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Abstract Mercury (Hg) in peatlands remains a
problem of global interest. To mitigate the risks of
this neurotoxin, accurate assessments of Hg in peat
are needed. Treatment of peat that will be analysed
for Hg is, however, not straightforward due to the vol-
atile nature of Hg. The drying process is of particu-
lar concern since Hg evasion increases with the tem-
perature. Samples are, therefore, often freeze-dried
to limit Hg loss during the drying processes. A prob-
lem with freeze-drying is that cost and equipment
resources can limit the number of samples analysed
in large projects. To avoid this bottleneck, we tested if
drying in a 60 °C-degree oven could be an acceptable

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s11270-022-05678-7.

J. Smeds (B4) - M. Oquist - M. B. Nilsson

Department of Forest Ecology and Management, Swedish
University of Agricultural Science, SE-90183 Umea,
Sweden

e-mail: jacob.smeds @slu.se

M. Oquist
e-mail: mats.oquist@slu.se

M. B. Nilsson
e-mail: mats.b.nilsson @slu.se

K. Bishop

Department of Aquatic Sciences and Assessment, Swedish
University of Agricultural Science, SE-75007 Uppsala,
Sweden

e-mail: kevin.bishop@slu.se

alternative to freeze-drying. We both freeze-dried and
oven-dried (60 °C) 203 replicate pairs of peat sam-
ples, and then examined the differences in total Hg
concentration. The Hg concentration differed signifi-
cantly between the two drying methods with a median
Hg deficit in oven-dried samples of 4.2%. Whether
a 4.2% deficit of Hg depends on one’s purpose. The
lower median Hg concentration in oven-dried sam-
ples has to be weighed against the upside efficiently
drying large sets of peat samples. By freeze-drying a
subset of the samples, we fitted a function to correct
for Hg loss during oven-drying (y = 0.96x + 0.08).
By applying this correction, the freeze-drying bot-
tleneck could oven-dry large-scale inventories of total
Hg in peatlands with results equivalent to freeze-dry-
ing, but only have to freeze-dry a subset.

Keywords Sample preparation - Drying procedure
Freeze-drying - Oven-drying - Mercury - Peat

1 Introduction

Mercury (Hg) is a potent neurotoxin contaminating
a large portion of the soils and lakes in the world.
Hg is a naturally occurring element, although
anthropogenic emissions today equal three times
the natural emissions to the atmosphere (Futsaeter
& Wilson, 2013; Streets et al., 2019). The vola-
tile nature of gaseous elemental mercury also ena-
bles long-range transport of Hg, making it a global
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pollutant, and even remote areas are subject to Hg
contamination (Akerblom etal., 2014).

Increased awareness of Hg exposure has led to
a systematic and successful international action to
mitigate global Hg pollution. As a result, atmos-
pheric Hg concentrations have been declining in
recent decades (Obrist et al., 2018; Zhang et al.,
2016). Hg deposition, however, continues to pose
a serious environmental threat. Once introduced to
an ecosystem, Hg will accumulate in the food chain,
leading to possible human exposure. Hg dynamics
in anoxic environments are particularly relevant to
understand, because such conditions promote the
formation of the toxic compound methyl mercury
(MeHg) most prone to bioaccumulation (Branfireun
et al., 2020; Wu et al., 2019). In the boreal biome,
peatland ecosystems with high MeHg production
potential constitute the major source of MeHg to the
aquatic food chain (Bishop et al., 2020).

Inorganic Hg is the source for microbially medi-
ated production of MeHg. In order to estimate and
monitor potential MeHg production, it is crucial
to have exact and reliable methods for quantifying
Hg concentrations in peat. However, peatlands are
strongly heterogeneous environments with a distinct
microtopography resulting in a large variability in
the accumulation of Hg, both spatially and verti-
cally. Surveying total Hg in peatlands thus requires
large sample sets. The volatile nature of elemental
Hg also brings a risk of losing Hg when preparing
and pre-treating samples for analysis (Martinez-
Cortizas et al., 1999). A severe bottleneck for pro-
cessing large Hg sample sets is drying, since high
temperatures increase the risk of Hg volatilization,
especially the volatile species elemental Hg (Hg(0))
(Ferndndez-Martinez et al., 2005; Hojdova et al.
2015). Freeze-drying of soil samples is therefore
a common practice (Yang et al., 2017). Freeze-
drying is done at low temperatures (i.e.—50 °C)
and, hence, may better preserve Hg in the sample.
Despite the fact that freeze-drying prevents tem-
perature-induced loss of Hg(0), it should be noted
that also freeze-drying may cause sample process-
ing artefacts. High vapour pressure at vacuum may
result in Hg loss (Martinez-Cortizas et al., 1999).
Freeze-drying is however seen as the best option
available and the “gold standard” for drying soil
samples, but it is at the same time an expensive and
time-consuming method. Equipment resources can
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thus limit the number of samples analysed in many
projects.

Existing reports of Hg loss when oven-drying peat
soil, as compared to freeze-drying, are few (Hojdova
et al., 2015; Norton et al., 1997; Roos-Barraclough
et al., 2002). The objective of this study was, there-
fore, to examine how well drying of peat soils at
60 °C for 96 h replicates freeze-drying in terms of
sample Hg concentration. If the deviation in meas-
ured Hg after drying at 60 °C is insignificant, or sys-
tematic, relative to the results after freeze-drying,
then oven-drying could be a faster, more affordable,
and acceptable alternative to freeze-drying. Using
203 sample replicates and subsequent statistical anal-
ysis, our study constitutes a thorough investigation
of the effects of oven-drying on Hg concentration. It
is an important complement to the existing literature
(Norton et al., 1997; Martinez-Cortizas, A., Ponteve-
dra-Pombal, X., Garcia-Rodeja, E., N6voa-Muiioz,
JC., Shotyk, W. 1999; Roos-Barraclough et al., 2002;
Fernandez-Martinez et al., 2005; Hojdova et al.,
2015; Yang et al., 2017) on sample preparation prior
to Hg analysis of peat soil.

2 Methods
2.1 Sampling and Subsampling

Peat cores were sampled in June—August 2019 from
eight peatlands (fens) located within a distance of
10 km near Umed, Sweden [63°54'N, 20°36'E]. For
detailed site descriptions, see Wang et al. (2020). A
cylindrical corer of 16 cm in diameter was used to
extract 50-cm-deep peat cores with the mire surface
as a reference level (modified from Clymo, 1988).
The cores were kept in air- and watertight PVC tubes
sealed with plastic caps and transported to the lab
within 6 h after sampling. The samples were then
placed at— 18 °C and stored until subsampling.
Within 2 weeks after sampling, the cores were
sliced into 2-cm (16 cm in diameter) discs using a
bandsaw with a stainless-steel blade. Slicing was
done in an—18 °C freeze room, both to yield undis-
turbed discs and also to avoid potential volatilization
of Hg from the peat samples associated with thaw.
The discs were then split into two half discs, generat-
ing two replicates of each sample. One was used for
freeze-drying and one for oven-drying at 60 °C. Due
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to a very high total number of samples along with
equipment resource limitations, only a subset of the
samples were freeze-dried. The rest of the samples
were dried in a 60 °C oven for 96 h (until constant
weight). To monitor the potential loss of total Hg dur-
ing drying, 203 sample pairs from the same 2-cm disc
(replicates) were both freeze-dried and dried at 60 °C
in an oven. The oven-dried samples were placed in
a desiccator for cooling immediately after drying to
avoid moisture absorption during cooling.

The dry samples were homogenized by hand in a
zip-lock bag to ensure a sample representative of each
half disc. One gram of dry sample was then ground
in a tube mill (IKA Tube Mill Control) during 10-s
intervals to avoid heat generation during milling.

2.2 Analytical Methods

Analysis of total Hg was done using a Direct Mercury
Analyzer (DMA 80) (Milestone, Shelton, CT, USA).
Each peat sample was analysed in replicates and a cer-
tified reference sample was analysed every fifth sample
for validation of the analytical precision (NIST 1515
— Apple Leaves Standard Reference Material® and
ERMCD-281 — Rye Grass ERM® Certified Reference
Material). The total Hg concentrations of the certified
reference material had a precision within 2% of the
mean total Hg concentration (95% confidence interval)
of the reference value. The mean of our measurements
underestimated the reported value of the standard by 5%
and 4% respectively for NIST 1515 and ERMCD-281.

2.3 Statistical Methods

To test the hypothesis that Hg peat soil concentration
measurements after oven-drying (60 °C) did not dif-
fer from the concentration determined after freeze-
drying, we employed the Lin concordance correlation
coefficient. This method is based on the assumption
that one measurement technique represents “a gold
standard “ (i.e. freeze-drying in our study), against
which all other alternatives must be evaluated (Lin,
1989). This statistic is commonly used in medical and
clinical studies for testing a new method when there
is already an established methodology (King et al.,
2007; Lin, 1989) (Microsoft Excel was used for sta-
tistical analysis and graphics).

In addition to a Pearson regression model, the Lin con-
cordance correlation coefficient (CCC) also accounts for
the agreement with a 45° line (Lin, 1989). To obtain the
CCC, the Pearson correlation coefficient is multiplied by
the deviation from the 45° line (C,; Eq. (2)). The CCC has
values between—1 and 1, similar to the Pearson correla-
tion coefficient, but the CCC only attains a perfect positive
or negative correlation if the Pearson correlation coeffi-
cient equals unity and the absolute deviation from the 45°
line is zero (Fig. 1) (King et al., 2007; Lin, 1989).

The relationship between the Lin and the Pearson
correlation coefficients can be written as in Egs. (1-4).
In Egs. (2-4), v measures the offset (Fig. 1b) in relation
to the scale and w represents the scale shift (Fig. 1c).
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2.4 Wilcoxon’s Signed-Rank Test for Paired Samples

The data were log-transformed to attain normality. The Hg
concentration in oven-dried samples was however still not
normally distributed (Shapiro-Wilk test (Shapiro & Wilk,
1965)). We therefore employed the non-parametric tests
equivalent to the #-test to test for a difference between the
two drying methods; Wilcoxon’s signed-rank test for paired
samples (Wilcoxon, 1945). The null hypothesis indicates
no difference between the samples, while the alternative
hypothesis is a difference with a significance level of 0.05.

2.5 Linear Regression Model and Validation

To predict Hg concentrations from freeze-dried sam-
ples using oven-dried samples, we fitted a linear func-
tion to the log-transformed Hg concentrations. The
Y-value is thus freeze-dried samples and X-value
oven-dried samples.

@ Springer
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Fig.1 a The theoretical 10 10 °
patterns of correlation when Pearson p = 1 Pearson p = 1 o
the Lin concordance cor- 8 ccc=1 CCC =094 .
relation coefficient (CCC)
and the Pearson are both 6 6
unity. b to d are examples
of when the Pearson cor- 4 4
relation coefficient is also
unity but fails to detect 2 2e b)
- a)
a deviation between two 0 0
meth(.)ds., whereas t.he.CCC 0 2 4 6 8 10 0 2 4 6 8 10
does indicate a deviation.
10 10
Pearsonp =1
8 Pearsonp =1 . 8 CCC =092 M
CCC=0.87 ° °
6 . 6
4 4
2 2
c) . d)
0 0
0 2 4 6 8 10 0 2 4 6 8 10

To avoid over-fitting and to cross-validate our
results, we employed K-fold cross-validation for our
data set (Lachenbruch & Mickey, 1968). Our data set
(203 sample pairs) was randomly assigned into 10
discrete groups of which seven of these groups had
20 members and three of them 21 members (K=10).
Nine of the discrete groups were used as a training
data set to fit a function to predict the 10" group for
validation. The model was looped ten times until all
groups had served as a validation set. By combining
the predicted values from each of the ten cross-val-
idation runs, we generated a parameter of predicted
Hg concentration from freeze-dried samples. The pre-
dicted Hg concentrations were then compared to the
observed Hg concentrations in freeze-dried samples
to validate the model.

2.6 Moisture Content of Oven-Dried and
Freeze-Dried Samples

The hygroscopic nature of peat can alter the accu-
racy of dry bulk density determinations, and hence
the concentration of a substance, in the samples. We
therefore tested for a difference in water loss between
oven-dried and freeze-dried samples using a non-
parametric correspondent to a pairwise #-test (Wil-
coxon’s signed-rank test for paired samples). The
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data were not normally distributed, according to a
Shapiro—Wilk test, and thus we used non-parametric
statistics.

In addition to the Wilcoxon signed-rank test, we
calculated the ratio between water loss during oven-
drying and freeze-drying for each sample pair. Using
all ratios, an average ratio was calculated to get a
single quotient to compare oven-drying and freeze-
drying. Identical water loss between the two drying
methods would then yield an average quotient of 1.

3 Results

The Lin correlation coefficient yields a value of 0.91.
The CCC uses both the offset (0.038) and scale shift
(0.95) to calculate the C,, (1.0). The C, is the correc-
tion factor that is multiplied by the Pearson correla-
tion coefficient to obtain the CCC. While the CCC
is suited for the comparison of two methods, it does
not define the significance of a potential difference
between the two methods. In Fig. 2, the regression
line of log [Hg] from oven-dried vs. freeze-dried peat
samples is not significantly different from a 1:1 line in
terms of either offset (95% c.l.; —0.02, 0.17) or slope
(0.90, 1.0).
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One-tailed Wilcoxon paired signed-rank test
showed a significant difference between the two dry-
ing methods at a 95% significance level (p=0.017).
The median Hg deficit in oven-dried samples was
4.2%, with quartiles of —13% and 15%. The nega-
tive value indicates a negative Hg concentration defi-
cit (i.e. gain). A deficit of 4.2% corresponds to a Hg
loss rate of 19 ng kg™' h™! when drying samples in a
60 °C oven for 96 h.

Equation (5) stems from linear regression of Hg
concentrations in freeze-dried (Y) and oven-dried (X)
peat samples. Through this equation, Hg concentra-
tions in freeze-dried samples can be predicted using
oven-dried peat samples (see also Fig. 2).

y = 0.96x + 0.08 5)

By using K-fold cross-validation, we generated
a dataset of predicted Hg concentrations in freeze-
dried samples (Lachenbruch & Mickey, 1968). The
result was an R? of 0.83. For reference, this R* value
is similar to the R? value of the regression ‘oven-dried
Hg concentration’ vs ‘freeze-dried Hg concentration’
which was also 0.83 (Fig. 3).
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Fig. 2 Regression of oven-dried vs. air-dried peat log Hg
concentration. The full line is a reference line with a 1:1 ratio.
The dashed line is the regression line. r=Pearson’s correla-
tion coefficient. p,=Lin’s concordance correlation coefficient.
y=Ilinear regression line equation. For Slope and offset, the
95% confidence interval is reported in parentheses (—0.02,
0.17)

Residuals of the regression between predicted and
actual freeze-dried Hg concentrations were plotted to
further examine our model (Figs. S1-2). Though our
residuals are not normally distributed (p =0.05; Sha-
piro—Wilk test (Shapiro & Wilk, 1965)), the residu-
als are symmetrically distributed around zero. There
is thus no subspan in our range of investigated con-
centrations where our model is particularly weak
(Table 1).

Based on a comparison of the water lost during
drying, a pairwise Wilcoxon signed-rank test did not
result in any significant difference in water lost during
drying between freeze-dried and oven-dried samples
(»p=0.52, two-tailed, the average weight of freeze-
dried samples being 0.042% larger than oven-dry-
ing.). A Pearson correlation between log-transformed
water loss on freeze-drying vs. oven-drying indicated
a correlation coefficient (%) of 0.94 (p < <0.001).

4 Discussion

Using oven-drying as an alternative to the
more resource-demanding freeze-drying comes
with the concern about Hg loss through vola-
tilization in a heated oven (Hojdova et al., 2015;
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Fig. 3 Logarithm of observed Hg concentration from freeze-
dried samples vs. predicted Hg concentrations of freeze-dried
samples
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Table 1 Summary of results

Statistical measure Result
Pearson correlation coefficient p 0.91
Lin concordance correlation coefficient p, 091
Accuracy C, 1.0
Scale shift @ 0.95
Offset v 0.038
One-tail paired Wilcoxon signed-rank test, p-value 0.017
Median Hg deficit, oven-dried samples (%) 4.2
Hg loss rate (ng kg™' h™!) 19

Roos-Barraclough et al., 2002). The average 4.2%
lower Hg concentrations found in 60 °C oven-dried
peat samples relative to freeze-drying indicates
that oven-drying does cause some Hg loss. It is
likely that the loss of Hg we observed stems from
the release of elemental Hg in our samples. Gase-
ous elemental Hg is volatile that is easily released
into the atmosphere when exposed to temperatures
approaching 100 °C (Windmboller et al. 1996), but
it is evident that volatilization significantly affecting
Hg determination in peat samples can occur at even
lower temperatures.

Although some other comparisons of freeze-
drying and oven-drying have been reported in the
literature, few have looked specifically into the
drying of organic soils, and specifically peat soils.
Hg loss from oven-drying compared to freeze-dry-
ing of organic soil samples reported in the litera-
ture is scattered around zero (Table 2). Two of the
four previous studies experienced similar Hg loss
(0-5%) found in our study.

There are also studies of Hg loss when drying
other soil types besides peat/organic soil. Some stud-
ies did not observe any Hg loss from mineral sedi-
ment samples dried in the 50-60 °C range (Crecelius
et al.,, 1975; Mudroch & MacKnight, 1994). Crece-
lius et al. (1975) even dried estuarine sediments from
Puget Sound, WA, USA, at 80 °C for 48 h without
significant loss of Hg. For materials other than soil,
e.g. animal tissue and wood studies, no Hg loss has
also been reported after drying at 60 °C, as compared
to freeze-drying (Schmidt et al., 2013; Yang et al.,
2017). The variation in loss of Hg during oven-drying
clearly indicates the importance of chemo-physical
properties of the sample matrix in controlling the dif-
ference in [Hg] loss between oven- and freeze-dried
samples.

Even if oven-drying gave a significant difference
in peat [Hg] concentrations, 45% of the oven-dried
samples had higher Hg concentration than the freeze-
dried samples, which indicates that other factors than
the drying temperature influenced our result (Fig. 1).
A major source of the variation is most likely the
variation between sample duplicates, i.e. the differ-
ence between analytical replicate samples. As men-
tioned in the method section, the paired samples used
for comparing freeze- and oven-drying stem from a
2-cm slice of a 16-cm diameter disc split in two. It
is possible that centimetre-scale differences in the
peat influence the sample duplicates. Other studies
have reported significant differences in Hg concentra-
tion between vegetation species growing side to side
(Rydberg et al., 2010). We therefore stress the impor-
tance of careful homogenization before analysing
peat samples for Hg.

Table 2 Loss of Hg when oven-drying organic soil samples reported in the literature and this study. Loss of Hg is defined as the Hg

deficit after drying relative to freeze-frying if not otherwise specified

Study Soil Temp. (°C) Drying time Hg loss

Norton et al., 1997* Peat 7 days 3.4% (relative 30 °C drying)
Roos-Barraclough et al., 2002+ Peat 5 days ~0%

Hojdova et al. 2015% Oe forest soil horizon 105 3 days Significant Hg gain
Hojdova et al. 2015% Oa forest soil horizon 105 3 days Significant Hg loss

This study Peat 4 days 4.2%

*Norton et al. reported two values for Hg loss on drying from peat depths of 52.5 and 55 cm. The value found in the table below is

an average of these two results.

tAlthough Roos-Barraclough et al. (2002) had several treatments for their peat samples, this value is from their experiment with

unfertilised peat.

$Value reported from uncontaminated soils.
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It could also be discussed if 60 °C is the optimal
temperature to dry peat in an oven. Drying at room
temperature or at a maximum of 40 °C are two meth-
ods that have been proposed (de Groot et al., 1982;
Ettler et al., 2007; Fernandez-Martinez et al., 2005;
Higueras et al., 2003). The problem is however that
peat samples of our size contain around 100 g of water,
with a high abundance of microorganisms in the sam-
ples. A week-long period for the peat samples to dry
risks substantial microbial activity with concomitant
biogeochemical changes, especially since room tem-
perature, or slightly higher, is an optimum tempera-
ture window for many microorganisms found in peat
soil (Liu et al., 2018; Schuster, 1991). Hg reduction by
bacteria reducing Hg(Il) to volatile Hg(0) is undesir-
able when preparing samples (Kritee et al., 2008; Zhou
et al., 2020). Contrary to Hg evasion, cases have also
been documented where samples dried in the open air
have absorbed Hg from the laboratory surroundings
(Roos-Barraclough et al., 2002; Yang et al., 2017).
Overall, the downsides of drying at low temperatures
(20-50 °C) have to be balanced against the risk of Hg
evasion at higher temperatures such as 60 °C.

Another cause for concern when drying peat sam-
ples is the absorption of moisture after drying. The risk
of water vapour condensation and subsequent moisture
absorption is particularly high when warm samples cool
down at room temperature. However, even if following
standard procedures, i.e. the oven-dried samples were
immediately put in a desiccator for cooling, the risk of
moisture absorption needs to be monitored. In the case
of water absorption after oven-drying, the oven-dried
samples would have been heavier than freeze-dried sam-
ples after cooling. The net loss of water, i.e. water lost
during drying plus potential moisture absorption, did not
differ significantly (oven-dried samples being 0.042%
higher than freeze-dried samples) between oven-dried
and freeze-dried samples This number is also small in
relation to the difference in Hg concentration of 4.2%.
Moisture absorption and subsequent increase in den-
sity was thus not an explaining factor for the lower Hg
concentration in oven-dried peat samples but might be a
source of noise in these data.

To facilitate analysis of large sample volumes on
total Hg concentrations in organic soils, we explored
the possibility of freeze-drying a subset of the oven-
dried samples to predict the Hg concentration in
freeze-dried peat. Since the relationship between

oven-dried and freeze-dried samples is under the
influence of other effects than the drying method (i.e.
subsampling), the model would likely perform better
if the effects of drying were isolated. Linear model-
ling to predict Hg concentrations stemming from
freeze-dried samples therefore seems like a reasonable
approach to adjust the Hg concentration in oven-dried
peat. This methodology will simplify the processes of
analysing the total Hg in peatlands. To use peatlands
as an archive for past atmospheric Hg concentration or
to assess the amount of Hg stored in the soil, sampling
is necessary both depthwise and spatially. This renders
a large number of samples where an evident bottle-
neck is the drying procedure. Our study offers a way
of navigating around this obstacle, which will lead to
more accurate assessments of Hg in peatlands and a
step towards mitigating the risks of Hg exposure.

5 Conclusion

Oven-drying of peat samples at 60 °C resulted in
a median 4.2% Hg loss (—13%, 15% quartiles).
Whether this is acceptable or not depends on the
purpose of the study. Equipment resource limita-
tions could be a bottleneck to large-scale surveys of
Hg content, especially in organic soils. Using oven-
drying instead of freeze-drying could increase the
number of samples analysed, which ultimately has to
be weighed against the uncertainty that the risk of Hg
loss brings. Using freeze-drying on a subset of sam-
ples could allow for the correction of any potential
bias between the two methods.

Acknowledgements Thanks to Wei Zhu for organizing
and assisting in peat sampling during the summer of 2019.
We would also like to extend our gratitude to Claudia von
Bromssen for advising on statistical questions for the project.
Thanks to Erik Bjorn and the Department of Chemistry at
Umea University as well for assistance with analysing of total
Hg.

Funding Open access funding provided by Swedish Univer-
sity of Agricultural Sciences. This study was supported by the
Swedish Research Council (VR; grant no. 2018-04695), FOR-
MAS (grant no. 2016-00896), and the Swedish Environmental
Protection Agency (SEPA; grant no. 802-0107-19). No rel-
evant financial or non-financial interests to declare.

@ Springer



216 Page8o0f9

Water Air Soil Pollut (2022) 233: 216

Data Availability The datasets generated during and/or
analysed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics Approval The authors have no relevant financial or
non-financial interests to declare.

Competing Interests The authors declare no competing
interests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Akerblom, S., Bignert, A., Meili, M., Sonesten, L., & Sund-
bom, M. (2014). Half a century of changing mercury lev-
els in Swedish freshwater fish. Ambio, 43(S1), 91-103.
https://doi.org/10.1007/s13280-014-0564-1

Bishop, K., Shanley, J. B., Riscassi, A., de Wit, H. A., EkIof,
K., Meng, B., et al. (2020). Recent advances in under-
standing and measurement of mercury in the environment:
Terrestrial Hg cycling. Science of the Total Environment,
721, 137647. https://doi.org/10.1016/j.scitotenv.2020.
137647

Branfireun, B. A., Cosio, C., Poulain, A. J., Riise, G., & Bravo,
A. G. (2020). Mercury cycling in freshwater systems - an
updated conceptual model. Science of the Total Environ-
ment, 745, 140906. https://doi.org/10.1016/j.scitotenv.
2020.140906

Clymo, R. S. (1988). A high-resolution sampler of surface
peat. Functional Ecology, 2(3), 425. https://doi.org/10.
2307/2389416

Crecelius, E. A., Bothner, M. H., & Carpenter, R. (1975). Geo-
chemistries of arsenic, antimony, mercury, and related
elements in sediments of Puget Sound. Environmental
Science & Technology, 9(4), 325-333. https://doi.org/10.
1021/es60102a007

de Groot, A. J., Zschuppel, K. H., & Salomons, W. (1982).
Standardization of methods of analysis for heavy metals
in sediments. Hydrobiologia, 91-92, 689-695. https://doi.
org/10.1007/BF00000068

@ Springer

Ettler, V., Rohovec, J., Navratil, T., & Mihaljevi¢, M. (2007).
Mercury distribution in soil profiles polluted by lead
smelting. Bulletin of Environmental Contamination
and Toxicology, 78(1), 13-17. https://doi.org/10.1007/
s00128-007-9033-x

Fernandez-Martinez, R., Loredo, J., Ordoéiiez, A., & Rucandio,
M. L. (2005). Distribution and mobility of mercury in soils
from an old mining area in Mieres, Asturias (Spain). Sci-
ence of the Total Environment, 346(1-3), 200-212. https://
doi.org/10.1016/j.scitotenv.2004.12.010

Futsaeter, G., Wilson, S. (2013). The UNEP Global Mercury
Assessment: Sources, emissions and transport. E3S Web
of Conferences, 1, 36001. https://doi.org/10.1051/e3scont/
20130136001

Higueras, P., Oyarzun, R., Biester, H., Lillo, J., & Lorenzo, S.
(2003). A first insight into mercury distribution and spe-
ciation in soils from the Almadén mining district. Spain.
Journal of Geochemical Exploration, 80(1), 95-104.
https://doi.org/10.1016/S0375-6742(03)00185-7

Hojdova, M., Rohovec, J., Chrastny, V., Penizek, V., & Navrétil,
T. (2015). The influence of sample drying procedures on
mercury concentrations analyzed in soils. Bulletin of Envi-
ronmental Contamination and Toxicology, 94(5), 570—
576. https://doi.org/10.1007/s00128-015-1521-9

King, T. S., Chinchilli, V. M., & Carrasco, J. L. (2007). A
repeated measures concordance correlation coefficient.
Statistics in Medicine, 26(16), 3095-3113. https://doi.org/
10.1002/sim.2778

Kritee, K., Blum, J. D., & Barkay, T. (2008). Mercury stable
isotope fractionation during reduction of Hg(II) by differ-
ent microbial pathways. Environmental Science & Tech-
nology, 42(24), 9171-9177. https://doi.org/10.1021/es801
591k

Lachenbruch, P. A., & Mickey, M. R. (1968). Estimation of
error rates in discriminant analysis. Technometrics, 10(1),
1-11. https://doi.org/10.1080/00401706.1968.10490530

Lin, L.I.-K. (1989). A concordance correlation coefficient to
evaluate reproducibility. Biometrics, 45(1), 255. https://
doi.org/10.2307/2532051

Liu, Y., He, N., Wen, X., Xu, L., Sun, X., Yu, G, et al. (2018).
The optimum temperature of soil microbial respiration:
Patterns and controls. Soil Biology and Biochemistry, 121,
35-42. https://doi.org/10.1016/j.s0ilbio.2018.02.019

Martinez-Cortizas, A., Pontevedra-Pombal, X., Garcia-Rodeja,
E., Névoa-Muiioz, J. C., & Shotyk, W. (1999). Mercury in
a Spanish peat bog: Archive of climate change and atmos-
pheric metal deposition. Science, 284(5416), 939-942.
https://doi.org/10.1126/science.284.5416.939

Mudroch, A., & MacKnight, S. (Eds.). (1994). Handbook of
techniques for aquatic sediments sampling (2nd ed.).
Lewis Publishers.

Norton, SA., Evans, GC., Kahl, JS. (1997). Comparison of Hg
and Pb fluxes to hummocks and hollows of ombrotrophic
big heath bog and to nearby Sargent Mt. Pond, Maine,
USA. Water, Air, and Soil Pollution, 100(3/4), 271-286.
https://doi.org/10.1023/A:1018380610893

Obrist, D., Kirk, J. L., Zhang, L., Sunderland, E. M., Jiskra, M.,
& Selin, N. E. (2018). A review of global environmen-
tal mercury processes in response to human and natural
perturbations: Changes of emissions, climate, and land


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s13280-014-0564-1
https://doi.org/10.1016/j.scitotenv.2020.137647
https://doi.org/10.1016/j.scitotenv.2020.137647
https://doi.org/10.1016/j.scitotenv.2020.140906
https://doi.org/10.1016/j.scitotenv.2020.140906
https://doi.org/10.2307/2389416
https://doi.org/10.2307/2389416
https://doi.org/10.1021/es60102a007
https://doi.org/10.1021/es60102a007
https://doi.org/10.1007/BF00000068
https://doi.org/10.1007/BF00000068
https://doi.org/10.1007/s00128-007-9033-x
https://doi.org/10.1007/s00128-007-9033-x
https://doi.org/10.1016/j.scitotenv.2004.12.010
https://doi.org/10.1016/j.scitotenv.2004.12.010
https://doi.org/10.1051/e3sconf/20130136001
https://doi.org/10.1051/e3sconf/20130136001
https://doi.org/10.1016/S0375-6742(03)00185-7
https://doi.org/10.1007/s00128-015-1521-9
https://doi.org/10.1002/sim.2778
https://doi.org/10.1002/sim.2778
https://doi.org/10.1021/es801591k
https://doi.org/10.1021/es801591k
https://doi.org/10.1080/00401706.1968.10490530
https://doi.org/10.2307/2532051
https://doi.org/10.2307/2532051
https://doi.org/10.1016/j.soilbio.2018.02.019
https://doi.org/10.1126/science.284.5416.939
https://doi.org/10.1023/A:1018380610893

Water Air Soil Pollut (2022) 233: 216

Page90of9 216

use. Ambio, 47(2), 116-140. https://doi.org/10.1007/
$13280-017-1004-9

Roos-Barraclough, F., Givelet, N., Martinez-Cortizas, A.,
Goodsite, M. E., Biester, H., & Shotyk, W. (2002). An
analytical protocol for the determination of total mercury
concentrations in solid peat samples. Science of the Total
Environment, 292(1-2), 129-139. https://doi.org/10.1016/
S0048-9697(02)00035-9

Rydberg, J., Klaminder, J., Rosén, P., & Bindler, R. (2010). Cli-
mate driven release of carbon and mercury from perma-
frost mires increases mercury loading to sub-arctic lakes.
Science of the Total Environment, 408(20), 4778-4783.
https://doi.org/10.1016/j.scitotenv.2010.06.056

Schmidt, L., Bizzi, C. A., Duarte, F. A., Dressler, V. L., &
Flores, E. M. M. (2013). Evaluation of drying conditions
of fish tissues for inorganic mercury and methylmercury
speciation analysis. Microchemical Journal, 108, 53-59.
https://doi.org/10.1016/j.microc.2012.12.010

Schuster, E. (1991). The behavior of mercury in the soil with
special emphasis on complexation and adsorption pro-
cesses - a review of the literature. Water Air & Soil Pollu-
tion, 56(1), 667-680. https://doi.org/10.1007/BF00342308

Shapiro, S. S., & Wilk, M. B. (1965). An analysis of vari-
ance test for normality (complete samples). Biometrika,
52(3/4), 591. https://doi.org/10.2307/2333709

Streets, D. G., Horowitz, H. M., Lu, Z., Levin, L., Thackray,
C. P, & Sunderland, E. M. (2019). Global and regional
trends in mercury emissions and concentrations, 2010-
2015. Atmospheric Environment, 201, 417-427. https://
doi.org/10.1016/j.atmosenv.2018.12.031

Wang, B., Nilsson, M. B., Eklof, K., Hu, H., Ehnvall, B.,
Bravo, A. G., et al. (2020). Opposing spatial trends in
methylmercury and total mercury along a peatland chron-
osequence trophic gradient. Science of the Total Environ-
ment, 718, 137306. https://doi.org/10.1016/j.scitotenv.
2020.137306

Wilcoxon, F. (1945). Individual comparisons by ranking meth-
ods. Biometrics Bulletin, 1(6), 80. https://doi.org/10.2307/
3001968

Windmoller, C. C., Wilken, R.-D., & Jardim, W. D. F. (1996).
Mercury speciation in contaminated soils by thermal
release analysis. Water, Air, and Soil Pollution, 89(3-4),
399-416. https://doi.org/10.1007/BF00171644

‘Wu, P, Kainz, M. J., Bravo, A. G., Akerblom, S., Sonesten, L., &
Bishop, K. (2019). The importance of bioconcentration into
the pelagic food web base for methylmercury biomagnifica-
tion: A meta-analysis. Science of the Total Environment, 646,
357-367. https://doi.org/10.1016/j.scitotenv.2018.07.328

Yang, Y., Yanai, R. D., Montesdeoca, M., & Diriscoll, C. T.
(2017). Measuring mercury in wood: Challenging but
important. International Journal of Environmental Ana-
Iytical Chemistry, 97(5), 456-467. https://doi.org/10.
1080/03067319.2017.1324852

Zhang, Y., Jacob, D. J., Horowitz, H. M., Chen, L., Amos, H. M.,
Krabbenhoft, D. P., et al. (2016). Observed decrease in atmos-
pheric mercury explained by global decline in anthropogenic
emissions. Proceedings of the National Academy of Sciences,
113(3), 526-531. https://doi.org/10.1073/pnas. 1516312113

Zhou, J., Wang, Z., Zhang, X., Driscoll, C. T., & Lin, C.-J.
(2020). Soil-atmosphere exchange flux of total gase-
ous mercury (TGM) at subtropical and temperate forest
catchments. Atmospheric Chemistry and Physics, 20(24),
16117-16133. https://doi.org/10.5194/acp-20-16117-2020

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1016/S0048-9697(02)00035-9
https://doi.org/10.1016/S0048-9697(02)00035-9
https://doi.org/10.1016/j.scitotenv.2010.06.056
https://doi.org/10.1016/j.microc.2012.12.010
https://doi.org/10.1007/BF00342308
https://doi.org/10.2307/2333709
https://doi.org/10.1016/j.atmosenv.2018.12.031
https://doi.org/10.1016/j.atmosenv.2018.12.031
https://doi.org/10.1016/j.scitotenv.2020.137306
https://doi.org/10.1016/j.scitotenv.2020.137306
https://doi.org/10.2307/3001968
https://doi.org/10.2307/3001968
https://doi.org/10.1007/BF00171644
https://doi.org/10.1016/j.scitotenv.2018.07.328
https://doi.org/10.1080/03067319.2017.1324852
https://doi.org/10.1080/03067319.2017.1324852
https://doi.org/10.1073/pnas.1516312113
https://doi.org/10.5194/acp-20-16117-2020

	A Simplified Drying Procedure for Analysing Hg Concentrations
	Abstract 
	1 Introduction
	2 Methods
	2.1 Sampling and Subsampling
	2.2 Analytical Methods
	2.3 Statistical Methods
	2.4 Wilcoxon’s Signed-Rank Test for Paired Samples
	2.5 Linear Regression Model and Validation
	2.6 Moisture Content of Oven-Dried and Freeze-Dried Samples

	3 Results
	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


