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Abstract Numerous permanent and temporary wet-
lands occur throughout the world’s drylands. Although
characterised by diverse water inundation frequencies,
durations and depths, these wetlands in drylands are
typically hotspots of biological activity and produc-
tivity. The healthy functioning and even existence of
many wetlands in drylands, however, is threatened by
desiccation resulting from a combination of climate
change and human disturbance. Near Alcaiiiz in arid
northeast Spain, three adjacent saladas (playas) with
contrasting hydroperiods provide an opportunity to
investigate how moisture availability affects their soil
carbon (C) stocks, CO, efflux, and microbial
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communities. Predicting the impacts of changes in
moisture availability on the C cycle in wetlands in
drylands is challenging but important because many
contain large C stocks and may be significant sources
and sinks of greenhouse gases. Frequent inundation
and/or near-permanent soil water saturation supports
the generation of organic C from a range of different
sources. Soil inorganic C was greatest on the driest
salada (3.8%) compared to the wetter saladas (3.0%
and 2.1%) owing to evaporative concentration and the
reaction of CO, with available Ca2+, Mg2+ and Na™
ions. CO, efflux was greatest at intermediate moisture
levels (142 mg CO, m2h™"), but the spatial and
temporal variability in CO, efflux on salada surfaces is
large, demonstrating the need for intensive sampling
regimes to provide realistic estimates of their contri-
bution to atmospheric CO, exchanges. Different
microbial community structures also characterise each
salada. The saladas near Alcafiiz, and many other
similar features in northeast Spain, are renowned for
their rare and threatened flora and fauna, yet their soil
C cycle characteristics and soil microbial communities
provide additional reasons to monitor the impacts of
climate change and protect these vulnerable environ-
ments from further anthropogenic disturbances.

Keywords Saladas - Soil carbon - CO, efflux -
Microbial communities - Hydroperiods
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Introduction

Throughout the world’s drylands, there are numerous
permanent and temporary wetlands, such as flood-
plains, playas and oases (Tooth and McCarthy 2007).
These wetlands in drylands are characterised by
diverse hydroperiods (water inundation frequency,
duration and depth) and are typically hotspots of
biological activity and productivity compared to the
surrounding landscape (Millennium Ecosystem
Assessment 2005; Ezcurra 2006; Tooth et al. 2015).
Nonetheless, the healthy functioning and possibly
even existence of many wetlands in drylands is
threatened by a combination of climate change and
human disturbance that is projected to lead to changes
in moisture availability (IPCC 2014a, b; Lin et al.
2015; Tooth 2018; Ramsar Convention 2018; Sandi
et al. 2020; Xi et al. 2021). Changes in surface water
and groundwater availability will be expressed
through altered hydroperiods, which will impact on
biological and chemical processes and characteristics,
including those related to the carbon (C) cycle
(Petrescu et al. 2015). Predicting the impacts of
changes in moisture availability on the C cycle in
wetlands in drylands is challenging but important
because many contain large C stocks and may be
significant sources and sinks of greenhouse gases
(Nazaries et al. 2013).

Several distinctive characteristics of the C cycle in
wetlands in drylands confound simple attempts to
transfer data and concepts from better studied humid
region wetlands (e.g. Mitsch and Gosselink 2015).
First, in some wetlands in drylands, the majority of
organic carbon (OC) may be generated by bacteria,
algae, and aquatic organisms rather than by vascular
plants (Dominguez-Beisiegel et al. 2013a). Cyanobac-
terial photosynthesis has been shown, for example, to
contribute OC to playa soils in the Makgadikgadi
Basin in Botswana (Thomas et al. 2014). Although
relatively little is known about controls on cyanobac-
terial photosynthesis in the soils of saline inland
wetlands, or in other types of wetlands in drylands,
periods of net CO, uptake are likely to be short-lived
and episodic (Ladron de Guevara et al. 2014; Thomas
et al. 2014) or seasonally controlled (Williams et al.
2014; Thomas et al. 2022). Second, wetlands in
drylands are also sites of inorganic carbon (IC)
production and storage (Xie et al. 2009; Yates et al.
2013). Globally, terrestrial IC formation occurs
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largely in dryland soils, and may be as much as
0.152 Pg C year™', an amount similar to that buried in
ocean sediments (Li et al. 2017). The generalised
reaction that leads to IC formation involves CO327
ions, derived from CO, dissolved in soil water, which
combine with divalent metallic ions to form carbon-
ates (Xie et al. 2009; Yates et al. 2013). Soil carbonate
formation is of particular significance to the C cycle
because carbonate is recalcitrant and less likely to be
returned to the atmosphere as CO, than is OC. Third,
the extreme variations in moisture availability typical
of many wetlands in drylands will have a profound
effect on microbial communities, greenhouse gas
emissions, and ultimately C stocks. Soil microbial
activity, and consequently CO, efflux, is typically
reduced at high and low moisture extremes, and
greatest at intermediate levels where water and oxygen
availability are optimal (Orchard and Cook 1983;
Schimel et al. 1999; Moyano et al. 2013).

Despite these previous findings regarding the
distinctive aspects of the C cycle in wetlands in
drylands, large gaps in knowledge remain, particularly
for saline inland wetlands (e.g., playas, pans, salt
lakes) where there are very few data on soil CO,
emissions, carbon stocks or microbial communities.
Yet saline inland wetlands could be a significant
source of CO, and play a significant role in regional
and global C cycles (Duarte et al. 2008). Whilst the
IPCC Task Force on National Greenhouse Gas
Inventories (IPCC 2014b) noted that saline inland
wetlands are important features in dryland landscapes
worldwide, little information was available to assess
their role as sources or sinks of greenhouse gases, and
consequently the Task Force was unable to provide
guidance for these wetland types.

As a contribution towards this critical knowledge
gap, we explore the contrasting hydroperiods of three
adjacent playas, known locally as saladas, located near
Alcafiiz in northeast Spain (Fig. 1). The saladas are
situated along a 3.5 km long hydrological gradient
from wet to relatively dry and provide an opportunity
to test hypotheses on how different moisture condi-
tions affect critical aspects of the C cycle. For each
salada, we characterised their hydroperiods, deter-
mined sediment chemistry (including stocks of OC
and IC), calculated CO, efflux, and investigated soil
microbial communities. Our first hypothesis (H1) is
that relatively wet soil moisture conditions will
generate greater OC inputs than in drier soils, due to
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Fig. 1 a Outline of the three saladas near Alcafiiz in northeast
Spain. The black lines delineate the salada margins, and the red
markers indicate the soil CO, efflux sampling locations.

the controlling influence of moisture on biological
productivity (Schimel et al. 1999). The net effect will
be to elevate OC stocks in comparison to drier saladas.

Wetter

b Panoramic photographs of the surfaces of Salada Jabonera,
Salada Grande and Salada Pequefia

The effect of moisture on soil IC is less certain and our
second hypothesis (H2) is that IC stocks will be
dependent on the dominant carbonate formation

@ Springer
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processes (Xie et al. 2009; Yates et al. 2013). If
evaporative concentration of solutes is the dominant
process, then the drier saladas will have greater soil IC
stocks than wetter saladas. If, however, IC formation is
largely due to the supply of cations in inflowing waters
and associated biomineralisation, then the wetter
saladas will have higher soil IC stocks than drier
saladas. Our third hypothesis (H3) is that very high soil
moisture that is close to, or at saturated levels, will
suppress microbial activity and CO, efflux through a
combination of O, depletion and the impediment of
gas transport (Moyano et al. 2013). Our final hypoth-
esis (H4) is that each of the three saladas will contain
different soil microbial communities due to their
different inundation periods and soil moisture content.
This is a phenomenon that has been observed in
agricultural soils (e.g. Banerjee et al. 2016) but not
previously in salada soils. The empirical data collected
to test these hypotheses provide the basis for an
improved conceptual understanding of the impact of
climate or human-induced hydrological changes (e.g.
transition from wetter to drier or, in rarer cases, drier to
wetter) on the C cycle in the saladas. Ultimately, such
knowledge may contribute to more effective manage-
ment and protection of these important but threatened
wetlands in drylands (c.f. Castafieda et al. 2013; Zhang
et al. 2020).

Methods
Study region

The town of Alcaiiiz is located in the southern part of
the central Ebro basin in the Teruel Province, north-
east Spain. The Ebro River, located ~ 22 km to the
north of Alcaifiiz, bisects the basin as it flows from the
northwest towards the Mediterranean Sea in the
southeast. The river receives much of its discharge
from snowmelt and rain-fed tributaries originating in
the Pyrenees to the north and maintains perennial flow
but the central basin has one of the highest annual
water deficits in Europe (Herrero and Snyder 1997),
with a mean air temperature of ~ 15 °C, an annual
precipitation of 300-350 mm, and a mean annual
potential evapotranspiration exceeding 1000 mm (e.g.
Valero-Garcés et al. 2000a; Gutiérrez et al. 2005).
Despite this widespread aridity, areas both south (Bajo
Aragén region, including Alcafiiz) and north
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(Monegros region) of the Ebro River host numerous
saladas ranging in sizes up to ~ 200 ha (2 km?) (e.g.
Sanchez et al. 1998; Gutiérrez et al. 2005; Castafieda
et al. 2005; Dominguez-Beisiegel et al. 2013b). Many
previous investigations have focused on the saladas in
the Monegros region, particularly with respect to their
geomorphological development and Quaternary his-
tory, and their present-day hydrology, geochemistry
and ecology (e.g. Vizcayno et al. 1995; Samper-
Calvete and Garcia-Vera 1998; Castafieda et al.
2005, 2013; Castafieda and Garcia-Vera 2008; Gon-
zalez-Sampériz et al. 2008; Conesa et al. 2011; Mees
et al. 2011; Dominguez-Beisiegel et al. 2013a;
Gutiérrez et al. 2013; Casamayor et al. 2013). By
contrast, and with a few exceptions (e.g. Ibafiez
1973, 1976; Macklin et al. 1994; Gutiérrez et al. 2005),
the saladas near Alcafiiz have been subject to fewer
investigations. To the best of our knowledge, our study
is the first to quantify soil C stocks and determine CO,
efflux for any of the saladas in the central Ebro basin,
and the first to describe in detail the microbial
communities of the saladas near Alcaiiiz.

Across the central Ebro basin, the saladas are
commonly found in depressions formed by physical
weathering, dissolution, and aeolian deflation of fine-
grained sedimentary rocks, principally siltstones,
mudstones, gypsiferous units, and limestones (San-
chez et al. 1998; Castafieda et al. 2005; Gutiérrez et al.
2005). Consequently, many saladas are partially
bordered by a bedrock escarpment or elevated ground
and contain a central flat area that is periodically
inundated for varying durations (Dominguez-Beisie-
gel et al. 2013a). Approximately 50% of the water
input into the saladas derives directly from rainfall,
with 40% from groundwater and the remainder from
surface runoff (Castaneda and Garcia-Vera 2008;
Castafieda et al. 2013). Local geological structure and
lithology can exert strong controls on water supply and
quality; for example, in the Monegros region, numer-
ous northwest-southeast trending lineaments and
faults (Arlegui and Soriano 1998) contribute to a
complex hydrology and hydrochemistry that can vary
markedly between adjacent saladas (Castafieda et al.
2013). Nevertheless, during the northern hemisphere
autumn and winter (October through late February),
the salada surfaces are typically saturated and/or
inundated. The water in the saladas becomes increas-
ingly saline as it evaporates during the spring and
summer. Water tables are shallow and saline
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(> 100 g L™Y), with the high evaporation rates lead-
ing to a concentration of evaporites within the soils
(Vizcayno et al. 1995; Samper-Calvete and Garcia-
Vera 1998). In the Monegros region, for example, the
evaporites take several forms, and include gypsum and
halitic-mirabillitic efflorescences on soil surfaces,
mirabillite crystallisation in small depressions, and
saline crusts formed by precipitation of bloedite and
halite (Vizcayno et al. 1995).

Across the central Ebro basin, salada soils are fine-
grained (silt and clay dominated), and classified as
Typic Haplogypsids, Typic Haplocalcids, and Gypsic
Aquisalids (Soil Survey Staff 2010, cited in Castafieda
et al. 2013). Soils are typically saline, gypsiferous and
enriched in organic matter compared to the surround-
ing soils, owing to the remains of plants, insects, algae,
extremophile microbes (Dominguez-Beisiegel et al.
2013a) and crustaceans, including in some saladas the
brine shrimp Artemia salina (Valero-Garcés et al.
2000a, b). Most salada surfaces are devoid of vascular
plants, but halophytes can be found around the
margins where moisture and salinity conditions are
more favourable (Castafieda et al. 2013). In the
Monegros region, many saladas have been degraded
or lost due to ploughing or levelling, with numbers
declining from 136 in 1927 to 96 in 2006 (Dominguez-
Beisiegel et al. 2013b). Since the 1960s, large parts of
the central Ebro basin have been irrigated, leading to
water seepage, leaching, salt redistribution, and local
water table uplift within and around some saladas
(Vizcayno et al. 1995). These changes have led to the
disappearance of some protected halophyte species
such as Chenopodioideae (Conesa et al. 2011;
Dominguez-Beisiegel et al. 2013b).

Study saladas

Data were collected in May 2018 at Salada Grande,
Salada Pequefia and Salada de la Jabonera de las
Torrazas (hereafter shortened to Salada Jabonera),
located ~ 5 km west of Alcafiiz (Fig. 1a). The area
covered by Salada Grande, Pequeia and Jabonera
is ~ 1.24, 0.19 and 0.19 kmz, respectively. The
saladas have developed in an area of sub-horizontal
Miocene siltstones, mudstones and ribbon or sheet
sandstones and microconglomerates (sensu Friend
et al. 1979). Preferential weathering of the less
resistant argillaceous strata has tended to give rise to
the depressions, leaving some of the more resistant

calcareous sandstone and microconglomerate bodies
in positive relief in the form of sinuous, inverted
palacochannels on the salada margins (Sanchez et al.
1998; Gutiérrez et al. 2005). All three saladas form
part of a 7 km? Natura 2000 site (Saladas de Alcaiiiz,
site code ES2420114), which was designated because
it is one of the most important endorheic areas on the
Iberian Peninsula, with plant communities adapted to
saline conditions and a rich fauna linked to seasonal
inundation (European Commission, no date). There is
a topographic gradient from the surface of Salada
Pequefia at ~ 359 m above sea level (masl), through
Salada Grande at ~ 351 masl, and to Salada Jabonera
at ~ 340 masl. Although topographically the highest,
Pequeiia is the wettest of the three saladas (Fig. 1a, b).
Shallow (< 0.5 m deep) but frequently prolonged
standing water occurs over much of the salada surface,
partly because of rainfall and runoff but also because
of contributions from groundwater and a small stream
that periodically inflows from the southwest (Fig. 1a).
Salada Grande is drier and Salada Jabonera drier still,
but both typically experience shallow standing water
over at least part of their surfaces for some of the year
as a result of rainfall and runoff, and possibly some
limited groundwater contributions. In all three saladas,
the ephemeral nature of the standing water, combined
with the widespread dissolution of halite and gypsum
and its subsequent evaporative concentration, results
in alkaline soils (Gutiérrez et al. 2005). Analysis of
water extracts from saturated pastes of Salada Grande
sediments indicates that soils are dispersive when wet,
but prone to forming pellets when desiccating, which
promotes aeolian deflation during dry periods (Gutiér-
rez et al. 2005). The surfaces of Pequefia and Grande
are mostly unvegetated, except at the fringes where
soils are elevated above the salada surface by a few
metres (Fig. 1a, b). Salada Jabonera, the driest of the
saladas, has a patchy cover of vascular halophytic
shrubs and grasses across the surface (Fig. la, b),
including Halopeplis amplexicaulis (Vahl) Ung.-
Sternb., Arthrocnemum macrostachyum (Moric.) K.
Koch, Microcnemum coralloides (Loscos & Pardo)
and Atriplex halimus L. (Amaranthaceae). Around all
three saladas, there are also localised zones where
overland flow has transported fine-grained soil and
associated organic matter from the surrounding slopes
short distances onto the salada surface, and wind
erosion may also contribute soil and organic matter.
The lower topographic setting of Salada Jabonera with
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its steeper northern and eastern margins (Fig. 1b) may
result in an enhanced contribution of soil and organic
matter from overland flow.

Surface water coverage

To quantify the areal extent and frequency/duration of
water coverage on each salada over six years, data
were extracted from a time series of 86 cloud-free
Landsat 8 OLI (2013-2016) and Sentinel-2 LI1C
(2016, 2017 and 2018) satellite images. Scenes were
downloaded via EarthExplorer (USGS) and converted
to Top of Atmosphere Reflectance using the Semi-
Automatic Classification Plugin (SCP) in QGIS 3.4.
Red, green (pGreen) and blue bands were stacked to
generate true-colour composite images, with near
infrared and shortwave infrared bands (pSWIR) also
used to aid water detection. A Modified Normalised
Difference Water Index (MNDWI) was used to
enhance the identification of surface water (Eq. I;
Xu 2007; Du et al. 2016; Li et al. 2018, 2021).

pGreen — pSWIR

MNDWI =
oGreen + pSWIR

(1)

For each image, surface water area was manually
digitised using ArcGIS 10.5. Mapping is deemed
accurate to £ 1 pixel (20 m for Sentinel and 30 m for
Landsat MNDWI). Applying a 20 m/30 m buffer to
our digitised surface water areas, we calculated a
maximum areal uncertainty of =+ 12%, although
uncertainty is considered much lower owing to the
distinct spectral difference between the water surface
and adjacent bare soil surface in the true-colour
composites.

Soil moisture and temperature

The moisture content of salada soils from the surface
to 0.05 m (probe length) was recorded in a grid pattern
every 10 m across the surface of each salada using a
DeltaT SM150 probe (n = 100, 120 and 180 on
Saladas Pequeifia, Grande and Jabonera, respectively).
The grids corresponded approximately to the area of
the sampling sites for CO, efflux determination
(Fig. 1a), although additional soil moisture readings
were taken with the DeltaT probe adjacent to the
chambers used to determine CO, efflux (“Soil CO,
efflux” section).
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Soil physical and chemical properties

On each salada, four pits up to 0.5 m deep (to the water
table) were excavated at locations evenly spaced
across the centre of the soil moisture sampling grid.
From each pit, up to five soil samples were collected
from a range of depths (see Supplementary Informa-
tion), then air dried and bagged prior to analyses. H"
ion activity was determined in a 1:2.5 soil-water
mixture using a pH probe. Approximately 5 g of each
sample was dried at 105 °C to a constant weight and
heated at 430 °C for 16 h in a muffle furnace to
determine organic matter by loss-on-ignition. Bulk
density was determined after weighing the oven dry
mass of a soil sample collected from the subsurface
using a stainless steel tube with an internal volume of
99 cm?’. Together with soil C data, bulk density was
used to determine soil C stocks using Eq. 2:

Total soil C stock(tonnes per ha to 0.5 m)
= (OC x BD x 0.5) + (IC x BD x 0.5) x 10,000

(2)

where OC and IC are the mean concentrations of soil
organic and inorganic carbon (%) respectively, and
BD is the bulk density (in kg m™>).

An elemental analyser (vario PYRO cube, Elemen-
tar UK Ltd.) was used to determine the total C, N and S
content of 10-30 mg sub-samples in tin capsules (the
mass was dependent on the amount of loss-on-
ignition). C stable isotope measurements were made
on the same sub-samples using a coupled mass
spectrometer (visION, Elementar UK Ltd.). Organic
C content and isotopic compositions were determined
from separate sub-samples, after removal of inorganic
C with 50 pL of 10% HCI in silver capsules (Brodie
et al. 2011) and then overnight drying at 60 °C.
Stable isotope data are reported as 513CVPDB values,
the proportion per thousand (%o) variation from the
ratio of '*C/'?C in V-Pee Dee Belemnite (VPDB)
(Thompson et al. 2006; Ibell et al. 2013) (Eq. 3):

8 Cyppe = (Rsample ¢ — Rvppe) /Ryppe * 1000 (3)

where Rgympie ¢ indicates the ratio of B3C/12C in the
sample, and Ryppp is the ratio of BC/'2C in the
VPDB. Isotope ratio measurements were calibrated to
the VPDB scale using commercially available stan-
dard reference materials (B2205 EMA P2, B2153 low
organic content soil, B2151 high organic content
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sediment and B2159 sorghum flour, all from Elemen-
tal Microanalysis, UK). Further elemental analysis on
each sediment sample was performed with a Niton
XL3t 950 GOLDD+ portable X-ray fluorescence
spectrometer (pXRF). Data in the results section of
this article are reported as depth averages, with depth
specific data reported in Supplementary Information
(S1).

Soil CO, efflux

To quantify soil CO, efflux, respiration chambers
were positioned at 12 locations in a grid across the
water-free surface of each salada (Fig. 1a). Maximum
distances between chambers were ¢. 50 m on Salada
Pequeiia, c. 120 m on Salada Grande and c¢. 70 m on
Salada Jabonera. Comprehensive details of the cham-
ber design and method can be found in Thomas (2012)
and Thomas et al. (2018). In summary, the chambers
are made from white uPVC and comprise two parts:
(i) a lower chamber that when pushed 3 cm into the
surface forms an air-tight seal; and (ii) a screw-on lid
that enables soil gases to accumulate inside the
chamber and to be sampled during measurement
cycles. The chamber lids contain a sampling port
covered with a Suba seal for gas extraction and a two-
way valve to ensure any pressure differences between
the chamber and atmosphere are minimal and rapidly
equilibrated. Chamber surface area is 83 cm? and in
this study chamber, volume ranged from 0.48 to 0.52 L
depending on insertion depth. Heat sinks mounted
through the chamber walls ensured the internal air
temperatures were not elevated above ambient. Three
of the 12 chambers were equipped with a sensor
(USB502, Adept Science, UK) to record the air
temperature and humidity inside the chamber at
2 min intervals.

Measurements were taken three times each day to
capture a range of temperature and light conditions,
giving a total of 36 measurements at each of the three
saladas. Following previous sampling protocols to
determine soil CO, efflux (cf. Thomas 2012; Thomas
et al. 2018), the lid was placed on the chamber and
12 ml of gas was immediately extracted through the
sample port using a syringe and hypodermic needle
and secured with a Leur lock. After approximately five
min, another syringe was gently pumped to mix the air
within the chamber before a second sample was
collected. Both sample CO, concentrations were

determined immediately after each of the three
measurement cycles using an EGM-4 infrared gas
analyser (PP Systems, Amesbury, USA). Mass CO,
flux in mg m—> h™' was determined from the changes
in CO, concentration normalised to mean temperature
and pressure during measurement (Kutzbach et al.
2007). To correct for the effect of any diffusion
suppression owing to the accumulation of CO, inside
the chamber, a diffusion correction factor was applied
(for details see Thomas 2012). At the time of
sampling, surface soil temperature and moisture
adjacent to each respiration chamber were determined
(n = 3) using an infra-red thermometer and a soil
moisture probe (SM150, Delta-T Devices Ltd., Cam-
bridge, UK).

DNA extraction and sequencing

At two locations on each salada, one gram of soil was
collected from three depths (0—1 cm, 20-21 cm and
49-50 cm) for DNA extraction. Samples were stored
in a 15 mL aseptic centrifuge tube containing 2 mL of
Life Guard Soil Preservation solution (Qiagen, UK).
The DNA was amplified by polymerase chain reaction
(PCR) and sequenced for three primers, although
sequencing failed for six of the 54 analyses (because of
low DNA concentrations). Total DNA was extracted
using a DNA extraction kit (Omega, USA), and DNA
concentration and purity were determined using a
NanoDrop 2000 spectrophotometer (Thermo Scien-
tific, USA). The quality of the extracted DNA was
verified using 1% agarose gel electrophoresis, before
amplification using a GeneAmp 9700 PCR System
(ABI, USA). Prokaryotic bacterial 16S rRNA genes
were amplified using primers 338F and 806R (Lan
etal. 2021). Archaeal 16S rRNA genes were amplified
using primers 524F10extF and Arch958RmodR (Ye
et al. 2021). Eukaryotic 18S rRNA genes were
amplified using primers 3NDF and 4-euk-R2R (Zhang
et al. 2018). The PCR reaction systems were done
under conditions previously published (Lan et al.
2021), and the PCR amplification program comprised
the following cycles: (i) initial denaturation at 95 °C
for 3 min; (ii) 29 (bacteria), 37 (archaea) and 37
(eukaryotes) cycles at 95 °C for 30 s, annealing at
53 °C for 30 s, and elongation at 72 °C for 45 s; and
(iii) the final extension at 72 °C for 10 min. The PCR
products were extracted from a 2% agarose gel, and
further purified using an AxyPrep DNA Gel Extraction
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Kit (Axygen Biosciences, U.S.A.). The purified PCR
products were then quantified using a QuantiFluor-ST
quantitative system (Promega, USA) and sequenced
on an [llumina MiSeq platform (Illumina, USA).

The raw sequencing data were quality filtered
(< Q20) using a Trimmomatic trimmer, and merged
using FLASH (Mago¢ and Salzberg 2011). The
chimera were eliminated using UCHIME, and the
high-quality sequences were classified into different
operational taxonomic units (OTUs) at a 97% simi-
larity cut-off using UPARSE (Yuan et al. 2018). The
taxonomic information from all the sequences was
annotated by an RDP classifier using the Silva
database (SSU132), with a confidence threshold set
at 70%. Shannon index was analysed by Mothur
(V1.30.1), with the details for this index calculation
described at https://mothur.org/wiki/shannon/.

Statistical analyses

Statistical analyses of the soil chemical and CO, efflux
data were performed using SPSS (IBM v. 25). One-

way analysis of variance (ANOVA) was used to test
whether mean values of the dependent factors (mois-
ture, temperature, total C, total N, S, pH, 813C) were
significantly different between saladas. For CO,
efflux, where multiple readings were taken at each
site, repeated measure ANOVA was used. The
Levene’s F statistic was used to test equality of
variance. Although ANOVA can tolerate inhomoge-
neous variance, where these conditions were not met,
the more robust Welch and Brown Forsythe tests of
significance were used. Tukey’s HSD post-hoc test
was undertaken to determine whether saladas were
significantly different with a probability of p < 0.05.

Results
Salada hydroperiods
Over the six year monitoring period, the saladas had

contrasting surface water inundation regimes (Table 1,
Fig. 2). Salada Pequefia had water covering up to 50%

Table 1 Salada water

Pequena Grande Jabonera
coverage 2013-2018
Mean % area of water coverage 42 14 4
% time with water coverage < 50% of area 86 26 19
% time with water coverage > 50% of area 47 16 0
% time with water coverage > 80% of area 10 6 0
mPequefia ©Grande mJabonera

100 - F100 o
E
° 1 L 80 ©
z 80 °
‘S >
é 60 - - 60 %
g 40 + r 40 &
g 2
w20 4 F 20 ®©
E
o LI 0 3

S\ \,\:;0 ?_'\‘30 3,\‘&0 M,s() 5\50 6\’10 1,\,30 %,\,9,0 g\_\oﬁ

Salada surface area covered by water (%)

Fig. 2 Frequency (columns) and cumulative frequency (dashed lines) distributions of the area covered by surface water in each of the

saladas over the 6 year monitoring period

@ Springer


https://mothur.org/wiki/shannon/

Wetlands Ecol Manage

100 400
FA p=<0.01 ul B =001 [C p =065
i “p=<001 " p=<001 4 Py _ : & p=<001 " p=<001
80 |- % oo 00 T 300 F *
—_ r o L o
S 4) S22 ¢ o [ @9
3 o e |2 s 5 & |5 o
> 60 % o P $ A o g 200t °q o
g 2 ¢ <% @ Z20f ® 8 4) ) o F e 4> ;@ °
g a0 | 2 <8 o g ;Sgs " S 1oof % Qb .
s t ) £ 18 - \1 e [o) 3 r ®
: <]> o ° 2 & @ & E [ % ® o
00 [
20 | 16 [ I of =
g o8 % r
0 - 14 -100 —
JABONERA GRANDE PEQUENA JABONERA GRANDE PEQUERNA JABONERA GRANDE PEQUENA

Fig. 3 Data from the three saladas, illustrating within- and
between-site variations in: a moisture; b temperature; and ¢ CO,
efflux. Individual values shown with mean (adjacent larger
marker) and standard deviation (line). Horizontal displacement

of the surface for 86% of the time, with > 50% water
coverage for 47% of the time, and > 80% water
coverage for 10% of the time. Saladas Jabonera and
Grande were both drier. On Salada Grande, water
covered up to 50% of the surface for only 26% of the
time, with > 50% water coverage for only 16% of the
time (Fig. 2). Salada Jabonera was drier still, with
water covering up to 50% of the surface for only 19%
of the time, and water coverage never exceeding
> 50%. The soil moisture conditions at the time of
field sampling (May 2018) reflected the longer term
differences in surface water inundation regimes
(Table 1), with significant differences evident in the
mean soil moisture content for the three saladas
(F=874,df =2,p <0.001) (Fig. 3a). Nevertheless,
on all three saladas, large within-site variations were
evident (Fig. 3a), with moisture typically increasing
with distance from the fringes towards the salada
centres. Mean soil temperatures were similar at
Saladas Grande and Jabonera but significantly warmer

Table 2 Selected chemical properties of the salada sediment

of the data points for each salada are partly for clarity but partly
schematic as they correspond to the shorter lines of sampling
locations in each of the sampling grids (see Fig. 1a). p values
indicate significance of differences

at Salada Pequeiia (df 2, f 7.0, p < 0.001) but
variations in soil temperature within each salada were
also large (Fig. 3b).

Soil Properties and C Stocks

All salada soils were alkaline (pH 8.8-9.1) but
differences in sediment chemistry between the saladas
are evident (Table 2). Concentrations of K™, Ca™ and
organic matter were lowest in the soils of the wetter
Salada Pequeiia, intermediate in Salada Grande and
significantly larger in the drier Salada Jabonera
(Table 2). Concentrations of S were lowest in the
soils of the drier Salada Jabonera and highest in the
soils of the wetter Salada Pequefia. Fe concentrations
were very similar to each other in the soils of the drier
Saladas Jabonera and Grande but significantly lower in
the soils of the wetter Salada Pequefia (Table 2).
Total C stocks were greatest on the drier Salada
Jabonera and least on the wetter Salada Pequeia

L-o-i (%) pH Total N (%) S (%) K (%)* Ca (%)* Fe (%)*

Jab 10.7 + 2.1° 9.0 + 0.17° 0.07 £ 0.03* 1.8+ 1.0%° 1.61 £+ 0.25° 102 +£0.52° 2.4 4+ 04°
Gra 9.9 £+ 2.6° 88 £0.16¢  0.04+002°* 29+ 1.6 1.54 + 0.24¢ 9.07 + 0.85 23403
Peq 7.0 £24% 9.1 £ 0.16° 0.07 £ 0.03¢ 5.4 +29° 1.28 + 0.43°¢ 8.05 £+ 0.43° 1.9 + 0.8°

Values stated are means with standard deviation. Letters denote statistically significant differences between saladas

*Elements determined by pXRF

Significantly different (p < 0.05) between Jabonera and Grande
"Significantly different (p < 0.05) between Jabonera and Pequefia
“Significantly different (p < 0.05) between Pequefia and Grande
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(Fig. 4). Total C stocks on all saladas were dominated
by the inorganic fraction (Table 3, Fig. 4), comprising
75% of the total C stock on the wetter Salada Pequefia
and 90% on the drier Saladas Grande and Jabonera.
Organic C concentrations were highest on the wetter
Salada Pequefia and lower on the drier Saladas Grande
and Jabonera (Table 3, Fig. 4). For all three saladas,
the 8'°Cyppp of total C was less negative than the
organic C fraction (Table 3). There were also signif-
icant differences in the 613CVPDB of the soil, with the
wetter Salada Pequefia having the most negative
8"3totalC and the drier Saladas Grande and Jabonera
having less negative 5'*OrgC (Table 3).

Soil CO, efflux

At the time of sampling, soils on all three saladas was a
net source of CO,, although there was a limited
number of individual negative efflux readings on
Saladas Pequeiia and Jabonera, indicating intermittent
net CO, uptake (Table 4 and Fig. 3c). Soil CO, efflux

400
300
200

100

Tonnes Chalto0.5m

Jab Gra Peq

Fig. 4 Inorganic (dark shade) and organic (lighter shade)
carbon stocks to 0.5 m depth in Saladas Jabonera (Jab), Grande
(Gra) and Pequeiia (Peq)

varied significantly between saladas (F = 18.3, df = 2,
p < 0.001), with the mean value from Salada Grande
significantly larger than the mean values from Saladas
Pequefia and Jabonera. Nevertheless, there was also
significant variation in soil CO, efflux within each
salada in both space and time (i.e. through the
measurement day) (Fig. 3c), and this is quantified in
Table 4 as the coefficient of variation. Spatial varia-
tions in CO, efflux were smaller on Salada Pequena
(58.0%) and Salada Grande (30.5%) and larger on
Salada Jabonera (95.6%) (Table 4). Temporal varia-
tions in CO, efflux were smallest on Salada Pequeiia
(38.0%) and Salada Grande (58.4%) and larger on
Salada Jabonera (71.1%) (Table 4).

The combined CO, efflux data from all three
saladas are not well predicted by soil temperature
(Fig. 5a). This can be explained by the contrasting
CO, efflux-temperature relationships on each salada
(Fig. 5b—d). Soil temperature alone explains very little
of the variance in CO, efflux on the wetter Salada
Pequefia (Fig. 5d) or on the drier Salada Jabonera
(Fig. 5b). On Salada Grande, however, 40% of the
variance in soil CO, efflux is explained by temperature
(Fig. 5¢). Soil moisture content is a slightly better
single variable predictor of CO, efflux from the three
saladas than temperature, with a tendency for CO,
efflux to be higher at intermediate moisture levels of
between 40 and 60% vol/vol (hereafter v/v) (Fig. 6a).
At higher moisture contents (> 75% v/v) where the
soil is saturated, and where soil moisture is low
(< 25% vlv), CO, efflux tends to be lower and less
variable (Fig. 6a—d). On Salada Pequeiia, the initially
high moisture content means that efflux tends to

Table 3 Bulk density, and total, organic and inorganic C concentrations of salada soils, and the §'*Cyppg of total C and organic C

fractions

Salada Bulk density Total Organic Inorganic 5"3total C (%0) 6]30rganic C (%0)
g cm™? C (%) C (%) C (%)

Jabonera 1.57 &+ 0.06 43 +02° 047 +£ 0.3 3.78° — 6.0 + 1.42° —10.8 + 6.7*°

Grande 1.44 £+ 0.11 3.4 + 0.6° 0.27 £+ 0.1° 3.04 — 49 + 1.5%° — 189 £+ 6.1°

Pequefia 1.43 £+ 0.10 2.8 +0.7%¢ 0.54 £+ 0.3° 2.14° — 63+ 1.4° — 183 £+ 10.0°

Inorganic C calculated from difference between total and organic C. Values stated are means with standard deviations. Letters denote
statistically significant differences between saladas

Significantly different (p < 0.05) between Jabonera and Grande
bSigniﬁcantly different (p < 0.05) between Jabonera and Pequena
“Significantly different (p < 0.05) between Pequefia and Grande
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Table 4 Soil CO, efflux from Salada Jabonera, Grande and Pequefia

Jabonera Grande Pequeiia
CO, efflux (mg CO, m~2h™1) 65.3 + 82.8* 142.2 4+ 80.2*¢ 51.1 £+ 30.7¢
Co. Var. in efflux over space within sites (%) 95.6 30.5 58.0
Co. Var. in efflux over time (%) 71.1 58.4 38.0

Values for CO, efflux are means with standard deviation, with the coefficient of variation in efflux in space and through time also
given for each salada. Letters denote statistically significant differences between saladas

n =36

Significantly different (p < 0.05) between Jabonera and Grande
"Significantly different (p < 0.05) between Jabonera and Pequefia
“Significantly different (p < 0.05) between Pequefia and Grande
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Fig. 5 Soil CO, efflux and soil temperature at: a all sites; b Jabonera; ¢ Grande and d Pequefia

decline with increasing moisture (Fig. 6d) but on the
drier Saladas Grande and Jabonera, the initially lower
moisture contents mean that efflux tends to increase

with moisture (Fig. 6c¢, d).

Microbial communities

For soils from the three saladas, Shannon index values
ranged from 0.3 to 4.4 for bacteria, 1.6 to 3.7 for
eukaryota, and 0.7 to 4.0 for archaea (Fig. 7). The
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Fig. 6 Soil CO,
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bacterial and eukaryotic diversities represented by the
Shannon index were not significantly different
between saladas (p > 0.05; Fig. 7), but the archaeal
diversity in Salada Grande was significantly higher
than in Saladas Pequefia and Jabonera (p < 0.05;
Fig. 7). At phylum level, the composition of bacteria,
eukaryota and archaea were similar in the saladas, but
their relative abundances varied between the saladas
(Fig. 8). Bacterial communities were dominated by
Proteobacteria and Firmicutes, and together these
phyla accounted for 83.4% of bacterial sequences
(Fig. 8a). The Proteobacteria were more abundant in
Salada Pequefia, while Firmicutes were more abun-
dant in Saladas Jabonera and Grande. The most
abundant eukaryotic sequences belonged to Chloro-
plastida (30.5%), Amoebozoa (8.5%) and Fungi
(8.0%) (Fig. 8b). The Chloroplastida and Fungi were
more abundant in Saladas Jabonera and Pequeiia,
while Amoebozoa were more abundant in Salada
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Fig. 8 Soil microbial composition at Saladas Jabonera (Jab),
Grande (Gra) and Pequefia (Peq): a bacteria; b eukaryota;
¢ archaea

Grande. The archaeca were dominated by Eur-
yarchaeota (53.6%) and Thaumarchaeota (41.2%)
(Fig. 8c). The Euryarchaeota were more abundant in
Salada Grande, while Thaumarchaeota were more
abundant in Saladas Jabonera and Pequeiia.

Interpretation and discussion

The three saladas near Alcafliz form a hydrological
continuum. Our findings show how their contrasting
hydroperiods are associated with different soil prop-
erties, C stocks, CO, efflux and microbial communi-
ties. Changes in these soil properties and functions in
response to increasing or decreasing wetness are not
necessarily linear, but many statistically significant
differences between the wetter and drier extremes are
nonetheless evident. By integrating our interpretations
of the hydrological controls on these soil properties,
functions and microbial characteristics, we can use an
ergodic approach (space-for-time substitution) to
assess how these saladas, and potentially other similar
saladas in the central Ebro basin and farther afield,
may respond to twenty-first century climate or human-
induced hydrological changes. The ergodic approach
is widely used across geomorphology, soil science and
ecology to infer sequences of changes that cannot be
monitored in real time (e.g. Walker and Coventry
1976; Birkeland 1992; Huggett 1998; Fryirs et al.
2012). For instance, with caution, the ergodic
approach can be used to reconstruct sequences of
changes to landforms, processes and ecological com-
munity structures that have occurred in the past, or that
may occur in future. Previous studies in South Africa
and Australia have successfully used this approach to
assess potential changes to floodplain wetlands that
occur across wetter-to-drier hydroclimatic gradients
(Grenfell et al. 2014; Larkin et al. 2017, 2020).

Soil organic carbon (OC)

We hypothesised (H1) that relatively wet soil moisture
conditions would stimulate biological productivity
and elevate OC stocks in comparison to drier saladas.
On each of the three saladas, soil OC is likely derived
from various sources, including microbes, aquatic
organisms, birds, insects, plants, and soil washed or
blown in from the surrounding landscape. The
proportion of soil OC derived from these sources will
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change with water availability. The highest concen-
trations of soil OC were found in the wetter Salada
Pequefia (Table 3, Fig. 4). The wetter (frequently
inundated and/or near-permanently saturated) condi-
tion of Salada Pequefia (Fig. 1b, Table 1) allows
aquatic life to flourish, particularly algae. At the time
of sampling, for instance, an ~ 0.2-0.5 cm thick
black sapropelic layer (ooze) rich in decaying organic
matter was present beneath the surficial saline crusts.
Similar observations of microbial mats and associated
sapropelic layers have been made on other saladas in
the central Ebro basin (e.g. Pueyo 1980; Valero-
Garcés et al. 2000a, b; Gutiérrez et al. 2005) and in
saline inland wetlands farther afield (McKay et al.
2016), and indicate the potential for these deposits to
form significant OC inputs. Aquatic life also includes
various crustaceans, other micro-invertebrates, and
amphibians. These provide potential food sources and
attract aquatic and wading birds (at the time of
sampling there were protected Avocet (Recurvirostra
avosetta) nesting sites near the inflowing stream on the
southwestern margin—Fig. 1a), which will also add
organic material to the water column and sediment.
Plants are entirely absent from the salada surface,
presumably because the saturated, saline conditions
inhibit their establishment, and are only present on the
higher surfaces elevated above the level of inundation
(Fig. 1a). In contrast, at the time of sampling on the
drier Salada Jabonera (Fig. lc, Table 1), there was
little evidence of aquatic or bird life, but there are
patches of halophytic shrubs across much of the salada
surface and a greater density and diversity of shrubs
and grasses around the margins. The plants may
contribute spatially localised organic matter inputs
and alter the microclimate. Salada Grande, with its
intermediate surface water and soil moisture condi-
tions (Fig. 1b, Table 1), has characteristics both of
Salada Pequefia and Salada Jabonera. At the time of
sampling, it was largely dry with little evidence of
aquatic or bird life, and while the salada surface is
largely devoid of plants, patches of halophytic shrubs
and grasses grow in a narrow band at the margins
(Fig. 1b). These different combinations of OC sources
may explain why the 813Cyppp of the soil OC fraction
from the drier Salada Jabonera is significantly less
negative than in soils from Saladas Pequefia and
Grande (Table 3). Typical 8'*C values for C3 plants
(i.e., generally shrubs and trees) range from — 22 to
— 38%o0 and for C4 plants (generally grasses) range
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from — 8 to —15%0 (Yeh and Wang 2001), which
suggests that a greater proportion of soil OC on Salada
Jabonera may be derived from plant inputs, namely the
shrubs and grasses around the salada margins, as well
as plant litter and soil inputs associated with overland
flow from the steeper northern and eastern margins.

Soil inorganic C (IC)

Compared to the soil OC concentrations, the higher
concentrations of soil IC in all three saladas suggests
that they may be active sites of carbonate formation
due to a combination of evaporative concentration and
the reaction of CO, with available ions such as Ca’™,
Mg2+ and Na™ (Thomas et al. 2014; Zhao et al. 2016).
For all three saladas, the 8'*Cyppg of total C was less
negative than the OC fraction (Table 3), suggesting
that the isotopic signal from plant and animal material
is diluted by the isotopic signal from carbonates.
However, because many parts of the central Ebro basin
are underlain by carbonate-bearing lithologies (e.g.
limestone, calcareous sandstone) and other evaporites
we cannot discern from our data whether the IC is from
geological sources (i.e. derived from bedrock at the
base of the soil profile, or supplied by overland flow or
aeolian inputs) or whether it is being formed in situ
through near-surface pedogenic processes. Neverthe-
less, although the exact source of soil IC remains
unclear, Xie et al. (2009) reported rates of non-
biological CO, adsorption by alkaline soils of
0.3-3.0 pmol m~2 s ' and concluded that this mech-
anism is likely to be associated with a hugely
underestimated global terrestrial C sink. In Xie
et al.’s (2009) study, the intensity of non-biological
CO, absorption increased with soil salinity and soil
alkalinity, and it is reasonable to assume that the
saladas are also sites of active and significant carbon-
ate formation. Our hypothesis (H2) was that drier
saladas would have greater soil IC than wetter saladas
if the evaporative concentration of solutes was the
dominant process of carbonate formation. In our study,
the soil IC in the wetter Salada Pequefia was lower
than IC concentrations in the drier Saladas Grande and
Jabonera, and also comprised a lower proportion of
total C (Table 3, Fig. 4) suggesting that evaporative
concentration could be a dominant process of IC
formation. This pattern is to be expected, for carbon-
ate-forming conditions tend to be more favourable in
drier soils where longer periods of water loss by
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evaporation lead to an increase in salinity and
alkalinity (Xie et al. 2009).

CO, efflux

At the time of the measurements, the salada soils were
a net source of CO, to the atmosphere (Table 4) with
mean CO, efflux similar to the ~ 74 mg CO,
m~2 h™! reported in Thomas et al. (2014) from the
hyper-saline Ntwetwe pan in Botswana. There were
occasional instances of net CO, uptake on Saladas
Jabonera and Pequeia (Fig. 3c) which could be related
to photosynthesis in biological crusts and algal mats
(c.f. Thomas et al. (2014) on Ntwetwe pan) or by
abiotic (physicochemical) processes (c.f. Yates et al.
(2013) for alkaline playa sediment in Nevada, USA).

The highest CO, efflux was found at intermediate
soil moisture conditions of c. 40-60% v/v with lower
values when soil moisture was > 75% v/v or < 25%
v/v (Fig. 6). These data support our initial hypothesis
(H3) regarding the nature of the relationship between
CO, efflux and soil moisture (Orchard and Cook 1983;
Schimel et al. 1999; Moyano et al. 2013), where high
soil moisture contents greatly reduce gas diffusion,
and the metabolic activity of aerobic microorganisms
is impeded by oxygen deficit (Moyano et al. 2013).
Nevertheless, soil CO, efflux is highly spatially and
temporally variable both within and between the
saladas (Table 4, Fig. 3c). In saturated or near-
saturated soils, like those in Salada Pequena, temper-
ature has very little effect on CO, emissions (Fig. 5d).
In drier soils, like those in Salada Jabonera (Fig. 5b),
CO, efflux also can become insensitive to temperature
(c.f. Thomas 2012).

The complex spatial and temporal patterns of soil
CO, efflux from the three saladas illustrate the pitfalls
of making single variable predictions using either soil
moisture or temperature, something Rey et al. (2017)
conclude could lead to errors and inappropriate
interpretations if using these variables to predict the
response of soil CO, efflux to climate change in
drylands. The very high spatial and temporal variabil-
ity in CO, efflux demonstrates the need for extensive
sampling, for single point measurements of efflux in
time and space are unlikely to provide a reliable
estimate of CO, emissions from the saladas.

Microbial diversity and composition

Our soil microbial data (Figs. 7 and 8) reflect the broad
microbial genetic diversity observed in water samples
from 11 shallow, saline lakes in the Monegros region
(Casamayor et al. 2013). In their study of bacteria,
eukaryota and archaea, Casamayor et al. (2013) found
that water salinity levels had little or no impact on
microbial ecological diversity (Shannon—Weaver
index) or genetic diversity (novelty level). In our
study, we hypothesised (H4) that there would be
different soil microbial communities in each of the
three saladas as a direct or indirect consequence of
their contrasting inundation regimes and soil moisture
content. From our data, salada surface water regimes
and soil moisture conditions appear to have no effect
on bacterial and eukaryotal diversities, although
archaeal diversity was significantly higher in Salada
Grande with its intermediate moisture conditions
(Fig. 7). There are, however, different microbial
community structures in each salada. These results
suggest that different microbial species may be
involved in the C metabolisms and cycles depending
on the water availability in the salada. Consequently,
these distinct community structures will likely lead to
differences in C storage between different saladas
(Vikram et al. 2015; Maier et al 2018). Prokaryotic
Proteobacteria and Firmicutes (Fig. 8a), together with
eukaryotic Fungi (Ascomycota) and Amoebozoa
(Protosporangiida) (Fig. 8b) are likely responsible
for the majority of soil OC respiration and CO,
emissions (Zhang et al. 2018; Swenson et al. 2018).
Cyanobacterial abundance was very low in the salada
soils, especially when compared to biocrusts and soils
in other playas worldwide (e.g. Elliott et al. 2014;
Thomas et al. 2014). This low abundance may be
related to the high salinity or C content in the saladas,
and help explain the infrequent negative CO, efflux
detected on the salada soils. Nevertheless, Chloro-
plastida (Chlorophyta), a common dryland eukaryotic
photosynthetic microbe (Bates and Garcia-Pichel
2009; Zhang et al. 2018) is also widespread in the
salada soils (Fig. 8b), which suggests that it may
generate microbial OC in the salada soils. However,
the prevalence and persistence of microbial C in salada
soils remains an area of uncertainty as other studies
have shown that periods of microbial photosynthesis
and net CO, uptake are intermittent, unpredictable,
and likely to be only short-lived (Thomas et al.
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2014, 2022; Williams et al. 2014). Euryarchaeota were
detected in all the salada soils and they are known to
include methanogens (Watanabe et al. 2011). Given
the saturated condition of some of the salada soils, at
least for part of the year, CH4 may also be generated
and released, but we do not have the data to test this
notion.

Potential changes to the C cycle in saladas
with twenty-first century warming

Many of the world’s drylands are predicted to warm by
3to4 °C and experience a reduction in precipitation of
5 to 30% by the end of this century (Lin et al. 2015),
including those in Spain (Drobinski et al. 2020). These
changes will have a profound effect on multiple
ecosystem characteristics and functions within many
wetlands in drylands (Huang et al. 2016). For example,
for many riverine wetlands, increasing aridification,
coupled with greater hydroclimatic variability, may
induce major changes to channel-floodplain wetland
structure and thus patterns of water and sediment
dispersal (Tooth 2018; Larkin et al. 2017, 2020). To
date, such studies have not considered the implications
of such physical and associated ecological changes for
the C cycle, although many aspects of the C cycle are
likely to be affected. For saline inland wetlands
(including saladas) in particular, the impacts of
climate change on C cycles are essentially unknown
(IPCC 2014b).

With twenty-first century warming, major struc-
tural changes to the saladas near Alcafiz, or more
generally across the central Ebro basin, are unlikely.
The saladas are likely to remain as topographic
depressions in an increasingly arid landscape.
Nonetheless, these climatic changes will impact on
regional hydrology (e.g., lower and more variable
rainfall, greater evaporation) and will likely result in
altered salada hydroperiods (e.g., less frequent, shorter
inundation phases, and more frequent, longer drying
phases). Hence, for many saladas there may be a
temporal shift along the hydrological continuum from
wetter to drier conditions (i.e., a shift from a Pequefia-
type situation through a Grande-type situation to a
Jabonera-type situation). These hydrological changes
may be exacerbated or compounded by human
impacts (e.g., river diversion or water abstraction that
results in groundwater table lowering). More rarely,
some saladas may experience a temporal shift from
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drier to wetter conditions; for example, where excess
irrigation runoff or deliberate damming leads to
raising of local groundwater tables and establishment
of permanent lakes, as has happened at La Estanca, a
former salada located ~ 5 km to the west-northwest
of Alcaiiiz (Gutiérrez et al. 2005), and also at La
Laguna de Sarifiena, a former salada in the northern
Monegros region (Rodrigo and Alastrué, no date).

In both increasing drying or increasing wetting
scenarios, C cycling is likely to be affected. However,
few studies have investigated the C cycle in wetlands
in drylands, despite increasing studies of soil C and
CO,; efflux in wetlands generally (e.g. Mitsch et al.
2010; Nahlik and Fennessy 2016; Rogers et al. 2019;
Were et al. 2019), Consequently, many knowledge
gaps remain, particularly regarding how climate
changes will affect the mechanisms and rates of IC
formation, the residence times of OC, and the inter-
action between OC and IC. These gaps contribute to
uncertainty surrounding the size of the C stock in
wetlands in drylands as well as the processes that lead
to C uptake and release, and to CO, emissions.
Howeyver, it is evident from our work and other studies
in the region that the saladas near Alcafiiz, and
possibly similar features across the wider central Ebro
basin, are currently sites of C storage, contain active
microbial communities and typically release CO, to
the atmosphere. Although the impacts of aridification
will depend on the initial hydration status of the
saladas, our findings suggest that we can perhaps
expect a reduction in OC stocks, as the OC sources
most vulnerable to declines in water availability are
those associated with stream inputs and aquatic fauna
(e.g., crustaceans, amphibians, bird life). Aridification
of the saladas may increase soil IC formation through
evaporative concentration, at least in the short term.
Over longer time periods, desiccation will reduce the
supply of cations and bicarbonate to the saladas, thus
limiting the capacity to form carbonates. In addition, a
reduction in sediment moisture content in initially
very wet saladas is likely to lead to an increase in CO,
efflux as conditions become more favourable for
aerobic microbial activity in the soil. The increase in
microbial activity may reduce soil OC residence times
as it is more likely to be respired. Further drying of
saladas where soil moisture content is already typi-
cally < 50% v/v may inhibit microbial activity and
lead to a reduction in CO, efflux. Any future reduction
in the extent and duration of inundation and/or soil
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saturation on the saladas may shift the composition of
C stocks to less organic-rich, more carbonate-based
stocks, at least in the short term, with an overall
decline in the total C stock.

Caution needs to be exercised in extrapolating the
findings from the saladas near Alcaiiiz and those in the
wider central Ebro basin to other saladas in Spain or to
saline inland wetlands more generally (e.g., Zhang
et al. 2020). Combined with the aforementioned
process uncertainties, different playas may respond
to changes in hydroperiods in different ways depend-
ing on the dominant ions in solution. Evaporation of
water from saladas with appreciable concentrations of
calcium bicarbonate or calcium sulphate is likely to
result in the precipitation of calcrete (and/or gypsum)
and thus increase IC stocks (Eugster and Jones 1979;
Tooth and McCarthy 2007). Where saladas are
dominated by sodium bicarbonate, sodium chloride,
or sodium sulphate, evaporation is more likely to
result in the development of increasingly saline
surface water that is toxic to many biota and lead to
a reduction or change in OC inputs (Eugster and Jones
1979; Tooth and McCarthy 2007).

The potential influence of changing hydroperiods
on the soil microbial community in saladas and the
implications for OC and IC formation, storage, and
release also remains poorly understood. Our data
(Fig. 8) suggest that prevailing moisture conditions
affect the soil microbial community structure through
changes to relative abundances. A reduction in salada
soil moisture may lead to lower relative abundances of
Proteobacteria, Amoebozoa and Euryarchaeota, ulti-
mately influencing C assimilation, metabolism and
storage. Nevertheless, drying of saladas may also
cause greater aerobic microbial activity (at least
initially), which will probably reduce soil OC resi-
dence times and further affect the microbial commu-
nity structure (Swenson et al. 2018). These
uncertainties notwithstanding, our data can serve as
a framework to guide future investigations.

Conclusions

Three adjacent saladas near Alcafiiz with contrasting
surface water regimes and soil moisture conditions
provided an opportunity to investigate, for the first
time, how water availability affects their C stocks,
CO, emissions, and microbiology. Frequent

inundation and/or near-permanent soil saturation pro-
motes higher soil OC stocks owing to input from a
greater range of OC sources, especially biological.
Drier salada soils, however, have higher soil IC stocks
owing to evaporative concentration and formation of
carbon-bearing mineral compounds. CO, efflux is
highest at intermediate moisture conditions, but the
spatial and temporal variability in CO, efflux on
salada surfaces was very high, demonstrating the need
for intensive sampling regimes to provide realistic
estimates of their contribution to atmospheric CO,
exchanges. There were also different microbial com-
munity structures in each salada, suggesting a possible
link to moisture availability. These three saladas, and
numerous other similar features across the central
Ebro basin, are important areas of C storage and likely
play an important role in local and regional C cycles.
They also host many rare and threatened plants and
animals (Conesa et al. 2011; European Commission,
no date), and their C cycle and microbial community
characteristics provide an additional reason to monitor
changes resulting from twenty-first century climate
changes and protect these vulnerable environments
from anthropogenic disturbances.
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