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ABSTRACT

Arid and semiarid ecosystems make up approxi-
mately 41% of Earth’s terrestrial surface and are
suggested to regulate the trend and interannual
variability of the global terrestrial carbon (C) sink.
Biological soil crusts (biocrusts) are common dry-
land soil surface communities of bryophytes, li-
chens, and/or cyanobacteria that bind the soil
surface together and that may play an important
role in regulating the climatic sensitivity of the
dryland C cycle. Major uncertainties exist in our
understanding of the interacting effects of changing
temperature and moisture on CO, uptake (photo-
synthesis) and loss (respiration) from biocrust and
sub-crust soil, particularly as related to biocrust
successional state. Here, we used a mesocosm ap-
proach to assess how biocrust successional states
related to climate treatments. We subjected bare
soil (Bare), early successional lightly pigmented
cyanobacterial biocrust (Early), and late succes-
sional darkly pigmented moss-lichen biocrust
(Late) to either ambient or + 5°C above ambient
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soil temperature for 84 days. Under ambient tem-
peratures, Late biocrust mesocosms showed fre-
quent net uptake of CO,, whereas Bare soil, Early
biocrust, and warmed Late biocrust mesocosms
mostly lost CO, to the atmosphere. The inhibiting
effect of warming on CO, exchange was a result of
accelerated drying of biocrust and soil. We used
these data to parameterize, via Bayesian methods, a
model of ecosystem CO, fluxes, and evaluated the
model with data from an autochamber CO, system
at our field site on the Colorado Plateau in SE Utah.
In the context of the field experiment, the data
underscore the negative effect of warming on
fluxes both biocrust CO, uptake and loss—which,
because biocrusts are a dominant land cover type in
this ecosystem, may extend to ecosystem-scale C
cycling.

Key words: Bayesian statistics; biological soil
crust; ecosystem model; gross primary production;
moisture sensitivity; net soil exchange; semiarid
shrublands; soil respiration; temperature sensitiv-

ity.
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HIGHLIGHTS

e Warming and associated drying reduce CO,
fluxes from biocrusted soils.

e Moss-lichen biocrust fix more CO, than earlier
successional states.

e A framework for biocrust C cycling response to
climate change is presented.

INTRODUCTION

Arid and semiarid ecosystems represent our pla-
net’s largest biome (Schimel 2010), making up
approximately 41% of Earth’s land surface (Safriel
and Adeel 2005) and may regulate both the long-
term trajectory and interannual variability of the
global terrestrial carbon (C) sink (Ahlstrom and
others 2015). Given the low C density of dryland
ecosystems, this strong role in global C cycling may
seem surprising, but alongside their vast spatial
extent, arid and semiarid ecosystems are highly
responsive to climate variability (for example,
Poulter and others 2014). The pulse-dynamic nat-
ure of dryland biotic processes suggests these
ecosystems can respond rapidly to climate changes
(for example, Austin and others 2004; Maestre and
others 2012b). Increasing research effort has fo-
cused on elucidating interactions between the cli-
mate system and dryland C cycling, and improving
our limited quantitative understanding of variabil-
ity in dryland CO, flux and storage (Wohlfahrt and
others 2008; Schlesinger and others 2009). Never-
theless, our understanding of the dryland C cycle at
many scales remains conspicuously limited by our
understanding of the components of biotic CO,
exchange (for example, from soil microbes, vascu-
lar plants, and biological soil crusts) and how they
are controlled by climatic drivers (for example,
Sancho and others 2016).

Biological soil crusts (biocrusts) are communities
of cyanobacteria, bryophytes, and/or lichens that
bind soil together in a matrix resistant to wind and
water erosion. Biocrusts are a major land cover
type in drylands worldwide (Belnap and others
2016). These communities create a thin surface
layer of high biotic and biogeochemical activity
[that is, a ‘mantle of fertility’ (Garcia-Pichel and
others 2003)], particularly within interspaces be-
tween perennial plants. The activities of biocrusts
are fundamental to dryland biogeochemical cycles,
including photosynthesis and respiration (Hous-
man and others 2006; Darrouzet-Nardi and others
2015), N, fixation (reviewed in Barger and others

2016), gaseous nitrogen (N) release (Weber and
others 2015), and internal N recycling (for exam-
ple, Reed and others 2012). Biocrust organisms also
can strongly affect surface temperature and albedo
(Couradeau and others 2016; Rutherford and oth-
ers 2017). Yet our understanding of biocrust bio-
geochemistry in a changing climate remains
notably poor. Limited representation of biocrusts in
our models of dryland ecosystem function con-
strains our understanding and prognostic capacity
of the role drylands play in the Earth system (Fer-
renberg and others 2017b; Barger and others 2016;
Sancho and others 2016).

Several facts suggest biocrusts contribute to the
total ecosystem C flux in drylands (Housman and
others 2006; Castillo-Monroy and others 2011a;
Elbert and others 2012; Sancho and others 2016).
First, biocrusts may represent upwards of 70% of
land cover in some regions (Belnap 1995); thus,
even low respiration or photosynthesis rates could
be magnified by high coverage compared to sparse
vegetation. In deserts globally, biocrusts potentially
contribute 9% of net primary production (Elbert
and others 2012). Second, unlike vascular plants,
biocrusts are not seasonally senescent or dormant
and may utilize water pulses, including water va-
por, at any time of year (Jasoni and others 2005;
Darrouzet-Nardi and others 2015; McHugh and
others 2015). This fact has mixed consequences for
biocrust C balance: small water pulses during hot
periods may cause C loss as respiration outpaces
photosynthesis (Coe and others 2012; Reed and
others 2012), whereas net C assimilation by bio-
crusts occurs during cool, wet, and even snowy
periods (Darrouzet-Nardi and others 2015), and
highest C uptake may occur only after several
sequential wetting events (Burgheimer and others
2006). Finally, N, fixation by biocrusts may in-
crease productivity of nearby vegetation in N-lim-
ited drylands (Pendleton and others 2003; Zhang
and others 2016; Ferrenberg and others 2017a).

Biocrusts of different successional states differ-
entially regulate key ecosystem functions (for
example, Zaady and others 2000; Belnap 2002;
Housman and others 2006; Grote and others 2010;
Sancho and others 2016; Zhao and others 2016). In
our study region, the Colorado Plateau in the USA,
lightly pigmented, filamentous cyanobacterial bio-
crust (primarily composed of Microcoleus vaginatus)
colonizes first following surface disturbance by
trampling, wind or water driven erosion. Absent of
repeated disturbance, moss (for example, Syntrichia
caninervis, Syntrichia ruralis), and lichen (for exam-
ple, Collema tenax, Aspicilia spp., Peltula spp.) gradu-
ally colonize the soil surface (Weber and others
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2016). Biocrust community composition affects
ecosystem function, since cyanobacteria, moss, and
lichen species have different effects on biogeo-
chemistry, hydrology, soil stability, and energy
balance (for example, Bowker and others 2011;
Delgado-Baquerizo and others 2015; Torres-Cruz
and others 2018). Recent work has demonstrated
severe impacts of climate disturbances on biocrust
community composition. For instance, Reed and
others (2012) showed an increased frequency of
small precipitation events (1.2 mm) during sum-
mer could drive almost total loss of moss biocrust
over a single growing season. Similarly, Ferrenberg
and others (2015) demonstrated a shift from late
successional moss-lichen biocrust (‘Late’) to early
successional cyanobacterial biocrust (‘Early’) in
response to 6 years of experimental warm-
ing—with warming-induced changes similar to
impacts seen after more than a decade of repeated
human trampling.

These studies provide valuable insight into how
climate change may affect biocrust community
composition (Reed and others 2012; Ferrenberg
and others 2015), net and cumulative CO, flux
(Darrouzet-Nardi and others 2015; Zhao and others
2016), and climatic sensitivity of different CO,
fluxes in laboratory (Lange and others 2001;
Housman and others 2006; Grote and others 2010)
and field settings (Housman and others 2006;
Castillo-Monroy and others 2011b; Thomas and
others 2011; Escolar and others 2015). Still missing
is a conceptual (although see Maestre and others
2013) and quantitative framework for under-
standing and predicting response to climate change
of biocrust-associated CO, fluxes relevant at land-
scape scales (Ferrenberg and others 2017b).

To address this knowledge gap, we evaluated
CO, fluxes from biocrust mesocosms of different
successional states subjected to ambient vs.
warmed temperatures over an 84-day period. We
used these data to develop a model of biocrust
CO,. fluxes and then compared that model to data
from field autochamber measurements of biocrust
and soil CO, flux responses to experimental
warming (+ 2°C). Previous work has established
the validity of using biocrust mesocosms as models
for representing natural ecosystems (Bowker and
others 2014; Maestre and others 2016). The use of
mesocosms conferred four advantages: first, the
ability to assemble biocrust and soil ecosystems
with the desired composition; second, the capacity
to accurately assess gross as well as net CO,
fluxes; third, the ability to carefully control vari-
ation in temperature and moisture among treat-
ments, and, finally, reduced effect of antecedent

conditions and differences related to soil chemistry
and plant roots. The mesocosms in this study
represented three successional states—'Bare’ soil,
‘Early’ successional lightly pigmented cyanobac-
terial biocrust, and ‘Late’ successional moss and
lichen biocrust—each with distinct traits that
suggest differences in how they may respond to
increased temperature and changing water avail-
ability. We hypothesized: (1) Late successional
biocrust communities would have higher rates of
gross primary productivity and respiration than
Early successional biocrust communities, (2) sen-
sitivity to variation in temperature and moisture
would be different among successional states, and
(3) the C balance of Late successional biocrusts
would be most negatively impacted by warming
(that is, increase C losses relative to uptake).
These successional states represent a significant
fraction of the surface cover of our study region
and exhibit potentially predictable inter-stage
transitions in response to anthropogenic changes.
Thus, developing a predictive understanding of
their roles in the ecosystem C cycle would be a
major improvement in our understanding of dry-
land C cycling. To that end, we used data collected
from the mesocosm experiment to inform, via
Bayesian data-model integration methods, a
model of ecosystem CO,_ fluxes in response to
temperature and water availability.

METHODS

Biocrust Collection and Experimental
Design

Samples were collected from a study site located in
a cool desert ecosystem on the Upper Colorado
Plateau (36.675N, —109.416W; near Castle Valley,
UT) at an elevation of 1310 m above sea level.
Mean annual temperature for the surrounding area
is 13°C and mean annual precipitation is 269 mm,
of which 65% comes in the winter and spring
(based on 1981-2010 data; Western Regional Cli-
mate Center 2014). Soils are shallow and are clas-
sified as sandy loam, calcareous, Rizno series
Aridisols. Vegetation is dominated by a native C;
perennial grass, Achnatherum hymenoides; a native
C4 perennial grass, Hilaria jamesii; a native Cy4
perennial shrub, Atriplex confertifolia; and the exotic
invasive Cs grass, Bromus tectorum. Biocrust com-
munities are dominated by the cyanobacterium
Microcoleus vaginatus, the moss Syntrichia caninervis,
and the cyanolichens Collema tenax and Collema
coccophorum. These species of moss and lichen are
common in drylands worldwide and represent
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widespread biocrust functional types (Bowker and
others 2016).

We assembled mesocosms from biocrusts and soil
collected from multiple locations within a single
drainage with biocrust communities clearly domi-
nated by either Early or Late successional biocrust
communities. Early successional biocrusts were
differentiated from bare ground by the presence of
visible cyanobacterial filaments. Early and Late
biocrust samples were initially wetted to minimize
fracturing during removal from underlying soil. A
thin metal plate (20 x 30 cm) was then inserted to
less than 1 cm below the identified bottom of the
biocrust so a large contiguous section could be re-
moved with minimal disturbance. Next, soil was
collected to 5 cm depth below where the biocrust
sample had been collected. Soils were passed
through a 2-mm sieve to remove roots, rocks, and
large litter fragments, and collected into a single
bucket to homogenize soil collected from below
Early and Late biocrusts. We used homogenized
soil to avoid the effect of initial differences in soil C
cycling between biocrust cover types, and minimize
effects resulting from ‘home-field” advantage (for
example, Strickland and others 2009).

Homogenized soil was added to a depth of 6 cm
to a total of 150 plastic pots (8.51 x 85 w X
7 h cm) with holes in the bottom to allow water to
freely drain, and with mesh screen to prevent soil
from leaking out. To each pot, either Early or Late
biocrust was added to completely cover the surface
of the soil, or the soil was left bare (Bare soil)
(n = 50 for each successional treatment). When
adding biocrust, we removed soil from the bottom
of the biocrust sample that could be easily removed
via gentle brushing and scraping—any soil adher-
ing firmly to the biocrust was considered part of the
biocrust itself. Mesocosms were assembled in the
field and moved into the greenhouse. Initially,
mesocosms were watered to water holding capacity
for two days to ensure that biocrust recovered from
the disturbance associated with mesocosm assem-
bly. Mesocosms were allowed to dry for 8 days
prior to the start of the experiment. During the pre-
treatment phase, all mesocosms were stored to-
gether at greenhouse ‘Ambient’ temperature.

Mesocosm Conditions and Warming
Treatment

Our experiment had six levels: two temperatures
and three biocrust successional states, with 25
replicate pots in each. The greenhouse was divided
into two rooms with a wall made of two overlap-
ping 6 mil (0.15 mm thickness) translucent poly-

ethylene sheets, creating an Ambient and a
Warmed temperature room. The Warmed treat-
ment was implemented using electric and propane
heaters (exhausted outside the greenhouse) with
thermostatic control, which were adjusted period-
ically to maintain approximately 7°C warming
above ambient air. Air temperatures in both rooms
were monitored with four (two per room) Camp-
bell Scientific Model 108 (CS-108) temperature
probes shielded by vented, white polyvinyl housing
to prevent direct infrared absorption by the probes.
Soil temperature was measured using CS-108
thermistors inserted to 5 cm depth in one meso-
cosm per biocrust level in the Ambient and
Warmed treatments. Soil temperatures were on
average 5°C higher in the Warmed than Ambient
treatment (Supporting Figure Sla and S1b). Across
treatments, mean soil temperatures decreased by
approximately 25°C from the beginning to end of
the experiment due to the seasonal cooling typical
in the area’s summer to winter transition (Sup-
porting Figure Sla). During the first week of the
experiment (September 16-22, 2015) the Warmed
soil temperature range (mean [min, max]) was
29.2 [19.0, 45.3]°C, whereas the Ambient range
was 26.0 [16.9, 40.1]°C. By the final week (De-
cember 2-8, 2015), the Warmed soil temperature
range was 9.0 [1.5, 31.4]°C, while the Ambient
range was 3.5 [— 2.0, 18.7]°C. The maximum soil T
measured in this study (50.3°C) was lower than the
maximum measured at the field site (57.2°C) using
the same type of soil temperature probe inserted to
the same depth.

We subjected mesocosms to a pulse-watering re-
gime. Deionized water (120 ml) was added to each
mesocosm once per week, after which mesocosms
were allowed to dry. Watering was done in four
30 ml aliquots over the course of 2 h in the morn-
ing. Added water was equivalent to a 16.6 mm rain
event, which would be a moderately large event for
our study region and resulted in the equivalent of
74% of annual average precipitation in an 84-day
period. Because mesocosms have substantially more
surface area for a given volume and drain more
freely than soil in the field, the soils dried rapidly
(see Figure 1) and underwent the full range of
moisture conditions experienced in the field. The
watering regime was designed to reduce water
pooling at the biocrust surface, or being lost via
runoff, and to allow substantial infiltration. CO, flux
measurements were started 1 h after watering ended
to avoid the initial CO, pulse associated with wetting
and to allow the wetted surface sufficient time to
drain and be aerated. It is unlikely that a substantial
diffusion barrier associated with water films at the
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Figure 1. Volumetric water content of the soil profile across all wet—dry cycles for each biocrust successional state in the
study, where the x-axis is time since watering. Lines for each biocrust state and treatment (ambient vs. warmed) were
fitted via polynomial regression using R statistical software, and the slopes of the lines were compared using ANCOVA. The
fit of the polynomial regression was as follows: Bare-Warmed (r* = 0.857, p < 0.001), Bare-Ambient (* = 0.485,
p < 0.001), Early-Warmed (r* = 0.864, p < 0.001), Early-Ambient (r* = 0.723, p < 0.001), Late-Warmed (r* = 0.804,
p < 0.001), Late-Ambient (r* = 0.775, p < 0.001). Ambient data are shown as filled gray circles and Warmed data are
shown as unfilled black squares. The rate of soil drying was higher in the Warm treatment relative to ambient across all

successional states (p < 0.001).

surface was present when we started the measure-
ments, but we cannot rule out that possibility. Soil
volumetric water content (VWC) was measured
using Decagon EC-5 probes between 0 and 5 cm in
one mesocosm per biocrust level in the Ambient and
Warmed treatment. Time series of soil VWC are
presented in Supporting Figure S2.

Photosynthetically active radiation (PAR) was
monitored in each room by two Apogee Instru-
ments Quantum Sensors SQ-215 (one per room)
placed centrally among the mesocosms. We chan-
ged mesocosm position in relation to changes in
sun angle throughout the experiment to minimize
light difference between rooms. PAR, VWC, and
temperature were measured every 10 min and
accumulated into hourly averages.

Measurement of CO, Fluxes

On 30 measurement dates between September 15,
2015, and December 9, 2015, we measured CO,
fluxes in a transparent chamber to measure net soil
exchange (NSE), which includes photosynthesis by
biocrust, and respiration by both biocrust and het-
erotrophs in the soil beneath the biocrust, then
placed mesocosms in a dark box for between 30 and
45 min to shut off CO, assimilation before measur-
ing CO, fluxes in an opaque chamber to measure
respiration (R). Measurements were made each
week within 4 h of watering (‘Wet’ phase), 24 h
after watering (‘Moist” phase) and 6 days after
watering (‘Dry’ phase) using a LI-8100A Automated

Soil Gas Flux System (Li-Cor Inc., Lincoln, NE,
USA). CO,_ fluxes were calculated using Li-Cor File
Viewer software by either the linear or exponential
fit to the water-corrected CO-, concentration change
over a 2.5-min period following a 30-s dead band.
Measurements were only conducted when ambient
CO,_ concentrations in the greenhouse were below
450 ppm. CO, concentrations in excess of 450 ppm
occurred as a result of either smoke from nearby
fires (which was a region-wide issue and would also
have been experienced by biocrust in situ), or when
people worked in the greenhouse without turning
on ventilation, which was addressed by improving
ventilation. On each date, NSE and R were mea-
sured in 5 replicate mesocosm pots within each of six
treatment levels (n = 30 total per date). Measure-
ment order was assigned randomly, and fluxes were
measured in blocks of 10 so that measurements in
transparent and opaque chambers could be paired
closely in time. Issues with power supply, smoke
from nearby fires, or mistaken protocol resulted in
partial data loss, such that 80 out of 900 planned
measurements were not made or were discarded;
nonetheless, the resulting data set consisted of 820
paired measurements (that is, 1640 individual CO,
flux measurements) of NSE and R. Respiration in
Bare soil was equal to heterotrophic soil respiration
(Rs) and in the Early and Late biocrusts was equal to
R plus biocrust respiration (R.). Gross primary pro-
ductivity (GPP) was calculated as the difference be-
tween NSE and R. We use the convention that
fluxes into the atmosphere are positive, so that R has
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a positive sign, and GPP has a negative sign, while
NSE can have either positive or negative values.

Data Analysis and Modeling

Data analysis was conducted in the context of a
model of biocrust and soil CO, fluxes (equations 1-
10), where R is modeled as a function of soil vol-
umetric water content (VWC) and temperature (T),
with parameters varying by biocrust stage (that is,
Late, Early, Bare), and GPP is modeled as a function
of VWC, T, and PAR.

For i =820 individual measurements of CO,
fluxes for R and NSE (that is, 1640 total measure-
ments), GPP was calculated as the difference be-
tween R and NSE (equation 1).

NSE; = R; + GPP; (1)

We modeled the mean flux of each treatment
level (j = 6 combinations of three biocrust levels (b)
and two climate levels (c)) on each date (k = 30),
assuming data were normally distributed around
the latent ‘true’ mean, denoted by the symbol uR
and uGPP (equations 2 and 3).

R; ~ normal (uRj, o) (2)

GPP; ~ normal(,uGPPj,ka O'GPP) (3)

We then modeled the latent mean fluxes as
functions of climate parameters. uR was modeled in
equation (4) by multiplying a basal respiration rate
(Rpase), a Lloyd and Taylor temperature response
function (Lloyd and Taylor 1994) (f;;, equation 5),
and a Gompertz soil moisture response function
(Janssens and others 2001) (f.,, equation 6), as
described in detail in Tucker and Reed (2016)
(equations 4, 5, 6).

URj k = Rpase,; X frz(Tj,k) X frv (VWCJ\k) (4)

frt(Tj,k)
=exp| E,p(j) X ! — !
~OP\ Pt M\ 20315 - 7,0 Tok— Touy
(5)
fw(VWCix)
= exp(—exp (“r,b(j) — ﬁr.b(j) X VWCj X 100))
(6)

uGPP was modeled in equation (7) by multiplying
a temperature response function indicating a
maximum value at T, and declining to 0 at Tmin
and Ty (Raich and others 1991) (f, equation 8),

a Gompertz soil moisture response function (fg,
equation 9), and a Michaelis—-Menten function for
PAR response (fy, equation 10), with parameters
coarsely derived from Lange and others (2003),
Marschall and Proctor (2004).

HGPP; i = GPPhase X ft(T) X for (VWCjx) X fop(PAR)
()
fgt(Tivk)

_ (Tik = Tmin() ¥ (Tik = Tmaxco()
(Tt = i) > (Tt = Tonaxints) = (Tie = Topuiy)”

(8)
for (VWGi)
= exp(—exp (ocnﬁb(j) = Bus(j) X VWG X 100))
©)

Because we lack data to precisely model PAR
responses, our PAR parameterization dictates sub-
stantial photosynthesis at low light levels (for
example, < 500 pmol m ™2 s '), and light satura-
tion at  moderate levels (for  exam-
ple, < 1000 umol m~? s™'), which is consistent
with some available studies on light response
curves of photosynthesis in biocrust organisms
(Green and Proctor 2016).

fo(PAR) = — AR (10)

100 + PAR

A crucial feature of this analysis is that model
parameter values were estimated using Bayesian
data-model integration (Ogle and Barber 2008),
based on our mesocosm CO, flux data, and on soil
temperature, soil moisture, and PAR conditions in
the greenhouse. Thus, parameter estimates account
for uncertainty in the data as well as the accuracy
of the model. Parameters in the model were esti-
mated using Bayesian statistical methods imple-
mented using the STAN software package (Stan
Development Team. 2015. Stan Modeling Language
Users Guide and Reference Manual, version 2.7.0.) on
the R (v 3.2) statistical platform. Four Markov
chain Monte Carlo (MCMC) chains were run for
20,000 iterations, and the first 10,000 were dis-
carded as a burn-in period. Model convergence was
evaluated using the built-in R metric, where R = 1
at convergence. The model and data are provided
as Supporting Information S5-S9. For details of
Bayesian data analysis, refer to Gelman and others
(2004).

To estimate cumulative NSE, GPP, and R over the
duration of the experiment, flux rates were mod-
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eled hourly based on measured T, VWC, and PAR
measurements; then, modeled fluxes were sum-
med. Uncertainty in the data model was propagated
through the flux predictions (both the hourly and
cumulative fluxes) using Bayesian methods. To
evaluate how well the model-based on mesocosm
data-captured patterns CO, exchange observed in
the field, we used our model to simulate Late bio-
crust NSE using 22 months (January 2006—Octo-
ber 2007) of soil temperature, soil moisture, and
PAR data from Late biocrust patches occurring
within 500 m of the biocrust mesocosm collection
location. NSE of these Late biocrust patches was
independently measured for that interval in the
field using autochambers, offering an unparalleled
opportunity to confront our model with field data
[autochamber methods and data are described in
detail in Darrouzet-Nardi and others (2015)]. All
post-processing of model results was done in R (v
3.2) statistical software.

ResuLTs
Soil Temperature and Moisture

The average soil temperature was 5.2, 4.8, and
5.0°C higher in the Warmed than Ambient treat-
ment for Bare soil, Early, and Late biocrust,
respectively (p < 0.001 for each, Supporting Fig-
ure Sla and b), and seasonal patterns varied as
described in the Methods. Warmer temperatures
resulted in more rapid soil drying (Figure 1,
p < 0.001 for polynomial regression). There were
12.8, 32.7, and 31.9% fewer hours with soil
moisture above 0.08 cm® H>O cm ™ soil [a thresh-
old below which soil respiration decreased dra-
matically in a study from the same site (Tucker and
Reed 2016)] in the Warmed treatment compared
with Ambient for Bare soil, Early, and Late bio-
crust, respectively (p < 0.001). In general, within
4 h after watering (‘Wet” phase) soil moisture was
equal in Warmed and Ambient treatments in Early
and Late biocrust, and slightly higher in the
Warmed vs. Ambient treatment in Bare soil. VWC
was consistently greater in the Ambient treatment
1 day after watering (‘Moist” phase) and 6 days
after watering (‘Dry’ phase) (Figure 1, Supporting
Figure S2). Some differences in soil moisture be-
tween Warmed and Ambient treatments may be
due to a temperature dependence of the soil
moisture probes, where a 10°C warming might
result in approximately 0.02 cm®> cm ™ overesti-
mation of soil water content (Kizito and others
2008).
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Figure 2. The mean of measured respiration (top), gross
primary production (GPP; middle), and net soil CO,
exchange (NSE; bottom) across all wet (left), moist
(middle), and dry (right) phases. Rates are shown for
bare soil (bare; brown), early successional biocrusts (early;
orange), and late successional biocrusts (late; green) in
both ambient (filled bars) and warmed (striped bars)
conditions. Error bars represent Bayesian 95% credible
intervals: where the error bars of one group do not
overlap the mean of another group, the differences are
significant.
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Measured CO, Fluxes

Both R and GPP were larger in Late than in Early
biocrust, and lowest in Bare soil (Figure 2 and
Supporting Figure S3). Respiration decreased in all
treatments over the experiment (Supporting Fig-
ure S3) and was higher at warmer temperatures
immediately after watering (‘Wet’ phase), before
any observable effect of warming on soil moisture
occurred (Figure 2 ‘Wet’). During the ‘Moist’
phase, 1 day after watering, R was equal between
Warmed and Ambient treatments in the Late and
Early biocrust, but higher in the Warmed than
Ambient treatment in Bare soil. During the ‘Dry’
phase, 6 days after watering, R was low, but higher
in Ambient than Warmed treatments (Figure 2
‘Dry’). Gross primary productivity did not show a
clear seasonal trend in either Early or Late biocrust
(Supporting Figure S3) and was only weakly re-
lated to temperature during the “Wet’ phase (Fig-
ure 2 ‘Wet’). As soils dried, the ‘Moist” phase GPP
of Late biocrust was lower in the Warmed than
Ambient treatment (Figure 2 ‘Moist’). During the
‘Dry’ phase, GPP was extremely low, and lower in
the Warmed than Ambient treatments. Net soil
CO, exchange, which is the sum of R and GPP,
increased with temperature during the ‘Wet’ and
‘Moist’ phase (that is, warming caused a net loss of
C from the bare soil and both biocrust states). NSE
was very low during the ‘Dry’ phase. Average NSE
during the ‘Wet’ and ‘Moist’ phase was neutral or
negative (that is, overall, C was gained by the soil
and biocrust) in Late biocrust at Ambient temper-
ature, but positive (that is, overall, C was lost by the

soil and biocrust) in all other treatments (Figure 2).
As seasonal temperatures declined, R decreased,
but GPP in Late biocrust did not, such that net C
uptake (that is, negative NSE) occurred more fre-
quently later in the experiment (Supporting Fig-
ure S3).

Modeled CO, Fluxes

In general, the model fit the data well (Figure 3),
although the fit was better for the R component
than the GPP component of NSE (r* = 0.861,
0.794, and 0.761, for R, GPP, and NSE, respec-
tively). Parameter values (mean and 95% posterior
credible intervals) are presented in Table 1. After
84 days under greenhouse treatments, modeled
cumulative R was higher in the Ambient than
Warmed treatment in Late biocrust, but was higher
in the Warmed than Ambient treatment in Early
biocrust and Bare soil (Figure 4A). Modeled
cumulative GPP was much higher in the Ambient
than Warmed treatment in Late biocrust, and equal
across Warmed and Ambient treatments in Early
biocrust (Figure 4B). For the Early biocrust,
cumulative GPP was only 9.97% of the Late bio-
crust values (Figure 4B). Cumulative NSE was
positive (that is, overall, C was lost from the
ecosystem) in all treatments and was significantly
higher in the Warmed treatment in Early biocrust
and Bare soil, although not in Late biocrust (Fig-
ure 4C).

Temporal patterns of cumulative CO, fluxes are
presented in Figure 5. Both R (Figure 5A-C) and
GPP (Figure 5D-E) exhibit pulse dynamics, where
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Figure 3. Predicted versus observed fluxes of respiration (R; left), gross primary production (GPP; middle), and net soil CO,
exchange (NSE; right) comparing data—model results to measured data. Dotted vertical lines represent Bayesian 95% credible
intervals for each predicted flux. Each panel’s solid line is the one-to-one line indicating perfect correlation between
predicted and observed values. Data shown are for bare soil (bare; brown), early successional biocrusts (early; orange), and
late successional biocrusts (late; green). All predicted versus observed fluxes fell along the one-to-one line and the model fit

the data well.
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Table 1. Posterior Mean and 95% Credible Intervals for All Parameters in Equations (4-10)

Parameter (units) Eqn. Units Mean 2.50% 97.50% R

E, Bare soil 5 °K 316.816 278.742 355.558 1.00
E, Late biocrust 5 °K 311.566 273.648 348.99 1.00
E, Early biocrust 5 °K 312.05 273.597 350.754 1.00
T, Bare soil 5 °K 255.125 249.764 260.237 1.00
T, Late biocrust 5 °K 228.222 220.005 235.51 1.00
T, Early biocrust 5 °K 237.042 225.087 246.666 1.00
Rpase Bare soil 4 pmol CO, m ™2 s™! 0.157 0.097 0.224 1.00
Ryase Late biocrust 4 pmol CO, m™2 57! 3.715 2.34 5.7 1.00
Rpase Early biocrust 4 pmol CO, m ™2 s7! 4.662 2.647 6.653 1.00
o, Bare soil 6 Unitless 60.383 14.942 97.955 1.00
o, Late biocrust 6 Unitless 2.889 2.285 3.977 1.00
o, Early biocrust 6 Unitless 2.819 2.397 3.454 1.00
B Bare soil 6 cm’® H,O ecm ™ soil 5.53 1.391 9.319 1.00
B, Late biocrust 6 cm’® H,O cm ™ soil 0.191 0.128 0.297 1.00
B Early biocrust 6 cm?® H,0 cm™? soil 0.135 0.1 0.192 1.00
GPPy,. Late biocrust 7 pmol CO, m™ 2 s~ 3.954 3.219 5.083 1.00
GPPpase Early biocrust 7 pmol CO, m™2 57! 22.09 0.667 92.202 1.00
o, Late biocrust 9 Unitless 10.607 6.598 16.643 1.00
a, Early biocrust 9 Unitless 17.394 3.056 90.351 1.00
B, Late biocrust 9 cm’® H,O cm ™ soil 0.785 0.485 1.231 1.00
B, Early biocrust 9 cm?® H,0 cm™? soil 1.071 0.09 5.879 1.00
Tmin Late biocrust 8 °C —22.299 — 47.989 — 5.424 1.00
Tmin Early biocrust 8 °C — 27.033 — 48.802 — 6.102 1.00
Trmax Late biocrust 8 °C 53.004 38.815 84.704 1.00
Tmax Early biocrust 8 °C 63.172 35.817 98.059 1.00
Top: Late biocrust 8 °C 13.718 0.906 23.354 1.00
T,pe Early biocrust 8 °C 19.908 0.925 43.62 1.00

Parameter values are not presented for the gross primary production (GPP) functions for the Bare soil treatment, because GPP was not observed or expected: the model correctly
estimated zero GPP in Bare soil, such that the parameter values in the component functions were completely unconstrained and took on a wide range of meaningless values. R is
the potential scale reduction factor on split chains, and when MCMC chains have converged R = 1. Please note that some temperature units are Celsius and others are Kelvin,
which is done for consistency with other studies using these same functions.
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Figure 4. Final cumulative respiration (R) (A), gross primary production (GPP) (B), and net soil CO, exchange (NSE) (C)
as estimated from the data model, with error bars representing Bayesian 95% credible intervals. Where the error bars of
one group do not overlap the mean of another, the difference is significant. X-axis labels correspond to biocrust
successional level and temperature treatment (for example, B-W means Bare soil Warmed, L-A means Late Ambient).
Values shown are from Bare soil (B; brown), Early successional biocrusts (E; orange), and Late successional biocrusts (L;
green).
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Figure 5. Cumulative sum of respiration (R; top row), gross primary production (GPP; middle row), and net soil CO,
exchange (NSE; bottom row) from the data model. The left column shows the cumulative flux across all hours, the middle

column shows the cumulative flux when photosynthetically active radiation is above 1 pmol photon m™~ s
daylight hours), and the right column shows cumulative fluxes in the dark (PAR <

257! (that is,

1 umol photon m~2 s™'). Green lines

represent Late successional biocrusted soil, orange lines represent Early successional biocrusted soil, and brown lines
represent Bare soil. Solid lines are for Ambient treatment mesocosms and dashed lines are for Warmed treatment

mesocosms.

nearly all of the cumulative fluxes occurred in the
brief interval following water events, and plateaued
during dry periods. In Late biocrust, cumulative
GPP in the Ambient treatment increased steadily
over the experiment, yet in the Warmed treatment
GPP showed a noticeable uptick in mid-November.

The model predicts low R at night (Figure 5C),
corresponding to lower temperatures, and no GPP
at night (Figure 5F.), because night is defined as
the period when PAR < 1 pumol photons m % s™'.
For most of the experiment, Late biocrust NSE was
higher in the Ambient treatment, in mid-Novem-
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ber, as seasonal temperatures cooled, Late biocrust
in the Ambient treatment began to accumulate CO,
during daylight hours (Figure 5H), such that day-
light NSE was lower in the Ambient than Warmed
treatment by the end of the experiment. Cumula-
tive NSE of Late biocrust at night was higher in the
Ambient treatment throughout the experiment
(Figure 5I), such that nighttime efflux of CO,
partly balanced out daylight gain by Late biocrust
(Figure 5H).

The model-predicted instantaneous NSE increased
with temperature in Bare soil and was low below
approximately 20°C (Figure 6A). Predicted NSE was
higher in Early biocrust than Bare soil between about
15 and 35°C, whereas between 0 and 15°C there was
net uptake of CO, in Early biocrust (Figure 6A). Late
biocrust showed lowest NSE (that is, highest uptake
of CO,) at low temperatures, between 0 and 25°C
with an optimum at 10°C, but also exhibited higher
CO, efflux at lower temperatures (Figure 6A). In
general, NSE was low below VWC = 0.08 (Fig-
ure 6B). NSE was always positive in Bare soil above
that threshold and was not related to VWC above or
below the 0.08 breakpoint, suggesting a critical value
of soil moisture for Bare soil R in this system (Fig-
ure 6B). Biocrust only exhibited uptake in a narrow
window of soil moisture: for Early biocrust this win-
dow was between VWC = 0.15 and 0.18, and for Late
biocrust between VWC = 0.12 and 0.20 (Figure 6B).

We compared simulated and measured Late
biocrust NSE from autochambers operating con-
tinuously at the field site (Figure 8C) and found
that during most of that period rates of NSE were
quite similar, although maximum simulated fluxes
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(both positive and negative) were greater in the
modeled data. The model captured most major C
uptake and loss events, and the seasonality of C
uptake and loss showed the same patterns. How-
ever, our simulations markedly underestimated
CO, efflux during hot-dry periods (black boxes in
Figure 8), leading to a relatively poor model fit to
field data when compared across all time points
(Supporting Figure S5)

DiscussioN

Climate change and physical disturbance have the
potential to substantially alter the successional state
of biocrust on the Colorado Plateau (for example,
Belnap and others 2004; Reed and others 2012;
Pointing and Belnap, 2014; Ferrenberg and others
2015; Reed and others 2016). In this study, we
demonstrate that the climatic sensitivity of
ecosystem CO, exchange differed among biocrust
successional states (Figure 7). In particular, Late
successional biocrust exhibited much higher
instantaneous and cumulative rates of gross pri-
mary production and respiration than Early suc-
cessional biocrust or Bare soil, but also were more
inhibited by warming.

In general, elevated temperature drove more ra-
pid drying of biocrusts and soil (Figure 7A). Because
of this temperature x moisture interaction, the net
effect of warming (Figure 7B) was increased R (soil
respiration), increased or decreased R. (biocrust
respiration) depending on biocrust successional
state, and decreased biocrust GPP. All soil and bio-
crust CO, fluxes were positively related to soil

w
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Figure 6. Modeled net soil exchange (NSE; R + GPP) of different biocrust successional states as a function of soil (A)
temperature and (B) volumetric water content. Green circles represent late successional biocrusted soil, orange circles
represent early successional biocrusted soil, and brown circles represent bare soil. Filled circles are ambient treatment
mesocosm data, and unfilled circles are warmed treatment mesocosm data.
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Figure 7. Conceptual model of the temperature (T, orange symbols) and moisture (W, blue symbols) controls over biocrust
soil CO, exchange with the atmosphere. Plus signs (+) indicate a stimulatory effect of a control on a given flux of CO, to or
from the atmosphere, and a minus sign (—) indicates a reduction of a CO, flux. Larger symbols indicate larger effects. Three
biocrust successional states are represented (Bare, Early, and Late), and atmospheric CO, is represented by CO, inside the
circles at the top of the figure. The direction of the flux is indicated by ( — ) and the width of the arrows approximately
depicts the flux’s relative magnitude. A Temperature x moisture interaction, B net effect of warming (including indirect
effects of drying) on CO, fluxes, C direct effect of soil water availability on CO, fluxes D direct effect of warming on CO,
fluxes E effect of warming and soil water availability on biocrust succession. It is important to note that increased
frequency of small precipitation events during the warm season can also cause a net loss of Late successional biocrust
(Reed and others 2012). We use the temperature and moisture responses of Bare soil to infer Ry across mesocosms.

moisture availability, thus drying decreased fluxes
(Figure 7C), while elevated temperatures directly
(that is, excluding the effect of drying) increased all
CO, fluxes with the exception of Late biocrust GPP,
which was weakly inhibited by warming (Fig-
ure 7D). The dominant effect of elevated tempera-
ture was thus the indirect negative effect mediated
through accelerated drying. These facts take on ad-
ded importance because climate warming may drive
loss of Late successional biocrust and replacement by
Early successional biocrust (for example, Maestre
and others 2012a; Maestre and others 2013; Fer-
renberg and others 2015).

Thus, we can expect in the short-term (that is,
sub-annual scale) warming and drying will reduce
ecosystem C cycling rates by reducing Late suc-
cessional biocrust activity, and in the longer term
(vears to decades), reduce ecosystem C cycling by
causing the replacement of Late biocrust with Early
biocrust or Bare soil. The long-term impact is likely
to be reduced C uptake and a net loss of C from the
ecosystem. Biocrusts are important components of
the C cycle at our study site, and potentially at
myriad dryland sites worldwide (Elbert and others

2012; Sancho and others 2016). Based on recent
work demonstrating the likely importance of dry-
lands in regulating the C cycle globally (Poulter and
others 2014; Ahlstrom and others 2015), and con-
sidered in conjunction with the often overlooked
importance of biocrust C cycling (Elbert and others
2012; Sancho and others 2016), we suggest that the
framework presented in Figure 7 (and the related
model functions) merits consideration as a com-
ponent of ecosystem and Earth system models of
the terrestrial C cycle.

Biocrust Succession in Drylands Interacts
with Climate, Disturbance and the C
Cycle

After severe disturbance, biocrust succession gen-
erally progresses through stages similar across
many drylands (Weber and others 2016). Bare soil
is colonized by lightly pigmented, early succes-
sional cyanobacteria, which stabilize the soil sur-
face allowing for subsequent establishment of moss
and/or lichen. Conversely, moss and lichen
replacement by cyanobacterial biocrust occurs in
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response to physical trampling, and, at least in
some cases, in response to warming and altered
precipitation (Ferrenberg and others 2015). Our
results provide both a mechanistic framework for
interpreting the causes of the transition from Late
moss-lichen to Early cyanobacterial biocrust, and
insight into consequences of such a transition for
the ecosystem C cycle. We demonstrate that C
uptake by biocrust is negatively affected by
warming in Late biocrust but not in Early biocrust.
Thus, a transition from Late to Early biocrust under
warming may be a function of reduced C uptake of
mosses and lichens leading to C starvation and
gradual colonization of the newly available soil
surface by cyanobacteria more tolerant of hotter
conditions. Because warming could cause a tran-
sition of Late to Early biocrust, and because Early
biocrusts fix much less C from the atmosphere than
Late biocrust (Figure 2), we expect such a succes-
sional regression to be associated with significantly
lower rates of C uptake in biocrusted drylands. Fi-
nally, stimulation of R by warming in Bare soil
suggests a net loss of sub-crust soil C in response to
warming, independent of biocrust successional
stages. This suggestion is supported by the obser-
vation that, at the global scale, soil C declines with
increasing aridity (Delgado-Baquerizo and others
2013).

These climatic influences on the C flux of dif-
ferent biocrust successional states likely extend to
ecosystem C balance as well. At our study site,
maximum soil respiration rates from biocrusted
interspaces were similar to maximum soil respira-
tion rates beneath the canopy of Atriplex confertifolia
(3.2 versus 4.4 pmol CO, m ™2 s '), suggesting
large efflux of CO, from biocrusted soils (Tucker
and Reed 2016). The maximum rates of biocrust C
fixation per unit photosynthetic area are also on
the same order of magnitude to maximum rates
achieved by vascular plants at this site (for exam-
ple, 3.8 pmol m ™2 s~ for moss-dominated biocrust
(this study) versus leaf level photosynthetic rates of
about 11-20 pmol m~2 s~ ! for the three dominant
plant species at this site (Wertin and others 2015)).
Considering that biocrust surface area can exceed
leat surface area, and that biocrusts can uptake C
any time of year, unlike vascular plants that un-
dergo multi-month senescent states (for example,
under snow photosynthesis is notable at this site;
Darrouzet-Nardi and others 2015), biocrust pho-
tosynthesis and respiration may be the largest CO,
fluxes in some ecosystems. For example, Castillo-
Monroy and others (2011b) demonstrated that soil
respiration from biocrusted interspaces was the
dominant CO, efflux in a dryland ecosystem similar

to the Colorado Plateau site described here, largely
because biocrusted interspaces were the dominant
land cover type. Thus, although a handful of
studies suggest that biocrusts could be significant
components of dryland C uptake, storage, and re-
lease (for example, Sancho and others 2016), our
quantification and contextualization of these rates,
and our understanding of the controls over them,
has remained notably poor. In this context, the
data presented here represent an important look
into these fluxes, how they vary over fine temporal
scales and across biocrust successional states, and
advance our understanding of their sensitivity to
alterations in temperature and moisture.

Late Successional Biocrust CO, Fluxes

Rates of C cycling in Late biocrust were higher than
in Early biocrust or Bare soil. Both R and GPP of
Late biocrust were highly sensitive to soil moisture:
high fluxes during the Wet phase diminished ra-
pidly as soils dried. Within hours of wetting, res-
piration (R) in Late biocrust was enhanced by
warming, but this stimulation transitioned to
inhibition as biocrust and soils dried more rapidly
under the Warmed treatment. This result agrees
with a field soil respiration study at a nearby site,
which suggested stronger indirect controls of tem-
perature via drying relative to direct negative
temperature control over soil CO, efflux (Tucker
and Reed 2016). Late biocrust GPP was also
inhibited by warming due to accelerated soil dry-
ing; there was only a small negative direct effect of
warming on Late biocrust GPP. This result agrees
with findings by Li and others (2012) that biocrust
photosynthesis was determined by water content
rather than either PAR or temperature. In addition,
Late biocrust showed the largest imbalance be-
tween instantaneous daytime CO,_ uptake and loss
in response to warming. Specifically, under the
Ambient temperature treatment, NSE of the bio-
crust and subsurface soil was neutral or only
slightly positive, whereas under Warmed condi-
tions the instantaneous daytime balance of CO,_
showed a large net loss to the atmosphere.
Cumulative NSE as estimated from our data
model showed a different pattern than implied by
measured instantaneous fluxes (compare Figures 2,
6, 7 NSE). For the first two months of the experi-
ment, NSE of Late biocrust was lower under
Warmed conditions. This pattern was largely driven
by reduction of nighttime R under the Warmed
treatment (as a result of drying), which more than
balanced the reduction of daytime GPP under the
Warmed treatment during warmer seasonal con-
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ditions earlier in the experiment. As seasonal
temperatures cooled (Supporting Figure Sla), this
pattern reversed, and the Late biocrust under
Ambient temperatures began to uptake enough C
during daylight to more than offset nighttime res-
piratory loss, which is similar to patterns observed
in a semiarid shrubland in Israel (Wilske and others
2008). Thus, under Ambient conditions, Late bio-
crust showed net C uptake during the cool season,
indicating growth and recovery from heat stress
during the warm season, supporting previous work
from the same study site (Darrouzet-Nardi and
others 2015; Ferrenberg and others 2015). By the
end of the experiment, the trajectory was toward
increasing C uptake in Ambient conditions, but
increasing C loss under Warmed conditions. Cli-
mate projections for our region suggest a reduction
in the duration of the cool-wet winter period (Klos
and others 2014), which considering our results
suggests a reduction in C uptake by Late biocrusts.

Early Successional Biocrust CO, Fluxes

Rates of C cycling in Early successional biocrust
were overall lower than in Late biocrust. In Early
biocrust, both R and GPP were stimulated by
Warming under wet conditions, although the low
rates of C uptake make it difficult to evaluate the
exact response of GPP to environmental conditions.
These differences disappeared 24 h after wetting, at
which point C uptake was no longer measurable.
Respiration of Early biocrust mesocosms declined
substantially in the Warmed treatment between
the Wet and Moist phase, but not in the Ambient
treatment, suggesting that the increased rate of soil
drying was a critical factor. This interpretation is
further supported by the fact that R was lower in
the Warmed treatment during the Dry phase.
Interestingly, there were no differences in the
modeled cumulative R, GPP, or NSE between
Ambient and Warmed treatments in the Early
biocrust. This result may reflect a tradeoff between
stimulation of GPP in the Warmed treatment dur-
ing the Wet phase, and inhibition during the Dry
phase. One interpretation is that the dominant
Early biocrust cyanobacterial species, Microcoleus
vaginatus, is well adapted to moisture pulses and
hot-dry conditions seen in the Warmed treatment
of this experiment and is insensitive to altered cli-
mate (Ferrenberg and others 2015).

Bare Soil CO, Fluxes

In Bare soil mesocosms, respiration increased with
warming during Wet and Moist phases, but not the
Dry phase. From the beginning to end of the

experiment, R declined significantly and was very
low by mid-November. This may represent either
strong temperature sensitivity, or declining soil C
availability, although measurements of soil C pools
did not indicate a significant decline in total or dis-
solved soil C (total and 0.5M K,SO4-ex-
tractable pools, data not shown). Nevertheless, Bare
soil R was more sensitive to temperature than either
Early or Late biocrust. There was no detectable C
uptake in Bare soil mesocosms, indicating that
during the course of the incubations they were not
colonized by a substantial Early successional bio-
crust component. Furthermore, it indicates that soil
inorganic carbonate formation was probably not a
major carbon sink during the course of the experi-
ment (Schlesinger 2017). We did not evaluate
whether some of the soil CO, efflux was due to
carbonate dissolution (Rey 2015) and suggest that
this may be an important step for evaluating the
complete soil C cycle in biocrusted soils.

Modeling Temperature and Moisture
Sensitivity of Biocrusted Soil C Fluxes

In general, the model presented here fit the
mesocosm data well. The fit for GPP was dominated
by Late biocrusts; the model under-predicted the
largest uptake events in Early biocrust (Figure 3).
For Bare soil and Early biocrust, the endpoint
cumulative fluxes (Figure 4) and time series of
fluxes (Figure 5) largely reflected the mean mea-
sured fluxes under Wet, Moist, and Dry conditions
(Figure 2). The Late biocrust time series of modeled
cumulative fluxes, on the other hand, showed
inhibition of R at night by dry conditions in the
Warmed relative to Ambient mesocosms, which
produced differences between the cumulative
modeled fluxes and mean measured fluxes. Con-
sidering only daylight hours, the Late biocrust
mesocosms under ambient temperatures were
estimated to be a C sink during the cooler condi-
tions present in November and December (Fig-
ure 5H). Yet considering both day and night, the
Late Ambient mesocosms showed a similar cumu-
lative C balance to the Late Warmed mesocosms. If
this experiment continued all winter, we posit
there would have been a larger shift toward C
storage in the Ambient relative to Warmed meso-
cosms. This result is consistent with finding of
Darrouzet-Nardi and others (2015) that substantial
C uptake by Late biocrusted soils in field chambers
occurred mostly during cool, moist periods.

The model broadly replicated patterns of NSE
observed in CO, flux autochambers operating over
patches of Late biocrust at the field site (Figure 8),
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Figure 8. Soil moisture (blue), temperature (red), and net soil CO2 exchange (NSE) of Late biocrust simulated from our
model (Green) and measured (black) in the field using clear autochambers containing Late biocrust atop a soil profile at the
same site from which the mesocosm specimens originated (black circles; Darrouzet-Nardi and others 2015). Autochamber
data were collected hourly for a year and 7 months, and the autochambers collected data in both Ambient and Warmed
plots (Warmed plots in the field were heated with infrared lamps and were kept at 2°C above ambient; detailed methods
and results can be found in Darrouzet-Nardi and others 2015). The model showed a significant positive fit to the data
(* = 0.136, p < 0.001, supporting Figure 5) although the fit was fairly weak, driven by the time periods highlighted

above.

which given the potential array of differences be-
tween greenhouse and field conditions (that is,
wind advection, higher UV radiation, plant roots in
the soil, deeper soils) was a surprising result. In
general, pulsed patterns of high photosynthesis
(negative NSE) and respiration (positive NSE) were
replicated, and the overall magnitude was similar.
However, there were several hot-dry periods
(highlighted as gray boxes in Figure 8) where the
model under-predicted CO, effluxes. The modeled
moisture response seems intuitively realistic—low
fluxes in dry soils, higher fluxes with wetter
soils—while the high efflux at low soil moisture
observed in the field data seems biologically less
logical. Indeed, it has been documented that Late
biocrust (in particular mosses) generally undergoes
C loss with small wetting events (Coe and others
2012; Wu and others 2015), net C uptake with
larger wetting events (Reed and others 2012) and
little activity during drying periods. How then do
we explain the difference between model and field

measurements, and the high rates of soil CO,
exchange at low moistures in the field? One
explanation is that field soil moisture sensors do
not capture biocrust surface moisture when pre-
cipitation or dew formation wet biocrust but not
deeper soils. This could result in biocrust CO, ef-
flux when subsoils (where the soil moisture sen-
sors are located) are dry (Tucker and others 2017).
Biocrust surface moisture measurements, or a
model [such as presented by (Wilske and others
2009)] that includes relative humidity, would
improve our ability to model this relationship,
particularly when considering anatomical adapta-
tions for collection of non-rainfall moisture in
biocrust mosses (Pan and others 2016). Other
under-explored possible sources of CO, efflux in-
clude expansion of soil gas with warming (Rey
2015), carbonate dissolution (Schlesinger 2017),
or root respiration in the soil beneath the
autochamber. Work partitioning these potential
fluxes in the field would be of great value.
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Several assumptions built into the model merit
testing and will require model improvement. We
assumed the relationship between R and environ-
mental conditions is the same at night, in the ab-
sence of C fixation, as during the daylight.
Although this assumption is reasonable for Bare
soil fluxes, in biocrusted mesocosms differences in
C substrate (that is, new photosynthate) availabil-
ity may result in different relationships of fluxes to
environmental conditions between night and day.
In Figure 7, we indicate that Ry shows the same
temperature and moisture sensitivity in Bare soil as
under both Early and Late crust, yet coupling of the
C cycle between biocrust and the soil beneath may
change these relationships. Further, changes in C
availability or quality (Fierer and others 2005) or
thermal acclimation (Luo and others 2001; Atkin
and Tjoelker 2003; Tucker and others 2013) may
have occurred in ways our model did not capture.
Finally, the model presented here is not yet a viable
tool for predicting ecosystem C balance because
more C could potentially be lost than is present in
the system over long periods of time with the
current simple model structure (for example,
without vascular plants, key soil C inputs are
missing). Thus, a more fully realized process model
(including mass balance constraints) will be nec-
essary for making long-term projections of ecosys-
tem change.

A Climate Change-C Cycle Integrated
Framework for Biocrusted Drylands

Taken together, the data suggest that warming-in-
duced changes to C cycling in biocrusted ecosys-
tems interact with biocrust successional state in
ways that may have substantial impacts on the
ecosystem C balance. These changes appear to be
largely mediated through soil water content, as
warming accelerates soil drying. Modeled cumula-
tive fluxes also suggest that seasonal patterns of
temperature sensitivity are important to consider
when evaluating and predicting the consequences
of climate warming, especially in the Late biocrust,
which these data indicate is the dominant con-
tributor to C cycling in biocrusted interspaces in
this system. We suggest three particularly impor-
tant future research directions: (1) developing re-
gional scale assessments of biocrust cover and
species composition in drylands, (2) contextualiz-
ing biocrust contributions to CO, exchange with
those from vascular plants, and (3) integrating
biocrusts into ecosystem and Earth system models,
so that quantitative estimates of changes in biocrust
C cycling are possible. When we consider the syn-

ergistic effects of climate change on dryland bio-
crust activity and successional state, the potential
for dramatic declines in biome-scale C cycling rates
over the coming decades emerges as biocrust
communities respond to warming.
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