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Eﬀects of biological soil crusts (BSCs) on soil evaporation is quite controversial in literature, being either
facilitative or inhibitive, and therein few studies have actually conducted direct evaporation measurements. Continuous ﬁeld measurements of soil water evaporation were conducted on two microlysimeters,
i.e., one with sand soil collected from bare sand dune area and the other with moss-crusted soil collected from an area that was revegetated in 1956, from ﬁeld capacity to dry, at the southeastern edge
of the Tengger Desert. We mainly aimed to quantify the diurnal variations of evaporation rate from
two soils, and further comparatively discuss the eﬀects of BSCs on soil evaporation after revegetation.
Results showed that in clear days with high soil water content (Day 1 and 2), the diurnal variation of
soil evaporation rate followed the typical convex upward parabolic curve, reaching its peak around midday. Diurnal evaporation rate and the accumulated evaporation amount of moss-crusted soil were lower
(an average of 0.90 times) than that of sand soil in this stage. However, as soil water content decreased
to a moderately low level (Day 3 and 4), the diurnal evaporation rate from moss-crusted soil was pronouncedly higher (an average of 3.91 times) than that of sand soil, prolonging the duration of this higher
evaporation rate stage; it was slightly higher in the ﬁnal stage (Day 5 and 6) when soil moisture was
very low. We conclude that the eﬀects of moss crusts on soil evaporation vary with diﬀerent evaporation
stages, which is closely related to soil water content, and the variation and transition of evaporation rate
between bare soil and moss-crusted soil are expected to be predicted by soil water content.

1. Introduction
Water is the principal limiting factor in determining the structure, composition and function of
desert ecosystems (Noy-Meir 1973; Aguiar and Sala
1999). Thereof, evaporation is the key process in
water balance and hydrologic cycle (Laity 2009),
through which water losses can amount to 50% or
more of precipitation (Hillel 1998). Evaporation is
mainly aﬀected by biological soil crusts (BSCs) and
plant cover and composition in desert ecosystems

(Belnap et al. 2005). BSCs are communities of diminutive but important organisms that may include lichens, mosses, liverworts, cyanobacteria and
others, which are intimately associated with soil
particles, creating a cohesive thin horizontal layer
(Belnap 2003; Bowker 2007; Li 2012). BSCs can
profoundly inﬂuence the hydrologic regimes of arid
and semi-arid desert ecosystems, including inﬁltration patterns, run oﬀ, dew formation and soil water retention (Belnap 2006; Li et al. 2010; Coppola
et al. 2011).
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BSCs are the dominant living cover in vast drylands of the world (Belnap 2006). As reported by
St. Clair et al. (1993), BSCs occupy 40–100% of the
ground cover in an area with relatively sparse vascular plant cover. Evaporation from BSCs is thus a
signiﬁcant component in hydrologic cycle, and also
in eco-hydrological modelling. It is, however, quite
controversial in literature concerning the eﬀects of
BSCs on soil evaporation. Some authors believe
that BSCs can increase soil evaporation, while others favour a decrease. The former argument is
mainly supported by the following facts: (1) BSCs
darken soil surface, and have a relatively lower
albedo, increasing soil surface temperature and
further evaporative loss (Johansen 1993; Belnap
and Lange 2002; Belnap 2006; Kidron and Tal
2012); (2) BSCs can retain more water at soil surface for evaporation due to their high water retention (West 1990; Chamizo et al. 2013); (3) BSCs
increase surface roughness and thus surface area for
potential evaporation (Belnap et al. 2005). The latter argument is mainly supported by the swelling
of exopolysaccharides in BSCs and the association of BSCs with clay and silt cap the soil surface, clog soil pores and impeding evaporative loss
(Brotherson and Rushforth 1983; Verrecchia et al.
1995; Kidron et al. 1999; Belnap et al. 2005; Fischer
et al. 2010). In addition, previous studies on evaluating the evaporation from BSCs mostly lacked
of direct measurements, and therein the diurnal
variation of soil evaporation rate was also little
quantiﬁed under ﬁeld conditions. As such, direct
comparative investigations relating to the eﬀects of
BSCs on soil evaporation under ﬁeld conditions are
called for.
The objective of this study was to quantitatively
evaluate the eﬀects of BSCs on diurnal evaporation rate by continuous comparative measurements
on the evaporation of two microlysimeters, i.e.,
one with sand soil collected from bare sand dune
area and the other with moss-crusted soil collected
from an area that was revegetated in 1956, from
ﬁeld capacity to dry under ﬁeld conditions. The
current study is also expected to be helpful for
a better understanding of revegetation eﬀorts on
soil evaporation variations in arid and semi-arid
regions.

2. Material and methods
2.1 Site information
The study was conducted at the Shapotou Desert
Research and Experiment Station (SDRES) of Chinese Academy of Sciences (37◦ 32′ N, 105◦ 02′ E, an
elevation of 1300 m a.s.l.), located at the southeastern fringe of the Tengger Desert in northwestern

China. Mean annual precipitation is 191 mm
(1955–2005, SDRES) with 80% of rain occurring
between July and September. The groundwater is
deep around 50–80 m and it is unavailable for plant
roots. Dew formation and water adsorption on soil
surface are assumed to be a minor water source
(Pan et al. 2010). Mean maximum air temperature
is 24.7◦ C in July and mean minimum is −6.1◦ C in
January. Potential evapotranspiration is approximately 2500 mm during the growing season, resulting in a large annual moisture deﬁcit. The area is
surrounded by relatively plain interdunes and free
from any disturbances of grazing, ﬁre and wood
chopping. The dune sand mainly consists of ﬁne
Typic Psammaquents sand (0.05–0.25 mm) with
a clay content of about 0.2% (Berndtsson et al.
1996).
To protect the Baotou–Lanzhou railway against
encroaching sand dunes in the Shapotou area, a
16,000 m long (500 m width to the north and
200 m to the south) artiﬁcially revegetated protection system was established along the Baotou–
Lanzhou railway, after the revegetation eﬀorts in
the 1950–1980s, done mainly by setting up of straw
checkerboards in the moving sand soil and planting
xerophytic shrubs (mainly C. korshinskii, H. scoparium and A. ordosica) within them. A detailed
description of the revegetation procedure of study
area can be found in Li et al. (2006). The former
sand dune landscape has been greatly transformed
into a landscape characterized by a mosaic of the
sparse shrubs and herbs and the bare interspaces
covered with BSCs of diﬀerent development stages
(Li et al. 2006).
2.2 Soil column collection and pre-processing
Two types of soil were chosen for experiments:
bare sand soil from a moving sand dune area
(ﬁgure 1a) and the well-developed and undisturbed
moss-crusted soil from an area that was revegetated in 1956 (ﬁgure 1b). Moss dominated BSCs
have a deep green colour in wet conditions and a
brown colour in dry conditions (Zhang et al. 2014).
The thickness of moss crusts of the chosen area was
1.92 cm measured by a vernier caliper. The properties of these two soils, including particle size distribution, bulk density and organic matter can be
referred in Zhang et al. (2014).
For intact soil columns collection, a 30 × 30 cm
surface area of each soil was artiﬁcially wetted to
a depth of at least 20 cm. After that, a cylindrical
polyvinyl chloride (PVC) microlysimeter (19.4 cm
inner diameter and 13 cm height) was gently vertically inserted into each soil proﬁle. Soils around
the outer surface of microlysimeter were removed,
and afterwards, a rectangle iron plate with a sharp
end was horizontally inserted along the bottom of
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size: 40×30 cm), respectively, for consecutive mass
weighing in the open ﬁeld. Each microlysimeter
was encircled by an outer PVC ring of the same
height to prevent soil column from solar heating
through the walls of the microlysimeters. The distance between two balances was around 30 cm.
Data were automatically recorded using a Campbell 1000 data logger (Campbell Corporation, CA,
USA) with a frequency of 30 min. Soil evaporation
amount (mm) was calculated by the water loss (g)
and the cross-sectional area (cm2 ) of microlysimeter. Soil evaporation rate (mm h−1 ) was expressed
as the ratio of evaporation amount to time.
Once the ﬁeld evaporation measurements were
ﬁnished, two microlysimeters were taken back to
the laboratory, and soil columns were dried in an
oven at 105◦ C for 72 hr. Gravimetric water content
of each column was calculated as the ratio of water
mass to the mass of dry soil.
2.4 Meteorological variables

Figure 1. General view of (a) sand dunes and (b) a revegetation enclosure that was established in 1956 at study site.
Moss-dominated biological soil crust patches are exempliﬁed
in blue circles in (b).

the microlysimeter. The microlysimeter was then
carefully excavated from the soil, and the base
was wrapped with two layers of ﬁne mesh gauze
which allows free water migration but not soil particles. Two microlysimeters (one with bare soil
and the other with moss-crusted soil) were then
taken back to the laboratory for saturation and
drainage.
Before starting the evaporation measurements,
each soil column was gradually and thoroughly
saturated through bottom, using tap water on a
ceramic plate in a basin, and then subjected to
drainage for 12 hr during night until excess water
was drained. This ensures the two soil columns
attaining the similar initial conditions for subsequent evaporation measurements.
2.3 Soil evaporation measurements and calculation
Soil evaporation measurements were carried out
between September 2 and 7, 2014 (hereafter Day 1
to 6) at SDRES. The sand soil microlysimeter and
the moss-crusted soil microlysimeter were placed
on a Sartorius CPA34001S and a Sartorius LA16001S electronic balance (precision: ±0.1 g; scale

Incoming solar radiation, air temperature, relative
humidity and wind speed at 2 m were measured
every 30 s, and 30-min averages were recorded
by an automatic weather station with a Delta-T
Logger (Delta-T device Ltd, UK).
3. Results
3.1 Meteorological parameters
Day 1–4 were typical clear days and Day 5–6 were
cloudy days, which can also be inferred from the
diurnal variations of solar radiation of corresponding days (ﬁgure 2a). Diurnal variations of air temperature, wind speed and relative humidity are also
shown in ﬁgure 2, with an average of 19.6◦ C for air
temperature, 1.1 m s−1 for wind speed and 18.6%
for relative humidity.
3.2 Soil water content and evaporation amount
Having undergone exactly the same processing
during saturation and subsequent drainage, mosscrusted soil had a higher water content (28.6%)
than sand soil (23.2%), suggesting a higher water
retention of moss-crusted soil.
Soil water content in two microlysimeters, exclusively had a rapid decrease during daytime of Day
1–4 (ﬁgure 3a), while this was inappreciable during
nocturnal time (from 21:00 to 8:00 of the following day). Soil water content attained a lower level
(3.8% for sand soil and 5.8% for moss-crusted soil)
after consecutive evaporation loss in microlysimeters during Day 1–4. In Day 5 and 6, variations
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Figure 3. Soil water content (a) and its diﬀerence (b) between moss-crusted soil (SWCMoss ) and sand soil (SWCSand )
during experimental period. y = 5.4% is the initial diﬀerence
in soil water content between two soils.
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Figure 2. Diurnal variations of (a) solar radiation, (b) air
temperature, (c) wind speed and (d) relative humidity
during experimental period.

in soil water content were inconspicuous. The initial diﬀerence (y) in soil water content between two
soils was 5.4%, being higher in moss-crusted soil
than in sand soil (ﬁgure 3b); this value increased
and attained its peak around 08:30 of Day 3, and
then started to sharply decrease, and fell back to
5.4% at 17:00 of Day 3; it dropped to 1.57% by the
end of the experiment.
Daily soil evaporation amount decreased as
evaporation measurements continued, and a higher
value was observed in sand soil than in mosscrusted soil in the initial evaporation stage (Day 1
and 2) (ﬁgure 4), which can also be observed
from a comparison of the variation of accumulated
evaporation amount between two microlysimeters
(ﬁgure 5). However, evaporation amount decreased
sharply for sand soil and moderately for mosscrusted soil starting from Day 3, and moss-crusted
soil, in turn, began to have a higher evaporation
amount than sand soil (ﬁgure 4). Concerning the
period between 08:30 and 20:30 in daytime, the
evaporation amount for moss-crusted soil was 10.96
(Day 1), 10.05 (Day 2), 8.19 (Day 3), 5.38 (Day 4)
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Figure 4. Comparison of evaporation amount between sand
soil and moss-crusted soil during each experimental day.

and 0.84 mm (Day 5), respectively. The corresponding values for sand soil were: 12.24 (Day 1), 11.06
(Day 2), 1.59 (Day 3), 0.34 (Day 4) and 0.11 mm
(Day 5). By the end of the experiment, the accumulated evaporation amount was 39.2 and 30.2 mm
for moss-crusted soil and sand soil, respectively
(ﬁgure 5).
3.3 Variations of soil evaporation rate
Diurnal curves of soil evaporation rate from two
microlysimeters are shown in ﬁgure 6. In Day 1
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4. Discussion
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Figure 5. Accumulated evaporation amount vs. time for
sand soil and moss-crusted soil.
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Figure 6. Comparison of evaporation rate vs. time between
sand soil and moss-crusted soil.

and 2, both showed a convex upward parabolic
curve, attaining its peak around 14:00, and the
diurnal evaporation rate from sand soil was higher
than that of moss-crusted soil. For instance, at
13:30 of Day 2, the evaporation rate from sand soil
amounted to 1.62 mm h−1 , and it was 1.35 mm h−1
for moss-crusted soil. On an average, evaporation rate from moss-crusted soil was 0.90 times
lower than that of sand soil. In Day 3 and 4, the
diurnal evaporation rate was moderately lower for
moss-crusted soil and sharply lower for sand soil
compared to the previous two days. In contrast,
moss-crusted soil began to show a distinctly higher
diurnal curve than sand soil. On an average, the
evaporation rate from moss-crusted soil was 3.91
times higher than that of sand soil. In Day 5 and 6,
the evaporation rate was rather low for both soils.
Meanwhile, it should be noted that negative values
of evaporation rate were observed in the nocturnal
time.

Our study area experienced a long-term artiﬁcial
revegetation, which transformed the former landscape with bare and homogeneous moving sand
dunes into the stable landscape characterized by
a mosaic of the sparse shrubs and herbs and the
interspaces covered by BSCs (e.g., ﬁgure 1; Li et al.
2006, 2007). BSCs of this area generally occurred in
the sequence of ‘Algae crusts, algae–lichen crusts,
lichen crusts, lichen–moss crusts and moss crusts’
(Li et al. 2010; Lan et al. 2012). So what happened to the soil evaporation from sand soil to
moss-crusted soil? Our results indicated that when
soil water content was in a high level (Day 1 and
2, the initial stage), evaporation rate from mosscrusted soil was averagely 0.90 times lower than
that of sand soil (ﬁgure 6), though moss-crusted
soil had a higher initial water content than sand
soil (ﬁgure 3). Since two soil microlysimeters had
undergone exactly the same treatment in saturation and subsequent drainage before conducting
evaporation measurements, a higher initial water
content in moss-crusted soil implies a higher water
retention than in sand soil. In fact, it has been
experimentally evidenced by Coppola et al. (2011)
and Wang et al. (2013), at the same study area,
that the moss-crusted soil after sand dune stabilization is more structured than the original sand soil
and thus keeps a relatively higher water retention
and lower hydraulic conductivity than the sand
soil. This also indicates that after the presence
of BSCs and during its gradual colonization and
development, the underlying soil properties such as
particle size distribution and soil organic matter
were somewhat changed. This has been evidenced
by Li et al. (2007) and Wang et al. (2007) who
showed that the proportions of ﬁne particles and
soil organic matter increased, because soil texture
and organic matter are considered as the dominant factors aﬀecting soil water retention (Hillel
1998). However, as soil water content proceeded
to a moderately low level (Day 3 and 4, the middle stage), evaporation rate from moss-crusted soil,
in turn, began to exceed that of sand soil and
maintained for a relatively long duration (ﬁgure 6),
suggesting that moss-crusted soil with thick and
high-biomass crusts prolongs the time, water can be
kept on or at the soil surface, thus contributing to
a greater evaporation rate. On an average, evaporation rate from moss-crusted soil was 3.91 times
higher than that of sand soil in this stage. The differences in water retention and the hydraulic conductivity between two soils (Coppola et al. 2011),
by determining the evaporation behaviour, may
well be used to explain the higher evaporation
amount (ﬁgure 4) and rate (ﬁgure 6) in the mosscrusted soil than in sand soil observed in this stage,
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and eventually the higher accumulated evaporation
amount by the end of experiments (ﬁgure 5). Note
that the higher water retention in moss-crusted
soil does not necessarily increase evaporation rate
in the initial stage (which mostly depends on the
atmospheric demand) but prolongs the duration
of its high evaporation rate in the middle stage.
In addition, a dry layer was probably formed at
the beginning of middle stage at bare sand soil
surface which greatly decreases subsequent water
vapour transport from soil into atmosphere; however, moss crusts prevent the formation of this dry
soil layer, resulting in a greater water loss on the
moss-crusted soil for a longer time. In the ﬁnal
evaporation stage (Day 5 and 6), soil water content
was very low and the diurnal cycles of evaporation
rate from two soils were subtle. This is partially due
to the low soil water content caused by large evaporation loss in the previous four days (ﬁgure 3a)
and partially due to lower solar radiation in the two
cloudy days (ﬁgure 2a). The impact of BSCs on soil
water evaporation is quite controversial in the literature, being either facilitative (West 1990; Belnap
2006; Kidron and Tal 2012; Chamizo et al. 2013)
or inhibitive (Brotherson and Rushforth 1983;
Kidron et al. 1999; Liu et al. 2007), and therein,
few studies have conducted direct evaporation measurements. Liu et al. (2007) conducted an indoor
rainfall simulation experiment to evaluate the effects of BSCs on soil evaporation at Shapotou area
using a microlysimeter (10 cm in diameter and
30 cm in height). He concluded that for lower
rainfall (<7.5 mm), BSCs act to retard evaporation processes; when subjected to greater rainfall
amounts (>10 mm), however, the crusted surfaces
started to show favourable eﬀects on evaporation
rate. Our results are somewhat contradictory with
Liu et al. (2007). Our evaporation measurements
were carried out under natural ﬁeld conditions with
varying evaporativity, while Liu et al. (2007) conducted indoor measurements under constant evaporativity which disregarded the eﬀects of complex
meteorological factors, in particular, the diurnal
variations of soil radiation on soil evaporation.
The diﬀerent experimental settings (indoor and
ﬁeld conditions) probably explain the contrasting
results, as suggested by Kidron and Tal (2012) who
reviewed that researchers who focussed on laboratory experiments on soil evaporation tended to
attribute a positive role to the BSCs, while those
examining the BSCs under ﬁeld conditions tended
to attribute a negative role to the BSCs. Nevertheless, our ﬁndings are similar to Xiao et al.
(2010) from ‘wind–water erosion criss-cross’ region
on the Loess Plateau of China, that BSCs decrease
soil evaporation rate signiﬁcantly (P < 0.01) at
the beginning and prolong the duration of high
evaporation rate stage. Moreover, Chamizo et al.

(2013) found that when soil moisture was moderately low (11%), evaporation was slightly higher
in well-developed BSCs than in physical crusts or
poorly-developed BSCs, and while at low soil moisture (<6%), there was no diﬀerence in evaporation
among crust types or the underlying soils.
Soil evaporation amount and rate are mainly
determined by energy and water regimes in soils
(Allen et al. 1998; Hillel 1998). Our results showed
that sand soil and moss-crusted soil exclusively had
the typical diurnal curves of evaporation rate in
clear days, when the soil water were suﬃcient (Day
1 and 2), which also corresponds well with diurnal
variations of incoming solar radiation (ﬁgure 2a),
suggesting that evaporation rate mostly depends
on the atmospheric demand in this stage. According to Allen et al. (1998), this stage can thus be
regarded as energy limiting stage: the evaporation
from soil exposed to the atmosphere limited by
energy availability at the soil surface. This stage
holds until water in soils cannot be transported to
the surface at a rate that can supply the potential
demand (Allen et al. 1998). While, when soil water
content was in a lower level (Day 3–6), the evaporation rate was evidently reduced. We considered
this stage as falling rate stage, where soil evaporation decreases proportionally to the amount of
water remaining in surface soil layer (Allen et al.
1998), i.e., this stage is mostly limited by water
regimes in soils. In the present study, it should be
noted that we also observed negative values of soil
evaporation rate in certain time periods (ﬁgure 6).
We assume that this is mainly attributable to the
minor but consistent and stable dew formation and
water absorption at the surfaces of bare sand and
moss crust in the nocturnal time (Liu et al. 2006;
Pan et al. 2010), and meantime the dew amounts
were higher than the very low evaporative loss
during these periods.
In the present study, we only compared the
evaporation diﬀerence between sand soil and mosscrusted soil, thus only highlighting the diﬀerence in
soil evaporation before revegetation and after some
years of revegetation, when BSCs had succeeded
to its moss-crust dominated stage. Though there is
a large diﬀerence between potential evapotranspiration and precipitation (resulting in a large soil
moisture deﬁcit) in our study area, the conversion
of moving sand into soil surface dominated by
BSCs is sustainable on its own under rain-fed
conditions (Li et al. 2007; Li 2012). From the viewpoint of evaporation, our results suggest that the
moisture deﬁcit may not be signiﬁcantly changed
by BSCs, while BSCs may play a positive role in
sustaining itself, as well as, shallow-rooted annuals by enhancing soil water retention. Since our
study area was revegetated in diﬀerent years, i.e.,
1956, 1964, 1976 and 1982, this well-established
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chronological sequence enables us to have a detailed understanding on the evaporation of BSCs
in diﬀerent development stages and further the
dynamic inﬂuences of revegetation on soil evaporation during the succession, and this thus merits
further researches.

5. Conclusion
After a long-term revegetation at our study area,
soil water evaporation dynamics have been changed
from sand soil to moss-crusted soil. Our results
indicate that sand soil had a higher evaporation
than moss-crusted soil in the initial stage (Day 1
and 2), when soil water was abundant. This, however, turned into the opposite in the middle stage
(Day 3 and 4), as soil water content proceeded to
a moderately low level. As a whole, moss-crusted
soil decreased evaporation in the initial stage,
and sustained a high evaporation in the middle
stage. Nevertheless, the accumulated evaporation
was greater in moss-crusted soil than in sand soil by
the end of the experiment because of a higher water
content due to its higher water retention. We conclude that the variation and transition of evaporation rate between bare soil and moss-crusted
soil are expected to be predicted by soil water
content.
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