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Abstract

:

Diffuse water pollution from agriculture (DWPA) is one of the major factors causing water pollution in Lakes Palić and Ludaš, the two largest shallow lakes of the Pannonian Basin in Serbia. These two lakes are protected under national and international law. On the basis of the number of strictly protected bird species, Ludaš Lake has been classified as a wetland of international importance since 1977 (Ramsar site 3YU002); in 2021, both lakes were nominated as potential Natura 2000 areas. Despite the degree of protection and ecological significance of the area, agricultural land prevails. By a process of land expropriation during 2019, the buffer zone began to expand around the lakes, which should lead to a reduction in pollution. One of the goals of buffer-zone development is to enhance and restore the ecological connectivity of the remaining forest-steppe habitats. During the expropriation process, soil was sampled to record areas with the highest pollution. This paper assesses the environmental risk caused by phosphorus, nitrogen, and the accumulation of heavy metals (Zn, Cu, Pb, Cr, Ni, Mn, Cd, and Hg). For each heavy metal, the corresponding pollution indices (Igeo, PI, EF, Eri, RI, Nemerow) and soil contamination level were calculated. Pollution indices indicate the ecological risk under the influence of heavy metals in the following order: Cd > Cu > Ni > Zn > Pb > Cr > Hg. Results showed that concentrations of Cd exceeded the maximal permissible concentration in all examined soil samples, and high ecological risk areas were determined. High concentrations of nitrogen, phosphorus, and potassium were detected, which could be as a result of intensive agricultural activity. Current conservation measures in this area have not provided adequate protection of the natural environment. Accordingly, existing measures must be controlled or new, more restrictive measures must be prescribed.
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1. Introduction


Diffuse water pollution from agriculture (DWPA) is a major global environmental issue, causing eutrophication, reducing the recreational potential of water bodies, and affecting human health [1,2]. According to the WWF (2016) [3], the biodiversity of freshwater ecosystems has been degraded more than that of any other ecosystem, and declined by 81% between 1970 and 2012 due to pollution. Intensive agricultural production affects both the soil and diffuse pollution of water bodies in the immediate vicinity [4,5]. Studies about pollutant input balances for waters in Germany showed that about 67% (25 kt P/a) of the total phosphorus load, and about 72% (586 kt N/a) of the total nitrogen load come from diffuse sources [6]. Total nitrogen that reaches water bodies through point sources was reduced by 25% from 1993 to 2001 [6], while the impact of diffuse pollution is still at a high level [6,7]. Heavy metals are naturally present in the soil [8,9,10,11], but anthropogenic activities increase the concentration, availability, and mobility of these elements [12,13], which negatively affects the living world on Earth [14]. The elevated concentrations of nutrients (N, P2O5, K2O) and heavy metals (Cd, Hg, Cu, Pb) are usually related to human activity, which first includes the proximity of settlements [15], followed by developed tourism [16], nearby roads [17], intensive agricultural production, and pesticide use [18]. The accumulation of heavy metals in the soil is associated with intensive urbanization and industrialization [8,11,14,15], mining [19,20], geological background composition [21], physical and chemical properties of the soil [19], and heavy-metal characteristics [8].



Although point sources still significantly contribute to pollution in the examined area, in this research we focused on diffuse pollution caused by agriculture [22]. The share of the total load of all heavy metals for diffuse sources to soil is around 77% in Germany, of which the erosion of agricultural soils share is 30%, and from the urban areas share is 32% of diffuse sources [23]. Previous studies determined that about 67% of the total phosphorus and about 72% of the total nitrogen load are caused by diffuse inputs (agricultural soils, groundwater, and urban areas). The main pathways of this input are the erosion of agricultural soils (20–30% of diffuse sources), wash-out via groundwater (20–70%), and urban areas (5–16%) [6].



The surroundings of lakes are characterized by remnant forest-steppe vegetation patches, Pannonic salt steppes, and marshes. Land use and cover changes that affected pollution levels were observed within the study area. According to the 2012 census of agriculture [24] in the municipality of Subotica, to which the study area belongs, 6322 agricultural farms were registered (total area of 75,519 ha of agricultural land), while the 2018 farm structure shows that the number of farms increased to 6548 (total area of 83,104 ha of agricultural land) [24]. According to [22], 78% of agricultural land is treated with mineral fertilizer. The agricultural land around the Palić and Ludaš lakes is treated with about 37 tons of nitrogen and 31 tons of phosphorus per year. Consequently, agricultural activities (in some places at a distance of less than 1 meter) lead to the leaching of nutrients into the lakes [25,26], which affects water quality [25].



The Ludaš Lake Special Nature Reserve (SNR) and Palić Nature Park (NP) are protected areas according to national law, and in 2020, they were nominated as a part of the Natura 2000 area network. The Natura 2000 is a network of protected areas that extends across all 27 EU countries. The network provides long-term protection for the most valuable and threatened European species and habitats [27]. The protection level of the lakes is in line with the Law on Nature Conservation [28], which defines uncompromising protection measures and restrictions. Consequently, this area is very sensitive to further contamination by heavy metals and high concentrations of nutrients [27,28]. According to the same documents, water quality, availability, and flow are particularly relevant to Natura 2000 sites [29]. Besides administrative measures [27,28], the natural solution provides long-term protection to reduce the input of pollutants into water bodies [6]. A buffer zone is a crucial management option that could offset the devastating impact of land use [5]. In addition to its significance as a biofilter for preventing nutrients and pollutants from entering lakes from an agricultural area, the establishment of a buffer zone enables the restoration and connectivity of natural potential habitats, contributing to overall biodiversity. This reflects another ecologically important function. According to the lake rehabilitation project of the 1970s, the establishment of buffer strips was planned, but this part of the project was never realized [22,30]. However, a framework project that is currently underway for the construction of a buffer zone includes the establishment of a grass belt, and a belt of high and low vegetation (trees and shrubs) [31].



This paper examines the concentration and spatial distribution of heavy metals and nutrients in soils in a protected natural area exposed to anthropogenic influence.



To perform soil monitoring and analysis, pollution indices are commonly used to determine a comprehensive assessment of heavy-metal accumulation in the soil. The most commonly used indices were applied in this study: enrichment factor (EF) [18,32], index of geoaccumulation (Igeo) [33,34,35], contamination factor (CF) or pollution index (PI) [18,36], ecological risk index (ERI) [37,38], potential ecological index (RI) [8,39], and Nemerow pollution index (PIN) [8,40].



The establishment of buffer strips increases the percentage of forest cover and enables habitat connectivity of the mosaic forest-steppe region, protecting from soil and water pollution from agriculture.



This paper provides a scientific basis and support for landscape experts, policymakers, and managers to improve the management effectiveness of protected areas through two key points:




	-

	
facilitating the restoration and connectivity of forest-steppe habitats, giving information about hotspots, the locations with the highest loads of metals and nutrients;




	-

	
enforcing DWPA consciousness with the application of mitigation measures on agricultura; plots with the highest levels of pollution that require increased awareness, penalties, and incentives.










2. Materials and Methods


2.1. Study Area


Lakes Palić and Ludaš, located in the north of the forest-steppe area of the Republic of Serbia (Figure 1), are shallow hypereutrophic Pannonian lakes (Table 1). Lake Ludaš, which forms the Ludaš Lake Special Nature Reserve (SNR) together with a complex of wetland habitats, has been classified as a wetland habitat of international importance (Ramsar site 3YU002) since March 1977. Lake Ludaš was joined with the Palić Nature Park (NP), which resulted in the establishment of the Palić–Ludaš regional park in 1982. Both areas belong to the Important Bird Area (IBA) of Subotica lakes and wetlands.



The study area extends from 103 to 106 m a.s.l., which indicates a flat terrain without pronounced morphological forms [42]. The geological characteristics of the study area are represented by Pliocene sediments that occur in the facies of boulders, sand, and clay [42]. Measured groundwater level is between 80 and 100 cm [42].



The ecological significance of this area is reflected in the richness of the flora and fauna, and it is also a habitat for several unique and legally protected species. The lakes are located on the Eastern European bird migration route and are critical habitats for resting, overwintering, and feeding waterfowl. The protected area is rich in 176 strictly protected species, and 50 species that are listed in Annex I of the Birds Directive, which separates them as species, on the basis of which Natura2000 areas are nominated [25]. Within the project that is currently being implemented in the Republic of Serbia (IPA-EU for Serbia-Continued support to the implementation of Chapter 27 in the field of nature protection (NATURA 2000 II; 2018/S 039-084316), the studied area was proposed to be part of the Natura 2000 area network. Additionally, this area is characterized by soil types (Histosol and Solonchak) that are globally endangered wetland habitats and have a high priority in the Ramsar Convention [43].



Agricultural areas extend to the lake, so the natural forest-steppe vegetation is present only in the remnants [44]. The study area is characterized by low landscape diversity, while the dominant land use class is agriculture, which places significant pressure on both lakes (extended to the water surface). The meaningful difference between these two lakes is in the level of protection. The Ludaš Lake Special Nature Reserve has a strict regime of nature protection, as defined by the Law on Nature Protection [28]. The Palić Nature Park is characterized by very developed tourism [44,45,46] and the Wastewater Treatment Plant Subotica (WWTPS), which is released into Lake Palić [30,44,47].



In this area, alien tree and shrub species were recorded, along with herbaceous species with a highly invasive potential. The following are invasive species: Ailanthus altissima (Mill.) Swingle, Fraxinus pennsylvanica Marshall, Acer negundo L., Lycium barbarum L., Asclepias syriaca L., while native species that inhabit the anthropogenic soils (ruderal species) are Robinia pseudoacacia L. and Sambucus nigra L. [44].



Despite its long-term protection and significant ecological importance, this area is not characterized by good water or soil quality. Point source (wastewater) and diffuse pollution are the main causes of this area’s degraded water quality (hypereutrophic state). In the 1960s, high water pollution was reported in Lake Palić [26,30,45,46] as a result of wastewater, changing salt concentration, and increased algal reproduction, which caused eutrophication [30]. During the 1970s, several attempts of lake revitalization comprising sludge treatment did not yield the expected results [22,26]. The hydrological regime of the lake was disturbed by hydromelioration works in the vicinity, groundwater exploitation, the development of the sewerage network for the city of Subotica, and the construction of a wastewater treatment plant whose recipient is Lake Palić [22]. The ecological effect of the mentioned activities is reflected in the frequent dead zone of fish [22,26,30,48,49,50].



Research on water quality in the study area using the Carlson trophic state index (TSI) was performed by Gržetić et al. [46], who reported a constant rise in the TSI value, which indicates a constant evolution of the water of Lake Palić from eutrophic to hypereutrophic. Additionally, the 2019 annual report from the water monitoring of Lakes Palić and Ludaš [50] showed poor and very poor water quality, respectively.




2.2. Methodology


2.2.1. Sampling and Analysis


In the area of the Palić–Ludaš regional park, 70 composite soil samples were taken, with every composite sample consisting of 5 subsamples representing one land plot (350 samples in total). Mixed samples of 500 g were taken at two depths, 0–30 and 30–60 cm. The physical and chemical properties of the soil, and the concentration of heavy metals in the soil were determined. Prior to analytical processing, soil samples were air-dried, crushed, and sieved through a 2 mm sieve. The granulometric composition of the soil was determined using the international phosphate B method, while the international Atteberg distribution [51] was used for the distribution of the obtained values.



The pH value of the soil was determined using a glass electrode in a 1:5 (volume fraction) suspension of soil in water (pH in H2O), and in a 1 mol/l potassium chloride solution (pH in KCl), using the ISO 10390:2007 method [52]. Specific electrical conductivity in an aqueous extract of soil is determined using an electrical conductivity meter according to ISO 11265:1994 [53]. Analyses were performed in the laboratory of the Institute of Soil Science, Belgrade, Serbia SRPS ISO/IEC 17025:2017, accreditation no.: 01-207.



Humus content was determined using the Tyurin method according to ISO 10694:2005 [54]. The total amount of base cations and the hydrolytic acidity of the soil were determined using the Kappen method [51]. Calcium carbonate content was determined with a Scheibler altimeter [55].



Easily accessible phosphorus and potassium were determined using the Egner Reihm AL method [56], while the Kjeldahl method was used to determine nitrogen [57]. The content of nitrogen, easily accessible phosphorus, and potassium of the soil were classified as shown in Table 2.



Soil samples were digested with aqua regia under reflux for 2 h with water-cooled condensers to determine the content of trace elements [60]. The content of heavy metals (Zn, Cu, Pb, Cr, Ni, Mn, Cd, and Hg) was determined using flame atomic absorption spectrophotometry (AAS) [61]. Quality control (QC) was performed using certified reference materials (CRM): ERM-CC-141 sample no. 0395 (loam soil).




2.2.2. Ecological Risk Assessment


Soil contamination by heavy metals was analyzed using individual contamination indices. Indices were calculated (Table 3) on the basis of the measured content of each heavy metal in the soil and background concentration. According to investigations performed in similar geological and pedological conditions [9,62], the following values of background concentrations were adopted: Zn—19.0 mg/kg, Cu—4.0 mg/kg, Pb—7.1 mg/kg, Ni—6.5 mg/kg, Cd—0.13 mg/kg, and Hg—0.15 mg/kg.



Enrichment factor (EF) assesses the degree of anthropogenic impact on the concentration of heavy metals in the soil. Metals with low variability occurrence are reference metals, and the most commonly used are Al, Ca, Fe, Mg, and Mn [35,63,64]. The reference element used here was manganese (Mn) because it is one of the main components of the soil crust and is stable in the soil [18,35,65].



On the basis of the concentration of heavy metals in the soil and the background concentration, the geoaccumulation index (Igeo) is calculated [66].



The pollution index (PI) is usually used to determine which heavy metal represents the greatest danger to the environment [67]. It is also used when calculating more complex pollution indices, such as the Nemerow pollution index and the potential ecological risk index. The Nemerow pollution index (PIN) includes the content of all available heavy metals and enables an assessment of the total degree of soil pollution [8,40,68].



When calculating the individual environmental risk index (   E r i   ) for each heavy metal, the toxicity coefficient is used. The values of the toxicity coefficients (   T r i   ) are Zn—1, Cu—5, Pb—5, Ni—5, Cr—2, Cd—30, Hg—40 [63]. Potential ecological risk (RI) encompasses the combined impact of harmful micronutrients on an ecosystem (Table 3). This index is used to assess the environmental risk posed by the concentration of heavy metals in water, air, and soil [67].




2.2.3. Geospatial and Statistical Analysis


The spatial description of the pollution index was performed using empirical Bayesian kriging (EBK) in the ArcMap 10.8.1 software package (ESRI, Redlands, CA, USA). Statistical analysis was performed in Statgraphics ver. 16.1.11 with the application of the t-test and the Pearson correlation coefficient.






3. Results


3.1. Physical and Chemical Soil Properties


Results of soil physical analysis show that the examined samples around Palić belong to loam classes, while a somewhat lighter mechanical composition (sand and sand–loam) is present around Ludaš. The results of some chemical characteristics are shown in Table 4.




3.2. Nutrient Concentration in Soil (N, P2O5, K2O)


The values of nitrogen content in the soil are shown in Figure 2. According to the classification (Table 2), most samples collected in the Palić area were classified as moderate and rich content, and only a few samples indicated rich nitrogen content in the soil. Samples from the Ludaš area were classified as poor, moderate, and rich content, but some samples belonged to the class with high rich nitrogen content.



Contents of P2O5 and K2O are shown in Figure 3. According to the classification in Table 2, the dashed line represents a very high level of potassium and phosphorous. Values were higher at Ludaš than those at Palić. At Ludaš, some samples reached values above 200 mg/100 g.




3.3. Concentration of Heavy Metals in Soil


The basic parameters of descriptive statistics and t-test results of heavy metals in the study area are presented in Table 5. When comparing the concentrations of heavy metals between the two localities (Palić and Ludaš), the results of the analysis showed stronger correlations in the surface layer of the soil (Cr, Ni, Mn, Cd, and Hg) compared to the layer of 30–60 cm, where a statistically significant difference was observed in Cr, Ni, Mn, and Zn (Table 5).



Increased concentrations of cadmium were also found within the Palić Nature Park (NP) and the Ludaš Special Nature Reserve (SNR). The concentration of cadmium in Palić was 0.89 ± 0.43; in Ludaš, it was 0.59 ± 0.31 (Figure 4). Cadmium in this area exceeds the limit values at both depths [72].



According to the values of the Pearson correlation coefficient (Table 6), all metals showed strong positive correlation (p < 0.01) with each other and with humus, except Cd. Some tested heavy metals (Zn, Cu, Pb, Cr, Ni, Mn, and Hg) were significantly correlated with pH, N, P2O5, K2O, and clay. Humus showed positive correlation with Zn and Cr (Table 7), and Cu and Ni correlated with P2O5, K2O, and EC.




3.4. Pollution Indices


The values of the geoaccumulation index (Igeo) are shown in Figure 5. This index for Pb, Cr, and Hg belongs to the class of unpolluted soil, while Zn, Cu, and Ni belong to the class of unpolluted to moderately polluted soil. More than half of the samples collected in the Palić area using the Igeo index were classified as moderately to heavily polluted regarding cadmium. In the Ludaš area, Igeo values for Cd mostly belonged to classes of unpolluted to moderately polluted soil (Figure 6).



The geospatial values of the Pollution index (PI) are shown in Figure 6. This belongs to different classes of pollution in the series Cd > Cu > Ni > Zn > Pb > Cr > Hg (from most to least polluted). The index for cadmium in the Palić area belongs to the very strong class (6.87 ± 3.33) and the strong class in Ludaš (4.56 ± 2.37) (Figure 7).



Enrichment factor (EF) (Figure 8) showed that the examined samples of the entire studied area belonged to different classes in the series Cd > Cu > Ni > Zn > Pb > Cr > Hg (from most to least polluted). Cadmium stood out because it was the only metal with values of EF greater than 1.5, indicating that its concentration in the soil is not natural (Figure 6). Anthropogenic activities increase its concentration. The mean value of the enrichment factor for Cd in Ludaš was 2.01 ± 0.94; in Palić, it was 2.06 ± 1.06.



Nemerow’s mutual pollution index (PIN) indicates that this is an area of severe pollution (Figure 9). The Nemerow pollution index for the Ludaš area was 3.57 ± 1.58, which classifies this area as heavily polluted. However, in the Palić area, the index was 5.32 ± 2.08, which means that the most common classes were moderate and heavy pollution.



Calculating the ERI determined that cadmium belonged to all classes (Figure 6). The ecological risk index (RI) is shown in Figure 9. At the Ludaš locality, ecological risk is 171.63 ± 72.39, and the represented classes are at moderate, considerable, and very high contamination risk. The ecological risk index in Palić is 249.92 ± 100.57. The largest number of samples from Palić belong to the considerable and very high contamination risk classes. Most samples from the protected Palić area belong to the category of very high ecological risk. Ludaš samples belong to the class of significant ecological risk.



The spatial representation of Cd concentrations is shown in Figure 6. All indices indicate high concentrations of cadmium and belong to the class of the most polluted or endangered soil. Figure 6 shows that Palić and Ludaš differ in the degree of endangerment for indices such as Igeo and Eri. In terms of these two indices, the shoreline of Lake Ludaš is less polluted than that of Palić. However, in terms of the pollution index (PI), there are strong and very strong degrees of pollution. The calculated values of the enrichment factor in the eastern part of NP Palić and SNR Ludaš indicate that the concentration of heavy metals is delivered from noncrustal materials (Figure 6).





4. Discussion


The study area is characterized by an alkaline soil reaction as a result of a significant concentration of free calcium carbonate and easily soluble salts that increase with soil depth (Table 4). These soils are characterized by relatively low electrical conductivity (EC) but high content of Na+ ions, in some spots resulting in a pH value greater than 8.5. The electrical conductivity of the soil is indirectly correlated with the physical and chemical characteristics of the soil (pH, humus, and CaCO3) (Table 6 and Table 7) [73], and may affect plant growth. Areas where it is difficult to establish a buffer zone with trees and shrubs due to the high concentration of salt in the soil are parts of the western, southern, and southeastern shores of Lake Palić, and the southwestern part of the shores of Lake Ludaš. However, these areas certainly stand out, and require a special method of management and conservation as a potentially significant saline steppe habitat.



High nutrient concentrations can affect plant growth and the appearance of harmful effects on the composition and structure of the plant community that was confirmed in past studies [74,75]. Results show mainly moderate nitrogen content in the soil, while just a few samples (in Lake Ludaš) had rich contents (Figure 3). The moderate content of nitrogen in the soil could be the result of the intensive agriculture that dominates the investigated area [46]. High values of P2O5 and K2O content in the soil were measured. The highest concentrations of available potassium and phosphorus were recorded in the western, eastern, and southern shorelines of Lakes Palić and Ludaš. Before buffer zone establishment and the introduction of indigenous species, these areas require intensive maintenance by the removal of existing invasive and allochthonous plant species that have spread due to eutrophic and hypereutrophic conditions in recent years.



Robinia pseudoacacia L. and Sambucus nigra L. are ruderal rather than invasive and occur in highly disturbed habitats with high soil nutrients (high concentrations of phosphorus and potassium). They are not treated as invasive because they do not cause loss of native vegetation, but their presence indicates habitat condition changes due to anthropogenic activity. Conditionally, those species are both natural bioindicators of soil nutrient enrichment and remediates because of their high ability to uptake excess nitrogen, phosphorus, and potassium from the soil.



Strong correlation among Zn, Cu, Pb, Cr, Ni, and Mn could indicate the same origin of these heavy metals (parent material). They are strongly correlated with humus [76,77], pH [76,78], and clay [78,79], as this study indicates. Nevertheless, anthropogenic activities [76] and soil properties [79] can affect the mobility of micronutrients. Numerous studies [80] show how anthropogenic activities, primarily the use of fertilizers, lead to an acidification process. In that sense, lower pH values could further contribute to higher heavy-metal mobility in the soil [81]. Cd not being correlated with the other studied metals indicates anthropogenic origin. This was additionally confirmed by the high ecological risk obtained by calculating the pollution index (Figure 6 and Figure 9).



Artificial (phosphorus) fertilizers contain cadmium, and their use increases this heavy metal in the soil [82]. The concentration of Cd in phosphate fertilizers is lower than the concentration of other microelements [79]. However, cadmium is one of the most ecotoxic metals, which negatively affects all biological processes in humans, plants, and animals [77,83], so much so that some governments have imposed restrictions on the Cd content of P fertilizers [82]. It is necessary to focus on high concentrations of Cd because a more intensive use of fertilizers or industrial sources such as plastics and batteries can lead to exceeding the threshold [84]. Using management practices adapted to local conditions, the impact of agricultural activities can be minimized [85]. In these terrestrial and aquatic ecosystems, the technique of phytoremediation can be implemented, which is applied to soils contaminated with Cd (and other metals) [77].



Results show that soil Cd concentration is above the threshold [72], while other elements are generally within acceptable limits. Calculated indices indicate that Cd is the primary pollutant with the highest degree of pollution in this protected area. According to the Law on Nature Protection [28], economic activities (including agriculture) are forbidden within the Special Nature Reserve. The same law emphasizes that economic and other activities are not allowed within the nature park. Within the boundaries of this protected area, widespread agricultural areas are increasing the concentration of toxic metal Cd in the soil. According to [86], protected areas face imminent danger from agricultural production (use of pesticides or other agricultural chemicals). Some phosphorus fertilizers can contain up to 50 mg/kg of Cd. Therefore, over the past two decades, there have been great efforts to reduce cadmium concentrations in fertilization [87,88]. The average content of Cd across Europe today in fertilizers is about 32 mg/kg, but the values often go above 200 mg/kg. If the plan suggested by the European Commission in 2016 was adopted, the concentration of Cd in fertilizers would have to be limited to 20 mg/kg. In that case, the level of Cd concentration would decrease by 21% over the next 100 years [88].



Organic agricultural production is required to meet very strict conditions regarding nature conservation. It is promoted by EU Regulation 834/2007 [89] as a management system for sustainable agriculture. Some of the requirements of this regulation include restricting the usage of mineral fertilizers, only water of a high category being accepted, and the mandatory preservation of habitats. Consequently, organic agriculture could contribute to the establishment of ecological balance [90], an improvement of biological connections [91], the creation of ideal habitats for animals [92], and a reduction in diffuse water pollution [90].



It is also very important to increase the area under natural vegetation between agricultural and water bodies [93]. Multifunctional buffer zones must be established between agricultural and protected areas. Given the hypereutrophic status of the lakes of the study area [30,46], revitalization and the formation of a buffer zone in the protection area of Lakes Palić and Ludaš would preserve the lakes from the inflow of pollutants from arable land [86].




5. Conclusions


One of the largest forest–steppe regions with particularly rich biodiversity and many endemic species left in Europe is located in the Pannonian Basin.



Considering that the study area lies in this biogeographical region, the endangerment of rare and protected species due to increased concentrations of pollutants may be both regionally and continentally significant.



The increased concentration of some of micro- and macroelements (Cd, N, P2O5, K2O) in the soil is the result of intensive agriculture that is widespread over the area.



Current conservation measures in this area have not provided adequate protection for the natural environment. Accordingly, existing measures must be more strictly controlled or new, more restrictive measures must be prescribed.



It is necessary to increase the coverage of forest vegetation using buffer strips, which could revitalize this area, and reduce soil and water pollution.



This study raises awareness of these environmental problems and could be used as a starting point for establishing the monitoring and appropriate conservation of the Palić Nature Park and the Ludaš Lake Special Nature Reserve.
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Figure 1. Study area. 
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Figure 2. Nitrogen content (%). 
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Figure 3. Content of potassium and phosphorous (mg/100 g). 
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Figure 4. Cadmium concentration (dashed red line is threshold according to [72]; L—Ludaš, P—Palić). 
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Figure 5. Values of geoaccumulation index (Igeo) (L-Ludaš, P-Palić). 
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Figure 6. Cd concentration (Igeo, Eri, PI, EF). 






Figure 6. Cd concentration (Igeo, Eri, PI, EF).



[image: Forests 12 01461 g006]







[image: Forests 12 01461 g007 550] 





Figure 7. Pollution index (PI) values (dashed line is threshold according to [67]; L—Ludaš, P—Palić). 
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Figure 8. Enrichment factor (EF) values (dashed line is threshold according to [69,70]; L—Ludaš, P—Palić). 
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Figure 9. Nemerow pollution index and potential ecological risk values. 
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Table 1. Characteristics of the study area.
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Palić

	
Ludaš






	
Area of water body

	
579.77 ha

	
328.5 ha




	
Length of shoreline

	
28.08 km

	
19.2 km




	
Buffer area (existing)

	
15.1 ha

	
5.7 ha




	
Buffer area (planned)

	
13.6 ha

	
17.3 ha




	
Soil type [41]

	
Calcic Chernozem; Arenic Chernozem

	
Solonchak; Histosol




	
Geomorphology

	
Loess; sand




	
Climate

	
Temperate climate




	
Precipitation

	
568.3 mm
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Table 2. NPK limit values.
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Primary Macronutrients

	
Limit Values

	
Reference






	
N (%)

	
>0.3: high rich content

0.2–0.3: very rich content

0.1–0.2: rich content

0.06–0.1: moderately rich content

0.03–0.06: poor content

0.02–0.03: very poor content

<0.02: limited ability to grow plants

	
[58,59]




	
P2O5 (mg/100 g)

	
<10.0: very low content

10.0–15.0: low content

15.0–20.0: middle content

>25.0: high content




	
K2O (mg/100 g)

	
>8.0: low content

8.0–12.0: middle content

>12.0: high content
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Table 3. Indices of pollution used in this study.
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	Index
	Formula
	Explanations
	Limit Values
	Reference





	Enrichment factor
	   E F =       [    C n   r e f    ]     s a m p l e         [    C n   r e f    ]     b a c k g r o u n d       
	      [    C n   r e f    ]     s a m p l e    —concentration ratio of the examined metal and the reference element in soil samples

      [    C n   r e f    ]     b a c k g r o u n d    —natural background value of the examined metal to the reference element ratio
	0.5 ≤ EF ≤ 1.5: taken as an indication that trace metal is entirely provided from crustal contribution

EF > 1.5: an important proportion of trace metals is delivered from noncrustal materials
	[69,70]



	Index of geoaccumulation
	   I g e o =    log   2    C n   1.5 ∗ B n     
	Cn—current heavy-metal content in topsoil;

Bn—heavy-metal content in the NHs, bedrock, or geochemical background;

1.5—constant, allowing for analysis of fluctuations of heavy-metal content
	≤0: unpolluted

0–1: unpolluted to moderately polluted

1–2: moderately polluted

2–3: moderately to highly polluted

3–4: highly polluted

4–5: highly to extremely highly polluted

≥5: extremely highly polluted
	[66]



	Pollution index
	   P I =   C n   G B     
	Cn—heavy-metal content in soil

GB—values of geochemical background
	<1: absent

1–2: low

2–3: moderate

3–5: strong

>5: very strong
	[67]



	Nemerow

pollution index
	      P I   N  =         (   1 n    ∑  i - 1  n   P I    )    2  + P  I  max  2   2      
	PI—single pollution index of particular heavy metal

  P  I  max      —maximal value of single pollution index of all heavy metals

n—number of studied heavy metals
	≤0.7: clean

0.7–1: warning limit

1–2: slight pollution

2–3: moderate pollution

≥3: heavy pollution
	[68]



	Potential ecological risk index
	   R I =   ∑  i = 1  n    E r i      

    E r i  =  T r i  ∗ P I   
	   E r i   —single index of ecological risk factor

n—number of studied heavy metals

   T r i   — toxicity response coefficient of heavy metals

PI—single pollution index of heavy metal
	   E r i    ≤ 40: low risk

40 ≤    E r i    < 80: moderate risk

80 ≤    E r i    < 160: considerable risk

160 ≤    E r i    < 320: great risk

   E r i    ≥320: very great risk

RI < 65: low risk

65 < RI < 130: moderate risk

130 < RI < 260: considerable risk

RI > 260: very high risk
	[67,71]
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Table 4. Chemical characteristics of soil.
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Chemical Characteristics of Soil

	
Depth

	
Ludaš

	
Palić






	
pH (H2O)

	
0–30

	
8.71 ± 0.33

	
8.41 ± 0.48




	
30–60

	
9.01 ± 0.36

	
8.68 ± 0.62




	
Humus (%)

	
0–30

	
3.51 ± 1.13

	
3.94 ± 1.18




	
30–60

	
2.62 ± 0.49

	
3.08 ± 1.22




	
N (%)

	
0–30

	
0.12 ± 0.06

	
0.11 ± 0.07




	
30–60

	
0.09 ± 0.07

	
0.08 ± 0.05




	
P2O5 mg/100 g

	
0–30

	
62.09 ± 57.24

	
37.93 ± 27.56




	
30–60

	
65.04 ± 68.39

	
24.89 ± 19.91




	
K2O mg/100 g

	
0–30

	
49.97 ± 25.01

	
37.49 ± 24.02




	
30–60

	
39.55 ± 24.29

	
24.83 ± 20.31




	
EC (µS/cm)

	
0–30

	
181.12 ± 66.48

	
253.19 ± 430.35




	
30–60

	
260.00 ± 142.92

	
278.17 ± 347.76




	
Salt concentration (mg/L)

	
0–30

	
91.05 ± 32.87

	
126.60 ± 215.17




	
30–60

	
130.35 ± 71.19

	
139.28 ± 173.91
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Table 5. Heavy-metal concentrations (mg/kg in dry weight) in samples taken in the study area (L—Ludaš, P—Palić; correlation significant at the 0.05 (*) and 0.01 (**) levels).
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Zn

	
Cu

	
Pb

	
Cr

	
Ni

	
Mn

	
Cd

	
Hg




	

	

	
L

	
P

	
L

	
P

	
L

	
P

	
L

	
P

	
L

	
P

	
L

	
P

	
L

	
P

	
L

	
P






	
0–30

	
Mean

	
36.13

	
40.86

	
9.67

	
11.15

	
7.63

	
8.63

	
10.10

	
13.17

	
14.26

	
17.13

	
314.52

	
435.77

	
0.59

	
1.00

	
0.02

	
0.03




	
SD

	
11.34

	
12.95

	
3.58

	
4.61

	
4.32

	
3.71

	
3.08

	
2.38

	
6.43

	
2.46

	
92.72

	
83.20

	
0.31

	
0.44

	
0.02

	
0.02




	
t-test

	
0.13

	
0.15

	
0.34

	
0.00 **

	
0.03 *

	
0.00 **

	
0.00 **

	
0.01 *




	
30–60

	
Mean

	
31.93

	
40.88

	
8.68

	
9.97

	
5.93

	
7.98

	
8.42

	
12.11

	
11.59

	
17.45

	
277.62

	
384.44

	
0.62

	
0.89

	
0.02

	
0.02




	
SD

	
10.15

	
11.83

	
3.28

	
3.15

	
2.43

	
4.38

	
1.93

	
2.86

	
3.05

	
3.43

	
79.74

	
81.55

	
0.31

	
0.42

	
0.01

	
0.02




	
t-test

	
0.04 *

	
0.28

	
0.14

	
0.00 **

	
0.00 **

	
0.00 **

	
0.06

	
0.98
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Table 6. Correlation matrix of heavy metals in soils and some soil properties in Palić (0–30) (correlation significant at the 0.05 (*) and 0.01 (**) levels).






Table 6. Correlation matrix of heavy metals in soils and some soil properties in Palić (0–30) (correlation significant at the 0.05 (*) and 0.01 (**) levels).
























	
	Zn
	Cu
	Pb
	Cr
	Ni
	Mn
	Cd
	Hg
	pH
	Humus
	N
	P2O5
	K2O
	CaCO3
	EC
	Clay





	Zn
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cu
	0.63 **
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Pb
	0.45 *
	0.53 *
	1
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cr
	0.58 **
	0.50 *
	0.48 *
	1
	
	
	
	
	
	
	
	
	
	
	
	



	Ni
	0.52 *
	0.37
	0.56 **
	0.85 **
	1
	
	
	
	
	
	
	
	
	
	
	



	Mn
	0.42
	0.40
	0.48 *
	0.89 **
	0.83 **
	1
	
	
	
	
	
	
	
	
	
	



	Cd
	−0.23
	−0.04
	−0.18
	−0.45 *
	−0.36
	−0.47 *
	1
	
	
	
	
	
	
	
	
	



	Hg
	0.40
	0.78 **
	0.11
	0.36
	0.14
	0.25
	0.17
	1
	
	
	
	
	
	
	
	



	pH
	−0.26
	−0.47 *
	−0.37
	−0.37
	−0.51 *
	−0.43 *
	−0.26
	−0.34
	1
	
	
	
	
	
	
	



	Humus
	0.57 **
	0.66 **
	0.70 **
	0.66 **
	0.72 **
	0.57 **
	0.05
	0.46 *
	−0.64 **
	1
	
	
	
	
	
	



	N
	0.24
	0.60 *
	0.38
	0.19
	0.10
	0.20
	0.29
	0.71 **
	−0.53 *
	0.56 **
	1
	
	
	
	
	



	P2O5
	0.22
	0.36
	0.06
	0.51 *
	0.23
	0.33
	−0.01
	0.34
	−0.13
	0.35
	0.04
	1
	
	
	
	



	K2O
	0.49 *
	0.33
	0.43 *
	0.56 **
	0.56 **
	0.42
	−0.22
	0.21
	−0.14
	0.58 **
	−0.03
	0.37
	1
	
	
	



	CaCO3
	0.00
	−0.32
	−0.19
	−0.36
	−0.05
	−0.48 *
	0.18
	−0.29
	0.24
	−0.09
	−0.37
	−0.45 *
	0.17
	1
	
	



	EC
	−0.15
	−0.26
	−0.22
	−0.23
	−0.47 *
	−0.32
	−0.35
	−0.16
	0.94 **
	−0.51 *
	−0.37
	−0.07
	−0.08
	0.07
	1
	



	Clay
	0.39
	0.08
	0.26
	0.68 **
	0.79 **
	0.62 **
	−0.27
	0.06
	−0.29
	0.54 *
	0.01
	0.09
	0.45 *
	0.17
	−0.30
	1
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Table 7. Correlation matrix of heavy metals in soils and some soil properties in Ludaš (0–30) (correlation significant at the 0.05 (*) and 0.01 (**) levels).






Table 7. Correlation matrix of heavy metals in soils and some soil properties in Ludaš (0–30) (correlation significant at the 0.05 (*) and 0.01 (**) levels).
























	
	Zn
	Cu
	Pb
	Cr
	Ni
	Mn
	Cd
	Hg
	pH
	Humus
	N
	P2O5
	K2O
	CaCO3
	EC
	Clay





	Zn
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cu
	0.69 **
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Pb
	0.62 *
	0.85 **
	1
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cr
	0.79 **
	0.65 *
	0.41
	1
	
	
	
	
	
	
	
	
	
	
	
	



	Ni
	0.31
	0.69 **
	0.49
	0.71 **
	1
	
	
	
	
	
	
	
	
	
	
	



	Mn
	0.45
	0.65 *
	0.49
	0.39
	0.31
	1
	
	
	
	
	
	
	
	
	
	



	Cd
	0.35
	−0.07
	0.22
	0.27
	−0.06
	−0.06
	1
	
	
	
	
	
	
	
	
	



	Hg
	0.27
	−0.37
	−0.50
	0.26
	−0.34
	−0.37
	0.27
	1
	
	
	
	
	
	
	
	



	pH
	−0.14
	0.13
	0.26
	−0.19
	0.14
	0.18
	−0.15
	−0.55
	1
	
	
	
	
	
	
	



	Humus
	0.72 **
	0.66 *
	0.50
	0.74 **
	0.58 *
	0.19
	0.07
	0.19
	0.07
	1
	
	
	
	
	
	



	N
	−0.26
	−0.39
	−0.46
	0.12
	0.16
	−0.72 **
	0.13
	0.39
	−0.15
	0.04
	1
	
	
	
	
	



	P2O5
	0.40
	0.56 *
	0.64 *
	0.12
	0.07
	0.26
	0.01
	−0.25
	−0.28
	0.03
	−0.42
	1
	
	
	
	



	K2O
	0.39
	0.72 **
	0.52
	0.55
	0.67 *
	0.40
	−0.26
	−0.21
	−0.06
	0.40
	−0.20
	0.56 *
	1
	
	
	



	CaCO3
	−0.07
	0.31
	0.44
	−0.06
	0.37
	0.08
	−0.05
	−0.46
	0.45
	0.36
	−0.12
	−0.12
	0.03
	1
	
	



	EC
	0.23
	0.64 *
	0.60 *
	0.34
	0.69 **
	0.43
	−0.18
	−0.53
	0.73 **
	0.51
	−0.22
	−0.03
	0.51
	0.62 *
	1
	



	Clay
	0.21
	0.37
	0.39
	0.03
	0.08
	0.78 **
	0.03
	−0.45
	0.56 *
	0.08
	−0.69 **
	−0.09
	0.01
	0.33
	0.52
	1
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