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Recent interest by the forestry industry in establishing clearcut logging practices which
emulate the effect of natural disturbances, such as wildfire on site productivity, has
sparked an increase in comparative midies between anthropogenic and natural
disturbances. The objectives of this study were to detemine nitrogen and phosphorus
availability differences afier 10 years between black spmce bog ecosystems afEeaed by
either clearcut logging or natural wildfires. This was accomplished by focusing on: 1)
differences in the spatial heterogeneity of inorganic N and P concentrations; 2) spatial
heterogeneity of nitrogen mineralisation; 3) peat substrate quality differences; and 4)
relationships between peat substrate quality and net N/P mineralisation.

Three-way analysis of variance, incorporating spatial factors, exhibited significant
differences in inorganic N concentrations between disturbance types with mature stands
greater than clearcut sites and bum sites. There were no significant differences in P
concentrations between disturbance types. N exhibited microrelief differences (hollow >
hummock) while P exhibited depth differences (0-1 5 > 15-30 cm.

A two month in situ incubation was performed to rneasure net nitrogen mineralisation.
Overdl, net nitrogen minerdisat ion rates were not significantly different between

disturbance types. Similarities between clearcut and burn sites were unexpected due to
the generally colder and wetter conditions within burn sites. N~trogenmineralisation
exhibited microrelief (hurnrnock > hollow) and depth differences (0-15 > 15-30 cm).
Favourable soi1 temperature and moisture regimes and/or higher substrate availability
(e-g.labile carbon) likely caused the spatial differences.

Carbon fraction analysis indicated that disturbance types differed with respect to various
substrate quality parameters. Labile carbon fractions (water-soluble carbohydrates) and
to a lesser degree, recalcitrant carbon fiactions (lignin), best discriminated between
disturbance types due to the presence of Pleurmium schreberi within mature stands.
Substrate quality differences between ciearcuts and burns could be related to site factors,
such as soi1 temperature and moisture, or to the intrinsic litter quality of Sphagnirn
species which affect microbial activity and peat decay.

Nitrogen and phosphorus mineralisation rates, determined by a 28-day aerobic incubation,
were not well predicted by substrate quality parameters.

N mineralisation (negative

indicating net immobilisation) was not significantly different between clearcuts and burns
nor was substrate quality. N mineralisation in burns was best predicted by N content,
whereas in clearcuts recalcitrant carbon fiactions were significant in predicting N
mineralisation. Sirnilar N mineralisation rates and contrasting site conditions and peat
substrate quality between clearcut and bum sites indicate that these disturbance types
affect N availability differently. However, examination of black spmce productivity and
nutnent uptake is necessary to determine long-term differences. Overall, conclusions
pertaining to forest sustainability are not possible since trends could be explained by

either the high degree of variance between sites due to poor site matching or actual
"treatment"effects.
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1. INTRODUCTION

The forestry industry has become increasingly interested in establishing clearcut logging
practices which emulate the effect of natural disturbances, such as wildfire on site
productivity. Site productivity refers to the potential of a site (e.g. a specific forest
ecosystem as defined by its physical and biological characteristics) to grow a particular
tree species (Taylor et al. 1995). Accordingly, site productivity is determined by climate,
availability of site resources (e.g. light, soi1 moisture and nutrients) and also competition
for these resources between commercial and non-commercial plants and microorganisms.
Therefore, quantification and qualification of soil properties is essential in determining
the impact of disturbance on forest ecosystems. Recognition of the importance of soil in
forested ecosystems must be included in the development of ecosystem-based
management strategies if sustainable forestry is to be achieved.

Within boreal forested peatlands, site productivity is constrained by low soil
temperatures, high moisture and low availability of essential nutrients (Bonan and
Shugart 1989; Brumelis and Carleton 1989).

Within ombrotrophic bogs (poor

minerotrophic pea:iands), availability of essential nutrients, particularly nitrogen and
phosphorus, are severely limited by both low inputs (e-g. in precipitation; Small 1972a)
and slow nutnent turnover due to low biological activity and poor substrate quality
(Flanagan and Van Cleve 1983). Nutrient availability for vascular plants is further
limited by the sequestration of almost al1 N and P £tom atmosphenc deposition by the

moss layer @amman 1978; Lee et al. 1986; Malmer 1988). As a result, vascular plants
rely on slow decay of aboveground vascular plant litter and nutrient rnineralisation in peat

as their primary nipply of N and P (Daman 1988). Consequentiy, N and P availability
is considered to be one of the main limiting factors affecting black spruce productivity in
bogs (Watt and Heinselman 1965).

Measurement and quantification of nutnent availability has always been problematic in
forest soils. Factors to which this can be attributed are: (1) high spatial and temporal
variability within uncultivated soils; (2) variability in stand requirements over time; and
(3) assimilation of nutrients with the aid of mycorrhiza (Mahendrappa et al. 1986).

Traditional forest nutrient studies have focused on the availability of inorganic nutrients,
such as W*,NO3-, and

m-

~ 0 4 ~ ~ .and

NOi' are the major forms of plant available

nitrogen (Binkley and Hart 1989). Consequently, quantities of these ions in soi1 samples
have ofien been used as an index of N availability. However, most research dealing with
nutrient availability in forests has focused on nutrient transformations and their controls.
As a result, there are many different methods that try to predict nutrient turnover rates

(e-g. Binkley and Hart 1989). The use of nutrient mineralisation rates is important in
forest disturbance/recovery studies as mineralisation rates are excellent indicators of
forea health and potential productivity.

Being a dominantly microbially-mediated

process, high degr~esof both spatial and temporal variability can make interpretations
difficult (Parkin 1993).

In nonhern bog ecosystems, the use of inorganic pools and mineralisation rates to
differentiate between disturbance regimes could have

particular significance.

Temperature and aeration control rnicrobial activity (Van Cleve and Alexander 1981) and
aeration is also important in affecting solubility of inorganic nutrients (Farnham 1974).
Therefore, concentrations of inorganic N and P and mineralisation rates will be
determined by temperature and moisture regimes (Amimelech 1971). These regimes are
related to the microrelief patterns within bogs, microhighs (hummocks) vs. microlows
(h~llows),which, in mm, are characterised by differences in proximity to the water table.
With the added effea of disturbance on soi1 temperature and moisture levels, these within
site spatial differences will be important indicators of overall changes caused by
disturbance. Disturbance can adversely affect substrate factors which play an integral
role in N and P turnover, such as stage of decomposition (Williams and Wheatley 1988)

and nutnent content of the peat (Farrish and Grigai 1988).

Understanding how

disturbance regimes alter environmental and subarate factors is vital in estimating the
availability of major nutrients within wetlands.

The effects of disturbance on nutrient availability in forest soils has gained much
attention over the years. However, most of the research has focused on upland, mineral
soils and has been restricted to short time periods immediately following the disturbance.
The lack of research comparing the efTects of wildfire and clearcut logging on forest soils

is the main reason for this study. The objectives of this study were to determine nitrogen
and p hosphoms availability differences between black spmce bog ecosystems 10 years
after they were affected by either clearcut logging or natural wildfires. This information
is important in the generation of an ecosystem-based management arategy for the black
spmce bog ecosystem.

2. LITERATURE REVIEW

2.1 Peatland Classificatioa

Wetlands makeup a significant area of land in the northem hemisphere. In Canada,
wetlands occupy approximately 127.2 million ha, or about 14% of the country (Zoltai
1988). Of this are% 1 1 1-3 million ha are defined as peatlands.

Wetlands are classified as areas where wet soils are prevalent, having a water table at or
above the soi1 surface for most of the thawed season, while supporting hydrophilic
vegetation (Zoltai and Pollett 1983).

Peatlands, or mires, are wetland ecosystems

characterised by the accumulation of organic matter, which is produced and deposited at a
greater rate than it is decomposed, leading to the formation of peat (Gore 1983). By
definition, peat is material that contains 30% or more organic matter (Soil Classification
Working Group 1998).

With differences in site charaaeriaics, northem peatlands, forested or not, are subdivided
into two major categories, bogs and fens. According to Zoltai (1988), bogs are peatlands
with the water table generally at or near the surface. In addition, the bog surface, which
may be raised or level with the surrounding terrain, is virtually unaffected by the nutrient-

rich groundwater fiom surrounding mineral soils and is generally acid and low in
nutnents. Consequently, precipitation is the only input of nutnents into the site (termed

ombrotrophy) (Heinselman 1970). Peat within bogs is generally dominated by Sphagmm
moss (Mitsch and Gosselink 1993). Fens are peatlands with the water table usuaily at or
jua above the surface (Zoltai 1988).

The waters are mainly nutnent-nch and

minerotrophic from mineral soils. Fens are slightly to strongly more alkaline compared to
bogs (pH < 4 for bogs compared to up to 7 in fens).

2.2 Bog Development
2.2.1 Peat Accumulation and Bog Formation

The characteristic feature of bogs is the large accumulation of peat.

Most peats

accumulate as a result of waterlogging (Clymo 1991). Waterlogging is a consequence of
a net positive water balance, precipitation plus water inflow greater than evaporation plus

runoff (Mitsch and Gosselink 1993) into the system. This is conditional on having a
physiography or climate that is conducive to slow water movement (Verry 1988).
Suitable physiography include flat areas such as glacial lake beds or depressional areas
with no or limited outflow such as ice block depressions, or bedrocLcontroIled basins.

The process of waterlogging coincides with the decay and build-up of plant debris. As
dead plant material is continually added to the peat surface, mass is lost (Clymo 1984).
During the initial stage of plant decomposition, water is able to flow easily between the
structural compontiits of the plant material resulting in partial saturation (Clymo 1991).
Continued decay causes the main stmctural elements within plant matter to lose their
structural integrity and finally collapse. The macrostmctural collapse of the vegetation
results in a decrease in the number and size of pores in the peat (Boelter 1969), lowering
the hydraulic conductivity (Boelter 1965). As a result, vertical water movement is almost

negligible in dense peat, resulting in a heightened water table (wmpared to m u n d i n g s )
as long as precipitation exceeds evapotranspiration (Ingram 1982). The water table level

will remain in the upper zone of high hydraulic conductivity resulting in additionai water
to seep away laterally (Clymo 1991), possibly to other water bodies (e.g. lakes). The
final result is a system that has a zone of witurated, and consequently slowly decaying,

plant material below a zone of high plant production. Overall, the interactions between
plant productivity, decay and hydrology are the main factors influencing peat
accumulation.

Given the conditions of water surplus and peat accumulation, bogs develop through
variations of two processes, terrestrialization or paludifkation. Terrestrialization is the
classical mode1 of mire formation. In terrestrialization, the direction of mire succession is
from aquatic (Le. shallow lake) towards terrestrial systems (Kangas 1990). Through
drying energies (sediment build-up, evapotranspiration, drainage), the small lake
progresses toward the climax state of a mesic forest. These mires are usually srnall and
surrounded by minera1 uplands (Grigal 1991). Inputs from uplands are confined to the
periphery of the bog due to the slow hydraulic conductivity through peat (Ingram 1983).

Paludification, also called "swamping" (Heinselman 1963), refers to the conversion of a
dry minera1 soi1 site to a mire due to a rise in the groundwater table (Paavilainen and

Paivanen 1995). The encroaching Sphagmrm mosses and peat a a as a water holding
reservoir.

The water stagnates and oxygen content decreases resulting in death or

stunting of trees and accumulation of peat (Paavilainen and Paivanen 1995). Eventually,

build-up of Sphagm<m peat will give rise to a domed surface that rises above its
surrounding ("raised bog") (Grigd 1991).

in both cases, ombrotrophic (nutrient poor) conditions are prevalent.

M e r peat

accumulates above the water table, isolating the Sphagnurn-dominated bog flora from
their nutnent supply, the bog becomes increasingly nutrient deficient (Mitsch and
Gosselink 1993). Nutrients received into the site are from dry and wet deposition
(precipitation). The amount and availability of these nutnents is in tum controlled by the
chemical-physical-biological interactions of bog ecosystems.

2.2.2 Decay and Its Controls in Bogs
2.2.2.1 Peat Layer Differentiation in Bogs The characteristic slow decay and build-up

of peat are the defining features of peatlands. To understand the process of decay, ir is
imponant to first discuss the two functional layers (as related to availability of oxygen)
that make-up peat-forming systems: an upper 10-50 cm deep aerobic zone of high
hydraulic conductivity with a relatively high rate of decay, the acroteiiii,

.~iii

a thicker,

usually anaerobic, lower layer, the catotelm, of low conductivity and with a rnuch lower
rate of decay (Clymo 1984). With increasing decomposition, plant material at the base of
the acrotelm will lose structure coinciding with a decrease in Iiydrarilic conductivity.
Continued preciphion will cause a rise in the water table to this level of slow
conductivity, resulting in the decayed plant matenal at the base of the acrotelm to be
engulfed. The rate of peat accumulation is not dependent on plant production as much as
it is dependent on the amount of material added to the catotelm, which in tum is a
reflection of the amount of material left after decay in the aerobic acrotelm. Once peat

material enters the catotelm, the structure and chemistry of the peat changes little
(Damman 1978), because of very slow decay (Clyrno 1984) and negligible water
movement (Ingram 1983). Thus, conditions during decay in the acrotelm should be
reflected in the bulk density and the Cm ratio of the peat in the catotelm (Damman 1978).

Three morphological soi1 layers representing different stages of decay that are analogous
to L, F, and H organic layers of mineral soils have also been recognised in bogs (Malmer
and Holm 1984). The first, the "living moss layer" (Malmer and Holm 1984), consists of
the living mosses and their newly formed litter. Carbon fixation and nutrient uptake are
characteriaic of this uppermost 3-5 cm (Malmer 1988). The second layer, the "litter peat
layer" (Malmer and Holm 1984), is only weakly humified and has a loose structure and
increasing bulk density with depth (Johnson et al. 1990). Depth of this layer in
hummocks cm be over 30 cm, while less tha. 10 cm in hollows. The third and deepest
layer, the "peat layer" (Mairner and Holm 1984), is much more compact and has a higher
bulk density as it is more humified and decomposed. With reference to the acrotelm and
catotelm, the acrotelm contains the "living moss" and "litter peat" layers and may include
some of the "peat layer" (Johnson and Damman 1993).

2.22.2

Sphagnrm Decay Incomplete decay of plant litter in ombrotrophic bogs has

been described as the main reason for the formation of peat (Malmer et al. 1997). In
ombrotrophic bogs most of the plant Iitter is formed by Sphagmcm mosses and the
belowground parts of vascular vegetation which are deposited a few cm below the surface
at the litter deposition level (the LDL; Malmer and Wallén 1993) which forms the lirnit
between the moss layer and the litter layer below (Malmer 1988). Below this level the

decay rate in the peat is relatively high although decreasing with depth (Hogg 1993;

Johnson and Damman 1993). The distinct decrease in the decay rate where the aerobic
acrotelm rneets the permanently anaerobic catotelm (Ingram 1978) corresponds to the
decay decrease level (the DDL; Malmer and Wallén 1993).

The nature of Sphagmrm decay has been recently cited as an important regulator of peat
growth and subsequent formation of the unique peatland microtopography (Johnson and

Damman 1991; Johnson and Damman 1993). This is shown by comparing the decay of
various humrnock and hollow Sphagrzum species. Several studies have shown that the
decay of Sphagrmm species occupying dry bog hummocks is slower that those thar grow

in wet hollows (Bartsch and Moore, 1985; Rochefort et al. 1990;Johnson and Damman
199 1; Belyea 1996). Hollow species such as Sphagmrm nrspi&tzrrn and S. mgustIfoIiz~m

lose mass at about twice the rate of the hummock species S. ftsmm, even though
conditions for decay are less favourable in hollows (Johnson and Damman 1993). This
difference in inherent decay properties of Sphagrnrm species may control the
microtopography of the bog surface (Johnson and Damman 1993). The slower decaying

hurnmock species allow for a more rapid build-up of peat above the water table, thus,
giving rise to hummocks (Johnson and Darnman 1991). Conversely, species in hollows
decay faster not allowing for any significant peat build-up above the water table.

There is one important factor that couid explain the differences in Sphagtum decay,
intrinsic litter quality. In fact, the differences in intnnsic litter quality between different
Splzugwn species are believed to ovemle habitat factors in peatlands in regulating decay

rates (Johnson and Damman 1993). The intrinsic properties of Sphagrnrm that result in

slow decay include: (1) an unusually low concentration of inorganic nutrients in
S p h a g m litter, which can limit activity in nutrient-deficient bog ecosystems; (2) the
abundance of compounds in Sph~grnimpeat, such as phenolic compounds, which inhibit
microbial activity; and (3) the abundance of compounds, such as waxes and lignin-Iike
substances, which resist microbial breakdown (Waksman and Stevens 1929; Johnson and
D a m a n 1993).

Sphugmrrn plants generally contain low concentrations of inorganic nutrients in their
tissues (Damman 1978; Malmer 1988).

In nutnent-deficient ecosystems, such as

ombrotrophic bogs, the low concentration of nutrients within plant matenals may limit
microbial activity (Martin and Holding 1978). However, the exact role of inorganic
nutrients, such as nitrogen and phosphorus, in regulating decay remains to be shown.
Studies using amendments of inorganic nutrients, usually in the form of fenilisers, have
been inconclusive (Clymo 1965; Coulsen and Butterfield 1978; Rochefort et al. 1990).

Decay of Sphagrmm peat may be reduced by the presence of compounds which inhibit
microbial degradation (Kalviainen and Kamnen 1984). Inhibitory effects have been
associated with the occurrence of phenolic compounds. In peatlands, p-hydroxybenzoic
acid, a phenolic acid, was believed to have bactenostatic and fungiostatic properties
(Painter 1991). Pdnter (1991) showed that phenols extracted fiom fiesh moss and peat
were not significantly toxic to microorganisms. Tannin, another important phenolic
compound important in controlling decay rates in vascular plant litter (Benoit and Starkey
1968; Meentemeyer 1978; Zucker 1983), is not f o n d in Sphagrmm (Johnson and
Damman 1993). In addition, Sphagnum does not contain proanthocyanidin (Bendr et al.

1966), the components of condensed tannins which inhibit microbiai activity (Zucker

1983). However, it has been s h o w that sphagnan, a polyuronic acid found in S p h a p m ,

may act as a tanning agent (Painter 1991). Sphagnan may act to inhibit microbial activity
by interfenng with microbial exoenzymes and by sequestering essential nutrients.

Recently, Johnson and Damman (1993) detemined that there is a significant negative
correlation between polyuronic acid content and mass loss, even though the cause-effect
relationship still needs to detemined. This is important since polyuronic acids act as the
cation-exchanger in the ce11 wall of Sphugmrm (Theander 1954; Clymo 1963; Painter and
Ssrenson 1978) and comprises up to 30% dry weight of the plant (Clymo 1963; Spearing
1972).

Sphagrz~mzcontains a high proportion of decay-resistant compounds, such hemicelluloses
and lignin-like compounds, that also contribute to its slow decay (Johnson and Damman
1993).

Lignin content is an important regulator of plant litter decornposition

(Meentemeyer 1978), aithough Sphagmrrn does not contain true lignin (Erickson and
Miksche 1974). The removal of "lignin" and hemicelluloses from Sphagmm have been
reported to cause a three times increase in COz release compared to Sphugnrm containing
these compounds (Waksman and Purvis 1932). ûther decay-resistant compounds, such

as waxes and lipids, are also found in Sphagmrn (Johnson and Damman 1993). The
decrease in decay with depth, while a reflection of anoxic conditions, has also been
shown to be the result of an accumulation of recalcitrant compounds with depth and age

of the peat (Johnson and Damman 1993). With decomposition, the more readilydecomposable compounds (labile) such as sugars and carbohydrates are the first to
disappear (Melillo et al. 1989). This results in an increase in the proportion of decay-

resistant compounds. Johnson and Damman (1993) later showed through amendment
studies that the lack of a readily available carbon source, not nutrients, limits decay with
depth in bogs.

2.3 Nitrogen and Phosphorus Avaüability in Ombrotrophic Bogs

Availability of nitrogen and phosphorus are considered one of the main limiting factors
Secting black spmce productivity in bogs (Watt and Heinselman 1965).

Poor

productivity of bog vegetation is attributed to low concentrations of N and P in foliage
(Small 1972a). Factors that result in low foliar concentrations are: (i) Iow supply Corn
slow mineralisation and low inputs (via precipitation), (il) lower requirement of N and P
by bog vegetation or (iii) adaptive plant responses to low availability. This review will

focus on the concept that nutrient availability within peat controls plant productivity of
ombrotrophic bogs. Consequently, this review will deal with N and P distribution and
transformations within peat bogs as they relate to plant-availability.

Lhfortunately,

discussion of P trends is severely limited by the lack of research dealing with P
transformations and availability within ombrotrophic peat.

2.3.1 Nutrient Composition and Distribution in Ombrotrophic Bogs

Ombrotrophic bogs are among the most nutrient deficient ecosystems in the world
(Damman 1986). The inorganic constituents of peat are ofien an important indicator of
its nutritive value for plant growth (Stanek 1975). However, the chernical composition

and element distribution within ombrotrophic peat vas, spatially and temporally.
Consequently, there are many factors that affect the chernistry of peat.

2.3.1.1

Processes Affeeting the Chernid Composition of Peat There are several

processes which affect the inorganic composition of peat. These include; 1) initial
concentration in the plant or in the bog water, 2) decay and loss as gas of peat organic
matter; 3) relocation of inorganic constituents by physiochernical processes (diffusion and
mass flow); and 4) relocation of inorganic constituents by biological processes (e.g.
movement from roots to shoots in plants) (Clymo 1983). Damman (1978) concluded that
the elemental composition of peat is not afFected by the floristic composition of the peat
but, in the case of ombrotrophic bogs, depends on the position of the peat with respect to
the water table. Various elements increase in concentration towards the water table (e.g.
Fe and Al) while others decrease (e.g. K and Na). At the zone of water table fluctuation,
some elements (e.g. N, P, Fe, Al, Zn, and Pb) tend to increase in concentration.
Consequently, at the peat surface there will be a relationship between elemental
composition of the Sphagrzz~mand the flonstic composition of the vegetation because both
are controlled by hydrology. However, once the material is incorporated into the peat, the
translocation and accumulation of elements depends solely on the water level.

On the whole, the element concentration in bog vegetation reflects the total concentration
in peat. Low supplies of elements in peats of ombrotrophic bogs have been considered
the cause of low concentrations of Na, N , P, Ca, and Mg in plant species (Richardson et
al 1978). AdditioLialfactors that disrupt ion uptake by plants, as result of anaerobic
conditions, include: inhibition of absorption of certain ions (Epstein 1972); restricted
organic matter mineralisat ion (Avnimelech 197 1), and retarding of root growth causing
decreased root absorptive capacity (Gore and Urquhart 1966). Overall, the retention of an

element is detemiined by the biological demand for the element as well by its chernical
properties (Damman 1978).

2.3.1.2 Processes Affecting Nutrient Distribution Storage of nitrogen, phosphorus and

other nutrients within peat is considerable due to the depth of peat accumulation
(Waksman and Stevens 1929; Damman 1978; Clymo 1983). However, large changes in
nutrient concentrations in surface layers @amman 1978; Clymo 1983) and removal of
elements before entering the anaerobic catotelm (Damman 1978) result in substantial
variations in nutrient distribution with depth. Damrnan (1986) defined four processes
which cause changes in the vertical distribution of elements in peat: ( i ) uptake by plants
and enrichment of the surface by litter and leachates,

(il)

redox reactions resulting in

accumulation in the zone of water table fluctuation, (izi) surface e ~ c h r n e n by
t capillary
flow and evaporation at the surface, 2nd (iv) rernoval and relocation by leaching.
Decomposition and compaction of peat, dong with upward growth of the surface,
complicate interpretations of elemental distributions (Damman 1978) but do not readily
relocate elements (Damman 1986).

Uptake by plants affects primarily the acrotelm and the upper 10-20 cm of the catotelm of
hollows and other sites with a near surface water table (Damman 1986). The effect of
water table depth
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woody plant species has a large influence on root growth and

survival due to oxygen availability (Sanderson and Armstrong 1980). On wet sites, roots
of black spmce are confined to hummocks, while on dry sites, roots can penetrate to 60
cm (Lieffers and Rothwell 1987). Bhatti et al. (1998) found that more than 80% of black
spruce fine rwts were confined to the upper 10 cm of peat. As a result, ombrotrophic

bogs dominated by black spmce may show different uptake patterns than those with plant
species that are more tolerant of wet conditions.

Leaching of nutrients from decomposing foliage and living tissues of vascular plants can
provide a valuable nutrient source for Sphagmm (Damman 1978, 1986). This can
increase concentrations within actively growing parts of the Sphngnim plant, although
this is probably not the case for N and P (Damman 1975). Leaching of N and P from
plant tissues does not occur as readily as, for example, K (Tukey 1970).

2.3.2 Nitrogen and Phosphorus Distribution and Transformations
2.3.2.1

Nitrogen The nitrogen cycle within bogs has three main features (Rosswall and

Granhall 1980; Hemond 1983; Urban and Eisenreich 1988). First, al1 nitrogen is cycled

as ammonium (NH>-); nitrification is absent and nitrate inputs are quickly taken up by
mosses (Lee et al. 1987). Second, nitrogen recycling is largely restricted to the aerobic
zone of peat (the acrotelm), rnostly owing to mass trampon limitations. Finally, cycling
rates and losses of nitrogen from the system are low. In the absence of nitrification, loss
of N by denitrification is minimal, and ion exchange and assirnilatory uptake maintain
low concentrations of ammonium in bog waters. As a result, little inorganic nitrogen is
lost in runoff.

The only major input of N into ombrotrophic bogs is through atmospheric deposition,
however, the annual supply is insuscient for primary production (Malmer and Nihlgird
1980). Requirements of nitrogen through atmospheric deposition provide a greater

fraction of total nitrogen required by bog plants (13 to 80%) @amman 1978; Rosswall

and Granhall 1980; Hemond 1983; Urban and Eisenreich 1988), compareci to other
ecosystems (1 to 25%) (Bormann et al 1977; Van Cleve and Alexander 1981). As noted
earlier, this input is generally immobilised by growing Sphagmrm plants rather than
vascular plants (Malmer 1993).

This is one possible reason for the very high N

concentrations within actively growing parts of Sphogiirrrn plants @amman 1978).
Nitrogen (Nz)
fixation within bogs also represents an input of N but is generally highly
variable, due to the patchiness of wet and dry microhabitats (Urban and Eisenreich 1988).

In boreal peatlands, one of the major sources of N-fixation are through the roots of alders
(Alms mgosa) whose nodules are inhabited by N-fixing bacteria (Brumelis and Carleton
1989).

The supply of N available for plant uptake within most ombrotrophic bogs is determined
by the rate of mineralisation (Urban and Eisenreich 1988; Malmer 1993). Minera1isation
refers to the degradation of an element in organic form to mineral form (Paul and Clark
1996). Substrate availability for heterotrophic microorganisms is one of the main factors
controlling nutnent mineralisation.

In ombrotrophic bogs, low temperatures. poor

aeration coupled with plant and microbial physiologies control substrate availability
affecting mineralisation (Updegraff et al 1995). These factors also act as feedback
mechanisms affecting plant production, litter quality, and plant-mediated gas transport.
As a result, substrztz quality of the organic pool will be a determining factor affecting

nitrogen mineralisation. Substrate quality has been found to account for over 70% of the
variability of nitrogen mineralisation under aerobic and anaerobic conditions in bogs

(Updegraff et al 1995). This is correlated with differences of the size and kinetics of the

relatively srnall labile pool available to microorganisms (100 kg Nha in labile pool vs.
3300 kg Nha in passive organic pool) (Rosswall and Granhall 1980).

In ombrotrophic peat, N mineralisation patterns do not follow normal trends. Normally, a
Clh' greater than 20 means net immobilisation of nitrogen by the decomposer

rnicroorganisms.

In bogs, net N mineralisation has been detected at C/N quotients

between 60 and 100 (Malmer and Holm 1984; Damman 1988; Verhoeven et al. 1990).
Net N mineralisation occurs at high C/N because microbial activity is limited (as
indicated by low decomposition rates) and populations are low (Damman 1988;
Verhoeven et al. 1990). Microbial activity is reduced by many factors including: 1) the
acid environment (Verhoeven et al. 1990). 2) chemical composition of the Sphugirim
litter (Clymo l96S), 3 ) chemical inhibitors (Kalviainen and Karunen 1984). 4) nutrient
deficiencies (Damman 1978) and 5) lack of a available energy source (Waksman and
Stevens 1928; Waksman and Purvis 1932). As a result of low activity, microbial
demands of N are low, t herefore causing most rnineraiised N to be released.

During decomposition of Sphagrzz~mlitter, the nitrogen-rich protoplasm breaks down and
releases nitrogen quickly, whereas the bulk of ce11 walls are decomposed so slowly that
not much nitrogen is immobilised in rnicrobial tissue but is instead released into the
environment (Vertseven et al. 1990). Lack of N immobilisation by microorganisms also
occurs because N content is not believed to limit decay despite low concentrations
@amman 1988). It should be noted that mineralisation rates are not high due to factors
such as low temperature and p w r aeration which additionally limit microbial activity

(Van Cleve and Alexander 1981). For example, aerobic nitrogen mineralisation is usually

two times greater than anaerobic mineralisation (Updegraff et al 1995). Consequently,
30% o f the total net nitrogen mineralisation occurs within the top 10 cm of the peat

(Rosswall and Granhall 1980). This is why the acrotelm is considered the zone of
recycling and rnineralisation (Urban and Eisenreich 1988).

The inhibition of N immobilisation results in distinct trends of N content with depth in
ombrotrophic peat. Cm ratios tend to increase slightly with depth as a result of rapid
release of nitrogen fkom labile N-rich compounds and the overall slow decomposition of
the peat @amman 1978). The CM of the peat then decreases but only to levels around
50 @amman 1988).

Absence of a gradua1 increase in N concentration with depth

indicates that N removal more or Iess keeps pace with organic matter losses during decay.
Slight decreases in C/N with depth could be attributed to the relative increase of N in the
zone of water table fluctuation and in the inundated peat @amman 1978). This is a result
of leaching of N fiom well-drained peat layers. This is also suggested by higher N
concentrations in hollows compared to hummocks. In addition, net N mineralisation
causes N inputs into ombrotrophic peat to be as high as two times greater than amounts
accumulated in the peat (Damman 1988). However, there are still large quantities of N
that are sequestered within the peat (Clymo 1978).

2.3.2.2

Phosphoms Phosphoms is probably the moa limiting nutrient affecthg growth

and productivity in ombrotrophic bogs (Bhatti et al. 1998). This is attributed to the very
low P concentrations within precipitation (Allen et al. 1968). As a result of its Iow
availability, P, like N, tends to be conserved within living organisms (Tate 1984).

Like N,P concentrations increase in the zone of water table fluctuation, and then continue
at a low constant level throughout the anaerobic peat (Damman 1978). In addition, living
Sphagm~rncontains distinctly higher concentrations and the arnount in the annual growth
is probably greater than what is supplied in precipitation. This could be a result of
retranslocation within Sphagnïm mosses or translocation of ~ 0 4 "in capillary water due
to evapotranspiration at the surface.

Mineralisation of organic P is an important source of P for vascular plants within
ombrotrophic bogs and other terrestrial ecosystems (Gressel and McColl 1997).
However, due to the physiochernical aspects of the P cycle, P rates and pathways,
especially mineralisation, are poorly understood (Tate 1984).

In aerated peat. P occurs mainly in organic f o m with some bound to Fe and Al (Damrnan

1978). Uptake of P by vascular plants can affect P concentrations within bogs (Gore and
Olsen 1967) but higher concentrations within hollows suggests that leaching frorn
hummocks occurs (Damman 1978). Phosphorus accumulates within the zone of water
table fluctuation and near the water level because of higher Fe and Al concentrations in

these zones @amman 1978). The low P content in anaerobic peat is as the result of
reduction of Fe fiom the tri to divalent aate, which increases Fe mobility and decreases
its concentrations (damman 1978). As a result, al1 but the organic P becornes mobile.

2.4 Tree Harvesting and Wüdfire Effects on Forest S o b
2.4.1 Tree Harvesting
2.4.1.1

Definition of Clearcutting

Defining clearcutting has become an area of

confusion perhaps due to the negative connotations that have become associated with the
word (Keenan and Kimmins 1993). A clearcut is an area of forest that has been
completely cleared of al1 trees other than seedlings and occasional saplings (Kimmins
1992). Al1 trees are cut at the same time such that al1 the young trees growing in the area

will be similar in age and height. A more ecological definition of clearcutting focuses on
the degree of removal of the "forest influence" (Keenan and Kimmins 1993). Keenan and
Kirnmins (1993) described the forest influence as the effect of the closed canopy on the
environment of the land it occupies. This includes the microclimate, and the effect that
tree roots have on soil microorganisms and soil structure. This, in tum, affects many
ecological processes, such as organic matter decomposition and nutnent cycling, and
erosion and weathering of mineral soil. When a forest is clearcut, the forest influence is
removed until such a tirne as the trees regrow and the influence has re-established.
However, the surrounding forest maintains a "shadow" of forest influence some distance
into the cutover. Only when the harvested patch is large enough that the majority of its

area is beyond this forest influence can that area be called a clearcut (Kimmins 1992).
Consequently, the minimum size of the opening that constitutes a clearcut under this
definition varies with the height of the surrounding forest (Keenan and Kimmins 1993).

2.4.1.2

Forestry Impacts and Issues The debate over forestq and its impacts has been

occurring for many years. Unfortunately, long-terrn impacts of current forestry practices

on forest production, nutrient cycling and ecosystem dynamics are still not well
understood today (Teng et al. 1997). Concerns have been expressed over nutrient
removals associated with clearcutting alone, or in combination with other processes
associated with site disturbance, which may deplete nutrient resewes in forests and
reduce the long-tenn sustainability of forests (Powers and Van Cleve 1991). Sustaining
forest productivity, thus, involves maintaining site productivity. Site productivity refers
to the potential of a site to grow a particular tree species (Taylor et al. 1995).
Accordingly, site productivity is determined by climate, availability of site resources (e.g.
light, soil moisture and nutrients), the requirements of a particular tree species and also
cornpetition for these resources between commercial and non-commercial plants and
microorganisms. In cool temperate and boreal forests the major constraints on potential
site and harvestable tree productivity are n o m l l y soi1 temperature, soil drainage, and
availability of N (Van CIeve and Alexander 1981). In order to achieve sustainable
forestry while maintaining site productivity, factors affecting the availability of nutrients
and the mechanisrns of uptake in different forest ecosystems must be detemined
(Mahendrappa et al. 1986).

Harvesting impacts on boreal forest ecosystems, particularly black spruce, have been well
documented (Gordon 1983; Timmer et al. 1983; Bonan 1990). However, research
dealing with tree hvesting impacts on forested bogs in northem latitudes is very scarce
(e-g. Trettin et al. 1996; Teng et al. 1997). As a result, discussion of forestry impacts on
soils and nutnent cycling will be drawn fiom research performed on upland soils, except
where noted.

Impacts of logging are related to size of the cut, pst-logging treatments, planting,
tending, thinning, and protection activities (pest and fire management) (Taylor et al.
1995). Other secondas, effects may occur associated with development of logging roads,

modification of drainage patterns and landscape level impacts, which modifi hydrologie
and nutrient cycles. Because the productivity of forest ecosysterns varies with species
composition, local climate, soi1 texture, drainage, soi1 depth, and site history ( e g
disturbance type) the impacts of forest harvesting can Vary tremendously.

Removal of the forest influence has a major effect on radiation balance, which leads ro
changes in the temperature and moisture of the air and soil (Keenan and Kimmins 1993).
These factors regulate moa of the physical and physiological processes that influence the
survival and growth of forest tree species. Main changes with radiation and temperature
involve: input of short-wave solar radiation at surface is greater (warmer daytime
temperatures) and emission of long-wave radiation is greater (cooler surface ternperatures

on clear, cool nights) (Keenan and Kimmins 1993). Temperature increases can have
detrimental effects on seedling survival, on photosynthetic functioning and on growth.
Increases in soil temperature are dependent on the degree to which clearcutting and postharvest site preparation affect understory vegetation, the degree of mineral soil exposure,
the reduction in the depth of the forest floor, and other soil thermal properties (soil
moisture, bulk denAy, and pore space) (Kimrnins 1997).

Removal of the tree canopy will usually increase soil temperatures due to the increase in
solar radiation reaching the forest floor (Frazer et al. 1990;Aust and Lea 1991; Trettin et
al. 1995, 1996). Warmer soil temperatures in clearcut sites have also been attributed to

soil dimirbance exposing darkened humified layers (Trettin et al. 1995). Trettin et al.
(1996) showed that whole-tree harvesting on organic soils resulted in a 2°C increase
down to 25 cm directly after harvesting. Increased organic matter decomposition due to
higher soil temperatures caused by harvesting can persist for more than 10 yean in some
cases (Kubin and Kemppaninen 199 1).

Soi1 moisture increases following clear-cutting come about because (a) trees intercept
precipitation, that depending o n climate and canopy architecture, may eventually reach
the soil or may evaporate from the canopy, and (b) tree removal results in lower
transpiration rates for a period of time because their leaf indexes are much higher than
that of s h b s and herbs (Homung and Newson 1986). Decreased moisture at the soil
surface can also occur due to increases in wind speed near the ground, thus, increasing
evaporation (Keenan and Kimmins 1993). Generally, soil moisture levels in summer
months increase (McColl 1977). however increases are generally short-lived.

Water table depth in peatlands greatly affects soi1 aeration, hence changes in the water
table following harvesting also would impact organic matter decomposition (Trettin et al.
1995). In undrained wetlands where the water table nonnally rernains within 30 cm of
the soil surface, the amplitude of water table fluctuations after harvesting increase, but the
average depth will usually remain the same (Verry 1986). This effect is not consistent, as
tree harvesting has caused a significant rise in the groundwater level in some peatlands
(Beny and Jeglum 1991). One way to improve tree growth following harvesting is to
drain the peatland (Paavilainen and Paiviinen 1995). This will lower the water table, thus,

adjusting the water content of the soi1 to a level which ensure sufficient aeration
(Paivanen 1973). In the case of black spmce, improved aeration may increase growth
(Jeglum 1974) and increase wood production to a more optimum rate on peatlands
(Haavisto and Jeglum 1991). However, drainage is still not used in Manitoba and is
currently being expenmented with in other provinces (Haavisto and Jeglum 1991).

Another hydrologic change resulting from clearcutting is increased nream flow due to
increased surface runo@ water movernent through the soil profile and reduced
evapotranspiration (Hombeck et al. 1986). This effect will not be as important within
ombrotrophic bogs where ninoff and water movement is negligible or not apparent. In
addition, there is increased snow depth and changes in the amount and timing of nxnoff
after snowmelt (Berndt 1965).

In nonhem wetlands, numerous site preparation systems are used, with most involve
some son of mounding (Sutton 1993).

Mounds are created by either disking or

excavation (Trettin et al. 1995). Mounds provide an elevated planting surface and
mitigate against increased water table Ievels following harvesting. This technique along
with the previous section on soil disturbance is not of concem with the present study as
stands were winter-logged (peat was fiozen) and naturally regenerated with no site
preparation. TherrLre, there was very little soil disturbance andor compaction.

With tree harvesting, site conditions favour increased microbial activity and
decomposition (Covington 1981) and, consequently, nutrient availability (Van Cleve and
Yarie 1986). Along with favourable temperature and moisture levels, litter deposited on

the forest floor by pioneer species following harvesting tends to be of higher quaiity (less
phenolic compounds, lower CM) (Edmonds 1980).

This helps maintain the high

decornposition and nutrient mineralisation rates following clearcutting and is a source of
short-terni fenility (Kimrnins 1997). High decomposition rates following logging have
also lead to a decrease in the forest floor depth, and a reduction of the total amount of
nutrients in that layer (Keenan and Kimmins 1993). However, inputs of slash, decaying
rwts and stumps can ofset decomposition losses (Hendrickson et al. 1989). Deposition

of slash material may contain more recalcitrant materials which initially inhibits
decomposition and nutnent mineralisation (Covington 1981). By immobilising nutrients
immediately after harvesting, slash can prevent nutnent losses due to leaching (Gordon
1983). Removal of slash is usually not recommended as it does provide a long-tenn

nutnent source when it starts to decay.

In peatlands, research into harvesting effects has focused on C loss via decomposition
(Lieffers 1988; Trettin et ai. 1995, 1996). In most cases. organic matter decomposition
increased following harvesting which usually resulted in a net ioss of soi1 C from the
wetland (Trettin et al. 1995), with temperature as the main determining factor (Trettin et
al. 1996).

Changes in the nu?nent capital of the fores are important as they relate to the long-term
sustainability of the site. With harvesting, nutrients contained within the boles (in the
case of stem-only harvesting) are removed from the site, resulting in a net loss of
nutrients (Teng et al. 1997). Teng et al. (1997) found that for a black spruce peatland
removal of N, P, K, Ca and Mg from stem-only hamesting would be 43,8,48,205 and 15

kg ha-', respectively. Leaving the foliage in the site is important as it contains up to 46%

of total N and 36% of total P while representing ody 13% of the total biomass (Teng et
al. 1997). Removal of such large quantities of bases, particularly Ca, from the ecosystem
may cause severe nutrient depletion and acidification (Timmer et al. 1983). In the cases
where the crown biomass is very high, a more severe nutrient loss would occur from fulltree hawesting (Teng et al. 1997). Keeping slash on the site would be a significant
nutrient source for the succeeding rotation and represent a substantial contribution to the
sustainability of stand production (Timmer et al. 1983). This is especially important on
peatiands due to the !ow nutrient availability of many peat deposits (Damman 1988) and
the slow mineraiisat ion of nutrients fiom peat (Clymo 1965). Unfortunately, research
dealing with harvesting impacts on nutrient pools in peat is v e y scarce.

In addition to losses from tree removal, nutrients released from decornposition of fiesh
litter are especially susceptible to removal via leaching and runoff during the first few
years afler harvesting (Hombeck and Kropelin 1982). Losses via leaching are rnainly the
result of reduced vegetation coverage and the associated reduction in nutrient absorption
(Teng et al. 1997). While it is known that decreased plant uptake can last from two to
several years following disturbance (Marks 1974), questions still remain unanswered
about the duration of heightened nitrogen mineralisation rates (Frazer et al. 1990). The
return of decomposition, nutrient cycling, and nutrient availability to pre-harvest levels
depends on rate of revegetation of trees and understory plants (Keenan and Kimmins
1993). This also detemines rate at which forest microclimate retums. Nitrogen losses

can also occur by nitrification and denitrification, however, they are both insignificant in
acidic, ombrotrophic bogs (Urban and Eisenreich 1988).

2.4.2 Wiidfire

2.4.2.1

Fire Terminology Lightning-induced wildfues are a cornrnon occurrence in

northem forest ecosystems (Wein and MacLean 1983). The type of fire history that
characterises an ecosystem is called its tire regime (Heinselman 1981). The elements
which define the fire regime are 1) fire type or intensity (e.g. crown fires, severe surface
fires and light surface fires); 2) size of typical significant fires; and 3) frequency or retum
intervals for specific land units. The fire rotation (Heinselman 1973) or fire cycle (Van
Wagner 1978) is the average time required for a fire regime to bum over an area
equivalent to the total uea of an ecosystem.

In the boreal forest the dominant regime is high-intensity crown fires or severe surface
fires of very large size - often more than 10,000 ha, and sometirnes more than 400,000 ha
(Heinselman 1981). Fire rotations are shorter in drier regions of Canada, where they
average 50-100 years, than in high precipitation areas, where they may average 200 years
or more (Heinselrnan 1981). Long rotations are common for peatlands, where crown fire
regimes in black spmce dominated sites occur at cycles of 150-200 years (Heinselman
1973) and surface fires can occur at cycles up to 1000 years ( K u m 1994). Organic
terrain (Le. peatland) fires can bum deep into the peat and rnay exhibit glowing
combustion (low energy-release rates) (Wein 1983). These types of fires only occur in
extremely droughty yean or d e r drainage.

2.4.2.2

Fire Impacts on Soil Fire is an important agent in the release of nutnents stored

up in slowly decaying organic matter in b o r d forests (Rowe and Scotter 1973). Nutnent
release following fire helps increase nutrient cycling, while rejuvenating the ecosystem.

The efiect that fire has on an ecosystem will depend on the successional stage of the
forest and the time since disturbance (MacLean et al. 1983). Both successional stage and
time since disturbance have a major impact on the nutrient dynamics and pools (young
forest vs. old-growth forest) which could be affecteci by fire. The impact of fire on
ecosystem fiinctioning can be viewed by looking at the effects during fire and post-fire
changes.

D u h g fire, nutrients can be ion fiom the system as a result of three processes: 1) loss

through volatilisation, 2) loss of particulate matter and 3) convection action removing
particulate matter and mineral matter from the site (Woodmansee and Wallach 1981;
MacLean et al. 1983). Volatilisation removes large quantities of nutrients from the site,
with N Iosses much greater than P losses (500-800 kg ha'' and <440 kg ha*', respectively)
(MacLean et al. 1983). Volatilisation losses can increase with high intensity burns, up to
60% higher (Knight 1966).

Another change occumng during tire is a large transfer of minera1 nutrients to ash layer.
which is deposited on the soil surface (Ahigren and Ahlgren 1960). Ash mostly consists
of oxides and metallic cations which are released from the oxidation of organic matter.
The final major eEect during fire is the heating of biomass and upper soil layers
(MacLean et al. 1SS3). A consequence of this is the loss of plant biomass fiom the site.
However, a sizeable portion of this biomass may be retumed to the soil as uncombusted
and fieshly killed litter. This plus the dead roots of killed vegetation, can provide a
valuable nutrient and carbon source for microorganisms in the soi1 (Woodmansee and
Wallach 1981).

Post-fie changes are those which affect the soil environment (i.e. temperature and
moisture) and nutrient cycling. Following the combustion of vegetation and litter and
blackening of the soil surface by charcod and ash, soil temperature generally increases
(Vko 1974; MacLean et al. 1983). Blackening of the soil surface acts to lower the
albedo, thus absorbing more solar radiation. Decreasing the thickness of the forest floor
also results in increased soil temperature (Ahlgren and Ahlgren 1960). Higher soi1
temperature will occur for some time afierwards, until the shading effect of the vegetation
canopy is restored. This effect is more complicated in peatlands as any decrease in
thickness will cause the water table to be closer to the surface and thus, result in lower
soi1 temperatures.

Soi1 moisture content can be affected by two processes: 1) increased soil temperature and
2) low water-holding capacity of charred humus (Viro 1974). Higher soil temperature

may increase evaporation near the soil surface, thus, drying out the soil. In sites where
the water table is close to the surface, destruction of the forest by fire will cause a nse in
water table (lut2 1956 cited in Ahlgren and Ahlgren 1960), which can affect vegetation
recolonisation due to wetter conditions. The final environmental change is an increase in
soil pH (MacLean et al. 1983). This a consequence of the large concentrations of alkaline
cations in the ash, especially ca2-. This effect is normally short-lived as leaching of
cations will retum +k
pH to pre-fire levels (Ahlgren and Ahlgren 1960; Yiro 1971).

Following fire there is generally a large increase in readily available nutrients in the ash
which provide a nutrient 'pulse' (Viro 1974; MacLean et al. 1983). These nutnents can
be taken up by pioneer vegetation and microorganisms, leached into the soi1 or lost in

runoff (water and wind erosion) (Woodmansee an Wallach 1981). Nutnents, such as P.

K, Ca and Na, increase in solubility in the ash which contributes to their wlnerability to
leaching (Smith 1970). This dong with plant uptake is why nutnent concentrations return
to pre-fire concentrations, or lower in some cases, relatively quickly (< 1 year). In sites
where there is still organic matter in the soil, nutrients may be absorbed on exchange sites
to reduce leaching losses (Viro 1974).

Increased microbial aaivity following fire also causes an increase in nutrient availability
due to high decomposition and nutrient mineralisation rates (Woodmansee and Wallach
1981; MacLean et al. 1983). M e r fire, microbial numbers in the soi1 surface can increase
multifold (Ahlgren and Ahlgren 1965). In addition, these microorganisms have a new
and large source of carbon fiom deep root systems and residual aboveground litter, and

more favourable growing conditions because of increased soil temperatures (Lloyd 1971),
more favourable pH (Fowells and Stephenson 1933), greater arnounts of nutrients in ionic
form from ash (Ahlgren and Ahlgren 1965) and usually more available soil water
(Jorgenson and Wells 1971). The net result is usually an increase in rnineralisation which
c m increase

w' concentrations (Viro

1974).

Microbial immobilisation also will

increase until labile carbon sources have been depleted but net mineralisation will usually
predominate (Woodmansee and Wallach 1981). Nutrients mineralised are also vulnerable
to leaching or to bcing stored on exchange sites (Viro 1974). Overall, nutrient availability
rnay be enhanced in spite of a net loss of nutrients fiom the system caused by initial or
subsequent effect of tire (Woodmansee and Wallach 1981). This increase in nutrient
availability is very important as it aids vegetation re-establishment. In boreal peatlands,
any increase in production resulting fiom the release of nutrients following fire does not,

however, compensate for the loss of peat due to buniing (Kuhry 1994). ïhis is only
important when ground fires bum peat, but is not the case when just abovegound
vegetation is lost.

In general, Sphagrmm-dominated b o r d peatlands are well adapted to fire disturbance as
nutrients released by burning are leached into peat (Kuhry 1994), where they are probably
absorbed to prevent Ioss. When peat is bumed, pre-fire conditions generally retum within
decades (a short time relative to fire rotation length) and long-term vegetation
development is not afTected (Kuhry 1994).

2.5 Conclusion

Most research dealing with nutnent cycling processes in peatland ecosystems has not
dealt with the impacts of disturbance. While the controls on nutrient availability and
transformations have only recently become more clear, not much speculation has been
made concerning what impact canopy removal, via clearcut logging or wildfire, would
have on these controls. Utilisation of forested bog ecosystems for sustainability forestry
requires that we understand the changes in site conditions (e.g. soi1 temperature and water
table levels) and nutrient transformations that will directly affect forest re-growth and
recovery.

3. SPATIAL VARIABILITY OF MINERAL NlTROGEN AND PHOSf HORUS IN

DISTURBED BLACK SPRUCE BOG ECOSYSTEMS

3.1 Abstract

Inorganic nitrogen (N) and phosphorus (P) concentrations were studied for two months
within 12 black spruce (Picea mariaila

(Mill.) B.S.P.)bog ecosystems in eastem

Manitoba. Stands were classified based on disturbance type: undisturbed mature forests
(> 1 10 years old), winter-logged clearcut stands (stem-only; 10-14 years old), and wildfire

bum stands (1 1 years old). The objective of this study was to determine differences in the
spatial heterogeneity of inorganic N (Mt-and NO;)

and P ( ~ 0 concentrations
~ ~ 3
within

disturbed ombrotrophic bogs, afCected by wildfire or clearcut logging.

Within

disturbance types, inorganic N and P concentrations were determined according to spatial
gradients: (1) microrelief and (2) depth. Nutrient concentrations were evpected to exhibit
patterns based on differences in site conditions (water table level, soi1 temperature and
plant uptake) and as influenced by disturbance type. Inorganic N concentrations showed
significant differences between disturbance types most notably with mature stands greater
than clearcut and b u m sites. There were no significant differences in P concentrations
between disturbance types. N exhibited microrelief differences (hollow > hummock)
while P exhibited depth differences (0-1 5 > 15-30 cm). These results indicate that spatial
and temporal variation in nutrient availability mua be taken in to account before

conclusions can be made on disturbance effects and sustainability. Further work is
needed to evaluate plant uptake rates and nutrient storage in re-colonising vegetation.

3.2 Introduction
Within boreal forested peatlands, site productivity is constrained by low soil
temperatures, high moisture and low availability of essential nutrients (Bonan and

Shugart 1989; Brumelis and Carleton 1989).

Within ombrotrophic bogs (poor

minerotrophic peatlands), low availability of essential nutrients, particularly nitrogen and
phosphorus, are limited by both low inputs (e.g. in precipitation) (Smail 1972a) and slow
nutrient turnover due to low biological activity and poor substrate quality (Flanagan and
Van Cleve 1983). Nutrient availability for vascular plants is funher limited by the

accumulation of almost al1 N and P found within atmospheric deposition by the moss
layer @amman 1978; Lee et al. 1986; Maimer 1988). As a result, vascular plants rely on
slow decay of aboveground vascular plant litter and other microbial processes as their
primary supply of N and P. Consequently, N and P availability is considered to be the
main limiting factor affecting black spruce productivity in bogs (Watt and Heinselman
1965).

One of the main goals of sustainable forestry requires that we maintain site productivity.
defined as the potential of a site to grow a particular tree species (Taylor et al. 1995),
while maintaining the ecosystem's function and biodiversity.

Accordingly, site

productivity is determined by climate, availahility of site resources (e.g. light, soil
moisture and nutrients) and cornpetition for these resources between commercial and non-

commercial plants and microorganisms as well as the inherent requirements of the species
of interest. Recently, there has been increased interest by those involved with forestry to
emulate the efféct of clearcut logging on site productivity to that of wildfire.

Traditional forest nutrient studies have focused on the availability of inorganic nutrients,
such as h m - ,NO3-, and

P
O
:
-

M&' and NO3- are the major f o m s of plant available

nitrogen (Binkley and Hart 1989). Consequently, quantities of these ions in soil samples
have often been used a s an index of N availability. While the constraints of measunng
inorganic pools at a particular point in time are well known (Binkley and Hart 1989; Aber
and Melillo 1991), they are still used in disturbance studies, particularly fire ( e g Rashid
1987).

In northem bog ecosystems. the use of inorganic pools to differentiate between
disturbance regimes could have particular significance. Temperature and aeration control
microbial activity (Van Cleve and Alexander 1981) and aeration is also important in
affecting solubility of inorganic nutnents (Le. through redox reactions) (Famham 1974).
Therefore, concentrations of inorganic N and P will be determined by temperature and
rnoisture regimes (Avnimelech 1971). These regimes are related to the microrelief
patterns within bogs, microhighs (hummocks) vs. microlows (hollows), which, in tum,
are characterised blr iifferences in proximity to the water table. With the added effect of
disturbance on soil temperature and rnoisture levels, these within site spatial differences
will be important indicators of overall changes caused by disturbance through their effect
on nutrient concentrations.

The objective of this study was to determine differences in the spatial and temporal
heterogeneity of inorganic N (N&-

and NO33 and P (
PO:?

concentrations within

dimirbed ombrotrophic bogs, affecteci by wildfire or clearcut logging.

This was

accomplished by focusing on concentration differences based on: (1) microreliet (2)
depth; and ( 3 ) time (seasonal changes).

3.3 Materials and Methods

3.3.1 Site description

Sites were chosen within the Manitoba Mode1 Forest, a 900 000 ha area located on the
east side of Lake Winnipeg, Manitoba (96' 15' W) extending eastwards to the Ontario
border (95 07' W). Its north-south borders reach from the Winnipeg River (50 O 20' N)
O

to just north of the Wanipigow River and includes an area on the north side of Wallace
Lake (5 1

05' N). The area is characteristic of the Canadian Shield, predominantly

granite bedrock with the remaining area split between organic soils and deep lacustrine,
glaciofluvial and till deposits. Mean precipitation is 564.9 mm and average January
temperature is -1 9.S°C with July temperature of 18.6"C (Environment Canada 1996).
For this study, 12 Picea mariana (Mill.) B.S.P.(black spruce) stands with organic
deposits greater than 1 m in thickness were chosen. The shrub layer within these sites
was dominated by [ e h grwtdattdicum, Chamaedophne cal'ymdata and Kaccirzirrrn

vitis-idaea.

The moss cornmunity consisted of Plezmzium schreberi, Sphagrzzrm

rnagelZanicum, S. fuscurn, S. girgensohnii, S. nemoreum, Dicrat nrm imidatum,
Poiytrichm commune, P. juniperimrm and P. sb-ictum. Within the bum sites only, P i m s
banhiana was also present. Ail sites (except B2

- minerotrophic fen) are classified as

ombrotmphic bogs (poor minerotrophic and acidic, pH < 4) with Sphagmrm moss
dominating the entire thickness of the peat.

Sites were separated on the basis of

disturbance with four sites from each disturbance type; undisturbed mature (M) forests
(trees > 1 10 years old and >1 0 cm diameter at chea height;closed canopy), winter-logged
clearcut (C) stands (stem-only; approximately 10-14 years old), and wild fire bumed (B)
stands (approxirnately 10 years old). Table 3.1 shows soi1 classifications, total N and pH
values for sites within this study.
Table 3.1 Soil classification, total nitrogen and pH values from various sites selected for
this study.
Sitea

Total Nc
mg g dry peat-'

Soi1 dassificationb
Hummock
0-15

BI
B2

B3
B4

Typic Fibrisol
Humic Mesisol
Fibric Mesisol

***

Cl

Temc Humic

C2

Fibrisol
Fibric Mesisol
Fibric Mesisol

6.77
14.22
6.66
7.75
7.14

PH"

Hummock
15-30 cm

Hollow

Hollow

0-15 cm

15-30 cm

7.37
15.16
1 1.85
6.16
9.52

9.32
15.40
12.17
10.08
10.17

8.33
14.27
13.25
10.78
10.63

8.28
1 1.37
11.15
14.57
7.45
7.63
10.62
9.68
***
6.56
9.20
10.33
6.96
MI
Mesic Fibrisol
8.40
7.55
9.40
8.32
M2
Typic Mesisol
8.18
7.97
9.14
1 1.98
M3
Humic Fibrisol
5-40
6.72
1 1.74
9.20
M4
***
6.95
8.17
9.48
9.72
Note: *** - measurements not taken.
" Site classification = disturbance type + replicate number.
b
Soil C1assificat:m Working Group (1998)
'Total nitrogen averaged from six samples taken from July and August 1996.
* pH determined using a 1 :4 ratio in 0.01MCaC12

C3
C4

3.1 1
4.68
3.17
jts*

3.17

3.25
3.19

***

3.10
3.13
3.15
SS*

3.3.2 Inorganic N and P
Sampling for inorganic nitrogen (NO<-N and N&+-N) and phosphorus (PO;-P) involved
selecting three hummocks and three hollows within each site. The living moss was
removed and peat was sampled from 0-15 cm and 15-30 cm depths using handsaws.
Sampling occurred on 2 July 1996 and 14 August 1996. Samples were doubled bagged in
polyethylene bags and stored on ice until rehirning to the lab. On return, sarnples were
placed in Freezers until they were extracted. Nitrogen and phosphorus extractions were

performed using 5 g oven dry equivalent field moist soil.

Samples for nitrogen

determination were extracted with 100 mi of 2M KC1 solution, shaken for 1 hour and then
filtered through Whatman #2 filter paper.

Samples for phosphorus extraction were

extracted with 100 ml of deionized water and 1 g of washed charcoal, shaken for 1 hour
and then filtered through Whatman M2 filter paper. Al1 filtrates were fiozen following

extraction. Colounmetric analysis of nitrogen filtrates was performed on a Technicon
Autoanalyzer II.

Nitrate was analysed with the cadmium reduction procedure and

ammonium by the indophenol blue procedure (~echnicon' Instrument Corp. 1971, 1973).
Phosphorus was analysed following the ammonium molybdate-ascorbic acid procedure
for water-soluble P afier Olsen and Sornmers (1982). Ali values were expressed as pg
NE&+-N, N03'-N, and POi-P g dry peat*l. Inorganic nitrogen values were summed to
give a total inorganic N (fig N dry peat-') since nitrate concentrations comptised a minor
component of totd horganic N.

3.3.3 Water Table and Soi1 Temperature Monitoring

For the summer of 1996 water table depth and soil temperature were monitored at two
week intervals. Water table depth was determined using piezometers constructed fiom

PVC pipes which were inserted in two hummocks within each site. Soi1 temperature
changes were monitored using thermocouples which were placed within one hum mock
and one hollow at each site. Temperatures were taken f?om the surface of the living moss
(O cm), 10, 20, 30, 60 and 90 cm into the peat.

3.3.4 Total Nitrogen

Samples were oven dried (70°C)and ground with a bal1 mil1 pnor to analysis for carbon
and nitrogen content. Total N (% dry weight) was determined by sample combustion on a
Leco CHN analyser (Leco Corporation, St. Joseph, Michigan). Concentrations were
expressed as mg N/g dry peat.

3.3.5 Statistical Analyses

Differences in inorganic nitrogen and phosphorus concentrations were evaluated between
the three disturbance types. 3 factor ANOVAs were performed with either disturbance
type or site type, microrelief classification and depth as factors. 3 factor ANOVAs were
also performed for each disturbance type separately with its individual sites, microrelief
classification and depth as factors. An a = 0.10 was chosen due to high inherent
variability characteristic of natural soi1 ecosystems. -411 statistical analyses were done
using SYSTAT 7.0 (SPSS Inc., Chicago, IL).

3.4 Results and Discussion
3.4.1 Soil Temperature

Hummocks were generally warmer than hollows for most sites and disturbance types and
soil temperatures decreased with depth from 20 to 30 cm (Figures 3.1 to 3.4). Soil
temperatures for both hummocks and hollows at 20 cm and 30 cm within undisturbed
mature stands and clearcut stands were not noticeably different. However, bum sites
appear to take longer to warm up in the spring and remained colder than the mature and
cut stands for most of the surnmer and into the fall.

Removal of the tree canopy, whether korn fire (Viro 1974; MacLean et al. 1983) or tree
harvesting (Frazer et al. 1990; Aust and Lea 1991; Treîtin et al. 1995, 1996), typically
increase soi1 temperatures due to an increase in solar radiation reaching the forest fioor.
Additionally, deposited ash and charcoal readily absorb solar radiation (due to their dark
colour) and contribute to wanner soil temperatures (Viro 1974). Similarly warmer soil
temperatures in clearcut sites have been attributed to soi1 disturbance exposing darkened
humified lasers (Trettin et al. 1995). This is not an issue, however, for these sites used in
this study as they were winter-logged and disturbance was minimal. Trettin et al. (1996)
showed that whole-tree harvesting on organic soiis resulted in a 2OC increase d o m to 25
cm directly after harvesting.

These increases as indicated in the literature are not

noticeable in our sites likely as a consequence of the time frame (> 10 years after
disturbance) and re-establishment of s h b cover.
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Figure 3.1 Soil temperature variation in hummocks 20 cm below moss surface.
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Figure 3.2 Soi1 temperature variation in hummocks 30 cm below moss surface.
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Figure 3.3 Soil temperature variation in hollows 20 cm below moss surface.
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Figure 3.4 Soil teriperature variation in hollows 30 cm below moss surface.

Cooier soi1 temperatures in the bum sites wuid be amibuted to dense shmb cover or
higher water tables (Figures 3 -5; see next section). With re-establishment of the moss
carpet and shrubs, any effect of lowered dbedo on soi1 temperature within these burn
sites would not be evident anymore. It should be noted that any conclusions concerning
increases or decreases in soi1 temperature (or water table level or nutrient levels) are
purely speculative since pre-disturbance conditions are unknown.

3.4.2 Water Table

For each disturbance types, water table levels were high in the spnng due to snowmelt
and then fell gradually during the summer months (Figures 3.5).

Tree removal in

peatlands generally results in both an increase in the water table and in its fluctuations
(Trettin et al. 1995). However, data presented in Figures 3.5 is siightly misleading due to
variability in height differences between hurnmocks and hollows between sites. Within
each site hummock heights and hollows depths varied considerably (data not shown).
This affected the proximity to the water table for sarnples taken at similar depths. For
example, M3 and M2 water table levels are only different by approximately 10 cm on
average. However, because of hummock-hollow height discrepancy, the water table was
almost at the surface of the hollows in M3 while in M2 hollows were noticeably drier. In
addition, the hollows present in B2 were almost always inundated with water. The near
surface water table

in

M3 and B2 is important in light of the effect that water saturation

has on soi1 aeration (Lahde 1969), rnicrobial xtivity (Lahde 1969; Williams and
Crawford 1983) and elementai dynamics @amman 1978).

Date

Figure 3.5 Water table fluctuations dunng the spring and summer of 1996 within each
disturbance type (as measured in hummocks only).
Taking into account the hummock-hollow height differences, most of the disturbed sites

are noticeably wetter than the mature sites, excluding M3 which is significantly wetter
than the other matures.

These differences between the replicate sites within each

disturbance type are the result of high natural variability or possibly due to problems with
site matching (Le. sites may not be the same type of bog).

The higher water tables in disturbed sites can be attributed to tree removal which
eliminates water uptake by the trees (Trettin et al. 1995). The higher water table in M3
compared to M 2 and MI is likely due to the greater proportion of Sphugmrm making up
the forest floor in M3 (interestingly, this is also found in al1 of the disturbed sites). The

high water-holding capacity of Sphagmm (Paavilainen and Paivanen 1995) could explain
moisture differences found in the mature stands. Regarding mature sites and disturbed

site differences, it is possible that al1 of the cuts were similar to M3 since there was no
evidence of the drier moss, PIeuronm schreben, within the soi1 profile. There was du,

no evidence of P. schreberi in any of the bums, however, if Plarrozium formed the rnoss
comrnunity at the time of the fire there is a g w d chance it could have been combusted
because of its low water content. Evidently, it is more dificult to ascertain which mature
community-type dominated the burn sites pnor to disturbance.

3.4.3 Nitrogen
3.4.3.1

Disturbance Effeets. lncorporating inorganic nitrogen values for al1 microrelief

classes and depths showed that the disturbance types were significantly different with
undisrurbed mature stands generally having greater inorganic N than clearcut sites and
burn sites (Table 3.2 and Figures 3.6 and 3.7). Although inorganic nitrogen differences

due to disturbance type are evident, individual sites show considerable variation due to
inherent variability of natural systems (Figures 3.8 and 3.9)- This is a consequence of
problems with site matching for each disturbance type.

Following disturbance, such as tire or forest harvesting, there is generally an increase in
nitrogen mineralisation in forest soils (Woodmansee and Wallach 1981; Gordon and Van
Cleve 1983;Matson and Boone 1984; Frazer et al. 1990). This results in a flush of
nutrients within thc torest floor that are readily available for microbial and plant uptake
(Ahlgren and Ahlgren 1965; Mroz et al. 1980). However, physical and chernical factors
within less fertile sites such as ombrotrophic bogs can restrain nitrogen mineralisation
(Vitousek 1981).

Table 3-2 Analysis of variance results for inorganic nitrogen and phosphorus
concentrations based on disturbance type.

Inorganic Nitrogen

df

MS

F

P

df

MS

F

P

2
1
1
2

0.1 17
0.067
0.958
0.537

0.83
0.476
6.022
3.825

0.437
0.49 1
0.010
O. 023

SourceP
Disturbance
Microrelief
Depth

Extractable Phosphorus
Sourcea
Disturbance
Microrelief
Depth
Disturbance x Depth

'Only significant interactions fiom ANOVA are shown (P < 0.10).
For example, the high CM of woody slash and peat c m resuit in increases in gross
nitrogen immobilisation, causing decreases in nitrogen availability until organic matter
quality facilitates net mineralisation. Conversely, "small slash (twigs and branches)
(Covington 1981) from stcm-only harvesting and ash from wildfires can provide a very
rich N source which is mineralised readily (Viro 1974; Covington 1981; MacLean et al.
1983). Clearcut logging and wildfire differ with respect to their effect on nitrogen levels
in that wildfires rernove much more nitrogen from the forest - through volatilisation - than

does logging (500-800 kg ha'' and 43 kg ha-' respectively) (MacLean et al. 1983; Teng et
al. 1997). Higher er...ractabIe N values in cut sites may be a consequence of this, but total

N in peat was not noticeably higher in cut sites. N content of the peat would probably
pomay the differences in losses better than extractable N.

While disturbance effects on N seem to be not reflected in peat N content, extractable N
concentrations are probably related to differences in other controlling factors, nich as
temperature, moisture or plant uptake. Burn sites generally were wetter and colder than
the cut sites and mature sites (Figures 3.1 to 3.5; refer to discussion on water table
fluctuation). This could have had a detrimental effect on microbial activity, reducing
organic matter decomposition. Warrn and drier conditions within the undisturbed mature
stands instead would provide conditions that are beneficial to microbial activity. This
could be one reason why the mature stands had the highest available N concentrations.

From our measurements of inorganic and total N (Table 3 4 , it seems that if there was
any initial increase in nitrogen following disturbance it was not apparent after 10 years.
The higher total nitrogen values of 8 2 and also 8 3 can be attributed to the presence of
Alrms rugosa (alder) which, due to the presence of root associated N-fixing bacteria has

been shown to increase nitrogen content of peat (Bhatti et ai. 1998). However, higher
total N did not result in higher extractable nitrogen within these sites (Figures 3.8 and
3.9). Based on soil temperature data it is possible that low N availability and high total N

could be attnbuted to colder soil temperatures within burn sites (Figures 3.1 to 3.4), and
may result in lower microbial activity. It should be noted that any increase in available
and total N could be distorted due to nitrogen uptake by the re-colonising vegetation
within the disturbd sites. The regenerating black spruce seedlings and shrubs could
severely deplete available pools weakening availability indices unless annual plant uptake
rates (trees, shnibs, herbs and mosses) are known. These analyses were not performed for
this study.

3.4.3.2

Spatial Variability of N.

Extractable N showed significant differences for

microrelief (hollows > hummocks) (Table 3.2, Figures 3.6 and 3.7) despite considerable
variation within individual sites (Figures 3.8 and 3.9). Examining each combination of
microrelief and depth also showed differences between mature, clearcut and burn stands

as expressed previously (Figures 3.6 and 3.7). For instance, clearcut and bum sites were
not noticeably different from mature stands in the month of August except in hollows at
15-30 cm. Higher water table levels (reducing aerobic microbial activity) in hollows in
disturbed sites could account for differences between disturbed sites with mature stands
for the 15-30 cm depth in hoIlows in August. From the July sampling penod burn sites
were generally lower at the 15-30 cm depth for both hummocks and hollows. This could
be due to colder soi1 temperatures (Figures 3.1 to 3.4) or to plant uptake differences.
Also, there was no significant difference between disturbance types in the 0-15 cm depth
for both hummocks and hollows for July and Augiist sampling times. These similarities

are probably related to differences in plant uptake and microbial processes occumng in
this biologically active zone.
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Figure 3.6 Inorganic nitrogen concentrations for July 1996 for each disturbance type.
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Exarnining each disturbance type separately showed similar trends for microrelief (hollow
> humrnock) (Tables 3.3 to 3.5 and Figures 3.6and 3.7).

Lower concentrations of nitrogen (both extractable and total (Table 3.1)) in hummocks
compared to hollows could be the result of three dflerent processes: (1) leaching from
hummocks to hollows (Damman 1978); (2) greater concentration of rwt biomass in
hurnmocks causing nitrogen depletion (increased plant uptake); or (3) higher
decomposability of Sphagrmm species found within hdlows (Johnson and Damman
199 1). While it is generally assumed that most nitrogen rnineralisation occurs within

hummocks due to improved aeration (Richardson et al. 1978), leaching of nitrogen and
other elements from hummocks occurs readily in bogs with similar microrelief variation
(Damman 1978).

Table 3.3 Analysis of variance results for inorganic nitrogen and phosphorus
concentrations for mature stands.
Inorganic Nitrogen
df

MS

F

P

3

0.566

O. 125
0.043

0.275

Sourcea

Site
Microrelief
Depth

1

1.189

1.973
4.22 1

1

0.340

1.208

Extractable Phosphorus
Site
Microrelief
Depth
Site x Microrelief
"Only significant interactions fkom ANOVA are s h o w (Pc 0.10).

Table 3.4 Analysis of variance results for inorganic nitrogen and phosphoms
concentrations for clearcut stands.
Inorganic Nitrogen

MS

F

3

0.339

2.1 10

O. 106

1

0.993
0.385

6.181
2.396

0.015
O. 126

df
Sourcea
Site
Microrelief
Depth

I

P

Extractable Phosphorus
Site
Microretief
Depth

"Onlysignificant interactions fiom ANOVA are shown (P < 0.10).
Table 3.5 Analysis of variance results for inorganic nitrogen and phosphoms
concentrations for burned stands.
Inorganic Nitrogen
df

MS

F

P

df

MS

F

P

Sourcea
Site
Microrelief
Depth
Extractable Phosphorus
SourceP
Site
Microrelief
Depth
'Only significant interactions nom ANOVA are s h o w (P < 0.10).
Seasonal variations in biologicai processes and penodic changes in water table level are
refleaed in elemental fluxes (Damman and French 1987). Between the two sampling
dates there was an increase in the water table (up to 25 cm in M3; data not shown) and

subsequent drop in dmost d l of the sites (Figures 3.5). This wetting-drying event could
have stimulated microbial activity (increased nitrogen mineralisation) causing the flush of
nitrogen. There could have also been a change in plant uptake, but N (and P) do not
nonnally show mch a drarnatic fa11 peak because concentrations are controlled by
microbial decay and not leaching fiom dead and senescent plants @amman and French
1987). In addition, warmer soi1 temperatures later in the summer coinciding with lower

plant uptake rates could explain higher N concentrations in August compared to July
(Figures 3.6 and 3.7).

Differences in nitrogen availability with depth were not evident (P > 0.7) likely due to
plant uptake. Bhatti et al. (1998) found that 80% of black spruce fine root biomass was
within the top 10 cm of peat where nutrients and aeration are most favourable. While
greater m ineralisat ion in aerated layers produces higher concentrations of N b (Avnimelech 1971), the high fine root biomass would accordingly deplete these pools.
No depth differences in hollows could also be attributed to leaching of inorganic N fiom
hummocks and anaerobic conditions in hollows thereby decreasing rnineralisation rates.
The high water table in the hollows of almost every disturbed site would reduce aerobic
microbial activity responsible for N mineralisation and hindering N accumulation within
the profile. Consistent nitrogen concentrations with depth in hollows were also evident

with total N detemhations (Table 3.1).

3.4.4 Phosphorus
3.4.4.1

Disturbance Effeets. Phosphate levels were not significantly different between

disturbance types (Table 3.2), although, site differences were apparent (Figures 3.12 and
3.13). Site differences in available P, however, showed no obvious trends due to high

variability.

Disturbance effects on phosphonis should be similar to nitrogen since phosphonis is also
found in much higher concentrations in organic forrn compared to inorganic in
ombrotrophic bog systerns (Damman 1978). After fire, P concentrations can be as much
as 488% higher in the ash compared to unbumed organic matter within forest floors

(Smith 1970).

However, like nitrogen, any initial increases diminish with tirne,

potentially decreasing to pre-burn levels in three months (Smith 1970). Phosphoms
losses in fire are also larger than clearcut logging (<40 kg ha-' compared to 8 kg ha-')
though not as significant as nitrogen differences (MacLean et al. 1983; Teng et al. 1997).
Highly decomposable slash (not boles) left on clearcut sites should provide a good supply
of available P for pioneer vegetation following disturbance, since the foliage within black
spruce peatlands can contain up to 36% of the total P within the site (Teng et al. 1997).
Unfortunately, research of P dynamics following logging is very limited compared to N.
Comparisons of total P were not wnducted in this experiment and literature values of
total P in disturbed .~mbrotrophicbogs were not available.

3.4.4.2

Spatial Variabüity of P. Available phosphorus showed significant differences

for depth (0-15 > 15-30 cm) (Table 3.2 and Figures 3.10 and 3.11).

Finding no

significant differences in microrelief was unexpected since P tends to concentrate in
hollows due to leaching (Damman 1978). Increases in available P in August are probably
the result of increased biological activity or changes in plant uptake as described for
nitrogen. Also, as with nitrogen, there was variation in the results corn individual sites,
though not as extreme (Figures 3.12 and 3.13). Means determined for al1 possible
combinations of factors did not show many differences between disturbance types
(Figures 3.10 and 3.1 1). The only notable exception was the 15-30 cm depth for hollows
in July and August in which disturbed sites had lower P concentrations relative to mature

stands. This depth was consistently inundated in the disturbed sites. In aerated peat, P is
almost always in organic fom, with some complexed with Fe and Al (Damman 1978). In
the zone of water fluctuation there is usually a large concentration of Fe and Al.

Consequently, once within anaerobic peat, low concentrations of P are comected to the
reduction of Fe fiom

tri-

to divalent state, thus Fe is mobile and present in very low

concentrations. This causes almost al1 P to become mobile excluding the organic P pool.
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Figure 3.13 Extraaable phosphorus concentrations for August 1996 for each site. Mean

* standard error.

Within each disturbance type, differences were also apparent (Tables 3.3 to 3.5). Depth
trends were exhibited within every disturbance type except mature stands which had no
depth differences (Table 3.3). This could be the result of greater leaching of high P levels
in surface horizons within the mature sites or because of more consistent moisture
conditions to 30 cm due to the lower water table. Drier conditions with depth may allow
for higher P mineralisation and lower P complexation, thus increasing available P.

Higher concentrations of available P within 0-1 5 cm as compared to 15-30 cm is probably
the result of Fe and Al complexation as mentioned previously. Normally Fe and Al
concentrations increase as one approaches the zone of water table fluctuation, resulting in

P in the soi1 solution to decrease as a result of complexation.

In addition, P

concentrations tend to increase towards the surtace of peat due to P conservation in the
actively growing parts of Sphagrnmz and slow release of P from organic matter during
decomposition @amman 1978). Even though P turnover is slow, this should result in
higher concentrations of available P in surface horizons. It should be noted, however,
that the P measured with these extractions determined labile P which can resutt from both
mineralisation and the physico-chemical release of P from adsorbed and bound P
(Verhoeven et al. 1990).

Since different chernicals can extract different P pools,

variations in extraction techniques used by researchers usually make cornparisons
between studies of P dynamics extremely difficult if not impossible.

3.5 Summary and Coaclusions

Inorganic N and P concentrations showed different patterns based on disturbance type,
microrelief and depth. Nitrogen showed differences based on dimirbance type (matures >
clearcuts and bums) and microrelief (hollow > hummock).

Phosphorus exhibited

differences for depth (0-15 > 15-30 cm). Differences between the effect of microrelief

and depth on available N in particular were also apparent between disturbance types.
Burns appeared to have caused a rise in water tables and decreases in soi1 temperature.
.Ais0 concentrations of available nutnents for re-colonising vegetation were quite
different fiom older mature stands. For the most part, however, concentrations of N and
P were not significantly different between clearcuts and bums.

Differences in re-

colonisation and subsequent nutnent sequestration within the vascular plant biomass may
exhibit significant differences between bums and clearcuts. This type of data is necessary
for studies that focus on nutrient pools because of the high variability tnat nutrient pools
show both temporally and spatially (Binkley and Hait 1989). In addition, while high
levels probably indicate high availability, lower levels may not indicate infertile soils
(Aber and Melillo 1991). With large amount of re-colonising trees, shrubs and herbs on
disturbed sites it could be assumed that lower concentrations are the result of higher plant
uptake due to higher fine root biomass.

From Our results it is apparent that there is high spatial variability within each site and
between individd sites within each disturbance type. The large standard errors for the
nutrient data make analyses difficult and interpretation problematic.

High spatial

variability of nutrient concentrations and dynamics coincide with the high spatial

variability exhibited by microbial processes. In many cases this variability precludes
precise quantification (Parkin 1993). In addition to within site variability, the high
between site variability of each disturbance type stresses the need of multiple sites when
focusing on natural ecosystems. Making statements on clearcut and burn effects on site
produaivity based on the results of two sites could provide very different interpretations.
If the goal of sustainable forestry is to maintain site produaivity, we must focus on Our
inability to predict and quanti@ nutnent availability patterns. This rneans that research
into nutnent availability and mechanisms of uptake needs to focus on increasing the
number and type of forest ewsystems audied. Ody then could the goal of sustainable
forestry and maintenance of site productivity be achieved (Mahendrappa et al. 1986).

4. SPATIAL VARIABILITY OF NITROGEN MINERALISATION IN

DISTURBED B U C K SPRUCE BOG ECOSYSTEMS

4.1 Abstract

A two month in sitlr incubation was performed to measure net nitrogen mineralisation

within 9 black spruce (Picea muriono

(Mill.) B.S.P.) bog ecosystems in eastern

Manitoba. Sites were classified based on disturbance type; undisturbed mature forests
(>1 10 yean old), winter-logged clearcut stands (stem-only; 10- 14 yean old), and wildfire

burn stands (1 1 years old). The objective of this study was to explore the spatial
heterogeneity of nitrogen rnineralisation within disturbed ombrotrophic bogs, affected by
either natural wildfires or clearcut logging. Within sites, net nitrogen rnineralisation was
determined according to spatial gradients: (1) microrelief and (2) depth. Mineralisation
rates were expected to exhibit patterns based on differences in site conditions (water table
level, soi1 temperature and plant uptake) and substrate quality (total N) as influenced by
disturbance type.

Overall, net nitrogen mineralisation rates were not significantly

different between disturbance types. Similarities between clearcut and bum sites were
unexpected due to the generally colder and wetter conditions within bum sites. Nitrogen
mineralisation exhibited microrelief (hummock > hollow) and depth differences (0- 15 >
15-30 cm). These differences were not related to N content (total or extractable) within
the peat. Favourable soi1 temperature and rnoisture regimes andor higher substrate
availability (e.g. labile carbon) likely caused the spatial differences. These results point

to a need for incorporation of spatial components into measurements of microbial
transformations to allow for proper assessrnent of disturbance effects in forea
management. Further work is required to evaluate the influence of plant uptake rates and
nutrient storage in re-colonising vegetation on nitrogen mineralisation rates.

4.2 Introduction

Release of nitrogen fiom decaying organic matter is the major source of biologicaily
available nitrogen within both forest and peatland ecosystems (Damman 1978; Van Cleve
et al. 1983; Vitousek and Matson 1985).

Within ombrotrophic bogs, nutrient

mineralisation is the pnmary source of nitrogen for vascular plants and microorganisms
as atmospheric nutrient inputs are sequestered by the living moss layer @amman 1978;
Lee et al. 1986; Malmer 1988). As a consequence of high nitrogen demands by vascular
plants and microbial populations, the nitrogen pool is small and turnover is rapid
(Vitousek and Matson 1984, Urban and Eisenreich 1988). Therefore, low nitrogen levels
could be interpreted as being caused by high uptake rather than infertile soils (Aber and
Melillo 1991; also refer to Chapter 3).

Soi1 nitrogen transformations are controlied by environmental factors (e-g. moisture and
temperature) and substrate availability (Vitousek 1981). Disturbances, such as forest
harvesting and wildfire, impact nitrogen turnover by affecting organic matter
decomposition through changes in soi1 temperature, moisture, fertility and organic matter
quaiity (Annenteno and Menges 1986; Trettin et al. 1995). The net result is increased
nitrogen mineralisation (Gordon and Van Cleve 1983; MacLean et al. 1983; Matson and

Boone 1984) coinciding with decreased plant uptake. While it is known that decreased
plant uptake c m laa corn two to several years following disturbance (Marks 1974).
unanswered questions still remain about the duration of heightened nitrogen
mineralisation rates (Frazer et al. 1990).

The objectives of this study were to detemine in situ nitrogen mineralisation rates within
disturbed black spnice ombrotrophic bogs, a f k t e d by either clearcut Iogging or natural
wildfires 10 years after dimirbance. N mineralisation differences between microrelief
and depth were chosen to evaluate the effect of changes in soi1 temperature and moisture
regimes on microbiai activity following disturbance. The relationship between substrate
quality of peat (total N) and nitrogen mineralisation was also studied to determine if

rnineralisation/immobilisation rates differed wit h respect to disturbance history.

4.3 Materials and Methods
4.3.1 Site Description

Sites were chosen within the Manitoba Model Forest, a 900 000 ha area located on the
east side of Lake Winnipeg, Manitoba (96" 15' W) extending eastwards to the Ontario
border (95 ' 07' W). Its north-south borders reach from the Winnipeg River (50 O 20' N)
to just north of the Wanipigow River and includes an area on the north side of Wallace
Lake (51

O

05' N). The area is characteristic of the Canadian Shield, predominantly

bedrock with the remaining area split between organic soils and deep lacustrine,
glaciofluvial and till deposits. Mean precipitation is 564.9 mm and average January
temperature is -1 9S°C with July temperature of 18.6"C (Environment Canada 1996).

For this study, 9 Picea muriam (Mill.) B.S.P.(black spruce) stands with organic deposits
greater than 1 m in thickness were chosen. The shmb layer within these sites was
dominated by Ledum groenImdz~~m,
Chmaedphne calyczdata a d Vaccinim vitisiciaea.

The moss community consisted of PIetiroziurn schreberi, Sphugntrm

magelIuniicum, S. fuscurn, S. girgensohniii, S. nemoreum, Dicramm undula~um,
Polyrrchum commwte, P. jziniperim and P. strictum. Within the burn sites only, Pirnis
ba~~ksianu
was also present. Al1 sites (except 8 2

- minerotrophic fen) are classified as

ombrotrophic bogs (poor minerotrophic and acidic, pH < 4) with S p h a p m moss
dominating the entire thickness of the peat.

Sites were separated on the basis of

disturbance with four sites from each disturbance type; undisturbed mature forests (M)
(trees > 1 10 years old and >10 cm diameter at chest height; closed canopy), winter-logged
clearcut stands (C) (stem-only; approximately 10- 14 years old), and wildfire burned
stands (B) (approximately 10 years old). Table 4.1 shows soi1 classifications and pH
values for most of the sites within this study.
Table 4.1 Soil classification and pH values from sites selected for this study.

Sitea

Soü classificationb

Typic Fibrisol
Humic Mesisol
Fibric Mesisol
Terric Humic Fibrisol
Fibric Mesisol
Fibric Mesisol
Temc Mesic Fibrisol
Typic Mesisol
Hurnic Fibrisol
" Site classification = disturbance type + replicate number.
b
Soil Classification Working Group (1998)
pH determined using a 1:4 ratio in 0.01MCaClz

pHc

3.1 1
4.68
3.17
3.17
3 .25
3.19
3.10
3.13
3-15

4.3.2 In Situ Nitrogen Mineralisation

Nitrogen mineralisation was determined by measuring inorganic N concentrations in peat
samples incubated in polyethylene bags buried in situ for two months (Hart et al. 1994).
Sampling for the incubation experiment involved selecting three hurnmocks and three
hollows within each site. The living rnoss was removed and peat was sampled fiom 0- 15

cm and 15-30 cm depths using handsaws. Sampling occurred on 2 July 1996. Samples
were divided into two in the field with one haif placed into a 1-mm thick polyethylene
bag and then reburied in its original hole for 2 rnonths. The other half, to be used for
determination of initial inorganic N (NHP+and NO<) concentrations, was doubled bagged
in polyethylene bags and stored on ice until retuming to the lab. Al1 samples were placed
in freezers until they were extracted. Nitrogen extractions were pefiormed using 5 g oven

dry equivaient field moist soil. Samples for nitrogen determination were extracted with
100 ml of 2M KCl solution, shaken for 1 hour and then filtered through Whatman # I

filter paper. Al1 filtrates were fiozen following extraction. Colourimetric analyses of
nitrogen filtrates were performed on a Technicon Autoanalyzer II. Nitrate was analy sed
by the cadmium reduction procedure and ammonium by the indophenol blue procedure
((~echnicon"Instrument Corp. 1971, 1973 respedively)). Al1 values were expressed as
pg NI&*-N and NO3--N(g dry peat)''. Inorganic nitrogen values were summed to give a

total inorganic N (pg N g dry peat-'). Net N mineralisation rates were then calculated by
subtracting initial ifiorganic-N concentrations fiom final inorganic-N concentrations. Net
nitrification was not detenined due to very low nitrate concentrations.

4.3.3 Water Table and Soil Temperature Monitoring

For the sumrner of 1996 water table depth and soi1 temperature was monitored every two
weeks. Water table depth was determined using piezometers conaructed frorn slotted

PVC pipes which were inserted in two hummocks within each site. Soil temperature
changes were monitored using thermocouples which were placed in one hummock and
one hollow within each site. Temperatures were taken fiom the surface of the living moss
(O cm), 10, 20, 30, 60 and 90 cm into the peat.

4.3.4 Total Nitrogen

Samples were oven dried (70°C)and ground with a bal1 mil1 prior to analysis for carbon
and nitrogen content. Total N (% dry weight) was determined by sample combustion on a
Leco CHN analyser (Leco Corporation, St. Joseph, Michigan). Concentrations were
expressed as mg N/g oven dry soil.

4.3.5 Statistical Analyses

Differences in (1) nitrogen mineralisation, (2) initial inorganic nitrogen concentrations

and (3) total nitrogen were evaluated by analysis of variance between the three
disturbance types. )-factor ANOVAs were performed with disturbance type, microrelief
classification (e.g. hummock vs. hollow) and depth as factors. 3-factor ANOVAs were
aiso performed fc: each disturbance type separately with site replicates, microrelief
classification and depth as factors. An a. = 0.10 was chosen due to high inherent
variability of natural soil ecosystems. Al1 statistical analyses were done using SYSTAT
7.0 (SPSS Inc., Chicago, IL).

4.4 Results and Discussion
4.4.1 Soü Temperature

Refer to section 3.4.1 for the discussion of soi1 temperature differences between
disturbance types, microrelief and depth. Figures 4.1 to 4.4 show soi1 temperature
fluctuations for the period of the in sitir incubation. Soil temperature, as well as aeration
status (as Sected by water table height; see below), are important factors influencing
microbial activity and thus, rnineralisation rates.

4.4.2 Water Table

Refer to section 3.4.2 for the discussion of water table height differences between
i
disturbance types. Figure 4.5 shows water table fluctuations for the period of the i ~ sitir

incubation.
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Figure 4.5 Water table fluctuation for each disturbance type for the duration of the
incubation (as measured in hummocks on1y).
4.4.3 Nitrogen Mineralisation

Results fiom the 2 month incubation period indicated that there were no significant
differences between disturbance types (Table 4.2; refer to Figure 4.6).

Lack of

statistically different nitrogen mineralisation rates is in accordance to the considerable
variation (Figure 4.9), within and between sites. This was fbrther demonstrated by the
large standard errors associated with mineralisation measurernents.

In less fertile sites such as ombrotrophic bogs, increases in nitrogen mineralisation due to
disturbance may not follow typical patterns exhibited in upland forest soils (Vitousek
1981). With both fire and logging death of trees and understory vegetation results in an

increase in substrate availability in the form of slash and dead roots. Additionally,
microbial activity and subsequent mineralisation rates increase as a result of decreased

Table 4.2 Analysis of variance results for net nitrogen mineralisation, initial extractable
nitrogen and total nitrogen for al1 disturbance types and spatial parameten.
Net Nitrogen
Mineralisation
SourceP
Disturbance
Microrelief
Depth

df

MS

F

P

2
1

0.001
0.002
0.003

1 -585
4.757
9.961

0.210
0.032
0.002

2
1

0.865
2.334

15.164

Z

0.042

2

0.376

1

Initial Inorganic
Nitrogen
SourceP
Disturbance
Microrelief
Depth
Total Nitrogen

Disturbance
Microrelief
Depth
Disturbance x Depth

5.608
0.272
2.436

0.005
<O.OO 1
0.603
0.093

"Only signifiant interactions fiorn ANOVA are s h o w (P < 0.10).
nutnent cornpetition rnicrobial communities and vascular plants. However, vegetation on
less fertile soils tend to have higher CM ratios, which favour nutrient immobilisation.
Therefore any increases in nitrogen rnineralisation rates may be delayed, for up to 15
years (Covington 1981), until C/N ratios decline enough to favour net mineralisation
(Vitousek 1981). Mineralisation/immobilisationtrends in ornbrotrophic bogs will depend
on the extent of changes in site conditions and whether there are significant inputs of
easily decomposable and nutrient-rich organic material following disturbance. Both
nitrogen immobilisation and microbial activity in ornbrotrophic bogs are Iimited not by

low N concentrations, but by other nutrient deficiencies (Damman 1988) and the
chemical composition of Sphagrmm litter (Clymo 1965).

Consequently, nitrogen

mineralisation in bogs can occur at CM ratios > 40 (Malmer and Holm 1984; Damman
1988; Verhoeven et al. 1990). Any changes in microbial activity (Le. in the f o m of

increased decomposition) following dihirbance will coincide with increased nitrogen
mineralisation depending on the substrate quality and as long as microbial nitrogen
demand remains low. If microbial activities increase due to favourable site conditions
and improved substrate quality, gross immobilisation rates could also increase as
microbial N demands rise. Higher total N concentrations in the disturbed sites (Figure
4.7) could be indicative of inputs of nutrient-rich organic inputs.

Similarities in N

mineralisation between the disturbed sites and mature stands indicated a lack of
correlation between N mineralisation and total N. N mineralisation at low N contents
funher establishes the fact that nitrogen content does not influence mineralisation rates
within ombrotrophic bogs (Damman 1988; Verhoeven et al. 1990).

Similar

mineralisation rates in clearcut and bum sites cannot be explained by environmental
conditions alone. Bum sites are generally cooler and wetter (Figures 4.1 to 4.5; refer to
discussion in sections 3.4.1 and 3.4.2) which may limit microbial activity significantly.
Therefore, other factors besides aeration and temperature, such as nutrient deficiencies,
seem to be affecting N mineralisation rates.

Both microrelief and depth had significant effects on nitrogen mineralisation (Table 4.2).
Net nitrogen mineralisation was higher in hummocks than hollows and higher at 0-15 cm

than 15-30 cm (Figure 4.6). These differences could be attributed to the effect of
temperature ancilor redox conditions on microbial activity (Verhoeven et al. 1990).

Humrnocks are generally warmer and dner than hollows, and moisture contents increased
with depth. Higher mineralisation in the 0-15 cm depth could also be the result of

decreasing C availability (labile carbon compounds) with depth rather than nutrient
availability (Johnson and Darnman 1993). This subsequently decreases microbial activity
and decomposition rates. There was also a change in total nitrogen content with relief
(hurnmock < hollow) but not with depth (Table 4.2 and Figure 4.7). However, higher
nitrogen content within hollows did not coincide with higher rnineralisation rates. In
addition, higher N mineralisation at 0-15 cm compared to 15-30 cm were not related to N
content. î h e absence of any relationship between total N and net mineralisation was also
evident when examining individual sites for each microrelief type and depth (Figures 4.8
and 4.9).

Initial inorganic nitrogen values followed the same trends (hummocks <

hollows), and again higher inorganic nitrogen did not lead to higher mineralisation rates
(Table 4.2 and Figures 4.6 and 4.10). Comparisons of initial inorganic nitrogewnet
nitrogen mineralisation (%) showed that hollows and the 15-30 cm had either low
microbial activity or not as high a demand for nitrogen as indicated by high % (data not
shown). However, higher % in mature stands compared to the disturbed sites is probably
indicative of poorer substrate quality (low total N). Therefore, not as much nitrogen is
released compared to peat in clearcuts and burns. As s h o w previously (Chapter 3),
higher nitrogen concentrations in hollows are probably the result of leaching from
hurnmocks @amnaan 1978). Higher N mineralisation rates and high concentrations of
fine roots (Le. high plant N uptake) in surface horizons could explain sirnilarities for
extractable N with depth.
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Figure 4.6

Net nitrogen mineralisation rates at each spatial combination for al1

disturbance types. Mean standard error.
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standard error.
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Figure 4.10 Initial inorganic nitrogen concentrations at each spatial combination for al1
disturbance types. Mean

* standard error.

In the surface horizon of hummocks, N mineralisation rates were not noticeably different
between disturbance types (Figure 4.6).

Equal N mineralisation rates are relevant

considering black spruce seedlings tend to establish on drier hurnmocks and requirements
of re-generating black spruce may be higher. Burn sites showed net N mineralisation in
hollows at 15-30 cm which is unexpected considering the complete saturation of this
horizon. Non-significant differences between disturbance types can be explained by the
large standard errors, a consequence of high variability within the sites (Figure 4.9).

Examination of each disturbance type independently provided funher insight into N
mineralisation trends.

Only clearcut sites exhibited microrelief and depth trends

significantly (Tables 4.3 to 4.5). Compared to ciearcuts and bums, mature stands had
noticeably higher variation in N mineralisation rates (Figure 4.9). It should be noted that

similar mineralisation rates for each relief type and depth within mature and burn sites did
not lead to similar extractable N levels (Tables 4.3 and 4.5; Figures 4.6 and 4.10),
possibly due to plant uptake or leaching.

The effect of plant uptake on nutrient

concentrations was best exemplifieci in clearcuts as higher mineralisation rates in
hummocks and surface horizons did not lead to higher extractable N (Table 4.4 and
Figures 4.6 and 4.10).
Table 4.3 Analysis of variance results for net nitrogen mineralisation, initial extractable
nitrogen and total nitrogen for mature stands.
Net Nitrogen
Mineralisation

Disturbance
Microrelief
Depth
Initial Inorganic
Nitrogen
Sourcea
Disturbance
Microrelief
Depth
Total Nitrogen
Sourcea
Disturbance
Microrelief
Depth

df

MS

F

P

2

0.025
O. 063

1.913
4.737
0.050

O. 173

1
1

0.00 1

"Only signifiant interactions fiom ANOVA are s h o w (P < 0.10).

0.04 1
O. 826

Table 4.4 Analysis of variance results for net nitrogen mineralkation, initial extractable
nitrogen and total nitrogen for clearcut stands.
Net Nitrogen
Mineralisation

Sourcea
Disturbance
Microrelief
Depth

df

MS

F

P

2

0.000
0.001
0.003

0.828
4.435
16.175

0.449
O.O46

1

1

Initial Inorganic
Nitrogen
Disturbance
Microrelief
Depth

Total Nitrogen
Sourcea
Disturbance
Microrelief
Depth
"Only significant interactions fiom ANOVA are shown (P < 0.10).

<O.OO 1

Table 4.5 Analysis of variance results for net nitrogen mineralisation, initial extractable
nitrogen and total nitrogen for bumed stands.
Net Nitrogen
Minerdisatioa

MS

F

P

2

O. O00

1
1

O. O00

0.000

2.830
2.457
0.321

O. 079
O. 130
O. 576

df

MS

F

P

2
1
1
2

0.608
O. 546
O. 125
0.348

4.907
4.409
1.010
2.8 13

0.016
0.046
0.325
0.080

df

MS

F

P

df
Source8

Disturbance
Microrelief
Depth
Initial Inorganic
Nitrogen
Sourcea
Disturbance
Microrelief
Depth
Site x Microrelief
Total Nitrogen

Sourcea
Disturbance
Microrelief
Depth
Site x Microrelief
'Only significant interactions from ANOVA are shown (P < 0.10).

4.5 Summary and Conclusions

Nitrogen mineralisation showed significant differences for microrelief and depth, but
none between distu5ance types. This is due to high spatial variability both within and
between sites and dimirbance types. These results stress the need for multiple sites when
examining the effects of disturbance on nutrient cycling in natural ecosystems. Using
only one site per disturbance type could have produced much different results. In terms

of ecosystem recovery, similar mineralisation rates between disturbance types after 10

years appear to have been achieved. However, whether similar N mineralisation for an
older mature stand compared to a young growing stand is adequate on these dimirbed
bogs remains to be seen. This is of more concem considering that the low mineralisation
rates present in these sites may lead to severely N-lirnited black spruce (Foster et al.
1997). To supply adequate nitrogen (via rnineralisation) for satisfactory tree growth it is

generally assumed that peat N levels have to be greater than 1.5% (Foaer et al. 1997).
Consequently, almost every site used in this study had peat N levels below this standard.

Higher N mineralisation in hummocks and at the 0-1 5 cm depth did not lead to higher
extractable N pools and was not correlated to total N concentrations. These results
suppon the current belief that N concentrations do not control nitrogen mineralisation,
rather other lirniting factors such as overall nutrient deficiencies, environmental variables.

C limitation and plant uptake affect microbial activity and thus nitrogen mineralisation
@amman 1988, Verhoeven et al. 1990). In addition, severe limitations on rnicrobial
activity act to reduce the microbial populations ability to immobilise N (Damman 1988).
Consequent 1y, nitrogen mineralisation was greater than immobilisation even though total
N levels of the peat suggest that immobilisation should precede mineralisation. However.
mineralisation rates in ombrotrophic bogs, and subsequent N released, would still produce
insufficient N for plant requirements (Foster et al. 1997). This results in widespread N
deficiencies in al1 or,getation within ombrotrophic bogs and stresses the need to conserve
nutrients (Small 1972a). Or,e way to do this is by forestry practices which leave
advanced growth of tree seedlings (carefùl logging) to ensure nutrients released by
increased activity following disturbance are not lost (Foster et al. 1997).

Microbial-mediated N rnineralisation plays an integral role in forest re-colonisation and
sustainability of stand production. If rnineralisation produces insuficient N for both
vegetation and microbial communities this could have severe limitations on reestablishing plant populations. Thus, an increased understanding of this process is a
necessary component in any attempt to maintain site productivity in bog ecosystems.
Questions remain to be answered about the effect of increased disturbance fiequency (e.g.
shortening of rotation lengths or increases in fire fiequency due to global warming) and
subsequent impacts on forest sustainability.

5. SUBSTRATE QUALITY INFLUENCE ON NiTROGEN AND PHOSPHORUS

MINERALISATION LN DISTURBED B U C K SPRUCE BOG ECOSYSTEMS

5.1 Abstract

A 28-day aerobic incubation was performed to rneasure net nitrogen and phosphorus

mineralisation within 9 black spmce (Piceamarimza (Mill.) B.S.P.)bog ecosystems in
eastern Manitoba. Sites, classified according to disturbance type included; undisturbed
mature forests (>Il0 years old), winter-logged clearcut stands (stem-only; 10-14 years
old), and wildfire b u m stands (1 1 years old). The objectives of this study were two-fold:
(1) to assess peat substrate quality differences within black spruce bogs affected by either

clearcut logging or naturai wildfires and (2) to determine whether there are any
significant relationships between peat substrate quaiity and net N P mineralisation. Peat
samples were taken from the 0-15 cm horizon of hummocks (microhighs) only. N and P
rnineralisation was expected to exhibit patterns based on substrate quality and disturbance
type. Multiple discriminant analysis showed that disturbance types differed with respect
to substrate qudity. Labile carbon fiactions (water-soluble carbohydrates) and to a Iesser
degree, recalcitrant carbon fiactions (lignin), best discriminated between the groups. The
latter may be attributed to high percentage lignin within mature stand samples due to the
invasion of Pleirrorium schreberi. Principal component analysis indicated that samples
were described by three different wmponents related to carbon, phosphorus and nitrogen
compounds respectively. Using principal component scores, N mineralisation was best

predicted by N content (P < 0.01) and recalcitrant carbon fractions (P < 0. IO), while P
rnineralisation was only significantly explained by N content (P < 0.10). However,
proportion of variance explained by substrate quaiity parameters was very low (2 < 0.17).
Both N and P mineralisation rates within bum sites were predicted significantly by N
content

(2 = 0.562 and

0.302, respective1y), while N mineralisation within clearcuts

depended on recalcitrant carbon content (? = 0.26). Results indicate substrate quality
parameters influence N and P rnineralisation differently in clearcuts and burns. Substrate
quality parameters, however, explain < 17% of the variance in the data indicating that
there are other factors controlling N and P mineralisation. Net negative N and P
rnineralisation (immobilisation) for d l disturbance types may point to a problern with
methodologies (e.g. incubation period) since rnicrobial immobilisation of nutrients,
especially N, is inhibited within ombrotrophic bogs due to factors such as nutnent and
available energy deficiencies. In light of this, predicting N and P mineralisation from
substrate quality in bogs should be incorporated with cornparisons with site conditions to
allow for a better understanding of disturbance effects on microbial transformations.

5.2 Introduction

Decomposition and subsequent nutrient release is influenced by the interaction of three
main factors: resource quality, environmental conditions and the decomposer community

(Swift et al. 1979). Resource, or substrate quality, is defined by the chemical composition
of plant litter ( e g types of carbon compounds, nutrient concentrations). Its effects on
decornposition and nutrient mineralisation have been exhibited in both upland (e.g.

Melillo et al. 1982; Melillo et al. 1989) and wetland ecosystems (e.g. Johnson and
Damman 1991; Updegraffet al. 1995).

In ornbrotrophic bogs nutrient inputs are solely ftom precipitation which are
subsequently sequestered within the living Sphugrtum carpet @amman 1978). This
results in an enrichment of nitrogen and phosphorus in peat (Clymo 1978).
Consequently, nutrient availability for both vascular plant and microbial communities is
controlled by nutnent mineralisation in peat (Damman 1988). Within ombrotrophic bogs,
intrinsic litter quality is the dominant factor regulating Sphagmm decay (Johnson and
Damman 1993). Charactenstically, Sphogmrm decay is slow, a result of deficiencies of
essential inorganic nutrients, lack of an easily metabolised energy source, presence of
decay inhibitors andor decay resistant compounds.

Controversy surrounds the

importance of these variables in controlling peat decomposition and subsequent nutrient
mineraikation. Nonetheless, s'ibstrate quality of peat plays an integral role in nutrient
cycling especially when considering the large organic nutrient pools in bog ecosystems
(Verhoeven et ai. 1988).

Disturbance of wetland soils and vegetation results in an increase in the rate of organic
matter decomposition either by alteration of soil moisture and temperature regimes, or by
increasing substrat- availability to soil microorganisms (Armentano and Menges 1986;
Trettin et ai. 1995). Substrate factors which play an integral role in N and P turnover,
including stage of decomposition (Williams and Wheatley 1988) and nutnent content of
the peat (Farrish and Grigal 1988), can be adversely affected by disturbance.

Pdytrichurn commune,P.juniperinum and P. strrstrrchrrm.
Within the bum sites only, Pinus
bmzksima was aiso present. Ail sites (except B2

- minerotrophic fen) are classified as

ombrotrophic bogs (poor minerotrophic and acidic, pH < 4) with Sphagrnm moss
dominating the entire thickness of the peat.

Sites were separated on the basis of

disturbance with four sites from each disturbance type; undisturbed mature forests (M)
(trees > 1 10 yean old and > 10 cm diameter at chest height; closed canopy), winter-logsed
clearcut stands (C) (stem-only; approximately 10-14 years old), and wildfire burned
stands (B) (approximately 10 years old). Table 5.1 shows soi1 classifications and pH
values for most of the sites within this study.
Table 5.1 Soil classification and pH values from sites selected for this study
Sitea

Soi1 classificationb

pHc

Typic Fibrisol
Humic Mesisol
Fibric Mesisol
Temc Humic Fibrisol
Fibric Mesisol
Fibric Mesisol
Mesic Fibrisol
Typic Mesisol
Humic Fibrisol
" Site classification = disturbance type + replicate number
b
Soil Classification Working Group (1 998)
' pH determined using a 1:4 ratio in 0.0 1M CaC12
5.3.2 N and P Mineralisation

Sampling for the nitrogen and phosphorus mineralkation incubation experiment involved
selecting eight hummocks within each site and removing peat from the 15 cm depth using
handsaws. Sarnpling occurred in mid Augua 1997. Samples were doubled bagged in
polyethylene bags and stored on ice until retuming to the lab. On return, samples were

placed in freezers until the incubation was to begin.

An aerobic incubation was

perfomed to determine rnineralisation rates of N and P within each site (refer to Binkley
and H a . 1989). Field moist soi1 was divided into two separate fractions; one for
immediate extraction and the other for incubation. Incubation samples were placed into
separate Mason jars and sealed. The soil was then incubated for 28 days in the dark at
10 O

C

(temperature detennined from temperature data loggers used during a 10 week

decomposition triai). A dish of water was placed within each jar to minimise water loss.

Jars were opened once a week for 45 minutes to maintain aerobic conditions. Following
the incubation period samples were extracted. Net N and P mineralisation rates were
then calculated by subtracting initial inorganic-N and P concentrations from final
inorganic-N and P concentrations. Using samples with original moisture contents and
using an incubation temperature that simulated natural conditions was necessary to allow
us to estimate the inherent N and P mineralisation within each site.

Nitrogen and phosphorus extractions were perforrned using 3 g oven dry equivalent field
moist soil. Samples for nitrogen determination were extracted wit h 180 ml of 2M KCI
solution, shaken for 1 hour and then filtered through Whatman #2 fi lter paper. Samples
for phosphoms extraction were extracted with 180 ml of deionized water and 1 g of
washed charcoal, shaken for 1 hour and then filtered through Whatman #42 filter paper.
Al1 filtrates were fiozen following extraction. Colourimetric analysis of nitrogen filtrates
was performed on a Technicon Autoanalyzer II. Nitrate was analysed with the cadmium

reduction procedure and ammonium by the indophenol blue procedure ( ~ e c h n i c o n ~
Instrument Corp. 1971, 1973 respectively). Phosphorus was analysed following the

ammonium molybdate-ascorbic acid procedure for water-soluble P f i e r Olsen and
Sommers (1982). Al1 values were expressed as pg N&'-N,

NOpm-N,and PO;-P (g dry

peat)-'. Inorganic nitrogen values were summed to give a total inorganic N (pg N g dry
peat") as nitrate concentrations compriseci a minor component of total inorganic nitrogen.

5.3.3 COz Production

Concurrent measurement of CO2 evolution (as an index of microbial activity) was
performed to aid in interpretation of net N and P mineralisation rates obtained during the
aerobic incubation. A 7 ml scintillation via1 with 5 ml of 0.1 M NaOH was placed into
each Mason jar. These vials were replaced every week for the entirety of the incubation.
COI-C concentration was determined using a total organic C method modified for use
with the Technicon AutoAnalyzer II ( ~ e c h n i c o nInstrument
~
Corp. 1978).

5.3.4 Substrate Quality Determination

Total C and N were detemined by sample combustion on a Leco CHN analyser (Leco
Corporation, St. Joseph, Michigan). Total P was determined by digesting samples wit h
H2S04-Hr02 and analysing extracts on ICP.

Cellulose and "lignin" content were

determined by the Acid Detergent Fibre-HzS04 procedure (Rowland and Roberts 1994).
Here lignin refers to the recalcitrant organic fraction found within peat as Sphagnrm peat
does not contain tsue Iignin (Erickson and Miksche 1974). Water-soluble carbohydrates
were determined by a hot-water extraction (TAPPI 1993) followed by colourirnetric
analyses of the extracts (Dubois et al. 1956).

5.3.5 Statisticai Analyses

Differences in nitrogen and phosphorus mineralisation were evaluated by mean
comparisons between the three disturbance types and the nine individual sites
independently. Ail values were log-transfomed prior to analyses to correct for nonnormality. Identical analyses were performed on substrate quality parameters to show
differences of substrate quality between disturbance types. Al1 substrate quality variables
were also log-transformed to correct for non-norrnality except for ligninhi ratios and
%water-soluble carbohydrates. Mean separation was accomplished using Fisher's Least
Significant DiKerence (LSD) test.

An a = 0.10 was chosen due to high inherent

variability of natural soi1 ecosystems. Al1 statistical analyses mentioned above were
performed using SYSTAT 7.0 (SPSS Inc., Chicago, IL). Two additional multivariate
analyses were done to evaluate substrate quality differences between disturbance types.
Multiple discriminant analysis (MDA) was used to maximally distinguish between
disturbance types based on substrate quaiity variables. This is accomplished by obtaining
1inear composites (axes) which maximise the between groups variance relative to the

variance within groups. From this we were able to determine which substrate quality
variables were most usehl in discriminating between disturbance types. In addition to
MD4 principal component analysis (PCA) was performed to evaluate substrate quality

variable trends amongst samples. The PCA began with ten measured and calculared
substrate quality wr:ables. The principal components mode1 was then reduced to a threedimensional variable space. Reduction to three component axes descnbing substrate
quality was accomplished as a result of the strong correlation between the various
substrate quality parameters. Component axes were calculated by eigenanalysis of a p x p

correlation rnatrïx. Cornponent scores were then calcuiated for each individual sample
based on eigenvector elements of a given ordination axis. The resulting ordination biplots

(also constructed for MDA) show how substrate quality parameters and samples relate in
variable space. Similarities between samples and substrate quality variables are indicated
by high positive or negative 'weights' (eigenvector elements) dong the ordination axes.
Simple regression was used to assess the relationship between substrate quality and
mineraiisation rates by using the PCA component scores. Al1 multivariate analysis was

performed with SYN-TAX ver. 5.02 (Podani 1994).

A

A

WSC
Ceiiuiose

Figure 5.1 Multiple discriminant analysis results for substrate quality differentiation
between disturbance types.

5.4 Resutts and Discussion

5.4.1 Substrate Quality

Peat fiom mature biack spnice stands had noticeably higher IigninM ratios, lignocellulose
indices ( K I

= %Iignin/(%Iignin +

%cellulose) and higher percentage lignin and water-

soluble carbohydrates (labile carbon) than disturbed sites (Table 5.2).

Multiple

discriminant analysis (MDA) results also exhibited substrate quality differences between
the three disturbance types (Figure 5.1). MDA indicated that al1 three disturbance types
were significantly different (95% confidence ellipses) From one another based on
substrate quality parameters. However, only parameten related to C quaiity (specifically
water-soluble carbohydrates and lignin) discnminated among disturbance
Table 5.2 Peat substrate quality characteristics for each disturbance type.
Soi1 properties
%C
%N

Mature

Disturbance type
Clearcut

Bum

P

%P
CfN ratio
C/P ratio

N P ratio
%Lignin
%Cellulose
%Water-soluble
carbohydrates
Lignin/N ratio

types (P < 0.001). According to the vectors in Figure 5.1, mature stands were strongly
weighted with parameters such as Iignin (including 1ignin.N and LCI) and water-soluble
carbohydrates while bums and clearcuts were strongly weighted with cellulose. Clearcuts

were also positively wrrelated with CIN and CIP. Al1 of these trends were similar to the
results in Table 5.2.

Principal component analysis indicated that substrate quality

differences were best explained by three component axes (eigenvalues) which accounted
for 89% of sample variation (Figures 52-54).

Component 1, corresponding to

recalcitrant carbon fractions, had percentage lignin, cellulose and LCI strongly weighted.
Component 2, corresponding to phosphorus, had total P and C/P ratios strongly weighted,
while component 3 had total N, lignin/N, C/N and N/P ratios heavily weighted. Variable
weightings from component 1 seem to separate mature stands fiom clearcuts and bums
best, while both components 2 and 3 showed no obvious disturbance differences. Thus,
both M D A and PCA indicated that there are differences in carbon chemistry between the
disturbance types. Differences due to carbon chemistry in both the MDA and PCA are
partly the result of Pleurozium schreberi within mature stands which had significantly

hig her lignin contents t han Sphagmrm (lignin : Pleurozizrm schreberi

Sphugnzim generally < 25%; P < 0.001).

= 38-48%,

Cellulose

Figure 5.2 Ordination biplot for component axes 1 & 2.

Figure 5.3 Ordination biplot for component axes 1 & 3.

AaLS2

Figure 5.4 Ordination biplot for component axes 2 & 3.
Higher percentage N within the mature and bum sites compared to the clearcut sites
(Table 5.2) is a function of two different scenarios. Carbon fraction analysis showed that

Plrrrroziirm schreberi litter found within mature stands contained higher percentage lignin
and N than most Sphagmrm sarnples (Figure 5.5). The higher percentage N within

Pleirroz~~cm
schreberi litter could be due to decomposition dynamics similar to vascular
plant litter or higher N uptake rates as compared to Sphagrnirn. It is generally believed
that N release (i.e. net mineralisation) from plant foliage litter in nutrient-poor sites will
not occur until lignin degradation begins (Berg and McClaugherty 1987). However
within ombrotrophic bogs, site conditions, particularly available carbon and nutnent
deficiencies, do not favour microbially mediated N immobilisation by the microbial
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Figure 5.5 Relationship between nitrogen and lignin as determined by peat origin. S =
S p h a p m , P = P~etrrozztrrn.
community thus N loss occurs at high C M ratios and lower "lignin" contents (Damman
1988). This is mainly the result of very slow decornposition rates due to low microbial

activity (Verhoeven et al. 1990). The invasion of Pleurozzum schreberi into the bogs is
probably the result of favourable growth conditions, i.e. canopy closure and tree water
uptake which cause the peat surface to dry out. This successional change could have
important implications on ecosystern fùnctioning within these bogs. For exarnple, as
succession alters species composition , any changes in substrate quaiity that result will
have a significant impact on nutrient turnover and thus, stand nutrition. This could affect

the way these forests respond to disturbance and therefore, should be considered in
management strategies.

The high percentage N within the burn sites is a result of one site, B2, which had a large
population of Alder mgosa (alder). Peatlands with alder have been shown to have a large

fine root biomass within the top 10 cm (Bhatti et al. 1998), accompanied by lower C M
ratios caused by the N-fixing ability of alder (Brumelis and Carleton 1989). Therefore,
peat within B2 could support a large, flounshing microbial population. And this could
explain the presence of highly degraded peat (lignin > 45%) within the top 15 cm within
B2. It is important to note that the high N concentration within fine roots of alderdominated stands (Bhatti et al. 1998) could have been responsible for the high N content
in the peat as separation of roots from this highly degraded matenal was extremely
difficult. Overall, these site differences within the various disturbance types are due to
problems with site matching and may actually be more important than "treatment" effects
(refer to Chapters 3 and 4 for hirther exampies).

5.4.2 Nitrogen and Phosphorus Mineralisation

Nitrogen mineralisation was significantly different between the three disturbance types
with rates decreasing in the following order: matures, clearcuts then bums (Table 5.3). In
each disturbance t;pe, net N mineralisation was negative relating to net immobilisation.
High net immobilisation in burn sites was a consequence of the high rate of
immobilisation within B2 (Figure 5.6). Net P mineralisation, also negative for each
disturbance type, showed bums > matures > clearcuts. High rates of immobilisation
within clearcuts was attributed to C l and C2 (Figure 5.7). These two sites along with M3

had significantly higher P immobilisation rates than the rest of the sites (P < 0.05).

Carbon mineralised (Le. respiration, measured as mg COtlg C during the incubation) was
higher within clearcut sites (Table 5.3). However, high rates of respiration were not
strongly related to N or P mineralisation (2 = 0.076 and 0.043, respectively), with the
exception of bum sites (see below).
Table 5.3 Mean (standard error) initial extractable),( and net mineralisation (M.) totals
(mineralisation concentrations = change d e r 28 days). C mineralised (mg C021g C)
during incubation also given as indication of microbiai activity.

CO:!
Mature
Clearcut
Buni

P

22.65 (2.66)
35.8 1 (6.75)
48.53 (13.29)

(ctdg h P=)
17.85 (5.43)
-2.49 (3.21)
43.90 (7.48)
-14.97 (6.79)
7.19 (0.83)
-24.25 (9.02)
0.000
0.079

(mgC021gC)
-13.27 (4.85)
-25.70 (5.25)
-3.13 (1.16)
0.00 1

17.5 1 (0.78)
19.84 (0.8 1)
16.84 (1.05)
0.019

Net immobilisation rates for both N and P were unexpected. Immobilisation of N within
ombrotrophic bogs is limited due to reduced microbial activity and because N does not
limit decay even at low N concentrations (Damman 1988; Verhoeven et ai. 1990). N
mineralisation has been shown to occur in bogs with high CM (> 40) (Malmer and Holm
1984; Damman 1988; Verhoeven et al. 1990). Verhoeven et al. (1990) also speculated

that while easily degradable N-nch compounds are decornposed by a sparse microbial
community, the bulk of carbon compounds were hardly degraded at all. This resulted in
the release of miner- lised inorganic N into the environment and not incorporated into the
microbial biomass. Inhibition of microbial activity and decomposition is believed to be
caused by either the recalcitrant nature of Sphugmun litter (Clymo 1965), or due to
chernical inhibitors produced by Sphagmrm (Kalviainen and Karunen 1984) such as

Site
Figure 5.6 Net N mineralisation across al1 sites. Means (k standard error).

Site

Figure 5.7 Net P mineralisation across al1 sites. Means (5 standard error).

sphagnan (Painter 1991). Low microbial activity has aiso been attributed to nutrient
deficiencies (Damman 1978) and lack of labile C (Waksman and Stevens 1928).

Phosphoms transformations are slightly more complicated. Forests and other natural
ecosystems depend heavily on mineralisation of organic-P (Gressel and McColl 1997),
which typically comprises 30-80 % of total P in litter and soil (Stevenson 1986).
However, once in the soil solution, P can be bound as Fe or Ai phosphates @amman
1978). This is largely related to proxirnity to the water table and subsequent reducing
conditions. Transfers Rom inorganic 'labile' phosphate to inorganic 'bound7 phosphate
(chemically adsorbed and precipitated P) (Nichols 1983) make mineralisation
measurements extremely difficult.

Addit ionally, phosp horus mineralised may not

accumulate in ionic form, thus, causing underestimates of P mineralisation (Aber and
Melillo 1991). Overall, net immobilisation for both N and P could be attributed to
increased microbial activity (but only if the C:N or C:P ratio of the peat being
metabolised is high). Thus, aerobic conditions of the incubation may have stimulated
microbial activity and promoted immobilisation of mineral N and P (Williams 1984).

5.4.3 Peat Substrate Quality vs. N and P Mineralisation

Component scores fiom the PCA were regressed against net mineralisation rates for each
sample in order tr determine if N and P mineralisation rates could be predicted from
substrate quality. The principal component scores describing substrate quality explained
only 17% of the variance in N mineraiisation and only 6% of the variance in P
mineralisation (Table 5.4). Component axis 3 (corresponding to N) was more important
in prediaing both N and P mineralisation, although, the proportion of variance explained

Table 5.4 Regression results of net N and P mineralisation vs. PCA component scores.

Net Nitrogen
Mineralisation
Axis 1
Axis 2
Axis 3
Al1 axes
Net Phosphorus
Mineralisation
Axis 1
Axis 2
Axis 3
Al1 axes

3.151*
1.547
8.149**
4.609"

O.044
O.104
4.289*

1.443

0.043
0.022
0.104
O. 169
0.001
0.001
0.058
0.060

was very low (2 = 0.104 and 0.058 respectively). Factors other than those measured (
proportion of inhibitory compounds) appear to play a significant role in controlling N and
P mineralisation rates. Weak relationships between P and substrate quality are likely

attributed to additional chemical transformations occumng within the peat.

Substrate quality influence on N and P mineralisation in mature stands was not apparent
(Table 5.5). None of the component axes were significantly correlated to either N or P
mineralisation rates. This was best illustrated by the cornparison of percentage lignin vs.
N mineralisation as affected by peat ongin. Pletrrozirrm samples, with higher lignin

percentages, did not have significantly different mineralisation rates than Sphagmnz
(Figure 5.8). Regression data shown in Table 5.5 indicated that component axis 1
(describing recalcitrant carbon fractions) was important in explaining N mineralisation
within clearcuts (2 = 0.262). Component axis 3 (describing nitrogen) was significant in
predicting both N (2 = 0.562)and P mineralisation (2 = 0.302)in bum sites. In addition,

Table 5.5 Regression results of net N and P rnineralisation vs. PCA component scores for
each disturbance type.
Mature

Clearcut

2

F

?

1 -461
O.146

0.062
0.007
0.071
O.107

7.820*
0.703
0.405
2.903*

0.262
0.031
0.018
0.303

O.002
0.051
O.101
O.125

0.412
0.317
2.736
0.948

0.018
0.014
0.111
O.125

Source

F

Burn

F

?

N
,
"
Axis 1
Axis 2
Axis 3
All axes
Ph,
Axis 1
h i s2
Avis 3
AI1 axes

1.679
0.800

0.050
1.195
2.464
O.949
*P<O.lO;
**P<0.01.

2.543
1.190
28.200"'
9.282**
0.023

O.179
9.506**
4.054*

0.104
0.05I
0.562
0.582
0.001
0,008
0.302
0.378

N mineralisation within bum sites were related to the percentage of water-soluble

carbohydrates

(2 = 0.289;P

< 0.01). In both cases, N immobilisation within burns

increased with increasing % water-soluble carbohydrates and nitrogen.

Alt hough

percentage of water-soluble carbohydrates were not strongly weighted with PCA but were
very important in discnminating between disturbance types as demonstrated with MDA.

N immobilisation appears to increase with increasing N content due to high

immobilisation within B2 (r = -0.603). Plant species present in B2 are characteristic of
minerotrophic fens which by definition are less acidic and more nutnent-rich compared
to ombrotrophic bogs.

N immobilisation in fens is not uncommon since nutrient

deficiencies affecting microbial activity are lessened. Thus, nutnent pools may depleted
by an active microbial community. This was demonstrated by B2 m p l e s which had
large initial extractable N levels and also experienced the greatest N imrnobilisation (with

% Lignin

Figure 5.8 Relationship between net N mineralisation and lignin content as affected by
peat origin. S = Sphapnrm, P = Plezrroziirm.

(2= 0.016)

and without three 8 2 samples with high net immobilisation; r = -0.884 and r

=

-0.522,

respectively; Figure 5.9). In addition., C rnineralised during the incubation within B2 and
al1 bum samples increased with net immobilisation

(2 = 0.664 and 0.365,respectively)

indicative of higher microbial activity. High rates of microbial activity, possibly due to
high subnrate quality, are likely the cause of net immobilisation. This trend was only
noticeable for N immobilisation and not with P.

M e r 10 yean, similar N immobilisation rates within clearcuts and bums indicate that
disturbance type does not significantly alter microbiai processes within these sites.

Extractable Nitrogen (pgNlg dry peat)
Figure 5.9 Relationship between net N mineralisation and initial extractable N across al1
sites. (? = 0.622)
However, the two disturbances differ with respect to the factors wntrolling N and P
mineralisation. For example, N mineralisation was most influenced by carbon fractions
in clearcuts while nitrogen best predicted N mineralisation in bums. This could be a
consequence of site factors, such as soi1 temperature and rnoisture regimes, or intrinsic
differences in Sphagr~urnlitter quality (Le. concentrations of chernical inhibitors) which
influence microbial activity and decomposition.

Changes in microbial-mediated

decornposition rates could affect substrate quality and, in tum, impact nutrient
mineralisation.

5.5 Summary and Conclusions

Peat substrate quality was different berween disturbance types. Labile carbon fractions
(Le. water-soluble carbohydrates), and to a lesser degree recalcitrant carbon hctions (Le.
lignin), proved to be the best parameters for use in distinguishing distuhance types.
Increasing recalcitrant carbon fiactions with succession from diçturbed sites to mature
stands was attnbuted to increasing proportions of Pleurorium schreberi comprising the
forest floor. Substrate qudity differences between clearcuts and burns after 10 years
following disturbance could be related to site factors, such as soi1 temperature and
moisture, or to the intrinsic litter quaiity of Sphagnrm species which affect microbial
activity and peat decay. N mineralisation was not noticeably difTerent between clearcuts
and bums. N mineralisation within bums was rnost afSected by N content, whereas in
clearcuts recalcitrant carbon fractions were significant in predicting N rnineralisation.
Thus, while we are seeing similar magnitudes of N mineralisation after 10 years in
clearcuts and bums, different controlling factors indicate that the recovery of rhese sites
may be significantly different.

Further research into microbial inhibitors within

Sphognirm peat are necessary if we are to fully understand N transformations.

Unlike nitrogen, phosphoms mineralisation was not predicted very well except within
burns. The use of current techniques to describe P rnineralisation are inadequate owing to
problems with chemical transformations (Aber and Melillo 1991). This could explain
poor prediction of P mineralisation by substrate quality parameters despite having similar
accumulation patterns with respect to N in bogs (Daman and French 1987).

Trends associating N and P mineralisation with substrate quality rnight have been
stronger if alternative methodologies were used. The overall net immobilisation for both

N and P was largely unexpected due to inhibitions on microbiai activity common within
ombrotrophic bogs (Damman 1988). UpdegrafT et al. (1 995) found net N mineralisation
to be well predicted by labile carbon fractions and greater than 70% of the variation in N
mineraikation was prediaed by peat substrate quality. Their methodoiogy differed in
that they focused on long-term mineralisation potential of the peat while this study tned
to measure rnineralisation rates over the short-term. Therefore, it is possible that shortterm mineralisation determinations are not adequate for predicting relationships with
substrate quality.

Our results are still significant in that they identie discrepancies

between clearcuts and bums with respect to substrate quality controls of N and P
mineralisation.

However, there are large amounts of variance with both N and P

mineralisation rates that still require explanation.

6.

GENERAL DISCUSSION

Harvesting and £ire impacts on boreal forest ecosystems, particularly black spmce, have
been well docurnented (Gordon 1983; Timmer et ai. 1983; Bonan 1990). However,
research dealing with tree harvesting and wildfire impacts on forested bogs in northem
latitudes is very scarce (e-g. Trettin et al. 1996; Teng et ai. 1997). Because of the lack of
knowledge with respect to long-term effects of fire and logging on soi1 temperature and
moisture levels and nutrient cycling within forested bog ecosystems, this study's aim was

to determine nitrogen and phosphorus availability differences after 10 years between
black spruce bog ecosystems affected by either clearcut logging or natural wildfires. Site
and spatial variability between disturbed stands resulted in similarities and differences
with respect to different aspects of N and P availability.

Soi1 temperature and moisture regimes in disturbed sites were different than mature,
undisturbed stands. Burn and clearcut sites exhibited higher water tables than the mature
stands while only the burn sites had lower soil temperatures. Removal of the tree canopy
wili usuaily increase soil temperatures due to increased exposure to solar radiation (Frazer
et ai. 1990; Aust a*!, Lea 1991; Trettin et al. 1995, 1996) and may or may not result in
higher water tables (Veny 1986; Berry and Jeglum 1991). Warmer soil temperatures in
clearcut sites have also been amibuted to soil disturbance exposing darkened humified
layers (Trettin et al. 1995). This is not an issue, however, for these sites used in this study

as they were winter-logged and disturbance was minimal. Trettin et ai. (1 996) showed

that whole-tree harvesting on organic soils resulted in a 2OC increase down to 25 cm
directly after harvesting. These increases as indicated in the literature are not noticeable
in our sites likely as a consequence of the tirne frame (> 10 years after disturbance) and
re-establishment of shmb cover. In undrained wetlands where the water table normally
remains within 30 cm of the soil surface, the amplitude of water table fluctuations afier
harvesting increase (Verry 1986). This effect was not as evident with Our results possibly
due to the time h e .

Dimirbed sites had lower extractable N than mature stands, but c l e m t s were not
noticeably different from bums. Extractable P was not significantly different between al1
three disturbance types. Irnmediately following disturbance, either by logging or fire,
improved site conditions and increased substrate availability lead to a nutrient flush
(MacLean et al. 1983; Kimmins 1992). Low temperatures and high water tables in burn
sites probably caused the overall lower extractable N values by inhibiting microbial
activity. The ash deposited dunng and afier fire also provides a large source of various
elements (Ahlgren and Ahlgren 1960). It is apparent that higher nutnent availability does
not exist any longer within these disturbed sites relative to the mature stands.

Both N and P concentrations were expected to show patterns based on spatial gradients.
This was in relatio:,

IO

changes in soil temperature, water table level and fluctuations and

plant uptake that occur spatially within each site. Spatial difierences were evident for N
(hummocks < hollows) and P (0-1 5 > 15-30 cm). While both N and P are influenced by
plant uptake and microbial mineralisation, other processes may be at work. Higher

extractable N in hollows is likely the result of leaching tiom the well-drained hummocks

(Damman 1978). Greater concentrations of P at lower d e p h is probably the result of
complexation with Fe and/or Al ions, which are found at high levels towards the zone of
water table fluctuation (Damman 1978). At the 0-15 cm horizon in hummocks, both N
and P levels were not noticeably different between dl disturbance types. This is very

important as this is the zone of high concentration of fine roots From vascular plants
(Bhatti et al. 1998). Consequently, levels of essential nutrients may be important
indicators of plant availability but low levels may not indicate infertile soils (Binkley and
Vitousek 1989). Because of this, measurernents of nutrient fluxes are important to
understand supply rates.

61 siiir nitrogen mineralisation, an imponant indicator of field nutnent supply rates, was

not significantly different between al1 disturbance types. Soil nitrogen transformations are
controlled by environmental factors (e-g. moisture and temperature) and substrate
availability (Vitousek 1981). Disturbances, such as forest harvesting and wildfire, impact
nitrogen turnover by affecting organic matter decomposition through changes in soil
temperature, moisture, fertility and organic matter quality (Armenteno and Menges 1986;
Treain et al. 1995). The net result is increased nitrogen mineralisation (Gordon and Van
Cleve 1983; MacLean et al. 1983; Matson and Boone 1984) coinciding with decreased
plant uptake. Afte: 10 years it is apparent that increased nitrogen rnineralisation is not
occumng. This is in contrat to other studies exarnining mineral forest soils that have
found heightened mineralisation rates for greater than 10 years (Frazer et al. 1990).

Perfonning in siru incubations allows soils to be exposed to actual site conditions
(Binkley and Hart 1989). Similar N mineralisation rates between clearcuts and burns
were initially unexpected as bums were generally colder and wetter. Thus site conditions
were not the only factor infiuencing mineralisation rates. This was also shown through
examination of spatial differences within disturbance types. Only clearcut sites showed
significant differences between relief (hummocks > hollows) and depth (0- 15 > 15-30
cm) which followed the expected pattern of higher mineralisation rates in warmer and
better aerated horizons (Verhoeven et al. IWO). Even though N content of the peat in
disturbed sites was higher than mature stands N mineralisation was not related to this as
was expected (Damman 1988). Therefore, other intnnsic qualities of the peat may be
influencing mineralisation rates.

Peat substrate quality was significantly different between the disturbance types. Labile
carbon fractions (water-soluble carbohydrates) and to a lesser degree, recalcitrant carbon
fractions (lignin) were the best discriminators between disturbance types. Differences in
the impacts of disturbance on site conditions and substrate availability could affect
substrate quality parameters. Because disturbance types were best differentiated by
carbon fractions, this may relate more to the degree of decomposition of the peat except

that trends associated with lignin are mainly the result of the presence of Pleirroztirm
schreberi in maturc stands (high % lignin). This successional change in peat origin could

have important implications on decomposition, nutrient turnover and thus, stand nutrition.
This would significantly affect the way forests respond to disturbance.

Net N and P mineralisation rates ( a d l y net immobilisation) were not well predicted by
substrate qudity parameters. Relationships were, however, slightly stronger with the
individual disturbance types. Carbon fiactions predicted N mineraiisation significantly
within clearcuts, while both N and P mineralisation within burns was predicted
signi ficantly by N content. N immobilisation rates were similar between the di sturbed

sites, while the factors controlling the rates were different. This indicates that there may
be other factors controiling mineralisation rates, such as chemical inhibitors.

This

correlates with previous work where in situ N mineralisation was similar for clearcuts and
bums while site conditions were not.

Net immobilisation was not expected as microbial immobilisation of nutnents,
particularly N, is inhibited within ombrotrophic bogs due to nutrient deficiencies
(Damman 1978), available energy sources (Waksman and Stevens 1928) or to chemical
inhibitors produced by Sphagtrim (Kalviainen and Karunen 1984).

Increased N

immobilisation, due to increased microbial activity, has been attnbuted to the aerobic
conditions of incubation techniques, such as those used in this study (Williams 1984).
Phosphorus transformations are complicated by transfers fiom inorganic 'labile'
phosphate to 'bound' phosphate (chemically adsorbed and precipitated P) (Nichols 1983)
thus, making relationships to substrate quality extremely dificult to quanti@.

The results of this study indicate that there are still differences in site conditions and the
availability of nitrogen and phosphonis between clearcut logged, burned and mature
stands. However, it is unknown whether differences that were detected were a result of
the high amount of variance that occurred between the replicate sites for each disturbance,

and thus due to poor site matching, or due to ^treatment" (disturbance) effects. Thus,
whether differences in these factors affect the long-term sustainability of black spmce bog
ecosysterns, afEected by either clearcut logging or wildfire, remains to be seen.
Incorporation of site productivity and vegetation diversity measurernents with Our results

ma): provide usehl in determination of site sustainability. By focusing on the impact of
clearcut logging and wildfire 10 years d e r disturbance, this study provides information
about disturbance effects on site conditions and nutnent availability that has not been
performed to any great extent in the past. One of the objectives of this study was to try to
develop a system for the management of lowland black spmce forests.

With the

relatively large amount of data dealing with effects irnmediately following disturbance,
Our results may provide an important step in long-term predictions of site sustainability
for black spruce bog ecosystems.

7. SUMMARY AND CONCLUSIONS
The findings of this audy are summarized below:
1. Soi1 temperature and moisture regimes in disturbed sites were still different than

mature stands after 10 years. Clearcut sites were not noticeably different from mature
stands with respect to soi1 temperature levels, whereas burns were colder. Water
table levels in disturbed sites were slightly higher than mature stands possibly due to
the slow re-establishment of the tree canopy.

2. Disturbance, microrelief and depth affected inorganic N and P concentrations in peat.

Nitrogen showed differences based on disturbance type (matures > disturbed sites)
and microrelief (hollows > hummocks).

Phosphoms exhibited concentrations

differences for depth (0- 15 > 1 5-30 cm). High N concentrations in hollows is likely
caused by leaching and preferential plant uptake of nutrients in hummocks. Lower
concentrations of P with depth could be attributed to higher complexation with Fe and
Al as the water table is approached.

3 . Itz situ N mineAisation displayed significant differences for microrelief and depth,

but none between disturbance types.

The absence of disturbance effects were

attributed to the high spatial variability both within and between sites and disturbance
types.

N mineralisation

was higher in hummocks and at 0-15 cm but these did not

correlate with extractable N pools or total N content. High N mineralisation in

hummocks and at 0-15 cm was attributed to warmer soil temperatures and better
aeration.

Similar N mineralisation rates between clearcuts and burns were

unexpeaed as burns were generally colder and wetter. This pointed to other factors
which influence microbially mediated N rnineralisation other than environmental
parameters.

4. Disturbance types differed with respect to various substrate quality parameters.

Labile carbon fraaions (water-soluble carbohydrates) and to a lesser degree,
recalcitrant carbon fiactions (lignin). best discriminated between disturbance types.
Increasing lignin content with succession from disturbed sites to mature stands was
attributed to increasing proportions of P[etrro-iiim schreberi comprising the forest
fioor. Substrate quality differences between clearcuts and burns could be related to
site factors, such as soil temperature and moisture, or to the intrinsic litter quality of
Sphugmrm species which affect microbial activity and peat decay.

5. Nitrogen and phosphorus rnineralisation were not well predicted by substrate quality

parameters. Only 17% and 6% of the variance in N and P mineralisation was
accounted for, respectively.

N mineralisation (actually negative indicating net

immobilisation) was not significantly different between clearcuts and bums nor was
substrate quality. N mineralisation in bums was ben predicted by N content, whereas
in clearcuts recalcitrant carbon fractions were significant in predicting N
mineralisation. P mineralisation was not predicted very well except within burns.
This is attributable to the inadequacies of current techniques to describe P
transformations due to interference of other chemical reactions.

Nitrogen and phosphoms availabilities were, for the moa p a not different d e r 10 years
between clearcut and bumed black spruce bog ecosysterns. Spatial variability was cited

as the main reason for most similarities between disturbance types as variability was high
within and between sites. Thus, distinguishing between actual ""treatment" effeas and
variance due to poor site matching is probably not possible. These results stress the need
for multiple sites and good site matching when focusing on natural ecosystems. High
degrees of spatial variability of N and P within the peat was attributable to differences in
soi1 temperature and moismre regimes, and possibly plant uptake. Differences in recolonisation and subsequent nutrient sequestration by vascular plants between disturbance
types stress the need for these measurements in future studies.

Nitrogen transformations in the peat, in particular, pointed to differences between
clearcuts and bums. While N mineralisation rates were not significantly different, the
controls of this microbially rnediated transformation were. Clearcuts and bums differed
with respect to site conditions and substrate quality. However, differences in regeneration
between the disturbed sites and low nutrient supplies may mean that similar N
mineralisation rates are inadequate for site recovery. Measurements of stand densities
and biomass may be important indicators of long-term impacts of bums and clearcuts and

should be explored. This will give insight into how site productivity is affected by these
turo different disturbances.

8. CONTRFBUTION TO KNOWLEDGE

There has been a subaantial amount of research into the effects of fire and logging on
forest soils, particularly on nutnent cycling and availability. However, most of the work
has focused on the effects of disturbance on upland, minera1 soils immediately following
disturbance. This study provided insight into the impacts of clearcut logging and wildfire
on nutrient availability within black spnice bog ecosystems afier 10 years.

It was

detennined that, for the most part, indices of nutrient availability within mature stands
were not significantly different from 10 year-old disturbed sites. Similarities in nutrient
availability after 10 years between these disturbed and mature stands may prove
indicative of successful ecosystem recovery. Further work is necessary to back up this
statement such as measurements of plant productivity and nutrient uptake.

Recent interest by the forestry industry in establishing clearcut logging practices which
emulate the effects of wildfire on site productivity has sparked an increase in comparative
studies between anthropogenic and natural disturbances. This study's main purpose was
to compare the effects on clearcut logging vs. natural wildfire on N and P availability.
Our results have sh;.wn important differences between clearcuts and bums with respect to

the controls of nutrient availability, such as site conditions and peat substrate quality,
even though N and P availability was not significantly different. However, as noted
above, rneasurements of plant uptake and nutrient levels in the plant biomass may show
important differences within these ecosystems not indicated by soi1 processes.
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Huiiimock
Hunimock
Huiiirnock

Dcpt h

Tiinc

July
July
J uly
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
July
Augusi
August
August
Augusi
August
Augusl
August
August
Augusi
August

Nitrate

Ammoriium

Toi. Ext. N

Phosphitc

Toi. N

uglg pcai

ufi!'g l'cal

ud8 l'cai

ug/g pctrl

mg10PcaI

C:N

Ib (cont.). Clearcuts. Inorganic nitrogen and phosphorus, total N and C:N from summer 1996.
Silc

Microrclicf
Hurtiinock
Hurtiinock
Hunirnock
Hutninock
Hurninock
Hurnmock
Huiiiinock
Hurnmock
Huiiimock
Huiiimock
Huiiimock
Hummock
Hunirnock
Huiiimock
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow

Dcpth

Timc
Aiigust
Aiigust
August
Aiigusl
August
August
Augusl
Atigust
August
August
August
Augusi
August
Aupsi
August
August
Augusi
August
Aiigust
August
August
Augusi
August
August
Augusi
August
August
Augusi
Aiigust

Nitnitc

Ammonium

Tot. Ext. N

iidg pral

ug/g prnl

ud6 P a l

Phosphte
ug/g

C:N

Tot. N
mdg P

t

Ib (cont.). Clearcuts. Inorganic nitrogen and phosphorus, total N and C:N from summer 1996.
Siic

Microrclicf

Dcptli

Tiiiic

Nitraic

Aiiiiiioiiiurii

Tot. Ext. N

Pliosphatc
uglg pcat

C2
C2
C2
C3

C3
C3
C4
C4

C4

Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow

August
Augusl
August
August
Augus1
August
August
August
August

0.25
2.07
2.28
5-77

3.55
2.34

1.16
2.77
4.19

Tot. N

C:N

Ic (cont.). Matures. Inorganic nitrogen and phosphorus, total N and C:N from summer 1996.
Site
M4

Microrclicî
1luminock

Hummock
Hurnniock
Huminock
Hummock
klunirtiock
Hunimock
Hunimock
Hummock
Hummock
Hummock
Hurnmock
Hummock
Hurnmock
Hollow

Hollow
Hollow
Hollow
Hollow
Hollow
Hollo\v
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow

Dcpi h

Tiiiic
Augusl
Augusl
August
Augiist
August
Augusl
Augusl
August
August
August
August
August
August
August
August
August
August
August
August
August
August
August
Augusl
Augus1
August
Augus1
August
August
Aiigusi

Niiraic

Aniinonium

Toi. Ext. N

Phosphilc

uglg pcat

uglg pcat

uglg p u t

ug/B Pcai

88.71

88.71

2.84

Tot. N
77.58

Ic (cont.). Matures. Inorganic nitrogn and phosphoms, total N and C:N from summer 1996.
-.-CL

Site
M2
M2
M2
M3

M3
M3
M4
M4
M4

Microrclicf
HO~IOW
Hollow
Holl~w
Hollow
Hollow
Hollow
Hollow
Hollow
Hollow

Dcptli
15-30
15-30
15-30
15-30
15-30
15-30
15-30
15-30
15-30

Timc
A U ~ I
August
Augusi
Augusî
August
August
Augusî
August
Augusl

Nitriiîc

Aniiiioriium

Tot. Est. N

Phosphate

udg pcnl

%'g P t

udg pcac

"6% Pcal

O. 00
15.15
O. 00
0.00
8-77
10.69
0.00
0.00
0.00

240.57
12 1.97
342.1 1
104.29
5 17-54
244.27
295.20
25 1.2 1
208.33

240S7
137.12
342.1 1
104.29
526.32
254.96
295.20
251.21
208.33

3.4 1
2.97
1.53
6.79
8.68

3.23
5.90
7,24

Tot. N

C:N

mdg

12.30
23.30
8.40
7.30
9.10
8.70
12.70
1 1 .BO

35.46
18.38
52.32
59.14
47.74
5 1.62
34.05
36.44

II. Initial N, net N mineraiisation, total N and C:N ratios fiom in situ N
mineralisation experiment.
Site

Microreiief
hummock
hummock
hummock
hwnmock
hummock
hummock
hollow
holiow
holiow
hollow
hollow
hoIlow
hummock
hummock
hummock
hummock
hummock
hummock
hollow
hollow
hollow
hollow
hollow
hollow
hummock
hummock
humrnock
hummock
hummock
hummock
hollow
hollow
hollow
hollow
hollow
hollow

wg peal

NetN min
u%g Pest

6.79

45.75

initialN
0-15

Total N
mg'g P

6.00

C:N

a

73.27

Note: Successive measurements fiom 0-1 5 to 15-30 cm depths are fiom same pit.

II (cont.). Initiai N, net N mineraiisation, total N and C:N ratios from in situ N
mineralisation experiment.
Site

Microrelief

DeIJth

CI

humn~~k
hummock
hwnmock
hummock
hummock
hummock
hollow
hollow
hollow
hollow
hollow
hollow
hummock
huxtunock
hummock

0-15

initia

New min

Total N

ug'g pcat

wg pcat

mglg vat

39.25

64.55

C:N

h m &
hummock
hummock
hollow
hollow
hollow
hollow
hollow
hollow
hummock
hummock
hummock
humrnock
hummock
hummock
hotlow
hollow
hollow
hollow
hollow
hollow

Note: Successive measurements from 0- 15 to 15-30 cm depths are From same pit.

II (cont.). Initial N, net N mineralisation, total N and C:N ratios fiom in situ N
mineralisation experiment.

hummock
hummock
hummock
hummock
hummock
hollow
hollow
hollow
hollow
hollow
hollow
hummock
hummock
hummock
hummock
hummock
hummock
hollow
hollow
hollow
hollow
hollow
hollow
hummock
hummock
hummock
hummock
hummock
humrnock
hollow
hollow
hollow
hollow
hollow
hollow
-- --

--

Note: Successive measurements fiom 0-15 to 15-30 cm depths are from same pit.

IV. Nitrogen and phosphorus mineralisation, initiai inorganic N and P concentrations,
and total respiration (CO2 production) fiom 1997.

IV (cont.). Nitrogen and phosphorus rnineralisation, initiai inorganic N and P
concentrations, and total respiration (CO2 production) from 1997.
Dismbanœ Site

NetN

V. Soi1 profile descriptions and peatiand classification for sites used in Ni siru incubation
and substrate qudity experiments.
Site

Horizon
designation

Of
Om

cg

Of
Om
Of
Of
Om
Oh
Of
Om
Oh

Horizon depth

Peatland
classification
Basin Bog
Shore Bog
Basin Bog

Flat Bog

cg

Of
Om
Oh
Orn
Of
Of
Om
Oh

Flat Bog

Basin Bog

Om

Of
Of

Oh
Om
Of
Om
Of

Shore Bog
Horizontal or
Basin Fen
Basin Bog

W.Physical properties of peat depending on degree of humification.

.

Fibric
<0.075
>90
<48

Degree of humification
Mesic
H d c
0.075-0.195
>O. 195
90-85
<85
48-70
>70

Bulk density (g cm")
Total porosity (% vol)
0.01 MPa water content
(% vol)
Hydraul ic conductivity
>6
6-0.1
<O. 1
(cm hr-')
(Soi1 Classification Working Group 1998; page 19)
Note: Most peat samples used in Chapters 4 and 5 were of fibric ongm.

IMAGE EVALUATION
TEST TARGET (QA-3)
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