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Abstract: Mosses are often overlooked; however, they are important for soil-atmosphere interfaces with regard to water
exchange. This study investigated the influence of moss structural traits on maximum water storage capacities (WSCinax)
and evaporation rates, and species-specific effects on water absorption and evaporation patterns in moss layers, moss-
soil-interfaces and soil substrates using biocrust wetness probes. Five moss species typical for Central European
temperate forests were selected: field-collected Brachythecium rutabulum, Eurhynchium striatum, Oxyrrhynchium hians
and Plagiomnium undulatum; and laboratory-cultivated Amblystegium serpens and Oxyrrhynchium hians.

WSCrax ranged from 14.10 g g™ for Amblystegium serpens (Lab) to 7.31 g g™ for Plagiomnium undulatum when im-
mersed in water, and 11.04 g g*! for Oxyrrhynchium hians (Lab) to 7.90 g g™! for Oxyrrhynchium hians when sprayed,
due to different morphologies depending on the growing location. Structural traits such as high leaf frequencies and
small leaf areas increased WSCmax. In terms of evaporation, leaf frequency displayed a positive correlation with evapora-
tion, while leaf area index showed a negative correlation. Moisture alterations during watering and desiccation were
largely controlled by species/substrate-specific patterns. Generally, moss cover prevented desiccation of soil surfaces and
was not a barrier to infiltration. To understand water’s path from moss to soil, this study made a first contribution.

Keywords: Biological soil crusts; Bryophytes; Ecohydrology; Moss structure; Moss hydrology; Rainfall interception.

INTRODUCTION

Bryophytes occur in a wide range of ecosystems, from arctic
and boreal enviroments to temperate and tropical forests, dry-
lands, and even deserts (Hedenis, 2007; Lindo and Gonzalez,
2010; Medina et al., 2011). They often form community assem-
blages with other organisms such as lichens, fungi, algae, cya-
nobacteria and bacteria, which form what are termed biological
soil crusts (biocrusts) (Belnap et al., 2016). With approximately
20000 species, they are the second biggest group of land plants,
comprising mosses, liverworts and hornworts (Frey et al., 2009;
Soderstrom et al., 2016). Moss layers fulfill crucial functional
roles in a variety of ecosystems regarding water and nutrient
fluxes (Bond-Lamberty et al., 2011; Cornelissen et al., 2007,
Gundule et al., 2011) as well as soil physical properties
(Soudzilovskaia et al., 2013). In contrast to vascular plants,
mosses do not actively regulate their water content, but are
poikilohydric, meaning their internal water content is in equi-
librium with ambient humidity (Green and Lange, 1994). For
mosses, water is primarily available via rain, dew and fog
(Glime, 2017) and moss moisture is influenced by many fac-
tors, depending on the habitat as well as the species itself in
regard to structure and life form (Dilks and Proctor, 1979;
Oishi, 2018; Proctor, 1982; Proctor, 2000; Proctor and Tuba,
2002), i.e. the form of individual moss shoots growing together,
which is considered an ecologically functional unit (Bates,
1998; Migdefrau, 1982).

Water absorption occurs mainly via the external capillaries
(ectohydric), but in some species also via internal (endohydric)
movement. While the latter is achieved cell by cell or through

special water conducting cells (hydroids), the ectohydric
movement of water is through spaces between adjacent shoots,
leaves, leaves and stems, leaves and rhizoids and capillary
systems such as leaf bases, revoluted leaf margins, grooves or
networks of capillary channels determined by papillae
(Giordano et al., 1993; Glime, 2017). According to Schofield
(1981), capillary spaces are influenced by numerous structural
parameters such as leaf shape, leaf arrangement, leaf orienta-
tion, detailed leaf anatomy (e.g. surface ornamentation), branch
arrangement, nature of cortical cells, and presence of rhizoids
or paraphyllia. Nevertheless, there is still limited data on moss
structural traits and water relations (Elumeeva et al., 2011).
Overall, mosses achieve maximum water storage capacities of
108% to 2070% of their dry weight (Proctor et al., 1998), with
some Sphagnum species even reaching over 5000% of dry
weight (Wang and Bader, 2018).

Many mosses are capable of drying out without dying,
which means they can endure losing all free intracellular water
and recover their ordinary functions afterwards, such as photo-
synthesizing and growing when water is available (Proctor et
al., 2007). Due to their high surface to volume ratios, rapid
drying is generally facilitated (Proctor et al., 2007). Typically,
moss cells are either completely turgid or desiccated, with
relatively short transitions in between (Proctor et al., 2007).
Factors influencing this water loss by evaporation are micro-
climatic conditions (Proctor, 1990), life form characteristics
(Elumeeva et al., 2011; Magdefrau and Wutz, 1951; Nakatsubo,
1994; Zotz et al., 1997) and canopy structural properties such as
surface roughness, shoot density and cushion height (Goetz and
Price, 2015; Rice and Schneider, 2004; Rice et al., 2001, 2018).
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As an example of cushion life forms, Zotz et al. (2000) and
Rice and Schneider (2004) found that evaporation rates de-
crease with moss cushion size.

For water balance of forest ecosystems, an intact forest floor
cover such as leaf litter covers or moss layers play a crucial role
(Acharya et al., 2017; Gerrits and Savenije, 2011; Magdefrau
and Wutz, 1951; Sayer, 2006). In mid- and high-latitude conif-
erous forests, moss layers often form at ground level (Elbert et
al., 2012). As forest ecosystems have suffered from drought in
recent years (Senf et al., 2020) and mosses are also increasingly
threatened by global warming (He et al., 2016), it is particularly
important to investigate their hydrological effects in these envi-
ronments. Previous research by Price et al. (1997) in Canadian
boreal forests showed that moss layers could retain 16.8 mm of
water, which was approximately 21% of the precipitation input.
Furthermore, Carleton and Dunham (2003) found that mosses
in a boreal forest could not be fully hydrated by capillary water
movement from the forest floor or dewfall, but rather from
vapour from the forest floor condensing on the moss surface.
Liu and She (2020) investigated a linear decrease of soil evapo-
ration with increasing moss biomass, using moss that was pre-
viously cultivated in the laboratory. Overall, the forest floor
water balance is influenced by the amounts of throughfall rain,
the processes in the moss carpet, and the processes at the moss-
soil interface (Price et al., 1997). However, little is known
about how much water mosses release into the atmosphere and
how much is transported from the soil to the moss and vice
versa (Glime, 2017; Voortman et al., 2014). In particular, the
influence of different moss species on water movement through
moss layers into the soil has been largely disregarded in this
context, but has in turn shown great effects on e.g. erosion
control (Seitz et al., 2017).

With this study, we aim to shorten this knowledge gap in an
interdisciplinary approach (cf. Liu and She (2020)). To do so,
we examined water absorption and evaporation patterns in
moss-covered soil substrates typical for a Central European
temperate forest during and after watering. We hypothesize that:

1. Maximum water storage capacities (WSCmax) of mosses
are species-specific and positively affected by their surface area.

2. Differences in the temporal dynamics of water content
during watering and subsequent desiccation depend largely on
the combination of moss species and the underlying soil sub-
Strates.

To test our hypotheses, we set up a greenhouse experiment
with five moss species and four soil substrates, whereby
artificially cultivated mosses of the same species were also
included. We used biocrust wetness probes (Weber et al., 2016)
for high-resolution monitoring of water content in moss layers,
on the soil surface, and in a soil depth of 3 cm. Furthermore, we
investigated the selected mosses in terms of their structural
traits and their maximum water storage capacities.

Table 1. Characteristics of studied moss samples.

METHODS
Moss and soil characteristics

Five moss species native to Southwest Germany (Nebel et
al., 2001) differing in origin, classification and growth form
were chosen for the study (Table 1). Oxyrrhynchium hians
(Hedw.) Loeske, Eurhynchium striatum (Hedw.) Schimp.,
Plagiomnium undulatum (Hedw.) T.J.Kop. and Brachythecium
rutabulum (Hedw.) Schimp. were collected in the field at dif-
ferent sites within the Ammer and Neckar valley. Cultures of
Amblystegium serpens (Hedw.) Schimp. and Oxyrrhynchium
hians were grown in a hydraulic fluid in an in vitro environ-
ment by Hummel InVitro GmbH in Stuttgart, Germany. The
latter was selected a second time to study intraspecific differ-
ences between field and cultivated mosses. With regard to the
position of the sporophytes, all selected mosses were pleuro-
carpous (side-fruited), except P. undulatum, which was acro-
carpous (top-fruited).

Soil substrates were chosen according to common growing
conditions of selected moss species and sampled from four
different sites in the Schonbuch Nature Park in Southwest
Germany. Sampling sites were located in the geological series
of the Lower Jurassic, with shale clay, interstratified by beds of
pyrite and fine grained sandstone, as well as in the Upper Trias-
sic, where claystone with fine lime nodules and fine to coarse
grained sandstone is present (Einsele and Agster, 1986). The
substrates varied with regard to parent material, soil texture,
and pH as well as the C/N ratio (Table 2). They were sampled
from the topsoil to a depth of 10 cm and sieved by 6.3 mm. Be-
low, we distinguish the substrates according to their geological
formation: Angulatensandstein (AS), Psilonotenton (PT), Léwen-
stein (LS) and Trossingen (TS) (Einsele and Agster, 1986).

Greenhouse experiment

With a greenhouse experiment, we investigated water ab-
sorption patterns in moss covers and corresponding soil sub-
strates during and after watering. To do this, we filled the sub-
strates into infiltration boxes (40 cm x 30 cm x 15 cm) up to a
height of 6.5 cm. Infiltration boxes are stainless steel containers
with a triangular surface runoff gutter and an outlet on the
bottom to capture percolated water. In December 2019, moss
species were placed onto substrate-filled infiltration boxes,
leading to 6 treatments with 2 replicates each: P. undulatum
(Field) + PT, O. hians (Field) + AS, O. hians (Lab) + AS, B.
rutabulum (Field) + LS, 4. serpens (Lab) + LS, E. striatum +
TS; yielding a total number of 12 boxes. Infiltration boxes were
subsequently stored in a shady place outdoors for adaptation,
until we began the greenhouse experiment in July 2020.

Amblystegium Brachythecium Eurhynchium Oxyrrhynchium Oxyrrhynchium Plagiomnium
serpens rutabulum Sstriatum hians hians undulatum
Family Amblystegiaceae | Brachytheciaceae | Brachytheciaceae | Brachytheciaceae | Brachytheciaceae | Mniaceae
Origin Lab Field Field Field Lab Field
Site - ruderalized fertile | pinewood dry hedge - flood plain
characteristics meadow understore
Growth form pleurocarpous pleurocarpous pleurocarpous pleurocarpous pleurocarpous acrocarpous
Sample site - Tiibingen Tiibingen Reusten - Pliezhausen
coordinates 48.544917 N 48.546194 N 48.541665 N 48.566723 N
9.043309 E 9.036407 E 8.914316 E 9.216494 E
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Table 2. Characteristics of studied soil substrates.

* sand: 7.00 %
« silt: 67.58 %

* sand: 6.88 %
* silt: 56.28 %

* sand: 25.02 %
o silt: 42.43 %

AS PT LS TS
Series Lower Jurassic Lower Jurassic Upper Triassic Upper Triassic
Formation Angulatensandstein- Psilonotenton-Formation | Lowenstein-Formation Trossingen-Formation
Formation (AS) (PT) (LS) (TS)
Parent material sandstone shale clay sandstone claystone
Soil texture silt loam silty clay loam clay loam silty clay loam

* sand: 10.78 %
* silt: 50.83 %

* clay: 25.68 % * clay: 36.93 % * clay: 32.60 * clay: 38.10 %
C/N 17.54 17.36 23.12 20.05
pH 5.8 7.0 7.0 5.6
Sample site Tiibingen Tiibingen Tiibingen Tiibingen
coordinates 48.553054 N 48.557425 N 48.557527N 48.556036 N
9.119053 E 9.114462 E 9.088098 E 9.089313

To measure water content (WC), we installed three biocrust
wetness probes (BWP; UP GmbH, Cottbus, Germany) per
infiltration box in different positions: in 3 c¢cm soil depth, in the
uppermost 5 mm of the soil surface and in the moss layer (Fig.
1). BWPs were specifically developed to quantify WC of soil
surfaces as well as biocrusts by deriving WC from electrical
conductivity measurements; they provided reliable data in
several experiments under different field conditions (Gypser et
al., 2017; Lobs et al., 2020; Tucker et al., 2017; Weber et al.,
2016). Samples were irrigated for one hour with a sprayer
(Comfort Sensitive Plant, Gardena, Ulm, Germany) with 6 L h™!
of water, split into 500 mL every 5 min, corresponding to a
precipitation amount of 122 mm (extremely heavy rainfall
event). All BWPs were installed underneath the centre of the
sprayer, whereby we ensured that the BWP in the moss layer
was completely encased by moss shoots. During this watering
and subsequent desiccation process in the greenhouse, the elec-
trical conductivity of the samples was logged every 10 seconds
for 72 hours with the BWPs connected to a GP2 Data Logger
(Delta-T Devices, Cambridge, UK). Additionally, air tempera-
ture and relative humidity (RH) in the greenhouse were moni-
tored (Tinytag Plus 2 — TGP-4500, Gemini Data Loggers,
Chichester, UK) for the same time slots. Soil WC was deter-
mined before and after watering as well as after 71 hours of
desiccation applying two methods: first, we substrate inside

Fig. 1. Overview of the greenhouse experiment setup. a) Biocrust
wetness probe (BWP) in 3 cm soil depth, b) BWP in soil surface
and moss cover, c¢) experimental setup with moss-covered soil the
infiltration box and sprayer installed at uniform height.

used a gravimetrical approach with a heavy-duty precision bal-
ance (KERN FCB 30K 1, Kern & Sohn GmbH, Balingen, Ger-
many), and second, we used a Thetaprobe ML2 in combination
with a HH2 Moisture Meter (Delta-T Devices, Cambridge, UK).

To consider evaporation effects during the period of desicca-
tion, we calculated the evaporation rate of this time span for all
samples using the formula

wCy—-Wwc,
E=—2 x|
tx - tO
where WC is the maximum gravimetric WC in the examined
time period, WC; is the gravimetric WC at time point X, and tx
and to are the respective time points (Robinson et al., 2000).

Laboratory BWP calibration

To calibrate the BWP to gravimetric WC, we monitored
weight loss and electrical conductivity (EC) simultaneously for
all samples under laboratory conditions for at least 65 hours
(average air temperature: 19.1 °C, sd = 1.2 °C; average relative
humidity (RH): 45.8%, sd = 5.9%). Samples were water satu-
rated using the immersion technique described below (in the
following section). Afterwards, they were placed on a balance
(Kern EW 620-3NM, Kern & Sohn GmbH, Balingen, Germa-
ny) and three BWPs were installed in each sample. Two sam-
ples were measured in parallel, using two precision balances of
the same type. BWP and weight data were recorded at an inter-
val of 10 seconds, while temperature and relative humidity
were logged in 5 min intervals with Tinytag Plus 2 (see above).

During monitoring of weight loss, the scales generated indi-
vidual error values, which required a filtering of data. Since the
scales only measured stable values, we had irregular time inter-
vals in the recording of weight losses. To be able to combine
weight and BWP as well as RH and temperature values, we
performed a linear fashion interpolation with both weight val-
ues and climate measurements.

As EC is affected by temperature, we conducted a tempera-
ture correction and derived the WC for a specific value of the
BWP as described in Weber et al. (2016). According to Slatyer
(1967), the formula

_ (WW-DW)

wc oW

was used, where WC is the gravimetric WC (g g'), WW is the
wet weight (g) and DW is the dry weight (g) of the soil or moss
sample.
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The last step of calibration included curve fitting, where we
used the mean of the three BWP values and the calculated WC.
We found linear relationships which can be characterized as
WC = a-EC: + b. For non-linear relationships we used non-
linear least-square regressions expressed by the equation
WC = exp(a-ECi)-b-EC: + c, as recommended in Weber et al.
(2016). Furthermore, some relationships could be better de-
scribed with the equation WC = exp(a + b-ECy). While the
moss samples could be dried from saturation to desiccation, soil
samples did not dry out completely during the laboratory cali-
bration. Therefore, an extrapolation of data for the calibration
BWP values was necessary for the soil samples. An overview
of all calibration curves is shown in Table S1 in the supporting
information.

Maximum water storage capacity

For a detailed characterisation of moss species and adjunct
soil substrates with regard to their maximum water storage
capacity (WSCmax), further laboratory experiments were con-
ducted with samples from the infiltration boxes. Therefore, we
detached the mosses from the soil, dried them at 30 °C in a
dehydrator (Dorrex 0075.70, Stockli, Netstal, Switzerland) and
weighed the dry samples (Mettler Toledo MS603S, Mettler
Toledo, Columbus, USA). Soil samples were taken with
100 cm® metal core cutters from every infiltration box, dried at
105 °C in a compartment drier and weighed in dry state. After-
wards both moss species and soil substrates were saturated,
using two different methods for the mosses: spray and immer-
sion technique. For the spray technique, we moistened the
mosses that had been placed in a petri plate with a spray bottle
from above until samples could no longer absorb water. The
excess water was removed with a pipette and volume was de-
termined with a 25 mL measuring cylinder. By weighing the
spray bottle before and after spraying we estimated the amount
of water added to the mosses (in average 3.45 mm). The wet
mosses were weighed again with the same balance. In contrast,
with the immersion technique we moistened the mosses by
submerging them in water for 5 min between two soil sieves
with 52 pum mesh size on the bottom and 250 um on the top,

then drained them for 2 min, and then weighed them. We
decided to use these two approaches, as we observed that some
mosses were still dry on the bottom after a rainfall event, which
was also described in Glime (2017). Therefore, we expected
different mechanisms of water absorption in the two
techniques, with the spray technique probably being more
similar to the greenhouse watering process. The soil samples
were placed into a tub of water until the surface was wet and
afterwards we measured the wet weight. To ensure that the soil
substrate remained in the core cutter during rewetting, we
attached a thin water permeable fleece to the bottom of the core
cutter (Blume et al., 2011).

Moss structural trait measurements

To determine the surface areas of the studied moss species,
we measured the following structural traits: leaf area, leaf fre-
quency, shoot length, length of a single component (sum of
shoot length and length of attached branches), shoot density
(Table 3). We determined the surface areas of the studied spe-
cies using the following formula, which we adapted for our
experiment following Simon (1987), Niinemets and Tobias
(2014) and Niinemets and Tobias (2019):

A leaf

Apo=L N, _
bryo $hoot ' em shoot

where Asyo 1S moss surface area, L is the average length of a
shoot with its attached branches, Ngwoor 1S mean number of
measured shoots, and A is mean leaf area. Leaf area index
(LAI) was then calculated with the formula

Abryo

LAl = ———
sample area

In the first step, three circular samples with a diameter of 5.5
cm (sample area) were taken from each species. Moss samples
were then dissembled into single moss shoots. Due to the very
dense structure and consequent long time duration, only half of
the circular area of 4. serpens was considered. Next, detached
shoots were scanned using a high definition flatbed scanner

Table 3. Species-specific average values (+ standard error of the mean) of leaf area, leaf frequency, leaf area per shoot length, shoot length,
length of a single component (sum of shoot length and length of attached branches), shoot density (shoot number per ground area), total
surface area, leaf area index (LAI), moss cushion height, volume and density for the studied moss species.

Species Leaf Leaf fre- Leafarea | Shoot Length single | Shoot Total LAI Cushion | Cushion | Cushion
area quency per shoot length component density surface height volume density
(mm?) | (cm™) length (cm) (cm) (ncm?) | area (cm?) (cm) (cm?) (gem™)
(cm?*cm™)
Amblystegium 0.104+ |81.778 + 0.085 + 1.168 = |1.764 + 97.005+ |346.204 |14.572 |1.322+ 107.058 + | 0.026 +
serpens (Lab) 0.002 3.929 0.006 0.024 0.224 11.786 0.091 10.623 0.002
Brachythecium 1.151+ [39.333 + 0.452 3791+ |8.470+ 3.031+ 297.076 |12.504 |1.536+ 139.856 + | 0.018 +
rutabulum 0.035 4.93 0.064 0.166 0.286 0.402 0.116 19.366 0.001
Eurhynchium 0.629+ 91333+ 0.574 + 2018+ |[7.756 + 2511+ 265.672 11.182 |2.119+ 182.071 + | 0.016 +
striatum 0.013 9.541 0.06 0.129 0.656 0.496 0.092 18.683 0.002
Oxyrrhynchium 0.307+ | 69.889 + 0.187 + 2.524+ (8.124+ 4714 + 169.907 7.151 1.65+ 132.174 £ | 0.015 £
hians 0.006 3.545 0.008 0.129 0.702 0.712 0.13 15.278 0.002
Oxyrrhynchium | 0.393 £ |55.556 + 0219+ 2.180+ |6.198 + 10368 + [333.764 |14.048 |1.353+ 114.336 + | 0.022 +
hians (Lab) 0.008 2911 0.014 0.092 1.480 2.509 0.136 18.998 0.003
Plagiomnium 4737+ |20.111+ 0.953 + 3.004 £ |4.960 + 3.087 346.517 | 14.585 |1.394+ 100.778 + | 0.018 =
undulatum 0.129 2.6 0.121 0.129 0.571 0.827 0.08 6.649 0.001
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(Epson Perfection V700 Photo, Suwa, Japan) and shoot
numbers of all samples were counted to determine the shoot
number per unit sample area. Afterwards, if sample size
enabled it, 50 shoots were randomly chosen for length
measurements, using Imagel] versions 1.53e¢ and Fiji 2.1.0
(Schindelin et al., 2012; Schneider et al., 2012). Next to shoot
length, we also determined the length of branches that were
attached to the measured shoots. Then, from each sample three
shoots were randomly selected and all leaves were carefully
removed along one centimeter of the shoot. The removed leaves
were put on slides and were either scanned with the flatbed
scanner or a digital microscope (Keyence
VHX-7000 with dual zoom lens VH-ZST, Keyence, Osaka,
Japan). Leaf area was subsequently measured with Imagel as
well.

Additionally, we determined the volume of the moss
cushions for all moss samples used in the WSCrax experiment.
Therefore, we photographed all moss samples using a Nikon
D5100 (Chiyoda, Japan), equipped with an AF-S DX Micro
NIKKOR 40mm f/2.8G lens to identify the individual sample
area with Image]. The height of the moss cushions was
measured at four sites with a calliper and mean values were
calculated for every cushion. The moss cushion density was
derived from the quotient of dry weight and cushion volume.

Data analysis

All analyses were conducted with R software versions 3.6.3
and 4.0.2 (R Core Team, 2021) on the level of individual sam-
ples. To examine significant differences, we used one-way
ANOVAs in combination with post-hoc Tukey’s HSD tests
when variables showed homogeneity of variances. In other
cases, we performed post-hoc Games-Howell or Wilcoxon
signed-rank tests. Previously, homoescedasticity was verified
with the Levene’s test. To test for differences of the means
between two samples we used Welch’s t-test. Significance was
assessed at p < 0.05 in all cases.

Furthermore, we performed pairwise Pearson as well as
Spearman’s Rank correlation analyses to screen for relation-
ships between WSCax as well as evaporation rates of the stud-
ied samples and parameters of sample characteristics. In ad-
vance of all analyses, we used the Shapiro-Wilk Test to exam-
ine the samples for normal distribution. Additionally, general-
ized additive models (GAM) with restricted maximum likeli-
hood and smoothing parameters selected by an unbiased risk
estimator (UBRE) criterion were performed to assess the effect
of soil substrate or moss species characteristics on WSCax.
Firstly, we fitted moss WSCmax from the spray and immersion
techniques against mean shoot number, mean leaf surface area,
LAI, moss cushion height as well as moss cushion density.
Secondly, WSCmax of soil substrates were fitted against soil
bulk density, sand, silt and clay contents as well as total carbon
and nitrogen content.

RESULTS AND DISCUSSION

In order to discuss and answer the hypotheses presented, we
first analyzed the differences in structural traits of the studied
moss species and investigated their relationship with WSCax.
As we assumed that the temporal progression of WC in the
greenhouse experiment could be explained by the structural
traits of moss species, we further examined whether our sam-
ples showed similar patterns of properties in the different ex-
periments.

Moss structural traits

A wide range of structural trait characteristics for the moss
species used in this study were determined to explain moss
water relations (Table 3). The average individual leaf area of
the studied species ranged almost fivefold from 0.104 mm? in
A. serpens (Lab) to 4.737 mm? in P. undulatum. Accordingly,
average leaf area per shoot length varied elevenfold between
0.085 cm? cm™! in 4. serpens (Lab) to 0.953 in P. undulatum.
Leaf frequency was the smallest in P. undulatum at 20.111 and
ranged up to 91.333 in E. striatum. We found the longest shoots
in B. rutabulum (3.79 cm on average) and the shortest shoots in
A. serpens (Lab) (1.16 cm on average). After adding the length
of attached branches to the respective shoot length, B. rutabu-
lum still had the longest shoots with 8.47 cm, and A4. serpens
(Lab) had the shortest shoots with 1.764 cm. However, 4. ser-
pens (Lab) had the highest shoot density (97 shoots per cm?),
whereas B. rutabulum, E. striatum, O. hians and P. undulatum
had much lower densities between 2.5 to 4.714 shoots per cm?.
Interestingly, shoot density of O. hians (Lab) was twice as high
as for O. hians collected in nature, which might be due to miss-
ing competition with other species in a laboratory setting, as
well as different light and water regimes, since moss structure
is highly affected by water and light availability (Magdefrau,
1982). This raises the question of whether field-collected A.
serpens also has similarly high shoot densities as determined
for A. serpens (Lab) in this study. While A. serpens (Lab) grew
in dense and more voluminous lawns, A. serpens occurs more
often intermingled with other species in nature. The nutrient-
loving species prefers semi-shady, rather moist sites that are
also preferred by many other species that are often more vigor-
ous and thus overgrow the delicate prostrate A. serpens (Nebel,
2001). The dense, extensive tall lawns of A. serpens (Lab)
therefore contradict the species’ occurrence in nature and its
interspersed growth with other mosses, that can be attributed to
the low competitiveness of A. serpens.

Compared to the other five studied species, O. hians had a
low LAI of 7.151. B. rutabulum and E. striatum were similar in
their LAI of 12.504 and 11.182, respectively, and highest LAI
values were determined for A. serpens (Lab) (14.572), O. hians
(Lab) (14.048) and P. undulatum (14.585). Interestingly, P.
undulatum and the two lab-grown mosses are very different in
terms of leaf area, leaf frequency and shoot density, but all have
similar LAI values. Considering the moss cushion density, 4.
serpens (Lab) was significantly denser than E. striatum (p <
0.001), O. hians (p < 0.001) and P. undulatum (p < 0.01). Fur-
thermore, we found significant differences in regard to moss
cushion density between O. hians (Lab) and E. striatum (p <
0.01), O. hians (Lab) and O. hians (p < 0.05), B. rutabulum and
E. striatum (p < 0.05) and E. striatum and P. undulatum (p <
0.05).

Maximum water storage capacity

Mean values of WSCuax from the immersion technique (rep-
resenting complete soaking) varied between 14.10 g g! for 4.
serpens (Lab) and 7.31 g ¢! for P. undulatum, with the differ-
ence being highly significant (p < 0.001) (Fig. 2 and Table S2
in the supporting information). Further significant differences
were found between E. striatum (11.22 g g') and P. undulatum
as well as between B. rutabulum (11.80 g g™") and P. undulatum
(p < 0.05). Thus, with regard to the WSCax, there were strong
differences between the mosses with different growth forms,
but none within the group of pleurocarpous mosses. The fact
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that P. undulatum absorbed comparatively less water could be
explained by its endohydric water transport, and many acrocar-
pous mosses are endohydric (Richardson, 1981). Since the
surface of endohydric mosses comprises a water-resistant cuti-
cle with often waxy layers (Buch, 1945; Proctor, 1979a;
1979b), water absorption through their leaves is inhibited
(Glime, 2017). However, as we only measured one acrocarpous
moss, this finding requires further investigation.

Although the most significant difference in WSCmax was
shown between the visibly densest and loosest growing moss
species, this relationship could not be substantiated by the
surveyed traits for surface area and cushion characteristics.
WSChax Was not affected by total surface area or LAI. Further-
more, neither height of the moss cushions, nor volume or densi-
ty correlated individually with WSCmax. The combination of
leaf area and leaf frequency seemed to have a higher influence
on WSCmax: with a small leaf area (Spearman’s correlation
rho = —0.30, p < 0.05) and high leaf frequency (Spearman’s
correlation rho = 0.32, p < 0.05), the WSCmax increased. Shoot
density might be another influencing factor, but due to small
sample size further studies are recommended. In this context,
Voortman et al. (2014) also discussed that capillary spaces
between moss leaves and branches might be more relevant for
water retention than those between moss shoots. For Sphagnum
species, Bengtsson et al. (2020) also found a high influence of
leaf traits on water retention.

Calculated in a GAM explaining 54.1% of the deviance,
moss cushion density highly influenced WSCuax (p < 0.001),
while the effects of mean leaf area (p < 0.01) and mean shoot
density (p < 0.05) were smaller, but also significant. Therefore,
we assume that additional parameters must be also of great

importance to the WSCmax. Such parameters are assumed to be,
for example, the capillary spaces of mosses, which are very
difficult to quantify and are diverse and often complex (Proctor,
1982). According to Proctor (1982), capillary conducting sys-
tems such as spaces between overlapping leaves, between
shoots, in sheathing leaf bases or amongst rhizoid tomentum
and paraphyllia can be 10—100 um large. In addition, interspac-
es of a few um can be found in interstices between papillae as
well as in furrows between plicae and ridges on leaves and
stems (Proctor, 1982). In this context, the 3D structure of the
mosses, e.g. the branching of the shoots, the shape of the leaves
and the position of the leaves in relation to the stems, potential-
ly plays an important role for capillarity of bryophytes
(Giordano et al., 1993; Schofield, 1981).

In contrast to the immersion technique, the range of mean
values of WSCmax for the spray technique, which was intended
to simulate moistening of mosses by a rainfall event, was con-
siderably smaller (Fig. 2). Here, we found a variation of 11.04
g g”! for O. hians (Lab) to 7.90 g g! for O. hians from the field.
However, we could not find any significant differences between
species or significant correlations between the WSChax and the
ascertained individual moss structure parameters, and the ad-
junct GAM could explain 46.5% of the deviations. The greatest
influence was due to moss height (p < 0.01), with LAI having a
smaller effect (p < 0.05). Interestingly, the greatest difference
in WSCnmax was discovered within the same species, O. hians.
Although they belong to the same species, O. hians collected in
the field and O. hians grown in the laboratory displayed strong
differences in structure. While O. hians grows as loose lawn
in the field, the laboratory variety forms very dense moss
cushions, which is also reflected in the higher shoot density

426



Water’s path from moss to soil: A multi-methodological study on water absorption and evaporation of soil-moss combinations

(O. hians: 4.714 shoots per cm? and O. hians (Lab): 10.368
shoots per cm?), and the larger total surface area (O. hians:
169.907 cm? and O. hians (Lab): 333.764 cm?). This finding
indicates that the WSCuax of mosses is dependent on life form.
In a further chain of thought, this also implies that single spe-
cies can obtain more advantageous properties through laborato-
ry cultivation, e.g. for erosion control.

Overall, we suppose that for both the immersion technique
and the spray technique, the capillary spaces between moss
shoots as well as between leaves and shoots are more important
for WSChax than surface parameters such as LAI or total sur-
face area. Finally, it can be concluded that a further develop-
ment and standardization of the spray technique is required to
be able to gather more reliable data on this important moss
characteristic.

Regarding the soil substrates, WSCmax values varied on av-
erage between 0.46 g ¢! for PT and 0.36 g g*! for TS, which is
30 times less compared to the WSCnax of the mosses (Fig. 3).
Within soil substrates we found highly significant differences
between PT and TS, PT and LS as well as AS and TS
(p < 0.001) and a significant difference between AS and TS
(p < 0.05). On one hand, these differences can be explained by
soil texture, as there is a negative relationship with sand content
(Spearman’s correlation rho = —-0.62, p < 0.001) and a positive
correlation with silt content (Spearman’s correlation rho = 0.52,
p < 0.001), while the clay content seemed to be of rather minor
importance for WSCuax (Spearman’s correlation rho = —0.40, p
< 0.01). On the other hand, we revealed a negative correlation

with bulk density (Pearson’s correlation r =—0.70, t3o =—-5.94, p
< 0.001) and C/N ratio (Spearman’s correlation tho = —0.62, p
< 0.001). Additionally, we tested for a joint impact on soil
WSChax using a GAM with soil bulk density, sand, silt and clay
contents as well as total carbon and nitrogen content as fixed
effects and were able to explain 84.7% of the deviance with this
model. The results also showed a high relevance of bulk soil
density as well as total carbon content (p < 0.001), which is
consistent with the results of the individually tested correlations
and an influence of the clay content (p < 0.01). These relation-
ships are also reported in other studies (Gong et al., 2003;
Franzluebbers, 2002; Novak and Hlavacikova, 2019; Rawls et
al., 2003).

Greenhouse experiment
Watering process

Focusing on the 60 minutes of watering, we observed clear
differences in WC of different moss species, regarding tem-
poral progression as well as the level of WC achieved (Fig. 3).
At the beginning of the watering, all moss species were desic-
cated, so that the WC initially increased until an equilibrium
was reached. Moss species were classified in terms of WC in
equilibrium: (a) low WC (0-5 g g!) for 4. serpens (Lab) and P.
undulatum, (b) medium WC (5-10 g g™ for B. rutabulum, O.
hians and O. hians (Lab), (c) high WC (10-15 g g!) for E.
striatum. This classification shows the possibility of distin-
guishing between moss species based on the BWP response.
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Fig. 3. Temporal progression of water content values (g g') of treatments during watering in the greenhouse experiment. Replicate
measurements are labelled with A and B for every biocrust wetness probe (BWP) location (moss cover, soil surface, 3 cm soil depth).

Plotted are half-minute values.
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Surprisingly, A. serpens (Lab) and P. undulatum both reached a
low WC during irrigation, although they are quite different re-
garding their structural traits. While 4. serpens (Lab) forms very
dense moss cushions (shoot density: 97.005 £+ 11.786 shoots per
cm?), P. undulatum is more likely to grow single shoots (shoot
density: 3.087 £ 0.827 shoots per cm?). Although O. hians and O.
hians (Lab) were both assigned to medium WC, we recognized a
distinct difference, with O. hians tending to weigh 10 g g'and O.
hians (Lab) tending to weigh 5 g g”. Since O. hians (Lab) grows
considerably denser than O. hians with a shoot density twice as
high (O. hians (Lab) = 10.368 % 2.509 shoots per cm?, O. hians =
4.714 £ 0.712 shoots per cm?) and a higher cushion density (O.
hians (Lab) = 0.022 = 0.003 shoots per cm?, O. hians = 0.015 +
0.002 shoots per cm?), we expected that O. hians (Lab) would
also absorb more water during watering. The fact that this ex-
pectation was not fulfilled could be attributed to O. hians hav-
ing a comparatively high leaf frequency with small leaf area,
which had already been highlighted as important factors for
water absorption in previous chapters.

Furthermore, almost all moss species showed a certain varia-
tion in WC at equilibrium within replicate measurements, illus-
trating a great heterogeneity within species. Overall, we noticed
that the variations between replicate measurements were small-
er for denser moss cushions than for looser ones, with P. undu-
latum being an exception in this case. This could be attributed
to the fact that denser mosses establish better contact with the
sensor without forming air spaces (Ldbs et al., 2020).

Some moss species demonstrated a more pronounced re-
sponse to the watering pulses than others. This might also be
related to denser moss cushions with less air-filled interstitial
spaces (Lobs et al., 2020), as it was the case for 4. serpens (Lab)
and O. hians (Lab), which both form the densest cushions. To
examine moss intraspecific differences regarding water absorp-
tion in detail, higher replication is necessary in future studies.

Because of the water volume applied to the samples in the
greenhouse, we speculated that the moss species would reach
their WSCuax within the watering time in the greenhouse, espe-
cially when compared with the achieved WSChax using the
spray technique. To go into more detail, we compared the WC
values directly after watering (means of WC for all values
between 60" and 65" minute) with the WSChmax determined in
the lab. For most of the species the WC after watering was
considerably lower than the WSChax, for both spray and immer-
sion technique. As an example, the maximum WC for 4. ser-
pens using the immersion technique was 5 times higher than the
WC after watering (WSCrax (immersion) = 14.10 gg’!, SE =
1.28, WC after watering = 2.63 gg!, SE = 0.02), while the
spray technique showed almost a fourfold difference (WSCmax
(spray) = 10.10 g g, SE = 1.25). Additionally, we found an
almost fivefold difference from the immersion technique, re-
spective fourfold difference from the spray technique, and
higher WSCiax compared to the WC after watering in P. undu-
latum (WSCmax (immersion) = 7.31 gg™!, SE = 0.80, WSCax
(spray) = 8.15 g g1, SE = 0.32, WC after watering =1.76 g g},
SE = 0.01). Based on these results, no clear patterns are
discernible that would explain the different intraspecific mech-
anisms of water absorption comparing greenhouse and labora-
tory experiments. Above all, it was very surprising that espe-
cially the denser mosses, most notably the lab-grown mosses,
did not absorb much water during the greenhouse experiment.
In general, we can deduce that the mosses are not a barrier to
infiltration in case of high precipitation rates, as also reported in
Li et al. (2016). A new observation of our study is that the
mosses growing on the soil do not store much of the applied
water themselves, but pass it on to the soil.

Compared to the mosses, the soil substrates showed a much
lower WC during the 60 minutes of watering, which is true for
both the surface and 3 cm soil depth (Fig. 3). Overall, mosses
adjusted their equilibrium in the range between 2.5-15.0 g g
of WC, while soil substrates varied between 0.15-0.35 g g'.
The fact that mosses can absorb more water than soil substrates
could be attributed to a larger surface area of mosses. Addition-
ally, capillary effects in mosses might contribute to higher
water absorption rates compared to soil substrates.

Since the soil surfaces were not completely dried out at the
beginning of the experiment, they showed a relatively high
starting value of WC in comparison with the later reached
equilibrium. The temporal progression of WC on the soil sur-
face started with higher values at the beginning of watering and
slightly decreased over time. Regarding infiltration into the soil
surface, it appeared that water had initially accumulated on the
surface, causing the high WC.

When considering WC at 3 cm soil depth, temporal progres-
sion of WC was almost steady, which was also due to the al-
ready wet soil substrate at the beginning of the experiment. For
two substrates (AS and PT) we observed an increase of WC
during the first 10 minutes of irrigation, indicating percolation
of water through the substrate. Additionally, WC tended to be
lower at 3 cm soil depth than on the soil surface during irriga-
tion. Overall, with respect to the temporal progression of WC
values on soil surface and in 3 cm soil depth, we generally
found substrate-specific coherences regarding the level of WC
achieved.

Furthermore, we expected that the soil substrates show a
similar response due to WSCmax in the lab and in the green-
house experiment. However, the WC after watering in the
greenhouse, which we expected to be the maximum WC
reached in the greenhouse (means of WC for all values between
60" and 65" minute), were lower than the WSCmax measured in
the lab, which was true for every substrate both for surface as
well as in 3 cm soil depth. For example, PT achieved a WSCax
0f 0.46 g ¢! and only showed a WC of 0.31 g ¢! on the surface
and 0.27 g g! in the soil after one hour of watering in the
greenhouse, which means a deviance of 32.61%. In compari-
son, LS reached only 50% of the WSCuax under A. serpens
(Lab) (WC after watering = 0.19 g g”', WSCrmax = 0.46 g g )
and 52% under B. rutabulum on the surface (WC after watering
=0.18 g g1, WC values in 3 c¢m soil depth were even lower
(WC after watering (4. serpens (Lab)) = 0.18 g g'; WC after
watering (B. rutabulum) = 0.17 g g”'). Altogether, soil sub-
strates did not show the same patterns of water absorption in
the lab as in the greenhouse.

Desiccation process

During the subsequent desiccation process of 71 hours,
moisture in the moss layers generally decreased, while moisture
at the soil substrate surface as well as in 3 cm soil substrate
depth remained at the same levels (Fig. 4). However, moss
species differed in maximum WC, evaporation rates and their
responses to climatic changes in the greenhouse. Sample repli-
cates slightly differed from each other in regard to WC values,
but generally showed comparable patterns. We observed the
highest WC values directly after watering in E. striatum with a
mean WC of almost 15 g g!, while mean WC of B. rutabulum,
O. hians and O. hians (Lab) ranged between 5-10 g g'!, and
mean WC of A. serpens (Lab) and P. undulatum did not exceed
5 g g'!. The low WC of P. undulatum might be related to its
delicate and loose structure with a low leaf frequency and large
leaf areas, and leaves that stand off the shoot. Especially

428



Water’s path from moss to soil: A multi-methodological study on water absorption and evaporation of soil-moss combinations

A. serpens (Lab) + LS B. rutabulum + LS E. striatum + TS
J 90
20
154 r70
Y
=
> 54 \\% =
= \%\/‘/\ \\—’W 20
g 7
S 0.6
5]
o}
w 041 "
3 et —— N &
0.29 =
O'O- T T T T T T T
0 20 40 60 0 20 60 0 20 40 60
time [h]
O. hians + AS O. hians (Lab) + AS P. undulatum + PT
204
r80
154
3 r60 §
\—:— 104 ﬁ —
o >
2 — N o
g 04 M“«——'\_,— L 20
S 0.6
5]
@ AN \
= 044 ) : /N
®© e = AW SN
= o S=oc M R Pt S, \«, ’/ g
0.2 1
0'0- T T T T T T T T T T T
0 20 40 60 0 20 60 0 20 40 60
time [h]
X — mossA — soill A — soil surface A RH
sensor location
— mossB — soil B soil surface B

Fig. 4. Temporal progression of water content values (g g™') of treatments during 71 h of desiccation in the greenhouse experiment. Repli-
cate measurements are labelled with A and B for every biocrust wetness probe (BWP) location (moss cover, soil surface, 3 cm soil depth).
Mean temperature and mean relative humidity + standard deviation: Amblystegium serpens (Lab) + Lowenstein-Formation (LS) 25.93 +
6.13 °C, 42.67 + 14.39%; Brachythecium rutabulum + Lowenstein-Formation (LS) 26.35 + 5.38 °C, 49.45 + 15.22%; Eurhynchium stria-
tum + Trossingen-Formation (TS) 24.70 £ 5.78 °C, 46.31 + 16.15%; Oxyrrhynchium hians + Angulatensandstein-Formation (AS) 20.30 +
3.89 °C, 64.72 + 18.45%; Oxyrrhynchium hians (Lab) + Angulatensandstein-Formation (AS) 23.10 £ 6.07 °C, 53.37 £ 18.38%; Plagiomni-
um undulatum + Psilonotenton-Formation (PT) 20.96 + 4.31 °C, 59.92 + 15.35%. Plotted are hourly values.

compared to a branched structure with high leaf frequencies
and densely attached leaves, few capillary spaces for water
storage are formed in P. undulatum (Mégdefrau and Wutz,
1951). Furthermore, leaf surfaces of mosses from the Mniaceae
family often have a water-resistant cuticle, reducing their
ability to absorb water via the leaves (Glime, 2017; Proctor,
2000). Additionally, we observed that leaves and stems of P.
undulatum were twisting and curling during the desiccation
process, which might result in altered measurement conditions
for the sensor. Clipping the sensor to moss stems of such
species as P. undulatum, as proposed in Leo et al. (2019),
would be interesting to compare with BWP response in future
studies. Nevertheless, the BWP used in this study proved to be
successful in all moss species, as also confirmed in Lobs et al.
(2020).

A. serpens (Lab) had dried out after 30 hours, whereas the
other species generally remained moist longer than 40 hours,
and did not desiccate completely during the measurement. A
more stabilized, steady evaporation was observed in B. rutabu-
lum, O. hians, O. hians (Lab) and P. undulatum. Evaporation
rates calculated for the measurement period corresponded to
maximum WC: E. striatum with the highest maximum WC
after watering also had the highest evaporation rates (0.181-
0.197 g h™Y). Evaporation rates for P. undulatum were consider-

ably smaller (0.023 and 0.012 g h™'). A group with slightly
higher evaporation rates consisted of 4. serpens (Lab) (0.056
and 0.03 g h™"), B. rutabulum (0.046 and 0.055 g h™'), O. hians
(Lab) (0.057 and 0.078 g h™") and O. hians (0.06 and 0.093
g h™!). We found a positive relationship between leaf frequency
and evaporation rate (Spearman’s correlation rho = 0.832, P <
0.001). LAI however, correlated negatively with evaporation
rate (Spearman’s correlation tho = —0.78, P < 0.001); this was
congruent with our expectations of lower evaporation rates for
moss species with a high LAI, which, as a product of different
structural traits, makes the formation of a multitude of capillary
spaces for water storage in different hierarchical levels (leaf,
shoot, and colony) more likely, overall resulting in wetter moss
cushions and lower evaporation rates, as also described in
Elumeeva et al. (2011).

WC in moss species showed diel fluctuations, albeit to
different degrees. Desiccation periods clearly aligned with
declining RH and rising temperatures in E. striatum, O. hians
(Lab), and to a smaller degree in P. undulatum, A. serpens
(Lab), B. rutabulum and O. hians. Comparably high RH and
low temperatures contributed to the quite stable WC of O. hians
throughout the measurement and to the fact that the moss did
not dry completely. We observed slight reactions of WC
towards RH changes in all samples, confirming that mosses
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reacted to increasing RH and could absorb water under
conditions with high RH, as also described in Lobs et al.
(2020).

Climatic conditions cannot explain intraspecific variation of
WC, since the replicates were measured in parallel at the same
time. A possible explanation could be that moss structure at the
sensor locations differed in regard to surface roughness, alter-
ing boundary layer resistance and thus resulting in different
evaporation velocities (Proctor, 1982). Further experiments in a
climate-controlled environment with closer control and manipu-
lation possibilities could determine if moss reactions are spe-
cies-specific.

The different soil substrates had slightly different mean WC
values in 3 cm depth: LS 0.16-0.18 g g, TS 0.24 g ¢!, AS
0.28 g ¢! and PT 0.24 g g'!. In LS, a slight reaction to rising
RH (due to night-day-shifts) was recognizable, and LS did not
desiccate, despite high temperatures above 40 °C during the
measurement period. We assume that the moss cover prevented
desiccation of the substrate, but it remains unclear whether the
substrate receives water from the moss cushion itself or plainly
from RH. For low precipitation rates, prevention of soil evapo-
ration from moss-dominated biocrusts was also reported in Li et
al. (2016).

WC at the soil surface fluctuated diurnally depending on RH
as also described in Tucker et al. (2017), especially in AS and
PT and less pronounced in LS. Moreover, we found that
oscillations related to RH were visible at the soil surface but not
in 3 c¢m soil depth, which showed that fine pores at the surface
were capable of adsorbing water out of the air (Agam and
Berliner, 2006; Hillel, 1998). So even dense moss cushions
were not completely sealing the soil surface and there was no
full barrier by bryophytes. However, since the RH-induced
fluctuations varied depending on the density of the moss cover,
i.e. the most pronounced reactions were found in the loosest
moss cover P. undulatum, we assume that mosses mitigate soil
evaporation.

Generally, WC at the soil surface was higher than in 3 cm
depth during desiccation. This could be ascribed to the fact that
the soil surface had a finer texture due to clogging of the pores
as an influence of splash effects (Morgan, 2005), which allows
for a higher WC (Dodd and Lauenroth, 1997). A further influ-
encing factor to explain this observation might be the initial soil
WC. As we measured a high soil WC before watering, the
matrix potential is reduced, resulting in a lower and less deep
infiltration (Novak and Hlavacikova, 2019).

Differences between WC values of surface and 3 cm depth
depended on the substrate: for LS, the values were very similar,
but especially for PT, WC values at substrate surface were
higher than in 3 cm depth by a factor of 1.4 to 2.3. In AS, there
was either an influence by the moss cover, or by the climatic
conditions during the measurement: AS covered with O. hians
showed a smaller difference between surface and soil WC and
not very pronounced oscillations with RH. In contrast, AS
covered with O. hians (Lab) displayed strong day-night
oscillations and WC values during nights were up to 1.5-times
higher in the surface than in 3 ¢cm depth. Since RH remained
above 50% after 20 hours during the measurement of AS with
O. hians, but dropped from 75% in the nights to 25% RH
during the days in the measurement of AS with O. hians (Lab),
we cannot exclude a strong influence of these fluctuations on
the different oscillation patterns in the AS measurements. To
determine the effect of moss layers itself on soil substrate
moistness and evaporation, an experiment with different moss
species on similar substrates and control samples without moss
is necessary.

CONCLUSIONS AND OUTLOOK

This study found that five moss species from Central Euro-
pean temperate forests can exhibit different water absorption
and evaporation patterns in response to rainfall. In some cases,
the target moss species also showed significant intraspecific
variability in rainwater interception. With regard to our hypoth-
eses, the following conclusions were drawn:

1. Contradictory to our hypothesis, total surface area did
not affect maximum water storage capacity (WSCmax). Results
further indicate that a combination of structural traits (high
shoot density, high leaf frequency, and low leaf area) may
increase  WSCumax during immersion. Generalized additive
models (GAM) revealed that cushion density also can influence
WSChax. A combination of different structural traits tested in a
GAM showed that WSCmax determined using the spray
technique was affected by leaf area index (LAI) and moss
height. Overall, soil substrates absorbed around 30 times less
water compared to mosses and an effect of bulk density, grain
size distribution and total carbon content on WSCmax was
found.

2. Both moss species and soil substrates showed
species/substrate-specific patterns in regard to changes of
moisture during watering as well as desiccation. Since soil
substrates did not desiccate despite high temperatures, yet water
content at the surface responded to relative humidity changes,
we hypothesize that the moss cover prevented desiccation
without sealing the soil. Because the humidity-induced
fluctuations varied depending on the density of the moss cover,
we further hypothesize that mosses mitigate soil evaporation.
Among moss species, differences were also observed between
replicates, primarily related to the moistening until an
equilibrium in water content was reached, as well as in the
process of desiccation. Similar WSCiax values (to immersion
and spray) were not achieved in greenhouse experiments during
watering, indicating different mechanisms of water absorption
for both soil substrates and moss species, which could not be
explained by clear patterns. In general, we can deduce that the
mosses growing on the soil may not store much of the applied
water themselves, but pass it on to the soil. Leaf frequency
correlated positively with evaporation rates, while LAI showed
a negative relationship with evaporation rates.

Although not explicitly mentioned in our hypotheses, the
results underscore that some species can develop different
morphologies due to different growing locations (field vs. la-
boratory). This can lead to a heterogeneous expression of the
same traits and raises the question of whether beneficial traits
can be conferred to individual species by laboratory cultivation,
e.g. for erosion control. Thus, the interplay of individual moss
structure traits appears to be very complex, such that further
detailed investigations especially on the 3D structure of indi-
vidual species are urgently needed. In this context, more infor-
mation on moss capillary spaces would help to achieve a higher
level of accuracy regarding the mechanisms of water absorption
in mosses. It should be noted that the methodology also needs
further improvement and the exact determination of individual
species effects can be seen as non-trivial.

Considering that the methodology has proven to be sound,
the full significance of the current results in this study needs to
be confirmed in a larger experimental setup. Further research is
required to understand the details of how different moss species
and soil substrates interact regarding water absorption and
evaporation. A multi-method approach to measure water con-
tent in different layers is recommended, using biocrust wetness
probes as well as clip sensors for the moss cover as introduced
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by Leo et al. (2019). This approach should be combined with
the use of a climate-regulated greenhouse and expanded to
include control samples without moss cover and large number
of replicates in order to cover the existing complexity as well as
possible. This complexity is also the major challenge in the
investigation of "water’s path from moss to soil", to the under-
standing of which this study has made a further contribution.
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Table S1. Equations of calibration curves for studied soil substrates and moss species. The fit quality is assessed by the root mean square
error (RMSE) and the determination coefficient (R?) between measured and modeled water content.

Sample Calibration equation a b c d e RMSE |R?
Angulatensandstein- y=exp(a-x)-b-x+c 0.0043 9.125¢ %7 |0.264 0.027 [0.928
Formation
Lowenstein-Formation y=a'x+b(BWP<1250 mV) 0.00018 0.0322 0.002 [0.990
y=a'x+b(BWP>1250 mV) 0.00215 —2.437 0.016 ]0.954
Psilonotenton-Formation y=exp(a-x)-b-x+c 0.0038 2.055¢7% |0.221 0.031 [0.926
Trossingen-Formation y=exp(a-x)-b-x+c 0.0065 3.218¢% [0.238 0.010 {0.990
Aamblystegium serpens y=(a+b-x) —2.555 0.0045 0.703 [0.979
(Lab)
Brachythecium rutabulum |y=a-x+Db 0.0096 -0.401 0.229 [0.996
Eurhynchium striatum y=a'x+tb 0.0194 -0.617 0.205 [0.995
Oxyrrhynchium hians y=ax+b 0.0127 —0.414 0.200 [0.993
Oxyrrhynchium hians (Lab) |y =exp(a-x)-b-x+c¢ 0.0008 0.0036 —0.057 0.133 [0.998
Plagiomnium undulatum y=ax*+b-x3+c-x?+d-x+e [-3.141e7!! [7.996e% [-6.066e% |0.0198 |-0.5402 | 0.223 |0.994
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Figs. S1-S10. Plots of calibration curves for studied soil substrates and moss species. Measured water contents for soil substrates are
illustrated in brown and for moss species in green.

Table S2. Maximum water storage capacity values (WSCnmax) and sample sizes of the studied moss species for immersion and spray tech-
nique as gravimetric WSCmax (g g7!), percentage WSCumax (%) and WSCmax per unit area (mm), + standard error of the mean.

MOSS Species Sample WSCmax WSCmax WSCmax WSCmax WSCmax WSCmaX

size immersion (g g™!) | spray (g g!) | immersion (%) spray (%) immersion (mm) | spray (mm)
Amblystegium | g 14.097 + 1.28 10.082 + 1.25 | 1409.668 + 127.82 | 1008.176 + 125.09 | 4.947 + 0.74 3.144 +0.23
serpens (Lab)
Brachythecium | ¢ 11.800 £ 0.81 10.049 + 0.66 | 1179.965 + 80.52 | 1004.919 + 65.74 |3.152+0.31 2712 £0.25
rutabulum
ftﬁf Zyu’:;h’”’” 17 11.223 +0.62 9.629 £ 0.40 [1122.260+61.55 [962.943+39.78 [3.342+0.21 2.820+0.18
Z’;yn ’s rhynchium |, 9.686 + 1.41 7.880+0.57 |968.598 + 141.08 |787.973+56.90 |2.094+0.12 1.945 = 0.09
Oxyrrhynchium | 9.934+1.24 11.038 + 1.23 [993.381 + 123.82 | 1103.796 + 122.86 | 2.703 + 0.32 2.448 +021
hians (Lab)
Plagiomnium | ¢ 7.308 + 0.80 8.146£032 |730.792+79.89 [814.613+31.58 |1.841+0.29 1.870 £ 0.13
undulatum
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Abstract: Biocrusts are biological communities that occupy the soil surface, accumulate organic matter and mineral
particles and hence strongly affect the properties of the soils they cover. Moreover, by affecting water repellency,
biocrusts may cause a preferential infiltration of rainwater, with a high impact on the formation of local water pathways,
especially for sand dunes. The aim of this study is to shed light on the connections between water repellency and pH,
carbonate and organic matter content in two dune ecosystems with different biocrust types. For this, we used contact
angle measurements, gas volumetric carbonate determination and organic matter characterization via FT-IR and TOF-
SIMS. In both ecosystems, moss-dominated biocrusts showed higher water repellency and higher amounts of organic
matter compared to algal or cyanobacterial biocrusts. Surprisingly, the biocrusts of the two dune systems did not show
differences in organic matter composition or organic coatings of the mineral grains. Biocrusts on the more acidic dunes
showed a significantly higher level of water repellency as compared to higher carbonate containing dunes. We conclude
that the driving factor for the increase in water repellency between cyanobacterial and moss-dominated biocrusts within
one study site is the content of organic matter. However, when comparing the different study sites, we found that higher
amounts of carbonate reduced biocrust water repellency.

Keywords: Organic matter composition; Surface characteristics; TOF-SIMS; Biocrust; Carbonate content; Water

repellency.

INTRODUCTION

Water repellency (WR) is an important factor for surface and
subsurface water redistribution, plant growth and aggregate
stability, as well as soil erosion (Doerr et al., 2000; Zheng et al.,
2016). While WR can occur on a variety of soil types and tex-
tures, it affects soils with a high content of sand particles (like
dune soils) to a higher degree than soils with a fine texture
(Gonzalez-Pefialoza et al., 2013; Woche et al., 2005). Especial-
ly the amount and composition of mineral particles and organic
matter (OM) affect the extent and persistence of WR. The ef-
fect of texture on WR can be explained by the specific surface
area (SSA) of the mineral particles, which increases with de-
creasing particle size. Hence, for the coating of fine-grained
soil particles, a higher amount of hydrophobic OM is needed as
compared to coarser particles (Gonzalez-Pefialoza et al., 2013).
Assuming the same amount of hydrophobic OM, this relation
causes a decrease in WR with decreasing particle size (Woche
et al., 2005; Zheng et al., 2016). Consequently, the addition of
smaller particles like clay and silt decreased WR and texture is
the most predictive factor influencing WR (McKissock et al.,
2000). Additionally, the application of lime also affects WR via
two mechanis. First, the input of fine particles increases the
SSA and secondly because it increases the decomposition of
hydrophobic compounds by bacteria due to the creation of more
favorable environmental conditions (Roper, 2005). Most studies
show a positive correlation of WR and the amount of OM with
a non-linear increase in WR with increasing OM content

(Leelamanie and Karube, 2009; Vogelmann et al., 2013; Woche
et al., 2005). OM consists of fresh plant tissues, plant waxes and
a high number of amphiphilic compounds like fatty acids. These
compounds can form OM coatings (Graber et al., 2009; Morley
et al., 2005). If OM components are mixed with mineral parti-
cles, the WR increases only slightly while a coating of particles
with OM results in more intense WR (Bisdom et al., 1993).

However, WR is a highly dynamic soil property. For exam-
ple, WR increases with decreasing water content (Dekker and
Ritsema, 1994) while under laboratory conditions WR decreas-
es with increasing soil pH (Diehl et al., 2010). For Mediterra-
nean soils, the persistence of WR in the field was found to
decrease with increasing pH value (Mataix-Solera et al., 2007;
Zavala et al., 2009).

Biocrusts cover soils as part of early ecological succession
or as permanent soil cover in semiarid and in humid climates
including sand dunes around the world (Belnap, 2006; Nierop
et al., 2001; Tighe et al., 2012). Biocrusts consist of cyanobac-
teria, algae, lichens, bacteria, fungi and mosses in different
ratios depending on climate and successional stage. During
growth, these organisms influence the soil pH, accumulate
carbon, nitrogen (Chamizo et al., 2012; Lichner et al., 2018)
and other elements (Beraldi-Campesi et al., 2009), stabilize the
soil surface and change the soil structure (Felde et al., 2014) of
the upper soil layer at millimeter scale. Since biocrust for-
mation changes the properties of the very soil surface, it also
affects WR and hydraulic conductivity of the soil surface
(Gypser et al. 2016; Tighe et al., 2012). In most studies, bi-
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ocrusts show only subcritical WR values, including studies on
biocrusts in the Negev (Gypser et al., 2016; Keck et al., 2016;
Kidron and Biidel, 2014). The semi-arid northwestern Negev
provides unique growing conditions for biocrust organisms, as
the sand dunes are part of a nature protection area and the eco-
system has a high input of dust (Littmann and Schulz, 2008)
and moisture via dew (Jacobs et al., 2000). The geological
material is enriched in carbonates, has an alkaline pH and bi-
ocrust growth is rather fast (Kidron et al., 2020). In contrast to
this, biocrusts from the humid Sekule site in Slovakia show
strong WR on carbonate-free dunes with an acidic pH-value
(Lichner et al., 2012). This effect increased with ongoing bi-
ocrust development and increasing amounts of OM (Drahorad
et al., 2013b; Drahorad et al., 2020). Until now, studies compar-
ing the WR and correlated soil properties of biocrusts in con-
trasting ecosystems are missing. We compared biocrusts of the
Negev dunes (Israel) and at Sekule (Slovakia) to test the hy-
pothesis that higher pH values (as induced by higher carbonate
contents) are correlated with lower levels of WR in biocrusts.
To check this, we correlated contact angle (CA) data with pH
values. Moreover, as earlier studies did show that an increase in
WR correlates with an increase in OM but does not relate to
OM characteristics at the Sekule site, we hypothesized that the
same effect will be visible for biocrusts of the Negev. To test
this, we compared data on OM amounts of two biocrust types at
each study site and characterized the OM at the Negev site
using Fourier transform infrared spectrometry (FT-IR). Moreo-
ver, organic coatings may play a major role in WR of biocrusts.
We use Time of Flight Secondary Ion Mass Spectrometry
(TOF-SIMS) as powerful tool for the characterization of envi-
ronmental samples to show the surface characteristics of bi-
ocrust-associated mineral grains (Arenas-Lago et al., 2016;
CIiff et al., 2002). As the biocrusts at Sekule developed under
humid climate conditions, we hypothesize a higher OM accu-
mulation in these biocrusts as compared to biocrusts of the
Negev (Israel), which in turn may be accompanied by a thicker
organic coating of mineral grains.

MATERIAL AND METHODS

The first study site is located at Sekule (southwestern
Slovakia) with a mean annual precipitation of 550 mm and
carbonate-free inland sand dunes as parent material. Because of
sand mining for building purposes, an artificial glade arose,
where biocrusts cover the sandy soils. The biocrusts at freshly
disturbed areas are thin, algae- and cyanobacteria-dominated
crusts while thick, moss-dominated crust cover the soil at less
disturbed areas. For a detailed description of the forest glade
side and the occurring biocrust species, see Lichner et al.
(2013). The second study site is located in the Negev dunes
(Israel) 25 km north of Nizzana and 12 km south of the town of
Yevul and is characterized by a mean annual precipitation of
approx. 170 mm and carbonate containing sand as parent mate-
rial. Biocrusts stabilize the dunes with thin cyanobacterial
crusts at the south-exposed slopes and thicker, moss-dominated
crusts dominate at the wetter, north-exposed dune slopes. For a
detailed description of biocrust OM composition and occurring
cyanobacterial species see Drahorad et al. (2013a) and
Hagemann et al. (2015).

Sampling of biocrusts and underlying soil
At both study sites, we sampled biocrusts in two depths, in-

cluding algae-and cyanobacterial-dominated biocrusts at freshly
disturbed areas in Sekule and the southexposed slopes in the

Negev and moss-dominated biocrusts at less disturbed areas in
Sekule and northexposed dune slopes in the Negev. Sampling
included three depths: i) the topcrust (TC; 0-2 mm) ii) the
underlying subcrust (SC; 2-20 mm) and iii) the topsoil (TS;
20-100 mm). We analyzed soil texture, carbonate content, pH
and CA on these samples. In addition, we used the Water Drop
Penetration Time (WDPT) test for the description of actual
repellency on intact in-situ biocrusts (only for the TC). For the
characterization of OM of Negev biocrusts we used the TC and
SC samples of cyanobacterial- and moss-dominated biocrusts,
to allow a good comparability with existing results of the same
biocrust types at Sekule site. To test the hypothesis of changes
in the organic coatings of mineral biocrust particles, we isolated
particles from moss-dominated biocrusts of the two study sites.
These TCs are characterized via ToF-SIMS. We concentrated
on these samples as moss-dominated biocrusts showed the
highest WR. Therefore, we expect to find the highest differ-
ences in coating thickness and composition for mineral particles
between the two study sites.

Sample treatment and analysis

The content of sand particles and finer (i.e. silt and clay) par-
ticles (2000-63 pm and < 63 pm, respectively) was classified
based on wet sieving according to ISO 11277. All samples were
dried at 105°C and sieved (2 mm) and an aliquot was finely
ground (0.05 mm) for the measurement of total carbon (C) and
total nitrogen (N) by dry combustion (Vario EL CNS analyzer).
For the Negev samples, the carbonate content was analyzed
gas-volumetrically using a Scheibler apparatus according to
ISO 10963. For the Negev, this includes mainly calcium car-
bonates and to a lesser extent, magnesium carbonates (Rozen-
stein et al., 2014). The amount of total organic carbon (TOC)
was calculated as the difference between carbonate content and
total carbon. The pH value was measured in a 1:5 water extract.

For the Negev samples, we included an OM characteriza-
tion via FT-IR. For recording FT-IR spectra, we used 1 mg of
ground, desiccated soil (< 0.5 mm) mixed with 80 mg of potas-
sium bromide and dried over night over silicagel in an exsicca-
tor (Ellerbrock et al., 1999). The mixture was pressed into a
pellet by applying a pressure of 980.7 MPa for 10 min. Infrared
absorbance spectra of OM were collected in the wave number
range of 4,000-400 cm ™' with 16 scans per spectrum. The spec-
tra were smoothed (boxcar moving average algorithm, factor 45)
and corrected for baseline shifts using WIN-IR Pro 3.4 software
(Digilab, Massachusetts, USA). For a detailed description on
FT-IR spectra of the Sekule samples see Drahorad et al. (2020).

Water repellency (WR) measurements included water
drop penetration time (WDPT) test. It is the fastest in-situ
method for assessing the persistence of the actual WR of the
undisturbed biocrusts. A drop of distilled water (approx. 50 pL)
is placed on the soil surface and the time that it takes for com-
plete surface penetration is recorded. Since water only enters
the soil if the contact angle between water and soil is less than
90°, the WDPT test is a measure of the time required until the
contact angle reaches values below 90° and thus, of the persis-
tence of WR rather than its intensity (Iovino et al., 2018; Letey
et al., 2000). We use the terms "actual WR" for field-moist
samples in natural position and "potential WR" as the maximum
possible WR for samples that were dried by 105 °C, according
to Dekker and Ritsema (1994).

A second method that we used for the analysis of WR was
the measurement of the contact angle via the Wilhelmy Plate
Method (WPM). The WPM allows the determination of the
advancing and receding contact angle and is theoretically suited
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to measure contact angles between 0° and 180° (Bachmann et
al., 2003). Briefly, we used disturbed samples (< 2 mm) to
create a thin layer of soil particles on a glass slide using double-
sided adhesive tape. When present, aggregates were gently
crushed in a mortar. Despite the coarse texture of the samples,
we decided not to grind them in order to avoid the breaking of
sand grains, which would have resulted in the creation of new
surfaces that likely cause an underestimation of the CA. We
measured the advancing contact angle with five repeated meas-
urements for each sample, using a dynamic contact angle tensi-
ometer (DCAT11, Dataphysics, Filderstadt, Germany).

It should be noted that one possible source of error that can
lead to the overestimation of CA for the Sekule samples may
have been the coarse texture and the fact that samples were not
ground prior to CA analysis. While the Negev samples con-
tained more fine particles, which are likely to have covered the
complete adhesive tape, this was not the case for the Sekule
samples. Containing fewer silt and clay-sized mineral particles,
it may have been the case that some spots on the adhesive tape
between larger sand grains were exposed to the water, which
may have led to an overestimation of the CA for this sample.

For surface characterization and the description of min-
eral grain coatings, we analyzed single sand grains by using
Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS).
Therefore, we isolated mineral grains of moss-dominated bi-
ocrusts via density separation in deionized water and trans-
ferred them on an adhesive copper tape. The ToF-SIMS meas-
urements were performed with a TOF.SIMS M6 instrument
(ION-TOF GmbH, Muenster, Germany) equipped with a 30
keV Bi-cluster primary ion gun, as well as with a gas cluster
ion beam (GCIB) and a dual source column (DSC) for sputter-
ing. All analyses were carried out with Bi*" primary ions, with a
cycle time of 75 ps (imaging mode) or 120 ps (spectrometry
mode) in positive and negative ion mode. Charge compensation
was done with low energetic electrons. Mass spectra were
recorded using the spectrometry mode on an analysis area of
500 x 500 pm” keeping a dose density limit of 10'* ions cm . A
mass resolution of FWHM m/Am > 3500 at m/z 29.00 (CHO")
in positive ion mode and m/Am > 1800 at m/z 26.00 (CN") in
negative ion mode was achieved. The signals H*", CH*" (15.02 u),
Na" (22.99 u), K" (38.96 u), C;Hs" (41.04 u), C;H;" (43.05 u) in
positive ion mode and H, (2.01 u), C (12.01 u), C;” (24.00 v),

C; (36.00 w), PO™ (62,97 u) in negative ion mode were used
for internal mass calibration. Surface analysis of the soil parti-
cles turned out to be challenging due to their heterogeneous
surface properties and the particulate character of the sample
system. In addition, the topography of the particles has a signif-
icant impact on mass resolution of the obtained spectra. There-
fore, five regions of each sample set were analyzed in spec-
trometry mode for comparison. The corresponding mass images
were used to set regions of interest (ROI), which were defined
by a threshold of 10%-90% pixel intensity of the total ion
image to select the particle areas. By normalization to the total
ion signal intensity, we minimized the topographic effect not
only on the mass resolution but also on the signal intensity and
enabled a comparison of selected mass signals. The mass imag-
es shown in Fig. 4 were recorded in imaging mode with delayed
extraction for good mass and good lateral resolution (Henss et
al., 2018). For the images, areas of 500 x 500 um” with 1024 x
1024 pixels were scanned. More detailed information on SIMS
measurements can be found elsewhere (Vickermann and Gil-
more, 2009). Data analysis was performed with the “Sur-
faceLab 7.1.1” software (ION-TOF GmbH).

Data management and statistics included the calculation of
significant differences between the measured biocrust parame-
ters on a level of significance of 5%, using a 1-way ANOVA.
As the data-set was too small for a MANOVA including bi-
ocrust depths, types and sampling areas as single fixed factors,
we reclassified these samples in 12 equal factors, allowing the
calculation of a 1-way ANOVA. Post Hoc Scheffé test was
used, as the data set was unbalanced. Pearson’s correlation
coefficient was used to describe correlations (Statistica 14).

RESULTS AND DISCUSSION

The TC samples at different sampling sites show significant
differences in pH, carbonate content, texture and CA (p < 0.001)
(Table 1). Interestingly, TC samples of the same biocrust type
show comparable contents of TOC and N at the two study sites
(Table 1 and Figure 1). This is surprising, as the humid ecosys-
tem in Sekule should in general favor higher biomass accumu-
lation due to higher amounts of annual precipitation. With
increasing annual precipitation and available moisture, biocrust
biomass increases (Kidron et al., 2014; Lichner et al., 2018).

Table 1. Basic biocrust and soil characteristics at Sekule (Slovakia) and Negev dunes (Israel) in three sampling depths (TC 0-2 mm; SC 2—
20 mm; TS 20-100 mm; n = 7/6/4 for Sekule and n = 3 for Negev dunes). Particle size distribution by wet sieving (n = 4 Sekule, n = 3
Negev). All values are means, standard deviation in parenthesis. Different upper case letters denote significant differences between sam-
pling depths within the same biocrust type at each sampling site, different lower case letters denote significant differences between biocrust
types at the same sampling depth and sampling site and different numbers denote significant differences between comparable biocrusts

types at different sampling sites.

sand particles fine particles
[Area [type [depth | pH Carbonates N 2000630 pm | 630-200 pm | 20063 um <63 um
[weight-%] [%] [%]
Sekule | algae | TC | 4.8 (£0.1)**' 0.0 0.04 (£0.01)**" | 0.01 (£0.02)™*"  32.43 (£10.84)**"  57.42 (£9.93)**' | 3.01 (+0.32)™*'
SC | 4.9 (£0.1)»! 0.044! 0.02 (£0.0)*™' | 0.01 (x0.01)**" 3235 =8.17)*!  61.89 (£7.67)™*! | 3.10 (x0.85)**!
TS | 4.9 (£0.1)*"! 0.0%*! 0.01 (£0.00)**' | 0.02 (0.02)**'  29.07 (£2.30)**'  65.15 (=3.81)*" | 3.31 (£0.77)**'
moss | TC | 4.4 (£0.1)»*! 0.0%! 0.09 (£0.02)%*! | 0.00 (£0.00)**'  28.39 (x9.31)**!  44.69 (x8.19)**' | 4.69 (£1.29)**!
SC | 4.6 (x0.1)*"! 0.0*! 0.03 (20.01)*? | 0.03 (x0.01)**'  34.75 (£15.22)**'  50.28 (£16.36)**' | 3.93 (x0.35)**'
TS 4.8 (£0.1)%! 0.0%! 0.01 (£0.00)**? | 0.03 (£0.03)**!  37.16 (£13.46) ™' 51.38 (£15.98)*' | 3.68 (£1.23)**!
Negev |cyano | TC | 7.4 (0. | 2.6 (0.2)*** | 0.03 (x0.01)**' | 4.61 (£1.15)™7  58.56 (+2.40)™**  33.83 (x2.68)*** | 10.13 (£1.42)**'
SC | 8.0 (0.4 | 1.7 (£0.2)**? | 0.01 (£0.00)*"' | 3.33 (20.67)***  56.57 (£3.93)***  37.00 (£3.85)*"? | 5.75 (£0.74)™*'
TS 8.4 (£0.3)®"% | 1.0 (0.2)*** | 0.01 (£0.00)*™" | 2.34 (£0.60)***  58.08 (x1.80)™**  36.27 (£1.66)*** | 5.76 (£2.36)™*!
moss | TC | 7.1 (£0.2)** | 7.3 (£1.1)™2 | 0.10 (£0.02)®*' | 3.30 (£0.82)***  57.97 (£3.68)**?  34.05 (£3.37)**? | 26.92 (+2.09)>*
SC | 7.6 (£0.2)*"? | 5.4 (£2.2)*"2 | 0.04 (£0.01)**? | 4.08 (£1.42)**? 5428 (£1.65)**!  37.70 (£2.91)**? | 14.94 (+2.38)""?
TS | 8.0 (20.2)%*2 | 4.2 (x0.5)°" | 0.02 (£0.01)*"* | 2.96 (20.79)**?  57.65 (2.3 35.71 (£1.78)*** | 11.44 (=4.36)***

371




Sylvie Laureen Drahorad, Vincent J. M. N. L. Felde, Ruth H. Ellerbrock, Anja Henss

a,b ab
2.0 e .
o P
o P
S
2 - R
o i~ 1o
= B P
b
1.0 ‘ .. Y
P Y
éog c
.
-
. L € ‘ i
bt B T L .
02} ¥ i - 5 |
DI ¥ " R -
TC SC TS TC SC TS TC SC TS TC SC TS
algae-crust Sekule moss-crust Sekule cyano-crust Negev moss-crust Negev

Fig. 1. Variability plot showing the total organic carbon (TOC) of two biocrust types (algae/cyano; moss) in three sampling depths (TC 0-2
mm; SC 2-20 mm; TS 20-100 mm) in Sekule and the Negev. Letters indicate a significant difference (p < 0.05) between sampling depths
within the same biocrust type (a), a significant difference between the biocrust types at the same sampling depth and sampling site (b) or a
significant difference between comparable biocrusts types at different sampling sites (c).

We therefore assume that the available moisture is lower in
Sekule, as water infiltrates fast and the biocrusts dry rapidly
due to the high content of sand sized particles (> 95%). In con-
trast, higher amounts of fine sized particles (Table 1) increase
the water holding capacity and wetness duration, likely favor-
ing a higher biomass build-up in cyanobacterial Negev
biocrusts (Kidron et al., 2009).

Total organic carbon and pH-values of biocrusts

The TCs show lower pH values as compared to SC and TS
samples (with the exception of the TC of the algae biocrust at
Sekule). This is in accordance with findings for biocrust-
covered soils located in humid regions of eastern Germany (pH
decrease from 4.8 to 4.2) or in semiarid regions within the
Negev (pH decrease from 8.6 to 7.6) (Fischer et al., 2010; Keck
et al., 2016). The biocrust samples from both sites, Negev and
Sekule, show a decrease in pH from the cyanobacterial/algae
biocrust to the moss-dominated biocrust. This trend was also
found for a development from algae to moss-dominated bi-
ocrusts in the Netherlands (pH decrease from 4.8 to 4.2)
(Nierop et al., 2001).

The accumulation of TOC is significantly higher in the TC
of moss-dominated biocrusts at both sites as compared to the
SC and TS underneath and as compared to the algae- or cyano-
bacterial-dominated biocrust (Figure 1). For Sekule, the two
examined biocrust types represent an early and a late succes-
sional development stage, respectively. As late successional
biocrusts show higher gross photosynthesis than early succes-
sional biocrusts, that can induce higher overall TOC accumula-
tion in these biocrust (Miralles et al., 2018).

Organic matter characterization of Negev dune biocrust

FT-IR was used to describe the OM of the biocrusts at the
Negev site as already done in an earlier work for the biocrusts

of Sekule (Drahorad et al., 2020). The FT-IR spectra are
characterized by the same bands as the previously recorded for
data on biocrusts in Sekule (Figure 2). This included the bands
relevant for the WR of soils at the wavenumbers at 2925 cm ' +
2858 cm ' (aliphatic C-H) and 1635 cm ' (C=0, aromatics)
(Ellerbrock et al., 2005). This similarity in the spectra is in
accordance with FT-IR data of biocrusts sampled in humid
climate (Fischer et al., 2013). Nierop et al. (2001) did show a
comparable pattern of polysaccharides in marine algae, soil
algal mats and moss-covered dune sand. In general, bacterial vs.
fungal materials show the same pattern in *C NMR-spectra
with high proportions of alkyl-C structures and polysaccharides
(Kogel-Knabner, 2002). NMR-spectra of biocrusts from the
Negev and eastern Germany showed similar OM composition
and also similarities to cell spectra of algae (Fischer et al.,
2013). More studies on the OM composition are needed to
reveal general (i.e. global) patterns. Nevertheless, for the
comparison between Negev and Sekule biocrusts we assume
that the biocrust OM composition is not the relevant driver for
differences in WR.

Differences in the FT-IR spectra were pronounced for the
bands 1085 and 1033 cm ' (polysaccharides, silicates and clay
minerals) showing a double peak for Negev biocrusts compared
to Sekule biocrusts. This reflects the higher amount of fine
particles and therefore likely higher clay mineral content in
these samples. Moreover, the second difference between the
spectra are bands near 1430 and 875 cm ', which are character-
istic for carbonates (Smidt et al., 2002). For the Negev bi-
ocrusts, the reduction in absorbance of the spectrum at 875 cm™'
in the order cyanobacterial TC>cyanobacterial SC>moss
TC >moss SC is in line with the carbonate concentrations de-
termined (Table 1). The results demonstrate that FT-IR can also
be used for carbonate concentration measurements in biocrusts
as already shown for other carbonate-containing soils (Tatzber
et al., 2007).
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Fig. 2. FT-IR spectra of cyanobacterial and moss-dominated biocrust of the Negev (green = cyanobacterial topcrust; red = cyano-
bacterial subcrust; violet = moss-dominated topcrust; blue = moss-dominated subcrust). Insert for comparison: mean FT-IR spectra
of algae and moss top- and subcrusts at Sekule, original data see: Drahorad et al., 2020). Arrows indicate differences in FT-IR spec-
tra with bands indicating higher clay content (black arrow) and bands indicating the occurrence of calcium carbonate (grey arrows).

Table 2. Intensity of water repellency (contact angle) in the examined biocrusts at Sekule (Slovakia) and Negev dunes (Israel) in three
sampling depths (TC 0-2 mm; SC 2-20 mm; TS 20-100 mm; n = 7/6/4 for Sekule and n = 3 for Negev) and persistence of water repellency
(actual repellency) of the undisturbed biocrusts in situ (n = 10). Different upper case letters denote significant differences between sampling
depths within the same biocrust type at each sampling site, different lower case letters denote significant differences between different
biocrust types at the same sampling depth and sampling site and numbers denote significant differences between comparable biocrusts

types at different sampling sites.

Area crust type | depth contact angle [°] actual repellency / WDPT [s]
Sekule algae TC 111.75 (£11.92)»! very hydrophilic 0 (£0)
sC 109.90 (+10.29)4! -
TS 88.39 (+7.26)%*! -
moss TC 135.01 (+8.99)*%! moderately hydrophobic 294 (+14)
sC 113.63 (+4.37)%%! -
TS 93.54 (+4.24)°*! -
Negev cyano TC 29.07 (£2.87)»*2 very hydrophilic 0(+0)
sC 27.43 (£13.65)4*? -
TS 29.40 (£6.50) -
moss TC 86.70 (£11.75)A52 very hydrophilic 0(x0)
sC 62.50 (£11.08)"2 -
TS 38.77 (29.55)%*2 -

Actual repellency and intensity of WR of biocrusts

The WDPT of the undisturbed biocrust in-situ shows that
only one biocrust is moderately hydrophobic (Table 2). Early
biocrusts on Sekule sand and biocrust growing on carbonate
containing sands of the Negev do not show an actual WR per-
sistence. These values are below WR values of sandy soil sur-
faces under various European pine forests (< 433 s) (Iovino et
al.,, 2018) and below the actual repellency found on non-
calcareous sand dunes in the Netherlands (600-3600 s) (Dekker
et al., 2001). Compared to these rather low values of the actual
repellency, the CA data shows a moderate to very strong poten-

tial WR resistance for algae biocrusts at Sekule study site. Two
treatment effects explain this difference. First, the concept of
potential WR includes drying of samples and the potential WR
of soil samples increases with increasing drying temperature
(Dekker et al., 2001; Diehl et al., 2009). Moreover, the disturb-
ance itself during sampling has a profound influence. Graber et
al. (2006) identified strong differences of WR between dis-
turbed and undisturbed samples in sandy soils. They hypothe-
sized that the reason for these changes relate to differences in
surface roughness, pore size distribution, pore connectivity,
bulk density and changes in the distribution and orientation of
the substances that are responsible for repellency. Moreover,
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even very thin layers of fine particles covering biocrusts chang-
es the WR on the surface (Cania et al., 2020; Fischer et al.,
2010). For example, sand burial of moss-dominated biocrusts in
the Tengger desert was reported to decrease WR (Jia et al.,
2020). These results show the importance of the biocrust sur-
face structure and the in-situ integration in the ecosystem for
real field site WR. Therefore, measurements of intact biocrusts
are relevant for the evaluation of water flow pathways in bi-
ocrust covered ecosystems.

In contrast to the actual repellency determined by WDPT,
the intensity of WR shows CA of above 100° for both biocrust
types at Sekule and CA up to almost 90° for the moss-
dominated biocrust of the Negev. Here, differences between
crust types are most obvious. While the values for all depths of
the cyanobacterial biocrust of the Negev do not show any dif-
ferences, for the moss-crust a clear increase from 38.77° to
62.50° and finally 86.70° can be observed from TS to SC and
finally to TC. Different CA between the different sampling
depths, which show the effect of OM accumulation by the crust
organisms, are obvious for all but the cyanobacterial crust from
the Negev. The fact that differences between crust types in
Sekule are very low (and in fact are only significant in the case
of the TC vs. TS in the moss-dominated biocrust) may be indic-
ative for the effect of texture and pH at this study site. Soils
below the Sekule biocrusts have a coarser texture and a more
acidic pH compared to the Negev soils.

Relation between WR, TOC and pH value of biocrusts
In both ecosystems, algae- or cyanobacterial-dominated bi-
ocrusts show lower TOC content and CA than moss-dominated

biocrusts. This trend is in line with earlier studies on WR of
biocrusts. As biocrusts develop, their thickness and the amount
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of OM increase as well, and so does their WR (Drahorad et al,
2020; Gypser et al., 2016; Lichner et al., 2018). For both study
sites, TOC and CA are highly correlated (r = 0.81 Sekule and r
= (.83 Negev). This confirms part one of our hypothesis on OM
dynamics, namely that an increase in biocrust OM induces an
increase in WR. Plotting the complete data set confirms visual-
ly that the Sekule biocrusts show higher WR for samples with a
similar TOC content compared to Negev biocrusts (Figure 3).
Therefore, we assume that within each study site, the differ-
ences in WR result from a higher overall amount of OM in the
moss-dominated biocrusts as compared to the algal-
/cyanobacterial crusts. This effect may be stronger at the Sekule
site, as Wang et al. (2010) found that soil organic carbon af-
fected WR stronger in soils that were classified as repellent,
while texture and pH had a higher impact on WR in wetta-
ble/non-repellent soils.

Based on the conclusion that an increasing OM content is
inducing a higher WR for biocrusts at the same study site but
that OM amount or composition do not explain the differences
between the study sites, two effects may explain the differences
in the WR. First, the biocrusts at the Negev reveal a higher pH
value than the biocrusts in Sekule and pH and CA show a
strong negative correlation (r = —0.76 Sekule and r = —0.73
Negev). Studies on WR and pH on semiarid alkaline soils
showed lower persistence of WR compared to acidic soils
(Mataix-Solera et al., 2007). In their meta-analysis, Zheng et al.
(2016) also reported a negative correlation between pH and WR,
while soil organic carbon generally correlates positively with
WR.

Deprotonation of surface sites and the changes in OM
confirmation are the mechanisms that explain the effect of pH
changes on WR (Diehl et al., 2010; Doerr et al., 2000). Doerr et
al. (2000) state that this effect is strong enough to explain all
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Fig. 3. Correlation between contact angle and amount of total organic carbon (TOC) for all samples at the study site Sekule (Slo-
vakia; n = 34) and the Negev (Israel; n = 18). Dashed lines showing the regression bands (level of confidence 0.95).
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changes in WR. We doubt this for the examined biocrusts as the
changes between the study sites are very strong. As the correla-
tion between H'-concentration and TOC is very high (r = 0.75 /
r=0.91, Sekule/ Negev), it is not possible to separate the effect
pH has on the detected WR. Nevertheless, at the Negev site, the
amount of carbonates has a higher correlation with CA (r =
0.81) than the pH (r = —0.62). This indicates that the amount of
carbonates has a higher effect on WR than the pH value. In our
opinion, this highlights the more relevant second variable influ-
encing the differences in WR between the study sites, namely
texture. The Negev biocrusts are composed of a high amount of
finer particles compared to Sekule biocrusts. In general, WR
decreases with particle size (Gonzalez-Pefaloza et al., 2013). In
this study, the dunes at Sekule show significantly higher
amounts of coarse and middle-sized sand grains, while the
Negev biocrusts show significantly higher amounts of fine
sized sand grains, fine particles (< 63um) and carbonates (Ta-
ble 1). First results on the particle size distribution of the fine
fraction < 63um show around 5% clay and up to 20% silt with-
in this fraction (unpublished data). This material mix reduces
WR effectively as shown by McKissock et al. (2000). Moreo-
ver, Harper et al. (2000) did show that more TOC was needed
to induce WR in soils that have clay contents above 5%. In
addition, the Negev biocrusts contain up to 7.3 (£1.1) weight-%
carbonates (Table 1). This may have a direct effect on WR as
well, as addition of powdered lime effectively reduced WR in
soils during remediation trials (Roper, 2005).

Surface characterization of mineral particles separated
from moss-dominated biocrust

No significant difference in the composition of organic
fragments can be found in the mass spectra from Sekule and
Negev (Figure 4). But for the inorganic compounds an in-
creased intensity of Ca’, Si", Mg" and Fe" was found for the
sample from the Negev site. The higher detected amounts of
Mg" and Fe" may have an influence on WR. Harper et al. (2000)
found that these minerals reduce WR in soil samples. Moreover,
in the Negev samples a higher content of CaPO;” was detected
in the negative ion mode. The higher Ca” and CaPOj; signal

500 x500 pm?

500 x500 pm?*

intensity refers to an increased amount of Ca and most likely of
CaCO; for the Negev sample. Unfortunately, carbonate frag-
ments cannot be assigned specifically as there is an overlap of
CO7/Si” and CO;7/Si0O, . Due to the sample roughness, the mass
resolution is not sufficient to differentiate between these over-
lapping peaks. Nonetheless, the SiO," signal is also significant-
ly increased for the Negev sample, which is certainly due to the
signal overlap of CO; and SiO,. This is supported by the
higher C content of the Negev biocrust samples (Table 1) and
accounts for a higher fraction of carbonate-bound C in the
sample from the Negev site. Figure 4 shows exemplary mass
images of particles from both sites in positive and negative ion
mode. Beside the particular structure, the overlay of different
mass signals shows clearly the heterogeneous composition of
the surface layer. It can be seen that the organic fragments
represented by CN™ and C;H;0" are only found in certain areas
and hence, the sand grains are not completely covered by OM.

CONCLUSIONS

We compared the WR of two biocrusts types on carbonate-
free and carbonate-containing sand dunes and examined the
effect of OM, pH and carbonate content on WR. We conclude
that the driving factor for the increase in WR within the
individual sampling sites is the OM content and not the OM
composition. However, this is only true for comparisons within
one site, but not among sites. The high differences in potential
WR between the study sites is related neither to OM amount,
nor to changes in OM composition or organic coating
characteristics. The most relevant factors explaining the lower
WR in biocrusts of the Negev are the higher amounts of
carbonates and the related higher pH values. Moreover, the
Negev biocrusts show higher amounts of fine particles that are
likely to reduce WR as well. As carbonates are destructed
during the texture analysis, further studies are needed to
identify the textural effect that carbonates may have on
biocrusts” WR by increasing the amount of fine particles. This
could be done by comparing the effect of siliceous vs.
carbonate mineral particles of the silt fraction on the WR of
different soils.

500 x500 pm?

———4200.00 ym

500 X500 pm?

—200.00 pm
3

"'4",{” -

Fig. 4. Images of TC mineral particles from moss-dominated biocrusts (Negev site = left; Sekule site = right) show an overlay of the
Si*, C;H;0" and Fe' signal in positive ion mode and SiO,, CN™ and CaPO; signals in the negative ion mode. The visualizations
show the heterogeneous surface composition of the particles and proof that the organic crust (represented by C;H;O" and CN™ in

green) is not covering the complete particle.
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Abstract: General weather conditions may have a strong influence on the individual elements of the hydrological cycle,
an important part of which is rainfall interception. The influence of general weather conditions on this process was
analysed, evaluating separately the influence of various variables on throughfall, stemflow, and rainfall interception for a
wet (2014), a dry (2015), and an average (2016) year. The analysed data were measured for the case of birch and pine
trees at a study site in the city of Ljubljana, Slovenia. The relationship between the components of rainfall partitioning
and the influential variables for the selected years was estimated using two statistical models, namely boosted regression
trees and random forest. The results of both implemented models complemented each other well, as both indicated the
rainfall amount and the number of raindrops as the most influential variables. During the wet year 2014 rainfall duration
seems to play an important role, correlating with the previously observed influence of the variables during the wetter
leafless period. Similarly, during the dry year 2015, rainfall intensity had a significant influence on rainfall partitioning
by the birch tree, again corresponding to the influences observed during the drier leafed period.

Keywords: Throughfall; Stemflow; Rainfall interception; Rainfall microstructure; Boosted regression trees; Random

forest.

INTRODUCTION

The hydrological cycle is altering due to climate change, as
differences in global redistribution of precipitation and varia-
tions in seasonal precipitation patterns are observed (Inglezakis
et al., 2016). This results in a significant reduction of precipita-
tion in some parts of the world, while major variations in the
timing and amount of precipitation per dry and wet season are
expected elsewhere (Peng et al., 2021). The pronounced differ-
ences between the wet and dry periods significantly alter the
water yield and the local water balance, the ecosystem services,
the water availability for vegetation, leading to changed occur-
rences of floods and droughts (Bezak and Mikos, 2014; Hun-
gate and Hampton, 2012; Xu et al., 2020).

In the context of climate change, the relationship between
the water balance and vegetation in dry and wet periods is
increasingly recognized. In this aspect, various influences of
different vegetation systems were studied. Vegetation is an
important component, determining the ecosystem services,
which were recognised to help mitigate the intensity of ex-
tremely dry and wet conditions expected in the future (Peng et
al., 2021). An important contribution to the ecosystem services
is also presented by the forest ecosystem affecting the global
carbon budget. The different response of a forest ecosystem in
wet and dry periods was analysed by Xiao et al. (2020), who
concluded that in the dry season the precipitation generated
significantly positive effects to the cumulative CO2 emissions,
while the soil respiration rate was mainly influenced by the fine
root biomass regardless the season. An analysis of historical
data from the tree rings was performed by Gao et al. (2020),
who observed that the growth of trees was improved by wet-
ness, suggesting that tree growth is more sensitive to wetness
than the forest coverage. Wetter conditions may, on the contra-
ry, reduce the carbon flux and evapotranspiration in steppe

ecosystems, for which Hao et al. (2008) reported that both
timing and frequency of rainfall events during the growing
season significantly alter the capacity of steppe vegetation to
uptake COa.

Forest ecosystems and trees in general also significantly in-
fluence the hydrological cycle through the process of rainfall
interception (Dohnal et al., 2014; Klamerus-Iwan et al., 2020;
Xu et al., 2013). Precipitation reaching the vegetation surface is
distributed among the intercepted rainfall, which is captured by
the canopy and eventually evaporates back into to the atmos-
phere, throughfall, which is described as the precipitation
reaching the ground by dripping from the canopy or falling
directly to the ground through the gaps in the foliage, and
stemflow, presenting the water flowing to the ground down the
branches and stems (Levia and Germer, 2015; Sadeghi et al.,
2020; Staelens et al., 2008; Xiao et al., 2000; Yue et al., 2021;
Zabret et al., 2018). Rainfall interception is influenced by vege-
tation and meteorological characteristics. Vegetation character-
istics considered are mainly tree characteristics, such as the tree
height and surface area (e.g., projected tree canopy), smooth-
ness and absorbance of the bark, leaf area index, canopy cover-
age, and canopy storage capacity (Dohnal et al., 2014; Klamer-
us-Iwan et al., 2020; Xu et al., 2013; Zabret, 2013). According
to the differences among the tree species, the different response
of rainfall partitioning was analysed (Honda et al., 2014;
Schooling and Carlyle-Moses, 2015). As characteristics of
some tree species (e.g., deciduous trees) are substantially influ-
enced by the phenoseasons (presence and absence of leaves in
the tree canopy), the rainfall partitioning in leafed and leafless
period has also been frequently studied, mainly in relation to
the meteorological conditions (Brasil et al., 2020; Levia and
Germer, 2015; Muzylo et al., 2012; Su et al., 2019; Zabret et
al., 2018). Meteorological characteristics on the contrary ex-
plain the characteristics of rainfall events, for example the
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rainfall amount, duration and intensity, air temperature and
humidity, vapour pressure deficit and wind conditions (Andre
et al., 2008; Staelens et al., 2008; Zabret and Sraj, 2019a).
Although meteorological conditions are significantly associated
with dry and wet periods, which influence the hydrological
cycle, the influence of these two water-related conditions has
been so far overlooked in the analysis of rainfall interception.

Rainfall interception is an important part of the hydrological
cycle and is, due to the inclusion of trees, also one of the eco-
system services. The response of rainfall interception according
to various influencing variables, type of rainfall events, and
phenoseasons has been analysed; however, the process of rain-
fall interception associated with dry and wet periods has been
neglected so far. As numerous researchers have observed the
relationship between wet and dry periods and vegetation re-
sponse to various natural processes, the main objective of the
presented analysis is to investigate a possible influence of gen-
eral weather conditions (e.g., wet and dry periods) on through-
fall, stemflow, and rainfall interception. Extreme weather
events are becoming more frequent due to climate change and
the differences in water balance between dry and wet periods
are increasing. As a result, the connections between climate
variables and individual interception processes as well as the
processes of the hydrological cycle are also different. There are
not many studies with data sets long enough to capture wet and
dry periods, therefore this is one of the important advantages of
this study. Two statistical methods, namely boosted regression
trees and random forest, were used to evaluate the influence of
meteorological variables on rainfall partitioning components
during wet, dry, and average years. Such statistical methods are
seldom used for analysis of rainfall interception data, although
the application of such methods can give us a new, different
insight into the data and the connections between them.
Additionally, the study of different tree species is very im-
portant in the field of interception, as these results cannot be
generalized.

MATERIAL AND METHODS
Study site

The study site is located in the outskirt of the city of
Ljubljana, Slovenia (46.04° N, 14.49° E). The area has typical
sub-alpine climate with well-defined seasons and is character-
ized by Temperate oceanic climate (Cfb) according to the Ko-
ppen Climate Classification. The long-term analysis of the
meteorological data was prepared taking into account the data
collected at the Ljubljana Bezigrad meteorological station be-
tween years 1986 and 2016 (ARSO, 2020). The average air
temperature for the area was equal to 10.5 °C. Generally, the
lowest temperatures are observed during January (0.1 °C on
average), while the warmest is July (20.8 °C on average). The
average long-term air temperature in winter was 0.8 °C, in
spring and autumn 10.7 °C, and in summer 19.9 °C. The aver-
age amount of rainfall delivered per year in the analysed period
was 1355 mm. The driest year was observed to be 2011, char-
acterized by 998 mm of rainfall, while the wettest year was
2014, delivering 1851 mm of rainfall in total. The most rainfall
is in general delivered during the autumn months (around 30%
of total yearly rainfall), while winter is the driest period, also
because snow precipitation is observed instead of rainfall in the
colder part of the year.

The study plot is part of a small urban park, located between
educational and business buildings. The research plot itself
spans over 600 m? and is covered with regularly mowed grass.
In its western part there are two separated groups of trees, while

in the east side there is a clearing. One group of trees in the
southern part consists of birch trees (Betula pendula Roth.),
which are on average 15.7 m high and have a total projected
crown area of 17.9 m? and a diameter at breast height of 17.9
cm. Their branches grow upwards, and its bark is smooth and
thin with a bark storage capacity estimated to be 0.7 mm (Za-
bret and Sraj, 2021). Birch is a deciduous tree species with
distinct phenoseasons, which were determined according to the
observations of the tree canopy at the field and complemented
with leaf area index (LAI) measurements, using LAI-2200c
Plant Canopy Analyzer (LI-COR). In general, the leafless phe-
noseason was observed between October and April, when LAI
was on average 0.8 and the canopy storage capacity was 1.1
mm. The leafed phenoseason was observed between April and
October, when LAI was equal to 2.6 and the canopy storage
capacity increased to 3.5 mm. The group of the trees on the
northern part of the plot are pine trees (Pinus nigra Arnold).
They are on average 12.6 m high, have an average diameter at
breast height of 19 cm, and a total projected crown area of 22.7
m?. The bark surface is rough, the bark itself is thick and more
absorbent with an estimated storage capacity of 3.5 mm. The
branches are inclined downwards. As pine is a coniferous tree
species, phenoseasons are not influencing the canopy character-
istics to such an extent as in the case of birch trees. However,
LAI in winter is 3.4 and the canopy storage capacity was esti-
mated to be 2.7 mm, while in the summer time, LAI is 4.3 and
the canopy storage capacity 2.9 mm.

Measurements

The components of rainfall partitioning have been measured
at the study plot since the beginning of 2014 (Zabret and Sraj,
2021; Zabret et al., 2018). Measurements of throughfall and
stemflow were performed under both groups of trees, while
rainfall in the open was measured on the clearing at the study
plot and at the nearby rooftop (Zabret, 2013; Zabret and Sraj
2019a; Zabret and Sraj, 2021). Values of other meteorological
characteristics (wind speed and direction, air temperature and
humidity) were obtained from the Ljubljana Bezigrad meteoro-
logical station (ARSO, 2020), which is because of its location
representative for the whole Ljubljana basin (Nadbath, 2008).

Measurements of throughfall were performed both automati-
cally and manually. Under each group of trees there were two
fixed steel trough gauges (0.75 m?) positioned from the tree
trunk towards the edge of the canopy. One was equipped with a
tipping bucket flow gauge (Unidata 6506G, 50 mL/tip) and a
data logger (Onset HOBO Event), while the other one was
connected to 10 L and 50 L polyethylene containers, which
were manually emptied after each event. Under each group of
trees there were also 10 funnel-type gauges (78.5 cm?, 1-L
capacity), manually emptied after each event and occasionally
moved under the trees to capture the spatial variability of
throughfall. These collectors were moved after every 20 events
in a random pattern under the canopy. Throughfall values used
in the analysis were determined as the weighted average ac-
cording to all the collectors’ area used.

Stemflow was measured per one tree from each group. The
halved rubber collar was spirally wrapped around the tree trunk
and attached with silicone and nails. In case of a pine tree the
water was collected in a manually read 1-L container at the
bottom of the tree, which was emptied at the same time as the
throughfall collectors. In case of a birch tree, the stemflow was
automatically recorded, as the hose from the collar was con-
nected to a tipping bucket flow gauge (Onset RG2-M, 0.2
mm/tip) and a data logger (Onset HOBO Event).
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Rainfall was measured at two locations, at the clearing ap-
proximately 10 m from the nearest tree canopy and at the near-
by rooftop, approximately 45 m from the treetops. Rainfall at
the clearing was measured with a tipping bucket rain gauge
(Onset RG2-M, 0.2 mm/tip), connected to the data logger (On-
set HOBO Event). Rainfall on the rooftop was measured with a
disdrometer (OTT Parsivel), enabling also measurements of
rainfall microstructure, i.e. raindrop diameter, raindrop veloci-
ty, and the number of raindrops. The measuring area of the
disdrometer is 54 ¢m? and the measured data are allocated to
one of the 32 drop diameter classes (ranging from 0.312 mm to
24.5 mm) and 32 velocity classes (ranging from 0.05 m/s to
20.8 m/s). The drop diameters smaller than 0.312 mm were
assigned to the smallest drop diameter class, as they are outside
the device’s measurement range. The recorded time series data
from the rain gauge and the disdrometer were used to identify
the rainfall events (separated with at least a 4-hour dry period)
and their characteristics (duration and intensity). The 4-hour
dry period was selected to divide the events based on the obser-
vations of the rainfall and throughfall dynamics at the field, as
during the wetter time of the year throughfall lasted for quite
some time after the cessation of the rainfall. Shorter rainfall
interruptions were captured as part of the defined events. The
dry period was defined with an accuracy of 0.2 mm of rainfall
(equal to the volume of the rain gauge tipping bucket).

The tree characteristics were determined in individual sur-
veys. The photographs of the trees were taken at a required
distance to avoid deformation of proportions and were used to
determine the tree height, the area of the projected canopy, and
the branch inclination. The diameter at breast height was calcu-
lated from the measured perimeter of the stem. The bark stor-
age capacity was determined from the bark samples, extracted
using a steel hole puncher, according to the procedure described
by Perez-Harguindeguy et al. (2013). Phenoseasons were de-
termined based on the regular measurements of LAI, performed
with LAI-2200c Plant Canopy Analyzer (LI-COR) following
the protocol for isolated trees (Li-COR, 2015). The canopy
storage capacity was calculated from the observed rainfall and
throughfall data according to the Leyton graphical method
(Leyton et al., 1967).

Data analysis

Measured data of rainfall precipitation (P), throughfall (TF),
and stemflow (SF), collected in years 2014, 2015, and 2016,
were used in the analysis. Based on these data, the third com-
ponent of rainfall partitioning, i.e. rainfall interception (I), was
calculated for each event:

I=P-TF-SF (1)

In the selected period, 413 rainfall events were observed in
total, but not all of them were included in the analysis. Snow
and sleet events were excluded in the initial phase, while during
the further preparation of the data, the events without complete
time series on rainfall, throughfall, and stemflow due to clog-
ging of the measurement equipment were also excluded. There-
fore 365 rainfall events were taken into account in the analysis,
capturing 86% of the total rainfall, delivered in the analysed
period. Additionally, the disdrometer was not operational due to
a software error for a longer time period during 2015. There-
fore, rainfall microstructure data were not included in the anal-
ysis for this year.

For the selected rainfall events, the influence of the variables
describing general weather conditions was evaluated using two

similar statistical methods, namely general boosted regression
trees (BRT) and random forest (RF). Both models are based on
the method of the regression trees, however the way of upgrad-
ing them differs for each method. Two methods were selected
for the analysis as a combination of several methods allows the
verification of the results of an individual method and enables a
broader interpretation of the results. The regression tree model
is designed by repeating the divisions of the influential varia-
bles and by adapting a simple prediction model for the target
variable within each division. The result of the division process
is shown graphically with a decision or regression tree (Loh,
2011; Zabret et al., 2018). As a target variable, throughfall
(TF), stemflow (SF), and rainfall interception (I) were set. Each
model was run six times per observed year (namely, 2014,
2015, and 2016), once per each target variable, taking into
account all influential variables and also the variables without
data on the rainfall microstructure due to the longer period
without available data (year 2015 was excluded). The influen-
tial variables included in the analysis (Table 1) were the total
rainfall amount per event (P.), the average rainfall event inten-
sity (P, the total duration of the rainfall event (Pa), the average
air temperature (7), and the vapour pressure deficit (VPD)
during an event, the average wind speed () and the direction
(Wa) per event, the dry period duration before a rainfall event
(DryP), the time when an event occurred, namely during the
day, the night, or both (DN), the phenoseason (Feno), the aver-
age raindrop diameter (DropD), the velocity (DropV) per event,
the median volume diameter of an event’s raindrops (MVD),
and the number of raindrops delivered per event (DropNr).

Table 1. Influential variables included in the analysis.

Variable Abbreviation | Unit
Rainfall amount per event P mm
Average rainfall event intensity per Pi mm/h
event

Total duration of the rainfall event Pa h
Average air temperature during the T °C
event

Average vapour pressure deficit VPD kPa
during the event

Average wind speed during the event | Ws m/s
Average wind direction during the Wa °
event

Dry period duration before the DryP h
rainfall event

Time when the event occurred, name- | DN -

ly during the day, the night, or both

Phenoseason Feno —
Average raindrops diameter of the DropD mm
drops, observed during the event

Average raindrops velocity of the DropV m/s
drops, observed during the event

Median volume diameter of an MVD mm
event’s raindrops

Number of raindrops delivered per DropNr -
event

The BRT method combines two algorithms, regression trees
and boosting (Elith et al., 2008), which improve the efficiency
of an individual model and provide a better understanding of
the results with additional factors. Boosting is based on the
assumption that the average of many raw predictions, which are
upgraded after every single repetition, will result in a better
final model. The sequential approach of the step-by-step meth-
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od iteratively adjusts and improves the model based on a set of
training data (Elith et al., 2008). Due to the larger number of
model runs, it is also possible to estimate the impact of an indi-
vidual variable on the design of the model and thus on the
target variable. Friedman (2001) presented an equation that can
be used to estimate the relative influence (RI) of each variable
included in the BRT model. The RI is based on how many
times a variable has been selected in the model to divide the
regression tree. The number of selections is weighted by the
square of the model improvement rate as a result of each split
and expressed as an average with respect to all generated re-
gression trees (Friedman and Meulman, 2003). The RI is ad-
justed so that the sum of the RI values of all considered varia-
bles equals 100, making the higher values directly indicating a
greater influence of the variable.

The BRT models were implemented using the “gbm” pack-
age (Ridgeway, 2020) in R software (R core team, 2020). In the
initial phase we determined the arguments of the model, using
75% of the whole data set for training and 25% of the data for
testing of the model, implementing 50 iterations for each set of
the arguments and calculating the RMSE value of predictions
from all iterations. When adjusting the model, various number
of regression trees (15000, 1500, and 500) and values of the
shrinkage parameter (0.001, 0.01, 0.05) were applied. According
to the results, the final BRT models were estimated, taking into
account the Gaussian distribution, 1500 trees, a shrinkage pa-
rameter of 0.01, and 5 cross-validation folds.

Random Forest (RF) is an ensemble-learning algorithm,
which merges the concepts of regression trees and bagging
(Breiman, 2001). Bagging is a procedure enabling growing of
regression trees from different subsets in order to avoid highly
correlated predictors. This algorithm relies on random selection
of trees to describe the reliable relationship between the target
and the influential variables. Cases are randomly selected from
a data set, a random sample is used to design an individual
regression tree, and predictions are formed for the remaining
cases. The model repeats this process several times. Random-
ness is additionally ensured by imposing different randomly
selected sets of influential variables on each division. This is
possible due to random and repeated selection of individual
target values and influential variables (Breiman, 2001). For
each variable the variable importance measure is also estimated
(Breiman et al., 2018). The variable importance gives the total
decrease in node impurities from splitting on the variable, aver-
aged over all trees. In case of regression, as presented here, it is
measured by the residual sum of squares.

The RF models were built in R software (R core team,
2020), using package ‘“RandomForest” (Breiman et al., 2018).
In the first phase of the model establishment, we divided the
data set into a training (75%) and test (25%) set. The model
arguments were selected one by one, applying numerous itera-
tions for each of the 30 models. For the number of variables
randomly sampled as candidates at each split (mtry), the values
between 10 and 40 were tested, using the “tune” function. The
maximum number of terminal nodes of the trees (maxnode)
was applied for the values between 5 and 30, while the number
of the trees to grow (n.trees) was tested for values between 250
and 5000. For these two arguments the best value was selected
according to the RMSE and R? values of the iteration results.

RESULTS
The analysed data on rainfall partitioning were collected

during the years 2014, 2015, and 2016. These years were hy-
drologically quite distinct, as according to the long-term aver-

age annual precipitation, 2014 was recognised as a wet, 2015 as
a dry, and 2016 as an average year. During 2014 we registered
167 events, delivering 1575 mm of rainfall. For this year, the
total rainfall amount (1841 mm) was 36% larger than the aver-
age long-term yearly rainfall amount of 1355 mm measured at
the Ljubljana-Bezigrad meteorological station. On the contrary,
in 2015, we recorded 85 events, delivering 931 mm of rainfall.
The total delivered rainfall (1106 mm) was 18% smaller than
the long-term average rainfall amount per year (1355 mm).
Furthermore, the year 2016 was similar to an average one, as
we observed 113 rainfall events delivering 1139 mm of rainfall.
Through the entire year, 1317 mm of rainfall was measured,
which is comparable to a long-term average precipitation of
1355 mm at the Ljubljana-Bezigrad meteorological station.
Although during the dry year 2014 the largest number of the
rainfall events were recorded, they on average delivered the
smallest amount of rainfall per event (9.4 mm) and on average
lasted for the shortest time (5.7 h), but were on average the
most intense (2.1 mm/h) (Figure 1). The average rainfall inten-
sity and duration of rainfall events during the years 2015 and
2016 were similar (average intensity of 1.4 mm/h and 1.5
mm/h, respectively and average duration of 8.0 h and 8.1 h,
respectively); however, the events in the dry year 2015 deliv-
ered on average more rainfall (11.0 mm) than the events in the
average year 2016 (10.1 mm per event on average).

Comparing the climate conditions in the considered years
only slight differences were observed for the wind characteris-
tics, vapour pressure deficit, and air temperature. However, a
noticeably shorter dry period between the events was observed
in the wet year 2014 (40 h on average) comparing to the years
2015 and 2016 (58 h and 56 h, respectively). The rainfall events
characteristics in the considered years also differ according to
the rainfall microstructure. The size of the rainfall drops was
significantly different (p < 0.001) during the wet year 2014
comparing to the years 2015 and 2016, as in the year 2014 an
average raindrop diameter was equal to 0.85 mm and MVD was
equal to 1.79 mm, while during the years 2015 and 2016 the
drop diameter on average accounted to 0.67 mm and 0.62 mm
and MVD to 1.51 and 1.44 mm, respectively. However, the
larger raindrops resulted in the smaller number of drops per
event, as the lowest number of raindrops was on average de-
tected in the wet year 2014 (Figure 1).

The values of rainfall partitioning components were quite
similar for the years 2014 and 2016, while some deviations are
observed for the values measured in 2015, when higher values
of throughfall and stemflow proportions according to the rain-
fall in the open were observed (Figure 2). In general, over all
three observed years, throughfall under the birch tree was on
average equal to 53% (+ 34%), average stemflow was 1.2% (=
2.5%), and average rainfall interception was 46% (+ 35%).
Throughfall under the pine tree was on average lower than
under the birch tree, resulting in 27% (+ 26%) of rainfall in the
open, while stemflow accounted for only 0.03% (+ 0.10%) and
the rainfall interception by the pine tree on average presented
73% (& 26%) of rainfall in the open.

Influence of the rainfall event characteristics on throughfall

Both of the applied models, namely BRT and RF, indicate
that throughfall under the birch trees is influenced by the larger
number of variables than throughfall under the pine trees, re-
gardless the year (Figure 3). Throughfall (TF) under the birch
trees in the wet year 2014 was the most dependent on the rain-
fall amount (P.) and intensity (P;), rainfall duration (Pas), and
the average vapour pressure deficit (VPD) during the rainfall
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Fig. 1. Boxplots of considered rainfall event characteristics for each analysed year.
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Fig. 2. Measured throughfall (TF) and stemflow (SF) by birch and pine trees per rainfall event according to the observed year.

event (Figure 3). Rainfall amount and intensity demonstrated
between 18% and 20% of relative influence (RI) each by both
applied methods, while RI for the first four most influential
variables exceeded 60% in total. However, when taking into
account also the variables describing the rainfall microstructure,
the number of raindrops (DropNr) became the most influencing
variable, indicating the amount of throughfall by birch in the
wet year 2014.

For the throughfall under the birch trees during the dry year
2015, both models assigned a similar relative influence of al-
most 30% to rainfall intensity, indicating this variable as the
most significant in addition to the rainfall amount. The BRT
model also recognized air temperature and vapour pressure
deficit as the influential variables with RI of 10%, while the
random forest model assigned more than 8% of RI to rainfall
duration and wind speed (;) (Figure 3).

The data collected during the average year 2016 showed a
significant influence of the rainfall amount only, as it represent-
ed almost 40% of RI according to the BRT model and more
than half of the total RI expressed by RF model. More than 9%
of RI was assigned also to wind speed and vapour pressure
deficit according to the BRT method and to air temperature and

wind speed according to the RF model. In case of data for 2016,
the inclusion of rainfall microstructure variables does not affect
the order of the influencing factors (Figure 3). As the most in-
fluencing variable, the rainfall amount is still recognised by both
applied models, however the second most influencing variable,
having a similar value of RI, is the number of raindrops. In this
case both variables together represent 45% and 60% of RI ac-
cording to the BRT and RF model, respectively.

The number of influencing variables according to the domi-
nant value of the relative influence in the case of throughfall
under the pine tree is more straightforward (Figure 3). Rainfall
amount was recognized to be the most influencing variable
regardless the year, with an average RI between 43% (RF for
2014) and 82% (RF for 2016). Both models also recognized the
influence of rainfall intensity and duration on throughfall by
pine trees in 2014, while in 2015, more than 8% of RI was
assigned to wind speed. In 2016, in addition to the rainfall
duration air temperature was the second most influencing vari-
able with RI larger than 5%. None of the rainfall microstructure
variables exceeded more than 6% of RI, regardless the applied
model or the year observed in case of throughfall under the pine
trees.
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Fig. 3. Relative influence (RI) of the considered variables for throughfall (TF) by the birch and pine trees according to the observed years,
evaluated by the boosted regression trees (BRT) and random forest (RF) models.

Influence of the rainfall event characteristics on stemflow

Similarly as throughfall, stemflow is in general the most in-
fluenced by the rainfall amount (Figure 4). Stemflow (SF) by
the birch tree was the most characterized by the rainfall amount
regardless the year as the RI for this variable ranged between
35% (RF, year 2014) and 61% (RF, year 2015). Stemflow by
the birch tree in the wet year 2014 and the average year 2016
was also highly influenced by the rainfall duration, which had
the second highest RI in both years, regardless the model used.

On the contrary, in the dry year 2015 stemflow by the birch
tree was affected by a larger number of variables (Figure 4).
The BRT model indicated that in addition to the rainfall
amount, stemflow by the birch tree is also influenced by rainfall
intensity, wind speed, vapour pressure deficit, and rainfall
duration, as RI for all mentioned variables was larger than 9%
(Figure 4). However, according to the RF model, the value of
RI higher than 10% was estimated for the dry period duration
and air temperature.

When taking into account also the rainfall microstructure
characteristics, the rainfall amount is still one of the most influ-

encing variables, combined with the number of raindrops.
Stemflow in the wet year 2014 is still the most influenced by
the rainfall amount, while the number of raindrops and MVD
were also recognized as more influential. However, for
stemflow in 2016, the number of raindrops together with the
rainfall amount and duration were recognized as the variables
with the highest RI (together accounting for 59% according to
the BRT and 82% according to the RF model).

The amount of stemflow by the birch trees was similarly in-
fluenced during the years 2014 and 2016, however for the pine
trees similarities can be observed between the years 2015 and
2016 (Figure 4). Stemflow by the pine trees during 2014 was
the most influenced by wind direction, followed by the rainfall
amount. In case of the BRT model these two variables resulted
in RI of 77%, while in case of the RF model, the influencing
variables with RI of more than 10% are also vapour pressure
deficit, wind speed, and air temperature.

When also including the rainfall microstructure variables,
the influence of wind direction is minimized, as rainfall
amount, duration, and the number of raindrops in combination
with MVD (estimated by the BRT model) and air temperature
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Fig. 4. Relative influence (RI) of the considered variables for stemflow (SF) by the birch and pine trees according to the observed years,
evaluated by the boosted regression trees (BRT) and random forest (RF) models.

(estimated by the RF model) resulted in RI higher than 50%.
Stemflow by the pine trees in 2015 and 2016 is significantly
influenced by the rainfall amount and intensity, as regardless
the model or the year, these two variables present between 64%
and 85% of RI. The substantial influence of the rainfall amount
and intensity is also retained when introducing the rainfall
microstructure influence. In this case, as the second most influ-
encing variable with RI larger than 10% both models recog-
nised MVD.

Influence of rainfall event characteristics on rainfall
interception

Rainfall interception (I) is calculated as the difference be-
tween the measured values, i.e. rainfall amount in the open,
throughfall, and stemflow (Eq. 1). Therefore, as the amount of
throughfall is much larger than stemflow, this is the value that
mainly determines the proportion of intercepted rainfall, result-
ing in similarly evaluated influencing variables as throughfall
(Figure 3).

Rainfall interception by birch and pine trees is the most in-
fluenced by the rainfall amount, which has the highest values of
RI according to both models. In case of the birch trees the val-
ues of RI for the amount of rainfall ranged between 22% and
63%, while in case of the pine trees they were even higher,
ranging from 47% to 83%. Comparing these values to RI esti-
mated for throughfall, the values were a bit larger in case of the
birch trees, while for the pine trees they were kept in a similar
range.

Rainfall interception of the birch trees was in the wet year
2014 also significantly influenced by the rainfall duration and
intensity, while in the dry year 2015 it was mainly influenced
by rainfall intensity and in the average year 2016 by vapour
pressure deficit (according to the BRT model) and air tempera-
ture (according to the RF model). In case of the pine trees the
results were also very similar to the ones for the throughfall; in
2015 and 2016 only the rainfall amount played a significant
role in the process of rainfall interception, while in the wet year
2014 also rainfall intensity and duration demonstrated RI values
larger than 10% (Figure 5).

462



Relation of influencing variables and weather conditions on rainfall partitioning by birch and pine trees

Basic influential 20
. Rl
variables 60

w2016 0 2014 L 5

BRT © we
J . VPD
V:; 2015 berh 2015 Dryf

Included rainfall

microstructure RIS =

variables o 405
2 =

we /RF BRT * %
w, 1, 2016 | 2014

o birch s
W RF BRT rm

P2 o' 2014

L
.

Pa

Fig. 5. Relative influence (RI) of the considered variables for rainfall interception (I) by the birch and pine trees according to the observed
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The results of both applied models considering also the rain-
fall microstructure are also similar to the results of throughfall
data analysis (Figure 3). In case of the birch trees, the number
of drops was recognised as a variable with the highest influence
among the newly introduced variables, while in case of the pine
trees for none of these variables the estimated RI exceeded 6%
(Figure 5).

DISCUSSION

Although the two methods are very similar as they are both
based on the principle of regression trees, there is one main
difference if we consider the method associated with the regres-
sion trees (boosting and bagging). This is also reflected in the
estimation of the most influential variables and their RI values.
A comparison of the results by the two models shows that in
general, the RI values of the variables estimated by the RF
model are higher than those estimated by the BRT model (Fig-
ures 3-5). Therefore, the number of the variables for which the
RI value exceeds the threshold value is larger when taking into

account results of the BRT instead of the RF model. Thus, the
combined analysis of the two methods allows for a more com-
prehensive evaluation of the results, as the RF model indicates
the most influencing variables, while the BRT model highlights
also the other possible variables with meaningful influence.

The results demonstrate that throughfall, stemflow, and rain-
fall interception by birch and pine trees were the most influ-
enced by the amount of rainfall, which has been repeatedly
recognized as the factor most influencing the rainfall partition-
ing components in general also in other studies (e.g., Levia and
Germer, 2015; Staelens et al., 2008; Su et al., 2019; Zabret et
al., 2018). In case of both considered tree species, rainfall dura-
tion seems to play an important role mainly during the wet year
2014, while rainfall intensity had a significant influence on
rainfall partitioning by birch trees during the dry year 2015.
This observation seems to correlate well with the results pre-
sented by Muzylo et al. (2012), who observed a significant
influence of rainfall duration on throughfall in a deciduous
forest, especially during the leafless season. The leafless season
is usually characterized by more precipitation and generally
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wetter months, which may be equivalent to the hydrologically
wetter year of 2014, in which a more pronounced influence of
rainfall duration was observed in this study (Figures 3-5).

As the wetter year 2014 can be correlated with the wetter
leafless phenoseason, the drier year 2015 is expected to be
associated with the drier leafed period. Therefore, the influence
of rainfall intensity on rainfall partitioning in the drier year
2015 is initially unexpected. Rainfall intensity was actually
recognized as one of the most influential variables in previous
studies, but its effect was observed for winter throughfall (Xiao
et al., 2000), rainfall interception in the leafless period (Zabret
et al., 2018), and rainfall interception in a wet year (Zabret and
Sraj, 2019b). However, for a beech tree, Staclens et al. (2008)
reported significant influence of rainfall intensity on stemflow,
especially during the leafed period resulting in a decrease in the
stemflow amount due to splashing of droplets intercepted by
the canopy and forming throughfall instead of stemflow. Addi-
tionally, a more evident influence of rainfall intensity was
estimated by both applied models for birch rather than for pine
trees (Figures 3-5). A different influence of rainfall intensity on
tree species with distinct vegetation properties was already
observed in other analyses (e.g., Sadeghi et al., 2020; Siegert
and Levia, 2014; Zabret et al., 2018). Birch trees have a
smoother bark surface and more flexible leaves compared to the
rougher and more absorbent bark of pine trees and its compact
needles, therefore the process of splashing of intercepted drop-
lets may be more intense in the canopy of the birch trees.

The relative influence, estimated by the BRT and RF mod-
els, shows that throughfall under the birch trees is determined
by a larger number of influencing variables. In addition to the
rainfall amount, duration, and intensity, also air temperature
and vapour pressure deficit (V/PD) were assigned with values of
RI larger than 8%. Air temperature and VPD are closely con-
nected to the season of the year, corresponding also to the phe-
noseasons, and are especially significant for a deciduous birch
trees (Zabret et al., 2018). Therefore, the significant RI values
of air temperature and VPD may indirectly indicate the influ-
ence of phenoseasons on throughfall by birch, which is larger in
the leafless period, characterized by lower air temperature and
lower VPD values (Andre et al., 2008; Brasil et al., 2020;
Muzyto et al., 2012; graj et al., 2008; Zabret and graj, 2018;
Zabret et al., 2021). However, the relation between the influ-
ence of phenoseasons and meteorological variables on rainfall
partitioning has already been recognized as a very complex one
(e.g., Andre et al., 2008; Muzylo et al., 2012; Zabret and graj,
2021). When analysing the influence of air temperature and
VPD on throughfall by the birch tree, the results are similar
among the years (Figure 6). Throughfall is in general decreas-
ing with increasing air temperature, which was observed also
by Staelens et al. (2008). Warmer months of the year are also
characterized with a fully leafed canopy, also decreasing the
throughfall, while a higher air temperature increases the evapo-
ration, which may also lead to a decrease in throughfall (Sraj et
al.,, 2008; Xiao et al., 2000). However, the response of
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Fig. 6. Partial dependence plots of the influence of air temperature (7)) and vapour pressure deficit (VPD) on throughfall (TF) by birch trees

during the considered years.
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throughfall according the VPD values is similar for the years
2014 and 2015, as lower VPD up to 1.5 kPa increases through-
fall under the birch tree, while larger values of VPD decrease
the amount of throughfall (Figure 6). The data collected in 2016
show a bit different response of throughfall according to the
VPD values up to 2 kPa, while larger VPD values decrease
throughfall under birch trees as well.

Pine tree’s stemflow was influenced by more variables com-
pared to throughfall. In addition to the rainfall amount, which
mainly determines stemflow under both tree species, rainfall
intensity and rainfall duration also had an important influence
on stemflow under the pine and birch trees, respectively. The
significance of rainfall duration on stemflow by the birch tree
was also recognised in the analysis of the stemflow response
(Zabret and Sraj, 2021), as well as in the analysis of predicting
the stemflow of a birch tree using the regression trees (Zabret et
al., 2018). Although rainfall intensity was recognised as a less
influential variable in the case of throughfall under the pine
trees, it seems to have a larger influence on its stemflow. Re-
sults of both implemented models (BRT and RF) indicate RI
values larger than 15% for rainfall intensity in the years 2015
and 2016 (Figure 4). This is consistent with the results of the
BRT model applied to stemflow data of a leafed phenoseason
(Zabret et al., 2018), which also indicates some similarities in
meteorological influences during the leafed phenoseason and
the drier hydrological year.

Introduction of variables specifying the rainfall microstruc-
ture into the analysis expressed significant influence of the
number of rain drops on throughfall and rainfall interception by
the birch trees. The number of raindrops as well as the mean
volume diameter (MVD) were estimated to have considerable
influence on stemflow in case of both considered tree species.
However, no influence of these variables on throughfall under
the pine trees was observed, as throughfall under the pine trees
was still the most influenced by the amount of rainfall, which
provided more than half of the RI according to the other con-
sidered variables. A more noticeable influence of rainfall mi-
crostructure on throughfall by birch than by pine trees was also
confirmed in previous study (Zabret et al., 2018), in which a
similar comparison of data with BRT models per phenoseason
showed the influence of MVD on throughfall by pine trees only
in the leafless season, while the number of raindrops had a
significant role in regulating throughfall under the birch trees
regardless the phenoseason. This might be connected to the
distinct characteristics of the foliage of the considered tree
species, i.e. leaves of the birch trees and needles of the pine
trees. The different interaction of needles and leaves to the rain
drops and their characteristics has been already reported by
other researchers (e.g., Holder, 2013; Nanko et al., 2016; Zabret
et al., 2017; Zabret et al., 2018).

CONCLUSIONS

The rainfall partitioning process is part of the hydrological
cycle, for which changes are expected due to more pronounced
precipitation patterns, resulting in more intense wet and dry
periods. Accordingly, the influence of meteorological factors
on throughfall, stemflow, and rainfall interception during a wet,
a dry, and an average year was analysed. Two similar statistical
methods based on the regression tree approach were applied,
namely boosted regression trees and random forest. The com-
parison of the results showed that the methods are complemen-
tary, since the BRT model indicates numerous variables with
relevant influence and the RF model highlights the variables
with the highest influence.

The variables with the highest influence expressed by both
models were the rainfall amount and the number of raindrops.
The comparison of the influential variables indicates to some
extent the correlation between the wet period and the leafless
season, as well as between the dry period and the leafed season.
For example, rainfall duration had a high relative influence on
rainfall partitioning by both tree species mainly in the wet year
2014, while researchers already reported its influence in the
leafless season. Stemflow by birch trees was also strongly
influenced by air temperature and vapour pressure deficit,
which are dependent on the season of the year, which is also
consistent with the phenoseason. However, the results of the
models also indicate significant differences in the response of
the two tree species. The influence of rainfall intensity, the
number of raindrops, and the median volume diameter was more
pronounced in the case of the birch trees, while it was negligible
in the case of the pine trees. This observation coincides with the
conclusions of previous studies, i.e. that raindrops behave
differently when interacting with needles or leaves.

The presented analysis mainly confirms all previous obser-
vations made by other researchers about the different influences
on the rainfall partitioning process by distinct tree species.
However, a new insight into the impact of wet and dry period is
presented, indicating that during a longer wet period the trees
behave similarly as in the leafless period and during the longer
dry period the rainfall interception process is similar as that in
the leafed period. Nevertheless, additional analysis, taking into
account multiple wet and dry periods as well as data for these
periods for other tree species and other locations with different
microclimatic characteristics, should be implemented in order
to understand this aspect in more detail.
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Abstract: Biochars, depending on the types of feedstocks and technological conditions of pyrolysis, can vary
significantly in their properties and, therefore, it is difficult to predict biochar-induced effects on nitrous oxide (N20)
emissions from various soils, their physical properties and water availability. The objectives of this study were (1) to
quantify effects of slow pyrolysis biochar (BC) and fast pyrolysis biochar (PYRO) on physical and hydro-physical
properties of sandy soil (Haplic Arenosol) and clayey loam soil (Gleyic Fluvisol), and (2) to assess corresponding N2O
emissions from these two soils. The study included a 63-day long laboratory investigation. Two doses of BC or PYRO
(15 t ha and 30 t ha™") were applied to the soils in combination or without nitrogen fertilizer (NH4sNO3, 90 kg N ha™).
The obtained results have shown a significant decrease in the bulk density of sandy soil after it was amended with either
rate of BC or PYRO. Water retention capacity of the soils in all the treatments with BC or PYRO increased considerably
although no changes was found in the soil water-filled pore space (WFPS) which was higher than 60%. BC was
increasing N2O emission rates from the sandy soil treated with N fertilizer, and reducing N2O emission rates from the
clayey loam soil treated with N fertilizer. PYRO was more efficient and was reducing N2O emissions from both fertilized
soils, but for the sandy soil the reduction was statistically significant only at higher dose (30 t ha™') of the biochar.

Keywords: Biochar; Sandy soil; Clayey loam soil; Bulk density; Water retention capacity; N2O emission.

INTRODUCTION

Biochar is a carbon-rich, aromatic material produced by
slow or fast pyrolysis of different organic wastes at high tem-
peratures (up to 900 °C) in oxygen free or limited oxygen envi-
ronment (Das et al., 2021; Kuppusamy et al., 2016; Lehmann et
al.,, 2011; Lei and Zhang, 2013). Because of high chemical
stability, biochar has a great potential to enhance atmospheric
carbon sequestration (Laird et al., 2008; Lehmann et al., 2006).
Soil amendments such as biochar, composts or their mixtures
can decrease soil bulk density (Abd El-Mageed et al., 2021;
Hardie et al., 2014), improve soil structure (Ajayi and Horn,
2016; Juriga et al., 2021), increase soil pH (Horék, 2015) cation
exchange capacity (Igaz et al., 2018; Jien and Wang, 2013), soil
N availability (Haider et al., 2017; Van Zwieten et al., 2010),
organic carbon content (Ajayi and Horn, 2016; Srank and
Simansky, 2020), soil porosity (Blanco-Canqui, 2017; Githin-
ji, 2014), available water content (Glab et al., 2016; Ibrahim et
al., 2013) and saturated hydraulic conductivity (Jien and Wang,
2013; Tokova et al., 2020).

Syakila and Kroeze (2011) reported that agricultural NoO
emission in 2006 reached 23-31% of the global emissions with
the main source being nitrogen fertilizer and manure applica-
tion to soils. Temperature, water-filled pore space (WFPS), O
concentration, pH, available soil organic carbon content (Dob-
bie and Smith, 2003; Wrage et al., 2001), mineral nitrogen
content (Buchkina et al., 2012; Horak et al., 2019) affect mi-
crobial processes of nitrification and denitrification which are
pathways of N2O production in soils (Lee et al., 2009; Wrage et
al., 2001).

Biochars produced under different conditions can have dif-
ferent physical (bulk density, porosity), physico-chemical (pH,
CEC, BET surface area, oxygenated functional groups) and
chemical (total carbon, nitrogen, hydrogen content) properties
which, in due course, can have positive, neutral or negative
effect on soil properties (Das et al., 2021; Liao et al., 2021;
Novak et al., 2009; Rajapaksha et al., 2014) and crop yields
(Murtaza et al., 2021). According to Bruun et al. (2012), appli-
cation of fast pyrolysis biochar (produced from wheat straw)
resulted in immobilization of soil N (43%) during the 65-day
incubation, while application of slow pyrolysis biochar led to
net N mineralization (7%) in soil. Application of biochar can be
considered as one of the useful ways of mitigating N>O emis-
sions from soils (Buchkina et al., 2019; Horak et al., 2017,
Ippolito et al., 2012; Rizhiya et al., 2019; Wang et al., 2013;
Zhang et al., 2021). Biochar-induced improvement of soil phys-
ical and hydro-physical properties may mitigate microbial
process of denitrification, which is the main process of N2O
production in soils (Wrage et al., 2001). Nevertheless, several
studies have shown that biochar could stimulate N2O emissions
from soils under dry (Saarnio et al., 2013) and anaerobic condi-
tions (Yanai et al., 2007) or had no effect on N2O emissions
(Karhu et al., 2011). According to Cayuela et al. (2013), there
are four possible explanations for reduced N2O emissions from
soils after biochar application: binding of N>O with metal ions
(Fe, Cu) on the biochar surface; adsorption of organic substanc-
es by biochar and lower availability of this substances for mi-
croorganisms; liming effect of biochar resulting in an increase
of soil pH and in a decrease of denitrification; improvement of
soil aeration.
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Fast and slow pyrolysis biochars can demonstrate different
effects on NoO emissions from soils with different texture.
Stewart et al. (2013) reported that the fast pyrolysis biochar
(from oak pellets, 550 °C) caused several times higher N.O
emission from a coarse-textured soil than from a fine-textured
soil. Slow pyrolysis is usually carried out at temperatures lower
than 600 °C. Therefore, slow pyrolysis biochars, in comparison
with fast pyrolysis biochars, often demonstrated higher porosi-
ty, higher content of nutrients and organic substrates, and, as a
result, greater ability to mitigate N2O emissions from soils (Das
et al., 2021; Kuppusamy et al., 2016). So, up to date, mecha-
nisms and reasons of biochar different effects on nitrogen trans-
formation and relevant N>O emissions from soils are still
obscure.

The objectives of the study were: (1) to quantify the effects
of slow and fast pyrolysis biochar on physical and hydro-
physical properties of sandy and clayey loam soils, and (2) to
assess the corresponding changes in N2O emissions from both
soils.

MATERIALS AND METHODS

The effect of two doses of slow pyrolysis biochar (BC) and
fast pyrolysis biochar (PYRO) on N>O emissions from two
soils with different texture, their physical and hydro-physical
properties was studied in a laboratory experiment. The soils of
the experiment were classified as Haplic Arenosol (sandy soil)
and Gleyic Fluvisol (clayey loam soil) according to WRB
(2014). Disturbed field moist soil samples for the laboratory
experiment were collected from the upper 0-20 cm layer of
agricultural plots with Haplic Arenosol located in Risinovce
(N48° 21.788’, E17° 54.685”) and with Gleyic Fluvisol located
in Janikovce (N48° 6.933”, E18° 07.031°). The sandy soil con-
tained 924 g kg ! of sand, 53 g kg! of silt, and 5 g kg! of clay
while the clayey loam soil contained 288 g kg™! of sand, 417 g
kg! of silt and 295 g kg™! of clay. Soil organic carbon (SOC)
content in the sandy soil ranged from 2.95 to 3.19 g C kg™ soil
while in the clayey loam soil — from 5.86 to 6.20 g C kg! soil.
Values of pH (KCI) were equal to 6.83 and 6.25 for sandy soil
and clayey loam soil, respectively.

BC was produced at a temperature of 500-600 °C in a Pyreg
reactor, while PYRO was produced at a temperature of 900 °C
in a Spanner Re2 wood power plant. PYRO and BC had
particle diameters of <1 mm and <3 mm, respectively. The
treatments investigated in the study are shown in Table 1.

For the experiment air-dried soil (120-125 g, dry weight)
was mixed with the biochars or/and the nitrogen fertilizer ac-
cording to the treatments and moistened to a field capacity. The
field capacity of the soils was equal to 50-55% of their full
saturation. The moistened soil was inserted into steel cores (95

Table 1. The investigated treatments of the experiment.

cm?). A 63-day incubation of the soil cores was carried out at a
room temperature. The cores were regularly weighed and mois-
tened to maintain the moisture content in both soils equal to
50-55% of full saturation in all the studied treatments. The full
saturation of the soils (% of weight) with all the treatments was
measured. For the sandy soil it was: 50% (control), 54%
(15 t ha™! of BC or PYRO) and 58% (30 t ha™! of BC or PYRO)
while for the clayey loam soil it was: 62% (control), 64%
(15 t ha™! of BC or PYRO), 66% (30 t ha™' of BC or PYRO).
The laboratory experiment was carried out in six replicates.

To measure N2O emissions, the soil cores were inserted into
plastic vessels (1000 cm®) with airtight lids equipped with
sealed rubber septums. At every air sampling occassion the
plastic vessels were sealed for 20 minutes and air samples were
collected from the headspaces with a syringe and transferred to
pre-evacuated 12-ml glass vials (Labco Exetainer, Lampeter,
UK). The same technique was used earlier in other experiments
(Buchkina et al., 2019). The collected air samples were ana-
lyzed for N2O concentration using a gas chromatograph (GC-
2010 Plus, Shimadzu) equipped with a ®Ni electron capture
detector (ECD). The gas chromatograph (GC) was calibrated
using two certified standard gas mixtures (N2O and N) in the
expected concentration range. Analytical conditions of the GC
were: carrier gas (Helium, 30 ml min') and detector tempera-
ture: 330 °C for ECD.

Concentration of mineral nitrogen (in N-NOs~ form) in the
soil samples was determined by an extraction technique pro-
posed by Yuen and Pollard (1954) using a spectrometer (SP-
870 PLUS, Metertech Inc.) at wavelengths of 410 and 420 nm,
respectively. Soil pH (at 1:2.5 ratio of soil to 1M KCI solution)
was measured using pH meter (HI 9017 Microprocessor Bench-
top, HANNA instruments). Water-filled pore space (WFPS), or
a volume of soil pores filled with water as a percent of total soil
porosity, was calculated using the data on the soil moisture
content (% of weight) and soil bulk density measured at the last
day of the incubation experiment.

Statistical assessment of the experimental results was carried
out on the basis of the calculated means, standard deviations,
and 95% confidence intervals. Spearman’s rank correlation
coefficients (Spearman, 1904) were used to assess the strength
of associations between the sets of soil parameters in all the
treatments at P < 0.05. One-way analysis of variance (ANOVA,
available at https://www.socscistatistics.com) was applied to
evaluate the significance of differences between means of nor-
mally distributed data. Mann-Whitney U test (Mann and Whit-
ney, 1947) was applied to assess the significance of differences
in means (at P < 0.05) if the distribution was not normal
according to the Shapiro-Wilk test (Shapiro and Wilk, 1965).
Calculation procedure is available at https://scistatcalc.
blogspot.com/2013/10/shapiro-wilk-test-calculator.html.

No. of treatment Description

C control (soils without biochars and nitrogen fertilizer)
F soil with ammonium nitrate (NH4NO3) fertilizer (90 kg N ha™")
15BC soil with 15 t ha™! of BC

15 soil with 15 t ha™! of PYRO

ISBCF soil with 15 t ha™! of BC + NH4NOs (90 kg N ha !
I5PYROF soil with 15 t ha™! of PYRO + NH4NO3 (90 kg N ha™!)
30 BC soil with 30 t ha™! of BC

30 PYRO soil with 30 t ha™! of PYRO

30 BCF soil with 30 t ha™! of BC + NH4NOs (90 kg N ha™!)
30PYROF with 30 t ha! of PYRO + NH4NO3 (90 kg N ha™!)
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RESULTS AND DISCUSSION
Physicochemical properties of biochars

Different pyrolysis conditions resulted in different physico-
chemical properties of the two biochars used in the study (Table
2). BC, the slow pyrolysis biochar, had higher organic carbon
content compared to PYRO, the fast pyrolysis biochar. Accord-
ing to Keiluwert et al. (2010), slow pyrolysis contributes to a
higher conversion of non-aromatic organic matter into aromatic
carbon. The higher specific surface area of PYRO is in correla-
tion with the biochar particle size: fast pyrolysis resulted in
significant disintegration of the feedstock material and PYRO
had a dust-like structure, while BC inherited some of the feed-
stock structure and consisted of bigger particles.

The H/C, O/C, and (O+N)/C atomic ratios are usually used
as indicators of aromaticity and polarity of biochars (Das et al.,
2021). BC was more carbonized and had higher number of
aromatic compounds than PYRO. Based on the higher values of
O/C and (O+N)/C of PYRO, it can be assumed that fast pyroly-
sis biochar had a greater number of oxygen-containing polar
groups (carboxylic, phenolic, hydroxylic), which could contrib-
ute to its higher affinity to water, better water adsorption and
retention (Das et al., 2021; Ren et al., 2016).

Soil bulk density and water retention capacity

Incorporation of biochars into soils often leads to a decrease
in their bulk density (Abd EI-Mageed et al., 2021; Hardie et al.,
2014). A degree of biochar-induced decrease in soil bulk densi-
ty depends on soil texture and biochar application dose (Murta-
za et al., 2021). In the conducted experiment the biochars

Table 2. Properties of biochars used in the laboratory experiment.

application affected the bulk density of the coarse-textured soil
more than that of heavy-textured soil. The data on the bulk
densities of the two soils studied in the experiment with all the
treatments are presented in Fig. 1 and Fig. 2.

Bulk density of the sandy soil was reduced significantly due
to application of both doses of BC or PYRO in comparison to
the control treatment. Application of 15 t ha™! of PYRO to sandy
soil with or without N-fertilizer resulted in considerably lower
soil bulk density compared to similar treatments with BC (P <
0.05). Marginal differences were found in the bulk density of the
sandy soil with various treatments after application of the higher
dose (30 t ha™') of biochar irrespective of the biochar type.

Very negligible changes in the clayey loam soil bulk density
were found under any of the studied treatments of the experi-
ment in comparison to the control treatment. Therefore, both
biochars were more effective in decreasing the bulk density of
the sandy soil than the clayey loam soil. This might be attribut-
ed to the higher content of fine clay particles of the latter soil.

Figures 3 and 4 show the water retention curves of the two
soils treated with two doses of BC or PYRO. The readily avail-
able water content is being held by soils in the range of water
potentials from —5 to —300 kPa (the latter is the water potential
of the first signs of plant wilting) and can be assessed using the
water retention curves. The obtained results for the control
treatments indicate that water retention capacity corresponding
to the readily available water was significantly lower in the
sandy soil in comparison to the clayey loam soil (at P < 0.001).
Incorporation of either dose of BC or PYRO to the sandy soil
significantly increased its water retention capacity (at P < 0.05).
The increase after PYRO application was significantly higher
(P < 0.05) than after BC application for both doses of the
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Fig. 1. Bulk density of the sandy soil with different treatments. Bars
show the 95% confidence intervals. Different letters indicate the
significance of differences (at P < 0.05) according to one-way
ANOVA. C — control; F —90 kg N ha™!; 15 BC PYRO — 15 t ha! of
BC or PYRO; 15 BC PYRO F — 15 t ha! of BC or PYRO with 90
kg N ha!; 30 BC PYRO — 30 t ha™! of BC or PYRO; 30 BC PYRO
F—30 tha" of BC or PYRO with 90 kg N ha'.

I5SBCPYRO 15BCPYROF 30BCPYRO 30BCPYROF

Treatments

Fig. 2. Bulk density of the clayey loam soil with different treat-
ments. Bars show the 95% confidence intervals. Different letters
indicate the significance of differences (at P < 0.05) between
treatments according to one-way ANOVA. C — control; F — 90 kg
N ha™'; 15 BC PYRO - 15 t ha™! of BC or PYRO; 15 BC PYRO F
— 15 tha™ of BC or PYRO with 90 kg N ha™'; 30 BC PYRO - 30 t
ha™! of BC or PYRO; 30 BC PYRO F — 30 t ha™! of BC or PYRO
with 90 kg N ha™!.
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biochars (Fig. 3). There was no significant difference in the
water retention capacity of the sandy soil between the treat-
ments with two doses of BC while application of PYRO result-
ed in a significant difference in water retention capacity be-
tween the treatments with 15 and 30 t ha™!.

Greater specific surface area of PYRO and higher number of
polar groups on the biochar surface could be the reason for
higher water retention capacity of the sandy soil amended with
this type of biochar (Ren et al., 2016).

Particle diameter of PYRO (up to 1 mm) was smaller than
particle diameter of BC (up to 3 mm). Therefore, incorporation of
PYRO to the sandy soil at the dose of 30 t ha™! led to a two-fold
decrease in the volume of capillary macro- and meso-pores (the
intervals of water potentials between —5 kPa and —55 kPa) com-
pared to that after application of 15 t ha! of PYRO. At the same
time, the incorporation of either dose of BC did not cause similar
changes in the volume of macro- and meso-pores of this soil.

Incorporation of both doses of PYRO or BC into the clayey
loam soil also resulted in a significant (at P < 0.05) increase in
the soil water retention capacity, compared to the control treat-
ment (Fig. 4). The higher was the dose of either biochar, the
higher was the water retention capacity (at P < 0.05) of the clay-
ey loam soil in the range of water potentials from —5 to —300 kPa.
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Fig. 3. Water retention curves of the sandy soil with different
treatments. Bars show the 95% confidence intervals. Different
letters indicate the significance of differences according to one-
way ANOVA (at P <0.05).
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Fig. 4. Water retention curves of the clayey loam soil with different
treatments. Bars show the 95% confidence intervals. Different
letters indicate the significance of differences according to one-
way ANOVA (at P <0.05).

The difference in water retention capacity of clayey loam soil
amended with 15 t ha™' of either biochar was not statistically
significant, as well as there was no difference in water retention
capacity of the soil amended with 30 t ha™' of BC or PYRO.

In the studies of N2O emission from soils, WFPS is being of-
ten used as an important indicator of soil conditions favorable
for microbial processes of nitrification or denitrification. These
conditions are observed in soils at WFPS being lower than 60%
(mainly aerobic conditions) and higher than 60% (mainly an-
aerobic conditions), respectively (Dobbie and Smith, 2003;
Wrage et al., 2001). The data on the WFPS (%) of the studied
soils are given in Table 3. During the experiment, the WFPS of
the sandy soil was higher than 60% in all the treatments includ-
ing control and control + N-fertilizer. Incorporation of BC or
PYRO in two studied doses did not result in any significant
increase of WFPS in the sandy soil compared to control treat-
ment. WFPS of the sandy soil was considerably higher after
application of 15 t ha! of BC than 15 t ha™! of PYRO. There
were negligible differences in WFPS between treatments with
30 tha™! of BC and PYRO.

In the clayey loam soil, values of WFPS were also higher
than 60%. Application of BC or PYRO did not significantly
change WFPS of this soil compared to the control treatment.
Application of 30 t ha! of PYRO resulted in significantly
(at P < 0.001) higher values of WFPS compared to the treat-
ments with 30 t ha™! of BC. As the WFPS values during the
experiment were always higher than 60% (anaerobic condi-
tions) in both soils under all the studied treatments, microbial
process of denitrification was likely to be the main pathway of
N20 formation in these soils (Dobbie and Smith, 2003).

Table 3. Average values of WFPS, %, (mean + 95% confidence
interval) for the sandy and clayey loam soils with different treat-
ments. Letters a, b and ¢, d show significant differences among
values of WFPS in sandy soil and clayey loam soil, respectively,
by one-way ANOVA (at P <0.05).

Treatment Sandy Clayey
soil loam soil
Control 64.4+ 3.9a 79.0+6.5¢
Control + N-fertilizer 61.9+£2.7a 71.4+7.6¢
15tha! of BC 69.4+5.5a 66.4+4.4d
15 tha™! of BC + N-fertilizer 64.6+3.1a 73.1+6.7¢
30 tha! of BC 59.4+4.8a 67.4+3.1d
30 t ha™! of BC + N-fertilizer 58.1+4.8b 71.9+4.4¢
15tha™! of PYRO 61.0+4.0a 72.9+ 4.4¢
15 tha! of PYRO + N-fertilizer 57.1£3.0b 72.3+4 3¢
30 tha! of PYRO 62.7+3.6a 78.2+43.1¢c
30 t ha™' of PYRO + N-fertilizer 66.0+5.5a 83.1+4.2¢

N:O emissions and soil mineral nitrogen

N20 emission rates from the soils with different treatments
are shown on Fig. 5 and 6 while the average values of N>O
emission rates — in Table 4. There was a very high variability of
N20 emissions from both soils under all the studied treatments
during the entire period of the experiment and, for this reason,
some differences in NoO emission rates, which were found
during the experiment, were not statistically significant. Still,
the obtained results provide a good possibility to see the main
directions of the changes in N2O emission rates, related to the
biochars application to fertilized and unfertilized soils of differ-
ent texture.
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Fig. 5. N2O emission rates for the sandy soil with BC application (a and b) and with PYRO application (c and d). Bars show the 95%
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Fig. 6. N2O emission rates for the clayey loam soil with BC application (a and b) and with PYRO application (c and d). Bars show 95%

confidence intervals.

The rate of N2O emission from the control soils was not very
high and the reason for that was, presumably, the very low N-
content in the soils. Despite of the six-fold difference in the
numbers, the difference in N>O emission rates between control
treatments of the sandy soil and the clayey loam soil was not
statistically significant due to the high variability of the flux.
Application of the biochars to the unfertilized soils either did
not significantly change the rate of N2O emission (for the sandy
soil: treatments 15 t ha™' of BC, 30 t ha! of PYRO; for the

clayey loam soil treatment 30 t ha™! of BC) or significantly
increased it (for the sandy soil: treatments 30 t ha™! of BC or
15 tha™! of PYRO,; for the clayey loam soil: treatments 15 t ha™!
of BC and 30 t ha™! of PYRO). Nitrogen content in the biochars
could be the main reasons for N2O flux increase in the circum-
stances when the soil water content was kept at the same level
throughout the experiment.

Application of N-fertilizer (90 kg N ha™!) to both soils re-
sulted in a significant increase in the rate of N>O emission and
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Table 4. Average values of N2O emission rates (ug m2 h™!) for the sandy and clayey loam soils with different treatments (means + 95%
confidence intervals). Different letters indicate the significance of differences according to one-way ANOVA within each column

(at P <0.05).
Treatment Sandy soil Clayey loam soil
Control 2.4+6.1a 12.3+22.8a
Control + N-fertilizer 124.5492.5¢ 1423.5+617.4d
15tha! of BC —0.6+3.5ab 76.6+55.1b
15 t ha! of BC + N-fertilizer 797.5+255.3¢ 219.9+127.3¢
30 tha! of BC 16.349.0b 15.4+13.4a
30 t ha™! of BC + N-fertilizer 368.1+£185.3d 159.5+63.5¢
15 tha! of PYRO 19.343.9b 66.4+77 .4ab
15 tha! of PYRO + N-fertilizer 216.0£104.9¢cd 208.7+207.9bc
30 tha! of PYRO 14.2+12.0ab 216.3+£166.5b
30 t ha! of PYRO + N-fertilizer 24.5+11.3b 175.5+173.8bc

Table 5. Average N-NOs~ content (mg kg™' of soil) for the sandy and clayey loam soils with different treatments (means + 95% confidence

interval). Different letters indicate the significance of differences according to one-way ANOVA within each column (at P < 0.05).

Treatment Sandy soil Clayey loam soil

Control 0.10+0.01a 0.10+0.01¢c
Control + N-fertilizer 1.0+0.8a 40.3+16.3d
15 tha! of BC 0.4+0.3a 2.3+3.8¢

15 t ha™! of BC + N-fertilizer 12.6+6.7b 24.4423.5d
30tha! of BC 0.9+0.8a 2.242.0¢c

30 t ha! of BC + N-fertilizer 9.9+3.7b 13.2+3.2d
15 tha™! of PYRO 1.2+0.6b 2.8+2.3¢

15 tha™! of PYRO + N-fertilizer 24.8+5.0b 55.6+9.8d
30 tha! of PYRO 1.5+0.6b 12.8+8.4d
30 t ha! of PYRO + N-fertilizer 0.5+0.3a 24.0+£23.1d

the increase was significantly higher for the clayey loam soil
compared to the sandy soil (at P < 0.05). Application of N-
fertilizer also resulted in an increase of N-NO;™ content in both
soils (Table 5) and that was the main reason of the increased
N20 emission rates from the fertilized soils of the experiment
compared to the control. Another factor that could affect N.O
emission rate from the soils was WFPS but values of WFPS
were about the same for different treatments of the same soil
(>60%) and therefore had about the same effect on N2O emis-
sions independent of the treatment, providing conditions suita-
ble for the process of denitrification. Combination of high
values of WFPS and high N-content are the main factors pro-
moting processes of denitrification, which is the main source of
N20 in wet soils.

Application of BC to the fertilized sandy soil resulted in a
significant increase of N2O emission rates for both doses of the
biochar while application of the same biochar to the fertilized
clayey loam soil resulted in significant decrease of N2O emis-
sion rates compared to the control + fertilizer treatment. In
general, BC application did not help to mitigate N2O emissions
from N-fertilized sandy soil at WFPS >60% and even was most
likely to increase the N2O flux. At the same time, BC applica-
tion to the fertilized clayey loam soil was effective in reducing
N20 emission rates compared to the fertilized treatment with no
BC at WFPS >60%.

PYRO was reducing N>O emission rates from both fertilized
soils. For the sandy soil, the 5-fold reduction was statistically
significant only for the higher rate of PYRO, while for the
clayey loam soil N2O emission rates were 6-9 times lower and
the reduction was statistically significant for both rates.

It was shown earlier that biochars can influence the process
of microbial denitrification through the improvement of soil

aeration and lower mineral nitrogen utilization by denitrifying
microorganisms, but that was not the case in the conducted
experiment where the WFPS of the studied soils was kept at
quite a high level and N2O emissions were studied in the condi-
tions of no water deficiency.

According to Liao et al. (2021), biochars with the larger spe-
cific surface area decrease soil N2O emission by affecting the
diversity, abundance, and composition of total bacteria and
N20-producing microbial communities. That could be the rea-
son of more pronounced N>O emission rate reduction from both
fertilized soils after PYRO application.

The obtained experimental results indicate a high efficiency
of the biochars to mitigate N2O emissions from the N-fertilized
clayey loam soil but not from the N-fertilized sandy soil.

When the mean N>O emission rates from all the treatments
with BC or PYRO and mineral fertilizer were analyzed togeth-
er, the Spearman’s rank correlation coefficients did not distin-
guish any significant relationship between N2O emissions and
WEPS for either soil studied in the experiment; showed a sig-
nificant (at P < 0.01) relationship with N-NO3~ content for the
sandy soil but not for the clayey loam soil at WFPS higher than
60%.

CONCLUSIONS

The results of the study have shown that application of BC
and PYRO resulted in a significant reduction in bulk density of
the sandy soil but not the clayey loam soil. Addition of BC or
PYRO increased water retention capacity of the two soils used
in the study. However, incorporation of BC or PYRO was not
affecting the soils’ water-filled pore space, which was > 60%
for all the studied treatments.
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BC did not significantly reduce N2O emission rates from the
N-fertilized sandy soil and was even increasing the flux. In the
N-fertilized clayey loam soil BC was more efficient and signif-
icantly reduced N>O emission rate at WFPS >60%.

The mitigating effect of PYRO application on N>O emission
rate was less pronounced in the sandy soil, where only the
higher dose of the biochar was successfully reducing the flux
from the N-fertilized soil. In the clayey loam soil N2O emission
rates were significantly reduced by PYRO at both rates.
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Abstract: The interception process in subalpine Norway spruce stands plays an important role in the distribution of
throughfall. The natural mountain spruce forest where our measurements of throughfall and gross precipitation were
carried out, is located on the tree line at an elevation of 1,420 m a.s.l. in the Western Tatra Mountains (Slovakia, Central
Europe). This paper presents an evaluation of the interception process in a natural mature spruce stand during the
growing season from May to October in 2018-2020. We also analyzed the daily precipitation events within each
growing season and assigned to them individual synoptic types. The amount and distribution of precipitation during the
growing season plays an important role in the precipitation-interception process, which confirming the evaluation of
individual synoptic situations. During the monitored growing seasons, precipitation was normal (2018), sub-normal
(2019) and above-normal (2020) in comparison with long-term precipitation (1988-2017). We recorded the highest
precipitation in the normal and above-normal precipitation years during the north-eastern cyclonic synoptic situation
(NEc). During these two periods, interception showed the lowest values in the dripping zone at the crown periphery,
while in the precipitation sub-normal period (2019), the lowest interception was reached by the canopy gap. In the
central crown zone near the stem, interception reached the highest value in each growing season. In the evaluated
vegetation periods, interception reached values in the range of 19.6-24.1% of gross precipitation total in the canopy gap,
8.3-22.2% in the dripping zone at the crown periphery and 45.7-51.6% in the central crown zone near the stem. These
regimes are expected to change in the Western Tatra Mts., as they have been affected by windstorms and insect
outbreaks in recent decades. Under disturbance regimes, changes in interception as well as vegetation, at least for some
period of time, are unavoidable.

Keywords: Precipitation; Interception; Synoptic types; Norway spruce (Picea abies L. Karst.); Growing season.

INTRODUCTION

In the conditions of the Western Carpathians, atmospheric
precipitation is almost the only income component of the water
balance (Mind’a§, 2003). Forest canopies standing up in the air
impede precipitation from reaching the ground. A portion of
precipitation is inevitably intercepted by the canopy (canopy
interception), flows along the stem to the ground surface
(stemflow), drips from the foliage and branches or passes
through canopy openings to the ground (throughfall), or is
further intercepted by ground plants or the forest floor (litter
interception). These processes cause a reduction in precipitation
quantity and a redistribution of precipitation towards the soil
(Arnell, 2002; Chang, 2013; Klamerus-Iwan et al., 2020;
Sadeghi et al., 2020; Strelcova et al., 2006). The water regime
of forest stands is also determined by the precipitation condi-
tions of a given locality as well as by the properties of soils.
Out of the many properties of a stand, the amount and distribu-
tion of the assimilation area is the most important factor for
affecting the water balance in an ecosystem. Indeed, it deter-
mines the amount of transpiration as well as the retention of
precipitation on the surface, i.e. interception (Bruijnzeel, 2004;
Landsberg and Waring, 2014; Pypker et al., 2011; Shelton,
2009; Zabret et al., 2018). Interception is the process in which

part of the rainwater is used or retained on the surface of trees
or plants. This water neither infiltrates into the soil nor drains in
the form of surface runoff. Therefore, the amount of intercepted
precipitation that returns to the atmosphere upon evaporation is
often referred to as interception loss (Dohnal et al., 2014;
Gregersen et al., 2007; Llorens and Gallart, 2000; éraj et al.,
2008; Ward and Trimble, 2003).

From the point of view of the water balance, the interception
of precipitation in spruce stands is quite significant. However,
its magnitude varies in an orographically and vertically divided
area. Interception plays a significant negative role in spruce
forests at lower altitudes. By contrast, in mountain locations,
the interception process of liquid precipitation changes due to
occult precipitation from fog and interception may be perceived
very differently, from a significantly negative item of the water
balance of stands up to a positive item, depending on the local
conditions (Bartik et al., 2016; Chroust, 1997; Kantor, 1981;
Kre¢mer, 1973; Kre¢mer et al., 1981; Valtyni, 1986).

The topic of interception losses in forest hydrology has long
received considerable attention. Nevertheless, we do not yet
have enough reliable quantitative data, particularly from specif-
ic mountain habitats. One such habitat consists of climax moun-
tain spruce trees growing in extreme mountain climate condi-
tions below the tree line (Mind’a$ et al., 2018; gl’pek et al.,
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2020). Mountain spruce forests perform a number of important
ecosystem services in the country (e.g. snow accumulation,
protection against avalanches and soil erosion, a headwater
function) as stated by, for instance, Fleischer et al. (2017),
Holko et al. (2021), Pichler et al. (2010) and Seidl et al. (2019).
The long-distance transport of air pollution and acid deposition
from the 1970s through the 1990s in many mountain massifs,
particularly in Western and Central Europe, caused a decline in
natural mountain spruces (e.g Fazekasova et al., 2016; Mind’as
and Skvarenina, 1995; Oulehle et al., 2013; Rehfuess, 1985;
Vacek et al., 2015). The onset of climate change, accompanied
by natural hazards such as extreme temperatures, drought,
storms and the consequent calamities of bark beetles, has insti-
gated thelarge-scale decline of fragile mountain spruces
(Grodzki et al., 2006; Hrosso et al., 2020; Mezei et al., 2017,
Seidl et al., 2011). Many recent works have also pointed to
changes in the basic hydrological and ecological functions of
affected areas (Bartik et al., 2019; Bernsteinova et al., 2015;
Cernohous et al., 2018; GoOmoryova et al., 2017; Homolak et
al.,, 2020; Hotovy and Jenicek, 2020; lovino et al., 2018;
Jenitek et al. 2017; Lichner et al. 2020; Svihla et al., 2016).
Due to the aforementioned reasons, it has become necessary to
examine in detail the water balance of mountain spruces, in-
cluding with regard to canopy interception.

The present research was conducted in a natural mountain
Norway spruce (Picea abies L. Karst.) forest in the Western
Tatra Mountains (Slovakia). It was designed to: (i) examine
estimation of spruce canopy interception including the descrip-
tion of its small-scale spatial variability; (ii) determine the inter-
ception losses of spruce stands based on data from three consec-
utive growing seasons with different precipitation amounts
(average, dry, wet) and determine the impact of atmospheric
synoptic types on gross precipitation; and (iii) analyze the spatial
and temporal variability of throughfall in the three growing
seasons and to compare these values with those published for
spruce ecosystems with similar ecological conditions.

MATERIAL AND METHODS
Study site

The Cervenec study site is situated in a mature (climax)
spruce stand in the Jalovecka valley in the Western Tatra Mts.
(latitude 49.183617°N, longitude 19.641944°E, altitude 1,420
m a.s.l.) (Fig. 1.). This valley is characterized with its quater-
nary glacial terrain modelling. The whole research plot is locat-
ed within a geologic boundary between the Crystallinic and
Mesozoic zones in the Inner Western Carpathians. The predom-
inant crystalline rocks are granodiorites and rules covered with
cambisol podsoles and accompanied with lithosols and rankers.
From the Mesozoic rocks, the dominant types include calcites
and dolomites with developed cambisol rendzinas (Bartik et al.,
2014, 2016; Holko et al., 2020). This part of the Western Tatras
belongs to the cold climatic region, the cold mountain and very
wet district (Lapin et al., 2002). The annual average air temper-
ature at Cervenec is 3.0 °C and long-term annual precipitation
is 1,450 mm (Danacova et al., 2019).

The main vegetation cover of the study plots comprises for-
est ecosystems, predominantly following forest types: Sorbeto-
Piceetum (9410 Acidophilous spruce forests (Vaccinio-
Piceetea)); Cembreto-Piceetum (9420 Alpine Larix decidua
and Pinus cembra forests); above the timberline (4070 Bushes
with Pinus mugo) (Hancinsky, 1972; Stanova and Valachovic,
2002).

The predominant tree species is Norway spruce (Picea abies
L. Karst.), accounting for 100% of the tree species coverage.
Sites characterized by loosened canopy and the understorey
include rowan (Sorbus aucuparia L.), raspberry brushes (Rubus
ideaus L.), bilberry (Vaccinium myrtillus 1L.) and natural spruce
regeneration. The plot has a south-east exposition with a slope
of 20°-33° and an area of about 0.3 ha. In the over-130-year-
old stand the average tree height is 26.8 m, the average stem
diameter at breast heigh is 40.5 cm and the stocking density, at
about 0.6, is low (Orenak et al., 2013).

Research plot Cervenec [1420 m a.s.L]

Fig. 1. Research plot Cervenec.
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Precipitation measurements

The amount of precipitation was recorded in the growing
seasons of 2018-2020. The growing season in these areas be-
gins in early May and concludes around the end of October,
depending on the weather conditions. The data were sampled in
approximately two-week intervals, as the research plot is rather
remote. Water precipitation was collected in ten standard
Czechoslovak rain gauges METRA (an orifice area of 500 cm?
(Fig. 2.). The primary categorization of the measurements of
precipitation was in an open area vs. in the forest stand. Daily
precipitation totals were recorded by means of automatic
weighing rain gauge TRwS 504 with an orifice area of 500 cm?,
we based our evaluation of synoptic situation on this metric.
One standard METRA rain gauge was located on an open area,
situated at a sufficient distance from the forest stand to limit or
eliminate the influence of the surrounding standing trees on the
amount of precipitation as a result of the air flow. Due to the
structure of the forest stand, the rain gauges were installed in
the canopy gap (GAP), in the dripping zone at the crown pe-
riphery (CROWN) and in the central crown zone near the stem
(STEM) (Fig. 2.). In the forest, three METRA rain gauges were
located in each of these three localities. We considered this
research design sufficient for preliminary research on canopy
interception in mountain forest, mainly due to rough terrain and
accessibility regarding periodical measurements.

The canopy gap was characterized as an unconnected area
by trees or their branches in a stand without trees with an area
of about 20-30 m?. Rain gauges were placed in the middle of
this space. The dripping zone at the crown periphery represent-
ed precipitation, which was caught in the surface parts of the
crown and dripped into the sub-canopy space after canopy
saturation. In the central crown zone near the stem, rain gauges
were located near the stem (Bartik et al., 2016; Dohnal et al.,
2014; Mind’as et al., 2018; Orenak et al., 2013).

Data analysis

In the period from 1 May to 31 October in years 2018, 2019
and 2020, each day was assigned the appropriate type of synop-
tic situation (Slovak Hydrometeorological Institute, 2021) and,
in the case of precipitation on a given day,the appropriate pre-
cipitation total as well. Atmospheric circulation was character-
ized by the synoptic types according to Ballon et al. (1964) and
Bradka et al. (1961), updated by Racko (1996), which are ex-
tensively used in synoptic and climatological practice in the
Czech and Slovak republics. Czech and Slovak types are basi-
cally a modification of the catalogue of Hess and Brezowsky
(1977) to optimally suit the conditions in the former Czecho-
slovakia (Beranova and Huth, 2005). The Czech and Slovak
catalogue consists of 28 types, leaving no days unclassified. For
the list of types see Table 1. Similarly, the synoptic types were
applied to characterize pollutant concentrations in precipitation
(Fisak and Tesat, 2015; Fisak et al., 2004).

The recorded totals of throughfall in individual measure-
ments were first expressed as the arithmetic mean for each
locality in the stand. Interception loss (/r)in mm was calculated
as the difference between gross precipitation (Ps) and through-
fall (Tr)using the following equation:

1, =P;-Tp )

The interception ratio (/) in % was then calculated as fol-
lows:

Fe

1=(1—ij100 )

All analyses and plot displays were performed using Stat-
graphics Centurion 16, Statistica 12 and Microsoft Excel 2016

Fig. 2. Throughfall measurements in the mature spruce forest in the research plot Cervenec: in the canopy gap ,,GAP“ (A), in the dripping
zone at the crown periphery ,,CROWN® (B) and in the central crown zone near the stem ,,STEM* (C).
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software. When comparing the equality of the mean of the two
dependent samples, we first needed to ascertain whether the
data (interception in %) showed a normal distribution. To de-
termine whether the data came from a normal distribution, we
used the Shapiro-Wilk test. If the p-value >0.05, the data
showed a normal distribution, while if the p-value <0.05 the
data did not come from a normal distribution. If the compared
samples showed a normal distribution, we used Student’s
paired t-test. If the distribution of one of the compared samples
was not normal, we used the non-parametric Wilcoxon paired
test. The level of significance (o) in the test was set at 95% in
all cases, so if the p-value <0.05, we were able to state that the
difference between the individual samples was statistically
significant.

We used correlation and regression analysis to determine the
dependence of interception losses in the stand (mm) on gross
precipitation. The statistical significance of the linear relation-
ship between the samples was tested with analysis of variance
at a 95% confidence level. If p-value <0.05, the relationship
was not significant.

RESULTS AND DISCUSSION
Evaluation of synoptic situations and precipitation totals

The occurrence of precipitation in individual synoptic types
is presented in Table 1. For an illustration of the occurrence of
individual synoptic types during the monitored periods in
2018-2020, the absolute frequency of these types is also given
in Table 1 (column 1 (days)).

Table 1. Frequency of synoptic types (ST) in days, gross precipitation total (PG) and percentage contribution (PC) of each synoptic
situation to the precipitation total of the months May—October in the years 2018, 2019 and 2020.

2018 2019 2020

Synoptic types ST PG PC ST PG PC ST PG PC

(days) (mm) (%) (days) (mm) (%) (days) (mm) (%)
B 21 83.2 10.7 22 17.1 28.5 17 90.5 8.8
Bp 20 119.7 15.5 24 86.7 14.1 5 72.0 7.0
C 4 28.2 3.6 5 112.2 18.3 6 105.1 10.3
Cv 11 26.9 3.5 7.8 1.3 19 155.6 15.2
NWe 13 131.5 17.0 5.8 0.9 3 72.7 7.1
NEc 17 288.4 373 7 10.0 1.6 12 247.3 242
Ne 2 23.7 3.1 10 26.5 43 3 333 33
We 3 6.2 1.0 7 48.5 4.7
Wes 7 33.8 5.5 5 31.0 3.0
SWel 3 52 0.8 8 41.9 4.1
SWe2 7 38.6 6.3 4 2.2 0.2
SWe3 2 244 24
SEc 10 322 42 3 11.9 1.9 5 15.7 1.5
Ec 3 0.2 0.0 3 4.7 0.5
Viz 3 19.1 3.1 2 20.2 2.0
A 2 0.0 0.0 7 10.6 1.7 9 0.2 0.0
Apl 8 31.6 5.1 7 9.2 0.9
Ap2 13 4.7 0.6 7 1.8 0.3 8 42 0.4
Ap3 5 0.5 0.1
NWa 8 0.9 0.1 13 8.9 1.4 11 52 0.5
NEa 13 8.7 1.1 1 0.1 0.0 9 6.3 0.6
Wa 2 1.4 0.2 7 3.0 0.5 8 0.7 0,1
Wal 20 6.3 0.8 0.0 0.0 14 18.6 1.8
Sa 11 0.2 0.0 16 0.5 0.1 3 0.1 0.0
SEa 1 2.4 0.3 7 16.6 2.7 3 11.4 1.1
SWa 7 0.3 0.0 10 0.8 0.1 6 2.6 0.3
Ea 9 15.2 2.0 3 0.5 0.1 5 0.0 0,0
Sume of type ¢ 98 733.7 94.8 100 539.1 87.8 101 965.0 94.3
Sume of type a 86 40.1 52 84 74.9 12.2 83 58.6 5.7
Sume of ct+a 184 773.8 100.0 184 614.0 100.0 184 1023.6 100.0
Synoptic situations: We, west cyclonic; Wes, west cyclonic with southern pathway; Wa, west anticyclonic; Wal, west anticyclonic of
summer type; NWe, north-west cyclonic; NWa, north-west anticyclonic; Ne, north cyclonic; NEe¢, north-east cyclonic; NEa, north-east
anticyclonic; Ec, east cyclonic; Ea, east anticyclonic; SEc, south-east cyclonic; SEa, south-east anticyclonic; Sa, south anticyclonic;
SWel, south-west cyclonic of the 1st type; SWe2, south-west cyclonic of the 2nd type; SWe3, south-west cyclonic of the 3rd type;
SWa, south-west anticyclonic; B, trough over Central Europe; Bp, travelling trough; Vfz, entry of the frontal zone; C, cyclone over
Central Europe; Cv, upper cyclone; A, anticyclone over Central Europe; Apl, travelling anticyclone of the 1st type; Ap2, travelling
anticyclone of the 2nd type; Ap3, travelling anticyclone of the 3rd type
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Year 2018: a so-called normal/average year (102% of the
long-term precipitation average for May—October). Almost
95% of the precipitation from May to October 2018 fell in
cyclonic weather types. The highest total precipitation fell on
days with the synoptic situation of NEc, namely 288 mm, rep-
resenting 37% of the total in the observed period. In the NEc
situation, the highest daily total (129 mm) recorded in 2018 fell
on 18 July. Subsequently, large amounts of precipitation fell in
NWc 132 mm (17%), Bp 120 mm (16%) and B 83 mm (11%).
Types C, Cv SEc and Nc contributed only marginally (3—4%).
The anticyclonic types, Ea, NWa and Wal, altogether contribut-
ed about 4% to the total precipitation.

Year 2019: a relatively dry year (85% of the long-term pre-
cipitation average for May—October). Precipitation in 2019 fell
in the following proportion: 88% for cyclonic types and 12%
for anticyclone types of weather situations. During the period
with synoptic situations B, almost 175 mm, representing 29%
of the total in the observed period. Then there were the follow-
ing situations C 112 mm (18%) and Bp 87 mm (14%), together
SWc 44 mm (7%) and Wes 34 mm (5.5%), and other cyclonic
types were below 5%. The highest daily total (64.2 mm) fell on
22 May in situation C. This situation C cyclone over Central
Europe lasted for five days from 19 to 23 May, during which a
total of 132 mm fell, representing about 21% of the precipita-
tion in the observed period. In 2019, in comparison with the
other years evaluated, there was more precipitation even in
anticyclonic synoptic situations, mostly precipitation of a storm
nature. The types Ap (together) accounted for about 34 mm
(5%), SEa for about 17 mm (3%) and A for 11 mm (2%).

Year 2020: an above-normal year of precipitation (135% of
the long-term precipitation average for the months of May—
October). In this year, cyclonic synoptic types predominated
(94% of the precipitation total), while anticyclonic types ac-
counted for only 6%. As in 2018, the synoptic type NEc con-
tributed the most to the total, with a total of 247 mm (24%).
The highest daily total precipitation (77 mm) was reached again
in the NEc situation on 30 September. It is worth mentioning
that the second-highest daily total (64 mm) was reached in the
same synoptic situation NEc on 22 June. Synoptic types (Cv
156 mm, 15%; C 105 mm (10%) also accounted for a more
significant share of the total, so in summary, situations C and
Cv represented up to 25% of the total. Regarding the othercy-
clonic types, B and Bp should be mentioned, as they collective-
ly contributed to a total of about 160 mm (15%). Out of the rest
of the types, only the anticyclonic situations Wal and Ap con-
tributed above 1% of the total.

The Western Tatras, as a massive mountain range, form the
north-western edge wall for precipitation-bearing western,
northern and partly also north-eastern cyclonic situations.
Compared to the other parts of Slovakia (Petrovi¢, 1972), the
character of precipitation hereis different. Indeed, in other
regions of Slovakia, the most precipitation was brought by
synoptic situations with a western and north-western flow (Bp,
We, NWc and SWe). In the study area, the largest amount of
precipitation wasobserved in the north-eastern cyclonic situa-
tion (NEc) in 2018 and 2020. As mentioned by Krec¢mer
(1973), the mountain locality Serlich (elevation 960 m a.s.l.) in
the Orlické Mountains also classified the NEc type as the raini-
est. The Orlické Mountains are located on the north-eastern
border of the Czech Republic and Poland, where the geograph-
ical effects of air flow and movement of active frontal and air
masses manifest similarly to those on the edge of the Western
Tatras. A similar opinion was expressed by Koncek and Orlicz
(1974) for the Polish side of the Western Tatras, when they
analyzed the summer precipitation conditions of the mountain

obsevatory at Kasper Peak (elevation 1987 m a.s.l.). In addition
to the synoptic situation of NEc in the summer rain totals, the
situation of Nc predominates. Compared to other, southern
parts, the south-western cyclonic situations (SWcl to SWc3)
bringgreater precipitation to the marginal northern parts of our
territory only sporadically (Pol¢ak and Mészaros, 2018).

Comparison of interception in individual zones of stand
measurement during growing seasons (2018-2020)

The amount of precipitation had a significant effect on the
values of interception during the analyzed growing seasons of
2018, 2019 and 2020. The distribution of sub-canopy precipita-
tion within the natural spruce stand with reduced stocking den-
sity showed considerable heterogeneity. The recorded values of
interception during vegetation periods fluctuated considerably.
In the canopy gap, we recorded interception values of the gross
precipitation total in the range of 4.4-40.0% in the growing
season of 2018, 7.0-39.3% in 2019 and 13.3-32.3% in 2020
(Fig. 3.). Furthermore, in the canopy gap, there were two situa-
tions in the growing season of 2019 and one situation in the
growing season of 2020 when the measured precipitation total
in the stand exceeded the gross precipitation. These situations
could have been caused by the influence of the wind, which
transported precipitation captured in the canopy space into the
area of the canopy gap.

In the dripping zone at the crown periphery, we recorded the
highest variability of interception. One of the factors
influencing values of interception during the vegetation period
is the occurrence of occult precipitation (Holko et al., 2009;
Kre¢mer, 1973; Mind’as et al., 2018; Vorcak et al., 2009). This
effect was most pronounced in the studied locality, when we
recorded five cases in all evaluated periods with the throughfall
exceeding the gross precipitation. High levels of throughfall
always occurred at the beginning of each growing season
during a two-week period: for example, on 21 May 2020 we
recorded up to 42.9% higher throughfall than gross
precipitation (Fig. 3.). We also registered significantly higher
throughfall on 28 July 2018 at the highest recorded two-week
gross precipitation total (232.4 mm) of all three evaluated
periods. In addition, occult precipitation by its interaction
reduces canopy storage capacity. The range of interception
values in the dripping zone at the crown periphery ranged from
—17.9 to 53.7% in the growing season of 2018, from —17.3 to
64.3% in 2019 and from —42.9 to 56.7% in 2020 (Fig. 3.). Out
of 12 measurements in the dripping zone at the crown
periphery, Bartik et al. (2016) reported up to 8 times higher
throughfall than gross precipitation in a living spruce stand at
this locality during the growing season of 2014. In a spruce
forest in the Orlické Mountains (960 m a.s.l.) in the growing
seasons 1962—1966 during individual months, Kre¢mer (1968)
reported a significant variability of interception, ranging from
an improvement of throughfall by 28.0% up to the canopy
interception of 25.0%. Fojt and Kre¢mer (1975) reported an
enrichment of 15% by occult precipitation at the same locality
during the growing season (6 months). Kantor (1981) reported a
negative interception of 2.0% in the growing season of 1978
during rainfall events with the occurrence of fog. In research
conducted in North America, Lovett et al. (1982) reported
enrichment with rainwater of 450 mm per year (20% of the
annual gross precipitation) at an elevation above 1,200 m a.s.1.
in a Douglas fir stand (Pseudotsuga menziesii), while Harr et al.
(1982) reported an improvement of 880 mm (30% of the annual
gross precipitation) in Oregon, also at an elevation above 1,200
m a.s.l. in Douglas fir forests.
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Fig. 3. Interception (%) in the canopy gap (GAP), in the dripping zone at the crown periphery (CROWN) and in the central crown zone

near the stem (STEM) during the growing seasons of 2018-2020.

In the central crown zone near the stem, interception reached
the highest values in most cases. In this locality, which is not
identical with the stemflow, the lowest amount of precipitation
was able to penetrate due to the shape of the growing branches.
In the growing seasons, we recorded interception in the range
0f 36.2-87.8% in 2018, 37.1-81.7% in 2019 and 30.5-93.3% in
2020 (Fig. 3.).

The calculated sums of throughfall (mm), interception losses
(mm), interception (%) and gross precipitation (mm) during the
evaluated periods are given in Table 2. The canopy gap reached
a total interception loss of 163.7 mm (21.2% of the gross pre-
cipitation total) in 2018, 120.5 mm (19.6%) in 2019 and 246.4
mm (24.1%) in 2020. The dripping zone at the crown periphery
reached a total interception loss of 64.1 mm (8.3% of the gross
precipitation total) in 2018, 136.4 mm (22.2%) in 2019 and
156.3 mm (15.3%) in 2020. The central crown zone near the
stem reached a total interception loss of 395.2 mm (51.1% of
the gross precipitation total) in 2018, 300.9 mm (49.0%) in
2019 and 467.8 mm (45.7%) in 2020. When comparing indi-
vidual localities, we recorded the lowest interception losses in
the growing seasons of 2018 and 2020 in the following order:
the dripping zone at the crown periphery > canopy gap > the
central crown zone near the stem. An exception was the poorest
precipitation period of 2019, when we recorded the lowest
interception in the following order: the canopy gap > the drip-
ping zone at the crown periphery > the central crown zone near
the stem. This could have been caused either by two recorded
situations, when the throughfall reached higher values than the
gross precipitation, or by very warm weather, especially in the
period June—October. The year 2019 was the warmest in Eu-
rope since at least 1980, with the warmest period being June—
August (European Centre for Medium-Range Weather Fore-
casts and Copernicus Climate Change Service, 2020). The
warm growing season was also manifested by the highest val-
ues of interception in the dripping zone at the crown periphery
in comparison with the growing seasons 2018 and 2020. Re-
garding this study site in the living forest during the growing
seasons of 2007-2011, Orenak et al. (2013) reported that aver-
age interception was 27.0% in the canopy gap, 20% in the
dripping zone at the crown periphery and 63% in the central

crown zone near the stem. Also concerning this study site in the
living forest during the growing seasons of 2012-2015, Janco et
al. (2017) reported that average interception was 10.1% in the
canopy gap, 1.6% in the dripping zone at the crown periphery
and 70.6% in the central crown zone near the stem. Regrettably,
both of the living stands used in the past with which we com-
pared our results are now dead. Expressing interception as the
average of these three localities (GAP, CROWN, STEM) dur-
ing each evaluated growing season, interception reached 26.8%
in 2018, 30.3% in 2019 and 28.3% in 2020. These interception
values obtained in spruce forest support numerous previous
findings from Europe and North America that average conifer-
ous forest interception ranges from 25.0 to 35.0% of the gross
precipitation total (Robinson and Ward, 2017) Furthermore, the
values of average interception obtained here correspond to the
results of other authors, who have reported values in the range
of 23.0-38.0% for older spruce stands (e.g. Grelle et al., 1997;
Grunicke et al., 2020; Halmova et al., 2006; Kofronova et al.,
2021; Tuzinsky, 2004; Viville et al., 1993).

We statistically compared the interception data (%) calculat-
ed from each measurement at individual localities in the stand
in each evaluated growing season (Fig. 4). A statistical evalua-
tion of the results is given in Table 3. Based on the completed
Student’s paired t-test and the nonparametric Wilcoxon paired
test, a statistically significant difference was not confirmed in
all growing seasons between the canopy gap and the dripping
zone at the crown periphery. However, when comparing the
central crown zone near the stem with these two localities, we
were able to see a significant difference (bold values in Table
3) in all cases.

Relationship between interception loss in individual zones
of stand measurement and gross precipitation

The expressed linear regression of the calculated values of
the interception loss (mm) on the amount of gross precipitation
at the measured localities in the stand (GAP, CROWN, STEM)
are shown in Figs. 5, 6 and 7. Above the graphs are the linear
regression equation, the coefficient of determination (R?), Pear-
son’s correlation coefficient (R) and p-value, informing us

441



Martin Janco, Pavel Mezei, Andrej Kvas, Michal Danko, Patrik Sleziak, Jozef Mind’as, Jaroslav Skvarenina

Table 2. Precipitation total and interception (mm, %) in the growing seasons of 2018-2020.

Position of rain gauges Growing season
gaug 2018 | 2019 | 2020
Throughfall [mm]
610.1 493.5 | 771.2
Canopy gap Interception [mm, %]
163.7 120.5 246.4
21.2 19.6 24.1
Throughfall [mm]
709.7 | 477.6 | 867.3
Dripping zone at the crown periphery Interception [mm, %]
64.1 136.4 156.3
22.2 15.3
Throughfall [mm]
378.6 | 313.1 | 555.8
Central crown zone near the stem Interception [mm, %]
395.2 300.9 467.8
51.1 49.0 45.7
Gross precipitation [mm]
Open area 7738 | 614.0 | 1023.6
Table 3. Statistical characteristics of interception (%).
Count Average Standard Coeff. of Minimum | Maximum Range Shapiro-Wilk
deviation variation p-value
GAP 2018 12 19.4 10.21 52.61 44 40.0 35.6 0.8752
CROWN 2018 12 22.4 20.43 91.29 -17.9 53.7 71.6 0.7529
STEM 2018 12 58.6 15.60 26.64 36.1 87.8 51.7 0.8792
GAP 2019 11 18.8 15.22 80.97 -7.0 39.3 46.3 0.6239
CROWN 2019 11 30.8 22.17 71.89 -17.3 64.3 81.6 0.7255
STEM 2019 11 57.6 18.78 32.61 37.1 81.7 44.6 0.0352
GAP 2020 12 19.0 13.20 69.33 -13.3 323 45.6 0.0292
CROWN 2020 12 15.9 23.86 150.20 -42.9 56.7 99.6 0.1668
STEM 2020 12 50.7 16.54 32.63 30.5 93.3 62.8 0.0450
p* - result of Shapiro—Wilk test (bold value means, that the data come from normal distributions)
Locality p-value Locality p-value Locality p-value
GAP 18 vs. CROWN 18* 0.6978 GAP 19 vs. CROWN 19* 0.1562 GAP 20 vs. CROWN 20** 0.2721
GAP 18 vs. STEM 18* 0.0001 GAP 19 vs. STEM 19** 0.0033 GAP 20 vs. STEM 20** 0.0022
CROWN 18 vs. STEM 18* 0.0000 CROWN 19 vs. STEM19** 0.0044 CROWN 20 vs. STEM 20** 0.0022

*Student’s paired test, ** Wilcoxon paired test (bold values define statistically significant differences p < 0.05)

whether a statistically significant difference was confirmed
between the correlation of interception loss and gross precipita-
tion. Bold values represent a statistically significant difference.
The Pearson’s correlation coefficient was most significant in
the central crown zone near the stem, indicating a relatively
strong relationship between the variables, followed by the can-
opy gap, indicating a moderately strong relationship between
the variables as well. The least significant of the three was the
dripping zone at the crown periphery, indicating a relatively
weak relationship between the variables. The R-squared statis-
tic (coefficient of determination) indicated that the fitted model
explained 88.8% of the variability in interception loss in the
central crown zone near the stem, 87.6% of the variability in
interception loss in the canopy gap and 1.2% of the variability
in interception loss in the dripping zone at the crown periphery
out of the gross precipitation. A statistically significant differ-
ence in correlation was confirmed in the canopy gap and in the
central crown zone near the stem. It follows that in the central
crown zone near the stem, interception losses were most affect-
ed by the gross precipitation, because this space in the stand
intercepts the largest amount of precipitation. The canopy gap

and its interception losses are also significantly affected by the
gross precipitation, but to a lesser extent. Although this space
has no active surface above it to retain precipitation, it is mainly
exposed to the wind. The higher the wind speed, the more the
direction of rainfall deviates from the vertical direction, while
the surrounding trees can act as a rain shadow. The vegetation
may lead to ‘precipitation shading’ of the site in certain direc-
tion, but if the wind speed exceeds a certain limit, when it is
able to carry the captured precipitation in the crowns, these may
exceed the gross precipitation values (20 June, 4 July 2019 and
3 August 2020 (Fig. 3)). The gross precipitation total in the
dripping zone at the crown periphery has the smallest effect on
the interception loss, because in this area the variability of the
interception loss is the highest and it is influenced by the effect
of occult precipitation. In the dripping zone at the crown pe-
riphery, such a correlation was not statistically confirmed.
Similar results at the same studied site during the growing
seasons of 2007-2011 were reported by Orenak et al. (2013),
where the Pearson’s correlation coefficient of interception loss
was most significant in the central crown zone near the stem,
followed by the canopy gap and least important in the dripping
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Fig. 5. Linear regression between canopy gap (GAP) interception
loss (mm) and gross precipitation (2018-2020). The solid line
represents the regression line; the dashed lines are the upper and
lower 95% prediction intervals of the regression.
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Fig. 6. Linear regression between the dripping zone at the crown
periphery (CROWN) interception loss (mm) and gross precipita-
tion (2018-2020). The solid line represents the regression line; the
dashed lines are the upper and lower 95% prediction intervals of
the regression.

zone at the crown periphery. Droughts, insects and fungi al-
ready contribute to the decline of spruce forests (Sierota et al.,
2019). Given that interception is partially a function of forest
structure and physiological characteristics of host trees (Bladon
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Fig. 7. Linear regression between central crown zone near the stem
(STEM) interception loss (mm) and gross precipitation (2018—
2020). The solid line represents the regression line; the dashed
lines are the upper and lower 95% prediction intervals of the re-
gression.

et al., 2019; Kaiser et al., 2013). Additionally, the topographic
structure mediates the redistribution of water and the spatial
patterns of forest vegetation, giving rise to temporal complexity
in the ecological processes associated with vegetation.

CONCLUSION

Understanding how trees interact with interception processes
is important for the development of effective strategies and
tools for sustainable resource management in the future. Large
parts of the Tatra Mts. have already been hit by significant
ecosystem disturbances, including spruce bark beetle outbreaks.
Our study aimed to evaluate the influence of mountain spruce
forest on the distribution of throughfall in the growing seasons
of 2018-2020 and provided a unique opportunity to analyze
rainfall interception in an unaffected forest. And although the
study design was constrained by rough terrain and challenges
regarding periodical monitoring, the analysis of synoptic types
points to the differences in meteorological conditions of occur-
rence of precipitation in the observed study plot. We recorded
amounts of precipitation in the growing seasons in descending
order as follows: 2020 > 2018 > 2019. Most of the precipitation
totals in each period were recorded in cyclonic situations. Fur-
thermore, based on the results of our measurements we can
state that the distribution of precipitation differs within the
stand structure in the sub-canopy space.
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Our research can be used to develop a more mechanistic un-
derstanding of the feedbacks between hydrology and ecological
processes. The lowest amount of throughfall in each evaluated
period was recorded in the central crown zone near the stem,
indicating that interception here was highest. The lowest values
of interception were seen in the dripping zone at crown periph-
ery, with the exception of during the growing season of 2019,
when we recorded the lowest interception in the canopy gap.
The mosaic of land-cover change that has affected the rest of
the Tatra Mts. can alter ecosystem response and hydrology will
be among the first affected ecosystem services. Interception of
individual localities differed in each growing season in the
cases of the canopy gap and the central crown near the stem,
the dripping zone at the crown periphery and the central crown
zone near the stem. Canopy gap and the central crown zone
near the stem affected also the interception loss between the
gross precipitation. This phenomenon owed to the presence of
occult precipitation, which compensated for interception losses
and enriched the stand with rainwater. The total interception of
the stand reached 26.8% (2018), 30.3% (2019) and 28.3%
(2020) of the gross precipitation total. In the future, we expect
significant changes in the hydrological cycle in the Tatra Mts.,
mainly due to repeated wind storms, bark beetle outbreaks and
subsequent sanitary measurements. Our study provides a basis
for future comparison and changes in affected forests with
baseline conditions described in the above-presented study.
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Abstract: The presence of biocrusts changes water infiltration in the Mu Us Desert. Knowledge of the hydraulic proper-
ties of biocrusts and parameterization of soil hydraulic properties are important to improve simulation of infiltration and
soil water dynamics in vegetation-soil-water models. In this study, four treatments, including bare land with sporadic cy-
anobacterial biocrusts (BL), lichen-dominated biocrusts (LB), early-successional moss biocrusts (EMB), and late-
successional moss biocrusts (LMB), were established to evaluate the effects of biocrust development on soil water infil-
tration in the Mu Us Desert, northwest of China. Moreover, a combined Wooding inverse approach was used for the es-
timation of soil hydraulic parameters. The results showed that infiltration rate followed the pattern BL > LB > EMB >
LMB. Moreover, the LB, EMB, and LMB treatments had significantly lower infiltration rates than the BL treatment. The
saturated soil moisture (6s) and shape parameter (avc) for the EMB and LMB treatments were higher than that for the BL
and LB treatments, although the difference among four treatments was insignificant. Water retention increased with bi-
ocrust development at high-pressure heads, whereas the opposite was observed at low-pressure heads. The development
of biocrusts influences van Genuchten parameters, subsequently affects the water retention curve, and thereby alters
available water in the biocrust layer. The findings regarding the parameterization of soil hydraulic properties have im-

portant implications for the simulation of eco-hydrological processes in dryland ecosystems.

Keywords: Cyanobacteria; Lichen; Moss; Infiltration; Inverse approach; Hydraulic parameter.

1 INTRODUCTION

Dryland landscape is usually characterized by woody plant
patches, which is separated by open patches (Ludwig et al.,
2005). The surface of these open patches is usually occupied by
biocrusts (also named biological soil crusts), which result from
a configuration between soil particles and cyanobacteria, algae,
fungi, lichens, and mosses within the upper millimeters of the
soil (Belnap, 2006; Eldridge et al., 2020; Weber et al., 2016).
Biocrusts change physicochemical properties of topsoils and
have a significant impact on water infiltration (Chamizo et al.,
2016; Jiang et al., 2018).

A few studies have been performed to evaluate the effects of
biocrusts on water infiltration. Nevertheless, contradicting
results exist regarding the roles of biocrusts on soil water infil-
tration (Warren, 2003; Weber et al., 2016). Biocrusts modify
soil infiltrability through different pathways. Biocrusts increase
soil porosity, roughness and aggregate stability and improve
physical structure, which in turn increase soil water infiltration
(Felde et al., 2014; Jiang et al., 2018). On the other hand, bi-
ocrusts increase water repellency and cause pore clogging due
to exopolysaccharide excretion, which impede soil water infil-
tration (Keck et al., 2016; Kidron et al., 2020; Xiao et al.,
2019). These contradictory results were attributed to the differ-
ence in soil properties (soil structure and texture), biocrust
characteristics (cover, morphology, and composition), and
climate (mainly rainfall characteristics) (Weber et al., 2016).
Therefore, further studies are necessary to test these contradict-
ing results in other areas, such as the Mu Us Desert where the

soil, climate, and biocrusts differ from other areas. In this area,
a large number of shrubs died with the occurrence of late-
successional biocrusts, possibly due to the reduced soil water
infiltration caused by biocrusts (Guan and Liu, 2019; Xiao and
Hu, 2017). However, no conclusive data are yet available and
our understanding of the mechanisms of biocrusts in altering
soil hydrology remains unknown.

In addition, the presence of biocrusts alters soil physical
properties, and subsequently influences soil hydrological pro-
cesses, and thus changes plant growth (Havrilla et al., 2019;
Kidron, 2019; Xiao and Hu, 2017). Improved knowledge of the
hydraulic properties of biocrusts and estimation of soil hydrau-
lic parameters are crucial for improving simulation of infiltra-
tion, soil water dynamics, and soil water uptake in vegetation-
soil-water models (Coppola et al., 2011; Wang et al., 2007; Yu
et al., 2010), and have important implications for the simulation
of eco-hydrological processes in dryland ecosystems (Chen et
al., 2018). We hypothesized that biocrust development has a
negative influence on water infiltration. Accordingly, the pur-
poses of our study were: (1) to evaluate whether biocrust devel-
opment influence soil water infiltration; (2) to estimate the
hydraulic parameters in biocrust-covered soils.

2 MATERIALS AND METHODS
2.1 Experimental site

This study was undertaken at the Yanchi Research Station,
Ningxia Province, northwestern China (106°30'—107°47" E and
37°04'-38°10" N, 1550 m above the sea level). The site is lo-
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cated on the southwestern fringe of the Mu Us Desert and is
characterized by a mid-temperate semi-arid climate with mean
annual temperature of 8.1 °C. Mean annual precipitation in this
area is 287 mm, most of which occurs from July to September.
Soil texture is classified as sand. The average sand, silt, and
clay content in the shallow soil profile (0- to 10-cm depth) are
79.1%, 18.5%, and 2.4%, respectively. The mean percentages
of sand, silt and clay in lower soil (10- to 60-cm depth) are
93.0%, 4.3%, and 2.7%, respectively. The dominant shrubs are
Artemisia ordosica, Caragana korshinskii, Salix psammophila,
and Hedysarum mongolicum, which are distributed in patches
covering 30-70% of the soil surface. The inter-canopy soil
surface is commonly covered by biocrusts.

2.2 Experimental design

In this study, infiltration experiments were conducted in Au-
gust 2017 to evaluate the influence of biocrust development on
water infiltration. In this experiment, four treatments, including
bare land with sporadic cyanobacterial biocrusts (BL) (Fig.
1A), lichen-dominated biocrusts (LB) (Fig. 1B), early-
successional moss biocrusts (EMB) (Fig. 1C), and late-
successional moss biocrusts (LMB) (Fig. 1D), were established
to evaluate the effects of biocrust development on soil water
infiltration. Five replicates with similar soil and topographic
conditions were established for each treatment, thus totalling 20
experimental sites.

There are three main types of biocrusts in this area: cyano-
bacteria, lichens, and mosses. The cyanobacterial biocrusts are

consisted of Microcoleus vaginatus. The lichen-dominated
biocrusts are mainly composed of Collema tenax species with a
low cover of cyanobacteria. The moss-dominated biocrusts, in
addition to Byumargenteum p., include a certain amount of
lichens and cyanobacteria. A vernier caliper and line intercept
transects were used for measuring the thickness and cover of
biocrusts, respectively. Biocrust samples, which were manually
screened through a 2-mm screen and dried at 65 °C for 24 h,
were used for measuring the biomass. The polysaccharide con-
tent of biocrust samples were also measured by the phenol-
sulfuric acid method. Additionally, particle size distribution of
the biocrust layer and the subsurface (at 5-cm depth under
biocrust layer) was determined.

2.3. Infiltration experiments

The infiltration experiments were performed using a disc in-
filtrometer with a 15 cm-diameter disc. The height and diameter
of the water reservoir tower was 100 and 3.5 c¢m, respectively.
In order to estimate van Genuchten parameters, three pressure
heads (4) of =3, —6, and —12 cm at each infiltration point were
used. Prior to each measurement, a layer of fine sand with
thickness of 2 mm was laid on soil surface at each infiltration
point and then the disc infiltrometer was put on the fine sand.
The water level in the reservoir tower was recorded until it
reached steady state. The time interval for observation was 10 s
during the first 3 min of the infiltration experiment. However,
the time interval for observation was 30 s when the infiltration
time reached 3 min.

Fig. 1. Landscapes with the four treatments for study including (A) bare land with sporadic cyanobacterial biocrusts (BL), (B) lichen-
dominated biocrusts (LB), (C) early-successional moss biocrusts (EMB), (D) late-successional moss biocrusts (LMB).
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2.4 Calculation of soil hydraulic parameters

The following method was adopted to analyze the infiltra-
tion data. Over time, the infiltration from a circular source with
a constant pressure head can be described by the Wooding's
solution (Wooding, 1968):

0 = mr2K(w[1+ e (1)
TU"O

with A is calculated according to White and Sully (1987):

bS?

A= @)
[K(7)(65n —Eini)]

where 7o is the radius of the disc (cm); 4 is the pressure head
(cm), which was —3, - 6, and —12 cm; /. is the macroscopic
capillary length; K(%) is the unsaturated conductivity under a
given pressure head (cm min™); Q is the steady-state infiltra-
tion rate (cm® min™'); b is a shape parameter between 1/2 and
/4 (Smettem and Clothier, 1989); Ogn is the final soil water
content (cm® ¢cm™3); Oii is the initial surface soil water content
(cm® cm3); and S is the sorptivity (cm min ).

The Q can be calculated as the following form by substitut-
ing Eq. (2) into (1):

9 _ s
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with i. is expressed as:

-9
Ic= TU”OZ (4)

From Egs. (3) and (4), the K(%) can be calculated as the fol-
lowing form by replacing O with constant infiltration rate (i,
cm min~") (White and Sully, 1987):

4pS?
K(hy=i———22" 5
() . [nro(gfin_eini)] ()

In Eq. (5), S is estimated by the intercept of the regression
line between AI/At'? and ' according to Vandervaere et al.
(1997), where A#'? is the variable quantity of the square root of
time (min) and A/ is the variable quantity of cumulative infiltra-
tion (cm); and ic is calculated by the slope of the linear fitted
cumulative infiltration curves with the stable infiltration data.

According to the quasi-linear Gardner model (Gardner,
1958), the K(%) (cm min™') could be expressed as:

K (h) = K e*GRD! (6)

where K is the saturated hydraulic conductivity (cm min™);
and acrp is the exponential slope.
The K can be expressed using Egs. (5) and (6).

K e%GRD! = | o s 7
; ¢ [7”’0(‘9ﬁn - 9ini)]

The K and acro in Eq. (7) are only the two unknown param-
eters, which could be calculated by two consecutive pressure
heads. The approach assumes that parameter acrp is constant
over the interval between two consecutive pressure heads

(Coppola et al., 2011).
The microscopic pore radius (Am, mm) was calculated
through Eq. (8) according to White and Sully (1987).

A = ZZGRD ®)
pg

where o is the surface tension (N m™); p is the density of water
(kg m™); and g is the acceleration due to gravity (N kg™).

2.5 Estimation of van Genuchten parameters using
a combined Wooding inverse approach

Soil hydraulic properties are usually expressed by the soil
hydraulic conductivity (K(k)) and water retention curve (6(h)).
The most important work in determining the functional rela-
tionships between the soil hydraulic conductivity, water con-
tent, and matric potential is to obtain van Genuchten parame-
ters, which are estimated using a coupled Wooding inverse
approach that combined the results from Wooding’s analytical
solution with a parameter estimation method using a numerical
solution of the Richards equation (Coppola et al., 2011; Laza-
rowitch et al., 2007).

The following form of the Richards equation is usually used
to characterize the radially symmetric isothermal Darcian flow
in a variably saturated isotropic rigid porous medium (Warrick,
1992):

200 190 oh. 0 oh
g—;g(ﬂqh)gﬁ'g(]((h)g—]) )

where ¢ is time; r is the radial coordinate; and z is the vertical
coordinate positive downward. Initial and boundary conditions
that are appropriate for a disc tension infiltrometer experiment
are expressed by the following equations (Simtinek and van
Genuchten, 2000):

h(r,z,t)=hy;(z) t=0 (10)

h(r,z,t)=hy(t) O<r<ry, z=0 (11)

Ohrz1) _y r>ry, z=0 (12)
0z

h(r,z,t) = hy; r2+22 > oo (13)

where /ini is the initial pressure head (cm); ro is the disc radius
(cm); and Ao is the time-variable supply pressure head (cm).

The van Genuchten model (van Genuchten, 1980) was cho-
sen to express the soil water retention, 8(%), and hydraulic
conductivity, K(6):

-8 0

S. = L =[1+|oxah| T 14

€ es_er [ | VG |] ( )

m=""1 (15)
n

K(S,) =K S 1-(1-SVmym]? (16)

where 6s and 6: are the saturated and residual soil moisture
(cm® ecm™), respectively; ave (em™'), m and n are the shape
parameters; S. is the effective fluid saturation; and / is the tortu-
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osity parameter, which is usually fixed at 0.5 (Mualem, 1976).

The transient tension disc infiltration data, together with ini-
tial and final soil moisture, were used for the numerical inverse
determination of van Genuchten parameters, by fixing K at the
value obtained using Wooding’s analytical solution. Given that
all optimizations initially gave 6: estimates very close to zero,
we decided to fix 6: to zero for all cases. The objective func-
tion, @, for the numerical inverse approach is:

M
D(B) =D WL (t)—1(B.1,) ] (17)

i=1

where M is the number of measurements in a particular set; £ is
the vector of optimized parameters; W is the weight of a partic-
ular measured point; /;* (cm) is the measured cumulative infil-
tration at time #; and /; (cm) is the simulated cumulative infil-
tration at time #.

Water retention curves can be obtained through the estimat-
ed van Genuchten parameters. The plant available water, which
was defined as the difference in soil moisture (Af) within a
pressure head ranged from —1 to —1000 cm, was estimated by
water retention curves (Wang et al., 2007).

2.6 Data analyses

A two-way ANOVA was used for analyzing the effects of
biocrust type and pressure head on the soil water infiltrability at
the 5% probability level. The differences in soil hydraulic pa-
rameters among these treatments were analyzed using the least
significant difference (LSD) tests at the 5% probability level.
All statistical analyses were performed using the SPSS 19.0
software (SPSS, Chicago, IL, USA).

3 RESULTS
3.1 Characteristics of biocrusts

Generally, with the development of biocrusts, the cover,
thickness, and biomass of the biocrusts significantly increased;
however, the difference in biocrust cover between the EMB and
LMB treatments was insignificant at the 0.05 level (Table 1). In
comparison to the bare land, biocrusted soils had more silt and
clay content. Moreover, higher fine content (i.e., silt and clay)
was observed in the moss-covered biocrusts compared to li-
chen-covered biocrusts (Table 1).

3.2 Effects of biocrust development on water infiltration
As shown in Fig. 2, from initial to steady state, the BL

treatment had significantly higher infiltration rates than the
other treatments. Furthermore, infiltration rate was similar for

Table 1. Characteristics of the biocrusts in the four treatments.

the EMB and LMB treatments, but significantly lower than for
the LB treatment. Specifically, the ic under the pressure head of
-3 cm followed the pattern BL > LB > EMB > LMB. Further-
more, for the BL treatment under the pressure head of —3 cm,
the ic was 92.3% higher than that for the LB treatment (P <
0.05) (Table 2). The i. for the LB treatment under the pressure
head of -3 cm was 25.8% and 38.7% higher than that for the
EMB and LMB treatments, although there was no significant
difference in the infiltration rate among the three treatments
(Table 2).

In addition, the K(%), S, K, and Ac for the BL treatment were
obviously higher than that for the other treatments. In detail, the
K(h) and K; for the BL treatment under the pressure head of -3
cm were significantly higher than that for the LB treatment by
2.0- and 2.1-fold, respectively (Table 2). Similarly, the S aver-
aged over three pressure heads followed the pattern BL > LB >
EMB > LMB. On the contrary, the An followed the pattern BL
< LB < EMB < LMB, although the difference among them was
insignificant. The two-way ANOVA results indicated that the
influences of biocrust type or head on iini, ic, S, K(%), Ks, and Ac
were significant at the 0.01 or 0.05 level; however, the influ-
ence of biocrust type on Am was insignificant at the 0.05 level
(Table 3). In addition, the influences of the interaction between
the biocrust type and pressure head on i, ic, S, K(h), and Ks
were insignificant at the 0.05 level.

3.3 Determination of van Genuchten parameters

As can be seen in Table 4, the 65 and avs increased with bi-
ocrust development. More specifically, the 6s and ave for the
EMB and LMB treatments were higher than that for the BL and
LB treatments, although the difference among four treatments
was insignificant. For instance, the s for the LMB treatment
was 28.0% higher than that for the LB treatment. Moreover,
there was no significant difference in 65 and avc between the
BL and LB treatments. In addition, the relation between the
parameter of the n and biocrust development was found to be
non-unique. In detail, the BL and EMB treatments had slightly
higher # than the LB and LMB treatments. Furthermore, there
was no obvious difference in n between the BL and EMB
treatments or between the LB and LMB treatments. The one-
way ANOVA results indicated that the influences of biocrust
development on 6s, avc and n were insignificant at the 0.05
level (data not shown)

As shown in Fig. 3, biocrust development had a significant
influence on water retention and hydraulic conductivity. Water
retention increased with biocrust development at high-pressure
heads, whereas the opposite was observed at low-pressure
heads (Fig. 3A and B). In detail, water retention at high-
pressure heads followed the pattern LMB > EMB > BL > LB.

Treatments Cover Thickness Biomass Polysaccha- Sand Silt Clay

(%) (mm) (mg cm™) ride content (%) (%) (%)

(pg mg™

Bare land with sporadic cyanobacterial - - - - 85.79+£5.09a 12.71£1.51b 1.50+0.16 b
biocrusts (BL)
Lichen-dominated biocrusts (LB) 70+9.7 b 4.8+0.9 ¢ 0.81£0.08 ¢ 2.26+0.03b 84.59+4.43a 13.53+2.21b 1.88+0.13b
Early-successional moss biocrusts 76.8£3.5a 8.9+0.7 b 1.84+0.36 b 3.76+£0.05a 77.50+526b 20.60+2.56a 1.90+0.21b
(EMB)
Late-successional moss biocrusts (LMB) 95.8+1.8 a 15.2+0.8 a 2.94+0.57a  3.94+0.02a 75.34+4.82b 21.33#2.29a 3.33+0.18 a

T Different letters in the same column indicate significant differences at the probability level of 0.05.
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Fig. 2. Infiltration rate of the four treatments including bare land
with sporadic cyanobacterial biocrusts (BL), lichen-dominated
biocrusts (LB), early-successional moss biocrusts (EMB), and late-
successional moss biocrusts (LMB).

On the contrary, Water retention at low-pressure heads fol-
lowed the pattern LB > BL > LMB > EMB. Hydraulic conduc-
tivity for the BL treatment, as shown in Fig. 3C, was obviously
higher than that of the other treatments. Furthermore, there was
no obvious difference among the LB, EMB, and LMB treat-
ments, and the difference was dependent on the pressure head.

In addition, the development of biocrusts influences the wa-
ter retention curve, and thus alters the available water. In detail,
A@ for the moss-covered treatments were obviously higher than
that for the cyanobacteria- or lichen-covered treatments. For
example, the available water increased from A9 = 0.251 m* m®
and Af = 0.214 m? m™ for the BL and LB treatments to Af =
0.281 m* m™ for the EMB treatment. Moreover, for moss bi-
ocrusts, the available water increased from Ad = 0.281 m> m™
for the EMB treatment to A9 = 0.290 m> m™ for the LMB
treatment. However, the available water decreased from Af =
0.251 m*® m™ for the BL treatment to A@ = 0.214 m* m™ for the
LB treatment (Fig. 3A and B).

4 DISCUSSION
4.1 Influence of biocrust development on water infiltration

Our study shows that the presence and development of bi-
ocrusts had a negative effect on water infiltration when com-

pared to the bare land (Table 2; Fig. 2). The negative biocrust
effects on water infiltration are likely due to the higher amount
of clay and silt in the biocrusted soils, which could reduce soil
pores and result in a decrease in water infiltration (Table 1).
Additionally, the biocrust effects could attributed to the higher
biocrust thickness and the polysaccharide content (Table 1). We
should note that the polysaccharides measured in this study is
different from exopolysaccharides (EPS), and it can only serve
as a measure for biocrust biomass (similar to chlorophyll con-
tent). Namely, the polysaccharides cannot be an indication of
the capacity of the biocrusts to absorb water. Although not
measured in this study, the involvement of the EPS cannot be
neglected. Given that the ability of the EPS to absorb copious
amounts of water (Chenu, 1993; Colica et al., 2014; Mazor et
al., 1996), the cyanobacterial capacity to excrete copious
amounts of EPS (Kidron et al., 2003), and the fact that cyano-
bacteria also inhabit the lichen- and moss-dominated biocrusts
(Gentili et al., 2005; Paulsrud and Lindblad, 1998; Rossi et al.,
2018), an efficient impediment of infiltration is expected. This
issue deserves further research.

Our results correspond to the results of other authors (Cop-
pola et al., 2011; Xiao et al., 2019; Yang et al., 2016), who
concluded that the lichen- and moss-covered biocrusts led to a
decrease in water infiltration (Table 5). However, some other
studies have shown the opposite: biocrusts increased water
infiltration (Jiang et al., 2018; Kakeh et al., 2021) (Table 5).
The difference in soil surface roughness caused by biocrusts
could partly explain these contradictive results (Warren, 2003).
In detail, rugose or smooth biocrusts such as cyanobacteria are
common in the areas without frost-heaving, thus resulting in a
low surface roughness. Nevertheless, in the areas where soils
freeze, frost-heaving of biocrusted surfaces results in a highly
roughened surface. Higher roughness allows more residence
time, and thus leads to an increased infiltration (Warren, 2003).
In this study site with no obvious frost-heaving, low surface
roughness resulted in a negative effect of biocrusts on water
infiltration.

Additionally, our results concluded that moss-dominated
biocrusts had much lower soil infiltrability compared to the
lichen-dominated biocrusts (Table 2; Fig. 2). In comparison to
lichen-covered biocrusts, higher cover, thickness, biomass, and

Table 2. Soil hydraulic parameters of biocrusts and bare soil under the different biocrust development.

Pressure . . . . .

head Treatments i (mm min™')  ic(mmmin') K(h) (mmmin"') S(mmmin'?) K(mm min") Ae (mm) Am (mm)

-3 cm BL 1.36+0.37 bef 0.75+0.09 a 0.79+0.10 a 0.89+0.48 ab 1.44+0.18 b 4.87£3.27 be 21.79£13.05b
LB 1.00+0.28 be 0.39+0.06 b 0.39+0.06 b 0.18+0.06 b 0.70+0.11 ¢ 0.54+0.24 ¢ 453.81+390.96 b
EMB 0.93+£0.15bc  0.31£0.04 be 0.31£0.04 be 0.11+£0.02 b 0.57+0.08 ¢ 0.14+0.05 ¢ 168.72+109.64 b
LMB 1.054£0.32 bc ~ 0.27+0.07 be 0.26+0.07 be 0.09+0.06 b 0.48+0.13 ¢ 0.31+0.26 ¢ 3603.71+£2192.01 a

—6 cm BL 1.36+0.26 be 0.72+0.19 a 0.69+0.16 a 0.61+0.34 b 2.30+0.52 a 3.89+3.01 be 108.74+95.49 b
LB 0.99+0.37 be 0.33+0.07 b 0.324£0.07 b 0.25+0.04 b 1.07+0.23 be 0.85+0.19 ¢ 12.18+4.02 b
EMB 0.49+0.16 ¢ 0.23+0.06 bc 0.24+0.06 be 0.07+£0.02 b 0.79+0.19 ¢ 0.13+£0.08 ¢ 1667.40+1192.36 ab
LMB 0.49+0.13 ¢ 0.18+0.05 be 0.19+0.06 bc 0.12+0.04 b 0.64+0.20 ¢ 0.35+0.14 ¢ 187.57+162.26 b

—12 cm BL 2.95+0.70 a 0.20+0.05 be 0.12+0.02 ¢ 1.20+0.29 a 1.32+0.19 bc  63.96+26.20 a 0.47+£0.25b
LB 1.61£0.47 b 0.11+0.03 ¢ 0.08+0.02 ¢ 0.69+0.19 ab 0.91£0.18 bc ~ 25.63+11.06 b 0.55+£0.19b
EMB 0.79+0.26 be 0.05+0.02 ¢ 0.05+0.01 ¢ 0.32+0.10 b 0.53+0.15¢ 7.27+3.30 be 1.78+£0.51 b
LMB 0.91+0.29 be 0.06+0.02 ¢ 0.05+0.01 ¢ 0.37+0.12 b 0.57+0.16 ¢ 12.40+5.96 be 1.80+£0.73 b

Note. ' Different letters in the same column indicate significant differences at the probability level of 0.05. BL: bare land with sporadic cyanobacte-
ria biocrusts; LB: lichen-dominated biocrusts; EMB: early-successional moss biocrusts; LMB: late-successional moss biocrusts.
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Fig. 3. Water retention (A and B) and hydraulic conductivity (C) of
the four treatments including bare land with sporadic cyanobacteri-
al biocrusts (BL), lichen-dominated biocrusts (LB), -early-
successional moss biocrusts (EMB), and late-successional moss
biocrusts (LMB).

polysaccharide content for the moss-covered biocrusts could
explain this phenomenon (Table 1; Kidron et al., 2003; Chami-
zo et al., 2012). Furthermore, higher fine content (i.e., silt and
clay) in the moss-covered biocrusts may reduce soil infiltrabil-

ity when compared to the lichen-covered biocrusts (Table 1;
Xiao et al., 2019). Similarly, Wu et al. (2012) concluded that
soil infiltrability was lower for the moss-covered biocrusts
compared to the lichen-covered biocrusts. On the contrary,
some other studies have found that infiltration increased when
biocrusts shifted from cyanobacteria or algae to lichens or
mosses, which is usually characterized by increased biomass
(Barger et al., 2006; Chamizo et al., 2012). The different re-
sponse of infiltration to biocrust type was dependent upon
surface roughness. In these regions, greater roughness which
may have been caused by frost-heaving for lichen- or moss-
dominated biocrusts than those for the cyanobacteria or algae
could explain the contradictory results (Belnap et al., 2013).

It should be noted that the use of a disc infiltrometer does
not adequately reflect water flow under natural conditions.
Firstly, it does not reflect surface roughness, because a layer of
fine sand was laid on soil surface before infiltration experi-
ments were performed. Therefore, the use of a disc infiltrome-
ter could alleviate the influence of surface roughness caused by
biocrusts on water infiltration. Secondly, unlike one-
dimensional vertical flow under natural conditions, the uncon-
fined three-dimensional infiltration (vertical and lateral flow)
usually take place under tension condition when using a disc
infiltrometer (Vandervaere et al., 1997). Although there are
some above-mentioned limitations, the disc infiltrometer under
tension condition can still reflect biocrust effect on soil infiltra-
bility, as verified by a similar study of Xiao et al. (2019) that
reported consistent results of the double-ring infiltrometer and
the disc infiltrometer. Considering the above-mentioned issues,
further research is needed to evaluate the difference between the
double-ring infiltrometer and disc infiltrometer in our study site.

4.2 Determination of van Genuchten parameters

Parametrization of hydraulic properties on biocrusted soils
and estimation of soil hydraulic parameters are crucial for im-
proving simulation of infiltration and soil water dynamics in
vegetation-soil-water models (Coppola et al., 2011; Yu et al,,
2010), and thus the understanding of eco-hydrological process-
es in dryland ecosystems (Rodriguez-Caballero et al., 2015).
Among them, the most important factor is to estimate the pa-
rameters of van Genuchten model. Our results indicated that
moss-covered soils had lower K than lichen-covered soils;
however, the 6s for the moss-covered soils was higher than that
for lichen-covered soils, although the differences were insignif-
icant. This result could be attributed to the higher fine content
and polysaccharide content of the moss-covered soils when
compared to lichen-covered soils (Table 1). Furthermore, simi-
lar to our simulation study, the results of field experiments by
Guan and Liu (2019) also found that well-developed moss-
covered biocrusts had higher 6s than lichen-covered biocrusts,
suggesting a higher retention capacity for the moss-covered
biocrusts.

Table 3. P values from the two-way ANOVA to test the influences of biocrust type and pressure head as well as their interaction effects on

soil hydraulic parameters.

Effects iini (mm min™") ic (mm min ") S (mm min %) K(h) (mm min ") Ks(mm min") Ae (mm) A (mm)
Biocrusts 0.001** <0.001** <0.001** <0.001** <0.001** 0.013* 0.175
Pressure head 0.015* <0.001** <0.001** 0.024* 0.023* <0.001** 0.133
Biocrusts x Pressure head 0.188 0.149 0.020* 0.431 0.949 0.031* 0.040%*

Note. 7ini, initial infiltration rate; i, steady-state infiltration rate; S, sorptivity; K(k), unsaturated hydraulic conductivity at / pressure head;
Ks, saturated hydraulic conductivity; Ac, macroscopic capillary length; Am, microscopic pore radius. * Effect is significant at .05 level of

probability. ** Effect is significant at .01 level of probability.
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Table 4. Water retention and hydraulic conductivity parameters for the biocrusted soils under the different biocrust development.

Treatments ave (cm™) n

Bare land with sporadic cyanobacterial biocrusts (BL) 0.28+0.02 a’ 0.11+£0.03 a 1.72+0.14 a
Lichen-dominated biocrusts (LB) 0.25+0.01 a 0.12+0.03 a 1.51+0.07 a
Early-successional moss biocrusts (EMB) 0.30+0.02 a 0.21+0.04 a 1.72+0.08 a
Late-successional moss biocrusts (LMB) 0.32+0.04 a 0.27+0.09 a 1.54+0.07 a

Different letters in the same column indicate significant differences at the probability level of 0.05.

Table 5. Regional difference in the biocrust effects on soil water infiltrability (in increasing order of annual precipitation).

Locations Cllm‘at.e (a?nnI.JaI Soil texture Biocrust type Measured BIO.C rust effects References
precipitation in mm) parameters on infiltration
Heihe River Hyper arid (71) Silty loam Infiltration rate Decreasing Yang et al. (2016)
Basin
Central-Western ~ Hyper arid (90) Sand Cyanobacteria Infiltration rate Increasing under Eldridge et al.
Negev Desert tension; no signifi-  (2000)
cant effect under
ponding
Western Negev ~ Hyper arid (95) Sand Cyanobacteria Runoff yield Decreasing Kidron (2016)
Desert
Mojave Desert Arid (101) Sand; loamy sand Cyanobacteria Infiltration rate Decreasing Herrick et al. (2010)
Tengger Desert  Arid (191) Sand Mosses Infiltration rate Increasing Coppola et al.
(2011)
Tabernas Desert ~ Semiarid (200-235) Silty loam; sandy Cyanobacteria; Infiltration rate Decreasing with Chamizo et al.
loam lichens; mosses biocrust develop- (2012)

ment

Colorado Plateau Semiarid (215) Loamy sand Cyanobacteria; Runoff coefficient ~ Decreasing Faist et al. (2017)
cyanolichens
Southeastern Semiarid (220-235) Silty loam; sandy Cyanobacteria Runoff coefficient ~ Decreasing with Canton et al. (2020)
Spain loam biocrust develop-
ment
Western New Semiarid (244) Sand Cyanobacteria; Infiltration rate Increasing Bowker et al. (2013)
South Wales lichens; mosses
Northern Chihua- Semiarid (250) Sandy clay loam Cyanobacteria Infiltration depth Increasing Chung et al. (2019)
huan Desert
Quara Qir range-  Semiarid (273) Loamy Lichens; mosses Infiltration rate Increasing Kakeh et al. (2021)
lands
Qinghai-Tibet Semiarid (389) Silty loam Mosses Infiltration rate Increasing Jiang et al. (2018)
Plateau
Loess Plateau Semiarid (409) Loamy sand Cyanobacteria; Infiltration rate Decreasing Xiao et al. (2019)
mosses

Additionally, our results indicated that the shape parameter
of ave followed the pattern LMB > EMB > LB > BL. This
result suggests that the shape parameters of avg increased with
biocrust development. A higher avc corresponds to a lower air
entry value, and implies a lower water holding capacity near
saturation (van Genuchten, 1980). Moreover, this result indi-
cates that the higher avc was consistent with a higher content of
clay and silt. On the contrary, Wang et al. (2007) reported that
the shape parameter of avc declined as the time since stabiliza-
tion increased, and the lower avc was related to a higher propor-
tion of silt- and clay-sized particle. The difference in the inverse
method and model uncertainty may lead to this discrepancy.

The development of biocrusts leads to different van Genuch-
ten parameters, which alter the 6(%) and K(%) curves. Our re-
sults indicate that (%) on the moss-covered soils was higher
than on the lichen-covered soils at high-pressure heads; howev-
er, the opposite was observed at low-pressure heads (Fig. 3B).
In addition, moss-covered soils had lower K(%) than the lichen-
covered soils. Decrease in K(%) and increase in 6(h) are likely
due to the characteristics of biocrusts when compared to bare
land. In comparison to the bare land, greater water-holding
capacity on the biocrust-covered soils could lead to an im-
proved water conditions on the soil surface (Fig. 3B; Guan and
Liu, 2019). Furthermore, the anchoring structures on lichen-

covered soils allows for a longer residence time of the water,
which could improve water retention at the soil surface. More-
over, higher content of clay and silt in the moss-covered bi-
ocrusts reduce the soil pores, and lead to a decrease in soil
hydraulic conductivity. Accordingly, the presence of lichen or
moss biocrusts on the soil surface enhances water retention, but
inhibits soil hydraulic conductivity.

The occurrence and development of biocrusts change van
Genuchten parameters and affect the water retention curve, and
subsequently alters the available water in the biocrust layer. We
found that available water in the biocrust layer increased with a
shift in biocrusts from cyanobacteria to lichens or mosses (Fig.
3A and B). It is noted that available water mentioned above
focused on the soil surface (i.e., biocrust layer). The increased
water content on the soil surface implies a lower soil water
content of the shrub root layer. This suggests that the presence
and development of biocrusts could facilitate the growth of
annual plants, but inhibit the growth of vascular plants. Moreo-
ver, higher soil surface water content has important implica-
tions for dryland productivity. Therefore, our results provide
strong support for the explicit inclusion of biocrusts in hydro-
logical and ecohydrological models.

Our study focused on the effects of biocrust development on
soil infiltrability. The presence and development of biocrusts
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change the water infiltration during rainfall events and alter soil
evaporation during the drying periods, and consequently have
the potential to influence plant water uptake, and eventually
impact plant growth (Xiao and Hu, 2017; Zhang and Belnap,
2015; Zhuang et al., 2015). In addition, biocrusts are very frag-
ile and are susceptible to disturbance, which could affect water
infiltration during rainfall events (Barger et al., 2006; Chamizo
et al., 2012). However, how the biocrust development and its
disturbance influence soil water availability and shrub growth
have not yet been well understood (Chamizo et al., 2016; Ki-
dron and Aloni, 2018). Accordingly, further studies are neces-
sary to evaluate the role of the biocrust development and its
disturbance in soil water uptake and growth of vascular plants
in drylands.

5 CONCLUSIONS

Infiltration rate decreases and saturated soil moisture in-
creases with biocrust development, especially with the presence
of moss biocrusts. Water retention increases with biocrust de-
velopment at high-pressure head, whereas the opposite is found
at low-pressure heads. The biocrust development influences van
Genuchten parameters, subsequently affecting the water reten-
tion curve, and thereby altering the available water in the bi-
ocrust layer. The findings regarding the parameterization of soil
hydraulic properties have important implications for the simula-
tion of eco-hydrological processes in dryland ecosystems.
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Abstract: Soil water repellency (SWR) reduces the rates of wetting in dry soils and is known to interfere with water
movement into as well as within the soils. The objective of this study was to investigate the hydrophysical characteristics
of three water-repellent tropical exotic plantation forest soils in wet and dry seasons. The study sites were Eucalyptus
grandis (EG), Pinus caribaea (PC), and Casuarina equisetifolia (CE) plantation forest soils located in the up-country
intermediate zone (EG and PC), and low-country dry zone (CE). Field experiments were conducted to measure the
infiltration rate, unsaturated hydraulic conductivity (k), water sorptivity (Sw). Laboratory experiments were conducted to
measure the potential SWR and water entry value (Ave). All three soils showed higher SWR in the dry season, where CE
soils showed the highest. The EG soils showed the highest SWR in the wet season. Although SWR in all soils decreased
with increasing depth in the wet season, only CE soils showed a significant decrease in SWR with soil depth in the dry
season. Compared with the wet season, the k(—1 cm) was lower and /w. was higher in the dry season. However, Sw did
not show a significant difference between wet and dry seasons. Initial infiltration rate and k(-1 cm) showed a negative
correlation with contact angle in all three soils. Soils showed positive linear correlations between k(-1 cm) and Sw, and
negative linear correlations between Sw and Awe showing that surface water absorption is related to both subsurface
unsaturated water flow and surface water entry pressure. It was clear that the water entry into soils and the subsurface
water flow were hindered by the SWR. High water entry values in the dry season predict high potentials for intensified
surface runoff and topsoil erosion. Future research will be required on the interactions between soil biology and soil
properties such as pore structure that would influence water flow into and within soils.

Keywords: Eucalyptus grandis; Pinus caribaea; Casuarina equisetifolia; Hydrophysical characteristics; Water repellency.

INTRODUCTION

Soil water repellency (SWR) restricts the wetting of soils
and may induce preferential flow paths resulting in irregular
moisture or wetting patterns in soils (Surda et al., 2020). SWR
is caused by either the intermixed organic substances or organic
coatings on the mineral soil particles of hydrophobic nature
(DeBano, 1981; Hallett, 2007). The organic substances that are
responsible for the development of SWR are usually considered
to be plant roots, microbial exudates, surface waxes of leaves,
and any other organic substances such as long-chain aliphatic
acids, alcohols, wax esters (Bisdom et al., 1993).

The basic impact of SWR can be considered as the reduction
of the rates of water infiltration into soils. Water repellency
reduces the wetting rates in dry soils and lowers the plant avail-
able water, and is known to interfere with water movement into
and within the soils affecting most of the hydrophysical proper-
ties and processes in soils (Lichner et al., 2012). SWR further
leads to uneven patterns of water entry into soil generating
unstable and irregular water flow within the soil matrix (Rodny
et al., 2015). Hindered water entry into soils promotes surface
runoff followed by intensified erosion, resulting in irregular
moisture patterns in the soil. Localized high and less water-
repellent zones lead to a selective water entry through the less
water-repellent patches, stimulating preferential flow paths.
Solute transport in soils through these specified flow channels
can lead to accelerated transport of dissolved chemicals into
groundwater (Lichner et al., 2013; Wessolek et al., 2008).

SWR has long been considered a widespread challenge to
plant growth in many regions (Doerr et al., 2000). It is not
limited to specific climates or soil types, and is reported in
numerous types of land uses throughout the world. Water repel-
lency is repeatedly observed in soils covered by tree species
such as Japanese cypress (Chamaecyparis obtusa), Japanese
cedar (Cryptomeria japonica), eucalyptus (Eucalyptus grandis,
Eucalyptus globulus), pine (Pinus sylvestris, Pinus pinaster,
Pinus caribaea), and casuarina (Casuarina equisetifolia), which
are rich in various types of hydrophobic resins and waxes (Be-
nito et al., 2019; Doerr et al., 1996; Iovino et al., 2018; Koba-
yashi and Shimizu, 2007; Keizer, et al., 2008; Leelamanie,
2016; Lichner, et al., 2013; Piyaruwan et al., 2020). Water-
repellent phenomena observed in these specific forests are
known to be natural circumstances rather than being induced by
different external aspects such as forest fire conditions. This
vegetation-induced SWR is usually associated with chemical
compounds such as alkanoic acids, alkanes, and esters (Hansel
et al., 2008).

Forests with SWR conditions are reported to have altered
soil hydraulic properties (Kobayashi and Shimizu, 2007; Letey
et al., 1962; Lichner et al., 2013; 2020; Wahl et al., 2003).
Numerous impacts of SWR on soil water systems have been
recognized by studies under different land-use types and climat-
ic regions. SWR tends to be highly variable spatially as well as
temporally, where it often disappears following prolonged wet
periods. Intensified surface runoff and erosion in water-
repellent soils are reported with heavy rainfall events usually
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following long dry and hot periods (Onderka et al., 2012;
Pavelkova et al., 2012). Inherent water-repellent characteristics
in soils under different types of tree species are known to influ-
ence soil hydrological processes more specifically following
longer hot or dry spells (Lichner et al., 2012).

Forest plantations in Sri Lanka were mainly established us-
ing non-native species such as Eucalyptus, Pine, and Casuarina
due to their faster growth rates over the indigenous species. The
idea of this exercise was to have an alternative timber resource
to protect the existing natural forest and to rehabilitate the
environmentally damaged areas within a short period. Howev-
er, these plantations created a dialogue over its unsuitability as
demonstrated by the natural evidence, such as drying out of
streams, reduction of groundwater level, the nonexistence of
undergrowth, and lack of animal diversity, including the pres-
ence of SWR (Leelamanie 2016; Piyaruwan and Leelamanie,
2020; Piyaruwan et al., 2020). Although these plantations have
proven to have some of the expected advantages, the water-
repellent aspects and their hydrophysical consequences are yet
to be explored comprehensively. The objective of this study
was to investigate hydrophysical characteristics of three water-
repellent tropical exotic plantation forest soils (Eucalyptus,
Pine, and Casuarina), considering both rainy (wet) and dry
seasons.

MATERIALS AND METHODS
Study area

The study was conducted at three water-repellent experi-
mental sites, namely Eucalyptus grandis (EG), Pinus caribaea
(PC), and Casuarina equisetifolia (CE) plantation forest soils.
The EG forest (06°47'45" N 80°57'58" E) and the PC forest
(06°46'13" N 080°55'52" E) were located in the up-country
intermediate zone (EG: IU3c; PC: IU3a, IU3b agro-ecological
regions), whereas the CE forest is located (6°06'52” N
81°05'02" E) in low-country dry zone (DLS agro-ecological
region) (National Atlas of Sri Lanka, 2007).

The first experimental site, EG forest (~100 ha) is in a slope
land with considerably steep slopes ranging from ~10 to 35 °.
The mean annual rainfall of the area is 1600-1700 mm. The
highest rainfall is received in April and October to December
(wet season), where February, June, July, and August are the
dry months (dry season) receiving less than 10% of the average
annual. The mean annual temperature is in a range of 20-22.5
°C. The soil is identified as Red Yellow Podzolic according to
the local classification system (National Atlas of Sri Lanka,
2007) and Hapludults, according to the USDA classification
system (Soil Survey Staff, 2014). A dense layer of litter (3—4
cm in thickness) was observed on the surface. The average field
moisture content of soil in the wet and dry seasons were 12 and
8%, respectively.

The second experimental site, PC forest (~100 ha) was also
located in a land with steep slopes ranging from ~10 to 40°.
The mean annual rainfall of the area is 1700-1900 mm and the
mean annual temperature is in a range of 20-22.5 °C. The high-
est rainfall in the area is received in March to May and October
to December (wet season). February, June, July, and August are
the dry months (dry season) receiving less than 10% of the
average annual rainfall. Similar to the EG site, the soil of the
area is classified as Red Yellow Podzolic under the local classi-
fication system and Hapludults under the USDA classification
system. A 3—12 cm thick layer of litter consisting mostly of
pine needles was observed on the surface. The average field
moisture content of soil during the wet and dry seasons were 17
and 14%, respectively.

The third experimental site, the CE forest (~36 ha) is a
sand dune in the Southern Dry zone, which is considered as one
of the driest parts of Sri Lanka with an average annual rainfall
of about 900 mm. About 70% of the annual total rainfall is
received from mid-October to mid-January (wet season), and
minor proportion during mid-March to mid-May. Mid-May to
September is considered to be the dry period (dry season)
receiving less than 20% of the annual rainfall. The average
annual temperature varies from 25 to 31 °C, with the highest
temperatures are recorded in the driest period of the year (May—
September) (National Atlas of Sri Lanka, 2007). The soil type
is identified locally as sandy Regosols, or according to USDA
classification as Ustic Quartzipsamments. Sandy Regosols are
soils that are in general found along or within proximity to the
coastline, with no specific structural development, where both
surface and subsurface soils are single-grained (National Atlas
of Sri Lanka, 2007). Soil reaction is nearly neutral (pH:
7.4+0.2). The forest floor of the studied dune is covered with a
thick mat of dry leaf litter layer or phylloclades (3—10 cm of
thickness). The average field soil moisture content during the
wet and dry seasons were 5—7% and 0.5-1.5%, respectively.

The litter layers at all three experimental sites vary in
thickness interrelated with the climatic conditions, more
specifically, the rainfall. The maximum litter thicknesses were
observed in the driest periods, where the decomposition rate of
the organic matter is very low. During these dry periods,
extreme levels of water-repellent nature can be observed on the
soil surfaces. During the rainy season, organic matter
decomposition takes place at an accelerated rate and the
thickness of the litter layer decreases. Simultaneously, the
magnitude of water-repellent behavior also tends to drop. The
thematic maps of normalized difference vegetation index
(NDVI) for the three plantation forest sites that represent the
greenness and the relative density of the vegetation covers are
given in Figure 1. Most of the land area in all three study sites
showed NDVI values above 0.5, indicating close to dense
vegetation cover.

Soil sampling

Field experiments and laboratory experiments were
conducted during the period from 2016 to 2020 dry (July,
August) and wet (November, December) seasons in all three
sites. After carefully removing the litter, both undisturbed core
samples and bulk samples were collected from each site at the
depths of 0-5, 5-10, and 10-15 c¢m for laboratory experiments.
Nine sampling points were sleeted (about 2 m away from trees)
per site to represent 3 blocks, in three replicates. The collected
soil samples were tagged, sealed, and transported to the
laboratory.

Laboratory experiments

In the laboratory, soils were air-dried at room temperature
(2743 °C) for 3 days and passed through a 2-mm sieve. The
basic properties of the soils were measured in triplicates follow-
ing standard laboratory procedures. The bulk density, the parti-
cle density, and the texture of soils were measured using the
undisturbed soil core method (Blake and Hartge, 1986a), pyc-
nometer method (Blake and Hartge, 1986b), and the hydrome-
ter method (Bouyoucos, 1962), respectively. The organic matter
content was measured using the loss on ignition (400 °C for 6
h) method (Rowell and Coetzee, 2003; Schumacher, 2002). The
basic properties of the tested soils in the three experimental
sites are given in Table 1.
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Fig. 1. Thematic maps of Normalized Difference Vegetation Index (NDVI) in 2020 for the (a) Eucalyptus, (b) Pine, and (c) Casuarina

plantation forest sites.

Water repellency

The potential soil water repellency (SWR) was measured us-
ing the water drop penetration time (WDPT) and soil-water
contact angle. Soil subsamples with a thickness of >5 mm were
used for the WDPT test. Single drop (50+1 pL) of distilled

water was placed on the surface of the soil from a height of
about 10 mm using a burette. Containers were carefully covered
with lids to minimize the effects of evaporation during the
experiment. The time taken for water drops to completely pene-
trate the soil was measured using a stopwatch (Bisdom et al.
1993; Chenu et al., 2000; Leelamanie et al., 2008). Penetration
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Table 1. The basic properties of the plantation forest soils (mean + standard deviation).

. Eucalyptus Pine Casuarina
Soil property
0-5cm 5-10 cm 10-15 cm 0-5cm 5-10 cm 10-15 cm 0-5 cm 5-10cm  10-15cm
Bulk density (g cm™) 1.02+0.10  1.10+0.05 1.18£0.02 0.96+0.16  1.07+0.07  1.12+0.10 1.98 £0.04 2.12+0.09 2.19 +0.08
Particle density (g cm™) 2.30+0.25 2.30+0.26 2.55+0.22 2.56+0.16 2.68+£0.07 2.58+0.25 2.80+0.03 2.81=+0.12 2.80+0.08
Porosity (%) 55.5+6.0 52.1£5.6 53.8+4.2 62.5£5.6 60.0£1.8 56.7£5.0  29.3+2.5 24.5£2.8 21.842.4
Sand % 80.4 +1.8 74.8 £2.1 79.5 +£0.1 73.7£3.9 72.6+2.3 72.6+3.2 96.7+2.1 96.9+4.1 97.0+29
Silt % 5.8+1.5 6.4+1.5 6.3£1.5 10.4+0.6 8.2+1.6 9.2+1.5 3.240.5 2.940.3 2.5+0.3
Clay % 13.844.2 17.8+44 142424 15.943.7 19.3£3.4 18.2+1.9  0.1+0.05  0.2+0.3 0.5+£0.2
Texture Loamy sand Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam Sand Sand Sand
. Wet 9.94+0.14  7.05+0.04 6.92+0.06 15.4+4.0 12.442.8 10.6+1.7  1.82+0.15 1.29+0.08 0.56 +0.04
Organic matter (%)
Dry 13.2+£1.1 9.83+0.72 7.95+0.74 19.1+1.6 15.5+1.1 12.4+0.4  2.04+0.06 1.64+0.03 1.17+0.03

times shorter than 0.5 s were considered as 0 s because the actu-
al measurement could not be taken accurately corresponding to
the instantaneous penetration. The measurement of penetration
time was terminated after 6 h. The WDPT values were deter-
mined in three replicates for nine sampling points in each site.

The soil-water contact angle was measured using the modi-
fied sessile drop method (Bachmann et al., 2000) using a digital
microscopic camera (FS-3100-PC, Fujikoden Co. Ltd., Japan).
Monolayers of soil samples fixed on double-sided adhesive
tapes (1.5 cm x 1.5 cm) using smooth glass slides were used for
the measurements. A drop (10 pL) of distilled water was placed
on the surface of soil monolayer using a micropipette (Nichipet
EX 11 J15615241. Nichiriyo, Japan). A digital microphotograph
of the water drop (horizontal view) was taken within 1-2 s. The
contact angle was determined, in three replicates, using the
digital micro-photographs of the horizontal view of the drop
(Leelamanie, 2016).

Water-entry value

In water-repellent soils, low hydraulic pressures present on
the soil surfaces are not sufficient to start the infiltration. Water
starts to infiltrate into water repellent soils at a critical pressure
showing an instantaneous breakdown of SWR (Wang et al.,
2000). The critical pressure that is required for the breakdown
of repellency and driving water into that soil can be determined
using the water-entry value (/we).

The hwe of the topsoil was tested in the laboratory, in tripli-
cates, using the pressure head method (Wang et al., 2000), for
the samples collected from the surface soils (0-5 cm). Air-dried
soils, in 50-g soil subsamples, were placed in the Buchner
funnel, where the porous plate was covered with a membrane
filter and filter paper. The funnel was attached to a burette
using a flexible tube. Increasing hydraulic pressure was applied
to the soil sample using increasing water height by raising the
burette level. The starting pressure head was kept negative to
prevent initial wetting (Wang et al., 2000). The hydraulic pres-
sure head was increased carefully by 5 min intervals up to the
point where the water enters into the soil matrix. At this point
of water entry, the height of the water column (burette water
level compared to the reference level considering the soil) was
recorded as the Awe of the samples (Liyanage and Leelamanie,
2016).

Field experiments
The actual SWR, infiltration rate, unsaturated hydraulic

conductivity, k(—1 cm), and water sorptivity (Sw) of the soils in
the forest soils were determined in the field. Sampling was

conducted in triplicates, sectioning in the study area into three
blocks (total of nine sample points), during wet and dry
seasons.

The actual SWR was measured using the WDPT test by
placing a drop (50+1 pL) of distilled water on the soil surface
from a height of about 10 mm using a micropipette (Nichipet
EX II, 1-100 pL Nichiriyo, Japan). The time taken for com-
plete penetration of the drops were measured using a stop
watch, where the average times of 5 drops was taken as the
WDPT for one replicate. The SWR was categorized into classes
(both field and laboratory measurements) as wettable (WDPT <
5 s), slightly repellent (5-60 s), strongly repellent (60—600 s),
severely repellent (600-3600 s), and extremely repellent
(WDPT > 3600 s) (Bisdom et al., 1993). Penetration times
shorter than 0.5 s were considered as 0 s and the measurement
of penetration time was terminated after 1 h.

The mini-disk infiltrometer (Decagon devices, Inc.), with a
suction head of 1 cm, was used for this purpose. A leveled area
of the field at a minimum distance of 2 m to the tree trunks
were selected as the sampling points and the litter layer was
carefully removed without disturbing the soil before the meas-
urements. Before placing the The method proposed by Zhang
(1997) was used to determine the &(—1 cm) of the tested soils
(Lichner et al., 2007), which requires the measuring of cumula-
tive infiltration with time and fitting the obtained results with
the function:

I=Cit+Cat (M

where the C1 (m s™') and C; (m s7%) parameters are respective-
ly related to the k(—1 cm) and the Sw of the soil. The k&(—1 cm)
for the respective soil is then to be computed from:

k=Ci4 )

where C is the slope of the cumulative infiltration, / (cm) ver-
sus the square root of time (%) curve, and A relates the van
Genuchten parameters of soil to the suction rate and the
infiltrometer disk radius. The slope of the cumulative infiltra-
tion versus the square root of the time curve, and the
k(=1 cm) were calculated based on the infiltration data gathered
with the support of the Microsoft Excel spreadsheet published
by Decagon (www.decagon.com/macro). The linear approxima-
tion of the relationship between cumulative infiltration and the
square root of time (Eq. 3) was used to estimate the water sorp-
tivity (Sw).

I=Swt 3)
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Data analysis

The laboratory and field experiments were conducted in trip-
licates and the results were statistically analyzed using linear
regression and the analysis of variance (ANOVA) at a 5% level
of significance (p < 0.05) using Microsoft Excel (2016) and
STATISTICA software. The mean values of the measurements
were reported, where the error bars in the figures indicate +
standard deviation.

RESULTS AND DISCUSSION

Figure 2 shows the potential (a, b, ¢) and actual field (d, e, f)
SWR values as measured by the WDPT of the three plantation
forest soils in both wet and dry seasons. Among the three plan-
tation forests, CE soils showed the highest SWR in the dry
season, whereas the EG soils showed the highest SWR in the
wet season. In the wet season, all three forest soils showed a
decrease in water repellency with increasing soil depth. In
contrast, in the dry season, only CE soils showed a significant
decrease in SWR with soil depth. Both EG and PC soils main-
tained high levels of repellency with decreasing soil depth
down 15 cm in the soil profile. Both actual and potential SWR
in all three tested layers of EG soils, (0-5, 5-10, 10-15 cm)
showed extreme water-repellent conditions (WDPT > 3600 s).
The two upper layers (05, 5-10 cm) of PC soils showed ex-
treme (WDPT > 3600 s) while the 10-15 cm showed severe
(WDPT > 2000 s) water-repellent conditions.

Low SWR in the wet season seems to correspond with the
thickness of the litter layer on the surface of all the forest soils.
In the wet season, the thickness of the litter layer was low,
which was very high in the dry season. The temperature of all
the locations is sufficient enough to maintain higher decompo-
sition rates when there is enough water available. Although CE
soils showed very high water repellency in the topsoil in the dry
season. Interestingly water repellency dropped significantly
with the depth. It means that the highly repellent compounds
added to the topsoil are not moving downward irrespective of
the sandy nature of the soils. Furthermore, very low organic
matter content (~1-2%) in these soils can be considered another
reason for low SWR levels in the lower levels of the profile.
Conversely, the other two soils showed considerable high val-
ues of water repellency throughout the top 15 cm of the soil
showing that the water repellent compounds transferred to the
lower levels of the profile.

Unsaturated hydraulic conductivity, k(—cm), water sorptivity
(Sw), contact angle, and water entry value (/we) of the tested
forest soils in both wet and dry seasons are presented in Table
2. It should be noted that infiltration did not initiate in the CE
soils in the dry season, even with a 0.5 cm suction level in the
mini-disk infiltrometer, and therefore, it was not possible to get
the measurements for &(—1 cm) and Sw in CE soils for the dry
season. An interesting finding in the EG and PC soils in the dry
season was the presence of very high initial infiltration rates in
some locations. These can be considered as an indicator for the
presence of preferential flow paths. The Awe of water-repellent
soils are in general known to be positive due to the requirement
of high hydraulic pressure for the cessation of the SWR and
force water into the soils (Karunarathna et al., 2010). In all
three soils, the dry season with higher repellency (Figure 2)
showed higher /vwe compared with the wet season (Table 2).

The Sw is a measure of the ability of a soil to capture water
rapidly that is considered as a key parameter governing the
early stages of entry of water into the soil through infiltration
(Shaver et al., 2003). Wallis et al. (1991) pointed out that the
entry of water into soils may be retarded by even minor levels
of repellency, indicating its hydrological significance. Howev-
er, irrespective of the higher levels of repellency in the dry
season, EU and PC soils did not show any significant difference
in Sw for wet and dry seasons. Other than the wetting status of
soils governed by the repellency, another potential reason for
high rates of water absorption into soils in dry conditions is the
differences in water potential of soils between dry and moist
conditions. As the wetting of soil with water would theoretical-
ly be accelerated when the soil is in a drier condition, it might
also be factored in, together with restriction for water move-
ments caused by water-repellent effects, to the actual Sw of the
soils. These contradictory influences can be considered as the
reasons for soils to show no differences in Sw between dry and
wet seasons.

Soils having water-repellent features are reported to resist or
retard surface water infiltration (Doerr et al., 2000; Wahl et al.,
2003). Our results are in line with some of the previous studies
which report that water infiltration into hydrophobic soil is
slower than into more hydrophilic soil (Letey et al., 1962).
Relation of potential SWR, as measured by soil water contact
angle, to the initial infiltration rate during the period of first 30
s is given in Figure 3. Initial infiltration rate showed moderate
to strong negative linear correlation with soil-water contact
angle in all three soils (R?= 0.55, 0.55, and 0.91, respectively in

Table 2. Unsaturated hydraulic conductivity (k), water sorptivity (Sw), contact angle, and water entry value (/4we) of the tested forest soils in

wet and dry seasons.

k(=1 cm) Sw Contact angle Dwe
(emh™) (cms'?) ) (cm)
Wet Dry Wet Dry Wet Dry Wet Dry
Eucalyptus
Minimum 1.23 0.01 0.028 0.062 119 124 3.8 6.3
Maximum 6.97 4.45 0.130 0.133 78 110 33 4.0
Mean 2.46 1.83 0.082 0.080 103 115 3.6 49
S.D. 1.63 1.35 0.025 0.018 13 4 0.3 0.9
Pine
Minimum 0.47 0.02 0.021 0.019 97 107 34 4.4
Maximum 2.89 5.86 0.168 0.164 67 69 1.3 14
Mean 2.33 2.11 0.148 0.143 83 83 2.4 2.8
S.D. 0.76 1.98 0.019 0.050 10 14 1.4 1.2
Casuarina
Minimum 1.66 - 0.035 - 106 119 53 8.2
Maximum 44.83 - 0.259 - 85 104 3.8 54
Mean 23.39 - 0.127 - 100 111 4.8 6.8
S.D. 17.60 - 0.095 - 7 6 0.4 0.9
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Fig. 2. Potential (a, b, c) and actual (d, e, f) soil water repellency as measured by water drop penetration time (WDPT) of Eucalyptus, Pine,

and Casuarina plantation forest soils in both wet and dry seasons.

EU, PC, and CE soils). It was clear that the level of SWR de-
celerates water infiltration into all three soils at the initial level.
The influence of SWR is reported to be more pronounced dur-
ing the early stages of the infiltration process. (Letey et al.,
1962; Lozano-Baez et al., 2020). This diminished water flow
rate into soils can be considered as a result of increased flow
resistance with increasing contact angle (Diamantopoulos and
Durner, 2013).

Figure 4 shows the relation between the potential SWR as
measured by soil-water contact angle and the £(—1 cm). Similar
to the initial infiltration rate, &(—1 cm) in all the three forest

soils decreased with increasing contact angle showing a nega-
tive exponential correlation (R?= 0.34, 0.37, and 0.44, respec-
tively in EU, PC, and CE soils). The results on &(—1 cm) are
comparable with Moody et al. (2009), who reported that hy-
draulic conductivity near saturation is inversely proportional to
the SWR in fire-affected soils.

The relationship between k(-1 cm) and Sw, as obtained from
the linear approximation of cumulative infiltration and the
square root of the time, is presented in Figure 5. All three soils
showed moderate to strong positive linear correlations between
k(-1 cm) and Sw (R? = 0.82, 0.66, and 0.61, respectively in EU,
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Fig. 3. Relation of Soil water repellency, as measured by soil water
contact angle, to the initial infiltration rate during the period of first
30 s of infiltration in Eucalyptus, Pine, and Casuarina plantation
forest soils.
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Fig. 4. Relationship between soil-water contact angle and the
unsaturated hydraulic conductivity, k(—1 cm), in Eucalyptus, Pine,
and Casuarina plantation forest soils.

PC, and CE soils), which were statistically significant at 0.05
probability level. It appeared that surface sorptivity is related to
the subsurface unsaturated water flow in all three water-
repellent soils.

The Sw is the ability of soil for the rapid capture of, or to up-
take, water without any influence of gravitational effects (Phil-
ip, 1969). The hwe explains the critical pressure at the point of
accomplishing instantaneous entry of water into soils. As both
these parameters explain the entering of water into the soil at
different conditions, Sw was plotted against Awe to observe the
interrelation. The Sw showed a negative linear correlation (Fig-
ure 6) between hwe and Sw (R? = 0.70, 0.42, and 0.65, respec-
tively in EU, PC, and CE soils), where the correlation between
the two parameters for all three soils was statistically signifi-
cant at 0.05 probability level. The result shows that the surface
water absorption related to the critical surface water entry pres-
sure that force water into the soil.
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Fig. 5. Relationship between unsaturated hydraulic conductivity,
k(-1 cm), and water sorptivity, Sw , in (a) Eucalyptus, (b) Pine, and
(c) Casuarina plantation forest soils.
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CONCLUSIONS

All three plantation forest soils showed clear differences in
repellency between wet and dry seasons. The dry season
showed higher repellency that seems to correspond to the
thickness of the litter layer on the surface. Positive linear corre-
lations between k(-1 cm) and Sw, and negative linear correla-
tions between Sw and /Awe, confirmed that the surface water
absorption is related to both subsurface unsaturated water flow
and surface water entry pressure.

Water entry into soils as well as the subsurface water flow
was hindered by the SWR. For the initiation of water to infil-
trate into the soil under natural conditions, the ponding depth of
water on the soil surface should be equal to or exceed the water
entry value. High water entry values in the dry season predict
high potentials for intensified surface runoff and topsoil erosion
in the dry season. Considering the localized points with very
high infiltration rates, presence of preferential flow paths can be
suggested as the possible mode of water entry into soils in
rainfall events after strong dry spells. Future research will be
required on the interactions between soil biology and soil prop-
erties such as pore structure that would influence water flow
into and within soils, and the potential runoff levels.
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Abstract: Although playing an important role in shaping the environment, the mechanisms responsible for runoff initia-
tion and yield in arid and semiarid regions are not yet fully explored. With infiltration-excess overland flow, known also
as Hortonian overland flow (HOF) taking place in these areas, the uppermost surface 'skin' plays a cardinal role in runoff
initiation and yield. Over large areas, this skin is composed of biocrusts, a variety of autotrophs (principally cyanobacte-
ria, green algae, lichens, mosses) accompanied by heterotrophs (such as fungi, bacteria, archaea), which may largely
dictate the infiltration capability of the surface. With most biocrust organisms being capable of excreting extracellular
polymeric substances (EPS or exopolymers), and growing evidence pointing to the capability of certain EPS to partially
seal the surface, EPS may play a cardinal role in hindering infiltration and triggering HOF. Yet, despite this logic thread,
great controversy still exists regarding the main mechanisms responsible for runoff generation (runoff initiation and
yield). Elucidation of the possible role played by EPS in runoff generation is the focus of the current review.

Keywords: Biological soil crusts; Extracellular polymeric substances; Pore clogging; Hydrophobicity; Infiltration-excess

overland flow; Water repellency.

1 INTRODUCTION

Mainly attributed to the low vegetal cover, high-magnitude
runoff events and occasional hazardous floods commonly take
place in arid and semiarid regions. In contrast to humid areas
where runoff takes place once a large volume of soil reaches
saturation, known therefore as saturation excess overland flow
(SOF) (Beven and Kirkby, 1979; Dunne, 1990; Dunne and
Black, 1970), runoff in arid and semiarid regions takes place
even when almost the entire soil profile is dry. Runoff takes
place due to infiltration-excess overland flow, known also as
Hortonian overland flow (HOF), during which only the upper-
most soil skin reaches saturation, thus hindering water infiltra-
tion into the subsurface, which may therefore remain dry or
relatively dry (Blackburn, 1975; Cammeraat, 2004; Horton,
1933).

The crust thickness required to impede infiltration is as-
sumed to be extremely thin, within millimeters. Following the
widely-held belief that physical crusts trigger runoff, a possible
link between the thickness of physical crusts and runoff was
made. According to some scholars it is <1 mm-thick (Epstein
and Grant, 1993; Heil et al., 1997; Mclntyre, 1958; Onofiok
and Singer, 1984; Pagliai et al., 1983), while according to oth-
ers it may be 2—4 mm thick (Chen et al., 1980; de Jong et al.,
2011; Tarchitzky et al., 1984), i.e., within the range of thickness
of most biocrusts.

With biocrusts (biological soil crusts) constituting the upper
skin of extensive areas in arid and semiarid regions (Rodriguz-
Caballero et al., 2018) and with many of the biocrust microor-
ganisms being known to excrete exopolymers (extracellular
polymeric substances, EPS), which may affect surface hydrolo-
gy (Brotherson and Rushforth, 1983; Chamizo et al., 2016;
Kidron et al., 2003; Li et al., 2021; Sun et al., 2021; Xiao et al.,
2019a), research on the interrelations between biocrusts and
biocrust-induced EPS and runoff was called for. Papers aiming
to study the possible relationships between these variables were

subsequently published (Fischer et al., 2010; Kidron and Yair,
1997; Lichner et al., 2012). The research also focused on the
EPS properties.

Research aiming to elucidate the different constituents of bi-
ocrust-induced EPS and the possible roles played by the EPS is
indeed not uncommon. Excreted by microorganisms and micro-
flora (cyanobacteria, archaea, bacteria, fungi, diatoms, green
algae, lichens, but not by mosses) of the biocrusts, EPS is be-
lieved to protect and to assist the cell against possible stress and
danger, and to accomplish some physiological needs. EPS
facilitate cell adhesion and cohesion (Galle and Arendt, 2014;
Rossi et al., 2018), filament gliding and therefore motility
(Campbell, 1979; Pringault and Garcia-Pichel, 2004), protect-
ing the cell from UV radiation (Rossi et al., 2018), and the
nitrogenase from excess oxygen (Otero and Vincenzini, 2003).
It plays a role in scavenging essential nutrients (Rossi et al.,
2018), and is believed to scavenge free radicals which other-
wise may harm the cell (Chen et al., 2009). Among other roles
attributed to EPS is its role to protect the cell from lysis (Eh-
ling-Schultz and Schere, 1999) and from shifts in the environ-
mental conditions such as desiccation, salinity, extreme tem-
peratures, pH or exposure to toxic materials (Demig and
Young, 2017; Ehling-Schultz and Schere, 1999). The EPS is
also believed to protect the cell from freezing damage (Nagar et
al., 2021) and from viral/bacterial infection and predation (Briill
et al., 2000). While the above-mentioned roles are widely ac-
cepted by the scientific community, this is not the case with the
possible hydrological role played by the EPS, as reflected in
recent reviews (Mager and Thomas. 2011; Rossi and De Philip-
pis, 2015), and the absence of this category in a list of major
roles played by the EPS most recently published (Rossi et al.,
2018).

It is customary to divide the EPS to tightly bound EPS (TB-
EPS), whether constituting sheaths (around filamentous cells)
or capsules (around single cells) and loose bound (released,
scattered) EPS (LB-EPS), i.e., slime which has an amorphous
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shape, not necessarily related to the shape of the cell (More et
al., 2014; Otero and Vincenzini, 2003; Pereira et al., 2009).
While the slime is mostly comprised of low molecular weight
(MW) polysaccharides, the sheaths are complex, mainly char-
acterized by high-MW molecules, and as such are much less
degradable. This may explain the fact that unlike LB-EPS
which can be extracted by water, the use of Na;EDTA is re-
quired for the extraction of TB-EPS. It was suggested that TB-
EPS is responsible for the crust structure (De Philippis, 2015).

The high capability of EPS to absorb high amounts of water
(Chenu, 1993; Or et al., 2007) may have important hydrological
consequences. For instance, EPS may hinder evaporation and
facilitate longer cell activity (Chenu, 1993). This may be the
case for some cyanolichens such as Collema sp. which takes
advantage of the short rain events in deserts to accumulate
substantial amounts of water, which will facilitate long hours of
photosynthesis, especially during the cool weather that charac-
terize the cool season rains (Lange et al., 1998). On the other
hand, with some EPS having dark sunscreen pigments (Ehling-
Schulze and Shere, 1999), the resultant reduction in the albedo
may lead to temperature rise which may increase evaporation
(Harper and Marble, 1988; Kidron and Tal, 2012; Xu and
Singh, 2001), and as such may not necessarily act to prolong
cell activity.

An additional suggested hydrological role of EPS is the fa-
cilitation of vapor absorbance and subsequent dew formation,
suggested to serve as an additional and important water source
for biocrusts (Colica et al., 2014; Fischer et al., 2012; Hage-
mann et al., 2015; Jia et al., 2014; Lange et al., 1992; Mager
and Thomas, 2011; Veste et al., 2001). While reported to trig-
ger vapor absorption by Colica et al. (2014) following cyano-
bacteria inoculation in the Hobq Desert in China, extensive
field measurements, which were carried out in the dewy Negev,
failed to show vapor condensation on the ground (Kidron and
Kronenfeld, 2020a,b). Only once, very limited dew formation
was noted (Kidron et al., 2002). Yet, based on a detailed analy-
sis, it was too short to allow for net photosynthesis by the cya-
nobacterial biocrusts (Kidron and Starinsky, 2019), therefore
casting doubt on the possible role played by EPS in providing
dew water which will serve as an additional water source for
the cyanobacterial biocrusts. No net photosynthesis was also
recorded from a mixed cyanobacteria and crustose lichens in
the Negev following dew (Wilske et al., 2008). Contrary to
detached cobbles or stones which readily condense dew and
subsequently serve as an important water source for the stone-
dwelling lichens (Lange et al., 1970), minimum temperatures at
the soil surface rarely reach the dew point temperature (Td) — a
prerequisite for dew formation (Beysens, 2018).

Not less controversial is the possible effect of EPS on infil-
tration and runoff. In light of the cardinal role played by runoff
in shaping many aspects of the environment (hydrological,
geomorphological, pedological, ecological), elucidation of the
possible role played by EPS in runoff generation is of major
importance. Toward this end, the current state-of-the art
knowledge will be briefly presented, ungrounded conclusions
published in the literature will be discussed, and a wide array of
direct and indirect evidence which point to the possible role of
EPS in runoff generation will be analyzed.

2 THE POSSIBLE INVOLVEMET OF EPS IN RUNOFF
GENERATION
2.1 Enhanced soil aggregation

With EPS assisting in cell adhesion and cohesion, EPS may
increase soil aggregation, contributing to a better soil structure

which will facilitate aeration and water infiltration (Cantdn et
al., 2020; Or et al., 2007; Redmile-Gordon et al., 2020). Thus
for instance EPS shrinkage during desiccation might promote
infiltration through the soil crevices. While these functions
were convincingly shown and are not a matter of dispute, some
scholars maintain that higher rates of infiltration are induced by
subsurface EPS, especially in developed crusts, which will
hinder in turn runoff generation (Belnap, 2006; Brotherson and
Rushforth, 1983; Chamizo et al., 2013; Rossi et al., 2012). This
conclusion is however very problematic. EPS as well as clay
tend to absorb water within minutes, resulting in the closure of
the crevices (Fox et al., 2004). This is especially the case once
higher amounts of EPS, which are associated with biocrusts and
therefore concentrate at the surface, will readily swell upon
wetting, blocking easy entry of rainwater to depth. Further-
more, the view that soil aggregation hinders runoff does not
coincide with the prevailing runoff mechanism which takes
place in arid and semiarid regions. Due to limited rain, SOF
does not take place in these areas, and runoff generation takes
place only following HOF (Horton, 1933; Kidron, 2021), which
implies infiltration impediment only following surface satura-
tion regardless of subsurface water content and regardless
whether the subsurface is aggregated or not.

This was clearly reflected on sand-covered biocrusts at the
Nizzana research site (NRS) in the Hallamish dune field, Negev
Desert, Israel. Even when covering semi pure sand (~98% sand

with only ~2% of silt and clay), extremely thin immature cya-
nobacterial crusts, only 0.5 mm thick, were able to generate
runoff (Kidron, 2015). Similarly, 1 mm-thick biocrusts which
covered the xeric aspects of the dunes commonly generate
runoff (Kidron, 1999; Kidron et al., 2003). With typical soils,
some of which are well aggregated, having infiltration rates of
10-150 mm/h (Dunkerley, 2000; Kato et al., 2009; Wood and
Blackburn, 1981), i.e., substantially lower than sand (having
>300 mm/h of infiltration; Lichner et al., 2010; Xiao et al.,
2019b), one may safely conclude that runoff over the 0.5 mm-
thick biocrusts was not impacted by the underlying sand, but
rather by the biocrust. With HOF being the prevailing mecha-
nism that determines runoff generation in arid and semiarid
regions, the aggregation capability of the subsurface is of minor
relevance.

2.2 Hydrophobicity

Hydrophobicity (water repellency) is a temporal phenome-
non (Francis et al., 2007) during which a switch in the molecule
position of hydrophyllic and hydrophobic ends takes place
(Hallett, 2008). Accordingly, with moisture decrease, the hy-
drophilic ends tend to strongly bond with each other leaving the
hydrophobic ends exposed, resulting in hydrophobicity. While
the duration during which the soil turns hydrophobic may be
long, the process during which hydrophobicity ceases is how-
ever rapid, sometimes within minutes (Oostindie et al., 2013).
Some of the biocrust population, such as cyanobacteria, algae,
bacteria, and fungi were found to posses temporal hydrophobic
properties, assumed to be caused by EPS (Mugnai et al,
2020a).

Hydrophobicity was extensively reported from humid re-
gions (Dekker and Ritsema, 1994, 2000; Doerr et al., 2006;
Drahorad et al., 2013; Fischer et al., 2010, 2013; Jungerius and
van der Muellen, 1988; Lichner et al., 2013; Rutin, 1983).
However, runoff was convincingly shown to result from hydro-
phobicity mainly in northern and central Europe (Fischer et al.,
2010; Lichner et al., 2010, 2012, 2018). The first example that I
am aware of and which linked between hydrophobicity and
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runoff generation on biocrusts was reported from the Dutch
coast during the end of the summer (Jungerius and de Jong,
1989; Rutin, 1983). While hydrophobicity was also reported
from semiarid regions (Chamizo et al., 2012; Mayor et al.,
2009; Rodriguez-Caballero et al., 2013), the link between hy-
drophobicity and runoff was not yet substantiated.

At the subhumid Dutch coast hydrophobicity was reported
following unusual weather conditions during which a long dry
period followed a wet period, i.e., during the end of the sum-
mer. Runoff generation took place regardless of rain intensities
(Rutin, 1983). It was temporal and vanished once the surface
was sufficiently wetted. According to Oostindie et al. (2013),
hydrophobicity ceased once the moisture content of sand reach-
es ~3%. One may therefore conclude that (a) hydrophobicity
may only take place once a very dry spell follows a wet period,
such as at the end of the summer or during long breaks between
rain events, (b) runoff induced by hydrophobicity will cease
once the soil gets sufficiently wet, (c) runoff induced by hydro-
phobicity will take place regardless of rain intensity, as was
indeed recorded at the Dutch coast (Rutin, 1983).

Runoff due to hydrophobicity was thought to take place in
the Negev (Felde et al., 2014; Keck et al., 2013), the Tabernas
(Chamizo et al., 2012; Rodriguez-Caballero et al., 2013), and
the Sahel (Malam-Issa et al., 2009; Talbot and Williams, 1978),
but nevertheless no convincing data for meter-scale runoff
which stems from hydrophpbocity were yet published. On the
contrary, in all places a close link between rain intensity and
runoff took place, and runoff generation was higher on the wet
soils, all pointing to runoff due to pore clogging rather than
hydrophobicity. Thus for instance, an attempt to attribute runoff
generation to hydrophobicity was also made for NRS (Felde et
al., 2014; Keck et al., 2013). However, further measurements in
NRS by the same group of scholars did not show hydrophobi-
city (Mugnai et al., 2018), and the "hydrophobicity hypothesis"
was not further advanced (Keck et al., 2016).

I may add that although theoretically runoff due to hydro-
phobicity may be followed by HOF (triggered by the intermit-
tent character and high intensity fluctuation of the rain; Lazaro
et al., 2001; Kidron, 2011), no distinction between both mecha-
nisms was yet reported, and more importantly, no meter-scale
runoff yield that stems from hydrophobicity, was yet reported.
One may thus assume that even if taking place, the hydrophobic
effect on runoff in these sites is marginal.

Additionally, even when specific hydrophobic constituents
within the EPS were identified by various scholars in different
biocrusts, hydrophobicity was not necessarily detected. Thus
for instance, although fucose and rhamnose are considered
hydrophobic (Mugnai et al., 2018), no hydrophobicity was
detected in Scytonema sp. albeit the fact that both of these
sugars were present in relatively high amounts in the EPS of
this species (Chamizo et al., 2019). Similarly, although contain-
ing rhamnose, no hydrophobicity was found in Schizothrix sp.
(Mugnai et al., 2018).

2.3 Partial surface pore clogging

A close link between partial surface pore clogging (PSPC)
and EPS and between PSPC and runoff was long ago reported
(Kidron and Yair, 1997; Mazor et al., 1996; Verrecchia et al.,
1995). Not only that a close link was found between rain inten-
sity and runoff, but the lack of runoff on dry crusts during the
beginning of rain events even when subjected to high-intensity
rains was attributed to the necessary delay that stems from the
time duration required to allow for water imbibitions by the
crust, which will result in turn in PSPC (Kidron and Yair,

1997). Additional supportive evidence was obtained when the
ratio of total carbohydrates to the chlorophyll content was
sought. Thus, assuming a similar amount of carbohydrates
within a single cell, and given the fact that most EPSs are car-
bohydrates (Mazor et al., 1996), excess of carbohydrates rela-
tive to the chlorophyll content (i.e., high ratio of carbohydrates
to chlorophyll) may attest to carbohydrates which are located
outside the cell walls, i.e., extracellular carbohydrates, which
constitute the majority of the EPS (De Brower and Stal, 2001;
Kidron et al., 1999). Indeed, when the runoff yield of variable
plots having 5 different crust types was compared against the
ratio of carbohydrates to chlorophyll, a linear relation was
obtained, pointing to a possible link between EPS and runoff
generation (Kidron et al., 2003).

This measure for assessing the amount of EPS is obviously
crude and may be applicable for a similar population of micro-
organisms characterizing habitats with similar climate and soil
properties. For a more comprehensive comparison of different
climates and different soils, a study of the properties of the
constituents of the EPS is required. This was done once a com-
parison between the cyanobacterial biocrusts of NRS (which
receive an annual precipitation of 95 mm) and the cyanobacte-
ria-algae biocrust that cover the Isracli Mediterranean coast, the
Nizzanim dune field (NIM) (which receives an annual precipi-
tation of 500 mm) was carried out. The comparison was trig-
gered by the different populations of the crusts (cyanobacterial
in NRS and cyanobacteria-algae in NIM) and by the fact that
while runoff was commonly produced in NRS already during
medium rain intensities as low as 9 mm/h (Kidron and Yair,
1997), no runoff was generated by the NIM crust during three
years of field measurements albeit the fact that the NIM crusts
had substantially higher chlorophyll content and was subjected
to substantially higher rain intensities (Kidron and Biidel,
2014).

Figure 1 shows a comparison between two interdunal types
of crusts from Nizzana and one interdunal crust from Nizzanim.
No runoff was generated from the NIM crust following sprin-
kling (with 22.5 mm/h for 15 min). The Nizzana crusts (NIZa,
NIZb) yielded however runoff (Fig. 1a). While exhibiting sub-
stantially higher thickness and chlorophyll content (Fig. 1b, c),
the NIM crust showed however lower water-holding capacity
(WHC) (Fig. 1d), lower compressive strength (Fig. 1e), lower
rigidity (Fig. 1f) and a lower ratio between total carbohydrates
and chlorophyll (Fig. 1g). Notwithstanding is the ratio of car-
bohydrates to chlorophyll, which showed a close link with
runoff coefficient and pointed to the apparent important role
played by the EPS in runoff generation. This was further veri-
fied by the properties of the EPS, such as the higher rigidity
that characterized the NRS biocrusts, which may exert high
integrity to the crust. Clear differences were also noted in SEM
pictographs. Thus for instance, while mainly TB-EPS charac-
terized the NIM biocrusts (Fig. 2a), abundant LB-EPS charac-
terize the NRS biocrusts, (Fig. 2b). One may conclude that
while the ratio of carbohydrates to chlorophyll may serve as a
basic indication for the total amount of EPS, which may serve
in turn as a useful crude estimation for the possible dominance
of the EPS, a full exploration of the EPS role in runoff genera-
tion also requires the study of the properties of the EPS.

3 SYNTHESIS

Attempts to link between the different constituents that make
up the biocrust EPS and the hydrological role of the biocrusts
had only limited success. On the one hand, scholars tried to
identify constituents with hydrophobic characteristics such as
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Fig. 1. A comparison between two interdunal crust types taken from Nizzana (NIZ) and were shown to readily generate runoff under field
conditions and one from the Nizzanim dune field (NIM) that failed to produce runoff under field conditions. The figure shows runoff coef-
ficient following sprinkling experiments (a), the thickness (b), chlorophyll content (c), water holding capacity (d), compressive strength (e),
rigidity (f) and the ratio of total carbohydrates (CRB) to chlorophyll (CHL) (g). Modified from Kidron et al. (2020).

fucose and rhamnose and yet, even when they occupy a fairly
high proportion of the total EPS, hydrophobicity was not al-
ways detected. Moreover, given the fact that hydrophobicity
may vanish within minutes given that sufficient amount of
water is supplied to the soil, the hypothesis regarding the tran-
sient nature of hydrophobicity during which polar and non-
polar ends of the EPS molecules switch their position is sup-
ported, making the link between hydrophobicity and certain
types of sugars less likely. Furthermore, the rapidity during

which hydrophobicity is vanished also brings into question the
attempts to link between hydrophobic constituents and biocrust
hydrophobicity. Thus for instance, while sulfated groups and
uronic acids are hydrophilic (Rossi and De Philippis, 2016),
their presence cannot fully explain water absorption by the
crust. For example, while young cyanobacterial crusts were
found to only posses low amounts of uronic acids (Mugnai et
al., 2020b), young cyanobacterial crusts were still observed to
readily absorb water during a sprinkling experiment, and

363



Giora J. Kidron

Fig. 2. SEM pictographs showing the Nizzanim (NIM) (a) and the Nizzana (NIZ) (b) crusts. Whereas LB-EPS is hardly noted in NIM it

abounds in NIZ.

subsequently to generate runoff (Kidron, 2015). Nevertheless, it
is believed that water absorbance may vary in accordance with
the EPS properties (Chenu, 1993).

When the water-holding capacity (WHC) of the cyanobacte-
rial crusts from NRS was compared to cyanobacteria-algae
crusts from NIM, substantially higher WHC characterize the
NRS crusts. Interestingly, the NRS crusts were also character-
ized by abundant LB-EPS (Fig. 2b). I would like to suggest that
LB-EPS may play a cardinal role in water absorption and hence
in PSPC. Contrary to TB-EPS which is limited by physiological
constraints, and therefore has distinct thickness (Rossi and De
Philippis, 2015), LB-EPS commonly occupies large pore vol-
ume (Nicolaus et al., 1999), and as such may absorb exception-
ally large amounts of water.

In this regard, it is suggested that rather than TB-EPS, which
was considered to play major role in crust hydrology (De
Philippis, 2015), LB-EPS may play the central role in runoff
generation. Occupying a much larger pore volume, LB-EPS
may principally determine the WHC of the crust, as clearly
shown in the SEM pictographs of the NRS crusts. High WHC
implies high degree of swelling (Chenu, 1993; Or et al., 2007)
and subsequently efficient pore clogging and infiltration imped-
iment. For instance, according to Chenu (1993), addition of
EPS to kaolinite and montmorillonite decreased the pore diame-
ter in high water potentials from 0.5—4 p to an average of 0.2 p.
According to Verrecchia et al (1995), within <30 min of
wetting, 8—12-fold decrease in the volume of the biocrust mi-
cropores took place. Both groups of scholars report on one-

order decrease in the micropores volume. Subsequently, I
would like to suggest that the relative amount of WHC may
therefore serve as a possible indicator for the crust potentiality
to generate runoff. The higher the amount of WHC, the higher
is the amount of water occupying the pores, and the higher the
probability that the water-filled pores are efficiently clogged.
This may be also facilitated by the high rigidity of the crust that
will resist the rain drop impact and possible infiltration through
the crust openings. With the impediment of infiltration, rain,
which will exceed a certain rate of input, will run off the sur-
face.

With water addition, the biocrust readily reaches saturation
leading in turn to infiltration-excess (Hortonian) overland flow
(HOF). Unlike the case of hydrophobicity during which water
repellency takes place and runoff results from the incapability
of the water to infiltrate the soil, runoff following pore clogging
depends upon the capability of the water to readily saturate the
upper soil surface skin. Runoff will not begin instantly as in the
case of hydrophobicity, but only following several minutes or
more during which water absorption by the biocrust-induced
EPS will suffice to partially clog the pores (Verrecchia et al.,
1995).

During the current review, an attempt was made to link be-
tween the crust properties and above all, the biocrust-induced
EPS and the hydrological mechanisms responsible for runoff
generation in arid and semiarid regions. While under similar
environmental conditions the amount of EPS may serve as a
crude indicator for the crust capability to partially clog the
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surface pores (Kidron et al., 2003), for a more complete and
reliable outcome, evaluating the EPS properties is of major
importance (Chenu, 1993; Fick et al., 2019; Kidron et al.,
2020). It follows that among the important functions carried out
by the EPS, EPS may play an important role in runoff genera-
tion, as in the case of NRS, which may therefore substantially
impact the hydrology, geomorphology, pedology and ecology
of arid and semiarid ecosystems.

Currently, although occasional hydrophobicity was reported
from arid and especially semiarid zones, there are no convinc-
ing data that link between EPS-induced hydrophobicity to
meter-scale runoff generation in arid and semiarid regions. The
occurrence of both mechanisms is theoretically feasible, as
reported during lab measurements with biocrusts that were
induced to develop hydrophobicity, during which two separated
runoff peaks (with a ~5 min interval) were recorded during
continuous sprinkling: following hydrophobicity and following
pore clogging (Kidron et al., 1999). This was not yet shown
under field conditions, and unlike PSPC, hydrophobicity was
not yet shown to play an important role in runoff generation in
arid and semiarid zones. In this regard it is useful to refer to
William of Occam: "Entia non sunt multiplicanda praeter ne-
cessitate", i.e., "Entities should not be multiplied more than
necessary".
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Abstract: The runoff coefficient (RC) is widely used despite requiring to know the effective contributing area, which
cannot be known a priori. In a previous work, we defined runoff length (RL), which is difficult to measure. This work
aimed to define the minimum RL (mRL), a quantitative and easy proxy of RL, for use in a pilot study on biocrusts in the
Tabernas Desert, Spain. We show that RC decreases according to a hyperbola when the contributing area increases, the
independent variable being the length of the effective contributing area and its coefficient involving the effects of rainfall
and surface features and antecedent conditions. We defined the mRL as the length of the effective contributing area
making RC = 1, which is calculated regardless of the area. We studied mRL from three biocrust types and 1411 events
clustered in seven categories. The mRL increased with rain volume and intensity, catchment area and slope, whereas
plant cover and biocrust succession (with one exception) had a negative effect. Depending on the plot, mRL reached up
3.3-4.0 m on cyanobacterial biocrust, 2.2—7.5 m on the most widespread lichens, and 1.0-1.5 m on late-successional

lichens. We discuss the relationships of mRL with other runoff-related parameters.

Keywords: Semiarid; Biological soil crust; Runoff connectivity; Length slope factor; Infiltration; Tabernas Desert.

INTRODUCTION

Abundant evidence shows that runoff is highly dependent on
rainfall features (volume and intensity), surface hydrological
properties (vegetation, biocrust, litter, stones, and other soil
surface components), soil characteristics (texture, porosity, and
organic matter), previous soil conditions (antecedent soil
moisture), and topography (slope angle and contributing area).
To study and compare the effects of these multiple factors
controlling runoff, the runoff coefficient (RC) is a widely used
parameter.

Nevertheless, using the RC, requires knowing the
contributing area. Closed runoff plots (surrounded by a wall
delimiting the monitored drainage area) have been widely used
under the assumption that the complete delimited area is the
effective drainage area. Because this assumption is unfounded
(Kidron and Yair, 1997; Kidron, 2011), delimiting an area does
not make sense and, open runoff plots are preferable because
they do not alter the natural fluxes and prevent the relative
exhaustion of sediments (Boix-Fayos et al., 2006). However,
using open runoff plots, we continue without knowing the
effective contributing area, even if we topographically delimit
an area in situ, which would be the maximum possible
contributing area. Thus, we should assume that we never know
a priori the real drainage area corresponding to a runoff
measurement nor, consequently, the real RC. Therefore, we
need an alternative parameter enabling characterisation of the
hydrological behaviour.

Non-concentrated runoff seems to form a continuous water
sheet on the soil surface during rainfall, whereas infiltration
occurs simultaneously in a spatially irregular manner dependent
on the distribution of soil features. However, although the water
sheet completely occupies a surface, runoff does not travel an
undefined length because there is evidence that RC considera-
bly decreases while the considered area increases (Kidron,
2011; Mayor et al., 2011; Xu et al., 2009). The farther a water
input occurs from a runoff collector, the lower the amount of
that input is collected. According to Lazaro et al. (2015), runoff
length (RL) is the length of the hillslope travelled by runoff;
that is, for any point, RL is the maximum distance, in a straight
line following the maximum slope line, from which the runoff
comes. (RL is different from the length of the path travelled by
water, which depends on the surface microtopography). RL is
important because it (i) contains some information on the hy-
drological connectivity, because at least the drainage area de-
limited by RL is necessarily fully connected; (ii) enables effi-
cient comparisons of the hydrological properties of different
surface types, rainfall types, and minimum inter-event times
(MITs), etc., at least because it allows for determining the
drainage area by its length; (iii) provides information on the
sediment transport capacity; and (iv) seems to have potential to
enable predictions about runoff flow at a point as a function of
rainfall.

However, because RL cannot be directly observed, the RL
concept is elusive. Little is known about the RL values in given
circumstances, although Agassi and Ben-Hur (1991) studied the
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effect of slope length on infiltration and runoff. Puigdefabregas
et al. (1999) and Arnau-Rosalén et al. (2008) suggested that the
slope length travelled by runoff is often only a part of the
catchment length. This idea also underlies the work of
Puigdefabregas (2005), who stated that temporal variability of
rainfall controls runoff re-infiltration and its decay with slope
length. Lazaro et al. (2015) experimentally determined RL on
biocrusts, although at only 1 m of spatial resolution. However,
such experiments were logistically complex and time consum-
ing. Here, we propose a high-resolution, quantitative subrogate
of RL that is simple and easy to measure, using data from the
same study area.

Biocrusts are complex communities constituted by microor-
ganisms, lichens, bryophytes, fungi, and algae inhabiting the
soil surface and within the upper soil centimetres. They are
widespread on a planetary scale (Biidel, 2003) at the sites
where vascular plants are limited by climatic factors, and they
play an important ecological role because they affect almost
every ecological process (Belnap and Lange, 2003; Maestre et
al., 2011; Webber et al., 2016). Chamizo et al. (2016) published
a review on the biocrusts’ hydrological role. Biocrusts consti-
tute a good system model (Bowker et al., 2010; Maestre et al.,
2016) as well as adequate surface cover to study runoff due to
the existence of previous experimental studies in the same area
(e.g., Chamizo et al., 2012a; Lazaro and Mora, 2014; Solé-
Benet et al., 1997). On the other hand, biocrusts develop in
plant interspaces where vegetation cannot form a continuous
layer (mostly in drylands), and they are considered runoff
sources, providing water to the plant patches (Rodriguez-
Caballero et al., 2014; 2018). Thus, knowing their RL would
provide insights to advance the current source—sink theory.

The initial hypotheses were as follows:

a) RL is often much shorter than the topographical
drainage area, which represents the historical maximum of RL.
Kidron and Yair (1997), Puigdefabregas et al. (1999), and
Puigdefabregas (2005) and Arnau-Rosalén et al. (2008) already
made suggestions in this line.

b)  RL widely varies across numerous factors, such as the
rainfall features (intensity, volume and timing), the surface
characteristics  (including vegetation, soil, topography,
biocrusts, and stoniness), and the antecedent soil moisture.
Because runoff strongly depends on these factors (Castillo et
al., 2003; Le Bissonnais et al., 1995), we assume that RL will
also depend on them.

c) In the study area, RL will be centimetres long rather
than metres long for most natural rainfall (Lazaro et al., 2015),
which very often has low intensity or small volume (Léazaro et
al., 2001).

d)  Biocrust will generally have high RC, but it will vary
according to its species composition (Lazaro et al., 2015).

The objectives of this work were (i) to define the minimum
RL (mRL) and propose it as a concrete, quantitative, and easy
proxy of RL, and (ii) to use mRL for a pilot study to show the
effect of biocrust type and rainfall class on RL from open run-
off plots.

METHODS
The study area and the runoff plots

The Tabernas Desert is a place in southeast Spain, in the
Sorbas—Tabernas basin, surrounded by the Gador, Nevada,
Filabres, and Alhamilla Betic ranges. The first three of these
ranges intercept most rainfall fronts, which come mainly from
the west, explaining the annual precipitation of around 230 mm
(Lazaro et al., 2001). Because the annual potential evapotran-

spiration is around 1600 mm, water deficit occurs every month,
in particular during summer (June—September). Insolation is
over 3000 hours per year, and the average annual temperature is
18 °C (Lazaro et al., 2004). The study area was the El Cautivo
field site, within the Tabernas Desert. Although calcareous
sandstones are locally abundant, Miocene soft marine marls
dominate the lithology and produce an extensive badlands
landscape and a complex geomorphology developed during the
Quaternary (Alexander et al., 1994; Alexander et al., 2008).
The parent material is mainly composed of silt-size (>60%),
gypsum-calcareous and siliceous particles; fine sand ranges
from 20% to 35%, and clay ranges from 5% to 10%. (Cantén et
al., 2003). El Cautivo includes a series of parallel catchments,
with residual hanging pediments between some of them. A
clear surface-type pattern exists. A third of the territory is bare
and eroded; biocrust is the main cover in another third; and also
occupies the plant interspaces in the rest (Canton et al., 2004;
Lazaro et al., 2000; Lazaro et al., 2008).

The biocrust types described by Lazaro et al. (2008) in this
study area were simplified to three for this research: (i) domi-
nated by Cyanobacteria (Cyano); (ii) dominated by the lichens
Squamarina lentigera and/or Diploschistes diacapsis (Squam);
and (iii) characterized by the lichen Lepraria isidiata (Lepra).
The site of Cyano where the runoff plots were constructed has a
mature, relatively rough cyanobacterial biocrust, including
small pioneer lichens, such as Endocarpon pusillum, Fulgensia
desertorum, and Fulgensia poelti. This biocrust is the colo-
nizing one (beginning with a purely cyanobacterial biocrust)
and is widespread in any orientation, constituting a matrix-like
layer on which the other biocrust types successively develop
when possible. In the sunniest non-eroded sites, Cyano is dom-
inant and almost permanent. Squam is the most widespread
lichen-dominated biocrust. It usually develops after Cyano,
preferring the unaltered north-to-east hillslopes with low plant
cover, and including numerous lichen species, such as Buellia
zoharyi, Fulgensia fulgida, Diploschistes ocellatus, and Psora
decipiens. Lepra biocrust is late successional and exclusive to
the shadiest north-faced hillslopes, where it occupies the plant
interspaces. Lichen species such as Squamarina carthilaginea,
Xantoparmelia pokornyi, and Teloschistes lacunosus are char-
acteristic of Lepra, as well as some mosses such as Grimmia
pulvinata, Didymodon luridus, and Tortula revolvens.

Runoff monitoring

Two open runoff plots and a rain gauge were installed in
each biocrust. The plots at Cyano were labelled C1 and C2,
those of Squam S1 and S2, and those at Lepra L1 and L2. Their
appearance is shown in Fig. 1. The available data cover approx-
imately 10 years (2005-2015). Each plot consists of a PVC
channel, normal to the line of maximum slope, collecting runoff
and driving the water to a tank at the bottom of the hillslope.
The channels, covered with a lid to avoid direct rain, are em-
bedded into the soil, and the contact of its upslope edge with
the soil was in situ plasticised by means of fiberglass and epoxy
resin, warranting the transit of the runoff to the trough. Inside
the tank is a non-purpose tipping-bucket mechanism (0.5 L in
resolution) connected to an on—off Hobo Event data logger, like
that of the rain-gauge (0.25 mm in resolution).

Definition and calculation of mRL
Because the effective contributing area is not known

a priori, examining the way RC varies in relation to it becomes
essential. To conduct this theoretical examination, we used
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three minimum inter-event times (MITs): 24, 12, and 1 hour,
constructing three datasets with 436, 593, and 1411 rainfall —
runoff events, respectively. For every event and each plot, we
calculated four RC values by successively assuming different
lengths (1, 2, 3, and 4 m) for the effective contributing area.
These hillslope lengths, multiplied by the width of the plot
(Iength of the collector, 2.18 m except for L2, at 2.16 m) gave
rise to four nested, rectangular, and progressively larger sup-
posed drainage areas per event, generating four RC figures.
This procedure implies assuming that they were ideal smooth
and homogeneous hillslopes. Our real plots only approximate
these conditions, but this preliminary assumption is useful to
explain the concept and calculation of mRL. Next, we applied
this approach to real data, examining the way RC varies when
successively larger portions of the real catchment are consid-
ered effective contributing areas.

As the width of the plot is assumed to remain constant for
any channel length, the assumption of a series of hillslope
lengths (for the supposed effective drainage area) increasing
according to the series of natural numbers produces a series of
nested areas, increasing in arithmetic progression. Because
runoff must be divided by the area, while the plot length in-
creases linearly, the corresponding RC potentially decreases
because the value of a series of fractions with arithmetically
increasing denominators decreases according to a potential
curve of exponent —1, forming a hyperbola. Thus, for any pair
of runoff and precipitation values (i.e., for any rainfall or sur-
face type and any slope angle), the RCs generated by assuming
successively longer contributing areas always decrease accord-
ing to the following curve:

RC=axx! )

where x is the length of the part of the hillslope that is assumed
to be the effective contributing area and a is a coefficient that
varies widely, because it involves the effects on runoff of the
rainfall and surface characteristics, and can be experimentally
calculated.

Thus, although we cannot calculate RC, we can determine its
distribution. Furthermore, for a rectangular plot, RC is as fol-
lows:

RC =R/ (Pmm) X cW(m) X X(m) 2

where R is the runoff measured in litres, Pmm) is the measured
precipitation in millimetres, cwm) is the width of the collector
in metres, and Xm) is the hillslope length of the supposed effec-
tively contributing area in metres. Therefore, it is

a=Rw)/ Pamm) X cW(m) 3)

These curves relating RC with the length of the contributing
area for any event of any surface type are determined by only
one parameter (a). Any value for length leads to a value for RC
that exactly matches a point in the hyperbola. Because the
hyperbola has an indefinite length, a length of contributing area
corresponding to RC = 1 always exists, independently from the
surface and rain characteristics. As some infiltration always
occurs, the actual RL will be larger than the hillslope length
corresponding to RC = 1 is. Therefore, the hillslope length of
the supposed effectively contributing area corresponding to
RC =1 can be considered the minimum RL (mRL) for the
given set of circumstances (rainfall event, surface and anteced-
ent conditions) and enables an easy definition for mRL. This
means that the minimum hillslope length travelled by runoff for
a certain site and event is larger than the mRL. RC hyperbola

values that are larger than 1 simply mean that runoff comes
from upslope of the length attributed to the drainage area. The
larger than 1 the RC value is, the larger the mRL is in relation
to the supposed length. As can be verified from Equation (1),
when RC = 1, x = a. Therefore, we can define the following:

MRLm)=a =Rw)/ Pimm) X cW(m) 4)

Note that in Equation (4), only three known parameters in-
tervene, and the contributing area does not.

To show these hyperbolic relationships, we used Equation
(1) to plot the hyperbolas of the average (thus blurring the
effect of the antecedent soil moisture) RC vs lengths succes-
sively assumed for the contributing area, for one plot of each
biocrust type and two different rainfall classes. Later, to explore
the effect of rainfall type on runoff, we classified the rainfall
events into seven categories: >0-1, >1-3, >3-5, >5-10, >10—
20, >20-30, and >30 mm. Because most of the rainfall events
were small, we divided the group of events <5 mm into three
classes to avoid an extremely large lower class and to gain
resolution to establish the rainfall threshold generating runoff.

Analysis of mRL at El Cautivo field site throughout
biocrust types and rainfall events

On natural hillslopes whose topography generates somewhat
irregular drainage areas, in such a way that a regular increment
in the length of the supposed effective catchment does not
imply a regular increment in its area, the theoretical relationship
in Equation (1) is only fulfilled in an approximate way and a
potential curve must be fitted.

To examine the variation of RC with the length of the sup-
posed contributing area using real data from El Cautivo runoff
plots, we first determined the perimeter of the catchment of each
plot. Then we calculated the successively larger real areas de-
limited by successive 10-cm buffers in parallel to the trough.

To establish the catchment areas and soil surface compo-
nents, a series of manual photogrammetric flights were carried
out by means of a DJI Phantom 4 Pro drone carrying a high-
resolution, 1-inch sensor (20 Mp). Images were taken at 3.5-5
m above ground level, combining nadir and oblique images
with an estimated overlap of 80 and 70% (forward and side,
respectively) to obtain an average of 596 images per experi-
mental plot. Images were processed in Agisoft Metashape Pro
(Agisoft LLC, Russia). Resolution ranged from 0.95 to 1.13
mm pixel ' and 1.9 and 2.7 mm pixel™! for orthomosaics and the
digital elevation model, respectively.

After removing most of the plants, using the Agisoft
Metashape image classification software and then manually, the
digital terrain model was processed to identify the catchment
areas draining to the collectors (Hydrology Tools, ArcMap 10.8).
Then, each catchment area was divided into parallel 10-cm
bands, parallel to the runoff collector (Multi-ring Buffer, QGIS
3.14). From the digital terrain model, the average slope of each
catchment was also obtained (Zonal Statistics, ArcGis 10.8).

Thus, every regular increase in slope length corresponds to a
different, but real, increase of contributing area. Then we calcu-
lated the RCs for every area (10 cm longer than the previous),
plotted those RCs vs the hillslope length, and fitted a potential
curve. In a first step, we did this not for any concrete event but
for the average and for the maximum RCs of every rain type
and every biocrust type to verify the quality of the fittings and
obtain a graphical reference of the mRL values.

We determined the cover of vascular plants, biocrusts, and
bare soil in each plot by adding the segments occupied by every
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Fig. 1. El Cautivo hillslope scale open runoff plots.

surface type at 1 mm resolution in transects along the catch-
ment area drawn on the plot orthophotomap (to avoid trampling
the plots). The length occupied by each type of coverage in
relation to the total length of the transect was directly consid-
ered its cover percentage.

We used Equation (4) to calculate mRL directly for every
rain and runoff event of each MIT (24, 12 and 1 hour). We
carried out generalized linear modelling analyses to test for
differences in mRL according to two factors and their interac-
tion: rain classes (seven categories) and biocrust types (three).
We explored the instantaneous rain intensity and the rain dura-
tion as covariates; the volume of precipitation was not included
due to its redundancy with the rain class factor. To account for
the differences among individual plots, catchment areas, slope
angles, the covers of vascular plants, biocrusts, and bare soil,

and the covers of vascular plants in the catchment areas delim-
ited by 1 m, 2 m, and 8 m upstream of the channel were also
initially considered as covariates. Instantaneous rain intensity
was calculated for every rainfall record (rainfall volume input
divided by the difference between the time of that record and
the time of the previous), and the data used here were the aver-
age and the maximum intensities for each event. Then, we
reduced the number of covariates, taking into account their
interrelationships, the available statistical power, and the signif-
icance levels that the covariates reached in preliminary, tenta-
tive analyses (see in Results). To perform these analyses, we
selected a gamma data distribution and log as link function,
including the records having mRL larger than zero, and used
Statistica 7.1 software (StatSoft, Hamburg, Germany).
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RESULTS
Features of runoff plots and rainfall events

The characteristics of the runoff plots determined by analys-
ing the drone images are shown in Table 1.

The duration, volume, intensity, and number of events for
every rain type and every MIT are summarized in Table 2.

The regression coefficient between runoff and rainfall was
quite similar for the events from the three MITs in every plot
and slightly higher for the 1-hour MIT (0.630 on average vs
0.572 and 0.575 for the 24- and 12-hour MITs, respectively).
Thus, we show the analyses with the 1-hour MIT, which,
moreover, produces the largest number of events. The larger
maximum rain intensity belonged to event class 5 (although the
average intensities were not very different among MITs).
The very large maximum intensity recorded in event class 1
when we used MIT 1 lasted 5 seconds and did not generate
runoff.

Every pair of plots on the same kind of surface have a simi-
lar hydrological behaviour (Fig. 2), except for Squam biocrust.
The shape of the point clouds in Fig. 2, resembling a partially
open “fan” and curved upwards, shows the increasing effect of
rain intensity and antecedent soil moisture as the precipitation
volume increases. The amplitude of these “fans” shows the
variance due to the rainfall type and timing. Additionally, we
can obtain an idea about the effect of biocrust type on runoff by
comparing the scaling in the y-axes.

Rainfall volume to start runoff progressively increases
through biocrust types; it is short at Cyano, medium at Squam,
and larger at Lepra. Considering all the plots and events of the
1-hour MIT, we found 2336 cases (sum of events including all
the plots) with an mRL equal to zero and 21 with an mRL larg-
er than zero within the rainfall class 1. The same values were,
respectively, 1029 and 70 for class 2; 305 and 121 for class 3;
181 and 245 for class 4; 85 and 215 for class 5; 9 and 81 for
class 6; and 3 and 33 for class 7.

Table 1. Features of the runoff plots used at the El Cautivo field site. Biocrust types are described in the main text. Area is the contributing
area according topography (m?). Length is the slope length of the area (m). Slope is the average slope angle (degrees). Aspect is the general
orientation (degrees in eastward direction). Covers are given as %. Plant cover 1 m is the plant cover in the first meter upstream from the

collector.

Aspect Plant Biocrust Bare Plant
Plot Biocrust Area Length Slope castward cover cover cover cover 1m
Cl Cyano 8.59 7.04 24.46 265 22.13 73.65 4.22 8.45
C2 Cyano 10.79 6.19 16.79 84 8.58 81.63 9.79 5.87
S1 Squam 19.15 13.64 33.18 7 27.04 70.20 2.76 14.24
S2 Squam 22.38 9.72 43.59 4 11.58 69.00 19.42 27.30
L1 Lepra 21.91 12.56 40.92 20 30.95 57.94 11.12 5.59
L2 Lepra 31.08 11.44 41.96 22 34.57 54.05 11.37 49.10

Table 2. Features of the rainfall events; averages from the three rain-gauges. Average and maximum duration are in days; average volume
is rainfall in mm; average and maximum intensity are in mm/hour. *Remember that maximum intensity lasted only 5 seconds.

Rain class ! 2 3 4 > 6 7
>0-1mm >I-3mm >3-5mm >5-10mm >10-20mm >20-30 mm >30 mm
number of events 199 72 31 42 52 21 19
average duration, days 0.33 0.65 0.80 1.18 1.33 1.73 2.68
MIT 24 h maximum duration, days 3.26 4.16 3.25 8.93 4.60 4.66 6.86
average volume, mm 0.32 1.72 3.63 6.58 13.13 23.31 39.07
average intensity, mm/h 5.75 0.64 0.40 0.85 0.96 1.22 1.21
maximum intensity, mm/h 542.99* 12.08 1.15 13.17 8.48 7.06 7.13
number of events 323 94 36 48 54 22 16
average duration, days 0.14 0.29 0.50 0.56 0.80 1.17 1.26
MIT 12 h maximum duration, days 0.86 0.90 1.94 2.02 2.96 3.62 2.61
average volume, mm 0.27 1.66 3.74 6.53 12.93 24.69 34.83
average intensity, mm/h 1.37 1.06 0.48 1.03 1.23 1.56 1.74
maximum intensity, mm/h 20.27 12.08 1.26 13.17 8.48 7.06 7.13
number of events 1014 184 71 71 50 15 6
average duration, days 0.02 0.06 0.10 0.16 0.25 0.30 0.39
MIT 1 h maximum duration, days 0.12 0.27 0.34 0.41 0.76 0.74 0.68
average volume, mm 0.22 1.64 3.62 6.76 13.38 23.55 36.16
average intensity, mm/h 1.57 2.33 2.73 3.07 3.67 5.51 4.61
maximum intensity, mm/h 20.27 18.41 19.44 18.61 40.88 20.12 9.16
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Fig. 2. Runoff (y-axis in litres) vs rainfall (x-axis, mm). Data are the total of each event, using the 1411 events distinguished by the 1-hour
MIT. Every graph shows the two plots of the same biocrust type. Graphs A, B, and C correspond to Cyano, Squam, and Lepra, respectively,
and are presented in ascending successional order. Note that the scales of the y-axes are different.
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Fig. 3. Examples of hyperbolas relating to the RC with the length of the supposed effective contributing area. For each plot, we use the
mean runoff and precipitation of all events of the rainfall classes 3 (>3—5 mm) and 5 (>10-20 mm), generated with the 1-hour MIT. For
every pair of rain and runoff data points, we successively assumed four rectangular, nested, effective contributing areas having the length of
the channel as width and 1, 2, 3, and 4 m as length. All hyperbolas are asymptotic with respect to the Y axis, thus, a length for the effective
contributing area that makes RC = 1 always exists. A RC value > 1 or >> 1 indicates that the assumed length for the contributing area is

less or much less than the real one.

Theoretical curves of decrease of RC according to regular
increase of contributing area

The RC hyperbolas differed in the distance of the vertex
from the origin of coordinates, which vary according to surface
types, topography, antecedent soil moisture, rainfall types, etc.
Fig. 3 shows some examples for theoretical regularly increasing
areas. Even for a surface with high infiltration (with the hyper-
bola vertex close to the coordinates’ origin), a positive slope
length for which RC = 1 (an mRL value) always exists.

In these theoretical curves, the greater the MIT, the greater
the RCs and the further the hyperbola vertex were from the
origin of the coordinates, because of the greater proportion of
large events (Table 2).

Goodness of fit of the real drainage areas to the theoretical
hyperbolas

When we used successive bands of the real catchment areas
of every plot to exam the relationship between RC and increas-
ing contributing areas, the fit of the hyperbolas (Fig. 4) was
very good, because the plots’ catchments are vaguely smooth
and rectangular, at least along the hillslope meters closer to the
channel.

The abscissa corresponding to the point where the hyperbola
crosses the value 1 of ordinates is the mRL. These curves show
that for any surface and rainfall, maximum RCs are much larger
than average. Therefore, for a case in which a curve refers to a
set of events, it is crucial to specify whether the used mRL is

based in the maximum runoff peaks, the average runoff, or any
other runoff parameter. The maximum mRL (Fig. 4) was be-
tween 3.3 and 4 m at Cyano, about 2.2 m at S1 (although it was
about 7.5 m at S2), and between 1.0 and 1.5 m at Lepra.

Using the 12-hour MIT and 24-hour MIT, the number of
events changes, as well as the proportion of events belonging to
every rainfall class. However, the goodness of fit and the gen-
eral features of the results are practically the same as those
shown in Fig. 4.

Fig. 5 shows that runoff peaks were different in every bi-
ocrust, as well as for every rain class. Note that the largest RCs
are produced by rain class 5.

These graphs offer an understanding of the relationship be-
tween RC and contributing area, verify the goodness of the fit,
and provide a graphical value of mRL. Once a good fit was
established, we analysed mRL data calculated event by event
by using Equation (4).

Analysis of mRL with regard to rainfall, surface and
topography features

The analyses showed significant differences in mRL accord-
ing to all of the factors and included covariates. Rain duration
and the cover of bare soil were removed because they were not
significant when analysed along with the other variables. The
biocrust cover was also removed because it shows a clear nega-
tive relationship (R? = 0.86) with plant cover. The plant cover
within 1, 2 and 8 m upstream from the runoff collector, alt-
hough often independent from the general plant cover, were

392



Defining minimum runoff length allows for discriminating biocrusts and rainfall events

Plot C1 Plot C2
2.00 = i 2.00
1.80 o, Max RunCoef C1 = 3.0507x? 1.80 ®\ Max RunCoef C2 = 2.8825x0892
= 160 R?=0.9939 £ 160 ‘ R?=0.9919
@ 1.40 s AvgRC © 140
£ 1.20 d € 1.20 LB
< 1.00 S 1.00
2 080 *MexRC & g0 * Max RC
2 g-gg Avg RunCoef C1 = 0.0879x 0% 5 060 1 Ayg RunCoef €2 = 0.0731x03%2
" 0.20 R* =0.9939 gjgg R=0.9919
0.00 0.00
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
length of the effective contributing area, m length of the effective contributing area, m
Plot 51 Plot 52
2.00 7 —F 2.00
_ 180 i e el o o 1.80 Max RunCoef 52 = 8.0379x1923
= 1.60 R?=0.982 € 1.60 RZ = 0.998
2140 2 140 '
% Lo AVERC] § 120 « AVERC '+ MaxRC
. o 4
Sos0 | * KaxhC) 2 o.go
© 0.60 S 0.60 Avg RunCoef 52 =0.3142x1.023
= Avg RCS1 = c -
2040 [V T 2 0.40 R?=0.998
0.20 % = 0.20
0.00 0.00 S—
01 2 3 45 6 7 8 910111213 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13
length of the effective contributing area, m length of the effective contributing area, m
Plot L1 Plot L2
2.00 .
. 1.80 Max BunCoef 11 = 1.3191,25% B 130 Max RunCoef L2 = 0.9337x101
5 ig{g R*=0.9997 S 1.60 R*=0.9991
T 1, e AvgRC 2 140
£1.20 £ 1.20 o Avg RC
S 1.00 Max RC 9 1.00
&= 0.80 &_taax = 0.80
L -0.942
2 960 unCoef L1 = 0.0249x S 060 RunCoef L2 = 0.028 1101 ® Max RC
= 2 = unCoe
c 0.40 =0.9997 < 0.40 2-0.9991
0.20 0.20 :
0.00 0.00
012 3 456 7 8 9101112131415 012 3 45 6 7 8 9 101112 13 14 15
length of the effective contributing area, m length of the effective contributing area, m

Fig. 4. Difference between the average and maximum runoff. Hyperbolas fitting the variation of RC when successively larger portions of
the real topographic catchment of every plot, delimited by parallel lines spaced 10 cm from each other, are assumed to be the effective
contributing areas. Data using the 1-hour MIT. All hyperbolas are asymptotic with respect to the Y axis, thus, a length for the effective
contributing area that makes RC = 1 always exists. A RC value > 1 or >> 1 indicates that the assumed length for the contributing area is
less or much less than the real one.
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Fig. 5. Graph A: Hyperbolas of RC vs contributing area for each plot using the maximum RC of the entire event series and the bands of the
real topographical catchments. Graph B: Hyperbolas using the maximum RC of the event classes in the most responsive runoff plot (S2),
and the bands of the real topographical catchments (R? are the same for all the rain classes because all the curves refer to the same plot and
to the same increments of contributing area). Both graphs used data from the 1-hour MIT. All hyperbolas are asymptotic with respect to the
Y axis, thus, a length for the effective contributing area that makes RC = 1 always exists. A RC value > 1 or >> 1 indicates that the as-
sumed length for the contributing area is less or much less than the real one.
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also removed to gain statistical power and used in alternative
analyses instead of the general plant cover. Thus, the final
analysis included both factors (biocrust type and rain class) and
their interaction, three covariates to account for the features of
every particular plot (catchment area, slope, and plant cover),
and the rain intensity as an additional covariate, because it is
poorly related to the rainfall volume. Table 3 summarizes the
results of the final analysis.

The mRL consistently increases when rainfall increases, and
the differences between rain classes are often significant.

An mRL threshold in at about 3 mm of rainfall has been found
(Fig. 6): At less than 3 mm of rainfall, the peaks of mRL never
reached 10 cm (runoff was rare in rain classes 1 and 2, but
sometimes it occurred; see above).

The biocrust type significantly affected the mRL (Fig. 7A),
and when we removed the data from plot S2, the mRL decreased
along biocrust succession (Fig. 7B). However, the features of
S2, with much larger runoff due to other factors (such as larger
bare soil area and slope angle), deform the relationship between
mRL and the successional sequence if S2 is included.

Table 3. Significance of the effects of the different factors, interactions, and covariates on mRL, according to hypothesis testing using

generalized linear modelling.

Effect Degrees of Log- Chi- p
freedom likelihood square

Event class 6 -205.644 221.2202 0.000000
Biocrust type 2 —164.662 81.9652 0.000000
Event class x Biocrust type 12 —146.243 36.8361 0.000237
Rain intensity 1 —476.893 56.0725 0.000000
Catchment area 1 —464.168 25.4504 0.000000
Slope angle 1 —456.728 14.8815 0.000114
Plant cover 1 -316.254 280.9465 0.000000
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Fig. 6. Average mRL for the sets of events in every rain class produced using an MIT of 1 hour, including the data from all the plots.

Different letters on the boxes indicate significant differences.
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Fig. 8. Interaction between biocrust type and rain event class. Every line corresponds to a biocrust type, but for Squam the plots are shown
separately because they behave quite differently. Except for plot S2, mRL decreases along biocrust succession. The threshold of mRL at

3 mm rainfall is distinguishable in this figure as well.

The interaction between biocrust type and rain class is
shown in Fig. 8. The larger the rainfall, the larger the difference
in mRL is among biocrusts. Biocrust type modulates the way in
which the different rainfall classes affect runoff. However, the
difference is also due to the slope and other causes such as plant
and bare soil covers; the influence of plot S2 expanded the
range of mRL along the event classes in the Squam biocrust.

Average rain intensity, contributing area and slope angle had
a positive significant effect on mRL, whereas plant cover had a
negative significant effect (Table 3). When we carried out the
alternative analyses replacing plant cover successively by the
plant cover at 1, 2, or 8 m upstream of the channels, each cover
showed a significant effect on mRL.

The number of events decreases when the MIT increases
and, whereas the duration of the events tends to increase expo-
nentially when MIT increases, the rain intensity tends to de-
crease potentially when MIT increases. However, the general-
ized-linear-model results show the same pattern with all the
MITs, with all the considered factors, interactions, and covari-
ates of the final model being significant.

DISCUSSION
RL and mRL

RL and mRL are different from hydrological connectivity. A
stream or river can connect large distances; however, a certain
concrete water volume usually does not cover all the connected
distance because it stops at some point on the shore, infiltrates,
evaporates, or is absorbed by plants. Similarly, when diffuse
surface runoff (not concentrated in rills) occurs, the entire
hillslope length can be hydrologically connected, but that does
not necessarily mean that RL is the entire hillslope length.
(However, it is certain that all the space covered by RL is con-
nected.) If we progressively increase the length of the plot
undergoing simulated rainfall, runoff volume increases until a
certain plot length (Lazaro et al., 2015) because, beyond that
length, all the water felt in the upper end of the plot infiltrates

before reaching the collector. This threshold plot length is RL, a
concept providing a measurement of the decay of RC as the
drainage area increases. Connectivity is usually larger, some-
times drastically larger, than RL.

To explore and discuss the relationship of RL or mRL with
the length slope factor (LSF) or potential sediment transport
index (Moore and Burch, 1986), a parameter derived from the
digital elevation model, could be interesting. The LSF is a
surrogate that indicates the erosive potential of runoff, and its
formula is LSF = (Xh / 72.6)™, where XA is the horizontal
length in meters of the slope and m is the exponent of the slope
variable, defined as m = ¢ / (1 + €). The term ¢ relates to erosion
in the furrows and between furrows and is defined as & =
sin 6 / 0.0896 x (3 x (sin 8)*® + 0.56), where 0 is the angle of
the slope (McCool et al., 1997; Zhang et al., 2017). RL and
mRL should relate closely to LSF because the (potential)
transport capacity of sediments depends on runoff. Interesting-
ly, LSF is a factor deduced from topography, but mRL is calcu-
lated from runoff and precipitation from specific events. In
reality, both concepts are independent and complementary
approximations. As a first tentative hypothesis, if we replace
the slope length with the mRL in the LSF formula, the resulting
potential sediment transport capacity would become actual
capacity, that is, actual sediment transport if sediments are
available. This could be verified empirically, and if so, mRL
could be highly useful for a predictive erosion model where
sediment availability is not a limiting factor.

As Lazaro et al (2015) discussed, the “flow length index” of
Mayor et al. (2008) is conceptually comparable to RL. Howev-
er, it does not include the incoming rainfall.

The slightly higher regression coefficient between runoff
and rainfall for the 1-hour MIT we found agrees with the results
of Molina-Sanchis et al. (2016).

We believe that mRL is a proxy of RL with general validity.
By changing the rainfall or surface features, the parameter ‘a’of
Equation (1) changes, but it does not change the concepts or
interpretations of the processes. The hyperbolic relationship we
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found between RC and real drainage area length (Fig. 4) is
consistent with the potential decrease of RC experimentally
determined by Lazaro et al (2015). In the experiments, the
curves fit worse because different plots (although close, homo-
geneous, and under the same simulated rainfall) represented the
different lengths. The goodness of the fits in Fig. 4, along with
a certain irregularity of the shapes and micro-reliefs of our real
drainage areas, show that our proposal is applicable in an ex-
tensive range of plots, because when we installed our plots in
2005, we did not look for ‘ideal-like’ hillslopes.

Runoff on biocrusts at the El Cautivo field site

As expected, the larger the rainfall, the larger the mRL. We
found occasional runoff even in rain classes 1 and 2, which
Rodriguez-Caballero et al. (2014) also found in the same study
area. Despite an mRL value existing as long as the runoff is
measurable, a clear threshold can be observed in the relation-
ship between mRL and rainfall (Fig. 6). The way in which the
rain class affected the mRL depended often on the biocrust type
(Fig. 8). Lazaro et al. (2015) also observed that interaction: A
threshold of runoff vs rainfall is associated with a different rain
class depending on the biocrust type.

The larger the rain intensity, the larger the mRL. This caused
that the rain class 5 gave rise to the largest runoff coefficients
(Fig. 5B), despite classes 6 and 7 involving larger rainfall vol-
umes, as the intensity of class 5 was clearly larger when using
MIT 1 (Table 2). This is consistent with what was previously
stated in the same study area, under natural rainfall (Rodriguez-
Caballero et al.,, 2014) and rain simulations (Lazaro et al.,
2015). The same was found in other locations (Guan and Cao,
2019).

As expected, there were significant differences in mRL
among biocrust types. Except for the Squam biocrust, the dif-
ferences among plots belonging to the same biocrust type were
much smaller than the differences among types (Fig. 2). The
larger slope of plot C1 with regard to C2 was compensated by a
lower contributing area. The lower plant cover of plot L1, par-
ticularly in the first meter upstream of the collector (Table 1),
compensated for its smaller drainage area. However, the two
plots at the Squam biocrust behaved differently. Much larger
runoff was consistently recorded for plot S2 during the sampled
period. It has larger slope, less plant cover, and much higher
cover of bare soil, with its upper part eroded (Table 1). The
slope angle in S2 is 45° in the first 8 m upstream of the collec-
tor, which is relevant because the maximum recorded mRL was
shorter than 8 m. We did not find in the literature a slope
threshold beyond which runoff disproportionately increases.
However, where soil is silty, runoff is larger on bare than on
biocrusted soil (Wei et al., 2015; Xiao et al., 2019). Soil texture
seems determinant: In Tabernas’ silty soils, biocrusts often
generate less runoff than bare soil, but in the sandy soils of the
Negev, biocrust shows threefold higher runoff than bare soil
(Kidron, 1999). Chamizo et al. (2012a) and Lazaro et al. (2015)
also found significant differences in runoff between biocrust
types. Although cyanobacterial biocrusts tend to produce larger
mRL, Rodriguez-Caballero et al. (2013) and Chamizo et al.
(2012b) noted that the difference in runoff between cyanobacte-
rial and lichenic biocrusts decreases to nothing as rainfall vol-
ume increases. Our result is consistent with Kidron et al.
(2003), who found in Negev a substantial reduction in the RC
from cyanobacterial to moss-dominated biocrust, explained by
the lower amounts of extracellular polymeric substances and
the higher roughness of moss-dominated biocrust. Small differ-
ences in the micro-relief already affect the runoff (Kidron,

2007). Our result partly agreed with Belnap (2006), who found
two hydrological behaviours: Green algae and microfungi be-
have similarly to cyanobacteria, whereas bryophytes are similar
to lichens.

Because the development of some biocrust types takes long-
er than that of others, and eventually one type is replaced by
another (Léazaro et al., 2008), it is widely agreed that different
biocrust types can be understood as successional steps (Belnap
et al., 2006; Li et al., 2013; Rodriguez-Caballero et al., 2015),
although some scholars do not regard different crust types as
being necessarily successional stages (Kidron, 2019). In our
area, the succession begins from Cyano and progresses to
Squam and finally to Lepra (Lazaro et al., 2008). However,
succession shows different speeds at different habitats and can
stop at any point. It strongly depends on the microclimate,
mainly on sun radiation and water availability. Where there are
not conditions for development of lichens or mosses, Cyano can
be almost permanent on a human life timescale.

Except for plot S2, our results show that infiltration tends to
increase along biocrust succession. This is consistent with our
previous experiments and with Gypser et al. (2016). Although
biocrusts are often considered runoff sources (Cantén et al.,
2002; Rodriguez-Caballero et al., 2018), their RC is generally
lower than that of bare soil with physical crust (Eldridge et al.,
2020) because biocrust succession progressively increases
water retention (Gypser et al., 2016) and soil moisture (Chami-
zo et al., 2013). This increase of infiltration along succession is
due to multiple factors, including (i) the effect of pore clogging
increasing runoff in the early successional stages, favoured by
cyanobacterial exopolysaccharides (Kidron et al., 1999); (ii) the
increase of surface roughness increasing infiltration as the
succession progresses (Chamizo et al., 2010; Kidron, 2007;
Rodriguez-Caballero et al., 2012); and (iii) the larger proportion
of mosses and vascular plants in the latest-successional biocrust
(Lazaro et al., 2008), because mosses show larger infiltration
capacity than do lichens (Fischer et al., 2014). In addition,
plants, which develop progressively, are the main runoff sinks
(Minea et al., 2018; Solé-Benet et al., 1997). Hydrological
changes associated with successional stages have also been
found in more mesic and larger vegetation including biocrusts
(Lichner et al., 2012).

Comparable data on RL from other areas are scarce. Kidron
(2011) reported an average RL of 5.0 m, while Kidron and Yair
(1997) estimated a length of 7 to 10 m for the effective contrib-
uting area in the case of the peak runoff produced at the end of
the heaviest storm, when the biocrust was already saturated, in
their most responsive plot, which had only 10% of plant cover
and a relatively smooth biocrust. This length is close ourmaxi-
mum mRLvalue, which reached 7.5 m in our most responsive
plot.

To our knowledge, this is the first study on the hydrological
behaviour of the Lepra biocrust. Chamizo et al. (2012a; 2012b)
and Lazaro et al. (2015) did not include Lepra to avoid severe
alterations, as its typical large slope angle generates significant
challenges in the experiments. This is interesting because Lepra
is the permanent biocrust community that occupies the plant
interspaces in non-eroded mature grassland or scrubland sites.
Furthermore, because the sites chosen for the Lepra plots have
relatively low grass cover, the runoff will be still lower in ma-
ture grasslands.

The mRL is consistently lower in Lepra over time, despite
the slope, because of the greater plant cover (Minea et al.,
2018) and number of small plant patches and annual plants.
First, there is a larger number of plant roots acting as preferen-
tial infiltration routes; second, fine-grained plant patches are
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more efficient in reducing runoff than the coarse-grained ones
(Bautista et al., 2007). In addition, soil porosity is larger under
plants (Mora and Lazaro, 2014), and plants further increase
infiltration by intercepting rainfall and producing stemflow
(Jian et al., 2018). Furthermore, under alpha grass, biocrust
rarely develops (Eldridge et al., 2010), but under plants such as
Euzomodendron bourgaeanum, Helianthemum almeriense or
Salsola genistoides, which are in the Lepra plots, biocrust
(which favours runoff) is much more frequent than the 20% of
cases that Kidron (2015) found under the canopy at Nizana
(Israel). This occurs because the canopies of these species are
less dense or more separated from the ground.

We found a positive relationship of mRL with slope, con-
sistent in time and space in Cyano and Squam. This agrees with
Chamizo et al. (2012b), who found, in the same study area, that
the effect of slope might be irrelevant at the microplot scale, but
is important at the small hillslope scale. However, the effect of
slope was mainly due to the S2 plot. This slope effect is logical
but its significance is relatively unexpected here due to (i) the
opposite effect of the vegetation in the Lepra plots; and, (ii) the
relatively higher RC of the Cyano biocrust (Alexander and
Calvo, 1990; Chamizo et al., 2012a) having plots of lower
steepness. Cerda and Garcia-Fayos (1997) found a positive
relationship between slope and runoff initiation and sediment
yield, but not between slope and runoff volume.

The effect of the catchment area was significant, despite the
effective contributing area in most plots usually being much
smaller than the topographic one. This was relatively
unexpected because it only accounted for about 1% of the mRL
variance. The effective contributing area would be the one
delimited by RL. It is expected that an area longer than the RL
would have little effect on runoff. However, it does have some
effect: The rain falling above the RL but into a distance of up
2RL, although it does not reach the collector, increases soil
moisture in the part of the plot delimited by RL, therefore
increasing the RC. Additionally, the factor area was significant
because the mean area of the Lepra plots was the largest,
although the lowest runoff was recorded. In any case, the effect
of the drainage area is fuzzy in this design. For example, the
area of L2 is 50% larger than that of L1, and both slopes are
similar. However, the plant cover of L2 is also larger (mainly in
the first meter upstream of the channel), and the runoff is
similar.

CONCLUSIONS

The mRL, a new parameter to characterize the runoff, is
defined here as the hillslope length of the supposed effective
contributing area that makes the RC = 1. It is quantitative, easy
to calculate from runoff plots, and does not require the contrib-
uting area: It is a function of the runoff, precipitation, and the
width of the runoff plot. Furthermore, mRL coincides with the
coefficient of the hyperbola relating to the decrease of the RC
as the contributing area increases. Because the hyperbola equa-
tion has only one coefficient, the concept of mRL enables
knowing the whole hyperbole for any couple of runoff and
rainfall values (if the shape or the relief of the plot catchment is
not very irregular). We propose mRL as a proxy of RL and
discuss its relationships with hydrological conductivity and the
length slope factor.

We completed an mRL-based hydrological study with 10
years of runoff data from six open plots at a (small) hillslope
scale including three biocrust types, in a badlands area of the
Tabernas Desert (semiarid southeast Spain). The results show
that the main features of rainfall affecting runoff (volume and

intensity), as well as those of the surface (biocrust type and
plant cover) and those of topography (contributing area and
slope angle), determined mRL. Different biocrusts had different
mRLs and whereas rainfall, area, and slope had a positive
relationship with mRL, plant cover had a negative relationship.
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Abstract: Biocrust sustainability relies on dew and rain availability. A study of dew and rain resources in amplitude and
frequency and their evolution is presented from year 2001 to 2020 in southern Africa (Namibia, Botswana, South Africa)
where many biocrust sites have been identified. The evaluation of dew is made from a classical energy balance model
using meteorological data collected in 18 stations, where are also collected rain data. One observes a strong correlation
between the frequency of dew and rain and the corresponding amplitudes. There is a general tendency to see a decrease
in dew yield and dew frequency with increasing distance from the oceans, located west, east and south, due to decreasing
RH, with a relative minimum in the desert of Kalahari (Namibia). Rain amplitude and frequency decreases when going
to west and north. Short-term dew/rain correlation shows that largest dew yields clearly occur during about three days
after rainfall, particularly in the sites where humidity is less.

The evolution in the period corresponds to a decrease of rain precipitations and frequency, chiefly after 2010, an
effect which has been cyclic since now. The effect is more noticeable towards north. An increase of dew yield and
frequency is observed, mainly in north and south-east. It results in an increase of the dew contribution with respect to
rain, especially after 2010. As no drastic changes in the distribution of biomass of biocrusts have been reported in this
period, it is likely that dew should compensate for the decrease in rain precipitation. Since the growth of biocrust is
related to dew and rain amplitude and frequency, future evolution should be characterized by either the rain cycle or, due

to global change, an acceleration of the present tendency, with more dew and less rainfalls.

Keywords: Biocrust; Dew and rain evolution; Dew/rain ratio; Dew/rain correlation; Southern Africa; Climate change.

1 INTRODUCTION

Biocrust are typically found in drylands with arid or semi-
arid ecosystems. In great interaction with the soil, biocrust
concern cyanobacteria, lichens, algae and mosses. These organ-
isms contribute strongly in the ecosystem’s functioning and
plant organization and are present all around the world.

Numerous works detail their physical, chemical and biologi-
cal characteristics in semi-arid or arid climates. Negev (Jacobs
et al., 2002; Kidron and Tal, 2012), Europe (Raggio et al,,
2021), Spain (Cano-Diaz et al., 2018), China (Yao et al., 2019),
USA (Aguirre-Gutiérrez et al., 2019) are a few examples.
According to Chen et al. (2020), biocrust correspond to 30% of
global drylands. It is in China, Australia, North America and
Spain in Europe that are found the more studied biocrust sites.
In the present study, a representative area for biocrust studies
was chosen in a less investigated area, the southern part of
Africa. Namibia, South Africa and Bostwana are the main
countries involved in this study, representing 18 sites of meas-
urement (7 in Namibia, 7 in South Africa and 4 in Bostwana,
respectively). One should note that these locations are based on
previous works of a few scholars within certain research sites
and cannot obviously replace an objective map. A map of soil
can help to locate biocrust, it is given in Fig. 1 together with the
above studied sites.

Moisture from atmosphere (rainfall, fog, dew, vapor
absorption) plays an important role in sustaining life in arid or
semi-arid climates. Pan et al. (2010) concluded on the mutual

enhanced effect between dew and artificially revegetation
ecosystems in the arid desert ecosystem in Shapotou (China). Li
et al. (2021a, b), in recent papers, determine that biocrust
benefits from non-rainfall water deposition and modify their
distribution in drylands soils. Dewfall can be presented as a
critical source of water in deserts environments allowing to
determine the sustainability of sand to stabilize planted
vegetation (Zhuang and Zhao, 2017). Dew, fog and rain can
play an important role for the development of biocrust in semi-
arid regions. Kidron (2019) suspects dew to be a necessary
water source for cyanobacteria. Biocrust alter non-rainfall
distribution by depth, concentrating it in the surface (Li et al.,
2021a, b). Biocrust can boost the use of non-rainfall water
according to Ouyang et al. (2017). Biidel et al. (2009) conclude
their study by noting that the time frequency of rain
precipitations is more important than their amount.

The amount and frequency of rain and dew are then the main
factors which influence the growth of biocrust. This paper aims
to evaluate the evolution of these contributions to over a long
period of time (20 years, from 2001 to 2020) in order to put in
evidence the long term trend and extrapolate to the near future.
Because certain data are lacking before 2011, a few analyses
are restricted to 10 years (2011-2020).

The paper is organized as follows. After having reported on
measurements and methods in Section 2, mainly concerning the
physical model used to determine the dew yields, Section 3
is devoted to the main results with maps i) for dew and rain at-
mospheric deposition, ii) cumulative rainfall and dew yields
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comparisons and iii) short time and longtime evolution of dew
and rainfalls yield and frequency. A Section 4 is devoted to dis-
cussions and relation of the rain and dew studies with biocrust.

2 METEOROLOGICAL DATA AND METHODS
2.1 Dew yield estimation from meteorological data

In order to estimate the dew potential, Beysens (2016)
developed an energy balance model which, thanks to some
approximation, uses only a few classical meteorological data
without adjustable parameters: cloud cover (V, oktas), wind
speed (V, m s™), air temperature (7, °C), air relative humidity
(RH, %) and dew point temperature (74, °C). Near the ground
level where dew forms, in the atmospheric boundary layer, the
contribution from water vapor (about 0.2-2% by volume) and,
to a lower extent, carbon dioxide (about 0.03% in volume) is of
great importance for the radiative balance, with radiation from
water vapor being by far the more important of the two. The
results are concerned with dew yields # [mm (Af)"'] where At
corresponds to the period (in hours) of the analyzed data. It is
assumed that the substrate emissivity is unity (which is close to
the emissivity = 0.98 of a wet substrate, see Trosseille et al.,
2021) and is thermally insulated from below. The data can be
obtained from the airport meteo stations by using the following
formulation:

_[ A
h—(lzj(HL+RE) M

The factor A¢ is the measurement period of the data (here 6,
3 or 1 h. depending on the stations). The data for # > 0 corre-
spond to condensation and A < 0 to evaporation, which have to
be discarded. The quantity HL represents the convective heat
losses between air and condenser, with a cut-off for windspeed
V> Vo =4.4 ms~! where condensation vanishes:

he (%)[0.06(Td—Ta)+RE] ifv <y

0 ifvV >V,

2

The quantity RE is the available radiative energy, which de-
pends on air water content (measured by the dew point tem-
perature Tq, in °C), site elevation H (in km) and cloud cover N
(in oktas):

14+0.204323H —0.0238893H2 —
(18.0132-1.04963H +0.21891H2)x10-3T,

X(Td +273.15j4(1_ﬁ}
285 8
)

By filtering the rain and fog events and integrating the time
series on a daily time-step corresponding to 4 > 0, calculated
daily yields and their cumulated values are obtained. We give
an example of calculation in Appendix 1.

RE:0.37><[

2.2 Studied area

The study area (Fig. 1) is characterized by a spatial extent of
about 3 000 000 km? between 15° to 35° south latitude and 13°
to 30° for east longitude. In the following are detailed the dif-
ferent climate characteristics of the countries.

Namibia (824 292 km? surface area). The country shows
three different climates, the most prevalent being semi-arid
(Koppen-Geiger classification BSh) and hot desert (BWh). The
less frequent is cold desert climates (BWk). The climate is
characterized by great differences in day and nighttime temper-
atures, low rainfall and overall low humidity. Along the coast,
the average annual precipitation does not exceed 15 mm. Inside
the country, the continental plateau has a more contrasted situa-
tion with abundant precipitations (> 500 mm). The dry season,
between May to October, correspond to little or no rainfall
during July and August. Wildlife uses mainly waterholes and
rivers when the water sources dry up. In desert areas, the aver-
age minimum temperature is cold and can fall below freezing at
night. The wet season, between November to April, present
daytime temperatures of about 30 °C with the first rains ob-
served in November (mean rainfall 26 mm to a maximum in
January with 91 mm). Sometimes, torrential downpours are
observed in the afternoon up to March and April, where rainfall
decrease and stops before the dry season.

Botswana (581 730 km? surface area). The climate is charac-
terized as hot semi-arid, the dominant climate (Képpen-Geiger
classification BSh), and hot desert (BWh). During summer
months (November—March), a rainy season is observed with
high temperatures. The mean annual rainfall varies from over
650 mm in the extreme northeast area (Chobe District) to a
minimum of 250 mm in the extreme southwest part (Kgalagadi
District). The winter season during May to August corresponds
to the dry season with less than 10% of the annual rainfall. The
variability of rainfall increases while the quantity decreases
toward the south and west.

South Africa (1.22 million km? surface area). The country
corresponds to a subtropical area, influenced by the vicinity of
the oceans along the coastlines and the altitude of interior
plateau (1 500 m in the dolerite-capped Roggeveld scarp in the
south-west, to a height of 3 482 m in the KwaZulu-Natal Dra-
kensberg). The country has several climatic zones depending on
its geography: in the northwest, near the Atlantic coast stretch-
ing to the center of the country, the climate is mainly character-
ized by arid lime (BWh) or cold (BWk) deserts. In the
south-east, the country offers a temperate climate with dry and
hot (Csa) or warm (Csb) summers. Finally, along the southern
coast of the country, one finds a hot (BSh) or cold (BSk) arid
climate with steppes but also a temperate zone, along the ocean
between the towns of George and Port Elisabeth with dry
winters and hot summers (Cwa). The eastern part of the coun-
try, which is more mountainous, is characterized by a predomi-
nantly temperate climate, without a dry season, with hot to
temperate (Cfb) or cold (Cfc) summers. Mean rainfall is about
460 mm with a large dispersion according to the location.
Usually, the western Cape presents major rainfalls in winter
whereas the rest of the country exhibits summer rainfalls.

The spatial distribution of rainfall between Namibia,
Bostwana and South Africa presents some differences in space
and time (New et al., 2000). In Namibia, for the locations of
Dante Cave at the north of the country, summer rainfall is ob-
served from October to April, with mean annual rainfall be-
tween 500 and 600 mm yr!, a value much less than the poten-
tial evapotranspiration estimated to 2900 mm yr~' (Railsback et
al., 2019). A similar behavior is observed at the frontier be-
tween Bostwana and South Africa (27°S, 21°E), with summer
rainfall. The situation is more complex in South Africa. Ac-
cording to the location, one observes winter rainfall as in Cape
Town with precipitations mainly during April to September,
weak precipitations but year-round in George and summer
rainfall with a dry winter in Pretoria (Railsback et al., 2019).
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Fig. 1. Map of soils in the studied area (from Jones et al., 2013). Black rectangle and black letters are airport stations. The interrupted blue
rectangle corresponds to the biocrust sites (green circles, see Chen et al., 2020).

Table 1. Sites where atmospheric data are collected (7 stations in Namibia, 4 stations in Bostwana and 7 stations in South Africa). They are
sorted according to their longitude (west to east). The sky condition data availability (% of the total sky conditions data) is reported for each

station.

Country Site Abbreviations Latitude Longitude Altitude | Distance to data Sky conditions
Name (masl) |the sea (km) period data (%)
Namibia Swakopmund SM 22°40'0"S 14°34'0" E 61 8(2010-2020 52.4
Namibia Walvis Bay WB 22°58'47"S | 14°38'43"E 86 14| 2010-2020 52.4
Namibia Luderitz L 26°41'15"S | 15°14'34"E 131 1| 2006-2020 0.0
Namibia Ondangwa oD 17°52'41"S 15°57' 09" E 1099 385 | 2011-2020 47.7
Namibia Oranjemund 0J 28°35'05"S | 16°26'48"E 5 6| 2005-2020 0.0
Namibia Eros E 22°36'44"S | 17°04'50"E 1699 266 | 2011-2020 45.2
Namibia Keetmanshoop K 26°32'13"S | 18°06'40"E 1069 285|2011-2020 40.0
South Africa | Cape Town C 33°58'10”S | 18°35'50"E 46 3|2001-2020 100.0
South Africa | Upington u 28°24'04"S | 21°15'35"E 844 432 2001-2020 77.3
Botswana Shakawe SK 18°22'25"S 21°50' 00" E 1008 895 | 2005-2020 100.0
South Africa | George G 34°0'20"S 22°22'42"E 197 7|2001-2020 89.9
Botswana Maun MN 19°59'0" S 23°26'0"E 945 1106 | 2001-2020 100.0
South Africa | Mahikeng MK 25°48'27"S 25°32'40" E 1274 680 | 2001-2020 65.6
South Africa | Port Elizabeth P 33°59'5"S 25°37'2"E 68 3|2001-2020 100.0
Botswana Gaborone GB 24°33'19"S | 25°55'06"E 1006 695 | 2001-2020 99.9
South Africa Bram Fischer B 29°05' 38" S 26°18' 14" E 1349 418 | 2001-2020 76.1
Botswana Francistown F 21°10'0"S 27°29'0"E 1002 726 | 2002-2020 100.0
South Africa | Wonderboom W 25°39'13"S | 28°13'27"E 1240 460 | 2005-2020 88.6

2.3 Extraction data

All ground stations are installed on international or national
airports where standard meteorological parameters are meas-
ured. The meteorological stations meet the data measurement
standards of the World Meteorological Organization. Air 7.
(°C) and dew T (°C) temperatures, relative humidity (RH, %),
atmospheric pressure (P, Pa) are measured in a meteorological
shelter, 1.5 m from the ground. The windspeed (¥, km h™') and
direction (sectors or degrees) are measured at 10 m from the
ground. Note that wind speed can be extrapolated at any height
z above the ground by the classical logarithmic variation (see

10
e.g. Pal Arya, 1988) V(Z)ZVioln[ z J/ln(—} where Vo is

Zc Zc

windspeed at 10 m and z, is the roughness length (generally =

0.1 m in flat areas) where /' = 0. Available data were extracted
from the online data base “Weather Underground” (Weather
Underground database, 2021) during a period of maximum 20
years (2001-2020) with a minimum of 10 years (2011-2020)
depending on data availability (Table 1).

Dew yields have been computed from Eq. (2) using the
above standard meteorological databases extracting air and dew
point temperatures (7. and 74, °C), relative humidity (RH, %),
wind speed (km h™! to be transformed in m s™'), wind direction
(sectors), absolute pressure (hPa) and sky cover. An hourly
time-step for measured data is accessible except for Oran-
jemund and Luderitz (Namibia) where two time-steps are avail-
able (Oranjemund: 6 h on 2005-2014 and 3 h on 2014-2020);
Luderitz (6 h on 2006-2012 and 3 h on 2012-2020).

Wind direction values in degrees have been computed from
wind direction sectors (N, NNE, NE, E, ESE, SE, S, etc.) using
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a standard law of proportionality: 0° for north, 180° for south
and calculation of all intermediate values with respect to these
references.

The sky cover was considered variable if it varies by one or
more of the reported values (CLR, FEW, SCT, BKN, or OVC)
during the period of observation (NOAA’s national weather
service glossary, 2021). Cloud cover in oktas was computed
from the nightly observation of sky cover using the correspond-
ence listed in Table SM2 in Supplementary Materials, which
was used in a previous work (Muselli et al., 2020). However,
cloud cover is sometimes not available at night on some sites
(the missing percentage of total values is noted for each site in
Table 1). When the sky conditions data are unavailable, we
imposed to these sites three possible values, corresponding to
the most probable: N=0, 1 and 3.

Measured rainfall data, available on a daily time step, are
extracted from the meteorological data base (Infoclimat data-
base, 2021). All data are obtained for the same stations as used
for dew calculation except for Swakopmund where the rainfall
data of Walvis Bay are used (both sites are only 25 km apart).

2.4 Kriging maps

Kriging methodologies are mainly used for mapping spatial
distribution of a given variable. The classical algorithm is pre-
sented in Appendix 2. Belkiri et al. (2020) use Kriging to study
ground water composition. Tomaszkiewicz et al. (2016) pro-
pose ordinary Kriging to develop dew maps integrating project-
ed climate changes in the Mediterranean basin. Martinez et al.
(2017) present median polish Kriging (MPK) for space-time
analysis of monthly precipitation in Colombia. Pue et al. (2021)
introduce a Kriging-based Gaussian process for the evaluation
for the prediction of soil water retention in tropical and temper-
ate climates. Other studies combine Kriging models for the
estimation of rainfall with Lagrangian (Amani and Lebel, 1997)
or Bayesian (Lima et al., 2021) approaches.

3 RESULTS
3.1 Evolution

For each site, dew (subscript i = d) and rain (subscript i = r)
monthly yields 4; (mean, min, max in mm) are computed.
Annual dew yield (mm) is deduced by adding the monthly 4;:

12
t=1

In order to estimate the evolution, monthly dew yields can
be fitted by a linear regression on the measured period:

hi(t)=0!,-t+h,-,0 (5)

With ¢ in month, the coefficient ¢; = dh; / dt represents the
monthly evolution rate.

3.2 Dew yields
3.2.1 Data description

Mean, minimum and maximum dew yields are calculated on
monthly and yearly time bases and reported in Table SM3 in
Supplementary Materials. The calculated annual dew yields
show significant variations depending on the sites studied even
within the same country (Fig. 2 and Table SM3).

In Namibia, the sites on the west coast (Walvis Bay, Luder-

itz, Swakopmund and Oranjemund) benefit from high dew
yields (> 10 mm yr') mainly explained by the high humidity
due to the vicinity of the Atlantic Ocean. For example, mean
dew yields in the range 12.6 to 38.2 mm yr~' (for Nmissing = 0, 1,
3) have been obtained in Swakopmund and Walvis Bay, located
near the Namib national Park, corresponding to mean monthly
dew yields between 2.8 and 6.9 mm. For both stations, dewy
days represent between 79.1 (Swakopmund, N = 3) and 85.8%
(Walvis Bay, N = 0) of the year. On the other hand, the stations
established in the interior of the country suffer from very low
annual dew yield (< 5 mm yr'). For example, Eros, Keetmans-
hoop and Ondangwa, respectively located at about 250 and
350 km from the ocean, exhibit annual dew yields less than
4.9 mm. In Keetmanshoop, monthly dew yields are very weak
with a mean of 0.1-0.3 mm and a monthly maximum of up to
1.8 mm. For Eros and Keetmanshoop, only 10-20% of the days
are dewy (min = 8.7% and max = 18.4%), while for Ondangwa
it is 25% or even 15% (N = 0 for missing data) or even one
day a week in the most unfavorable case (N = 3 for missing
data).

The situation is more homogeneous in Botswana. The mean
annual dew yields are between 6.9 and 16.2 mm depending on
the sites (annual dew yield min = 1.8—6.6 mm and max = 16.5—
26 mm), with monthly yields averaging between 0.6 and 1.4
mm (min = 0 mm and max = 4.2-5.9 mm).

Except in Upington (mean < 5.5 mm), located in the north-
ern Cape Province of South Africa on the banks of the Orange
River, and Mahikeng, near to the Bostwana frontier (mean <
9.8 mm), all the South Africa country exhibits mean annual dew
yields more than 15 mm. For example, Cape Town, Port Eliza-
beth and George cities, on the south coast, or Wonderboom and
Bram Fischer (near respectively Pretoria and Johannesburg),
present averaged annual dew yields of more than 18.3 mm, and
up to 27 mm. Whereas the maximum monthly dew yields do not
exceed 4.7 mm in Upington and Mahikeng, the other cities pre-
sent monthly dew yields larger than 4.5 mm, and up to 7.7 mm.

The spatial distribution of dew yields was determined by
Kriging (Fig. 2, for N=0, 1, 3 for missing data). Maps of mean
annual dew yields are presented in (Figs. 2a, b, ¢). As expected
and described in the literature (Henschel et al., 2007; Soder-
berg, 2010), dew exhibits the highest yields along the west
coast of Namibia corresponding to the Namib Desert. This
desert represents about 81 000 km? and stretches over 1,500 km
along an 80 to 160 km wide north-south coastal strip along the
Atlantic Ocean. One also clearly observes the decrease in yields
inland, especially from the central plateau towards the desert of
Kalahari representing a surface of 900 000 km* with 600 000
km? in Namibia. However, one notes that in these critical areas,
monthly dew yields can reach mean and maximal values up to
2-3 mm and 6—8 mm, respectively. Note that the biocrust sites
are located in regions of moderate dew yield.

More generally, there is a tendency to see a decrease in dew
yield with increasing distance from the oceans, located W, E
and S. A clear decrease in nocturnal RH from west to east is
obvious (Fig. 2d), with the largest dew yields (Fig. 2a, b, c)
corresponding to the regions of highest RH.

3.2.2 Evolution map 2001-2020

In Fig. SM1 (Supplementary Materials) are plotted the evo-

t

lution of the summed value of dew yield, sum(h, )= [ hydt
0

on a monthly basis, with 7 the starting year (see Table 1). The

dew rate is either nearly constant during the period
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Fig. 2. (a, b, ¢): Map of annual dew yield Hs (in mm) in the period 2001-2020 corresponding to three scenarios for missing N data (see text
and Table 1). (d): Mean nocturnal RH (%) during dew events. Red letters: Meteo sites (see Table 1); circles: Biocrust sites according to
Chen et al. (2020); right cross: Gobabeb site studied by Henschel et al. (2007) and Soderberg (2010); inclined cross: Potchefstroom site
studied by Baier (1966).
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Fig. 3. Difference between 2020 and 2011 annual dew yields (mm) for three scenarios corresponding to the missing N data (see text and
Table 1). Red letters: Measurement sites (see Table 1); circles: biocrust sites according to Chen et al. (2020); right cross: Gobabeb site
studied by Henschel et al. (2007) and Soderberg (2010); inclined cross: Potchefstroom site studied by Baier (1966).

(Swakopmund, Walvis Bay, Eros, Keetmanshoop, Cape Town, By considering the period where meteorological data are
Port Elizabeth, Gaborone, Bram Fischer) or increases (Luderitz, available on all sites (2011-2020), one can determine the evolu-
Oranjemund, Upington, Shakawe, George, Maun, Mahikeng, tion of the average yield at any point in the study area by
Wonderboom) after year 2010. One will see in Section 3.3 that  subtracting annual dew yields between years 2020 and 2011.
the year 2010 is also the year where rainfalls significantly = Figure 3 shows the difference Ahd = 14 (2020) — 74(2011). One
decrease. sees that the evolution is different according to the locations.
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Although dew decreases in two places where it was the most
abundant (SW and NE to a lesser extent), it increases in the
NW (Ondangwa, Eros) where dew was the lowest. A noticeable
increase is seen in N (Maun, Shakawe) and SE regions (Bram
Fischer). One notes that the biocrust sites are mostly located in
regions of null or moderate dew decrease.

3.3 Rainfall
3.3.1 Data description

Table 2 and Fig. 4 present annual and monthly mean, min
and max rainfall extracted from Infoclimat database (2021) for
the studied period (sites: See Table 1). From a general point of
view, rain decreases towards W and N. As described below,
cities located at the Namib Desert exhibit lower rain precipita-
tions: 13.4 mm in Swakopmund and Walvis Bay (i.e. 1% of
rainfall events by year) and in a lesser extent, Oranjemund with
a mean annual rainfall of about 42 mm (i.e. 5% of rainfall
events by year). In these areas, precipitations are very erratic,
with no rain for several months and few intense precipitations
events. In the inland, rainfall is slightly more abundant with
annual averages of 115, 189 and 306 mm for Keetmanshoop,
Ondangwa and Eros, respectively. Although these areas can
exhibit months without any rain, the monthly averages are
greater than 10 mm. However, one notes that less than 11% of
the days of the year are rainy days (10.9%, 5.3% and 3.7% in
Eros, Ondangwa and Keetmanshoop, respectively).

For Botswana, the situation is more homogenous, with a
mean rainfall of 463.2 mm observed in the four cities of Gabo-
rone, Maun, Francistown and Shakawe. With one or two
months during the year without rain, this region present mean
regular monthly rainfall of about 39 mm, with 13.4% of the
days being rainy.

South Africa exhibits a contrasted behavior. The regions lo-
cated along the ocean in the south and south east of the country
have heavy rainfall with annual amounts greater than 500 mm
(Mahikeng, Cape Town, George, Port Elizabeth, Bram Fischer,
Wonderboom), with up to 715 mm in George (18-31% of the
year are rainy days). Monthly averages are important with a
mean of about 49.6 mm (23.5% rainy days in the year).
Upington is an exception, located further west of the country,

but with lower rainfall (285 mm year! with a mean of 23.8
mm month™).

One notes a marked decrease in precipitation during the 20
years period, all sites show a(h-) < —0.2, particularly in Eros
and Ondangwa in Namibia, the 4 cities of Bostwana, and
George and Bram Fisher in South Africa. Coastal sites in
Namibia (Oranjemund, Luderitz, Swakopmund and Walvis
Bay) show a smaller decrease (¢ (h-) = 0). When looking at
Fig. SM1 in Supplementary Materials (summed values of #,),
one realizes that the main change in rainfalls occurred in 2010.
It is from this year that a gradual change in rain can be ob-
served.

The rainfall repartition presented in Table 2 is confirmed by
the Kriging map obtained for the annual mean rainfall (Fig. 4a).
Rainfall increases markedly from west to east (0—200 mm at the
Atlantic coast to 600 to 700 measured at the south-east of South
Africa). The same trend is observed with the monthly mean and
maximum rainfall volumes (Figs. 4b, c). The monthly average
varies from 0 to 20 mm (W) to 50 to 60 mm (SE).

3.3.2 Evolution map

By subtracting the precipitation values between years 2020
and 2011 one can map (Fig. 5) the difference Ak, = h-(2020)—
hr(2011). Although the mean precipitation decreases, the evolu-
tion is different depending on the locations. Rain mainly de-
creases in the north regions (Maun, Shakawe, Eros), where dew
was seen to increase during the same time period (Fig. 3). A
small zone in south west (Cape Town, Oranjemund) exhibits a
precipitation increase. It is worthy to note that the biocrust zones
are mostly in the regions that experienced a decrease in rain.

3.4 Correlation between dew and rain yields

The occurrence of dew is related to the presence of
atmospheric high humidity. Some correlations therefore exist
between the frequency and amplitude of rain and the amplitude
of dew yields. Two kinds of correlation can occur, a temporal
correlation, where dew forms after rain events, which have
increased the atmosphere RH, and an amplitude correlation.
Both correlations are studied in the following.

Table 2. Mean, minimum and maximum yearly (/) and monthly (/) rainfall calculated from meteorological from 2001 to 2020 are fitted

to Eq. (5) with free parameters o, = dh,/dt and hyp.

H, (mm yr!) hy (mm) i year
Site o r 0 frequency

Mean | Min Max Mean Min | Max (mm month™) (mm) (%)

Swakopmund 13.4 0.0 56.0 1.1 0.0 41.2 —0.005 1.5 0.9
Walvis Bay 13.4 0.0 56.0 1.1 0.0 41.2 —0.005 1.5 0.9
Luderitz 18.6 1.0 83.5 124 0.0 64.1 —0.024 3.2 1.8
Ondangwa 189.4 6.6 453.0 15.8 0.0 | 155.0 —0.283 32.9 5.3
Oranjemund 42.2 7.0 225.8 3.5 0.0 | 115.6 —0.030 6.4 5.0
Keetmanshoop 115.7 20.8 278.4 9.6 0.0 145.1 —0.044 11.0 3.7
Cape Town 542.1 | 249.0 | 888.8 45.2 0.0 | 238.0 —0.148 57.0 24.8
Upington 285.1 53.0 518.4 23.8 0.0 | 2614 —0.167 38.3 10.4
Shakawe 423.5 8.4 1072.3 35.3 0.0 | 447.1 —0.493 82.8 13.0
George 715.4 | 333.0 | 1223.7 59.6 0.0 | 290.5 —0.260 79.7 30.7
Maun 482.8 | 20.0 1115.9 40.2 0.0 | 3753 —0.468 79.8 14.9
Mahikeng 582.8 | 182.0 | 1158.1 48.6 0.0 | 3203 —0.135 55.5 19.7
Port Elizabeth 641.8 | 308.0 | 1103.8 53.5 0.0 | 2355 —0.171 64.2 26.8
Gaborone 464.3 | 80.2 1023.3 38.7 0.0 | 3725 —0.374 68.0 11.9
Bram Fischer 590.0 | 160.0 | 1190.0 49.2 0.0 | 274.7 —0.253 68.8 20.2
Francistown 482.3 | 46.2 1199.9 40.2 0.0 | 4233 —0.342 66.2 13.6
Wonderboom 497.5 | 123.0 | 769.9 41.5 0.0 | 183.6 —0.095 49.9 18.5
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Fig. 4. Mean rainfalls (mm) during the period 2001-2020. (a) Mean annual rainfall. (b) Mean monthly rainfall. (c) Maximum monthly
rainfall. Red letters: Measurement sites (see Table 1); circles: biocrust sites according to Chen et al. (2020); right cross: Gobabeb site
studied by Henschel et al. (2007) and Soderberg (2010); inclined cross: Potchefstroom site studied by Baier (1966).
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Fig. 5. Difference between 2020 and 2011 of the annual rainfalls
(mm). Red letters: Measurement sites (see Table 1); circles:
biocrust sites from Chen et al. (2020); right cross: Gobabeb site
studied by Henschel et al. (2007) and Soderberg (2010); inclined
cross: Potchefstroom site studied by Baier (1966).

3.4.1 Temporal correlation

The temporal correlation between rainfall and dew yield is
evaluated by a correlation coefficient 7 between the daily rain-
fall, 4, (¢), and the time-shifted daily dew yield, As (#+7), esti-
mated at the same location. The delay time 7 corresponds to the
previous and next days of time ¢ and is counted in days in the
interval [-31, +31]. The covariance between A4 (¢+7) and 4-(f) is
calculated as:

T (0 ha (4= 3 (1 (0 (a1 4) ) 6)
=l

With 0y, .0y, the rain and dew standard deviation, respec-

tively, one infers the correlation coefficient:

Cl (1), hy (t+7)]
O'hrO'hd

(1), (t+7) = (7

Considering that —1< r < 1, a negative correlation leads to an
opposite evolution of %, and /A4, a positive correlation corre-
sponds to the two variables moving in the same trend and
r — 0 means that both variables are not correlated.
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The r correlation plots for each meteorological site accord-
ing to the three N scenarii are reported in Fig. 6. One observes
the following:

(1) For 7< 0, no correlations between dew and rain ampli-
tudes are observed (mostly » < 0.05). It means that a rain event
at a given day does not explain dew events a few days earlier.

(i1) For 7= 0, all curves present negative values for r, with
amplitude in the range between —0.3 and 0.1. This is due to the
fact that, in the calculation of the dew yields in Section 2.1, one
had to discard the days with rain.

03

(iii) For 7> 0, some correlation can be observed for 7 < 3
days. For the Eros and Keetmanshop sites, » = 0.29 (N = 3) and
r=0.18 (N = 1). For Mahikeng and Upington, » = 0.12 (N =1)
and » = 0.13 (N = 0). To a lesser extent, for Bram Fischer
r=0.097 for N = 1. These values thus indicate a weak but real
positive correlation between rain and dew events. It means that,
due to the increase of atmosphere humidity after rain events,
dew events are more likely to be observed between one to three
days after rainfalls.

03
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curves are presented assuming N = 0 (blue), N=1 (red) and N = 3 (grey).
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The correlation dew-rain is most noticeable (Ondangwa,
Eros, Keetmanshop; Upington, Mahikeng, Bram Fisher) when
the distance from the ocean increases, the atmosphere RH then
decreases (see Fig. 2d). In contrast, for stations close to the
coast in arid climate (distance < 15 km) and with low annual
rainfall (H, < 50 mm) but large RH, such as Luderitz, Oran-
jemund, Swakopmund and Walvis Bay, the correlation is very
low regardless of the 7 value. For the cities of Cape Town, Port
Elizabeth and George, presenting a more temperate climate, the
correlation shows at most a weak increase for 7 < 4 to 5 days
(with » < 0.1). All these sites have an altitude below 200 m.

Whatever is the N scenario, for altitudes between 800 m and
1700 m asl and > 200 km away from the ocean, the correlation
is clearer with values of r showing a steady increase at Eros
(1700 m asl, 266 km from the ocean), Keetmanshoop (1069 m
asl, 285 km from the ocean). Ondangwa (1099 m asl, 385 km
from the ocean) and Bram Fischer (1349 m asl, 418 km from
the ocean) show a correlation with » > 0.1, respectively for 7 =
2 and 3. For the other mountainous stations, the correlation
coefficients exhibit values that does not exceed 0.1, with 7 =5
for Gaborone (= 0.0532) or =3 for Maun (» = 0.0665).

3.4.2 Summed dew and rain yields

One now investigates the correlation between the cumulative

dew and rain monthly yields, sum(hd)z.[: hgdt  and
0

t . . . .
sum(4, ) :LO h.dt , respectively, with 7 the starting time (see

Table 1). Each data point will thus correspond to a monthly
mean value. For each month, a ratio a(t) is calculated:

_ [sum(hd )J[
[sum(hr )]t

alt

®)

In Fig. 7a the sum(hy), the sum(%,) and their ratio a(?)

for two sites (Upington and Cape Town sites) are reported (at
small times the dispersion is large because the smoothing effect
of the summation is still weak). In Cape Town, both rain and
dew amounts are nearly linear during the research period, with
a decrease in rainfall rate after 2010 while the dew rate remains
constant. In Upington, one observes a decrease in the rain
amount and an increase in the dew amount after 2010. For sake
of comparison in the whole time period, the data (Fig. 7b) can
be fitted to a mean constant value

a(t)=ao 9

The values of ao according to the three N scenarios are
summarized in Table 3. Taking into account all stations, the
parameter ao shows a large variability: a, = 0.4 £ 0.8 (N =0),

a, =03+ 0.6 (N=1)and q, = 0.15 + 0.27 (N = 3). This
variability is due to the small number and erratic character of
the precipitations in arid areas. When the very small quantities
of rain at these sites (Namib Desert: Oranjemund, Luderitz,
Swakopmund and Walvis Bay) are removed, the variability of
values becomes much smaller (a_0 = 0.022 = 0.008 (N = 0),
a,=0.020 + 0.009 (N=1)and a, =0.017 + 0.011 (N =23)).
The parameter a, is mapped by the Kriging method in Fig. 8.
One can clearly observe the increasing importance of dew in
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Fig. 7. Two typical evolutions (Upington U and Cape Town C
sites) of dew and rain summed yields in the studied period (2001—
2020). The vertical dotted line corresponds to year 2010 where
rainfalls begin to significantly decrease. (a) sum(kq) and sum(k;)
with N = 0 missing data scenario (see text and Table 1). (b) Ratio
a(t) = [sum(ha)]: / [sum(%,)]:. The horizontal straight lines are fits to
a(t) = ao = constant.

Table 3. Ratio dew/rain summed amplitudes ao (Eq. 9) according to
different N assumptions for the missing data (see text and Table 1).

Site a) (N=0) a(N=1) a) (N=3)
Swakopmund 2.384 1.793 0.792
Walvis Bay 2.444 1.841 0.832
Luderitz 1.154 0.940 0.569
Ondangwa 0.023 0.016 0.006
Oranjemund 0.858 0.651 0.282
Eros 0.014 0.011 0.006
Keetmanshoop 0.020 0.014 0.006
Cape Town 0.028 0.028 0.028
Upington 0.017 0.015 0.012
Shakawe 0.011 0.011 0.011
George 0.031 0.027 0.024
Maun 0.007 0.007 0.007
Mabhikeng 0.013 0.011 0.007
Port Elizabeth 0.026 0.026 0.026
Gaborone 0.028 0.028 0.028
Bram Fischer 0.034 0.032 0.029
Francistown 0.018 0.018 0.018
Wonderboom 0.034 0.034 0.034
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the total precipitations along the Namibian coast and more 3.5 Time period of events

generally the dependence of a on longitude. It corroborates the

fact that the distance from the ocean, which controls the atmos- Because the frequency or time period between rain events is

phere RH (see Fig. 2), is the important parameter for the  also an important parameter, which in itself can control the

formation of dew. Toward the west, dew increases (Fig. 2) and  biocrust growth, we investigate below this parameter for rain

rain decreases (Fig. 4), leading to an increase in a. only, dew only and dew plus rain. For that purpose, one consid-
The variation of the ratio a between 2020 and 2011 is ers the histogram of rain, dew and rain plus dew events (Fig. 10)

reported in Fig. 9. One verifies the general increase of the  where two important parameters can be extracted, the mean

contribution of dew with respect to rain, especially towards  time period between events, & (in days) and the maximum time

west. period, 6 (in days).
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Fig. 8. Map of ratio ao corresponding to the average of @ = sum(dew)/sum(rain) (Eqs. 8, 9) for the period 2001-2020 and three scenarios for
missing N data (see text and Table 1). Letters: meteo sites; circles: biocrust sites according to Chen et al. (2020); right cross: Gobabeb site
studied by Henschel et al. (2007) and Soderberg (2010); inclined cross: Potchefstroom site studied by Baier (1966).
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Fig. 9. Variation between 2020 and 2011 of the ratio ao = sum(dew)/sum(rain), corresponding to 3 scenarios for missing N data (see text
and Table 1). Letters: meteo sites; circles: biocrust sites according to Chen et al. (2020); right cross: Gobabeb site studied by Henschel et al.
(2007) and Soderberg (2010); inclined cross: Potchefstroom site studied by Baier (1966).
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The evolution of & and 6y can be then considered (Fig.
SM2) and maps of mean values can be drawn for the consid-
ered period (Fig. 11), with the difference between 2011 and
2020 values (Fig. 12). Some curves are interrupted due to the
lack of data.

One first notes from Figs. 10 and SM2 (in Supplementary Ma-
terials) that the number of events is larger for dew than for rain.
In addition, the timescale for mean and maximum time period
between events is much larger for rain than for dew, a difference
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which can reach two orders of magnitudes. It results from the
above observations that the dew events will determine the behav-
ior of the dew + rain time period (see Fig. SM2, Figs. 11-12).

When comparing the maps of dew and rain mean annual
times (Fig. 11) and dew and rain amplitudes (Figs. 2 and 4),
one observes a strong correlation between the zones of large
times and low yield, and short times and high yield. This simp-
ly means that large water yields correspond to frequent dew or
rain events.
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Fig. 11. Annual mean in the period 2001-2020 of the maximum time 6y (day) (left column) and mean time & (day) (right column). (a), (b):
Rain; (c), (d): Dew; (e), (f): Rain+dew. Red letters: Measurement sites (see Table 1); circles: biocrust sites according to Chen et al. (2020); right
cross: Gobabeb site studied by Henschel et al. (2007) and Soderberg (2010); inclined cross: Potchefstroom site studied by Baier (1966).
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Fig. 12. Difference between 2020 and 2011 of the maximum time 6y (left column, day) and mean time é (right column, day). (a), (b):
Rain; (c), (d): Dew; (e), (f): Rain+dew. Red letters: Measurement sites (see Table 1); circles: biocrust sites from Chen et al. (2020); right
cross: Gobabeb site studied by Henschel et al. (2007) and Soderberg (2010); inclined cross: Potchefstroom site studied by Baier (1966).

The evolution of the mean and maximum time period between
2001 and 2020 (Fig. SM2) show that mean and maximum time
periods evolve about the same way. The times keep nearly
constant over the whole period for dew, noting some decrease
after 2010. Dew frequency is well correlated with the dew yield
amplitude, which remains constant or weakly increases in the
same period (Fig. SM1 in Supplementary Materials). In contrast,
for rain, while the times keep constant between 2001 and 2010,
the times increase after 2010. This evolution corresponds well
with the decrease of rain amplitude (Fig. SM1).

The maps of evolution for the period 2011-2020 concerning
the differences in rain, dew and rain + dew times are reported in
Fig. 12. The evolution of mean and maximum times are qualita-

tively similar to the evolution of the rain and dew amplitudes
(Figs. 3 and 5). The inverse evolution of rain + dew times ra-
ther follows the dew evolution, as expected from the fact noted
above that the dew events mostly determine the behavior of the
dew + rain times.

4 DISCUSSION AND RELATION WITH BIOCRUST
4.1 Dew height dependence

Biocrust forms at the ground level while the calculation of
Section 2.1 deals with a 30° tilted condenser at 1 m off the
ground. Dew condensation can vary for three reasons. (i) RH
can be height dependent. This is the case if wind speed is near
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zero and soil is wet, for instance after a rain event. (ii) Air flow
depends on height, and then, the heat and mass exchange with
the surrounding air. The variation of air flow velocity is known
to follow a log dependence above a roughness length z. (see
Section 2.3) where air flow velocity is zero. In addition to the
forced air flow induced by wind, there exists a natural convec-
tion induced by the substrate temperature colder than ambient
air, with typical velocity 0.6 m s™ (Beysens et al., 2005; Clus et
al., 2009). The log dependence of the windspeed and the pres-
ence of natural convection make the heat exchange coefficient
and then the mass diffusion coefficient, which determines the
condensation yield, depend weakly of windspeed for values
below ~ 1 m s™' (measured at the standard height of 10 m). It
results a weak dependence of condensation with height for such
windspeeds, making the calculation of Section 2.1 valid at the
ground level.

For larger windspeeds, the heat exchange coefficients will be
larger, decreasing the dew yield. The latter will be then larger at
the ground level and the calculation of Section 2.1 will be a
conservative value.

4.2 Comparison with direct dew yield measurements

The calculated dew yields can be compared with previous
works available in the literature. Baier (1966) reported dew and
rainfall measurements from a weather station set at
Potchefstroom (inclined cross in Fig. 2), located in the vast
interior plateau of South Africa (26°44° S, 27°05’ E, 1352 m asl),
about 160 km from the Wonderboom site. During the period
1957-1958, the annual percentage of dew days was 45.7% (Won-
derboom: 65.5%) with a mean annual dew amount of 12.6 mm
(Wonderboom: 19.9 mm). The values in Wonderboom are slight-
ly larger, but the measurement time was earlier and we will see
in the next Section that the general tendency is a positive dew
yield evolution.

Dew collection were also carried out in 2006 by Henschel et
al. (2007) at Gobabeb (Namib Desert, 23°33.704 S, 15°02.466 E,
right cross in Fig. 2) in Namibia's Central Namib Desert, situated
about 84 km from Walvis Bay and 110 km from Shakopmund.
The site elevation is 406 m. Only a few data were collected on a
specially-designed 1 m? passive dew collector. In July 2006, 3.3
mm of dew water was collected (12 dew days), 1.2 mm in Au-
gust (10 dew days), and 1.5 mm in September (10 dew days).
Meteo data at Walvis Bay and Shakopmund are, however, avail-
able only between 2010 and 2020. In these cities, the calculated
annual mean in July, August and September are nearly the same:
2.6 mm (July), 2.2 mm (August) and 2.2 mm (September) (N =
0), 1.2 mm, 1.8 mm and 1.7 mm (N = 1) and 0.7 mm, 0.9 mm
and 0.9 mm (N = 3). Although not determined at the same dates,
these values compare relatively well with the above measured
values of 3.3 mm (July), 1.2 (August) and 1.5 mm (September).

Between July 2008 and June 2009, Soderberg (2010) meas-
ured a greater amount of dew at Gobabeb, with 143 yearly dew
events. The corresponding volume was 12.3 mm, which com-
pares relatively well with the Walvis Bay and Shakopmund
data for the same year: 21 mm (N = 0), 15.8 mm (N = 1), 7 mm
(N=3).

4.3 Variation in rain precipitation

As mentioned in Section 3.3, we observed a decrease of
precipitation from west to east. All sites present a negative
variation in rain precipitation during 2001 to 2020. In
particular, the decrease in precipitation is quite noticeable from
2010. In Namibia Lu et al. (2016) also observed a tendency to a

diminution of rainfall precipitations. On the Ghaap plateau in
west center of South Africa, oscillations of rain precipitations
have been already noted by Tfwala et al. (2018) by analyzing
interannual rainfall variability on the Ghaap plateau. The cycles
last about 18-22 years in Postmarburg and between 12 and 16
years in Douglas. Another analysis of rainfall in South Africa
by Zvarevashe at al. (2018) also concluded to quasi-decadal
oscillations. The question whether the decrease we observed
since 2010 is related to these oscillations or to the global
climate change remains thus open.

4.4 Water availability and biocrust distribution

As outlined in the Introduction, the amount of rain and dew
are considered as the main factors which influence the growth
of biocrust (see e.g. Kidron and Kronenfeld, 2020; Li et al.,
2021a, b; Ouyang et al.; 2017; Pan et al., 2010; Zhuang and
Zhao, 2017). However, the frequency of rain events (longest
period of drought) is the main factor according to Biidel et al.
(2009). Although there are no studies concerning the effect of
frequency of dew events, one can reasonably assume that this
parameter also matters.

Frequency of events and their amplitude are strongly corre-
lated (see Section 3.5), the regions of large dew or rain ampli-
tudes corresponding to the regions of small dew or rain time
periods. Both criteria (amplitude, frequency) should thus corre-
spond in the studied regions to the same characteristics favoring
biocrust growth.

The evolution between 2001 and 2020 is seen to exhibit two
regimes, one from 2001 to 2010, where all parameters (dew and
rain amplitude, dew and rain frequency) keep nearly constant.
The second regime, from 2010 to 2020, corresponds to a neat
decrease of rain amplitude and frequency of events, while dew
amplitude and frequency either keeps constant or slightly in-
crease. As far as rain is concerned, it should result in a decrease
of biocrust growth. However, dew yield is nearly constant or
increases after 2010. We are not aware of drastic changes in the
distribution of biomass of biocrusts during the 2001-2020
period. This may be attributed to the increase of dew amplitude
and frequency, which should act to compensate for the decrease
in rain precipitation.

5 CONCLUSION AND TRENDS FOR THE FUTURE

The determination of dew yield using a physical model and
rainfall data from 18 meteorological stations in Namibia,
Botswana and South Africa in the period 2001-2020 allow
clear tendencies to be evaluated. Dew decreases from the East,
South, West coasts following the decrease in RH decrease, and
rainfalls diminish toward the West and North. A noticeable
decrease in rain precipitations after 2010 and a corresponding
rise in dew yield are noted. It results in a steady increase of dew
contribution with respect to rain after 2010. In addition, a clear
increase in dew for three days in average after rainfall is
observed in the arid regions where the humidity is low. These
results are corroborated with the frequency of dew and
rain events, which are closely correlated with dew and rain
yields.

The effect on biocrust is to show zones with less rain but
with increasing dew water. As far as rain is concerned, one
therefore should expect a decrease of biocrust growth. Howev-
er, dew yield is nearly constant or even increases after 2010,
which could possibly compensate the rain decrease as we are
not aware of drastic changes in the distribution of biomass of
biocrusts during the 2001-2020 period.
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The observed evolution, studied from 2001, exhibits a
change after 2010. The question whether this decrease is related
to oscillations or to a general tendency due to the global climate
change remains open. A more precise scenario will need the use
of climate change models as was done by Tomaszkiewicz et al.
(2016). We plan such a study in a near future.
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Appendix 1 — Dew yield calculation

We give below in Table SM1 an example of determination
of dew yield from Section 2.1. The model (Eq. 2) is applied to
one night (March 21-22, 2010) in Cape Town (South Africa).
Considering the sky cloud cover (¥, oktas), the air (74, °C) and
dew (T4, °C) temperatures, the relative humidity (RH, %) and

the wind-speed (¥, m s™') at 10 meters of the ground, recorded
every At = lh., we compute an hourly yield #; (mm) corre-
sponding to evaporation (%; < 0) or condensation (A > 0) events.
By discarding evaporation (%; < 0) and rain events, the cumula-
tive dew yield % for each night is computed. For the studied
night, 2 =0.185 mm.

Table SM1. Exemple of calculation of dew yields from meteorological data.

Date Hour N V T. |RH | T | T+T. hi hi>0 | sum(hi)
(dd/mm/aaaa) | (hh:mm) | (oktas) | (m/s) | °C) | (%) | (CC) | (°C) | (mm) | (mm) | (mm)
21/03/2010 12:00 5 6.1 22 | 69 | 16 -6 0.030 | 0.000 | 0.000
21/03/2010 13:00 5 72 | 23 | 65| 16 —7 1-0.035] 0.000 | 0.000
21/03/2010 14:00 3 7.8 [ 22 | 69 | 16 -6 [—0.030 | 0.000 | 0.000
21/03/2010 15:00 1 7.8 [ 22 | 69 | 16 -6 0.030 | 0.000 | 0.000
21/03/2010 16:00 1 6.1 22 | 69 | 16 —6_[—0.030 | 0.000 | 0.000
21/03/2010 17:00 1 56 | 21 | 68 | 15 -6 [-0.030 | 0.000 | 0.000
21/03/2010 18:00 1 4.7 19 | 83 | 16 -3 ]-0.015]0.000 | 0.000
21/03/2010 19:00 0 3.1 18 | 88 | 16 -2 0.014 | 0.014 | 0.014
21/03/2010 20:00 0 0.6 18 | 88 | 16 =2 0.014 | 0.014 | 0.027
21/03/2010 21:00 0 1.9 15 194 | 14 -1 0.019 ] 0.019 | 0.046
21/03/2010 22:00 0 3.1 14 [ 100 | 14 0 0.024 | 0.024 | 0.070
21/03/2010 23:00 0 3.1 17 | 88 | 15 =2 0.014 | 0.014 | 0.084
22/03/2010 00:00 0 3.1 17 | 88 | 15 =2 0.014 ] 0.014 | 0.098
22/03/2010 01:00 0 3.1 17 1 94 | 16 -1 0.019 [ 0.019 | 0.117
22/03/2010 02:00 0 4.2 17 [ 94 | 16 -1 0.012 ] 0.012 | 0.128
22/03/2010 03:00 0 53 17 {100 | 17 0 0.000 | 0.000 | 0.128
22/03/2010 04:00 0 3.6 18 | 94 | 17 -1 0.018 | 0.018 | 0.146
22/03/2010 05:00 0 3.1 17 1100 | 17 0 0.023 ] 0.023 | 0.170
22/03/2010 06:00 1 3.6 17 1 94 | 16 -1 0.015 | 0.015 | 0.185
22/03/2010 07:00 1 4.7 18 | 88 | 16 =2 0.010 | 0.000 | 0.185
22/03/2010 08:00 1 6.7 | 21 83 | 18 -3 [-0.015]0.000 | 0.185
22/03/2010 09:00 1 7.8 [ 24 | 69 | 18 -6 [-0.030]0.000 | 0.185
22/03/2010 10:00 1 9.2 | 25 | 61 17 -8 |1-0.040 ] 0.000 | 0.185
22/03/2010 11:00 1 9.2 | 26 | 57 | 17 -9 [-0.045]0.000 | 0.185
22/03/2010 12:00 1 10.8 | 25 | 65 | 18 -7 0.035 | 0.000 | 0.185

Appendix 2 — Kriging method

Kriging is a stochastic spatial interpolation method that pre-
dicts the value of a natural phenomenon at non-sampled sites by
an unbiased, minimal variance linear combination of observa-
tions of the phenomenon at nearby sites. The Kriging tool as-
sumes that the distance or direction between the sample points
reflects a spatial correlation that can explain the surface varia-
tions. The Kriging tool applies a mathematical function to all
points, or certain determined points, located within a specific
radius. It determines the output value of each location.

The Kriging tool is particularly suitable for cases where it is
known that there is a spatial correlation of distance or a direc-
tional deviation in the data. Kriging deduces, by weighting
existing readings, the probable values of unmeasured locations.

To calculate the interpolated data Z(SO) at a specific location

so, the general formula of ordinary Kriging (OK) method con-
sists of a weighted sum of the data (Goovaerts, 1997):

) P
Z(So)ZgﬂzZ(si)

Here Z(s;) corresponds to the measured value at the i lo-

cation, /; the ponderation coefficient to determine and relate to

the i location, s the predicted location and p the number of

measured data.
With the Kriging method, the 4 weighted coefficients are

not only based on the distance between the surveyed points and
the forecast location, but also on the general spatial organiza-
tion of the surveyed points. To use the spatial arrangement in
the weighing, the spatial autocorrelation is quantified. Thus, in
ordinary Kriging, the weighting 4 depends on the distance

from the forecast location and the spatial relationships between
the values recorded around it.

The experimental semi-variogram can be estimated from
point pairs:

!
_2n(h)

n

—

h)

[Z(s;)=Z(s;+h)]?

7(h)

Il
R

i
where n(h)= Card{(si’sj)/|si _Sj| = h}

with “card” represents the number of elements for the given
condition.

Classically, estimated semi-variogram are fitted by a spheri-
cal variogram model as proposed in previous studies on rainfall
spatial estimation (Bargaoui and Chebbi, 2009; Lepioufle et al.,
2012; Rahmawati, 2020; Van de Beek et al., 2012).
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Supplementary Materials

We present below supplementary materials for additional
calculated data.

Figure SM1 reports the evolution of the dew summed values
sum(ka) (dew, mm, full blue line) and the rain summed values
sum(/,) (rain, mm, interrupted red line) for the studied sites.

Figure SM2 is concerned with the evolution of the mean

Swakopmund (N=0)

Walvis Bay (N=0)

time & (day) and the maximum time 6y (day) between (a) rain
(orange line), dew (blue short interrupted line) and rain plus
dew events (green long interrupted line).

Table SM2 gives the correlation between the sky conditions
and the cloud cover in oktas according to NOAA.

Table SM3 reports the yearly (Hs) and monthly (4s) mean,
minimum and maximum dew yields calculated from meteoro-
logical data.
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Fig. SM1. Evolution of the summed values sum(%q) (dew, mm, full blue line) and sum(#%,) (rain, mm, interrupted red line) for the studied
sites. The vertical interrupted line corresponds to a significant decrease of rainfall after 2010 with dew yield remaining constant or weakly

increasing.
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Fig. SM2. Evolution of mean time & (day) and maximum time 6y (day) between (a) rain (orange line), dew (blue short interrupted line)
and rain plus dew events (green long interrupted line). Some curves are interrupted because data are missing.
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Table SM2. Correlation between sky conditions and cloud cover according to NOAA’s national weather service glossary, 2021. The

abbreviations for sky conditions are the following: CLR = Clear; FEW = few; SCT = Scattered; BKN = Broken; OVC = Overcast.

Table SM3. Yearly (Hs) and monthly (%s) mean, minimum and maximum dew yields calculated from meteorological data. The mean evo-
lution data during from 2001 to 2020 are fitted to Eq. (5) with free parameters «; =dh; / dt and hao. Red values correspond to a decrease

of dew yield evolution, blue values to an increase. Cloud coverage N is assumed to be 0, 1 or 3 oktas when cloud cover data are missing

(see text and Table 1).

Observation

N (oktas)

CLR

0

FEW

1

SCT

3

BKN

5

ovc

8

Site N fe () A (i) o hao frezz:;cy
(oktas) Mean |Min |Max |Mean |Min | Max (mm month™) (mm) (%)
0 377 31.2| 455 31| 00| 6.8 —0.002 3.2 85.6
Swakopmund 1 284 | 229 34.6 24| 00| 54 —0.001 2.4 84.9
3 126 94| 159 1.0 00| 2.8 —0.001 1.1 79.1
0 38.2| 31.7] 46.1 32| 00| 69 —0.002 32 85.8
Walvis Bay 1 28.8| 233| 35.1 24| 00| 54 —0.001 2.4 85.0
3 12.8| 9.6| 16.1 1.0 00| 29 —0.001 1.1 79.3
0 16.2| 3.6] 263 1.3 00| 49 0.001 1.3 423
Luderitz 1 126 28| 214 1.0 00| 43 0.001 0.1 40.3
3 66| 13| 133 06| 00| 3.0 0.000 0.5 34.8
0 49| 04| 135 04| 00| 37 —0.004 0.6 253
Ondangwa 1 35| 03 9.8 03] 00| 28 —0.003 0.5 22.0
3 14| 0.1 3.8 01| 0.0 1.2 -0.001 0.2 13.5
0 42.5| 324 | 56.8 35| 09] 82 0.003 3.2 81.5
Oranjemund 1 32.8| 23.9| 452 27| 05] 6.8 0.003 24 80.4
3 154 9.6] 243 13| 02] 4.1 0.003 1.0 70.6
0 46| 14| 89 04| 00| 26 —0.004 0.6 16.7
Eros 1 35| 09| 7.0 03| 00| 2.1 —0.003 0.5 14.6
3 19| 03 3.8 02| 0.0 1.1 —0.002 0.3 133
0 3.0/, 038 5.7 03| 0.0 1.8 —0.003 0.5 18.4
Keetmanshoop 1 2.2 0.5 4.2 02| 0.0 1.4 —0.002 0.3 15.3
3 09| 02| 20 01| 00| 08 —0.001 0.1 8.7
Cape Town — 183 89| 24.1 1.5 00| 5.1 0.000 1.6 58.2
0 55| 04] 138 05| 00] 29 0.000 0.5 27.0
Upington 1 51| 04] 132 04| 00| 28 0.000 0.4 26.6
3 45| 04| 124 04| 00| 26 0.001 0.3 25.7
Shakawe - 80| 35| 165 07| 00| 45 0.003 0.4 43.9
0 27.0| 12.8| 38.5 22| 00| 47 0.004 2.1 64.5
George 1 25.7| 12.8| 374 21| 00| 47 0.003 1.9 64.3
3 233 12.8] 353 1.9 00| 47 0.002 1.6 64.0
Maun — 69| 18] 18.0 06| 00| 49 0.003 0.3 40.3
0 9.8| 0.1] 217 08| 00| 47 0.003 0.6 37.6
Mahikeng 1 81| 0.1] 18.1 07| 00| 4.1 0.002 0.5 35.8
3 55| 0.1] 122 05| 00| 29 0.001 0.3 332
Port Elizabeth - 20.0| 143] 26.8 17 00| 45 0.000 1.6 64.1
Gaborone — 16.2| 6.6| 26.0 14| 00| 59 —0.001 1.4 57.8
0 26.5| 144 388 22| 00 77 0.001 22 66.4
Bram Fischer 1 24.0| 11.9] 387 20| 00| 638 0.000 2.2 65.6
3 20.1| 8.7| 384 17| 00| 5.6 0.000 2.2 64.8
Francistown — 121 49| 238 1.0 00| 42 —0.004 14 58.3
Wonderboom — 199 8.0] 274 17| 00] 5.0 0.000 1.7 65.5
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The effects of biological factors on the water cycle and sub-
sequently on hydrological processes have wide and profound
consequences on ecosystem structure, function and manage-
ment. A profound understanding of their effects is of prime
importance especially in light of climate change projection.

Whether regarding water infiltration or release (via evapo-
transpiration), the water cycle is central for the assessment of
ecosystem services provided by soil (Vereecken et al., 2016).
With soil being a home to about 25% of all living species on
Earth (Turbé et al., 2010), the interrelationship soil-biota has
large consequences, beyond the obvious effects on the hydrolo-
gy, pedology or ecology. Geologists for instance believe that
the biota is involved in the formation of 2/3 of about 4300
known minerals (Hazen et al., 2008). The biota, especially
plants and microorganisms, plays a central role in geomorpho-
logical processes, a field currently termed biogeomorphology
(Corenblit et al., 2011). Among the microorganisms and small
organisms that may fundamentally affect the water dynamics
are biological soil crusts, also known as biocrusts, which are
composed of variable proportions of autotrophs (cyanobacteria,
green algae, lichens, mosses, liverworts) accompanied by
heterotrophs such as fungi, bacteria and archaea (Belnap and
Lange, 2003).

As far as plants are concerned, water consumption facilitates
photosynthesis and growth, as well as evapotranspiration, along
with numerous biochemical reactions. Water provides the nec-
essary turgor and facilitates the mechanism whereby leaf cool-
ing takes place (Ehlers and Goss, 2003). Plants may have also
indirect effects. Thus, by water (whether rain or dew and fog)
interception (Miralles et al., 2010; Simonin et al., 2009), or
their impact on infiltration, whether by increasing infiltration
(Lange et al., 2009) or partially hindering it through water repel-
lency (WR) (Doerr et al., 2000; Lichner et al., 2010). Plants may
affect runoff, thus hindering runoff generation and flow (Cerda,
1997). They may also affect the water cycle by impacting the
microclimate (e.g. Gillner et al., 2015; Kidron, 2009).

As far as the microorganisms are concerned, they may in-
crease surface temperatures (Harper and Marble, 1988), the
water-holding capacity (Chenu, 1993), aggregation and subse-
quently infiltration (Or et al., 2007), but also hinder infiltration
due to WR (Lichner et al., 2013) or pore clogging (Kidron et
al., 1999). As for plants, while most processes are in consensus
and the research nowadays mainly focuses on the study of
species-specific process-dependent rates (Callaway, 1998;
Klanderud, 2008), the possible effects of climate change (Root
et al., 2003), and the development of models aiming to increase
our understanding in future anticipation of the hydrological

cycle following climate change (Vereecken et al., 2016), the
effects of biocrusts on the hydrological processes are not in
consensus, triggering ongoing discussions. The small-size
organisms that constitute the crusts along with the close cell-
soil association exert extra difficulties in clearly pinpointing at
the exact hydrological mechanism. Not only that disagreement
exists regarding some of the mechanisms, but even regarding
the values involved, with reported differences of up to two
orders of magnitude also from the very same research site, as is
the case with dew.

Among the controversial issues are the use of dew as a pos-
sible water source for biocrusts and the effects of biocrusts on
infiltration, runoff and evaporation. As far as dew is concerned,
the reported values that presumably are available for biocrusts
are of a wide range, even for the same research site, such as for
the Hallamish dunefield in the Negev (Littmann and Veste,
2008). While one group of researchers reported daily values of
up to 0.5 mm (Heusinkveld et al., 2006), another group reported
maximum daily values of 0.1-0.3 mm (Veste et al., 2008),
while a third group reported substantially lower values with an
average value of only 0.034 mm (Kidron et al., 2002). As far as
evaporation is concerned, while some researchers maintain that
biocrusts impede evaporation, therefore playing a positive role
upon plant growth (Eldridge et al., 2020), other maintain the
opposite, i.e., an increase in evaporation and subsequently a
decrease in soil moisture, resulting in a negative effect of bi-
ocrusts on the soil water regime and hence on plant growth and
fecundity (Kidron, 2019).

While research on species-specific effects of biocrusts is still
in its infancy, efforts are made to characterize the variable
effects of the different crust types, mainly cyanobacterial, li-
chen- and moss-dominated crusts, which, may be considered as
keystone groups for the biocrust microcosm. Similarly to the
main species of vascular plants that disproportionally to their
distribution primarily control the structure and function of the
ecosystem, these keystone groups may largely determine nu-
merous processes of the biocrust microcosm and among them
hydrological processes.

During the current special issue, papers devoted to elucidate
the impact of biological factors on the hydrological processes
are presented. The papers include the effects of humans
(1 paper), plants (3 papers) and biocrusts (6 papers). As for the
effect of humans, Balashov et al. (2021) checked the possible
effect of adding two types of biochars to soil on the soil mois-
ture and N,O emission of two soil types, reporting differences
in accordance with the biochar type and quantity and in accord-
ance with soil type.
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As for the effect of plants, Zabret and Sraj (2021) and Jan¢o
et al. (2021) examined the effect of trees on rainfall intercep-
tion. Examining birch and pine trees in Slovenia, Janco et al.
(2021) found that rain duration and intensity largely control the
interception, as well as the phenoseason, i.e., whether or not
leaves are present on the tree canopy. Examining spruce trees in
Slovakia, Janco et al. (2021) measured the magnitude of the
rain interception in relation to the crown architecture, i.e., the
central crown zone near the stem, the crown periphery and the
canopy gap. Leelamanie et al. (2021) examined the hydropho-
bic effect of three types of trees (Eucalyptus, Pine, Casuarina)
planted in Sri Lanka. All granted high hydrophobicity to the
soils, especially during the summer. All the above-mentioned
papers have important consequences on infiltration and runoff.

Most of the special issue is devoted to research on biocrusts.
While Muselli and Beysens (2021) focused on the occurrence
of dew, all other five papers dealt with the effects of biocrusts
on surface hydrology. Using meteorological parameters,
Muselli and Beysens (2021) used an energy balance model
developed by Beysens (2016) aiming to calculate dew yield.
The authors used data gathered from 18 meteorological stations
scattered throughout southern Africa to construct a map with
dew distribution. By comparing the calculated dew data to rain
precipitation, the authors proposed that dew yield may compen-
sate for the decline in rain precipitation during the last decade
(2010-2020), and may therefore explain the fact that no
decrease in biocrust cover was reported following the decrease
in rain precipitation.

Under greenhouse conditions, Thielen et al. (2021) investi-
gated the effect of 5 species of mosses taken from forests of
central Europe on the maximum water storage and evaporation.
Moss structure was found to affect water storage and all mosses
were found to retard evaporation. Factors that may affect infil-
tration and runoff were studied by Drahorad et al. (2021) and
Guan and Liu (2021). Drahorad et al. (2021) investigated pos-
sible factors that may determine WR. The authors compared
biocrusts from a temperate region in Slovakia and an arid re-
gion in the Negev. With mosses exhibiting higher WR than
cyanobacterial crusts and the dunes in Slovakia exhibiting
higher WR than that of the Negev, the authors conclude that
WR is triggered by organic matter while diminishing by the
higher amounts of calcium carbonate, dust, and subsequently
higher pH of the Negev dunes. Moss-dominated biocrusts not
only increase WR as found by these authors, but also increase
water-holding capacity and subsequently decrease infiltration,
as found by Guan and Liu (2021) in the Mu Us Desert in China.
By using disc infiltrometer, Guan and Liu conducted infiltration
experiments evaluating the various hydrological parameters
which were found to be substantially affected by crust devel-
opment.

The effect of different crust types on the flow length of run-
off was studied by Lazaro et al. (2021) in the Tabernas Desert
in Spain. Aiming to quantify the minimum runoff length
(mRL), i.e., the effective contributing area in which runoff
coefficient equals 1 of three crust types, cyanobacterial, early
successional and late successional lichen crusts, the authors
report on interesting results. Proposing that mRL may serve a
proxy for RL, the authors found that while mRL was up to 3.3—
4.0 m on a cyanobacterial biocrust, it was 2.2—7.5 m in the early
successional lichen crust and only 1.0-1.5 m on late succes-
sional lichen crust, generally indicating a decrease in mRL with
an increase in crust biomass.

Kidron (2021) presented a mini review that challenged some
of the wide-spread views concerning the driving factors respon-
sible for runoff generation over biocrusts in arid and semiarid

regions. While WR was found to play an important role in
temperate humid regions, the author claims that no conclusive
data were yet reported on the involvement of WR in runoff in
arid and semiarid regions. Other wide-spread views that ex-
plained runoff over biocrusts such as structure, texture, surface
roughness are also challenged, claiming that they cannot ex-
plain runoff initiation which succeeds surface saturation, and is
responsible in turn to infiltration-excess overland flow (also
known as Hortonian overland flow, HOF). Extracellular poly-
meric substances (EPS) are suggested to play a major role in
partial surface clogging and subsequently in runoff initiation - a
prerequisite factor for HOF.

The combined efforts by ecologists and hydrologists, as
manifested in this thematic issue, may help to increase our
understanding regarding the interrelations between plants,
biocrusts and hydrological processes. Obviously, as also mani-
fested during this special volume, there are still issues in
dispute and not in consensus. Bringing them to the forefront is a
prerequisite step which may trigger additional research focus-
ing on 'open' non-consensus issues, and may thus advance our
understanding in ecosystem structure, function and manage-
ment.
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