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There are increasing concerns that climatic and land use changes will enhance soil respiration rates and soil
organic carbon loss, compromising agricultural productivity and further elevating atmospheric CO2. Current
understanding of dryland respiration is, however, insufficient to enable prediction of the consequences of
these changes for dryland soils and CO2 fluxes. The objectives of this paper are to present in-situ respiration
data from five remote sites along a climatic gradient in the Kalahari of Botswana and to determine the effects
of temperature, moisture and biological crust cover on soil CO2 fluxes. Moisture was the primary limiting fac-
tor to efflux which increased with amount of simulated rainfall. On dry soils, mean CO2 efflux was between
1.5 and 5.9 mg C m−2 h−1. After 2 mm and 50 mm simulated wetting, mean rates increased to 4.0 to 21.8
and 8.6 to 41.5 mg C m−2 h−1 respectively. Once wet, soil CO2 efflux increases with temperature, and sites
at the hotter northern end of the transect lost more CO2 than cooler southerly sites. Net respiration rates
are, however, muted by autotrophic organisms in biological soil crusts which photosynthesise and take up
CO2. The temperature sensitivity of soil CO2 efflux increased with moisture. Dry, 2 mm and 50 mm treated
soils had a Q10 of 1.1, 1.5 and 1.95 respectively. Our findings indicate that higher temperatures and a loss
of biological crust cover will lead to greater soil C loss through respiration.
: +44 161 247 6318.
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1. Introduction

Atmospheric warming is enhancing the global flux of CO2 respired
from soils to the atmosphere leading to concerns over declining soil
carbon (C) and increasing atmospheric CO2 (Bond-Lamberty and
Thomson, 2010a,b; Cox et al., 2000). Warming will also lead to
more frequent droughts and precipitation changes in many locations
(IPCC, 2007) affecting soil properties and processes controlling soil
respiration (Rs) rates. In dryland environments, where organic matter
is limited, the ecological and agricultural consequences of such
changes could be particularly marked. Despite an increasing number
of Rs studies in dryland areas (e.g. Castillo-Monroy et al., 2011;
Inglima et al., 2009; Liu et al., 2009; Sheng et al., 2010; Sponseller,
2007; Thomas and Hoon, 2010) recent reviews suggest we have an
incomplete understanding of C cycling in drylands (Conant, 2009;
Scholes et al., 2009). In-situ data remain rare and our ability to predict
the effects of climatic and land use change on soil CO2 fluxes is limit-
ed. How fluxes will be affected by changing air temperatures, mois-
ture availability and land management and the implications of
changes for soil C and atmospheric composition remains an urgent
interdisciplinary research priority for dryland environments.
The ability to predict Rs rates is important for improving under-
standing of soil processes and land-atmosphere C fluxes. Most models
utilise the relationship between Rs and temperature and are based
upon the Arrhenius or van't Hoff equation (Eq. (1)) using the Q10

exponential relationship (Davidson et al., 2006),

Rs Tð Þ ¼ Rs0Q
T−T0ð Þ=10

10 ð1Þ

where Rs is the total soil respiration at temperature T and Rs0 the
respiration at 0 °C. Eq. (1) may not always fit Rs data from field-
based studies (Czimczik et al., 2006) particularly in dryland ecosys-
tems where precipitation is infrequent and moisture often limits
primary productivity (Noy-Meir, 1973). Lloyd and Taylor (1994)
and Davidson et al. (2006) have examined reasons for the complex-
ity in the relationship between temperature and soil respiration.
First is the assumption that the temperature sensitivity of enzymes
responsible for respiration is linear. Whilst this may be the case
over a limited range, it is unlikely at either low or high temperature
extremes commonly found in drylands. Second, models do not work
at extreme soil moisture conditions as Rs is limited by diffusion of
soluble substrates at low moisture and by gaseous diffusion at high
moisture. Third, replenishment of soil moisture after extended
periods of desiccation typically results in large pulses of CO2 efflux
as microbial populations, activity and substrate availability increases
(see Borken and Matzner, 2009 for a review of the processes of pulse
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generation). In areas of low primary productivity, the availability
of soil C may also constrain the response of respiration to temper-
ature, particularly if soils are moist for extended periods (Sponseller,
2007).

Biological soil crusts (BSCs) are also likely to add complexity to the
relationship between temperature, moisture and CO2 efflux. Soils in
dryland areas are commonly covered with a BSC which form aggre-
gates of mineral grains with varying proportions of autotrophic and
heterotrophic microorganisms (Belnap and Lange, 2003; Büdel et al.,
2009). Although typically only a few millimetres thick, BSCs are
often the major source of organic C in dryland soils (Elbert et al.,
2009; Evans and Lange, 2003; Mager and Thomas, 2011). In most
soils, Rs gases contain CO2 derived from two principal sources:
i) heterotrophic microbial respiration resulting from mineralisation
of soil organic matter (Rh) and ii) gaseous plant root exudates,
termed autotrophic respiration (Ra) (Eq. (2))

Rs ¼ Rh þ Ra ð2Þ

In drylands, BSC will be an important additional component of Rs
(Eq. (3a))

Rs ¼ Rh þ Ra þ Rbsc ð3aÞ

where,

Rbsc ¼ Rhbsc–Rabsc ð3bÞ

and Rbsc refers to CO2 fluxes associated with crust organisms. The
terms Rhbsc and Rabsc in Eq. (3b) describe CO2 release and photosyn-
thetic uptake by heterotrophic and autotrophic organisms in the
BSCs. There are few studies which have parameterised the conditions
required for photosynthesis in BSCs (see Lange, 2003 as a rare exam-
ple) or determined BSC respiration (but see Castillo-Monroy et al.,
2011 and Elbert et al., 2009). Soil CO2 fluxes in drylands will therefore
reflect the balance between constantly changing rates of uptake and
release in BSCs as well as Rh and Ra emissions (Thomas and Hoon,
2010). Throughout this paper we take Rs to mean the net flux of
CO2 from soils to the atmosphere which is the end product of all
these processes and reactions.

We present soil CO2 efflux and subsoil pore space CO2 concentra-
tion data from five remote sites of contrasting mean annual rainfall,
temperature regimes and BSC cover along the Kalahari Transect in
Botswana. Our objectives were to: i) determine the effects of tem-
perature on CO2 efflux; and ii) the effects of 2 mm and 50 mm wet-
ting treatment. The data presented in this paper are the first from
in-situ experiments along the more arid southern end of the Kalahari
Transect which show temporal trends in CO2 efflux together with
sub-soil pore space CO2 concentrations.

2. Material and methods

2.1. Study area

The Kalahari in southern Africa is an ideal region in which to
investigate the effects of temperature and moisture on soil charac-
teristics and processes (Swap et al., 2004). Kalahari Sands are a
relatively physically uniform substrate over an area greater than
2 million km2 (Shugart et al., 2004), spanning a regional precipita-
tion gradient from N1000 mm yr−1 to b200 mm yr−1. The sandy,
low organic matter soils are typically covered by a BSC (Dougill
and Thomas, 2004) and have characteristics similar to many other
dryland regions notably in Australia and Middle East (Thomas
and Shaw, 1991). BSCs in the Kalahari are comprised of a hetero-
geneous community of bacteria and fungi but cyanobacteria are
the dominant autotrophs (Büdel et al., 2009). Differences in
mean annual precipitation along the transect manifest in changing
net primary productivity and ultimately soil organic C. Wang et al.
(2007) found soil organic C increased with mean annual precipita-
tion, reaching a peak at locations in areas corresponding to 400–
500 mm yr−1. Quantifying Rs at sites along the Kalahari transect
provides an opportunity to investigate the influence of different
temperature, photosynthetically active radiation (PAR) regimes and
soil organic C on Rs.

Field research was undertaken over the austral winter in July
and August 2008 at five sites along the Kalahari Transect (Fig. 1).
Mean annual precipitation ranges from 220 mm yr−1 at Khawa to
420 mm yr−1 at Ngami (Table 1). The northern end of the transect
overlaps the southern portion of the International Geosphere–
Biosphere Programme (IGBP) Kalahari Transect used in related
studies (Shugart et al., 2004; Swap et al., 2004). Extension of the tran-
sect into drier parts of the Kalahari (Khawa and Tsabong) is important
because models predict widespread desiccation across southern Africa
(Hewitson and Crane, 2006; IPCC, 2007) consistent with analyses
showing decreased rainfall across Botswana from 1975 to 2005
(Batisani and Yarnal, 2010).

Four of the sites (Khawa, Tsabong, Takatshwaane and Ngami)
were undisturbed by domestic animals and BSC cover was corre-
spondingly high (N80%). Tshane, however, had a much lower BSC
cover (c. 10%) as a result of frequent grazing. At all sites, BSCs were
classified as type 1 or 2 under the scheme outlined in Dougill and
Thomas (2004) and were typically 2–7 mm thick. The total N and C
and organic C content of the crusts was low (Table 1) with C:N ratios
between 9.6 and 14.8. The absence of carbonate sources in close prox-
imity to the sites (sites were located away from calcrete pans and on
dune flanks) meant most of the soil C was organic (Table 1). Tsabong,
where the crusts were best developed, had significantly more total C



Table 1
Study sites and soil characteristics.

Site Location Mean annual precipitation Site description

a. Site location and characteristics
Khawa S 26° 25′ 40.7″

E 21° 35′ 39.2″
220 mm Ungrazed, grass dominated landscape.

Tsabong S 25° 56′ 51″
E 22° 25′ 40″

290 mm Experiments conducted within a bounded plot where grazing excluded.

Tshane S 24° 11′ 49.6″
E 21° 51′ 53.7″

340 mm Heavily grazed. Woody shrub and tree dominated landscape. No grass cover.

Takatshwaane S 22° 47′ 11.7″
E 21° 57′ 34.3″

350 mm Lightly grazed. Mixed shrub, tree and grass landscape.

Ngami S 20° 43′ 57.0″
E 22° 30′ 36.1″

420 mm Lightly grazed. Dense grass cover and mix of trees and shrubs.

Site Cover, type and thickness pH Total N (%) Total C (%) Organic C (%) C:N ratio

b. BSC cover, type, thickness, N and C content
Khawa 90% type 1–2

3 mm thick
6.91±0.04 – – 0.18±0.03 –

Tsabong 90% type 2
5 mm thick

5.61±0.03 0.037±0.01 0.547±0.03 0.511±0.04 14.8

Tshane 10% type 1
2 mm thick

5.58±0.03 0.040±0.02 0.386±0.02 0.400±0.08 9.65

Takatshwaane 85% type 2
3 mm thick

6.12±0.07 0.045±0.01 0.468±0.04 0.506±0.04 10.4

Ngami 60% type 1–2
3 mm thick

6.47±0.06 0.041±0.01 0.453±0.02 0.447±0.03 11.1

*n=8 (standard error in parentheses) refers to the number of samples analysed to produce the data in part b of this table.
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than other sites (pN0.01). Khawa, at the arid end of the transect, had
the lowest organic C. Total C was also low at Tshane where grazing
disturbance was greatest and BSC cover lowest.

2.2. Field instrumentation and experiments

CO2 flux measurements were determined over 2 days at each site
using five purpose-built static respiration chambers (based on a design
described in Hoon et al., 2009). Chambers were located in plant inter-
spaces on treated and untreated soils: one un-wetted control and
two replicates each for 2 mm and 50 mm wetting treatments. Prior
to the first measurement, a pipette was used to carefully drop
water onto the soil surface within and immediately surrounding
the chambers for the 2 mm treatments. For the 50 mm treatments,
a bund (0.5 m×0.5 m) was placed around the chamber and the req-
uisite depth of water poured carefully and slowly onto the surface.
The first gas samples were taken as soon as practicable after wetting
was completed andmeasurements made for a further 2 days. Surface
and sub-soil moisture was determined using a HH2 moisture meter
and a Delta-T ML2x theta probe (Delta-T Devices, Cambridge, UK)
in adjacent soil pits before and during the simulated rainfall
experiments.

The chambers had a volume of 510 ml and enclosed 106 cm2 of
soil. They were inserted to a depth of c. 35 mm to ensure a good gas
seal. To prevent significant changes in CO2 concentration altering
soil–atmosphere diffusion rates the chambers were purged and
vented at a flow rate of 0.75 l min−1 for 10 min hourly by drawing
ambient air from a buffer chamber. Low pressure two-way vent
valves permit pressure differences between the chamber and the at-
mosphere to equilibrate rapidly preventing alteration of CO2 flux
rates. The chambers incorporated a thin borosilicate glass window
to permit solar illumination of the soil. PAR irradiance was measured
using a QS2 Quantum Sensor (Delta-T Devices, Cambridge UK). High
thermal conductivity heat sinks ensure that the internal air tempera-
ture tracks ambient air to within 1 °C throughout the full diurnal
cycle. Chamber soil surface, air temperature, humidity and ambient
(site) temperature and humidity was logged at 10 minute intervals
by a combination of thermistors and USB 502 and 5203 loggers
(Adept Science, UK). Thermistors coupled to the 5203 logger also
recorded subsoil temperature at depths of 15 and 30 mm. The com-
plete systemwas solar powered enabling deployment at remote sites.

2.3. Determination of C flux from CO2 chamber data

Within each measurement cycle three samples were taken from
the chambers at 15 minute intervals in order to determine the change
in CO2 concentration over time. Representative sampling of the cham-
ber atmosphere was ensured by gentle mixing via internal electric
fans for 5 min prior to sampling. Samples were extracted using a gas
syringe and 16 ml injected into 12 ml pre-evacuated Exetainer® bo-
rosilicate vials (Labco, High Wycombe, UK). Over-pressurising the
vials, together with an additional wax seal around the caps prevented
air ingress and contamination during transport. CO2 concentrations
were determined using an Agilent gas chromatograph (GC 3000) as
soon as practicable on our return to the U.K. A least squares fit was
applied to the change in CO2 over time and used to determine the av-
erage rate of change in concentration over the experimental interval
prior to diffusion correction. The gradual enrichment of CO2 in the
head space of a static respiration chamber alters the natural diffusion
of respired CO2 from the soil (Pumpanen et al., 2004). This effect has
been corrected for using a three-term polynomial function deter-
mined by undertaking calibration experiments. Changes in CO2 con-
centration were converted to mass flux in mg m−2 h−1 corrected to
the mean experimental temperature and pressure. Negative fluxes
are indicative of net CO2 uptake to the soil and positive fluxes of net
release.

2.4. Spatial variability and replication

The remote locations of the field sites constrained the number
of chambers it was logistically possible to support. Consequently,
chamber replication is limited to duplication for the treated soils.
In a subsequent experiment at Tsabong, however, we quantified
CO2 efflux within six chambers located in close proximity to each
other at a range of soil moisture contents over 7 days. Variation
in CO2 efflux from each chamber was determined by the standard
error of the mean which was 18% on Kalahari Sand soils. We
make the assumption in this study that variations in flux between
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chambers due to treatment should be greater than this value to be
significant.

2.5. Subsurface CO2 pore space concentrations

Changes in pore space CO2 concentrations in response to the
50 mm wetting treatment were determined at each site by subsoil
gas sampling at depths of 0.06 m, 0.15 m, 0.3 m and 0.6 m in a soil
pit using the method of Thomas and Hoon (2010). Subsoil gas sam-
ples were collected on 8 occasions at each site, the first prior to the
application of the water treatment and at 7 regular intervals thereaf-
ter. Subsoil CO2 concentrations were determined using the GC.

2.6. Temperature sensitivity of soil efflux

Eq. (1) was used to derive estimates of the temperature sensi-
tivity of Rs (Q10) of soils across all five sites for the three moisture
conditions. Because the van't Hoff model assumes the system is in
steady state the first three measurements of the post-50 mm
Fig. 2. Diurnal variations in soil CO2 efflux (mg C m−2 h−1) (black circles and dotted lines)
occurred immediately prior to the first measurement. Note the logarithmic scale for efflux a
July 2008. B) Tshane 2nd–3rd August 2008 and Takatshwaane 7th–8th August 2008. C) Ng
treatment efflux pulse were omitted from the analysis. These tran-
sient fluxes result from gas displacement and metabolic activity
triggered by the recent arrival of the pulse of post wetting soil
moisture and are consequently far from the equilibrium implicitly
assumed by Eq. (1). To ensure unbiased fitting of the data, T0 was
set at 0 for all treatments and Q10 and R0 changed to generate
the best fit within the measured temperature range. This was de-
termined by optimisation of the correlation coefficient and root
mean squared error (RMSE). This fitting procedure avoids the need
to determine or calibrate soil respiration at a particular temperature
(e.g. 0 or 10 °C).

3. Results

3.1. Rs and water treatment

Fig. 2 shows the temporal variations in Rs and PAR over 45 h for all
treatments by site. The peak and range of CO2 flux from dry soils was
low at all sites even when compared to other fluxes reported from dry
and PAR solar irradiance (mmol m−2 s−1) (solid line) at each site. Wetting treatment
fter 50 mm wetting treatment. A) Khawa 29th–30th July 2008 and Tsabong 26th–27th
ami 5th–6th August 2008.
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environments (Table 2). Highest positive Rs hourly rates varied from
22.7 mg C m−2 h−1 at Khawa to 5.6 mg C m−2 h−1 at Ngami. Lowest
hourly Rs rates were all negative (net uptake to the soil) ranging from
−1.3 mg C m−2 h−1 at Tsabong to−5.1 mg C m−2 h−1 at Khawa. At
no time during any of the experiments were there sustained periods
of C uptake to the soil. Lowest fluxes occurred in the hour after
dawn when air and soil surface temperatures were coldest, increasing
with temperature throughout the first day at each site. Increases in Rs
in the hours after dawn were particularly marked at Khawa (Fig. 2a)
and Takatshwaane (Fig. 2b). On the second day there was greater di-
urnal variability in Rs with notable declines in flux rates during the
daytime at Khawa and Takatshwaane.

The 2 mm wetting treatment resulted in higher peak values and a
greater range of Rs fluxes compared to dry soils at all sites. Lowest Rs
rates typically occurred just after dawn. Periods of net C uptake occurred
at all sites except Ngami but only for a short time and again usually in the
earlymornings. Although peak Rs usually correspondedwith the highest
air (and surface soil) temperatures, diurnal variations were complex and
therewere often double peaks during thedaytime, indicative of the com-
peting processes of uptake and release coming in and out of phase with
changing light and temperature. Nevertheless, it is clear that moisture is
amajor limiting factor tometabolic activity and thatwetting the soil sur-
face stimulated Rs over the measurement period.

The 50 mm treatment resulted in a short-lived pulse of CO2

immediately after wetting at all sites, although the pulse magni-
tude varied considerably (note the scale change in Fig. 2 for the
50 mm wetted soils). The high flux rates rarely lasted more than
a few hours and the day after water treatment they were much
Table 2
Soil CO2 efflux rates from studies in moisture-limited environments. All data have been con

Authors Location MAT and MAP Land us

Thomas et al.
(this study)

SW Kalahari Transect 220–420 mm. Mixed g
acacia s

Thomas and Hoon
(2010)

SW Kalahari, Botswana 20.6 °C. 297 mm Mixed g
acacia s

Inglima et al. (2009) Pianosa Island, Tuscany 17.0 °C. 400 mm Ex-agric

Liu et al. (2009) Duolun County, Inner Mongolia,
China

21.1 °C. 386 mm Steppe

Liu et al. (2002) Oklahoma, USA – Tallgras

Millard et al. (2008) La Copita, southern Texas, USA 22.4 °C. 716 mm Subtrop
grasslan

Tang et al. (2003) Ione, California, USA 16.3 °C.
558.7 mm

Oak-gra

Maestre and Cortina
(2003)

Aigües de Busot, SE Spain 16 °C. 388 mm Mediter
steppe

Castillo-Monroy et al.
(2011)

Aranjuez experimental station,
central Spain

13.8 °C. 388 mm Mediter
grasslan

Sponseller (2007) Sonoran Desert, Arizona, USA 300 mm at 500 m
600 mm N1200 m

Velvet m

Almagro et al. (2009) NW Murcia, SE Spain 15.5 °C. 370 mm Aleppo
and ex-

Jin et al. (2009) Ordos Plateau, Inner Mongolia,
China

6.7 °C. 345 mm Grass/sh

Jin et al. (2007) Ordos Plateau, Inner Mongolia,
China

6.7 °C. 345 mm Grass/sh

Shen et al. (2008) Mojave Desert, Nevada US 141.2 mm Perenni
grasses
lower but generally rising with temperature. Peak hourly CO2 efflux
rates were 73.4 mg C m−2 h−1 at Khawa but N1000 mg C m−2 h−1 in
one chamber at Tsabong. Peak CO2 fluxes at Tshane, Takatshwaane
and Ngami after 50 mm wetting were 142, 559 and 193 mg Cm−2 h−1

respectively.

3.2. Subsoil temperature, moisture and pore space CO2 concentrations

The depth-moisture profiles of the soils at each site before and
at two times after the 50 mm wetting treatment are shown in
Fig. 3. Prior to treatment, the moisture content of the upper 0.05 m of
soils at all sites was below detection limits. Moisture profiles at greater
depthswere initially different at each site, reflecting recent local pre-
cipitation, soil hydrological properties and evaporation rates (Fig. 3).
The application of 2 mmwater, initially fully wetted the top 4–7 mm
of BSC and soil before rapidly draining to field capacity. The applica-
tion of 50 mm water resulted in similar moisture-depth profiles
at all sites with peak moisture content of c. 12% v/v down to c.
0.25 m. Initial infiltration rates were rapid as moisture moved down
the soil profile (Fig. 3). Unsaturated subsoil wetting front velocities
were also rapid for the first hour after treatment (c. 9.3 m day−1 at
Tsabong) before slowing over the following 24 h to rates between
1.5 to 4.6 m day−1. As field capacity is approached (~8% v/v) subsoil
drainage rate decreases to between 0.07 and 0.1 m day−1. The soil
just below the surface remained moist at all sites for the duration
of experiments.

Prior to wetting, subsoil pore space CO2 concentrations ranged
from 550 to 800 ppm v/v (Fig. 3). Higher CO2 concentrations were
verted to mg C m−2 h−1 to aid comparison with data from this study.

e/vegetation Measurement
duration

Mean soil CO2 efflux
(mg C m−2 h−1)

rass, shrub and
avanna

Days Dry: 1.48 to 5.86
Wet (2 mm): 4.03 to 21.8
Wet (50 mm): 8.61 to 41.5

rass, shrub and
avanna

Days Dry: 2.8–14.8
Wet peak (1.4 mm): 65.6
Wet peak (120 mm): 339.2

ultural land Days Dry: 108
Wet (40 l m−2): 194

Bi-monthly over
2 years

Wet season peak: 97.6
Dry season minimum: 66.1

s prairie Days Dry: 8.64–95.0
Wet (10 and 50 mm): 346
Wet (150 mm): 173

ical savannah
d

Days Dry (mid canopy): 43.2
Wet (50 mm): 307

ss savanna Daily over 2 weeks Mean daily rate: 16.0

ranean semiarid Monthly over
5 months

Bare ground:
1.8 Grass site: 13.4

ranean semiarid
d

Monthly over
3.5 years

Dry year: 27.4
Wet year: 36.8

esquite Days Dry below plants: 50 to 130
Dry under plant Interspaces: 30 to 70
Peak post-wet plants: 430 to 2200
Peak post-wet interspaces: 90 to 690

pine, olive grove
agricultural

Monthly over 2 years Forest: 89.0±3.02
Abandoned field: 7.40±3.9
Olive grove: 48.4±5.2

rubland Days Dry under plants: 25.1±2.95
Dry BSC : 22.0±4.45
Dry bare soil: 11.4±1.09
Wet (3 mm) under plants: 57.0±4.58
Wet (3 mm) BSC: 47.8±4.94
Wet (3 mm) bare soil: 22.87±5.78

rubland Bi-monthly over
6 months

Dry min: 13.6±4.09
Max wet: 40.9±27.3

al/deciduous shrubs,
and forbs

Monthly over
6 months

Ad Min (dry season): 5±1.7
Peak (wet season): 13±10



Fig. 3. Temporal changes in subsoil pore-space CO2 concentrations (bars) and soil moisture (circles) before and after the 50 mm wetting treatment.
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found at the deeper soil levels (0.35–0.5 m) where both soil moisture
and transport time to the surface is greater. The CO2 concentrations
are indicative of low levels of heterotrophic soil microbial activity
(Rh) as well as low photosynthetic activity by vascular plants and gas-
eous root exudates (Ra). In the hours immediately after wetting, pore
space CO2 concentrations increased slightly at Khawa, Takatshwaane
and Ngami (Fig. 3). The greatest increases were seen at Tsabong and
Tshane, were peak concentrations exceeded 2000 ppm v/v and
1400 ppm v/v respectively. All increases were short-lived, and 24 h
after wetting, CO2 concentrations returned close to pre-treatment
levels.

3.3. Soil respired C losses

The integral of CO2 flux was used to calculate net cumulative
changes in C in each chamber over the duration of the experiments.
The total net change was normalised to 24 h to provide an estimate
of mean daily C losses in respired gases (Fig. 4). Daily net loss of C
from the dry soils ranged from a low of 32.7 mg C m−2 day−1 at
Ngami to a high of 140.6 mg C m−2 day−1 at Khawa where pre-
treatment soil moisture content was significantly greater than the
other sites (Fig. 3). Wetting treatment increased CO2 efflux at all
sites, with the exception of the 2 mm treatment at Khawa where
efflux was less than the control. Daily net C losses after the 2 mm
treatment ranged from 96.8±31.1 to 524.8±144.0 mg C m−2 day−1

and after the 50 mm treatment from 206.6±45.0 to 994.8±
1.0 mg C m−2 day−1. Respired C losses from the soil were greatest at
the three more northerly sites where the mean daily air temperature
was greatest.

3.4. Temperature sensitivity of Rs

Wetting treatment resulted in similar moisture profiles at all sites
(Fig. 3). This facilitated the grouping of data from all five sites accord-
ing to treatment and enhanced the ability to determine the tempera-
ture sensitivity of the efflux. When dry, Rs does not respond to
temperature and the Q10 is 1.1 with only a poor fit to the measured
data (r2=0.14 and RMSE 0.14) (Fig. 5). However, after the 2 mm
wetting treatment, the temperature sensitivity of Rs increases with a
Q10 of 1.5 and the model is an improved fit to the measured data
(r2=0.36 and RMSE 12.2). The temperature sensitivity of Rs after
50 mm wetting is even higher with a Q10 of 1.95 and the model fit
is also improved (r2=0.45 and RMSE 25.9).

4. Discussion

CO2 efflux rates are low in the Kalahari compared to other
moisture-limited locations (Table 2). Our mean winter dry season
Fig. 4. Mean daily soil CO2 efflux (mg C m−2 day−1) at each site for each treatment
type. Error bars are the standard deviation.
rates (1.5 to 5.9 mg C m−2 h−1) are similar to those reported by
Maestre and Cortina (2003) for bare ground in central Spain and
dry season rates in the Mojave (Shen et al., 2008). Responses to wet-
ting are significant but short lived. Mean fluxes after 2 mm (4.0 to
21.8 mg C m−2 h−1) and 50 mm (8.6 to 41.5 mg C m−2 h−1) are
comparable to wet season average rates in southern Spain (Castillo-
Monroy et al., 2011), wet season rates in the Mojave (Shen et al.,
2008) and rates on biologically crusted soils on the Ordos Plateaux,
Inner Mongolia (Jin et al., 2007). The relatively low efflux rates most
likely reflect the low soil organic C content of the soils (Table 1) and
the winter temperature regime.

4.1. Rs and moisture

Rs rates increased with soil moisture confirming that microbial
activity is primarily limited by moisture. Adding water to the crust
(2 mm) and to crust and subsoil (50 mm) led to increases in the
magnitude and range of fluxes at all sites (Fig. 2). Light rainfall
events are common across the Kalahari especially at the start of
the wet season and will have an important effect upon Rs and the
total CO2 respired and sequestered over a year. Large rainfall events
(≥50 mm) typically occur once or twice a year and are responsible
for generating large, discrete pulses of CO2 (Scholes et al., 2009).
The 2 mm wetting treatment results in modest increases in flux
due to the stimulation of heterotrophic activity in the BSC. There
were net losses of C from soils at all sites over the duration of
the experiments implying that CO2 uptake by crust organisms
due to photosynthesis was less than the CO2 released by Rh and Ra.

The 50 mm treatment generated large, but short-lived, pulses of
CO2 efflux at most sites. Veenendaal et al. (2004) using eddy co-
variance to monitor ecosystem fluxes at the onset of the first
rains reported large CO2 pulses of 3–5 μmol m−2 s−1 near Maun
at the northern end of our transect. They attributed these pulses
to contributions from Rs. Wang et al. (2007) also reported a 10-
fold increase in soil respiration after wetting at sites in Tshane,
Ghanzi and Pandamatenga which is similar to the c. 8-fold increase
we found at most sites after 50 mm wetting (Fig. 4). Previous work
at the Tsabong site established that heavy wetting results in large
amplitude short duration pulses of CO2 (up to 339 mg C m−2 h−1)
from Kalahari Sand soils and that, given sufficient moisture, fluxes in-
crease with temperature (Thomas et al., 2008). Our new data show
that as the wetting front moves down the soil profile, water displaces
the soil pore atmosphere and changes CO2 concentrations with depth
(Fig. 3). However, pore space gas displacement alone is insufficient to
explain the large changes in CO2fluxes observed as the pore spaces con-
tain only low CO2 concentrations (b800 ppm) prior to wetting. Al-
though there are areas of carbonate rich soils in the Kalahari (Thomas
and Shaw, 1991) the soils at our sites contained little inorganic C
(Table 1) and carbonates are unlikely to be a major source of CO2 (c.f.
Emmerich, 2003). Autotrophic respiration from plant roots is also un-
likely to be a significant source of the Rs pulse as the infiltrating water
did not reach the rhizosphere of trees and shrubs and it will have
formed an effective gas diffusion barrier to sources from deeper in the
soil. The rapidity of the response and the timing of the experiments in
the dry season also suggest it was not due to greater photosynthetic
activity in vascular plants. Thus the high magnitude CO2 pulses asso-
ciated with the 50 mm treatment can only be explained by an addi-
tional contribution from heterotrophic microbial respiration of C
sources in the subsoil.

Fierer and Schimel (2003) suggest the source of C in newly wet
soil CO2 efflux are either microbial or soil organic matter in origin. Or-
ganic matter can be rendered accessible to microbial attack as a result
of the breaking up of aggregates during wetting (Denef et al., 2001) or
from a subsequent increase in zymogenous microbial populations.
However, Kalahari Sands contain negligible amounts of humus with
the majority of soil C labile and associated with exudates from
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Fig. 5. The relationship between soil CO2 efflux and chamber air temperatures. Line represents the van't Hoff/Arrhenius equation fit to dry, 2 mm and 50 mm treated soils for all five
transect sites.
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microbial organisms (Mager and Thomas, 2011). Some soil microor-
ganisms will die as a result of prolonged desiccation, providing a
readily available substrate for the survivors to respire (Luo and
Zhou, 2006) and rapid wetting can also lead to osmotic shock and
the death of some microbial cells (Borken and Matzner, 2009). The
transient nature of the surface pulse and subsoil CO2 increases after
heavy wetting is indicative of soils which have a limited and rapidly
exhaustible supply of available C. The most likely process producing
the CO2 pulse is therefore respiration of available C, possibly originat-
ing from the BSC, by surviving populations of heterotrophic bacteria
and fungi stimulated by the increase in soil moisture and fresh sub-
strate released by lysed cells.

After the initial pulse of CO2 diminished, fluxes varied with temper-
ature and for short periods resulted in negativefluxes (net uptake) at all
sites except Takatshwaane. Similar short periods of net uptake were
also seen in the dry control and 2 mm wetted chambers. There is
some evidence that the low light and temperatures of the earlymorning
favour uptake (Fig. 2). On dry soils this is likely to be caused by dew
facilitating photosynthesis. The finite porosity of Kalahari Sand soils
means that pore spaces in the upper soil profile became filled after
the 50 mmwetting treatment, resulting in a temporary barrier to dif-
fusing gases originating from deeper in the subsoil, effectively isolat-
ing the surface soil and crust as the contributors to efflux. In our
study, periods of net uptake of CO2 to the soil indicate that photosyn-
thesis is occurring in the crust component at least for short periods
once the moisture content of the BSC has decreased sufficiently.

4.2. Rs and temperature

The temperature sensitivity of Rs increases with soil moisture
(Fig. 5). The Q10 of dry soil and after wetting with 2 mm and 50 mm
water was 1.1, 1.5 and 1.95 respectively. This shows that under dry con-
ditions temperature has little effect on flux. Once wet, increasing tem-
peratures lead to greater Rs, particularly when both the subsoil and
BSC are moist. Soil organic matter and C stored in Kalahari Sands has a
number of characteristics that make Rs particularly temperature sensi-
tive when wet. Firstly, the majority of C is associated with BSCs, either
as microbial biomass or their secretions (Thomas and Dougill, 2007;
Wang et al., 2007). Most C is therefore close to, or at, the soil surface
and there is a very rapid decrease in soil organic matter with depth
below c. 1 cm. Consequently, there is very little thermal buffering of
the soil C store and the crust will rapidly equilibrate with air tempera-
tures, thus coupling microbial processes with current climatic condi-
tions. Further, most C is in a labile form and mineralisation activation
energies are lower than for the heterogeneous mix of organic matter
in a typical mesic soil. This helps to explain why Eq. (1) is a reasonable
predictor of flux when soils are wet. That the Q10 values of wetted soils
are toward the lower range reported for most other global soil types
(Bond-Lamberty and Thomson, 2010a) suggesting that the Rs values
are dampened by autotrophic microbial activity in the BSC. Increasing
temperatures when soils are wet can also mean greater CO2 uptake as
well as release. Thus, when not limited bymoisture, soil microbial activ-
ity does increasewith temperature but the full effects aremasked by au-
totrophic activity in the BSC.

4.3. Rs and biological soil crusts

The relative complexity of diurnal variation in efflux can be ex-
plained by differences in the relative contributions of Ra, Rh and Rbsc to
soil efflux. There were periods of net CO2 uptake at all sites when
photosynthesis exceeded respiration of all soil organisms and roots
(Fig. 2). Because BSC organisms can utilise very small amounts of
moisture from dew events that will be inaccessible to plant roots
and microorganism in the subsoil, the relative contribution of BSC
to efflux is likely to be greatest when soils are dry. Temporal varia-
tion in metabolic behaviour of BSC organisms is, however, difficult
to determine on the basis of Rs measurements alone. Our temporal
data suggest that net uptake is most likely in the early morning
when a window of optimal conditions for CO2 uptake occur. These
are, however, short-lived as the moisture from dew is rapidly evapo-
rated. Consequently soil C is particularly vulnerable to changes in
temporal patterns of precipitation and evapotranspiration.

Four of the sites had an extensive and well developed BSC cover
(Table 1). At Tshane, however, intensive cattle grazing inhibited BSC
development and cover. This, we suggest, is the reason for the high
C losses at the Tshane site after the 2 mm rainfall treatment. The
data suggest that inhibition of BSC development leads to a reduction
in C input from autotrophic organisms and consequently greater Rs
losses. It is well established that BSCs are susceptible to disturbance
and degrade due to disturbance from animals and burial under
wind-blown sediment. Damage and disruption to the BSC micro-
environment and structure also adversely affects the composition
and metabolic activity of the organisms and their ability to fix CO2

(Belnap, 1996; Lalley and Viles, 2006). Soil crusts that were seques-
tering CO2 can rapidly become a net source of CO2 if disturbed, mak-
ing dryland Rs sensitive to animal stocking densities and cultivation
methods. This has important consequences for any intensification of
grazing in the Kalahari which would lead to a reduction in BSC
cover (Thomas and Dougill, 2006) and thus potentially could release
further CO2 into the atmosphere.

4.4. Consequences of future changes to soil CO2 efflux

Before the consequences of soil CO2 efflux on soil C stores and
fertility can be determined, it is important to determine the propor-
tion of efflux that originates from BSCs, heterotrophic and autotro-
phic respiration because of the age and type of C involved in each
process. CO2 respired from roots is recently sequestered during
photosynthesis and represents ‘new’ soil C. Increases in CO2 efflux
driven by greater autotrophic respiration would have few, if any,
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long-term consequences for soil C or atmospheric CO2 as respira-
tion C losses are matched and driven by greater biological produc-
tivity and C uptake. In contrast, heterotrophic soil microbes mineralise
organic matter of varied composition and age and the respired CO2 will
contain C that has been resident in the soil for a longer time than C in
the autotrophic component of efflux. The temperature driven increase
in soil CO2 flux reported here is a concern because it is likely occurring
independently of C inputs from plants. This represents a net loss
of previously stored soil C and a potential process of soil quality
deterioration.

More information is also required on the soil microbial ecology of
the Kalahari as this will have an important regulatory effect on soil C
cycles. Dryland soils contain enzymes that can decompose proteins
and recalcitrant C compounds (lignins, humic substances) at very
low moisture contents (Zeglin et al., 2007). Fungi are also likely to
play a significant role in the decomposition of organic matter as
they can metabolise at higher temperatures and lower water poten-
tials than either plants or bacteria (Collins et al., 2008; Crenshaw et
al., 2008). Furthermore, abiotic processes, particularly photo-oxidation
of surface litter (Austin and Vivanco, 2006) will continue to decompose
surface organic litter evenwhen it is too dry for net primary productivity
and microbial activity (Collins et al., 2008).

5. Conclusions

This paper presents new in-situ Rs and subsoil pore-space CO2

concentrations data from biologically crusted soils at five sites
along the Kalahari Transect in Botswana. By manipulating soil
moisture through experiments undertaken in the austral winter
the effects of wetting both the surface crust and the deeper subsoil
on Rs were quantified. The data were used to determine the tem-
perature sensitivity of Rs at the different moisture conditions using a
van't Hoff/Arrhenius model (Eq. (1)). Limited replication and the single
season data set, however, limit the broader conclusions that we can
safely draw from this study.

Soil microbial activity and CO2 efflux was limited bymoisture at all
locations. Wetting the BSC led to an immediate increase in the magni-
tude and range of CO2 released by respiration of organisms in both
the crust and subsoil. Wetting of the crust and subsoil led to short-
lived but large efflux peaks of CO2 from soils. This was due to the
stimulation of heterotrophic soil microbes utilising the limited supply
of labile C. There were short periods of net CO2 uptake on dry and
lightly wetted soils, particularly in the early mornings showing that
autotrophic BSC organisms can utilise the low amounts of moisture
from dew events. That the autotrophic organisms in BSCs can mask
respiration from crust heterotrophs suggests that photosynthetic
activity is significant, at least over short periods and that without
this input C losses in respired gases would be significantly higher.

Under dry conditions temperature has little effect on CO2 flux but
once wet, the temperature sensitivity of Rs increases with soil mois-
ture to a maximum Q10 of 1.95 after 50 mmwetting. The temperature
sensitivity of Rs is in part due to the importance of BSCs to soil organic
C storage in dryland soils. Most C is in a labile form, close to the sur-
face, and mineralisation activation energies will be relatively low.
When not limited by low moisture, soil microbial activity increases
with temperature but the full effects of this on CO2 release are
masked by autotrophic activity in the BSC leading to some photosyn-
thetic uptake.

The implications of greater respired C losses depend on the
source of the C. Our data suggest that during the austral winter,
temperature-driven increases in respiration are a concern because
increases are occurring independently of C inputs from plants and
thus represent a net loss of previously stored soil C. Our experimen-
tal data suggest that increases in air temperatures in combination
with an increase in the intensity or area of grazing will potentially
lead to greater C losses in gases respired from dryland soils. Further
research which addresses the source of C contributing to Rs from
dryland soils and determines its temperature, moisture and distur-
bance sensitivity remains a priority for improved coupled climate-
biosphere models and for assessing the future productivity of dry-
land agro-ecosystems.
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