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CHAPTER 9

Northern Peatlands

LINE ROCHEFORT, MARIA STRACK, MONIQUE POULIN,  

JONATHAN S. PRICE, MARTHA GRAF,  

ANDRÉ DESROCHERS, and CLAUDE LAVOIE

Peatlands are best defined by their capacity to accumulate 
organic matter, thus forming an organic soil named peat. 
This means that over time, the productivity of the system is 
greater than its rate of decomposition. Development of peat-
lands in the landscape is favored in cool, moist climates and 
in landscapes with poor drainage. Despite their peculiarities, 
the delineation of peatlands from other wetlands is not always 
straightforward. For global understanding, we are adopting 
the following definitions: peat: a sedentarily (in situ) accu-
mulated material composed of > 30% (dry mass) of dead and 
partly decomposed organic matter; and peatland: an area with 
or without vegetation, with a naturally accumulated peat layer 
of ≥ 30 cm at the surface. Peat accumulation can reach consid-
erable depths, up to 11 – 15 m, but usually will range between 
2 – 6 m in boreal regions. The minimum depth of 30 cm is often 
chosen as a somewhat arbitrary threshold for peat formation, 
but it is useful for classification purposes, such as gathering 
statistics among different countries or modeling global carbon 
cycles (IMCG Website, RAMSAR, Wetlands International).

Two main types of northern peatlands are commonly recog-
nized: bogs and fens. Fens are peatland systems influenced by 
flowthrough drainage, where enriched water coming from the 
surrounding watershed provides an array of mineral elements 
for a diverse plant community. This flowing water brings a cer-
tain degree of oxygenation to the organic substrate, which 
accelerates peat decomposition. Hence, fen peat deposits are 
usually not as thick as bog peat formed in rain-fed-only sys-
tems. The different types of vegetation in fens coincide rela-
tively well with the degree of minerotrophy. Fen vegetation is 
often dominated by sedges (Carex and other Cyperaceae) and 
brown mosses (Amblystegiaceae bryophytes), some shrubs 
(willows, alders, or dwarf birches), and trees (larches); Sphag-
num mosses are rare or absent when the pH is high (Amon, 
Thompson, et al. 2002; Bedford and Godwin 2003).

Bogs are mostly rain-fed systems, and thus poor in mineral 
nutrients, except when under oceanic influence. They rarely 
develop directly on mineral substrate (Sundberg, Hansson, 
et al. 2006), and most often bogs succeed in chronosequence 
from fen habitats (Kuhry and Turunen 2006). Indeed the accu-
mulation of fen peat with time slowly diminishes plant access 
to the mineral pool of nutrients. At one point in their devel-

opment, plant roots can no longer reach the mineral nutrient 
pool supplied by groundwater, and vegetation better adapted 
to poor nutrient conditions succeeds. Sphagnum mosses are by 
far the most common and abundant plant component in bogs. 
Cotton grass (Eriophorum vaginatum), ericaceous shrubs, and 
coniferous trees grow in association with the Sphagnum car-
pet. In North American peatlands, ericaceous shrubs in bogs 
are composed of a mix of Kalmia, Ledum, Chamaedaphne, Vac-
cinium, and Gaylussacia species. Black spruce (Picea mariana) is 
ubiquitous, but tamarack (Larix laricina) is also regularly found 
on wetter, more minerotrophic sites (Montague and Givnish 
1996). Simply put, northern peatlands are mossy, spongy habi-
tats. One walks on a soft carpet of vegetation, although it can 
be through dense black spruce thickets. In a nonpeatland wet-
land, a person will most likely get muddy feet.

Hydrology

The form and function of fens and bogs are strongly related to 
hydrological processes, which control the availability of water, 
dissolved minerals and nutrients, and ultimately the nature 
of the biotic environment. Fens generally occupy a relatively 
low position in the landscape, where they receive surface or 
groundwater from the surrounding mineral sediments. Where 
suitable climate and landscape exist, peat continues to accu-
mulate, the water table rises, and hydraulic gradients between 
the fen and the upland decrease and may eventually reverse. 
The result is a peatland that is entirely ombrogenous (fed only 
by precipitation, P), and is defined as “bog” (Fig. 9.1).

The regional distribution of bogs and fens is related to land-
scape factors, but also to latitudinal and zonal gradients. Lat-
itudinal effects control peat accumulation through (1) mois-
ture availability (precipitable moisture), which is a function of 
atmospheric temperature; (2) the effect of temperature on pro-
ductivity and decomposition rates; and (3) energy available for 
evapotranspiration (ET). Zonal (east/west) effects are related to 
the degree of continentality, i.e., moisture restrictions. Dam-
man (1979) noted that in eastern North America there are 
northern and southern limits to bog occurrence, since they 
are reliant on ombrogenous water. Precipitation decreases 
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120  Inland Wetlands

northward and potential evapotranspiration (Pet) increases 
southward; both conditions limit water supply. a similar 
effect occurs with decreasing precipitation and increasing 
Pet in continental locations. Bogs cannot exist where P < et, 
although they occur in the Western Boreal Plain (Vitt, Halsey, 
et al. 1994), where P < Pet and bog et << Pet (Petrone, silins, et 
al. 2007). However, since fens have an additional water source 
through surface and/or groundwater, they become more com-
mon than bogs where the atmospheric water deficit is more 
intense.

Hydrological processes within peatlands and their role 
in downstream aquatic systems are dominated by the struc-
ture and character of the peat soil, which ranges from liv-
ing and dead but undecomposed plant material near the sur-
face through poorly to well-decomposed materials at depth. 
Ingram (1978) defines the upper layer (acrotelm) as a variably 
saturated zone that extends to the depth of the average lowest 
annual water table and where biological activities are concen-
trated and nutrient exchange occurs (Fig. 9.2). the lower layer 
(catotelm) is the permanently saturated layer below which bio-
logical activity is considerably reduced, facilitating the accu-
mulation of plant remains. the acrotelm is usually distinct 
in bogs, typically 35 – 50 cm in thickness (Belyea and Clymo 
2001) and thinner (~10 – 20 cm) and less distinct in fens (Price 
and Maloney 1994) because of a higher, less variable water 

table. the saturated hydraulic conductivity of the acrotelm 
can decrease from the surface by four or five orders of magni-
tude in bogs (Hoag and Price 1995; letts, Roulet, et al. 2000) 
and three or four orders of magnitude in fens (Price and Malo-
ney 1994; Ferone and devito 2004).

Peatlands have the ability to self-regulate their hydrology, 
keeping water levels relatively stable. When water tables are 
high, such as following snowmelt or during prolonged wet 
periods, near-surface water flows readily through the perme-
able acrotelm, facilitating runoff (Quinton, Hayashi, et al. 
2008). as the water table declines, the system’s transmissiv-
ity decreases significantly, and runoff is inhibited. During 
extended dry periods, runoff from bogs may cease altogether 
and moderate amounts of rain may not produce any outflow 
(Bay 1969). Fens, whose water supply is supplemented by 
groundwater inflow, maintain a higher water table and conse-
quently are less likely to dry (Ingram 1983). Patterned bogs and 
fens are very effective at retaining water (Price and Maloney 
1994). In spring snowmelt, water flows readily around ridges 
(Quinton and Roulet 1998), but after snowmelt, water must 
seep through the peat matrix of ridges; thus runoff responses 
are slow and et losses dominate (Price and Maloney 1994).

Water flow through the catotelm is minimal (Ingram 1983) 
because of low hydraulic conductivity; horizontal water flows 
are also low (Belyea and Clymo 2001). Upward flow from min-

FIG. 9.1. Peatland types according to landform type, water chemistry, and hydrology. the sources of water and mineral ions are indicated by 
arrows. the alkalinity in the surface water decreases with increasing distance from the source of the groundwater or runoff draining from min-
eral soils. (Glaser 1992.) 

49756txt.indd   120 2012.02.29   06:20
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eral substrates can be important water sources for fens (devito, 
Waddington, et al. 1997), while mineral soils underlying bogs 
typically restrict seepage losses (Ingram 1983). Water content 
of saturated catotelm peat is frequently at or slightly greater 
than 0.9 cm–3 (hayward and Clymo 1982), and it is a source 
of water for evaporation during dry periods as hydraulic gradi-
ents reverse from recharge to discharge, even in bogs (devito, 
Waddington, et al. 1997; Fraser, roulet, et al. 2001).

Water-storage changes in peatlands are typically assumed 
to be manifest entirely by changes in water table as pores 
drain or refill according to the specific yield of the acrotelm 
(Ingram 1983). however, dilation and contraction of peat vol-
ume (specific storage), causing surface swelling or subsidence, 
can be more important than pore drainage (specific yield) 
mechanisms in determining water-storage changes (Price and 
schlotzhauer 1999). seasonal contraction of peat volumes 
leading to subsidence can also reduce hydraulic conductivity 
by several orders of magnitude (Price 2003; hogan, van der 
Kamp, et al. 2006). the effect is more prominent in fen pool 
and lawn communities than in more structurally rigid ridges, 
minimizing water table drop below the (descending) surface 
(Whittington and Price 2006), having implications for eco-
logical and biogeochemical processes (strack and Waddington 
2007).

evapotranspiration is the dominant water loss from bogs, 
ranging up to 4 – 5 mm d–1 (Lafleur, Hember, et al. 2005), but it 
decreases markedly if Sphagnum moss dries (Admiral, Lafleur, 
et al. 2006); the upward capillary flow that sustains ET (Price, 
edwards, et al. 2009) becomes limited by the low hydrau-
lic conductivity of drained moss (Price, Whittington, et al. 
2008). In fens, et can be sustained at or near Pet when vascu-
lar plants are growing and the water table is within the rooting 
zone (Kim and Verma 1996). Price and Maloney (1994) noted 
that evapotranspiration from a fen surface was ~60% greater 
than from a bog surface. Where surface subsidence keeps 
the water table near the surface, evapotranspiration rates are 
higher and more consistent (Lafleur and Roulet 1992).

hydrological processes in northern peatlands can be 
strongly affected by freezing and permafrost. seasonal frost is 
persistent and permafrost is common in northern peatlands 
because of the thermally insulative properties of dry moss in 
the summer and thermally transmissive properties when wet 
in fall and winter (Brown and Williams 1972). Ice-cored palsas 
and peat plateaus form up to 2 – 3 m above the drainage level 
of some fens (dever, hillaire-Marcel, et al. 1984). their raised 
profile isolates them from surface water inflows, and hence 
they are a characteristic bog landform. Water in these features 
has a relatively short residence time, being quickly translated 
into runoff (dever, laithier, et al. 1982; Quinton and hayashi 
2005). their elevated position with respect to the regional 
water table ensures rapid water delivery to adjacent fen peat-
lands, which are the major regional or watershed conduits for 
runoff (Price 1987; Quinton and hayashi 2005). Frost causes a 
perched water table, which facilitates runoff and keeps the sys-
tem wetter than it would be otherwise. this can be an impor-
tant mechanism to explain the occurrence of bogs in the rela-
tively dry Western Boreal Plain (Petrone, devito, et al. 2008). 
In winter, differential rates of seasonal frost penetration can 
alter groundwater flow paths (Price and Woo 1988). Winter 
drainage produces little flow from bogs, but inflow from min-
eral uplands can sustain flow into and from fens (Price and 
FitzGibbon 1987). et rates in winter are low, but can represent 
23 – 30% of the total annual flux (Lafleur, Hember, et al. 2005).

Biogeochemistry

as with all wetland ecosystems, the oxidation-reduction (or 
redox) potential is an important control on the availability 
of chemical elements and cycling of materials in soils. Water-
logged soil conditions limit oxygen availability and result 
in anaerobic metabolism of organic matter, slowing decom-
position and resulting in the substantial accumulation of 
soil carbon. as a result, northern peatlands are estimated to 
store between 270 and 455 × 1015 g of carbon (Gorham 1991; 
turunen, tomppo, et al. 2002), an amount equivalent to 
approximately one-third of all soil carbon stocks and 34 – 57% 
of the carbon currently held in the atmosphere (IPCC 2007). 
Northern peatlands are also estimated to contribute 5 – 10% 
of global Ch4 emissions (Mikaloff Fletcher, tans, et al. 2004). 
Because of this important role in the global carbon cycle, it is 
not surprising that much peatland biogeochemical research 
has focused on carbon cycling. Variability in cation concentra-
tions and acidity among northern peatlands has been linked to 
hydrogeology and availability of elements from atmospheric 
sources. lately an increasing interest is being paid to nutrient 
cycling as atmospheric deposition of nitrogen increases (lim-
pens, heijmans, et al. 2006).

Carbon Cycling

temperate and boreal peatlands have accumulated soil carbon 
since the last glaciation (~10,000 – 14,000 years ago), and stud-
ies using soil cores give long-term accumulation rates of 19 to 
25 g C m–2 yr–1 (Roulet, Lafleur, et al. 2007). Carbon accumu-
lates in peatlands because uptake of carbon via gross ecosys-
tem photosynthesis (GeP) exceeds losses via decomposition. 
Changes in stored carbon (∆C) can be expressed as:

∆C =  – (Nee + FCh4 + FNMVoC + FQ),

where NEE is the net flux of carbon as CO2 from the ecosys-
tem to the atmosphere (i.e., GeP minus autotrophic and het-
erotrophic respiration), FCh4 is the flux of CH4, FNMVoC is the flux 
of nonmethane volatile organic compounds, and FQ is the flux 
of carbon in particulate and dissolved forms carried by hydro-
logical inputs/outputs to the ecosystem. In all cases fluxes are 
positive if carbon is lost from the ecosystem.

Contemporary rates of carbon exchange are known to vary 
widely from year to year, controlled largely by growing sea-
son temperature and water table position. saarnio, Morero, et 
al. (2007) compiled values for Nee ranging from an uptake of 
67 to a release of 80 g C m–2 yr–1for bogs to an uptake of 98 to 
release of 101 g C m–2 yr–1 for fens. these broad ranges likely 
result from the fact that most studies are conducted for only 
one or two years and thus poorly represent average conditions 
at sites. several peatlands with longer records report similarly 
large ranges, but average rates of carbon accumulation of ~22 – 

24 g C m–2 yr–1 (Roulet, Lafleur, et al. 2007; Nilsson, Sagefors, 
et al. 2008) are similar to long-term accumulation rates deter-
mined from cores.

Methane emissions also vary both within and among peat-
lands. Bogs are reported to emit < 1 to 16 g Ch4 – C m–2 yr–1 and 
fens < 1 to 42 g Ch4 – C m–2 yr–1 (saarnio, Morero, et al. 2007). 
since Ch4 is produced under highly reduced conditions and 
may be oxidized to Co2 above the water table, water table posi-
tion is an important control on Ch4 emissions, with higher 
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122  Inland Wetlands

fluxes from wetter sites. Temperature is positively correlated to 
CH4 emissions in many studies (e.g., Dise, Gorham, et al. 1993). 
Vegetation type (Bubier 1995) and productivity (Waddington, 
Roulet, et al. 1996; Tuittila, Komulainen, et al. 2000) are also 
related to CH4 flux because plants provide labile substrate for 
CH4 production and some species can transport CH4 from the 
soil to the atmosphere. Once produced in soil, CH4 can also 
accumulate as free-phase gas, or bubbles (Strack, Kellner, et al. 
2005; Comas, Slater, et al. 2008; Waddington, Harrison, et al. 
2009), and recent research suggests that CH4 release via bub-
bling (ebullition) may account for a substantial portion of total 
peatland CH4 emissions (Glaser, Chanton, et al. 2004; Comas, 
Slater, et al. 2008).

Carbon is also lost from peatlands via hydrologic output in 
both particulate and dissolved organic and inorganic forms. 
These outputs may account for a significant portion of peat-
land carbon cycles (Billett, Palmer, et al. 2004). Some suggest 
that hydrologic export of carbon from peatlands is increas-
ing (Freeman, Evans, et al. 2001), leading to concerns over 
destabilization of these soil carbon stocks. Causes of increas-
ing exports, particularly of dissolved organic carbon (DOC), 
are still uncertain, but possible mechanisms include warm-
ing temperatures (Freeman, Evans, et al. 2001), severe drought 
(Worrall, Burt, et al. 2004), increasing vegetation productiv-
ity (Freeman, Fenner, et al. 2004), and decreasing atmospheric 
deposition of sulphate (Evans, Chapman, et al. 2006).

Recent research has also shown that release of carbon to 
the atmosphere as nonmethane volatile organic compounds 
(NMVOCs) may account for up to 5% of the total carbon bal-
ance of northern peatlands (Bäckstrand, Crill, et al. 2008). 
Efflux of NMVOCs appears correlated to temperature, water 
table, and vegetation type (Bäckstrand, Crill, et al. 2008), with 
vascular plants likely responsible for most emissions (Tiiva, 
Faubert, et al. 2009).

Mineral and Nutrient Availability

Mineral concentrations in peatlands are largely controlled by 
the source of hydrologic inputs. Because fens receive inputs of 
surface and groundwater that has interacted with mineral soil, 
concentrations of cations and alkalinity are higher than bogs 

receiving only precipitation (Table 9.1). Mineral inputs can 
also be atmospherically derived. Gorham and Janssens (2005) 
assessed peat chemistry in five bogs and observed a higher con-
centration of sea salt – derived minerals (Cl, S, Br) in maritime 
locations and more wind-blown soil-derived minerals (Al, Ce, 
Cr) in midcontinental sites.

Several studies have found that the hydrogeologic set-
ting of the peatland can have an important control on min-
eral and nutrient concentrations and turnovers. For example, 
Devito and Hill (1997) observed that small headwater peat-
lands exhibited variable sulphate retention depending on till 
depth in the catchment. Shallow till depth resulted in elimina-
tion of groundwater inputs in dry summers, resulting in water 
table drawdown and sulphate mobilization. Similarly, Mitch-
ell, Branfireun, et al. (2009) compared porewater chemistry 
at peatland sites with variable upland slope geometries. They 
found higher concentrations of methylmercury in porewa-
ter adjacent to concave slopes, likely due to larger hydrologic 
inputs supplying sulphate and DOC, important for mercury 
methylation.

In general, concentrations of nutrients such as nitrogen 
and phosphorus are relatively low in peatlands and may vary 
inconsistently along bog-fen gradients (Table 9.1). However, 
minerotrophic peatlands are often slightly more nutrient 
rich than ombrotrophic sites (Laine, Komulainen, et al. 2004; 
Keller, Bauers, et al. 2006). At many sites, primary productivity 
is phosphorus limited (Kellogg and Bridgham 2003). Despite 
low nutrient availability, peat accumulation into thick organic 
soils represents a long-term accumulation of nutrients (Laine, 
Komulainen, et al. 2004; Gorham and Janssens 2005).

Because northern peatlands are dominated by vegetation 
and microbial communities adapted to low nutrient condi-
tions, ecosystem response to fertilization, particularly atmo-
spheric nitrogen deposition, has been the focus of many 
recent experiments. Fertilization with N has been observed to 
increase the abundance of vascular vegetation at the expense 
of bryophytes, particularly Sphagnum (Limpens and Berendse 
2003; Keller, Bauers, et al. 2006; Bubier, Moore, et al. 2007). 
This shift in vegetation can increase GEP and ecosystem respi-
ration (Lund, Christensen, et al. 2009); however, in some cases, 
net uptake of CO2 is reduced by fertilization because of the loss 
of mosses (Bubier, Moore, et al. 2007). A meta-analysis of N-fer-
tilization experiments in Sphagnum-dominated peatlands 
(Limpens, Granath, et al. 2011) determined that low levels of 
N addition enhance Sphagnum production, whereas higher lev-
els reduce production. The rate of N application that reduces 
moss production is lower when background N deposition is 
high. Higher temperatures and low phosphorus levels exacer-
bated detrimental effects of N application. Generally fertiliza-
tion has little effect on CH4 emissions (Keller, Bridgham, et al. 
2005; Lund, Christensen, et al. 2009); however, emissions of 
the greenhouse gas nitrous oxide (N2O) are increased when N 
is added (Lund, Christensen, et al. 2009).

Microtopography and Peatland Biogeochemistry

While it is clear that biogeochemistry varies among peatlands 
ecosystems, within-site variability is also important. Water 
tracks within a peatland complex support vegetation commu-
nities adapted to more nutrient-rich conditions because the 
water flow provides a constant supply of nutrients (Malmer 
1986). In addition, differences in elevation of the peatland 
surface create zones with varying water table and vegetation 

Acrotelm 

Catotelm 

Average lowest 
annual water table 

Post-rain 
water table 

0 1
Water content (cm3 cm–3) K (cm s–1) 

10–6 10–1 

FIG. 9.2. Hydrological processes within peatlands and their role in 
downstream aquatic systems are dominated by the structure and char-
acter of the peat soil.
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communities. these features, often called microforms, may 
be one to several meters in extent and centimeters to meters 
in height. Because water table and vegetation are such impor-
tant controls on carbon and nutrient cycling, microforms have 
been observed to have significant differences in carbon accu-
mulation (Belyea and Clymo 2001), Ch4 fluxes (Waddington 
and roulet 1996), nutrient (eppinga, rietkerk, et al. 2010), 
and methylmercury concentrations (Branfireun 2004). Micro-
forms also respond differently to disturbances such as drought 
and warming (Strack and Waddington 2007; Sullivan, Arens, 
et al. 2008). More than simple differences between micro-
forms, it is clear that the composition and distribution of these 
features within a peatland can affect whole ecosystem func-
tion (Waddington and Roulet 2000; Becker, Kutzbach, et al. 
2008; Baird, Belyea, et al. 2009). Thus, in addition to local and 
regional hydrogeology, microtopography should be consid-
ered when studying peatland biogeochemistry.

Vegetation Gradients

Vegetation gradients exist at several spatial scales in north-
ern peatlands. A vegetation gradient is defined as a change in 
abundance, composition, or growth of plant species or com-
munities in relation to space or another physical, chemical, or 
biological gradient. one reason why gradients have received so 
much attention by scientists is their clear expression in peat-
land landscapes (Sjörs 1948; Bridgham, Pastor, et al. 1996; 
Økland, Økland, et al. 2001). Bryophytes have a different 
nutrient acquisition strategy than vascular plants. Given their 
lack of vascular structure and unistratose cellular leaf compo-
sition, bryophytes are more influenced by growing conditions 
at the soil-atmosphere interface than vascular plants depend-
ing more on deeper substrate layers. Consequently, changes of 
vascular plants and bryophytes along gradients are not always 
controlled in similar ways (Glaser, Janssens, et al. 1990; Vitt 
and Chee 1990; Bragazza and Gerdol 2002).

Sjörs (1948) identified three gradients that are important to 
determining patterns in peatland vegetation: (1) the micro-
topographical gradient between vegetation and the water 
table (often referred to as the hummock-hollow gradient); 
(2) the degree of openness from peatland margin to peatland 

expanse; and (3) the degree of minerotrophy (as defined by pH 
and cation base richness, referred to as the ph-alkalinity gra-
dient). When discussing chemical gradients, the term minero
trophy strictly refers to base richness (metallic cations and 
ph), whereas the terms oligotrophic, mesotrophic, and eutrophic 
refer only to nutrient richness (mainly N and P) as used in lim-
nology. lately, a gradient in fertility related to the availability 
of the limiting nutrient elements N and P has been revealed 
for vascular plants (Bridgham, Pastor, et al. 1996; Wheeler and 
Proctor 2000). In terms of predicting the response of plant 
communities of northern peatlands to climate change and 
a wide-scale pattern of nitrogen depositions, both ph-alka-
linity and nutrient gradients must be addressed and vegeta-
tion surveys must include both mosses and vascular plants 
(Bedford, Walbridge, et al. 1999; Limpens, Granath, et al. 
2011) to adequately assess responses of peat moss – dominated 
peatlands.

Hummock-Hollow Gradient

the hummock-hollow gradient is the linear sequence over a 
few meters of microstructure. Microtopographical levels along 
a water table gradient are identified as hummock, lawn, car-
pet, and hollow/mud-bottom/pool (Fig. 9.3). this gradient is 
usually described by the distribution of Sphagnum mosses or 
other bryophytes (e.g., Vitt, Crum, et al. 1975; Wagner and 
Titus 1984; Bubier 1995), but vascular plants can also be useful 
(damman and dowhan 1981). hummocks are raised 20 – 80 cm 
above the water surface and are characterized by dwarf shrubs 
and Sphagnum fuscum (Fig. 9.4a). Lawns are 5 – 20 cm above the 
water level and are characterized by graminoids and Sphagnum 
species such as S. rubellum and S. magellanicum. Floating car-
pets or hollows are between 5 cm below to 5 cm above the sur-
face and have a sparser cover of graminoids and mosses (e.g., 
S. angustifolium). Mud-bottoms are often flooded and may lack 
vascular plant cover. they may support mosses or liverworts, 
but are often simply bare peat with a cover of algae (Karofeld 
and toom 1999). Pools are water basins that are permanently 
filled, often with vegetation such as Warnstorfia fluitans (Fig. 
9.4a) around the edges. In bogs (sensu lato for Sphagnum-dom-
inated peatlands), hummock mosses are dominated by species 

table 9.1

summary of chemical data for surface water for four peatlands in western Canada

 Bog Poor fen
Moderately  

rich fen
extremely  

rich fen

ph 3.96 (0.07) 5.38 (0.13) 6.14 (0.27) 6.88 (0.30)

Conductivity (µs/cm) 39.0 (11.0) 48.0 (14.0) 85.0 (16.3) 187.0 (35.0)

Ca2+ (mg/l) 3.00 (0.96) 5.88 (1.88) 11.09 (2.92) 23.28 (6.52)

Mg2+ (mg/l) 0.72 (0.35) 3.14 (1.05) 5.07 (1.37) 7.78 (1.76)

alkalinity (µequiv./l) < 0 (–) 198.0 (51.0) 694.0 (186.0) 1,716.0 (401.0)

No3
–-N (µg/l) 5.74 (2.10) 4.90 (1.68) 4.48 (2.55) 3.64 (1.82)

Nh4 (µg/l) 17.6 (8.40) 13.2 (8.82) 12.2 (10.5) 6.44 (5.88)

srP (µg/l) 8.27 (6.10) 52.7 (27.9) 77.7 (101.0) 7.34 (7.03)

note: Modified from Vitt, Bayley, and Jin 1995. Values are averages of 18 water samples (36 for moderately rich fen) with stan-
dard deviation in parenthesis. srP is soluble reactive phosphorus.
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from the acutifolia taxonomic section of sphagna, whereas 
species from the Cuspidata section frequently grow in wet hol-
low habitat.

although less studied, microtopographical gradients also 
exist in moderate-rich and rich fens (Fig. 9.4b). Vitt (1990) 
described this gradient as hummock (or string), carpet, lawn, 
and flark (or marl pool). In fens, the microtopographical gradi-
ent is more difficult to study because the topographical height 
gradient is superposed with a minerotrophic gradient between 
hummocks and depressions. Hence, in relatively rich fens, 
Sphagnum fuscum, a typical bog species, can be found on high 
hummocks or well-developed strings. note that the indicative 
species enumerated in Fig. 9.4 do not correspond to plant com-
munities, but are just presented as examples of species distrib-
uted along the bog or fen microtopographical gradient. the 
duality of middle-range topographical gradient and minero-
trophic gradient is exemplified by Scirpus cespitosus, S. hudso-
nianus, Carex exilis, and Potentilla palustris for vascular plants 
and Loeskhypnum badium for bryophytes (Bubier 1995; Camp-
bell and Rochefort 2001).

Swamp Forest – Open Peatland Gradient

the swamp forest – open peatland gradient described by sjörs 
(1948) is evident when one walks from upland forests through 
a forested peatland into a less densely forested peatland, and 
finally into an open peatland. Vitt and Slack (1984) describe 
the following moss indicator species for the shade gradient of 
bogs and forested fens of northern Minnesota: (1) communities 
within a closed tree canopy, dominated by Sphagnum teres and 
S. warnstorfii; (2) those with scattered, individual trees to those 
with an open tree cover, dominated by S. fuscum, S. capillifo-
lium, S. magellanicum, S. angustifolium, and S. fimbriatum; and 
(3) those with no shade, dominated by S. papillosum, S. rubel-
lum, S. centrale, S. obtusum, and S. contortum. But it is more the 
tree and shrub spatial pattern that reveals the margin-expanse 
gradient. When approaching the margin of a peatland, the 
density and size of trees of species such as Picea mariana and 
Larix laricina increase, forming a swampy forested zone (Bubier 
1991). shrubs such as Viburnum nudum ssp. cassinoides, Ilex 
(Nemopanthus) mucronatus, and Alnus incana ssp. rugosa have 
greater abundance in that zone (damman and dowhan 1981). 
the lagg, an ecotone quite variable in species composition at 
the transition between peatland and forest ecosystems but 
usually rich in species, exists at the margin of some peatlands 
(Conway 1949). typical lagg species include Carex riparia, C. 
rostrata, Osmunda cinnamomea, and Calamagrostis canadensis.

Although this gradient is mostly influenced by shade (Vitt 
and slack 1984; anderson, davis, et al. 1995), it is condi-
tioned by hydrogeological conditions. the deeper and more 
variable water table at the margins (damman and dowhan 

1981) enables trees to grow larger. the gradient also parallels 
minerotrophy change, as swamp forest margins are close to the 
mineral soil beneath, which most likely sustains the greater 
biomass found at peatland-forest margins. along with the 
presence of more shrubs and trees, light availability is dimin-
ished, causing a change in bryophyte communities, as not all 
Sphagnum species have similar requirements in term of irradi-
ance (Gignac 1992). some ecologists studying temperate peat-
lands argue that the swamp forest – open peatland gradient may 
lack ecological usefulness (Wheeler and Proctor 2000); most 
admit that the direction of variation in vegetation remains 
unclear but still argue that this gradient is caused by a specific 
set of factors (Økland, Økland, et al. 2001). In north american 
peatlands, scant attention has been given to the study of the 
swampy forest – open peatland margin ecotone.

Ombrotrophy-Minerotrophy Gradient

a gradient of vegetation going from “poor in indicative species” 
to “rich in indicative species” exists among bogs, and poor, 
moderate, and rich fens (Sjörs 1963). This gradient is defined 
by the presence of indicative species, particularly minerotro-
phic species. Bogs have very few or no minerotrophic indica-
tive species, whereas fens have few, several, or many indicative 
species according to the degree of minerotrophy. some exam-
ples of moss species indicative of minerotrophic conditions 
in boreal north america are Campylium stellatum, Scorpidium 
scorpioides, S. cossinii, Sphagnum warnstorfii, S. subsecundum, 
and Warnstorfia exannulata, and vascular plant species include 
Carex aquatilis, C. lasiocarpa, C. exilis, Calamagrostis canadensis, 
and Myrica gale. although ombrotrophic peatlands are charac-
terized by a lack of indicative species, an abundance of Sphag-
num fuscum, S. magellanicum, S. angustifolium, and S. cuspida-
tum, along with the vascular plants Eriophorum spissum, Kalmia 
angustifolia, K. polifolia, and Rubus chamaemorus, can indicate 
a bog environment.

Floristic multivariate analyses of peatland vegetation point 
to a primary division between Sphagnum-dominated and 
brown moss – dominated (amblystegiaceae) peatlands. this 
plant division corresponds well to the bimodal frequency dis-
tribution of peatlands related to pH (Gorham and Janssens 
1992). experts believe that grouping peatlands into Sphagnum-
dominated (bogs and poor fens with pH lower than 5.5 – 5.7) 
and brown moss – dominated (moderately rich and rich fens 
with pH greater than 5.5) habitats makes more ecological sense 
than using the strict concept of bog (fed only by precipitation) 
and duRietz’s (1949) notion of indicative species (Vitt 2000; 
Wheeler and Proctor 2000). With such a system, the categories 
of bog and poor fen in table 9.1 would be merged to represent 
chemistry of Sphagnum-dominated peatlands.

the ombrotrophy-minerotrophy gradient is expressed at 

Carpet
String

Water

Pool

Water

Lawn

Pool margin

Low hummock

Hollow

High hummock

FIG. 9.3. schematic drawing representing typical microstructures encountered in peatlands. (drawing 
by denis Bastien.)
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regional scales across different peatlands. But it can also be 
observed within a peatland complex, such as the extensively 
studied Red lake peatlands in Minnesota (Janssens and Glaser 
1986) and the Mariana lakes region in alberta (nicholson and 
Vitt 1990). Changes in species in the ombrotrophy-minero-
trophy gradient tend to follow a gradient of pH and conduc-
tivity/alkalinity/base cations (sjörs 1950; Gorham 1953). Fac-
tors that explain the distribution of plants along this gradient 
are not well understood. However, two important factors are 
the presence of Sphagnum mosses (which can lower pH) and the 
development of the peatland (which, with time, reduces the 
influence of flow-through runoff). A fertility gradient, or one 
of nutrient supply during a given time, may also explain the 
distribution of plants along the ombrotrophic-minetrophic 
gradient. Difficulties in studying fertility gradients stem from 
the time and costs associated with complete nutrient budgets 
involving annual water balance, rate of water flow, and nutri-
ent assimilation and decomposition rates of plants (Bridgham, 
Pastor, et al. 1996).

Biogeographical Gradient (Distance from the Sea)

to the original work of sjors (1948), Malmer (1986) adds a 
fourth gradient: a biogeographical wetness gradient, most evi-
dent in raised bogs, that influences vegetation structure of 
peatlands. Broadly, three types are recognized in north amer-
ica: (1) continental regions that broadly support forested (often 
densely) or shrubby peatlands; (2) wetter areas that harbor 
semiforested peatlands; and (3) the wettest areas, which have 
open peatlands with pools. tree and shrub density gradually 
decreases in peatlands as you move farther east until you reach 
open peatlands with pools of the maritime region (Glaser and 
Janssens 1986). In europe, Malmer (1986) ascertained that cli-
matic conditions were most important in establishing regional 
differences, whereas in north america, Glaser and Janssens 
(1986) revealed the importance of autogenic processes and age 
of the peatlands to the structure of raised bogs.

Plant Adaptations in Peatlands

Sphagnum mosses are often considered eco-engineers in the 
sense that once established in a peatland, they induce changes 
in water regimes, acidity of the environment, and the seques-
tration of nutrients through slowly decomposing peat (van 
Breemen 1995). Peatland vascular plants grow in wet, partly 
anoxic, often nutrient-poor and acidic environments. accord-
ing to Grime’s (2001) plant strategies, peatland vascular plants 
are “stress-tolerators” due to slow growth rate and longevity 
and because they invest little in the production of seeds. strate-
gies to deal with environmental stress are more pronounced in 
bog species and become less pronounced in moderate-rich and 
rich fens. ericaceous shrubs in particular have developed adap-
tations to the wet, acid-poor environment of bogs: persistent 
resinous leaves and involuted margins of the leaves conserve 
humidity, and association with ericoid mycorrhizae helps in 
nutrient sequestration.

Low Nutrient Availability

several strategies allow peatland plants to live in nutrient-poor 
environments. Most peatland vascular plants are perennial, an 

efficient way to ensure large biomass above- and belowground 
(Rydin and Jeglum 2006). a large underground biomass is 
essential to procure enough nutrients in a nutrient-poor hab-
itat. additionally, some ericaceous shrubs (Rhododendron, 
Chamaedaphne, Andromeda) conserve nutrients by retaining 
their leaves over several growth seasons (Crawford 1993). In 
deciduous peatland species (e.g., Rubus chamaemorus and Vac-
cinium spp. in bogs and many grasses and sedges in fens), nutri-
ents are transferred from leaves to the roots and rhizomes in 
autumn and then back to new leaves in spring (Grace 1993). 
sedges additionally conserve nutrients by reproducing asexu-
ally by either aboveground stolons or belowground rhizomes. 
nutrients are conserved by translocating them from the old 
tissue to the new plant.

some peatland species increase nutrient intake (P, n, and 
K) through mycorrhizal associations between the plant roots 
and fungi. the plant has an increased ability to capture water, 
phosphorus, and other nutrients, and the fungi receive car-
bohydrate in return. Species that benefit from mycorrhizal 
associations include various peatland woody species, such as 
Larix laricina, Picea mariana, Alnus incana, Betula glandulosa, 
and B. pumila, as well as ericaceous and orchid species (Cronk 
and Fennessy 2001). However, sedges and cotton grass, domi-
nant vascular species in many peatlands, generally do not have 
mycorrhizae (thormann, Currah, et al. 1999).

the most spectacular example of a plant adaptation to nutri-
ent-poor environments is carnivory in such plants as Drosera, 
Utricularia, and Sarracenia species. these plants increase nutri-
ent intake by trapping and digesting invertebrates. The benefits 
of carnivory must balance the cost of making and maintaining 
the traps (Cronk and Fennessy 2001). some carnivorous plants 
are facultative carnivores, relying on carnivory only in nutri-
tionally hard times, such as a prolonged period without fire 
(Folkerts 1982).

Waterlogging

anoxic conditions common in peatlands can hinder root 
growth and the uptake of minerals and nutrients. some vas-
cular peatland plants have adapted to these conditions by 
developing large intercellular spaces, called aerenchyma, that 
extend from leaves through stems and down into roots or rhi-
zomes. this space transports oxygen to belowground parts 
(Crawford 1978).

additional adaptations help peatland vegetation cope with 
variable water levels, such as after snowmelt or heavy precipi-
tation. the sedge family Cyperacae forms tussocks to elevate 
leaves above the water. Floating mats, common where fens bor-
der lakes, allow vegetation to cope with water fluctuation by 
moving with the water surface (Rydin and Jeglum 2006). some 
peatland plants, especially woody species, adapt their roots 
to cope with flooded conditions. Two common root adapta-
tions are the development of shallow rooting and adventitious 
roots (roots made from tissue other than root tissue) (Crawford 
1978). due to a lack of aerenchyma and a reliance on mycorrhi-
zae, many peatland woody species have shallow root systems. 
these species, such as Picea mariana, Larix laricina, and Thuja 
occidentalis, grow in the aerated zone, which is often just tens 
of centimeters deep (Rydin and Jeglum 2006).

as peatland trees grow, their weight may cause them to sink 
into the peat, exacerbating anoxic conditions. Sphagnum spe-
cies also grow up around the trees and slowly raise the water 
level. Salix spp., Alnus glutinosa, Pinus contorta, Larix laricina, 
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and Picea mariana are all peatland species that can form adven-
titious roots (Cronk and Fennessy 2001; rydin and Jeglum 
2006). adventitious roots grow either directly on the trunk or 
can form from low branches. these new branches grow new 
roots and a new main shoot, leading to clonal reproduction.

Fauna

Peatlands are home to a high diversity of invertebrates; individ-
ual peatlands with well over 1,000 arthropod species are not 
uncommon (Blades and Marshall 1994). together, vertebrate 
and invertebrate species assemblages of northern peatlands 
are unique. In fact, peatlands often contribute significantly 
to regional wildlife diversity, especially in temperate latitudes 
bordering the boreal biome (Calmé, desrochers, et al. 2002; 
spitzer and danks 2006). although most invertebrates found 
in peatlands occur in a variety of habitats, several species are 
found almost exclusively in bogs or fens (spitzer and danks 
2006). herbivore insects restricted to peatland plants, such 
as aphids and moths, dominate this group, but insect preda-
tors and parasitoids also occur as peatland specialists (Gotelli 
and ellison 2002; spitzer and danks 2006). Peatland pools in 
particular harbor highly specialized invertebrate predators, 
including dragonflies (Aeshna) and water bugs (Notonecta).

In contrast to invertebrates, no vertebrate species is thought 
to occur only in peatlands, even though species of every ver-
tebrate class will use peatlands. Bogs rarely harbor fishes in 
their pools due to acidic condition and isolation. occasion-
ally, small fish such as mudminnows (Umbra limi) can be found 
in bogs. Because of the high acidity, bogs have long been pre-
sumed hostile to amphibians, as amphibians undergo major 
exchanges with their environment through their skin (Pough 
1976; leuven, den hartog, et al. 1986). however, recent inves-
tigations indicate that bogs and fens harbor abundant amphib-
ian populations and even offer opportunities for reproduction 
(Mazerolle and Cormier 2003). one rare amphibian species, 
the four-toed salamander (Hemidactylium scutatum), may occur 
in peatlands because of its association with Sphagnum (Wood 
1955), but its occurrence in peatlands remains to be docu-
mented (Mazerolle 2003). Few reptiles are reported in peat-
lands; scarcity may result from northern latitudes or a lack of 
detailed studies.

By far, birds are the most studied peatland vertebrates, and 
over 100 bird species are known to breed in North american 
peatlands (desrochers and van duinen 2006). North american 
peatlands are characterized by a high diversity of lesser-known 
songbirds. among the most frequent birds are ubiquitous spe-
cies such as white-throated sparrow (Zonotrichia albicollis), 
common yellowthroat (Geothlypis trichas), and hermit thrush 
(Catharus guttatus), and more specialized species such as palm 
warbler (Dencroida palmarum) and lincoln’s sparrow (Melospiza 
lincolnii). those birds can reach high population densities on 
the order of 5 to 10 pairs per ha (a. desrochers unpublished 
data). the species listed can be found either in bogs or fens, but 
fens often harbor additional species such as american bittern 
(Botaurus lentiginosus), swamp sparrow (Melospiza georgiana), 
and the ubiquitous red-winged blackbird (Agelaius phoeniceus).

Bogs in particular are attractive to game birds such as spruce 
grouse (Falcipennis canadensis) and sharp-tailed grouse (Tym-
panuchus phasianellus). the impressively large sandhill crane 
(Grus canadensis) is a noteworthy resident in western boreal 
peatlands, and appears to be expanding in eastern boreal peat-
lands. Other significant peatland birds are those where recent 

population declines have raised concerns, including rusty 
blackbird (Euphagus carolinus), a common breeder of boreal 
muskeg whose numbers have plummeted since the mid-1960s 
(sauer, hines, et al. 2008); upland sandpiper (Bartramia lon-
gicauda); and most species of shorebirds (Morrison, aubry, et 
al. 2001). the role of peatlands as staging areas for migrating 
shorebirds merits more investigation. Interestingly, migrat-
ing shorebirds occur not only in natural peatlands, but migrat-
ing flocks also occur regularly in barren expanses of peatlands 
cut over by the Sphagnum peat moss industry (a. desrochers 
unpublished data). It is likely that the extinct eskimo curlew 
(Numenius borealis) used northeastern peatlands regularly in 
the fall, in search of crowberries (Empetrum nigrum) as fuel for 
their journey south (Bent 1962).

Mammals are rarely abundant in peatlands. like most ter-
restrial ecosystems, peatlands support a suite of small rodents, 
but none are specifically associated to this habitat. Mazerolle, 
drolet, et al. (2001) found that only 2 of 15 small-mammal spe-
cies encountered in eastern Canadian bogs exhibited a prefer-
ence for bogs: the arctic shrew (Sorex arcticus) and the southern 
bog lemming (Synaptomys cooperi). Moose (Alces alces) are often 
found in peatlands, particularly near edges between adjoining 
forest patches and open ericaceous habitats that provide food 
and cover against predators and extreme weather.

Ecological Controls

Peatland Development

Peatlands form by paludification or terrestrialization. These 
two processes describe the transformation of aquatic or terres-
trial habitat into peatlands following changes in hydrological 
conditions of the substrate or climatic conditions. Specifically, 
paludification is the swamping of a terrestrial site and terres-
trialization is the filling-in of a lake or shallow water body. 
these two processes do not operate necessarily in an exclu-
sive manner, but it is generally recognized that the inception 
of peatlands is mostly climatically controlled, whereas their 
subsequent development is dominated by autogenic processes 
(Vitt 2006). The interplay between the influence of allogenic 
factors (external influences to the ecosystem such as climate, 
fire, large-scale human impact) and autogenic factors (internal 
influences such as plant succession) is well described by Pay-
ette and rochefort (2001), Charman (2002), and rydin and 
Jeglum (2006).

Peatlands are characterized by a striking heterogeneous 
surface topography that is expressed at several spatial scales: 
from a few meters (hummock-hollow microstructures) to hun-
dreds of meters (pool macrostructure) to landscape scales (bog 
islands; Weltzin, harth, et al. 2001). the main macrostruc-
tures in northern peatlands are the alternating pattern of 
strings and flarks or the presence of pools. Several hypotheses 
have been formulated about mechanisms of control (an active 
area of research among peatland ecologists), but none is yet 
universally recognized.

Macrostructures

among allogenic processes, the influence of freeze-thaw 
actions, gravity through solifluxion, and permafrost creation 
of surface polygons shaped by the presence of ice wedges are 
considered important to macrostructure (seppälä and Kouta-
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niemi 1985; swanson and Grigal 1988). However, in general, 
minimal quantitative data support allogenic development of 
macrostructures in boreal peatlands (Payette 2001). On the 
other hand, autogenic biotic processes are gaining support to 
explain the formation of strings and pools. From stratigraphic 
analyses of several peat profiles within a region, Anderson, Fos-
ter, et al. (2003) have shown that plant abundance will vary 
even if plant succession is under the influence of a uniform 
climate, suggesting that it is mostly autogenic factors control-
ling peat accumulation and in turn the development of macro-
structures. Indeed, pools do not appear synchronously within 
the same climatic region or even the same site (Foster, Wright, 
et al. 1988; tallis and livett 1994; Karofeld 1998), imply-
ing a stronger influence from local variation in vegetation or 
hydrology (Charman 2002). Glaser and Janssens (1986) main-
tained that peat accumulation per se can induce changes in 
the hydraulic properties of peat, leading to a subsequent influ-
ence on macrostructure development. lately, several research-
ers (reviewed in Kuhry and turunen 2006) advocated that the 
interplay of both allogenic and autogenic factors (such as plant 
productivity, decomposition, peat accumulation, and Sphag-
num acidification) is basic to the presence of macrostructrure, 
but that the inception and rate of change are more related 
to external factors, particularly the influence of climate on 
hydrological conditions and water table fluctuations. Some 
simulation models support the interplay of both internal and 
external factors (Belyea and Baird 2006).

Microstructures

Patterns of hummock-hollow formation and their resilience 
through time can be explained by various factors, such as 
intrinsic decomposition rates of Sphagnum species (Johnson 
and damman 1993; Belyea 1996), water table position and cli-
matic conditions (Rydin 1985; Belyea 1996; Karofeld 1998), 
interactions among plant species (Vitt, achuff, et al. 1975;  
Malmer, svensson, et al. 1994; Malmer, albinsson, et al. 2003), 
nutrient regimes (damman 1978; luken 1985), and pH (Clymo 
1963). These factors influence the development of the micro-
topographical gradient and the resulting thickness of the 
acrotelm.

Water table levels do not follow the relief of the microto-
pographical gradient; thus a wet-moist to drier gradient from 
hollows to hummocks is created. Hydrological influences on 
species distribution along the wetness gradient come from the 
fact that certain Sphagnum mosses have a higher resistance to 
desiccation conditions that develop on hummocks. this resis-
tance results from their habit of living in tight colonies or com-
munities where fascicle of branches are intermixed together 
and the structural architecture of the acutifolia species (the 
most common peat mosses on hummocks), which has more 
branches and a denser cover of stem leaves, aiding the trans-
mission of water upward (Hayward and Clymo 1982). this 
relation does not hold when isolated individual stems of hum-
mock species are submitted to drying conditions (sagot and 
Rochefort 1996). In fact, individuals can be less tolerant than 
hollow species, which survive cycles of drought through rapid 
physiological recovery in photosynthetic rates (Wagner and 
titus 1984). differences in pH and nutrient elements can also 
explain hummock-hollow gradients. the lower pH of hum-
mocks, caused by the presence of efficient acid-producing spe-
cies, such as S. fuscum, and the higher relief, impeding dilu-

tion of the acids, would exclude species less resistant to low pH 
(Vitt, Crum, et al. 1975).  Concentrations of nutrients can be 
higher in depressions than on hummocks (damman 1978). 
Higher concentrations of nutrients and mineral elements in 
the upper part of the acrotelm where the depressions are found 
(hollows, mud-bottoms, pools) would come in part from the 
buoyancy-driven water flow found in Sphagnum bogs (adema, 
Baaijens, et al. 2006).

Finally, differences in production and decomposition 
between hummock and hollow habitats can also maintain 
microtopographical gradients. Sphagnum mosses decompose 
at a much slower rate on hummocks, even though the micro-
habitat is more oxygenated than the more anaerobic hollow 
habitat. thus intrinsic structural properties of each Sphagnum 
species are more important in defining microtopographical 
gradients than the wet environment. Once established, hum-
mock species can initiate and maintain differences in microto-
pography (Pouliot, Rochefort, et al. 2011). 

Habitat Size

We have established that peatlands, like most ecosystems, are 
not homogeneous. they often harbor a high structural diver-
sity, leading to well-defined and often predictable species dis-
tribution patterns. large peatlands, in particular, typically 
offer many more habitats for wildlife than small ones, for two 
reasons: (1) large areas provide a greater diversity of microhab-
itats, and (2) many animal species are partial to large patches 
of habitat as opposed to small ones. as a result, species found 
in small peatlands are often simply subsets of species found in 
larger peatlands, leading to a system of nested species assem-
blages (Calmé and desrochers 1999). species associated to large 
peatlands include savannah sparrow (Passerculus sandwichen-
sis), palm warbler, upland sandpiper (Bartramia longicauda), and 
sandhill crane. all of those species, except the warbler, appear 
to be attracted to large peatlands because they generally offer 
expanses of grassy habitats not generally found in small peat-
lands. the reason why palm warblers occur predominantly in 
large peatlands is not known, but it may be because of its ten-
dency to congregate in loose “colonies” (Bourque and desro-
chers 2006). Perhaps the most conspicuous features of large 
peatlands are pools. those small bodies of open water are often 
the first feature to disappear as a result of land use by humans, 
leading to significant losses of aquatic insects, amphibians, 
and migrant birds, particularly ducks (Anas crecca, A. rubripes) 
and shorebirds (Calidris melanotos, Tringa solitaria).

For species with large home ranges or territories, peatlands 
may be important as part of their daily or annual movements. 
For example, spruce grouse and moose normally require the 
presence of extensive conifer or mixed forests in their home 
ranges, but typically venture into open bogs either to feed or, 
in the case of grouse, nest and raise their broods. also, owing to 
their complex life cycles, amphibians may use peatlands only 
during certain stages, e.g., during dispersal between other 
types of wetlands, or as wet refuges during periods of the year 
when other wetlands are dry.

Fire as a Natural and Anthropogenic Disturbance

Fire is one of the few natural disturbances in north american 
peatlands, being especially common in the western boreal 
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region. during drought, water table levels of bogs may rapidly 
drop, creating conditions propitious to surface fires, especially 
where inflammable ericaceous shrubs dominate. About 1,850 
ha of bogs and 375 ha of fens burn each year in central Alberta, 
compared to 5,900 ha of uplands (Turetsky, Amiro, et al. 2004).

In western Canada, mean fire-free intervals (time between 
two consecutive fires) estimated from analysis of charcoal lay-
ers in peat cores are about 600 to 2,900 years (Kuhry 1994; Rob-
inson and Moore 2000; Camill, Barry, et al. 2009). Data from 
bogs in eastern Québec (Canada) suggest natural fire-free inter-
vals were 2,000 to 2,500 years prior to the 19th century. Fire-
free intervals became much shorter (10 times) during the 19th 
and 20th centuries because until recently, farmers used fire to 
clear tree stumps before cultivation, and fire can easily spread 
from clearings to adjacent bogs on dry summer days (Lavoie 
and Pellerin 2007).

A 100-year postfire chronosequence of vegetation changes 
has been documented for Sphagnum-dominated bogs of central 
Alberta (Fig. 9.5) (Benscoter 2006; Benscoter and Vitt 2008). 
Because fire eliminates vascular plants, evapotranspirational 
water losses are diminished, which contributes to a rise in the 
water table (Wieder, Scott, et al. 2009). The greatest changes 
in the vegetation cover occur during the first 10 years, dur-
ing which bare and burned peat is rapidly colonized by true 
mosses (mainly Polytrichum strictum), Sphagnum species, and 
vascular plants. true mosses are initially abundant because 
of their ability to colonize bare peat (Groeneveld, Massé, et al. 
2007), competition from Sphagnum species has been removed, 
and they benefit from the release of nutrients from the burn-
ing of plants. Cover of true mosses rapidly declines after about 
10 years, whereas abundance of Sphagnum species (mainly S. 
fuscum) and vascular plants continues to increase. Once S. fus-
cum dominates, plant assemblages remain relatively stable. as 
time progresses, canopy closure and microtopographic eleva-
tion facilitate establishment of feathermoss species (e.g., Pleu-
rozium schreberi) on hummocks (Benscoter and Vitt 2008).

Fire has an impact on the carbon (C) balance of boreal bogs. 
Direct combustion of peat releases on average 3.2 ± 0.4 kg 
m–2 yr–1 of C (Turetsky and Wieder 2001; Turetsky, Wieder, et 
al. 2002). Immediately after fire, the bog understory (includ-
ing the underlying peat) is a net source of C. About 12 to 13 
years postfire, bogs switch from a source to a net C sink. This 
sink increases as bog trees produce roots and aboveground tis-
sues, and reaches a maximum 75 years after fire. Then, as tree 
growth rates decline, C accumulation decreases (Wieder, Scott, 
et al. 2009).

Conservation Concerns

Few organizations specifically promote conservation of peat-
lands in North america. typically programs for conserving 
wetlands are based on their capacity to support animal popula-
tions, and sites are evaluated and ranked according to produc-
tivity. this puts peatlands at a disadvantage since they are rela-
tively poor or unproductive systems, especially bogs. By 2004, 
the North American Waterfowl Management Plan, signed by 
Canada and the United States in 1986, had 130,000 ha of wet-
lands protected, but a small proportion of this area was com-
posed of peatlands. In 1996, less than 6% of sites protected by 
the international ramsar wetland convention were peatlands 
(Lindsay 1996), but recent political pressure has increased this 
to more than 30%.

Conservation concepts specific to peatlands are emerging 
(Poulin, Rochefort, et al. 2004; Poulin et al. 2006), beyond 
only protecting large areas or huge peat volumes. Peatlands are 
now facing important threats that should be considered when 
setting conservation priorities. For instance, peatland vegeta-
tion structure and species composition are often believed to 
remain stable in time (centuries). This may be true for peat-
lands that do not face anthropogenic disturbances, but the 
combined effect of anthropogenic fire and of a drier-than-aver-
age climate may initiate afforestation of peatlands (Pellerin 
and Lavoie 2003), undermining initial conservation objec-
tives. anthropogenic drainage can directly affect plant com-
munities, especially in cases where the peat is fibric (with high 
hydraulic conductivity) (Boelter 1972; Braekke 1983; Rothwell, 
Silins, et al. 1996). Carex species are among the first plants to 
decline following drainage, and may disappear within 10 years 
(Vasander and Laiho 1995). Following postdrainage increases 
in tree cover and associated shade, forest mosses may replace 
Sphagnum (Laine and Vanha-Majamaa 1992). Even natural 
remnants near mined areas are susceptible to afforestation by 
peripheral drainage (Poulin, Rochefort, et al. 1999). Afforesta-
tion is a major impact on peatland biodiversity, especially in 
bogs, when vascular plant and bird diversity declines after for-
est cover increases (Lachance, Lavoie, et al. 2005). Manage-
ment plans should minimize drainage and tree invasion of 
peatlands.

Peat extraction for the production of horticultural compost 
is another threat to North american peatlands. Peat extraction 
severely damages peatlands, mainly due to intensive drainage, 
and abandoned sites are poorly recolonized spontaneously by 
peatland plants (Poulin, Rochefort, et al. 2005; Graf, Roche-
fort, et al. 2008). Sphagnum mosses are completely absent from 
residual peat surfaces, even decades after peat extraction activ-
ities have ceased (Poulin, Rochefort, et al. 2005).  Fortunately, 
the horticultural peat industry affects only a small fraction 
of peatlands in North America (0.02% of Canadian peatland 
areas; Rubec 1996) and is limited to specific regions. Bog habi-
tats can now be re-created in the landscape after peat extrac-
tion due to efficient restoration techniques, which are also 
being developed for fens (see chapter 14).

energy production is a major threat to boreal peatlands 
in North america. Construction of hydroelectric dams has 
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FIG. 9.5. Cover changes of main groups of moss species over time since 
the last fire (year zero) in bogs of north central Alberta, Canada (modi-
fied from Benscoter and Vitt 2008).
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flooded more than 1,000,000 ha of peatlands in Québec, Man-
itoba, and Alberta (Rubec 1991). More recently, energy pro-
duction from oil sands has expanded dramatically, and pres-
ents perhaps the greatest source of disturbance to peatlands 
of boreal Alberta (Forest 2001), where nearly 50% of the land-
scape is peatland (Vitt, Halsey, et al. 1996). One-third of the 
500 km2 of land impacted by open-pit mining to extract oil 
from sands were peatlands. If all available resources are mined, 
new oil extracting techniques such as in situ mining may even-
tually affect 138,000 km2 (Schneider and Dyer 2006), an area 
the size of Florida and 50 times more area than that affected by 
actual open-pit mining activity.

One of the most influential properties of peatlands for wild-
life conservation is their area. Large peatlands are not only 
more diverse in microhabitats and bird species but, more 
importantly, they support biotic assemblages rarely found 
in smaller, less diverse peatlands. Birds such as palm warbler 
(Dendroica palmarum) and upland sandpiper (Bartramia lon-
gicauda) are found only in large peatlands (Calmé and Had-
dad 1996; Calmé and Desrochers 2000). Smaller peatlands are 
often isolated, and this isolation may compound problems of 
small area. Distributions of palm warblers and upland sand-
pipers depend both on peatland area and the amount of peat-
land habitats available in a 10-km radius (Calmé and Desro-
chers 2000). As palm warbler is strictly associated to peatlands 
of southern Canada (Calmé and Desrochers 1999), it is a spe-
cies of special concern when selecting conservation sites. Peat-
lands should be considered as a network, and protecting very 
isolated sites, especially if they are small, may be unproductive 
unless they support rare species.

Mapping peatland habitats using remote sensing tools may 
facilitate conservation network planning. Peatlands can eas-
ily be delineated in the landscape and characterized into habi-
tat types with Landsat imagery (Poulin, Careau, et al. 2002), 
including habitats of special interest for conservation. For 
example, herbs-dominated habitats are often highly vari-
able in terms of species composition from site to site (Poulin, 
Careau, et al. 2002). Although fens are not individually richer 
in bryophyte species than bogs, their variability from site to 
site leads to a higher total diversity of species when a group of 
fens is considered (Vitt, Bayley, et al. 1995). Variation among 
sites might thus complement species diversity when setting 
conservation priorities, because these two variables are not 
necessarily correlated.

Pools are a critical habitat for the conservation of peatland 
plant diversity. They are particularly distinct habitats in terms 
of species composition (Poulin, Careau, et al. 2002), and sig-
nificantly increase species richness within peatlands (Fon-
taine, Poulin, et al. 2007). In southeastern Canada, natural 
bogs average 35 plant species. but this figure drops to 24 if sur-
veys around pools are omitted (Fontaine, Poulin, et al. 2007). 
Thus pools deserve special attention in conservation plan-
ning. More globally, information on habitat diversity and dis-
tinctiveness is of considerable value when deciding whether 
all habitats deserve equal levels of protection, and determin-
ing amounts of habitat to set aside for conservation. This can 
be coupled with other criteria (habitat rarity, vulnerability) to 
set conservation targets (Pressey and Taffs 2001).

Representativeness should also include ecological diversity 
(Noss 1990), meaning that each type of peatland should have 
its own representative in a conservation network. This should 
maximize not only species diversity but also structural diver-
sity, which is related to the physical organization or patterns 
of habitats, from the communities to the landscape scale. The 

Canadian wetland classification recognizes 16 forms of bogs 
(e.g., palsa bogs, blanket bogs, plateau bogs, polygonal peat pla-
teau bogs, and string bogs; National Wetlands Working Group 
1997). These bogs represent different shapes and surface pat-
terning as well as different development processes, and should 
be considered as part of ecological diversity or biodiversity 
(Noss 1990). Representing each peatland type within a conser-
vation network would favor preservation of different functions 
such as nutrient cycling and water regulation.

Finally, the distribution of peatlands in regard to hot spots 
of disturbances should be considered. For example, in North 
America, peatlands reach very high concentrations in the 
laregly uninhabited Hudson Bay lowlands, whereas they are 
much more scattered in more densely populated areas. Conser-
vation efforts should probably focus on populated areas, where 
peatlands are more susceptible to being disturbed. Remote 
areas in the boreal zones should not be ignored, however, since 
hydroelectric projects and oil sand mining now threaten peat-
lands there. On an international scale, North America encom-
passes one-third of the world’s peatland (Gorham 1990), and 
thus we have major responsibility in regard to peatland con-
servation, particularly in regard to processes associated with 
carbon fluxes (Gorham 1991).

References

Adema EB, Baaijens GJ, et al. 2006. Field evidence for buoyancy-
driven water flow in a Sphagnum dominated peat bog. J. Hydrol. 
327(1 – 2):226 – 34.

Admiral SW, Lafleur PM, Roulet NT. 2006. Controls on latent heat 
flux and energy partitioning at a peat bog in eastern Canada. 
Agri. For. Meteorol. 140:308 – 21.

Amon JP, Thompson CA, et al. 2002. Temperate zone fens of the 
glaciated Midwestern USA. Wetlands 22:301 – 17.

Anderson DS, Davis RB, Janssens JA. 1995. Relationships of bryo-
phytes and lichens to environmental gradients in Maine peat-
lands. Vegetatio 120:147 – 59.

Anderson R, Foster DR, Motzkin G. 2003. Integrating lateral 
expansion into models of peatland development in temperate 
New England. J. Ecol. 91:68 – 76.

Bäckstrand K, Crill PM, et al. 2008. Non-methane volatile organic 
compound flux from a subarctic mire in northern Sweden. Tel-
lus 60B:226 – 37.

Baird AJ, Belyea LR, Morris PJ. 2009. Upscaling of peatland-
atmosphere fluxes of methane: small-scale heterogeneity in 
process rates and pitfalls of “bucket-and-slab” models. In Car-
bon cycling in northern peatlands, Slater LD, Baird AJ, et al., edi-
tors. Geophysical Monogr. Ser. 184, Am. Geophys. Union, 
pp. 37–53.

Bay RR. 1969. Runoff from small peatland watersheds. J. Hydrol. 
9:90 – 102.

Becker T, Kutzbach L, et al. 2008. Do we miss the hot spots? — the 
use of very high resolution aerial photographs to quantify car-
bon fluxes in peatlands. Biogeosciences 5:1387 – 93.

Bedford BL, Godwin KS. 2003. Fens of the United States: distribu-
tion, characteristics, and scientific connection versus legal iso-
lation. Wetlands 23:608 – 29.

Bedford BL, Walbridge MR, Aldous A. 1999. Patterns in nutrient 
availability and plant diversity of temperate North American 
wetlands. Ecology 80:2151 – 69.

Belyea LR. 1996. Separating the effects of litter quality and micro-
environment on decomposition rates in a patterned peatland. 
Oikos 77:529 – 39.

Belyea LR, Baird AJ. 2006. Beyond the “limits to peat bog growth”: 
cross-scale feedback in peatland development. Ecol. Monogr. 
76:299 – 322.

Belyea LR, Clymo RS. 2001. Feedback control of the rate of peat 
formation. Proc. Royal Soc. London B268:131521.

Benscoter BW. 2006. Post-fire bryophyte establishment in a conti-
nental bog. J. Veg. Sci. 17:647 – 52.

49756txt.indd   130 2012.02.29   06:21



NortherN PeatlaNds  131

Benscoter BW, Vitt dh. 2008. spatial patterns and temporal tra-
jectories of the bog ground layer along a post-fire chronose-
quence. Ecosystems 11:1054 – 64.

Bent aC. 1962. Life histories of North American shorebirds, part II. 
New York: dover.

Billett MF, Palmer sM, et al. 2004. linking land-atmosphere-
stream carbon fluxes in a lowland peatland system. Glob. Bio-
geochem. Cycles 18, GB1024, doI: 10.1029/2003GB002058.

Blades dCa, Marshall sa. 1994. terrestrial arthropods of Cana-
dian peatlands: synopsis of pan trap collections at four south-
ern ontario peatlands. Memoirs Ento. Soc. Can. 169:221 – 84.

Boelter dh. 1972. Water table drawdown around an open ditch in 
organic soils. J. Hydrol. 15:329 – 40.

Bourque J, desrochers a. 2006. spatial aggregation of forest song-
bird territories and possible implications for area-sensitivity. 
Avian Conserv. Ecol. 1:3. www.ace-eco.org/vol1/iss2/art3/.

Braekke Fh. 1983. Water table levels at different drainage intensities 
on deep peat in northern Norway. For. Ecol. Manage. 5:169 – 92.

Bragazza l, Gerdol r. 2002. are nutrient availability and acidity-
alkalinity gradients related in Sphagnum-dominated peatlands? 
J. Veg. Sci. 13:473 – 82.

Branfireun BA. 2004. Does microtopography influence subsurface 
pore-water chemistry? Implications for the study of methyl-
mercury in peatlands. Wetlands 24:207 – 11.

Bridgham sd, Pastor J, et al. 1996. Multiple limiting gradients in 
peatlands: a call for a new paradigm. Wetlands 16:45 – 65.

Brown rJe, Williams GP. 1972. The freezing of peatland. Natur. res. 
Counc. Can., div. Building res. tech. Paper 381, NrC12881.

Bubier Jl. 1991. Patterns of Picea mariana (black spruce) growth 
and raised bog development in Victory Basin, Vermont. Bull. 
Torrey Botan. Club 118:399 – 411.

Bubier Jl. 1995. the relationship of vegetation to methane emis-
sion and hydrochemical gradient in northern peatlands. J. Ecol. 
83:403 – 20.

Bubier Jl, Moore tr, Bledzki la. 2007. effects of nutrient addi-
tion on vegetation and carbon cycling in an ombrotrophic bog. 
Glob. Change Biol. 13:1168 – 86.

Calmé s, desrochers a. 1999. Nested bird and micro-habitat 
assemblages in a peatland archipelago. Oecologia 118:361 – 70.

Calmé s, desrochers a. 2000. Biogeographic aspects of the distri-
bution of bird species breeding in Québec’s peatlands. J. Bio-
geogr. 27:725 – 32.

Calmé s, haddad s. 1996. Peatlands: a new habitat for the upland 
sandpiper, Bartramia longicauda, in eastern Canada. Can. Field 
Natur. 110:326 – 30.

Calmé S, Desrochers A, Savard JPL. 2002. Regional significance of 
peatlands for avifaunal diversity in southern Québec. Biol. Con-
serv. 107:273 – 81.

Camill P, Barry A, et al. 2009. Climate-vegetation-fire interactions 
and their impact on long-term carbon dynamics in a boreal 
peatland landscape in northern Manitoba, Canada. J. Geophy. 
Res. 114, G04017, doI: 10.1029/2009JG001071.

Campbell d, rochefort l. 2001. la végétation: gradients. In Écolo-
gie des tourbières du Québec-Labrador, Payette s, rochefort l, edi-
tors. sainte-Foy, Québec: Presses Univ. laval., pp. 129 – 40.

Charman d. 2002. Peatlands and environmental change. Chiches-
ter, UK: John Wiley & sons ltd.

Clymo RS. 1963. Ion exchange in Sphagnum and its relation to bog 
ecology. Ann. Bot. 27:309 – 24.

Comas X, slater l, reeve a. 2008. seasonal geophysical mon-
itoring of biogenic gases in a northern peatland: impli-
cations for temporal and spatial variability in free phase 
gas production rates. J. Geophys. Res. 113, G01012, doI: 
10.1029/2007JG000575.

Conway VM. 1949. the bogs of central Minnesota. Ecol. Monogr. 
19(2):173 – 206.

Crawford RMM. 1978. Metabolic adaptations to anoxia. In Plant 
life in anaerobic environments, hook dd, Crawford rMM, edi-
tors. ann arbor, MI: ann arbor sci. Publ., pp. 119 – 36.

Crawford RMM. 1993. Root survival in flooded soils. In Mires: 
swamp, bog, fen and moor, ecosystems of the world, vol. 4a, Gore 
aJP, ed. amsterdam: elsevier, pp. 257 – 83.

Cronk JK, Fennessy Ms. 2001. Wetland plants: biology and ecology. 
Boca raton, Fl: lewis Pub.

damman aWh. 1978. distribution and movement of element in 
ombrotrophic peat bogs. Oikos 30:480 – 95.

damman aWh. 1979. Geographic patterns in peatland develop-
ment in eastern North america. In Proceedings of the Interna-
tional Symposium on Classification of Peat and Peatlands, Kivenen 
e, heikurainen l, Pakarinen, editors. hyytiala, Finland: Inter-
nat. Peat soc., pp. 42 – 57.

damman aWh, dowhan JJ. 1981. Vegetation and habitat condi-
tions in Western head Bog, a southern Nova scotian plateau 
bog. Can. J. Bot. 59:1343 – 59.

desrochers a, van duinen Ga. 2006. Peatland fauna. In Boreal 
peatland ecosystems, Wieder rK, Vitt dh, editors. Berlin: 
springer-Verlag, pp. 67 – 100.

dever l, hillaire-Marcel C, Fontes JC. 1984. Composition iso-
topique, géochimie et genèse de la glace en lentilles (Palsen) 
dans les tourbières au Nouveau Québec (Canada). J. Hydrol. 
71:107 – 30.

dever l, laithier M, hillaire-Marcel C. 1982. Caractéristiques 
isotopiques (18o, 13Co2, 3h) des écoulements dans une tour-
bière sur pergélisol au Nouveau-Québec. Can. J. Earth Sci. 
19:1255 – 63.

devito KJ, hill ar. 1997. sulphate dynamics in relation to ground-
water-surface water interactions in headwater wetlands of the 
southern Canadian shield. Hydrol. Processes 11:485 – 500.

Devito KJ, Waddington JM, Branfireun BA. 1997. Flow reversals 
in peatlands influenced by local groundwater systems. Hydrol. 
Processes 11:103 – 10.

dise NB, Gorham e, Verry es. 1993. environmental factors con-
trolling methane emissions from peatlands in Northern Min-
nesota. J. Geophy. Res. 98:10583 – 94.

durietz Ge. 1949. huvudenheter och huvudgränser i svensk myr-
vegetation. (Main units and main limits in swedish mire veg-
etation.) Svensk Bot. Tidskrift 48:274 – 309.

eppinga MB, rietkerk M, et al. 2010. resource contrast in pat-
terned peatlands increases along a climatic gradient. Ecology 
91:2344 – 55.

Evans CD, Chapman PJ, et al. 2006. Alternative explanations for 
rising dissolved organic carbon export from organic soils. Glob. 
Change Biol. 12:2044 – 53.

Ferone JM, devito KJ. 2004. shallow groundwater – surface water 
interactions in pond-peatland complexes along a boreal plains 
topographic gradient. J. Hydrol. 292:75 – 95.

Folkerts GW. 1982. the Gulf coast pitcher plant bogs. Am. Sci. 
70:260 – 67.

Fontaine N, Poulin M, rochefort l. 2007. Plant diversity associ-
ated with pools in natural and restored peatlands. Mires and 
Peat 2: art. 6. www.mires-and-peat.net/map02/map_02_06.
htm.

Forest s. 2001. Peatland management and conservation in boreal 
Alberta, Canada. Ms thesis, Univ. alberta, edmonton.

Foster dr, Wright he Jr., et al. 1988. Bog development and land-
form dynamics in central sweden and south-eastern labrador, 
Canada. J. Ecol. 76:1164 – 85.

CJ, Roulet NT, Lafleur PM. 2001. Groundwater flow patterns in a 
large peatland. J. Hydrol. 246:142 – 54.

Freeman C, Evans CD, et al. 2001. Export of organic carbon from 
peat soils. Nature 412:785.

Freeman C, Fenner N, et al. 2004. Export of dissolved organic 
carbon from peatlands under elevated carbon dioxide levels. 
Nature 430:195 – 98.

Gignac ld. 1992. Niche structure, resource partitioning, and spe-
cies interactions of mire bryophytes relative to climatic and 
ecological gradients in western Canada. Bryologist 95:406 – 18.

Glaser Ph. 1992. Vegetation and water chemistry. In Patterned 
peatlands of Minnesota, Wright HE Jr., Coffin BA, Aaseng NE, 
editors. Minneapolis: Univ. Minnesota Press, pp. 15 – 44.

Glaser Ph, Janssens Ja. 1986. raised bogs of eastern North amer-
ica: transitions in landforms and gross stratigraphy. Can. J. Bot. 
64:395 – 415.

Glaser Ph, Janssens Ja, siegel dI. 1990. the response of vegetation 
to chemical and hydrological gradients in the lost river peat-
land, northern Minnesota. J. Ecol. 78:1021 – 48.

Glaser Ph, Chanton JP, et al. 2004. surface deformations as indica-
tors of deep ebullition fluxes in a large northern peatland. Glob. 
Biogeochem. Cycles 18, GB1003, doI: 10.1029/ 2003 GB00 2069.

Gorham e. 1953. Chemical studies on the soils and vegetation 
of waterlogged habitats in the english lake district. J. Ecol. 
41:345 – 60.

49756txt.indd   131 2012.02.29   06:21



132  Inland Wetlands

Gorham e. 1990. Biotic impoverishment in northern peatlands. 
In The earth in transition: patterns and processes of biotic impover-
ishment, Woodwell GM, editor. Cambridge: Cambridge Univ. 
Press, pp. 65 – 98.

Gorham e. 1991. northern peatlands: role in the carbon cycle and 
probable responses to climatic warming. Ecol. Appl. 1:182 – 95.

Gorham e, Janssens Ja. 1992. Concepts of fen and bog re-exam-
ined in relation to bryophyte cover and the acidity of surface 
waters. Acta Soc. Botan. Poloniae 61(1):7 – 20.

Gorham e, Janssens Ja. 2005. the distribution and accumulation 
of chemical elements in five peat cores from the mid-continent 
to the eastern coast of north america. Wetlands 25:259 – 78.

Gotelli nJ, ellison aM. 2002. Biogeography at a regional scale: 
determinants of ant species density in new england bogs and 
forests. Ecology 83:1604 – 09.

Grace JB. 1993. The adaptive significance of clonal reproduction 
in angiosperms: an aquatic perspective. Aquat. Bot. 44:159 – 80.

Graf Md, Rochefort l, Poulin M. 2008. spontaneous revegetation 
of cutaway peatlands of north america. Wetlands 28:28 – 39.

Grime JP. 2001. Plant strategies, vegetation processes, and ecosystem 
properties, 2nd ed. Chichester, UK: John Wiley & sons.

Groeneveld eVG, Massé a, Rochefort l. 2007. Polytrichum strictum 
as a nurse-plant in peatland restoration. Restor. Ecol. 15:709 – 19.

Hayward PM, Clymo RS. 1982. Profiles of water content and pore 
size in Sphagnum peat and their relation to peat bog ecology. 
Proc. Royal Soc. London, ser. B, 215:299 – 325.

Hoag RS,Price JS. 1995. A field-scale, natural gradient solute trans-
port experiment in peat at a newfoundland blanket bog. J. 
Hydrol. 172(1 – 4):171 – 84.

Hogan JM, van der Kamp G, et al. 2006. Field methods for mea-
suring hydraulic properties of peat deposits. Hydrol. Processes 
20:3635 – 49.

Ingram HaP. 1978. soil layers in mires: function and terminol-
ogy. J. Soil Sci. 29:224 – 27.

Ingram HaP. 1983. Hydrology. In Mires: Swamp, Bog, Fen and Moor, 
Gore aJP, editor. new York: elsevier, pp. 67 – 158.

IPCC (Intergovernmental Panel on Climate Change). 2007. Cli-
mate change 2007: the physical science basis: contribution of Work-
ing Group I to the Fourth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, solomon s, Qin d, et al., editors. 
Cambridge, new York: Cambridge Univ. Press.

Janssens JA, Glaser PH. 1986. The bryophyte flora and major peat-
forming mosses at Red lake Peatland, Minnesota. Can. J. Bot. 
64:427 – 42.

Johnson lC, damman aW. 1993. decay and its regulation in 
Sphagnum peatlands. Adv. Bryol. 5:249 – 96.

Karofeld e. 1998. the dynamics of the formation and development 
of hollows in raised bogs in estonia. The Holocene 8:697 – 704.

Karofeld E, Toom M. 1999. Mud-bottoms in Männikjarve 
bog, central estonia. Proc. Estonian Acad. Sci. Biol./Ecol. 
48(3):216 – 35.

Keller J, Bauers aK, et al. 2006. nutrient control of micro-
bial carbon cycling along an ombrotrophic-minerotro-
phic peatland gradient. J. Geophys. Res. 111, G03006, dOI: 
10.1029/2005JG000152.

Keller JK, Bridgham sd, et al. 2005. limited effects of six years of 
fertilization on carbon mineralization dynamics in a Minne-
sota fen. Soil Biol. Biochem. 37:1197 – 1204.

Kellogg le, Bridgham sd. 2003. Phosphorus retention and move-
ment across an ombrotrophic-minerotrophic peatland gradi-
ent. Biogeochemistry 63:299 – 315.

Kim J, Verma sB. 1996. surface exchange of water vapor between 
an open Sphagnum fen and the atmosphere. Boundary-Layer 
Meteorol. 79:243 – 64.

Kuhry P. 1994. The role of fire in the development of Sphag-
num-dominated peatlands in western boreal Canada. J. Ecol. 
82:899 – 910.

Kuhry P, turunen J. 2006. the postglacial development of boreal 
and subarctic peatlands. In Boreal peatlands ecosystems, vol. 188, 
Wieder RK, Vitt dH, editors. Berlin: springer-Verlag, pp. 25 – 46.

lachance d, lavoie C, desrochers a. 2005. the impact of peat-
land afforestation on plant and bird diversity in southeastern 
Québec. Écoscience 12:161 – 71.

Lafleur PM, Roulet NT. 1992. A comparison of evaporation rates 
from two fens of the Hudson Bay lowland. Aquat. Bot. 44:59 – 69.

Lafleur PM, Hember RA, et al. 2005. Annual and seasonal variabil-

ity in evapotranspiration and water table at a shrub-covered 
bog in southern Ontario, Canada. Hydrol. Processes 19:3533 – 50.

Laine J, Vanha-Majamaa I. 1992. Vegetation ecology along a tro-
phic gradient on drained pine mires in southern Finland. Ann. 
Bot. Fennici 29:213 – 33.

laine J, Komulainen V-M, et al. 2004. Lakkasuo — a guide to mire 
ecosystem. Publ. dept. Forest ecology, Univ. Helsinki 31.

lavoie C, Pellerin s. 2007. Fires in temperate peatlands (southern 
Quebec): past and recent trends. Can. J. Bot. 85:263 – 72.

letts MG, Roulet nt, et al. 2000. Parameterization of peatland 
hydraulic properties for the Canadian land surface scheme. 
Atmosphere-Ocean 38:141 – 60.

Leuven RSEW, den Hartog C, et al. 1986. Effects of water acidifica-
tion on the distribution pattern and the reproductive success of 
amphibians. Experienta 42:495 – 503.

limpens J, Berendse F. 2003. Growth reduction of Sphagnum mag-
ellanicum subjected to high nitrogen deposition: the role of 
amino acid nitrogen concentration. Oecologia 135:339 – 45.

Limpens J, Heijmans MMPD, Berendse F. 2006. The nitrogen 
cycle in boreal peatlands. In Boreal peatland ecosystems, Wieder 
RK, Vitt dH, editors. new York: springer, pp. 195 – 230.

Limpens J, Granath G, et al. 2011. Climatic modifiers of the 
response to nitrogen deposition in peat-forming sphagnum 
mosses: a meta-analysis. New Phytologist (2011), doi: 10.1111/ 

j.1469-8137.2011.03680.x. 
lindsay R. 1996. thèmes pour l’avenir: les tourbières, un rôle clé 

pour la convention Ramsar. In La conservation mondiale des tour-
bières: compte-rendu d’un atelier international, Rubec Cda, editor. 
Union mondiale de la conservation de la nature (UICn), ser-
vice canadien de la faune, environnement Canada, Gouverne-
ment de la norvège, Groupe international pour la conservation 
des tourbières and société internationale de la tourbe, Ottawa, 
Rapport no. 96 – 1:7 – 10.

luken JO. 1985. Zonation of Sphagnum mosses: interactions 
among shoot growth, growth form, and water balance. Bryolo-
gist 88:374 – 79.

lund M, Christensen tR, et al. 2009. effect of n and P fertiliza-
tion on the greenhouse gas exchange in two northern peatland 
with contrasting n deposition rates. Biogeosciences 6:2135 – 44.

Malmer n. 1986. Vegetational gradients in relation to environ-
mental conditions in northwestern european mires. Can. J. Bot. 
64:375 – 83.

Malmer n, svensson BM, Wallén B. 1994. Interactions between 
Sphagnum mosses and field layer vascular plants in the devel-
opment of peat-forming systems. Folia Geobot. Phytotax. 
29:483 – 96.

Malmer n, albinsson C, et al. 2003. Interferences between Sphag-
num and vascular plants: effects on plant community structure 
and peat formation. Oikos 100:469 – 82.

Mazerolle MJ. 2003. detrimental effects of peat mining on 
amphibian abundance and species richness in bogs. Biol. Con-
serv. 113:215 – 23.

Mazerolle M, Cormier M. 2003. effects of peat mining intensity 
on green frog (Rana clamitans) occurrence in bog ponds. Wet-
lands 23:709 – 16.

Mazerolle MJ, drolet B, desrochers a. 2001. small-mammal 
responses to peat mining of southeastern Canadian bogs. Can. 
J. Zool. 79:296 – 302.

Milakoff Fletcher se, tans PP, et al. 2004. CH4 sources estimated 
from atmospheric observations of CH4 and its C-13/C-12 
isotopic ratios: 2. Inverse modeling of CH4 from geograph-
ical regions. Glob. Biogeochem. Cycles 18, GB4005, dOI: 
10.1029/2004GB002224.

Mitchell CPJ, Branfireun BA, Kolka RK. 2009. Methylmercury 
dynamics at the upland-peatland interface: topographic and 
hydrogeochemical controls. Wat. Resour. Res. 45, W02406, dOI: 
10.1029/2008WR006832.

Montague tG, Givnish tJ. 1996. distribution of black spruce 
versus eastern larch along peatland gradients: relationship to 
relative stature, growth rate, and shade tolerance. Can. J. Bot. 
74:1514 – 32.

Morrison RIG, aubry Y, et al. 2001. declines in north american 
shorebird populations. Wader Study Group Bull. 94:39 – 43.

national Wetlands Working Group. 1997. The Canadian wetland 
classification system, 2nd ed., Warner BG, Rubec Cda, editors. 
Waterloo, On: Wetlands Research Centre, Univ. Waterloo.

49756txt.indd   132 2012.02.29   06:21



NortherN PeatlaNds  133

Nicholson Bd, Vitt dh. 1990. the paleoecology of a peatland 
complex in continental western Canada. Can. J. Bot. 68:121 – 38.

Nilsson M, sagerfors J, et al. 2008. Contemporary carbon accu-
mulation in a boreal oligotrophic minerogenir mire — a signifi-
cant sink after accounting for all C-fluxes. Glob. Change Biol. 
14:2317 – 32.

Noss r. 1990. Indicators for monitoring biodiversity: a hierarchi-
cal approach. Conserv. Biol. 4:355 – 64.

Økland rh, Økland t, rydgren K. 2001. a scandinavian perspec-
tive on ecological gradients in north-west european mires: 
reply to Wheeler and Proctor. J. Ecol. 89:481 – 86.

Payette s. 2001. les principaux types de tourbières. In Écologie des 
tourbières du Québec-Labrador, Payette s, rochefort l, editors. 
sainte-Foy, Québec: Presses Univ. laval. pp. 39 – 89.

Payette s, rochefort l, editors. 2001. Écologie des tourbières du Qué-
bec-Labrador. sainte-Foy, Québec: Presses Univ. laval.

Pellerin s, lavoie C. 2003. reconstructing the recent dynamics of 
mires using a multitechnique approach. J. Ecol. 91:1008 – 21.

Petrone rM, devito K, et al. 2008. Importance of seasonal frost 
to peat water storage: western boreal plains, Canada. Ground-
water – surface Water Interactions: Process Understanding, 
Conceptualization and Modelling. In Proceedings of Sympo-
sium HS1002 at IUGG 2007, Perugia, July 2007. Iahs Publ. 
321:61 – 66. 

Petrone rM, silins U, devito KJ. 2007. dynamics of evapotranspi-
ration from a riparian pond complex in the western boreal for-
est, alberta, Canada. Hydrol. Processes 21:1391 – 1401.

Pough Fh. 1976. acid precipitation and embryonic mortal-
ity of spotted salamanders, Ambystoma maculatum. Science 
192(4234):68 – 70.

Poulin M., Bélisle M., Cabeza M. 2005. Within-site habitat con-
figuration in reserve design: a case study with a peatland bird. 
Biol. Conserv. 128:55 – 66.

Poulin M, Careau d, et al. 2002. From satellite imagery to peat-
land vegetation diversity: how reliable are habitat maps? Con-
serv. Ecol. 6(2):16. www.consecol.org/vol6/iss2/art16.

Poulin M, rochefort l, desrochers a. 1999. Conservation of bog 
plant species assemblages: assessing the role of natural rem-
nants in mined sites. Appl. Veg. Sci. 2:169 – 80.

Poulin M, rochefort l, et al. 2004. threats and protection for 
peatlands in eastern Canada. Géocarrefour 79:331 – 344.

Poulin M, rochefort l, et al. 2005. spontaneous revegetation of 
mined peatlands in eastern Canada. Can. J. Bot. 83:539 – 57.

Pouliot r, rochefort l, Karofeld e. 2011. Initiation of micro-
topography in re-vegetated cutover peatlands: evolution 
of plant species composition. Appl. Veg. Sci., doi: 10.1111/ 

j.1654-109X.2011.01164.x.
Pressey rl, taffs Kh. 2001. scheduling conservation action in 

production landscapes: priority areas in western New south 
Wales defined by irreplaceability and vulnerability to vegeta-
tion loss. Biol. Conserv. 100:355 – 76.

Price JS. 1987. The influence of wetland and mineral terrain types 
on snowmelt runoff in the subarctic. Can. Water Resour. J. 
12:43 – 52.

Price Js. 2003. role and character of seasonal peat soil deforma-
tion on the hydrology of undisturbed and cutover peatlands. 
Water Resour. Res. 39(9):1241, doI: 10.1029/2002Wr001302.

Price Js, FitzGibbon Je. 1987. Groundwater storage — streamflow 
relations during winter in a subarctic wetland, saskatchewan. 
Can. J. Earth Sci. 24:2047 – 81.

Price Js, Maloney da. 1994. hydrology of a patterned bog-fen 
complex in southeastern labrador, Canada. Nordic Hydrol. 
25:313 – 30.

Price Js, schlotzhauer sM. 1999. Importance of shrinkage and 
compression in determining water storage changes in peat: the 
case of a mined peatland. Hydrol. Processes 13:2591 – 601.

Price Js, Woo MK. 1988. studies of a subarctic coastal marsh. I. 
hydrology. J. Hydrol. 103:275 – 92.

Price Js, Whittington PN, et al. 2008. determining unsaturated 
hydraulic conductivity in living and undecomposed Sphagnum 
moss hummocks. Soil Sci. Soc. Am. J. 72:487 – 91.

Price Js, edwards tWd, et al. 2009. Physical and isotopic char-
acterization of evaporation from Sphagnum moss. J. Hydrol. 
369:175 – 82.

Quinton WL, Hayashi M. 2005. The flow and storage of water in 
the wetland-dominated central Mackenzie river basin: recent 

advances and future directions. In Prediction in ungauged basins: 
approaches for Canada’s cold regions, spence C, Pomeroy JW, 
Pietroniro A, editors. Can. Water Resour. Assoc., pp. 45 – 66.

Quinton Wl, roulet Nt. 1998. spring and summer runoff hydrol-
ogy of a subarctic patterned wetland. Arct. Alp. Res. 30:285 – 94.

Quinton Wl, hayashi M, Carey sK. 2008. Peat hydraulic conduc-
tivity in cold regions and its relation to pore size and geometry. 
Hydrol. Processes 22:2829 – 37.

Robinson SD, Moore TR. 2000. The influence of permafrost 
and fire upon carbon accumulation in high boreal peat-
lands, Northwest territories, Canada. Arct. Antarct. Alpe. Res. 
32:155 – 66.

rothwell rl, silins U, hillman Gr. 1996. the effects of drain-
age on substrate water content at several forested alberta peat-
lands. Can. J. For. Res. 26:53 – 62.

Roulet NT, Lafleur PM, et al. 2007. Contemporary carbon balance 
and holocene carbon accumulation in a northern peatland. 
Glob. Change Biol. 13:397 – 411.

rubec Cda. 1991. Peat resources use in Canada: a national con-
servation issue. In Peat and peatlands: the resource and its utili-
zation. Proceedings of the International Peat Symposium, Duluth, 
Minnesota, 19 – 23 August 1991, Grubich dN, Malterer tJ, 
editors. 

rubec C. 1996. the status of peatland resources in Canada. In 
Global peat resources, lappalainen e, editor. Jyskä, Finland: 
Internat. Peat soc., pp. 243 – 52.

rydin h. 1985. effect of water level on desiccation of Sphagnum in 
relation to surrounding sphagna. Oikos 45:374 – 79.

rydin h, Jeglum J. 2006. The biology of peatlands. oxford: oxford 
Univ. Press.

saarnio s, Morero M, et al. 2007. annual Co2 and Ch4 fluxes of 
pristine boreal mires as a background for the lifecycle analyses 
of peat energy. Boreal Env. Res. 12:101 – 13.

sagot C, rochefort l. 1996. tolérance des sphaignes à la dessicca-
tion. Cryptogamie, Bryol.-Lichénol. 17:171 – 83.

sauer Jr, hines Je, Fallon J. 2008. The North American Breeding Bird 
Survey: results and analysis, 1966 – 2007 (version 5.15.2008). lau-
rel, Md: UsGs Patuxent Wildl. res. Center.

schneider r, dyer s. 2006. Death by a thousand cuts: impact of in 
situ oil sands development on Alberta’s boreal forest. Pembina 
Institute. www.pembina.org; www.cpaws-sask.org/common/
pdfs/death_by_thousand_cuts.pdf.

seppälä M, Koutaniemi l. 1985. Formation of a string and pool 
topography as expressed by morphology, stratigraphy and 
current processes on a peatland in Kuusamo, Finland. Boreas 
14:287 – 309.

sjörs h. 1948. Myrvegetation i Bergslagen. (Mire vegetation in 
Bergslagen, sweden.) Acta Phytogeogr. Suecica 21:1 – 299.

sjörs h. 1950. on the relation between vegetation and electrolytes 
in north swedish mire waters. Oikos 2:241 – 57.

sjörs h. 1963. Bogs and fen on attawapiskat river, northern 
ontario. Bull. Nat. Mus. Can. 186:45 – 133.

spitzer K, danks hV. 2006. Insect biodiversity of boreal peat bogs. 
Annu. Rev. Ent. 51:137 – 61.

strack M, Waddington JM. 2007. response of peatland car-
bon dioxide and methane fluxes to a water table draw-
down experiment. Glob. Biogeochem. Cycles 21, GB1007, doI: 
10.1029/2006GB002715.

strack M, Kellner e, Waddington JM. 2005. dynamics of bio-
genic gas bubbles in peat and their effects on peatland bio-
geochemistry. Glob. Biogeochem. Cycles 19, GB1003, doI: 
10.1029/2004GB002330.

sullivan PF, arens sJt, et al. 2008. temperature and microtopog-
raphy interact to control carbon cycling in a high arctic fen. 
Ecosystems 11:61 – 76.

sundberg s, hansson J, rydin h. 2006. Colonization of Sphagnum 
on land uplift islands in the Baltic sea: time, area, distance and 
life history. J. Biogeogr. 33:1479 – 91.

swanson dK, Grigal dF. 1988. a simulation model of mire pat-
terning. Oikos 53:309 – 14.

tallis Jh, livett ea. 1994. Pool-and-hummock patterning in a 
southern Pennine blanket mire. I. Stratigraphic profiles for the 
last 2800 years. J. Ecol. 82:775 – 88.

thormann MN, Currah rs, Bayley se. 1999. the mycorrhizal sta-
tus of the dominant vegetation along a peatland gradient in 
southern boreal alberta, Canada. Wetlands 19:438 – 50.

49756txt.indd   133 2012.02.29   06:21



134  Inland Wetlands

tiiva P, Faubert P, et al. 2009. Contribution of vegetation and 
water table on isoprene emission from boreal peatland micro-
cosms. Atmos. Env. 43:5469 – 75.

tuittila e-s, Komulainen V-M, et al. 2000. Methane dynamics of a 
restored cut-away peatland. Glob. Change Biol. 6:569 – 81.

turetsky MR, Wieder RK. 2001. a direct approach to quantifying 
organic matter lost as a result of peatland wildfire. Can. J. For. 
Res. 31:363 – 66.

turetsky MR, amiro Bd, et al. 2004. Historical burn area in 
western Canadian peatlands and its relationship to fire 
weather indices. Glob. Biogeochem. Cycles 18, GB4014, dOI: 
10.1029/2004GB002222.

turetsky MR, Wieder RK, et al. 2002. Current disturbance and 
the diminishing peatland carbon sink. Geophy. Res. Letters 29, 
1526, dOI: 10.1029/2001Gl014000.

turunen J, tomppo e, et al. 2002. estimating carbon accumula-
tion rates of undrained mires in Finland — application to boreal 
and subarctic regions. Holocene 12:69 – 80.

van Breemen n. 1995. How Sphagnum bogs down other plants. 
Trends Ecol. Evol. 10:270 – 75.

Vasander JH, laiho R. 1995. long-term effects of water level draw-
down on the vegetation of drained pine mires in southern Fin-
land. J. Appl. Ecol. 32:785 – 802.

Vitt dH. 1990. Growth and production dynamics of boreal 
mosses over climatic, chemical and topographic gradients. Bot. 
J. Linnean Soc. 104:35 – 59.

Vitt dH. 2000. Peatlands: ecosystems dominated by bryophytes. 
In Bryophyte biology, Shaw AJ, Goffinet B, editors. Cambridge: 
Cambridge Univ. Press, pp. 312 – 43.

Vitt dH. 2006. Functional characteristics and indicators of boreal 
peatlands. In Boreal peatland systems, Wieder RK, Vitt dH, edi-
tors. Berlin: springer-Verlag, pp. 9 – 24.

Vitt dH, Chee W-l. 1990. the relationship of vegetation to sur-
face water chemistry and peat chemisty in fens of alberta, Can-
ada. Vegetatio 89:87 – 106.

Vitt DH, Slack NG. 1984. Niche diversification of Sphagnum rela-
tive to environmental factors in northern Minnesota peat-
lands. Can. J. Bot. 62:1409 – 30.

Vitt dH, achuff P, andrus Re. 1975. the vegetation and chemi-
cal properties of patterned fens in the swan Kills, north central 
alberta. Can. J. Bot. 53:2776 – 95.

Vitt dH, Bayley se, Jin t-l. 1995. seasonal variation in water 

chemistry over a bog-rich fen gradient in continental western 
Canada. Can. J. Fish. Aquat. Sci. 52:587 – 606.

Vitt dH, Crum Ha, snider Ja. 1975. the vertical zonation of 
Sphagnum species in hummock-hollow complexes in northern 
Michigan. Michigan Bot. 14:190 – 200. 

Vitt dH, Halsey la, Zoltai sC. 1994. the bog landforms of conti-
nental Canada in relation to climate and permafrost patterns. 
Arct. Alp. Res. 26:1 – 13.

Vitt dH, Halsey la, et al. 1996. Peatland inventory of Alberta. 
alberta Peat task Force, national Center of excellence in sus-
tainable Forest Management, Univ. alberta, edmonton.

Waddington JM, Roulet nt. 1996. atmosphere-wetland carbon 
exchanges: scale dependency on CO2 and CH4 exchange on 
the developmental topography of a peatland. Glob. Biogeochem. 
Cycles 10:233 – 45.

Waddington JM, Roulet nt. 2000. Carbon balance of a boreal pat-
terned peatland. Glob. Change Biol. 6:87 – 97.

Waddington JM, Harrison K, et al. 2009. effect of atmospheric 
pressure and temperature on entrapped gas content in peat. 
Hydrol. Processes 23:2970 – 80.

Waddington JM, Roulet nt, swanson RV. 1996. Water table con-
trol of CH4 emission enhancement by vascular plants in boreal 
peatlands. J. Geophy. Res. 101:22775 – 85.

Wagner dJ, titus Je. 1984. Comparative desiccation tolerance of 
two Sphagnum mosses. Oecologia 62:182 – 87.

Weltzin JF, Harth C, et al. 2001. Production and microtopogra-
phy of bog bryophytes: response to warming and water-table 
manipulations. Oecologia 128:557 – 65.

Wheeler Bd, Proctor MCF. 2000. ecological gradients, subdivi-
sions and terminology of north-west european mires. J. Ecol. 
88:187 – 203.

Whittington Pn, Price Js. 2006. the effects of water table draw-
down (as a surrogate for climate change) on the hydrology of a 
patterned fen peatland near Quebec City, Quebec. Hydrol. Pro-
cesses 20:3589 – 600.

Wieder RK, Scott KD, et al. 2009. Postfire carbon balance in boreal 
bogs of alberta, Canada. Glob. Change Biol.15:63 – 81.

Wood Jt. 1955. the nesting of the four-toed salamander, Hemi-
dactylium scutatum (schlegel), in Virginia. Am. Midl. Natur. 
53:381 – 89.

Worrall F, Burt t, adamson J. 2004. Can climate change explain 
increases in DOC flux from upland peat catchments? Sci. Total 
Env. 326:95 – 112.

49756txt.indd   134 2012.02.29   06:21




