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ARTICLE INFO ABSTRACT

Handling Editor: Naoise Nunan Climate change-driven increases in aridity will lead to dryland expansion worldwide. In the Atlantic and Med-
iterranean biogeographic regions, coastal dunes are priority conservation areas highly sensitive to aridification

Keywords: where plants and biological soil crusts may play a key role maintaining ecosystem services. However, we still
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need further insights into the balance between the effects of increasing aridity and the influence of local vege-
tation on the soil attributes and functioning of these systems, particularly in transitional areas between humid
Nutrient cycling and arid climatic zones. We sampled 24 dune systems distributed along a natural climate gradient including
Spatial variability humid, dry-subhumid and arid environments in the Atlantic coastline of the Iberian Peninsula and investigated
Drylands (i) how aridity drives the vegetation community structure, soil biotic and abiotic properties and functions in dune
ecosystems at a regional scale; and (ii) to what extent soil attributes differ locally under diverse surface
microsites (i.e. plants, biocrust and bare soil). Increasing aridity in coastal dunes decreased total biotic cover and
favoured the formation of shrub-dominated patches. Vegetation shifts were accompanied by declines in soil
microbial diversity, organic matter, nutrient contents and reduced rates of N mineralization. Soil bacterial
communities were more sensitive to aridity than fungal communities. Microsites were essential regulators of soil
attributes, and their effects were dependent on the degree of aridity. In drylands, shrub microsites were asso-
ciated to higher soil organic C, microbial (bacterial and fungal) abundance, fungal diversity and potential het-
erotrophic respiration than bare microsites, likely due to enhanced litter and sediment redistribution. However,
at humid and transition systems, microsites controlled soil N pools and microbial diversity, suggesting tight
linkages between vegetation patches and soil microorganisms responsible for N availability. These findings
provide evidence of the strong negative impacts of aridification on vegetation attributes and nutrient cycling in
coastal dunes and highlight the role of the biotic cover in preserving soil fertility, microbial diversity and
functioning, particularly in the most arid sites.

1. Introduction and accelerating the expansion of drylands (Cherlet et al., 2018). In
dryland ecosystems, increases in aridity affect biological and
Climate change is increasing the aridity in many areas of the planet geochemical processes leading to abrupt and systematic impacts that
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sequentially endanger productivity, soil fertility and biodiversity (Ber-
dugo et al., 2020). While climate exerts a major influence on dryland
functioning at large-scales, the ubiquitous spatial heterogeneity of the
biotic cover in natural ecosystems simultaneously controls soil proper-
ties, microbial communities and their interactions at local scales, likely
modulating climate effects (Okin et al., 2015; Zuo et al., 2010). Previous
studies suggest that vascular plants and biological soil crusts might
dampen the negative effects of increasing aridity on dryland functioning
(Delgado-Baquerizo et al., 2016; Duran et al., 2018; Ochoa-Hueso et al.,
2018), but we still lack a detailed understanding of the balance between
the effects of broad-scale aridification and the influences of local vege-
tation cover on the attributes and functioning of drylands. This knowl-
edge is essential to predict the ecological consequences of aridification
and has practical implications for ecosystem conservation and man-
agement (Ochoa-Hueso et al., 2018).

Climate and edaphic conditions shape attributes of plants and bio-
logical soil crusts such as total cover, predominance of functional traits,
richness and diversity (Delgado-Baquerizo et al., 2016; Ding and
Eldridge, 2020; Ochoa-Hueso et al., 2018). Climate change-driven shifts
in plant and biological soil crust communities may trigger cascade ef-
fects of different magnitude in other biotic (e.g. soil microbial commu-
nities) and abiotic factors (e.g. soil pH, nutrient pools) and processes
that operate at different rates, trophic levels and spatial or temporal
scales (Berdugo et al., 2020; de Graaff et al., 2014; Okin et al., 2015; Zuo
et al., 2010). Recent studies show that increases in aridity are associated
with increases in soil biocrust variability, decreases in plant cover, soil C
content, fertility, microbial diversity and abundance and biogeochem-
ical processes (Ding and Eldridge, 2020; Maestre et al., 2015, 2012).
Similarly, reductions in plant cover as a function of aridity may decouple
nutrient cycles and unbalance the ecosystem stoichiometries (Delgado-
Baquerizo et al., 2013). Although these ecological patterns are described
for drylands at global scale, we still need further insights into the role of
the local biotic cover as modulator of the ecosystem responses to ari-
dification in natural systems, especially in those subjected to a climate
transient between humid and arid sites.

The positive effects of the biotic cover, including plants and/or
biological soil crusts, on biogeochemical processes compared to bare
ground interspaces are related to their ability to enhance sediment and
water capture, buffer extreme temperatures and solar radiation, and
attract a range of biota whose mutual relationships may increase soil
fertility and functioning (de Graaff et al., 2014; Okin et al., 2015). These
positive effects will likely rely on ecosystem features such as the vege-
tation type (e.g. canopy architecture, ability to form associations with
rhizobacteria), number, composition and size of the biotic patches,
connectivity (e.g. water and aeolian transport), and the degree of aridity
(e.g. not significant effects have been detected so far in dry-subhumid
and humid areas) (Delgado-Baquerizo et al., 2016; Duran et al., 2018;
Ochoa-Hueso et al., 2018; Okin et al., 2015). In this respect, the effects of
plant and biocrust patches may be particularly important in dune sys-
tems as a result of the high aeolian transport, relatively low microbial
activity and nutrient availability of their sandy soils.

Coastal dune ecosystems are priority conservation areas due to their
significant contribution to global biodiversity holding numerous
endemic species, and their capacity to mitigate the impacts of the
increasingly frequent extreme climatic events (Mikkonen and Moilanen,
2013; Mo et al., 2020). The Atlantic coastal dunes of the Iberian
Peninsula are particularly sensitive to climate change and current pro-
jections suggest that these areas will cross aridity thresholds likely
compromising their capacity to provide essential ecosystem services
(Berdugo et al., 2020). These coastal dune systems represent an excep-
tional opportunity to carry out a field-based observational study
assessing the integrative impacts of increasing aridity and the biotic
cover on ecosystem attributes and functioning, because of their patchy
spatial pattern and the homogeneity of the soil type along their natural
climate gradient.

We aimed to assess how and why major biotic (e.g. total cover, soil
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microbial abundance and diversity) and soil abiotic (e.g. soil pH,
nutrient contents) attributes and functions (e.g. soil mineralization and
greenhouse gas fluxes) vary in 24 dune systems distributed along an
aridity gradient in the Atlantic coastline of the Iberian Peninsula. To that
end, we used an integrative approach. First, we evaluated how aridity
affects plant and biocrust communities as well as soil attributes and
functions of coastal dunes at a regional scale using a natural climate
gradient. Then, we assessed to what extent soil attributes and func-
tioning rates differ between three types of biotic cover (hereinafter
called microsites: bare soil, biocrust and plants) at local scale. We hy-
pothesized that (i) aridity shapes the structure of the biotic community
decreasing its percentage cover and increasing plant individual sizes; (ii)
rates of soil biogeochemical processes would decrease with increasing
aridity as a result of the detrimental effects on the soil biotic cover and
microbial communities; and (iii) plants and biocrust would promote soil
fertility compared to bare ground areas, with these positive effects
becoming more relevant as aridity increases.

2. Materials and methods
2.1. Study sites and climate data

Field data were gathered from 24 stabilized coastal dunes across a
northwest-to-southeast geographic gradient of increasing aridity along
~1500 km in the coastline of Portugal and Spain (Fig. 1, Table S1). All
soils were classified as Arenosols with little profile differentiation and
loamy sand texture or coarser, originated by the aeolian sand movement
from the beach (IUSS Working Group WRB, 2015). Stabilizing vegeta-
tion primarily consisted of creeping grasses (Ammophila arenaria (L.)
Link), dwarf shrubs (Helichrysum picardii Boiss. & Reut.) and suffruticous
chamaephytes (Crucianella maritima L.), with biological soil crusts and
occasional arboreal vegetation (Pinus pinaster Aiton and Pinus pinea L.) in
less arid locations (see Garcia-Velazquez et al., 2020 for more infor-
mation about perennial vegetation species). In the study sites, the biotic
cover and thus the degree of dune stabilization decrease towards the
more arid south-east (Table S1).

The climate classification of the study sites is based on the UNEP
Aridity Index (AI) calculated as the ratio between precipitation and
potential evapotranspiration. The value of the Al for each site was ob-
tained from the Global Aridity Index and Potential Evapotranspiration
Climate Database version 2 (Trabucco and Zomer, 2019), while mean
annual precipitation (MAP) and temperature (MAT) values were ob-
tained from the WorldClim dataset version 2 (Fick and Hijmans, 2017).
These spatially interpolated climate data are aggregated over the
reference period of 1970-2000 and has approximately 1-km? spatial
resolution. The aridity gradient in our study encompassed non-drylands
in the north-west of the Iberian Peninsula (Al > 0.65) and three subtypes
of drylands in the south and south-east: dry subhumid (0.5 < AI < 0.65),
semi-arid (0.2 < Al < 0.5) and arid (AI < 0.2) (Cherlet et al., 2018).
Mean annual temperature and MAP range from 13.9 to 18.8 °C and from
225 to 1441 mm, respectively. Along the transect, MAT was negatively
correlated with MAP (Spearman’s rank correlation, p = -0.85, p-value <
0.001, Fig. S3). We used 1-Al as our surrogate of aridity to facilitate the
interpretation of our results.

2.2. Experimental design and data collection

Data collection took place during the dry season in July 2016 and
followed a standardized sampling protocol. In each sampling site, a
square plot (30 x 30 m) was established parallel to the coastline. In each
plot, the percentage cover and composition of plant species were
determined using the line-point intercept method (Herrick et al., 2017).
Point data were systematically collected every 20 cm along 4 parallel
transects of 25-m length. We also counted the number of species present
within the square plots to estimate plant richness and measured the
height and width of plant individuals.
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Fig. 1. Sampling transect of 1500 km distributed along an aridity gradient in the Atlantic coastline of the Iberian Peninsula. A total of 24 dune systems were selected.
Coloured shapes represent bioclimatic areas of the surveyed dune systems (green circles: humid, yellow squares: transition systems, pink triangles: drylands). Climate
classification based on the Aridity Index (AI) is depicted in different colours. Data source for aridity index: (Trabucco and Zomer, 2019) (http://www.cgiar-csi.org).

In the surveyed coastal dunes, we identified three diverse surface
microsites according to the patchy configuration of the biotic above-
ground communities: vascular plants, biocrust —biological soil crusts
with mosses and lichens— and bare soil —open areas devoid of photo-
synthetic cover—. We performed a stratified random sampling in each
microsite, collecting five soil samples from a depth of 0-10 cm and using
a square sampler (10 x 10 cm). Soil samples for each microsite were
pooled and homogenized to obtain composite samples. Samples were
immediately sieved (<2 mm) and divided in two subsamples. One
subsample was stored at —80 °C until molecular analysis, and the other
one was air-dried in the laboratory and properly stored until carrying
out the rest of the analyses.

We classified the 24 dunes sites into three bioclimatic areas: humid
areas, drylands and the transition between the two. This classification
was based on the magnitude of dunes local heterogeneity, measured as
structural attributes (i.e. vegetation percentage cover and type of
microsites present), the geographical location along the aridity gradient
and the background climate (i.e. AI) (Fig. 1, Table S1). Hence, the Humid
sites (n = 8), located in the northern part of the aridity gradient, are
characterized by plant and biological soil crusts with almost no bare soil.
The Transition sites (n = 5), located in the mid part of the aridity
gradient, included dunes with the three microsites clearly identified.
Lastly, the Drylands (n = 11), located in the southern and eastern part of
the gradient, include plots having only plant and bare soil microsites.

2.3. Soil properties and functions

Soil pH was analysed with a calibrated pH-meter at a suspension
ratio of 1:2.5 (weight:volume) in water. Soil water-holding capacity
(WHC) was determined by the percolation method (Harding and Ross,
1964). Soil organic matter content was estimated by loss-on-ignition
(450 °C for 4 h; Nelson and Sommers, 1996). Soil total carbon (C) and
nitrogen (N) were determined by dry combustion using a TruSpec CN
analyser (LECO Corp., St. Joseph, MI, USA). Soil inorganic C was

analysed by the volumetric method using a Bernard calcimeter (Pansu
and Gautheyrou, 2006). Soil organic C (OC) was determined by differ-
ence between total C and inorganic C. Soil extracts with 1 N KCl (1:5,
weight:volume) were analysed for total inorganic N (NH4-N and NO3-N
concentrations) using a modified blue indophenol colorimetric method
with Devarda’s alloy (Sims et al., 1995) and a microplate reader (Heales,
Shenzhen, China) as in Rodriguez et al. (2009). Dissolved organic N
(DON) was estimated by subtracting total inorganic N from total
extractable N determined both in same s0il-K,SO4 extracts (Rodriguez
et al., 2009). Briefly, soil samples were extracted with 0.5 M K3SO4
(1:10, weight:volume) and analysed for total extractable N using the
persulfate oxidation technique (D’Elia et al., 1977) and total inorganic N
as described above. Total phosphorus (P) was calculated as the sum of all
the fractions sequentially extracted from 0.5 g of air-dried soil following
the method by Tiessen and Moir (2006), which is a modified version of
the Hedley fractionation technique (Hedley et al., 1982; see Garcia-
Velazquez et al., 2020 for the detailed protocol), and determined by the
malachite green method (Fernandez et al., 1985; modified from Hess
and Derr, 1975) in a Jupiter microplate reader (Asys Hitech GmbH,
Eugendorf, Austria). Soil ratios for OC:N, OC:P and N:P were calculated.
Analytical results for soils were expressed on a soil dry-weight basis
(oven-drying a subsample at 105 °C to constant mass), except for WHC.

Potential heterotrophic respiration and N mineralization rates were
measured in 100 g of air-dried soil incubated in darkness during 13 days
with optimal conditions of temperature and moisture (25 °C and 60% of
WHC). Measurements of soil CO5 efflux were taken in days 0, 1, 2, 3, 4,
7, 9, and 13 days of incubation using glass jar chambers (1 L volume)
and the closed dynamic chamber method (Pumpanen et al., 2004).
Chambers were closed and connected to an infrared gas analyser EGM-4
(PP-System, Hertfordshire, United Kingdom). The increase in headspace
CO4 concentration was recorded during 60 s at 5-second intervals from
one minute after the lid closure to discard fluctuations. Potential het-
erotrophic respiration rates were calculated as the linear increase in CO»
concentration, averaged for the incubation period and expressed as g
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kg™ day! of dry weight soil by using the ideal gas law equation
(Rodriguez et al., 2019). Potential N mineralization rates were calcu-
lated as the net increase in total inorganic N over the incubation period
by comparing soil NH{-N and NO3-N concentrations in the soil samples
before and after the incubation period (Rodriguez et al., 2019). Potential
net N mineralization rates were expressed as mg kg~! day ! of dry
weight soil.

One composite soil sample per site was created by mixing a weight of
discrete air-dried soil sample from each microsite as a function of its
respective percentage cover. Composite soil samples (60 g) were incu-
bated into 0.5 L glass jars in darkness and with optimal conditions of
temperature and moisture (25 °C and 60% of WHC). The closed static
chamber method (Pumpanen et al., 2004) was used to estimate potential
rates of greenhouse gas fluxes (CO,, CH4 and N2O) 1, 2, 3, 5, 8 and 10
days after the incubation. Headspace gas was sampled at 0 and 60 min
after the jars closure through a rubber septum fitted in the lid. Before
removing the samples, the gas in the headspace was gently pumped up
and down with a syringe three times to guarantee the homogenization.
Then, gas samples were collected with the syringe, transferred to 22 ml
pre-evacuated glass vials and kept at room temperature until analysis.
The N30, CO5 and CH4 concentrations in air gas samples were deter-
mined in a gas chromatograph GC-2014 (Shimadzu, Japan) connected to
a headspace autosampler HS20 (Shimadzu, Japan) and equipped with
an %3Ni electron capture detector, a thermal conductivity detector and a
flame ionization detector. Rates of greenhouse gas fluxes were calcu-
lated as the linear increase in gas concentration over the chamber
closing time, averaged for the incubation period and expressed as mg
kg~ ! day ! or ug kg ! day ! of dry weight soil by using the ideal gas law
equation.

2.4. Soil microbial abundance and diversity

Soil DNA was extracted from 0.5 g of each soil sample using the
PowerSoil DNA isolation kit (MOBIO Laboratories, Inc. Carlsbad, CA,
USA). We followed the manufacturer’s instructions, except for the uti-
lization of a tissue homogeniser (Precellys 24-dual, Bertin technologies,
Montigny-le Bretonneux, France) twice, for 45 s at 4500 rpm in the lysis
step. Soil bacterial and fungal abundances in extracted DNA subsamples
were determined using Real-time quantitative PCR (q-PCR) in 96-well
plates on an ABI 7300 Real-Time PCR (Applied Biosystems, Foster
City, CA. USA). We used primers pairs Eub338/Eub518 for bacterial 16S
rRNA genes and ITS1F/5.8 s for fungal ITS (Internal Transcribed Spacer)
region (Fierer et al., 2005; Maestre et al., 2015). The qPCR assays were
performed in duplicate 10-pl PCR reaction mixtures containing 2 pl of
DNA template (4 ng pl_l), 5 ul of PowerUp SYBR Green Master Mix (2x)
(Applied Biosystems, Foster City, CA, USA), 0.3 pl of each primer (0.4
mM) and 0.4 pl of bovine serum albumin (0.4 mg ml’l).

Subsamples of soil metagenomic DNA were used for the microbial
community profiling using the Illumina MiSeq platform after PCR
amplification with the primer sets 341F/805R (Herlemann et al., 2011)
for the bacterial 16S rRNA gene and FITS7/ITS4 (Ihrmark et al., 2012)
for the fungal ITS regions. Raw pair-end reads were trimmed by cutting
off the barcode and primer sequences using USEARCH (Edgar, 2010).
Default merging parameters were employed and sequences were quality
filtered to a maximum expected error threshold of 0.8. Sequences were
denoised and clustered into zero-radius operational taxonomic units
(zOTUs) using UNOISE3 (Edgar, 2016). Taxonomic assignment of ;0TUs
was performed in QIIME (Caporaso et al., 2010) against the SILVA
database (http://www.arb-silva.de/) for bacterial taxa. Fungal taxa
were annotated in QIIME against the UNITE database (https://unite.ut.
ee/) using BLAST. Approximately, 2.6 M and 2.5 M high-quality merged-
sequences were mapped for zOTU in bacteria and fungi, respectively.
The resultant zOTU abundance tables were rarefied to an even number
of sequences per sample to ensure an equal sampling depth (14,187 and
18,924 for bacteria and fungi, respectively) and then converted into a
Biological Observation Matrix (BIOM) format files. BIOM files were
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imported into QIIME for the calculation of alpha diversity indexes
including richness (zOTU counts), Simpson’s evenness, Shannon di-
versity, and Faith’s phylogenetic diversity.

2.5. Data analysis

Data for all soil variables, except for the greenhouse gas fluxes, were
averaged to obtain site-level estimates (n = 24) by using the values
observed in each microsite (i.e. plants, biocrust and bare soil) weighted
by their respective percentage cover at each site. Then, we explored the
linear or quadratic relationships of aridity, MAP and MAT with plant
community attributes, soil physicochemical properties and microbial
diversity and abundance. Similarly, we assessed the relationship be-
tween climate variables and soil biogeochemical processes (potential
greenhouse gas fluxes, heterotrophic respiration and N mineralization
rates). We used generalised linear models with gamma error distribution
and the inverse link function when necessary to satisfy the normality
assumption. After inspected for outlier observations, we compared
alternative models using the Akaike Information Criterion corrected for
small samples sizes (AICc, Burnham and Anderson, 2002). Models with
AAICc > 10 indicate that the worst model has essentially no support and
can be omitted from consideration (MuMIn package, Barton, 2018). We
conducted a heatmap representation of the Spearman’s rank correlation
matrix among the studied variables (corrplot package, Wei and Simko,
2017).

We evaluated the effects of microsites on soil physicochemical and
biological properties using separated linear mixed effect (LME) models
for each bioclimatic area (i.e. humid sites, transition sites, drylands). In
all LME models we included ‘sampling site’ as a random factor given that
data arises from a stratified design (nlme package, Pinheiro et al., 2017).
Models were inspected for the general assumptions of normality and
homoscedasticity. Tukey’s honestly significant differences of least-
square means (Ismeans package, Lenth, 2016) were performed when-
ever significant factor effects of microsites were detected.

All the analyses and figures were carried out in the statistical plat-
form R version 3.4.0. (R Core Team, 2019). The significance level was
0.05 for all the analyses.

3. Results
3.1. Climate effects on plant and biocrust communities

Our results indicate that aridity (1-Al) affects structural attributes of
coastal dunes at a regional scale. Total biotic cover and plant width
responded in a non-linear manner to increases in aridity (Fig. 2). Spe-
cifically, increases in aridity only drove substantial decreases in the bi-
otic cover once an aridity threshold was reached (Fig. 2a, vertex at an
aridity value of —0.04). Hence, total cover decreased at the point where
precipitation equalled potential evapotranspiration. On the contrary,
increasing aridity beyond an aridity threshold caused significant in-
creases in plant width (Fig. 2b, vertex at an aridity value of 0.17). The
remaining analysed plant community attributes were not significantly
influenced by aridity (Table S2). Plant richness showed a significantly
negative quadratic relationship with MAT clearly separating humid and
transition sites from drylands (Fig. S1a, Table S2). Plant height signifi-
cantly increased with decreasing MAP, although with a relatively low
explained deviance (Fig. S1b, Table S2).

3.2. Climate effects on soil attributes and functioning

We detected consistent decreasing patterns of soil physicochemical
and microbial attributes along the natural aridity gradient in the coastal
dune systems (Fig. 3). Thus, soil WHC, soil organic matter, total N and P
concentrations significantly decreased with increasing aridity (Fig. 3a-
d). However, soil pH, OC and inorganic C, DON, total inorganic N and
soil stoichiometric ratios were neither significantly responsive to
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Fig. 2. Quadratic relationships of a) total biotic cover (%) and b) plant width (cm) with aridity (expressed as 1-Al) at the dune sites. Coloured shapes indicate dune
sites classification according to bioclimatic areas (green circles: humid, yellow squares: transition systems, pink triangles: drylands). The black solid line and the
dashed grey lines represent the fitted regression and the 95% confidence interval, respectively. The adjusted R (Rzadj) values were used as a measure of goodness-of-

fit of the models.

increases in aridity (Table S3). Moreover, our results indicate that in-
creases in aridity inhibited potential N mineralization mainly through
decreased nitrification rates, since ammonification was unresponsive to
increasing aridity (Fig. 3e and S2a, Table S3). However, we did not find
significant patterns for potential soil CO, (Fig. 3f), CH4 nor NoO fluxes
along the aridity gradient (Table S3). Our results further showed that
increases in aridity significantly reduced soil bacterial abundance
(Fig. 3g), bacterial richness (Fig. 3h), bacterial diversity (Shannon index,
Fig. S2b) and both bacterial and fungal phylodiversity (Faith’s) (Fig. 3i-
j). We did not find significant relationships between aridity and soil
fungal abundance, fungal richness, fungal diversity (Shannon) and both
bacterial and fungal evenness (Simpson’s) indices (Table S3).

3.3. Effects of microsites on soil attributes and functioning

Our results indicate that soil physicochemical properties and
biogeochemical functions differ between cover types (i.e. microsites)
and that these differences were dependent on the degree of aridity
(Table S4). In drylands, soils beneath vascular plants had higher WHC
than those from bare ground areas (Fig. 4a). Similarly, soils under plants
consistently had higher soil OC and organic matter than those located in
bare ground interspaces, but these differences were only significant at
the most arid dune systems (Fig. 4b, Table S4). Interestingly, we found
significant differences in N-related variables between microsites only in
humid and transition sites. In humid sites, soils beneath biocrust showed
higher contents of total inorganic N than those beneath vascular plants
(Fig. 4c), whereas in transitions sites soils beneath plants showed higher
concentrations of DON than those beneath biocrust and from bare areas
(Fig. 4d). Regarding soil functioning, soils beneath vascular plants ten-
ded to show higher potential heterotrophic respiration than bare soils
although, once again, these differences were only significant for dryland
sites (Fig. 4f). Potential N mineralization was rather similar among
microsites in all dune sites (Fig. 4e).

Soil microbial diversity and abundance were differently controlled
by microsites at local scale (Table S4). We detected greater abundances
of both bacteria (Fig. 5a) and fungi (Fig. 6a) in soils collected under
vascular plants than in bare ground areas, but this pattern was only
statistically significant in drylands. On the contrary, bacterial alpha
diversity —Shannon index, richness and phylodiversity— showed to be
more sensitive to microsites in transition and humid sites than in dry-
lands (Fig. 5b, ¢ and e), with levels decreasing in the following order:
vascular plants, biocrust and bare soil. Soil fungal communities showed
similar decreasing patterns for all alpha diversity indices but in this case
differences among microsites were significantly different regardless of
the bioclimatic area (Fig. 6b, ¢ and e). Bacterial and fungal evenness
were similar among microsites in all bioclimatic areas (Figs. 5d and 6d).

4. Discussion

Our findings show that coastal dune ecosystems are sensitive to in-
creases in aridity and may experience detrimental effects on the biotic
cover (e.g. reductions in total cover and shifts towards shrub-dominated
patches) and soil attributes (e.g. reductions in soil organic matter, mi-
crobial diversity, total N and P) with negative consequences for
biogeochemical processes (e.g. reductions in potential N mineraliza-
tion). These findings coincide with an extensive literature studying the
effects of aridification worldwide (Berdugo et al., 2020; Delgado-
Baquerizo et al., 2013; Maestre et al., 2015, 2012). However, few
studies have been designed to simultaneously assess the effects of aridity
and microsites beneath the biotic cover (i.e. vascular plants and/or
biological soil crusts) on soil attributes and functioning in a broad range
of aridity conditions with soils that share the same development origin
and are relatively homogeneous in properties along and between soil
profiles. Our integrative approach using a natural climate gradient at
regional scale coupled with the use of microsites at local aridity levels in
which important changes could be expected to occur —transition be-
tween drylands and humid sites— allowed us to show that microsites may
interact with aridity to determine soil fertility, microbial diversity and
functioning.

4.1. Aridity negatively affects the biotic cover and soil attributes

Our results revealed that climate change may drive shifts in the
aboveground biotic community of the Atlantic coastal dunes through
decreases in MAP and increases in MAT and aridity. As we hypothesized,
total biotic cover decreased with increasing aridity but only when dune
systems were exposed to potential water scarcity (i.e. once potential
evapotranspiration equalled precipitation in the aridity gradient). We
further confirmed that reductions in the biotic cover might be accom-
panied by shifts in plant community composition and structure favour-
ing species and individuals of larger sizes (i.e. greater widths and heights
in response to increases in aridity and decreases in MAP, respectively).
These results are consistent with recent field surveys referring re-
ductions in total cover and greater importance of plant patches domi-
nated by shrub species in response to aridification around the world
(Berdugo et al., 2020; Ochoa-Hueso et al., 2018). In our climate
gradient, the vegetation shift towards shrub-dominated communities
surrounded by bare soil seems to be abrupt between transition sites and
drylands (indicated by non-linear relationships between the biotic cover
attributes and climate drivers). This shift in the vegetation structure at
drylands may be sustained by positive feedbacks between shrubs and
environmental conditions improving soil properties, such as the pro-
tection of soil moisture, and the improvement of the nutrient retention
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capacity and soil texture (D’Odorico et al., 2012). Moreover, we
detected contrasting effects of increasing MAT on plant richness be-
tween humid -positive effects— and arid sites -negative effects—.
Whereas temperature is generally a positive driver of plant species
richness (Pausas and Austin, 2001), the strong decline in our dune sites
beyond a MAT value (~16 °C) could be associated with a major turnover
in species selecting a few physiological and functional strategies able to
cope with harsh arid conditions (Berdugo et al., 2020; Ulrich et al.,
2014).

As we stated in the second working hypothesis, climate change-
driven shifts in vegetation attributes may subsequently affect soil

properties negatively affecting soil biogeochemical processes and
fertility. The aboveground biotic components are known to play a key
role in dune stabilization reducing soil erosion, promoting finer soil
textures and favouring the accumulation and stability of soil organic
matter (Li et al., 2007; Plaza et al., 2018; Zuo et al., 2010). In our study,
reductions in total biotic cover with increasing aridity were linked to
concomitant decreases in soil WHC and organic matter content, which
are likely behind the observed decreases in soil microbial (bacterial and
fungal) diversity and functioning —e.g. potential soil N mineralization—
(Linstadter and Baumann, 2013; Maestre et al., 2015, 2012). Interest-
ingly, soil bacterial abundance was more sensitive to increasing aridity
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Fig. 5. Changes in (a) abundance and (b-e) alpha diversity of soil bacterial communities between microsites (green: plant, blue: biocrust, orange: bare soil) at the
dune sites classified as Humid areas, Transition areas and Drylands, according to bioclimatic areas. Bars represent means + standard errors. Small letters denote
significant differences between microsites (LME models). Significance levels: (**) p < 0.01, (*) p < 0.05.

than fungal abundance, maybe due to the several response traits (e.g.
sporulation or cell wall architecture) that confer fungal organisms
resistance and resilience to climate change-associated disturbances such
as drought (de Vries et al., 2020).

Because soil OC, N and P availability are tightly linked to biological
productivity and activity (Delgado-Baquerizo et al., 2013; Garcia-
Velazquez et al., 2020; Wang et al., 2020), we would expect that
increasing aridity would deplete both soil OC and nutrient pools. In our
dune soils only total N and P significantly declined along the aridity
gradient. We speculate that the shift in the vegetation structure towards
shrub-dominated dunes with increasing aridity may cause a net

reduction in the quality of plant litter entering the soil (i.e. higher litter
OC:N ratios) affecting microbial communities and C and N turnover
rates at different extents (Fernandez-Alonso et al., 2018; Rodriguez
et al., 2017). The reduced chemical weathering by precipitation might
explain the tendency towards a decrease in total P with increasing
aridity (Garcia-Velazquez et al., 2020). In any case, the differential
sensitivity to changes in aridity of OC, N and P pools could lead to a
decoupling between soil nutrient cycles in these systems (Li et al., 2007;
Schimel and Bennett, 2004), with likely important but hard to anticipate
effects on ecosystem functioning (Delgado-Baquerizo et al., 2013; Finzi
et al., 2011).
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Interestingly, we did not find significant patterns of inorganic C and
soil pH along the aridity gradient, even though aridity generally tends to
reduce the losses of dissolved salts by leaching leading to the accumu-
lation of calcium carbonate and silicate dust and to relatively high pH
values (Ewing et al., 2006; Plaza et al., 2018). We suggest that the spray
of seaborn salt —a characteristic process of coastal dunes (Clayton, 1972;
Sevink, 1991- could be affecting soil salinity and pH to a greater extent
than climate in the studied dune systems. Our results stress that different
abiotic factors such as aridity and seaborn spray, both of which are likely
to be affected in coming decades by climate change, may interact and, in
some cases, have opposite effects on the dynamics and stability of

element forms in coastal dunes (Garcia-Velazquez et al., 2020). Overall,
our results highlight that the response of soil fertility and stoichiometry
to climate change may be different at global and regional scales as a
consequence of landscape-specificity (Wang et al., 2020).

4.2. Microsites as modulators of the aridity effects on soil attributes and
functioning

Our study provides empirical evidence that microsites control soil
physicochemical properties, microbial attributes and biogeochemical
processes at the local scale. Most importantly, our results show that the
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influence of plants and soil biological crusts on soil attributes is highly
dependent on the degree of aridity. Coastal dunes are early successional
ecosystems presenting relatively young soils characterized by low
nutrient (particularly N and P) and OC (energy) availabilities (Jones
et al., 2008; Laliberté et al., 2012). At transition sites, we found a pos-
itive effect of plant cover increasing the soil organic N pool with regard
to cryptograms or bare soil, likely due to greater root exudation, litter
deposition and microbial decomposition of soil organic matter. This
spatial pattern for dissolved organic N did not occur in humid sites,
suggesting a faster N cycling with both higher N mineralization and
uptake rates under the plants of these sites than in transitional areas,
mostly driven by better organic matter quality and higher microbial
diversity. At humid sites, biocrust increased soil inorganic N accumu-
lation compared to plant canopies suggesting the existence of specific
associations with soil bacteria (e.g. Cyanobacteria) that enable the at-
mospheric N fixation, (Delgado-Baquerizo et al., 2016; Elliott et al.,
2014; Jones et al., 2008). In our study, the lower soil organic matter
content and reduced capacity to retain moisture along the aridity
gradient may lead to the disappearance of the biological soil crusts in
drylands (Ding and Eldridge, 2020), depriving soils of the biological N
fixation processes. It is also important to notice that the sampling depth
used in this study (top 10 cm of soil) may have diluted the effects of
biocrust on the studied soil attributes and functions given the thin
thickness of the biocrust.

At most arid sites, the plant beneficial effects on soil attributes were
also present through other mediated processes. As we showed, shifts in
the structure of the plant community with increasing aridity followed a
quadratic response affecting the connectivity —with decreased biotic
cover-, plant richness and individual sizes. Similarly, microsite control
of certain soil attributes and processes with increasing aridity could
suggest the existence of an abrupt change from which the role of nurse
plants in the formation of fertile islands become evident. The estab-
lishment of shrub-dominated patches in drylands may suppose a redis-
tribution of materials and resources (e.g. fine-sized mineral particles or
litter) through increased deposition and accumulation processes, or
reduced soil erosion. Hence, the spatial heterogeneity of plant cover in
drylands likely results in greater soil WHC, accumulation of soil organic
matter and OC, microbial abundance and potential heterotrophic
respiration than in bare soil (de Graaff et al., 2014; Yuan et al., 2012).

Regarding microbial attributes, it is interesting to highlight that
differences in the bacterial diversity among microsites were only sig-
nificant in humid and transition sites, while for the fungal community
these differences were independent of the site dryness. This result sup-
ports the higher sensitivity of bacteria than fungi to increasing aridity
above discussed. Further, it suggests that warmer and drier conditions
could favour soil microbial communities richer in fungal taxa, which
may eventually have consequences for OC sequestration and stabiliza-
tion (Curiel Yuste et al., 2011), but also increase the proportion of fungal
plant pathogens (Delgado-Baquerizo et al., 2020).

Despite we did not specifically assess the interaction effects between
aridity and microsites —the natural dune geographic gradient does not
meet a full factorial design—, we may infer under the assumption of
space-for-time substitution a sequential role of microsites controlling N-
related soil variables at humid and transition sites, and C-related soil
variables in drylands. Previous studies have observed asymmetrical re-
sponses of biogeochemical cycles and greenhouse gas fluxes to climate
change, with microbial communities related to N cycling often being
more sensitive than those related to C-cycling (Duran et al.,, 2018;
Fernandez-Alonso et al., 2018; Lafuente et al., 2019). Consequently, the
transition dune sites may represent the domain where the effects of
climate factors on vegetation community are already there but the top-
down effects on soil attributes are still not quite significant. Our results
provide further evidence of the vulnerability of Atlantic coastal dunes to
climate change and the need of practical managements aimed to pre-
serve the native vegetation cover and the natural migration of adapted
species to climate changes. This management would be of paramount
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importance to mitigate the negative ecological consequences of dryland
expansion on soil fertility and functioning. Our recommendations are
specially encouraged in coastal dunes located in the transition areas
which would promptly undergo the observed detrimental effects of
increasing aridity.

5. Conclusions

Our study provides evidence that increasing aridity in dune systems
may decrease total biotic cover and favour the formation of shrub-
dominated patches negatively affecting soil microbial communitites,
nutrients, organic matter and N mineralization rates. Interestingly, soil
bacterial communities were more sensitive to increases in aridity than
fungal communities, which were more influenced by the type of
microsite. Our study also provides insights on the important role of the
vegetation cover regulating belowground biotic and abiotic attributes in
dune ecosystems and, more importantly, highlights the aridity degree as
modulator of these effects. Related to this, our results suggest the exis-
tence of specific relationships between the biocrust and bacterial taxa
fostering N-fixation and transformation processes in dune soils at humid
and transition systems, and the formation of fertile islands under shrub
microsites in drylands. These findings significantly advance the under-
standing of the potential effects of climate change-driven dryland
expansion on the vegetation community structure and soil functioning of
coastal dunes systems and stress the need to preserve the vegetation
cover of these ecosystems.
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