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Abstract

Wetlands store large amounts of soil organic carbon stock (SOCS), making them crucial for
global climate regulation. However, climate change, poor management, and weak protec-
tion policies threaten these stocks. To assess the contribution of different wetland types for
national and international climate targets and to monitor the effectiveness of protection
measures, additional research is required. Therefore, we assessed SOCS and disturbances
from climate change, land use/land cover (LULC), and soil chemical composition in saline
and eutrophic Ramsar sites in Serbia. Analyzing a total of 96 samples, we accounted
for soil depth, reference soil group (RSG), and habitat/vegetation type. Mean SOCS in
the saline site ranged from approximately 36 t·ha−1 at 0–30 cm to 26 t·ha−1 at 30–60 cm,
whereas values were much higher for the eutrophic sites, ranging from 81 to 82 t·ha−1

at 0–30 cm and 47–63 t·ha−1 at 30–60 cm. Differences between groups for the whole soil
columns (0–60 cm) were significant at the 0.1% level. While SOCS generally decreases
with depth, it showed notable local variability, including occasional instances at deeper
layers, indicating complex environmental and anthropogenic influences. Spatial mapping
of soil chemistry parameters (pH, humus, P2O5, and K2O) along with land use/land cover
(LULC) data revealed nutrient dynamics influenced by agricultural activities. An analysis
of regional climate data revealed temperature increases relative to the reference period
of 1971–2000 by 0.5 ◦C for the decade 2001–2010 and of 1.5 ◦C for 2011–2020. Climate
projections under the RCP4.5 and 8.5 scenarios predict further warming trends, as well
as increased rainfall variability and drought risks. The results of our study contribute to
quantifying the important, though variable, contribution of wetland sites to global climate
regulation and show the influence of geogenic, pedogenic, and anthropogenic factors on
SOCS. National policies should be adapted to safeguard these stocks and to limit negative
effects from surrounding agricultural areas, as well as to develop strategies to cope with
expected regional climate change effects.

Keywords: soil carbon assessment; soil chemistry; inland wetland; lake; climate change;
vegetation; GIS; land use/land cover (LULC); anthropogenic pressure; Ramsar site
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1. Introduction
Wetlands rank among the most productive ecosystems, functioning as hubs for mate-

rial exchange and nutrient transformation [1]. They play a crucial role in global climate
regulation, as due to their periodical flooding and associated anoxic conditions they are
natural SOC sinks with low rates of organic carbon decomposition [2,3].

Accordingly, wetlands have a higher carbon density and larger capacities for carbon
sequestration than any other terrestrial ecosystem [4,5]. Estimates of the amount of the
world’s soil organic carbon (SOC) stored in wetlands range from 6 to 12% [6] to 20–25% [7]
to 20–30% [8], and even >30% [9]. Estimates are complicated by the fact that carbon cycles
in wetland ecosystems are multi-dimensional and highly complex [10]. Studies conducted
by Teiter and Mander [11], Hernandez and Mitsch [12], and Thiere et al. [13] consistently
found that gas exchange with the atmosphere and fluxes within wetlands exhibit significant
spatial and temporal variation, not only between different wetlands but also within a single
wetland. Moreover, only long-time monitoring can reveal underlying trends, as current
conditions of a wetland may not be representative of its future state [14]. Wetlands also
emit greenhouse gasses (GHG), particularly methane (CH4) and nitrous oxide (N2O) [15].
However, due to the different half-lives of methane and carbon dioxide in the atmosphere,
wetlands are typically GHG sources in the short term, but GHG sinks in the long term [16].
In addition, the amount of GHG that wetlands emit when intact is much smaller than the
amount they emit under disturbances [17]. For climate change mitigation, it is therefore
crucial to preserve wetlands and to safeguard their existing SOCS [15].

Wetlands are highly threatened ecosystems, with the two main factors of wetlands’
deterioration being climate change and land use. With regard to the effects of climate
change, wetlands are particularly vulnerable to changes in rainfall such as prolonged
droughts, as these can result in lower water tables, drying up of wetlands, and a subsequent
release of stored carbon back to the atmosphere through microbial oxidation or fires [17].
Unsustainable human land use may pose an even larger threat where land governance
is insufficient or lacking. Threats include artificial drainage, agricultural intensification,
infrastructure development, urbanization or legal and illegal human settlement. These
additional and connected threats are excessive use of wetland resources, pollution, or spread
of invasive species [18,19]. Artificial drainage, agricultural or urban land use, wildfires,
and other disruptions of wetland ecosystems enhance CO2 releases from vegetation and
soils [20,21]. Although programs aimed at the conservation of wetlands under the Ramsar
Convention on Wetlands, scientific observations have indicated that the effectiveness of
present policies has been lacking [22,23]. Furthermore, though such policies could reduce
anthropogenic disturbances, they would be unable to control weather extremes [24] or
naturally occurring fires [25].

Wetland classifications are mainly determined by parameters such as hydrology,
vegetation, soil, etc. [2]. While several classifications exist, the Ramsar classification is
perhaps the most widespread and significant one. Currently, more than 2500 wetlands with
a total area of approximately 258 million ha are protected under the Ramsar Convention
globally [26]. The Ramsar Convention has approved the Ramsar Classification of Wetland
Type (§4.3.4) which encompasses 42 types, divided into three categories [27]: (1) Marine
and Coastal Wetlands; (2) Inland Wetlands; (3) Human-made Wetlands, as well as various
sub-categories.

In order to assess the ecosystem service wetlands provide for climate regulation, it
is necessary to understand well the storage of SOC in various wetlands across different
conditions [24]. There is an urgent need to measure the current amount of SOCS at Ramsar
Sites in order to improve estimations of their climate change impact and to strengthen
national and international policies and strategies [28]. A recent review of studies on SOCS
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in Ramsar Sites identified a lack of studies on both local and global scales [29]. While 11
wetlands with a total surface area of 130.411 ha in Serbia are recognized as Ramsar sites [30],
studies assessing their carbon stock are lacking. To contribute to closing this research gap,
we analyzed SOCS in eutrophic and saline Serbian Ramsar sites. Our study offers novel
insights through a comprehensive assessment of SOCS variability by integrating ecological,
geochemical, and climatic parameters crucial for further management and conservation
strategies. Our objectives were as follows:

(1) Assess SOCS and its variability within eutrophic and saline sites;
(2) Assess potential ecosystem disturbances by analyzing the spatial distribution of

chemical parameters and LULC on SOCS;
(3) Assess the impacts of projected climate change on SOCS.

In this study, we tested whether SOCSs differ significantly among research localities,
soil depths, habitat/vegetation types, and RSGs. The hypotheses tested were as follows:

• H0 (Null Hypothesis): There are no statistically significant differences in SOCS among
research localities, soil depth, habitat/vegetation type, and RSGs.

• H1 (Alternative Hypothesis): There are statistically significant differences in SOCS
among research localities, soil depth, habitat/vegetation type, and RSGs.

2. Materials and Methods
2.1. Study Sites

The study was conducted in the northern region of the Republic of Serbia. Three
locations involved in this research are as follows: Ludaš Lake, Palić Lake, and Slano
Kopovo (Figure 1; for basic characteristics see Table 1).

Figure 1. The geographical position of studied wetlands.
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Table 1. Study site characteristics.

Study Site Name and
Protection Classification Area of Water Body (ha) Ramsar Inland Wetlands

Classification EUNIS Wetland Type EUNIS Habitat/Vegetation
Type RSG NSS

Ludaš Lake:
Special Nature Reserve “Ludaš
Lake”; Ramsar Site; Important
Bird Area; Important Plant Area;
Potential Emerald Area
(RS0000013).

328.5 O—Permanent
freshwater lakes

C1—Surface
standing waters

P32_Pannonian salt
meadows (P.2.2);
G4_Pannonian lowland mixed
pedunculate oak forests (G1.3).

Calcic Chernozem;
Albic Planosol (Sodic);
Protic Arenosol (Calcaric, Aridic).

36

Palić Lake:
Nature Park; Important Bird
Area; Important Plant Area;
Potential Emerald Area
(RS0000029).

579.8 O—Permanent
freshwater lakes

C1—Surface
standing waters

G4_Pannonian lowland mixed
pedunculate oak forests (G1.3);
L11_Sub-Mediterranean-
subcontinental herb-grass
steppes, locally meadow steppes
alternating with oak forests with
Acer tataricum (L.2.1);
P32_Pannonian salt
meadows (P.2.2).

Calcic Chernozem;
Protic Arenosol (Calcaric, Aridic). 52

Slano Kopovo:
Special Nature Reserve; Ramsar
Site; Important Bird Area;
Important Plant Area; Potential
Emerald Area (RS0000010).

145

R—Seasonal/intermittent
saline/brackish/alkaline
lakes and flats;
Ts—Seasonal/intermittent
freshwater marshes/pools
on inorganic soils; includes
sloughs, potholes,
seasonally flooded
meadows, sedge marshes;
Ss—seasonal/intermittent
saline/brackish/alkaline
marshes/pools.

C1—Surface
standing waters

L10_ South Pannonian
herb-grass steppes alternating
with oak forests (Quercus robur,
Quercus cerris, Quercus pubescens)
with Acer tataricum;
P32_Pannonian salt
meadows (P.2.2).

Calcic Chernozem;
Mollic Gleysol (Clayic). 8

Note: NSS—Number of soil samples
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Wetlands have been categorized based on the Ramsar Sites Information Service [31]
and the Ramsar wetland type classification [27], which was adopted by Recommendation
4.7 and amended by Resolutions VI.5 and VII.11 of the Conference of the Contracting Parties.
Regarding habitat classification, the EUNIS habitat classification [32] was used, which
presents an extensive pan-European system for identification of habitat. The classification
system is structured hierarchically and encompasses a comprehensive range of habitats.
The identification of habitat categories involves the utilization of distinct codes, names,
and descriptions, as outlined in the EUNIS habitat classification. Vegetation types were
determined based on the classification of natural vegetation as described by [33]. The soil
classification was based on the reference soil group (RSG) defined by the World Reference
Base for Soil Resources [34].

Ludaš Lake (Ramsar site no. 137) (46◦6′ N, 19◦49′ E) and Palić Lake (46◦02′ N, 19◦44′

E) are located in the northern part of Serbia, nearby the Serbia–Hungary border between
Danube and Tisa River. These two lakes were joined and from 1982 the area name is Palić–
Ludaš regional park, and it belongs to the municipality of Subotica. The region has a typical
temperate climate. Geological elements are represented by Pliocene sediments—sand, clay,
and boulders, with the groundwater level from 80 to 100 cm, while the terrain is flat (103
to 106 m a.s.l.) [35]. The natural forest steppe vegetation is only found in the remaining
portions, as agricultural land covers most of the region extending to the lake [36]. Agri-
culture is the predominant land use (crops such as corn, sunflower, wheat, and rapeseed,
while grazing lands are also present), exerting pressure and causing significant levels of
contamination in both lakes [37]. Although Palić Lake is not on the Ramsar list, considering
the proximity and hydrological connection to Ludaš Lake, they share similar characteristics
and thus contribute to a broader wetland ecosystem. In addition, Palić Lake plays an impor-
tant role in biodiversity conservation (Table 1). Moreover, some parts of its shoreline and
shallow areas exhibit some wetland characteristics, which further confirms its ecological
importance and justifies its inclusion in this study as a part of a broader wetland area.

Special Nature Reserve Slano Kopovo (Ramsar Site no. 1392) (45◦38′ N 020◦13′ E) is
located in the northwestern region of the Banat district, near the river Tisa, and belongs to
the municipality of Novi Bečej. The climate type seen in the area is classified as continental,
specifically a semi-arid continental Pannonian climate type VII—zonal steppe climate.
This particular pond is regarded as one of the few remaining bodies of water situated
on saline terrain in the region of Vojvodina. Specifically, it is classified as a saline lake
located within the paleo meanders. Slano Kopovo serves as a fine example of salt habitats
that are currently facing disappearance due to various pressures. The elevation varies
between 76 and 91 m a.s.l. The primary geological formations consist of alluvial deposits
and terrace loess (partially hydromorphic). Agriculture constitutes the primary human
activity, resulting in the widespread coverage of land with crops and pastures [38].

2.2. Data Analysis
2.2.1. Soil Data

Soil sampling was performed on representative areas in accordance with the change in
RSG and vegetation. Sampling design was also affected by the fact that the research areas
were under protection—especially Ramsar-designated areas, in which case a lower number
of samples could be obtained in accordance with regulatory constraints. Nevertheless,
sampling points were strategically placed to ensure the most representative data possible
given these constraints. In the area of Palić–Ludaš regional park and Slano Kopovo,
96 composite soil samples in the surface (0–30 cm) and subsurface soil layer (30–60 cm)
were obtained. Five individual samples were taken for each composite sample. Mixed
samples of 500 g were collected from two depths. The soil samples were air-dried, crushed,
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and sieved using a 2 mm sieve. The granulometric composition of the soil was evaluated
utilizing the internationally recognized phosphate B method, while for the distribution of
the obtained values, the international Atteberg distribution was used [39]. In accordance
with the ISO 10390:2007 standard [40], the pH of the soil was measured by applying a glass
electrode in a 1:5 (volume fraction) suspension of soil in water (pH in H2O). The Tyurin
method, as outlined in ISO 10694:2005 [41], was employed to ascertain the humus content.
The Egner–Riehm AL method ISO 11263:2016 [42] was employed to establish the levels of
easily accessible phosphorus and potassium. The laboratory analyses were conducted at
the Institute of Soil Science in Belgrade, Serbia (SRPS ISO/IEC 17025:2017, accreditation
no.: 01-207).

The calculation of SOCS for each soil profile was conducted in compliance with the
“Soil sampling protocol to certify the changes in organic carbon stock in mineral soil of the
European Union/EUR21576 EN/2” established by Stolbovoy et al. [43]:

SOCS =
n

∑
i=1

(
SOCi×BDi × Ti ×

(
1 − Ci

100

))
where SOCS—soil organic carbon stock [t/ha]; Ti—soil depth [cm]; BDi—bulk density
[g·cm−3]; SOCi—soil organic carbon [%; g·kg−1]; Ci—is the volume of the coarse fragments
in the single sampled depth [%].

Regarding the calculation of bulk density (BD), two approaches were evaluated: the
MetHyd model as per Adams [44], and the modification of the Adams equation by Chen
et al. [45]. The results from both methods were compared with 17 control samples. The
ANOVA test indicated no significant differences among the samples; however, the MetHyd
model as per Adams [44] demonstrated greater accuracy in more instances compared to
the modification of Adams by Chen et al. [45]. Taking this into account, along with the
widespread application of the MetHyd model as per Adams [44] in multiple studies for
this region, this methodology was selected for bulk density calculation:

BDi = 100 ÷ {(OM ÷ 0.244) + [(100 − OM)÷ MBD]}

where OM—organic matter [%] (percentage of soil carbon divided by 0.58); MBD—mineral
bulk density (1.64 according to Mann [46]).

Data regarding SOCS was analyzed through statistical techniques, incorporating
descriptive statistics and ANOVA-single factor analysis, commonly referred to as the
ANOVA one-way test (alpha level 0.05). In cases where ANOVA single-factor analysis
detected a difference between the means of the analyzed groups, an F-Test for two-sample
variances and t-test, as well as an ANOVA post hoc test (Bonferroni correction), were
performed to determine the significance of the difference. All calculations were conducted
using Microsoft Excel. Furthermore, to assess normality, the homogeneity of variances, and
the independence of observations, specific tests have been conducted. The Shapiro–Wilk test
was used to determine the normality of the data in each group, where sample sizes allowed.
For groups with limited sample sizes, the distribution of values was visually evaluated
using histograms. Levene’s test was used to evaluate the homogeneity of variances, along
with a comparison of group variances. Independence was ensured by the study design,
as each sample represented a unique location. In instances of small sample sizes, the
efficacy of normality and variance tests was constrained; thus, results were interpreted
with necessary caution. All assumption checks supported the use of ANOVA and t-tests
for the main analyses.

https://doi.org/10.3390/w18010016

https://doi.org/10.3390/w18010016


Water 2026, 18, 16 7 of 27

2.2.2. Spatial Data

The spatial distribution of the measured soil parameters (pH, humus, P2O5 and K2O)
across the Palić Lake, Ludaš Lake, and Slano Kopovo localities was visually represented
using Geographic Information System (GIS) software. QGIS (version 3.44.4) was used for
geospatial processing and visualization. The geographical coordinates recorded for each
sampling site were utilized to generate individual point features. The corresponding mea-
sured values for each soil parameter were then assigned to these points. An OpenStreetMap
standard map served as the basemap to offer geographical context for the study sites and
sampling locations. A graduated symbology approach was employed to visualize the spa-
tial variability and distribution patterns of these parameters effectively. Measured values
for each parameter were categorized into distinct classes. Each class received a sequential
color gradient that used variations of a single color, ranging from light for lower values
to dark for higher values, to provide a clear and straightforward visual representation
of parameter magnitudes. The value categories in the maps’ legends were chosen based
on the range of results obtained, facilitating a clear visual representation of the observed
variations within research localities. This point-level geospatial representation depicts the
sampling locations and their corresponding parameter values, aiding in the identification
of potential hotspots or areas of specific interest within the study sites.

For the analysis of LULC, the Dynamic World application dataset [47] has been used.
Dynamic World is a peer-reviewed near-real-time global LULC dataset with a resolution
of 10 m, generated by deep learning techniques using Sentinel-2 imagery [48]. This data
is produced for the Dynamic World Project by Google in collaboration with National
Geographic Society and the World Resources Institute. The dynamic world identifies nine
LULC types: water, trees, grass, crops, shrub and scrub, flooded vegetation, build-up
area, bare ground, and snow and ice. Utilizing the previously outlined methodology,
LULC maps for the three research locations were constructed. The Dynamic World dataset
includes maps from 2015 onwards; hence, the chosen dates for map selection corresponded
with the soil sample periods (the Ludaš and Palić Lake localities—2019 and the Slano
Kopovo locality—2023). This was conducted to ensure period alignment between the
LULC context and the SOCS measurements. These maps provided critical contextual
information regarding LULC characteristics and potential anthropogenic influences on
SOCS in the studied areas.

2.2.3. Climate Data

The Digital Climate and Climate Change Atlas of the Republic of Serbia [49] has
been used for the assessment of climate change. It relies on data from CORDEX, an
initiative of the World Climate Research Programme, and the Copernicus Climate Change
Service, which offers climate-monitoring products for Europe. Surface in situ readings
conducted by National Meteorological Services are utilized. In Serbia, data relies on the
Republican Hydrometeorological Service and the geospatial information system of the
Republic of Serbia. The following data has been used from the previously mentioned
platform for Serbia: Observed daily average temperature, precipitation, the SPEI drought
index and number of days with temperature above 35 ◦C changes for the two periods,
2001–2020 and 2011–2020, with a reference period of 1971–2000; Future climate projections
(changes) for daily average temperature, precipitation, the SPEI drought index and number
of days with temperature above 35 ◦C for the three periods, 2011–2040, 2041–2070, and
2071–2100 with a reference period of 1971–2000 for the RCP4.5 (mitigation) and RCP8.5 (no
mitigation) scenario. RCP4.5 represents a scenario with moderate GHG mitigation with
stabilized emissions yet still predicts temperatures exceeding 2 ◦C by 2100. Conversely,
RCP8.5 predicts continued high GHG emissions with no mitigation, projecting temperature
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increases that could exceed 4 ◦C by 2100 [15]. In addition, RCPs have been widely used
in climate change assessments and future climate scenario projections with further effects
on various ecosystems [50]. Including both scenarios supports the assessment of potential
climate impacts on wetland ecosystems and SOC dynamics. The aforementioned data
has been extracted for the two municipalities, Subotica and Novi Bečej, in which research
localities are.

3. Results
3.1. SOCS Distribution

The SOCS was analyzed according to locality, soil depth, habitat/vegetation type,
and RSG. SOCS values were measured for the 0–30 cm and 30–60 cm layers, as well as
for the entire 0–60 cm depth across three research localities: Ludaš Lake, Palić Lake, and
Slano Kopovo. The spatial distribution of each sampling point across the three studied
localities is shown in Supplementary Materials Figure S1. Additionally, SOCS values for the
sampling points in the three research localities are presented in Supplementary Materials
Figures S2–S4.

At 0–30 cm depth, mean SOCS was the highest at the Palić Lake locality (~82 t·ha−1),
followed by the Ludaš Lake locality (~81 t·ha−1), and the lowest at the Slano Kopovo locality
(~36 t·ha−1) (Figure 2A). The range of values was the broadest at the Palić Lake locality,
spanning from approximately 15 to 120 t·ha−1, reflecting heterogeneous soil and vegetation
conditions. In the 30–60 cm soil layer, mean SOCS values were generally lower than in
the upper layer, with the Palić Lake locality averaging ~63 t·ha−1, the Ludaš Lake locality
~47 t·ha−1, and the Slano Kopovo locality ~26 t·ha−1 (Figure 2B). Some individual samples
showed increased SOCS with depth, indicating local variability in carbon distribution.
For the integrated 0–60 cm profile, mean SOCS followed a similar pattern, with the Palić
Lake locality showing the highest values (~74 t·ha−1), followed by the Ludaš Lake locality
(~66 t·ha−1), and the Slano Kopovo locality showing the lowest (~29 t·ha−1) (Figure 2C).
Overall, SOCS tended to be higher in the upper soil layer (0–30 cm). However, several
sample points exhibited increased SOCS values in the deeper 30–60 cm layer, specifically
at the Ludaš Lake locality (L8), the Palić Lake locality (P1, P6, P14, P22), and the Slano
Kopovo locality (SK2). Additionally, at several locations, although SOCS decreased with
depth, the reduction was less pronounced than expected. These points include the Ludaš
Lake locality (L4, L9, L10, L11, L12, L17), the Palić Lake locality (P5, P10, P12, P15, P17, P19,
P20), and the Slano Kopovo locality (SK3) (Figure S1).

Figure 2. (A) SOCS for Ludaš Lake, Palić Lake, and Slano Kopovo localities (0–30 cm); (B) SOCS
for Ludaš Lake, Palić Lake, and Slano Kopovo localities (30–60 cm); (C) SOCS for Ludaš Lake, Palić
Lake, and Slano Kopovo localities (0–60 cm). Box—the interquartile range; horizontal line—median;
“X”—mean; whiskers—data within 1.5 × IQR; circles—outliers.
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SOCS values from 0 to 60 cm depth differed among the four EUNIS habitat/vegetation
types studied at the Ludaš Lake, Palić Lake, and Slano Kopovo localities (Figure 3A). The
highest mean SOCS was found in the Pannonian lowland mixed pedunculate oak forests
(G4(G1.3)), averaging approximately 76 t·ha−1 with the same median value. Pannonian salt
meadows (P32(P.2.2)) exhibited lower mean SOCS values around 44 t·ha−1. The Pannonian
sand steppes alternating with oak forests (L11(L.2.1)) showed intermediate SOCS values,
averaging roughly 59 t·ha−1, with a broad range of values. The South Pannonian herb-grass
steppes alternating with oak forests (L10(L.2.1)) displayed the lowest SOCS among the
habitats analyzed, based on limited samples, with a mean of approximately 43 t·ha−1.

Figure 3. (A) SOCS for Ludaš Lake, Palić Lake, and Slano Kopovo localities (0–60 cm) shown with
regard to habitat/vegetation type (EUNIS code): G4_(G1.3)—Pannonian lowland mixed pedunculate
oak forests; P32_(P.2.2)—Pannonian salt meadows; L11_(L.2.1)—Pannonian sand steppes alternating
with oak forests (Quercus robur); L10_(L.2.1)—South Pannonian herb-grass steppes alternating with
oak forests (Quercus robur, Quercus cerris, Quercus pubescens) with Acer tataricum; (B) SOCS for Ludaš
Lake, Palić Lake, and Slano Kopovo localities (0–60 cm) shown with regard to RSG.

The order of SOCS average values from highest to lowest based on RSG is as follows:
Albic Planosol (Sodic) > Calcic Chernozem > Protic Arenosol (Calcaric, Aridic) > Mollic Gleysol
(Clayic) (Figure 3B). Calcic Chernozem showed a wide range of SOCS values from approx-
imately 12 to 128 t·ha−1, with the mean and median near 75 t·ha−1. The interquartile
range reflected moderate variability in SOC content. Protic Arenosol (Calcaric, Aridic): SOCS
values ranged broadly from about 7 to 128 t·ha−1, with mean and median values roughly
around 75 t·ha−1. This RSG demonstrated considerable variation in SOCS. Albic Planosol
(Sodic) SOCS values ranged from approximately 51 to 100 t·ha−1, with an average near
70 t·ha−1. Mollic Gleysol (Clayic) showed lower SOCS values ranging from approximately
16 to 49 t·ha−1, indicating relatively lower SOCS compared to the other RSGs.

Detailed statistical analyses are provided in the Supplementary Materials (Tables S1–S11).
ANOVA revealed significant differences in SOCS among the three sites at 0–30 cm depth
(p < 0.01); 30–60 cm depth (p < 0.05) and 0–60 cm depth (p < 0.001). Further analysis using
the ANOVA Post Hoc Test (Bonferroni Correction) for SOCS among the three sites at 0–30 cm
depth shows the significant difference between Slano Kopovo locality compared to both the
Ludaš Lake locality and the Palić Lake locality (p < 0.01). Meanwhile, the same test showed
no significant difference between the Ludaš and Palić Lake localities (p = 0.5515). At the
30–60 cm depth, the test indicates a significant difference between the Ludaš Lake and Slano
Kopovo localities (p < 0.001). However, the same test indicated no significant difference
between the Palić Lake locality compared to the Ludaš Lake (p = 0.139) and Slano Kopovo
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localities (p < 0.05). At the 0–60 cm depth, a significant difference was found between Slano
Kopovo compared to both the Ludaš Lake locality (p < 0.001) and the Palić Lake locality
(p < 0.001), while no significant difference was found between the Ludaš and Palić Lakes
localities (p = 0.1844). ANOVA has shown that there is a significant difference (p < 0.05)
between 4 groups for SOCS (0–60 cm) shown in regard to habitat/vegetation type. Further
ANOVA Post Hoc Test (Bonferroni Correction) shows the significant difference only between
G4_(G1.3) and P32_(P.2.2) habitat/vegetation type (p < 0.01). Nevertheless, in the case of other
compared groups, there was no significant difference detected. Furthermore, no significant
difference in SOCS (0–60 cm) was observed among the four RSGs (p = 0.1292).

A t-test comparing SOCS at different depths (0–30 cm vs. 30–60 cm) among the three
sites showed a significant difference in the case of the Ludaš Lake locality (p < 0.01), and
the Palić Lake locality (p < 0.01). Conversely, a significant difference in the case of the Slano
Kopovo locality was not recognized (p = 0.5145). In several specific sample points, the SOCS
decrease with depth (0–30 cm vs. 30–60 cm) was not as expected. These sample points
are L4, L9, L10, L11, L12, L17, P5, P10, P12, P15, P17, P19, P20, and SK3. Therefore, these
sample values were separated and tested via t-test to statistically confirm their significance.
The performed t-test showed no significant difference between these specific samples
(p = 0.4933).

3.2. Soil Chemistry

The spatial analysis of soil chemistry revealed varied characteristics across the Ludaš
Lake, Palić Lake (Figure 4A–D), and Slano Kopovo localities (Figure 5A–C). Soils displayed
predominantly alkaline conditions, with pH values between 8.3 and 12.1. The soils of the
Ludaš Lake locality exhibited pH values ranging from 8.3 to 9.8. The Palić Lake locality
revealed a broader range of pH values, from 8.7 to 12.1, with its western parts exhibiting
the highest alkalinity. The soils of the Slano Kopovo locality displayed predominantly
alkaline conditions, with pH values (H2O) ranging from below 10.1 to above 10.3.

The humus content ranged from below ≤0.8% to above 4.06% at these three localities.
The Ludaš Lake locality exhibited the highest humus levels in the northern zone, whereas
the Palić Lake locality demonstrated peak concentrations in the southern and southeastern
areas. In the Slano Kopovo locality, the humus concentration is generally greater at points
situated farther from the water body.

The content of phosphorus pentoxide (P2O5) exhibited significant variation, ranging
from less than 8 mg·100 g−1 to more than 104 mg·100 g−1. The Ludaš Lake locality
exhibited significantly elevated P2O5 levels, especially in its southern region, exceeding
104 mg·100 g−1, while Palić Lake’s locality peak concentrations were found in its southern
and southeastern parts. The Slano Kopovo locality indicated the highest concentration
in the northern part, exceeding 37 mg·100 g−1, whereas the southernmost area recorded
values below 8 mg·100 g−1.

Potassium oxide (K2O) levels varied from below 20 mg·100 g−1 to above 57.1 mg·100 g−1.
The Ludaš Lake locality exhibited considerably higher K2O concentrations, particularly at
its southern tip, in contrast to the Palić Lake locality, where the highest concentrations were
found in the eastern and southeastern areas.

https://doi.org/10.3390/w18010016

https://doi.org/10.3390/w18010016


Water 2026, 18, 16 11 of 27

Figure 4. Palić Lake (left) and Ludaš Lake (right): (A) the distribution of pH (H2O); (B) the distribution of humus (%); (C) the distribution of P2O5 mg·100 g−1;
(D) the distribution of K2O mg·100 g−1.

https://doi.org/10.3390/w18010016

https://doi.org/10.3390/w18010016


Water 2026, 18, 16 12 of 27

Figure 5. Slano Kopovo: (A) the distribution of pH (H2O); (B) the distribution of humus (%); (C) the distribution of P2O5 mg·100 g−1.
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3.3. LULC Analysis

The analysis of LULC for the three studied sites is represented in Figure 6 (Palić and
Ludaš Lake) and Figure 7 (Slano Kopovo).

 

Figure 6. Palić lake (left) and Ludaš lake (right) LULC map for 2019. Water (blue): ~10%; Trees (dark
green): ~2%; Grass (light green): ~2%; Flooded vegetation (purple): ~1%; Crops (orange): ~60%;
Shrub and scrub (yellow–beige): ~10%; Built (red): ~15%; Bare (gray): ~0% (Dynamic World [47]).

 
Figure 7. Slano Kopovo LULC map for 2023. Water (blue): ~10%; Trees (dark green): ~3%; Grass
(light green): ~8%; Flooded vegetation (purple): ~0%; Crops (orange): ~75%; Shrub and scrub
(yellow–beige): ~2%; Built (red): ~1%; Bare (gray): ~1% (Dynamic World [47]).
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LULC map shows that the Palić and Ludaš Lake surroundings area is predominantly
agricultural (Figure 6). Agricultural-dominated areas predominantly occupy the western,
southern, and eastern peripheries of both lakes, whereas the northern region has signs of
anthropogenic development (built). In addition, the western part of the Palić Lake locality
is hugely dominated by built (anthropogenic) areas. Other LULC categories, such as trees
and grass, are mostly scattered in various parts of these lakes’ surroundings. Flooded
vegetation is more characteristic for the Ludaš Lake locality. In the Palić Lake locality,
flooded vegetation occurs only in the minor western shoreline part, while in Ludaš Lake
it occurs in various zones and is heavily present in the northeastern part of this lake.
Shrub and scrub categories are present in some scattered minor parts. Bare land has not
been detected.

On the other side, LULC of the Slano Kopovo locality exhibits slightly different
surroundings categories (Figure 7). While the agricultural areas are here also dominant,
built (anthropogenic) areas are rarely present. Trees, grasses, and shrub and scrub categories
are mostly present in the form of buffer zones around the wetland, with predominant
appearance in southeastern and northwestern zones. Bare land occupies a minor part of
southeastern and northwestern zones near by the water zones of the wetland. Flooded
vegetation has not been detected.

3.4. Climate Analysis

Observed daily average temperature changes for the periods 2001–2020 and 2011–2020
indicate an increase of 0.5 to 1.5 ◦C compared to the reference period of 1971–2000
(Figure 8A). Observed precipitation variations observed between the periods 2001–2020
and 2011–2020, relative to the reference period of 1971–2000, exhibit certain variability.
(Figure 8B). During the first decade, a slight increase was observed (up to 10–20%), whereas
a slight decline occurred in the second decade (0–10%).

 

Figure 8. (A) Observed daily average temperature changes for the two periods, 2001–2020 and
2011–2020, with a reference period of 1971–2000; (B) observed precipitation changes for the two
periods, 2001–2020 and 2011–2020, with a reference period of 1971–2000; based on data from the
Digital Climate and Climate Change Atlas of the Republic of Serbia [49].

Future climate projections for the daily average temperature (Figure 9A,B) show an in-
crease in the case of both scenarios. However, the RCP4.5 scenario exhibits a lower increase
0.5–2.0 ◦C compared to the RCP8.5 scenario, which shows an increase of 0.5 up to 4 ◦C. The
peak in the case of both scenarios is projected to be reached in the 2071–2100 period.
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Figure 9. (A) Future climate projections (changes) for daily average temperature for the three periods,
2011–2040, 2041–2070, and 2071–2100 with a reference period of 1971–2000 for the scenario RCP4.5
(mitigation); (B) future climate projections (changes) for daily average temperature for the three
periods, 2011–2040, 2041–2070, and 2071–2100 with a reference period of 1971–2000 for the scenario
RCP8.5 (no mitigation); based on data from the Digital Climate and Climate Change Atlas of the
Republic of Serbia [49].

In the case of future climate projections (changes) for precipitation parameters
(Figure 10A,B), variations among both periods and scenarios are more widespread, ranging
from 0% to 20%.

 

Figure 10. (A) Future climate projections (changes) for precipitation for the three periods, 2011–2040,
2041–2070, and 2071–2100 with a reference period of 1971–2000 for the scenario RCP4.5 (mitigation);
(B) future climate projections (changes) for precipitation for the three periods, 2011–2040, 2041–2070,
and 2071–2100 with a reference period of 1971–2000 for the scenario RCP8.5 (mitigation); based on
data from the Digital Climate and Climate Change Atlas of the Republic of Serbia [49].

Observed SPEI drought index changes for the two periods, 2001–2020 and 2011–2020,
(reference period of 1971–2000), are prone to negative trends (dry events) in both cases
(Figure 11A) ranging from −0.3 to <−1. This has been followed by a notable increase in the
observed changes in the number of days with temperatures exceeding 35 ◦C for the periods
2001–2020 and 2011–2020 (reference period of 1971–2000), with variations ranging from
2 to 7 days (Figure 11B). Moreover, future climate projections for the SPEI drought index
across three periods (2011–2040, 2041–2070, and 2071–2100) indicate a neutral to negative
(dry events) under both scenarios (RCP4.5 and RCP8.5) (Figure 12A,B). The projections
indicate that the SPEI index varies from −1 to 0 for the RCP4.5 scenario, while it ranges
from −1.5 to 0 for the RCP8.5 scenario. Furthermore, future climate projections regarding
the frequency of days over 35 ◦C throughout the three periods (2011–2040, 2041–2070, and
2071–2100) predict increased regional variability under both scenarios (RCP4.5 and RCP8.5)
(Figure 13A,B). Nonetheless, the maximum number of days with temperatures over 35 ◦C
attains up to 15 days under the RCP4.5 scenario and reach up to 25 days under the RCP8.5
scenario, which is considerably greater than previously recorded changes.
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Figure 11. (A) Observed SPEI drought index changes for the two periods, 2001–2020 and 2011–2020,
with a reference period of 1971–2000; (B) observed days with temperatures above 35 ◦C changes for
the two periods, 2001–2020 and 2011–2020, with a reference period of 1971–2000; based on data from
the Digital Climate and Climate Change Atlas of the Republic of Serbia [49].

 

Figure 12. (A) Future climate projections (changes) for the SPEI drought index for the three periods,
2011–2040, 2041–2070, and 2071–2100 with a reference period of 1971–2000 for the scenario RCP4.5
(mitigation); (B) future climate projections (changes) for the SPEI drought index for the three periods,
2011–2040, 2041–2070, and 2071–2100 with a reference period of 1971–2000 for the scenario RCP8.5
(mitigation); based on data from the Digital Climate and Climate Change Atlas of the Republic of
Serbia [49].

 

Figure 13. (A) Future climate projections (changes) for days with temperatures above 35 ◦C for the
three periods, 2011–2040, 2041–2070, and 2071–2100 with a reference period of 1971–2000 for the
scenario RCP4.5 (mitigation); (B) future climate projections (changes) for days with temperatures
above 35 ◦C for the three periods, 2011–2040, 2041–2070, and 2071–2100 with a reference period of
1971–2000 for the scenario RCP8.5 (mitigation); based on data from the Digital Climate and Climate
Change Atlas of the Republic of Serbia [49].
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4. Discussion
4.1. SOCS Patterns

Inland wetlands, particularly Ramsar Sites, have been largely overlooked in terms of
carbon storage across various geographic locations, bioclimatic conditions, and human-
induced pressures [29]. Distributions in carbon storage differ according to region, position,
and wetland type [51]. Similarly, SOCS in researched wetlands showed variable values.
Changes in carbon content in wetland habitats are influenced by environmental factors
such as temperature, water level, and soil nutrients [52]. A considerable proportion of
potential disturbances at Ramsar sites are not being managed in a sustainable manner,
with concerning data indicating that management plans is currently lacking in 47–76%
of these sites [29]. Elucidating different variations in carbon content is important both
for an assessment of the role of wetland ecosystems in global climate change, and for a
deep understanding of the mechanisms of changes in carbon accumulation in wetland
ecosystems [53]. Prior studies have demonstrated that the vertical distribution of carbon in
wetlands diminishes as soil depth increases [54–56]. However, our findings indicated that
surveyed sites exhibited some variances in this aspect. Although SOCS generally declined
with depth at the most sampled locations, there were several situations when SOCS value
increased with depth. In addition, the topsoil (0–30 cm) generally contains substantially
larger amounts of SOC than the subsoil (30–60 cm) [57]. Conversely, in several samples,
SOCS decreased with depth, but not significantly as expected. This suggest that certain
areas may have been affected by disturbances such as land use or unauthorized burning
(widely practiced in this region). Nevertheless, some natural factors also need to be taken
into account. As indicated by Baumgertel et al. [58], the studied region is an extremely
susceptible area to wind erosion leading to significant soil losses. This may further partly
explain the SOCS vertical distribution at some of the previously mentioned sampling sites,
as the top layers of soil are mainly impacted by eolian erosion. However, while natural
disturbances influence SOCS dynamics to a certain extent, 91% of carbon dynamics is
linked to anthropogenic disturbances [59].

Ludaš and Palić lakes are shallow hypereutrophic lakes, while Slano Kopovo is saline
lake (pond). While the Palić Lake locality showed the highest average SOCS values, the
Ludaš Lake locality showed a slightly lower average value. Environmental, anthropogenic
and possibly biological factors may contribute to this regional variation. In addition,
spatial distribution and concentration of analyzed soil chemistry parameters may affect
SOCS and cause observed variations in the case of the Palić and Ludaš Lake localities.
Eutrophication can influence the development of plant communities and, in turn, impact
the SOCS [60]. As recent research conducted by Caković et al. [37] highlights eutrophication
trends in both lakes, this may further influence the SOCS. However, compared to these
two hypereutrophic lakes, the Slano Kopovo locality has a significantly lower average
amount of SOCS. The observed lower level of SOCS may indicate low vegetation growth
and organic matter input, surpassing the influence of decreased decomposition rates [61,62].
Additionally, it is projected that salinity will reduce the overall global carbon storage over
time [63].

Comparison of SOCS among worldwide wetland ecosystems might be challenging
due to various factors. These factors include differences in dataset, different soil depths,
different regions, climate, and landscape settings. Taking these factors into account, a
recent comprehensive meta-analysis of wetland SOCS (especially for Ramsar sites) by
Nath et al. [29] provides a stepping stone for potential comparison by analyzing SOCS at
0–30 cm and 0–100 cm. According to this overview, the mean SOCS values for the Ludaš
Lake (approximately 81 t·ha−1) and Palić Lake localities (approximately 82 t·ha−1) are
higher than both the European mean (61.2 t·ha−1) and the overall global mean (63.8 t·ha−1)
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for inland wetlands at 0–30 cm depth. This may indicate that the top layer (0–30 cm) of
these two localities could potentially be a more effective carbon sink. On the other hand,
the mean SOCS for the Slano Kopovo locality (about 36 t·ha−1) at 0–30 cm is lower than
the European and global mean values. This indicates that Slano Kopovo may have a
lower capacity for surface SOC accumulation and has been subject to certain factors and
disturbances that have reduced its SOCS within the topsoil layer. Due to the lack of a
relevant global overview of Ramsar Sites wetlands’ SOCS at 0–60 cm and 30–60 cm, a valid
comparison is inadequate in this context, and any attempts at comparison could lead to
potentially misleading evaluations. In addition, potential case-to-case comparison might
have significant limitations in terms of different settings.

4.1.1. SOCS According to Vegetation/Habitat Type

The observed variation in SOCS across the studied habitats reflects the complex
interplay among vegetation composition of three wetlands. The highest SOCS values
were found in mixed pedunculate oak forests, where abundant organic matter inputs
and favorable conditions for balanced decomposition promote enhanced carbon storage
in the soil. In contrast, Pannonian salt meadows exhibited lower SOCS, likely due to
saline influences and frequent flooding events that limit primary productivity and alter
microbial activity, thereby constraining carbon retention [64]. Intermediate SOCS levels in
the Pannonian sand steppes with interspersed oak forests suggest a mosaic of ecological
conditions where both grassland and forest elements contribute to soil carbon dynamics.
The relatively low SOCS recorded in South Pannonian herb-grass steppes aligns with
expectations for more aerated soils, which facilitate faster organic matter decomposition
and turnover. Collectively, these patterns underscore the importance of habitat-specific
environmental factors in shaping SOCS and highlight the spatial heterogeneity inherent
in wetland ecosystems. In addition, while the enhancement of vegetation cover may be
beneficial for increasing SOC [65], hydrological regime serves as the significant driver of
carbon storage in wetlands [66]. Thus, management strategies should incorporate both
vegetation and hydrological factors in order to preserve and aid sustainable carbon storage
while maintaining ecological integrity in wetland ecosystems.

4.1.2. SOCS According to RSG

The observed variation in SOCS among different RSGs across the three wetlands
highlights the significant role of soil physical properties and moisture regimes in carbon
stabilization and accumulation [67]. Soils classified as Calcic Chernozems tended to have
higher SOCS, likely due to their fertile and well-structured profiles that facilitate organic
matter retention. These SOCS patterns across the three wetlands align with trends, as
Chernozem-type soils have been identified as significant reservoirs of SOC in Serbia [68].
In contrast, Protic Arenosols exhibited greater variability in SOCS, which may be attributed
to their coarse texture and fluctuating moisture conditions that can accelerate organic
matter decomposition. This variability aligns with findings reported by Vidojević et al. [68],
indicating that Arenosols exhibited the lowest mean SOC among the main RSGs in Serbia.
In addition, the capacity of soils to store SOC is significantly affected by their clay content, as
clay particles safeguard organic matter from decomposition and boost carbon stability [69].
This point is reflected in the higher SOCS found in Chernozems, which are characterized
by a higher proportion of clay and silt. In contrast, Arenosols, characterized by sand-sized
particles and low clay content, exhibited lower and more variable SOCS.

Albic Planosol (Sodic) showed intermediate SOCS values, possibly reflecting the influ-
ence of restricted drainage and resulting anaerobic conditions that favor the preservation
of SOC [70]. Lower SOCS levels observed in Mollic Gleysols could be linked to specific
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hydrological patterns and land management practices that impact carbon inputs and losses.
Overall, these patterns underscore the complex interplay between soil texture, hydrology,
and land use in shaping soil carbon dynamics across diverse RSGs.

4.2. Spatial Analysis and Assessment

This study presents a comprehensive spatial analysis of soil chemistry parameters
(pH, humus, P2O5, and K2O), offering valuable insights into the environmental status and
anthropogenic pressures shaping the soil chemistry. Each of these parameters serve as a
geochemical indicator of nutrient cycling, pollution levels, and hydrological dynamics.

The findings indicate significant spatial heterogeneity across both lakes’ localities, with
clear zonation patterns aligned with lakes’ hydrodynamic activity, and land use impacts.
The pH distribution demonstrates the predominantly alkaline nature of both localities,
with the Palić Lake locality exhibiting extreme alkalinity in western zones. This suggests
the influence of evaporative concentration, agricultural lime input, or industrial discharge,
which can affect nutrient solubility and metal mobility. Meanwhile, humus content varies
strongly with organic inflows, hydrodynamics, and microbial activity, revealing ecological
gradients critical for soil fertility and carbon cycling. In both localities, the southern
and southeastern sectors exhibit elevated levels of P2O5 and K2O, pointing to intensive
agricultural runoff, sediment trapping, and organic matter accumulation. These areas
function as nutrient sinks and are particularly vulnerable to eutrophication and ecological
degradation if unmanaged. Conversely, central localities of lake corridors reveal transitional
geochemical conditions, likely shaped by dynamic water flow that inhibits long-term
sedimentation and nutrient retention.

For the Slano Kopovo locality, the analysis reveals spatial soil chemistry patterns.
Sampling points that are closer to the water body usually have higher pH values. This
trend indicates the impact from the saline water body, which may enhance alkalinity, in
accordance with findings in other salt-influenced regions [71]. The humus content has
an increasing pattern with increased distance from the water body. The observed pattern
indicates that the accumulation of organic matter in soils near the saline water body may
be less pronounced. This may be attributed to factors such as periodic drought, flooding,
increased salinity, and diminished vegetation cover, which can all restrict the input of
organic matter. The distribution of P2O5 content exhibits lower concentrations near the
water body. The observed spatial variation in P2O5 could be shaped by the changes during
land use histories, which affect the cycling and retention of phosphorus in the soil [72].

The distribution and dynamics of SOC in wetland soils are closely linked to spatial
variations in soil chemical parameters, such as pH, organic matter, and nutrient avail-
ability [73]. Alterations in these parameters impact microbial activity, plant productivity,
and organic matter decomposition, hence affecting SOC accumulation and further dynam-
ics [74]. Through the mapping of these variations, this study emphasizes the chemical
influences on SOC stocks, which are important for predicting carbon sequestration poten-
tial and advising soil management approaches. Importantly, this research highlights the
critical value of GIS-based analysis [75] in understanding soil dynamics and environmental
vulnerability in wetland ecosystems, reinforcing its applicability for ongoing environmental
monitoring, conservation planning, and policy-making. Moreover, continuous soil sam-
pling and temporal monitoring using remote sensing and in situ data should be integrated
into future studies to detect trends and improve predictive models.

The spatial patterns of LULC surrounding the studied wetlands reveal landscapes pre-
dominantly shaped by agricultural activities. These LULC characteristics likely influence
SOC dynamics through their effects on vegetation inputs, soil disturbance regimes, and
hydrological conditions. Intensive agriculture and urbanization associated with higher
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built-up and cropland percentages can lead to reduced carbon inputs and increased soil
disturbance; factors generally linked to lower SOCS [76,77]. Conversely, the greater pres-
ence of natural vegetation buffers may promote organic matter accumulation and preserve
SOC stocks, which would be particularly beneficial in the case of the Slano Kopovo locality
considering the saline character of this wetland. Overall, these findings underscore the
importance of incorporating detailed LULC information when interpreting soil carbon
distribution patterns in wetland landscapes. Despite the protection of these wetlands,
agricultural influence is apparent, requiring specific strategies for reducing its impact.
Recent findings by Mavsar et al. [21], which analyze the impact of different LULC on SOC,
may provide valuable insights for adjusting land use management practices to enhance
SOC dynamics.

4.3. Climate Observations and Climate Change Projections Assessment

The observed climate data demonstrate a clear warming trend in the study region over
recent periods, accompanied by variable precipitation patterns. Future projections under
both RCP4.5 and RCP8.5 scenarios indicate continued temperature increases and uncertain
precipitation changes, which together suggest heightened climatic stress for the wetlands.
Drying trends indicated by the SPEI drought index, particularly under the RCP8.5 scenario,
suggest increasing frequency and intensity of drought events. Additionally, the projected
rise in the number of days with temperatures exceeding 35 ◦C is likely to impose stress on
wetland ecosystems. Furthermore, these climatic changes may have important implications
for SOCS in these wetlands. Higher temperatures and increased drought conditions can
accelerate organic matter decomposition by reducing soil moisture and increasing aerobic
activity, potentially leading to SOC losses [78,79]. Warmer temperatures, longer periods of
days with temperatures exceeding 35 ◦C along with drought events may particularly affect
SOC not just directly, but also indirectly. Indirect effects include a higher probability of
wildfires often linked to human-induced disturbances, and even illegal prescribed burning.
This may further lead carbon emissions back to the atmosphere and reduce SOC in these
wetlands. This could be particularly important as a recent study by Li et al. [80] indicates
a substantial loss of SOC due to the wildfire in wetlands, highlighting the necessity for
monitoring of post-fire methane emissions. In addition, assessment of fuel loads should
be considered in wildfire management and for understanding the dynamics of carbon re-
lease [81]. Furthermore, variability in precipitation may also disrupt hydrological regimes
crucial for maintaining wetland carbon sequestration capacity. Overall, the combination
of warming, variable precipitation patterns, drought events, and increased heat extremes
poses significant risks to wetland ecosystems function and carbon storage. This high-
lights the necessity for adaptive management to maintain SOC in these ecosystems amidst
changing climate conditions.

The outcomes of this study have significance for informing wetland conservation
and policy at both local and global levels. These findings advocate for the incorporation
of SOCS monitoring and climate adaption strategies into national wetland management
frameworks to enhance ecosystem resilience and comply to international conservation
commitments.

4.4. Integrated Assessment

The integrated examination of SOCS at various depths, soil chemistry parameters,
LULC, and climate demonstrates complex and spatially variable soil processes. This in-
tegrated viewpoint facilitates a profound comprehension of the factors influencing SOC
storage and distribution, along with the identification of disturbed spots within these
ecosystems. Landscapes characterized by natural vegetation cover, including forests,
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shrubs, and grasslands, consistently demonstrate higher humus content and improved
soil chemical properties, such as moderate pH, and sufficient nutrient levels. These factors
combined lead to increased SOCS, especially in the upper soil layers. The prevalence of
cropland and urban areas correlates with indicators of soil disturbance, increased alkalinity
or salinity, and decreased humus content [82]. These factors combined lead to reduced
SOCS and, in certain instances, unexpected profiles characterized by higher carbon content
at deeper soil layers compared to the top layers. Such patterns frequently indicate recent
surface disturbances, erosion, or management-induced mixing, highlighting the suscep-
tibility of agricultural and anthropogenically influenced areas to SOCS degradation. The
integration of these factors indicates that landscape-scale SOCS dynamics are closely associ-
ated with the preservation of natural vegetation patches and the maintenance of conducive
soil chemical conditions. Land use and climate factors have a significant influence on SOCS
in the upper layers (especially 0–30 cm) [83], with SOCS in these layers being perceived
as the most vulnerable [84]. Effective carbon management in heterogeneous systems ne-
cessitates the protection of existing high-carbon areas alongside targeted interventions,
especially in regions where climate effect and land use intensity might jeopardize surface
SOC pools.

4.5. Potential Study Limitations and Future Perspectives

Estimating SOCS in protected Ramsar Sites involves challenges, particularly regarding
the estimation of bulk density. Different observations have come to various conclusions:
not measuring bulk density and rock fragments—potential SOCS overestimation [85]; not
accounting that rock fragments contain carbon—potential SOCS underestimation [86]. In
addition, recent research by Panagos et al. [87] related to soil bulk density assessment in
Europe also highlights various advantages and limitations of different methodologies. This
could further imply that in either case, some errors are expected. Moreover, there is no
universally agreed upon method to determine the bulk density [88].

Despite the perceived precision of field-measured bulk density, numerous studies
have revealed its significant limitations. These limitations include high cost, labor intensity,
time consumption, proneness to disturbance, destructiveness, placing pressure on the
operator, and challenges in controlling the quality of collected data [89,90]. Among the
aforementioned limitations, the disturbance and destructiveness of this methodology were
the major reasons why its use was discouraged and not applied in our research, given
that the study sites were protected areas. However, to ensure reliability, we validated
the Adams [44] model in our study using 17 control samples, as previously described in
methodology. In addition, in a detailed review by De Vos et al. [91], it was concluded
that the model developed by Adams [44] exhibited the highest predictive capacity. Our
approach is further supported by the findings of Kabała & Gałka [92], which indicate that
organic carbon alone can reliably predict soil bulk density. In our study, the sampled soils
exhibit a low content of rock fragments, suggesting that the potential overestimation of
SOC may be low.

The approach strategies were influenced by site-specific constraints and the most
suitable available techniques. Future research will require the development of innova-
tive, non-destructive (environmentally friendly), cost-effective, and sufficiently precise
methods for assessing bulk density and SOCS, especially in protected ecosystems such as
Ramsar sites.

5. Conclusions
This study reveals significant spatial variability in SOCS and key soil chemistry param-

eters within the eutrophic and saline wetlands. The findings indicated significant variation
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in mean SOCS across different sites and depths, with Palić Lake presenting the highest
values and Slano Kopovo the lowest. Regional increases in SOCS at deeper layers indicate
past disturbances, while spatial analysis reveals predominantly alkaline conditions, with
extreme alkalinity observed in certain areas of Palić Lake. Increased concentrations of P2O5

and K2O in certain regions of Palić and Ludaš Lakes were linked to agricultural runoff,
indicating susceptibility to eutrophication.

SOCS was highest in mixed pedunculate oak forests and Calcic Chernozem soils, in
contrast to lower values observed in Pannonian salt meadows and Protic Arenosols, high-
lighting the significant impact of vegetation and RSG. The integrated assessment showed
that natural vegetation is linked to higher SOCS, while croplands are linked to lower SOCS.
This implies that human-induced disturbances play a significant role in carbon dynam-
ics. Additionally, climatic trends such as warming, varying precipitation, and heightened
drought frequency in the region, alongside recognized anthropogenic pressures, highlight
the increased vulnerability of wetland SOCS.

This multidisciplinary study offers novel insights into various factors influencing
SOCS in inland wetlands. This research integrates ecological, geochemical, and climatic
aspects to demonstrate how land use effects in the vicinity of wetlands, along with projected
climate stressors such as warming and variable precipitation, increase vulnerabilities for
SOCS. The findings enhance wetland carbon science through an integrated assessment
focused on saline-eutrophic systems, highlighting the importance of a cross-disciplinary
approach for the effective preservation of SOCS. The findings provide significant, spatially
specific insights for conservation, decision-making, and future research on SOCS evaluation
in these and other wetland ecosystems.
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and Lake Ludaš” from KfW Entwicklungsbank, under BMZ-No 2015 67 098 and 2015 70 043. The
results were supported by The Ministry of Science, Technological Development and Innovation of
the Republic of Serbia (grant no. 451-03-137/2025-03/200169 and 451-03-136/2025-03/200169).

Data Availability Statement: Climate data was obtained from the Digital Climate Atlas of Serbia
(https://atlas-klime.eko.gov.rs/, accessed on 2 December 2025). Land use/land cover (LULC) data
was obtained from the Dynamic World dataset (https://dynamicworld.app/, accessed on 2 December
2025). Other data from this study can be obtained upon request from the authors.

Acknowledgments: We would like to express our gratitude to Alevtina Evgrafova, Milica Caković,
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21. Mavsar, S.; Grčman, H.; Turniški, R.; Mihelič, R. Organic Carbon Sequestration Potential of Slovenian Agricultural Soil and the
Impact of Management Practices on SOC Stock. Cogent Food Agric. 2025, 11, 2437574. [CrossRef]

22. Finlayson, C. Forty Years of Wetland Conservation and Wise Use. Aquat. Conserv. 2012, 22, 139–143. [CrossRef]
23. Finlayson, C.M.; Capon, S.J.; Rissik, D.; Pittock, J.; Fisk, G.; Davidson, N.C.; Bodmin, K.A.; Papas, P.; Robertson, H.A.; Schallenberg,

M.; et al. Policy Considerations for Managing Wetlands under a Changing Climate. Mar. Freshw. Res. 2017, 68, 1803. [CrossRef]
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36. Nature Park “Palić”. Proposal for Protection as a Protected Area of III Category—Protection Study; Institute for Nature Conservation of

Vojvodina Province: Novi Sad, Serbia, 2011.
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