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ARTICLE INFO ABSTRACT

Handling Editor: Matthew Tighe Soil biocrusts, formed from communities of microbes and their extracellular products are a common feature of
dryland soil surfaces. Biocrust organisms are only intermittently metabolically active, but due to their ubiquity

Keywords: they make a significant contribution to the carbon cycle. Quantification of the controls and insights into the

SO‘llbl‘(’jcr“Sts interlinked process of photosynthesis and respiration are essential to enhancing our understanding of the carbon

Drylands

cycle in the world’s drylands. Yet, there have been relatively few field studies investigating controls on both

Soil carb . . - X . . .

C(Z)l (;f:xon biocrust photosynthesis and respiration. We undertook field-based experiments at two dune sites during the dry
Phoztosynthesis season in Diamantina National Park in Queensland, Australia to determine how biocrust hydration and illumi-
Hydration nation affect soil CO, flux and photosynthesis. Static chambers and an infra-red gas analyser were used to

Light quantify soil CO; flux, and a fluorometer and a CFlmager were used to determine a range of photosynthetic
parameters in the field and laboratory respectively. When dry, biocrust photosynthetic activity was not detected
and soil CO» flux was very low irrespective of biocrust cover. Hydration led to a large and immediate increase in
CO; flux, which was more pronounced in the presence of biocrusts and on the dune with thinner biocrusts.
Hydration also initiated the onset of photosynthesis in some biocrusts, which was greatest under low light
conditions and sustained with further hydration. There were only infrequent periods of net CO, uptake to the
soil, occurring when CO; uptake due to photosynthetic activity was less than background soil CO2 flux. Chlo-
rophyll fluorescence imaging indicated biocrust spatial heterogeneity was evident at the cm scale where
microtopography creates a myriad of environments for different crust organisms. Our findings demonstrate that
biocrusts are highly spatially heterogenetic at both landscape and small scale, which suggests the maintenance of
biocrust spatial diversity is likely to be key to imparting resilience to changing climate and disturbance. As well
as reaffirming the importance of biocrusts for the carbon cycle in dryland dune soils the study demonstrates that
biocrust respiration and photosynthesis respond differently to hydration and shading. This adds an unpredict-
ability to the distribution of soil carbon stocks and the gaseous exchanges of CO; between the surface and at-
mosphere. Future changes to precipitation and increased temperatures are likely to reduce soil moisture across
much of the Australian interior and consequently biocrusts may experience a decline in biomass, structure, and
function which could have significant repercussions beyond carbon stocks.

1. Introduction experience only intermittent periods of hydration. In many dryland lo-
cations, annual temperature variations of > 70 °C and diurnal variations

The soil surface in drylands is an extreme environment that presents > 50 °C are common (Lembrechts et al., 2020) and levels of ultraviolet
significant challenges to life. Soil surfaces are frequently desiccated, and radiation can be very high (Pringault and Garcia-Pichel et al., 2004).
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These conditions constrain vascular plant cover and consequently
vegetation is often found in a mosaic with extensive exposed soil patches
(Ludwig et al., 2005). Soil surfaces are, however, home to a diverse
community of microorganisms that form biocrusts. Soil biocrusts form
from aggregates of mineral grains, microbes (especially cyanobacteria),
lichen, mosses and extracellular polymeric substances (EPS) (Belnap
et al., 2016). They are common in all drylands, including in Australia
(Strong et al., 2013; Williams et al., 2014, Elliott et al., 2019). Biocrusts
provide a range of important ecosystem functions (Ferrenberg et al.,
2017), including fixing atmospheric nitrogen (Strauss et al., 2012) and
improving soil stabilisation, which reduces the frequency and magni-
tude of soil erosion (Ravi et al., 2011). Autotrophic organisms in bio-
crusts can also photosynthesise and generate organic carbon, which
consequently improves soil stability, water holding capacity and fertility
(Grote et al., 2010; Coe et al., 2012). Despite being only intermittently
metabolically active, biocrusts make a significant contribution to
organic carbon stocks in drylands, sequestering c. 1.0 Pg C yr™! globally
(Elbert et al., 2012), and although soil organic carbon concentrations are
low in drylands, their vast extent (c. 43% of the land surface) make them
globally important.

The metabolic activity of biocrusts is affected by a range of biotic and
abiotic factors (see for example, Johnson et al., 2012; Thomas et al.,
2012; Wertin et al., 2012; Lane et al., 2013; Maestre et al., 2013). Bio-
crust organisms are poikilohydric, adapting passively to the available
moisture around them (Tamm et al., 2018), and can withstand desic-
cation through metabolic dormancy (Lange et al., 1994). Hydration
results in the rapid initiation of respiration followed by photosynthesis
in biocrusts (Kranner and Birti¢, 2005; Belnap et al., 2016). Although
moisture and temperature are important factors in determining biocrust
carbon balances (Lange et al., 1994; Tamm et al., 2018; Kranner and
Birti¢, 2005; Belnap et al., 2016), not all biocrust assemblages will
respond to climatic variables in the same way; much will depend on
microbial composition and how the dominant autotrophs react to the
physiological stress associated with desiccation (Belnap et al., 2016).
The effects are often subtle, and the timing of hydration may also be an
important factor affecting the metabolic response to hydration. Williams
et al. (2014) detected no photosynthetic activity or respiration after
hydration of biocrusts in the dry season in northern Queensland. When
the same biocrusts were hydrated in the wet season however, activity
commenced almost immediately. They hypothesized that desiccated EPS
protects cyanobacteria from premature resurrection in the dry season.
Similar seasonal differences in carbon balance in response to identical
hydration conditions have also been observed in moss-dominated crusts
in North America (Coe et al., 2012). Biocrust photosynthetic efficiency
can be inhibited by increased non-photochemical quenching and pho-
toinhibition in conditions of high irradiance (Garcia-Pichel and Belnap,
1996; Adir et al., 2003). Hence biocrust photosynthesis is most efficient
in conditions of low irradiance typically found during cloudy conditions
(Lan et al., 2014). Finally, biocrust carbon balances are also sensitive to
disturbance. A two year field manipulation experiment on dunes in
southern Botswana demonstrated that biocrust removal led to increases
in soil CO flux, and reductions in chlorophyll a and organic carbon,
whereas light disturbance led to increases in chlorophyll a and organic
carbon (Thomas, 2012).

Central Australia, along with many other dryland regions, is pre-
dicted to experience more frequent and longer periods of extreme heat in
the future (Cowan et al., 2014; Huang et al., 2016) as well reductions in
precipitation (IPCC, 2014). Consequently, soil moisture is likely to
decrease in many areas (Bates et al., 2008) and biocrusts developed in
these areas may experience a decline in biomass, structure, and function
which could have significant repercussions on the regional and even
global carbon stocks. Quantification of the controls and insights into the
interlinked process of photosynthesis and respiration are therefore
essential to enhancing our understanding of the carbon cycle in the
world’s drylands (see for example related work by Biidel et al., 2018;
Dettweiler-Robinson et al., 2018). This study presents new information
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on how the presence of biocrusts in a dormant (desiccated) and active
(hydrated) state affect the soil carbon balance of dune soils. The ob-
jectives were to quantify variability in the photosynthesis and respira-
tion responses of dune surfaces in Australia with biocrusts and where
they had been removed, and under varying hydration, temperature and
light conditions, and to explore the variability in these responses at
different scales. Our hypothesis is that respiration and photosynthesis
will be greatest where there are biocrusts present on the dune surface,
due to the presence of more autotrophic and heterotrophic microbial
biomass (see for example Castillo-Monroy et al., 2011). We also expect
hydration to greatly increase the autotropic and heterotrophic activity
of the biocrusts, as is commonly reported elsewhere (e.g. Grote et al.,
2010) and for low light conditions to favour metabolic activity. To test
these hypotheses, we performed controlled experiments to determine
the effects of biocrust removal, hydration, temperature and shading on
soil COz flux and photosynthesis on two sand dunes in Queensland,
Australia.

2. Materials and methods
2.1. Study region

Field experiments were conducted in Diamantina National Park,
western Queensland, Australia in July 2015 (Fig. 1). The 570 km? park
takes its name from the Diamantina River, which flows south-west for
1000 km from the Swords Range to its terminus in Lake Eyre (Costelloe
et al., 2003). The region is characterised by low relative relief, c. 100 m
above sea level (Australian Height Datum), with anabranching river
systems, expansive claypans, linear sand dunes and grassy downs
interspersed across the region (Nanson and Knighton, 1996; Bullard
et al., 2007). Dating of channel sediments in Cooper Creek, an adjacent
catchment 200 km east of Diamantina, reveals there was a shift from
sand-to-mud dominated channel transport around 40,000 years BP,
which isolated the dunes as emergent features (Maroulis et al., (2007)
and since then there has been very little dune movement. The park was
formerly a pastoral holding, but by 1997 all grazing was prohibited
(McTainsh and Strong, 2007), although the park continues to be
impacted by illegal cattle grazing.

The region has a semi-arid climate, with extreme inter-annual tem-
perature and rainfall regimes. The mean annual temperature is 24.7 °C
but summer daytime temperatures can exceed 50 °C and winter night
temperatures typically fall below 0 °C (Strong et al., 2013). Mean annual
precipitation is 270 mm yr~! (Chappell et al., 2007), with 75 % occur-
ring between November and March during the Australian summer
monsoon (Bullard et al., 2007; Strong et al., 2013). Data were collected
in the dry season and after below average rainfall in the previous wet
season year where there was only 110 mm precipitation (Chris Mitchell,
Head Ranger, personal communication) was recorded at the Park
Headquarters (Fig. 1).

2.2. Field sites

A field-based manipulative experiment was conducted on two linear
dunes within the Park (Fig. 1). Both dunes were 2-3 km in length, 10-12
m high and comprised of very fine to fine sands with a modal particle-
size of 185-270 pm. The pH of the upper 5 cm of dune sand was 6.4.
The first study dune, named T1D after the dominant biocrust cover, was
located 5.5 km south-east of the National Park Headquarters on the east
bank of the Diamantina River (23° 48 29" S, 141° 09’ 34" E). Vegeta-
tion covered approximately 25 % of the ground surface, with Golden
Wattle (Acacia pycnantha), Saltbush (Atriplex spongiosa) and Broom Bush
(Viminaria juncea) dominant on the dune and Coolabah trees (Eucalyptus
coolabah) marking the high line of floodwaters at the base of the dune.
Soil biocrusts covered 50 — 60 % of the open ground on the dunes, higher
than the 35 % previously reported by Strong et al. (2013) for the wider
Diamantina landscape. All biocrusts were light coloured, 3-4 mm thick
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Fig. 1. Location of study sites in Diamantina National Park, Queensland, Australia. A) T2D, B) T1D, C) Biocrust covered dune surface at T1D, D) Cross-section
through dune surface showing buried biocrust layers at T2D. Green star shows the location of the Park Headquarters. Main image and images A and B from Goo-

gle Earth.

(Fig. 1) and were comparable to the light cyanobacterial or “type 1”
biocrusts described in Thomas and Dougill (2006) from the Kalahari and
in Strong et al. (2013) at other sites within the Diamantina National
Park. There was evidence of biocrust disturbance due to cattle incursions
and wind-scour across the site.

The second dune, named T2D after the better developed thicker
biocrusts found at the site, was 15 km west of the Park Headquarters on
the west bank of the Diamantina (23° 46’ 11”° S, 140° 59’ 50" E) (Fig. 1).
Vegetation cover at this site was approximately 30 %, with the same
dominant species as T1D. There was no evidence of cattle disturbance,
and biocrusts covered 50 — 60 % of the ground surface and were thicker
(c. 5 mm) with some darker patches and notable microtopography. The
biocrusts at this site are comparable to the “type 2” crusts described in
Thomas and Dougill (2006) from the Kalahari and in Strong et al. (2013)
from nearby sites in Diamantina. DNA sequencing confirms earlier mi-
croscopy work by Strong et al. (2013) that the dominant autotrophs in
the biocrusts at T2D were cyanobacteria of the genus Microcoleus, which
accounted for over 8 % of bacterial sequences detected (Elliott et al.,
2019).

2.3. Soil properties

Bulk density was determined at five locations on each dune after
weighing the oven dry mass of soil collected from 10 cm depth using a
stainless steel tube with an internal volume of 99 cm®. Further samples
were collected from the biocrust and from 2 to 5 cm, 5-10 cm, 20-25 cm,
35-40 cm and 50-55 cm in a soil pit on each dune. Porosity was
determined by calculating the volume of water needed to saturate a
known volume of sand. Grain density was then derived by dividing the
oven dry sample mass by the volume taken up by the solid grains. A
further 18 and 10 replicate samples were collected from biocrusts and
from 2 to 5 cm depth at T1D and T2D respectively and an elemental
analyser (vario PYRO cube, Elementar UK Ltd.) was used to determine
the total C and total N content of ¢. 30 mg sub-samples in tin capsules.

2.4. Soil CO3 flux and the effect of biocrusts and hydration

On each dune, 18 static soil CO, flux chambers (Thomas et al., 2018)
were installed across a 200 m long section of NE-facing mid-dune flank.
Measurements were taken three or four times each day to determine CO»
flux at a range of temperature and light conditions. The chambers were
made from white uPVC and comprised two parts: A lower chamber
(10.4 cm internal diameter and 12 cm height) that when pushed several
cm into the surface forms an air-tight seal; and a screw on lid that en-
ables gas to accumulate inside the chamber during measurement cycles.
Chambers enclosed 85 cm? of soil and ranged from 480 — 570 mL in
volume depending on insertion depth. Heat sinks mounted through the
chamber walls ensured the internal air temperature were not elevated
above ambient. The chamber lids include a port covered with a Suba seal
for gas extraction and a vent valve to ensure any pressure differences
were rapidly equilibrated. A 7 cm diameter borosilicate glass window in
the centre of the lid permitted solar illumination of the soil surface
throughout the entire PAR spectrum.

Immediately prior to gas sampling, soil surface temperatures were
recorded at three points inside the chamber using an infra-red ther-
mometer and the moisture content of the soil determined adjacent to the
chamber by vertically inserting a SM150 soil moisture probe into the
uppermost 10 cm soil (Delta-T Devices Ltd., Cambridge, UK). The lid was
placed on the chamber and 12 mL of gas was immediately extracted
through the sample port using a syringe and hypodermic needle secured
with a luer lock. After approximately five minutes, another syringe was
used to gently pump and mix the air within the chamber before a second
sample was collected and the lids removed. CO, concentrations were
determined immediately after each measurement cycle using an EGM-4
infrared gas analyser (PP Systems, Amesbury, USA). Mass CO5 flux in mg
m2 hr’l, normalised to mean temperature and pressure was deter-
mined using Equation 1 (Kutzbach et al., 2007):

(C2 - Cl)*K*T

COflux =
flux ™m AL
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where C; and C, are the initial and final CO, concentrations; T is the
time between the first and final CO, samples; V is the volume of air
inside above soil inside the chamber; A is the area of soil enclosed by the
chamber; and T¢ = a temperature factor. To correct for the effect of any
diffusion suppression owing to the accumulation of CO; inside the
chamber, a correction factor was applied (for details see Thomas, 2012).
Chamber air temperatures and relative humidity were logged at 10 min
intervals by USB502 loggers (Adept Science, UK) in six of the chambers.
Soil volumetric water content and temperature were also determined
every 10 min using a Decagon EM4 logger and four 5TM sensors inserted
laterally into the soil at 2 cm, 5 cm, 10 cm and 20 cm in a soil pit located
in the centre of the dune flank.

Each chamber location was assigned one of four treatments: i)
crusted; ii) crust removed,; iii) crusted and hydrated; iv) crust removed
and hydrated. Dry treatments were replicated 4 times and hydrated
treatments 5 times. Treatments were allocated to chambers based on
their mean CO; flux over a 2 day period before any treatments were
applied, such that there was an even distribution of treatment types
across the full range of control CO;, flux values. Any spatial clusters were
addressed by reassigning treatments where necessary. This method
helps prevent pre-existing (and undocumented) gradients or factors
from obscuring the real effects of treatments or from generating spurious
ones (Hurlbert, 1984). For the crust-removed treatments, the chamber
was removed, and a spatula was used to lift all consolidated crust ma-
terial from the soil. The chamber was then carefully replaced in the same
location and the chamber head space volume recalculated. Boiled
rainwater collected from a tank at the ranger station was used for the
hydration treatments. An initial 15 mm equivalent was applied to the
soil surface within and surrounding the respiration chamber and an
additional 5 mm was applied 2 days later. The same depth of water was
also applied to a 1 m? area of soil above the 5TM buried soil temperature
and moisture sensors. The amount of water applied for the hydration
treatments reflects the rainfall regime (Bullard et al. 2018) of the region
where up to 80% of annual rainfall occurs during multi-day events and
over 75 % of rainfall amounts recorded on one day are < 6 mm. It is
important to note that the sites are in a summer rainfall region and the
experiments were done in the winter. A total of 360 soil CO5 flux mea-
surements were taken on each dune over 12 days (20 times per chamber
over the pre- and post-treatment phases).

2.5. Field measurements of biocrust photosynthetic activity

A portable fluorometer (FluorPen FP 100, PSI systems, Czech Re-
public) using a 650 nm wavelength, was used to determine quantum
yield in the field. Quantum yield is the most commonly used parameter
in assessing the efficiency of photosystem II. Two values, Fv/Fm and
Fv’/Fm’, were obtained for dark and light adapted biocrusts respectively
(where Fm is the fluorescence maximum; Fv is equal to Fm — Fo, and Fo
is the fluorescence origin). The fluorometer was also used to generate
light curves, using pulse modulate fluorometry, where seven light pha-
ses, each 60 s duration, at 10, 20, 50, 100, 300, 500 and 1000 pymol m?
s! intensity were used to determine the most effective quantum yield of
photosynthesis under increasing light intensities throughout continuous
illumination. Determination of quantum yield is rapid, taking approxi-
mately 15 s, whereas light curve responses take 15 min.

Intact biocrusts were collected from 16 locations on each dune using
sterile Petri dishes (47 mm diameter x 18 mm deep). The samples were
arranged on a bench close to the dune from where they originated.
Modified leaf clips (Hansatech Instruments Ltd, Norfolk, UK) originally
intended for measuring leaf fluorescence, were then attached to each
Petri dish. These provided a 4 mm diameter opening for crust illumi-
nation and an in-built shutter cover to allow dark adaptation (when
required for the dark adapted fluorescence protocol). The FluorPen was
held with a retort stand and blackout material was wrapped around the
sample and sensor during measurements to ensure all light was
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prevented from reaching the samples. The quantum yield and light curve
measurement protocols were then followed to quantify biocrust photo-
synthetic activity (FluorPen FP 100 series Manual; Misra et al. 2012).
During the measurements the amount of photosynthetically active ra-
diation (PAR) reaching the samples from natural daylight illumination
was logged continually using a Decagon EM4 logger and QSO-S sensor.
First and last light was approximately 07:15 and 18:10 respectively,
with solar noon and maximum PAR at 12:30. Maximum daily air tem-
peratures were recorded at 14:30 and minimum temperatures at 06:00.

Photosynthesis parameters were monitored for one day prior to the
application of one of four different treatments for each of the 16 samples
(replication level of 4 per treatment) as follows: i) unshaded dry
(dormant), ii) unshaded and hydrated (active), iii) shaded dry
(dormant), and iv) shaded and hydrated (active). For the hydration
treatments, 3.8 g of water (1 mm equivalent) was added to each sample
every two hours and left for 20 min prior to undertaking the fluores-
cence measurements. There were five hydration/measurement cycles
each day at 09:00, 11:00, 13:00, 15:00, and 17:30 to ensure measure-
ments were made over a range of solar radiation and temperature con-
ditions and so that the effects of cumulative hydration could be
determined. Measurements were made in a randomised block order, to
ensure there was no temporal bias, which was particularly important for
hydrated samples. For the shaded treatments, shade netting was used to
reduce the intensity of light reaching the biocrust samples. A portable
spectrophotometer was used to confirm that the effect of the netting was
to reduce UV (290-400 nm) and PAR (400-700 nm) by 43 to 45 %. For
dark-adapted measurement protocols, the modified leaf clips were
closed to prevent light reaching the samples. After 30 min the samples
were placed under blackout material so the clips could be opened prior
to the measurements being taken with the FluorPen.

2.6. Laboratory measurements of biocrust photosynthetic activity

The samples collected for in-situ determination of photosynthetic
activity were returned to the UK in sealed Petri-dishes for further
investigation of the small scale spatial heterogeneity of photosynthetic
activity and how this is affected by hydration. Two biocrust samples
from T2D were hydrated with 3 mL distilled water for 24 h prior to the
experiment, whilst a further two samples were left air dry. Light adapted
fluorescence maximum (Fm’) values were then determined using a
Technologica CFImager (Technologica, UK). All samples were hydrated
immediately prior to the start of imaging using 1 mL of distilled water,
then three more times (2 mL) throughout the 28-hour run time; samples
were imaged every 30 min and kept under light at 400 pmol m~2 s~}
PAR.

2.7. Statistical analyses

All statistical analyses were performed using SPSS (IBM v. 25). One-
way analysis of variance (ANOVA) was used to test the hypothesis that
mean values of moisture, bulk density, total C, total N were significantly
different between dunes. To test the significance of any differences in
CO; flux and quantum yield between dunes and between treatments
within each dune where multiple readings at were taken over the
duration of the experiment, repeated measures ANOVA tests were con-
ducted. The Levene’s F statistic was used to test equality of variance and
although ANOVA can tolerate inhomogeneous variance, where these
conditions were not met the more robust Welch and Brown Forsythe
tests of significance were used. Tukey’s HSD post-hoc test was under-
taken to determine which properties were significantly different due to
treatment with a probability of p < 0.05.



A.D. Thomas et al.

3. Results
3.1. Soil properties

The mean moisture content of untreated biocrusts and soils were low
(<0.27 vol%) and not significantly different between dunes (p > 0.05)
(Table 1). Soils at T2D were significantly more porous than at T1D (p =
0.02, df = 1, f = 6.80). Bulk density varied with depth at both sites from
1.43to1.61¢g cm 3 (Table 1). Total N and total C concentrations were
low at both sites (<0.1 %) with greater concentrations in biocrusts
compared to the underlying soil (Table 2). Soil C:N ratios range from 1 to
3 and are very low for dryland soils.

3.2. Soil COy flux in relation to hydration and presence of biocrust

Pre-treatment mean soil CO3 flux was significantly greater at T1D
(15.9 - 17.5 mg CO4 m~2 hr 1) and more variable compared to T2D
(10.0 - 11.4 mg CO, m 2 hr™Y) (p = 0.01, df = 1, f = 27.58) (Table 3).
Positive flux values are indicative of a net CO5 release from the soil to
the atmosphere, whereas negative values indicative a net uptake of COy
to the soil. At both sites, removing the crust on dry and hydrated soils
had no significant effect on CO5 flux. CO5 flux was significantly greater
from the hydrated sites compared to the other sites at T1D (p = <0.01,
df = 3, f = 15.74) and at T2D (p = <0.01, df = 3, f = 8.25). In dry
conditions, crust removal decreased the spatial variability of CO, flux
whereas hydration led to a significant increase in the spatial variability
of flux at both dunes (Table 3b).

A more detailed insight into the effect of crusts and hydration on soil
COq, flux can be seen in Table 3. At T1D the 15 mm hydration treatment
led to a 12-fold increase in flux at sites where the crust was intact and a
6-fold increase where it had been removed (Table 3). The response to the
subsequent 5 mm hydration was muted in comparison, with only small
increases in flux, which again, were slightly larger at the crusted plots
compared to the non-crusted plots. The elevated fluxes persisted at both
sets of plots for the duration of the experiment and were significantly
higher at the crusted compared to the non-crusted plots. At T2D the
initial hydration treatment led to a c. 10-fold increase in CO> flux at sites
where the crust was left intact and a 6-fold increase where it had been
removed. The application of a further 5 mm rainfall had an insignificant
effect on flux. After hydration, flux was not significantly different to pre-
treatment conditions (Table 3).

Despite the wide range of values (2 — 40 °C), soil temperature alone
was a very poor predictor of soil CO5 flux at both sites (Fig. 2). Crust
removal and hydration also made little difference to the relationship
between CO; flux and soil temperature. Fig. 2 also demonstrates that
occasionally there was negative flux (where CO, concentrations decline
over time inside the chamber, indicative of a net uptake of CO, to the

Table 1

Moisture, bulk density, porosity and grain density soil profiles at T1D and T2D.
Means with standard deviations. Single values only below the surface, n = 5 for
surface data. n.d. = no data.

Depth Moisture (Vol. Bulk Density (g
(cm) %) cm’s)

Porosity (%) Grain density

(gem™)

T1D T2D T1D T2D T1D T2D T1D T2D

Surface 0.18 0.27 1.55 1.53 36.0 37.5 2.43 2.45

+ + + + +06 +15 =+ +
0.03 0.15 0.04 0.04 0.08 0.06
2-5cm 0.26 0.29 1.56 1.59 34.5 37.3 2.38 2.53
5-10 0.29 0.41 1.55 1.61 36.1 38.4 2.42 2.61
cm
20-25 0.30 n.d. 1.52 n.d. 36.1 37.8 2.38 n.d.
cm
35-40 0.29 0.69 1.47 1.45 34.4 37.3 2.24 2.31
cm

50-55 0.44 0.83 1.51 1.43 35.8 37.0 2.35 2.27
cm
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Table 2

Mean =+ standard deviation of total N and total C (%) concentrations from bio-
crusts and subsurface sediment from T1D and T2D. n = 18 for all samples from
T1D, n = 10 from T2D samples.

Location Biocrust Subsoil
Total N (%) Total C (%) Total N (%) Total C (%)
T1D 0.03 £+ 0.01 0.07 £ 0.04 0.02 + 0.01 0.05 £+ 0.04
T2D 0.03 £ 0.001 0.10 £ 0.09 0.02 £+ 0.01 0.02 £ 0.01
Table 3

CO, flux (mg CO, m2hrHasa response to hydration treatments on crusted
and crust removed locations on T1D and T2D. CO., flux reported as the mean +
standard deviation of all chambers over the treatment period. The variability in
CO,, flux between chambers (spatial variance) on each dune is quantified as the
coefficient of variation (CV) (%) in the pre- and post- hydration phases.

T1D T2D
With Crust With Crust
Crust Removed Crust Removed
Before hydration 17.5 £ 15.9 + 6.3 11.4 + 10.0 + 4.7
6.6 6.4
Immediately after 1st 207.8 + 92.4 +37.1 115.4 + 61.9 + 24.4
hydration 83.8 26.5
Immediately after 2nd 52.4 + 30.3 +12.3 10.1 + 11.5+ 9.6
hydration 16.6 11.1
Longer-term post 315+ 17.7 £ 12.2 12.8 + 11.7 £ 4.7
hydration 22.3 6.1
CV before hydration 34.7 25.0 47.3 26.5
CV after hydration 60.7 110.1 136.7 95.1

soil), and these instances occurred across a range of temperatures and
treatments.

3.3. Biocrust photosynthesis

No photosynthetic activity was detected in any sample from either
site prior to hydration. Following hydration photosynthetic activity was
detected in all samples from T2D, but not in any samples from T1D. The
mean daily light adapted quantum yield of hydrated shaded and un-
shaded biocrusts (Table 4) from T2D are shown in Fig. 3. The quantum
yield of the shaded biocrust was significantly higher than the unshaded
on days 2, 3, and 5 (p = 0.037, 0.023, and 0.05 respectively). Generally,
the biocrust quantum yield increases through time after repeated hy-
dration with a significant (p = <0.001) increase in photosynthetic ac-
tivity throughout the four days for shaded and unshaded samples
(Fig. 3). The effect of light intensity can be seen in Fig. 4, where a decline
in quantum yield as light intensity increases is also apparent for both
shaded and unshaded treatments. Initially, shaded biocrusts produce a
higher yield than unshaded. However, they demonstrate a steeper
decline with increasing light intensity and for light levels of 300 pmol
m~2 s7! and above there is no significant difference between the two
treatments.

3.4. Chlorophyll fluorescence imaging: CFImager

The fluorescence images clearly show the photosynthetic response to
moisture, with photosynthetic activity initiating rapidly following hy-
dration and continuing until the samples are dry (Fig. 5). Most activity
was detected after 1 h and 15 mins and slowly declined thereafter. The
images also highlight the considerable small-scale spatial heterogeneity
of the photosynthetic activity and its response to the hydration process.
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Fig. 2. Soil CO, flux (mg CO, m~2 hr™!) and soil surface temperatures from treated and untreated plots at A) T1D and B) T2D. Fluxes during in the first measurement
after hydration are not included. Shaded area covers negative flux values where the is a net sequestration of CO, to the soil.

Table 4

Photosynthetically active radiation (PAR), air temperatures in shaded and un-
shaded conditions and mean soil surface temperatures over the duration of the
field data collection.

T1D T2D
Max. / min. unshaded air temperature (°C) 39/ -3.0 46.5/1.0
Max. / min. shaded air temperature (°C) 32,5/ -3.0 425 /1.0
Mean soil surface temperature (°C) 16.4 +11.3 20.8 £11.1
Unshaded peak PAR (umol m 2 s 1) 1611 1540
Shaded peak PAR (pmol m2s™1) 886 878

4. Discussion
4.1. Biocrusts and COz flux

Soil CO;, flux under desiccated conditions was, as expected, very low
irrespective of biocrust cover, and comparable to other dryland loca-
tions in the dry season (see for example, Thomas et al., 2018). Most CO4
likely originated from subsoil heterotrophic microorganisms and
vascular plants roots able to access greater soil moisture at depth
(Table 1). Moisture was the dominant control on soil metabolic activity,
with artificial hydration leading to a large and immediate increase in
CO;, flux (Table 3). In contrast, there was no clear relationship between
CO5 flux and soil temperatures under any treatment (Fig. 2). The
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presence of biocrusts increased the soil respiration response to hydration
at both sites but the thinner, less developed biocrusts at T1D responded
to hydration with a greater increase in CO5 flux than at T2D (Table 3).
The apparently contradictory finding of the thicker, better developed
biocrusts resulting in lower CO; flux at T2D can be explained by
photosynthetic activity (or other processes) resulting in a reduction in
net CO, emissions due to simultaneous CO, uptake (see below).

The increase in respired CO; after hydration of dry biocrusts has been
observed elsewhere, including in the southwest Kalahari where soil
respiration, remained 5-6 times greater than the very low background
levels for at least 2 days after artificial wetting (Thomas and Hoon,
2010). Soil water potentials in dryland soils can fall below —20 MPa
(Kieft et al., 1987) placing soil organisms under significant physiological
stress. A rapid increase in soil water revives soil microorganisms from
dormancy but osmotic shock causes a different type of stress (Placella
etal., 2012) and even widespread microbial mortality (Birch 1964). The
associated flush of available carbon associated with rapid hydration is a
hugely significant characteristic of dryland ecology and soils (Fierer and
Schimel 2002, Miller et al., 2005; Slate et al. 2019). The magnitude and
speed of the hydration response from the crusted soils demonstrates the
importance of post-rainfall CO3 flux to the total net carbon exchange at
the site and in drylands in general. Hydration levels in this experiment
were designed to activate the uppermost soil layers and/or biocrust and
will not have affected the water available to deeper rooting plants or
microorganisms. The experiment therefore clearly demonstrates that
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Fig. 3. Mean quantum yield (with standard deviation) of hydrated shaded (darker bars) and hydrated unshaded (lighter bars) biocrust samples from T2D. Sample n

= 4 and 3 respectively.
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Fig. 4. Photosynthetic response of T2D biocrusts to increasing light intensities. Mean values of all hydrated measures + standard deviation, n = 9 for

both treatments.

Increasing Fm’

Fig. 5. Chlorophyll fluorescence images showing T2D biocrust photosynthetic activity in response to hydration and desiccation. Top two samples are dry; while
bottom two were hydrated for 24 h prior to the determination. Dark colours (black/blue) represent low fluorescence, with bright (orange/red) indicating high
photosynthetic activity. Time unit (red) represents how long has elapsed since the most recent hydration.

biocrusts are vital to this process, as without them, the response is either
muted or not observed (Table 3).

Soil CO; flux may also be affected by the multiple buried crusted
layers (Fig. 1, image D) that will create a complex stratigraphy of
changing gas diffusivity in seemingly uniform sand soil profiles (Felde
et al., 2018). Although soils were more porous at T2D, and therefore
may facilitate greater rainfall infiltration depths and gas movement,
there is no evidence that this resulted in greater background COy
emissions from the subsoil. Vertical variation in soil physical properties
may, however, lead to stratification of microorganisms in response to
micro-environmental gradients and affect biocrust response to moisture
temperature and light (Lan et al., 2012; Hu et al., 2003; Garcia-Pichel
and Belnap, 1996).

There were infrequent occasions at both sites where net CO, uptake
to the soil was observed (Fig. 2). The two largest uptake values were on
hydrated crusted soils, but it also occurred on hydrated soil where the
biocrust had been removed. This could be due to water stimulating
photosynthesis and CO; sequestration at a rate greater than background
levels of respiration, leading to net uptake. Heterotrophic CO5 fixation is
known to occur in soils and is likely to be a widespread phenomenon (e.
g. Miltner et al., 2005; Santrickova et al., 2005). Fixation is also
enhanced by the availability of substrates and therefore be closely linked
to respiration of aerobic heterotrophic microorganisms (Miltner et al.,
2005).