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Abstract

Cadmium, present locally in naturally high concentrations in the Northern Plains of the United 

States, is of concern because of its toxicity, carcinogenic properties, and potential for trophic 

transfer. Reports of natural concentrations in soils are dominated by dryland soils with agricultural 

land uses, but much less is known about cadmium in wetlands. Four wetland categories – prairie 

potholes, shallow lakes, riparian wetlands, and river sediments – were sampled comprising more 

than 300 wetlands across four states, the majority in North Dakota. Cd, Zn, P, and other elements 

were analyzed by ICP-MS, in addition to pH and organic matter (as loss-on-ignition). The overall 

cadmium content was similar to the general concentrations in the area’s soils, but distinct patterns 

occurred within categories. Cd in wetland soils is associated with underlying geology and 

hydrology, but also strongly with concentrations of P and Zn, suggesting a link with agricultural 

land use surrounding the wetlands.
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1. Introduction

Cadmium occurs locally in high concentrations in the Northern Plains of the United States 

due to the prevalence of shale-derived soils (Holmgren et al., 1993; Garrett, 1994; Hopkins 

et al., 1999). The metal accumulates in organisms and is of concern because of its relative 

toxicity and its carcinogenic properties (Waalkes, 2000; Goyer et al., 2004; Satarug et al., 

2010), and has been banned in the European Union in a wide array of products 

(Communication Department of the European Union, 2011).
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The Northern Plains region is highly productive in terms of agriculture and wildlife, and 

both may be impacted by Cd in the environment. Cadmium occurs in some foods, including 

grains and fish (Department of Health and Human Services, 2008; European Food Safety 

Authority, 2009). While there have been no direct reports of excessive concentrations of Cd 

in food from the Northern Plains, North Dakota sunflower seeds have the potential to exceed 

the maximum allowance designated by food safety regulators overseas (Comis, 1995). As 

for wildlife, the millions of small wetlands covering the Prairie Pothole Region support more 

than half of the important migratory bird species in the US (Kantrud et al., 1989), in addition 

to resident birds, animals, and plants. Although there have not been any confirmed negative 

impacts of cadmium on wildlife in the region, there is concern about low-level exposure to 

the metal and transfer to higher trophic levels, including humans (Li et al., 1997; Burger, 

2008; Pillatzki et al., 2011; Rojas-Cifuentes et al., 2012).

Knowledge about the natural distribution of Cd in wetlands, the most productive of 

terrestrial ecosystems, has been sketchy at best despite the fact that its relative toxicity and 

carcinogenicity have been long known. Large-scale databases containing data on Cd 

distribution in soils are made available by government organizations, but these are 

substantially limited concerning wetland systems. The Geochemical Survey (US Geological 

Survey website) reports cadmium concentrations across the US, including some wetland 

soils and sediments, but mostly from drylands (we prefer the term ‘dryland’ to ‘upland’ as 

the opposite of ‘wetland’, because ‘upland’ is an ambiguous term – ‘uplands’ are elevated 

lands, such as hills and mountains, in British English), and with relatively high detection 

limits (2 mg kg−1). The EPA’s metadata analysis of Cd in soils (US EPA, 2003) reflects 

mostly dryland soils. The PLUTO database (US Geological Survey, 2001) includes soils as 

well as sediments from wet ecosystems, but the Cd detection limits are high; in many cases 

2 mg kg−1 and sometimes even 20 mg kg−1, resulting in most samples with non-detectable 

concentrations of Cd. The Geochemical Atlas of Europe (Forum of European Geological 

Surveys website) reports Cd concentrations, to low detection limits (0.02 mg kg−1), in a 

variety of sediment types, including streams and floodplains. This database is useful for 

comparison with the United States.

Smaller-scale Cd distribution studies in our study area specific to wetlands are few and not 

very detailed. An early study on Cd and associated metals in riverine wetlands and prairie 

potholes by Martin and Hartman (1984) reported values from 13 Waterfowl Production 

Areas and National Wildlife Refuges across five states in the region. That study was 

valuable because it was probably the first report on Cd levels in wetlands in the area. 

However, the sampling density was very low and so the data did not sufficiently assess the 

variation in Cd in wetlands across the region, which comprises hundreds of thousands of 

wetlands. The same applies to their comparison of six riverine wetlands with five prairie 

potholes – the low number of observations across that huge region was simply not enough to 

come to meaningful comparisons between the two types of wetlands. The Minnesota 

Geological Survey sampled stream sediments in our sampling area, but not lakes (Lively and 

Thorleifson, 2009).

Our research group focuses predominantly on cycling of elements, most of which are metals, 

in wet ecosystems. Over recent years, we collected and analyzed the element composition of 
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soils and sediments from wetlands across the Northern Plains in the US, mostly from North 

Dakota (ND) and Minnesota (MN), but also some from Montana (MT) and South Dakota 

(SD). Here we report the distribution of Cd and associated metals based on four separate 

studies on multi-element composition of (1) prairie wetland soils and (2) riparian floodplains 

in ND, MT, and SD; (3) shallow lake sediments in MN, and (4) sediments of two rivers of 

environmental concern in ND, the Souris and Turtle rivers. We included the latter, because 

sediments make up an important part of riparian floodplain soils. These studies combined 

provide an extensive dataset of Cd concentrations and other elements in wetland soils and 

sediments across the landscape.

The aims of this paper are to (1) understand the spatial distribution of Cd and associated 

elements in soils and sediments of wetlands across the region, (2) assess the associations of 

Cd with other elements, and (3) assess whether or not consistent differences exist between 

types of wetlands. Even though this study was carried out in the Northern Plains of the 

United States, the landscape and ecology are similar to, and the information we provide thus 

relevant to, other large areas of partly glaciated landscapes with prairie pothole-like wetlands 

and shallow lakes in the Northern Hemisphere (e.g. Canada, northern Europe, and northern 

Asia). Our reported limit of detection at 0.089 nmol g−1 (0.01 mg kg−1) was much lower 

than most of the existing databases. This is the first study over a wide geographic area with a 

large sample set that specifically addresses the distribution of Cd in wetlands.

The biogeochemistry of metals in the environment, particularly in wetlands, is a major 

influence on distribution and movement in ecological systems. Cadmium concentrations can 

be affected by wetland conditions in several ways, including sediment transport, oxidation/

reduction, pH, and organic matter content. Franzen et al. (2006) reported higher values of 

DTPA-extractable Cd concentrations in ‘depressional’ landscape positions compared to 

slope or ‘upland’ landscape positions. These observations may mean that the total amounts 

of Cd per weight unit were higher in depressional landscape positions due to downward 

movement of Cd from upslope to downslope, or the chemistry at depressional landscape 

positions rendered more Cd extractable at similar total amounts. If we assume that the 

extractability of Cd did not change much across landscape positions, then wetlands, 

particularly prairie potholes, being situated in depressions in the landscape, would be 

expected to act as sinks of metals. This might result in generally higher levels of metal 

concentrations compared to dryland conditions. However, we did not sample drylands 

adjacent to the wetlands in our studies, nor do such data exist in enough detail from other 

studies to make in-depth comparisons.

A typical characteristic of flooded wetland soils is the development of anoxic, reduced 

conditions. This results in accumulation of organic matter in the soil, formation of metal 

sulfides, and commonly near-neutral pH. Cd can remain immobilized in wetland soils under 

these conditions (Gambrell, 1994; Jacob and Otte, 2003). We thus expected a correlation 

between sediment Cd concentrations and organic matter content due to binding/adsorption 

(Salomons and Förstner, 1984; Gambrell, 1994; Spurgeon et al., 2008). Other factors 

affecting Cd concentrations include the particle size distribution of the soils/sediments – 

most metals bind predominantly smaller particles, particularly the fraction smaller than 63 

μm – and pH (Salomons and Förstner, 1984). Because our samples were sieved through 
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either 63 μm or 180 μm sieves before analysis, and did not otherwise assess particle size 

distributions on the samples, we are unable to assess the relationship between particle size of 

soils/sediments and Cd concentrations for our data. Similarly, differences between the data 

sets in determination of pH limit our ability to make comparisons across the entire data set.

It was further expected that Cd concentrations would correlate with Pb, Zn, and perhaps Ag, 

As, and S concentrations, because the chemistry of the metals is known to be similar and 

associated with S chemistry (Salomons and Förstner, 1984; Chaney, 2010). As Chaney 

(2010) pointed out, Cd and Zn should always be considered together, because they have 

similar biogeochemical behavior in soils and accumulation in organisms. However, as 

Schultz et al. (1980) noted, they can be decoupled and have low overall correlation in Pierre 

Shale. In addition, there can be anthropogenic additions of Cd and Zn to soils and sediments 

from the use of mineral P fertilizers (Mortvedt, 1996).

We also expected relationships between Cd concentrations and the underlying geology, with 

higher Cd concentrations in wetlands occurring where the surface geology, and thus the soil 

via pedogenesis, was higher in Cd. In the central and eastern portion of the region, multiple 

glacial advances from a north-northwesterly direction deposited shale-bearing tills, most 

recently during late Wisconsin time. In eastern North Dakota, these tills overlie bedrock that 

itself is shale, typically the Cretaceous Pierre Shale. Schultz et al. (1980) studied the 

geochemistry of the Pierre Shale across the western U.S. The presence of shale as bedrock, 

and as a lithologic component of the substrate on which wetlands were formed, is an 

important influence on soil and wetland chemistry in the region. For example, we expected 

higher Cd values for the sediments of the Turtle River in ND and for the wetlands in the 

northeast corner of ND, which are adjacent to the Pembina escarpment. There the Pierre 

Shale outcrops and the Pierre aquifer is near the surface. These units are known for their 

relatively high concentrations of metals including Cd (Hopkins et al., 1999). The Pierre 

aquifer partly supplies water to the Turtle River (Dalrymple and Dwelle, 2012).

2. Materials and methods

Four different data sets were collated and will be referred to as ‘Potholes’, ‘Shallow Lakes’, 

‘Riparian Floodplains’, and ‘River Sediments’. In the ‘Potholes’ project, the majority of the 

wetlands sampled were located in regions that had been formed by glaciation, and thus are 

depressional wetlands, or potholes. Some of the ‘pothole-like’ wetlands included in this 

study were in soils unaffected by the most recent glaciation events, but for ease of 

description, they are included in the ‘Potholes’ group. For all data sets, samples were taken 

(typically at least 5 replicates per wetland) from a region stretching about 1000 km from 

Montana in the northwest to southern Minnesota in the southeast (Fig. 1).

Details of all sampling methods are available online (Supplementary File A). In short, grab 

samples were collected from the top 0–10 cm using either inverted plastic bags or PVC 

corers (shallow lakes only) and transported to our laboratory. Samples were dried, 

homogenized, sieved (either −180 μm or −63 μm), and sent to an accredited laboratory for 

analysis by ICP-MS. A subset of the samples from the ‘Potholes’ and ‘Riparian Floodplains’ 

was analyzed for Cd after sieving though both sieve sizes, and the Cd concentrations for 
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both fractions were found not to be different, see Supplementary File A). In total, we 

obtained concentrations for more than 50 elements from 350 wetlands (mostly 5 replicates, 

totaling 1733 samples). Loss-on-ignition (LOI, as a measure of organic matter content) was 

determined on all samples, while soil pH was determined only in the Pothole and Riparian 

Floodplain studies.

2.1. Statistics

All element concentrations are reported in μmol g−1 dry weight (soil or sediment) and LOI 

in g g−1. Metal ratios are also reported on a molar basis unless otherwise stated. 

Concentration data, including LOI, but not pH, were log-transformed prior to statistical 

analysis. Analysis of Variance (ANOVA) and Analysis of Covariance (ANCOVA) were 

performed using General Linear Model, followed by a Tukey’s pairwise comparison (p < 

0.05) where appropriate. Pearson product-moment correlation analysis was used for the 

correlations. Because of the large number of observations many elements correlated 

significantly with each other, but significant correlations with low coefficients of correlation 

typically do not have much meaning. We chose to consider only significant correlations with 

r > 0.5, therefore explaining 25% of the total variation. Data analysis was carried out using 

Minitab 16.2.2 software. Development of maps and GIS analysis was done using ArcGIS 

Desktop: Release 10, Redlands, CA: Environmental Systems Research Institute. North 

Dakota surface sediments were determined from North Dakota GIS Hub Data Portal (2012).

3. Results

3.1. The entire dataset

The full set of data pertaining to this paper with coordinates of sampling sites is available 

online (Supplementary File B). The ranges in concentrations of Cd and of the elements with 

which Cd showed strong correlations across the entire dataset are listed in Table 1.

Cadmium concentrations correlated strongest with Zn concentrations (Fig. 2), followed by, 

in order of decreasing correlation coefficient, Cu, Bi, Pb, Rb, Tl, Al, K, Be, and Se. None of 

the other elements analyzed in the studies, including Ag (r = 0.408), As (r = 0.144), P (r = 

0.104), and S (r = 0.437), showed strong correlations with Cd, nor did LOI (r = 0.410, 

average LOI = 8.2 ± 9.6%, range 0–73%). Soil pH (for Potholes and Riparian Floodplains) 

also did not correlate strongly with Cd (r = −0.219, average pH 7.0 ± 0.9, n = 995, range 

3.2–9.8).

The correlations between Cd and Zn further show a much wider range in concentrations for 

both elements for the Shallow Lakes compared to the Potholes, Riparian Floodplains, and 

River Sediments (Fig. 2). Very similar patterns apply to Cu and Pb, both of which correlated 

more strongly with Zn than Cd (Cu–Zn: r = 0.885, and Pb-Zn: r = 0.758). The average molar 

Cd/Zn ratio across the entire dataset was 0.0037 ± 0.0024.

Within subsets of the dataset, important patterns were observed, as follows.

3.2. Potholes

Cd concentrations in the Pothole group did not correlate significantly with LOI or soil pH.
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One way to categorize pothole wetlands across the region is by one of four Level III 

Ecoregions (Wiken et al., 2011), see Fig. 3. These Ecoregions show ecological regions of 

similar biotic, abiotic, or ecosystem quality and integrity. Tested by one-way ANOVA, Cd 

concentrations between the Ecoregions were found to differ significantly (p < 0.000). 

Neither Cd nor Zn correlated with P across the Potholes, but Cd correlated strongly with Zn 

concentrations, and so differences in Cd concentrations between Ecoregions were tested 

again with Zn as a covariate. This relationship was highly significant (p < 0.000), as well as 

the differences between Ecoregions (p < 0.000). The Cd/Zn ratios between the Ecoregions 

were also highly significant (p < 0.000), with the Lake Agassiz Plain region (range 0.0026–

0.0196) showing the highest average ratio and the Northwestern Great Plains the lowest 

(range 0.0011–0.0033) (Table 2).

Potholes can also be categorized based on the lithology of the surface sediments (Table 2). 

Differences in Cd concentrations between surface sediments were also highly significant (p 
= 0.002), as were covariate Zn concentrations as (p = 0.000). It is unclear why samples 

composed of cross-bedded sand have the highest Cd concentrations. However, as might be 

expected, samples composed of clay exhibit the highest Cd/Zn ratios. Significant differences 

were also observed for Cd/Zn ratios between surface sediments (one-way ANOVA), with 

potholes in silt showing the lowest ratios.

3.3. Differences between shallow lakes of MN

The shallow lakes of MN were sampled in four distinct clusters from north to south: “Red 

Lake”, all from the Red Lake Indian Reservation; “Itasca”, from around the headwaters of 

the Mississippi River; “Grant”, from the west central County of Grant; and “Windom”, from 

southern MN near the town of Windom. Parent materials include glacial till or outwash (Soil 

Survey Staff, 2012). When tested separately by one-way ANOVA, concentrations of Cd, Zn, 

and P varied significantly between regions, as did LOI (all p < 0.000), see Table 3.

Cd concentrations within this dataset did not correlate with LOI, but correlated strongly with 

Zn (r = 0.828, n = 251) and with P (r = 0.659). Zn concentrations also strongly correlated 

with P (r = 0.729) (Fig. 4). Subsequent ANCOVA testing Cd differences between regions 

with Zn and P concentrations as covariates showed covariation with both Zn and P to be 

highly significant (p < 0.000), but differences between regions were not (p = 0.335). The 

Cd/Zn ratios were not significantly different between regions (average over all lakes 0.0048 

mol mol−1).

3.4. Differences between rivers – Riparian Floodplains

Concentrations of Cd (μmol g−1, n = 20) in sediments of the riparian floodplains of the rivers 

in our study, the Red (average 0.0035 ± 0.0006, range 0.0026–0.0049), Sheyenne (0.0030 

± 0.0008, 0.0016–0.0045), James (0.0025 ± 0.0004, 0.0019–0.0034), Missouri (0.0018 

± 0.0003, 0.0012–0.0024), and the Little Missouri (0.0023 ± 0.0005, 0.0014–0.0035), varied 

significantly between rivers (one-way ANOVA, p < 0.000), as did Zn (p < 0.000) and P 

concentrations (p < 0.000). No differences were found in LOI (average 2.9 ± 2.2, n=100) or 

pH (average 7.5 ± 0.3, n = 100) between the rivers. When tested by ANCOVA, Cd 

concentrations strongly co-varied with Zn concentrations (p < 0.000), significantly, but less 
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strongly, with P (p = 0.024), and also varied significantly between rivers (p < 0.000). The 

highest concentrations for both metals were recorded along the Red River (Cd 0.005, Zn 1.6 

μmol g−1, different samples) in eastern ND (Fig. 5). The Cd/Zn ratio (mol mol−1) of the Red 

River soils (0.0030 ± 0.0002) was significantly higher (p < 0.000) than the other rivers, 

while the Missouri River had a significantly lower ratio (0.0020 ± 0.0003). The Cd/Zn ratios 

of the Sheyenne (0.0025 ± 0.007), James (0.0024 ± 0.0006), and Little Missouri (0.0023 

± 0.0002) rivers were intermediate values and did not differ from each other.

3.5. Differences between rivers – the Souris and Turtle River sediments

The Souris and Turtle Rivers were sampled as part of a study on the use of multi-element 

fingerprinting in rivers in ND (Wijeyaratne, 2011). The Souris River watershed is much 

larger (63 714 km2) than the Turtle River (1645 km2), but both contribute to the Red River. 

Because the Red River flows from the US into Canada, water quality of the two tributaries is 

of concern due to cross-border issues with contaminant transport. Cd concentrations across 

both rivers correlated strongly with Zn (r = 0.707, n = 475), Pb (r = 0.846), and Cu (r = 

0.898). There was a clear difference between the sediments of the Turtle and Souris rivers 

(Fig. 6) in relation to Cd (Turtle River average 0.0038 ± 0.0015, range 0.0010–0.0072, n = 

192, Souris average 0.0021 ± 0.0011, range 0.0005–0.0054, n = 283). ANCOVA showed Cd 

significantly (p < 0.000) co-varied with Zn, and Cd/Zn ratios were significantly higher (p = 

0.000) for the Turtle River (0.0057 ± 0.0012 mol mol−1) compared to the Souris River 

(0.0030 ± 0.0009 mol mol−1). Cd concentrations also correlated with P in both the Souris (r 
= 0.532, n = 283, average 22 ± 6 μmol g−1) and Turtle River (r = 0.654, n= 196, average 2.7 

± 0.3 μmol g−1). In contrast, the Pb/Zn ratios (Souris 0.055 ± 0.015, Turtle 0.054 ± 0.013) 

and Cu/Zn (Souris 0.24 ± 0.04, Turtle 0.25 ± 0.10 mol mol−1) did not vary between rivers.

4. Discussion

The five samples with the highest Cd concentrations are listed in Table 4. These five 

wetlands had concentrations averaging well above the mean of 0.0034 μmol g−1 (0.38 mg kg
−1) for the entire dataset. The average values are within the range of Cd concentrations of 

0.003–0.008 μmol g−1 (0.17 to 0.87 mg kg−1) reported by Martin and Hartman (1984) for 

wetlands in the Northern Plains, but different methods were used in their study and ours, 

thus making direct comparisons difficult. The high concentrations of well over 2 mg kg−1 

(0.018 μmol g−1) reported by Garrett (1994), Hopkins et al. (1999), and Jyoti (2010) for 

drylands were not observed in our study. This is most likely due to the fact that the studies 

listed above reported concentrations in soils originating from Cd-rich shales, whereas the 

wetlands in our study were situated over a wide variety of soil types, and it also hints at a 

possible buffering effect for Cd concentrations in wetlands. For North Dakota dryland soils, 

Holmgren et al. (1993) reports soil Cd concentrations of 0.316 mg kg−1, and for the 

Northern Great Plains as 0.369 mg kg−1 (both geometric means), whereas our equivalent 

geometric mean concentrations were similar at 0.414 mg kg−1 for North Dakota potholes 

and 0.394 mg kg−1 for the entire data set. Other reports on background Cd soil 

concentrations include up to average 0.4 mg kg−1 worldwide (United Nations, 2010) and in 

the US (US EPA, 2005); and median 0.3 mg kg−1 in the Canadian Great Plains and 

adjoining US (Garrett, 1994). In Europe (Forum of European Geological Surveys website) 
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stream sediments were median 0.29 mg kg−1 and floodplain sediments were median 0.3 mg 

kg−1 Cd. The average cadmium concentrations we observed in the potholes (0.0037 μmol g
−1, 0.41 mg kg−1), the shallow lakes (0.0037 μmol g−1, 0.41 mg kg−1), the riparian 

floodplains (0.0026 μmol g−1, 0.30 mg kg−1), and the river sediments (0.0028 μmol g−1, 

0.31 mg kg−1) were comparable to the concentrations reported above.

Across the entire dataset, the average Cd/Zn ratio was 0.0037 (mol mol−1), but higher values 

were observed for potholes in clay sediments (0.0050), the Red Lake (0.0047) and Itasca 

(0.0064) shallow lakes, and the Turtle River (0.0057). The higher Cd concentrations and 

enrichment relative to Zn may be explained by both natural processes and anthropogenic 

activities. One of the five wetlands with the highest Cd concentrations, the pothole site in the 

Pembina area, had a very high Cd/Zn ratio (0.0196 mol mol−1 in one sample, 0.0086 average 

for the wetland). This wetland is in the Lake Agassiz Plain Ecoregion (associated with clay 

soils), and is very close to the Pembina Escarpment, where high Cd concentrations are 

associated with outcrops of the Pierre Formation (Hopkins et al., 1999; Jyoti, 2010). The 

same shale also hosts the Pierre aquifer, which partly feeds the Turtle River (Kelly and 

Paulson, 1970), and this may explain the relatively higher Cd/Zn ratios in the sediments of 

the Turtle River compared to those in the Souris and other rivers. The US EPA classifies the 

Turtle River as “impaired” due to Cd concentrations in the water, likely originating from the 

shales in the Pembina area, which eventually flows into the Red River (US EPA, 2008). 

Holmgren et al. (1993) report Cd/Zn ratios (geometric mean) for North Dakota dryland soils 

in the range of 0.0050–0.0067 and Minnesota down to 0.0040 g g−1. In our study, the 

proportion of Cd to Zn was comparatively lower in the Riparian floodplains, but higher in 

the Turtle River sediments and for the Minnesota shallow lakes (Table 5).

This link with the underlying geology and hydrology is also emphasized by the correlations 

between Cd and other metals across the entire dataset. It is well known that Cd is a member 

of the chalcophile group which also includes Ag, Cu, Ga, Hg, In, Tl, joined by As, Bi, Pb, S, 

Sb, Se, and Te (Faure, 1998). In many cases these elements are strongly correlated because 

of their very similar biogeochemistry (Salomons and Förstner, 1984; Dudka and Adriano, 

1997). The association with Se is likely due to its chemistry being similar to S, even though 

the correlation between Cd and S in this study was not strong. Schultz et al. (1980) reported 

that Cd in Pierre Shale, the bedrock source material in much of the region, is associated with 

both sulfide minerals and with organic matter. It is likely that some Se substituted for S in 

these materials. Under oxidizing conditions, sulfide is transformed to sulfate and can be 

transported by aqueous solutions. This type of process can decouple metals from S or Se. 

Any selenates formed by such oxidation are more easily (as compared to sulfate reduction) 

redeposited as selenide when in a reducing environment, such as a wetland soil (Misra, 

2000). Al, Be, Bi, K, and Rb are associated with clay minerals and are typically strongly 

correlated. The Red River showed a high Cd concentration and Cd/Zn ratio, reflecting the 

relationship between the metal and the high proportion of clay particles in this river (Stoner 

et al., 1998). Thallium(I) has biogeochemical properties similar to K+ and is strongly 

correlated with Al, Be, Bi, K, and Rb. The correlation between Cd and these elements is 

likely related to the origin of Cd in these soils and sediments, but Cd may also have become 

associated with minerals containing these elements at a later stage, perhaps even as a result 

of anthropogenic activity (Dolor et al., 2012).
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Another important source of Cd is the use of mineral phosphate fertilizer, which typically 

contains high Zn and Cd concentrations in addition to other elements (Mortvedt, 1996; 

Lambert et al., 2007). Phosphate fertilizer application can directly increase both the P and 

Cd concentrations in the soil solution (Lambert et al., 2007) and agricultural land (Mortvedt, 

1996). Across the region of this study, the predominant land use grades from cattle ranching 

in the west to crop production in the east. The shallow lakes in the Grant and Windom areas 

are surrounded by cropland more than any other region in this study, while the lakes in the 

Red lake and Itasca regions have more organic-rich soils (bogs and forest). The strong 

correlations between Cd, Zn, and P observed for the shallow lakes in our study, in addition 

to the high Cd/Zn ratio for this group, particularly when compared with the lower ratios 

predicted by Holmgren et al. (1993), support the hypothesis of Cd association with land use.

In contrast to wetlands, much research has been done on the cadmium in dryland soils (e.g. 

Holmgren et al., 1993; Garrett, 1994; Smith et al., 2005, 2009; Klassen, 2009; Woodruff et 

al., 2009; Chaney, 2010). Wetland soils show different biogeochemical behavior compared 

with dryland soils, and the lack of data for Cd concentrations in wet ecosystems is a major 

gap in our scientific knowledge. Under stable waterlogged, reducing conditions Cd is 

immobilized, but can become mobile when these conditions are disrupted and soils become 

oxidized and pH decreases (Gambrell, 1994). Cd in agricultural soils is soluble and mobile 

(Narwal et al., 1999), and leaching from oxidized, previously reduced sediments can occur 

under natural conditions (Gambrell, 1994). It is not known how periodic drying of pothole 

wetlands affects metal concentrations, but it is possible that fluctuating oxidation and 

reduction processes induce alternating high and low Cd mobility in the environment. 

Similarly, the fluctuating water levels in the riparian floodplains may affect the Cd mobility 

in the sediments. The repercussions of these effects on ecosystems when human activity is 

the direct cause of wetland oxidation, e.g. through widespread land drainage programs and 

wetlands being cultivated during dry years, as is common in the region in our study, is not 

known.

Many of the wetlands in this study foster plants and animals that contribute to food webs and 

are eaten by humans. Cd uptake in organisms is strongly affected by the Zn concentrations 

in the substrate (e.g. Brzóska and Moniuszko-Jakoniuk, 2001; Wang et al., 2011), because 

both metals compete for the same uptake mechanisms. As a result, higher uptake and 

translocation in plants are observed when the Cd/Zn ratio is relatively high (Chaney, 2010). 

The impact and hazard to wild animals from Cd exposure is disputed (Beyer, 2000), but it 

has been long recognized that plants can be adversely affected and take up Cd into their 

edible tissues (Chaney, 2010) and most documented cases of plant accumulation concern 

dryland crops. Regarding wetland plants, Asian rice (Oryza spp.), which had been grown in 

Cd-contaminated water, caused human disease (Chaney, 2010). Of course Oryza does not 

grow in the Northern Plains, but another edible wetland plant, wild rice (Zizania palustris) is 

common in Minnesota shallow lakes, is sold widely, and plays an important cultural role for 

Native Americans. Cd uptake and translocation into the edible seeds has been documented 

(e.g. Pip, 1993). Because wild rice grows in wetlands and thus in landscape positions that 

receive drainage and runoff from larger catchment areas, it is vulnerable to both natural and 

anthropogenic sources of cadmium in the environment.
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Overall, our data show important trends in relation to Cd concentrations in wetland soils and 

sediments:

1. On average, the wetlands in this study, prairie potholes, shallow lakes, riparian 

floodplains and river sediments, contain similar Cd concentrations (average 

0.0034 ± 0.0015 μmol g−1, 0.38 mg kg−1) compared to dryland soils/sediments 

of the region (average 0.0025 μmol g−1; 0.28 mg kg−1, Garrett, 1994).

2. Within the dataset, the shallow lakes of Minnesota displayed a much larger range 

in Cd concentrations than the other groups, including the potholes, which span a 

much larger land area (about 800 km from SD to MT sites), compared to the 

shallow lakes (about 400 km Windom to Red Lake).

3. Within the dataset, Cd concentrations in the potholes (MT, SD and ND) 

increased from the non-glaciated southwestern ecoregion to the shale-derived, 

clay-rich, glaciated eastern ecoregions.

4. The higher Cd concentrations in our study appear to be associated with dryland 

areas of naturally high concentrations or with areas of intense agriculture, 

indicating that both underlying geology and land use play an important role.

5. Cd concentrations in the soils/sediments in all wetland types strongly co-vary 

with Zn concentrations, as well as with P in the case of riparian sediments and 

shallow lakes.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Geographic distribution of wetlands in this study.
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Fig. 2. 
Correlation between Cd and Zn combined for Potholes, Shallow Lakes, Riparian 

Floodplains, and River Sediments.

Jacob et al. Page 15

Environ Pollut. Author manuscript; available in PMC 2018 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Distribution of potholes and pothole-like depressional wetlands across the study area 

(Montana, North Dakota, and South Dakota, USA) according to Level III Ecoregions 

(Wiken et al., 2011).
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Fig. 4. 
Relationships between concentrations of Cd, Zn, and P for each of the four Shallow Lakes 

regions.
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Fig. 5. 
Correlations between Cd and Zn concentrations (μmol g−1) in riparian floodplain soils of the 

Red, Sheyenne, James, Missouri, and Little Missouri rivers in North Dakota.
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Fig. 6. 
Correlations between Cd and Zn (μmol g−1) in sediments of the Souris and Turtle rivers, 

North Dakota.
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Table 1

Averages standard deviation and range across all sampling sites of concentrations of elements (μmol g−1) that 

showed correlation with Cd (Pearson product-moment, r > 0.5), n = number of observations (either 1478 or 

1733, because the elements detected by two accredited laboratories varied somewhat, datasets did not include 

the same elements for all samples).

Element Average ± standard deviation (μmol g−1) Range (μmol g−1) Correlation with Cd

r n

Cd 0.0034 ± 0.0015 0.000089–0.013 – –

Al 410 ± 212 3.7–1190 0.540 1733

Be 0.06 ± 0.024 0.011–0.15 0.504 1478

Bi 0.00065 ± 0.00023 0.00009–0.0015 0.641 1478

Cu 0.23 ± 0.09 0.00016–0.54 0.696 1733

K 58 ± 31 2.6–184 0.539 1733

Pb 0.064 ± 0.046 0.00048–1.27 0.613 1733

Rb 0.20 ± 0.09 0.0012–0.53 0.607 1733

Se 0.010 ± 0.008 0.0013–0.12 0.503 1478

Tl 0.00086 ± 0.00029 0.00015–0.0020 0.577 1478

Zn 0.98 ± 0.37 0.0015–3.00 0.702 1733
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Table 2

Average standard deviation of Cd and Zn concentrations and their ratios for potholes in North Dakota based on 

Level III Ecoregion (Wiken et al., 2011) and surface sediments type. Different letters indicate significant 

differences in Cd/Zn ratio by sediment after one-way ANOVA and Tukey’s pairwise comparisons of means.

Level III Ecoregion No. of wetlands sampled Cd
(μmol g−1)

Zn
(μmol g−1)

Cd/Zn
(mol mol−1)

Lake Agassiz Plain 8 0.0048 ± 0.0014 1.24 ± 0.32 0.0043 ± 0.0027c

Northwestern Glaciated Plains 78 0.0036 ± 0.0009 1.15 ± 0.25 0.0032 ± 0.0010 b

Northern Glaciated Plains 85 0.0037 ± 0.0012 1.13 ± 0.30 0.0034 ± 0.0013 b

Northwestern Great Plains 10 0.0030 ± 0.0012 1.44 ± 0.24 0.0021 ± 0.0006 a

Surface sediment type

Clay 2 0.0036 ± 0.0027 1.03 ± 0.41 0.0050 ± 0.0056 ab

Cross-Bedded Sand 11 0.0040 ± 0.0009 1.15 ± 0.22 0.0036 ± 0.0011 b

Sand 9 0.0035 ± 0.0016 1.15 ± 0.45 0.0031 ± 0.0008 ab

Silt 10 0.0037 ± 0.0013 1.36 ± 0.25 0.0027 ± 0.0010 a

Till 140 0.0037 ± 0.0011 1.15 ± 0.27 0.0033 ± 0.0012 b
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Table 4

The five samples with highest cadmium concentration out of the entire dataset (1733 samples). Three were 

from the Shallow Lakes group and two were from the Potholes group, n = number of replicates.

Wetland description Cd concentration in sample, μmol g−1 Average for the same wetland, μmol g−1

Shallow lake in Windom region, MN 0.013 (1.46 mg kg−1) 0.006 (0.67 mg kg−1), n = 5

Shallow lake in Red Lake region, MN 0.013 (1.46 mg kg−1) 0.006 (0.67 mg kg−1), n = 5

Shallow lake in Red Lake region, MN 0.013 (1.46 mg kg−1) 0.005 (0.56 mg kg−1), n = 8

Pothole in central ND 0.012 (1.35 mg kg−1) 0.005 (0.56 mg kg−1), n = 5

Pothole in northeast ND below the Pembina escarpment 0.011(1.24 mg kg−1) 0.005 (0.56 mg kg−1), n = 5
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