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Abstract Boreal peatlands store abundant carbon
(C) belowground because of saturated conditions
and cold temperatures, which inhibit the enzymatic
release of dissolved organic carbon (DOC) from
organic matter. However, metals may also bind DOC,
as well as nitrogen (N) and phosphorus (P), and their
impact may vary among peatlands with differing
hydrology. To assess variation of metal-C-nutrient
interactions within and among peatlands and with
depth, we sampled cores from seven peatlands in
the Marcell Experimental Forest, Minnesota, includ-
ing bogs, poor fens, and a rich fen. We extracted peat
with sodium sulfate to release elements bound with
exchangeable metals such as calcium (Ca) or alu-
minum (Al), and with sodium dithionite to release

Responsible editor: Brian Branfireun

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s10533-024-01199-z.

H. J. Curtinrich - S. J. Hall (<)

Department of Ecology, Evolution, and Organismal
Biology, Iowa State University, Ames, IA, USA
e-mail: steven.hall@wisc.edu

S. D. Sebestyen
Northern Research Station, USDA Forest Service,
Grand Rapids, MN 55744, USA

S.J. Hall
Department of Plant and Agroecosystem Sciences,
University of Wisconsin-Madison, Madison, WI, USA

elements bound with the redox-active metals iron
(Fe) and manganese (Mn). We compared extracted
elements to long-term peat porewater measurements.
Mean DOC extracted by sulfate or dithionite in the
bogs and poor fens was 5 or 8 times greater, respec-
tively, than porewater DOC, and in the rich fen it was
8 or 38 times greater. Similarly, N and P extracted by
sulfate and dithionite were 10-24 times higher than
porewater in the bogs and poor fens and 7-55 times
higher in the rich fen. The ratio and absolute values of
redox-sensitive and ion-exchangeable elements varied
by element among peatland types and with peat depth
and values were not always greater in fens than bogs.
We conclude that both redox-active (Fe) and non-
redox-active (Ca and Al) metals bind important pools
of peatland C and nutrients regardless of peatland
hydrologic type and despite the very low total mineral
content of these boreal peats.

Keywords Bog - Calcium - Dissolved organic
carbon - Fen - Iron - Peatland - Redox

Introduction

Northern peatlands influence the global carbon (C)
cycle because they store 415+ 150 Pg of C below-
ground as peat (Hugelius et al. 2020), which may
become a C source to the atmosphere as decom-
position increases with temperature (Hanson et al.
2020). Peatland plants and microbes can be nitrogen
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(N) and phosphorus (P) limited (Bridgham et al.
1996; Wang and Moore 2014; Hill et al. 2014), and
the availability of these nutrients may also influence
peatland C dynamics following warming. Organic
matter has accumulated in peatlands due to the pre-
dominance of saturated and anoxic conditions, low
pH, and cold temperatures, which reduce organic
matter solubilization and decomposition via multi-
ple mechanisms, including suppression of extracel-
lular enzymes (Bergman et al. 1999; Freeman et al.
2001; Limpens et al. 2008; Hanson et al. 2020; Wil-
son et al. 2021). Extracellular enzymes solubilize
organic matter by breaking down complex particu-
late matter into smaller compounds, some of which
can be directly assimilated by microbes (Schimel
and Weintraub 2003). Organic matter solubilization
also regulates the leaching of dissolved organic car-
bon (DOC) to downstream waters, which is a major
C flux in peatlands. For example, DOC leaching was
37% of net ecosystem production in a bog at the Mar-
cell Experimental Forest, Minnesota (Griffiths et al.
2017) and 24% of net ecosystem exchange from a bog
in Edinburgh, Scotland (Dinsmore et al. 2010). How-
ever, other biogeochemical mechanisms aside from
extracellular enzymes can also influence the binding
and solubilization of DOC and nutrients in peatlands.
Recent studies have demonstrated the importance of
metals in binding C across diverse peatland types,
especially in Chinese peatlands with substantial sili-
cate mineral content (Huang et al. 2021; Zhao et al.
2023; Liu et al. 2024). Nevertheless, the role of land-
scape-scale hydrologic variation in mediating metal-
C-nutrient interactions within and among peatlands
remains poorly understood, especially for boreal peats
that are comprised almost entirely of organic matter
and are largely devoid of silicate minerals.

Metals can directly and indirectly bind organic
matter and other nutrients in upland soils but have
received less attention in peatlands (Wang et al.
2017), particularly in sites with very low mineral
content (Herndon et al. 2019; Curtinrich et al. 2022).
Iron (Fe) may protect organic C from decomposition
by sorption and coprecipitation (Wagai and Mayer
2007; Kleber et al. 2015; Wang et al. 2021), and Fe-
bound C may be released when Fe(IIl) is chemically
reduced to Fe(Il) under anoxic conditions (Chen et al.
2020). Similarly, Fe(III) may also bind P and release
it following reduction to Fe(II) (Chacon et al. 2006),
thereby influencing peatland P availability (Herndon
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et al. 2019). Apart from Fe, calcium (Ca), aluminum
(Al), manganese (Mn), and to a much lesser extent,
magnesium (Mg), can bind organic matter to soil
through cation bridging and/or co-precipitation with
DOC (Kalinichev and Kirkpatrick 2007; Schaumann
et al. 2013; Rowley et al. 2018; Cheng et al. 2020; Li
et al. 2021).

Because bogs have abundant organic matter and
limited nutrients, metal-C-nutrient associations could
be important even in sites with low metal concentra-
tions. Our prior work showed that the reduction of
Fe(IIl) to Fe(I) in peat samples from two bogs in
Minnesota, USA, led to the release of C as DOC, and
that Fe(IT) and DOC were positively correlated in bog
surface water samples (Curtinrich et al. 2022). Simi-
larly, surface peat in 10 bogs and fens in China had
substantial Fe-bound C (Huang et al. 2021). However,
the role of redox-active vs. non-redox active metals
in binding peatland C and nutrients remains poorly
understood, and it is unclear how the contributions of
redox-sensitive and non-redox sensitive metals vary
among and within different peatland types.

Peatland classification, which is based partly
on hydrology, might be useful in the prediction of
the importance of metals for C and nutrient cycling
within and among peatlands. Bogs only receive water
and nutrients from atmospheric deposition, while fens
also receive water and nutrients from surface water
or groundwater (Bay 1967; Vitt 2006; Verry et al.
2011). Fens may be further subdivided into poor fens
and rich fens based on vegetation, nutrient concentra-
tion, or pH. Poor fens are Sphagnum moss-dominated
with surface water pH < 5.5, while rich fens typically
have more plant species, less Sphagnum moss, and
pH>5.5 (Vitt 2006). Since fens receive groundwater
inputs and bogs do not, fens often have higher con-
centrations of metals derived from mineral weather-
ing (Urban et al. 2011; Griffiths et al. 2019). Higher
Fe concentrations may increase the content of metal-
bound C and nutrients in fens vs. bogs (Huang et al.
2021), with intermediate values in poor fens, which
can receive some groundwater input (Vitt et al. 1995).

Nevertheless, Fe content is not necessarily the pri-
mary driver of Fe-bound C due to differences in C to
Fe ratios (Zhao et al. 2016), which may vary with pH
and Fe speciation (Ye et al. 2022). For instance, the
concentration of Fe-bound C in two Minnesota bogs
was similar to some upland soils with much greater
reactive Fe content (Curtinrich et al. 2022). Even
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when comparing bogs within the same landscape,
differences in vegetation composition, extent of peat
formation, water table variation, or water flow paths
might influence redox potential and/or pH among
sites, thereby influencing the capacity of Fe to bind C
and nutrients. Depth within the peat profile is another
likely control on metal-bound C and nutrients, since
oxygen availability declines with depth in peat. The
acrotelm is the variably oxic layer near the peat sur-
face, where Fe(Ill) and Fe-bound elements are likely
to be greatest, whereas the catotelm is the consist-
ently anoxic layer where Fe(Il) rather than Fe(IIl) is
more likely to predominate. The precise depths of the
acrotelm and catotelm vary among peatlands and over
time, and our previous measurements from Marcell
Experimental Forest bogs indicate a shift in Fe spe-
ciation and abundance at approximately 30 to 50 cm
depth (Curtinrich et al. 2022). For this study, we have
adopted an operational definition of the catotelm as
0-30 cm depth, acknowledging that the depth distri-
bution of metals within and among peatlands remains
poorly understood (Griffiths and Sebestyen 2016;
Griffiths et al. 2019).

To quantify the potential roles of extractable met-
als and metal-bound elements in peat, we compared
these pools with element concentrations in porewater.
Several studies examined salt- or acid-extractable ele-
ments in peat along with porewater samples (Blodau
et al. 2002; Koretsky et al. 2007; Kiisel et al. 2008;
McLaughlin and Webster 2010; Mettrop et al. 2018),
but these values were not typically expressed in units
that allowed direct comparison of these nutrient
stocks. Here, we express extractable and porewater
nutrients as mass per porewater volume, a measure
of the maximum potential contribution of extract-
able elements to porewater that could occur given a
shift in biogeochemical factors that control parti-
tioning of metals between solid and solution phases,
such as redox potential, pH, or ionic strength. We
used sodium dithionite, a strong reductant, to extract
redox-sensitive metals (Fe and Mn) and associ-
ated elements, and sodium sulfate to extract non-
redox sensitive elements (e.g. Ca and Al) through
ion exchange, along with any associated elements
(Reemtsma et al. 1999; Wagai and Mayer 2007; Ye
et al. 2018). We quantified extractable elements from
seven peatlands of different types (four bogs, two
poor fens, and one rich fen) and used linear mixed
models to compare how concentrations of elements

and mechanisms controlling their solubility (chemi-
cal reduction or ion exchange) varied across sites and
depth.

We first hypothesized that dithionite- and sulfate-
extractable element concentrations would be consist-
ently greater than porewater values across all sites,
indicating direct and indirect binding of elements
with peat. This hypothesis is relevant because while
other studies have quantified metal-bound C in tem-
perate peatland soils with relatively high silicate min-
eral content and lower organic C (e.g., mean of 29%
C in the Sphagnum peatlands of Zhao et al. 2023),
much less is known about metal-C interactions in
boreal peatlands, which are often nearly devoid of
silicate minerals and often have C content>50% by
mass (Iversen et al. 2014). Furthermore, we are una-
ware of any peatland study that quantified C released
in a sodium sulfate extraction, thereby providing
insight into the role of non-redox-active minerals.
Second, we hypothesized that element concentrations
in the dithionite extraction would be greater than the
sulfate extraction, consistent with the importance of
redox-active metals Fe(Ill) and Mn(IV) in directly
and indirectly binding other elements with peat, even
in peatlands with low metal abundance. Third, we
hypothesized that extractable element concentrations
would vary among peatland types, with greater values
in the rich fen, intermediate values in the poor fen,
and lowest values in the bogs (Fig. 1).

Methods
Site description

Peat cores were sampled from seven peatlands at the
Marcell Experimental Forest, Minnesota (Fig. 1) on
June 24-27, 2018. Sampling sites S1, S2, S4, and S6
are bogs, Bog Lake Peatland and Junction Fen are
poor fens, and S3 is a rich fen (Table 1), as classified
based on their chemistry, vegetation, and hydrology
(Sebestyen et al. 2011a). The fens receive ground-
water with mineral-dissolved solutes from the sur-
rounding aquifer, while the bogs are perched above
the aquifer and only receive water from precipitation
(Sebestyen et al. 2011a; Urban et al. 2011). The S1,
S2, S4, and S6 bogs each have an intermittent outlet
stream (or streams) while the S3 fen has a perennial
outlet stream, and Bog Lake and Junction Fen do not

@ Springer



7 Pagedof 18

Biogeochemistry (2025) 168:7

Fig. 1 Map of sampling
sites. Peatlands S1, S2,

S4, and S6 are bogs, Bog
Lake and Junction are poor
fens, and S3 is a rich fen.
Background imagery is
from Maxar

Peatlands

B Bog

B Poor Fen
Rich Fen

Sampling Sites

Junction's‘ S3

Bog Lake

have outlet streams (Sebestyen et al. 2011a). Water
levels fluctuate more in the bogs than in the fens and
the S1 bog had the most variability, although no water
level data was available for Junction Fen (Sebestyen
et al. 2021e).

Some of these sites have been used for past and
present experiments. Trees were harvested in the
S1 bog in 1969 and 1974 with no resulting impact
on the bog water table or outlet stream water yield
(Sebestyen et al. 2011b). Since 2015, a portion of
the S1 bog has used for SPRUCE (Spruce and Peat-
land Responses Under Changing Environments),
an experiment to study ecosystem effects of climate
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change on peatlands through application of above-
ground and belowground warming, and atmospheric
carbon dioxide (CO,) treatments to open-top enclo-
sures (Hanson et al. 2020). For this manuscript,
cores were collected>50 m away from the nearest
SPRUCE enclosure. The S2 bog has been used as a
reference for experiments on other Marcell peatlands
(Sebestyen et al. 2011a). Similar to S1, the S3 fen
was experimentally clearcut in 1972-1973 with lit-
tle effect on stream water yield (Sebestyen and Verry
2011). Sulfate was added from 2001 to 2008 to the
downstream half of S6 to study effects on methylmer-
cury (Coleman Wasik et al. 2015), but samples for
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Table 1 Characteristics of sampled peatlands in the marcell experimental forest (Dise et al. 2011; Sebestyen et al. 201 1a; Griffiths

et al. 2019)

Site Peatland type Area (ha) Vegetation

S1 bog 8.1 Black spruce (Picea mariana), eastern tamarack (Larix laricina), Sphagnum moss, erica-
ceous shrubs*, and blueberry (Vaccinium angustifolium)

S2 bog 3.2 Black spruce, some eastern tamarack, Sphagnum moss, ericaceous shrubs, blueberry,
pitcher plant (Sarracenia purpurea), and bog cranberry (Vaccinium oxycoccos)

S3 rich fen 18.6 Eastern tamarack, black spruce, alder (Alnus spp.), willow (Salix spp.), sedges (Carex spp.),
rushes (Juncus spp.), Sphagnum moss, ericaceous shrubs, ferns, and herbs

S4 bog 8.1 Eastern tamarack, black spruce, Sphagnum moss, ericaceous shrubs, sedges, buckbean
(Menyanthes trifoliata), and pitcher plant

S6 bog 2 Black spruce, eastern tamarack, Sphagnum moss, and ericaceous shrubs

Junction Fen poor fen 6 Sedges, rushes, Sphagnum and hair cap (Polytrichum spp.) moss, leatherleaf (Chamae-
daphne calyculata), bog cranberry, and arrowgrass (Scheuchzeria palustris)

Bog Lake poor fen 20 Sparse, stunted eastern tamarack, sedges, pitcher plants, Sphagnum moss, leather leaf, bog

cranberry, bog rosemary (Andromeda glaucophylla)

*Ericaceous shrubs include Labrador tea (Rhododendron greonlandicum) and leatherleaf (Chamaedaphne calyculata)

this manuscript were collected > 50 m upslope of that
experimental area to minimize potential effects of that
study. In the uplands surrounding the S4 and S6 peat-
lands, the forests were harvested during 1970-1972
and 1980, respectively (Sebestyen et al. 2011a), and
bog water levels somewhat increased for several years
after harvest but returned to pre-harvest levels within
no more than ten years (Sebestyen et al. 2011b).

Peat core sampling

Peat cores were sampled on June 24-27, 2018 with
a stainless-steel Russian corer (5 cm diameter;
Eijelkamp Agrisearch Equipment, Giesbeek, The
Netherlands). Eight cores were sampled from S1, two
from S2, six from S3, three from S4, two from S6,
two from Bog Lake, and six from Junction Fen (Fig. 1
and Table 1); sampling intensity differed among peat-
lands due to differences in area, accessibility con-
straints, and analytical limitations. Cores were sam-
pled from the surfaces of hollows to the bottom of the
peat (as shallow as 75 cm) or to 250 cm, whichever
came first. Some cores are missing segments near
the surface because of air voids or plant matter that
was not decomposed enough to sample. Two core
segments out of 242 total segments are missing due
to sampling error. Peat core analyses are similar to
those in Curtinrich et al. (2022), with data reported
in Curtinrich et al. (2021). Cores were split into seg-
ments of 10 cm for the top 50 cm and 25 cm thereaf-
ter. Partial segments were treated as whole segments

for plotting purposes, for example 46-50 cm was
treated as 40-50 cm; measurements were unaffected
by this convention because they were expressed per
unit mass of peat or solution that was analyzed. Five
samples were removed because they showed visible
signs that they were in the mineral layer below the
peat. Samples were stored at -20 °C and then thawed
at 22 °C, homogenized inside their storage bags, and
subsampled for chemical extractions and measure-
ment of moisture and pH. To express element concen-
trations on a peat dry mass basis, gravimetric mois-
ture content was measured by drying~ 10 g at 100 °C
for>48 h, and pH was measured on~5 g field-moist
subsamples with an electrode. We did not measure pH
on 8 samples due to limited mass for these samples.

Chemical analyses

Field-moist subsamples were extracted separately
with 0.05 mol L™! sodium dithionite and 0.05 mol
L~! sodium sulfate with a ratio of 1:180 dry mass
equivalent to solution, as described in Curtinrich
et al (2022). Briefly, dithionite reduces Fe(IIl) to
Fe(Il), releasing any C that was directly or indi-
rectly associated with Fe(IIl). A separate extrac-
tion with sodium sulfate, the oxidation product of
sodium dithionite, acts as a control that accounts for
organic C extracted via sodium or sulfate (Reemtsma
et al. 1999; Wagai and Mayer 2007; Ye et al. 2018;
Table S1). Samples and extractant solutions were vor-
texed for 1 min, shaken for 16 h, and centrifuged for
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10 min at 20,000 g. Part of the supernatant (20 ml)
was removed by pipet and acidified with hydrochlo-
ric acid (HCI) to pH < 2 before storage in the dark at
4 °C. The remaining peat suspension from the sam-
ples extracted by dithionite and sulfate was further
extracted with 0.1 mol L™' HCI to release additional
ions that may have precipitated during the dithionite
extraction (Wagai and Mayer 2007). We refer to these
secondary extractions as dithionite+HCI and sul-
fate + HCI, respectively. The HCI extraction was done
by adding 20 ml of 0.1 mol L™! HCI to the remaining
peat suspension, shaking for 1 h, and centrifuging for
10 min at 20,000 g. The supernatant was removed and
stored in the dark at 4 °C. The dithionite extraction
alone (without HCI) had a slightly lower pH than the
sulfate extraction, measuring 3.2-4.3 vs. 3.6-5.8 on
a subset of 7 samples. The dithionite + HCI and sul-
fate + HCI extractions had similar pH values (1.7-1.8
and 1.6-1.7, respectively).

The difference in element concentrations measured
between the dithionite and sulfate extractions repre-
sents elements released during the reduction of Fe(III)
to Fe(Il) and any influence of pH differences between
the extractions, whereas the difference between the
dithionite+HC] and the sulfate+HCI] extractions
would also include any additional elements extracted
by dithionite via Fe(III) reduction that were subse-
quently complexed in the peat or co-precipitated, but
were soluble in the secondary HCI extraction. By cal-
culating the difference between element concentra-
tions in dithionite and sulfate extractions, and com-
paring with the difference between dithionite +HCI
and sulfate + HCI, we can estimate elements extracted
by Fe(III) reduction vs. elements extracted by HCI. If
dithionite minus sulfate is approximately equivalent
to dithionite + HCI minus sulfate + HCI then we can
attribute the difference in dithionite minus sulfate to
largely reflect Fe-associated elements (Table S2),
rather than a result of the difference in pH between
extractions. Given that these values were equivalent
for many elements (Figure S1), we narrowed our sub-
sequent focus to comparison of the dithionite and sul-
fate extractions.

Iron, Al, Mg, Mn, Ca, potassium (K), and P in the
extractions were measured with inductively coupled
plasma optical emission spectrometry (ICP-OES; Per-
kin Elmer Optima 5300 DV, Waltham, Massachusetts,
USA). Using Fe as an example, the dithionite, sulfate,
dithionite + HCI1, and sulfate + HC] extractions were
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denoted as Fey, Fe,, Fey,yc, and Feg o, respec-
tively. A subset of the dithionite+HC] and sul-
fate + HCI extractions (146 out of 242 total samples)
was also analyzed by ICP-OES to test for additional
ions bound or complexed with organic matter or pre-
cipitated in the dithionite extraction, as described
above. We also measured silicon (Si) concentrations
in a subset of the dithionite and sulfate extractions
(57 samples) to test for the presence of silicate phases
dissolved by the extractions. Element concentrations
in the dithionite + HCI extractions were calculated as
the sum measured in the dithionite and in the follow-
ing HCI extraction after accounting for the residual
remaining from the previous extraction. Elements
in the sulfate+HCI extractions were calculated in a
similar way. Dissolved organic carbon (DOC) and
total nitrogen (N) in the dithionite, sulfate, dithion-
ite+HCI, and sulfate+ HCI extractions were meas-
ured on a Shimadzu TOC-L (Columbia, Maryland,
USA). Samples were filtered through pre-combusted
glass fiber filters (Whatman GF/F, nominal pore size
0.7 um) prior to measurement. A subset (48 samples)
of the dithionite+HCI and sulfate + HCI extractions
was measured for DOC and N to assess precipitation
or complexation during the dithionite extraction as
described above.

Concentrations of DOC, N, Fe, Al, Mg, Mn, Ca,
K, P, and Si in the extractions (Table S1) were com-
pared to concentrations in monthly porewater samples
measured at multiple depths over at least six years
at four of the sites where peat was sampled (see the
Supplementary Information for further details; Grif-
fiths et al. 2016; Sebestyen et al. 2021b, c, d). Briefly,
porewater was sampled at 0, 30, 50, 100, and a depth
between 150 and 200 cm depending on peat depth
or physical properties of each sampling site. Pore-
water sampling depths do not precisely correspond
with the depths of peat sampling and are presented to
illustrate trends in element concentration with depth,
and to compare their relative magnitude with values
from peat extractions. Porewater data were not avail-
able for the sites S4, S6, and Junction. Solution C was
measured as total organic carbon (TOC) in the pore-
water samples, as TOC is equivalent to DOC in these
peatlands (Sebestyen et al. 2021a) and will hereafter
be referred to as DOC. Total N and total P were also
measured in the porewater.

To compare elements released in the peat extrac-
tions with the porewater values, we expressed
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extracted element concentrations on a porewater
concentration basis by dividing the extracted ele-
ment mass by the moisture volume of each sample
(Figs. 2, 3, and S2). We compared the peat samples
to the porewater in this way because the elements in
the extractions appear to represent dynamic pools
(Curtinrich et al. 2022) that have the potential to be
released to or sorbed from the porewater. We esti-
mated the concentration of C bound with the non-
redox-active metals Ca and Al as DOC; minus the
average DOC .. in the bogs and poor fens or in the
rich fen. Bulk density data were available for five of
the seven sites and showed similar values and trends
with depth among sites (Figure S3), such that patterns
in element concentrations among sites could likely be
extrapolated to element stocks. We did not conduct a
formal statistical comparison between the porewater
and extraction datasets given the differences in how
they were collected, and for clarity, we reported the
median values for each element by samples binned
from 0-30 cm depth (i.e., the variably saturated
acrotelm) and > 30 cm depth (i.e., the persistently sat-
urated catotelm; Table 2).

Statistical analyses
Cluster analysis based on Fe, Ca, Mg, and Al concen-

trations in the dithionite extraction was used to deter-
mine whether the chemical composition of different
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Fig. 2 Mean peat pH values for each site plotted by the mid-
point of each sampled depth increment

peat samples segregated consistently among peat-
land types. Clustering was done with the functions
“hclust” and “as.dendrogram” using the R ‘stats’
package (R Development Core Team 2023) using a
Euclidian distance matrix of Fe, Ca, Mg, and Al in
mmol L' and UPGMA (Unweighted Pair-Group
Method using Arithmetic mean), where samples are
added to a cluster based on the average distance to the
points in the cluster. Bog and poor fen samples were
similar (Figure S4) and thus were grouped together in
subsequent figures (Figs. 2, 3, S1, and S2) and in cal-
culations of averages medians, and ranges. Most rich
fen samples distinctly separated from bog and poor
fen samples (Figure S4) and were therefore plotted
separately.

To compare the effects of the dithionite and sulfate
extractions on element concentrations released from
peat among sites and depths, we fit a linear mixed
model for each element with the natural log of the
ratio of the concentration in the dithionite extraction
to the concentration in the sulfate extraction as the
response variable, known as the log response ratio
(Hedges et al. 1999). We also fit a second set of mod-
els using the natural log of the element concentration
in each extraction as the response variable. We used
the package “Ilme4” (Bates et al. 2015) to fit the mod-
els and “Imertest” (Kuznetsova et al. 2017) to obtain
an analysis of variance (ANOVA) table with p values.
We included the following candidate variables in the
model for each element: a random intercept for each
core, a random slope for sampling depth within each
core, linear and quadratic terms for depth, a site cat-
egory (discussed below) and interactions between lin-
ear depth and a site category. Models were first evalu-
ated to determine the optimum variable to account for
the spatial structure of the data, using either the indi-
vidual sites defined in Table 1, peatland type (bog,
poor fen, rich fen), or a simpler peatland type vari-
able based on our cluster analysis and porewater data,
where bog and poor fen sites were grouped and con-
trasted with the rich fen. Porewater from the S1 and
S2 bogs were similar to the poor fen Bog Lake and
distinct from the rich fen S3 (Griffiths et al. 2019).
For models including separate values for each extrac-
tion (as opposed to their log ratio), we also tested
candidate fixed effects for extraction, extraction by
depth, extraction by spatial structure, and three-way
interactions. We used Akaike’s Information Criterion
(AIC) values of models fit using restricted maximum

@ Springer
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Fig. 3 Element concentrations in the dithionite and sulfate
extractions, expressed on a porewater concentration basis,
compared with porewater data available from a subset of sites.
The color scheme is defined in the panel showing the Ca data

likelihood to determine the optimal random effects
structure and to select the optimum spatial structure
variable (site, peatland type, or bog or poor fen vs.
rich fen). We then used p values of fixed effects and
stepwise backward elimination for models fit using
maximum likelihood to select the other fixed effects.
Final F values and p values for the models were calcu-
lated using restricted maximum likelihood. We used
a conservative o of 0.001 for fixed effects to select
models that were simpler to interpret, and because
many models and parameters were tested. Fixed effect

@ Springer

for the rich fen. Sites are grouped into bogs and poor fens vs.
the rich fen. Depths with fewer than 6 samples are shown as
dots only instead of boxplots, and porewater samples with val-
ues less than the axis limit are not shown

terms were included if an interaction term including
the effect was significant. R version 4.0.3 was used
for analyses.

Results

Peat from bogs and poor fens was highly acidic
and pH generally increased with depth, although
mean values from some sites (e.g., S2) varied idi-
osyncratically with depth. Measurements of pH
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Table 2 The median concentration of each element (all values reported in mmol L") grouped by peatland type and sampling depth,
where 0-30 cm represents the variably saturated acrotelm and > 30 cm is the consistently saturated catotelm

Peatland type Depth (cm) Fe Ca P
Dithionite Sulfate Porewater Dithionite Sulfate Porewater Dithionite Sulfate Porewater
Bog/poor fen  0-30 2.07 0.03 0.03 5.01 4.83 0.05 0.19 0.11 0.002
>30 2.34 0.1 0.02 8.13 7.21 0.07 0.03 0.03 0.002
Rich fen 0-30 4.15 0.05 0.04 48.41 29.14 04 0.16 0.01 0.002
>30 7.06 0.11 0.05 67.68 42.88 0.84 0.2 0.03 0.004
Peatland type Depth (cm) Mg Mn K
Dithionite Sulfate Porewater Dithionite Sulfate Porewater Dithionite Sulfate Porewater
Bog/poor fen  0-30 1.72 1.64 0.03 0.04 0.03 0.0005 0.33 0.29 0.01
>30 1.9 1.72 0.03 0.04 0.03 0.0002 0.13 0.18 0.01
Rich fen 0-30 6.4 4.84 0.14 0.69 0.01 0 0.23 0.28 0.01
>30 8.96 7.27 0.26 0.6 0.03 0 0.29 0.37 0.02
Peatland type Depth (cm) Al N DOC
Dithionite Sulfate Porewater Dithionite Sulfate Porewater Dithionite Sulfate Porewater
Bog/poor fen  0-30 0.65 0.5 0.02 2.02 1.17 0.06 36.77 1495 5.76
>30 1.83 0.54 0.02 1.67 1.27 0.17 29.48 18.77  3.56
Rich fen 0-30 0.28 0.05 0.002 2.04 0.75 0.06 54.49 10.88  2.27
>30 0.65 0.1 0.001 2.22 0.94 0.12 70.19 13.14 1.22

across individual samples from each site varied as
follows: S1=3.6-5.7, S2=2.7-49, S4=2.9-47,
S6=4.3-5.6, Bog Lake=3.24.9, and Junc-
tion=4.3-5 (note that site mean values are shown
in Fig. 2). The S3 rich fen peat was weakly acidic
to neutral (5.8-7.4). For many elements, the differ-
ence in concentration between the dithionite and sul-
fate extraction was similar to the difference between
the dithionite+HCI extraction and sulfate + HCI
extraction (Figure S1). For example, in the bogs
and poor fens, DOC;—DOC, (median: 98.6 umol
g !; range: -30.5-572.0 umol g~!) was similar to
DOC,,1c—DOC, iy (median: 107.4 umol g7 ';
range: -134.4-596.9 umol g_l), and similar trends
were observed for N, P, Mn, and K (Supplementary
Results). There were some elements where differ-
ences between the dithionite and sulfate extractions
tended to diverge from the differences between the
dithionite + HC1 and sulfate + HCl extractions, and
the S3 fen tended to have larger differences than the
bogs and fens, especially for Fe, Al, Mg, and Ca (Fig-
ure S1). With these caveats, we subsequently focused
on the dithionite and sulfate extractions for clarity of
interpretation.

Element concentrations in dithionite and sulfate
extractions tended to be much greater than porewater
(by as much as two orders of magnitude) regardless
of depth, with few exceptions (Fig. 3). Concentrations
of Siy, Sig, and Si,,. were similar, indicating that
the salt extractions did not dissolve silicate minerals
(Figure S2). Concentrations of Fe,; were several-fold
greater than Fe . for all depths, but Fe; was similar
in magnitude to Fe,.. For almost all other meas-
ured elements, element concentrations in the sul-
fate extractions were greater than porewater values
(Fig. 3, Table 2).

The linear mixed models of the log ratio of the
dithionite and sulfate extractions showed that extrac-
tion and either site, peatland type, or bog or poor fen
vs. rich fen were important predictors for most ele-
ments, and depth and interactions were important
for some elements (Fig. 4). Each optimum model
(Table S3) included random intercepts for individual
peat cores and the optimum models for DOC, P, and
K also included random slopes for depth within core.
Site was the optimal spatial predictor for Fe, Ca, and
Al, peatland type (bog vs. poor fen vs. rich fen) was
the optimal spatial predictor for P and N, and bog or
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Fig. 4 The predicted values of linear mixed models of the log ratio of element concentrations in the dithionite and sulfate extrac-
tions, plotted by sampling depth, site, and peat core

poor fen vs. rich fen was the optimal spatial predictor concentrations in the dithionite extractions were
for DOC, Mn, and Mg. Depth was a significant linear higher than in the sulfate extractions. Predicted val-
predictor for Fe, DOC, Mn, N, Al, and K (»p <0.001) ues were generally positive for each element except K

and there was a significant quadratic trend with depth (Fig. 4), indicating that dithionite extracted more of
for Fe, DOC, and K (p <0.001, Table S3). each element (except K) than sulfate did. The redox-

For the models of the log ratio of the element active elements Fe and Mn had the highest predicted
extraction data, predicted values>0 indicated that values and the S3 fen generally had higher values than
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the other sites for Ca, DOC, P, Mn, N, and Mg, but
not for Fe. There was a significant interaction between
depth and site for Al and between depth and bog or
poor fen vs. rich fen for Mn (p <0.001, Table S3),
illustrated by the contrasting patterns of fitted values
with depth among sites (Fig. 4). At all sites, predicted
values for Fe, DOC, and K varied quadratically with
depth, starting high at the surface and decreasing to
about 175 cm. The predicted values for several other
elements (Mn, N, and Al) varied linearly with depth:
N decreased with depth, Al increased with depth in
the bog and poor fen samples but decreased in the
S3 fen, and Mn slightly increased with depth in the
bog and poor fen samples but decreased in the S3 fen
(Fig. 4).

The linear mixed models using the log of the
element concentration as the response variable
allowed us to compare the absolute (rather than
relative) concentrations in each extraction, but these
models were more complex due to differing trends
between extractions and depth among sites (Fig. 5).
The optimal log element concentration models
(Table S4) showed that extraction was a significant
predictor for each element (p<0.001) except K.
Site was the optimal spatial predictor for Fe, Ca,
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DOC, P, N, Al, and Mg, and it was significant in the
models for Ca, Al, and Mg (p <0.001). Site was not
significant but was retained in the models for Fe,
DOC, P, and N due to significant interactions with
depth. Bog or poor fen vs. rich fen was the optimal
spatial predictor and it was significant and retained
in the model for Mn (p <0.001, Table S4). Peatland
type was the optimal spatial predictor for K (indi-
cated by AIC) and was retained in the model due to
a significant interaction with depth. Each optimum
model (Fig. 5, Table S4) had a random slope of
depth within core and a random intercept for each
core. Depth was a significant predictor for Fe, Ca,
P, Mn, and K (p <0.001) and a quadratic depth term
was significant for Fe, Ca, P, N, and K (p <0.001).
There were significant interactions of extraction by
depth for Fe, DOC, Mn, N, Al, and K (p<0.001),
extraction by bog or poor fen vs. rich fen for Mn
(p<0.001), site by extraction for Fe, Ca, DOC, P,
N, and Al (p <0.001), depth by bog or poor fen vs.
rich fen for Mn (p <0.001), peatland type by depth
for K (p<0.001), site by depth for P (p <0.001),
extraction by depth and bog/poor fen vs. rich fen for
Mn (p <0.001), and site by extraction and depth for
Al (p<0.001).
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Fig. 5 The predicted values of linear mixed models of the element concentrations in the dithionite extraction a and sulfate extraction

b plotted by sampling depth, site, and individual peat core
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The linear models of log element concentration
showed that across all depths, the S3 rich fen consist-
ently had the highest predicted values of dithionite-
extractable Ca, Mg, and Mn and sulfate-extractable
Ca and Mg, but this pattern was not always observed
for the other elements, consistent with the differences
in spatial predictors among models described above
(Fig. 5). Individual cores from the S3 rich fen had
the highest predicted values for dithionite-extract-
able P, Fe, and DOC, but values were highly varia-
ble among cores and depths from that site, such that
there was no significant spatial predictor of Fe, P, or
DOC in the models; S3 had similar predicted values
for dithionite-extractable N as the other sites (Fig. 5
and Table S4). The S1 and S6 bogs, rather than the
poor fens (bog lake and junction), generally had the
next highest predicted values (after S3) of dithionite-
extractable Fe, Ca, and Mg, and sulfate-extractable
Ca and Mg.

Discussion

Metals are important for C and nutrient stabiliza-
tion in upland soils (Chacon et al. 2006; Wagai and
Mayer 2007; Kleber et al. 2015; Wang et al. 2021),
but they have received little attention as possible driv-
ers of C and nutrient cycling in mineral-poor peat-
lands. Researchers have examined metal-C interac-
tions in peatlands (e.g., Riedel et al. 2013; Kiigler
et al. 2019; Herndon et al. 2019; Curtinrich et al.
2022; Zhao et al. 2023; Liu et al. 2024), but few have
assessed variation of metal-C relationships within
or among peatland hydrologic types (Huang et al.
2021), especially as a function of depth. Consistent
with our first hypothesis, we found that element con-
centrations in the dithionite and sulfate extractions
were almost always greater than long-term porewa-
ter values, implying that substantial pools of metals
and associated organic compounds were bound with
the peat. Consistent with our second hypothesis, ele-
ment concentrations were almost always greater in
the dithionite extraction than in the sulfate extraction
and the difference between the extractions (expressed
as a log ratio) often but not always decreased with
depth, indicating the importance of redox-active
metals in binding elements with peat, particularly in
the variably oxic surface peat. Partially refuting our
third hypothesis, the statistical models showed that
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spatial variation in most extracted elements was more
strongly associated with individual peatland sites than
peatland types (i.e., bog, poor fen, rich fen). Element
concentrations were not consistently greatest in the
S3 rich fen for all elements and depths, and values
from the bogs and poor fens varied idiosyncratically
and often differed among sites. This finding implies
that biogeochemical factors other than the presence or
absence of groundwater inputs impacted the amount
and composition of salt-extractable elements, even
in the case of the bogs, where contemporary metal
inputs originate entirely from atmospheric deposition
(Curtinrich et al. 2022).

Roles of redox-active metals in binding organic
matter and nutrients

As expected, concentrations in the dithionite extrac-
tions were greater than in the sulfate extractions for
almost all elements (except K; Figs. 4 and 5). Dith-
ionite is a strong reductant and was used to reduce
Fe(II) to Fe(Il), while sodium sulfate, the oxidation
product of sodium sulfate, was used as a control to
extract ion-exchangeable elements (Reemtsma et al.
1999; Wagai and Mayer 2007). When Fe(Ill) is
reduced to Fe(Il), elements that were bound to Fe,
such as C and P, may be released (Chacon et al. 2006;
Chen et al. 2020), along with any elements that were
directly or indirectly bound with the organic matter,
such as organic N, or the occluded cations Ca, Mg,
or K (Hall and Huang 2017). Therefore, the differ-
ences in element concentration between the dithion-
ite and sulfate extractions largely represent elements
that were extracted by chemical reduction (princi-
pally Fe) or elements that were associated with those
reduced elements. The difference between the dith-
ionite and sulfate extractions could also be influenced
by the slightly lower pH of the dithionite extraction,
although additional measurements showed that effects
of the lower pH of the dithionite extraction were larg-
est in the S3 fen (Figure S1).

The median ratio of Fe-associated C to Fe-asso-
ciated N was 26 (Table S2), suggesting that Fe-
bound organic matter could be derived from partially
decomposed plant biomass, with possible contribu-
tions from microbial residues. Microbial residues
have an average C/N of 8.5 (Cleveland and Liptzin
2007) while plant foliage in the S1 bog had a C/N of
15-76, Sphagnum had a C/N of 28-63, and twigs had
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a C/N of 52-126 (Phillips et al. 2017). The plant foli-
age in the Mer Bleue ombrotrophic bog in Ontario
had an average C/N of 46 (Wang et al. 2014).

Our dithionite-extracted Fe concentrations were
generally lower than values from other bogs and
fens reported in the literature. In 10 peatlands (bogs
and fens) in China, reactive Fe (0-20 cm) meas-
ured 3.5+0.2 g Fe kg™' to 6.3+0.2 g Fe kg™!
(mean =+ standard error) in three bogs and 6.7+0.5 g
Fe kg™! to 12.0+0.2 g Fe kg! in 7 fens (Huang
et al. 2021); no data were collected below 20 cm. In
another study of Chinese peatlands, 0-20 cm dith-
ionite-extractable Fe was even higher, averaging 13.7
and 11.3 g Fe kg™, respectively, for Sphagnum- and
non-Sphagnum-dominated sites (Zhao et al. 2023).
For comparison, dithionite-extracted Fe (0-20 cm)
at our sites in the Marcell Experimental Forest meas-
ured 1.5+0.2 g Fe kg™! (mean + standard deviation)
in the bogs and 2.9+ 1.4 g Fe kg~! in the rich fen
(Table S1). The Chinese peatlands described above
generally had several-fold higher Fe-bound C than
our bog and fen samples (Huang et al. 2021; Zhao
et al. 2023; Table S2), although our Fe-bound C val-
ues were often still higher than reported for mineral
soils, which vary widely among ecosystems (Ye et al.
2022; Curtinrich et al. 2022). Compared to peatlands
in Northeastern Bavaria, Germany (Kiisel et al. 2008),
we found slightly higher dithionite-extracted Fe in
our bogs (010 cm: 1.5 g Fe kg™'; 10-20 cm: 1.6 g Fe
kg™!; 20-30 cm: 1.3 g Fe kg™') than in their “acidic
upland fen” (0-10 cm: 0.5 g Fe kg™!; 1020 cm: 0.4 g
Fe kg~'; 20-30 cm: 0.3 g Fe kg™!), but our rich fen
values (0-10 cm: 3.4 g Fe kg™!; 10-20 cm: 2.5 ¢
Fe kg™!; 20-30 cm: 2.1 g Fe kg~!) were lower than
in their “acidic lowland fen” (0 — 10 cm: 18.9 g Fe
kg™'; 10 =20 cm: 9.8 g Fe kg™!; 20 — 30 cm: 3.4 g
Fe kg™!). The dithionite-extracted Fe in our rich fen
was relatively similar to the reducible Fe measured in
a Michigan fen, while Mn was about an order of mag-
nitude higher in our rich fen (Koretsky et al. 2007).

In our study, we found that individual peatlands
not only differed in their log ratios of dithionite- and
sulfate-extractable Fe and DOC, but that the peat-
lands with higher Fe log ratios did not always have
higher DOC log ratios. This finding implies that the
pool of reduceable Fe was not directly related to Fe-
bound C (Fig. 4), counter to findings from a study of
peatlands with greater mineral content than our sites
(Liu et al. 2024), but similar to the conclusion of a

synthesis that examined predictors of Fe-bound C and
nutrients among diverse ecosystems (Ye et al. 2022).
The much lower pH values in the bogs than in the rich
fen (Fig. 2) imply greater Fe solubility and a likely
difference in Fe speciation among these sites. Under
increasingly acidic conditions, a greater fraction of Fe
is likely bound with organic matter rather than with
oxygen in Fe oxyhydroxide mineral phases (Herndon
et al. 2019), thereby increasing the capacity of a given
Fe atom to bind with C and N. Consequently, low-pH
soils tend to have greater Fe-bound organic C (Ye
et al. 2022), partially counteracting differences that
would be expected if Fe content alone were control-
ling the amount of Fe-bound C. These pH effects on
Fe speciation are one mechanism that might explain
the decoupling between reducible Fe content and Fe-
associated C observed in our study.

Roles of non-redox-active metals in binding organic
matter and nutrients

In addition to the redox-sensitive metals (principally
Fe, given generally low Mn content), non-redox-
active metals such as Ca and Al likely contributed
to binding organic matter in these peatlands. In
upland soils, Ca often binds significant C by bridging
between negatively charged surfaces in clays and/or
between organic molecules (Kalinichev and Kirkpat-
rick 2007; Rowley et al. 2018; Wang et al. 2021). In
acidic peatland soils, Al is much more soluble than in
upland mineral soils with circumneutral pH, and Al
may also bind organic matter through cation bridg-
ing and co-precipitation (Schaumann et al. 2013). The
DOC solubilized after extraction of soil with sodium
sulfate is often interpreted as Ca-bound C in mineral
soils because high concentrations of Na will disrupt
cation bridges, which are largely thought to be medi-
ated by Ca in soils with circumneutral pH (Ye et al.
2018). In acidic peatland samples, this DOC may also
include a portion of C formerly bound with Al that
was released during the extraction. Indeed, median
Al in the sulfate extraction was ~25-fold greater than
in porewater, implying that substantial Al had been
solubilized by cation exchange with Na. Nevertheless,
median Al was at least tenfold lower than Ca on a
molar basis in the sulfate extraction, implying that Ca
was likely important in binding DOC through cation
bridging in these samples.
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Assuming that the DOC released in the sulfate
extraction mainly reflected Ca-bound C, values from
these mineral-poor peatlands (estimated as TOC—
TOC,,,,) were slightly greater than Ca-bound C in
some other upland soils even though the sulfate-
extracted Ca in the peatlands was generally lower
(with the exception of the rich fen). The concentra-
tion of Ca-bound C (0-10 cm), extracted in a simi-
lar way to our samples, measured 0.78 +0.75 mg g~!
(mean +standard deviation) across 22 Chinese
grasslands, and Ca was 3.08+1.65 mg g~! (Wang
et al. 2021). In our samples, putatively Ca-bound C
(0-10 cm) measured 1.66+0.58 mg g~! in the bogs
and poor fens and 1.09+0.53 mg g~ in the rich fen,
and Ca, was 2.30+0.48 mg g~ in the bogs and poor
fen and 10.82+0.90 mg g~' in the rich fen. These
results highlight that substantial exchangeable Ca
stocks and associated C can be present in peat soils
despite their overall acidic pH values, likely due to
the high overall cation exchange capacity character-
istic of many peat samples (Schaumann et al. 2013).

Implications for global change

The higher element concentrations in the sulfate and
dithionite extractions compared to the porewater
across the peat profile suggests that these elements
could be released into the porewater with environ-
mental change. Warmer temperatures may promote
Fe(III) reduction and the release of Fe-associated ele-
ments, provided that the peat remains saturated with
water (Curtinrich et al. 2022). However, expected
increases in evapotranspiration with warming (Hel-
big et al. 2020) may lead to lower water tables and
greater aeration of peat during the summer (Roulet
et al. 1992; Hanson et al. 2020). This could increase
Fe oxidation and potential for binding C and nutri-
ents. Conversely, higher water levels and saturation
from increased precipitation or snowmelt (Dasgupta
et al. 2010) could promote Fe(IIl) reduction to Fe(II)
and release of associated elements (Curtinrich et al.
2022). Changes in water table could also vary by
site due to local influences. The water table of some
Marcell bogs has increased from 1961 to 2019 while
it has decreased in others (Stockstad et al. 2021).
Some of our study peatlands (e.g., S4 and S6) experi-
enced historical disturbances such as deforestation of
the surrounding watershed and transient water level
increases that conceivably might have influenced

@ Springer

extractable elements, but values measured at these
sites did not consistently differ from the other peat-
lands. Changes in ionic strength and pH from shifts
in hydrology, extreme precipitation, or vegetation
could also affect elements released from the peat by
ion exchange and lead to a higher or lower concentra-
tion of these in the porewater. For example, the pH
of stream water draining the S2 bog has decreased in
recent decades (Urban et al. 2011; Sebestyen et al.
2022). Alternatively, Sphagnum moss may decrease
in bogs with increasing temperatures (Norby et al.
2019), which could also lead to increased pH since
Sphagnum contributes to the low pH of bogs (van
Breemen 1995). Dynamics of metal-mediated sorp-
tion and release of C and nutrients from peat could
potentially contribute to long-term variation in DOC
export from peatland catchments, a topic for future
research given the importance of DOC fluxes in peat-
land C budgets (Dinsmore et al. 2010; Griffiths et al.
2017).

Conclusions

Anaerobic suppression of enzyme activity, acidic
conditions, and cold temperatures are typically
thought to regulate production of DOC and release
of nutrients from decomposing organic matter in
peatlands (Bergman et al. 1999; Freeman et al.
2001; Hanson et al. 2020). Here, we show that in
addition to those factors, metals impact DOC and
nutrient availability across diverse peatland types
(bogs, poor fens, and a rich fen) within the same
landscape. Extractions showed that substantial ele-
ment stocks were bound directly or indirectly with
the peat, and these peat-bound elements could be
sensitive to redox or geochemical changes expected
with climate change. On average, the concentra-
tions of these elements extracted from the peat were
much greater than the concentrations already pre-
sent in the porewater, suggesting release from peat
to the porewater could be ecologically relevant,
especially given that these ecosystems are typically
N and P limited (Bridgham et al. 1996; Wang and
Moore 2014; Hill et al. 2014). The mechanisms
regulating the accessibility of elements (redox and
non-redox sensitive mechanisms) varied within and
among peatland types, and the rich fen did not have



Biogeochemistry (2025) 168:7

Page 150f 18 7

consistently greater values for many extracted ele-
ments despite its groundwater input. Notably, the
average Fe-bound C concentration at the surface of
the bogs was only slightly lower than the rich fen
despite lower metal content, and dithionite-extract-
able elements (e.g. Fe and DOC) tended to peak
toward the middle of the peat profile, rather than the
surface. Both of these findings are consistent with
previously observed differences in Fe speciation
among sites and depths (Herndon et al. 2019) and
increased complex formation between organic mol-
ecules and individual Fe atoms under acidic condi-
tions, leading to greater binding of C and nutrients
per unit Fe (Ye et al. 2022). Given our findings, pre-
vious conclusions based on shallow peat sampling
depths and extrapolation of data from terrestrial
soils to peatlands would underestimate the potential
biogeochemical importance of redox-dynamic ele-
ments in peatlands and their potential to mediate C
and nutrient availability in a changing climate.

Acknowledgements We thank Ben Noack and Carlos Tene-
saca for laboratory assistance, and William Crumpton, Chao-
qun Lu, and Grace Wilkinson for helpful comments that
improved the manuscript. This research was partially supported
by grants to HIC from the Department of Ecology, Evolu-
tion, and Organismal Biology at Iowa State University and the
Center for Global and Regional Environmental Research at the
University of Iowa. The contributions of SDS and the collec-
tion, analysis, and curation of porewater chemistry data were
funded by the Northern Research Station of the USDA Forest
Service.

Author contributions All authors contributed to study
design. Peat core data were collected and analyzed by HIC, all
additional data were synthesized by SDS, and the manuscript
was written by HIC and SJH with input from SDS.

Funding This research was partially supported by grants to
HIJC from the Department of Ecology, Evolution, and Organis-
mal Biology at lowa State University and the Center for Global
and Regional Environmental Research at the University of
Iowa. The contributions of SDS and the collection, analysis,
and curation of porewater chemistry data were funded by the
Northern Research Station of the USDA Forest Service.

Data availability Datasets used in this study are publicly
available from the Environmental Data Initiative reposito-
ries cited in the References section and in the Supplementary
Material.

Declarations

Competing Interests The authors declare no competing
interests.

Open Access This article is licensed under a Creative Com-
mons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License, which permits any non-commercial use, shar-
ing, 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 Creative Commons licence,
and indicate if you modified the licensed material. You do
not have permission under this licence to share adapted mate-
rial derived from this article or parts of it. 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 arti-
cle’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://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

Bates D, Michler M, Bolker B, Walker S (2015) Fitting linear
mixed-effects models using lme4. J Stat Softw 67:1-48.
https://doi.org/10.18637/jss.v067.i01

Bay RR (1967) Ground water and vegetation in two peat bogs
in northern Minnesota. Ecology 48:308-310. https://doi.
org/10.2307/1933117

Bergman I, Lundberg P, Nilsson M (1999) Microbial carbon
mineralisation in an acid surface peat: effects of envi-
ronmental factors in laboratory incubations. Soil Biol
Biochem 31:1867-1877. https://doi.org/10.1016/S0038-
0717(99)00117-0

Blodau C, Roehm CL, Moore TR (2002) Iron, sulfur, and dis-
solved carbon dynamics in a northern peatland. Arch
Hydrobiol = 154(4):561-583.  https://doi.org/10.1127/
archiv-hydrobiol/154/2002/561

Bridgham SD, Pastor J, Janssens JA et al (1996) Multiple limit-
ing gradients in peatlands: a call for a new paradigm. Wet-
lands 16:45-65. https://doi.org/10.1007/BF03160645

Chacon N, Silver WL, Dubinsky EA, Cusack DF (2006) Iron
reduction and soil phosphorus solubilization in humid
tropical forests soils: the roles of labile carbon pools and
an electron shuttle compound. Biogeochemistry 78:67-84.
https://doi.org/10.1007/s10533-005-2343-3

Chen C, Hall SJ, Coward E, Thompson A (2020) Iron-medi-
ated organic matter decomposition in humid soils can
counteract protection. Nat Commun 11:1-13. https://doi.
org/10.1038/541467-020-16071-5

Cheng H, Yang T, Jiang J et al (2020) Mn?* effect on man-
ganese oxides (MnOx) nanoparticles aggregation in solu-
tion: chemical adsorption and cation bridging. Environ
Pollut 267:115561. https://doi.org/10.1016/j.envpol.2020.
115561

Cleveland CC, Liptzin D (2007) C:N: P stoichiometry in soil:
is there a “redfield ratio” for the microbial biomass?

@ Springer


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.2307/1933117
https://doi.org/10.2307/1933117
https://doi.org/10.1016/S0038-0717(99)00117-0
https://doi.org/10.1016/S0038-0717(99)00117-0
https://doi.org/10.1127/archiv-hydrobiol/154/2002/561
https://doi.org/10.1127/archiv-hydrobiol/154/2002/561
https://doi.org/10.1007/BF03160645
https://doi.org/10.1007/s10533-005-2343-3
https://doi.org/10.1038/s41467-020-16071-5
https://doi.org/10.1038/s41467-020-16071-5
https://doi.org/10.1016/j.envpol.2020.115561
https://doi.org/10.1016/j.envpol.2020.115561

7 Page 16 of 18

Biogeochemistry (2025) 168:7

Biogeochem  85:235-252.
s10533-007-9132-0

Coleman Wasik JK, Engstrom DR, Mitchell CPJ et al (2015)
The effects of hydrologic fluctuation and sulfate regen-
eration on mercury cycling in an experimental peatland.
J Geophys Res Biogeosci 120:1697-1715. https://doi.
org/10.1002/2015JG002993

HJCurtinrichSJHallSDSebestyen2021Marcell ~ Experimen-
tal Forest peat core extraction chemical analysis data
(DOC, Fe, Ca, Mg, K, P, Al) ver 1Environ Data Initia-
tive10.6073/pasta/8c2c908fec929b5fd812851ef9150301
(Accessed2024-10-21)Curtinrich HJ, Hall SJ, Sebestyen
SD (2021) Marcell Experimental Forest peat core
extraction chemical analysis data (DOC, Fe, Ca, Mg, K,
P, Al) ver 1. Environ Data Initiative. https://doi.org/10.
6073/pasta/8c2c908fec929b5td812851ef9150301(Acces
sed2024-10-21)

Curtinrich HJ, Sebestyen SD, Griffiths NA, Hall SJ (2022)
Warming stimulates iron-mediated carbon and nutrient
cycling in mineral-poor peatlands. Ecosystems 25:44—
60. https://doi.org/10.1007/s10021-021-00639-3

Dasgupta S, Saar MO, Edwards RL et al (2010) Three thou-
sand years of extreme rainfall events recorded in sta-
lagmites from spring valley caverns, Minnesota. Earth
Planet Sci Lett 300:46-54. https://doi.org/10.1016/j.
epsl.2010.09.032

Dinsmore KIJ, Billett MF, Skiba UM et al (2010) Role of the
aquatic pathway in the carbon and greenhouse gas budg-
ets of a peatland catchment. Glob Change Biol 16:2750—
2762. https://doi.org/10.1111/j.1365-2486.2009.02119.x

Dise N, Shurpali NJ, Weishampel P, et al (2011) Carbon
emissions from peatlands. In: Peatland biogeochemistry
and watershed hydrology at the Marcell Experimental
Forest. CRC Press, Boca Raton, FL., pp 297-347

Freeman C, Ostle N, Kang H (2001) An enzymic “latch” on
a global carbon store. Nature 409:149-149. https://doi.
org/10.1038/35051650

Griffiths NA, Sebestyen SD (2016) Dynamic vertical pro-
files of peat porewater chemistry in a northern peat-
land. Wetlands 36:1119-1130. https://doi.org/10.1007/
s13157-016-0829-5

Griffiths NA, Hanson PJ, Ricciuto DM et al (2017) Tempo-
ral and spatial variation in peatland carbon cycling and
implications for interpreting responses of an ecosystem-
scale warming experiment. Soil Sci Soc Am J 81:1668—
1688. https://doi.org/10.2136/sss2j2016.12.0422

Griffiths NA, Sebestyen SD, Oleheiser KC (2019) Varia-
tion in peatland porewater chemistry over time and
space along a bog to fen gradient. Sci Total Environ
697:134152.  https://doi.org/10.1016/j.scitotenv.2019.
134152

Griffiths N, Sebestyen S, Oleheiser KC, et al (2016) SPRUCE
porewater chemistry data for experimental plots, begin-
ning in 2013. Oak Ridge National Laboratory, TES SFA,
US Department of Energy, Oak Ridge, Tennessee, USA.
Version 3. https://doi.org/10.3334/CDIAC/spruce.028

Hall SJ, Huang W (2017) Iron reduction: a mechanism for
dynamic cycling of occluded cations in tropical forest
soils? Biogeochemistry 136:91-102. https://doi.org/10.
1007/s10533-017-0383-0

https://doi.org/10.1007/

@ Springer

Hanson PJ, Griffiths NA, Iversen CM et al (2020) Rapid net
carbon loss from a whole-ecosystem warmed peatland.
AGU Adv. https://doi.org/10.1029/2020AV000163

Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis
of response ratios in experimental ecology. Ecology
80:1150-1156. https://doi.org/10.1890/0012-9658(1999)
080[1150:TMAORR]2.0.CO;2

Helbig M, Waddington JM, Alekseychik P et al (2020) Increas-
ing contribution of peatlands to boreal evapotranspira-
tion in a warming climate. Nat Clim Change 10:555-560.
https://doi.org/10.1038/s41558-020-0763-7

Herndon EM, Kinsman-Costello L, Duroe KA et al (2019) Iron
(oxyhydr)oxides serve as phosphate traps in tundra and
boreal peat soils. J Geophys Res Biogeosci 124:227-246.
https://doi.org/10.1029/2018JG004776

Hill BH, Elonen CM, Jicha TM et al (2014) Ecoenzymatic
stoichiometry and microbial processing of organic matter
in northern bogs and fens reveals a common P-limitation
between peatland types. Biogeochemistry 120:203-224.
https://doi.org/10.1007/s10533-014-9991-0

Huang X, Liu X, Liu J, Chen H (2021) Iron-bound organic
carbon and their determinants in peatlands of China. Geo-
derma 391:114974. https://doi.org/10.1016/j.geoderma.
2021.114974

Hugelius G, Loisel J, Chadburn S et al (2020) Large stocks of
peatland carbon and nitrogen are vulnerable to permafrost
thaw. Proc Natl Acad Sci 117:20438-20446. https://doi.
org/10.1073/pnas.1916387117

Iversen, C.M., P.J. Hanson, D.J. Brice, J.R. Phillips, K.J.
McFarlane, E.A. Hobbie, R.K. Kolka. 2014. SPRUCE
Peat physical and chemical characteristics from experi-
mental plot cores, 2012. Oak Ridge National Laboratory,
TES SFA, U.S. Department of Energy, Oak Ridge, Ten-
nessee, U.S.A. https://doi.org/10.3334/CDIAC/spruce.005

Kalinichev AG, Kirkpatrick RJ (2007) Molecular dynamics
simulation of cationic complexation with natural organic
matter. Eur J Soil Sci 58:909-917. https://doi.org/10.
1111/.1365-2389.2007.00929.x

Kleber M, Eusterhues K, Keiluweit M et al (2015) Mineral—
organic associations: formation, properties, and relevance
in soil environments. Adv Agron 130:1-140

Koretsky CM, Haveman M, Beuving L et al (2007) Spatial
variation of redox and trace metal geochemistry in a min-
erotrophic fen. Biogeochemistry 86:33—62. https://doi.org/
10.1007/s10533-007-9143-x

Kiigler S, Cooper RE, Wegner C-E et al (2019) Iron-organic
matter complexes accelerate microbial iron cycling in an
iron-rich fen. Sci Total Environ 646:972-988. https://doi.
org/10.1016/j.scitotenv.2018.07.258

Kiisel K, Blothe M, Schulz D et al (2008) Microbial reduction
of iron and porewater biogeochemistry in acidic peatlands.
Biogeosciences 5:1537-1549

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) Lmert-
est package: tests in linear mixed effects models. J Stat
Softw 82:1-26. https://doi.org/10.18637/jss.v082.i13

Li H, Santos F, Butler K, Herndon E (2021) A critical review
on the multiple roles of manganese in stabilizing and
destabilizing soil organic matter. Environ Sci Technol
55:12136-12152. https://doi.org/10.1021/acs.est.1c00299

Limpens J, Berendse F, Blodau C et al (2008) Peatlands and the
carbon cycle: from local processes to global implications


https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1002/2015JG002993
https://doi.org/10.1002/2015JG002993
https://doi.org/10.6073/pasta/8c2c908fec929b5fd812851ef9150301(Accessed2024-10-21)
https://doi.org/10.6073/pasta/8c2c908fec929b5fd812851ef9150301(Accessed2024-10-21)
https://doi.org/10.6073/pasta/8c2c908fec929b5fd812851ef9150301(Accessed2024-10-21)
https://doi.org/10.1007/s10021-021-00639-3
https://doi.org/10.1016/j.epsl.2010.09.032
https://doi.org/10.1016/j.epsl.2010.09.032
https://doi.org/10.1111/j.1365-2486.2009.02119.x
https://doi.org/10.1038/35051650
https://doi.org/10.1038/35051650
https://doi.org/10.1007/s13157-016-0829-5
https://doi.org/10.1007/s13157-016-0829-5
https://doi.org/10.2136/sssaj2016.12.0422
https://doi.org/10.1016/j.scitotenv.2019.134152
https://doi.org/10.1016/j.scitotenv.2019.134152
https://doi.org/10.3334/CDIAC/spruce.028
https://doi.org/10.1007/s10533-017-0383-0
https://doi.org/10.1007/s10533-017-0383-0
https://doi.org/10.1029/2020AV000163
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]2.0.CO;2
https://doi.org/10.1038/s41558-020-0763-7
https://doi.org/10.1029/2018JG004776
https://doi.org/10.1007/s10533-014-9991-0
https://doi.org/10.1016/j.geoderma.2021.114974
https://doi.org/10.1016/j.geoderma.2021.114974
https://doi.org/10.1073/pnas.1916387117
https://doi.org/10.1073/pnas.1916387117
https://doi.org/10.3334/CDIAC/spruce.005
https://doi.org/10.1111/j.1365-2389.2007.00929.x
https://doi.org/10.1111/j.1365-2389.2007.00929.x
https://doi.org/10.1007/s10533-007-9143-x
https://doi.org/10.1007/s10533-007-9143-x
https://doi.org/10.1016/j.scitotenv.2018.07.258
https://doi.org/10.1016/j.scitotenv.2018.07.258
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1021/acs.est.1c00299

Biogeochemistry (2025) 168:7

Page 170f 18 7

— a synthesis. Biogeosciences 5:1475-1491. https://doi.
org/10.5194/bg-5-1475-2008

Liu C, Zhao Y, Ma L et al (2024) Metallic protection of soil
carbon: divergent drainage effects in Sphagnum vs. non-
Sphagnum wetlands. Natl Sci Rev. https://doi.org/10.
1093/nsr/nwael78

McLaughlin JW, Webster KL (2010) Alkalinity and acid-
ity cycling and fluxes in an intermediate fen peatland in
northern Ontario. Biogeochemistry 99:143-155. https:/
doi.org/10.1007/510533-009-9398-5

Mettrop IS, Neijmeijer T, Cusell C et al (2018) Calcium and
iron as key drivers of brown moss composition through
differential effects on phosphorus availability. J Bryol
40:350-357. https://doi.org/10.1080/03736687.2018.
1493340

Norby RJ, Childs J, Hanson PJ, Warren JM (2019) Rapid loss
of an ecosystem engineer: Sphagnum decline in an experi-
mentally warmed bog. Ecol Evol 9:12571-12585. https://
doi.org/10.1002/ece3.5722

Phillips JR, Brice DJ, Hanson PJ, et al (2017) SPRUCE pre-
treatment plant tissue analyses, 2009 through 2013. Oak
Ridge National Laboratory, TES SFA, U.S. Department of
Energy, Oak Ridge, Tennessee, USA.

R Development Core Team (2023) R: A language and environ-
ment for statistical computing

Reemtsma T, Bredow A, Gehring M (1999) The nature and
kinetics of organic matter release from soil by salt solu-
tions. Eur J Soil Sci 50:53-64. https://doi.org/10.1046/j.
1365-2389.1999.00212.x

Riedel T, Zak D, Biester H, Dittmar T (2013) Iron traps ter-
restrially derived dissolved organic matter at redox inter-
faces. Proc Natl Acad Sci 110:10101-10105. https://doi.
org/10.1073/pnas.1221487110

Roulet N, Moore T, Bubier J, Lafleur P (1992) Northern fens:
methane flux and climatic change. Tellus B 44:100-105.
https://doi.org/10.1034/j.1600-0889.1992.t01-1-00002.x

Rowley MC, Grand S, Verrecchia EP (2018) Calcium-medi-
ated stabilisation of soil organic carbon. Biogeochemistry
137:27-49. https://doi.org/10.1007/s10533-017-0410-1

Schaumann GE, Gildemeister D, Kunhi Mouvenchery Y et al
(2013) Interactions between cations and water molecule
bridges in soil organic matter. J Soils Sediments 13:1579—
1588. https://doi.org/10.1007/s11368-013-0746-7

Schimel JP, Weintraub MN (2003) The implications of exoen-
zyme activity on microbial carbon and nitrogen limitation
in soil: a theoretical model. Soil Biol Biochem 35:549—
563. https://doi.org/10.1016/S0038-0717(03)00015-4

Sebestyen S, Verry E (2011a) Effects of watershed experiments
on water chemistry at the Marcell Experimental For-
est. In: Brooks K, Kolka RK, Sebesteyen SD et al (eds)
Peatland biogeochemistry and watershed hydrology at the
marcell experimental forest. CRC Press, Boca Raton, FL,
pp 433458

Sebestyen SD, Dorrance C, Olson D et al (2011b) Long-term
monitoring sites and trends at the Marcell Experimental
Forest. In: Kolka RK, Sebestyen SD, Verry ES, Brooks
K (eds) Peatland biogeochemistry and watershed hydrol-
ogy at the Marcell Experimental Forest. CRC Press, Boca
Raton, FL, pp 15-71

Sebestyen SD, Verry ES, Brooks KN (2011c) Hydrologi-
cal responses to changes in forest cover on uplands and

peatlands. In: Kolka RK, Sebesteyen SD, Verry ES,
Brooks KN (eds) Peatland biogeochemistry and water-
shed hydrology at the Marcell Experimental Forest.
CRC Press, Boca Raton, FL, pp 401-432

Sebestyen SD, Funke M, Cotner JB (2021a) Sources and bio-
degradability of dissolved organic matter in two head-
water peatland catchments at the marcell experimen-
tal forest, northern Minnesota, USA. Hydrol Process
35:¢14049. https://doi.org/10.1002/hyp.14049

Sebestyen SD, Lany NK, Larson JT et al (2021b) Marcell
experimental forest biweekly surface water and monthly
porewater chemistry at Bog Lake Peatland, 2007-ongo-
ing. Environ Data Initiative. https://doi.org/10.6073/
pasta/d3864b55e371c05ff5e8a73d7d8a7b5¢c

Sebestyen SD, Lany NK, Larson JT et al (2021c) Marcell
experimental forest monthly porewater chemistry at the
S3 fen, 2013 - ongoing. Environ Data Initiative. https://
doi.org/10.6073/pasta/2fdfcfOccebdb59d6a30b5 1bc 14228
71

Sebestyen SD, Lany NK, Larson JT (2021d) Marcell Experi-
mental forest porewater chemistry at the S2 catchment,
2009 - ongoing. Environ Data Initiative. https://doi.org/
10.6073/pasta/645ea2442£549a42bdd58e28ad58e3fe

Sebestyen SD, Lany NK, Roman DT et al (2021e) Hydrologi-
cal and meteorological data from research catchments at
the marcell experimental forest, Minnesota, USA. Hydrol
Process 35:¢14092

Sebestyen SD, Lany NK, Oleheiser KC et al (2022) Marcell
experimental forest chemistry of surface water draining
the S2 catchment, 1986-ongoing ver 1. Environ Data Initi-
ative. https://doi.org/10.6073/pasta/a47f5019f2ce2aff6cbe
a0e555939950(Accessed2024-06-06)

Stockstad A, Gray E, Sebestyen S et al (2021) Analyzing trends
in water table elevations at the marcell experimental for-
est, minnesota, u.s.a. Am J Undergrad Res 17:19-32.
https://doi.org/10.33697/ajur.2020.032

Urban N, Verry ES, Eisenreich S et al (2011) Element cycling
in upland/peatland watersheds. In: Kolka RK, Sebestyen
SD, Verry ES, Brooks KN (eds) Peatland biogeochemis-
try and watershed hydrology at the Marcell Experimental
Forest. CRC Press, Boca Raton, FL, pp 213-241

van Breemen N (1995) How Sphagnum bogs down other
plants. Trends Ecol Evol 10:270-275. https://doi.org/10.
1016/0169-5347(95)90007-1

Verry ES, Brooks KN, Nichols DL et al (2011) Watershed
hydrology. In: Kolka R, Sebestyen S, Verry ES, Brooks
K (eds) Peatland biogeochemistry and watershed hydrol-
ogy at the marcell experimental forest. CRC Press, Boca
Raton, FL, pp 193-212

Vitt DH (2006) Functional characteristics and indicators of
boreal peatlands. In: Wieder RK, Vitt DH (eds) Boreal
Peatland Ecosystems. Springer, Berlin, Heidelberg, pp
9-24

Vitt DH, Bayley SE, Jin T-L (1995) Seasonal variation in water
chemistry over a bog-rich fen gradient in continental west-
ern Canada. Can J Fish Aquat Sci 52:587-606. https://doi.
org/10.1139/f95-059

Wagai R, Mayer LM (2007) Sorptive stabilization of organic
matter in soils by hydrous iron oxides. Geochim Cosmo-
chim Acta 71:25-35. https://doi.org/10.1016/j.gca.2006.
08.047

@ Springer


https://doi.org/10.5194/bg-5-1475-2008
https://doi.org/10.5194/bg-5-1475-2008
https://doi.org/10.1093/nsr/nwae178
https://doi.org/10.1093/nsr/nwae178
https://doi.org/10.1007/s10533-009-9398-5
https://doi.org/10.1007/s10533-009-9398-5
https://doi.org/10.1080/03736687.2018.1493340
https://doi.org/10.1080/03736687.2018.1493340
https://doi.org/10.1002/ece3.5722
https://doi.org/10.1002/ece3.5722
https://doi.org/10.1046/j.1365-2389.1999.00212.x
https://doi.org/10.1046/j.1365-2389.1999.00212.x
https://doi.org/10.1073/pnas.1221487110
https://doi.org/10.1073/pnas.1221487110
https://doi.org/10.1034/j.1600-0889.1992.t01-1-00002.x
https://doi.org/10.1007/s10533-017-0410-1
https://doi.org/10.1007/s11368-013-0746-7
https://doi.org/10.1016/S0038-0717(03)00015-4
https://doi.org/10.1002/hyp.14049
https://doi.org/10.6073/pasta/d3864b55e371c05ff5e8a73d7d8a7b5c
https://doi.org/10.6073/pasta/d3864b55e371c05ff5e8a73d7d8a7b5c
https://doi.org/10.6073/pasta/2fdfcf0cceb4b59d6a30b51bc1422871
https://doi.org/10.6073/pasta/2fdfcf0cceb4b59d6a30b51bc1422871
https://doi.org/10.6073/pasta/2fdfcf0cceb4b59d6a30b51bc1422871
https://doi.org/10.6073/pasta/645ea2442f549a42bdd58e28ad58e3fe
https://doi.org/10.6073/pasta/645ea2442f549a42bdd58e28ad58e3fe
https://doi.org/10.6073/pasta/a47f5019f2ce2aff6cbca0e555939950(Accessed2024-06-06)
https://doi.org/10.6073/pasta/a47f5019f2ce2aff6cbca0e555939950(Accessed2024-06-06)
https://doi.org/10.33697/ajur.2020.032
https://doi.org/10.1016/0169-5347(95)90007-1
https://doi.org/10.1016/0169-5347(95)90007-1
https://doi.org/10.1139/f95-059
https://doi.org/10.1139/f95-059
https://doi.org/10.1016/j.gca.2006.08.047
https://doi.org/10.1016/j.gca.2006.08.047

7 Page 18 of 18

Biogeochemistry (2025) 168:7

Wang M, Moore TR (2014) Carbon, nitrogen, phosphorus,
and potassium stoichiometry in an ombrotrophic peatland
reflects plant functional type. Ecosystems 17:673-684.
https://doi.org/10.1007/s10021-014-9752-x

Wang M, Moore TR, Talbot J, Richard PJH (2014) The cascade
of C:N: P stoichiometry in an ombrotrophic peatland:
from plants to peat. Environ Res Lett 9:024003. https://
doi.org/10.1088/1748-9326/9/2/024003

Wang Y, Wang H, He J-S, Feng X (2017) Iron-mediated soil
carbon response to water-table decline in an alpine wet-
land. Nat Commun 8:15972. https://doi.org/10.1038/
ncomms 15972

Wang S, Jia Y, Liu T et al (2021) Delineating the role of cal-
cium in the large-scale distribution of metal-bound organic
carbon in soils. Geophys Res Lett 48:¢2021GL092391.
https://doi.org/10.1029/2021GL092391

Wilson RM, Tfaily MM, Kolton M et al (2021) Soil metabo-
lome response to whole-ecosystem warming at the spruce
and peatland responses under changing environments
experiment. Proc Natl Acad Sci 118:62004192118. https://
doi.org/10.1073/pnas.2004192118

Ye C, Chen D, Hall SJ et al (2018) Reconciling multiple
impacts of nitrogen enrichment on soil carbon: plant,

@ Springer

microbial and geochemical controls. Ecol Lett 21:1162—
1173. https://doi.org/10.1111/ele.13083

Ye C, Huang W, Hall SJ, Hu S (2022) Association of organic
carbon with reactive iron oxides driven by soil ph at the
global scale. Glob Biogeochem Cycles. https://doi.org/10.
1029/2021GB007128

Zhao Q, Poulson SR, Obrist D et al (2016) Iron-bound organic
carbon in forest soils: quantification and characterization.
Biogeosciences 13:4777—4788. https://doi.org/10.5194/
bg-13-4777-2016

Zhao Y, Liu C, Li X et al (2023) Sphagnum increases soil’s
sequestration capacity of mineral-associated organic car-
bon via activating metal oxides. Nat Commun 14:5052.
https://doi.org/10.1038/s41467-023-40863-0

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


https://doi.org/10.1007/s10021-014-9752-x
https://doi.org/10.1088/1748-9326/9/2/024003
https://doi.org/10.1088/1748-9326/9/2/024003
https://doi.org/10.1038/ncomms15972
https://doi.org/10.1038/ncomms15972
https://doi.org/10.1029/2021GL092391
https://doi.org/10.1073/pnas.2004192118
https://doi.org/10.1073/pnas.2004192118
https://doi.org/10.1111/ele.13083
https://doi.org/10.1029/2021GB007128
https://doi.org/10.1029/2021GB007128
https://doi.org/10.5194/bg-13-4777-2016
https://doi.org/10.5194/bg-13-4777-2016
https://doi.org/10.1038/s41467-023-40863-0

	Metal-bound carbon and nutrients across hydrologically diverse boreal peatlands
	Abstract 
	Introduction
	Methods
	Site description
	Peat core sampling
	Chemical analyses
	Statistical analyses

	Results
	Discussion
	Roles of redox-active metals in binding organic matter and nutrients
	Roles of non-redox-active metals in binding organic matter and nutrients
	Implications for global change

	Conclusions
	Acknowledgements 
	References




