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Wetlands are typified by a hydrologic regime that induces anoxia in the soil dur-
ing the growing season, and by vegetation that is adapted to O,-deficient soils.
This combination of hydrology, soil, and vegetation gives rise to site conditions
that greatly affect ecosystem processes and landscape functions. Wetlands are
now widely recognized for the important functions and values they provide, and
concern exists regarding the integrity of the wetland resource and the sustaina-
bility of those attributes (Conserv. Found., 1988). Soil C is inextricably linked to
many wetland functions including element cycling and storage (Hemond, 1980;
Clymo, 1984a; Verhoeven, 1986; Damman, 1990; Verry & Urban, 1992), water
quality (Hemond, 1990; Marin et al., 1990; David & Vance, 1991), hydrology
(Boelter & Verry, 1977; Ingram, 1983), and vegetation dynamics (Vasander,
1982; Laine et al., 1992). Carbon accumulation and storage in wetland soils also
are particularly important ecosystem processes that affect the global C budget.
Estimates of C storage in northern peatlands alone range from 257 Pg (Eswaran
et al., 1993) to 455 Pg (Post et al., 1982; Gorham, 1991), which comprise 16 and
33% of the respective estimates of the global soil C pool. Eswaran et al. (1993)
reported an additional 51 Pg C in mineral soils classified in the aquic suborders,
which are characteristically wetland soils. These estimates of soil C in wetlands
are constrained by inadequate data on wetland area, organic horizon depth, and
soil bulk density (Schiesinger, 1986, Eswaran et al.,, 1993). However, they
demonstrate the importance of wetland soils as a global C sink.

The proportion of northern wetlands which are forested is unknown; how-
ever, statistics from five countries demonstrate that forests comprise a significant
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Table 20-1. Area of wetlands and forested wetlands occuring North America and Eurasia, and the
proportion of commercial forest land occuring as wetlands.

Proportion of
commercial
Total wetland Forested forest land in
Country area wetland area wetlands Sourcet
*106 ha *106 ha %

Sweden 8.4 3.48§ 20 1
Finland 10.4% ? 47 2
USA 423 21.1 9 34
USSR ? 245.0 22 5
Canada 1110.0% ? ? 6

+1 = Hanell (1991), 2 = Paivanen (1991), 3 = Frayer (1991), 4 = Abernethy and Turner (1987),
5 = Vompersky (1991), 6 = Haavisto and Jeglum (1991).

{Estimate is for peatland area only, it does not include mineral soil wetlands.

§Does not include noncommercial forest land.

proportion of the wetland resource, and that commercial wood product operations
are an important use of those wetlands (Table 20-1). In the northern USA forests
comprise 51 to 66% of the total wetland area (Cubbage & Flather, 1993). The
wetland resource in individual states may comprise a larger proportion of the
commercial forest land area than the national average; for example in Michigan,
Minnesota, and Wisconsin the proportions are 22, 29, and 16%, respectively
(Smith & Hahn, 1987, 1989; Hahn & Smith, 1987). Estimates of forested wet-
lands within the vast Canadian peatlands are not available, however Haavisto and
Jeglum’s (1991) assessment of commercial forests operations demonstrates that
wetlands are important. Similarly, in Scandinavia and the former USSR, intensive
management of forested wetlands has been an integral component of commercial
forest operations (Hanell, 1991; Paivanen, 1991; Vompersky, 1991).

Management regimes on these northern, forested wetlands vary consider-
ably, ranging from harvesting alone to intensive silvicultural systems designed to
maximize wood fiber production. Because of concern about wood utilization effi-
ciency and sustained site productivity, management of forested wetlands typically
involves harvesting, site preparation, reforestation, and stand tending. Drainage
systems also are a common part of forest management prescriptions, particularly
in the southeastern USA, Finland, and the former USSR (Allen & Campbell,
1988; Paivanen, 1991; Vompersky, 1991). Management prescriptions for forested
wetlands in the northern USA and Canada do not usually involve drainage,
although there is ongoing research and applications using such systems (Jeglum
& Overend, 1991).

Common silvicultural practices used in northern forested wetlands include
clearcut harvesting (stem-only and whole-tree), site preparation (mounding),
replanting, and fertilization. How do these practices affect soil C dynamics in
wetlands? What are the associated effects on ecosystem processes? What is the
resultant effect on soil C balance at different spatial scales? These questions and
others related to the impacts of silvicultural operations on northern forested wet-
lands have not been adequately studied. Johnson (1992) recently completed a
review of forest management impacts on soil C in forests, but only one of the
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approximately 100 papers reviewed addressed northern forested wetlands.
Johnson (1992) reported that harvesting alone generally caused little net change
in upland soil C, while more intensive disturbances associated with site prepara-
tion usually reduced soil C levels. Organic matter decomposition in wetland soils
is sensitive to the same biotic and abiotic factors which affect upland soils.
However, the effect of silvicultural disturbances in wetlands may not be the same
because of differences in silvicultural practices and site conditions, especially the
large C content and anoxic properties of wetland soils.

Forested wetlands are an important component of northern landscapes.
Ecological processes which affect wetland functions (e.g., modification of hydro-
logic regimes, water quality, habitat, or C storage) and societal values (e.g., aes-
thetics, recreation, forest products) are sensitive to the biotic and abiotic proper-
ties of the wetland and its C cycle. Accordingly, an understanding about the
effects of forest management practices on C dynamics is necessary if those prac-
tices are to be used in a way that does not degrade wetland functions and values.
This paper has three objectives: (i) review the distribution and function of C in
northern forested wetlands, (ii) review how different silvicultural practices affect
soil C levels, and (iii) consider the potential for recovery of soil C following dis-
turbance by silvicultural practices.

WETLAND PROPERTIES AND PROCESSES

There are many classification systems and terms which are used to describe
forested wetlands (Mader, 1991). Unfortunately, none of these are ideal for char-
acterizing soil C content or the affect of soil C on wetland functions, such as
hydrology, water quality, or nutrient cycling. This is because classification sys-
tems either lack specificity with respect to soil and hydrologic properties, or con-
sensus on definitions and nomenclature. Generally, wetlands are classified on the
basis of landform, vegetation, depth of peat accumulation, and trophic status. For
purposes of this paper we distinguish three categories of forested wetlands: (i)
mineral soil, (ii) histic-mineral soil, and (iii) peatlands (Histosols). These cate-
gories reflect the degree to which the wetlands have accumulated soil C (Table
20-2).

Mineral soil wetlands commonly occur in landforms which have a fluctuat-
ing water table and extended aerobic periods during the growing season. Organic
matter does not accumulate in these soils because decomposition is not suffi-
ciently limited by saturation. Accordingly, C flux is approximately balanced
between inputs and outputs. Mineral soil wetlands are morphologically similar to
upland soils except for the presence of hydric soil indicators (e.g., low chroma
mottles within the upper 25 cm, seasonal high water table or flooding). Peatlands
(Histosols) are wetlands that have a thick (>40 cm) accumulation of surface
organic matter. Peatlands have traditionally been characterized by the source of
water which sustains the plant community. Fens are minerotrophic peatlands sup-
plied from groundwater and precipitation. In contrast, bogs are ombrotrophic,
and receive water primarily from precipitation (Table 20-2). These water quality
and hydrologic characteristics of peatlands have a significant effect on the vege-
tation and peat type. However, the present vegetation does not necessarily reflect
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the composition of accumulated organic matter because it is a function the cur-
rent hydrologic conditions, which may not have been the same during succes-
sional development of the wetland (Swanson & Grigal, 1989).

Intermediate between mineral soil wetlands and peatlands are the histic-
mineral soil wetlands, which have a histic epipedon 5 to 40 cm thick. These wet-
lands are nascent peatlands, functioning as a C sink and having hydrologic and
biogeochemical processes that are strongly affected by organic matter accumula-
tion. Swamp is a common term used in conjunction with this wetland soil type
(Table 20-2). Histic-mineral soil wetlands are not generally considered a peat-
land (Histosol) until the accumulation of surface organic materials is greater than
40 cm (Soil Survey Staff, 1975; NWWG, 1988).

Carbon Distribution

Soil

Soil C represents the largest C pool in northern forested wetlands, ranging
from 50 to 1300 t ha™! (Fig. 20-1). The amount of C stored in a particular wet-
land depends on the C concentration, thickness, and bulk density of the soil hori-
zons. The rate of C accumulation in peatlands is dependent on wetland produc-
tivity, stage of successional development, and organic matter decomposition
(Clymo, 1984b). Average C accumulation rates in peatlands range from 0.1 to
0.8t Cha! yr! (Fig. 20-1).

Soil C in forested peatlands and histic-mineral soil wetlands occurs primar-
ily as partially decomposed organic matter. Accumulated organic matter (i.e.,
peat) in these wetlands has a direct effect on soil hydrologic properties (Boelter
& Verry, 1977; Ingram, 1983; Glaser, 1987; Siegel & Glaser, 1987; Verry, 1988).
The degree of peat decomposition is the critical parameter affecting water reten-
tion, bulk density, and hydraulic conductivity (Boelter, 1969) and C mineraliza-
tion (Wieder & Yavitt, 1991; Hogg, 1993). Two distinct zones are recognized
within a peatland to distinguish areas of biological activity, hydrology, and
edaphic properties (Fig. 20-2). The acrotelm, or surface zone, is characterized by
a variable soil water content, a relatively high hydraulic conductivity, and active
nutrient cycling and decomposition. The thickness of the acrotelm is defined by
the lower limit of natural groundwater fluctuations. In contrast, the catotelm is
permanently saturated, the peat is generally highly decomposed, biological activ-
ity is very low, and water flow is minimal due to a very low hydraulic conductiv-
ity (Ingram, 1983). In histic-mineral soils the surface organic horizons would be
analogous to the acrotelm. These terms are not used in reference to mineral soil
wetlands.

Vegetation

Northern forested wetlands contain diverse plant communities, which have
developed in response to climate, hydrology, and substrate conditions (Teskey &
Hinkley, 1978; Hofstetter, 1983; Glaser, 1987, NWWG, 1988). The occurrence
and productivity of these plant communities vary with respect to water chem-
istry, water flow, water table depth, and climate (Richardson, 1978; Damman &
French, 1987; Damman, 1990). Tree species which are common to northern
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Biologically Active

Variable Oxygen Content
Variable Water Content
High Hydraulic Conductivity
Many Roots

Low Biological Activity
Anaerobic

Saturated

Low Hydraulic Conductivity
Few Roots

Accumulated Peat

Fig. 20-2. Location and functional properties of the acrotelm and catotelm in peatlands (after
Damman & French, 1987).

wetlands are presented in Table 20-2. The forest overstory comprises the largest
biomass C pool, which is typically 20 to 100 times greater than C in the under-
story vegetation (Fig. 20-1). There is little available information on the below-
ground biomass in forested wetlands (Santantonio et al., 1977). The few studies
conducted indicate that roots comprise 10 to 30% of the total C biomass pool.
Net aboveground productivity of northern forested wetlands range from 1 to 10
t ha™! yr~', which is generally lower than other temperate freshwater wetlands
and upland forests (Richardson, 1978). Understory vegetation is a significant
proportion of total wetland net productivity, comprising 5 to 50% of above-
ground growth.

Sphagnum is perhaps the single most important plant affecting northern
forested wetlands. While there are several hundred Sphagnum species, approxi-
mately 20 are important in the development of peatlands (Clymo, 1987). The
occurrence of different Sphagnum species reflects microsites of varying pH con-
ditions, available nutrients and water, the light (Andrus, 1986). Sphagnum affects
wetland processes by increasing the water holding capacity of the peat (Boelter
& Verry, 1977), acidification (Clymo, 1984a), and peat accumulation (Clymo,
1984Db). The slow decomposition rate and high water retention characteristics of
Sphagnum are important mechanisms of paludification and development of deep
peatlands (Moore & Bellamy, 1974). The acidification and exchange capacity of
Sphagnum affects plant distribution and nutrient cycling within the wetland
(Hemond, 1980; Crum, 1988). Sphagnum also is an important component of net
wetland productivity, often exceeding the productivity of trees (Grigal, 1985;
Brock & Bregman, 1989).

Organic Matter Decomposition

The development of histic-mineral soil wetlands and peatlands requires that
the rate of organic matter production exceed the rate of decay. Organic matter
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accumulation occurs until a steady state exists between production and decay
within the organic horizons (Clymo, 1992). Soil water content, temperature, acid-
ity, and substrate quality are the primary factors affecting the rate of organic mat-
ter decomposition in wetlands (Moore & Bellamy, 1974; Clymo, 1984b; Hogg,
1993). Estimates of long-term C accumulation rates, derived from *C dated peat
cores, range from 8 to 41 g C m2 yr'!, with an average of 21 g C m yr' (Tolonen
et al.,, 1992). However, these accumulation rates do not account for sustained
decay throughout the peat column. When this factor is considered, using Clymo’s
(1984b) decomposition model, the actual long-term C accumulation rate is 33%
lower than the estimate derived from C peat cores (Tolonen et al., 1992).
Peatland surface accretion rates range from 0.1 to 4.3 mm yr, with values com-
monly ranging between 0.5 to 2 mm yr! (Tolonen et al., 1992). Peat accumula-
tion is not constant with time, the rate of accumulation declines as the thickness
of peat increases (Clymo, 1984b).

Organic matter decomposition is most active in the surface soil or acrotelm,
which has higher temperature and O, content, and a larger supply of labile C than
deeper in the soil (Clymo, 1984b; Lieffers, 1988; Hogg, 1993). However, in peat-
lands having a hummock/hollow relief organic matter decomposition rate in the
surface O horizons has been reported to be greater in the hummocks due to
increased aeration (Farrish & Grigal, 1985), or less in hummocks due to higher
acidity and water table fluctuations (Rochefort et al., 1990). Hogg et al. (1992)
demonstrated that frequent wetting and drying cycles increase organic matter
decomposition, as compared to extended dry periods alone.

Substrate quality and site conditions also are important factors affecting
decomposition in forested wetlands. Hogg (1993) reported that CO, released
from Sphagnum peat from near the surface was greater than older peat from 10-
to 12-cm depth, when both peats were incubated under the same abiotic condi-
tions. A primary factor contributing to the lower decay rate of deeper peat was its
increased proportion of nonhydrolysable C (Jorgensen & Richter, 1992). Nutrient
status of peatlands affects organic matter decomposition, with fens exhibiting
higher decomposition rates than bogs (Farrish & Grigal, 1988). Interactions
among wetland conditions and substrate quality also affect C mineralization from
peat (Wieder & Yavitt, 1991).

Efflux of C from wetlands occurs both as gas and liquid, with gaseous out-
puts of C (CO, and methane [CH,]) being the dominate pathway (Fig. 20-1). Soil
temperature is a primary factor affecting organic matter decomposition.
Correspondingly, CO, and CH, flux from wetlands is positively correlated to soil
temperature (Kim & Verma, 1992; Bartlett & Harriss, 1993; Dunfield et al,
1993). Gas fluxes are highest during the summer, corresponding to the period of
warmest soil temperatures. Although organic matter decomposition is low during
the winter, it can be a significant proportion of the annual decay (Taylor & Jones,
1990; Brackke & Finer, 1990). Dise (1992) reported that CH, emissions during
the winter can comprise 4 to 21% of the annual flux. Microbial population size
and substrate availability also affect soil gas flux (Yavitt et al., 1987).

Soil aeration is another important factor affecting organic matter decompo-
sition, and in peatlands it is strongly influenced by water table depth
(Mannerkoski, 1985, p. 1-190). Soil aeration has a significant effect on the
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proportion of CO, and CH, in the total gas flux from a wetland (Moore &
Knowles, 1989; Freeman et al., 1993). Methane oxidation is very rapid in aerated
wetland soils, hence CH, emission is low when the water table recedes below the
soil surface (Bartlett & Harriss, 1993). In contrast, CO, flux is stimulated when
the water table is lowered (Kim & Verma, 1992; Freeman et al., 1993).

Carbon output in waters emanating from northern wetlands has long been
considered to be high, but this C flux has not been adequately considered in esti-
mating total C losses from wetlands, or in terms of watershed functions. Hemond
(1990) hypothesized that riparian wetlands were the primary source of dissolved
organic carbon (DOC) in streams in recently glaciated terrain. Other studies have
recently established a relationship of DOC in streams with the occurrence of
adjacent wetlands (Heikkinen, 1990; Koprivnjak & Moore, 1992). Organic acids
comprise a significant proportion of the DOC, and are the principal anions pro-
viding the charge balance in waters from northern forested wetlands (Urban et al.,
1987; Sallantaus, 1988). However, the transport of organic acids and associated
cations are sensitive to the hydrologic flow path, especially when mineral soils
are involved (Cronan, 1990; Heikkinen, 1990; David & Vance, 1991).

EFFECTS OF SILVICULTURAL PRACTICES

Wetness is a major constraint on silvicultural operations and vegetation pro-
ductivity in northern wetlands. Accordingly, silvicultural practices are designed
to ameliorate the wetness limitations. Drainage has been used extensively to man-
age water table levels, and it is most commonly used in conjunction with har-
vesting, site regeneration, and site improvement prescriptions (Paavilainen &
Paivanen, 1988). The following discussion reviews the effects of those practices
on soil C levels and the corresponding impact to soil and water processes.

Forest Drainage

Drainage systems are used in many forested wetlands in northern Europe and
Asia (Heikurainen et al., 1978; Jeglum & Overend, 1991; Vompersky, 1991).
Drainage has been a particularly important practice in Finland and the former
USSR, where over 5.5 million hectares have been drained in each country
(Paivanen, 1991; Vompersky, 1991). This practice has not been prevalent in
northern forested wetlands of North America, although there is a history of
drainage dating to the early 1900s (Zon & Averell, 1929) and considerable oppor-
tunities exist for expanded use in Canada (Haavisto & Jeglum, 1991).
Silvicultural drainage systems typically use open ditches in a variety of configu-
rations that lower the water table 30 to 73 cm below the soil surface (Paivanen &
Wells, 1977; Terry & Hughes, 1978; Braekke, 1983).

Until recently the emphasis of studies on drained wetlands focused primar-
ily on forest growth responses and nutrient cycling, with little regard to changes
in soil C levels. Significant changes in soil C following drainage are expected due
to induced changes in both biotic and abiotic conditions. However, only recently
have studies of previously drained peatlands documented reductions in soil C
(Table 20-3). These changes in soil C following drainage do not necessarily
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reflect total C loss or gain, but represent a net change that includes both inputs
and outputs. Bogs generally exhibited greater soil C losses than fens, however,
the cause of this difference has not been addressed. Drainage effects on soil C
levels in forested, histic-mineral soil wetlands have not been documented, how-
ever, a reduction in soil C would be expected. Reductions in soil C from forest
drainage is generally less than the 7.8 to 11.2 t ha yr! which Armentano and
Menges (1986) reported for agriculturally drained wetlands. Drainage does not
always result in net reduction of soil C, although changes in soil C pools are dif-
ficult to detect when based on peat depth (Anderson et al., 1992). Increased soil
C following drainage was documented in one study (Laine et al., 1992), which
was attributed to improved site quality affects on belowground biomass produc-
tion.

Pathways of C loss following drainage include both gas emissions and leach-
ing. Carbon dioxide flux increases following drainage (Lahde, 1969; Silvola,
1986), while CH, flux is usually reduced (Bartlett & Harriss, 1993). Armentano
and Menges (1986) reported C loss, as CO,, from drained forested wetlands in
the northern USA as approximately 2.8 t ha yr'. That amount is within the
range of C losses reported from forested peatlands which were measured by dif-
ferences in soil C pools (Table 20-3). Increased DOC export from drainage of
northern, forested peatlands also has been widely reported (Table 20—4;
Heikurainen et al., 1978; Ahtiainen, 1988; Lundin, 1988; Heikkinen, 1990).
However, reductions in DOC also have been found (Kenttamies, 1981; Hovi,
1988). Exports of DOC following drainage are a function of water balance altera-
tions (Sallantaus, 1988). Drainage of fens reduces the normal influx of ground-
water thereby reducing the total water flux through the wetland. In contrast,
hydrologic inputs to bogs are not as affected by drainage because precipitation is
the primary water source. The specific hydrologic response in drained wetlands
is dependent on the drainage system design, regional hydrology, geomorphic set-
ting, vegetation type, soil properties, and climate (Starr & Paivanen, 1986).

Reductions in soil C pools after draining peatlands, either as gases or DOC,
is a direct result of increased organic matter decomposition due to changes in soil
aeration and temperature regimes (Lieffers & Rothwell, 1987; Lieffers, 1988).
Drainage systems increase the depth to water table thereby effectively increasing
the volume of aerated soil (Munro, 1984; Mannerkoski, 1985, p. 1-190). The
effects of drainage on soil temperature are varied, with reports of no change, to
increases of 2 to 4°C in the upper 30 cm of peat (Table 20-5). Although either
increased aeration or temperature alone would have a stimulatory effect on
organic matter decomposition, the combined effect would have the most signifi-
cant impact (Oades, 1988).

Harvesting

Wood fiber products in northern forested wetlands are usually harvested by
clear-cutting, either using whole-tree or stem-only harvest systems. Clearcutting
offers efficiencies in harvest operations, and it is an effective method for regen-
erating wetland forests. Both types of clearcutting systems reduce aboveground
biomass, but whole-tree harvesting involves a greater removal of smaller
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diameter material, sometimes including foliage (Mann et al., 1988). While many
studies have been conducted comparing the effects of these two harvesting sys-
tems on biomass pools in upland soils we found no such studies on northern wet-
lands.

Musselman and Fox (1991) reported that clearcutting on all soils in the USA
could reduce soil C pools 25 to 50%. Although a recent review of 13 studies
showed that harvesting may either increase or decrease soil C in upland soils, the
net effect was usually less than a 10% change in mineral soil C content (Johnson,
1992). Changes in the C content of the forest floor also increased or decreased
depending on the quantity of logging residue. Effective maintenance of soil C
would most likely occur for stem-only harvesting where a proportion of the over-
story biomass remains on site. Although leaving woody residue may have a short-
term effect on the size of the soil C pool, it is unlikely that the residue additions
would change the soil C equilibrium levels, nor does it represent an effective
mechanism for reducing nutrient losses (Fahey et al., 1991; Titus & Malcolm,
1992).

Only one study was found which considered the effect of harvesting alone on
soil C pools in northern wetlands, since most silvicultural prescriptions in north-
ern forested wetlands involve drainage, site preparation, or both (Table 20-3).
Trettin et al. (1992) reported a 28% reduction in soil C 18 mo after whole-tree
harvesting a histic-mineral soil swamp. The annualized C loss following harvest-
ing alone was greater than that reported for peatlands which were drained (Table
20-3). However, these losses reported for peatlands represent a net change in soil
C that includes C inputs and outputs over several decades; in contrast, the short-
term response reported for the histic-mineral soil wetland involves C loss pre-
dominately.

The impact of harvesting on soil C in peatlands and histic-mineral soil wet-
lands is expected to be different from upland soils. Unlike upland forests, these
forested wetlands are characterized by thick surface O horizons, which have
developed because of slow organic matter decomposition rates. Changes in soil
temperature, aeration, and nutrient availability after harvesting increase organic
matter decomposition rates (Trettin & Jurgensen, 1992) and cause reductions in
soil C levels. Higher soil temperature following harvesting is a primary factor
contributing to increased organic matter decomposition (Table 20-5). This effect
occurs rapidly following harvesting and can persist for more than 10 yr (Kubin &
Kemppainen, 1991).

Water table depth greatly affects soil aeration, hence changes in the water
table following harvesting also would impact organic matter decomposition. The
affect of water table depth on aeration is largely controlled by the hydrologic
regime, but it also varies temporally (Munro, 1984) and spatially within the wet-
land (Trettin, unpublished data). Depth to the water table in undrained wetlands,
where the water table normally falls to at least 30 cm below the soil surface dur-
ing the growing season, will typically decrease following harvesting (Verry,
1988). On these sites, anoxia induced by the higher water table would limit the
rate of organic matter decomposition. In undrained wetlands where the water
table normally remains within 30 cm of the soil surface, the amplitude of water
table fluctuations after harvesting will increase, but the average depth will remain
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the same (Verry, 1986, 1988). In drained peatlands the water table typically rises
following harvesting (Paivanen, 1982).

Mineralization of woody residue and soil organic matter following harvest-
ing of forested wetlands increases DOC and mineral nutrient leaching (Ahtiainen,
1988; Hughes et al., 1990). The leached C and nutrients can have a direct effect
on the productivity and acid-base chemistry of nearby streams. Huttunen et al.
(1988) measured increases in both algal and bacteria primary production follow-
ing clearcutting of forested wetlands in Finland, but no effect was found when an
uncut buffer strip was left adjoining the stream. While DOC exports are an impor-
tant pathway for C loss in all harvested peatlands, the flux may be dependent on
the type of harvest system used. Whole-tree harvest removes more C as biomass,
leaving less residue for subsequent decay. Stem-only harvest leaves more residue
on the site, which is subject to decay and release as CO,, CH, and DOC. Whether
there is a difference in total C loss between these two types of harvesting systems
in wetlands has not been studied.

Site Preparation

Site preparation is used on forested wetlands to establish sites for planting
seedlings, and for the control of competing vegetation. Numerous site preparation
systems are used on northern wetlands, which mostly involve some form of
mounding (Sutton, 1993). Mounds are created either by disking or excavation.
These mounds provide an elevated planting site and mitigate against increased
water table levels following harvesting. Disked mounds (i.e., bedding) mix sur-
face soil horizons into the center of the planting bed, while mounds created by
excavation typically do not mix the surface soils (Attiwill et al., 1985; Sutton,
1993).

The degree of soil mixing as a result of site preparation greatly affects
organic matter decomposition. Ross and Malcolm (1988) found in a laboratory
study that mixing peat with mineral soil under both aerated and saturated condi-
tions increased organic matter decomposition and nutrient mineralization in
accordance to the degree of mixing and soil aeration levels. Results from a field
study comparing harvesting and site preparation demonstrated that bedding
caused greater reductions in soil C pools, as compared to harvesting alone (Table
20-3). These C losses occurred within the first 18 mo following harvest, and were
a result of increased organic matter decomposition in the O horizons.
Measurements 30 mo later showed no changes in soil C among site preparation
treatments (J.W. McLaughlin, unpublished data). The loss of soil C as a result of
bedding was greater than annual losses reported for drained peatlands or har-
vested histic-mineral soil wetlands (Table 20-3).

As was shown earlier for timber harvesting, soil temperature increases as a
result of site preparation and is a primary factor affecting organic matter decom-
position (Table 20-5). This is especially true for mounding, which increased the
rate of soil warming in the spring and increased the maximum midsummer soil
temperature in a histic-mineral soil wetland (Trettin & Jurgensen, 1992). Sutton
(1993) also reported that mounding increased soil temperature.

The most pronounced effect of site preparation on organic matter decompo-
sition occurs when both soil aeration and temperature are affected (Hogg et al.,



SOIL CARBON IN NORTHERN FORESTED WETLANDS 453

1992). Elevated soil temperature increased decomposition of peat under aerated
conditions, but temperature did not have an obvious effect on organic matter
decomposition when saturated peat was incubated in a laboratory study (Hogg et
al., 1992). A similar temperature and water regime interaction on the cellulose
decay was reported by Donnelly et al. (1990). Field measurements of organic
matter decomposition following site preparation of a histic-mineral soil wetland
found increased decomposition in the upper 25 cm of soil (Fig. 20-3) which was
attributed to increased temperature and aeration (Trettin & Jurgensen, 1992).
Harvesting alone did not increase soil temperature to the same extent as mound-
ing, and the affect was evident in the lower decomposition rate. Increased organic
matter decomposition as a result of mounding also have been reported for other
northern (Sutton, 1993) and southern (Bridgham et al., 1991) forested wetlands.

RECOVERY OF SOIL CARBON

Increased organic matter decomposition rates following silvicultural prac-
tices reduces the ability of forested wetlands to serve as a C sink. In many cases,
increased decomposition rates can transform a wetland from a C sink to a C
source. Long-term accumulation rates of soil C in northern peatlands range from
810 41 g m2 yr' (Tolonen et al., 1992). The time necessary to replace soil C loss
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Fig. 20-3. Rate of cellulose decay in a histic-mineral soil swamp in northern Michigan 1 yr follow-
ing whole-tree harvesting and whole-tree harvesting plus mounding. Cellulose decomposition rate
was measured by Cotton Strip Assay (after Trettin & Jurgensen, 1992).
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resulting from silvicultural practices could take decades to centuries. Reductions
in soil C pools after harvesting range from approximately 1000 to 5000 g m
(Table 20-3). If postdisturbance accumulation rates were the same as predistur-
bance, the recovery time to return soil C to preharvest levels would range from
40 to 120 yr, using an accumulation rate of 23 g m? yr! (Gorham, 1991).
However, it is unlikely that peat accumulation on disturbed wetlands would be the
same as under predisturbance conditions because of changes in plant species
composition and productivity, hydrology, and nutrient cycling. On drained peat-
lands the recovery of soil C may never occur because long-term CO, emissions
(approx. 30 g m yr') exceeds average C accumulation rates (Gorham, 1991).
Shifts in C allocation among the soil and vegetation will affect wetland functions,
but there is little empirical data on which to assess this potential response.

The duration of impacts on soil C accumulation resulting from silvicultural
practices is dependent on wetland properties and the type forest management
practice. Results from several studies in northern peatlands demonstrated that C
loss was still evident 20 to 30 yr after the wetland was drained (Table 20-3).
Vompersky et al. (1992) suggested that improved plant growth following
drainage may mitigate against loss of soil C. However, even if increased wetland
productivity effectively reduces net C losses or perhaps even increases C storage
on the site, any soil C loss should be expected to change soil hydrologic proper-
ties and nutrient cycling within the wetland. Only one study (Laine et al., 1992)
has documented a net increase in soil C following drainage as a result of
increased stand productivity. Braekke (1992) reported increased root growth fol-
lowing drainage and fertilization, but he did not determine the change in soil C
levels. Sakovets and Germanova (1992) reported that total C content on a drained
fen increased following drainage as a result of increased aboveground biomass
production, although soil C levels actually decreased.

Mitigation of soil C loss by increased biomass production has only been
demonstrated for fens. There are currently no studies which suggest that
ombrotrophic wetlands have the potential for productivity gains to compensate
for soil C loss. Changes in C allocation from soil C to above- and/or belowground
biomass represents a functional change in the wetland that may temporarily bal-
ance the C flux and storage, but it is doubtful that increased C in biomass will
replace the C accumulation function of peatlands and histic-mineral soils because
cultivated biomass does not represent a long-term C sink (Vitousek, 1991).

CONCLUSIONS AND PERSPECTIVES

A significant, but yet uncertain, proportion of northern wetlands are forested,
accumulate soil C, and are important for wood production in many countries.
Carbon accumulation in these wetlands is a result of biomass production exceed-
ing the rate of organic matter decomposition. Biotic and abiotic factors which
affect organic matter accumulation include hydrology, geomorphic setting,
microclimate, and vegetation composition and production. A unique aspect of
C-accumulating wetlands is that the affect of those developmental factors on wet-
land functions change as organic matter accumulates. Accordingly, wetland
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functions, including soil water storage, modification of water quality, nutrient
cycling, habitat conditions, and others, are sensitive to soil C levels. Carbon stor-
age alone is an important wetland function that affects the global C budget.

The C balance in forested wetlands is sensitive to various silvicultural prac-
tices. However, information characterizing the impacts of silvicultural practices
in terms of long-term C dynamics and wetland functions are very limited.
Harvesting, site preparation, and drainage each cause a reduction in soil C.
However, the magnitude of C loss is dependent on wetland type (bog, fen,
swamp), management regime imposed, and time since disturbance. The actual
loss of soil C caused by these silvicultural practices is difficult to ascertain with
existing information. Most available data is from long-term studies that permit
only an assessment of the net change in soil C storage. The loss of soil C follow-
ing silvicultural practices occurs as CO,, CH,, and DOC. However, the relative
importance of gaseous and aqueous pathways for C flux have not been adequately
addressed. Increased soil temperature and aeration are the primary factors caus-
ing soil organic matter decomposition to increase following harvesting and site
preparation. Carbon losses are greatest in drained and site-prepared wetlands,
where aerated soil volume and water table fluctuations are the greatest.

In contrast, biomass production on wetlands sometimes increases following
drainage and site preparation. That response has been postulated as a mechanism
for mitigating soil C loss following drainage. Currently, only one study has mea-
sured an actual increase in soil C following drainage, all others have reported a
net C loss. Increased C accumulation in biomass following other silvicultural
practices (e.g., harvesting, site preparation) also may be considered to balance the
loss of soil C. However, changes in C accumulation among different pools (e.g.,
biomass, soil) within the wetland will affect ecosystem functions.

Given the diversity of wetland types and the importance of these ecosystems
for wood products, additional research is needed to determine the effects of sil-
vicultural practices on soil C and associated ecosystem processes. Studies are
needed to characterize the magnitude of soil C loss following silvicultural prac-
tices, and to determine the partitioning among the gas and aqueous pathways for
C flux. These data are needed to determine the impacts on wetland functions,
including, the global C balance, stream water quality, stream biota, hydrology,
and element cycling and transport. Other studies are needed to further character-
ize the mechanisms controlling soil C loss, in particular the interaction between
moisture and temperature regimes in field-scale experiments. Finally, long-term
research is needed to assess the functional response of different wetland types to
altered patterns of C allocation and storage following silvicultural practices. This
information is particularly important for designing best management practices to
sustain inherent wetland functions.

To address the growing public concern on the management of forested wet-
lands, regional, interdisciplinary studies are needed to enhance the knowledge-
base regarding the effects of silvicultural practices. Ideally, such studies should
have a common treatment design that is applied to regionally important wetland
types. A good example of a comprehensive, integrated study is SUOSILMU, a
Finnish program designed to determine the role of peatlands in the biogeo-
chemical cycling of C (Kanninen & Anttila, 1992). In the USA, opportunities for
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integrated studies on managed wetlands are provided through research coopera-
tives (Shepard et al., 1993) and consortia (e.g., Consortium for Research on
Southern Forested Wetlands). Expansion of these efforts, particularly in northern
regions, is needed in order to provide an informed basis for decisions on the regu-
lation and management of forested wetlands.
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