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Response to the three referees
Referee 1 (M. Bowker)

This paper tackles a challenging measurement problem: estimation of the net C flux of a biocrust community over a year in
the field. Also, using a battery of controlled environment treatments, the authors determine the response of these biocrusts to
moisture, temperature, and light. Overall, the authors find that biocrusts are a net C-sink in this environment, but net
production is only observed for a portion of the year. The strength of the paper is that the authors have amassed an
impressive amount of data and are one of only a handful of groups to complete this type of estimate. The weaknesses are
perhaps due to a weak expression of why it is so important to conduct this measurement, and why other similar
measurements have been scarce, and an occasional propensity to dwell on details without clear explanation of why they are

important. Below, | provide several suggestions to help revise the paper.

Answer: Thanks for the positive valuation. We tried hard to eliminate the weaknesses in expression and also to

explain every detail and why they are important.

Major comments: 1. | understand that this study does not fit the typical hypothesis test framework, but nonetheless the
authors could ensure that readers comprehend the more interesting elements of this work in the abstract, introduction and
throughout. We can be fairly confident that most persistent biocrusts have a positive C-balance, because if they did not they
would cease to exist eventually. Readers may find it intriguing that despite this apparent tautology, it is difficult to actually
observe net CO2 uptake in biocrusts. This is distressing given that due to their extent, biocrusts may be non-trivial players in
the global C cycle today, and almost certainly were major players in early terrestrial communities. We need this information.
The reasons are various, but 2 major ones are that the positive CO2 uptake only occurs during a small part of the year in
most studies, and it is difficult to separate C-balance of biocrusts from C-flux from organisms (microbes, roots) or minerals
(carbonates) that occur below them. If the study is framed as outlined above, obtaining an annual measurement becomes

much more intriguing to the casual reader and the importance of this endeavor is understood.

Answer: We rephrased the referring parts of the abstract, introduction and discussion and tried to make the aims
and outcomes unambiguously clear throughout the text. We included every suggestion of the referee and hope we
could clarify the unclear or weakly expressed parts.

2. Consider standardizing terminology for the one year monitoring (also called “monitoring of gas exchange”) and the
factorial experiment (also called “gas exchange under controlled conditions”). | might suggest “environmental

manipulations” and “Field monitoring”.

Accepted, we changed this in the manuscript.
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3. Consider placing the material on P4 L8-13 in section 2.3, and P4 L14-21 in section 2.4. It might improve flow and
understandability.

Accepted.

4. P 4 L9 — Why were the samples stored frozen? This does not seem like a region where freezing soils are natural. Aren’t

you worried this exposure could have harmed or otherwise altered the samples?

Answer: we added the following information for better understanding. “....This treatment had been tested in our
laboratory many times with lichens of many different geographical origins, including the tropics and resulted in high
survival rates (roughly 95%) compared to dry storing in herbarium cabinets or boxes in the laboratory. Earlier gas
exchange measurements on biocrusts, cyanobacteria, byrophytes and lichens before freezing and after thawing and re-

moistening resulted in identical rates (unpublished laboratory tests)”.

5. I could benefit from a few more details about how the 21 samples were used. For example you say 9 were used for the
environmental manipulations, and 11 were used for long-term monitoring. What about the 21st sample? Also, | understand
you inserted different biocrust samples for different portions of the field monitoring. But why are the samples used for such

wildly varying times, | would have thought each would be used about 1.1 months?

Answer: We understood that this graph was confusing, as well as the text. We replaced the figure by Table 1, where
we give just the sample and from when to when it was used. We also explained the somehow chaotic seeming
randomization of the sample changing mode using the following sentence: “Fourteen samples were used during
field monitoring (Table 1) and exposed in a random mode. The “random” mode was determined by the ability of

access (climatic conditions, days off) by one of us to the investigation site during the whole measuring period”.

6. There are 10 figures, are they are really needed? The content of Figure 6 is mentioned by the authors several times, but it
is not completely clear to me why the authors ascribe so much importance to these 3 days. Also, figures 9 and 10 could

probably be combined into one 2 panelled figure.

Answer: We omitted figure 3 and replaced it by a much clearer table. Figures 9 and 10 were combined as suggested

so that the number of figures is now reduced to 8.

7. There are times when | would like to see different pieces of information integrated, and another case where there is
integration but | do not have all the information | need to understand it. Fig. 4. Provides plots of biocrust responses to
different environmental gradients in a manner often used by this author group and associates. This is fine, but what | haven’t
ever seen is a plot integrating more than one of these variables in 3 dimensions. This would be a nice addition, if it could be

done. Fig. 8 is a valiant attempt at illustrating responses to 2 environmental variables as a surface, but there is no explanation
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of how this was created (Kriging?); further, the plot contains many inexplicable peaks and valleys, often near each other.
Does this suggest overfitting? Maybe more aggressive smoothing is warranted.

Answer: Figure 8, which is now figure 7 is a contour plot made with the SigmaPlot Software and is based on a
linear interpolation between measuring points (the same as in line graphs). We changed the figure legend in order to
make it more understandable for readers. Each and every data point of net photosynthesis (measurements at
daylight) was related with the referring air humidity and amount of light at the time of measurement. The colour
indicates CO, uptake rates (positive) or CO, loss rates during the day (negative values) or inactivity (0; yellow
colour). Here the new legend of figure 8 (formerly 7): “Contour plot of net photosynthesis of the Boodjamulla
biocrust based on linear interpolation between measured values. Shown is the active period from November 2010 to
April 2011. Net photosynthesis is related to relative air humidity and photosynthetic active radiation (PAR). No
dark respiration values shown! Colour key: yellow = no activity, orange to red = CO, loss during the day
(suprasaturation), light green to violet = CO, uptake”. We find this type of presentation impressive as it really
shows how many wet up and dry down cycles a biocrust experiences in its natural environment and how common

suprasaturation is.

8. The discussion is not bad as written. You do address a key measurement issue, and hypothesize that the isolation of
biocrust samples from underlying soil is the reason some studies find net C-uptake, and some find net C-loss. | would have
like to see you more fully develop a few other elements too (several of which you do address to some degree), for example
the generality that biocrusts maintain their existence by attaining positive C-balance only during a portion of the year, and
that often the gains over a year are marginal. This means that oft-cited slow natural growth rates likely are due to
environmental constraints; only a minority of the year is actually suitable for growth. | would have like to see you advance
some hypotheses for why different regions have different annual C-flux values. Related to this, one novel aspect of your
study is that all other annual flux measurements were conducted in environments with cool season hydration. Finally, you
could develop more your hypothesis about how expected climate changes might impact these naturally occurring biocrusts.

It might be helpful to break the discussion into a few subsections devoted to distinct discussion topics.

Answer: The discussion is more or less newly written and also separated into several subsections. Here the new

discussion:
4. Discussion
4.1 Seasonality and CO, balances

Apart from a clear seasonal activity pattern of the cyanobacterially dominated biocrust from Boodjamulla,
Queensland, only a minority of the year was actually suitable for growth during the one year round CO, gas

exchange field monitoring. An inactive winter period with no measurable CO, gas exchange lasted from July to
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mid-September 2010 and then from mid-April to end of June 2011. Metabolic activity was found in the summer
months only, starting with September 23rd 2010 where the first rains commenced, continuing until April 18th 2011.
Due to malfunction of the ACS, measurements from September and October and some days of November and
December 2010 were not useable to calculate NP and DR. An estimation based on rainfall data from September and
October, together with the referring gas exchange values from November suggests a CO, loss of roughly 88 mmol
m-2. Net primary productivity was determined as 1.7 g C m? yr* (2.8 g C m? yr' without Sept.-Oct. correction).
Our results showed that the Boodjamulla biocrust exposed a positive net C-uptake after one year field monitoring.
This result is in line with the findings of several other studies but differs from all of them in the fact that our study
focused to an environment with hot season hydration, whereas all of the other studies were conducted in
environments with cool season hydration. For example, a cyanobacterially dominated biocrust in the Mojave
Desert, USA had a C gain of 11.5 g m? yr* (Brostoff et al., 2005), 6.7 times higher than the cyanobacterially
dominated Boodjamulla biocrust. Another biocrust dominated by cyanobacteria, algae, lichens and mosses from the
Negev Desert, Israel exposed a C gain of 0.7 to 5.1 g m2 yr* (Wilske et al., 2008, 2009) and thus is pretty close to
what we observed in our study and also corresponds with the results from biocrust composed of cyanobacteria,

lichens and mosses of the Mu Us Desert in China with a C gain of 3.5 to 6.1 g m™ yr* (Feng et al., 2014).

However, there are several studies that clearly demonstrate that biological soil crusts loose C to the atmosphere.
When studying a cyanobacterially dominated biocrust of the arid grassland in southeast Utah, USA applying the
Eddy covariance method, Bowling et al. (2010) could not decide if this biocrust is a sink or a source as there were
some grasses involved in the plot and hence their root respiratory CO, loss influenced the CO,. When these authors
applied a top soil chamber for gas exchange measurements, they found the same biocrust a typical C source
(Bowling et al. 2011). But still, this does not necessarily mean that overall they are a C-source. A cyanolichen
dominated biocrust from the Gurbantungut Desert, China was reported as quite a large C source with a loss of -48.8
+5410-50.9+38gCm?yrt(Su, Y. G. etal., 2012, 2013) and a very similar biocrust type of the arid grassland
of the Colorado Plateau, USA that exposed surprisingly similar values of - 62 + 8 g C m? yr* (Darrouzet-Nardi et
al., 2015). How can this astonishing and at first glance contradictory fact be explained? Comparing methodology
and how measurements were taken, sheds some light on this phenomenon. All investigations, including our own
study that showed biocrusts having a net CO,-uptake over the year used gas exchange devices with a separate
cuvette where the samples had to be removed from the biocrust (Brostoff et al., 2005; Feng et al., 2014) except the
study of Wilske et al. (2008, 2009) that used a top soil chamber measuring the biocrust in situ. All other studies
used top soil chambers where the biocrust is measured in situ (Bowling et al., 2011; Su et al., 2013; Darrouzet-
Nardi et al., 2015). The main difference we could find in all of this studies was the thickness of the biocrust plus
sub-crust (soil) layer used. While those studies revealing biocrusts as CO, looser used collars penetrating 20 to 35

cm deep into the soil (Bowling et al., 2011; Su et al., 2013; Darrouzet-Nardi et al., 2015), the studies attributing

4
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biocrusts as CO, winners during a one year course either used pieces of biocrusts from 1 to 5 cm thickness (this
study, Brostoff et al., 2005; Feng et al., 2014), or a collar penetrating only 5.5 cm into the soil (Wilske et al., 2008,
2009). The metabolic activity of heterotrophic organisms as well as respiration of roots from nearby plants of
deeper soil levels apparently influence the CO, gas exchange measurements accordingly as was already indicated in
the investigation of Bowling et al. (2011). Yet, soils are not a perpetual motion machine in terms of carbon balance,
the can only respire as much carbon as is introduced into the system. If carbon does not come from the autotrophic
part of the soil system, it must be introduced from outside, either via litter transport, blown dust, animals, or with
run-on water from the surrounding environment. In a recent study using the Eddy covariance method, Biederman et
al. (2017) found a wide range of carbon sink/source function with mean annual net ecosystem productivity (NEP)
varying from -350 to +330 g C m™ across sites with diverse vegetation types in the dryland ecosystems of
southwestern North America using evapotranspiration (ET) as a proxy for annual ecosystem water availability.
Gross ecosystem productivity (GEP) and ecosystem respiration (Reco) were negatively related to temperature, both
interannually within sites and spatially across sites and sites demonstrated a coherent response of GEP and NEP to
anomalies in annual ET. Their investigation sites included one region having a noteworthy biocrust cover not
accompanied by a dense vascular plant vegetation, the La Paz region of Baja California with an annual C-uptake
(NEP) of roughly 90 g m. Approximating annual C gain based on the maximal CO, uptake rates of four biocrust
types composed of cyanobacteria, cyanolichens and chlorolichens measured by Biidel et al. (2013) from Baja
California, we approach an annual C gain of those biocrusts of 11 + 4 g m (calculation based on 90 active days per
year with 34 of them having a sub-optimal CO, uptake rate of only 25% of maximum due to suprasaturation. Daily
rates were calculated by maximum NP for 5 hours per day minus 10 hours R + DR). This is 6.5 times more than our
pure cyanobacterially dominated biocrust from Boodjamulla but still 8 time less than found for the Baja California
site in the study of Biederman at al. (2017). It could well be that later successional biocrusts with a wealth of
different species groups, including bryophytes, lichens and green algae besides of cyanobacteria, might reach even

higher annual carbon fixation rates. This should be in the focus of further studies.
4.2 Carbon dioxide uptake rates and biocrust type

Maximum net CO, uptake rates of the Boodjamulla biocrust (8.3 pmol CO, m™ s™) clearly exceeded those of a
comparable cyanobacterially dominated biocrust from the Negev Desert, Israel reaching maximal values of 1.1
umol CO, m? s™ (Lange et al., 1992) and from the Colorado Plateau, USA with 2.0 pmol CO, m? s (Darrouzet-
Nardi et al., 2014). The higher NP rates of the Boodjamulla biocrust are probably related to the felt like structure on
the soil surface offering a higher surface for gas exchange (Fig. 2a-d), while the Negev Desert biocrust was a thin
layer of cyanobacterial filaments slightly beneath the surface. Annual carbon fixation rates of cyanobacterially

dominated arid region biocrusts are generally lower (this study; Brostoff et al., 2005; Feng et al., 2014; Wilske et
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al., 2009) compared with biocrusts including lichens and bryophytes (see summarizing table 15.2 in Sancho et al.,
2016; Elbert et al., 2012; Porada et al., 2013) or the carbon gain of isolated biocrust organisms as for example the
green algal lichen Lecanora muralis (Schreber) Rabenh. from a rock crust with 21.5 g C m? yr* (Lange 2002,
2003a, b). The developmental stage of a biocrust might be an important factor for photosynthetic performance too.
This view is supported by the results of a study determining NP rates depending on successional stages rather than
developmental stages. In this study the authors classified biocrusts as early successional (Microcoleus) or later
successional stages (Nostoc/Scytonema or Placidium/Collema) and differences in NP, which was on average 1.2-
2.8-fold higher in later successional crusts compared to the early successional stages (Housman et al., 2006).
Considering the Boodjamulla biocrust as a mid-successional type, where an increase in carbon gain might be
expected in the future when lichens and bryophytes establish to form a later successional soil crust. Dealing here
with a cyanobacterially dominated biocrust of a mid-successional type might explain the low C-uptake rates and
also the seeming discrepancy to the values calculated for the global NPP by cryptogamic covers of Elbert et al.
(2012).

4.3 Active times and water relation

The Boodjamulla biocrust had metabolic activity for only 25% of the year, made up of 12.3% NP and 12.8% DR
(Fig. 8a). In 29.2% of the photosynthetic active time CO, fixation was considerably lowered by water
suprasaturation. For comparison, the lichen L. muralis from temperate climate was active for 35.5% of year, made
up of 16.7% NP and 18.9% DR. During periods of photosynthesis, the lichen was heavily depressed by water
suprasaturation at 38.5% (Lange, 2003a). It is obvious that the strict seasonal rainfall pattern is a major reason for
the considerably lower metabolic activity of the savannah-type biocrust from Boodjamulla compared to the rock
crust lichen L. muralis in a temperate climate with rainfall expanding over the whole year. As characteristic for
poikilohydric organisms, both the Boodjamulla biocrust as well as the rock crust lichen suffer considerably from
water suprasaturation causing waterlogged gas diffusion channels and thus drastically limiting CO2 gas exchange

(see Green et al., 2011 and references therein).

Because metabolic activity is strictly bound to the presence of water it is important to know the role of water
content on photosynthetic and respiratory CO, exchange. The Boodjamulla biocrust achieved maximum NP values
at 0.5-0.8 mm WC and had a lower compensation point for NP at 0.1 mm WC. Comparable values were found for
the Negev biocrust studied by Lange et al. (1992) and the rock crust lichen L. muralis (Lange, 2002). In the
chlorolichens of a biocrust biocrust from Utah, Diploschistes diacapsis (Ach.) Lumbsch, Psora cerebriformis W.
Weber, and Squamarina lentigera (Weber) Poelt photosynthetic metabolism was activated by extremely small
amounts of moisture. The lower compensation point for NP is between 0.05 and 0.27 mm WC. Maximal NP

occurred between 0.4 and 1.0 mm WC (Lange et al., 1997). The values for the cyanobacterial soil crust lichen
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Collema tenax (Swartz) Ach. however, were considerably higher with the lower NP compensation point at 0.2 mm
WC and maximal NP between 0.8 to 1.2 mm WC, but performed NP under much higher temperatures than the

above mentioned green algal lichens (Lange et al., 1998).

Almost all gas exchange activity of the Boodjamulla biocrust occurred at air relative humidity above 42% (Fig. 7).
This however, must be taken with care as it does not mean that the biocrust is active at this value and above. Like
all cyanobacteria investigated so far, the cyanobacteria of the Boodjamulla biocrust are also not activated by air
humidity alone (unpublished results). The value of 42% relative humidity is merely a good indicator for the right
combination of WC (rainfall dependent), temperature and light. A comparable observation has been made by
Raggio et al. (2017), who found air relative humidity (<< 50%) and air temperature as the best predictors of
metabolic activity duration for four different biocrust types across Western Europe. In a number of cases we found
activation of the Boodjamulla biocrust without any measurable precipitation (Fig. 5, supplementary figure S3,
January 4th-5th). This is likely explained by dew formation, a non-rainfall water source found playing in important
role in biocrusts (Lange et al., 1994; Ouyang and Hu, 2017) and also observed at Boodjamulla during wet season.
There are a number of studies that found dew formation in biocrust systems, for example the study of Jacobs et al.
(2000), where in a desert environment of Israel daily amounts of dew ranged between 0.1 mm/night and 0.3
mm/night. Dew formation determined for an inland dune biocrust community in Germany formation ranged from
0.04 kg/m2 and 0.18 kg/m? within 2 days (Fischer et al., 2012). Even fog was identified as a major source of non-
rainfall water driving biocrust productivity in the Atacama Desert of Chile, where approximately 8% to 24% of the
fog water flux available to the BSCs at the soil surface (Lehnert et al., 2017).

4.4 Reestablishment and resurrection after the dry season

What are the reasons for negative C-balances of the biocrust during the first active months after start of the rainy
season? We suggest that in contrast to eukaryotic poikilohydric photoautotrophs such as liverworts, mosses or
lichens, that resuscitate their complete thallus compartments after hydration, prokaryotic cyanobacteria show
considerable die back rates during longer dry periods or drought events. For example in the terrestrial, colony-
forming unicellular genus Chroococcidiopsis the number of viable cells decreased with age of the colony and the
length of exposure to drought (Grilli Caiola et al. 1993; Grilli Caiola and Billi, 2007). Desiccation-tolerant
Chroococcidiopsis cells must either protect their components from desiccation-induced damage or repair it after
rehydration. It was found that desiccation survivors limit genome fragmentation, preserve intact plasma membranes,
and have spatially reduced reactive oxygen species accumulation and dehydrogenase activity whereas damaged
cells do not (Billi, 2008). In the abundant biocrust cyanobacterium Microcoleus vaginatus Gomont ex Gomont
immediate, but transient induction of DNA repair and regulatory genes signalled the hydration event and recovery

of photosynthesis occurred within 1 hour accompanied by upregulation of anabolic pathways (Rajeev et al., 2013).
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In general, during the desiccated period homoiochlorophyllous (maintain their chlorophyll during desiccation)
cyanobacteria still suffer from photoinhibition induced by the typical high light intensities of their habitat.
Nevertheless, resurrection of photosynthesis after desiccation occurs within hours or days, depending on the degree
of damage (LUttge, 2011), while regrowth takes days or weeks, largely depending on the availability of water, but
also needs a positive C input. Our field monitoring uncovered numerous events of suprasaturation during daylight
combined with low NP rates after the onset of the active season. Suprasaturation events later in the season are easily
compensated by high NP rates (Fig. 4). We interpret the early C-loss phase after the drought, at least partly as a
reestablishment period of the biocrusts structure, enabling the biocrust diminishing suprasaturation events by means
of erect cyanobacterial filament bundles, standing out of a covering water film and thus probably improve CO, gas
diffusion (Fig. 2c, d).

4.5 Influence of temperature and global warming

In the experimental manipulation setup the Boodjamulla biocrust did respond to air higher air temperature (20 -
47°C) with a continuous increase of both, NP and DR, with NP increasing a slightly higher rates than DR (Fig. 3b).
Even at 47°C, CO, uptake did not show any reduction nor did DR show a considerably stronger CO, release and NP
still exceeded DR five times. However, in our field measurements we did not observe biocrust activity above air
temperatures of 43°C (Fig. 6b), at this temperatures the biocrust was dry and inactive. During field monitoring the
optimal temperature for positive NP was around 35°C (Fig. 6b). Applying an experimental air temperature increase
of 2-3°C, Maestre et al. (2013) observed a drastic reduction in biocrust cover of ca. 44% in 4 years in a dryland
ecosystem in Spain. Soil CO, efflux was increased and soil net CO, uptake was reduced with the additional
warming. According to the field monitoring gas exchange rates of the Boodjamulla biocrust, we would expect even
shorter activity periods under the scenario of global warming and related to that, probably lower C-uptake or even
C-loss resulting in a pronounced reduction of biocrust coverage. Another indirect effect of warming could be
expected when it influences rainfall amount and regime. It could be speculated that less, but heavier rain events
would certainly effect the Boodjamulla biocrust by increasing suprasaturation periods resulting in lower or even no

carbon gain probably also causing a pronounced reduction in coverage.
5. Conclusion

The Boodjamulla biocrust showed a highly seasonal photosynthesis-related metabolic activity divided into four
major periods: 1) a metabolically inactive winter time; 2) onset of the photosynthetic active period, starting with
roughly three month of reestablishment, limited CO,-uptake due to suprasaturation, and a hypothesized increased
activity of heterotrophic organisms decomposing organic matter from old biocrusts; 3) a four-month period of net
C-uptake; and 4) about one month with C-loss until a complete cease of activity. During the four periods, NP and

NPP rates vary strongly and thus seasonality plays an important role. It is absolutely crucial in which period of the

8



year biocrust material is sampled for eco-physiological experiments. The cyanobacterially dominated Boodjamulla
biocrust turned out to be a small but consistent sink of carbon as it grows and possibly also contributes to the soil
organic matter (SOM). From the magnitude of values it is clear that the observed C fluxes are not at all close to
what a plant community can do. Methodological approaches analysing the carbon cycling of biocrusts need to
critically reflect, that including or excluding sub-biocrust partitions might influence the status of the biocrust as
being either considered as a sink or a source. There is an urgent need for more long-term measurements on different

biological soil crust types and developmental stages from all climatic regions of the world.

Minor comments Throughout: | suggest using “cyanobacterially dominated” (adverb modifying adjective) or “cyanobacteria-

dominated” (noun functioning to modify adjective), not “cyanobacteria dominated”(no hyphen, no adverb)

As suggested by Referee 1, | used the term ’cyanabacterially-dominated” biocrust in the revised version. However,
a number of colleagues, all native English Speakers (Great Britain, New Zealand, Australia, USA), suggested not to
convert the noun ’cyanobacteria’ to an adjective. As | am not a native English speaker but my coauthor is, | will
accept her strong suggestion not to use *cyanobacterially-dominated’ and came back to the use of ’cyanobacteria-

dominated.
P1L18 - remove “at”
Done
P1L19 - remove “during”, suggest replacement of “referring” with “corresponding”
Done
P2L.21-23 — standardize terminology for net C-uptake, 3 different synonyms are used here
Done

P2L27 — This would be a good place to mention that apparent C-source behavior is probably due to the challenges of

properly measuring biocrust C-flux
Accepted and included
P4L15 - your meaning is unclear in the phrase “making sure that the area related..range”

Taken into regard and replaced by a new sentence: “All samples used were tested for a comparative large NP and
DR rate under the given environmental conditions for two measurements (1 hour) in the cuvette system and only
those were used that had more or less identical NP and DR rates”.

P41.18 - suggest “drainholes” rather than “borings”
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Done
P7L1 - suggest “monitoring” rather than “investigation”
Done
P7L29 - suggest “continuing” rather than “continued”
Done
P8L12 — that biocrusts are typically losing C does not mean that overall they are a C-source.
Accepted and expressed accordingly
P8L15 — Omit “When”
Done

Thank you Matthew for your very helpful comments.

Referee 2 (anonymous)

GENERAL COMMENT: This is a very nice study providing some data on a topic for which data is quite scarce: a high-
temporal-resolution examination of isolated biocrust C exchange on an annual time scale in natural conditions. My main
recommendation is to work on the framing of the study and improving the context of the results. These could be more
compelling in a couple ways. First, the setting up at the beginning of a "mystery" that some crusts take up C and others don’t
does not work for the structure of this paper. | already knew the answer before seeing the results that it was a difference in

methods among the studies (isolated crusts vs. whole soil column) so the results did not resolve this part of the narrative.

Instead of taking this "source vs. sink” approach to framing the study, | recommend more directly addressing the contribution
of isololated crusts vs. other components of the ecosystem, which though not measured here, are measured much more often
than isolated crusts in other studies. This brings me to the context of the results. The order of magnitude of one of the main
results here, the 1.72 g m-2 is quite interesting (a very significant finding for which it is hard to come by data). It would be
worth putting this in the context of eddy flux tower-measured NEE values, which tend to be on the order of 10s to 100s of g
C m-2. For example, a recent study of drylands showed NEP varying from 350 to +330 g C m-2 (Biederman et al. 2017
http://dx.doi.org/10.1111/gch.13686).

Answer: Yes, you are right and we agreed to take a somehow other framing. With the comments of the two other

referees, we now used two clearly addressed aims (ass suggested by you): 1) how do the cyanobacterially

10
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dominated biocrusts of Boodjamulla respond to the pronounced seasonality of water availability? and 2) are they
sources or sinks for carbon at an annual timescale? We also discussed our results in relation to the outcome of the
Biederman et al study: “In a recent study using the Eddy covariance method, Biederman et al. (2017) found a wide
range of carbon sink/source function with mean annual net ecosystem productivity (NEP) varying from -350 to
+330 g C m-2 across sites with diverse vegetation types in the dryland ecosystems of southwestern North America
using evapotranspiration (ET) as a proxy for annual ecosystem water availability. Gross ecosystem productivity
(GEP) and ecosystem respiration (Reco) were negatively related to temperature, both interannually within sites and
spatially across sites and sites demonstrated a coherent response of GEP and NEP to anomalies in annual ET. Their
investigation sites included one region having a noteworthy biocrust cover not accompanied by a dense vascular
plant vegetation, the La Paz region of Baja California with an annual C-uptake (NEP) of roughly 90 g m-2.
Approximating annual C gain based on the maximal CO2 uptake rates of four biocrust types composed of
cyanabacteria, cyanolichens and chlorolichens measured by Biidel et al. (2013) from Baja California, we approach
an annual C gain of those biocrusts of 11 + 4 g m-2 (calculation based on 90 active days per year with 34 of them
having a sub-optimal CO2 uptake rate of only 25% of maximum due to suprasaturation. Daily rates were calculated
by maximum NP for 5 hours per day minus 10 hours R + DR). This is 6.5 times more than our pure
cyanobacterially dominated biocrust from Boodjamulla but still 8 time less than found for the Baja California site in
the study of Biederman at al. (2017). It could well be that later successional biocrusts with a wealth of different
species groups, including bryophytes, lichens and green algae besides of cyanobacteria, might reach even higher

annual carbon fixation rates”.

Furthermore, the other cited studies that do not isolate crusts report values on the order of 50 g C m-2 losses, and these losses

likely come from plant roots (which the authors should discuss).
Done

The results in this study suggest that net exchange from these biocrusts are 1-2 orders of magnitude below the flux
magnitudes of plants, possibly suggesting they are not a huge part of the total ecosystem C budgets. The Elbert et al review
claims global NPP by cryptogamic covers to be 7% globally but that seems hard to reconcile with this type of result.
Regardless of whether the authors totally agree with my reasoning here, this kind of context is worthy of more exploration in

lieu of the source vs. sink issue.

Answer: We added the following paragraph: “Considering the Boodjamulla biocrust as a mid-successional type,
where an increase in carbon gain might be expected in the future when lichens and bryophytes establish to form a
later successional soil crust. Dealing here with a cyanobacterially dominated biocrust of a mid-successional type
might explain the low C-uptake rates and also the seeming discrepancy to the values calculated for the global NPP
by cryptogamic covers of Elbert et al. (2012)".
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The true strength of this study, the knowledge gap it fills, is in helping to understand the annual fluxes of an isolated crust
into our overall understanding of ecosystem C exchange in systems that contain biocrusts. For that, it is a great study and
certainly worthy of publication. The exploration of seasonality and environmental effects on flux rates are also quite nice and

well done.
Thank you very much for this nice comment
SPECIFIC COMMENTS

abstract: "Of the metabolic active period, 48.6% were net photosynthesis and 51.4% dark respiration." 48.6% of what?
measurement timepoints?

Answer: we rephrased that sentence for more clarity
typo: "above a relative humidity above 42%"
Done

Abstract: "This must be taken into consideration for future analyses and modelling of carbon balances in comparable
biocrust ecosystems.” | think a much more solid conclusion can be given here. It’s not clear what comparable biocrust
systems are being referred to and "it might be helpful for modeling" is never very compelling. | would end with direct and

clear answers to the questions and what the results mean to the larger study of biocrust C exchange.

Answer: You are right we omitted this sentence and tried to give a more meaningful outlook in the conclusions:
“From the magnitude of values it is clear that the observed C fluxes are not at all close to what a plant community
can do. Methodological approaches analysing the carbon cycling of biocrusts need to critically reflect, that
including or excluding sub-biocrust partitions might influence the status of the biocrust as being either considered
as a sink or a source. There is an urgent need for more long-term measurements on different biological soil crust

types and developmental stages from all climatic regions of the world”.

Take a look at the significant digits throughout the manuscript. eg 31.66 nmol feels unrealistically and unnecessarily precise.

This will make it easier to read too.
Done

P6 L5: missing close parenthesis?
Done

I’m not wild about the reporting of WC as mm precip equivalent. Wouldn’t moisture levels depend on both precip in as well
as evapotransipiration and drainage out? Why not report as something intuitive such as g water g-1 wet soil (ie % water by

mass)? If kept, include an explanation of why this approach was used.
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Answer: We added the following sentences in Material and Methods to explain why we use mm water column instead of
g water per g biocrust: “Water content of samples of the experimental manipulations and those of the field monitoring is
always expressed as millimeter water column. As it was impossible to remove the sample after each measurement from
the monitoring cuvette system to determine the fresh weight corresponding with the measured value by weighing it with
a balance (measurements every half an hour, nobody of us could stand at the site for the whole period), the only method
getting matchable values between field monitoring and controlled experiments is to express it like rainfall in millimeters

water column”.
I like figures 1 and 2. | wish more papers would include nice methods photos like this.
Thanks for the nice comment

Figure 3 caption needs to define what the codes on the horizontal axis (x axis?) mean. | think it should say x axis and it says
sample signature, which | didn’t understand.

Does that mean an individually collected sample? I counted them and see 21 so | am guessing that’s what it means. The

codes are a bit cryptic.

Answer: we omitted figure 3 as it was by far too unclear. All three referees had problems with it and we no replaced
by the much easier to understand table 1.

P2 L 23. what is meant by “carbon deposition"
Answer: should be C-uptake, we changed that in the sentence.

P2. L25. Part of the issue here is that studies are being mixed in which the biocrusts are by themselves or sitting on top of
intact soil in which other fluxes like sub-crust respiration and root respiration contribute. This study uniquely looks at an
isolated crust with very high temporal resolution. It is quite interesting that net uptake is on the order of 1g m-2 year. This is
quite meaningful when comparing with eddy flux values from drylands and many ecosytems that show NEE values on the
order of 10s or 100s of g C m-2 year. This suggests that cyano crusts alone are not huge contributors to C uptake, even in

dryland ecosystems. (Note: | jotted this paragraph down before reading the results and discussion)

I’d phrase the crucial question part of the intro more clearly and flag them as such with numbers and questions marks.
Something like: This led us to two questions: (1) How do Boodjamulla biocrusts respond to the pronounced seasonality of

water availability? and (2) Are they sources or sinks for carbon at the annual timescale?
Answer: thank you for this really good suggestion that we accepted and included.
"So far, it is unclear what is triggering a biocrust as either a sink or a source of C." I’m not sure this is conceptually accurate.

If the biocrust itself, isolated as you have done here" is a persistent source, it dies. If it’s a sink, it is growing or at least
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building SOM. | think what’s unclear is the role of the crusts in the larger ecosystem and THAT’S what this study shows
probably better than any previous study.

Answer: we agree and changed this part too.

P8 L10. A key point here though is that that top soil chamber still includes plants because there are plant roots below those
crusts. The same is true for all the chamber approaches, and is one of the key reasons studies of isolated crusts like this one is
valuable and needed. Those numbers (48.8 and 62) are likely large because they are catching the flip side of plant
photosynthesis via roor respiration, which is a lot higher than what the crusts are doing. Chamber depth is more or less
irrelevant because they are not closed on the bottom. Any root or microbe from anywhere below the measurement area

would contribute to surface fluxes.
Answer: we agree and tried to express this in the Discussion.

In conclusion, some key take-homes from this study 1’d like to see emphasized more are that the cyano crust alone is capable
of being a small but consistent sink of carbon as it grows and possibly contributes a bit to SOM. However, it’s clear also
from the magnitude of the values that we are not seeing C fluxes that are anywhere close to what the plant community can

do. A more complete discussion of these quantities would greatly improve the presentation of this excellent data set.
Answer: Again, we fully agree and tried to express that accordingly.

We thank the referee for heling us to improve the manuscript!

Referee 3 (anonymous)

GENERAL COMMENTS This work deals with the metabolic activity and gas exchange of a cyanobacterial biocrust in the
Boodjamulla National Park of Australia. The authors have identified the main species in the biocrust, have carried out lab
measurements of net photosynthesis (NP) and dark respiration (DR) as related with variable conditions of light, temperature
and water content (WC), and have carried out one-year monitoring of NP and DR under field conditions, recording also a

series of micro-climatic data.

The work is very interesting, in the cutting edge of knowledge, fully matches with the scope of the BG special issue, and is
well made and well written with almost the only exception of some aspects in the methods section, which has consequences

in part of the results. However, | think all my comments can be resolved with a few changes.

The results include the time duration of metabolic activity of the biocrust, the time proportion of NP vs DR, and an
explanation of the timing of these processes. It should be noted that the authors provide with annual net CO2 flow data. They

also provide evidence of strong seasonality of these biocrust-atmosphere gas exchange processes, and of the positive annual
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balance of NP despite the relatively short time during which NP is achieved, showing that the net incoming CO2 flux
produced by NP is larger than the flux due to DR, since the duration of NP seems shorter. The positive annual balance of
CO2 is important because it is not obvious, having into account the low frequency of the conditions in which positive NP can

be observed in situ in biocrusts in most of the sites.

Discussion and Conclusion are based in the results, include substantial contributions to knowledge and, along with the

Introduction, show the experience and up-to-date knowledge of the authors.

Thank you for the positive valuation.

SPECIFIC COMMENTS

Methods. The sampling is a bit confusing. How many samples/replicates were used for the experiment of CO2 exchange
under controlled conditions in lab? It seems that three replicates were used but the sentence in lines 12 and 13 of page 4
introduces some doubts. It is unclear what ‘9 different samples’ are. If | have understood well the main text, I suggest
rewriting that sentence, for example: “For every independent variable (light, temperature and water content), a different set
of three samples/replicates was used”. About the samples used for the one-year monitoring, taking some replicates in each
measurement time would have been better.

| think that it would been possible with only one cuvette (measurements in a series of replicates can be done in a short
enough period to avoid that daily gas exchange variation had a significant effect in part of the replicates with regard to the

others).
Answer: you are right, that was confusing and we rephrased the whole part as follows:
2.3 Environmental manipulations

For the analysis of the effect of the different environmental factors (light-, temperature- and water content; termed
environmental manipulations throughout the text) on net photosynthesis, samples were air dried in a 10 cm Petri-
dish, sealed and transported to the laboratory, where they were stored frozen (-20°C) until used for the
measurements. This treatment had been tested in our laboratory many times with lichens of many different
geographical origins, including the tropics and resulted in high survival rates (roughly 95%) compared to dry
storing in herbarium cabinets or boxes in the laboratory. Earlier gas exchange measurements on biocrusts,
cyanobacteria, byrophytes and lichens before freezing and after thawing and re-moistening resulted in identical
rates (unpublished laboratory tests). Prior to the measurements, samples were allowed to defrost at 23°C for 12 h in
an air tight box at low light intensities (<< 50 pmol photons m™ s™) in order to avoid decondensation. Subsequently
samples passively dehydrated and were kept at 23 °C and natural day-night cycles (~150 pmol photons m? s™) for 2
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days. Light-, temperature- and water content related NP-measurements were performed using three independent
replicates each. CO2 gas exchange measurements were conducted under controlled laboratory conditions using
minicuvette systems (CMS 400 and GFS 3000, Walz Company, Effeltrich, Germany). The response of net
photosynthesis (NP) and dark respiration (DR) was determined independently for light, temperature and water
content (WC). Samples were weighed between measurements and WC was calculated later on as mm precipitation
equivalent after final determination of the samples dry weight (exposed 5 days in a desiccator over silica gel at the
end of the measurement). To obtain the NP response to light, fully hydrated samples (n=3) were exposed to

stepwise increasing photosynthetic active radiation (PAR) from 0 to 2500 pmol photons m? s*

, near optimal
temperature (32°C) and ambient CO, concentration. The light cycle (about 30 min duration) was repeated until the
samples were completely dry (after 3-4 h). Light saturation was defined as the PAR at 90% of maximum NP. The
temperature related NP and DR were determined at increasing temperature steps, 22, 27, 32, 37, 42, and 47°C,
while light was constantly at 1500 pmol photons m-2 s-1 and WC was constantly at optimum (n=3). The influence
of WC on NP and DR was determined at constant, nearly saturating light (1500 pumol photons m-2 s-1) and six
different temperatures (22, 27, 32, 37, 42 and 47°C) using three replicates. Samples were completely soaked with
water and exposed in the cuvette. Then, NP and DR were measured in short time intervals (roughly 10 minutes)
until the samples were almost dry and did not show any NP nor DR reactions. After each time interval, the fresh
weight of the sample was determined using a balance and the corresponding WC to each data point calculated using

the dry weight of the sample (see above).

In all experimental manipulations, the CO, exchange rates of the sample were related to chlorophyll a content. For
chlorophyll determination, the samples were ground to small pieces and then extracted two times with di-methyl-
sulfoxide (DMSO) at 60 °C for 90 minutes. The chlorophyll a + b content was determined and calculated according
to (Ronen and Galun, 1984).

2.4 Field monitoring of CO2 gas exchange

As there was only one semi-automatic cuvette system available, we could not replicate the measurements. To partly
overcome this problem, we used several samples over the year. Samples were placed in a basket of thermoplastic
resin with drainholes in the bottom to avoid standing water during rain events. The basket had a fixed size and all
samples had exactly the same exposed surface of 16.5 cm? (Fig. 1 d). All samples used were tested for a
comparative large NP and DR rate under the given environmental conditions for two measurements (1 hour) in the
cuvette system and only those were used that had more or less identical NP and DR rates. Fourteen samples were
used during field monitoring (Table 1) and exposed in a random mode. The “random” mode was determined by the
ability of access (climatic conditions, days off) by one of us to the investigation site during the whole measuring

period.
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Water content of samples of the experimental manipulations and those of the field monitoring is always expressed
as millimeter water column. As it was impossible to remove the sample after each measurement from the
monitoring cuvette system to determine the fresh weight corresponding with the measured value by weighing it
with a balance (measurements every half an hour, nobody of us could stand at the site for the whole period), the
only method getting matchable values between field monitoring and controlled experiments is to express it like

rainfall in millimeters water column.

Field monitoring of the biocrusts CO, gas exchange was recorded using a semi- automatic cuvette system (ACS) as
described in detail by Lange (2002). Full technical details of the ACS (Walz Company, Effeltrich, Germany) are
given in Lange et al. (1997). We therefore focus on some major topics of the procedure here. The whole device is
composed of two major parts, first the cuvette system itself that is exposed in the natural environment of the
biocrust (Fig. 1c) and secondly the controlling and data acquisition unit together with two infrared gas analysers
(IRGA) for CO, ambient and CO, samples (Binos, Rosemount, Hanau, Germany) and a pumping unit regulated by
mass flow controllers (Fig. 1e). For safety reasons a data printer and a graphics plotter were added as well.

The soil crust samples were exposed on the lower part of the cuvette (Fig. 1d, arrow). When the upper lid was open
(H in Fig. 1d), the sample was fully exposed to the natural environment. Measurements were taken every 30
minutes during which the cuvette was closed for 3 min. We recorded the CO, exchange of the sample and absolute
ambient CO2 partial pressure as well as mass flow, air temperature, the sample surface temperature, air humidity,
and ambient photosynthetic radiation at the samples level. Net photosynthesis and DR were related to the area

covered by the biocrust”.

However, Fig 3 suggests (showing the time overlaps among bars of different colours) that sometimes through the year only
one sample was measured, whereas in others, two, three, four or even five samples were measured. Were there any replicates
at certain times of the year? If this is so, | think that this diversity in number of replicates along the year requires some
comment. If this is not the case, the Fig 3 should be corrected or explained. Independently from the number of replicates
during the monitoring period, the use of several different samples throughout the year would have been probably necessary,
because the cyanobacterial biocrust samples have a limited resistance to handling and, after a series of measurements, they
should be replaced. (Due to this fact, this is not properly a case of repeated measures over time). But again Fig 3 shows how
the duration of the different samples is very different; in some cases the same sample appears to have been used repeatedly
during even five or six weeks, but in others, only once. Is this related with the difficult to understand the last sentence of
section 2.2 (page 4, lines 20 - 21)? Please, explain better how, “for the one-year monitoring”, you used 21 samples (page 4,
line 16) and, though from those 21 used samples, only 11 were selected “for the long-term monitoring” (page 4, lines 20-21).

Do you mean that those selected 11 samples were used repeatedly over time while the other 10 were used only once? Why?.
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By the way, the caption of the Fig 3 should be completed; a caption must be self-explanatory. I think we can assume that
replacing the samples along the year for the monitoring is acceptable, apart from possibly necessary, since the monitoring
was made only on carefully selected samples of the brown cyanobacterial community dominated by Symplocastrum
purpurascens, and each sample includes probably billions of cyanobacterial individuals, being a good representation of the
whole community. Besides, the microbiota at a certain sampling point could change enough along the year, which decreases
the importance of always sampling at the same point. On the other hand, it would be advisable to state explicitly the number
of times in which measurements were taken during the monitoring (and when), avoiding the reader having to speculate or
discover this from the figures. For example, writing, “twenty-five measurements were taken between November and April,

once per week, on the dates shown in the Fig 3”.

Answer: We omitted figure 3 as it was confusing. We replaced it with table 1 that says what sample has been used
for what time period. We took great care that all samples hat 1) the same surface area and more or less the same
surface community of cyanobacteria (excluding lichens and bryophytes) and all showed a comparable range
(plus/minus 5%) of NP and DR rates. Of course, we could not guarantee that the microbiota were comparable, but

at least they respired at more or less the same range.

The sentence (page 4, lines 24-25) “The response of NP and DR to WC was determined for light, temperature and WC”
could be better written, to avoid the expression ‘the response to WC was determined for WC’. | am not sure | have
understood this paragraph, particularly after seeing Fig 4. According lines 30-31 of page 4, the temperature-related NP and
DR were determined by varying temperatures while keeping constant both light and WC; whereas the WC-related NP and
DR were determined (lines 1-2 of page 5) at constant light and different temperatures (in addition to different WC, it is

supposed).
Answer: We rephrased the sentence as it was indeed confusing (see content of metarial and methos above)

However, according the Fig 4, it seems that temperatures and WC were not crossed. On the other hand, the first step of the
procedure was determining the effect on NP and DR of light in every level of WC, for constant optimal temperature. |
wonder whether the determination of the effect on NP and DR of temperature by itself (for constant optimum conditions of
light and of WC) was the procedure for establish that optimal temperature. If so, then this should be explicit and constitute
the first step. If not, why is studying the effect of temperature by itself important since the effect on NP and DR of WC was
determined for every temperature (keeping constant light)? | do not think these experiments were badly done, only that this
paragraph is difficult to understand and raises doubts. Since to test the effect of each of these independent variables, at least
one of them remained constant, the design is not fully factorial. Probably the triple interaction is significant and, in such a
case it would be interesting to understand the biocrust functioning under natural conditions, to study the NP and DR response
to that triple interaction, rather than the responses to every independent variables more or less separately. Nevertheless,

meanwhile, this work provides very valuable information.
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Answer: we indeed measured the WC response curve at 22, 27, 32, 37, 42, and 47 °C. But show only the WC curve
at 47°C. For all curves shown in figure 4, always to variables were kept constant. For the WC we kept light and
temperature constant, for the light curve temperature was kept constant while WC was kept in a narrow range (e.g.
0.77 to 1.10 mm for the optimal NP, and for the Temperature curve we kept water content in a narrow range and
light constant. In figure 8 (new figure 7 in the revised manuscript version, see attachment), we plotted all NP-
measuring points of biocrust from one year against light and air humidity as an integrating variable of temperature
and precipitation and got a nice pattern where one can see how many wet up and dry down cycles the biocrust
underwent during the year.

In page 4, line 31, is 1500 mol photons m2 s-1 a saturating light? And, how is “optimal WC” defined? A (very short)
definition appears only much after, in the line 15 of page 6. On the other hand, is the whole procedure described in the last
sentence of this paragraph (lines 2-4 of page 5) repeated for every temperature? This is almost obvious but I think that to say

it explicitly would be better.

Answer: optimal WC is that water content of the biocrust or of an organism where it reaches 90% of its maximal
CO, uptake rate. This is also expressed now in the text. We rephrased that part of the methods for better

understanding.

Results. The lines in Fig 4 b are not attributed to any WC levels. A series of lines similar to those of graph from Fig 4a are
expected here, if | understood adequately the methods. Caption of Fig 4 does not help to understand this; in the part referred
to graph 4b, any reference to the WC levels is missing. If the graph from Fig 4b refers to the effect on NP and DR of the
temperature while keeping constant both light and WC, a value of (optimal) WC is lacking in the graph. What are the lines of
Fig 4c, has each sample one line of NP and one line of DR? How? Where are the six different temperatures, since in the
graph 4b temperatures and WC are not crossed?. Why the graph 4c shows 47 C as constant? experimental temperature

whereas, according the main text (page 5, lines 1-2), six temperature were crossed with different WC levels?.

Answer: The graph 4b indeed shows the reaction of NP and DR to an increased temperature while light and WC
were kept constant (WC = 0.77-1.10 mm). This is now explained in the text and the figure legend.

Why was the graphed experiment made at 47 °C instead of at the optimal temperature (32C)?. Perhaps the authors plotted a
graph for every temperature and only show the last one; but, in such a case, what are the lines of Fig 4c?.

Answer: We measured the reaction of NP and DR to increasing WC at 22, 27, 32, 37, 42, and 47 °C but do show
only the curve measured at 47 °C as the other curve show only have different NP ranges but expose a similar

pattern, meaning that they always remain in a certain range of WC for optimal NP.

The wording of Methods and/or Results should be a bit improved.

19



10

15

20

25

Answer: we agree and tried to improve wording considerably

Conclusion: In page 10, line 29, the sentence “three months having a negative balance probably due to regrowth of the
biocrust” is hard to understand since, by default, ‘regrowth’ implies growth, and growth requires net CO2 assimilation.
Besides, | think that this sentence about the regrowth requires an explanation, defining what exactly means ‘regrowth’ in this
case, since this is closely related with the hypothesis presented at the end of the introduction (page 3, lines 12-14). Perhaps
the authors used here the word ‘regrowth’ to refer to the recovery of metabolic activity after the latent-life span of the dry

season.

Answer: You are right, this is misleading. We used the words reestablishment (of the biocrust) and resurrection (of
NP) insetad.

It would be also advisable a better definition of that hypothesis in the Introduction
Answer: yes, we did that in the Introduction too and avoided the word “regrowth”

Technical corrections Page 4, line 2; the expression *(factorial design)’ would be better than *(factorial analysis)’. Indeed, the

experiment was factorial (although not fully factorial); but, no statistical analysis is explicit in the Method section.

Answer: we omitted this term and rephrased with “For the analysis of the effect of the different environmental
factors (light-, temperature- and water content; termed environmental manipulations throughout the text) on net

photosynthesis”.
Page 4, line 19: ‘“NP’and ‘DR’ appear in that line, whereas they are defined after, in lines 24 and 25 of that
page 4

Corrected

Page 5, line 27: “2” is lacking after ‘Fig’ Page 6, line 15: A dot or a semicolon seems advisable just before the last word of

that line.

Corrected

Thank you very much for your effort and helping us to improve the manuscript
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Annual net primary productivity of a eyanobacterially
cyanobacteria-dominated biological soil crust in the Gulf savannah,

Queensland, Australia

Burkhard Biidel*, Wendy J. Williams?, Hans Reichenberger*
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2 Arid Soil Ecosystems, Agriculture and Food Sciences, University of Queensland, Gatton, 4343, Australia

Correspondence to: Burkhard Biidel (buedel@bio.uni-kl.de)

Abstract. Biological soil crusts (biocrusts) are a common element of the Queensland (Australia) dry savannah ecosystem
and are composed of cyanobacteria, algae, lichens, bryophytes, fungi and heterotrophic bacteria. Here we report how the

CO, _gas-exchange of the cyanobacteria-dominated biocrust type form Boodjamulla National Park in the north Queensland

Gulf savannah responds to the pronounced climatic seasonality M&wmmmwpmduemmeﬁ&eyambaetm&uy

and their quality as a carbon sink demin

Queensland using a semi-automatic cuvette system. The deminating-dominant cyanobacteria are the filamentous species

Sypmplocastrum purpurascens together with Scytonema sp.-Fhe-recording-period-lasted-from-July-1%-2010 to-June-30¥2011.
Metabolic activity was found-recorded between from-Novermber-Juliy 1 2010 until-mid-Aprik-June 30" 2011 enby, referring

/{ Formatiert: Tiefgestellt

/{ Formatiert: Hochgestellt

te-where CO, exchange was only evident from November 2010 until mid April 2011, representative of 23.6% of-the-total

time of the year. In November at With-the onset of the rairing-wet season-in-Nevember, the first month (November) and the

Formatiert: Hochgestellt

‘[ Formatiert: Tiefgestellt

o )

last month (April) of activity had-a pronounced respiratory loss of CO,. Alse-the-last-month-of theraining-seasen-had-a
negative-CO,-balance—Of tThe metabolic active period was-accounted for 25% of the total-time-of the-yearwet season and of
that 25%period; 48.6% were net photosynthesis (NP) and 51.4% dark respiration_(DR). During the time of NP, Net-net
photosynthetic uptake of CO, during daylight hours was reduced byat-32.6%—ofthe—time—ofNP by-due to water
suprasaturation-during. In total, the biolegical-seil crust fixed 229.09 mmol CO, m? yr?, referring-corresponding to an
annual carbon gain of 2.75 g m2 yr’. Due to malfunction of the automatic cuvette system, data from September and October
2010, together with some days in November and December 2010, could not be analysed for ret-phetesynthesisNP and dark

respiration_ (DR). Based on climatic and gas exchange data from November 2010, an estimated loss of 88 mmol CO, m?2 was

found for the two month, resulting in corrected annual rates of 143.68-1 mmol CO, m yr?, equivalent to a carbon gain of

1.72 g m? yr'. The bulk of the net photosynthetic activity occurred above a relative humidity abeve-of 42%, indicating a

suitable climatic combination of temperature-and, water availability: and a-light intensity, well above 200 pmol photons m?

s photosynthetic active radiation. The Boodjamulla biocrust shewed-aexhibited highly seasonally varying-varyability CO,

gas exchange pattern clearly divided into metabolically inactive winter month and active summer month. The metabolic
21
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active period starts-commences with a period (of up to 3 month) of carbon loss, prebably-likely due to reestablishment of the
crust structureregrewth and restoration of netphotesynthesisNP effectivity-befere-prior to about a four--month period of net
carbon gain. Fhis-must-Seasonality-tIn the Gulf savannah biocrust system, meant-for-seasonality over the year investigated;
showed that only a minority of the year is actually suitable for biocrust growth ef-the-bioerust-thus a small window for and-a

possible-for potential contribution to soil organic matter

1. Introduction

Biological soil crusts (named “biocrusts” throughout the text) are a consortium of heterotrophic bacteria, cyanobacteria,
algae, fungi, lichens and bryophytes in different proportions with photoautotrophic organisms dominating their biomass.
They cover dryland soil surfaces and can make up to 70% of a dryland ecosystem’s living cover (Belnap 1995; Belnap et al.
2016), but also occur in other climatic regions where competition with vascular plants is low (Budel, 2001; Budel et al.,
2014). Due to the poikilohydric character of biocrust organisms, biocrusts exhibit a high resilience under extreme conditions
and a remarkable adaptation to various combinations of climatic factors (e.g. Karsten et al., 2016; Sancho et al. 2016 and
citations herein), thus making them excellent candidates for pioneering hostile environments on our planet. There is good
evidence that eyanebacterial-deminatedcyanobacteria-dominated biocrusts have inhabited Earths soil surfaces at least 2600
million years ago (Watanabe et al., 2000; for an overview see also Beraldi-Campesi and Retallack, 2016). Lalonde and

Konhauser (2015) point to the importance of oxygenic photosynthesis of early biocrusts providing sufficient equivalents for
oxidative-weathering reactions in benthic and soil environments. This certainly also points to the role of biocrusts in soil

formation and soil fertility—, for example by leaching carbon and nitrogen to initial soils. Consequently, there is growing

interest in carbon gain of biocrusts (Lange and Belnap, 2016) and their CO, exchange rates are considered relevant on local
and global scales (e.g. Castillo-Monroy et al. 2011; Wilske et al. 2009; Elbert et al., 2012; Porada et al., 2013, 2014). Process
based models as used by Porada et al. (2013; 2014) are-still based-rely on a few available datasets covering a small set
number of BSC-biocrust types, organisms, geographical regions, and climatic situations (see also summary in Sancho et al.,
2016).

Regarding-With the focus on CO, gas exchange of biocrusts en-a-leng-term-basisover longer periods of time, a number
of studies were published either on the basis of long term measurements or modelled from single or grouped measurements.

From these results, Ftwo biocrust groups can be distinguished, one greup-where biocrusts experienced earben-gain-net C-

uptake and anthe other greup-where biocrusts experienced earbon-tossC-loss. Ameng-Examples from the first-net C-uptake
group_include:; a biocrust from the Mojave Desert exposed-gained a-ret-input-0£11.7 g C m?2 yr* (Brostoff et al., 2005), a
biocrust of the northern Negev Desert, Israel had a net earbon-deposition-C-uptake of 0.7-5.1 g m? yr™* (Wilske et al., 2008,
2009), and a biocrust from a desert region of northwest China showed a earbon-sequestration-net C-uptake of 3.46-5 to 6.65
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19 C m?yrt (Feng et al., 2014). On-the-otherhand-where-Among the carbon losing biocrusts ecosystemslose-carbon,for
example-are a-biocrusts of southeast Utah that-was-found-to-be-a-determined to be typical net earben-C-sources (Bowling et
al., 2011), a biocrust ia-from the Colorado Plateau, USA was-also losing 62 + 8 g C m™ yr* (Darrouzet-Nardi et al., 2015),

and a-finally biocrusts from the Gurbantunggut Desert, Northwestern China shewed-exposed a C-release frem-of 48.8 + 5.4
1050.9 + 3.8 g G-m? yr' (Su et al., 2013). So-far-itis-unclear-what-is-triggering-a-biocrust-as-either-a-sink-or-a-source-0f-Co:

One can be fairly confident that persistent biocrusts must have a positive C-balance. If they did not, they would certainly
disappear from the reference habitatswhat-they-in-most-cases-do-not. HoweverYet, despite the plausibility that biocrusts

must have a net C-balance, it is difficult to observe net CO, uptake. There are -various reasons however, -are-variousbuttwo /{ Formatiert: Tiefgestellt

major ones are-that: 1) positive CO, uptake might only occur during a small part of the year and 2) it is difficult to separate

/{ Formatiert: Tiefgestellt

the C-balance of the biocrust from C-fluxes of other organisms like microbes and roots of higher vegetation or minerals like

carbonate that occur below them.

only one constituent of mature soils and; it seems plausible that measurements that include soil layers other than the biocrust

itself might result in CO, release because of a high percentage of heterotrophic organisms (Bowling et al., 2011; Darrouzet-

/{ Formatiert: Tiefgestellt

Nardi et al., 2015; Su et al., 2013), while those that restrict strictly to the biocrust layer might explain why they show are
found-acting-as-carben-sinks-net C-uptake over the year (Brostoff et al., 2005; Wilske et al., 2008, 2009; Feng et al., 2014).

We believe that seasonality (biocrust wet--up and dry--down) plays an important role too for several reasons-tee::. as-For

example do cyanobacterial colonies exposed to wet-dry cycles apparently not fully recover, will-with-in that and-quite a high
pereentage-number of cells just-die during the dry period (e.g. Grilli -CMaiola, et al., 1993; BilliGrilli Cailola and Billi,
2006). Another important finding-observation considered in fer-the design of eurthe present study presented-here-iwas; that
the determination of CO, gas exchange of single species might not represent the biocrust. There is a strong influence on the

outcome of the measurements when species are removed from the context of the biocrust-eentext, rather than studying the

whole BSC-biocrust system- (Colesie et al., 2016; Elbert et al., 2012)--), as Fthis does not necessarily represent the ecological
response of an intact biocrust (Weber et al., 2012).

Previously, it was observedCeming-from-the-eobservation that we could not resurrect the-the Australian Gulf savannah

biocrusts photosynthetic activity in the middle of the dry season, even after soaking them in water for more than 24 hours

(Williams et al. 2014);. This motivated us to perform a long term study on an entire fycyanobacteria-dominated biocrust

common in northern Queensland, that-can-alse-be-considered as-a mid-successional type in a highly seasonal environment.
Our—rnain—research—All theise considerations led us to the questionsguestion—were: i1) hHow do the eyanebacterially
dominatedcyanobacteria-dominated biocrusts of Boodjamulla fast-dees-a-cyanobacteria-dominated-bieerustresurrect-positive
netgas-exchange-aftera-long-period-of droughttrespond to the pronounced seasonality of water availability? and #2) is-there

easonal-behavioy n—terms—o arbon—gain—in—the growina—seasen—aba om-the annualwet-d esAare theyse
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biocrusts sources or sinks for carbon at an annual timescale? —and-ii)-we-hypothesize-that-there—must-be-considerable

Here we focused on a common biolegieal-seit crust_types occurring in the Gulf Plains bioregion eovering-8,868-km?*and
characterized by woodlands and extensive perennial grasslands. Since-the-late-1800"s-almost-the-entireregion-was-grazed-by
cattle-on—large—leasehold-stations{(\Williams—&Biidel2012)—Our investigation site is-was situated in the-Boodjamulla

National Park in the Gulf Plains dry savannah region of north-eastern Australia, established in 1985 and since then, cattle
grazing ceased. Cyanebacteriaty-dominatedCyanobacteria-dominated biocrusts are important drivers of ecosystem function

throughout Queensland’s dry savannah and especially in the-Boodjamulla National Park (Williams et al., 2014). There is

very little rainfall during the winter dry season and the vast majority of rain commences during the summer wet-season

accompanied by high ambient air temperatues (>40°C) and high soil surface temperatures (60-74°C). Heavy rains in the wet

season often result in vast flooded plains and ephemeral wetlands (Williams et al. 2014)-

its-onset-days-are-low-in-hiumidity

2 2. Material and methods ‘/{

2.1 Investigation site

Boodjamulla National Park (18.39°S, 138.62°E) is situated in the Gulf Savannah of north-eastern Australia covering an
area of 2,820 km?. Mean annual rainfall is 641 mm falling mostly between December and February, although it can be highly
variable with up to 1121 mm falling in the wet years (www.bom. gov.au). Boodjamulla is mainly situated on sandstone,
limestone, calcium carbonate or tufa formations sustaining Eucalyptus and Melaleuca woodlands, perennial grass
floodplains, Spinifex grasslands and riparian vegetation (Fig. 1a). The biolegical-sei crusts of this area are dominated by the
cyanobacteria Symplocastrum purpurascens (Gomont ex Gomont) Anagnostidis (Fig. 2a, b, d-f), Scytonema sp. (Fig. 2a, b),

Symploca sp., and Nostoc commune Vaucher ex Bornet et Flahault as well as other Nostoc species. Other organisms
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occurring regularly in the Boodjamulla biocrust are the hairy liverwort Riccia crinita Taylor, the lichens Peltula patellata
(Bagl.) Swinscow & Krog, Heppia lutosa (Ach.) Nyl. and Placidium squamulosum (Ach.) Breuss and other small non-fertile
lichen species. For a more detailed description of the locality and the biocrust see Williams and Biidel (2012) and Williams
et al. (2014). We selected a site next to the eamp-ef-the-national park rangers station (Fig. 1a) with luxuriant biocrust growth
(Fig. 1b), and to guarantee maximum control of the monitoring setup (Figs 1c-e) kindly provided by the national park
rangers. The biocrust we used here for the analysis was primarily formed by the two cyanobacteria S. purpurascens and

Scytonema sp. with smaller amounts of other species including Nostoc sp. here-and-there-but did not include bryophytes or

lichens

2.2 Sampling and sample treatment

Samples for the determination of light-, temperature- and water content related CO, gas exchange (facterial

analysisexperimental manipulations), as well as samples for the one year monitoring were collected in the direct vicinity of

the instrumental setup site (Fig. 1a-c). Great care was taken for the homogeneity of all samples. For a proper collection we

removed only those top soil parts stabilized by the biocrust and that was a layer between 5 — 8 mm thick using a spatula 8 cm
wide. Soil particles from underneath the-removed-top-sei-ayer-and not fixed to the crust by any filamentous structures were

removed carefully using a soft brush and tweezers.
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2.3 Environmental manipulationsCO, gas-exchange-undercontrolled-conditions

For the analysis of the effect of the different environmental factors light-, temperature- and water content (termed

environmental manipulations throughout the text) on net photosynthesis, samples were air dried (at ~40°C) in a 10 cm Petri-

dish, sealed and transported to the laboratory, where they were stored frozen (-20°C) until used for the measurements. This

treatment had been tested in our laboratory many times with lichens of many different geographical origins, including the

tropics and resulted in high survival rates (roughly 95%) compared with éryto storing in herbarium cabinets or +boxes in the

laboratory. Earlier gGas exchange measurements on biocrusts, cyanobacteria, byrophytes and lichens before freezing and

after thawing and re-moistening resulted in identical rates (unpublished laboratory tests). Prior to the measurements, samples

were dethawed at 23°C for 12 h in an air tight box a t low light intensities (<< 50 umol photons m? s%) in order to avoid /[ Formatiert: Hochgestellt

decondensation. Subsequently samples were-passively dehydrated and were kept at 23 °C and natural day-night cycles (~150

Formatiert: Hochgestellt

umol photons m s*) for two days. Almeasurements—Light-, temperature- and water content and related NPnet /{Formaﬁert; Hochgestellt

photosynthesis (NP) -measurements were gene-performed with-using three independent samplesreplicates each-{3-treatments
with-3-samples—=9-different-samples). CO, gas exchange measurements were conducted under controlled laboratory
conditions using minicuvette systems (CMS 400 and GFS 3000, Walz Company, Effeltrich, Germany). The response of net

phetesynthesis(NP) and dark respiration (DR) to-water-content-QA/C)-was determined independently for light, temperature
and water content (WC). Samples were weighed between measurements and WC was later—calculated later en—as mm

precipitation equivalent after final determination of the samples dry weight feHewing-(exposed 5 days in a desiccator over
silica gel_at the end of the measurements). To obtain the NP response to light, fully hydrated samples (n=3) were exposed to

stepwise increasing photosynthetic active radiation (PAR) from 0 to 2500 pmol photons m? s™-,_near optimal temperature
(32°C) and ambient CO, concentration. The light cycle (about 30 min duration) was repeated until the samples were
completely dry (after 3—-4 h). Light saturation was defined as the PAR at 90% of maximum NP. The temperature related NP
and DR were determined at increasing temperature steps, frem-22, 27, 32, 37, 42, and —47°C, while light was -at-constantly
at 1500 pmol photons m? s* and WC was constantly at optimum eptimal\WE-(n=3). The reaction-of-influence of WC on NP
and DR to-different bioerust water contents-were-was determined at constant, nearly saturating light (1500 umol photons m

- peratdres (22, 27, 32, 37, 42 and 47°C), again
using three replicates. stepsfrom-2227.-32-37-42to-47°C-{nr=-3)—_Samples were completely soaked with water were-and
exposed instaled-in the cuvette. -ard-Then, NP and DR were measured in short time intervals (roughly 10 minutes) until the

samples were almost dry and did not show any NP nor DR reactions. After each time interval, the fresh weight of the sample

was determined using a balance and the corresponding WC to each data point calculated using the dry weight of the sample

(see above).
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In all factorialanalysesexperimental manipulations, the CO, exchange rates of the samples was—were related to

chlorophyll a content. For chlorophyll determination, the samples were ground to small pieces and then extracted two times
with di-methyl-sulfoxide (DMSO) at 60 °C for 90 minutes. The chlorophyll a + b content was determined and calculated
according to (Ronen and Galun, 1984).

2.4 Field monitoring Menitering-of CO,gas exchange

As there was only one semi-automatic cuvette system available, we could not replicate the measurements. To partly

overcome this problem, we used several samples over the year. Samples were placed in a basket of thermoplastic resin with

drainholes in the bottom to avoid standing water during rain events. The basket had a fixed size and all samples had exactly

the same exposed surface of 16.5 cm? (Fig. 1 d). All samples used were tested for a comparative large NP and DR rate under

the given environmental conditions for two measurements (1 hour) in the cuvette system and only those were used that had

more or less identical NP and DR rates. Fourteen samples were used during field monitoring (Table 1) and exposed in a

random mode. The “random” mode was determined by the ability of access (climatic conditions, days off) by one of us to

the investigation site during the whole measuring period.

Water content of samples of the experimental manipulations and those of the field monitoring is always expressed as

millimeter water column. As it was impossible to remove the sample after each measurement from the monitoring cuvette

system to determine the fresh weight corresponding with the measured value by weighing it with a balance (measurements

every half an hour, ngbedynone of us could stand at the site for the whole period), thus the only method of obtaininggetting

matchableing values between field monitoring and controlled experiments iwas to express it like rainfall in millimetres water

column.

Field Mmonitoring of the biocrusts CO,-gas exchange of-the-biological-soi-crust-sample-in-the-field-was recorded using
a semi- automatic cuvette system (ACS) as described in detail by Lange (2002). Full technical details of the ACS (Walz
Company, Effeltrich, Germany) are given in Lange et al. (1997). We therefore focus on some major topics of the procedure
here. The whole device is composed of two major parts, first the cuvette system itself that is exposed in the natural
environment of the biocrust (Fig. 1c) and secondly the controlling and data acquisition unit together with two infrared gas
analysers (IRGA) for CO, ambient and CO, samples (Binos, Rosemount, Hanau, Germany) and a pumping unit regulated by

mass flow controllers (Fig. 1e). For safety of securing data reasens-records a data printer and a graphics plotter were added

as well.
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The soil crust samples were exposed on the lower part of the cuvette (Fig. 1d, arrow). When the upper lid was open (H
in Fig. 1d), the sample was fully exposed to the natural environment. Measurements were taken every 30 minutes during
which the cuvette was closed for 3 min. We recorded the CO, exchange of the sample and absolute ambient CO, partial
pressure as well as mass flow, air temperature, the sample surface temperature, air humidity, and ambient photosynthetic
radiation at the samples level. Net-photosynthesisP and DR were related to the area covered by the biocrust.

<« /{
3 3. Results

The dominating cyanobacteria of the biocrust used for the long term monitoring was the felt- to tuft-like filamentous
cyanobacterium Symplocastrum purpurascens forming a dark brownish stratum with erect tapering bunches of filaments
(Fig. 2a-d) and the felt-like greyish Scytonema sp. inside and on top of the substratum (Fig. 2a-b). S. purpurascens is
characterized by distinctly lamellate, reddish to purple-red sheath (colourless in shade; }—FhefHaments—(trichome—plus
sheath:-Fig. 2e, ). After the first rains, new trichomes form-developed at the tips of the cyanobacterial layer.

3.1 CO,gas-exchange-undercontrolled-conditiensEnvironmental manipulations

When exposed to stepwise increasing PAR intensities, the biocrust did not reach full saturation of NP at optimal water
content (31.766 + 2.6 nmol CO, mg™ chlorophyll a s* at a WC of 0.76 + 0.68-1 mm and 32°C; n= 3) even at 2500 pmol

photons m? s, At a—WC below the optimal WC_(thati.e. WC, where at least 90% of the maximum gas exchange rates are
reached), a decline of NP (21.28-3 + 5.69-7 nmol CO, mg'1 chlorophyll a st ata WC of 0.5% + 0.08-1 mm was observed;.
asThis was also the case for WC well above optimal WC, 20.;66-7 + 6;.24 nmol CO, mg™ chlorophyll a s* at a WC of
01.970 £ 0.14 mm or 7.;56 * 3.;73 nmol CO, mg’1 chlorophyll a s ata WC of 1.32 + 1.56 mm and 2.26-3 + 0.22 nmol CO,
mg* chlorophyll a s at a WC of 1.88-9 + 0.13 mm (Fig. 3a).

Increasing air temperature from 22 to 47°C resulted in an increase of NP from 19.8 + 1.44 nmol CO, mg™ chlorophyll a
st to 32.39-4 + 4.475 nmol CO, mg™* chlorophyll a s™* (n = 3) without saturation. The increase of darkrespirationDR was
less expressed and ranged from -3.69-1 nmol CO, mg™ chlorophyll a s at 22°C to -6.33 + 1.37-4 nmol CO, mg™ chlorophyll
as™at 47°C air temperature (n = 3; Fig. 3b).

samples-were-dry—Regarding CO, fixation, the optimal WC of the biocrust was 0.7 + 0.68-1 mm WC. At all temperatures the
biocrust expesed-exhibited a clear optimum WC (range of 0.61 to 0.7748 mm) where they reached their maximum NP. -and
WC Water content below and above this optimum led to a strong decline or even a complete stop of NP (Fig. 3c). At WC of
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about 0.2 mm the biocrust starts NP and DR and with increasing WC, NP had a steep incline to the maximum. A further
increase of the WC created suprasaturation. NP then strongly decreased to less than a tenth of the maximal NP at optimal

WC and could drop down to zero or even become negative at higher temperatures and remained at this level (Fig. 3c).

3.2 FieldM monitoring of CO, gas exchange

Monitoring of diurnal CO, gas exchange of the-Boodjamulla biocrusts started-commenced on July 1% 2010 and lasted
until June 30" 2011. Measurements were taken every 30 minutes day and night. There was no measurable gas exchange
from July te-until the end of September 2010 and from mid-April to June 2011. With the onset of the first seasonal rains in
November, the biocrust showed mainly CO, loss during the days, despite the fact of PAR levels of 2000 - 2500 pmol
photons m s™ (Figs. 4, 5). CO, loss during the day was in the range of up to 1 umol m? s, Air temperature reached values
of up to 46°C and relative air humidity increased up to 100% during the night, dropping down to levels of 20% during the
day (Fig. S1). The first positive NP was observed on November 16™ (Fig. S1). From December 2010 to March 2011 rain
events below 1.5 mm resulted in negative NP whereas higher precipitation initiated positive NP of up to 8 umol CO, m?2s™
(Figs. S2-S5). In April the rainy season ceased and small precipitation events resulted in a CO, loss during the day of up to 2
pmol m? s (Fig. $6). The CO, content of the ambient air fluctuated between day and night from 370 to 470 ppm during the
rainy season. Fluctuation was less expressed in the dry season. During dark cloudy days with or without rain, fluctuation was
diminished (Figs. S1-S6). In September and October 2010, the investigation-monitoring plot get-received the first rains.
HoeweverNevertheless, although we could record metabolic activity, we were not able to calculate NP and DR due to
malfunction of the ACS during these initial two months as well as the following days: November 1% — 2™, 10" — 14™ 18" -
20" December 1% 2™ 12" 30" — 31% and March 22™ — 23™ These data were excluded from further analyses (see
supplementary figures S1-S6). An estimation on the basis of climatic data from September and October 2010 together with

gas exchange data from November 2010 resulted in an estimated CO, loss of 88 mmol m™?.

The sensitive interaction of the biocrust and the environmental factors can be observed in the reaction of diurnal CO,
gas exchange over the months. For example in the night from December 31°-, 2010 to January 1%, 2011, the biocrust was
inactive but did show some DR at the end of the night and positive NP was measured from the morning untitl the afternoon
(Fig. 5). As we did not record any rain, the biocrust must have been activated by dew fall or probably from some moisture in
the soil as the soil was wet the day before. In the afternoon of January 1%, a heavy rainfall occurred resulting in a strong

water suprasaturation of the biocrust. Net photosynthesis immediately became negative but recovered in the late afternoon, a

pattern that could also be observed alse-onon the 2" and 3" of January-2*-and-3*. On January-the 3" of January PAR was so

intensive that the biocrust dried and metabolic activity ceased completely. The biocrust did not dry on the two days before
and there was DR during the whole night (Fig. 5). When comparing all positive NP values of the metabolic active period to

the referring PAR and temperature values, the light saturation of the biocrust NP was reached at 2200 umol/m? - s (Fig. 6a),
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whereas the temperature optimum was found at 37°C (Fig. 6b). The comparison of NP with relative air humidity and PAR
showed that almost all of NP was found at a relative air humidity above 42% (Fig. 7).

While November 2010 and April 2011 had a negative CO,-/and-carbon balance, December 2010 to March 2011 were
positive (Table 22). Net primary productivity of the Boodjamulla biocrust was 229.69-1 mmol CO, m? yr?, referring
signifyingte a carbon fixation rate of 2.75-8 g m? yr* (Table 2; Fig. 4). Applying the September-October estimation, annual
values were reduced to 143.08-1 mmol CO, m2 yr™ equivalent to 1.72 g C m?2 yr*. ©f-Over the 8,760 hours of the one-year
reasuripg-measurement period, the biocrust was metabolically active for 2186 hours, representing 25% of the whole period.
Of that 25% total active period, 48.6% were NP and 51.4% DR (Fig. 8a). The biocrust suffered from a reduced CO, uptake
during NP periods due to water suprasaturation for over 29.2% of the photosynthetically active time (Fig. 8b).

4. Discussion ‘/{

4, 4.1 Seasonality and CO, balances

Formatiert: Uberschrift 1, Keine
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We found-a-Apart from a clearly seasonal activity pattern of the eyanobacterially dominatedcyanobacteria-dominated

biocrust from Boodjamulla_National Park, Queensland-bieerust, only a minority of the year was actually suitable for its

growth during the one year round CO, gas exchange field monitoring.; expesirg—Aan inactive winter period with no

/{ Formatiert: Tiefgestellt

measurable CO, gas exchange frem-lasted from July to mid-September 2010 and then from mid-April to end of June 2011.
Metabolic activity was found in the summer months only, starting with September 23" 2010 with-where the first rains
events-commenced, aré-continueding until April 18" 2011. Due to malfunction of the ACS, measurements from September
and October and some days of November and December 2010 were not useable to calculate NP and DR. An estimation
based on rainfall data from September and October, together with the referring—reference gas exchange values from
November suggests a CO, loss of roughly 88 mmol m. Net primary productivity was determined as 1.72 g C m? yr* (2.75
8 g C m? yr* without Sept.-Oct. correction). Our results state-showed that the Boodjamulla biocrust expesedexhibited a
positive net C-uptake act-as-a-carben-dioxide-sink-after one year field monitoring. and-tThis result is in line with the findings

of several other studies_but differs from all of them in the fact that our study focused to an environment with hot wet-season

hydration, whereas all of the other studies were conducted in environments with cool season hydration. For example, ef-a
cyanobacterialty—-dominated biocrust frem-in the Mojave Desert, USA with-had a C gain of 11.5 g m? yr* (Brostoff et al.,
2005), 6.7 times higher than the eyanobacterially-dominatedcyanobacteria-dominated Boodjamulla biocrust;. a-Another
biocrust dominated by cyanobacteria, algae, lichens and mosses bieerust-from the Negev Desert, Israel with-expesedresulted
ina C gain of 0.7 to 5.1 g m? yr (Wilske et al., 2008, 2009) and thus is pretty close to what we observed in our study, ane

which also corresponds with the results -er-from biocrusts composed of a-cyanobacteria, lichens and mosses bieerust-of the
Mu Us Desert in China with a C gain of 3.46-5 to 6.05-1 g m™ yr* (Feng et al., 2014).
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HeweverOn the other hand, there are several studies that clearly demonstrate that biolegical-seit crusts ean-also-act-as
loose C seurces-to the atmosphere. When studying a eyanebacterially-deminatedcyanobacteria-dominated biocrust of the
arid grassland in southeast Utah, USA applying the Eddy covariance method, Bowling et al. (2010) could not decide if this

biocrust is-was a sink or a source as there were some grasses involved in the plot and hence their root respiratory CO, loss

influenced the CO,. However—wWhen these authors applied a top soil chamber for gas exchange measurements, they found

/{ Formatiert: Tiefgestellt

the same biocrust a typical C source (Bowling et al. 2011). HoweverBut still, this does not necessarily mean that overall they

are a C-source. A cyanobaeterial--lichen dominated biocrust from the Gurbantungut Desert, China was reported as quite a
large C source with a loss of -48.8 + 5.4 t0 -50.9 + 3.8 g C m2 yr* (Su, Y. G. et al., 2012, 2013) and a very similar biocrust
type of the arid grassland of the Colorado Plateau, USA that exposed surprisingly similar values of -62 + 8 g C m? yr!
(Darrouzet-Nardi et al., 2015). How can this astonishing and at first glance contradictory fact be explained? When
eComparing methodology and how measurements were taken, sheds some light on this phenomenon. All investigations,
including our own study;-that- that showedfeund- biocrusts having a net CO,-uptake over the year acting-as-sinks-used €0,

gas exchange devices with a separate cuvette where the samples had to be removed from the biocrust (Brostoff et al., 2005;
Feng et al., 2014) except the study of Wilske et al. (2008, 2009) that used a top soil chamber measuring the biocrust in situ.
All other studies used top soil chambers where the biocrust is measured in situ (Bowling et al., 2011; Su et al., 2013;
Darrouzet-Nardi et al., 2015). The main difference we could find feund-in all of thiese studies was the thickness of the

biocrust plus sub-crust (soil) layer used. While those studies revealing the-biocrusts as-C-seurces-as CO, lossers used collars

/{ Formatiert: Tiefgestellt
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penetrating 20 to 35 cm deep into the soil (Bowling et al., 2011; Su et al., 2013; Darrouzet-Nardi et al., 2015), the studies
attributing biocrusts te-C-sinks- as CO, winners during the course of a-one year-ceurse, either used either-pieces of biocrusts

from 1 to 5 cm thickness (this study, Brostoff et al., 2005; Feng et al., 2014), or a collar penetrating only 5.5 cm into the soil

(Wilske et al., 2008, 2009). The metabolic activity of heterotrophic organisms as well as respiration of roots from nearby

plants frem-of deeper soil levels apparently influence the CO, gas exchange measurements accordingly as was already
indicated in the investigation of Bowling et al. (2011)-en-the-biocrust-underlying-seil-bietic-community. Yet, soils are not a

perpetual motion machine in terms of carbon balance, they can only respire as much carbon as is-introduced into the system.

If carbon does not come from the autotrophic part of the soil system, it must be introduced from outside, either via litter

transport, blown dust, animals, or with run-on water from the surrounding environment._In a recent study using the Eddy

covariance method, Biederman et al. (2017) found a wide range of carbon sink/source function. ~withThere was a mean

annual net ecosystem productivity (NEP) varying from -350 to +330 g C m? across sites with diverse vegetation types in the

/{ Formatiert: Hochgestellt

dryland ecosystems of southwestern North America using evapotranspiration (ET) as a proxy for annual ecosystem water

availability. Gross ecosystem productivity (GEP) and ecosystem respiration (Re.,) were negatively related to temperature,

both interannually within sites and spatially across sites and sites demonstrated a coherent response of GEP and NEP to

anomalies in annual ET. Their investigation sites included one region having a noteworthy biocrust cover not accompanied

by a dense vascular plant vegetation, the La Paz region of Baja California with an annual C-uptake (NEP) of roughly 90 g mjk/{ Formatiert: Hochgestellt
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2, Approximating annual C gain based on the maximal CO, uptake rates of four biocrust types composed of cyanobacteria, /{ Formatiert: Tiefgestellt

cyanolichens and chlorolichens measured-by Bidel-et-al{20613)from Baja California (Budel et al., 2013), we approach an

annual C gain of those biocrusts of 11 + 4 g m>. {This calculation was based on the following estimations: 90 active days /{ Formatiert: Hochgestellt

per year with 34 of them having a sub-optimal CO, uptake rate of only 25% of maximum due to suprasaturation. Daily rates /{ Formatiert: Tiefgestellt

were calculated by maximum NP for 5 hours per day minus 10 hours R + DR). This is-estimation resulted in 6.5 times more
thatn our pure eyanobacterialy-deminatedcyanobacteria-dominated biocrust from Boodjamulla but still 8 time less than
found for the Baja California site in the study of Biederman at al. (2017). It could well be that later successional biocrusts

with a wealth of different species groups, including bryophytes, lichens and green algae besides of cyanobacteria might

reach even higher annual carbon fixation rates. This should be in the focus of further studies.

4.2 Carbon dioxide uptake rates and biocrust type Formatiert: Uberschrift 2, Einzug:
Erste Zeile: 0 cm

Maximum net CO, uptake rates of the Boodjamulla biocrust (8.3 umol CO, m? s?) clearly exceeded those of a

comparable eyanebacterialy—dominatedcyanobacteria-dominated biocrusts from the Negev Desert, Israel that reaching
reached maximal values of 1.12 umol CO, m™? s™ (Lange et al., 1992) and from the Colorado Plateau, USA with 12.970

umol CO, m? s™ (Darrouzet-Nardi et al., 2014). The higher NP rates of the Boodjamulla biocrusts are probably related to the

felt like structure on the soil surface_offering a higher surface for gas exchange (Fig. 2a-d), while the Negev Desert biocrust

was a thin layer of cyanobacterial filaments slightly beneath the surface. Annual carbon fixation rates of eyanobacteriaty
dominatedcyanobacteria-dominated arid region biocrusts ef-aridregions-are generally lower (this study; Brostoff et al., 2005;
Feng et al., 2014; Wilske et al., 2009) when-compared with these-ef-etherbiocrust-types;_including where-lichens and
bryophytes are-invelved-(see summarizing table 15.2 in Sancho et al., 2016; Elbert et al., 2012; Porada et al., 2013) or the

carbon gain of isolated biocrust organisms-as, for example the green algal lichen Lecanora muralis (Schreber) Rabenh. from

a rock crust with 21.5g C m yr'! (Lange 2002, 2003a, b). Fhe-It follows that the developmental stage of a biocrust might be

an important factor for photosynthetic performance too. This view is supported by the results of a study determining NP rates

depending on successional stages rather than developmental stages. In this study the authors classified biocrusts as early

successional (Microcoleus) or later successional stages (Nostoc/Scytonema or Placidium/Collema) and differences in NP,

which was on average 1.2-2.8-fold higher in later successional crusts compared to the early successional stages (Housman et

al., 2006). Considering the Boodjamulla biocrust as a mid-successional type, where an increase in carbon gain might be

expected in the future when lichens and bryophytes establish to form a later successional soil crust. Dealing here with a
cyanobaeterially-dominatedcyanobacteria-dominated biocrust of a mid-successional type might explain the low C-uptake
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rates and also the seeming discrepancy tein the values calculated for the global NPP by cryptogamic covers of Elbert et al.

(2012).

4.3 Active times and water relation ‘/{

The Boodjamulla biocrust expesed-had metabolic activity for only 25% of the whele-year, made up of 12.3% NP and
12.8% DR (Fig. 8a). In 29.2% of the photosynthetic active time CO, fixation was considerably lowered by water
suprasaturation. For comparison, the lichen L. muralis from a temperate climate was active for 35.5% of year, made up of
16.7% NP and 18.9% DR. Of-the-time-ofpossible-During periods of photosynthesis, the lichen was heavily depressed by
water suprasaturation at 38.5% (Lange, 2003a). It is obvious that the strict seasonal rainfall pattern is a major contributing
reason for the considerably lower metabolic activity of the savannah-type biocrust from Boodjamulla compared to the rock
crust lichen L. muralis in—the—in a temperate climate with rainfall events—duringexpanding over the whole year. As
characteristic for poikilohydric organisms, both the Boodjamulla biocrust as well as the rock crust lichen suffer considerably

from water suprasaturation causing waterlogged gas diffusion channels and thus drastically limiting CO, gas exchange (see

Green et al,, 2011 and references thereln) A—wﬂemg%a{u#e—eemﬂy—m—the—p#eneuﬂeed%easmmh%y—mga@ng—net

Al-BecauseAs metabolic activity is strictly bound to the presence of water ane-it is therefore-important to know the role
of water content on photosynthetic perfomanceand respiratory CO, exchange. The Boodjamulla biocrust achieved maximum
NP values at 0.495-0.728 mm WC and had a lower compensation point for NP at 0.12 mm WC. Comparable values were
found for the Negev biocrust studied by Lange et al. (1992) and the rock crust lichen L. muralis (Lange, 2002). In the green
algat-chlorolichens of a bieerust-biocrust Hiehens-from Utah, Diploschistes diacapsis (Ach.) Lumbsch, Psora cerebriformis
W. Weber, and Squamarina lentigera (Weber) Poelt photosynthetic metabolism wais activated by extremely small amounts

of moisture. The lower compensation point for NP is between 0.05 and 0.27 mm WC. Maximal NP occurreds between 0.39
4 and 01.940 mm WC (Lange et al., 1997). The values for the cyanobacterial soil crust lichen Collema tenax (Swartz) Ach.
however, were considerably higher with the lower NP compensation point at 0.2 mm WC and maximal NP between 0.8 to
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1.2 mm WC, but performed NP under much higher temperatures than the above mentioned green algal lichens (Lange et al.,
1998).

Almost all gas exchange activity of the Boodjamulla biocrusts occurred at air relative humidity above 42% (Fig. 7). This
however, must be taken with care as it does not mean that the biocrust is active at this value and above. Like all
cyanobacteria investigated so far, the cyanobacteria of the Boodjamulla biocrusts are also not activated by air humidity alone

(e.q. Lange et al. 1992, 1993, 1994 and own unpublished results). The value of 42% relative humidity is merely a good

indicator for the right combination of WC (rainfall dependent), temperature and light. A comparable observation has been
made by Raggio et al. (2017), who found air relative humidity (<< 50%) and air temperature as the best predictors of
metabolic activity duration for four different biocrust types across Western Europe. In a number of cases we found activation
of the Boodjamulla biocrust without any measurable precipitation (Fig. 5, supplementary figure S3, January 4™-5"). This is
likely explained by dew formation, a non-rainfall water source recenthy-found playing ian important role in biocrusts (Lange

et al., 1994; Ouyang and Hu, 2017) and also observed at Boodjamulla during the wet season. There are a number of studies

that found dew formation was important in biocrust systems, for example the study of Jacobs et al. (2000), where in a desert
environment of Israel daily amounts of dew ranged between 0.1 mm/night and 0.3 mm/night. Dew formation determined for
an inland dune biocrust community in Germany fermatien-ranged from 0.042 kg/m? and 0.178 kg/m?2 within 2 days (Fischer
et al+., 2012). Even fog was identified as a major source of non-rainfall water driving biocrust productivity in the Atacama
Desert of Chile, where approximately 8% to 24% of the fog water flux available to the BSCs-biocrusts at the soil surface
(Lehnert et al., submitted2017).

4.4 Reestablishment and resurrection after the dry season Formatiert: Uberschrift 2, Einzug:
Erste Zeile: 0 cm

What are the reasons for negative C-balances of the biocrusts during the first active months after start of the rainy

season? We suggest that in contrast to eukaryotic poikilohydric photoautotrophs such as liverworts, mosses or lichens, that

resuscitate all thallus compartments after hydration, prokaryotic cyanobacteria show considerable die back rates during

longer dry periods or drought events (see Williams and Eldridge, 2011; Williams and Bidel, 2012). For example in the

terrestrial, colony-forming unicellular genus Chroococcidiopsis the number of viable cells decreased with age of the colony /{ Formatiert: Schriftart: Kursiv

and the length of exposure to drought (Grilli-Caiola et al. 1993; Grilli-Caiola and Billi, 2007). Desiccation-tolerant

Chroococcidiopsis cells must either protect their components from desiccation-induced damage or repair it after rehydration. /{ Formatiert: Schriftart: Kursiv

It was found that desiccation survivors limit genome fragmentation, preserve intact plasma membranes, and have spatially

reduced reactive oxygen species accumulation and dehydrogenase activity whereas damaged cells do not (Billi, 2009). In the

abundant biocrust cyanobacterium Microcoleus vaginatus Gomont ex Gomont immediate, but transient induction of DNA /{Formaﬁert; Schriftart: Kursiv

repair_and requlatory genes signalled the hydration event and recovery of photosynthesis occurred within 1 hour

accompanied by upregulation of anabolic pathways (Rajeev et al., 2013). In general, during the desiccated period
homoiochlorophyllous {maintain—their—chlorophyH-during—desiceation)-cyanobacteria (maintain their chlorophyll during
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desiccation) still suffer from photoinhibition induced by the typical high light intensities of their habitat. Nevertheless,

resurrection of photosynthesis after desiccation occurs within hours or days, depending on the degree of damage (Littge,

2011), while reestablishment takes days or weeks, largely depending on the availability of water, but also needs a positive C

input. Our field monitoring uncovered numerous events of suprasaturation during daylight combined with low NP rates after

the onset of the active season. Suprasaturation events later in the season are easily compensated by high NP rates (Fig. 4).

We interpret the early C-loss phase after the drought, at least partly as a reestablishment period of the biocrusts structure,

enabling the biocrust diminishing suprasaturation events by means of erect cyanobacterial filament bundles, standing out of a

covering water film and thus probably improve CO, gas diffusion (Fig. 2c, d).

4.5 Influence of temperature and global warming ‘/{

In the experimental manipulation setup the Boodjamulla biocrusts did respond to air higher air temperatures (20 - 47°C)

with a continuous increase of both, NP and DR, with NP increasing a slightly higher rates than DR (Fig. 3b). Even at 47°C,

/{ Formatiert: Tiefgestellt
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CO;_ uptake did not show any reduction nor did DR show a considerably stronger CO; release and NP still exceeded DR five /[ Formatiert: Tiefgestellt

times. However, in our field measurements we did not observe biocrust activity above air temperatures of 43°C (Fig. 6b), at

this temperatures the biocrust was dry and inactive. During field monitoring the optimal temperature for positive NP _was

around 35°C (Fig. 6b). Applying an experimental air temperature increase of 2-3°C, Maestre et al. (2013) observed a drastic

reduction in biocrust cover of ca. 44% in 4 years in a dryland ecosystem in Spain. Soil CO, efflux was increased and soil net

CO, uptake was reduced with the additional warming. According to the field monitoring gas exchange rates of the

Boodjamulla biocrusts, we would expect even shorter activity periods under the scenario of global warming and related to

that, probably lower C-uptake or even C-loss resulting s-in a pronounced reduction of biocrust coverage. the-Boodjamuta

iocrust—is—not-very sensitive—to-temperature—itselfregarding-NP-and-DR—(Fig—3b)—a-Another special-indirect effect of
warming en-carbonr-gainis-enly-could be expected indirecthy—when warming-it is+elated-to-influences rainfall amount and
regime. We-It could be speculated that less, but heavier rain events weould certainly effect the Boodjamulla biocrust by

increasing suprasaturation periods resulting in lower or even no carbon gain_probably also causing a pronounced reduction in
coverage.
5. 5. Conclusion

The Boodjamulla biocrust showed a highly seasonal photosynthesis--related metabolic activity divided into four major
periods: 1) the-a metabolically inactive winter menthtime; 2) the-onset of the photosynthetic active period, starting with

Formatiert: Tiefgestellt

Formatiert: Einzug: Links: 0,75 cm,
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roughly three month of reestablishment, having-a-negative-balanceshowing and limited C-less-CO,-uptake due to heavy /{Formaﬁert; Tiefgestellt

suprasaturation, and a hypothesized increased activity of heterotrophic organisms decomposing organic matter from old

biocrusts—prebably-due-to-
the-old-bieerust; 3) a four-month period of earben-gainnet C-uptake; and 4) about one month with a-regative-balanee-C-loss
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until a complete cease of activity. During the four periods, NP_and NPP rates variyes strongly and thus seasonality plays an

important role. It is absolutely crucial in which period of the year biocrust material is sampled for eco-physiological
experiments. and-The eyanobacterially deminatedcyanobacteria-dominated Boodjamulla biocrusts turned out to be a small

but consistent sink of carbon as it grows and pessiblypotentially also contributes to the soil organic matter (SOM). From the

magnitude of values it is clear that the observed C fluxes are not at all close to what a plant community can do. this-must-be

Methodological approaches analysing the carbon cycling of biocrusts need to take-into-considerationcritically reflect, that

including or excluding sub-biocrust partitions might influence the status of the biocrust as being either considered as a sink
or a source. Fhis-There is an elearly-shows-the-urgent need for more long-term measurements in-erderto-understand-and
construct-betterand-more-consistenthy-models-of-on different biological-sei crust_types and developmental stages s-from all
climatic regions of the world.
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Legend to the figures

Figure 1: Boodjamulla National Park, measuring site. a) Housing area for the NP-rangers and NP-administration with locality of
biological soil crusts and the measuring site (white circle). b) Dark patches of a biological soil crust between grass tussocks (red scale 2.5
cm). ¢) Klapp cuvette system installed in two water filled basins to avoid small animals occupying the device. d) Measuring head of the
clap cuvette system, the lid is open exposing the wire mesh basket with the sample (IR = infrared thermocouple, L = light sensor for PAR,
T = tubing for gas exchange, VP = vibration plate ensuring a regular movement of the air when the cuvette is closed, H = light translucent
head closing every 30 minutes for 2.5 minutes measurement). e) Hut with the data recording devices and control module.

Figure 2: a) Close-up of the dry Boodjamulla biocrust at the measuring site, grey areas are dominated by the cyanobacterium Scytonema
sp., dark-brownish areas dominated by Symplocastrum purpurascens. b) Same as in a, but after rehydration. c) Cross fraction of the S.
purpurascens dominated biocrust and its stratification (EPS = extracelluar polysaccharide sheath; LT-SEM). d) In situ top view of the S.
purpurascens biocrust. e, f) Filament with red sheath from the top of the biocrust and from beneath with a more or less eslerlesscolourless
sheath (f).

Figure 3: Response of net photosynthesis and dark respiration to water content, different PAR and temperature of the S. pupurascens
dominated biocrust; Aa) response of net photosynthesis to increasing PAR at different water content at 32°C, one out of three replicates

Formatiert: Hochgestellt

shown; Bb) response of net photosynthesis and dark respiration to increasing air temperature at 1500 umol photons_#m;2 - §* and optimal
WC, mean values of n = 3;-ene-sample-out-of three-measured-shown-here; €C) response of net photosynthesis and dark respiration of three
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replicates to increasing biocrust water content at 1500 pmol photons/m? - s and an air temperature of 47°C—ene-sample-out-of-three
measured-shown-here.

Figure 4: Daily CO, balance of the Boodjamulla biocrust. Black dots = dark respiration, open circles = gas exchange during daylight.
Negative values during daylight indicate either suprasaturation or water shortage.

Figure 5: Detail of diurnal CO, gas-exehangegas exchange from January 2011, showing rain events resulting in water suprasaturation of
the biocrust. Blue bars indicate the approximate duration of rainfall. Green lines indicate gas-exchangegas exchange during daylight and
black lines during the night.

Figure 6: a) Net photosynthesis from all days related to light intensity (PAR). The biocrust shows a saturation at 2200 pmol photon/m? s
and a slight depression at 2400 and more pmol photons/m?2 ¢ s. b) Net photosynthesis from all days related to air temperature. The optimum
temperature is at 35 °C but the biocrust still performs very well at 42 °C.

Figure 7: Contour plot of Nnet photosynthesis of the Boodjamulla biocrust based on linear interpolation between measured values. Shown
is the active period from November 2010 to April 2011. Net photosynthesis is related to relative air humidity and photosynthetic active

radiation (PAR)Hght. No dark respiration values shown!- Colour key yellow =no acthlty, orange to red = COZ loss durlng the day
(suprasaturatlon) Ilght green to V|0Iet =CO, uptake a a g a a

Figure 8: A) Mean diel activity of the Boodjamulla biocrust; black = inactive, light grey = photosynthetically active, dark grey = dark
respiration, hatched = metabolic activity but due to technical failure of instrumentation, not clear if NP or DR. B) Monthly extent of water
suprasaturated periods during the photosynthetic (NP) active time of the Boodjamulla biocrust. Black = periods of suprasaturation, light
grey = periods of conducive water supply.

Supplementary figures

Figure S1-S6: Each month with metabolic activity is shown. One month is represented as a set of three graph pairs (except April where
metabolic activity ceased by mid-month), each pair composed of an upper graph showing CO2 gas-exchangegas exchange (green and
black curves) and PAR (brown curve) and a lower graph showing ambient CO2 concentration (black curve), air temperature (red curve),
and relative air humidity (blue curve).

Figure S1: Diel carbon dioxide gas exchange in November 2010
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Figure S2: Diel carbon dioxide gas exchange in December 2010
Figure S3: Diel carbon dioxide gas exchange in January 2011
Figure S4: Diel carbon dioxide gas exchange in February 2011
Figure S5: Diel carbon dioxide gas exchange in March 2011

Figure S6: Diel carbon dioxide gas exchange in April 2011
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Table 1: Samples used for monitoring (only those listed used during the active period).

1. Sample A10 Sep. 23% — Dec. 12" 2010 (80 days)

2. Sample C5 Dec. 13" — Dec. 22" 2010, Jan. 4" Jan. 8" Jan. 12" — Jan. 14" 2011 (18 days)
3. Sample S1 Dec. 23" — Dec. 29" 2010 (7 days)

4. Sample SC Dec. 30" — Dec 31 2010 (2 days)

5. Sample S4 Jan. 1% — Jan. 3", Jan. 9™ — Jan. 11" 2011 (6 days)

6. Sample S7 Jan. 15" — Jan. 17" 2011 (3 days)

7. Sample 2B Jan. 18" — Jan. 25™ 2011 (8 days)

8. Sample BS1 Jan. 26" — Feb. 1% 2011 (6 days)

9. Sample BS?2 Feb. 2" — Feb. 13" 2011 (12 days)

10. Sample BS4

Feb. 14" — Mar. 13" 2011 (28 days)

11. Sample BS7

Mar. 14" — Mar. 24™ 2011 (11 days)

12. Sample BS3

Mar. 25" — Apr. 4" 2011 (11 days)

13. Sample C14

Apr. 5" — Apr. 17" 2011 (13 days)

14. Sample C11B

Apr. 18" — Apr. 20" 2011 (3 days)
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Table 1: Monthly net primary productivity of the Boodjamulla biological soil crust (values in brackets are an estimation

only, not based on measurements; see text for explanantion).

NPP (NP-DR)

Month (mmol CO, m? month™) (9. C m? month™)
July 0 0
August 0 0
September 2010 0(-2.0 0(-0.02
October 2010 0 (-86.0) 0(-1.06
November 2010 -210.26 -2.53
December 2010 110.20 1.32
January 2011 99.58 1.20
February 2011 80.99 0.97
March 2011 174.11 2.09
April 2011 -25.54 -0.31
May 2011 0 0
June 2011 0 0
Annual 229.09 mmol CO, m? yr™ 2759 Cm?yr?

(143,08 mmol CO, m?yr™) @72gcm?yr?)
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