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ARTICLE INFO ABSTRACT

Handling Editor: Naoise Nunan Catchment asymmetry is a fairly frequent phenomenon on a global scale but the main causes leading to its

formation are still not well understood. Where the intervention of structural or tectonic causes is not relevant,

Keywords: asymmetry seems to result from differential erosion between opposite slopes that flow into the same channel,
Biological soil crusts which is frequently associated with contrasted biocrust and/or vegetation covers. Biocrusts are known to be
?::-}2;?; important surface stabilizing agents. However, their geomorphological consequences at the landscape scale are
Landscape little known. In this study we combined field measurements with digital elevation models and image analysis to
Topography determine whether catchment asymmetry in the Tabernas Desert (semi-arid SE of Spain) is a local or general
Badlands phenomenon, and to explore the main factors determining asymmetry occurrence, magnitude and direction. We

pay special attention to the role of biocrusts. We found that catchment asymmetry is a very common phenom-
enon in the area; only 25% of the catchments are symmetrical, while approximately 40% present asymmetry
with the relatively shady hillslope having a lower gradient, and 35% with that hillslope being the steeper. Solar
radiation reaching the soil, surface area and channel gradient in the considered catchment stretch, as well as the
total catchment area upstream from the lower point of the considered stretch were the main abiotic factors
controlling the formation of the asymmetry. Microclimatic differentiation due to differences in radiation input
caused by the uneven topography favoured the relative stabilization of the shadier hillslope and its colonization
by biocrusts and later by plants. The effect of the biocrusts and vegetation protection against water erosion on
shadier hillslopes is often stronger than that of the set of abiotic factors and gives rise to asymmetries with lower
gradients in the shady hillslope by promoting lateral displacement of the channel. We hypothesised that the
opposite pattern, with the sunnier hillslope having a lower gradient, occurs when abiotic factors control the
development of asymmetry formation. In these conditions, the effect of biocrusts and plants would act in the
opposite direction. We propose a conceptual model of feedbacks generating catchment asymmetry, with biocrust
playing a crucial role.

1. Introduction been noted on Mars (Kreslavsky and Head, 2003), associated with

insolation-related erosion and north-south hillslope aspects. Catchment

Catchment asymmetry occurs when the talweg is not in the geo-
metric central line of a drainage area because of the differential steep-
ness and length of the hillslope pairs dropping to the same talweg.
Catchment asymmetry is a relatively frequent phenomenon that occurs
worldwide (Poulos et al., 2012; Yetemen et al., 2015a), and has even
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asymmetry may be a result of several causes, differential processes or
process interactions.

Among the major drivers of catchment asymmetry are structural or
tectonic features (Bishop, 2007; He et al., 2019) as well as combinations
of both. For example, in areas where the strata are dipping and the
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channel reaches a harder stratum, it migrates laterally in the dipping
direction, being the cuesta front affected by lateral erosion, while the
reverse remains protected. Another important process frequently asso-
ciated with catchment asymmetry formation is contrasted erosion be-
tween opposite hillslopes. Differences in erosion between opposite
hillslopes occur as a result of differences in radiation and/or vegetation
spatial pattern (Churchill, 1981; Kirkby et al., 1990; McGuire et al.,
2014; Richardson et al., 2020). According Richardson et al. (2020), in
the simplest scenario, insolation-driven microclimatic differences lead
to different erosion rates on opposing slopes and topographic asymmetry
develops. Lateral channel migration and the corresponding steepening
of undercut slopes have also been suggested (Istanbulluoglu et al., 2008;
Richardson, 2015) as an alternative dominant cause of topographic
asymmetry. According to Langston and Tucker (2018), understanding
how a bedrock river erodes its banks laterally is a frontier in geo-
morphology; in general, existing models do not seek to implement the
lateral migration of bedrock channel walls.

Often, the complex interplay of biological, physical, and chemical
processes in pedogenesis and hillslope evolution (Roering et al., 2010)
limits our ability to predict and interpret landscape dynamics. Catch-
ment asymmetry is a phenomenon that can contain information about
ecological, geomorphological and hydrological processes, and thus its
study can help us to understand ecosystem dynamics.

Drylands, except for the most arid ones, seem to be the best places to
find catchment asymmetry because the discontinuous vegetation tends
to concentrate in the better habitats (those relatively shaded, to mini-
mize evapotranspiration), whereas erosion progresses in the worse ones
(Monger and Bestelmeyer, 2006; Peters and Havstad, 2006). A clear
example of this is semiarid badlands, where the formation of rills and
other severe erosive forms can easily occur on bare hillslopes over
Miocene sedimentary rocks (marls-mudstones), leading to very high
denudation rates (Calvo-Cases et al., 1991; Harvey and Calvo-Cases,
1991; Nadal-Romero and Garcia-Ruiz, 2018; Nadal-Romero et al.,
2021). Badlands are regarded as excellent natural laboratories for
geomorphological purposes (see, among others, Yair et al., 2013), being
one of the best landscapes to deeply analyse asymmetry formation for
several reasons: (i) catchment formation processes are often faster than
in other regions having harder lithology, due to the soft materials. (ii)
This leads to a very dissected landscape including a large number of
catchments, or “hydrological units”, in a relatively small area. (iii)
Scarped topography also has an important effect on microclimate,
which, in its turn, affects the spatial distribution of the different surface
components. Thus, vegetation often tends to occupy more favourable
positions within the landscape whereas in relatively less favourable
areas, in which soil depth and/or water and nutrient constraints limit
plant growth, other permanent life forms, such as biological soil crusts
(biocrusts) dominate. Biocrusts are communities constituted by poiki-
lohydric microorganisms, both microscopic (cyanobacteria, bacteria,
algae, fungi) and macroscopic (mainly lichens and bryophytes), which
inhabit the soil surface or the upper few centimetres of soil (Weber et al.,
2016). They include autotrophs, heterotrophs and saprophytic life
forms, as well as symbionts and parasites and provide habitats for small
animals. Biocrusts are very frequent worldwide where vascular plants
cannot form a continuous cover for climatic or pedological reasons
(Rodriguez-Caballero et al., 2018a). By covering the soil surface, bio-
crusts affect soil biogeochemical cycles (Delgado-Baquerizo et al., 2015;
Miralles et al., 2012) and water balance (Chamizo et al., 2016; Eldridge
et al., 2020). In addition they bind the soil surface, preventing water
erosion and controlling surface and subsurface transport processes,
mainly in their advanced successional stages (Belnap et al., 2014; Belnap
and Biidel, 2016; Bu et al., 2013; Chamizo et al., 2012b; Lazaro and
Mora, 2014). For general biocrust features and functions see, for
example, Belnap and Lange (2003) and Weber et al. (2016). Contrasted
microhabitat formation, heterogeneous spatial distribution of soils,
vegetation, biocrusts and bare areas and the precipitation regime of a
semiarid climate allow erosion while still accommodating stabilizing
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soils, biocrusts and vegetation in favourable microhabitats. This leads to
a large contrast between opposite hillslopes dropping to the same
channel.

El Cautivo, is an experimental field site used by the Department of
Desertification and Geo-ecology of the Estacion Experimental de Zonas
Aridas (CSIC) located within the Tabernas Desert, in Spain. Catchment
asymmetry is a particular feature of the landscape, and its spatial dis-
tribution seems far from random. Field observation over 25 years sug-
gests that it is associated with (i) soil type and depth (Solé-Benet et al,
1997; Canton et al, 2001a,b); (ii) the spatial patterns of erosion, and soil
surface components, particularly biocrusts and vascular vegetation
(Arnau-Rosalén et al., 2008; Canton et al., 2002; Lazaro and Mora, 2014;
Solé-Benet et al., 1997); (iii) slope orientations (Canton et al., 2004);
and, (iv) the relative age of the gullies or catchments and, probably, the
order number of the channel (Lazaro et al., 2000). Vegetation pattern is
often strong, associated with microclimates generated by the uneven
topography, and every dominant biotype, from biocrusts to grasses,
through annuals and shrubs, shows geomorphological preferences
(Calvo-Cases et al., 2014; Canton et al., 2004; Lazaro et al., 2000;
Rodriguez-Caballero et al., 2019). Apparently, no asymmetric gully
exists without a clear pattern of vascular vegetation and/or biocrusts.
This suggests a probable significant effect of biocrusts, since they are
primary colonizers (Lazaro et al., 2008), and vascular plants on the
evolution of the landforms.

By determining the spatial structure, this asymmetry has functional
consequences at the ecosystem scale, and its apparent frequency shows
that the processes involved are key, as they are quite generalized.
Therefore, knowledge of these processes is critical to understanding this
ecosystem. In addition, this asymmetry feeds back into the generation of
different microclimates and habitats (Calvo Cases et al., 2009; Lazaro
et al., 2008; Rodriguez-Caballero et al., 2019), leading to a complex,
ecohydrologically coupled system and providing structure and resilience
to the ecosystem. As Suggitt et al. (2018) said, where precipitation is not
sufficient to maintain a continuous vegetation cover, the spatial diver-
sification of the habitats allows biodiversity to be maintained within the
best habitats and reduces extinction risk by microclimatic buffering.

We framed our initial hypothesis based on all previous knowledge
acquired during >25 years of active research in the area, as follows:
Biotic components of the ecosystem, starting with biocrusts, which are
the first colonizers (Belnap et al., 2003; Lazaro et al., 2008), contribute
to the catchment asymmetry because they protect against erosion and
feedback aggradation on a shadier hillslope, whereas the opposite
sunnier hillslope, practically void of vegetation, remains more erodible.
Biocrusts need a certain surface stability to successfully develop (Lazaro
et al., 2000). However, at the beginning of the catchment development,
topographically-driven differences in incoming radiation generate
larger surface instability in the sunnier hillslope, hindering its coloni-
zation, while colonization is easier in the shadier hillslope. After bio-
crust development, and further soil evolution, vascular vegetation
reinforces the stabilization process. Efficiency of the stabilizing effect of
biocrust plus vegetation will depend on the intensity of abiotic factors
controlling slope processes. Thus, at least solar radiation, contributing
area and channel gradient, widely considered main drivers in slope
processes (see, among others, Poulos et al., 2012; Richardson, 2015;
Richardson et al., 2020), along with biocrusts and vascular vegetation
(hereafter, vegetation) (Lazaro et al., 2008; Roering et al., 2010; Yete-
men et al., 2015b) should be considered as important drivers explaining
asymmetry.

The objectives of this work were:

1. To describe catchment asymmetry at El Cautivo field site and to
verify the relative importance of different factors generating asym-
metry by using structural equation modelling (SEM), in order to test
our initial hypothesis at that field site.
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2. To explore and describe catchment asymmetry in the Tabernas
Desert, using the El Cautivo SEM model to test the factors generating
asymmetry.

3. To develop a full conceptual model inserting the biocrust-driven-
stabilization within the processes generating asymmetry, which
can be used to frame future studies aimed at analysing the influence
of biocrusts in landscape evolution.

2. Methods

While objectives 1 and 2 are based on new data and analyses, ac-
counting for most of the results, objective 3 is based on establishing
relationships between those results and previous research.

2.1. The study area

Tabernas Desert, in the Almeria province (Spain), at the southeast
corner of the Iberian Peninsula, is the place name of the central part of a
tectonic basin filled during the Upper Miocene by marine marls (or
calcareous-gypsiferous mudstones) and turbidites, with occasional
interbedded calcareous sandstones in peripheral situations correspond-
ing to the continental talus of the Miocene sea. It is mostly a badlands
landscape, and one of the driest areas in Europe. The basin is bounded by
faults that delimit four important Betic mountain ranges: Sierra de
Gador, Sierra Nevada, Sierra de los Filabres, and Sierra Alhamilla, the
first three higher than 2000 m a.s.l. Most of the rainy fronts come from
the Atlantic Ocean, and the area is downwind of the Sierras de Gador
and Nevada. Sierra de los Filabres intercepts the north winds, and Sierra
Alhamilla intercepts the occasional rainfall coming from the Mediter-
ranean Sea. Thus, Tabernas Desert is a rain-shadow area, receiving be-
tween 200 and 250 mm per year with some spatial variation and strong
inter and intra-annual variation. The vast majority of events are a few
mm (Lazaro et al., 2001). Heavy torrential rains, although they exist, are
clearly less frequent than in other less arid Mediterranean areas. The
dissection of the Upper Miocene sedimentary, mostly detrital, rocks,
mainly since the Pliocene period, by a dense drainage net has created a
singular erosional landscape including extensive badlands, but with a
wide variety of landforms resulting from the sequence of dissection and
stability phases controlled by environmental changes and pulses of uplift
and tectonic deformation (Calvo-Cases et al., 2014). The area receives
>3000 h of sunshine per year. Mean annual temperature oscillates
spatially between 17 and 19 °C. Average of monthly temperature
oscillation is 14 °C. Frosts show low frequency every year, although they
can occur from November to March. Average relative humidity ranges
between 52% in summer and 66% in winter, but its oscillation in periods
of one to a few days is much larger than the seasonal oscillation. Annual
potential evapotranspiration is 1666 mm on average (Lazaro et al.,
2004). Where parent material outcrops, the predominant lithologies are
marine marls, while at depth it is a moderately consolidated calcareous-
gypsiferous mudstone, with an average organic matter (OM) of 0.5%).
At El Cautivo experimental field site, this parent material is mainly
composed of silt-size (>70%, mostly fine silt) siliceous, calcareous and
gypsum particles; fine sand ranges from 5 to 20%, and clay ranges from
5% to 10% (recent unpublished data). The average mineralogy is
muscovite 35%, calcite 20%, gypsum 20%, paragonite 10%, quartz 10%,
chlorite + smectite 3%, and dolomite 2% (Canton et al., 2001a). The
geomorphological history of El Cautivo is described in Alexander et al.
(1994) and Alexander et al. (2008). Soils are very thin (<10 cm) on S to
W oriented slopes and defined as Epileptic Regosols, and moderately deep
(from 0.2 m up to >1 m) on N to E oriented slopes and classified as
Endoleptic Regosols at the upper slopes but Calcaric Regosol or Haplic
Calcisol in downslope positions (Canton et al., 2003). Eroded landforms
occupy a third of the territory, another third is covered by short vascular
vegetation with biocrusts in the interspaces, and the rest is covered by
biocrusts (Calvo Cases et al., 2009; Canton et al., 2004; Lazaro et al.,
2000; Rodriguez-Caballero et al., 2014). Vegetation pattern is an

Geoderma 406 (2022) 115526

obvious feature of these badlands: S to W facing slopes are the sunnier
and normally bare and eroded, while N to E facing slopes, relatively
shadier, almost always have an important biocrust cover (including
many species of terricolous lichens within an almost continuous matrix
constituted by cyanobacterial biocrust), and often some vegetation
formed by grasses, dwarf shrubs and annuals, along with a more or less
developed soil. Between some catchments there are more or less flat
areas, corresponding to old residual hanging pediments, which receive
intense insolation, and have mainly cyanobacteria-dominated biocrust.

There are two main general biocrust types: (i) The primo-colonizer
cyanobacterial biocrust, which often includes a diversity of small
pioneer lichens such as Endocarpon pusillum, Fulgensia desertorum and
F. poelti. This type is widespread, appearing in any orientation, although
it dominates sun-exposed areas because it produces sunscreen pigments
(Miralles et al., 2017). (ii) Lichen-dominated biocrust, which is thicker
and rougher, develops mainly in the shadier slopes and includes an
important diversity of lichens such as Squamarina lentigera, Diploschistes
diacapsis, D. ocellatus, Buellia zoharyi, Lepraria isidiata, Squamarina car-
tilaginea, Fulgensia fulgida, and others (Lazaro et al., 2008). These bio-
crust types widely overlap in intermediate orientations (East and West)
but they are spatially discriminated in the sunniest orientations and the
shadiest. Biocrust, often lichenic, is the main cover in stable upper
hillslope sectors, where soil water storage is low because runoff exceeds
run-on, and biocrust can out-compete vascular plants. No biocrust de-
velops in the slopes undergoing erosion (Lazaro et al., 2000; Canton
et al., 2004).

Except for some small isolated cultivated fields in terraces close to
channels, the main uses of the site are to serve as a natural setting for
movies and advertisements, hunting, hiking and scientific research.
Fig. 1 shows the location of the study area, as well as several asymmetric
catchments with biocrust and vegetation pattern.

2.2. Asymmetry analysis at El Cautivo field site

To explore the catchment asymmetry phenomenon at El Cautivo site,
we used a 1 m resolution digital elevation model (DEM) built from
elevation points acquired from an airborne LiDAR survey, with a reso-
lution of 4 points per m? (see Rodriguez-Caballero et al., 2015a for
further details). The DEM was used to extract the main channel network
within the area and from this we identified different units containing
paired hillslopes by selecting transversal areas including both opposite
hillslopes every 50 m of channel. In addition, total covers of
cyanobacteria-dominated biocrusts, lichen-dominated biocrusts and
vegetation were obtained from the surface cover quantification per-
formed by Rodriguez-Caballero et al. (2014). In this study we used a
hyperspectral CASI image acquired in 2014 to calculate the subpixel
cover of lichens, cyanobacteria, bare soil and vegetation by combining a
support vector machine classification with linear mixture analysis, and
the results were further validated by comparison with coverage values
measured in 60 (4.5 x 4.5 m) field plots. The CASI image was also used
to calculate the normalized difference vegetation index according to Eq.
(1) (NDVI, Tucker, 1979), and the potential incoming solar radiation
was calculated using the DEM and a geometric solar radiation model
implemented in ArcGIS Solar Analyst by assuming a constant trans-
missivity of 0.5 (Fu and Rich, 2002). It has been demonstrated that the
accuracy of incoming solar radiation estimates can be improved by
applying empirical methods such as those described by Srivastava et al.,
(2021). However, our objective was to calculate a proxy of thermal and
soil moisture microclimate between opposite hillslopes (Durham et al.,
2018; Suggitt et al., 2018), and not to perform an exhaustive evaluation
of the solar resource. For this reason and because atmospheric trans-
missivity varied at coarser spatial scales than the scale of our compari-
son, we decided to use a constant parameter of 0.5 to simplify the
estimation of this parameter.

NDVI = (Rgso — Re70)/(Rsso + Reo) (@)
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Sunnier hillslope

Shadier hillslope

Fig. 1. In the upper-left corner, situation in Spain of the Almeria province and the study area (red rectangle). In the lower-left corner precise location of the study
area, showing both the analysed catchments, in the core Tabernas Desert, and the El Cautivo field site (in red). Photos A and B are catchments showing progressively
increased biocrust and negative asymmetry. In A, the plants in the slopes are Salsola genistoides, almost the only species growing in the eroded habitats of this region.
In B, some other plant species appear on the shadier hillslope stabilized by biocrust. C shows a mature negative asymmetry with the shadier (NE oriented) hillslope
gentler and vegetated. D shows a mature positive asymmetry with the shadier hillslope full of vegetation but steeper, because the sunnier is part of an area whose
relief has been lowered by being between two channels. Red ellipses highlight biocrusts, checked in field, since distance does not allow distinguishing lichens
independently from resolution. Since the photos have perspective, their scales are indicative.

where NDVI is the normalized difference vegetation index, and Rgso and
Rg7o are reflectance values at 850 (near infrared) and 670 (red) nm
wavelet.

Using these layers, we calculated, for each single hillslope, the mean
value of slope gradient, the mean annual potential incoming solar ra-
diation considering topographical shadows, the mean coverage of bio-
crusts and vegetation and the NDVI which has been described as an
indicator of both vegetation and biocrusts coverage and biomass
(Rodriguez-Caballero et al., 2015b). We also estimated the channel slope
of the section corresponding to each single couple of hillslopes (here-
after “sub-catchment™) and the sub-catchment area, as the sum of the
area of both hillslopes.

Sub-catchment asymmetry was quantified by using a Normalized
Difference Asymmetry Index (NDAI) defined as the normalized ratio of
the slope gradient between the hillslope with lower incoming solar ra-
diation and the sunnier hillslope (Eq. (2)).

NDAI = (Slopesaion — Slopesu) ] (Slopesiagow + Slopesu) 2

where Slopeghadow and Slopegy, are the slope angle of the shadier and the
sunnier hillslopes, respectively.

This index ranges from —1 to +1. Catchment asymmetry having a
steeper sunnier slope has negative values for the index, whereas positive
values indicate a steeper shadier slope. The larger the absolute value of
the index, the stronger the asymmetry. Normalized difference ratios for
vegetation cover (ND-Veg), biocrusts cover (ND-BSC), total biotic cover
(summation of biocrusts and vegetation; ND-biotic), NDVI (ND-NDVI)
and potential incoming solar radiation (ND-Sol) were also calculated as
the normalized ratio of each variable between its value in the hillslope
with lower incoming solar radiation and that in the sunnier hillslope.
Thus, they represent the contrast in these parameters between hillslopes
with lower and higher potential incoming solar radiation, with negative
values indicating lower cover and NDVI on sunnier slopes and positive
values indicating the opposite pattern. The cover data were obtained
from Rodriguez-Caballero et al. (2014).

This asymmetry index is similar to that used by Poulos et al. (2012)
and several other authors but we find it advantageous to normalize the
index rather than use its logarithm, as in this way we can compare not
only the direction but also the magnitude of the index between different
pairs of hillslopes. After calculating the NDAI for every sub-catchment,
we generated an asymmetry map of El Cautivo by overlapping the
sub-catchment datasets into a 10 cm orthoimage of the area acquired in
2014. We also explored the frequency distribution of the NDAI values
over the area, and how it varies depending on the catchment order.

Finally, we built a structural equation model (SEM) to analyse in-
direct effects of biotic and geomorphological features on catchment
asymmetry. The proposed model was based on our initial hypothesis
that considered, channel slope, ND-Sol, ND-biotic (including both
vegetation and biocrusts) and their interrelationships as potential fac-
tors describing NDAI (Fig. 2).

As runoff often shows fairly limited routes in this area (Lazaro et al.,
2015), we included in the model the sub-catchment area; but also the
catchment area, defined as the area of the catchment upstream of every
considered point, since it is expected to have both direct and indirect
influence. Finally, we included the ND-NDVI as a factor controlled by
biotic components (total cover of both vegetation and biocrusts), as
demonstrated by Rodriguez-Caballero et al. (2015b) that we hypothesise
as having an effect on NDAL This gives us the possibility to use this index
to explain the joint effect of the biotic components (vegetation and
biocrusts) and to extrapolate it to the entire Tabernas Desert, where
information about cover distribution is not available. Since most
vascular plants develop where biocrusts had previously occurred
(Lazaro et al., 2008; Rodriguez-Caballero et al., 2019), we can assume
that biocrusts have an effect on asymmetry development at least where
NDVI has an effect (see Discussion). Goodness of fit of observed to ex-
pected covariance structures was assessed by y? and, because this test is
prone to some statistical problems, two alternative indexes were used to
provide an accurate fit to the data: the Non-Normed Fit Index (NNFI)
(Bentler and Bonett, 1980), and the root mean square error of approx-
imation (RMSEA) (Browne and Cudeck, 1992). Significant x2 results
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Fig. 2. Hypothetical meta-model showing causal relationships among the main factors affecting the Normalized Difference Asymmetry Index (NDAI) and the NDAI
based on our initial hypothesis. Individual factors considered and the inter-relationships among them are defined in Section 2.2 of the main text. Factors included
within the dashed red box are only considered for the El Cautivo area, as they are not available for the entire Tabernas desert.

indicated that the model did not fit the data, whereas, values over 0.9
NFI and below 0.05 for the RMSEA indicated that the model was good.
SEM was developed and tested with SPSS AMOS 18 software (AMOS
Development Corp., Mount Pleasant, South Carolina, USA).

We used cover data of bare (eroded) soil, cyanobacterial biocrusts,
lichenic biocrusts and vascular vegetation obtained from Rodriguez-
Caballero et al. (2014) to explore the relationships between covers and
different hillslope aspects. We then checked the association between the
covers of biocrust and vegetation and the catchment asymmetry as
measured by the NDAI by examining the regression between ND-NDVI
and ND-BSC and NDAL.

2.3. Empirical data on differential surface stability

To verify if an initial abiotic surface stabilization occurs, we per-
formed a field campaign to check whether slope differentiation starts
before biocrust colonization by taking field data of surface temperatures
and firmness. These features were selected because high temperature
values are expected to represent more intense desiccation cycles, and
firmness is a good surrogate of stability. To do this, we identified 12
underdeveloped catchments (incisions of decimetres to approximately
one metre deep); three for every aspect West, East, South and North. In
each slope of the different underdeveloped catchments we performed six
measurements using a Taylor Instant-Read Digital Pocket Thermometer
and six measurements with a Bertuzzi Pocket Penetrometer for fruits. All
measurements were made on dry soil conditions and during the first
hours of the afternoon, within a period of a few days. We used ANOVA to
test for differences between the shadier and the sunnier incipient hill-
slopes with regard to the surface temperature and surface firmness,
within every orientation as well as with the entire dataset together.
Since biocrust grows better in east than in west aspects (due to two
causes: (i) east has lower temperatures and evaporation; and (ii) east
receives light during the early morning when temperatures are lower
and some nocturnal moisture or dew still remains), in the rills having
south and north direction we considered the east-facing incipient hill-
slope to be the shadier.

2.4. Asymmetry analysis on the entire Tabernas Desert

To explore whether our hypothesis is a local phenomenon or affects
the entire Tabernas Desert, we analyzed catchment asymmetry in the
core Tabernas Desert, an area of approximately 17 km (longitude) x 13
km (latitude), which included 23 different basins. Detailed topography

for the Tabernas Desert was obtained from LiDAR data available in
www.cnig.es, dating from 2014. All the points corresponding to ground
surface were selected to build a DEM, 1 m resolution, by interpolating
the elevation data by means of the IWD algorithm available in ArcMap.
For this spatial scale, ‘sub-catchment’ was each transversal area between
junctions including both opposite hillslopes. Headwaters cannot be
included because they are a concave form, and do not include a pair of
opposite slopes and a channel. Large used or disturbed areas (gas station,
dual carriageway, parking...), as well as the main Rambla of Tabernas
bed and disturbed surroundings, have been erased to avoid including
non-natural topography. From the DEM we calculated the NDAI and all
related variables, following the same process described in Section 2.2.
Detailed information of biocrust and vegetation coverage is not avail-
able for the entire Tabernas Desert; thus we only considered the NDVI as
a proxy of surface biotic cover.

This information was used to verify if the asymmetry pattern
observed at El Cautivo predominates in the entire region and to explore
the frequency distribution and spatial pattern of asymmetry by con-
structing an asymmetry map and calculating how frequent are the
different NDAI values within each catchment order.

In addition, we tested our SEM model with the entire dataset based in
the same model of Fig. 2, but not considering vegetation and biocrust
coverage. The SEM analyses did not include sub-catchments located in
the headwater of any catchment, nor those located in clearly disturbed
or artificial areas. In addition, those with no information for any of the
variables or with sub-catchment or hillslope size smaller than three
pixels were removed. This led to a final dataset of 1701 sub-catchments
widespread across the entire study area. This dataset was divided in two
different sub-datasets: sub-catchments with steeper sunnier hillslope
(negative NDAI values) and sub-catchments having steeper shadier
hillslope (positive NDAI values). The SEM model was tested in each
individual basin (with n > 7) and sub-dataset separately (23 basins x 2
sub-datasets). This gave us the possibility to analyse our hypothesis in
both types of asymmetry and in basins of different size and complexity
while avoiding the effect on catchment asymmetry of another important
factor, lithology, since it is quite homogeneous throughout the study
area.

2.5. Visual verifications

Because our initial hypothesis only explained the negative asym-
metry, in a second phase we examined, in the field and/or by Google
Earth, (which enables observation at different resolutions and from
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different direction), all of the positive asymmetries at El Cautivo, and in
the 66 subcatchments across the Tabernas Desert having the largest
positive NDAIL We distinguished five categories of positive asymmetries:
(i) Artefacts, due to the automatic nature of the procedure used to map
the asymmetries (i.e., in some places the sunnier hillslope, although
steeper, is very short and may not have been taken into account; or there
is a pediment over it that can have decreased the overall slope; or the
shadier hillslope has been paired with a tilted valley bottom). (ii)
Human activities. (iii) Asymmetry cannot be seen with certainty with
the naked eye. (iv) A meander undermines the base of the shadier hill-
slope. (v) The rest of the cases: mainly topography or a style of eroded
hillslope evolution other than parallel retreat.
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3. Results
3.1. Asymmetry analysis at El Cautivo field site

Fig. 3 shows asymmetry distribution within the El Cautivo area. As
observed, most of the sub-catchments within El Cautivo are asymmetric,
with dominance of negative asymmetries (68% of analysed sub-
catchments), while positive asymmetries (red) are fairly infrequent,
although covering a relatively wide range of NDAL

Fig. 4 provides evidence of the large dominance of negative asym-
metries at El Cautivo, because it shows that the steepest slopes are
clearly concentrated in the south orientations. Fig. 4 also evidences that,
while biocrusts (including all types) can be found in any orientation, the
cyanobacterial ones are particularly able to dominate the sunny surfaces
(if they are stable enough), whereas the late-successional lichenic bio-
crusts, having the larger protective effects, are more abundant in shadier
aspects, following a pattern similar to that of the vascular vegetation,

NDAI /
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Fig. 3. Catchment asymmetry map of El Cautivo field site (upper part) along with frequency and distribution of every level of asymmetry (lower part). Most of the
asymmetries were negative, but we found four positive cases (in red in the map), which are numbered because their causes are commented on later.



R. Lazaro et al.

Geoderma 406 (2022) 115526

N E S W N
35
1230000 &
[=d
o
33 2
QO
1150000 ;
-
g 3 = g
-] 2
8 1070000 < 5
oo ER
g 53
o 29 g
7] 990000 3
S~o a
=== Slope gradient X
27 o ) o 910000 )
== Potential incoming solar radiation
25 830000
0 50 100 150 200 250 300 350
35.5 - === Slope gradient
. . - 0.45
o eeeeelichen crust
'o'—— ~"‘s\ «++++Cyanobacteria crusts L 04
335 | o SN Bare soil
. N Vascular Vi i - 035
S N e \/ascular Vegetation -
\ )
‘e‘ ,/ N L 03 8
§ 315 - S . g
-g I, \\ - 025 L
uha ,I \ 8
) .....,...........‘ .--.....-'.'.- Reeccccenne,, i 02 <
2295 5 3
7 / - 0.15
vl
Fss ” eoo°®
275 1 SSeao-2? - 01
o0 oo, 4
.o N0l L
S Tuette 005
25.5 T T T T T T T 0
0 50 100 150 00 250 300 350

2
Aspect (2)

Fig. 4. Average values of slope angle and potential incoming solar radiation for different hillslope aspects (N = 0 and 360, E = 90°, S = 180° and W = 270°) (upper
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rusts, lichen-dominated biocrusts and vascular vegetation for different hillslope

aspects (lower graph). Covers were obtained from Rodriguez-Caballero et al. (2014).

although attenuated. Fig. 4 could give the false impression that cyano-
bacteria are in steeper places than lichens; in fact, the mean slope of the
lichen biocrust is higher. What happens is that cyanobacteria dominate
in stable and fairly flat areas such as the pediments between ravines
receiving strong insolation, which appear in the same region of the
graph as the eroded south facing slopes.

We found four positive asymmetries at El Cautivo (red patches in the
map, Fig. 3; named 1-4 from west to east). At 3, positive asymmetry was
caused by humans: the sunnier slope is mostly an old track. The rest of
the cases belonged to the category ‘v’: At 1 and 4, the sunnier hillslope is
a reduced area between two channels, where relief decreases as it is
eroded on both sides. At 2, the sunnier hillslope had not suffered a
parallel retreat but became gentler due to a larger and deeper devel-
opment of its drainage net.

The SEM with all the sub-catchments of El Cautivo (n = 84; Fig. 5)
explained 59% of the NDAI variance. As observed, catchment asym-
metry is strongly influenced by biotic components, this effect being
mainly explained by the spectral index NDVI. The higher the contrast in
NDVI (ND-NDVI) and biotic components coverage (ND-Biotic) the more
negative the NDAI. Abiotic factors, such as sub-catchment area, catch-
ment area and channel slope, also have negative total effects on catch-
ment asymmetry. However, this is less relevant than the influence of the
biotic components (Fig. 5b), due to the opposite sign of the direct and
indirect (through their influence on the distribution of the biotic com-
ponents) effects of the abiotic variables on NDAIL For example, sub-
catchment area and channel gradient have a direct positive effect on
NDAI and an indirect negative effect through biotic components,

whereas catchment area and ND-SOL showed the opposite pattern: a
direct negative effect and an indirect positive effect (Fig. 5b). It is also
worth mentioning that most of the effect exerted by the biotic compo-
nents on NDAI can be explained by their influence on ND-NDVI. Thus,
we can consider NDVI as a good proxy of the influence of vegetation and
biocrusts on NDAIL

Fig. 6 helps to understand the features of the association between
differential covers of biotic components of the system and asymmetry.
We used normalized difference of NDVI to represent the distribution of
all biotic components between opposite hillslopes (graph on left), as well
as the relationship between the normalized difference of biocrust cover
between opposite hillslopes and asymmetry (graph on right). Taking
into account the definition in Eq. (2), negative values of the Asymmetry
Index correspond with positive ND-NDVI or ND-lichen cover, since NDVI
and lichen cover are larger in shadier hillslopes in this region. However,
ND-cyanobacterial cover shows the opposite pattern. The biocrust-cover
difference occupies a wide range of the asymmetry index due to the
complementary role of the lichenic and cyanobacterial biocrusts:
Regression of lichen-dominated biocrusts cover is more associated with
negative asymmetries, has negative slope with regard to the NDAI and
approaches the form of vascular vegetation and general NDVI. Whereas
the regression of cyanobacterial biocrust has a positive slope, being the
main biocrust associated with positive NDAI, and having a distribution
which is intermediate between that of lichens and that of bare soil (see
Fig. 4). Due to that complementarity, if we carry out the regression with
the normalized difference of total biocrust cover (lichens plus cyano-
bacteria) the cloud of points ranges from —0.2 to 0.4 NDAI, and the
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normalized difference asymmetry index (NDAI).
regression line is very slightly positive (y = 0.0696 x + 0.0156).
3.2. Differential surface stability

The analysis of surface stability in underdeveloped catchments re-
veals larger values of temperature and lower surface firmness in sunnier
than in the corresponding shadier slopes (Table 1). According to the
ANOVAS, differences between sunnier and shadier were significant in all
the cases for both temperature and firmness. As these opposite hillslopes
were incipient, the actual difference in orientation between them was
not very large and the general orientation of the hillslope in which the
rill was growing also had an influence (see the channel with south di-
rection in Table 1). Thus, the differences according to channel direction
were moderate. When all the data were analysed together, differences
between sunnier and shadier for both variables were highly significant.

3.3. Asymmetry analysis on the entire Tabernas Desert

The spatial distribution of asymmetry through the 23 analysed basins
in the Tabernas Desert, as measured by the NDAI for every sub-
catchment, gave rise to the map with 6418 sub-catchments shown in
Fig. 7 A. This result shows that catchment asymmetry is a general phe-
nomenon in this area, occurring frequently in a range of stream orders,
catchment sizes, and drainage directions, consistently with that sug-
gested by field observation. While at El Cautivo, most of the asymme-
tries had negative NDAI (the steeper slope being the sunnier), at the
entire Tabernas Desert scale we found that steeper sunnier and shadier
slopes occurred with comparable frequency. In fact, approximately 25%
of the sub-catchments were symmetrical, 40% demonstrated negative
asymmetry, the steeper hillslope being the sunnier (equator-oriented)
and, about 35% of the sub-catchments were found to have positive
NDAI, the steeper hillslope being the shadier (pole-oriented). All
asymmetry types were distributed all over the area and, for both
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Fig. 6. Regressions of biotic factors versus asymmetry index (NDAI) at El Cautivo. The graph on left shows the normalized difference in NDVI between opposite
hillslopes (ND-NDVI). The graph on right shows the normalized differences between opposite hillslopes in cover of lichen-dominated biocrust (red) and cyano-

bacterial biocrust (black).

Table 1
Surface temperature and firmness in opposite incipient hillslopes of rills devel-
oping with different orientations.

Temperature °C Firmness kg/cm?

Channel Shadier  Sunnier p Shadier = Sunnier p
direction

West 19.53 28.75 0.0111 6.69 4.84 0.0343
East 11.83 30.99 0.0000  7.33 4.85 0.0031
South 26.83 34.65 0.0005  7.20 4.86 0.0114
North 17.77 31.28 0.0000 9.00 4.33 0.0000
All data 18.99 31.42 0.0000  7.56 4.72 0.0000

together

For both variables, the “p” values are the significance of the ANOVAS comparing
shadier vs sunnier incipient hillslopes.

negative and positive asymmetries, the frequency of sub-catchments
that present it decreases as the intensity of the asymmetry increases.
We also found that asymmetry is clearly dependent on the order of the
catchment, being much more frequent in those of low order (Fig. 7B).
Furthermore, the relationship between slope angle and aspect strongly
depended on the basin size. At all the small basins (numbered 2, 4, 5, 14,
16,17,18, 20 and 21 in Fig. 7) and half of the medium-size basins (7, 10,
15) slope clearly varies with orientation. However, at the larger basins it
hardly varies (11, 13, 22, 23) or not at all (6, 8, 9, 12).

The three catchments types (no asymmetry, positive and negative)
coexist in the Tabernas Desert. Of the 66 positive asymmetries examined
across the Tabernas Desert, 26.66% were artefacts, and in 13.33%, the
asymmetry was too weak to be clearly appreciated by the naked eye.
Human activities (earth movements) explained 16.66%, and a meander
undermining the base of the shadier hillslope explained 8.33%. The
remainder (35%) were due to topographic reasons or to different styles
of eroded hillslope evolution.

The detailed analysis of the main drivers of hillslope asymmetry in
the entire Tabernas Desert area shows differences in comparison with
the detailed analysis of El Cautivo. The results of the SEMs carried out
separately for the sub-catchments with negative and positive asymmetry
within every basin are summarized in Fig. 8. This figure shows several
important results: (i) The Standardized Total Effect of channel slope was
negative for both types of asymmetry, thus the relationship between the
channel slope and the asymmetry is negative indicating that steeper
channel slopes produce less asymmetry. This occurs because steeper
channels increase erosion in the whole catchment, decreasing the ability
of biocrusts and vascular vegetation to develop cover and neutralize
erosive forces. (ii) Catchment area and sub-catchment area have oppo-
site effects on asymmetry, positive in the case of the former and negative
in the case of the latter. (iii) Small differences in solar radiation have

important consequences for NDVI, which shows larger differences,
suggesting biotic-driven feedbacks producing divergence between
opposite hillslopes; and (iv) NDVI is the only factor that behaves
differently in each class of asymmetry. In negative asymmetries, the
more NDVI, the greater asymmetry. However, in positive cases, vege-
tation slows down asymmetry development, as it goes against the
preferences of the vegetation; thus, the relationship is negative.

4. Discussion

Catchment asymmetry is a global geomorphological phenomenon
that can occur due to several causes. It includes information about
ecohydrogeomorphological processes (McGuire et al., 2014), and is in
the cutting edge of geomorphological knowledge (Langston and Tucker,
2018). Although catchment asymmetry is more frequent in temperate
drylands, where biocrust can be the main soil cover, very little is known
about the effect of biocrusts on these processes. Hereafter we provide
evidence that the asymmetry is a general phenomenon in the Tabernas
Desert (semiarid SE Spain), being able to be ‘negative’ (the sunnier
hillslope being the steeper) or ‘positive’ (the shadier hillslope being the
steeper), and that biocrusts are among the main drivers generating it. At
El Cautivo, asymmetries were mainly negative but the frequency of
positive asymmetries in the rest of Tabernas Desert allowed us to pro-
pose a conceptual model that improves our initial hypothesis and the
hypotheses of Richardson et al. (2020) and by Istanbulluoglu et al.
(2008).

4.1. Factors controlling catchment asymmetry distribution

Since most lichens in the region are light in colour, if not white, the
contribution of biocrusts to the NDVI is relatively poor, but not zero
(Rodriguez-Caballero et al., 2015b; Roman et al., 2019), therefore the
NDVI is probably an underestimate of the total cover of vegetation plus
biocrusts. On the one hand, field observation often shows asymmetry
associated with high biocrust cover, and that biocrusts are primo-
colonizers (Lazaro et al., 2008). Also, while very few plant species
present a resistance strategy that allows them to grow in eroded regolith,
where they have limited effect on the substrate, most of them do
improve their habitat (for example by contributing organic matter and
enhancing soil aggregation, and by smoothing out fluctuations in soil
temperature and moisture), but require a minimum of soil development
and stability in order to establish (Gallart et al., 2002), and these min-
imums are usually provided by biocrust (see in the Section 4.2). Thus,
we can assume that biocrust has an effect on asymmetry at least where
NDVI is shown to have an effect on it according to our Structural
Equation Models.
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Fig. 7. A. Map of degrees and directions of asymmetry in sub-catchments within every basin of the entire study area, the core Tabernas Desert, semiarid SE Spain.
Numbers on the map identify the different basins; basin 20 correspond with El Cautivo field site. B. Frequencies, expressed as probability density, of the different
degrees of asymmetry according to the catchment order, for every asymmetry type (negative and positive).

Data from El Cautivo demonstrated that biotic components are the
main factor controlling NDAI and that NDVI is a good proxy accounting
for most of the biotic effects, to be used at a general scale. A seasonal
reversal of the aspect-driven NDVI values has also been described as a
result of the transition from water-limited to energy limited conditions
during wet winters (Kumari et al., 2020). However, our study area is a
badlands where sunnier hillslopes are almost always eroded and sea-
sonal variation of NDVI (mainly due to the leaf fall during the dry season
of many of the dwarf shrubs) never implies alternation of greenness
between opposite hillslopes. At El Cautivo, solar radiation, contributing
area, and channel slope were also important factors for NDAI. Except for
biocrusts, all these factors are known to be main drivers affecting hill-
slope processes (Lazaro et al., 2008; Poulos et al., 2012; Richardson,
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2015; Richardson et al., 2020; Roering et al., 2010; Yetemen et al.,
2015b). The findings presented here agree with Melton (1960) as
asymmetries occurred at intermediate values of channel gradient, as
well as with low order channels (as stated by Johnstone et al., 2017).
Our results strongly suggest the relevant role of sediment transport
(West et al., 2014; Yetemen et al., 2015a), as differential transport
controls the decoupling of one of the hillslopes generating the asym-
metry. Although a soft lithology strongly favours asymmetry formation
(Johnstone et al., 2017; Poulos et al., 2012), we have not explicitly
included lithology because its hardness is low throughout our study
area.

At global scale, where structural or tectonic factors are not impor-
tant, catchment asymmetries are common, but the steeper hillslope is



R. Lazaro et al.

Geoderma 406 (2022) 115526

E3 Steeper sunier slope E3 Steeper shadier slope

-0.25

Standarized Total Effect

=

-0.50 .

8 T L

Catchment area Channel slope

NDVI

Solar Subcatchment

Fig. 8. Standardized total effects of the main factors describing asymmetry according to our hypothetical causal model (Fig. 2). Boxplots represent 25-75% intervals
of standardised total effects obtained by the application of the model to the 23 different basins, whereas bars represent the 5-95% interval. Sub-catchments with

negative asymmetry are represented in grey while positive asymmetry is in yellow.

sometimes the pole-facing, and sometimes the equator-facing one. In
some cases, its aspect is due to the location, for example, the north-
facing slope being the steepest in Alaska (Currey, 1964). But catch-
ment asymmetries seem to occur mainly in drylands from 45°S to 45°N
(Yetemen et al., 2015a). In this context, the pole-oriented hillslope has
the best microclimate for vegetation (Rodriguez-Caballero et al., 2019).
However, that vegetation preference does not always determine the
direction of the asymmetry. In South Dakota (Badlands National Park,
USA), Churchill (1981) found steeper, rectilinear, often shorter south-
facing slopes due to high efficiency of material removal on the basal
pediment. In semiarid north-eastern Arizona, the asymmetric catch-
ments also have the south-facing hillslopes steeper (Burnett et al., 2008).
Del-Toro-Guerrero et al. (2016), in Mexico, have found that polar-
oriented slopes show higher NDVI values than equator-oriented slopes,
and they have also noted that the equator-oriented slopes are more
dependent on precipitation (Del-Toro-Guerrero et al., 2019). However,
In New Mexico (USA), the xeric south-faced slopes show lower vegeta-
tion cover and undergo greater erosion, which produces shallower slope
angles and pushes the channel laterally to the south, making the mesic
north-facing slope steeper (Istanbulluoglu et al., 2008). Johnstone et al.
(2017) also found equator-facing hillslopes being gentler, due to the
elongation of low-order channels and increased drainage density on
them; and the same had been found by Wende (1995) in Germany. Yet,
Smith (1978), in western Algeria, found the east-northeast and
southwest-west facing slopes much steeper than any others. Thus, to
date, the relationships between asymmetry and aspect, as well as be-
tween slope and vegetation remain unclear. It seems that there are larger
amounts of positive than of negative asymmetries, but the steeper polar-
oriented slopes seem to have been found in relatively mesic places
(Churchill, 1981). On the other hand, Melton (1960) reported that
vegetation and erosion do not produce asymmetry; it is produced by
lateral migration of the stream. Richardson (2015) also mentioned
lateral channel migration. However, such lateral migration involves
lateral erosion, which is necessarily caused by differential erodibility,
which is hardly independent from vegetation and soil type.

In the Tabernas Desert, 35% of the positive asymmetries identified
belonged to the category ‘v’. Initially, we supposed that the retreat style
of eroded hillslopes would be always more or less parallel and without
sediment accumulation at the footslope, as it is at El Cautivo. Never-
theless, according to the literature, there are at least three mechanisms
producing a gentler sunny hillslope despite it being the more eroded and
much less vegetated: (i) that the upper part of the slope suffers high
weathering because it receives runoff and its texture favours infiltration,
exporting sediments, for example due to piping collapses, causing the
retreat of the watershed; (ii) the sunnier hillslope became gentler due to
a larger and deeper development of its drainage net (Wende, 1995;
Johnstone et al., 2017), as occurred with positive asymmetry 2 of El
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Cautivo; (iii) the sunny slope is part of a reduced area between two
channels; its relief decreasing as it is eroded on both sides, as in cases 1
and 4 of El Cautivo (photo 4 of Fig. 1). Additionally, there is at least one
further mechanism producing a similar final result: that the channel
describes a curve and its direction moves away sufficiently from the
slope line to cause, from the outset, one of the hillslopes to become
steeper. Understanding this allowed us to complete our hypothesis.

4.2. The role of biocrust

The geomorphological effect of vascular vegetation, particularly
trees (for example, Roering et al., 2010), is well known. However, there
is less evidence on the long-term effect of biocrusts on landscape evo-
lution. Biocrusts have been reported to perform multiple functions and
processes within the ecosystem (Belnap, 2006; Berdugo et al., 2014;
Canton et al., 2020; Maestre et al., 2011). Some of them are important at
the ecosystem scale, in particular that of protecting against erosion (Bu
et al., 2013; Chamizo et al., 2012b; Lazaro and Mora, 2014) and those
initiating pedogenesis (quotations below in this paragraph). Thus, bio-
crust can modify landform evolution by: (i) providing soil surface sta-
bility, decreasing erosion in two ways: enhancing particle cohesion by
living structures and exopolysaccharides (so increasing the number and
stability of aggregates) (Chamizo et al., 2012a; Miralles et al., 2017;
Rossi and de Philippis, 2015), and by changing the albedo and dimin-
ishing temperature (Couradeau et al., 2016; Rutherford et al., 2017) and
controlling moisture oscillations (Chamizo et al., 2013). (ii) triggering
pedogenesis: changing the physical and chemical soil properties (Belnap
and Gardner, 1993; Canton et al., 2003; Castillo-Monroy et al., 2010;
Miralles et al., 2012) and increasing porosity, aeration and infiltration
(Miralles-Mellado et al., 2011), increasing soil organic matter (Chamizo
et al., 2012a), nitrogen and nutrients (Castillo-Monroy et al., 2010;
Delgado-Baquerizo et al., 2013). (iii) by improving soil conditions and
facilitating plant recruitment (Escudero et al., 2007; Havrilla et al.,
2019; Pendleton et al., 2003), the plants tending to concentrate in the
lower part of the hillslopes using extra runoff water from biocrusted
surfaces as water supply (Rodriguez-Caballero et al., 2013; Rodriguez-
Caballero et al., 2018b).

As Fig. 4 shows, the ability of cyanobacteria to resist high levels of
solar radiation (Lazaro et al., 2008; Miralles et al., 2017), allows bio-
crusts to colonize any aspect. Even, to stabilize the sunnier slope when it
decouples from the channel, contributing to slow down the process
generating positive asymmetry led by abiotic factors, which allows the
biocenosis to occupy a larger space. The geomorphic processes gener-
ating negative asymmetry imply ecosystem maturation, because they
produce an increase in extension of the vegetated patches, approaching
them to their maximum limits imposed by the climate. However, posi-
tive asymmetry tends to reduce the vegetated areas.
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The biocrusts are primo-colonizers, and their distribution is associ-
ated with the development of the negative asymmetry at El Cautivo as
we have shown in Figs. 1, 4-6, 8, and 9. Churchill (1981) found in the
USA Badlands National Park catchments such as those with negative
asymmetry of Tabernas Desert; although he does not explicitly mention
the asymmetry, it should exist according to his description of the hill-
slope morphologies. Also, the photographs in Fig. 4 of that work suggest
that the northern slopes have biocrusts in the upper half, while the
southern slopes do not.

The results of our SEMs for the entire study area provide evidence of
the feedbacks started by biocrusts and reinforced by vegetation and soil
development, because very small differences in solar radiation are
largely magnified by the NDVI. This agrees with McGuire et al. (2014).
NDVI is the only factor having an effect with different sign in negative
and positive asymmetries, indicating that, in the positive ones, the
asymmetry goes against the preferences of the vegetation.

4.3. The stabilization-colonization hypothesis conceptual model

We have synthesized our completed hypothesis in the flowchart of
Fig. 9

Since biocrusts require a minimal soil surface stability to develop
(Lazaro et al., 2000; Lazaro et al., 2008; Yair and Lavee, 1985), they
often cannot trigger the hillslope differentiation. Thus, our stabilization-
colonization hypothesis proposes as first step a divergence in surface
stability of the opposite hillslopes due to abiotic causes. This is consis-
tent with previous knowledge: Burnett et al. (2008) found that south-
facing slopes were 1.4-5.6 °C warmer and soil moisture tension at 10-
cm-depth averages at least 78 kPa lower (drier) than on north-facing.
Churchill (1981) found, also in a badlands area, microclimates associ-
ated with differential topography-driven incoming radiation leading to
hillslope differentiation through differences in weathering or soil sta-
bility between opposite slopes. Istanbulluoglu et al. (2008) also revealed
larger erodibility in south-facing slopes caused by topoclimate. Our field
data confirmed differences in surface temperature and firmness. Thus,
radiation-generated microclimatic divergence is a driver of the spatial
organization of ecohydrologic fluxes, soil and vegetation patterns and
dynamics, and landscape morphology in semiarid ecosystems (Rodri-
guez-Caballero et al., 2019; Yetemen et al., 2015b).

While the sunnier incipient hillslope has lower stability due to larger
temperature and moisture oscillations, hindering colonization, the
shadier incipient hillslope allows colonization. Biocrusts are the primo-
colonizers (Belnap et al., 2003; Lazaro et al., 2008) and feedback toward
negative asymmetry because they largely reduce erosion (up to 10-fold
hydric erosion according to Chamizo et al., 2012b; up to 40-fold wind
erosion according Bu et al., 2013). Next, plants establish; they tend to
concentrate in the lower part of the hillslope, using runoff from bio-
crusted surfaces above as extra water supply (Rodriguez-Caballero et al.,
2018b), and progressively retain water and sediments that accumulate
at the bottom of this incipient hillslope, favouring vegetation and soil
development, a process with positive feedback. These feedbacks lead to
lateral channel migration towards the sunnier, barely-vegetated and
easily erodible slope, developing negative asymmetry. The sunnier
hillslope is progressively steep and undergoes a parallel retreat due to a
frequent removal of material at the foot slope. Thus, this hillslope,
almost void of vegetation, becomes mainly controlled by weathering
(Canton et al., 2001b). Whereas, in the shadier one, the erosion rate is
lower, and the retreat process is mainly controlled by transport, which
decreases because vegetation causes infiltration to be much higher. Then
the slope angle decreases, as an active pediment-like landform pro-
gressively develops at the foot-slope. This crucial role of the transport
agrees with Yetemen et al. (2015a) and West et al. (2014).

Where channel gradient is strong, the catchment is very active
(Melton, 1960) and results in a symmetric form. When channel gradient
decreases, biocrusts and vegetation can develop, and the backward
movement of the sunny hillslope could produce a concave shady
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hillslope independently from the mass movements in that shady slope.
This concave form, in its turn, feeds back toward lower erosion (Istan-
bulluoglu et al., 2008). Besides, this form is reinforced because the shady
hillslope undergoes erosive processes too, mainly associated with un-
usually heavy rains, but the sediments do not always reach the channel
(although see Rodriguez-Caballero et al., 2021). When the pediment-like
form of the shadier hillslope grows sufficiently, this hillslope becomes
practically uncoupled from the channel (Rodriguez-Caballero et al.,
2014. This decoupling is crucial. In fact, asymmetry could be defined as
the morphologic consequence of the decoupling between the channel
and one of the hillslopes whereas the opposite continues coupled. When
both hillslopes are coupled, the catchment is symmetric and, when both
are uncoupled (when channel gradient approximates to equilibrium and
the valley widens in the oldest part of some catchments), asymmetry
development ceases, although its shape can remain as relict (Smith,
1978). Thus, asymmetry appears within a certain time-space interval,
and depends on the channel gradient, the catchment area and catchment
order (as the three are related with the age; Fig. 7). In the Tabernas
Desert it is often possible to find this entire sequence within the same
catchment.

When local abiotic factors cause a steeper gradient in the shadier
hillslope (for example, the basal undermining of a meander, or a change
in channel direction to run obliquely across the slope), or a lower
gradient in the sunnier hillslope (for example, a non-parallel style in its
retreat, often with greater development of the drainage net), a positive
asymmetry develops, with biocrusts and vegetation generally acting in
the opposite direction to abiotic drivers, and the asymmetry becoming
weaker or stronger depending on the ratio between biotic and abiotic
forces. Positive asymmetry is evidence that local abiotic factors are more
powerful than the biotic ones because vegetation always prefers the
shadier habitats (Rodriguez-Caballero et al., 2019) in this region.
However, while the development of biocrusts, vegetation and soils feeds
back towards the decoupling of the greenest hillslope, a decoupling can
also occur for other reasons; thus, the sunnier slope can become
disconnected from the channel initiating a positive asymmetry. There
would be two kinds of positive asymmetries: those with the shadier
hillslope eroded and those not so. The former (8%) occurs when a
meander strongly erodes the base of the shadier hillslope. Lateral
movement of the channel is probable and, when the sunnier slope be-
comes gentle enough, and the erosion slows down, it can be colonized by
a cyanobacterial biocrust that withstands high insolation (Miralles et al.,
2017), and then by some lichens and plants, which could provide some
positive feedback to this asymmetry. In the second kind (35-48%),
lateral movement of the channel would not necessarily be involved as
the sunnier hillslope could lose gradient due to a watershed retreat
caused by the development of its drainage network, which, according
Shelef and Hilley (2014), has a direct impact decreasing elevation. This
asymmetry could be also caused because the shadier hillslope becomes
steeper for topographical reasons due to a change in channel direction to
run obliquely across the slope. Biocrusts, vegetation and soil develop-
ment always counteract the abiotic forces that drive towards positive
asymmetries but their effects are not always sufficient to overcome the
abiotic forces.

5. Conclusion

Our results demonstrated that catchment asymmetry is a very com-
mon phenomenon throughout the Tabernas Desert. Three different types
of catchment (or, more precisely, stretches of catchments, here named
‘sub-catchments’) are described based on their asymmetry: symmetric
sub-catchments, sub-catchments with asymmetry produced by a gentler
shadier hillslope (here named ‘negative asymmetry’) and sub-
catchments with asymmetry produced by the shadier hillslope being
steeper (‘positive asymmetry’). The occurrence, direction and magni-
tude of asymmetry are driven by a series of biotic and abiotic factors.
Among the abiotic are the solar radiation that reaches the soil, the area
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Fig. 9. Conceptual model proposed to explain the sequence of processes developing catchment asymmetry of any sign, explicitly including the role played
by biocrusts.
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and the channel gradient in the considered sub-catchment, and the total
catchment area. Among the biotic factors, biocrusts were found to play
an important role by triggering a feedback mechanism consisting of two
main processes: (i) control of sediment transport in the shadier hillslope
where the greater biomass gives rise to increased infiltration and sedi-
ment deposition, developing a pediment-like form that pushes the
channel; and (ii) the greater erodibility of the sunnier hillslope, with
minimal vegetation cover and sediment deposits at its base being
ephemeral. Both processes together drive lateral movement of the
channel, causing the formation of a negative asymmetry pattern as
observed at El Cautivo experimental field site. However, we found an
unexpected proportion of positive asymmetries when examining the
entire Tabernas Desert. We hypothesize that positive asymmetries occur
against the effects of biotic factors when, for local reasons, abiotic fac-
tors are more powerful. A small group of these asymmetries (where the
shadier hillslope becomes steeper and fairly eroded because a meander
undermines it) could include lateral movement of the channel; while the
others do not necessarily require such movement; the sunnier hillslope
becoming gentler due to the retreat of the watershed caused by the
development of its drainage net. We propose a conceptual model of
feedback processes that generate both negative and positive catchment
asymmetries, with biocrust playing a crucial role in most of the cases.
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