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concentrations in both humans and wildlife (e.g., Eagles-
Smith et al. 2016). This includes impacts in remote ecosys-
tems since gaseous Hg emissions have significant long-range 
transport potential (Schroeder and Munthe 1998). Mercury 
deposited to terrestrial systems either accumulates in soils 
or is re-emitted to the atmosphere, but small amounts may 
become hydrologically active and be transported as com-
plexes with dissolved or particulate organic matter into 
aquatic and wetland ecosystems (e.g., Oswald et al. 2014). 
These inputs, as well as direct atmospheric deposition of 
Hg, may accumulate in anoxic soils or sediment where 
Hg methylating microbial activity is greatest, resulting in 
MeHg accumulation (Hsu-Kim et al. 2013). Methylmercury 
production is particularly elevated in wetlands because of 
their persistent wet, anoxic conditions, which provide ideal 
habitat for anaerobic microbes, including sulfate reducers 
and methanogens that are responsible for Hg methylation 
(Gilmour et al. 2013). Peatlands, a type of wetland, have 
been noted for high MeHg concentrations relative to total Hg 
concentrations (e.g., Tjerngren et al. 2012). Higher MeHg 
production in peatlands occurs in areas with groundwater 
upwelling, at the upland forest–peatland interface, or fol-
lowing significant water table fluctuations, which serve to 
introduce or recycle important terminal electron acceptors 
that fuel microbial activity (Branfireun et al. 1996; Mitchell 
et al. 2008; Coleman Wasik et al. 2015).

Studies conducted on aquatic and terrestrial food webs 
have found that Hg concentrations increase with trophic 
level, (e.g. Rimmer et al. 2010) and that Hg can be trans-
ferred from the aquatic environment to adjacent terrestrial 
food webs (e.g. Cristol et al. 2008; Kwon et al. 2015). Gann 
et al. (2015) found that Hg concentrations in spiders liv-
ing in riverine wetlands of Texas and Louisiana, USA were 
elevated enough to physiologically impact nestling birds. 
Spiders may thus be an important link between aquatic and 
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terrestrial food webs, serving as a transfer point for toxins 
from emerging aquatic insects to enter the systems of the 
spiders’ terrestrial predators (Speir et al. 2014; Wyman et al. 
2011). Cristol et al. (2008) compared blood total Hg concen-
trations in both aquatic and terrestrial birds, finding that Hg 
concentrations in many terrestrial-feeding species of birds 
were in the same range as aquatic birds because of the influ-
ence of spiders as terrestrial prey, which have relatively high 
MeHg content. Recent work has associated increased MeHg 
production in peatlands to Hg accumulation in mosquito lar-
vae (Coleman Wasik et al. 2012), suggesting possible eco-
logical risk to peatland insectivores such as small mammals.

While there is a growing literature on ecologically impor-
tant levels of Hg in terrestrial arthropods (e.g., Gann et al. 
2015) and birds (e.g., Cristol et al. 2008), reports on MeHg 
bioaccumulation in insectivorous small mammals are rare. 
Shrews, for example, are voracious eaters, and thus may bio-
accumulate Hg at greater rates than other species (Sánchez-
Chardi et al. 2009). Shrews may be useful biomonitors for 
Hg pollution in terrestrial ecosystems because they inhabit 
limited ranges, have consistent feeding habits, are easily col-
lected, live short lives, and reproduce quickly (Petkovsek 
et al. 2014; Talmage and Walton 1991). Shrews consume 
large amounts of prey relative to their mass and thus require 
large amounts of water, leading them to prefer moist habitats 
(McCay and Storm 1997). Shrews are commonly found in 
peatlands throughout North America, but are not necessarily 
peatland specialists (Nordquist 1992). To date, MeHg uptake 
in peatland shrews has not been accounted for despite their 

role as prey for a variety of avian and terrestrial predators, 
including owls and long-tailed weasels (Whitaker 2004).

In earlier work in small upland forest and peatland-dom-
inated watersheds in northern Minnesota, USA, Mitchell 
et al. (2008) found that the greatest accumulation of MeHg 
was at the upland forest–peatland ecotone. We sought to 
extend this work by investigating whether the MeHg “hot 
spots” observed at the upland forest–peatland interface lead 
to significant MeHg uptake by invertebrates or the masked 
shrew, Sorex cinereus, inhabiting and/or foraging within the 
ecotone. The immediate study region has no point sources 
of Hg pollution and thus the relatively low concentrations 
of Hg observed in peatland soils of the region are likely 
entirely derived from atmospheric deposition (Kolka et al. 
2011). Thus, an additional purpose of this work was to 
assess whether MeHg accumulation in an atmospherically-
contaminated peatland of the region could lead to in situ 
MeHg bioaccumulation in invertebrates or shrews to lev-
els significant enough to threaten local terrestrial and avian 
predators.

Materials and Methods

This study took place within the upland–peatland ecotone 
of the “S7” watershed, located at the Marcell Experimental 
Forest, north of Grand Rapids, MN in north-central Min-
nesota, USA (47°31′21″N, 93°28′7″W; Fig. 1). The S7 
watershed has an overall area of 7.0 ha and is comprised of 

Fig. 1  The study area in 
watershed S7 of the Marcell 
Experimental Forest in north-
central Minnesota, USA
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a 4.9 ha upland forest and a 2.1 ha bog peatland (Sebestyen 
et al. 2011). There is approximately 18 m of relief in the 
upland forest with a mean slope of 10°. Surface soils are 
sandy loams, overlain by a thin, organic-rich O horizon 
and underlain by low permeability glacial till, leading to 
predominantly interflow runoff from upland to peatland 
(Haynes and Mitchell 2012). Upland overstory vegetation 
mainly consists of mature quaking aspen (Populus tremu-
loides), sugar maple (Acer saccharum), and paper birch 
(Betula papyrifera) (Sebestyen et al. 2011). The peatland 
is an oval-shaped, treed bog dominated by Sphagnum spe-
cies at the surface, with an overstory dominated by black 
spruce (Picea mariana), with paper birch (Betula papyrif-
era), yellow birch (B. alleghaniensis), and speckled alder 
(Alnus rugosa) at the upland ecotone. Peat depths are up 
to 7 m in the central bog, but peat is 0.10 to ~ 1 m deep 
at the upland ecotone where this study was focused. The 
climate is continental with a mean annual precipitation 
of 780 mm and a mean annual air temperature of 3.4°C 
(Sebestyen et al. 2011).

Sampling for this study took place during summer 2011. 
Nine randomly distributed samples of surface peat were 
removed by gloved hand across the study area, transported 
on ice in clean polyethylene containers back to the field sta-
tion, and stored frozen until being later freeze-dried and 
homogenized. Peatland invertebrates were collected using 
24 pitfall traps (64 cm2 opening), ¼ filled with deionized 
water, and placed with rims at moss surface level across the 
1200 m2 ecotone area (Fig. 1). For replication, the inter-
face trapping area was partitioned into three approximately 
equal adjacent areas and invertebrate samples from eight 
pitfall traps in each of these areas were composited to obtain 
enough biomass for analyses. Pitfall traps were examined 
daily for 4 days and contents sorted immediately in the lab. 
Accidental catches of 16 juvenile S. cinereus were saved for 
additional examination of MeHg uptake. Each S. cinereus 
was analyzed for Hg content separately.

Invertebrate taxa were sorted to the lowest taxonomic 
level that still allowed for enough biomass for MeHg deter-
mination, enumerated, transferred to clean polyethylene vials 
and frozen until being later freeze-dried and homogenized. 
Insufficient biomass did not allow us to analyze total Hg 
concentrations in the invertebrate samples, thus we opted to 
analyze the more bioaccumulation-relevant MeHg. The mass 
and body length of each shrew were recorded. Teeth were 
inspected to estimate age using the method of Rudd (1955), 
which is based on tooth transparency and wear, and has an 
uncertainty of approximately ± 1 month. Shrews were dis-
sected and samples of brain, kidney, liver and muscle were 
stored frozen in clean polyethylene vials until Hg analysis. 
Since shrew samples were accidental catches, replication 
beyond two individual shrews and their tissues in all age 
classes was not possible.

Methylmercury was extracted from fauna samples in 
hot 25% KOH–methanol solution (Bloom 1989) to which 
a known quantity of enriched  Me199Hg was added. A small 
amount of the extract was diluted with deionized water, eth-
ylated by addition of sodium tetraethylborate and purged 
with Hg-free nitrogen while a glass trap filled with Tenax 
was used to trap MeHg. The Tenax trap was thermally des-
orbed in a stream of Hg-free argon, mercury species were 
separated on a gas chromatography column, and Hg detec-
tion was completed via hyphenation with an ICP-MS. Iso-
tope dilution calculations, according to Hintelmann and 
Ogrinc (2003) were used to determine MeHg concentra-
tion. Methylmercury determination in peat samples was 
similarly conducted except that samples were first distilled 
in a KCl–H2SO4–CuSO4 solution with a known quantity of 
enriched  Me199Hg, prior to analysis as above. If sufficient 
biomass was available, samples were also analyzed for total 
Hg content by first digesting in boiling concentrated nitric 
acid and oxidizing with BrCl. Oxidized samples were then 
analyzed by cold-vapour atomic fluorescence spectroscopy 
using a Tekran 2600 automated total Hg analysis system, 
according to US Environmental Protection Agency method 
1631 (USEPA 2002). Quality assurance and control meas-
ures included the analysis of certified reference materials 
(DORM-3), duplicates analyses on approximately 10% 
of samples and blanks. The recovery (mean ± standard 
deviation) of MeHg and THg in DORM-3 was 89% ± 9% 
and 94% ± 1% of the mean certified value, respectively. 
The relative standard deviation of duplicate analyses was 
4% ± 2% and 4 % ± 3% for MeHg and THg, respectively. 
Method detection limits for MeHg and THg were 0.04 and 
0.35 ng g−1 dw, respectively.

Statistical analyses were carried out using R Studio 
(RStudio Team 2016). One-way analysis of variance fol-
lowed by Tukey’s HSD post-hoc test was used to examine 
differences in MeHg concentrations among biotic samples. 
α = 0.05 in all analyses.

Results and Discussion

This study builds on previous hypotheses by Mitchell et al. 
(2008) to examine whether Hg methylation “hot spots” at the 
upland–peatland interface translate into important areas of 
biotic MeHg accumulation. Little data exists for MeHg bio-
accumulation in small terrestrial mammals or peatland inver-
tebrates, particularly in areas where Hg inputs are derived 
entirely by atmospheric deposition. Peat collected from the 
upland–peatland interface had total Hg concentrations of 
183 ± 42 ng g−1 and MeHg concentrations of 6.3 ± 3.7 ng g−1 
(3.5% total Hg as MeHg). This relatively high proportion 
of total Hg found as MeHg in peat at the study site sug-
gests MeHg is efficiently produced and/or accumulated at 
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the site, presumably via the activity of anaerobic microbes, 
as has been observed in an adjacent watershed (Strickman 
et al. 2016).

A variety of invertebrate taxa were collected in the pit fall 
traps: Lumbriculidae (oligochaete worms, n = 103), Lycosi-
dae (wolf spiders, n = 64), Araneae (mixed spiders excluding 
Lycosidae and Pholcidae, n = 34), Carabidae (ground bee-
tles, n = 33), Polydesmus spp. (millipedes, n = 9), and Phol-
cidae (cellar spiders, n = 8). All 16 S. cinereus collected were 
juveniles (< 30 weeks).

Invertebrate MeHg concentrations followed a trend 
most likely related to diet with predaceous Lycosi-
dae (mean ± standard deviation: 141 ± 59  ng  g−1) and 
mixed spiders excluding Lycosidae and Pholcidae (mean: 
70 ± 19 ng g−1) having the highest concentrations, followed 
by Carabidae (mean: 42 ± 16 ng g−1), Pholcidae (mean: 
39 ± 6  ng  g−1), and the detritivorous taxa Polydesmus 
(29 ± 6 ng g−1) and Lumbriculidae (mean: 11 ± 5 ng g−1) 
(Fig. 2). Invertebrate MeHg concentrations at our peatland 
site were similar to those reported at non-point source con-
taminated sites for Lumbriculidae (mean: 14 ± 4 ng g−1 dw) 
in forest soil (Rieder et al. 2011), and Lycosidae (range: 
40–127 ng g−1 dw) and Phalangiidae (range: 12–45 ng g−1 
dw) in Sphagnum spp. dominated wetlands and heathland 
ecosystems of northern Iceland (Bartrons et al. 2015). Bar-
trons et al. (2015) refer to a similar range in spider con-
centrations as being relatively high for a non-point source 
contaminated area, particularly in comparison to spiders in 
a remote forest of New Hampshire with concentrations of 
16 ± 4 ng g−1 dw (Wyman et al. 2011). Whereas Bartrons 
et al. (2015) attributed their relatively high MeHg concentra-
tions to Hg emissions from volcanic eruptions or nearby geo-
thermal power production, we believe our similarly elevated 
spider MeHg concentrations are most likely attributable to 
a greater Hg methylation capacity in the peatland habitat 

and bioaccumulation up the peatland food web. Similar to 
other terrestrial studies (e.g. Rimmer et al. 2010, Wyman 
et al. 2011; Bartrons et al. 2015), we observed higher MeHg 
concentrations in peatland invertebrates at higher trophic 
positions.

Amongst all samples, shrew muscle had moderate 
MeHg concentrations (mean: 71 ± 41 ng g−1) and statisti-
cally significantly greater concentrations than Lumbricu-
lidae. Half of the 16 shrew samples were also analyzed for 
total Hg concentrations. On average, 99% of the total Hg in 
shrew muscle was MeHg. Bellocq et al. (1994) found juve-
nile and adult S. cinereus have different diets, with adult 
males consuming more spiders. Whitaker and Schmeltz 
(1973), reported S. cinereus in Minnesota consume sig-
nificant amounts of Gryllidae (crickets), Lepidoptera 
larvae (butterfly and moths), Phalangiidae (harvestmen), 
Cicadellidae (leafhoppers), Rhagionidae (snipe flies), 
Araneae (spiders) and Oligochaeta (worms). Ryan (1986), 
whose study took place in a peatland setting most similar 
to the one in our study, found that S. cinereus consumed 
primarily ants, spiders, and Lepidoptera larvae. Some of 
these prey would not have been collected in pitfall traps, 
however few of these invertebrates were observed at the 
time of our sampling. Lycosidae, with their high visual 
acuity, and the feeding behavior of shrews make wolf spi-
ders unlikely prey items for shrews (Blossom 1932; Edgar 
1969). S. cinereus has been observed to pull earthworms 
from the ground and consume earthworms both preferen-
tially and in the absence of other food (Blossom 1932). 
Thus, the consumption of a higher proportion of abun-
dant but low MeHg content prey such as Lumbriculidae, 
may contribute to the juvenile S. cinereus’ low MeHg 
levels. Methylmercury concentrations in shrew organs 
increased with age of the juvenile shrews (Fig. 3). A lack 

Fig. 2  Methylmercury concentrations by dry weight in invertebrates, 
shrews and peat. Values are mean + standard deviation. Letters denote 
statistically similar samples

Fig. 3  Methylmercury concentrations by wet weight in relation to 
shrew age and organ analyzed. Values are mean + standard deviation 
where sufficient sample numbers allowed



677Bull Environ Contam Toxicol (2017) 99:673–678 

1 3

of sample replication in some age classes precludes a 
statistical analysis of differences among organs, but the 
organ MeHg concentrations generally followed the trend 
muscle (21 ± 15 ng g−1) ≈ kidneys (20 ± 12 ng g−1) > liver 
(12 ± 5 ng g−1) > brain (7 ± 7 ng g−1). Our findings of 
greatest MeHg (and THg) concentrations in muscle and 
kidney contrast some previous work involving non-shrew 
small mammals wherein THg concentrations are gener-
ally greatest in the liver (Wren et al. 1980). Important to 
our work is the focus on MeHg instead of total Hg, as 
is measured in most other studies, because MeHg is the 
principal bioaccumulative form. The differences among 
organs and studies are most likely a function of varying 
bioaccumulation factors of inorganic and organic Hg spe-
cies in various organs.

Contrary to our predictions and despite their vora-
cious appetites, MeHg concentrations in shrews at this 
upland–peatland interface were similar to concentrations in 
top invertebrate predators. Despite the fact that shrews have 
high metabolism and food consumption rates, we suggest 
that MeHg concentrations were not substantially higher than 
top invertebrate predators due to the diet and the age of the 
juvenile shrews. While we had no adult shrews in our analy-
ses, Sánchez-Chardi et al. (2007) demonstrated that total Hg 
accumulation in the greater white-toothed shrew Crocidura 
russula was age-dependent, with adult shrews having higher 
concentrations than juveniles. Also, since shrews live up to 
64 weeks of age (Rudd 1955), MeHg concentrations would 
likely have been greater for older individuals in the popula-
tion at our site.

Invertebrates and shrews are often the most numerous 
small animals in forested peatland sites and are successful 
in a variety of environmental conditions (Nordquist 1992; 
Batzer et al. 2016). This might make them an important 
prey item for predators. However, in comparison to areas 
with point source Hg contamination, the MeHg concentra-
tions in invertebrates and shrews in our study are relatively 
low and are well below levels likely to induce deleterious 
impacts either in themselves or their predators (CCME 
2000; Gerstenberger et al. 2006; Scheuhammer et al. 2007; 
Talmage and Walton 1991). While spiders and other inver-
tebrates have previously been implicated as an important 
link between terrestrial and avian food chains (Cristol et al. 
2008), our results suggest that MeHg transfer from terrestrial 
or wetland systems via invertebrates or shrews is unlikely to 
be an important Hg pathway in peatland systems without Hg 
point sources or nearby large emissions.
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