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Abstract: The study of wetlands is particularly important as these systems act as natural water 

purifiers and thus can act as sinks for contaminated particles. Wetland sediments are important as 

they provide an indication of potential contamination across temporal and spatial scales. The 

current study aimed to investigate the distributions of selected metals and nutrients in different sites 

in relation to sediment depth, and identify relationships among sediment metals. Significant 

differences in nutrient (i.e., N, P) and metal (i.e., K, Mg, Na, Fe, Cu, B) concentrations were found 

across study sites, whereas nutrients (i.e., N, P) and metals (i.e., Ca, Mg, Fe, Cu, Zn) were 

significantly different with sediment depths. When compared against Canadian sediment 

standards, most of the assessed metals were within the “no effect” level across the different sites 

and depths. The K, Ca, and Mg concentration showed extreme contamination across all sites and 

depths. The enrichment factor values for K, Ca, and Mg showed extremely high enrichment levels 

for all sites and sediment depths. The Na, Mn, Fe, Cu, Zn, and B concentration showed mostly 

background enrichment levels. All sediments across the different sites and sediment depths 

indicated deterioration of sediment quality. Pearson correlations suggest that most metals might 

have originated in a similar source as that of Mn and B, owing to a lack of significant differences. 

These results provide baseline information for the general management of the Nylsvley Wetland in 

relation to sediment metal pollution. The specific sources of metal contaminants also require further 

elucidation to further inform management efforts. 
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1. Introduction 

Wetlands are amongst the most productive ecosystems in the world, harboring high diversities 

of aquatic and semiaquatic biota [1–4]. However, historically, wetlands have been regarded as 

“wastelands”, and such a view has led to the degradation and pollution of wetlands, which in turn 

compromises contemporary ecosystem function [5,6]. Wetlands have myriad functional roles in 

socioecological systems; for example, wetlands in river catchments directly and indirectly contribute 
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to biodiversity, drought relief, flood attenuation, provision of fodder, water storage and purification, 

and soil protection [7,8]. Despite the essential ecosystem services that wetlands provide, recent 

studies [2,9–11] have emphasized that wetlands are amongst the most threatened systems, as they 

are often located in highly productive land space where anthropogenic drainage and pollution is 

driven by demands for agricultural and urban developments. 

The study of wetland sediments is particularly important as they act as natural water filters and 

thus can act as sinks for contaminated particles [12–15]. Sediments also provide essential habitats for 

organisms and play an important role in maintaining environmental health [16–18] and carbon 

sequestration [19,20]. In turn, these habitats play a major role in the hydrological and ecological 

processes in wetland ecosystems, which are reliant on the health of sediment components [21].  

One of the major concerns in wetlands is metal contamination and accumulation in sediments 

[22–24]. Metals in sediments can either be naturally occurring or anthropogenically introduced 

following an addition to an aquatic environment, and they occur in varying concentrations [25–29]. 

Metals released due to geological processes such as weathering and decomposition of parent rock, 

ore material, and volcanic eruptions, are discharged into waterbodies via run off, erosion, and floods 

[22,30,31]. However, today, these metals often occur in high concentrations in aquatic ecosystems 

mostly due to anthropogenic activities, with profound implications for aquatic environments and the 

biodiversity they support [17,32,33]. Metals are stored in four main reservoirs in aquatic ecosystems, 

namely suspended particles, surface waters, interstitial waters, and sediments [34]. Due to different 

physicochemical processes, such as adsorption, ligand exchange, and sedimentation, wetland 

sediments act as both a source and sink, and they mediate the transfer of metals to groups such as 

phytoplankton, macrophytes, and zooplankton [13,15,35–37]. The increase in concentration of trace 

metals (depending on the physiochemical properties of the element) can possibly cause harmful 

effects on various living organisms, such as benthic macroinvertebrates, fish and amphibians [38,39].  

Therefore, the study of wetland sediments is important as sediments provide an indication of 

potential contamination across both temporal and spatial scales. Whilst water samples indicate the 

present contamination status, sediments potentially provide the contamination history of a system 

[40]. Sediments also provide important insights into the long-term pollution dynamics and catchment 

activities of a given aquatic ecosystem, as they act as sinks for nutrients, organic chemicals, 

pathogens, plastics, and metals [13,16,41–43]. Thus, the analysis of sediments for metal contamination 

can identify sites with extensive pollution that require further monitoring, and it can aid in 

identifying metal sources by determining spatial differences in relation to points of human activity 

[44].  

The present study focuses on the Nylsvley Wetland, a protected Ramsar site of international 

conservation in South Africa [45], through analyses of sediment metal pollution across multiple study 

sites and sediment depths. A previous study by Dahms et al. [26] in the Nylsvley Wetland indicated 

that the system is performing its ecological function of trapping and removing toxins from the 

waterbody; however, no information exists on the sediment profiles of metals and nutrients for this 

Ramsar site, and on whether pollutant concentrations are unevenly distributed in relation to the 

magnitude of flow. Thus, the current study aims to (i) investigate the distributions of the selected 

metals (i.e., Ca, K, Na, Mg, B, Cu, Fe, Mn, Zn) at different sites, (ii) investigate distributions of metal 

concentrations in relation to sediment depth and identify relationships among sediment metals, and 

(iii) apply various sediment pollution indices to determine the contamination and toxic risks 

associated with the metals. We hypothesize that (i) surface sediment metal concentration will be 

lower compared to the subsurface sediment metal concentrations due to metal leaching to deeper 

layers and plant uptake, and (ii) upper reach sites will be less polluted than lower reach sites as the 

channel widens and water flow slows, resulting in increased deposition of metals in the lower 

reaches. 
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2. Materials and Methods 

2.1. Study Area 

The Nylsvley wetland (24°39′17″ S, 28°41′28″ E) is formed along a section of the Nyl River and 

is situated in the Waterberg region, Limpopo Province of South Africa between 1080 and 1155 m 

above sea level. The area was declared a Ramsar wetland site of international conservation 

significance in 1997. The wetland is made up of extensive reed beds and grass veld, surrounded by 

open savanna woodlands [46]. Nylsvley receives approximately 620 mm of rainfall per annum, with 

dry and rainy seasons occurring between April and September, and October and March, respectively. 

Average temperatures during the day range from 20.5 °C in June to 28.9 °C in midsummer, and 

temperature drops to below zero in winter, especially during the night, and can exceed 39 °C in 

summer. Potential sources of pollution/contamination include upstream anthropogenic activities, 

particularly within the town of Modimolle (i.e., 35 km from Nylsvley Wetland) and the surrounding 

agricultural farms [47]. The present study was carried out in five randomly selected upper reach sites 

(i.e., outside reserve (N1), Nylsvley Nature Reserve (N2, N3, N4, N5)) of the Nylsvley Wetland in 

September 2018 (Figure 1). Site N1 was situated on the narrow (width ≈50 m) upper reaches of the 

Nylsvley Wetland and site N5 had the largest width (>300 m) of the wetland area sampled. Phragmites 

australis, Persicaria spp., and Ludwigia spp. dominated the macrophytes across all sites, with only a 

small area being covered by Phragmites australis at site N5. 

 

Figure 1. Location of the study sites (N1–N5) within the Nylsvley Wetland on the Nyl River, Limpopo 

province, South Africa. River flows from the southwest to north. The geology of the area is under laid. 
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2.2. Sediment Collection and Processing 

Integrated sediment samples (1.5 kg; N = 2 replicate cores × 5 sites × 6 depth ranges per core) 

were collected using a hand auger, after the removal of the overlaying debris, within the permanent 

zone (i.e., main stem) of each site along varying soil depth ranges: 0–20 cm, 20–40 cm, 40–60 cm, 60–

80 cm, 80–100 cm, and 120–140 cm, respectively. For background values, samples (n = 5) were 

collected randomly from a nearby forest area that was relatively pristine with no known past or 

present anthropogenic impacts. The samples were then placed separately in clean polyethylene 

ziplock bags. Sampled sediments were transported to the laboratory (University of Venda, 

Department of Ecology and Resource Management) and oven dried at 60 °C for 48–72 h, before being 

disaggregated in a porcelain mortar and sieved to remove unwanted plant roots and debris through 

sieving (mesh size 0.05 mm). 

2.3. Sediment Analysis 

Detailed methods for cation, metal, and nutrients are presented in Dalu et al. [48], a paper from 

the same project. The examined metals were selected based on previous studies that have been 

carried out on the river system [26,39]. In brief, for each profile, alkali and alkaline earth metals (i.e., 

Ca, K, Na, Mg) as well as other metal cations (i.e., B, Cu, Fe, Mn, Zn) were measured using an 

Inductively coupled plasma atomic emission spectroscopy instrument (see Clesceri et al. [49] for 

detailed methodology), while the total nitrogen and phosphorus were analyzed using a SEAL 

AutoAnalyzer 3 high resolution and Bray-2 extract as described by Bray and Kurtz [50] and 

AgriLASA [51]. To estimate the accuracy of this method, a natural standard-certified reference soil, 

namely SARM-51 (MINTEK) and SL-1 (IAEA), digested and analyzed in triplicate, was used for 

recovery tests. The percentage recoveries of the certified values ranged between 89% and 109% for 

all metals. 

2.4. Data Analysis 

All data were assessed for normality and homogeneity of variance and were found to conform 

to parametric assumptions. Differences in metal and nutrient concentrations among sites (i.e., N1–

N5) and with sediment depth (i.e., 0–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, 80–100 cm and 120–140 

cm) were, therefore, analyzed using two-way ANOVA tests in SPSS version 16 [52]. Where significant 

differences were observed, Tukey’s post hoc analyses were conducted to assess pairwise comparisons 

for the different study sites and sediment depths. 

To effectively ascertain the extent of metal pollution within the Nylsvley Wetland, selected metal 

concentrations were compared with international standards of sediment quality guidelines (SQGs). 

These values can be considered as threshold concentrations for metals that cause adverse biological 

effects in an aquatic environment. The Canadian sediment quality guidelines [53], which comprise 

two levels, i.e., the low effect level (LEL) and severe effect level (SEL), were utilized here, and they 

are the mostly commonly used, as South Africa and the region at large do not have sediment quality 

guidelines. 

The following were calculated for the Nylsvley Wetland: the geoaccumulation index (Igeo), 

which assesses individual heavy metal pollution levels in sediment [54]; the enrichment factor (EF), 

which is a measure of concentration of a certain metal in the sediment relative to its natural 

background concentration [55]; and the pollution load index (PLI), which measures the degree of 

contamination of the soil by metals [56]. The Fe concentration sample was utilized as the level of a 

predetermined reference metal as per a previous study by Dahms et al. [26] in the Nyl River. Iron 

(Fe) was chosen as the reference metal as its distribution in an aquatic ecosystem is unrelated to other 

metals [57]. The description of each sediment metal index is highlighted in Table 1. 

A principal component analysis (PCA) with the varimax rotation method was used to determine 

the natural and anthropogenic sources of sediment metals across depths and sites in PC-ORD version 

5.10 [58]. A two-way cluster analysis, using Ward’s average group linkage method and correlation as 

a distance measure, was used for metal source identification. Furthermore, using a Pearson 
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correlation, we tested for relationships between metals and nutrient concentrations using SPSS 

version 16 [52]. 

Table 1. Metal sediment indices description utilized in sediment analyses of Nylsvley Wetland, South 

Africa.  

Index Value Class Designation of Sediment Quality 

Igeo <0 0 no contamination 
 0–1 1 no to moderate contamination 
 1–2 2 moderate contamination 
 2–3 3 moderate to strong contamination 
 3–4 4 strong contamination 
 4–5 5 strong to extreme contamination 
 >5 6 extreme contamination 

EF EF < 1   background concentration 
 1–2  low enrichment 
 2–5  moderate enrichment 
 5–20  significant enrichment 
 20–40  very high enrichment 
 EF > 40  extremely high enrichment 

PLI <1  no pollution/perfection 
 1  background level pollution 
 >1  deterioration of sediment quality 

Abbreviations: Igeo—geoaccumulation index [54], EF—enrichment factor [59], PLI—pollution load index [56]. 

3. Results 

3.1. Metal and Nutrient Vertical Distribution Profiles 

The vertical distributions of nutrients and metals along soil profiles at the five sampling sites are 

highlighted in Figure 2. Significant differences in nutrient (i.e., N, P) and metal (i.e., K, Mg, Na, Fe, 

Cu, B) concentrations were found (p < 0.05) across study sites, whereas nutrients (i.e., N, P) and metals 

(i.e., Ca, Mg, Fe, Cu, Zn) were significantly different (p < 0.05) with sediment depths (Table 2). The 

overall mean nutrient and metal concentration decreased as the soil depth increased. Pairwise post 

hoc comparisons are presented in Table S1; for Fe across study sites and sediment depths, pairwise 

similarities (p > 0.05) were observed. 

Table 2. Two-way ANOVA assessing the differences in nutrient and metal concentrations, 

geoaccumulation indices and enrichment factors across sites and sediment depths in Nylsvley 

Wetland.  

Variable 

Metal and Nutrients Geoaccumulation Index Enrichment Factors 

Site Depth Site Depth 
  

F p F p F p F p F p F p 

N 32.239 <0.001 42.719 <0.001         

P 19.991 <0.001 12.791 <0.001         

K 6.278 0.001 1.704 0.164 4.000 0.013 1.458 0.240 4.293 0.009 2.939 0.033 

Ca 2.605 0.056 3.958 0.007 0.838 0.515 5.805 0.001 1.465 0.244 1.563 0.208 

Mg 3.591 0.017 4.762 0.003 3.009 0.038 8.743 <0.001 0.901 0.479 1.044 0.415 

Na 8.324 <0.001 0.752 0.591 5.364 0.003 0.398 0.845 10.100 <0.001 2.859 0.037 

Mn 1.945 0.129 0.461 0.802 3.413 0.024 2.344 0.072 1.098 0.380 0.966 0.458 

Fe 2.801 0.043 3.11 0.022 2.415 0.077 6.139 0.001     

Cu 5.587 0.002 5.624 0.001 5.498 0.003 7.486 <0.001 5.223 0.004 1.556 0.210 

Zn 2.344 0.077 4.447 0.004 2.592 0.062 7.089 <0.001 0.511 0.728 1.408 0.257 

B 12.858 <0.001 0.770 0.579 14.235 <0.001 1.588 0.202 3.190 0.031 1.665 0.181 

Bold indicates significance at p < 0.05. 
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Figure 2. Differences in nutrient and metal concentrations (mean ± standard error) with sediment 

depth across the five study sites and sediment depths. 

3.2. Sediment Quality Guidelines 

When compared against international standards, most of the assessed metals were within the 

“no effect” level across the different sites and depths, except for a few sites/depths presented in Table 

S2. For Mn, sites N1 (depth 60–80 cm), N2 (depth 0–20 cm), and N4 (depth 40–60 cm) were within the 

LEL threshold, whereas site N1 (depth 80–100 cm) was in the SEL level (Table S2). Considering Fe 

concentrations, 2 sites (N1, N4) and two depths (20–40 cm; 40–60 cm) were in the LEL range, whereas 

Cu concentration were within the LEL level for sites N1 (depth 0–20 cm), N2 (depths 0–80 cm), N4 

(depths 0–80 cm), and N5 (depths 0–80 cm) (Table S2). All Zn concentration for all sites and depths 

were within the no effect level. 

The K, Ca, and Mg concentration showed extreme contamination across all sites and depths 

(Figure 3). The Na and B Igeo values were grouped into class 0, indicative of no contamination for 

most study sites and sediment depths, with a few sediment depths in different study sites indicating 

class 1 (no to moderate contamination). For Mn, Fe, Cu, and Zn, the Igeo values ranged mostly from 

class 0 (no contamination) to class 3 (moderate to strong contamination) (Figure 3). We found 

significant differences (p < 0.05) across study sites for K, Mg, Na, Mn, Cu, and B concentrations, and 

sediment depths for Ca, Mg, Fe, Cu, and Zn concentrations (Table 2). Using Tukey’s post hoc 

analyses, significant differences were observed for study site pairwise combinations for Mg, Mn, Fe, 

and Cu, and sediment depth for Ca, Mg, Fe, Cu, Zn for selected sites and depths (see Table S3). 
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Figure 3. Geoaccumulation indices (Igeo; mean + or − standard error) across different study sites and 

sediment depths for metals. 

The EF values for K, Ca, and Mg showed extremely high enrichment levels for all sites and 

sediment depths (Figure 4). The Na, Mn, Fe, Cu, Zn, and B concentration showed mostly background 

enrichment levels. The exceptions were Mn at site N1 (depth 80–100 cm), Cu (site N3, depth 120–140 

cm; N4, depth 0–20 cm, 60–100 cm; N5, 40–100 cm), Na (site N5, depth 80–100 cm) and Zn (site N5, 

depth 20–40 cm) which showed low enrichment, and Cu (site N5, depth 0–40 cm) which had 

moderate enrichment (Figure 4). Using two-way ANOVAs, significant differences (p < 0.05) were 

observed across study sites for K, Na, Cu, and B concentrations, and also in sediment depths for K 

and Na concentrations (Table 2). Using Tukey’s post hoc analyses, nonsignificant differences (p > 

0.05) were observed for all metals across the different sediment depths, whereas significant site 

differences (p < 0.05) were observed for K, Na, Cu, and B (see Table S3). 
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Figure 4. Enrichment factors (EF; means + standard error) of metals collected from Nylsvley Wetland 

across different study sites and sediment depths. The EF for K, Ca, and Mg should be multiplied by 

1000. 

Most of the sediments across the different sites and sediment depths indicated deterioration of 

sediment quality (Figure 5). The indicated deterioration of sediment quality decreased with sediment 

depth and was generally highest for sites N4 and N5 (depths 0–60 cm). The pollution load index 

values were significantly different among study sites (F = 5.275, p = 0.002) and sediment depths (F = 

4.999, p = 0.002). Using Tukey’s post hoc analysis, significant differences in PLI values were observed 

for sites N2 vs. N3 (p = 0.046) and N3 vs. N4 (p < 0.001), and sediment depth of 0–20 cm vs. 120–140 

cm (p = 0.007), 20–40 cm vs. 120–140 cm (p = 0.008), 40–60 cm vs. 120–140 cm (p = 0.046), and 20–40 cm 

vs. 80–100 cm (p = 0.008). 
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Figure 5. Pollution load index values (means + standard error) for the different sites and sediment 

depth measurements from the Nylsvley Wetland. 

3.3. Assessing the Relationship Between the Measured Metal Variables 

Pearson correlations highlighted that most wetland sediment metals and nutrients were 

significantly correlated with each other, indicating a strong positive association, except for Mn and 

B, which were only correlated with a few of the metals and nutrients (Table 3). The Mn was 

significantly positively correlated with K alone, whereas B was significantly positively correlated 

with Ca, Mg, and Fe (Table 3). 

Table 3. Correlation matrix of metal and nutrient concentrations. 

 N P K Ca Mg Na Mn Fe Cu Zn B 

N 1.00           

P 0.45 ** 1.00          

K 0.54 ** 0.34 ** 1.00         

Ca 0.66 ** 0.62 ** 0.59 ** 1.00        

Mg 0.62 ** 0.66 ** 0.63 ** 0.89 ** 1.00       

Na 0.53 ** 0.26 * 0.68 ** 0.55 ** 0.57 ** 1.00      

Mn −0.05 0.14 0.42 ** 0.12 0.16 0.13 1.00     

Fe 0.06 0.58 ** 0.45 ** 0.42 ** 0.56 ** 0.28 * 0.50 ** 1.00    

Cu 0.61 ** 0.57 ** 0.60 ** 0.72 ** 0.76 ** 0.60 ** 0.08 0.40 ** 1.00   

Zn 0.42 ** 0.63 ** 0.46 ** 0.53 ** 0.57 ** 0.35 ** 0.17 0.41 ** 0.87 ** 1.00  

B −0.13 0.10 0.16 0.27 * 0.27 * −0.05 0.14 0.27* 0.13 0.14 1.00 

** and * correlation is significant at the P < 0.01 and P < 0.05 levels, respectively. 

The PCA ordination technique showed that the first two principal components (PC) explained 

74.7% of the total variance, with PC1 and PC2 explaining 55.7% and 19.0% of the variance, 

respectively (Table 4). The principal component analysis classified metals into two groups, with 

group 1 consisting of all metals, except for Mn and B, which were the only metals in group 2 (Table 

4). The two-way cluster analysis results identified 2 distinct groups: Group 1 consisted of Mn, B, and 

Fe and was clearly distinguishable from group 2 (i.e., K, Ca, Mg, Na, Cu, Zn; Figure 6). For sediment 

depth, the cluster analysis identified two groups. Group 1 consisted of sediment depths in sites N4 

(all depths except 40–60 cm, 120–140 cm), N5 (all depths), N1 (0–20 cm), and N3 (80–100 cm, 120–140 

cm). Group 2 consisted of sediment depths in sites N1 (all depths excluding 0–20 cm), N2 (all depths), 

N3 (all depths excluding 80–100 cm, 120–140 cm), and N4 (40–60 cm, 120–140 cm) (Figure 6). 
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Table 4. Principle component analysis (PCA) results for metal concentrations for the entire study area.  

Variable PC1 PC2 

Eigen value 5.01 1.71 

Variance (%) 55.69 18.97 

Cumulative variance (%) 55.69 74.66 

Metal Factor loading 

K 0.88 −0.05 

Ca 0.93 −0.01 

Mg 0.96 −0.01 

Na 0.70 −0.44 

Mn 0.28 0.76 

Fe 0.58 0.48 

Cu  0.90 −0.27 

Zn 0.83 −0.04 

B 0.20 0.79 

Factor loadings > 0.5 are highlighted in bold. 

 

 Figure 6. Two-way cluster analysis for nine metals (i.e., K, Ca, Mg, Na, Mn, Fe, Cu, Zn, B). The sites 

(N1–N5) in the columns are the concentration values and they also include the sediment depths: 1 (0–

20 cm), 2 (20–40 cm), 3 (40–60 cm), 4 (60–80 cm), 5 (80–100 cm) and 6 (120–140 cm). 

4. Discussion 

The results obtained in our study highlight that metal concentrations were elevated in surface 

sediment, in contrast to our first hypothesis. Furthermore, we observed that lower reach sites were 

generally more polluted compared to the upper reach sites (Figure 2). Upstream land use activities 

have previously been identified as drivers of metals within this system by Greenfield et al. [39] and 

Dahms et al. [26], who quantified the accumulation of metals within the Nyl River. Prusty et al. [60], 

Bai et al. [13], and Zhang et al. [61] highlighted that Cu and Zn tended to decrease with increasing 

soil depths in wetland ecosystems, similar to findings in the present study. Our observations were 

also similar to Zhang et al. [44], who found that the vertical distribution of metals (e.g., As, Cu, Pb) 

was greater at the surface than those in the subsurface layer. The increase in metal concentrations in 

a downstream direction may have been a result of hydrological dynamics, and in particular, water 

velocity. As water velocity decreases are associated with lower metal suspension potential, water 

moving the confined river banks of the Nyl River onto the more open shallow wetland areas likely 

resulted in increased metal deposition onto sediments. Vegetation likely played a role in spatial metal 

concentration dynamics [62], although this was not assessed in the present study. 
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The sediment vertical distribution results based on the international guidelines showed that the 

surface to midsurface sediments (depth 0–80 cm) were mostly contaminated when compared to 

subsurface soils (depth 120–140cm). However, the sediment quality was generally within the 

acceptable level as per the Canadian sediment quality guidelines [53]. This was particularly the case 

for Mn, Fe, and Zn, where only a few sites and depths exceeded the “no effect” level, whilst Cu levels 

were most consistently elevated at shallow depths. Nonetheless, those sites that exceeded standards 

have been identified for further monitoring effort. These differences were probably influenced by 

variations in metal settling ability, as well as differences in affinity ability as sediments aggregate and 

textures differ with depth and sites. Wepener and Vermeulen [63] highlighted that sediment particle 

size influences the spatial variation of metals, and this was observed in our study, as the polluted 

surface sediments were mostly clays, and the subsurface sediments were mostly silt and sand (T. 

Dalu, personal observation). Acosta et al. [64] also highlighted that the duration and timing of flood 

events will result in the uneven distribution of metals across sites and sediment depths. Furthermore, 

these hydrological condition differences would affect soil physicochemical properties, such as 

salinity, which would additionally alter metal mobility in sediments [65]. For example, Greenfield 

[39] and Dahms et al. [26] observed that Fe, Zn, and Mn concentrations exceeded the sediment quality 

guidelines (i.e., LEL) for the surface sediments in Nylsvley Wetland, yet they found that these 

concentration levels were mostly within the permissible limits, which implies that the wetland was 

effectively removing these metals or they were being taken up by the abundant plant community. 

Overall, the study results demonstrated a high degree of metal pollution in the wetland 

sediment across sites and sediment depths, as evidenced by the high Igeo and EF (for K, Ca, and Mg) 

and PLI values, but a relatively low degree of metal pollution for Na, Fe, Cu, B, Mn, and Zn. We 

speculate that the high metal loads for K, Ca, and Mg in relation to the background values reflect the 

increased urbanization and agricultural activities upstream in the headwaters of the Nyl River, 

similarly to a study by Xiao et al. [66]. It is also important to note that increased K, Ca, and Mg 

enrichment can alter other wetland biogeochemical processes, such as causing nutrient imbalances 

and increased salinity, thereby endangering the fragile ecosystem. These high metal concentrations 

particularly for Cu, Fe, and Mn alone might have adverse ecological implications for benthic fauna 

and flora. However, the potential risk that metal concentrations in the sediments pose does not solely 

depend on total concentrations but also on the bioavailable fractions determination [17,67]. 

Multivariate analyses (i.e., PCA, cluster analysis) are some of the most widely applied in the 

source identification of metals, as they provide information on metal association in areas of interest 

[33,44,68,69]. Pandey et al. [70] highlighted that a two-way cluster analysis classifies the variables into 

different clusters depending upon the resemblance among them. A high correlation among the 

different metals is therefore often indicative of a common source and mutual dependence [44,68]. 

Thus, the Pearson correlations reported in the present study suggest that most metals might have 

originated from a similar source to that of Mn and B, owing to a lack of significant differences. The 

PCA and cluster analyses further highlighted that the observed metal concentration differences could 

be highly site-specific, linked to additional factors such as anthropogenic point sources and local 

bedrock. The two-way cluster analysis additionally found that there were differences in the site and 

sediment depth metal variations with a strong separation between the upper reach sites (i.e., N1–N3) 

and lower reach sites (i.e., N4–N5). The differences could be attributed to differences in wetland 

width, which might cause metal deposition and accumulation variations as indicated by high 

concentrations at downstream sites N4 and N5 (Figure 2). 

5. Conclusions 

Overall, K, Ca, and Mg concentrations should be carefully monitored within the area to avoid 

potential ecotoxicity to the wildlife in Nylsvley Wetland, based on the geoaccumulation indices and 

enrichment factors. These results provide baseline information for the Nylsvley Wetland in relation 

to sediment metal pollution; however, further studies are required to fully understand metal 

dynamics within the system. The specific sources of metal contaminants also require further 

elucidation to further inform management efforts. Gregorauskiene and Kadunas [71] highlighted that 
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localized sediment metal concentration might be associated with plant cycling, which leads to the 

movement of metals. In such cases, assessments of wetland plant contributions to metals’ vertical 

distribution dynamics in the sediment would also be useful. In addition, further investigations into 

the seasonal variability in the sediment and water quality across the wetland zones are needed to 

understand the metal dynamics within the sediment and water interface. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/12/10/2779/s1, Table 

S1. Tukey’s pairwise comparisons results for the significant (P < 0.05) metal and nutrient concentration variables. 

Table S2. Sediment quality guidelines for mean Mn, Fe, Cu, and Zn concentrations (mg kg−1) for different 

sediment depths across study sites. Table S3. Tukey’s pairwise comparisons results for the significant (P < 0.05) 

sediment quality guideline variables. 
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