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Abstract

Increasing carbon dioxide (CO2) concentration in the atmosphere is rapidly altering the 
earth’s climate. While human activities are driving this increase in atmospheric CO2, these 
human activities account for a small portion of the exchange of carbon (C) between the 
earth’s surface and the atmosphere. Soil respiration, the release of CO2 from soils through 
metabolic activity of soil organisms and roots, is the largest annual transfer of CO2 from 
land surfaces to the atmosphere. Although soil respiration is generally well balanced by 
plant uptake of CO2 through photosynthesis, small differences in these processes influence 
atmospheric CO2. Improving understanding of the controls over terrestrial C cycling is 
needed for accurate global C cycle models that inform climate models. Dryland (arid and 
semi-arid) ecosystems appear to play an important role in both total C exchange and in 
the year-to-year variability of C cycling. There is particular uncertainty in how dryland 
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C cycling might change under shifting climate conditions, given lack of climate change 
research to date in these systems. The opposing rainfall and fog gradients in the central 
Namib Desert presents an excellent opportunity to address this critical research need, as 
the natural variability in climate, soil surfaces, and vegetation cover can be used to explore 
factors controlling carbon cycle processes such as soil respiration. Working at six sites 
across this natural gradient, we quantified rates of soil respiration and their variability in 
response to soil surfaces (dunes or gravel plains) and vegetation patch types (bare areas 
and hummocks on dunes, uplands and watercourses on gravel plains). We simulated rain-
fall and measured soil respiration responses for 48 hours after the rain event. There was 
considerable variation in respiration rates, reflecting the influences of topography, soil 
properties, and ambient climate conditions. Soil respiration differed dramatically, with 
rates generally reflecting apparent patterns of plant production and/or soil organic mate-
rial accumulation (e.g., high annual rainfall > low annual rainfall, gravel plains > dunes, 
vegetated > unvegetated patches). Soil respiration was enhanced by simulated rainfall at 
most sites, although sites with very low plant production (e.g., bare patches in dunes at 
the low end of the rainfall gradient) had little response to rainfall. Rainfall responses were 
inconsistent at the middle, driest portion of the climate gradient where production may 
be limited by infrequent rainfall and fog. Research results suggest that characterizing soil 
respiration in drylands will be most successful if variability in soil surface, vegetation 
patch type, and topography are considered. The natural climate gradient in the central 
Namib Desert provides a unique opportunity to improve understanding of carbon cycling 
processes; doing so will help advance predictions of global carbon cycling and climate 
change.

Introduction

Humans are rapidly changing the earth’s climate through additions of heat-trapping 
gases into atmosphere (IPCC 2013). Carbon dioxide (CO2) is the most important heat-trap-
ping gas in influencing climate change due to the magnitude of anthropogenic inputs 
(largely from fossil fuel combustion, concrete manufacture, and land use change) cou-
pled with the strong radiative impact of CO2 in the atmosphere. Predicting future changes 
in the earth’s climate requires reliable estimates of future atmospheric CO2. However, 
estimates of future CO2 concentrations are complicated as they require forecasting both 
human CO2 emissions and the balance of CO2 uptake and release from the biosphere as a 
whole. While human activities have dramatically increased atmospheric CO2 concentra-
tions (from 270 parts per million before the industrial revolution to >400 parts per million 
in 2016), the carbon (C) residing in the atmosphere as CO2 is a small fraction of total C 
in the biosphere (Schlesinger & Bernhardt 2013). As a result, atmospheric CO2 can be 
influenced by relatively small changes in the amount of C stored in terrestrial pools (e.g., 
plants, soils, fossil fuels). The biggest pathway of transfer of C from the earth to the atmo-
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sphere is soil respiration, the release of CO2 from soil as a result of metabolic activity of 
either soil organisms (in particular, microorganisms such as bacteria and fungi) or roots 
(‘root respiration’). Soil respiration releases about ten times more CO2 into the atmosphere 
annually than humans activities (Schlesinger & Bernhardt 2013). However, unlike human 
activities, the vast majority of CO2 released by soil respiration is effectively balanced out 
by CO2 uptake by plants in natural systems through the process of photosynthesis. Small 
imbalances between uptake through photosynthesis and release by soil respiration have the 
potential to alter atmospheric CO2 concentrations. Scientific understanding of the controls 
over soil respiration, the major release of terrestrial release of CO2, lags that of anthro-
pogenic releases or CO2 uptake by photosynthesis. Understanding of controls over soil 
respiration is particularly limited in dryland (arid and semi-arid) systems relative to wetter 
ecosystems (de Graaff et al. 2014). Further, the biological processes that control transfer 
of C among storage pools may be influenced by climate change and very few studies to 
date assess how C cycling processes could be influenced by climate change (de Graaff et 
al. 2014).

Improved understanding of C cycling processes in drylands is critical to developing 
accurate global C cycling models that are needed for refining global climate models. 
Although drylands typically have lower overall C storage and rates of C exchange than 
mesic systems, drylands are important global players for several reasons. First, drylands 
cover approximately 40% of the global land surface, contributing roughly one third of 
terrestrial net C uptake through photosynthesis and account for nearly 20% of the global 
soil C pool (Field et al. 1998, Lal 2004). Changes in the relative uptake, release, and net 
storage in of C in these dryland pools thus have the potential to influence atmospheric 
CO2 concentrations and hence climate. Second, many drylands have undergone major land 
cover change in the past 150 years, with increased woody plant growth and an increase in 
total C storage (Barger et al. 2011, King et al. 2012). Third, drylands appear to have partic-
ularly high year-to-year fluctuations in C cycling in response to changes in rainfall; these 
fluctuations account for a sizeable portion of global inter-annual variability in C cycling 
(Ahlström et al. 2015, Poulter et al. 2014). Finally, drylands are socioeconomically import-
ant systems, accounting for a large and rapidly growing human population, the majority 
of the world’s livestock, and frequently intensive land disturbance (Reynolds et al. 2007, 
Wang et al. 2012).

The need to gain a mechanistic understanding of C cycling controls in drylands is 
magnified by current predictions that suggest that drylands may be particularly strongly 
impacted by climate change (Overpeck & Udall 2010). Most drylands are predicted to 
become hotter and drier with greater length and intensity of drought conditions and an 
overall decrease in water availability (IPCC 2013, Milly et al. 2005). However, regional 
climate change predictions lag behind global-scale predictions with recent improvement 
in drought modelling suggesting that global climate models may substantially underesti-
mate the probability of severe drought in drylands (Ault et al. 2014). In addition, regional 
climate anomalies that may have significant ecological impacts, such as fog in the Namib 
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Desert, are not currently well predicted by global climate models (Wang et al. 2015). Very 
little work to date has assessed the impact of climate change on dryland systems; per-
spectives currently conflict as to whether dryland biological processes should be robust to 
climate change due to dryland organisms being adapted to extreme conditions or whether 
drylands should be particularly vulnerable to climate change as dryland organisms are 
already frequently operating near physiological thresholds (de Graaff et al 2015). Of the 
work on dryland responses to climate change, most is focused on semi-arid systems with 
virtually no work on hyper-arid systems. Improved understanding of how environmental 
conditions affect C cycling processes in drylands is therefore critical for understanding 
both how these systems may respond to changing climate and for understanding potential 
feed backs to climate that may occur under changing conditions.

Soil respiration is the major pathway by which C gets released from the biosphere into 
the atmosphere. In most systems, the majority of soil respiration is attributed to metabolic 
activity of heterotrophic soil organisms (in particular bacteria and fungi) catabolizing dead 
organic matter (e.g., dead plant leaves and roots) with a smaller component from respi-
ration of live roots (Del Grosso et al. 2005). Environmental conditions, including soil 
moisture, temperature, and carbon substrate availability can strongly influence activity of 
organisms responsible for soil respiration; quantitative understanding how these factors 
control rates of soil respiration is critical for developing improved models of C cycling 
(Del Grosso et al. 2005). Temperature is a key controlling variable in many temperate 
systems, with greater soil respiration under warmer temperatures as a result of greater 
microbial activity (Sulzman et al. 2005). However, temperature may play a secondary role 
to moisture in drylands where water frequently leads to long-term periods with little or no 
biological activity (Austin et al. 2004). Soil organisms in drylands typically increase met-
abolic activity, and hence soil respiration increases, following rainfall pulses (Fernandez 
et al. 2006, Sponseller 2007).

While environmental conditions such as rainfall and temperature influence the oppor-
tunity for biological activity, these operate across the context of a heterogeneous envi-
ronment. Drylands are inherently heterogeneous systems, land cover typically composed 
of a matrix of bare ground and vegetation patches, in contrast to the more continuous 
canopy cover of mesic systems. Soil respiration, like other ecological processes, would be 
expected to be very different in these patch types (Barron-Gafford et al. 2011). Differences 
in topography or soil properties can also potentially cause profound influences in soil 
respiration rates by influencing soil moisture accumulation, availability, or retention and 
subsequently influencing what plants are present (Cable et al. 2008, Fernandez et al. 2006, 
Sponseller 2007).

The majority of soil respiration in drylands is in response to rainfall pulses, with bio-
logical activity potentially lasting for only a short time, require rapid up-regulation of 
metabolic activity to take advantages of these moisture pulses. Thus, the timing and size 
of precipitation events is thought to be a key regulator of dryland C cycling (Austin et 
al. 2004). However, the rate and dynamics by which soil organisms respond to moisture 
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pulses will be a function not only of the pulse itself but also a function of long-term climate 
patterns that influence the patterns of vegetation, litter accumulation, microorganism pro-
ductivity in combination with site-specific features such as soil properties and topography.

We took advantage of the unique physical environment of the Namib Desert to explore 
short- and long-term controls of environmental condition over soil respiration in a hyper-
arid desert. We embraced the variation in surface cover, topography, soil properties, and 
climate patterns to gain an understanding of how this inherent site-specific variability 
influences soil respiration rates. By comparing respiration rates on different soil surfaces, 
we quantified how dominant soil surfaces differ in respiration rates. Within each soil sur-
face we measured soil respiration across two dominant patch types, allowing us to assess 
how patch types differ in respiration. We manipulated rainfall and followed short-term 
(48 h) responses in soil respiration, allowing us to assess how soil surface x patch types 
differ in response to summer PPT. Finally, we conducted the manipulative study across 
the Namib precipitation gradient, allowing us to quantify the impact of short-term rainfall 
treatments on soil respiration.

Methods

Study Locations

The study was conducted in the Namib-Naukluft Park, within the central Namib Desert of 
Namibia. Six study sites were selected at three climate zones along the east-west climate 
gradient of the Namib, with one dune study site and one gravel/gypsum plains site at each 
climate zone (Figure 1). There is a strong climate gradient in this region (Lancaster et al. 
1984). The west climate zone is characterized by high precipitation inputs from fog and 
low precipitation inputs from rain, the middle, driest climate zone is near the edge of reg-
ular fog inputs with low rainfall, and the east climate zone receives relatively high rainfall 
but almost no fog (Table 1).

The gravel plains sites are all north of the Kuiseb River. The gravel plains soils are 
rich in gypsum to the west, transitioning to calcium carbonate dominance in the east (Eck-
ardt et al. 2013). The uplands of the gravel plains are intersected by lower-lying, shal-
low ‘watercourses’ that typically have loose, sandy soils. Movement of water through 
these watercourses occurs infrequently when there is adequate rainfall for surface run-off. 
The uplands are sparsely vegetated with perennial grasses (e.g., Stipagrostis ciliata at 
Kleinberg, Stipagrostis gonatostachys at Gobabeb Plains, and Stipagrostis uniplumis at 
Ganab), although at the time of sampling all grass clumps were quiescent with nearly all 
aboveground tissue removed by native grazers. Hypoliths and evidence of biological soil 
crusts are present in uplands at all three gravel plains sites. At Kleinberg, crustose and 
foliose lichens are abundant in the uplands but absent in watercourses. The watercourses 
are typically free of grasses, although the small shrub Arthraerua leubnitziae is present in 
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watercourses at Kleinberg and camelthorn acacia trees (Vachellia erioloba) grow along the 
watercourses at Ganab. There is visible litter accumulation in the watercourse at Ganab.

The dune sites lie south of the Kuiseb River at the northern edge of the Namib Sand 
Sea, where gravel plains have been covered over by alluvium transported down the Orange 
River drainage (Eckardt et al. 2013). The high sand dunes typically have little vegetation, 
with plants present primarily in ‘hummocks’ where sand accumulates around the base 
of perennial plants. These are most typically found near the base of dunes. These hum-
mocks are typically distinct patches surrounded by unvegetated ‘bare’ areas characterized 
by relatively flat, shifting sands. The dune grass Stipagrostis sabulicola is the dominant 
hummock-forming grass at all dune sites across the climate gradient. The grass Cladora-
phis spinosa is also present at all sites, with Acanthosicyos horridus forming hummocks at 
Gobabeb Dunes and the shrub Trianthema hereroensis abundant at Swartbank.

Figure 1. Location of soil respiration study sites in the central Namib Desert. The Kuiseb 
River separates the gravel plains (north) from the sand dunes of the Namib 
Sand Sea (south). The study locations are notated by letters as follows: K – 
Kleinberg, P – Gobabeb Plains, G – Ganab, S – Swartbank, D – Gobabeb 
Dunes, F – Far East. Map data are from Landsat and Google Earth.
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Field Methods

We selected representative patches for soil respiration measurements at each of the study 
sites. For dunes sites, we selected representative ‘hummock’ and ‘bare’ patches. Hum-
mocks were centred around Stipagrostis sabulicola plants. Hummocks were selected for 
uniformity by measuring length, width, height of soil mound, height of grasses, and dis-
tance to nearest neighbouring hummock and characterizing the amount of litter and bare 
ground in each hummock. Bare patches were selected to be the centre of the largest bare 
area adjacent to each of the selected hummocks. For the gravel plains sites, we selected 
representative patches within ‘uplands’ and ‘watercourse’. For both patch types, we 
selected locations based on uniformity. At each of the six sites, we selected five replicates 
for each of the two patch types.

Within each of the 10 selected patches at each of the six study sites, we designated 
three 50 cm diameter sub-plots for rainfall treatments. One sub-plot in each patch was 
designated for each of the three rainfall treatments: 0, 5, and 10 mm rain events. The 
appropriate volume of deionized water to simulate the rainfall depth (0, 0.98, and 1.96 L 
for 0, 5, and 10 mm events, respectively) was evenly distributed within the sub-plot using 
a garden watering can. Following the rainfall treatment, a PVC collar (10 cm diameter, 4.4 
cm height) for measuring soil respiration was inserted 1 cm into the soil in the centre of 
each sub-plot.

Figure 2. The six locations where the study was carried out. The three gravel plaints sites 
are shown in the top row (a, b, c) and the three dunes sites are shown in the 
bottom row (d, e, f). The study sites are arrayed along the climate gradient with 
high fog (coastal) sites to left and high rainfall (inland) sites to right. Exam-
ples of patch types are annotated as ‘W’ for watercourses and ‘U’ for uplands 
in gravel plains and ‘B’ for bare and ‘H’ for hummocks in dunes.
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Soil respiration measurements commenced approximately 30 minutes after watering. 
Soil respiration was measured with a LiCor 6400-09XT portable gas exchange system 
fitted with a 6400-09 soil respiration chamber (Licor, Lincoln, NE, USA). Soil respiration 
was measured as the mean CO2 efflux rate at ambient CO2 (390 ppm) from 3-6 drawdown 
cycles where CO2 efflux was measured from 385-395 ppm. Soil temperature, chamber 
temperature, and chamber relative humidity were recorded concurrently with respiration. 
Respiration measurements were made sequentially through all 30 soil collars at each site, 
with continuous measurements for a 48 hour period following the watering treatment (with 
the exception of Gobabeb Dunes, where respiration measurements were halted after ~31 
h). Speed of measurement varied with flux rates and ambient weather conditions, but there 
were on average 1765 measurements made at each site. Field measurements took place 
from 29 November to 17 December 2015, with separate 48 h field campaigns at each site. 
There was no measureable rainfall at any of the sites during the measurement period.

Data Analysis

A mean value for each measured variable (soil respiration, soil temperature, chamber 
temperature, and chamber relative humidity) was calculated from all replicate drawdown 
cycles each time measurements were made on a soil collar. Values from the entire mea-
surement period were pooled for statistical analyses.

One- and two-way analysis of variance (ANOVA) procedures were used to assess soil 
respiration differences among soil surfaces and patch types and in response to precipitation 
manipulations. Post-hoc pairwise comparisons were performed with Student’s t tests.

Results

Soil Surface and Patch Type Comparisons

When data were pooled across all precipitation treatments and patch types, there was con-
siderably greater soil respiration in the gravel plains than the dunes (Fig. 3; F1,3527 = 64.66, 
P = < 0.0001). When data were pooled for all gravel plains measurements, there was a sig-
nificant site effect on soil respiration, with greatest respiration at Ganab, lowest respiration 
at Gobabeb Plains, and intermediate respiration at Kleinberg (Fig. 4a; F2,2318 = 80.01, P < 
0.0001). Soil respiration was greater in the watercourses than the uplands (F1,2318 = 71.16, 
P < 0.0001). However, there was a significant site*patch interaction (F2,2318 = 64.11, P < 
0.0001) where soil respiration was more than twice as high in the watercourse as in the 
upland at Ganab, slightly but significantly higher in the watercourse than upland at Klein-
berg, and not significantly different among patch types at Gobabeb Plains. In the dunes, 
respiration differed among study sites (Fig. 4b; F2,1208 = 13.55, P < 0.0001), with greater 
respiration at Far East than Gobabeb or Swartbank. There was greater respiration in the 
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hummocks than bare patches (F1,1208 = 102.43, P < 0.0001). However, the relative increase 
in respiration from bare patches to hummocks was similar across study sites, with no sig-
nificant site*patch interaction (F2,1208 = 1.64, P < 0.19).

Soil Respiration Responses to Rainfall

In the gravel plains, soil respiration generally increased with increasing simulated rainfall 
treatments. At Kleinberg and Ganab, both uplands and watercourse patches responded 
positively to increases in precipitation (10 mm > 5 mm > 0 mm), although respiration 
was overall greater in watercourses than uplands (Figs. 5a & 5c; for Kleinberg: patch 
type F1,686 = 5.12, P = 0.02; rainfall F2,686 = 28.52, P < 0.0001; patch*rainfall F2,686 = 1.17, 
P = 0.31; for Ganab: patch type F1,916 = 174.57, P < 0.0001; rainfall F2,916 = 31.80, P < 
0.0001; patch*rainfall F2,686 = 3.84, P = 0.02). In contrast to the other gravel plains sites, 
soil respiration at Gobabeb Plains increased with the 5 mm treatment but did not increase 
further with the 10 mm treatment and respiration was overall greater in the uplands than 
the watercourse (Fig. 5b; patch type F1,704 = 7.45, P = 0.006; rainfall F2,704 = 29.30, P < 
0.0001; patch*rainfall F2,704 = 3.39, P = 0.03).

Similar to the gravel plains, simulated rainfall generally increased in soil respiration 
in the dunes in hummock patches. There were inconsistent responses to rainfall in the 
bare patches, however. At Swartbank, simulated rainfall increased soil respiration on hum-
mocks while it caused no change in respiration on bare patches (Fig. 5d; patch type F1,690 = 

Figure 3. Soil respiration rates from the two contrast-
ing soil surfaces. Soil respiration values are 
means (± SE) for all rainfall treatments and 
all vegetation patch types in each of the soil 
surfaces.

missing y-axis legend — should read the same as figure 4
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Figure 4. Soil respiration rates in the two vegetation patch types in a) gravel plains and 
b) dunes. Soil respiration values are mean (± SE) for all rainfall treatments 
in each of the soil surface x vegetation patch type combinations. Study sites 
are arrayed along the climate gradient with high fog (coastal) sites to left and 
high rainfall (inland) sites to right. Note differences in y-axis scale.  
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434.00, P < 0.0001; rainfall F2,690 = 58.84, P < 0.0001; patch*rainfall F2,690 = 9.32, P < 
0.0001). At Far East, both hummocks and bare patches responded positively to simulated 
rainfall, although the response was stronger in hummocks than bare patches (Fig. 5f; patch 
type F1,323 = 19.62, P < 0.0001; rainfall F2,323 = 16.23, P < 0.0001; patch*rainfall F2,323 = 
7.41, P < 0.001). Soil respiration at Gobabeb Dunes was markedly different from the other 
sites. Although respiration was greater in hummocks than bare patches, soil respiration 
was depressed by simulated rainfall, particularly in the bare patches (Fig. 5e; patch type 
F1,183 = 56.13, P < 0.0001; rainfall F2,183 = 5.45, P < 0.001; patch*rainfall F2,183 = 5.75, P 
< 0.01).

Discussion

Soil respiration rates varied strongly, but generally consistently, among the different patch 
types, study sites, and rainfall treatments, underscoring the importance of considering spa-
tial patterns of variability when assessing C cycling patterns and dynamics. Nearly all 
measurement locations responded positively to short-term simulated rainfall, although the 
magnitude of response varied among patch types and study sites.

Figure 5. Soil respiration rates in response to rainfall manipulations (0, 5, and 10 mm one-time 
rainfall pulse additions) in the two vegetation patch types in gravel plains (a, b, c) and 
dunes (d, e, f). Soil respiration values are mean (± SE) for each rainfall treatment in each 
of the soil surface x vegetation patch type combinations. Figures are arrayed along the 
climate gradient with high fog (coastal) sites to left and high rainfall (inland) sites to 
right. Note differences in y-axis scales at different locations along the climate gradient.
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Soil Respiration Responses to Soil Surface

Soil respiration rates in the gravel plains were consistently higher overall than in the dunes. 
Differences between the two surfaces in both soil texture and topography could be respon-
sible for differences in respiration. Soils on the dunes are coarse and composed of coarse 
sand grains relative to the finer-grained soils of the gravel plains. Coarse sands typically 
have higher water infiltration and lower moisture retention than finer-textured soils, lead-
ing to lower productivity and soil respiration on coarse-textured soils (Cable et al. 2008). 
However, high productivity and respiration has been observed in some coarse dryland 
soils. This has been attributed to reduced evaporative losses from surface layers and rapid 
infiltration of moisture to deep soil layers where deep-rooted plants can access moisture 
(the “inverse texture hypothesis”; Fernandez et al. 2006, Noy-Meir 1973). Our results 
provide support for the idea that productivity and soil respiration are enhanced by finer 
texture soils in the Namib (in contrast to the inverse texture hypothesis). However, another 
possible factor is topographic difference between the soil surfaces. Depth to bedrock is 
generally quite shallow in the gravel plains (Eckardt et al. 2013), suggesting water may be 
retained in the system more readily than the deep soils of the dunes.

Soil Respiration Responses to Patch Types and Climate Gradient

Soil respiration responses in the gravel plains to patch type appear to reflect topographic 
patterns that influence water and organic matter accumulation. The lower-lying water-
courses accumulate water when rainfall is sufficient for runoff to occur. This water move-
ment may influence soil respiration rates both through transport of organic matter into 
watercourses, which serves as a substrate for microbial metabolism, and through enhanc-
ing plant productivity. It is not surprising that the difference in soil respiration between 
upland and watercourse was most prominent at Ganab as at this site large amounts of 
fluvially-transported litter were apparent in watercourse. The minimal differences between 
patch types at Kleinberg may reflect limited transport and organic matter accumulation in 
these poorly defined watercourses. Alternatively, there may be increases in organic matter 
accumulation in the watercourses but the difference may be offset by respiration from 
lichens, which are abundant in the uplands but absent in the watercourse. Similarly, the 
lack of difference between uplands and watercourse at Gobabeb Plains may reflect the lim-
ited organic matter accumulation in the watercourse or may be a function of greater surface 
microbial activity in the uplands than the watercourse. At Gobabeb Plains we observed 
evidence of biological soil crusts and hypoliths (cyanobacteria colonies on the underside 
of translucent quartz rocks) in the uplands but not the watercourse. These organisms may 
have been respiring in the soil chamber, which does not permit any light transmission.
Soil respiration differences between patch types in the dunes reflects patterns of vegetation 
cover and presumably patterns of soil organic matter accumulation. Rates of soil respira-
tion on the bare patches were among the lowest measured in the study, and this was partic-

^

insert “the”



116 Journal NWG / Journal NSS   Band / Volume 64-2016

Marufu, V. J. et al.

ularly true at Swartbank and Gobabeb Dunes where bare patches were large with little or 
no evidence of organic inputs into bare areas. Greater respiration at Far East in both bare 
and hummock patches likely reflects higher productivity in this relatively high moisture 
site. The small bare patches at Far East likely are interspersed with roots extending out 
from hummocks; these roots would contribute to soil respiration (Cable et al. 2008).

Soil Respiration Responses to Simulated Rainfall

In the gravel plains, responses to simulated rainfall were clear and consistent at the two 
extremes in the climate gradient. Positive responses to rainfall in both patch types at these 
two sites provide evidence that organic matter substrates were not limiting. In contrast, 
apparent saturation response at 5 mm simulated rainfall suggests that carbon substrates 
may be limiting in these soils, such that additional water did not further stimulate respira-
tion (Fernandez et al. 2006).

Soil respiration responses to simulated moisture in the dunes reflected expected pat-
terns of soil organic matter accumulation, at least at the two extremes of the climate gra-
dient. Strong positive responses to simulated rainfall in both patch types at Far East are in 
line with large amounts of visible organic matter accumulation in soils at this site. Rain-
fall responses even in bare patches suggest that there is significant burial of litter in bare 
patches (no visible litter on surface) and/or roots from hummocks extend out into the bare 
patches; both are likely given that bare patches were much smaller relative to the other 
sites. Furthermore, substantial organic matter accumulation at Far East may enhance soil 
moisture retention (Gupta & Larson 1979), prolonging the impact of simulated rainfall. 
The lack of moisture response in Swartbank bare patches appears to reflect a near com-
plete lack of biological activity in the bare areas, presumably due to limited litter and root 
inputs. The patterns at Gobabeb were unexpected and are difficult to explain. There is no 
reason that rainfall would typically decrease respiration, suggesting the possibility that the 
shorter measurement time used in at this study site than other sites could have reflected the 
results. Transient increases in respiration immediately following rainfall may be a result 
of flushing of accumulated CO2 from soil pores (the ‘Birch effect’; Jarvis et al. 2007); dis-
similarities in the overall time series of the data would make transient initial patterns more 
important in the Gobabeb Dunes dataset. Another possibility for inconsistent patterns is 
the high termite activity at this site; a few soil respiration collars had visible termites in 
them and data from these collars were discarded. However, subsurface termite activity 
would not be apparent and thus we may have some spuriously high values as termites 
would drastically increase rates of respiration. Further studies at Gobabeb are warranted to 
better understand respiration responses at this site.
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Conclusions

Our results show high variation in rates of soil respiration from Namib Desert soils, with 
differences among patch types, soil surfaces, and sites along the climate gradient ostensi-
bly reflecting differences in soil texture, topography, and soil organic matter accumulation. 
Relative increases in respiration with precipitation varied with location, but were highest 
in sites where rain, fog, and soil conditions favoured organic matter accumulation. Under-
standing the controls over soil respiration, which is the largest transfer of C from the earth 
to the atmosphere is soil respiration, will help increase scientific understanding of what 
controls the land surface - atmosphere exchange of C. Given the limited understanding of 
how climate change influences C cycling (de Graaff et al. 2014) and the potentially large 
role that drylands play in the global C cycle (Ahlström et al. 2015, Lal 2004), this informa-
tion is critical for helping advance global C cycle predictions and informing future global 
climate models.
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