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• The role of soil water vapor adsorption in
drylands carbon cycling remains unclear.

• We explored relationships between water
vapor and CO2 fluxes, and soil properties.

• We used the gradient method to estimate
fluxes, and subsequent statistical model-
ling.

• Our main finding is the existence of a cou-
pling between water vapor and CO2

fluxes.
• Water vapor adsorption by dry soils could
drive the nocturnal CO2 uptake in sum-
mer.
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Water vapor adsorption (WVA) by soil is a potential contributor to the water cycle in drylands. However, continuous
in-situ estimates of WVA are still scarce and the understanding of its coupling with carbon cycle and ecosystem pro-
cesses remains at an incipient stage.
Here we aimed to (1) identify periods of WVA and improve the understanding of the underlying processes involved in
its temporal patterns by using the gradientmethod; (2) characterize a potential coupling betweenwater vapor and CO2

fluxes, and (3) explore the effect of soil properties and biocrusts ecological succession on fluxes. We assumed that the
nocturnal soil CO2 uptake increasingly reported in those environments could come fromWVA enhancing geochemical
reactions involving calcite.
We measured continuously during ca. 2 years the relative humidity and CO2 molar fraction in soil and atmosphere, in
association with below- and aboveground variables, over the biocrusts ecological succession. We estimated water
vapor and CO2 fluxes with the gradient method, and cumulative fluxes over the study. Then, we used statistical model-
ling to explore relationships between variables.
Ourmainfindings are (1)WVAfluxes during hot and dry periods, and new insights on their underlyingmechanisms; (2) a
diel coupling between water vapor and CO2 fluxes and between cumulative fluxes, well predicted by our models; and
(3) cumulative CO2 influxes increasingwith specific surface area in early succession stages, thusmitigating CO2 emissions.
During summer drought, as WVA was the main water source, it probably maintained ecosystem processes such as mi-
crobial activity and mineral reactions in this dryland. We suggest that WVA could drive the nocturnal CO2 uptake in
those moments and discuss biogeochemical mechanisms potentially involved. Additional research is needed to mon-
itor soil water vapor and CO2 uptake and separate their biotic and abiotic components as those sinks could grow
with climate change.
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1. Introduction
Non-rainfall water inputs (NRWIs) are critical components of the water
cycle in drylands (Agam and Berliner, 2006; Wang et al., 2017); in the ab-
sence of precipitation, three processes contribute to soil water inputs to
the topsoil: (1) fog deposition, (2) dew formation, and (3) water vapor ad-
sorption (WVA). Fog deposition occurs when water vapor pressure reaches
saturation, forming water droplets in the air that can deposit on surfaces.
Dew formation occurs on a surface when its temperature is lower than or
equal to the dew-point temperature of air, at which time the atmospheric
water vapor in contact with the surface cools down, reaches saturation
and condenses on the surface. WVA occurs when the water vapor pressure
of the atmosphere is greater than the water vapor pressure of the soil air,
triggering its diffusion from atmosphere towards soil and its retention on
the surface of soil particles in a liquid form (water films), through complex
physico-chemical mechanisms still not fully constrained (Akin and Likos,
2017). Hence, which NRWI is preponderant in an ecosystem depends on
micrometeorological conditions.

In most drylands, atmospheric conditions required for fog formation are
rarely met (McHugh et al., 2015). Dew formation was considered until re-
cently as the main NRWI, sometimes exceeding precipitation in amount
or frequency, or being the sole source of water for plants and biological
soil crusts (Agam and Berliner, 2006). Therefore, dew formation has been
extensively studied; however, it has been regularly confounded with WVA
and its contribution to the water cycle has probably been overestimated,
as favorable thermal conditions for dew deposition are rather uncommon
in drylands, particularly on bare soil in hot environments or seasons
(Agam and Berliner, 2006). In comparison, WVA by soil has received little
attention despite the fact that it can occur on a more regular basis, even
when soil surface temperature is greater than dew point temperature. It is
now considered as a likely substantial contributor to the water cycle in dry-
lands (McHugh et al., 2015), which cover about 41% of the Earth's terres-
trial surface. Moreover, since warmer air has the capacity to hold more
water vapor, and soil drying is predicted with high confidence in some re-
gions of the globe (Collins et al., 2013), WVA by soil might be enhanced
by climate change.

In spite of the potential global importance of WVA, in situ estimates of
the process are still very scarce. Only few studies aimed to monitor WVA
fluxes and they were almost always restricted to short time periods
(Agam and Berliner, 2006; Kosmas et al., 2001; Uclés et al., 2015;
Verhoef et al., 2006), with few exceptions (Kohfahl et al., 2021; Saaltink
et al., 2020). That is partly due to a methodological gap as traditional ap-
proaches to estimate WVA fluxes include either complex numerical model-
ling using numerous parameters that require substantial effort to collect, or
expensive lysimeters that can disturb the natural soil profile and
pedoclimatic conditions. By contrast, the gradient method that has been in-
creasingly used recently to determine soil-atmosphere greenhouse gases
fluxes (Maier and Schack-Kirchner, 2014; Sánchez-Cañete et al., 2017)
could represent a suitable approach to obtain estimates of WVA as it is
easy to deploy, generates only limited soil perturbation, and can provide
long-term continuous measurements and further understanding of the be-
lowground mechanisms involved in WVA.

The gradient method is based on the main assumption that molecular
diffusion is the dominant gas transport process between soil and atmo-
sphere, a condition that is generally considered to be fulfilled both for
CO2 (Šimůnek and Suarez, 1993) and water vapor (Liu et al., 2020). The
only drawback of this method is that the estimated flux is highly dependent
on the chosen coefficient of diffusion and therefore, it is recommended to
apply a site-specific calibration to improve the accuracy of the flux estima-
tion. For CO2, this calibration can be performedwith soil chambermeasure-
ments (Sánchez-Cañete et al., 2017). However, for water vapor, no
standardized procedure exist yet as soil-atmosphere diffusive fluxes of
water vapor have seldom been estimated and most studies were limited to
laboratory experiments (e.g. Jabro, 2008; Rao and Rekapalli, 2020;
Reyzabal and Bazán, 1992). Only one study estimating those fluxes in-situ
was found in the literature (Bittelli et al., 2008). If a substantial contribution
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of WVA to the water cycle in drylands were confirmed by more observa-
tional studies including accurate continuous monitoring, the process
could potentially impact other element cycles and ecosystem processes, as
they are strongly constrained by water availability in those environments.

In particular, the understanding of the coupling between WVA, carbon
cycle and ecosystem processes remains at an incipient stage; nevertheless,
WVA could enhance water-limited microbial activity andmineral reactions
in drylands. For example, some lichens have the capacity to usewater vapor
(Lange et al., 1994, 1992; Zheng et al., 2018). A previous study found that
WVA increased soil CO2 production revealing that drylandmicroorganisms
were able to use this water input to sustain their metabolic activity
(McHugh et al., 2015). Other studies reported that dew contributed to
rock weathering and karst development in drylands (Agam and Berliner,
2006). Therefore, WVA is also expected to be a weathering agent of soil
minerals. In particular, WVA on calcite is energetically favorable
(Rahaman et al., 2008) and can lead to the formation of carbonate species
and reorganization of the mineral surface (Rubasinghege and Grassian,
2013). Since microbial and mineral (e.g. calcite) processes can produce/
consume CO2 via respiration/assimilation and precipitation/dissolution re-
spectively, the enhancement of those processes by WVA is likely to affect
the soil-atmosphere CO2 exchange in drylands.

Nocturnal CO2 uptake by soil has been increasingly reported in water-
limited ecosystems (Fa et al., 2016; Hamerlynck et al., 2013; Ma et al.,
2013), including at our study site (Lopez Canfin et al., n.d.), and its origin
remains debated (Sagi et al., 2021); different abiotic forces have been sug-
gested to drive the phenomenon but the potential effect of WVA on both bi-
otic and abiotic components of the ecosystemhas not been explored yet. On
the one hand, drylands shelter a rich biodiversity of biological soil crusts
(hereafter, biocrusts), key ecosystem engineers that sustain many impor-
tant ecological functions including an ability to fix CO2 by photosynthesis.
In addition, there is growing evidence that among those communities,
chemotrophs able to perform CO2 fixation in the dark coexist with
phototrophs (Bay et al., 2021; Liu et al., 2021). On the other hand, the abi-
otic assumption of calcite dissolution consuming CO2 to explain the noctur-
nal CO2 uptake by soil has been challenged by the supposition that, since
the geochemical reaction consumes water, such uptake should not occur
in dry soils (Schlesinger et al., 2009). This is without considering WVA as
a potential link between the water and carbon cycle in drylands. Biotic
and abiotic processes could also be tightly coupled, as microorganisms
such as Cyanobacteria or fungi can for example promote the dissolution of
CaCO3 (Garcia-Pichel et al., 2010; Tian et al., 2021).

Assessing the role of WVA in drylands requires improved characteriza-
tion of its drivers in-situ. The amount of adsorbed water in the soil depends
on the magnitude of the soil-atmosphere vapor gradient, and the total sur-
face area of soil particles (Kool et al., 2021). Since clay particles have the
largest surface area, the amount of adsorbed water generally increases
with the soil clay content; the clay type also affects the amount of adsorbed
water as surface area varies between clay types (Agam and Berliner, 2006).
Soil organic carbon content and salinity have been reported as well as fac-
tors controlling WVA (Amer, 2019; Arthur et al., 2020). However, to our
knowledge, the soil content in gypsum, a common salt at Earth surface,
has never been investigated as a potential driver of soil-atmosphere water
vapor fluxes; gypsum is more soluble than calcite and has strong hydra-
tion/dehydration properties, with dehydration starting at ca. 40 °C (Azimi
et al., 2007), a temperature range that can be easily reached in drylands
topsoil.

In this research we aimed to (i) identify periods of WVA and improve
the understanding of the underlying processes involved in its temporal pat-
terns by using the gradient method; (ii) characterize a potential coupling
between water vapor and CO2 fluxes; and (iii) explore the effect of soil
properties and biocrusts ecological succession on fluxes. We assumed that
(i) the gradient method could be used to measure the diffusion of water
vapor from atmosphere to soil, considering those influxes as proxies of
WVA; WVA should be substantial during the dry period due to enhanced
soil drying during daytime, magnifying the soil-atmosphere water vapor
pressure gradient; (ii) fluxes of water vapor and CO2 could be tightly
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coupled. In particular, WVAwas expected to be the underlying process con-
trolling nocturnal CO2 uptake; and (iii) soil surface area, gypsum content
and biocrusts ecological succession could significantly affect WVA.

2. Material and methods

2.1. Experimental site

This study was conducted in the experimental site of El Cautivo, an area
of badlands located in the Tabernas Desert (Almería, Spain) (Fig. S1). The
climate is classified as semi-arid thermo-Mediterraneanwith amean annual
temperature of 17.9 °C and an average annual precipitation of ca. 230 mm
with great inter-annual variation (coefficient of variation (CV) of 36%) and
intra-annual variation (CV of up to 207%) based on a 30-year rainfall record
from 1967 to 1997 (Lázaro et al., 2004, 2001). The piezometric level in the
area oscillates between 22 and 26 m depth (data from 1985 to 2020 of the
Spanish Geological Survey, IGME). The bedrock horizon starts at a depth
ranging from ca. 0.5 to 1.5 m and consists of gypsum-calcareousmudstones
and calcaric sandstones deposited during the Miocene. Soils in the area are
mainly Epileptic and Endoleptic Leptosols, Calcaric Regosols and Eutric
Gypsisols (FAO, 1998), and the soil texture is silty-loam, dominated by
gypsum-calcareous and siliceous particles of silt-size (>60%); fine sand
ranges from 20% to 35%, and clay ranges from 5% to 10%; a detailed ped-
ological characterization of the soil horizons can be found in Cantón et al.
(2003). Bare soil, eroded or originated from sediment deposition, occupies
a third of the territory, another third is covered by short vascular vegetation
with biocrusts in the interspaces and the rest is coveredmainly by biocrusts,

(Lázaro et al., 2000). Different biocrust types can be distinguished and asso-
ciatedwith stages of ecological succession (Lázaro et al., 2008): (1) physical
depositional crust (PD); (2) incipient Cyanobacteria (IC); (3) mature
Cyanobacteria (MC); (4) lichen community dominated by Squamarina
lentigera (Web.) Poelt and Diploschistes diacapsis (Ach.) Lumbsch (SD); and
(5) lichen community characterized by Lepraria isidiata (Llimona) Llimona
& Crespo (LI).

2.2. Environmental measurements and soil analyses

Continuousmeasurements of soil and above-surface variableswere con-
ducted from February 2018 to December 2019 (see experimental design in
Fig. 1. Experime
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Fig. 1). At 5 cm depth, the CO2 molar fraction (χc) of soil was measured
mainly by GMP252 probes (accuracy of ±2% of reading in the range
0–10,000 ppm) and some measurements were completed with GMM222
transmitter modules (accuracy of ± (1.5% of the range + 2% of reading
in the range 0–10,000 ppm)) (Vaisala, Vantaa, Finland). The soil water con-
tent (ϑw) was measured by EC-5 and 5TM sensors (Meter Group, Pullman,
WA, USA). The ϑw sensors were calibrated according to the general equa-
tion for mineral soils provided by the manufacturer. This equation should
apply for all mineral soils up to an electrical conductivity (EC) of 8 dS
m−1 in saturation extract according to the instructions of themanufacturer.
Preliminary tests showed that most soils at our study site had an EC < 1 dS
m−1 in 1:5 soil to water ratios. Based on those values, it was reasonable to
expect that EC in saturation extracts would not exceed the recommended
threshold (Kargas et al., 2020).

The 5TM sensors also measured the soil temperature (Ts); Ts measure-
ments were also replicated with thermistors (108, Campbell Scientific,
Logan, UT, USA; hereafter CSI). All such measurements were performed
within each stage of biocrusts succession, in triplicates. They were also per-
formed in mature cyanobacterial patches within the SD microsite (MC2; in
duplicate). The maximum distance between microsites was ca. 500 m.
Within each site, the relative humidity in soil at 5 cm depth and in atmo-
sphere in contact with soil (RHs and RHa, respectively) were measured by
iButton® DS1923 logger (accuracy of ±5% of reading in the range
0–100%) (Maxim Integrated, San Jose, CA, USA); air temperature (Ta)
and atmosphere relative humidity at 30 cm aboveground were measured
by a S-THB-M00x Smart Sensor (Onset Computer Corporation, Bourne,
MA, USA; hereafter Onset); the surface temperature (Tsurf) was measured
by a S-TMB-M0xx Smart Sensor (Onset) and the photosynthetically active
radiation (PAR) by a S-LIA-M003 Smart Sensor (Onset); precipitation was
measured by a Rain-O-Matic-Pro tipping-bucket rain gauge of 0.25 mm
resolution (Pronamic, Ringkoebing, Denmark) at 1.5 m above the ground
surface. At 2 cm aboveground, the χc, of atmosphere (same sensors as
soil χc) was monitored in the PD and SD microsites, and atmospheric
pressure was monitored in the LI microsite. The rain gauge was
connected to an on–off Hobo Event data logger (Onset) and all other
variables were measured every 30 s and stored as 20-minute averages
by data-loggers CR1000 (CSI) and H21 (Onset). A summary of the
continuous environmental measurements and associated instruments
is provided in Table S1.
ntal design.
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The soil CO2 efflux (Fc) was measured regularly (for 14 days in total)
with a non-steady-state through-flow chamber (EGM-4, PP-system,
Amesbury, MA, USA), also known as closed dynamic chamber. To this
end, a PVC collar of 0.0069 m2 surface area was inserted into the soil
close to each soil χc probe. We took the precaution of inserting gently the
collar in order to limit soil and crust disturbance and measurements were
started one month later to allow for the recovery of soil surface. During
measurements, the portable chamber was placed over the soil collar and
the flux was calculated from the rate of linear change in the chamber CO2

molar fraction measured every 3 s over 120 s; measurements were irregu-
larly spaced in time, trying to cover the natural range of ϑw variability.

In the topsoil (0–5 cm), the porosity (ϕ), the soil total specific surface
area (SSAs), gypsum content, calcium carbonate equivalent content
(CCE), calcite reactive surface area (RSA), calcite specific surface area
(SSAc, calcite RSA per weight of calcite) and soil organic content (SOC)
were measured within each microsite described above. The SSAs was esti-
mated from the particle size distribution measured by a laser particle size
analyzer (Mastersizer 3000 Hydro EV, Malvern Panalytical, Malvern,
United Kingdom), assuming that the particles were spherical and non-
porous. The SOC content was measured by a modified wet oxidation
method (Mingorance et al., 2007) and determined with a spectrophotome-
ter (Spectronic Helios Alpha 9423 UVA 1002E, Thermo Fisher Scientific,
Waltham, MA, USA). The gypsum content was determined by exploiting
the gypsum-bassanite phase change (Lebron et al., 2009). The CCE and
RSA were quantified by measuring the CO2 released during an acidic reac-
tion (Lopez-Canfin et al., 2021).

2.3. Data processing, water vapor and CO2 fluxes calculation

Hourly averages were calculated on the data. To fill data gaps and en-
able the modelling of time series as well as the determination of cumulative
fluxes, the dataset was split into subsets of variables of the same type (e.g.
temperatures) and each subset was imputed separately to avoid generating
spurious correlations. A non-parametric method based on random forests
was used to replace missing values in each subset (Stekhoven and
Bühlmann, 2012).

The water vapor pressure in soil and atmosphere was calculated as:

Ph ¼ RH
100

Ps (1)

where Ph is the water vapor pressure (kPa), RH is the relative humidity (%)
measured with the iButton® DS1923 loggers and Ps is the saturation water
vapor pressure calculated according to Buck (1981) using the air tempera-
ture measured with the S-THB-M00x Smart Sensor (since it was protected
against direct radiation and radiative cooling) and the soil temperature
measured with the iButton® DS1923 logger.

The water vapor molar fraction in soil and atmosphere was calculated
as:

χh ¼
Ph

Pa
(2)

where χh is the water vapor molar fraction (mol mol−1, or kPa based on to
Dalton's law) and Pa is the atmospheric pressure (kPa).

The measured χc in soil and atmosphere were corrected internally by
the CO2 sensor for real-time changes in temperature (in soil and atmo-
sphere, respectively) as well as in post-processing for real-time changes in
atmospheric pressure as:

χc correctedð Þ ¼ χc measuredð Þ
P0

Pa
(3)

where P0 is the reference pressure (101.325 kPa).
4

The soil-atmosphere fluxes of water vapor (Fh) and CO2 (Fc) were calcu-
lated according to the gradient method based on the first Fick's law of mo-
lecular diffusion:

F ¼ −ρaks
dχ
dz

(4)

where F is the soil-atmosphere flux (mmol m−2 s−1 and μmol m−2 s−1 for
Fh and Fc, respectively), ρa is the averagemolar density of air (mol m−3), dχ
is the gradient inwater vapor or CO2molar fraction (mmolmol−1 and μmol
mol−1) between atmosphere and soil, and dz is the vertical gradient be-
tween atmosphere and soil (m), ks is the diffusion coefficient or empirical
soil transfer coefficient (m2 s−1).

As ks is a major source of uncertainty in the diffusive flux calculation, it
is recommended to apply a site-specific calibration to improve the accuracy
of the gradient method (Sánchez-Cañete et al., 2017). Therefore, the ks of Fc
was calibrated from 225 chamber measurements by rearranging Eq. (4):

ks ¼ −
Fsoil dz
ρa dχ

(5)

where Fsoil are the CO2 fluxes measured with the soil chamber
measurements.

Since ks is generally considered to depend on the diffusion coefficient of
CO2 in free air and the air-filled pore space (ϑa, equal to soil porosity – ϑw),
then ks was modelled as a function of these variables. The following model
provided the best fit to the data and therefore was retained for the CO2 flux
estimation:

ks ¼ Daaebθa (6)

where a and b are empirical coefficients obtained by non-linear least
squares regression (0.07 and 3.17, respectively), and Da is the diffusion co-
efficient of CO2 in free air calculated according to Jones (1992):

Da ¼ Da,0
T
T0

� �1:75 P0

Pa

� �
(7)

where Da,0 is the diffusivity of CO2 in air (1.47 10−5 m−2 s−1), T is the
measured soil temperature, T0 is 293.15 K and P0 is 101.325 kPa.

For the estimation of Fh, since no standardized procedures exist yet to
calibrate ks, the coefficient was calculated according to the only in-situ
study found in the literature (Bittelli et al., 2008):

ks ¼ Daβθ
m
a (8)

where Da is the diffusion coefficient of water vapor in free air calculated ac-
cording to Jones (1992) using Da,0 of water vapor (2.4 10−5 m−2 s−1 ac-
cording to Campbell and Norman (1998)), and β and m are constants that
account for the shape of soil particles. Values of 0.9 and 2.3 were used for
the later parameters, respectively, as according to Bittelli et al. (2015),
those values are good approximations for undisturbed samples.

For comparative purpose of the resulting Fh, ks was also calculated ac-
cording to Xu et al. (1992) as:

ks ¼ Da
θa

2:58

φ2 (9)

where φ is the soil porosity.
The uncertainty in the estimation of Fh fluxes was calculated from the

accuracy of the RH sensors used to calculate those fluxes. The following cu-
mulative Fh and Fc were calculated from the data: effluxes, influxes and
total fluxes. They refer to, respectively: positive fluxes (emissions, from
soil to atmosphere), negative fluxes (uptake, from atmosphere to soil) and
the sum of both fluxes (positive and negative).
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2.4. Statistical modelling

All analyses were performed with R software v.3.6.3 and the signifi-
cance level was set to 5%. The statistical protocol of Zuur and Ieno
(2016) was used to analyze the data. Our model construction aimed to an-
swer the following two questions: 1) is there a coupling between Fh and Fc,
and in particular, is Fh a good predictor of Fc? and 2) Do soil variables (es-
pecially specific surface area and gypsum content) and biocrusts ecological
succession significantly affect those fluxes?

We fitted models from both diel and cumulative fluxes over the study.
For the former, the dataset was first split into a training set (first year) for
calibration and a testing set (second year) for cross-validation. We selected
only data from the summer season to exclude the effect of precipitation.
Preliminary data exploration revealed a hysteretic relationship between
Fh and Fc on a diel scale, presumably modellable with two sigmoid func-
tions: one for the diel decrease in Fc and Fh from theirmaximumduring day-
time to their minimum at night, and vice-versa for the diel increase in those
variables (Fig. S2B). Therefore, we additionally split the data into diel “de-
crease” and “increase” subsets, based on the average hour of minimum and
maximum Fh, in order to model each part of the hysteresis independently.
Since the “S-shapes” exhibited substantial variation between crust types
and replicates, non-linear mixed models were fitted (Pinheiro and Bates,
2000). This approach allowed the parameters of the model to vary both
with the fixed effect “crust type” and the random effect “replicate”. The fol-
lowing four-parameter logistic model was chosen to model Fc as a function
of Fh:

Fc ¼ φ1 þ
φ2 − φ1

1þ exp φ3−Fhð Þ=φ4½ � (10)

where ϕ1 is the horizontal asymptote as Fh →∞, ϕ2 the horizontal asymp-
tote as Fh→−∞, ϕ3 the Fh value at the inflection point of the sigmoid (the
value of Fh for which the response variable Fc = ϕ1/2), and ϕ4 a scale pa-
rameter on the x-axis. Further information about this type of model, includ-
ing a graphical visualization of the parameters, is available in Pinheiro and
Bates (2000). The serial correlation inherent to time series was modelled
with a first-order autoregressive (AR1) process within each day.

Using a simple visual inspection of the time series, it was not clear
whether the variation in Fh tended to lead or lag the variation in Fc. In gen-
eral, negative Fh and Fc fluxes seemed to occur almost simultaneously but
depending on the period and location, the variation in Fh could sometimes
apparently lead or lag the variation in Fc. Therefore, a cross-correlation
analysis was performed to determine whether Fc or Fh tended to lead or
lag. In addition, relationships between pairs of variables were explored,
andmodelled either by linear or non-linear regression. All linearmodels' as-
sumptions on residuals were checked with statistical tests: the Durbin-
Watsons, Breusch-Pagans, and Shapiro-Wilks tests were used to assess
independence, homoscedasticity, and normality, respectively. Non-linear
models assumptions on residuals were checked visually.

3. Results

3.1. Temporal dynamics

3.1.1. General trends
In all stages of the biocrusts ecological succession, the soil relative hu-

midity (RHs) decreased sharply during summer drought (see for example
in the mature Cyanobacteriamicrosite, Fig. 2A). During this period charac-
terized by the absence of precipitation, soil water content minima (Fig. 2E)
and temperature maxima (Fig. 2F), RHs became regularly lower than atmo-
sphere relative humidity (RHa). However, during this summer period, soil
temperature (Ts) and atmosphere temperature (Ta) diverged substantially,
with Ts exceeding Ta (Fig. 2F). Warmer air increases the saturation water
vapor pressure, i.e. the capacity of air to store water vapor. Therefore, the
molar fractions of water vapor (χh) were more relevant to understand the
underlying processes involved in temporal patterns of water vapor fluxes
5

(Fh), also because they were directly used to calculate Fh based on the gra-
dient method. During summer drought, atmosphere χh regularly exceeded
soil χh (Fig. 2B). Such conditions were often favorable to the inversion of
the water vapor pressure gradient, thus generating negative Fh (Fig. 2C).
Note that during another dry period but this timemarked bywinter temper-
atures (Fig. 2E and F), negative Fh fluxes were almost inexistent (Fig. 2C).
Negative Fh always occurred at values of RHa > 40% (see for example in
the mature Cyanobacteriamicrosite, Fig. S3) but not exclusively, as positive
Fh were also found in that interval. The conditions necessary for dew forma-
tion (i.e. Tsurf < dew point) and fog formation (i.e. RHa = 100%) were un-
common in summer (see example in Fig. 3E, and Fig. 2A, respectively).

During a complete hydrological year from 01/09/2018 to 31/08/2019,
the amount of water accumulated by precipitation was 174 mm while the
amount of water accumulated through negative Fh ranged from 0.37 ±
0.02 mm to 1.58 ± 0.08 mm (i.e. from 0.21 ± 0.01% to 0.91 ± 0.05%
of precipitation, respectively), depending on the microsite, using the
model of Bittelli et al. (2015) to calculate the diffusion coefficient of
water vapor between soil and atmosphere. By contrast, using the diffusion
model of Xu et al. (1992), negative Fh accounted for between 1.42 ± 0.07
and 4.91±0.25mm, i.e. 0.82±0.04% to 2.82±0.14%of the annual pre-
cipitation over the same period. The amount of water accumulated through
negative Fh only during summer of the same hydrological year ranged from
0.17 ± 0.01 mm to 1 ± 0.05 mm with the first model and from 0.67 ±
0.03 mm to 3.62 ± 0.18 mm with the second model. The amount of
water accumulated through negative Fh only during summer represented
between 47 and 75% of the annual negative Fh regardless of the diffusion
model. By contrast with negative Fh that occurred predominantly during
summer, negative CO2 fluxes (Fc) occurred throughout the study period,
with a slightly lower magnitude in summer (see for example in the mature
Cyanobacteriamicrosite, Fig. 2D). The cumulative evaporation (positive Fh)
ranged from 7.40±0.37mm to 15.21±0.76mm(i.e. from4.25±0.21%
to 8.74 ± 0.44% of precipitation) based on the diffusion model of Bittelli
et al. (2015). It ranged from 23.02 ± 1.15 mm to 53.72 ± 2.69 mm (i.e.
from 13.23 ± 0.66% to 30.87 ± 1.55% of precipitation) based on the dif-
fusion model of Xu et al. (1992).

The ratio of cumulative negative Fh to cumulative positive Fh over the
whole study period tended to increase over biocrusts succession (3%, 3%,
9%, 7%, 11% and 15% for the PD, IC, MC, MC2, SD and LI microsites,
respectively). The average soil-atmosphere gradient of water vapor
molar fraction decreased over succession (14.5, 12.5, 11.7, 10.6, 9.4,
and 7.3 mmol mol−1 for the PD, IC, MC, MC2, SD and LI microsites,
respectively).

3.1.2. Diel patterns in water vapor and CO2 fluxes
A more detailed representation of the previously mentioned periods of

summer and winter drought, during which negative Fh were respectively
common and virtually absent, is provided in Fig. 3. During summer, nega-
tive Fh occurred due to a decrease in soil χh during the afternoon (reaching
minima at nighttime) and a concomitant increase in atmosphere χh at
nighttime inverting the soil-atmosphere water vapor pressure gradient
(Fig. 3C). During winter, soil χh was lower in average but followed the
same diel pattern whereas atmosphere χh was also lower in average but
usually did not increase enough at nighttime to invert substantially the gra-
dient (Fig. 3D). It is also worth noting that RHs presented the opposite diel
pattern to soil χh (Fig. 3A and B) and that the soil χh decrease during the
afternoon and overnight (Fig. 3C and D), occurred in synchrony with a de-
crease in temperature (Fig. 3E and F) and PAR (Fig. 3G and H). In addition,
brief positive excursions in χh were frequently observed at sunrise, particu-
larly in summer (Fig. 3C).

During summer, Fc and Fh covaried and used to be both negative at night
(Fig. 4). The cross-correlation analysis revealed that overall, the variation in
Fh slightly led the variation in Fc, i.e. by 1 h (1 h being the maximum time
resolution of the data). The moment when fluxes became negative used to
coincide exactly with PAR reaching the zero value (Figs. 3G and 4), due
to the inversion of the gradient of water vapor molar fractions at this mo-
ment (Fig. 3C).



Fig. 2. Time series of (A) hourly relative humidity in soil and atmosphere (B) hourly water vapor molar fraction (χh) in soil and atmosphere. The yellow areas delimit
moments during which atmosphere χh exceeds soil χh; (C) hourly soil-atmosphere water vapor flux (Fh); (D) hourly soil-atmosphere CO2 flux (Fc); (E) daily soil water
content (ϑw, blue line) and precipitation (black bars); (F) daily temperature of soil and atmosphere. All-time series come from the mature Cyanobacteria microsite. The
shaded area highlights periods of consistent negative Fh during summer drought.
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There was a diel hysteresis between Fc and Ts as well as between Fc and
Fh (Fig. S2A and B, Fig. 5A). The former was difficult to model whereas the
latter could be modelled with two sigmoidal functions, one for the diel
decrease from Fh maximum to Fh minimum and vice-versa for the diel
increase (Fig. 5A, supporting information Table S2A). Note that in all
succession stages, the diel “decrease” path of the observed hysteresis was
on average longer than the diel “increase” path. The ratio of diel decrease
time over diel increase time ranges from 1.6 in the PD and IC microsites
to 3 in the LI site. After calibration of the model on the first summer of
6

data, themodelwas cross-validatedwith predictions on the second summer
of data, which showed overall good performance (Fig. 5B and C).

3.2. Relations between cumulative water vapor and CO2 fluxes, soil properties
and biocrusts succession

There was a significant negative linear relationship (p< 0.001, adjusted
R2= 0.68) between cumulative Fc and Fh estimated on the whole study pe-
riod (Fig. 6). Mature Cyanobacteria microsites exhibited the least CO2



Fig. 3. Variation of environmental variables over time during a drought period in summer (left column) and winter (right column); (A and B) relative humidity in soil and
atmosphere; (C and D) molar fraction of water vapor (χh) in soil and atmosphere. The yellow area delimits moments during which atmosphere χh exceeds soil χh, leading to
negative soil-atmosphere water fluxes, i.e. from atmosphere to soil; (E and F) temperature of soil (5 cm depth), atmosphere and soil surface, and dew point temperature; (G
and H) photosynthetically active radiation (PAR). The yellowish shaded areas highlight daytime (i.e. positive PAR).

Fig. 4. (A) Covariation between the soil-atmosphere CO2 flux (Fc) and the soil-atmosphere water vapor flux (Fh) during a selected period in summer; (B) variation in
photosynthetically active radiation (PAR) during the same period The dark shaded area highlights negative fluxes. The yellowish areas highlight daytime (i.e. positive
PAR). Data were from the Lepraria isidiata (LI) microsite.
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Fig. 5. Non-linear modelling of the hysteretic relationship between the soil-atmosphere CO2 flux (Fc) and the soil-atmosphere water vapor flux (Fh): (A) calibration of the
model on the first summer of data. The blue lines and blue points correspond to the decrease from Fh maximum to minimum and vice-versa for the red line and red
points. A summary of the model fixed effects is given in Table S2A; (B) Predicted Fc against observed Fc on the second summer of data for all microsites. The continuous
green line is the model. The dashed blue line is the 1:1 line. (C) Example of predicted Fc against time during the second summer of data. The continuous green line is the
model prediction. Black points correspond to the observed Fc. Stages of the biocrusts succession are labeled as: physical depositional crust (PD), incipient Cyanobacteria
(IC), mature Cyanobacteria (MC), lichen community dominated by Squamarina lentigera and Diploschistes diacapsis (SD), lichen community characterized by Lepraria isidiata
(LI), and Cyanobacteria patches within the SD microsite (MC2).
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emissions (very close to neutrality) and greatest water vapor emissions. By
contrast, the Lepraria isidiatamicrosite exhibited the greatest CO2 emissions
and the least water vapor emissions. The other microsites exhibited inter-
mediate values for these two variables.More details about the temporal pat-
terns of cumulative total fluxes and cumulative negative fluxes for each
stage of the succession can be found in Fig. S4. A particular covariation
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between cumulative negative Fc and Fh was found in the SD microsite
with enhanced CO2 influxes coinciding with water vapor influxes in sum-
mer (Fig. S4A).

There was a significant positive linear relationship (p < 0.001, adjusted
R2 = 0.85) between cumulative CO2 influxes and total soil specific surface
area (SSAs) among early successional stages (Fig. 7). In other words, the



Fig. 6. Fit of the linear model of the cumulative soil-atmosphere CO2 flux (Fc) as a
function of the cumulative soil-atmosphere water vapor flux (Fh), over the whole
study period. Stages of the biocrusts succession are labeled as: physical
depositional crust (PD), incipient Cyanobacteria (IC), mature Cyanobacteria (MC),
lichen community dominated by Squamarina lentigera and Diploschistes diacapsis
(SD), lichen community characterized by Lepraria isidiata (LI), and Cyanobacteria
patches within the SD microsite (MC2). Grey, yellow, red, orange, blue and green
points correspond to the PD, IC, MC, MC2, SD and LI sites, respectively. Error bars
represent the intra-microsite standard deviation for Fc. The shaded band represent
the 95% confidence interval.

Fig. 7. Fits of linear models of the absolute cumulative inward soil-atmosphere CO2

flux (Fc) as a function of the total soil specific surface area. The blue and green lines
are the model fits from the whole dataset and from averages by crust, respectively
(corresponding to the y1 and y2 equations, respectively). Stages of the biocrusts
succession are labeled as: physical depositional crust (PD), incipient Cyanobacteria
(IC), mature Cyanobacteria (MC), and Cyanobacteria patches within a lichen site
(MC2). Grey, yellow, red and orange points correspond to data from the PD, IC,
MC and MC2 microsites, respectively. Error bars correspond to the intra-microsite
standard deviation. Shaded bands represent the 95% confidence intervals. The
high spatial variation in the MC2 microsite is attributable to soil heterogeneity
and less replicates (n = 2 for MC2 and n = 3 for other microsites).
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magnitude of the CO2 influxes increased with SSAs. This proportional in-
crease was observed gradually during the early stages of the succession
(from the physical depositional crust to incipient Cyanobacteria to mature
Cyanobacteria). The SSAs was strongly correlated with the soil clay fraction
(Pearson's r = 0.92).

There was a significant positive linear relationship (p < 0.001, adjusted
R2=0.53) between the clay fraction and the reactive surface area of calcite
(RSA) (Fig. 8A). The RSA was strongly correlated to the calcium carbonate
equivalent content (CCE) (Pearson's r=0.91). There was a sigmoidal rela-
tionship (relative root mean square error (RMSE) = 1.4%) between the
CCE and the soil organic carbon content (SOC) within early stages of the
succession (Fig. 8B, supporting information Table S2B), that did not follow
the order of the succession.

4. Discussion

In this research, we report for the first time using the gradient method
(1) negative water vapor fluxes at night during hot and dry periods, attrib-
utable to water vapor adsorption (WVA) by soil; (2) a tight coupling be-
tween soil-atmosphere CO2 and water vapor fluxes (Fc and Fh,
respectively), and (3) significant relationships between Fc, soil properties
and biocrust ecological succession.

4.1. The gradient method as a novel approach to estimate water vapor adsorption
by soil

Using the gradient method, negative Fh were consistently and predom-
inantly detected at night during hot and dry periods (i.e. summer) (Fig. 2C).
In congruence with this result, in-situ studies have reported that WVA oc-
curs predominantly in those conditions (Agam and Berliner, 2006; Kool
et al., 2021; Kosmas et al., 1998). In addition, negative Fh always occurred
at RHa > ca. 40% (Fig. S3). In agreement with this result, according to the-
oretical equations, a water film starts to form on a solid surface at RH >
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30–40% (Kharitonova et al., 2010). Therefore, our observations match
those of both in-situ and theoretical studies, thus confirming that our mea-
sured negative Fh are attributable to WVA. However, the use of RH alone
can be misleading to disentangle the temporal patterns involved in WVA
in-situ as it is based on the saturation water vapor pressure of air which
varies with temperature. By contrast, our results, using the water vapor
molar fraction (χh) in soil and atmosphere to estimate Fh, provided a
more accurate understanding of the underlying processes involved in
WVA, as χh is independent of temperature, which can vary substantially be-
tween soil and atmosphere (Figs. 2F, 3E and F). As a result, soil χh and RH
exhibited opposite diel patterns, and thus the observation ofRH alone could
lead to misleading conclusions. It has been previously stated that WVA oc-
curs when RHs is lower than RHa (Agam and Berliner, 2006) and can be at-
tributed to soil drying during daytime and an increase in RHa at nighttime
(Kosmas et al., 1998). However, althoughWVA occurred during a phase of
decreasing χh during afternoon and overnight (Fig. 3C), it could not be due
to soil drying since both temperature and PAR were decreasing during
those moments. On the light of our results, the observed diel decrease in
soil χh can be attributed to lower temperature reducing the capacity of air
to store water vapor.

Furthermore, during an unusually dry period in winter, the soil water
content (ϑw) decreased to values similar to those observed during summer
(Fig. 2E) but soil χh decreased to values even lower in average than during
summer due to the same physical process, i.e. low temperature decreasing
the saturation water vapor pressure of air (Fig. 2B and F). In spite of that,
WVA were scarce and of small magnitude in winter because atmosphere
χh was also lower in average than in summer and did not increase enough
at night to exceed soil χh (Fig. 3D). Therefore, the decrease in soil χh alone
does not seem sufficient to triggerWVA. Two additional conditions seem to
be critical for the process to occur: (1) a substantial average atmosphere χh

and (2) a sharp and substantial increase in atmosphere χh at night. The first
condition can be fulfilled in summer due to greater temperature triggering



Fig. 8. Fits of (A) linear model of the soil clay fraction as a function of the reactive surface area of calcite (RSA). The shaded band represent the 95% confidence interval,
(B) non-linear model of the calcium carbonate equivalent content (CCE) as a function of soil organic carbon content (SOC). Values of the parameters of the model are
given in Table S2B.
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more oceanic evaporation and as previously explained, the increased capac-
ity of warmer air to store water vapor. Most studies reporting WVA fluxes
were conducted in coastal drylands (e.g. Kohfahl et al., 2021; Kool et al.,
2021; Kosmas et al., 2001), where atmosphere is usually wetter. Our
study site was also close to the sea (ca. 20 km, see Fig. S1). Therefore, fur-
ther research is needed to clarify if WVA can also occur in non-coastal dry-
lands. The second condition is most likely met due to stable stratification of
the atmosphere boundary layer at night accumulating water molecules in
the vapor form close to the ground. Previous studies have stated that such
nocturnal conditions might be fulfilled due to incoming sea breeze at
night (Kosmas et al., 2001; Uclés et al., 2015). However, since sea breeze
is a daytime process, it seems rather unlikely at our site. By contrast, here,
the movement of wetter air from the surrounding mountains could also
have played a role in explaining the sharp increase in atmosphere χh at
night. We also suggest that the early morning peak in atmosphere χh, coin-
ciding with the rise in PAR (Fig. 3C and G), is due to rapid soil surface evap-
oration at sunrise. This movement of water vapor from soil surface to the
overlying low part of the atmosphere only occurs briefly probably because
sun radiation rapidly heats the soil surface (Fig. 3E), thus triggering atmo-
spheric turbulences that moves water vapor to higher atmosphere layers.

To our knowledge, it is the first time that the gradient method has been
used to estimate WVA. Other approaches traditionally used either complex
numerical modelling with numerous parameters that require substantial ef-
fort to collect, or expensive lysimeters that can disturb the natural soil pro-
file and pedoclimatic conditions (Agam and Berliner, 2006; Kohfahl et al.,
2021; Kosmas et al., 2001; Saaltink et al., 2020; Uclés et al., 2015;
Verhoef et al., 2006). By contrast, the gradient method traditionally used
to determine soil-atmosphere greenhouse gas fluxes (Maier and Schack-
Kirchner, 2014; Sánchez-Cañete et al., 2017) is easy to deploy, generates
only limited perturbation of the soil profile, and can provide long-term con-
tinuous low-cost measurements and further understanding of belowground
mechanisms involved in WVA. It is therefore suitable to obtain estimates of
WVA, based on the assumption that all the water vapor that diffuses from
atmosphere to soil is adsorbed onto soil particles. The values estimated in
this study ranging from 0.21 ± 0.01% to 0.91 ± 0.05% of annual precipi-
tation should be considered as a proxy rather than absolute estimates of
WVA because they are highly dependent on the selected model of water
vapor diffusion. For example, using a different diffusion model (Xu et al.,
1992), our WVA estimates ranged this time from 0.82 ± 0.04% to
2.82 ± 0.14% of the annual precipitation. This difference in the estimated
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WVA is thus the result of potential errors in the quantification of Fh attrib-
utable to the choice of the diffusion model. That is because in the gradient
method, the estimated flux is highly dependent on the chosen coefficient of
diffusion. Whereas the diffusion coefficient used to estimate Fc was cali-
brated empirically with a portable soil chamber according to Sánchez-
Cañete et al. (2017), no standardized procedure exists yet to calibrate this
coefficient in-situ for Fh as, so far, most studies were limited to laboratory
experiments (e.g. Jabro, 2008; Rao and Rekapalli, 2020; Reyzabal and
Bazán, 1992). In order to obtain reliable absolute estimates of WVA, we
suggest to calibrate the diffusion model with another validated method,
e.g. using lysimeter measurements. However, since the main objectives of
this research were to identify moments of WVA as well as their drivers
and potential interactions with Fc, the use of a general model to estimate
the coefficient of diffusion of water vapor was reasonable; it was still useful
to compare the magnitude of WVA between microsites, analyze temporal
patterns and explore correlations with other variables. Although our esti-
mated contribution of WVA to annual precipitation is apparently small,
WVA was barely the only source of water in summer when microclimatic
conditions necessary for other non-rainfall water inputs, i.e. fog or dew for-
mation, were uncommon. Hence, this water input is likely important for
maintaining ecosystem processes during those periods. Our estimated
values of evaporation (positive Fh) accounted for up to 30.9% of annual pre-
cipitation, indicating that the water balanced was not closed regardless of
the diffusion model that was used. The remaining water could have
(1) been lost by runoff; (2) infiltrated deeper horizons and (3) been con-
sumed by biocrusts and geochemical reactions.

4.2. Coupling between water vapor and CO2 fluxes

4.2.1. Coupling between fluxes on a diel scale
During summer, Fc and Fh used to be both negative at night (Fig. 4) and

our cross-correlation analysis revealed that the variation in Fh tended to
slightly lead the variation in Fc (by 1 h). This is in agreement with our hy-
pothesis that WVA could be the underlying process controlling nocturnal
CO2 uptake in dry soils at this site, but due to the small lag corresponding
to the maximum time resolution of the data, this result should be taken
with caution and requires further confirmation with higher sampling
frequency.

A diel hysteresis between Fc and Ts as well as between Fc and Fh was
found (supplementary material Fig. S2A and B, and Fig. 5A). The former
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has been extensively described in plants and generally attributed to a lag in
the delivery of recent photosynthates to the soil (Dusza et al., 2020; Zhang
et al., 2018), stimulatingmicrobial activity, a process knownas “priming ef-
fect” (Guenet et al., 2018); priming effect mediated by biocrusts has been
less studied but does occur (Beymer and Klopatek, 1991). However, this re-
lationship between Fc and Ts was difficult to model in our study. By con-
trast, the hysteresis between Fc and Fh could be modelled with two
sigmoidal functions, one for the diel decrease from maximum to minimum
Fh and vice-versa for the diel increase (Fig. 5A, supporting information
Table S2A), and the models performed well at predicting Fc from a new
dataset (Fig. 5B and C). A lag due to a priming effect induced by biocrusts
is possible to a certain extent as a fraction of their photosynthates is assim-
ilated by the underlying microbial community, benefiting heterotrophic
microbes which are often carbon-limited in drylands (Belnap et al.,
2003). However, the duration of this lag is expected to be limited due to
the absence of large phloem structures to transport those photosynthates
such as in plants (Mencuccini and Hölttä, 2010). In addition, biocrusts
gross photosynthesis is almost inexistent during the dry season at our site
(Miralles et al., 2018) and the hysteresis was observed even in the absence
of biocrusts, in the physical depositional crust. We therefore suggest that an
abiotic mechanism depending on Fh could be involved in the hysteresis be-
tween Fc and Fh. Adsorption-desorption of water vapor on solid particles is a
good candidate process as it exhibits a well-known hysteresis which is con-
sidered to be crucial for accuratemodelling of water vapor flow in drylands
soils (Arthur et al., 2020). It has been reported from ex-situ experiments on
soils that the adsorption time was always greater than the desorption time,
with ratios of adsorption time to desorption time ranging from 1.3 to 2.9
(Akin and Likos, 2020). Here we found that the diel “decrease” path of
the observed hysteresis was always longer than the diel “increase” path,
with ratios of the decrease time to increase time ranging from 1.6 to 3,
thus matching closely the previous values; we therefore further assume
that the observed paths of “decrease” and “increase”were likely due to un-
derlying adsorption and desorption processes, respectively.

Noteworthy, the hysteresis reported in Arthur et al. (2020) character-
izes the relation between ϑw and relative humidity, whereas our assump-
tion that water vapor adsorption and desorption processes are involved is
based on the relation between Fc and Fh. Ourϑwmeasurements did not pro-
vide enough diel resolution to confirm the former relationship. However,
we assume that a greater water content during the desorption phase that
during the adsorption phase (Arthur et al., 2020) should enhance Fc in
this water-limited ecosystem, and therefore that it could generate the ob-
served hysteresis exhibiting greater Fc during the hypothetical desorption
phase at most microsites (Fig. 5A). In addition, during the hypothetical ad-
sorption phase,fluxes becamenegative only at the end of the curve.We sug-
gest that this might be due to (1) a threshold effect (Kharitonova et al.,
2010) and/or (2) different thermal conditions between laboratory and in-
situ studies. Although similitudes can be found comparing observations of
laboratory and in-situ measurements, they are only comparable to a certain
extent as laboratory results are usually based on isothermswhereas temper-
ature is not constant in thefield but seems to be themotor ofWVA (Fig. 3E).
Therefore, we suggest that incubations of dry soils placed on lysimeters at
constant temperature and varying RH, or in-situ temperature and RH ma-
nipulation could help to validate our assumption.

The abiotic process of WVA could have affected Fc, contributing to a
nocturnal CO2 uptake in different ways, enhancing other abiotic processes
and/or biotic processes. Abiotic processes likely to be enhanced byWVA in-
clude (1) dissolution of CO2 in water; (2) mineral reactions such as dissolu-
tion of the surface of CaCO3 particles, consuming CO2 through the
following reversible geochemical reaction:

CaCO3 sð Þ þ H2O lð Þ þ CO2 gð Þ↔Ca2þ þ 2HCO3
− (11)

It has been shown that WVA on the surface of calcite is energetically fa-
vorable and that adsorbed water can affect particle reactivity by enhancing
surface ionmobility, by providing amedium for reactions or by serving as a
reactant in surface-catalyzed hydrolysis reactions (Rahaman et al., 2008).
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Moreover, much evidence has already supported such a geochemical origin
for the nighttime CO2 uptake at this site (Lopez Canfin et al., n.d.). Alterna-
tively, due the co-occurrence of gypsumwith calcite and the greater solubil-
ity of the former (exceeding calcite by two orders of magnitude), its
potential interaction through a common ion effect deserves to be investi-
gated as calcite precipitation from Ca2+ released by gypsum could act as
a carbon sink (Yu et al., 2019); that is because although calcite precipitation
releases 1 mol of CO2, it still consumes 2 mol of CO2 as bicarbonate
(Eq. (11)); (3) co-adsorption of CO2. In the presence of equilibrium pres-
sures of water vapor above 1% RH, co-adsorbed water enhances CO2 ad-
sorption and influences the chemical nature of the predominant adsorbed
product from bicarbonate, which is no longer formed, to carbonate
(Rubasinghege and Grassian, 2013). Note that if co-adsorption occurs on
calcite, this process could potentially push Eq. (11) to the right. In a desert
soil with low inorganic carbon content (ca. 4%), it has been reported
through an isotope labeling experiment that most of the labeled atmo-
spheric CO2 was retained in the soil solid phase (Liu et al., 2015). The au-
thors found that the CO2 may be conserved in certain minerals but did
not discuss adsorption as an explanatory process, though WVA can lead to
the reorganization of mineral surfaces and the formation of “ice-like” struc-
tures (i.e. similar to solid water) (Rubasinghege and Grassian, 2013). It has
been estimated that CO2 adsorption on mineral and soil surfaces can ac-
count for 1–3% of the average annual North American terrestrial carbon
sink and that the greatest increases are predicted in regions with lower
soil CO2 concentrations (like at our study site), because soils and rock in
these regions have a larger proportion of unused adsorption sites
(Davidson et al., 2013).

Biotic processes likely to be enhanced by WVA include (1) WVA could
stimulate microbial activity of chemotrophs on the surface of soil particles.
Other authors have found that WVA increased soil CO2 production reveal-
ing that drylandmicroorganismswere able to use thiswater input to sustain
their metabolic activity (McHugh et al., 2015). Since there is growing evi-
dence that chemotrophs that are able to perform CO2 fixation in the dark
are present among biocrust communities in drylands (Bay et al., 2021; Liu
et al., 2021), WVA could enhance the activity of these organisms that con-
sume CO2 at night. Moreover, as negative fluxes of water vapor and CO2

used to start exactly when PAR reached zero values (Figs. 3 and 4), the hy-
pothesis of dark fixation by chemotrophs deserves further investigation.
Note that we measured maximal CO2 uptake below Cyanobacteria
(Fig. S4A). Those microorganisms could also promote the dissolution
of calcite as they are able to decrease the local extracellular ion activity
product of CaCO3 by taking up Ca2+, the weathering capacity of
Cyanobacteria being optimal in the presence of a short daily dark
phase (Garcia-Pichel et al., 2010); (2) WVA could favor the biomineral-
ization of CaCO3 from atmospheric CO2, either by stimulating the activ-
ity of biomineralizing microorganisms or indirectly through the
formation of dissolved inorganic carbon species involved in the process.
Biomineralization has been frequently identified in Actinobacteria, and
Proteobacteria phyla (Cuezva et al., 2012; Hervé et al., 2016; Meier
et al., 2017) including in desert soils (Liu et al., 2018) as well as in
Cyanobacteria (Benzerara et al., 2014). Those phyla were abundant at
our study site (Miralles et al., 2020) and thus deserve further attention
in future research.

4.2.2. Coupling between cumulative fluxes
A significant negative linear relationship between total cumulative Fc

and Fh over the study was identified (Fig. 6), withminimum CO2 emissions
occurring in mature Cyanobacteriamicrosites, wherewater vapor emissions
were maximum. Those microsites were also the driest, as they exhibited
minimum average values of soil water content (not shown). They also sus-
tained the greatest magnitude of soil CO2 uptake (Fig. S4A). Therefore, one
the one hand, the low liquid water availability in Cyanobacteriamicrosites
was related to greater water vapor losses from soil to atmosphere, thus
probably limiting microbial activity and CO2 production. On the other
hand, the greater CO2 uptake in mature Cyanobacteria microsites contrib-
uted to mitigate CO2 emissions there.
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We did not find any significant relationship between annual cumulative
negative Fc and Fh, most likely because negative Fc occurred over the whole
study period, whereas WVA occurred mainly in summer (Fig. 2C and
D) and/or because of high intra-microsite variation in Fh that was not cap-
tured by our measurements. However, the significant relationship between
total cumulative Fc and Fh deserves additional research integrating more
years of data and more spatial coverage for Fh in order to cross-validate a
model. A predictive model of annual Fc from annual Fh would present the
enormous advantage of providing annual estimates of a variable that is rel-
atively costly to measure (i.e. Fc) from a variable that is very affordable to
measure (i.e. Fh).

4.3. Effect of soil properties on water vapor adsorption

We found a strong positive linear relationship between cumulative CO2

influxes and total soil specific surface area (SSAs) among early successional
stages (Fig. 7). The controlled adsorption of gases on surfaces through the
Brunauer-Emmett-Teller (BET) technique iswidely used tomeasure the sur-
face area of solid materials, as adsorption increases with surface area.
Therefore, many porous materials of high surface area - clays, carbonates
and volcanic residues - have been investigated in laboratory conditions
for their adsorbent properties to capture CO2 (Davidson et al., 2013;
Ouadjenia et al., 2017). However, to our knowledge, this relationship be-
tween soil CO2 uptake and surface area has never been evidenced in-situ.
It could result from (1) direct adsorption of CO2 onto soil particles; (2) an
indirect effect of WVA enhancing CO2 adsorption or triggering the dissolu-
tion of CO2 in the adsorbed water; (3) enhanced chemotrophs/
biomineralizers growth due to more available surface area and/or water.

We found no convincing relationship between cumulative negative Fh
and SSAs to confirm an indirect role of WVA. However, that was likely
due to the lack of intra-microsite replicates of relative humidity measure-
ments to capture the spatial variability of Fh, and thus this assumption
should not be discarded. The absence of consistent relationship between cu-
mulative CO2 influxes and SSAs in late succession stages is most likely due
to higher CO2 production masking CO2 consumption in those microsites.
Other factors such as soil organic carbon (SOC) and salinity could also
have affected adsorption (Amer, 2019; Arthur et al., 2020; Ravikovitch
et al., 2005), but we did notfind evidence of such relationships between ad-
sorption and those parameters (including the content of a common salt,
gypsum) at our site.

Furthermore, the strong relationship between SSAs and clay fraction in-
dicates that this soil CO2 uptake was related to clay particles. Even if clays
were not abundant at this site (ranging from 0.6 to 4.3% in the measured
samples), they contained highly adsorbent smectite (Hatch et al., 2012;
Michels et al., 2015). Although smectite could have contributed to a certain
extent to adsorption, its contribution was probably limited since it was only
present in minor amounts (<5% of the clay fraction) (Solé-Benet et al.,
1997). However, we found a significant relationship between the clay frac-
tion and the reactive surface area of carbonates (RSA) (Fig. 8A), suggesting
that there was a substantial amount of clay-size carbonate at this site. Clay-
size carbonates are highly reactive (Loeppert and Suarez, 1996) and thus
might have reacted with adsorbed CO2 and/or water according to Eq. (11).

4.4. Effect of biocrusts ecological succession on water vapor adsorption

The ratio of cumulative negative to positive Fh and the average soil-
atmosphere gradient of water vapor molar fraction respectively increased
and decreased over biocrust ecological succession, suggesting that those
variables might be used as indices of succession status. However, further re-
search is needed to explore the potential biophysical mechanisms control-
ling those patterns.

In early successional stages, the SSAs increased following the order of
ecological succession (physical depositional crust – incipient Cyanobacteria
–mature Cyanobacteria) and was associated with an increase in the magni-
tude of soil CO2 uptake (Fig. 7). In agreement with those results, on sandy
soils, biocrusts are known to accumulate windblown silt and clay particles
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at the surface, and clay particles in particular may be tightly bound to the
sticky sheaths of some Cyanobacteria (Warren, 2003); therefore,
Cyanobacteria could indirectly favor WVA by accumulating fine particles.
Moreover, at our experimental site, the dominance of Cyanobacteria in the
driest microsites though those organisms require liquid water to develop
is somewhat paradoxical. Since the greatest magnitude of summer WVA
was observed in the mature cyanobacterial microsite (Fig. S4A), it is possi-
ble that Cyanobacteria take advantage of enhanced WVA in the driest
microsites and use adsorbed water films to develop. Furthermore, as
those organisms have the size of fine-silt particles, it is also possible that
they favor WVA by providing additional adsorbent surface, surface that
would be free for more adsorption once the water has been consumed by
the microorganisms, thus generating a positive feedback loop between
WVA and their development. Other authors have found that WVA capacity
was increased by up to 157% in moss-dominated soils compared to bare
soils (Li et al., 2021), hence this assumption regarding Cyanobacteria de-
serves further research. The enhanced CO2 uptake by soil coinciding with
WVA in the SD lichen community during summer also requires further in-
vestigation to clarify the involved processes (Fig. S4A).

The logistic relationship foundwithin early successional stages between
the calcium carbonate equivalent content and SOC (Fig. 8B, supporting in-
formation Table S2B) is assumed to be due to the cementing effect of car-
bonates on aggregates (Rowley et al., 2018). Therefore, CaCO3 might be
crucial to stabilize organicmatter in early successional stages. In late stages,
other factors might contribute to organic carbon accumulation such as li-
chen and plant turnover and secretion of organic compounds. In agreement
with those results, a previous study at this experimental site has found a
trend of increase in small-size carbonates over succession (Lopez-Canfin
et al., 2021). Those particles could potentially affect Fh and Fc due to their
highly adsorbent and reactive properties. Additional research is needed to
determine if this accumulation of small-size carbonates has an abiotic
origin (through mineral dissolution and precipitation processes) or is
mediated by biocrusts (e.g. through interception of fine particles or
biomineralization).

5. Conclusions

In conclusion, this study identified for the first time WVA periods with
the gradientmethod and provided further understanding on the underlying
processes involved in the temporal patterns (diel and seasonal) ofWVA.We
also found that WVAwas the main source of water in summer when micro-
climatic conditions necessary to other non-rainfall water inputs were un-
common. Our main finding is the existence of a tight coupling between Fc
and Fh. So far, Fc has commonly been modelled as a function of Ts, ϑw

and proxies of photosynthesis. Here, for the first time, Fc was modelled as
a function of Fh during summer, providing robust predictions and thus
this relation deserves to be tested in other ecosystems. We attribute the de-
tected diel hysteresis between Fc and Fh to a potential water vapor adsorp-
tion/desorption process. The occurrence of both CO2 and water vapor
uptake by soil at night suggests that both processes might be connected.
We propose different biogeochemical mechanisms through which WVA
could contribute or interact with this CO2 uptake, including the potential
co-adsorption of those gases on highly reactive clay-size calcite and the po-
tential enhancement of the activity of specialized microorganisms.

More efforts are now needed to confirm the role ofWVA on soil CO2 up-
take and disentangle the suggested involved processes, aswell as to confirm
its occurrence in other non-coastal drylands. In particular, the assumption
according to which the soil CO2 uptake could not arise from calcite dissolu-
tion due to the lack of water in drylands, should be revisited, as it did not
consider WVA as a potential link between the water and carbon cycle in
those environments. Additional research is needed to monitor soil water
vapor and CO2 uptake as those sinks could growwith climate change in dif-
ferent ways: (1) warmer air has the capacity to hold more water vapor, and
a soil drying is predicted in some regions of the globe, thus potentially en-
hancingWVA; (2) the atmospheric CO2 increase is expected to enhance CO2

adsorption by soils, especially in areas of low biological activity (typically,
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drylands) and where highly adsorbent phases are present; (3) little is
known about the effect of future elevated CO2 on the rate of CO2 fixation
bymicroorganisms. In addition, the significance of the water input through
WVA in hot and dry conditions leaves the door open for novel or growing
research areas, for example to explore the role of WVA on ecosystem pro-
cesses such as microbial and mineral reactions, on the growth of plants of
agricultural interest in drylands, and as a potential source of liquid water
in extra-terrestrial environments. Finding ways of optimizingWVA for agri-
culture in water-limited ecosystems is particularly relevant as they cover
about 41% of Earth's terrestrial surface and support more than two billion
people (about one third of the world's total population), 90% of whom
are in developing countries.
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