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contents in the surface soils (0 to 30 cm) of the inun-
dated floodplain area of the TDNP. They represent dif-
ferent degrees of exposure to pollutants and exposure to 
flooding. Sulfur determination was carried out by X-ray 
fluorescence. The S contents in the area range between 
1.85 and 37.15 g kg−1, with a mean value of 13.71 g 
kg−1, which implies marked variability throughout this 
wetland. The highest values were observed near the 
wetland entrance via the Gigüela River, while the low-
est ones appeared at its exit, with a relatively uniform 
gradient from the entrance to the exit. The relatively 
high S concentrations observed at sites other than the 
wetland entrance can be probably related to the con-
tinuous non-point source contamination with P, N, and 
S fertilizer applications, via runoff agricultural produc-
tion systems. The results of this study are essential for 
understanding and predicting total S variability within 
the TDNP (Spain), which can interfere with soil man-
agement practices.

Keywords  Wetland soil · Aquatic environment · 
Flooded floodplain · Sulfur · Environmental risk · 
Contamination indices · Tablas de Daimiel

1  Introduction

The primary source of soil nutrients is the weathering 
of minerals in natural settings. Today, however, 
many human activities are also significant factors 
that influence soil nutrients. Soil nutrient levels vary 

Abstract  In the Mediterranean region, numerous 
wetlands co-exist with competitive agricultural sys-
tems. Although wetlands’ hydrology (in water volume, 
source, and residence time terms) plays a major factor 
in their ecosystem structure, many of these wetlands 
have been subjected to different degradation processes. 
One such case is the Tablas de Daimiel National Park 
(TDNP), which witnesses one of its most environmen-
tally sensitive times. In this context, scarce information 
is available on the sulfur (S) contents in this wetland. 
To diagnose this wetland’s degradation status, 43 soil 
samples were selected and analyzed to investigate S 
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dynamically with land cover and land management 
approaches, especially abrupt land-use/land cover 
changes (Gross & Harrison, 2019). Many of the 
anthropogenic actions that are implemented in 
agriculture (to improve soil nutrient status for 
growing food crops) or in wastewater treatment etc. 
can lead to soil and environment contamination. In 
some regions, intensive livestock production (e.g., 
pigs) and the application of large quantities of manure 
and synthetic fertilizers to croplands have led to 
environmental problems (Cameira et al., 2021).

Sulfur is an important element of both natural 
and anthropogenic origins (Landers et  al., 1983). 
Together with N, P, K, Ca, and Mg, sulfur is one of 
the essential macro-elements required for normal 
plant growth (Grant et  al., 2012). Unlike N and P, 
very few studies are available on S cycling in nature 
to know if S intervenes with the structure, function, 
and productivity of wetland ecosystems, and how it 
controls the physiological and biochemical functions 
of wetland plants.

Soils participate and regulate nutrient cycles in 
ecosystems, and soil nutrients are one of the most 
important soil characteristics (Sterner & Elser, 
2017). Despite the importance of S for plant growth 
being acknowledged, this element has received little 
attention about its cycling in soils. This is probably 
because fertilizers and atmospheric inputs supply 
soils with adequate amounts of S; therefore, the 
problems encountered are mainly concerned with 
contamination of the environment with excessive S 
rather than S deficiency (Piotrowska-Długosz et  al., 
2017). So, there is a need to distinguish between 
the contributions of different sources to evaluate the 
influence of environmental factors and anthropogenic 
practices (Lucassen et al., 2006; Sun et al., 2003).

Sulfur is ubiquitous in the environment (Hermes 
et  al., 2022), with many natural sources in the soil 
including organic matter (OM) and primary miner-
als (e.g., gypsum and pyrite) which release plant-
available S through mineralization and weathering, 
respectively (Mitchell et al., 2011; Zak et al., 2021). 
In addition, atmospheric deposition of sulfur oxides 
(from fossil fuel combustion; Klimont et  al., 2013) 
that arise primarily from anthropogenic activities 
and leachates of agricultural soils loaded with ferti-
lizers and fungicides and the increasing application 
of wastewater and sewage sludge to the soil are sig-
nificant sources of soil S. Prediction of the influence 

of environmental conditions on S content in wetland 
ecosystems requires precise quantification of S in 
these soils. Wetlands exposed to excessive S depo-
sition can potentially store significant amounts of S. 
Keeping in mind that these wetlands can accumu-
late also heavy metals (HMs) (Rinklebe et al., 2007, 
Reddy & Delaune, 2008, Prokisch et al., 2009, Jime-
nez-Ballesta et  al., 2016), these ecosystems can be 
considered true sink filters that may retain HMs and 
S as well. Although it is well-established that atmos-
pheric deposition acts as a major source of S to agri-
cultural soils (Hinckley et  al., 2020), some authors 
(Sanchez, 2019) claimed that S deficiency is increas-
ing worldwide, particularly in the tropics. This wide-
spread occurrence of S deficiency can be attributed 
to the increasing use of NPK fertilizers that contain 
no S and also to the breeding of high-yielding crop 
cultivars that require more S, along with reduced 
deposition of atmospheric S downwind from indus-
trial urban centers as an air pollution control regime.

Whatever the origin of soil S, either because of 
intensive application of fertilizers and sulfur pesti-
cides to croplands or because of atmospheric depo-
sition (what is known as “acid rain”), environmental 
implications certainly occur. Researchers have done 
a lot of work on the key processes of sulfur biogeo-
chemical cycling, but focused for example on the spa-
tial patterns of sulfur forms (Chamber et  al., 2006) 
or on the distribution and accumulation of sulfur in 
soil-vegetation system (Chen & Sun, 2020; Lu et al., 
2020).

Thus, little attention has been paid to S occurrence 
in the Tablas de Daimiel National Park (TDNP), 
despite the combined influence that the natural 
factors and human activities can play in this respect. 
This ecosystem is a genuine Mediterranean wetland 
in the Iberian Peninsula. Specifically, the effect of 
climate change, the growing human population, and 
intensive agricultural activities have led to a drastic 
decrease in the wetland area that was reduced from 
3030 ha in 2014 to only 50 ha in 2022. In fact, this 
50-ha wetland is currently subjected to drought and 
salinization processes, which lead to deterioration 
of the environmental functions of this wetland 
ecosystem, including regulating climate, controlling 
soil erosion and water quality, and its contribution as 
a recreational environment.

It was declared a Nature Park, or Protected Nature 
Reserve, in 1973. In 1980, the national park was 
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extended and UNESCO included Las Tablas in a 
biosphere reserve. Since 1982, it has been included 
in the List of Wetlands of International Importance 
(according to the Ramsar Convention). The impor-
tance of this wetland is very relevant since it receives 
fresh and brackish flood water inflows and supports a 
rich aquatic vegetation of emergent and submergent 
species. In addition, this wetland supports the hydro-
logical cycle, regulates climate change, and provides 
many ecosystem services to biodiversity, while sup-
porting several economic services. In this way, Las 
Tablas wetland performs critical ecosystem functions 
and services as stopovers for migratory birds, critical 
nursing grounds, production of raw materials, land 
protection, erosion control, and especially carbon 
sequestration.

The complex hydrological conditions of the 
TDNP (Aguilera et al., 2013), together with periodic 
alternations of anaerobic/aerobic states, changes 
in groundwater level, fluctuation on soil salinity 
caused by water entering from the Gigüela River, 
chemicals discharged from the surrounding treatment 
plants, and the prolonged use of fungicides and 
fertilizers containing S and Cu (e.g., Cu sulfate, Cu 
oxychloride), all make the biochemical S cycle in this 
wetland extremely complex.

Wetland ecosystems are part of our natural wealth 
and are important features in the landscape that 
provide numerous beneficial services for people and 
for wildlife. Policymakers recognize the importance 
of healthy wetlands for achieving the Sustainable 
Development Goals (SDGs) and are concerned about 
their degradation. In this way, taking into account 
the fact that S cycling controls the release of HMs 
at the soil–water interface (Gao et  al., 2016; Huo 
et  al., 2015), it is necessary to identify the pattern 
of soil S content in this unique park, especially if 
the wetland receives effluent from the surrounding 
urban sewage treatment plants, which is the case 
in the present study. In this context, more research 
should be conducted to determine S content in 
relation to this wetland degradation status. We 
hypothesize that additional anthropogenic processes 
may modify the wetland S fingerprint. Therefore, 
our main objectives are to (1) determine the total S 
content in the inundated flooded zone of the TDNP; 
(2) investigating how environmental factors affect 
S content; and (3) assess possible S contamination 
levels.

2 � Material and Methods

2.1 � Study Area 

The TDNP is located in the NW zone of the natural 
region of La Mancha, more specifically in the western 
third of the geological domain of the Manchega Plain 
(Fig. 1). It is developed in a semi-arid climate by con-
centrating both surface water and groundwater from a 
major part of the Upper Guadiana Basin.

The TDNP was declared as such in 1973 and cov-
ers an area of 1874 ha, which was extended, in 2014, 
to the current 3030 ha. It has been markedly altered in 
relation to its natural conditions, and groundwater use 
for agricultural purposes has been intense, which has 
caused its average piezometric level to drop 30 m dur-
ing the 1989–1996 period (Mejías, 2012).

The wetland is formed by the confluence of two 
rivers: the Guadiana and the Gigüela. The former is 
inextricably linked with the groundwater of Aquifer 
System 23 (Mejías, 2014), currently groundwater 
body Mancha Occidental I, Mancha Occidental II, 
and Rus-Valdelobos, which drain into Los Ojos del 
Guadiana (“The Eyes of the Guadiana”). This has 
resulted in the birth of the river bearing the same 
name and creating, together with the Gigüela River, 
a unique setting where the relation between surface 
and groundwater plays a decisive role in the exist-
ence, viability, and environmental evolution of the 
protected area. The TDNP came to life and has been 
marked by the imprint of human presence, especially 
since the second half of the twentieth century, which 
triggered the defense of a number of occasionally 
opposing and hardly reconcilable interests between 
the preservation of environmental values and the 
region’s socio-economic development.

From a geological point of view, the basement 
consists of Paleozoic quartzites and slates. The 
Neogene series rests discordantly on the basement, 
which consists of detritus layers at the base and 
carbonates at the top, which constitute the upper 
regional aquifer. In hydrological terms, the TDNP 
occurs in the upper basin of the Guadiana River 
in the Groundwater Body of Mancha Occidental I 
(Fig. 1). The relief is gentle, with an altitude rang-
ing between 600 and 750 m a.s.l. The fluvial net-
work is critical to this singular natural setting, 
whose wetland is generated at the confluence of the 
Gigüela and Guadiana Rivers.
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So these surface and groundwater discharges 
result in the flooding of this zone, which are known 
as fluvial wetlands whose water has a different 
chemical composition: sulfate-rich water from 
the Gigüela River and carbonate-rich water from 
the Guadiana River (Garcia Hidalgo et  al., 1995). 
This distinctive trait in the quality of confluent 
waters confers the system a set of singularities and 
environmental values that make it an ecosystem that 
is practically unique in Europe.

Since the mid-twentieth century, the combined 
effects of desiccation works and intensive 
groundwater use for agricultural purposes have 
led to a markedly modified situation in which the 
disappearance of the Los Ojos del Guadiana in 
the summer of 1983 was detected. This situation 
persisted until January 2012 when, as a result of the 

climatologic wet sequence over 2009/2013, some 
Guadiana springs began to flow again. This produced 
surface runoff allowing groundwater contributions to 
the river to reach an estimated 11 Mm3 in 2014, which 
was 83% lower than the average water discharge 
drained under natural conditions (Mejías, 2019).

Typically, plant diversity in the groundwater-fed 
wetlands is extraordinarily high (Bedford & God-
win, 2003). This is the case of the TDNP where 
the vegetation is dominated by reed (Phragmites 
australis), followed by saw-sedge (Cladium mari-
scus) and cattail (Typha domingensis); this is in 
addition to other unique species such as butter-
cup (Ranunculus trichophyllus), locally known as 
“Manzanilla,” Veronica anagallis-aquatica, limo-
nium (Limonium dichotomum, L. costae. L. longi-
bracteatum), Juncus maritimus, Tamarisk (Tamarix 

Fig. 1   Location map of the TDNP wetland and the 43 sam-
pling points chosen to monitor S content. Samples 1, 21, 37, 
38, 39, 41, and 42 (located outside the flood zone) repre-
sent points of zones with potentially contaminating sources, 

while sample 43 denotes the wetland’s exit area. Its coor-
dinates are as follows: DMS coordinates 39° 08′ 60.00″ 
N − 3°39′ 59.99″ W; UTM coordinates 30S 442394.21353951 
4,333,633.9867097
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gallica, T. canariensis), calamino (Salsola vermic-
ulata), and Loosestrife (Lythrum salicaria) (Ciru-
jano et al., 1996; Alvarez-Cobelas et al., 2001).

2.2 � Soil Sample Collection

Generally, the wide variability in S concentrations 
in a field requires representative sampling (Bloem 
et  al., 2001). According to this criterion, samples 
were taken in the upper 30 cm of soil in a series 
of transects designed along the wetland, mainly 
in the NE-SW direction (Fig.  1). These sampling 
sites were selected using a geographic information 
system (GIS). All the sampled sites were located 
using a handheld global positioning system (GPS) 
device. Figure 2 depicts the details of the sampling 
process.

Extraneous objects such as plant foliage and 
roots as well as rocks and shells were removed from 
soil samples before placing them in plastic bags. 
Soil samples were taken back to the laboratory to 
be air-dried.

2.3 � Chemical Analysis

Sulfur was determined by X-ray fluorescence (XRF) 
spectroscopy (Kalnicky & Singhvi, 2001; Weindorf 
et  al., 2012 and 2014), using a Philips PW 2404 
spectrophotometer model. Samples were ground in an 
agate mortar and then pearls with lithium borate were 
formed. Quality control was achieved by a duplicate 

analysis of certified soil reference materials. Calcium 
carbonate was assayed by the calcimeter Bernard 
method and organic matter (OM) was determined by 
the loss-on-ignition method (dry soils were combusted 
at 550 °C in a muffle furnace for 4 h). Electrical 
conductivity (EC) was measured using an EC meter in 
a 1:5 soil to water extract.

Once samples had arrived at the laboratory, they 
were decanted to obtain saturation extracts. Sulfate 
(SO4

2−) concentrations were also determined in this 
extract by ion chromatography (Metrohm 792 Basic 
IC).

2.4 � Environmental Evaluation

Although a wide range of methods are followed 
today to evaluate the degree of soil contamination, 
the method proposed by Muller (1969), namely the 
geoaccumulation index (Igeo), is one of the most 
widely used methods; therefore, it was adopted in the 
present work:

where Igeo is the geoaccumulation index; Cs is the 
measured S concentration in soil; and Bn is the back-
ground S level. Factor 1.5 was used to correct possi-
ble variations in the background values. The regional 
geochemical background was determined in Castilla-
La Mancha soils, but they did not include S. There-
fore, the Bn (also namely reference value, RV, in the 
bibliography), defined as the 75th percentile, has 

(1)Igeo = log
2

Cs

1.5 × Bn

Fig. 2   Sampling details a in the wetland and b in one of the inlet channels with polluted water and sewage sludge being discharged 
from domestic urban water treatment plants (sample number 39)
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been used after excluding outliers. This Bn method of 
determination has been applied by Alfaro et al. (2015) 
and Bocardi et al. (2020). Based on the magnitude of 
Igeo, the contamination status of the soil samples was 
evaluated as non-contaminated (class 0) with Igeo < 0, 
slightly contaminated (class 1) with 0 < Igeo < 1, 
mildly contaminated (class 2) with 1 < Igeo < 2, 
moderately contaminated (class 3) with 2 < Igeo < 3, 
heavily contaminated (class 4) with 3 < Igeo < 4, 
highly contaminated (class 5) with 4 < Igeo < 5, and 
extremely contaminated (class 6) with Igeo > 5.

2.5 � Statistical Analysis

We used the 19.0 for Windows version, SPSS Inc., IL, 
USA) with an institutional license for the University 
of Castilla-La Mancha (Spain). Correlation analysis 
was performed to calculate the Pearson’s correlation 
coefficients between the soil contents of S and each of 
carbonate, EC, organic matter, and SO4

2−.

3 � Results and Discussion

All the soils employed in the investigated wetland 
were calcareous (mean of 31.6%, st dev. of 6.5, 
a minimum of 2.2%, and a maximum of 72.4%; 
Table  1). Table  1 also includes the data about OM 
contents (range of 3.6–78.6% with a mean of 25.07%), 
EC (range of 0.29–7.64 dS m−1 with a mean of 2.06 
dS m−1), and sulfates in the saturation extract (range of 
1.59–15,939.5 mg·l−1 with a mean of 2407.7 mg·l−1).

Table 1 shows the descriptive statistics of S in the 
TDNP (and their immediate environment) and some 

physico-chemical properties. The variations in soil S 
content are shown in Fig. 3. The S contents fall within 
the range from 1.85 to 37.15 g kg−1, with a mean of 
13.71 g kg−1. This reveals marked variability through-
out the wetland. A relatively high degree of variabil-
ity of soil S content was indicated by the coefficient 
of variation (CV), which was 21%. The highest values 
were for the samples located near the entrance to the 
TDNP via the Gigüela River, while the lowest were 
detected at its exit. They followed a relatively uni-
form trend from one point to another. The explanation 
for this trend has to do with the usual entry of brack-
ish water (rich in sulfate) through the Gigüela River. 
These value patterns in soil strikingly differ from those 
reported in the literature (Devai et al., 1984, 1996).

Studies that have investigated generic reference S 
levels in Spain are rare, nor are they common in other 
parts of the world. We carried out a literature review, 
which we present in Table 2. The distribution of the 
inorganic and organic S forms has been reported for 
salt marsh soils of California (Kaplan et  al., 1963) 
and Maryland (Haering et al., 1989) and also for Flor-
ida marine-freshwater peats (Casagrande et al., 1977).

When comparing the results obtained for S in this 
study and the levels according to the cited authors, 
marked accumulation was evidenced in the TDNP. 
Several reasons can explain such differences. The sam-
pled horizons (0–30 cm) were selected because they 
provided more information on contamination levels 
due to anthropogenic sources. In this way, and based 
on our results, the sulfur coming mainly from the river 
flows into the wetland (Gigüela River) which agrees 
with what was mentioned by Garcia Hidalgo et  al., 
(1995): the Gigüela River carries brackish water. But 

Table 1   Sulfur content and soil chemical properties

Parameter Sulfur (g kg−1) Electrical conductivity 
(dS m−1)

Organic matter 
(%)

CaCO3 (%) SO4
2− (mg·l−1)

Mean 13.71 2.06 25.07 31.6 2407.7
Standard deviation 9.09 1.38 16.75 6.5 3793.7
Minimum 1.85 0.29 3.6 2.2 1.6
Maximum 37.15 7.64 79.6 72.4 15,939.5
Coefficient of variation 67 68 68 21.0 160.0
Percentile

  25 7.36 1.26 12.0 26.4 373.6
  50 10.74 1.26 12.0 25.9 373.6
  75 17.30 1.65 21.3 32.2 1269.9
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also maybe there is another route that anthropogenic 
S is being delivered since relatively high values are 
found outside this fluvial junction (case, for example, 
of samples 27, 42, and 43, that in the field presented 
anomalous spots). Therefore, it is possible that human 
activities have speeded up the transportation of S from 
nearby areas. The risks associated with this contami-
nation can include urban, agricultural, industrial, and, 
to a lesser extent, atmospheric origins.

Depending on watershed characteristics and hydrau-
lic, nutrient, and sediment loading, wetlands accrete 
new soils, which differ from the physico-biological 
characteristics of underlying native soils (Bhomia 
et al., 2015; Reddy & DeLaune, 2008). The soils on the 
wetland floodplain, therefore, differ from those outside 
the wetland. For example, the drainage canals that lead 
to the TDNP wetland (Fig. 2a) carry wastewater, which 

also happens in other places of the world (Berzas et al., 
2000; Karakoç et al., 2003; Mansour & Sidky, 2003).

On the one hand, S is present in all soils and 
derives from both parent rock materials (e.g., sulfides 
and sulfates, which are common minerals in the 
Earth’s crust) and the atmosphere (e.g., through S 
deposition on soil from marine aerosols, industrial 
gases, or gases/particulates from volcanic eruptions). 
As primary soil minerals, gypsum (CaSO4·2H2O) and 
pyrite (FeS2) should be noted. Common sulfur ferti-
lizers are provided in Table 3.

Sulfur-bearing fertilizers actually contain more S 
than N or P (e.g., ammonium sulfate contains 21% 
N and 24% S; single superphosphate contains 9% P 
and 12% S) and, therefore, can be used to manage (to 
correct) S deficiency in plants (Weil & Mughogho, 
2000).

Fig. 3   Sulfur, organic matter, and electrical conductivity signature of inundated floodplain soils of the TDNP
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A wetland’s landscape setting constrains the 
possible range of S supply and subsequent plant 
responses (Godwin et  al., 2002). Wetlands like the 
TDNP are often colonized by lush vegetation which 
plays a significant role in OM accumulation. There-
fore, wetland soils tend to accumulate OM as detri-
tus that derives from the biota, which slowly decom-
poses under flooding conditions (Reddy et  al., 
2021). At these points, a high sulfur content can co-
exist with high OM, especially because soil wetting 
and drying cycles control the S oxidation–reduction 
balance during irrigation events or wet seasons. 
This could be the case with greater mineralization 
during periods when water is lacking, especially if 
we bear in mind that soil temperature is an impor-
tant factor that affects S mineralization.

Wetland soils are the primary component of the 
global biogeochemical S cycle. Sulfur has the capac-
ity to impact the structure and productivity of wetland 
ecosystems; it also regulates and controls some func-
tions of wetland plants (Wang et  al., 2006). So, it is 
a widely recognized crucial element that is directly 
related to water body’s taste and odor issues (Zhu 
et  al., 2017). However, this is not appreciated in the 
TDNP soils. In fact, the correlation between S and 
OM contents of the soil (r = 0.22) does not suggest this 
possibility, and this result does not agree with those 
obtained by Sanchez (2019) in temperate regions.

Historically, both wet and dry atmospheric S depo-
sitions have been considered the primary sources of S 
in remote ecosystems (Lovett, 1994). However, this is 
not the case in the present study because of the scarce 

Table 2   Sulfur 
concentrations in soils (in g 
kg−1) according to different 
authors

Authors Country Sulfur concentration 
(smallest–largest/or 
mean)

Kaplan, 1963 USA (wetland) 0.079–0.107
Bowen, 1979 World (soils) 1.6
Devai et al., 1984 Hungary (wetland) 0.050–10.88
Devai et al., 1996 USA (two wetlands) 0.042–0.092

0.076–0.356
Wang et al., 2006 USA (soils) 0.15–1.2
Sparks, 2003, Kabata-Pendias, 2011 World (soils) 0.7
Li et al., 2009 China (wetland) 0.303–0.520, 0.381

0.303–1.219, 0.513
Amorós et al., 2015 Spain (soils) 0.03–97.54
Suri et al., 2021 India (soils) 0.075–0.281
Skyllberg et al., 2021 Sweden (lake) 4.1–8.1
Reddy et al., 2021 USA (wetland) 5.6–13.4
Jiménez-Ballesta et al., 2022 Spain (soils) 0.4

Table 3   Main fertilizers 
and fertilizer components 
containing sulfur (data from 
Syers et al., 1987; Watson 
& Stevens, 1986)

Product Chemical formula Sulfur content (%)

Ammonium sulfate (NH4)2SO4 24
Ammonium thiosulfate (NH4)2S2O3·5H2O 26
Ammonium polysulfide (NH4)2Sx 40–50
Potassium sulfate K2SO4 18
Potassium magnesium sulfate K2Mg2(SO4)3 22
Elemental sulfur S0  > 85
Gypsum CaSO4·2H2O 12–18
Magnesium sulfate MgSO4·7H2O 14
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industrial activity in the study area, which means 
low potential sources of S emissions. With regard to 
human population growth and development, Berzas 
et  al. (2000) claimed that there is an impact of dif-
fuse anthroponization phenomenon, motivated by 
land transformation to activities such as agriculture or 
urban growth, which occur adjacent to the protected 
area. However, the contribution of this factor should 
be cautiously interpreted.

Sulfur in wetland soils was significantly influenced 
by other soil properties, including soil organic matter, 
soil pH, and particle size (Lu et al., 2016; Tanikawa 
et  al., 2014). Sulfate (SO4

2−) in the soil saturation 
extract ranged between 3.49 and 15,939.52 (mg·l−1) 
but with no detection in a few samples. De Aranda 
et  al. (1993) provided reference values between 960 
and 6724 (SO4

2− mg·l−1) in this same wetland’s 
water. Figure 4 shows correlations among S, carbon-
ates, EC, and OM after having calculated correla-
tions between pairs. The results are sulfur-carbonates 
r =  − 0.19, sulfur-EC r = 0.74, sulfur-OM r = 0.22, 

and sulfur-sulfate anion r = 0.17. When analyzing the 
soils of flooding and seasonal flooding in the wetland 
of the Yellow River Delta of China, Lu et al. (2016) 
found that soil OM, salinity, and silt exerted positive 
loadings on S. However, the results obtained in this 
study of the determination coefficient (R2) between 
S and other soil properties were between 0.3683 and 
0.0374. As is known, the higher the R2, the lower 
the variability. Therefore, the coefficient of determi-
nation suggests that there was no strong correlation 
between sulfur and the other soil properties (S-EC 
had the maximum R2 of 0.3683, S-SO4 had the mini-
mum R2 of 0.0374, and the remaining had R2 values 
of lower than 0.06). These indicated that the results 
were not reliable. This fact means that if S does not 
correlate, especially with sulfates or EC, this means 
that its presence must be attributed to other anthro-
pogenic sources. But the TDNP has complex hydro-
logical conditions, such that it goes through periodic 
alternation of anaerobic/aerobic state, changing the 
groundwater level and soil salinity. Therefore, the 
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biochemical cycle of sulfur in this wetland becomes 
particularly complex.

The presence of a greater proportion of total S in soils 
was mainly because of its insolubility in water and non-
susceptibility to leaching losses. It is a reserve source 
of sulfur for plants and must undergo mineralization for 
becoming available to plants (Srinivasarao et al., 2004). 
In this way, it is well known that sulfur is a vital macro-
element in plant growth. The presence of adequate S sup-
ply in the soil favors plant productivity by contributing 
to the efficient use of other essential nutrients like N, P, 
and K (Amâncio et al., 2009; Messick et al., 2005). It also 
improves defense mechanisms against pathogen attacks 
(Williams et al., 2002), and it is important for maintaining 
crop quality (Malhi et al., 2000; Till, 2010). Therefore, S 
deficit has a profound impact on agricultural productivity 
because it inhibits plant growth and grain filling in cere-
als, which causes loss of productivity (Scherer, 2001). 
For these reasons, fertilizers are often added to soils in the 
region of study. However, it is often difficult for farmers 
to master correct fertilizer applications for crop productiv-
ity. Yet, the use of controlled-release fertilizers (CRFs) is 
growing, which reduces the number of fertilizer applica-
tion times. Consequently, excess S application to the soil 
is still a standing possibility and excessive S would end up 
in the wetlands. Another possible source of soil S stems 
from applying sewage sludge, with S content of 0.6–1.5% 
(on dry weight basis), to the surrounding soils (White-
head, 2000). Existing data suggest that sulfur in fertilizer 
and soil amendments used (both new additions and legacy 
sulfur in the soil) is a major source of excess sulfate enter-
ing the ecosystem (Bates et al., 2002). But the amount of 
total sulfur used in various soil amendments, fertilizers, 
and fungicides around TDNP soils is unknown.

Sources of S contamination include dispersed-
source contamination from surrounding agriculture 
and industrial activities and point source contami-
nation from wastewater treatment plants (Sanchez-
Ramos et  al., 2019). Since the 1970s, many indus-
trialized countries, particularly those in Europe and 
North America, have reduced their SO2 emissions by 
20–60%, and this trend is growing (Ceccotti, 1996). 
Indeed, for many years, soils in several regions of the 
world have also received S incidentally from sulfate-
containing N, P, and/or K fertilizers (Whitehead, 
2000). Fortunately, this trend has declined during the 
last few decades mainly due to the reduction in the use 
of two sulfate-rich fertilizers that is ammonium sul-
fate and superphosphate, and this seems to be the case 

in the TDNP wetland. However, Whitehead (2000) 
referred to the distribution of soil S between organic 
and inorganic forms that varies depending on factors 
like the amount of OM in soil, pH, drainage status, 
and mineralogical composition of the soil.

3.1 � Reference Value for S and Contamination Levels

The scarcity of reference data on S in soils in 
Spain, and consequently in wetland soils, led us to 
calculate the RVs. Authors like Alfaro et  al. (2015) 
and Bocardi et al. (2020) defined the Bn as the 75th 
percentile after excluding outliers. According to this 
criterion, we propose the Bn of 17.96 (expressed as 
g kg−1). Using the pollution factor Igeo to determine 
the contamination levels in the TDNP soils, across 
all samples, the mean Igeo value was − 0.974 
(range − 3.864 to 0.463); therefore, most soils were 
included in class 0 (Igeo ≤ 0) and were therefore 
considered not contaminated by S. Only some isolated 
samples can be considered slightly contaminated.

An analysis of the literature demonstrates that 
SO4

2− contamination may have toxic effects on aquatic 
plants and animals, including fish, invertebrates, and 
amphibians, which may also pose negative implica-
tions for human health (Zak et al., 2021). Soil organic 
S mineralization during low water table periods can 
provide available S for plants. Therefore, the results 
of this study are essential for understanding and pre-
dicting the total S variability that can interfere with 
the influence of soil management practices in wetland 
environments. In addition, this study enhances the 
understanding of S sources in agrosystems to help pre-
dict and limit the potential of S contamination expo-
sure for people and wetland ecosystems.

4 � Conclusions

Due to agricultural water utilization and lower precipita-
tion levels, the water‐covered surface area of the TDNP 
has gradually declined. The soil S content in the flooded 
floodplain area generally ranges between 1.85 and 37.15 
g kg−1, with a mean value of 13.71 g kg−1. This reveals 
marked variability throughout the wetland. The highest 
values were recorded for the samples located near the 
park entrance via the Gigüela River, with the lowest val-
ues at its exit point, and they follow a relatively uniform 
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trend from one point to another. The present work reveals 
that the S content of the soil varied widely depending 
on its position in the floodplain. As a first approxima-
tion, this is related to the usual entry of brackish water 
(rich in sulfate) via the Gigüela River; other sources are 
those connected with the non-point source pollution that 
derives from anthropogenic activities (i.e., application of 
fertilization and sewage sludge to the soil). The results of 
this study are essential for understanding and predicting 
the contribution of external factors that can interfere with 
wetland management practices. They also allow the iden-
tification of sites that can be affected by contamination 
processes due to current excess S addition. Therefore, 
they can be used to predict the impact of future global 
changes on this wetland ecosystem.
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