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ABSTRACT

Patterns of undisturbed nutrient cvcling in northern ecosystems and the impact of fire
on nutrient cycling are reviewed and discussed. The various effects of fire on
ecosystem nutrient cycling may be broadly subdivided into (1) nutrient redistribution
during fire, and (2) changes in posi-fire nutrient cycling. Effects during fire include the
loss of nutrients (especially nitrogen) from ecosystems through volatilization, loss of
particulate matter in smoke, and convection action; the transfer of mineral elements
to the ash layer: and heating of biomass (often above lethal levels) and the upper soil
layers. Post-fire changes include the °pulse’ addition of nutrients in the ash layer
immediately after fire, possible increased leaching into the soil profile, overland flow
or erosional transfers of nutrients, increased soil pH, lowered albedo from the
fire-darkened surface, increased active laver depth, and warmer soil profiles which
affect microorganisms and decomposition processes. The magnitude of these effects is
discussed in the light of our present knowledge and needs for future research are
proposed.

7.1 INTRODUCTION

MNutrient cycling is a basic process which has common functional properties in
all ecosystems, regardless of differences in location, vegetation type, sub-
strate, etc. Numerous studies of the effects of fire on nutrient cycling have
been carried out in temperate ecosystems, mainly considering the effects on
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112 The Role of Fire in Northern Circumpolar Ecosystems

nutrients in the soil. This hterature has been reviewed by Ahlgren and
Ahlgren (1960). Dyrness (1963), Scotter (1972}, Viro (1974), and. more
recently, by Wells er al. (1979). Only a few studies of fire effects have
considered the fate of the various ecosystem nutrient pools rather than just
the single soil pool; this literature was reviewed in MacLean and Wein
(19774).

In this chapter we examine the state of present knowledge of effects of fire
on nutrient cycling in northern ecosystems. Attention is focused primarily on
the element nitrogen, for two reasons. First, temperate-region studies have
demonstrated that nitrogen is the element most subject to volatilization losses
during fire, and the magnitude of these losses has been shown in some cases
to be substantial (Grier, 1973; Kimmins and Feller, 1976). Second. nitrogen s
also the nutrient most limiting to growth in northern or boreal ecosystems,
because of low rates of addition and mineralization compared with those in
temperate latitudes, and the competition for available N in raw humus soils
{Romell, 1955; Haag, 1974; Armson er al., 1975).

This chapter has been divided into several sections. To make projections
about the impact of fire on nutrient cycling the pattern of nutrient distribution
and cycling in undisturbed systems should be understood; this is treated in the
first section. The second section considers direct and indirect effects of fire on
nutrient cycling and distribution. The final section summarizes gaps in our
knowledge and thus highlights needs for further research.

7.2 NUTRIENT CYCLING IN UNDISTURBED NORTHERN
ECOSYSTEMS

7.2.1 Principles

Nutrient elements cvcle in ecosystems, such that elements bound in organic
matter are made available for further plant growth via a variety of
decomposition and cycling processes. A nutrient cycle is generally depicted as
several pools or compariments of nutrient elements, with a variety of
transfers into, out of. and between these pools. Pools consist of those
elements held in particular trophic levels, species groups, or abiotic com-
ponents of the ecosystem, and are analagous to the state variables of a model
of the system. Innis (1978) differentiated three levels of approach 1o mineral
cycling research. which he termed (1) inventory (with emphasis on the state
variables of the system). (2) dvnamic (emphasizing flows among the state
variables), and (3) cybernetic (emphasizing controls operating on the flows).
Innis argued that only the cybernetic paradigm of nutrient cycling could
potentially address questions about response of a system to an environmental
perturbation, and vet this is the level we know least about, particularly
regarding northern ecosystems:
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1. When we attempt to formulate a general theory of mineral cycling in
ecosystems, we find that we know a lot about where minerals are and how
much is there, less about paths of transfer of the minerals from compart-
ment to compartment in the ecosystem, and little about what controls
transfers.

2. When we respond to practical and theoretical problems about mineral
cveling, the uncertainties of predictions are caused largely by uncertainty in
understanding the controls of the transfers, less by uncertainty in under-
standing the paths of transfer. and least by uncertainty in knowing where
the material is located and how much material is there (Miller, 1978).

Mineral cvcling is generally similar at the inventory and dynamic levels in
northern and temperate ecosystems. although variation in the relative
importance of various pools or nutrient flows exists because of differences in
system structure (e.g., the absence of tree canopy in tundra areas, or the
importance of organic as opposed to mineral soils in the northern systems).
However, several of the controls of nutrient cycling are unique to the far
north. The presence of permafrost is perhaps the most important controlling
factor of nutrient cycling in the north that does not exist in temperate regions.
The active layer depth limits the amount of the soil which plants can utilize,
and the cold soil temperatures limit decomposition and microbial activity.
The shorter growing season, colder temperature regime, and different light
intensities also affect the growth rates of plants and the conditions of
microbial activity, and result in generally lower productivity and rates of
nutrient turnover in northern ecosystems. Effects of fire on nutrient cycling in
these systems largely result from altering the controls of nutrient transfers,
and this will be discussed in detail in a later section.

7.2.2 Current Data Availability for Northern Ecosystems

Research into the distribution and cycling of nutrients in northern circum-
polar ecosystems has been scanty and incomplete in comparison with that in
more temperate biomes. Progressing northwards through the boreal forest,
forest-tundra, and tundra regions the number of studies markedly decreases.
Rather than simply listing studies and data on nutrient distribution and
cycling in this review we decided to choose one example from each of the
boreal forest and tundra biomes. and illustrate these in diagrammatic form
(Figure 7.1). The boreal forest example is a 130-year-old spruce forest in
Vologda Province, USSR, from Parshevnikov (1962), and the tundra
example is an undisturbed low shrub tundra near Inuvik, Northwest
Territories, Canada, from Weber (1975) and Woodley (1979). Even these two
examples have missing data on certain nutrient pools or transfers, or in the
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Figure 7.1 Examples of undisturbed nutrient distribution and cycling from (a)
130-year-old ‘grass and moss spruce forest’. Vologda Province, USSR (Parshevnikov,
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1962; P*Yavchenko and Sibereva, 1962) and (b) low shrub tundra, Inuvik, Northwest
Territories, Canada (Weber, 1975; Woodley, 1979)
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case of the tundra example. three of the macronutrients (K, Ca, Mg). The
eycles in Figure 7.1 are straightforward and no attempt will be made to diseuss
them in detail: however, one point which is worthy of note is the large amount
of nutrients, particularly N, that are held in the litter and organic soil pools.
Over 1100 kg'ha N were held in ‘forest litter’ in the boreal forest example,
and the dry tundra example had approximately 350 kg/ha N in the standing
dead and litter, and 2400 kg/ha N in the organic soil (Figure 7.1).

Tying up of large amounts of N in dead organic matter is characteristic of
northern ecosystems, and has important ramifications both to undisturbed
nutrient ¢yeling and productivity, and to the effects of fire on these systems.
The accumulation of humus in northern climates occurs because low
microbial activity caused by conditions of temperature, moisture, or other
physical factors results in slow decomposition rates. This process, termed
‘nutrient lock-up’ by Rowe and Scotter (1973), removes nutrients from
circulation, and nutrient supply may become limiting to plant growth.
Swamping or paludification, a type of succession proceeding from coniferous
forest to Sphagnum bog in northern systems, also results in the immobiliza-
tion of nutrients in soil organic matter and the limitation of productivity
(Heilman, 1966). The bulk of the N is located deep in the profile of
Sphagnum soils because of the low density and nutrient concentration of the
upper part of the profile, and because insulating moss added to the surface as
the Sphagnwm grows may allow the permafrost level to rise. It has been
postulated that fire can both reverse the trend towards paludification and
extreme nutrient lock-up and act as a mineralizing agent to restore plant
nutrients to circulation (Rowe and Scotter, 1973).

It would seem to be worthwhile at this point to recount other nutrient
cycling work from the northern biomes. Rodin and Bazilevich (1967) have a
chapter covering tundra and forest-tundra in their excellent work on
production and mineral cycling in terrestrial ecosystems. Up to the time of
that publication, no studies of nutrient distribution in tundra communities
were available (Rodin and Bazilevich presented some ‘provisional calcula-
tions'), and for forest-tundra, the only data cited were those of Marchenko
and Karpov (1962) for a Picea excelsa (Lam.) Link - tundra area in Archangel
Province, USSR. Even to the present, relatively little work has been done on
nutrient cycling in tundra or forest-tundra areas. The most comprehensive
studies have been those of Chapin and co-workers (Chapin er al.. 1975, 1978;
Chapin and Bloom, 1976: Chapin and Van Cleve, 1978) regarding P cycling in
the tundra at Barrow, Alaska; Auclair and co-workers {Auclair, Chapter 13,
this volume; A.N.D. Auclair, W.C. Oechel and T.R. Moore, unpublished
data) regarding nutrient cycling in the lichen-dominated tundra and forest-
tundra near Schefferville, Quebec; the Devon Island, Canada high arctic
work (Bliss, 1977; Babb and Whitfield, 1977); and the Fennoscandian
International Biological Program (IBP) tundra work (Wielgolaski et al.,
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1975). Other work done under the auspices of the IBP tundra biome
continues to become available (e.g., Wielgolaski and Rosswall, 1972;
Wielgolaski, 1975; Tieszen, 1978). The Barrow, Alaska work has demon-
strated that the bulk of P in the wet meadow tundra occurs in soil organic
matter, which has a P residence time of 220 years. Decomposition has created
a bottleneck in the P cycle on that site, and the rate of vascular plant P uptake
was found to be controlled by the rate of return to the available soil poaol,
which Chapin et al. (1978) hypothesized was controlled by periodic micro-
organism population crashes. Unfortunately, such detailed studies of the
functioning of northern ecosystems have been very rare.

More data on nutrient distribution in boreal forest ecosystems are available
than for the tundra or forest-tundra. Rodin and Bazilevich (1967) have
summarized much of the literature in their chapter on coniferous forests,
including extensive coverage of those studies from the USSR. More recent
studies have presented nutrient distribution in alder (Alnws incana (L.)
Moench) ecosystems near Fairbanks, Alaska (Van Cleve er al., 1971: Van
Cleve and Viereck, 1972), in a black spruce (Picea mariana (Mill.) B.S'P.)
stand in Quebec (Weetman and Webber, 1972), and in Kalmia heath, black
spruce, and balsam fir (Abies balsamea (L.) Mill.) stands in Newfoundland
(Damman, 1971). Nutrient distribution and some data on rates of nutrient
recycling have been presented for Scots pine (Pinus svlvestris L.) stands in
Finland (Malkdnen, 1974: Lehtonen. 1978), paper birch (Berula papyrifera
Marsh.), and quaking aspen (Populus tremuloides Michx.) stands in Alaska
{(Van Cleve and Noonan, 1971, 1975), and boreal-like jack pine (Pinus
banksiana Lamb.) stands in Ontario {Foster and Morrison, 1976) and in New
Brunswick (MacLean and Wein, 1977a.b; 1978a,b). Generally, adequate data
exist regarding nutrient distribution in boreal regions, few data exist on
nutrient transfers (e.g., precipitation input, litterfall, plant uptake), but
virtuallv no data exist regarding the controls of nutrient transfers.

7.2.3 Succession and Nuirient Cycling

In addition to the nutrient cycling processes occurring in a given ecosystem at
a given point in time, nutrient cycles change with successional stage and time
since disturbance. One extreme of this was already presented in the
paludification example of Heilman (1966). Several theories regarding the
relationship of successional development of ecosystems in temperate regions
to nutrient cycling have been postulated. Odum (1969) suggested that as
ecosystems mature, their ability to conserve nutrients increases. Vitousek and
Reiners (1975) considered this an oversimplification, however, and instead
hypothesized that as ecosystems mature, net production of biomass declines,
causing a reduction in nutrient uptake by plants and an increase in nutrient
concentrations in drainage water. It is not known if this hypothesis actually
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applies to northern ecosystems. or even if it applies to temperate ecosystems
(some evidence to the contrary was recently presented by Martin (1979)). The
important point, however, is to recognize that nutrient cyeling may change
with succession. This also applies to increasing stand age, since different
quantities of nutrients are present in the various pools in the system. Data on
changes in nutrient distribution with increasing stand age are available for a
himited number of vegetation types: Malkonen (1974). Foster and Morrison
(1976). and Van Cleve and Viereck (1972) have each presented data on age
sequences of three stands. and MacLean and Wein (1977a.b) have presented
nutrient distribution for an age sequence of twelve pine stands. Thus both the
successional stage and the time since disturbance may affect the impact of fire
on nutrient cycling.

7.2.4 Nutrient Distribution in Relation to Increasing Latitude

In general, the total biomass and annual primary production in ecosystems
decrease as one progresses northwards in latitude, through the boreal forest,
forest-tundra, and tundra regions (Lieth. 1975; Rodin er al., 1975). Rodin and
Bazilevich (1967) have stated that the open and low-quality coniferous forests
of the northern taiga accumulate only one-quarter to one-fifth of the mineral
elements accumulated by similar stands in the southern taiga zone. despite
considerable development of the ground flora of mosses and shrubs.
Differences in the amount of K, Ca, and 5§ were particularly great, and
became even more apparent when compared with accumulation of mineral
elements in the live plant biomass of coniferous forests in the northern taiga,
the central regions of the coniferous forest zone, and the coniferous forests of
the deciduous forest zone (Rodin and Bazilevich, 1967). Decreases in
nutrient accumulation in the vegetation pool with increasing latitude are also
evident between the two examples in Figure 7.1. Shallow active layers above
permafrost as found in the more northern systems plus less nutrient
accumulations in plants suggests less nutrient in circulation. This may
influence the degree of fire effects on these nutrient cycles.

7.2.5 Nitrogen Fixation in Northern Ecosystems

Blue-green algae in a lichen association represent the principal agent of N,
fixation in the drier northern terrestrial ecosyvstems (Alexander and Kallio,
1976: Crintenden, 1975: Huss-Danell. 1977; Schell and Alexander, 1973). In
the more poorly drained situations. blue-green algae are also implicated in N»
fixation, but in association with mosses such as Sphagnum (Basiliev er al_,
1978) and lichens of the Peltigera group (Billington and Alexander, 1978).
Measurements of nitrogenase activity in lichens have been used to estimate N
input per unit area via fixation in boreal and arctic ecosystems: Kallio and
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Kallio (1975) estimated approximately 0.1 g/m®/yr N by Nephroma arcticum
in a birch forest, and approximately 0.4 g/m*/yr by Stereocaulon paschale in a
pine forest at Kevo, north Finland, and Huss-Danell (1977) estimated 0.1
g/m® N input by §. paschale in a pine forest in northern Sweden during May
to September. The accurate determination of N input by fixation is obviously
important in assessing the impact of any disturbance upon the nutrient cycle,
and particularly so with fire because of the known susceptibility of nitrogen to
volatilization. However, recent evidence suggests that the simple predictive
models used in previous studies may not be sufficient to describe accurately
the levels of nitrogenase activity in nature; thus previous estimates of N-input
are suspect (Crittenden and Kershaw, 1978). Examination of the nitrogenase
activity in Stereocaulon paschale mats in spruce-lichen woodland in central
subarctic Canada revealed that while the level of activity at any point in time
was dependent upon operational levels of certain environmental factors
(thallus water content, temperature, and incident radiation), activity could
also be strongly influenced by pretreatment (Crittenden and Kershaw, 1978).
In a subsequent paper Crittenden and Kershaw (1979) suggest that a large
fraction of the total N assimilation by §. paschale is achieved in summer
during a few comparatively short episodes of suitable moisture conditions.
Therefore, more complex models which consider pretreatment are required
to estimate seasonal or annual N input.

Crittenden and Kershaw (1978) further noted that the fate of the
lichen-derived N is not clearly understood. Part of this N may be cycled
comparatively rapidly, and thus form a substantial fraction of the limiting
pool of available N in certain habitats, or possibly the newly fixed N may
largely become bound in organic matter. The low rates of decompeosition and
mineralization characteristic of soils in cold regions make it important to
gather more quantitative information on these pathways.

7.3 EFFECTS OF FIRE ON NUTRIENT DISTRIBUTION AND CYCLING

It is obvious that fire results in a major reorganization of the distribution of
nutrient elements on a site. The various effects of fire on ecosystem nutrient
cycling may be broadly classified as (1) nutrient redistribution during fire, and
(2) changes in post-fire nutrient cycling. The changes in nutrient distribution
and cyeling occurring as a result of fire are summarized in diagrammatic form
in Figure 7.2.

7.3.1 Nutrient Redistribution During Fire

In general, we know that nutrients are lost from ecosystems via a number of
pathways during fire, and that other portions of the nutrient capital are
redistributed within the ecosystem (Figure 7.2). The processes involved
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Figure 7.2 Diagrammatic representation of possible direct and indirect effects of fire
on nutrient cyeling in northern ecosystems

include (a) the oxidation of biomass to gaseous products (e.g.. carbon,
nitrogen, and sulphur oxides), particulate matter (products of incomplete
combustion), and mineral elements, (b) the transfer of these mineral
elements to the ash layer on the soil surface, and (c) convection action
possibly resulting in particulate and mineral matter being removed from the
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burned area. The remaining biomass may have temperatures raised above the
lethal level, and the upper soil layers may have temperatures elevated above
ambient levels. Unfortunately. the magnitude of these losses and transfers
has not been well quantified for different pre-fire conditions and fire
intensities, even for temperate regions, and almost no data exist for northern
regions.

From studies in temperate regions we do know that nitrogen loss begins at
about 200°C (White er al., 1973) and volatilization increases to about 60% at
700°C (Knight, 1966; Evans and Allen, 1971). Reports of losses of nitrogen
vary widely in studies but it appears that 25-60% is a reasonable value for a
range of litter and plant materials (DeBell and Ralston, 1970; Wells, 1971
Lewis, 1975). Undoubtedly these losses reflect conditions under which the
material burned: fires with temperatures of 1000°C or more will result in
considerable volatilization of several nutrients. Few temperature measure-
ments for fires in northern regions are available, but Smith and Sparling
(1966) reported mean temperatures of 300-400°C, with extremes up to 600°C
or more, for surface fires in a jack pine barren. Since ambient temperatures
are lower in the north than in temperate regions, and the soils may be wetter,
less complete combustion and lower losses of N could result.

Only a few studies in either temperate or northern ecosystems have
attempted to estimate the total loss of nutrients during fire via volatilization
or convection, Losses of nitrogen during intense temperate-region fires have
been estimated to be as high as 500-800 kg/ha (Grier, 1975; Kimmins and
Feller, 1976). and Weber (1975) inferred losses of up to 1000 kg/ha N in
tundra and forest-tundra fires, which were equivalent to about 35% of the
total soil N. These studies have generally consisted of post-fire comparisons
of burned sites and adjacent unburned areas (Grier, 1975; Weber, 1975), or
estimations based on data on biomass and forest floor reduction during fire.
combined with nutrient losses during controlled ignition of samples (Kimmins
and Feller, 1976). However, the large site-to-site variability in chemical and
physical characteristics of soils in northern regions makes a high sampling
intensity imperative to obtain reliable results, and the sampling intensity has
not been rigorous enough in some studies. However, even if direct losses of
this magnitude do occur, the negative effects may be ameliorated by various
post-fire changes in nitrogen cycles.

Invariably, losses of P, K, Ca, and Mg measured during combustion have
been much lower, generally less than 100 kg/ha K and Ca, and less than 40
kg/ha P and Mg (e.g., Grier, 1975: Weber, 1975; Kimmins and Feller, 1976).
Grier (1975) noted that loss of monovalent cations (Na, K) was higher than
loss of divalent cations (Ca. Mg). presumably because of higher elemental
vaporization temperatures for the latter.

Few data are available on the oxidation of soil organic matter during fires.
In the boreal forest, much of the organic mat may be oxidized during fire.
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Sims (1976) reported removel of from one-third to all of the organic soil
under jack pine stands, and Viereck er al. (1979) found from 24% to 62%
reduction in forest floor thickness in black spruce experimental fires.
However, in vegetation types with thick, moist organic mats (e.g., some areas
of the tundra), the percentage of organic matter oxidized and the amount of
nitrogen lost could be substantially less. With less complete combustion,
gaseous losses and mineral elements lost from the site by wind action could
also be conceivably less than in temperate regions, but no data are available.

7.3.2 Post-fire Nutrient Cycling

From temperate-region studies it is known that several changes in nutrient
cycling occur after fire, and that these effects are linked intimately with the
changed environmental conditions also resulting from fire. The addition of
readily available nutrients in the ash layer after fire represents a nutrient
‘pulse’ much larger than that resulting from regular precipitation or litterfall
inputs, leading to rapid uptake of nutrients by the post-fire vegetation. There
are dramatic changes in the forms of carbon, and the distribution of carbon
among system compartments. Also, leaching of nutrients deep into the soil
profile, overland flow of nutrients, or erosion on steep slopes may con-
ceivably be much greater soon after fire. The fire-darkened surface of the
post-fire soil, which results in a lowered albedo, increased active layer depth,
and warmer soil profiles, affects soil microorganisms and decomposition
processes. Ramifications of these effects will be examined individually.

7.3.2.1 Nutrients Transferred to the Soil Surface

It is well known from numerous temperate-region studies that fire results in
the transfer of a portion of the mineral elements to the ash layer and soil
surface, and most work has shown increased post-fire quantities of available
nutrients. Most studies have also shown decreased soil acidity (increased pH)
after fire, which would affect the availability of P and micronutrient elements.
Magnitude of transfer of nutrients from the aboveground biomass to the ash
laver is a function of the fire intensity and the amount of fuel consumed, as
nutrient accumulation generally tends to follow biomass accumulation. In the
boreal forest, Smith (1970) noted increased water soluble P, K, Ca, and Na
after fire, mainly in the upper organic layers, and Scotter (1964) found
increased exchangeable Ca after fire, but no change in exchangeable K, Mg,
or Na. Weber (1975) similarly reported increased total N and available P
following burning at a forest-tundra site near Inuvik, Northwest Territories.
If these nutrients are not lost from the site in the early post-fire period, they
can provide a good basis for plant regrowth.
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7.3.2.2 Are Volatilization Losses Returned to the Ecosystem?

A small portion of the nutrients volatilized or lost as particulates during fire
may be returned if rainfall occurs during, or possibly soon after, fire. No data
exist regarding these processes for northern ecosystems, but Lewis (1975)
found twice the normal concentration of macronutrients (N, P, K, Ca, Mg) in
rain after fire in a pine forest. and Clayton (1976) found concentrations
twenty to seventy times greater in precipitation falling through smoke than in
normal precipitation. Even these increased concentrations only resulted in an
input of about 0.14.3 kg/ha (Clayton, 1976). Similarly, a laboratory study of
fuels and residues by DeBell and Ralston (1970) found that only a small
amount (0.3-0.5 kg/ha for typical loblolly pine ( Pinus raeda L.) stands) of the
N released by forest fires could be returned to the soil via precipitation, as
most was presumably volatilized as nitrogen gas. In general. it is unlikely that
substantial amounts of the nutrient volatilized or lost in smoke will be
returned to the ecosystem. or that nutrient redistribution from the burned
area to ecosystems adjacent to the burn has much ecological significance.

7.3.2.3  Nurrient Losses Through Runoff and Leaching

There has been considerable interest in determining the absolute amount of
nutrient loss from ecosystems through runoff and leaching through the soil
profile. The ash layer which is left on the soil surface after fire will be leached
into the soil profile, usually during the first year. Grier and Cole (1971), Grier
(1972, 1975), and Lewis (1974) have reported the movement of these
elements in the soil profile for temperate regions. Smith (1970) noted after
fire in a jack pine forest that the increased post-fire levels of nutrients in
surface ash gradually decreased to near pre-fire levels during the 15 months of
the experiment. Nutrients can also be eliminated from the ecosystem through
overland and subsurface flow. There are few data available on losses from
overland flow, although it seems to be a localized phenomenon. Woodley
(1979). working on tundra and forest-tundra sites near Inuvik., Northwest
Territories, found that fire did not impoverish these ecosystems through
ground water losses. Nutrient balances (kg/m*/yr) of precipitation input and
ground water output were found to be small and positive for all nutrients
measured, NO3-N (¥ = 0.202), NHI (¥ = 0.324), Kjeldahl-N (%
= 1.29), and total P (¥ = 0.104), and only small differences were found
between burn treatments (Woodley, 1979). Allen (1964) working on English
moorlands recorded similar results. Apparently, as long as the organic mat
remains intact or the soils have sufficiently high clay content, the cation
exchange capacity is capable of absorbing much of the nutrients released
during the fire.
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7.3.2.4 Post-fire Plant Growth and Nutrient Cycling

Many researchers have been impressed with the dramatically increased
growth and change in plant species that occur in northern systems soon after
fire (Viereck, 1973; Rowe and Scotter, 1973; Wein and Bliss, 1973; Weber,
1975; and others). This initial high rate of growth after fire helps to minimize
nutrient loss from the site by retaining in plant biomass the available nutrients
which might otherwise be susceptible 10 leaching. An ecosystem which is
periodically burned is exposed to substantial changes in nutrient availability
through a fire cycle. which must have evolutionary ramifications to plants
inhabiting these sites. Chapin and Van Cleve (1981) have discussed the nature
of plant adaptations 10 absorb and retain these nutrients. Their premise was
that plants have adapted to different resource availabilities, and that fire acts
mainly to alter the availability of resources such as nutrients, water, and light.
Cenain plant species may be betier adapied 1o early or late successional
stages. while a few species are able to exist in both successional stages. Most
plant regrowth after fire follows what Chapin and Van Cleve have termed the
*high nutrient strategy”; this early post-fire stage is characterized by high soil
nuirient concentrations and high light availability, and features rapid nutrient
uptake and photosynthesis, rapid growth, and high rates of turnover of both
roots and leaves. On the other hand, species that reproduce after fire via
resprouting (and thus must be present in the pre-fire stand) must be able 1o
exploit the entire range of successional stages encompassing high to low
nutrient availability. To do this, these plants have generally evolved a high
degree of phenotypic plasticity in all growth-related characteristics, including
nutrient uptake rates, tissue nutrient concentrations. growth rates, leaf
turnover (in the case of evergreens and graminoids). and probably photo-
synthesis (Chapin and Van Cleve, 1981).

Few data are available regarding the early post-fire recovery of nutrient
cvcling in northern ecosystems. Weber (1975) examined nutrient distribution
changes within the first six years after fire in tundra and forest-tundra
communities near Inuvik, Northwest Terntories. Burning resulted in net
losses of N and P from the vegetation, and after six years none of the
vegetation types had accumulated N or P to the pre-fire levels. in terms of
kilogrammes per hectare. In the wet foresi-tundra, the vegetation had
accumulated 42% and 49% of the pre-fire levels of N and P respectively, with
most of the recovery occurring in the vascular plants. However, nutrient
concentrations in post-fire vegetation are often greater than those in plants
from adjacent unburned sites; N and P ranged from 26-37% and 8-38%
higher. respectively. for four species from tundra sites in Alaska and
Northwest Ternitories (Wein and Bliss, 1973).
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7.3.2.5 Effects of Changes in Soil Albedo and Temperature

Decreased soil surface albedo and increased soil temperatures after fire occur
both in northern and temperate regions, but since the northern soils are
colder and large areas are permafrost-dominated, even a small increase in soil
temperature is important biologically. After fire, the energy budget of the soil
surface changes (Rouse. 1976: Rouse and Kershaw, 1971: Haag and Bliss,
1974) and the active layer in permafrost areas thickens (Brown, Chapter 6.
this volume; Brown er al.. 1969; Mackay, 1970; Viereck and Dyrness, 1979;
Wein and Bliss, 1973). This may cause soil subsidence. soil flows on steep
slopes. and nutrient losses, especially in high ice-content sedimentary soils
(MacKay, 1970; Heginbottom, 1971, 1973; Viereck. 1973; Wein and Bliss,
1973: Wein, 1975). Nutrient losses from ecosystems through these mechan-
isms may be locally great but are not important on large landscapes.

The increased soil temperatures after fire may act in three ways to increase
nutrient availability in these systems, particularly for N, First, increased
temperature combined with increased pH and availability of cations may
result in higher rates of decomposition and mineralization of organically-
bound N. With the bulk of N in these northern ecosystems held in soil organic
matter. even a small increase in mineralization rates may be very significant.
Second. in the permafrost zones farther north, increased soil temperature will
result in an increased active layer depth and enlarged soil nutrient pool, some
of which may be available to plants. The active layer depth was found to be an
average of 49% deeper on burned areas than on unburned areas at four
study-sites in the Northwest Territories and Alaska (Wein and Bliss, 1973).
No data exist at present to quantify the importance of these effects. but,
conceivably, they could be among the most significant results of fire. The
third result of higher soil temperature is increased N fixation. In northern
soils. nitrogen fixation has been shown to occur even at (FC. with much of the
nitrogen fixation occurring within the blue-green algae community
(Alexander, 1974; Granhall and Lid-Torsvik, 1975; Granhall and Selander,
1973). Following fire, the temperature of the soil profile increases from near
0°C to about 5°C on northern sites (Haag and Bliss, 1974) and the associated
nitrogen fixation also increases (Alexander and Schell. 1973).

7.3.3 Nutrient Cycling in Relation to Fire Frequency and Intensity

All the affects of fire that have been discussed thus far are dependent upon
the intensity of the individual fire that burned the area. and the frequency of
fire. that is. the length of time between successive fires in that particular
region. It is known that the degree of oxidation of organic matter and the
amount of mineral clements lost from the svstem via volatilization. ash
convection, or other processes are related to the intensity of fire. In terms of
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fire effects, fire intensity must include both the fire behaviour definition of
energy output rate per unit length of fire front (discussed by Van Wagner,
Chapter 4, this volume), as well as the actual heating of living and dead
organic matter and the vaporization temperatures of specific mineral
elements. Unfortunately, we have very few direct measurements to evaluate
the effects of fire intensity and frequency. Even substantial losses of certain
mineral elements during combustion may be countered by improved avail-
ability of nutrients in the post-fire years. or by the long-term annual additions
of nutrients in precipitation, if the interval between fires is long enough. It is
known that throughout the northern vegetation types, fire frequencies range
from 60 years to well in excess of hundreds of years (Wein and Moore, 1979).
Bogs and other wetlands may have a fire frequency that is very low, while in
direct contrast, it is possible to burn some vegetation types twice during the
same year. In the latter instance, the second fire can occur following rapid
drving of the organic surface. The main point is that any effects of fire, be
they chemical or physical, must be viewed in terms of the expected frequency
of fire for the region.

7.4 CONCLUSIONS AND FUTURE RESEARCH NEEDS

Fire affects the nutrient cycle of an ecosystem both directly and indirectly.
The study of these effects is important, not because of a concern about
nutrient depletion of the system by fire (after all, most burned sites do
regenerate with vegetation) but because nutrient cycling is one of the few
functional properties common to all ecosystems. Understanding the response
of a natural system to disturbance factors. in this case fire, is a necessary step
towards manipulating, managing, or conserving that ecosystem.

Although numerous effects of fire have been postulated and discussed in
this chapter, many are only poorly quantified at present. It was stated in the
section on undisturbed nutrient cycling that the cybernetic level of under-
standing, emphasizing controls operating on the flows of mineral elements, is
the most important in terms of determining the response of a system to
perturbation. More detailed studies addressing this level of functioning of
ecosystems are required. as well as more precise data on rates of nutrient
replenishment (e.g.. precipitation input and nutrient release with
decomposition).

We recently developed a simulation model of wildfire effects on nitrogen
cycling in a pine forest in New Brunswick, Canada (MacLean and Wein,
1980) which clearly illustrated how few quantitative data exist regarding
actual nutrient redistribution during and following fire, and how a number of
important aspects have been neglected in the literature. Most studies
examining this question have looked at changes in the distribution of
nutrients in the soil following fire, and not at effects on ecosystem function.
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Volatilization losses of N for the entire ecosystem may be large, but more
rigorous estimates should be developed by characterizing the nutrient
distribution and cycling processes of specific sites, burning them under known
controlled conditions, and carrying out detailed post-fire studies. To our
knowledge, no studies exist to quantify volatilization of nutrients or con-
sumption of biomass during fires of a range of intensities for the various living
and dead ecosystem components, such as trees (needles or leaves. branches.
boles, upper roots, etc.) or understorey vegetation. The living vegetation
generally comprises a substantial pool of nutrients at the time of a burn, and
the fate of this material, both during a fire and in the ensuing years via
decomposition, is important in determining long-term nutrient cyeling and
productivity. Scanty information on volatilization of biomass and nutrients of
the forest floor and litter layers exists for some regions (e.g., DeBell and
Ralston, 1970; Knight, 1966; Lewis, 1975; Sims, 1976) but additional work on
this aspect, particularly as it relates to fire intensity and depth of burn, should
be undertaken. Further research could take the form of rigorously quantify-
ing the nutrient distribution of small-scale field plots of forest floor and
mineral soil, burning these with both natural fires and a controlled heat
source at different temperature or energy levels, and then redetermining the
nutrient distribution. Similarly, burning, in the laboratory in a closed system.
of various kinds of plant tissues at different intensities and comparison of
original tissue composition, ash residue composition, and changes in the
closed atmospheric levels would better quantify volatilization rates during
burning. Another aspect which is only poorly understood is how post-fire
conditions affect the decomposition and mineralization rates of soil organic
matter and deposited litter, and N fixation by both plants and micro-
organisms. With the large quantities of nutrients tied up in soil organic matter
in northern regions, these effects could conceivably be among the most
important consequences of fire.
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