SOC pool,
conducted using techniques designed specifically o
provide data at the large spatial scales appropriate to
the modelling of global scale phenomena. This study
uses a stratified sampling approach to examine the
relationship between mean annual predpitation (MAP),
S0C inventories and the 8'7C value of SOC on a
muoisture gradient through Botswana and into southern
Zambia, through a range of desert, savannah and forest
biomes.

The stable isotopes of carbon (o1, expressed as a

A13C value) represent one of the most direct tracers for



the global cycling of carbon between the geological,
terrestrial, marine and atmospheric reservoirs, and the
many smaller reservoirs of carbon within each of these
four broad subdivisions. Because the SOC pool inte-
grates the isotopic signature of local vegetation over
several to many years, it potentially provides the best
integrated measure of the carbon isotope composition
of regional biomass, if this signature can be adequately
isolated from the isotopic effects associated with
degradation (e.g. Agren et al, 1996) and the terrestrial
‘Seuss effect” (Bird et al., 1996; Fung et al., 1997). An
improved knowledge of controls on the distribution
of the isotopes of carbon within the SOC pool can be
used to:

(i) provide Hghter constraints on the magnitudes and
sources of CO; released to the atmosphere and the
tate of CO, sequestered from the atmosphere (Ciais
et al., 1995; Fung ef al,, 1997; Bakwin ef al.,, 1998;
Battle et al., 2000).

(ii) assist in better understanding the environmental
controls on the distribution and productivity of C;
and C; biomass in the modern environment.

(iii) enable more reliable reconstructions of the past
environment using the carbon isotope composition
of modern soils, paleosols, phytoliths, soil carbo-
nate, guano deposits, fossil material and so forth.

In the tropics and sub-tropics, precipitation exerts a
major control on both the inventory of SOC and its aC
value, by controlling type and amount organic carbon
input to the soil from standing biomass. Where
precipitation is low, carbon inventories are low, and
C, plants, mostly grasses, are favoured (6"°C of bulk C,
planl matter =— 11%a to —13%a). As precipitation rises,
carbon inventories rise, while the 3°C value of SOC
decreases as a result of increasing carbon inputs to the
soil from trees and shrubs that utilize the C; photo-
synthetic pathway ("C of bulk C3 plant matter =
— 5% to —27%).

A major consideration in any study of mixed C3/Cy
ecosystems must therefore be that the distribution of
SOC and its #C value is determined by the usually
heterogeneous distribution of C; and C, vegetation in
the landscape (e.g. Bird & Pousai, 1997; Bird et al., 2000).
In order to overcome the difficulty of spatal hetero-
geneity, this study utilizes a stratified sampling
approach that divides the landscape into areas cur-
rently dominated by C; or C4 vegetation, and sepa-
rately samples these areas. Analyses of these separate
samples are then weighted according to the proportion
of C; and C,; vegetation cover present in the area to
provide a weighted inventory and 8"C value for SOC
(see Bird ef al., 2001 for discussion).

Study area and samples

This study was conducted at sites spread over
approximately 1000 km, from the south-western corner
of Botswana, to the northernmost corner of Botswana,
and on into southern Zambia at Mongu (Fig. 1). There is
a modest increase in mean annual temperature (MAT)
from 20.0°C in the south to 23.2°C in the north, but a
strong gradient in MAFP from 225mm in the south to
920mm in the north. As a result of this gradient in
precipitation, vegetation changes from arid shrub
savannah in the driest areas to dry deciduous forest
{miombo) in the wettest northern areas (Fig. 1; Weare &
Yalala, 1971).

The transect passed through the Okavango delta
(OKA). This area, although experiencing a MAP of
450mm, is inundated by floodwaters derived from
Angopla, and flooding occurs in the local dry season.
Thus, there is abundant water available for uptake by
vegetation year-round, compliating the otherwise
simple moisture gradient from south to north.

Soil texture exerts considerable confrol on both the
inventory of SOC in a soil and the 83C value of SOC,

mainly through interactions between fine soil particles
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Fig. 1 Location of regions sampled for this study, and vegeta-
tion along the transect sim plified from Weare & Yalala (1971): (1)
arid shrub savannah, (2) southem Kalahari bush savannah, (3)
central Kalahard bush savannah, (4) northern Kalahari tree and
bush savannah, (5) tree and tree /bush savannah (various types),
(6) Okavango delta swamp grassland Sample sites: WEL =
Welverdein; DIK = Dikbos; SEK = Sekoma; MAU =Maun;
OKA = Okavango; SCH =5outh Chobe; NCH = North Chobe;
MON = Mongu.



and degrading SOC (e.g. Parton et al., 1987). In order to
minimize the effects of soil texture, sampling was
limited to topographically high locations on the sand
plains and sand ridges that are widespread throughout
the region (Joshua, 1981; Soil Survey Advisory Services
Project, 1991). The sands range from medium to coarse-
grained, loose to compacted. They are usually grey-
brown to red-brown in colour with little or no
differentiation of horizons over the 3 cm interval
sampled. A litter layer was usually very sparse or
absent. Areas of apparently intense land-use (mostly
grazing) were avoided during sampling.

A previous study has examined S0OC abundances
along a transect through similar locations in Botswana
(Ringrose et al., 1998). These authors defined an erratic
increase in carbon abundance in both surface soil and
‘deep’ soil (~10em depth) from <0.1% C in the south
to and average of ~0.35% C in the north. Unfortu-
nately, this study presented only carbon abundances,
and without mformation on soil densifies, it is not
possible to convert the results to inventories. There was
also no attempt to constrain soil type, or sampling
locations with respect to the local distribution of trees
and grass, making comparison with the results of the
current study difficult.

Experimental methods

Field methods

Sampling was conducted over several short periods
between April 1999 and 2000. A complete set of
samples from two depths were collected, the (-5cm
interval and the 0-30cm interval. In some cases, the
deeper samples were collected from 5 to 30cm, but in
such cases the results have been recast to a uniform
data set for 0-30cm.

Separate samples were collected from beneath trees
(designated —T; tree) and away from trees (designated -G

Table 1 Summary of site information (for locations see Fig, 1)

grass). The —T samples were wllected at half-crown-
distance from local trees, while the — G samples were
collected from Ipcalities approximately equidistant from
the trees in the area and between tussocks of grass. In
areas where the crowns of the trees overlapped, the
—G samples were collected at the centrepoint relative
to the surrounding tree trunks and the —T samples
were collected halfway between this centrepoint and
the tree, but never closer to the tree than one metre. The
purpose of the —T and — G samples is to encompass
the likely maximum and minimum carbon contents and
#13C values at each sample locality (see Bird et al., 2001
for further discussion).

For the 0-5cm -T and -G samples, three cores for
each sample were taken to smooth out local hetero-
geneity. Single -T and -G cores were taken from the
0 to 30cm interval at each locality. All bags were sealed
after collection to prevent moisture loss. A visual estimate
of gown cover was made at each location to allow
weighted carbon densities and VC values to be calculated
from the carbon densities of the -G and -T samples.

A single sample locality is thus represented by six
cores from the 0 to 5 cm interval and two cores from the
0 to 30cm interval, generally collected within a 50m
radius of each other. A single transect comprises five
such locations over a horizontal distance of kilometres
to tens of kilometres. In some cases, only a single
transect was collected from a climate region (WEL, DIK,
NCH). In cases where up to five transects were collected
from a single climate region, a measure of variability is
possible from standard deviation of results from the
transects. In total, 625 individual soil cores were
collected from 25 transects along the climate gradient
from WEL in the south to MON in the north (Table 1)

Laboratory methods

The samples were first weighed in their sealed bags,
opened, clumps broken up by hand and then dried at

Site Location MAF (mm) MAT ("C) Veg Woody cover Transects Sampled
WEL Welverdien, Botswana 225 20,0 ASS 1 1 April
DIK Dikbos, Botswana 300 200 SKBS 7.5 1 April
SEK Sekoma, Botswana 330 20.1 SKEBS 1945 5 August
MaAU Maun, Botswana 410 217 MTES 0+4 5 August
OKA Okavango delta, Botswana 410 217 MTBS 2545 3 April
SCH South Chobe N. P, Botswana 525 220 MTES 16+10 5 August
NCH Naorth Chobe N. P, Botswana 650 20 DDF 30 1 May
MON Mongu, Zambia 920 232 DDF 4545 4 April

MAP =mean annual precipitation, MAT = mean annual temperature, veg = vegetation type (ASS=ard shrub savannah;
SKBS = south Kalahari Bush savannah; MTBS = Mopane tree and bush savannah; DDF = dry deciduous forest).



60°C for 3 days. The dry weights were used to calculate
soil dry bulk density. Samples from each of the five
localities in a transect were then split in half and half of
each sample added to each of four ‘bulk’ samples
representative of the transect (0-5T, 0-5G, (-30T, 0-30G).
The half of each individual sample not added to the bulk
sample was retained, and in the case of transects SEK-1
and MAU-1, the individual samples were analysed
separately to provide an estimate of how closely the
bulking procedure reproduces the value derived from
the averaging of results from individual samples.

An aliquot of each bulked sample was dry sieved at
2000 pm with the weight of both fractions recorded. The
<2000 pm material was crushed to a powder in a ring
mill prior to further analysis. An aliquot of each bulked
sample was also sieved at 500 and 63pm to provide
information on particle size distributions in the samples.

Carbon contents and 6"7C values were determined in
duplicate using an elemental analyser coupled to a
Prism Il mass spectrometer operated in a continuous
flow mode. The reproducibility of carbon abundance
measurements averaged +2% and A3C values are
reported as per mil (parts per thousand; %) deviations
from the V-PDB standard, with an uncertainty of
+0.1%a. For the purposes of this study, SOC is defined
as organic carbon present on the soil surface or at depth
in a soil profile, with a particle size of <2000 pm.

Results and discussion

Soil characteristics

Particle size analysis confirmed the sandy nature of all
soils analysed with a strong peak in abundance in the 63—
500 um fraction in all samples. Less than 2% of the total
sediment was present in the =2000pm fraction, <5% in
the 500-2000pm fraction and always =<15% (generally
<10%) in the fine <63 pm fraction of all samples.

The pH values (1:1 water/soil) of all samples werein
the range 5.05-7.15 for the (-5 cm interval and 5.0-7.5 in
the 0-30cm interval. There were no discernible trends
between —T and -G samples or along the transect. Soil
bulk densities ranged from 120 to 1.61 for the 0-5cm
interval, with —T samples generally having a lower bulk
density than the paired -G value. Over the 0-30cm
interval, bulk densities ranged from 1.32 to 1.84, with a
less marked, but discernible tendency towards lower

bulk densities in the -T samples.

Variation in the samples

S0OC contents ranged from 0.12% to 1.61% in the -5cm
interval, with a marked tendency for -T samples to

contain more carbon than -G samples. The same
tendency is present in the 0-30cm samples, where
SOC contents ranged from 0.08% to 1.45%. The lower
carbon contents in the 0-30cm interval reflect the
general tendency for SOC abundance to decrease with
increasing depth in most well-drained soil profiles.

The bulk density and carbon abundance measurement
were used to calculate SOC inventories for all samples.
These ranged from 2 to 237mgem™? for the (-5cm
interval and 31-513mgem™? for the 0-30cm interval,
with inventories in the -T samples being generally
higher than in the -G samples. Weighted inventories of
SOC (calculated using the % crown cover to weight the
-T and —G results) increase as rainfall increases. For the
0-5cm interval, the weighted inventories increased from
7mgem® in the driest area (MAP=225mm) to
41112m5cm_2 in the wettest area (MAP =910mm).
For the 030 cm interval, the weighted inventories were
3.7'»Eil'ngr_'m_2 for the driest region and lS?iSSmgcm_z
for the wettest region. This effect of changing precipita-
tion is eclipsed in the OKA, where plants have year-
round access to groundwater and hence the highest SOC
inventory of any area sampled, approximately double
that found even in the wettest (MON) site.

8C values ranged from -16.0% to —25.4% for the
0-5em interval and -16.3% to —25.4% for the (=30 em
interval. In both intervals, the -T samples had lower
6'3C values than their paired -G samples. Weighted
83C values along the transect decreased with increas-
ing rainfall, although again the owverall trend is
complicated by the local availability of groundwater,
maost noticeably for the OKA samples.

Comparison of “individual” with ‘bulk” samples

Figure 2 allows comparison of the results for 20 individual
samples (five each for 0-5T, 0-5G, 0-30T and 0-30G)
collected on transect SEK-1 with the results obtained from
the four bulk samples made from the individual samples.
The figure also shows a comparison between the results
for the SEK-1 transect and the other four SEK transects
taken in the same climatic region (see Fig. 1 for location).

The results for the individual samples from SEK-1
scatter over a wide range and in the worst case, the
inventories calculated for the five individual 0-30T
samples vary by almost 50%, from 73 to 130 mgcm -2
This spread reflects the large, real spatial heterogeneity
of 50C in the landscape. Nevertheless, the inventories
calculated from averaging the results for the individual
20 samples agree with the inventories alculated from
bulking the samples and analysing only four bulk
samples to better than +4% in all cases.

The weighted inventories calculated from the indivi-
dual samples from the SEK-1 fransect (collected over
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Fig. 2 Comparson of ‘individual” sample with ‘bulked’ sample
results for the SEK-1 transect, and with the results obtaimed from
transects SEK-2 to SEK-5, for -T, —G and weighted total T/G
inventores for (-5 and 0-30cm (dark horizontal bars = indivi-
dual sample results (SEK-1); black boxes = arithmetic mean of
individual results (SEK-1); stippled boxes = results for ‘bulked”
samples (SEK-1); light horizontal bars=results for bulked
samples from transects SEK-2 to SEK-3). Inventories expressed

as mgem

1km) are 156+ 1.4 and ?2113mgcm_2 for the (-5 and
(-30cm interval, respectively. The weighted inventories
for the region caloulated from the bulked samples from
the five SEK transects (collected over ~70km) are
183+4.1 and 85+13mgem ~2 for the 0-5 and 0-30cm
intervals, respectively. The observation that the errors for
the individual samples collected over 1km are similar to
the errors for bulked samples colleded over 70km
suggests that collecting many samples and ‘bulking’
them to reduce the cost of analysis is an effective
technique for smoothing local heterogeneity and arriv-
ing at robust regional estimates of SOC inventories.

The results in Fig. 2 also highlight the consistent
differences between the T and -G samples over both
the 0-5 and 030 cm intervals. The inventories of SOC
under frees are consistently higher than away from
trees. In the case of the SEK transects (with 19+5%
crown cover), the SOC inventory of the —T samples is
about twice that of the -G samples, underscoring the
need to consider the distribution and proportion of
trees in the landscape explicitly, particularly in savan-
nah ecosystemns (Kellman, 1979).

The relationship between SOC inventory and §°C
values for the individual samples from transects SEK-1
and MAU-1 for both 0-5 and 0-30 ¢m is shown in Fig, 3.
The tendency for —T samples to contain higher SOC
inventories and lower 8"°C values than -G samples
from the same transect is confirmed by both transects.
The differences are not as large in the MAU-1 transect
because of the higher proportion of tree cover on the
transect, which means a greater influence of local tree
cover on the -G samples.

Both transects fall on much the same trend, particu-
larly in the 0-5cm interval, despite the differences in
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Fig. 3 Relationship between SOC inventory and C value for
individual -T and -G samples for the SEE-1 and MAU-1
transects. (a) 0-5cm and (b) 0-30cm.

rainfall (330 vs. 450 mm), suggesting some equivalence
in the relative inputs or degradation rates per unit
biomass of Cs- and Cy-derived carbon between the two
areas. Linear reladonships between S0OC inventories
and 6'*C values in the 0-5 cm interval have been noted
previously (Bird et al., 2000, 2001). A linear relationship
also seems to pertain in these transects, although not at
the lowest carbon inventories derived from the SEK-1
0-5G samples. As the tree cover was low on this
transect, the (-5G samples may be little influenced by
local trees and the 8" C values of the samples controlled
by local differences in the proportion of small C; plants
and grasses. Hence, there may be no relationship
between SOC inventory and 83C value for 0-5G
samples where trees are widely spaced.

Weighted inventories and 6"*C values of SOC along the
moisture gradient

The discussion in the previous section has demon-
strated that it is possible to obtain reliable estimates of



SOC inventories and 4'%C values from bulking indivi-
dualsamples from a transect into samples representative
of the transect (05T, 0-5G, 0-30T and 0-30G). It is then
possible to weight the results for the separate T and -G
samples according to the proportion of tree cover and
arrive at representative values for each transect. Where
only one transect was colleded in a region, no estimate
of error is possible. Where several transects are collected,
the error is taken to be the standard deviaton of the
results from all ransects in a region.

The weighted inventories and 8'C wvalues for all
transects are presented in Fig. 4 as a function of MAP.
Between 225 and ~400-500mm MAP SOC inventories
increase by a factor of 4-5 in both the 05 and 0-30cm
intervals (exduding OKA; see discussion below). After
this point, they remain approximately constant (at
mdﬂmgcm_z, (~5cm; and lﬁﬂmgcm_z, 0-30cm) up
to the wettest site at Mongu (MON; 910 mm). 83C values
decrease in an approximately linear manner (again
excluding OKA) as predpitation increases, reflecting the
increasing proportion trees from the arid shrub savan-
nahs in the south to the dry deciduous forest in the north.

The apparent plateau in SOC inventories between
400-500 and 900mm may be related to feedbacks
between biomass and fire frequency. Bird et al. (2000),
for example, have demonstrated that fire reduced 50C
inventories by 40-50% in comparison with fire-
protected soils at Matopos in Zimbabwe. Below 400mm
MAFP, there may be insufficient standing biomass, hence
tuel loads, to carry frequent fires that can remove a
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substantial proportion of accumulated litter (Swaine,
1992). Between ~500 and 910mm, a proportionately
greater amount of litter may be recycled directly to the
atmosphere as CO, by frequent fires without entering
the 5OC pool, thus depressing SOC stocks below levels
that would be expected on the basis of climate alone.

The OKA, and to a lesser extent MAU transects,
appear to be anomalous with respect to other transects.
Both have high SOC inventories and low 4'*C values in
comparison with both drier and wetter sites (Fig. 4). In
the case of the OKA transects, where S0C inventories
are more than double those observed in the other areas,
this is clearly related to the year-round availability of
groundwater from the seasonal flooding. The effect of
increased water availability from groundwater may
also be augmented by the fact that microbial SOC decay
rates will not be similarly increased. Microbes in the
0-30cm interval sampled cannot access such ground-
water and must rely solely on moisture available from
precipitation. During the dry season, the vegetation can
continue to assimilate carbon and deliver it to the soil,
but soil conditions may be too dry to allow commen-
surate increases in the rate of microbial degradation. It
is also possible that the position of the transects, on
sand islands in the delta, provides a measure of fire
protection for local vegetation. This protection would
further increase SOC inventories relative to the sur-
rounding areas.

Figure 5a shows the SOC inventory and its partition-
ing between the 0-5 cm interval and the deeper 5-30cm
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Fig. 4 Relationship between weighted 50C inventory and mean annual precipitation for all transects for the 0-5cm (panel a) and
0-30 cm (panel b) intervals, Also shownis the relationship between weighted §°C value and mean annual precipitation for all transects
for the 0-5¢m (panel ¢} and 0-30 cm (panel d) intervals. ‘Rainfall’” and ‘groundwater” trends are indicated by dashed arrows
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Fig. 5 (a) Weighted carbon inventories for the OKA and MAU
transects for the 0-5 and 5-30cm intervals (5-30cm results
caleulated by mass balance from 0-5 and 0-30 cm results). (b)
Relationship between weighted 50C inventory and weighted
C value for OKA and MAU transects.

interval for transects from both the MAU and OKA
regions. The elevated inventories in the OKA transects
are apparent, but it is also evident that inventories in
the MAU transects rise erratically from MAU-5S
(~20km from the delta) to MAU-1 (~ 10 km from the
delta). This suggests that some of the MAU transects
closest to the delta may also be affected by differential
access to groundwater from the delta. Such a conclu-
sion might explain why the MAU transects, with higher
SOC inventories and lower 8C values, plot slightly off
the trends defined by results from other regions.

Figure 5b confirms that the MAU and OKA transects
form part of a confinuum, with coherent frends
between the SOC inventory and 63C value for both
the 0-5 and 0-30cm intervals. As the weighted SOC
inventory increases, the weighted 8"C value decreases,
reflecting increasing inputs of tree-derived carbon, as
observed with the individual samples and discussed in
the previous section.

8 c relationships with depth

The weighted 6C wvalue of the 0-5 and 530ecm
intervals at each (the latter calculated by mass balance
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Fig. 6 Relationship between the weighted 5'7C value of the 0-5
and 5-30cm interval of all samples from the eight regions
sampled for this study (5-30cm results calculated by mass
balance from 0-5 to 0-30cm results). 1:1 relationship is shown
by dotted line.

from data for the 0-5 and 0-30 cm intervals) are closely
related (Fig. 6). The 4C value for the 5-30cm interval
is 0.13-0.8% higher than the 0-5cm interval for all
bulked samples, except the single WEL transect, and an
increase in 8'7C value with depth has been reported for
many well-drained soil profiles (eg. Desjardin et al.,
1994). The increase is due to the isotope effects
associated with microbial degradation of SOC and to
older carbon, deeper in the soil profile, having been
fixed from atmospheric CO, having a higher-than-
modern 87C value.

These effects in these samples (0.40+0.3%) are
comparatively small because of very low fine particle
abundances in the samples. This low abundance limits
the capacity of these soils to protect ‘old carbon” and
stabilize the high-"*C products of microbial decay. The
result from the WEL transect is excluded from this
analysis, as the very low arbon abundances (as low as
0.08%) in samples from the transect made the accurate
determination of 6'°C value difficult. The slightly
negative difference (—022%) between 0-5 and
5-30cm intervals for the WEL samples is therefore
likely to be the result of a slightly larger analytical

uncertainty for samples from this transect.

Conclusions

The stratified sampling approach employed in this
study has allowed the definition of coherent trends in
both SOC inventories and the 4"°C value of SOC despite
considerable spatial heterogeneity. The results confirm
the need to consider the distribution of trees and grass
in savarmah regions explicitly when attempting to



determine either S50C inventories or the average
regional A13C value of SOC. This is because system-
atically higher SOC inventories (with systematically
lower 8'*C values) characterize the areas under trees, in
comparison with areas away from the influence of trees.
This study further confirms the utility of ‘bulking
many individual samples in order to smooth local
heterogeneity and obtain a coherent picture of regional
trends.

Weighted SOC inventories along the moisture gra-
dient increase from the southern end of Botswana to the
north as MAP increases, plateauing at 400-500mm and
remaining approximately constant to the northern end
of the transect at 910 mm, in southern Fambia. The
reason for the plateau may be feedbacks operating
between fire frequency and fuel load, such that a
progressively higher proportion of carbon delivered to
the soil surface is returned directly to the atmosphere
without being cycled through the S0C pool by
progressively more intense or frequent fires. Weighted
8C values along the transect decrease with increasing
MAP, reflecting the increasing dominance of C; over Cy
photosynthesis as MAP increases. 63C values in the
uppermost soil layers directly reflect the inputs of
carbon from local standing biomass, but systematic
changes with depth in the soil reflect more complex
processes of microbial degradation and the mixing of
S0OC of different ages.

Results for both weighted inventories and weighted
8*C values for samples from the OKA and possibly for
the nearby MAU transects do not accord with the
regional trend described above. This appears to be the
result of access by plants in these regions to year-round
groundwater. Access to groundwater is reflected in
considerably higher weighted SOC inventories and
lower weighted 6C values than would be predicted
on the basis of regional trends alone.

Acknowledgements

We would like to thank J. Cowley, . Cali and L. Vellen for
assistance with the analysis of samples, B. K. Mantlana for
assistance with fieldwork and M. Mukelabai for the provision of
the samples from Southern Zambia. This work was supported
by an Australian Research Council Queen Elizabeth IT Fellow-
ship to MIB and University of Botswana Research and
Publications Grant R506 to EMV.

References

Agren Gl Bosatta E, Balesdent | (1996) Isotope discrimination
during decom position of organic matter: a theoretical analysis.
Soil Sciece Society of America Procesdings, 60, 1121-1126.

Bakwin IS, Tans PP, White JWC et al. (1998) Determination of the
isotopic ('C/"°C) discrimination by terrestrial biology from a
global network of observations. Global Biogeochemical Cides,
12, 555-562.

Battle M, Bender ML, Tans PP & al. (2000) Global carbon sinks
and their varability inferred from atmospheric Oy and 8"C.
Srience, 287, 2467-2470.

Bird MI, Chivas AR, Head ] (1996) A ladtudinal gradient in
carbon tumover imes in forest soils. Nature, 381, 143146,
Bird MI, Lloyd J]J, Santruchkova H et al. (2001) Global soil
organic carbon. In: Global Biogeochemical Cycles in the Climate
System (eds Schulze ED e al), pp. 185-199. Academic Press,

MNew York.

Bird MI, Pousai P (1997) Vadation of 4"°C in the surface soil
organic pool. Global Biogeochemical Cycles, 11, 313-322

Bird MI, Veenendaal EM, Movo C ef al. (2000) Effect of fire and
soil texture on soil carbon d yvnamics in a sub-humid savannah,
Matopos, Zimbabwe. Ganderma, 94, 71-90.

Ciais P, Tans PE, White JCW ef al. (1995) Partitioning of land and
ocean uptake of CO; as inferred by §'%C measurements from
the MOAA climate monitoring and diagnostics laboratory
global air sampling network. Jourmal of Geophisical Research,
100, 5051-5070.

Desjardine T, Andreaux F, Volkotf B et al. (1994) Organic carbon
and C contents in soils and soil size-fractions, and their
changes due to deforestaion and pasture installation in
eastern Amazonia. Geodermig, 61, 103-118.

Fung I, Field CB, Berry JA o al. (1997) Carbon 13 exchanges
between the atmosphere and biosphere. Global Biogeochemical
Cydes, 11, 507-553.

Joshua WD (1981) Physical properties of the soils of Botswana.
Soil Mapping and Advisory Service, Government of Botswa-
na, Gaborone, 64 pp.

Kellman M (1979) Soil enrichment by neotropical savannah
trees. Journal of Ecology, 67, 365-577.

Parton W], Schimel DS, Cole CV et al. (1987) Analysis of factors
controlling soil organic matter levels in Great Plains Grass-
lands. Seil Scientce Society of Americn Proceadings, 51, 1173-1179.

Ringrise S, Matheson W, Vanderpost C (1998) Analysis of soil
organic carbon and vegetation cover trends along the
Botswana Kalahar transect Jourmal of Arid Enviromments, 38,
379-396.

Soil Survey Advisory Services Project (1991) Soil map of the
Republic of Bokwana., Botwana Ministry of Agriculture,
Caborone.

Swaine MD (1992) Characteristics of dry forest in West Africa
and the influence of fire. Jourmal of Vegetation Science, 3,
365-374

Townsend AR, Vitousek PM, Trumbore SE (1995) Soil organic
matter dynamics along gradients in temperature and land-use
on the island of Hawaii. Ecology, 76, 721-733.

Trumbore SE, Chadwick 0A, Amundsen R (1996) Rapid
exchange between soil carbon and atmospheric carbon
dioxide driven by temperature change. Nature, 272, 393-396.

Weare F, Yalala P (1971) Provisional vegetation map of
Botswama. Botswana Notes amd Records, The Botswana Society,
Gaborone, 3, 131-152.






