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NUTRIENT CYCLING IN ASPEN ECOSYSTEMS

John Pastor'

ABSTRACT.-- The cycles of nutrients in aspen ecosystems from the Great Lakes region to Alaska have
been intensively studied by researchers since the early 1970s. These studies have revealed several
patterns common to most aspen stands. In general, aspen rapidly takes up large quantities of nutrients
and stores them in woody tissues, particularly bole bark and bole wood. The small amounts of
nutrients that are returned in leaf litter are released relatively rapidly during decay. The net result is
that aspen retains nutrients effectively within the ecosystem, leaching losses are minimal and decrease
quickly after fire or clearcutting, and soil fertility is improved. However, nutrient removals in harvested
biomass can be quite high, particularly when whole tree harvests are combined with short rotations.

INTRODUCTION

Aspen stands became established over much of the northern Lake States following forest fires and
logging of the white pines around the tum of the century. Aspen (Populus tremuloides Michx. and
P. grandidentata Michx.) constitutes more than half of the Lake States’ total pulpwood cut (Keays
1972). National domestic consumption plus exports of pulpwood rose steadily from 8.6 million cords
in 1920 to 88.8 million cords in 1972, and are expected to rise to 178 million cords by the year 2000
(USDA 1974). Besides this increased demand for the more traditional forest products, the demand of
forests for recreation use is also rising (Clausen 1978).

In order to meet these increased demands on decreased amounts of forest land, many timber companies
and public foresters are considering managing current forest lands more intensively. Intensive
management may include species conversion, stand improvement, and fertilization, but more often refers
to the harvest of greater amounts of the aboveground biomass.

Intensive harvesting is expected to drain considerable amounts of nutrients from stands (Kimmins 1977).
Rising energy costs make it unlikely that these losses can be offset economically by fertilization. It
appears that forest managers will need to rely on the existing nutrient capital of the forest to "maintain
continuous production” (Jorgensen et al, 1975). Proper use and conservation of this capital will rely
on knowledge of the distribution and cycling of nutrients within the forest-soil ecosystem.

The major objective of this paper is to describe the nutrient cycles in aspen stands in comparison with
associated upland forest types. Specific purposes of this review will be: (1) To acquaint the reader
with the major findings of nutrient cycling research in aspen ecosystems. Particular emphasis will be
placed on the biologic pattern of the cycle, especially the uptake and retention of nutrients by trees,
and their return and incorporation into the soil by processes operating in the forest floor. (2) To
compare the cycling of nutrients by aspen stands to cycling by other forest types collectively known
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as cool temperate forests. (3) To point out areas in the literature not yet fully addressed, or which
have been recognized only recently. (4) To point out some ecological, silvicultural and pedological
implications of nutrient cycling.

The cycling of nutrients in an ecosystem has both static and dynamic aspects. The static aspects are
the distribution of organic matter and nutrients in the plant-forest floor-mineral soil system. The
dynamic aspects are: (1) the inputs of nutrients by precipitation and weathering, (2) fluxes of nutrients
between trees, forest floor, and mineral soil, and (3) outputs of nutrienis by runoff or leaching.

DISTRIBUTION OF BIOMASS, ORGANIC MATTER, AND NUTRIENTS
WITHIN THE ECOSYSTEM

Organic matter, or more generally biomass, of a forest ecosystem is generally greaiest in vegetation,
followed by the mineral soil and the forest floor (Curlin 1968). The relative amounts in the forest
floor and mineral soil depend on whether the stand is coniferous or deciduous (MacLean and Wein
1977).

The biomass (i.e., weight of living vegetation) of cool temperate forests is generally between 100 and
200 t/ha (Whittaker and Marks 1975). Biomass of mature aspen stands in the Lake States is between
205 and 230 t/ha (Bray and Dudkiewicz 1963, Alban et al. 1978). A pole-size aspen stand in the Lake
States has a biomass of approximately 100 t/ha (Crow 1978) while aspen stands on poor sites could
have biomasses as low as S to 60 t/ha (Bray and Dudkiewicz 1963, James and Smith 1977) and mature
aspen stands on productive sites could have biomasses approaching 250 t/ha (Pastor and Bockheim
1981, 1984).

The weight of the forest floor of cool temperate forests is generally less than 60 t/ha (Foster and
Morrison 1976, Gosz et al. 1976, MacLean and Wein 1977) and is somewhat greater in conifer stands
than hardwood stands (MacLean and Wein 1977). An Alaskan aspen stand had a mor floor which
weighed 42 t/ha (Van Cleve and Noonan 1975). Mors beneath aspen stands in the Lake States weigh
between 20 and 55 t/ha (Alway and Kittredge 1933, Stoeckeler 1961, Alban et al. 1978). In contrast,
mulls beneath oak stands have been reported to weigh between 1.4 and 11 t/ha (Nielsen and Hole
1963, Lang and Formann 1978).

Within trees, the distribution of nutrients depends on both tissue concentration and tissue biomass.
Concentrations of nutrients in most trees is greatest in leaves, followed by bark, branches, bole wood,
and roots (Curlin 1968). In aspen, concentrations are highest in leaves, followed by current twigs,
bark, branches, roots, dead branches, and finally bole wood (Young and Gunn 1966, Johnston and
Bartos 1977). Biomass of most tree tissues is generally distributed in the order bole wood, roots,
branches, bark, and leaves (Curlin 1968). Biomass of aspen trees is also distributed in this order,
except that the weight of bark is generally greater than the weight of branches (Johnston and Bartos
1977, Alban et al. 1978, Crow 1978). Aspen bark contains the greatest amount of nutrients within the
tree because of its relatively high biomass and nutrient concentrations, followed by roots, bole wood,
branches, and leaves (Alban et al. 1978, Pastor and Bockheim 1984).

Total amounts of nutrients within trees is distributed in the order Ca,N > K > Mg > P (Curlin 1968).
In deciduous trees, including aspen, the amount of Ca is greater than the amount of N, while in

cl;gr;xsf;rs N is greater than Ca (Foster and Morrison 1976, MacLean and Wein 1977, Alban et al.

The relative amounts of nutrients within the forest floor and amounts of available nutrients within the
mineral soil follows the same distribution as in trees (Cole et al. 1967, Alban et al. 1978). However,
the distribution of nutrients in a total elemental analysis of soil reflects that of the initial material,
generally K >> Ca > Mg >> P > N (Barth 1961, Johnson et al. 1968, Foster and Morrison 1976).
Amounts of organic matter and nutrients within aspen forest floors are greater in the H layer, if present,
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followed by the F and L layers (Stoeckeler 1961, Van Cleve and Noonan 1976, Lang and Forman
1978). Concentrations of nutrients within the mineral soil are usually highest within the A1, if present,
but the bulk density and thickness of the B horizon result in its having the greatest amount of nutrients
in aspen as well as other stands (Cole et al. 1967, Foster and Morrison 1976, Alban et al. 1978).

INPUTS OF NUTRIENTS TO A FOREST ECOSYSTEM

Inputs of nutrients to a forest ecosystem are by weathering of the soil, precipitation, and atmospheric
fixation. The latter, while important as a source of nitrogen and sulfur (Likens et al. 1977), is difficult
to measure and represents an unknown quantity in most nutrient cycling studies. For most nutrients,
precipitation and weathering are the main sources.

PRECIPITATION

For most nutrients, the input by precipitation is less than the input by weathering. Yet, precipitation
may annually contribute nutrient amounts equal to those tied up annually in the bole (Ovington 1962).
Concentrations of nutrients in precipitation in the Northeast are generally less than 1 mg/l, except for
sulfate, which can be as high as 3 mg/l (Eaton et al. 1973). In the Lake States concentrations are
slightly higher (Comerford and White 1977, Verry and Timmons 1977). These higher concentrations
may be the result of agricultural activity (Fisher 1968). Vitousek (1977) and Cronan and others (1978)
found precipitation chemistry to control the concentrations of chloride and sulfate within the ecosystem.

WEATHERING

Weathering is especially important in the supply of cations in forms available for plant uptake.
Weathering in a nutrient cycling context has been studied most successfully by using an equation of
Barth (1961):

D

W=5_3

Where W is the amount of rock weathered per unit time over unit land surface; D is cation output in
the same units; C is  percent of element in unweathered material, and S is percent of element in
weathered material.  Johnson et al. (1968), using streamwater fluxes for D, A2 concentrations for S,
and bedrock concentrations for C, calculate that approximately 800 kg/ha of initial material are
weathered per year in New England. This equation assumes that there are no sinks within the
ecosystem, such as vegetation or the exchange complex of the soil, where nutrients can accumulate.
Ignoring such sinks underestimates weathering rates by a factor of two or more (Likens et al. 1977).
By taking the vegetation sink into account in a mass balance estimate of weathering, Likens and others
(1977) calculate annual supply of cations by weathering of a spodosol to be 21.1 kg/ha Ca, 7.1 kg/ha
K, 5.8 kg/ha Na, and 3.5 kg/ha Mg.

This approach does not work for aspen ecosystems because the large uptake and retention rates, to be
discussed further below, distort the calculations and lead to unrealistically high estimates (Pastor and
Bockheim 1984). By leaching columns of soil with aspen leaf litter extracts, Adams and Boyle (1979)
estimated weathering rates of less than 1 kg/ha per year apiece for calcium and magnesium and 4 kg/ha
per year for potassium. However, this begs the question of what are the sources of these nutrients for
annual uptake if not weathering. The most likely explanation is that suggested by data of Alban
(1982), namely that nutrients are accumulating in vegetation at the expense of their exchangeable pools
in the soil. In addition, an unknown but potentially large portion of calcium in aspen may be as
calcium oxalate, particularly in bark. Calcium oxalate, also produced by soil fungi, is easily weathered
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and speeds weathering of other soil minerals and increases nutrient availability to vegetation (Gfaustein
et al. 1977). Further resecarch on weathering rates in aspen stands should focus on the formation and
dissolution of calcium oxalate and its interactions with calcium and other nutrients.

NUTRIENT FLUXES WITHIN THE ECOSYSTEM

PLANT UPTAKE AND RETENTION OF NUTRIENTS, AND PRODUCTION
OF DRY MATTER

Production of dry matter is usually considered along with biomass in the literature. In this review,
production is not considered along with biomass, but with nutrient uptake by trees because the
dynamics of nutrient uptake is directly related to the dynamics of tree growth (Curlin 1968). Whittaker
and Marks (1975) give a range of 4.5 to 24 t/ha annual dry matter production in cool temperate forests,
with a mean of around 10 t/ha. Annual production of dry matter by aspen stands in the Lake States
ranges from 4 t/ha on a poor site to 12.5 t/ha on good sites (Bray and Dudkiewicz 1963, Crow 1978,
Pastor and Bockheim 1984).

The rate of dry matter production changes during the life of a stand, the greatest rate of production
being in pole-size stands (Ovington 1962, Lieth 1974) or even in younger stands (Marks 1974). As
a tree grows, production is increasingly concentrated in leaves and branches (Whittaker et al. 1974).
In most trees, including aspen, production of dry matter by leaves is greatest, followed by wood,
branches, roots, bark, and fruits (Whittaker and Marks 1972, Crow 1978).

Most of the nutrient uptake of a tree is directed into metabolically active tissues, such as leaves and
branches (Woodwell et al. 1975). In contrast to many other species, aspen bark is also metabolically
active because of its photosynthetic capability (Pearson and Lawrence 1958). Uptake of nutrients in
northern hardwoods, and in trees in general, follows the order: N,Ca > K > Na > S > Mg > P (Likens
et al. 1977). Uptake by European aspen (P. tremula) and quaking aspen follow this pattern except that
the uptake of Ca is greater than N (Rodin and Bazilevich 1965, Pastor and Bockheim 1984). In
addition, aspen in Wisconsin accumulates zinc in amounts seven times higher than the minimum
required by most plants (Gerloff et al. 1966). Much research remains to be done on nutrient uptake
by aspen, especially in relation to soil fertility.

In most forests, approximately 50 to 80 percent of annual uptake is retumed to the soil by litterfall,
throughfall, and stemflow (Curlin 1968, Duvigneaud and Denaeyer-De Smet 1970). In contrast, aspen
returns less than half the annual uptake of each nutrient and is particularly efficient at retaining
calcium, sulfur and zinc, especially in bark (Alban et al. 1978, Pastor and Bockheim 1984). Mean
annual nutrient retention by aspen in Minnesota was found to be 21.4 kg Ca/ha, 9.2 kg N/ha, 7.2 kg
K/ha, 1.4 kg Mg/ha, and 1.2 kg P/ha (Alban et al. 1978). Even greater retention rates have been
reported for an aspen-maple forest in Wisconsin (Pastor and Bockheim 1984).

THROUGHFALL

Throughfall retumns less nutrients to the soil than litter but more than stemflow (Curlin 1968,
ngigneaud and Denaeyer-De Smet 1970). The only exception is K, for which throughfall is the
principal return mechanism (Cole et al. 1967, Cromack and Monk 1975, Foster and Morrison 1976).
In general, nutrients are leached from the leaves in the order S > K > Ca,N,Mg > P (Curlin 1968,
Eaton et al. 1973, Gosz et al. 1975). Aspen (Verry and Timmons 1977) and birch (Comerford and
White 1977) throughfall is especially high in calcium, reflecting the high concentrations of Ca in the
leaves (Young and Gunn 1966). Aspen leaves may take up ammonium and nitrate directly from rain,

decreasing their concentrations in throughfall compared to precipitation (Timmons et al. 1977, Pastor
and Bockheim 1984).
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STEMFLOW

The amount of water flowing down the boles of trees is generally less than 5 percent of the total
rainfall, and the amount of nutrients retumed by stemflow is less than 10 percent of that returned by
throughfall and stemflow combined (Eaton et al. 1973, Foster and Morrison 1976). Stemflow
concentrations, however, are generally two to three times higher than throughfall concentrations (Voigt
1960). Stemflow from aspen is especially rich in Ca, Mg, and K, and retumns substantial amounts of
these nutrients to the soil (Mahendrappa 1974, Verry and Timmons 1977). The concenirations of
nutrients in stemflow are influenced by species, bark roughness, rainfall intensity, and mosses and
lichens growing on the bole (Eaton et al. 1973, Patterson 1975). Stemflow may cause high
concentrations of nutrients in the soil near the bole of the tree (Gersper and Holowaychuk 1971,
Patterson 1975), although it is difficult to separate these effects of stemflow from similar effects of bark
litter (Zinke 1962).

LITTER

Except for potassium, litterfall is the major pathway by which nutrients are retumed to the soil (Curlin
1968). The pronounced autumn litterfall in cool temperate forests is the most dramatic aspect of
nutrient cycling. Annual litter production ranges from 1 i/ha for Arctic-Alpine environments to 11
t/ha for Equatorial forests, with cool temperate forests having a mean of 3.5 t/ha (Bray and Gorham
1964). Leaves constitute up to 70 percent of total litterfall, branches 12 to 22 percent, bark 1 to 14
percent, and miscellaneous plant parts up to 10 percent (Bray and Gorham 1964, Gosz et al. 1972).
Branch litterfall can constitute a higher proportion of the total litter in old-growth oak stands (Lang and
Forman 1978) or in aspen stands in advanced stages of deterioration (Graham et al. 1963). Leaffall
in a mature Alaskan aspen stand is approximately 1.9 t/ha per year (Van Cleve and Noonan 1975),
while in the Lake States aspen leaffall ranges between 1.4 and 4.5 t/ha per year (Stoeckeler 1961).

Nitrogen, calcium and potassium made up 81 percent of the total amount of nutrients returned in
literfall in a northemn hardwoods stand {Gosz et al. 1972). Other nutrients are returned in the order
Mg > S > P > Zn. Aspen litterfall is especially high in Ca (Stoeckeler 1961, Van Cleve and Noonan
1975) and zinc (Van Cleve and Noonan 1975).

DECOMPOSITION AND INCORPORATION OF NUTRIENTS INTO SOIL

The forest floor and decomposition therein play an active role in the nutrient cycle because the
processes of incorporation of litter into the soil take place in the floor and because the floor has a high
permeability, permitting precipitation to infiltrate the soil. The soil organic matter, of which the forest
floor is a major part, is a large pool through which nutrients cycle slowly, and as such regulates the
flow of nutrients in a forest ecosystem (O’Neill et al. 1975, Gosz et al. 1976).

Decomposition of aspen leaf litter is more rapid than spruce in boreal forests but less rapid than maple
in northern hardwood forests (Flanagan and Van Cleve 1983, McClaugherty et al. 1985). This appears
to be because of the moderate amounts of lignin in aspen leaf litier, compared with low amounts in
maple and much greater amounts in spruce (Flanagan and Van Cleve 1983, McClaugherty et al. 1985,
Pastor and Post 1986).

Aber and Melillo (1980) have proposed a three-stage theory of decomposition which unifies previous
theories: (1) an initial period in which nutrients are leached from litter; (2) a period of active
decomposition of tissues; and (3) a final period in which nutrients involved in microbial respiration are
flushed from the system.



The initial leaching stage is probably very rapid (Aber and Melillo, 1978). Evidence is provided by
Melin (1930), Nykvist (1959) and Gosz and others (1975). The removal of water soluble substances
may be especially important in the decomposition of bigtooth aspen (P. grandidentata) leaves (Melin
1930).

The behavior of various elements varies during the second stage, depending on mobility, availability
to microorganisms, and place in leaf tissue. Nitrogen and phosphorus, being in short supply to
microbes, are immobilized during the first half of this stage as the microbes decompose organic
compounds (Lutz and Chandler 1946, Gosz et al. 1973, Aber and Melillo 1978). Aspen leaves have
unusually high nitrogen immobilization rates, exceeding 9.5 mg nitrogen per g total mass loss during
decay (McClaugherty et al. 1985). Of species that normally grow with aspen, this is exceeded only
by spruce (Pastor and Post 1986). Therefore, immobilization of nitrogen by microbes decomposing
aspen leaf litter represent a secondary retention mechanism within the aspen ecosystem.

Once mineralization begins during decomposition, Curlin (1968) gives the rate of release of nutrients
from decomposing tissue as K > P > Ca = N. Gosz and others (1973) found Mg to be released most
rapidly from sugar maple litter, followed by K, S, Ca, N, and P. Nutrients are released from aspen
leaves in Alaska in the order K, Ca, Mg, Zn, P, N, and Fe (Van Cleve and Noonan 1975).

Animals, especially earthworms (Lumbricus terrestris), can greatly increase decomposition of litter by
disintegration of tissues, increasing tissue surface area, chemical digestion, mixing organic matter with
mineral soil, and dispersing microorganisms (Nielsen and Hole 1963, Witkamp and Crossley 1966,
Edwards et al. 1970, Jensen 1974). Animals important in aspen floors include mites, spring tails, flies,
and beetles (Wagner et al. 1977, Mitchell 1978) and possibly earthworms (Bleak 1970).

Decomposition of wood is much slower than that of leaves. In the first year after sugar maple, yellow
birch, and beech branches were deposited on the soil surface, Gosz and others (1973) found little or
no weight loss except that caused by bark sloughing. The slow decomposition of wood is ascribed to
its high C:N ratio (Lutz and Chandler 1946) which results in immobilization of N during wood
decomposition (Allison and Murphy 1962, Allison et al. 1963). Wood can be important sites of
nitrogen-fixation (Comaby and Waide 1963). Lang and Forman (1978) say that, because of its slow
decomposition and high C:N ratio, woody detritus can be an important buffer in the cycling of
nutrients. Despite the recognized importance of woody detritus to nutrient cycling, there have been
no studies to date on natural decay of aspen wood and bark.

MOVEMENT OF NUTRIENTS DOWNWARD INTO THE SOIL PROFILE

Once nutrients are released from decomposed tissue, they can be taken up by plants, and enter the
biologic cycle again, or they can move downward into the profile in solution. Except for stemflow,
the maximum concentrations of nutrients in solution occur as water passes through the forest floor
(Cole et al. 1967, Best and Monk 1975, Feller 1977).

In a series of papers, McColl studied the aqueous transfer of nutrients from the floor to the mineral
soil (McColl 1972, 1973a,b). Using electrical conductivity of the solution as an index of total nutrient
content, McColl found that nutrient movement from the floor depends on total water flow, the length
of the dry period preceding flushing, and the temperature of the dry period. The last two factors
relate to the rate of decomposition of the organic matter. McColl (1973b) proposed that the
concentration of nutrients in soil solution is determined by the forest floor where biologic activity is
the greatest and that "concomitant changes occur as the solution passes through the solum.” Also, the

solution characteristics of a given horizon are largely determined by the horizon above it (McColl
1973b).

Seasonal variation in microbial and plant uptake cause seasonal variations in nutrient content of soil
water. McColl (1972) and Feller (1977) found electrical conductivity and nutrient concentrations of
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water draining from the forest floor of Douglas fir stands to be highest in late summer. On the other
hand, Remezov (1958) found concentrations of nutrients in both soil water and mineral soil to be
highest in the spring and lowest in late summer beneath an aspen (P. tremula) stand. In all three
cases, this was ascribed to seasonal pattemns of litter decomposition.

Remezov (1958) found annual leaching losses from an aspen (P. tremula) forest floor to be 85.3 kg
Ca/ha, 42.7 kg K/ha, 31.7 kg N/ha, 21.0 kg Si/ha, 9.9 kg P/ha, and 6.0 kg Al/ha. Remezov (1958)
and Timmons and others (1977) suggest that the forest floor and mineral soil beneath aspen stands are
important sinks for nutrients as they move downward in solution.

NUTRIENT OUTPUTS

To one degree or another, outputs of nutrients from a forest are dependent on the inputs and cycling
of nutrients within the forest Outputs are small in relation to annual uptake by plants (Cole et al. 1967,
Likens et al. 1977) indicating that forests possess efficient cycling and storage mechanisms (Likens et
al. 1977). Outputs of nutrients in runoff is generally small because of the high permeability of the
forest floor (Likens et al. 1969) and most nutrient output is by leaching beyond the rooting zone.

Likens and others (1969) stress the role of the hydrologic cycle in controlling leaching losses. Johnson
and others (1969) propose a model in which concentration of nutrients in solution is inversely related
to water flux but directly related to residence time of water in the ecosystem, and the concentrations
of nutrients in soil water and rainwater. Johnson and Swank (1973) found concentrations of nutrients
in leachate fluctuate independently of flow rate, and propose biologic control rather than hydrologic
control. Remezov (1958) observed "no direct relation between the volume of drainage and the total
amount of Ca ... and K lost from soil [in an oak stand].” Vitousek and Reiners (1975) and Vitousek
(1977) showed that nutrient losses are inversely related to the rate at which each nutrient is
accumulated in growing biomass.

Concentrations of nutrients in leachate from a northem hardwood forest decrease in the order SO,, Ca,
NO,, Na, Cl, Mg, K, NH,. Concentrations in leachate from a Douglas fir stand decrease in the order
Ca, K, N, P (Cole et al. 1967). In contrast, concentrations of calcium in leachate from aspen stands
are higher than in leachate from other stands, while nitrogen is much lower (Verry 1972, Richardson
and Lund 1975, Timmons et al. 1977, Pastor and Bockheim 1984). On the other hand, Remezov
(1958) observed N concentrations in water draining from aspen (P. tremula) stands to be similar to
those in water draining from oak stands. Concentrations of nutrients in leachate from soils beneath
aspen stands are in the order Ca > Mg > Na,K > NO, > NH, (Remezov 1958, Verry 1972, Richardson
and Lund 1975, Timmons et al. 1977, Pastor and Bockheim 1984). In contrast, larger amounts of
nutrients can be lost during snowmelt in aspen stands, mainly because the trees are not actively taking
up nutrients in late winter (Timmons et al, 1977).

SOME ECOLOGICAL AND SILVICULTURAL IMPLICATIONS
OF NUTRIENT CYCLING

ECOLOGICAL IMPLICATIONS

Odum (1969) considered nutrient cycling to be related to the successional status of a stand. He
proposed that climax forests are stable in part because they cycle nutrients efficiently, while
successional stands are unstable because they "leak" nutrients. However, a number of recent studies
indicate that early successional stands of pin cherry (Prunus pensylvanica Ehr.) and aspen tie up
nutrients in rapidly growing biomass and thereby lose less through leaching than climax stands (Marks
and Bormann 1972, Marks 1974, Vitousek and Reiners 1975, Richardson and Lund 1975).
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In recent years, the cycling of nutrients by plants has come to be regarded as part of the species niche,
that is, the "multi-dimensional space representative of the environment in which a species exhibits
positive fitness" (Garten 1978). Woodwell and others (1975) and Gerloff and others (1966) allude to
niche differentiation as a process leading to species differences in nutrient concentrations in tissues.
Using multivariate analytical techniques, Garten (1978) found floodplain species to be dispersed in a
"tissue concentration space” and interpreted this as one aspect of the species’ niches. In particular,
species were most different with regard to their ability to take up and store K, which was in low
supply in these soils. Monk (1966) and Day and McGinty (1975) proposed that species differences
in nutrient cycling allows species to maximize utilization of soil nutrient reserves. They also suggested
that the different ways in which species cycle nutrients underlie ecosystem structure. The ability of
aspen to accumulate large amounts of zinc and other trace elements (Gerloff et al. 1966) may be one
reason why aspen can survive on mine spoil banks where few other species can (Leisman 1957).
Pastor and Bockheim (1984) found that productive aspen-maple ecosystems in Wisconsin retain large
amounts of nutrients because of aspen’s ability to take up large quantities of nutrients and maple’s
ability to cycle nutrients in the shade of aspen.

The role of nutrient cycling in soil genesis has received much attention in Europe as a result of the
biogeocoenose concept (Remezov and Pogrebnyak 1965). Until recently in America, soil genesis has
had a strong mineralogical flavor. A notable exception is the Soil Survey of Menominee County
(Milfred et al. 1967), in which soil differences between hemlock and maple stands are related to
differences in nutrient content of throughfall and litter, among other factors. Mention has been made
above of the ability of aspen to extract nutrients from subsoil and redistribute them to the top of the
soil, but this is another area in which fruitful research could be done.

SILVICULTURAL IMPLICATIONS

It has been shown repeatedly that aspen cycles large amounts of Ca, Mg, N, and Zn in litterfall,
throughfall and stemflow, and uptake (Van Cleve and Noonan 1975, Verry and Timmons 1977, Alban
et al. 1978). Not surprisingly, growth and site index (height at a reference age) of aspen have been
correlated with the nutrient content of the soil, especially Ca, but also Mg and N (Kittredge 1938,
Voigt et al. 1957, Stoeckeler 1960, Fralish and Loucks 1975). Growth has also been correlated with
physical properties of the soil, especially those leading to greater moisture retention such as water
holding capacity, silt + clay content, and presence of pans (Kittredge 1938, Stoeckeler 1960, Graham
et al. 1963, Fralish and Loucks 1975). While this has been interpreted as indicating the demand of
aspen for water, it should also be noted that these properties also decrease loss of nutrients by leaching.

The life history of aspen has been reviewed by Graham and others (1963), Fowells (1965) and
Brinkman and Roe (1975). Aspen reproduces most commonly by root sprouting of suckers after fire,
logging, or other disturbance and the establishment of these sucker stands is the silvicultural basis for
clearcutting aspen (Graham et al. 1963). From the standpoint of nutrient cycling, the rapid and dense
growth of aspen sucker stands may ameliorate leaching loss (Richardson and Lund 1975).

Mortality is high in the first few years, and stands go through several periods of natural thinning.
After 50 to 60 years, the aspen stand deteriorates because of disease. Stand break-up is very rapid,
often less than five years (Graham et al. 1963, Fralish and Loucks 1975). Break-up may be delayed
on sites high in nutrients (Graham et al. 1963). On good sites in the Lake States, aspen is succeeded
by northern hardwoods, especially sugar maple, while on poor sites a second sucker stand may sprout,
or aspen may be replaced by brush species (Kittredge 1938, Fralish 1975). A key unresolved question
in aspen nutrient cycling research is how the different nutrient cycles are reorganized after the return
of two thirds of aboveground biomass to the soil within the five years it takes for a stand to break up,
and how the reorganization of the nutrient cycles by the succeeding species affect subsequent stand
productivity. To date, there have been no studies that have followed a single stand through the
breakup phase into the succeeding generation.
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Theoretically, to the exient that the succeeding species cycle nutrients differently than aspen, soil
properties and productivity will be altered as succession proceeds {Pastor and Post 1986). Thus, as we
consider the effect of different species on nutrient cycles, especially the cycles of the more limiting
nutrients such as nitrogen, the concept of site index as a fixed estimate of site quality becomes less
tenable. For example, aspen has been called a "soil improver” (Stoeckeler 1961) in that it replenishes
nutrients to the soil surface, allowing more demanding species, such as sugar maple (Famsworth and
Leaf 1963, Post 1968) to succeed it. As with aspen growth, sugar maple growth is influenced by
physical properties of the soil (Westveld 1933), but growth has also been correlated with total soil
nitrogen and exchangeable magnesium (Post 1968). In contrast, the succession of aspen to spruce in
boreal forests may cause soil nitrogen availability to decline because of the slower decay and greater
immobilization of nitrogen by spruce litier; model simulations show that spruce dieback may result
(Pastor et al. 1987). Thus the growth of species that succeed aspen depends to a great extent on what
aspen did to the soil during its previous occupancy and how these properties are subsequently modified
by the succeeding species.

Concern for water quality and maintenance of forest productivity has led to increased research in the
effects of harvesting on nutrient cycling (Cole and Gessel 1965, Likens et al. 1970, Johnson and
Swank 1973). The two major effects of harvesting on nutrient cycling are increased loss of nutrients
by leaching and removal of nutrients in harvested biomass.

Following deforestation of a northern hardwoods stand in New Hampshire, Likens and others (1970)
observed up to sixty-fold increases in NOy concentrations in streamwater draining the stand. This was
accompanied by increased nitrification and decomposition of the forest floor (Smith et al. 1968, Likens
et al. 1969). Increased nitrification and decomposition produced more H® which replaced cations on
exchange sites, thereby causing increased leaching losses of other ions (Likens et al. 1969, McColl
1972). Sulfaie losses, however, decreased after deforestation (Likens et al. 1969, 1970). This may be
due to the toxic effects of nitrate on Thiobacillus thiooxidans, a sulfur oxidizing bacterium (Likens et
al. 1969) or to decreased fixation of atmospheric SO, by plants (Hoeft et al. 1972). Reduced
evapotranspiration by plants after cutting led to increased water losses through runoff and leaching, as
well as increased nutrient losses (Likens et al. 1970). Vitousek (1977) showed that reduced plant
uptake, as well as nitrification, can also lead to increased nutrient loss.

Less drastic changes may occur with more conventional management practices (Ovington 1960, Patric
and Smith, 1975). Losses from conventional clearcuts in New England followed the same pattern as
losses from the deforested area, but were not as high (Pierce et al. 1972). In other areas, clearcutting,
including clearcutting of aspen, did not appreciably affect water quality of nutrient losses by leaching
(Cole and Gessel 1965, Verry 1972, Fredricksen et al. 1975, Richardson and Lund 1975). This is most
likely due to plant uptake by regrowth (Marks 1974, Richardson and Lund 1975). Species conversion,
thmmng and selective cutting may decrease nutrient losses by causing transfer of nutrients to more
vigorous trees (Ovington 1960, Johnson and Swank 1973).

The recovery of an ecosystem from harvesting may depend on plant growth and on the type of
harvesting. Leaching losses can return to control levels after two years or less (Likens et al. 1978),
primarily because of increased plant uptake (Marks and Bormann 1972, Marks 1974, Bormann et al.
1974, Vitousek and Reiners 1975, Henderson and Harris 1975, Richardson and Lund 1975).

Aber and others (1978) suggest that the pattern of recovery is different following removal of the entire
aboveground biomass ("whole-tree harvesting") than following conventional clearcutting, in which only
the bole is removed. This is due to the presence or absence of slash:

..dead wood acts as an important buffer, minimizing nitrogen losses immediately after cutting

by providing a carbon-rich substrate for immobilization of nitrogen by microbes and then
gradually giving this nitrogen back through its slow rate of decomposition.
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Their model showed decreasing amounts of available N in the floor following successive whole-tree
harvests at short rotation. A model by Waide and Swank (1975) predicts reduced yields following
whole-tree harvesting, primarily for the same reason. Williams and Mace (1975) investigated a whole-
tree harvest and conventional clearcut and found nitrogen immobilization in the floor of the clearcut
and high nitrate losses by leaching from the floor of the whole-tree harvested area. However, they also
found greater nitrification and N losses at depth in the soil of the clearcut compared to the whole-
tree harvest. They attributed this to greater soil compaction in the clearcut which increased soil
temperature and water retention, resulting in turn in increased microbial growth at depth in the soil.

Nutrient removals in harvested biomass are drains on the nutrient reserves of managed forests. These
removals are not thought to be significant in relation to soil nutrient reserves for selection, thinning,
or even harvesting of all tree boles (Ovington 1960, Patric and Smith 1975). However, whole-tree
harvesting and short rotations (30 years or less) remove substantially more nutrients because a great
deal of nutrients are stored in tree crowns (Boyle and Ek 1972, Weetman and Webber 1972, White
1974). These losses can be as much as five times as great for whole-tree harvesting as compared to
conventional bole harvesting (Mélkoénen 1973). Boyle and Ek (1972) suggested that calcium would
limit aspen growth only after nine, 30-year whole-tree harvests. However, Alban and others (1978)
suggested that one whole-tree harvest of a mature aspen stand might severely deplete the site of K and
P. In the Lake States, nitrogen is the most limiting nutrient to aspen productivity. Pastor and
Bockheim (1984) found 350 kg of N per ha in aboveground biomass of a mature aspen stand at
culmination of mean annual increment, and inputs in precipitation of approximately 5 kg per ha per
year. If all 350 kg were removed in a complete whole tree harvest, then 60 years would be required
to replenish this amount in the soil nitrogen pool. Thus, 60 years, or the amount removed in harvested
biomass divided by input rates, could be thought of as the sustainable rotation age; rotations shorter
than this would presumably lead eventually to nutrient depletion and losses of productivity.

Kimmins (1977) proposes several questions which must be answered before the effects of whole-tree
harvesting can be fully evaluated, including: (1) What proportion of site nutrient reserves are removed
in biomass? (2) What are the size of reserves in the soil? (3) How rapidly do nutrients cycle after
harvesting? (4) How rapid are nutrients removed in harvesting replenished by weathering and other
inputs? (5) What are the nutrient requirements of succeeding crops? (6) How great are other harvest-
induced losses, such as erosion or leaching?

Except for the study of Williams and Mace (1975) and the models proposed by Aber and others
(1978) and Waide and Swank (1975), little work has been done on the actual cycling of nutrients in
intensively-harvested stands. Not surprisingly, this has led to considerable disagreement on the possible
effects of whole-tree harvesting and short rotation on future stand productivity. However, it is clear
that the intensification of aspen stand management cannot be sustained without due consideration given
to the distinct manner that aspen cycles nutrients in contrast to associated and succeeding species, and
the effects of different harvesting regimes on nutrient distributions and flows.
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