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ENVIRONMENTAL AND SUBSTRATE CONTROLS OVER
CARBON AND NITROGEN MINERALIZATION IN
NORTHERN WETLANDS!

KAREN UPDEGRAFF, JOHN PASTOR, SCOTT D. BRIDGHAM, AND CAROL A. JOHNSTON
Natural Resources Research Institute, University of Minnesota, Duluth, Minnesota 55811 USA

Abstract. Northern wetlands may be a potential carbon source to the atmosphere upon
global warming, particularly with regard to methane. However, recent conclusions have
largely been based on short-term field measurements. We incubated three wetland soils
representing a range of substrate quality for 80 wk in the laboratory under both aerobic
and anaerobic conditions at 15° and 30°C. The soils were obtained from a Scirpus—Carex-
dominated meadow in an abandoned beaver pond and from the surface and at 1 m depth
of a spruce (Picea)-Sphagnum bog in Voyageurs National Park, Minnesota. Substrate qual-
ity was assessed by fractionation of carbon compounds and summarized using principal
components analysis. Nitrogen and carbon mineralization, the partitioning of carbon be-
tween carbon dioxide and methane, pH, and Eh were measured periodically over the course
of the incubation. The responses of nitrogen mineralization, carbon mineralization, and
trace gas partitioning to both temperature and aeration depended strongly on the substrate
quality of the soils. Sedge meadow soil had the highest nitrogen and carbon mineralization
rates and methane production under anaerobic conditions, and carbon mineralization under
aerobic conditions, but the surface peats had the highest nitrogen mineralization rates under
aerobic conditions. Methanogenesis was highest in the sedge soil but less sensitive to
temperature than in the peats. A double exponential model showed that most of the variation
in nitrogen and carbon mineralization among the soils and treatments was accounted for
by differences in the size and kinetics of a relatively small labile pool. The kinetics of this
pool were more sensitive to changes in temperature and aeration than that of the larger
recalcitrant pool. Principal components analysis separated the soils on the basis of labile
and recalcitrant carbon fractions. Total C and N mineralization correlated positively with
the factor representing labile elements, while methanogenesis also showed a negative cor-
relation with the factor representing recalcitrant elements. Estimates of atmospheric feed-
backs from northern wetlands upon climatic change must account for extreme local variation
in substrate quality and wetland type; global projections based on extrapolations from a

few field measurements do not account for this local variation and may be in error.
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INTRODUCTION

Wetland carbon dynamics are a critical but poorly
understood component of the global carbon (C) cycle.
Historically, peatlands have been net C sinks, accu-
mulating approximately one-third of the world’s soil
(Gorham 1991). However, climate warming may con-
vert subarctic and boreal peatlands from net C sinks
into net atmospheric C sources (Gorham 1991), re-
sulting in a significant positive feedback to global
warming. Furthermore, methane (CH,) is a significant
decomposition end product in anaerobic soils, and has
been estimated to have =11 times the direct atmo-
spheric warming potential of carbon dioxide (CO,) on
a molar basis (Houghton et al. 1992).

Numerous laboratory studies have shown the im-
portance of temperature (King et al. 1981, Bridgham
and Richardson 1992, Pulliam and Meyer 1992), pH
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(MacGregor and Keeney 1973, Shotyk 1989, Valentine
et al. 1994; but see Bridgham and Richardson 1992),
redox potential (Jakobsen et al. 1981), and organic mat-
ter quality (Lévesque and Mathur 1979, Lévesque et
al. 1980, Kelly and Chynoweth 1981, Brown et al.
1988, Yavitt and Lang 1990, Johnson and Damman
1991, Valentine et al. 1994) in controlling C and N
dynamics in wetland soils. Nadelhoffer et al. (1991)
related differences in laboratory N and C mineraliza-
tion potentials among six Arctic soils to differences in
their organic matter quality. In addition, the close link-
age between C and N dynamics has been demonstrated
under laboratory (Gale and Gilmour 1988, Houot et al.
1989) and field (Melillo et al. 1989) conditions.
Although substrate quality has long been recognized
as a major factor controlling decay in soils, its role in
trace gas production has only recently received atten-
tion. Carbon dioxide and CH, evolution have been
linked to degree of peat humification (Crill et al. 1988,
Stewart and Wheatley 1990). Other studies have cor-
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related organic matter quality (e.g., percentage cellu-
lose and acid-soluble organic matter) to laboratory CH,
and CO, production rates (Brown et al. 1988, Yavitt
and Lang 1990). Recent studies suggest there is a wide
range of substrate quality in northern wetlands, ranging
from spruce (Picea mariana)-Sphagnum peat to the
organic matter derived from graminoid wetlands typ-
ically found in beaver ponds, that may correspond to
differences in their trace gas emissions (Yavitt and
Lang 1990, Johnson and Damman 1991, Valentine et
al. 1994).

To improve our ability to predict wetland trace gas
emissions, it is necessary to couple a process level
understanding of C and nutrient dynamics with land-
scape level criteria. We hypothesize that the interaction
of landscape level abiotic factors (such as climate and
hydrology) with plant and microbial physiologies con-
trols substrate availability and C and nutrient miner-
alization in wetland soils. These then act as feedbacks
affecting plant production, litter quality, and plant-me-
diated gas transport.

The coupling of soil C and N dynamics with pre-
dictive models necessitates the generation of appro-
priate kinetic constants for the release of these elements
from soil organic matter. A common approach to ob-
taining kinetic data is the long-term incubation of soil
or litter samples under controlled environmental con-
ditions (Stanford and Smith 1972). Aerobic incubations
in microlysimeter containers (Nadelhoffer 1990) allow
the concomitant determination of N and C mineraliza-
tion potentials via periodic leachings and headspace
gas sampling. We developed an anaerobic incubation
technique (Updegraff et al. 1994) to facilitate contin-
uous measurement of C and N mineralization and the
partitioning of respired C between CO, and CH,. Using
this in parallel with Nadelhoffer’s (1990) aerobic tech-
nique, we initiated long-term incubations of three
northern wetland soils.

The objectives of this study were: (1) to define sub-
strate-controlled differences in mineralization kinetics,
(2) to assess the interactions between substrate quality
and environmental factors in regulating C and N min-
eralization, and (3) to determine factors controlling the
partitioning of anaerobic C mineralization between CO,
and CH,. Results indicate that the effects of tempera-
ture and hydrology (aeration) on mineralization are
strongly mediated by substrate characteristics, and ef-
forts to model global C and nutrient dynamics must be
guided by an understanding of organic matter quality
differences among wetland types.

METHODS
Overall experimental design

In August 1990, we collected soil cores from a sedge
meadow dominated by Scirpus cyperinus and Carex
spp. in an abandoned beaver pond and from a spruce
(Picea mariana)-Sphagnum bog in Voyageurs National
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Park in northern Minnesota (48° N). These included
the Oa horizon (5-15 cm to a clay B horizon) of a
Typic Haplaquept in the sedge meadow and samples
from 0 to 15 and 80 to 100 cm depths of a Typic
Borohemist in the bog. The bog peat was Sphagnum-
derived with frequent woody fragments (J. Janssens,
personal communication); the surface peat included un-
decayed top moss while the 1 m deep peat was rela-
tively well humified. Ten cores of each sample type
were taken randomly from an =1 ha area at each site.
The cores were immediately sealed into polyethylene
bags and frozen until processing.

We measured N and C mineralization and the par-
titioning of respired C between CO, and CH, by pe-
riodic sampling during an 80-wk period. Ten replicates
of each soil were incubated aerobically and anaerobi-
cally at 15° and 30°C (total number of samples: 3 sub-
strates X 2 temperatures X 2 aerations X 10 replicates
= 120). The two temperatures represent a typical max-
imum surface temperature in Minnesota wetlands (15°)
and a generally accepted optimum temperature for mi-
crobial processes (30°). The higher temperature al-
lowed for better definition of decomposition kinetics
within the 80-wk incubation period.

Sample preparation

To minimize exposure to oxygen, samples were pre-
pared in a glovebox under a continuous flow of N,.
The thawed soil samples were hand-mixed, removing
large roots and stones. A portion of each sample was
removed for the anaerobic incubation, while the re-
mainder was used for the aerobic incubation and soil
characterization. Field-moist soil samples were mixed
with washed polystyrene pellets (to facilitate drainage
during leaching) and placed in the top halves of 150-
mL polypropylene Falcon filter units (model 7102,
Becton, Dickinson and Company, Cockeysville, Mary-
land).

Aerobic incubations were exposed to ambient air ex-
cept during gas flux measurement, and their moisture
content was maintained through periodic additions of
distilled water. The aerobic microlysimeter method has
been described in detail by Nadelhoffer (1990).

To adapt the method for anaerobic incubation, the
sample cups were separated from the receiver units and
incubated (with sample) in 500-mL Mason jars filled
with de-oxygenated water (Fig. 1). Supplementary lay-
ers of nylon and retaining rings were added above and
below the sample to prevent the soil from escaping
from the sample cup when flooded. Samples were re-
moved from the jars for leachings only in a glovebox
under a N, atmosphere.

Two 5-mm ports (B and C in Fig. 1) allowed the
installation of Pt electrodes for the measurement of Eh
(Faulkner et al. 1989) in the anaerobic incubations.
Septum D was connected to a glass j-shaped tube for
headspace injection. A 12-mm port (Septum A) allowed
the introduction of a calomel reference or pH electrode.



