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DECOMPOSITION AND NUTRIENT RELEASE IN
EVEN-ACED PLANTATIONS

By 0.W. HEAL

Institute of Terrestrial Ecology, Merlewood Research
Grange-over-Sands, Cumbria, U.K.

SUMMARY
The decomposition sub-system 1is a complex
interacting set of organisms and processes
whose activities are central to the
availability of nutrients to plants and to the
maintenance of the nutrient capital of the
ecosystem. Information on decomposition and
nutrient release in plantations {s sparse and
much is inferred from accumulation patterns on
the forest floor. This paper describes the
general principles of the control of
decomposition and nutrient release, and
examines their application and implications to
even-aged plantations,
Decomposition comprises katabolism, comminution
and leaching, commonly measured by weight loss
and respiration which are correlated with rates
of nutrient release with an aproximate release
sequence KOMg>Ca> Mn>C>PON>S.
Decomposition 1s a function of three factors:
climate, soil and resource quality, acting
through the heterotrophic organisms. The broad
limits to decomposition, set by site
conditions, are modified by management and
forest development.
Decomposition of different lictters 1is related
to the proportions of ethanol scluble and
ethanol insoluble fractions and in some cases

to initial nitrogen concentration. Two
exponential curves  provide a reasonable
representation of the main phase of
decomposition, followed by long-temm
deconposition of resistant humus fractions.

During decomposition nutrients are

‘{mmobilized’” in micro-organisms and faunal
tissues, but the concept of immobilization,
with mineralization at critical C:nutrient
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ratios, nasks the short-term recycling of
nutrients through microbial turnover.
The temporal pattern of decomposition and
nutrient release includes pedogenetic trends
over wmillenia, successional changes  over
decades or centuries, and seasonal and diurnal
rhythms. In plantations the successional
: sequence is wvery distinct with additional
pulses introduced by management.
There is little evidence of the variation in
nutrient release during a crop rotation but
phases of nutrient supply and demand are
apparently not synchronized as closely as in
mixed-aged stands. The proportion of the
ecosystem nutrients retained in the forest
floor and the turnover time increases with
latitude. The organic accumulation, while
acting as a stabilizing influence im high
latitudes, reduces nutrient flow to the trees.
A manipulated increase in rate of turnover is
expected to increase primary production.

RESUME

Le sous-systéme de la décomposition est un
systéme interactif d’organismes et de processus
dont 1’activité est indispensable & la
disponibilité et au capital d’ éléments
nutritifs de 1'écosystéme. Les renseignements
que l'on posséde a présent sur la décomposition
et la libération d’éléments nutritifs dans 1les
plantations sont wminces et nous basons nos
connaissances sur les types d’accummulation
trouvés dans les sols des foréts. Notre exposé
décrit les principes généraux du contr8le de la
décomposition et de la 1liberation d’éléments
nutritifs et nous examinons leur application et
les conclusions que 1“on peut en tirer dans le
cas de foréts équiennes.

La décomposition comprend le katabolisme, le
broyage et le lessivage qul se mesurent
habituellement par la perte de poids et la
respiration, qui sont corrélées avec le taux
d’ éléments nutritifs 1ibérés, selon
1’'ordre-type suivanct: K>Mg>Cad>Mnd>CO>PON>S.

La décomposition dépend de trois facteurs,
climat, sol et qualité en ressources, qui
agissent par 1'intermédialre d’organismes
hétérotrophiques. Les limites genérales de la
décomposition, dictées par les conditions de la
station, sont modifiées par la gestion et le




développement des foréts,
La déconposition de litidres différentes est
proportionnelle a des fractions solubles et
insolubles dans L €thanol et dans certailns cas
4 la concentration initiale d'azote. La phase
principale de décomposition, suivie de 1la
longue décomposition de fractions d’humus plus
résistant, peut @€tre représentées par deux
courbes exponentielles.

Pendant la décomposition, les éléments
nutritifs sont " immobilisés’ dans des
micro-organismes et des tissus de la microfaune
mais le concept méme d° immobilisation, avec une
minéralisation a des rapports critiques de
C:€lénments nutritifs, masque le recyclage A
court terme des élément nutritifs par
1'intermédiaire du cycle microbien.

Du point de vue temporel, la décomposition et
la libération des é&léments nutritifs présentent
des tendances pédoge€nétiques sur une péricde de
mille ans, des changements de succession sur
des décennies ou des sitcles et des rhychmes
salsonniers et diurnes. Dans les plantations,
1°ordre des successlions est trés distinet,
montrant des pulsations supplémentaires die 2
la gestion.

I1 n"est pas évident que la libération
d’ éléments nutritifs varie pendant une
révolution mais on peut dire que les phases
d'offre et de demande d’éléments nutritifs ne
sont pas aussl étroitement synchronisées que
dans les peuplements d” dge mixte, La proportion
d’ éléments nutritifs de 1 écosystéme retenus au
sol de la forét et la durée du recyclage
augmentent avec la latitude. L‘accummulation
organique qui a wuyn effet stabilisateur a des
latitudes élevées réduit le flux d’'éléments
nutritifs vers 1 arbre. Une augmentation de la
rapidité du cycle -~ amenée artificiellement
pourrait augmenter la production primaire.

ZUSAMMENFASSUNG
Das Subsystem der Verwesung besteht aus einem
komplexen Zusammenwirken von Organismen und
Prozessen, deren Wirken von zentraler Bedeutung
fur die Pflanzenverfigbarkelt von Ndhrstoffen
und fur die Aufrechterhaltung des
Nahrstoffvorrats im Dkosystem ist. Kenntnisse
uber Verwesung und Freisetzung von Nihrstoffen
in Forstpflanzungen sind spdrlich und vieles
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muss man  aus  Anhiufungsmustern auf dem
Waldboden ableiten. Dieser Beltrag beschreibt
die Gesetzmissigkeiten, denen Verwesung und
Freisetzung von Nihrstoffen unterliegen wund
untersucht ihre (bertragbarkeit auf
gleichaltrige Pflanzungen.

Verwesung umfasst Katabolismus, Zerkleinerung
und Auswaschung. Man misst sie iiberlicherweise
am Gewichtsverlust und der Atmung. Diese
Grissen sind korreliert mit den
Ndhrstoff-Freisetzungsraten (ungefidhre
Reihenfolge KOMg>Cad>Mn>COPON>S).

Verwesung ist eine Funktion der drel Faktoren
Klima, Boden und Angreifbarkeit fur
heterotrophe Organismen. Die durch
Standortsbedingungen gesetzten Grenzen der
Verwesung werden durch Bewirtschaftung und
Waldentwicklung modifiziert,

Die Verwesung verschiedener Streuvarten {st
abhingig vom Anteil der Athanol-ldslichen wund
Athanol-unl8slichen  Fraktionen; 1in einigen
Fillen auch von urspringlichen
Stickstoffgehalt. Zwel Exponentifalkurven geben
elne zutreffende Darstellung der Hauptphase der
Zergetzung, auf die dann der langfristige Abbau
resistenter Humusfraktionen folgt.

Wihrend der Verwesung werden Nihrstoffe in

Mikroorganismen und tierischen Geweben
‘{fomobilisiert”. Das Konzept der
Immobilisierung, mit einer Mineralisierung bei
kritischen Kohlenstoff : Nahretoff

Verhdletnissen, verdeckt jedoch das kurzfristige
Recycling von Nihrstoffen durch mikrobiellen
Umsatz.

Das Zelitschema der Verwesung und der
Freisetzung von Nihrstoffen schliesst ein die
pedogenetischen Tendenzen iiber Jahrtausende,
Sukzessionswechsel iber Jahrzehnte oder
Jahrhunderte sowie jahreszeitliche und tigliche
Rhythmen. In Pflanzungen sind Sukzessionsfolgen
sehr ausgeprégt; sie sind zusdtzlich
beeinflusst durch Bewirtschaftungsmassnahmen.
Es gibt wenig Anhaltspunkte Fiir die
Schwankungen in der Freisetzung von Nihrstoffen
wihrend der Umtriebszelit, Phasen der
Nihrstoffanlieferung und des Nihrstoffbedarfs
sind jedoch offensichtlich niche so  gut
aufeinander abgestimmt wie in
verschiedenaltrigen Bestdnden., Der Anteil der
Nihrstoffe des Gkosystems, die im Auflagehumus




enthalten sind, und die Umsatzzeit nehmen mit
dem Breitengrad zu. Die Anhiufung in
organischer Form, die in thohen Breitengraden
einen stablilisierenden Einfluss ausibt,
reduziert gleichzeltig die Nihrstoffzufuhr zu
den BAumen. Es ist zu erwarten, dass eine
gesteuerte Zunahne  der Umsatzrate die
Primédrproduktion steigert.

INTRODUCTION

The decomposition sub-system in forests, as in other
ecosystems, {5 not just a “black-box’, best left unopened and
considered as a component which accepts and releases elements.
It is Pandora’s box containing a complex interacting set of
organisms and processes whose activicties are central to the
availability of nutrients to plants and to the maintenance of
the nutrient capital of the ecosystem. The sub-system,
therefore, demands our understanding, on the assumption that
better understanding will lead to better management, although
much of the experience in agriculture suggests that a
pragmatic approach to management can be very successful,
Forestry, however, has not had the benefit of centuries of
experience from trial and error and of a century of intensive
soil research. Thus wmanagement of nutrient processes in
forests has the opporunity, and the need, to use the research
tool more directly than has agriculture and also to make use
of the understanding from research in agriculture and from
basic sclence.

The informaction on decomposition and nutrient release in
forest plantations is sparse and scattered., Therefore, I have
adopted the approach of describing first the general
principles of decomposition, then of examining their
application to even-aged forests in order to describe the
pattern of processes during a rotation, and finally of
discussing some implications, including comparisons with other
systems. The emphasis throughout is on the organic horizons of
the forest floor and on coniferous plantations.

DECOMPOSITION

The term decomposition has been used In a wide variety of
senses, but here it 1s used to include three main processes:
katabolism, comminution  and leaching. Katabolism, the
disruptive processes of chemical change by organisms,
involving the breakdown of carbohydrates, proteins and other
organic compounds for heterotrophic anabolism with the
associated release of simpler, insoluble, soluble or gaseous
compounds or elements, Thus the katabolism of organic
compounds by heterotrophic organisms results in the
incorporation of elements into thelr tissues, i.e.
immobilization, and release of elements 1into the soil and
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aerial environment, i.e. mineralization, However, it must be
emphasized that the tissues of the heterotrophs are themselves
subject to decomposition with subsequent mineralization of
elements. Comminution is the reduction in particle size by a
combination of biological and physical mechanisms and results
in redistribution of organic macter in the soil. Leaching is
the physical process of transport of water-soluble or fine
particulate matetrfal from organic matter. The combination of
the processes of katabolism, comminution and leaching results
in measurable parameters of weight loss, change in chemical
composition and release of gaseous and water-soluble material
from the organic matter but the component processes are often
“indistinguishable.

Weight loss is a common measure of decomposition which
combines all losses and is bilased towards the major organic
substrates which constitute most of the organlc wmatter.
Respiration provides a direct measure of carbon katabolism
which usually correlates well with welght loss and with the
rate of release of nutrient elements, although each element
has a different pattern and rate of release. Potassium is not
organically bound and is released rapidly through leaching.
Calcium and magnesium are mainly contained in plant structural
components, are released more slowly and accumulate In fungi
and fauna (Cromack et al. 1977). Phosphorus, nitrogen and
sulphur are mobilized during katabolism, but, because their
concentration in microbial tissue is higher than that in plant
tissues, they tend to be retained within the microbial
population and released slowly. Thus the release sequence
tends to be KOMg>CadMn>COP>N>S, largely reflecting the demand
by decomposers but with some variation In different litters,
depending on the relative concentration of the elements (Will
1967; Attiwell 1968; Wood 1974; Toth, Papp & Lenkey 1975;
Gosz, Likens & Bormann 1973).

FACTORS CONTROLLING DECOMPOSITION

Although there is a wide variety of types of organic
matter decomposing in various environments, within any
ecosystem, the rate of decomposition {s basically a function
of three groups of factors: climate, soil and resource
quality, the term ‘resource’ being used for organic matter
composed of a number of chemical compounds, while the term
‘gubstrate’ is used in the biochemical sense of a chemical
entity that reacts in a specific manner with an enzyme. These
factors control the activities of the heterotrophic microflora
and fauna and can be represented as a module (Fig. 1) which is
repeated for different types of resource, e.g. needle, leaf,
stem or root within an ecosystem and 1n different ecosystems
(Bunnell & Tait 1975; Swift, Heal & Anderson, in press). The
rate of decomposition in planted forests is determined by:
(1) The microclimate of the forest floor, which 15 basically
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Fig. 1. Module of decomposition of organic matter. The
decomposition of a resource from state R, to R,
over time t; to tz is controlled by physico-chemical (P)
factors of the environment and resource quality (Q)
acting through heterotrophic organisme {0). (From Swift,
Heal & Anderson in press).

that of the local climate wmodified by the vegetation

canopy, which varies with tree species, planting density,

growth rate and management.

(2) The soil on which the florest floor develops, Lhe degree
of soil influence itself depends on the extent of site
preparation and exposure of the mineral soll.

(3) The chemical and physical composition 1i.e. resource
quality of the organic matter input to the forest floor
which is dependent on the initial vegetation, the type of
tree and the assoclated management.

The rate of decomposition will vary, therefore, during a
forest rotation because the forest and its management modify
the controlling factors and the amount of organic matter
available for decomposition.

Climate
Although there are no detailed studies of the influence

of climate on decomposition through the cycle of an even-aged
forest, a general picture can be drawn from the scattered data
and from results in other systems. The model of the influence
of temperature and molsture on .microbial respiration by
Bunnell et al. (1977) has proved reasonably applicable to a
range of litters, including aspen and dwarf shrub, in tundra,
boreal forests and temperate bogs. It provides a succinct
statement of the effect of the major climatic variables, with
respiration rate of the litter (R(T,M)) in /4/01/g expressed
as:




264 DECOMPOSITION OF LITTER

((T-fO)/ro)

.M a
R(T;M)‘ W I o,;:m * g0 Ay

where T is temperature Iin 9C; M is moisture in per cent dry
weight; a 1s the percentage moisture at which activity is at
half its optimal value, thus representing availability of
water for metabolism by decomposer organisms; a, 1is the
percentage moisture at which gas exchange is limited to half
its optimal value, thus representing the decreasing oxygen
supply to organisms with Increasing water content; a
represents the effect of substrate composition as tﬁc
respiration rate (in ~ 0 /g/hr at 10 C, when nelther
moisture nor oxygen ate limiting; ay ts the QI0 coefficlent
determining the respiration response to temperature.

The model has been fitted to data from the litter,
fermentation and humus layers of an  aspen (Populus
tremuloides) forest {Fig. 2). The calculated response surfaces
show the retarding effect of both low and high moisture levels
and also the decrease in respiration rate which occurs as the
organic matter ages. Respiration rate of the three organic
layers, measured secasonally, was influenced more strongly by
temperature than by wmoisture, with the importance of
temperature Increasing with depth as the wvariability in
moisture decreased (Van Cleve & Sprague 1971). The site
studied, a fifty year-old stand in central Alaska, is a silt
loam in a cold, dry climate in which oolsture levels are
moderate to low, but in forests on poorly drained soils and
wet climates, the respiration rates will be inhibited by high
moisture levels which retard oxygen diffusion. The principles
of oxygen depletion in mineral soils (Greenwood 1968) probably
apply to organic matter with the additional emphasis that the
development of anaerobic microsites 1s related to the
respiration rate and is, therefore, likely to be greatest in
fresh and rapidly decomposing organic matter and to be
temperature dependent, Thus respiration rates, commonly
measured as oxygen uptake or carbon dioxide output, may omit a
significant katabolic component of anaerobic respiration.

The rate of respiration by the microflora, although
usually taken as a measure of carbon release, is also directly
related to mineralization of the physiologically active plant
nutrients (Witkamp 1966; Attiwell 1968; Wollum & Davey 1975).
The reduction - oxidation state of the elements, however,
depends on the degree of oxygen depletion which is dependent
not only on moisture content but also on microbial activicy
(Fig. 3).

The rate of decomposition of organic matter in the cycle
of an even-aged plantation will, therefore, vary with the
changing temperature and moisture regimes. The forest floor
temperature will follow air temperature but show reduced
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Fig. 2. Respiration rates of litter (L), fermentation {F)
and hunus (H) layers of aspen (Populus tremuloides)
forest floor in Alaska , in relation to temperature and
moisture. {From Bunnell et al. 1977).
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Fig. 3. Approximate critical redox potentials at which
various redox systems are reduced, (From Patric 1978).

diurnal and seasonal maxima and minima as the stand ages and
canopy closes, although fluctuation will be increased at
thinning (Hansen 1937; Odin 1974; Edgerton & McConnell 1976;
Piene & Van Cleve 1978)., On mineral soils development of the
organic layers will also reduce fluctuation because of thelir
low thermal and water conductivity resulting from their low
bulk density. The higher temperature wminima and resulting
longer decomposer season which occur as the forest develops
will not compensate fully for the higher temperature maxima in
unforested areas because the relationship of wmicrobial
respiration to temperature is basically exponential, In
addition, freeze-thaw cycles which include nutrient release
will also be depressed in the forest {Birch 1964; Witkamp
1969). The principle of reduced temperacure fluctuations is
reasonable but direct evidence is very limmited. Piene & Van
Cleve (1978) found that thinning in a Picea glauca forest in
Alaska Increased the rate of litter decomposition as a result
of higher temperatures and more favourable moisture
conditions. However, Brown (1976) found no detectable
difference in surface temperatures in cut and uncut strips of
black spruce {Picea mariana) on a peat bog in Minnesota. He

concluded that temperature related microbial activity was not
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expected to vary as a result of felling.

The varying effect of meisture during a forest cycle is
more complex than that of temperature, as well as interacting
with {t, because of the balance between aerobiosis and
anacrobiosis. The 1increase 1in evapotranspiraticon and canopy
interception as the forest develops will reduce water input to
the litter surface and moisture levels in the soil. The degree
of soil drying will wvary with tree species, soil type,
cultural technique and thinning (Hansen 1937; Lull & Axley
1958; Haberland & Wilde 1961; Binns 1968; Read, Arwmstrong &
Weatherall 1973; Pyatt 1973; Helvey 1975; Williams, Cooper &
Pyatt 1978). Moisture content and temperature will also wvary
spatially within a plantation, especlally in the pre-thicket
stage, where ploughing has occurred, with greater temperature
variacion and lower moisture levels on ridges than in furrows.
The changes in molsture content 1In organic horizons are
reasonably predictable, but they are associated with more
complex changes in other factors both 1in the organic and
wmineral horizons. Over the longer term, bulk density tends to
increase as a result of decreasing moisture which causes a
partially reversible compaction, especially in soils with a
high organic content, while pH tends to fall and is related to
alteration in the exchange capacity (e.g. Wilde 1964; Hamilton
1965; Pyatt 1973: Grieve 1978; Williaws, Cooper & Pyatt 1978).

Thus during the development of a forest the change in
physical and chemical factors outlined above 1is expected to
cause the following changes in the rates of decomposition and
release of minerals:

(1) a gradual decrease at moist and dry sites because of
decreasing fluctuation 1in temperature and decreasing
moisture content as the canopy develops, reaching a
constant level after cancpy closure. At thinning,
decomposition and release will increase for a few vyears
with Increased temperature and moisture and at felling
the rate will rise considerably through cthe canopy
removal .

(2) In wet sites elther an increase or a decrease with tree
growth, depending on the balance between the retarding
effect of reduced amplitude of temperature variation and
the stimulating effect of 1increased aetvation through
lower moisture levels.

Soil factors
The initial soil conditions, like climate, set broad

limits to the rate of decooposition with a direct relationship

to soll pH and concentration of minerals. Such a simpliscic
statement 1& iInadequate, but there are surprisingly few
studies which have examined decomposition in a wide range of
soils and determined the influence of specific edaphic factors

(Williams & Gray 1974; Dickinson 1974). One reason for the

lack of information is that many factors are correlated and it
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is wvirctually impossible to modify individual variables. In
addition there is a strong interaction between climatic and
soil factors which confounds analysis of decomposition in
field conditions (Heal & French 1974).

Comparative studies have shown that decomposition of
litter on the surfice is correlated with pH, phosphorus and
calcium concentratlons and is higher in soils with mull hunus
than in those.,with moder, mor of peat (Bocock & Gilbert 1957;
Witkamp & Van der Drift 1961; Frankland 1966; Heal & French
1974). Such studies correspond with results from research on
particular processes such as cellulose decomposition, organic
phosphate mineralization and nitrification {(Alexander 1977).
The chemlcal characteristics of the soil are intimately linked
with physical characteristics, particularly texture and
particle size, which have a great influence on adsorption
characteristics, exchange capacity and pH. The chemical and
physical characteristics influence decomposition by their
effects on the organisms and on the rate of enzyme activity,
but they also affect retention of nutrients in the soil and
their availability to decomposers. Because clay particles have
a high 1lon exchange capacity, retention of nutrients is
particularly related to the amount and composition of the clay
fract{on (e.g. Kolenbrander 1971). The soil moisture reglme is
closely related te scil structure (Salter, Berry & Williams
1966) through its associated aeration characteristics, the
microsite phenomenon being applicable to pH and other physical
factors as well as oxygen. The complex combinatton of soil
factors which influence nutrient movements under varying soil
conditions are well described by Nye & Tinker (1977) and the
dynamics of nutrients within ecosysteams are defined in various
computer simulations (Beek & Frissel 1973; Innis 1978; Tanji &
Gupta 1978).

There is a vast literature on nutrient transformations in
solls, especlally nitrogen and phosphorus 1in agricultyral
soils (Frissel & Damen 1977), but the pattern of variation in
decomposition and mineral release as vtelated to different
soils in forests ls poorly documented. During the cycle of a
conifer stand there is an accumulation of organic matter on
the forest floor which reaches a maximum and may then decline
in older stands (Ovington 1959; Page 1968, 1974; Kholopova
1972; Jorgensen, Wells & Metz 1975)., This accumulation,
representing the balance between input and loss, is greater
than under comparable deciduous stands and tends to have lower
pH, lower nictrogen content and a different balance of
exchangeable nutrients (Ovington 1953, 1954; Nihlgard 1971;
Tappeiner & Alm 1975). The changes in composition of the
forest floor result in alterations to the lower horizons but
the direction, degree, time-scale and consequences of such
alterations are the subject of considerable debate (Stone
1975). The arguments will not be repeated here except to say
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that soil properties are affected by the chemical and physical
couposition of the incoming organic matter and its
decomposition characteristics. Although not proven because of
technical difficulties, such as accumulated sampling errors,
comparability of sites and the range of variables to be
measured, the thecretical and practical evidence indicates
that conifers will cause soil changes which tend to reduce the
rate of decomposition and nutrient release as compared with
deciduous species.

Resource quality
It is obvious that different resources, e.g. deciduous or

coniferous leaf litter or wood, have different rates of
decomposition. Such variations occur between species, betwean
different parts of the same plant, within the same species
grown under differing soil conditions, and within the same
plant as it matures and senesces. Thus, while it is convenient
to define the resource as Pinus contorta needles or
Pseudotsuga menziesii branches, such names are insufficient to
describe the important physico-chemical characteristics which
determine the rate of decomposition of that resource. Although
our current understanding of the control of decomposition by
resource factors is poor, four factors, which are often
inter-correlated, are recognized:

(1) Carbon sources - a range of organic substrates act as
carbon and energy sources for micro-organisms and their
chemical composition controls their susceptibility to
katabolism, e.g. Minderman (1968). The combination of
carbon substrates within a resource modifies its rate of
decomposition (Fig. 4). Although many substrates are
involved, the decomposition rate 1is largely determined
by, or at least correlated with, the percentage of lignin
(van Cleve 1974). Bunnell, Tait & Flanagan (1977)
developed these principles and found that ethanol scoluble
components were katabolized at 5-10 times the rate of
ethanol insoluble components. From this they showed that
a double exponential model, expressing both rapid and
slow decomposing constituents, defined by the proportion
of ethanol soluble and non-soluble fractions, provided a
good fit between observed and predicted loss rates for a
nunber of different litter types.

{2) Nutrient sources - the chemical elements of importance 1in
plant growth are also important in microbial and faunal
growth, and are provided by katabolism of organic matter,
The concentration of nutrient elements in fresh organic
matter is generally related directly to the rate of
decomposition and mineral release as shown by the strong
positive correlation between weight loss and initial
nitrogen concentration (e.g. Witkamp 1966; Jensen 1974;
Van Cleve 1974). There is, however, an opposing trend,
that during decomposition, the rate of decomposition
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Fig. 4. Decomposition curves of substrates which constitute
woodland litter. For each substrate-the first number
indicates the percentage of the substrate lost in one year,
the second mumber is the approximate percentage in weight
of the original litter. The curve S {s the annual
summation of the residual amounts of substrates remaining.
The curve M is the approximate course of decomposition
based on observed values. {From Minderman ]968).
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declines while the nutrient concentration often increases
as a result of loss of gaseous carbon and immobilization
of nutrients by the wmicrobial population. The lowest
rates of decomposition are found in "humus’ which has a
high nutrient concentration, but the nutrients are
coobined in complex organic wmolecules which are the
resul ¢t of decomposition.

(3) Modifiers - chemical compounds, either *present in the

initial litter or produced by micro-organisms, whose
presence in organic matter retards or stimulates
microbial and faunal activity. A wide wvariety of
compounds are involved but for technical reasons they
have not been measured in comprehensive studies of
decomposition. Their presence probably accounts for much
of the variation in decomposition which is not explained
by the composition of carbon and nutrient sources.
Phenolic and quineonic compounds and tropolones extracted
from conifer woed have been shown to be toxic to fungi
(Scheffer & Cowling 1966); polyphenols retard leaf litter
decomposition and inhibit earthworm feeding (King & Heath
1967; Satchell & Lowe 1967) and may cause low rates of
decomposition of roots (Sinha 1972); and of course
Handley (1954) developed the hypothesis of the role of
phenol tanned proteins in mull and mor formation. No
general relationship between decomposition rate and
concentration of modifier compounds has been described,
but evidence suggests that conifers tend to have evolved
these inhibiting compounds to a grcater extent than wmany
other plants (e.g. Bauzon, van den Driessche & Dommergues
1969). variation in decomposition of the same litter from
different sites and ages nmay , be attributed to
nutritionally induced differences in polyphenol
complexing of litter wmaterials, as ip Pinus radiata
needles (Lamb 1976).

(4} Physical factors - the surface properties, toughness,

particle size and other physical properties of the
organic matter influence their rate of decomposition,
particularly through their influence on moisture uptake
and retencion and on the resistance to attack by micro-
organisms and fauna. The main feature is the physical
character of coniferous forest litcer with its
hydrophobic surface and small surface area to volume.
Thus, in comparison with most deciduous leaf lirter, they
tend to have a low uptake bur high retention of moisture,
and retain their physical shape until late in the process
of decomposition. These needle characteristics result in
a lower leaching loss of soluble organic compounds and
nuttients than in deciduous litters. Warter soluble
organic compounds thus decompose to a greater extent
inside needles than inside leaf litter (Nykvist 1963).
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The four groups of factors which constitute resource
quality coabine te determine the relative rate of
decomposition and nutrient release from different litrers atr a
given site, with the environmental factors determining the
absolute rate at different microsites. Although examples are
cited in which a correlation exists between decomposition rate
and concentrations of organic fractions or nutrients, there
are wmany examples 1in which correlations were not detected
{e.g. Melin 1930; Mikola 1955; Daubenmire & Prusso 1943). Much
depends on the range of resource quality which is examined,
the rtange of chemical components determined and the extent to
which interactions between factors are expressed,

The variation in rate of decomposition of different
litters, as expressed by weight loss, has been determined in
many comparative studies, These show a general pattern of
decreasing rate over the series:

herb leaves > grass leaves > deciduous tree leaves >

conifer needles > moss > deciduous wood > conifer wood,
(Mikola 1955; Daubenmire & Prusso 1963; Bocock 1964; Voigt
1965; Mangenot 1966; Witkamp 1966; Satchell & Lowe 1967; Kira
& Shidei 1967; Attiwell 1968; Mommaercs-Billiet 1971;  Gosz,
Likens & Bormann 1973; Dickinson & Pugh 1974; Heal & French
1974; Swift et al. 1976; Heal, Latter & Howson 1978}. Rates of
loss have usually been measured for only the first year or two
of decomposition but within this period the fastest rates are
about ten times those of the slowest, There is considerable
overlap between loss rates of the groups identified and it 1is
particularly difficult to isolate the relative importance of
different chemical and physical characteristics within groups.
The initial state of the litter influences 1its subsequent
decay rate, with faster rates recorded for green litter from
which soluble fractions have not been resorbed before death -
a factor relevant to the decomposition of brash. The
decomposition of wood is also dependent on the proportions of
bark, sapwood and heartwood, which vary considerably in
chemical and physical composition and in decomposition rate
(Gosz, Likens & Bormann 1973; Kaarik 1974).

The data on rate of decomposition of roots are very few
but indicate slower rates than for leaf material of the sane
species {Jenkinson 1965; Smith 1966; Malone & Reichle 1973;
Sinha 1972). The results are mainly for agricultural crops but
are probably similar in non-cultivated species, with tree and
shrub roots having rates comparable with those of above-ground
wood (Kaarik 1974; Waild 1974; Heal & French 1974), Root
exudates constitute a very variable fraction of the total
plant production, mainly as orgardic acids, sugars and amino
acids whose rate of decomposition is probahly high compared
with other inputs (Smith 1969, 1970; Nye & Tinker 1977).

Thus, during the life of an even-aged plantation there is
a changing pattern of quality of organic matter input, and
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Fig. 5. Schematic input of various resources to the forest
floor during a rotation. Bars represent major inputs of
fresh material with relatively high soluble organic
and nutrient content.

therefore, a changing rate of decomposition. The general
phases of input are a gradual reduction in ground flora
components compensated by needles and by twigs and branches as
the forest matures. ‘The production of dead roots probably
increases with ctime but data are very sparse. A series of
inputs result from management practices with the particular
characteristic that they usually cooprise fresh plant
material, needles, wood and roots, from which soluble organic
material and nutrients have not been resorbed by the plant. At
planting, fresh ground vegetation may be killed as a result of
sward inversion; brashing adds dead twigs and branches;
thinning contributes green needles, fresh twigs, branches,
stumps and roots, with a similar major input at final felling.
Felling 1s followed by a period of negligible input until the
ground flora redevelops, this being characterized by fast
growing species whose litter probably has a high decay rate.
The general sequence of events, represented in Fig. 5, {s
recognized frow well-documented, quantitative measurements of
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above-ground input in plantations at varying stages of
development (Bray & Gorham [964; Turner 1975; Miller, Cooper &
Miller 1976; Carey & Farrell 1978), and occasionally for a
complete age sequence for a species, e.g. Pinus sylvestris
(Ovington 1959), P. radiata (Will 1964; Florence & Lamb 1974).

The varying types of organic matter decompose at
differing initial rates, but the composition changes with time
as material is concentrated 1in woicroflora or converted to
humus. The rate of decomposition of some of these residual
fractions is very slow and as a result there are pools of
organic matter and nutrients with different turnover rates.
This is clearly expressed in the model developed by Jenkinson
& Rayner (1977) based on data from the Rothamsted field
experiments and on measured organic matter fractions and rates
of decomposition. The input (1 tC/ha/yr) is separated into two
fractions: ‘decomposable plant material’ and ’“resistant plant
material’ in proportions 0.837 and 0.163, respectively. Each
of these fractions decomposes to produce ‘soil biomass’,
‘physically stabilized organic matter’ and ‘chemically
stabilized organic matter’ in proportions of 0.076, 0.125 and
0.0035, respectively, with the release of carbon dioxide.
These three fractions are repeatedly decomposed, yielding the
same fractions at each step. The estimated half Life of the
fractions varied considerably and the predicted accunulation
of the fraction when the model was run to 10,000 years
assuming steady state (Table 1) was acceptably close to
measured accumulations. The model indicates that small changes
in input to the residual fractions, or changes in their
turnover time, can cause large changes In the amounts of
accunulated organic matter, and nutrients.

A change 1in. rate of decomposition and accumulation can
result from input of residues which tend to produce more or
less of specific humus fractions. Alternatively, a change in
the gerobic / anaerobic balance during the forest development
can mnodify the production of such compounds. For example,
Sinha (1972) showed that anaecrobic decompoesition of ocat roots
produced wmore fulvic acid and less humic acid and hunins than
did aerobic decomposition, the rate of decomposition of these
fractions being in the sequence: fulvic acid > humic acid >
humins (Campbell et al 1967).

IMMCBILIZATION AND RELEASE

The pool of organic matter with high rate of turnover may
be small but provides a rapid supply of recycled nutrients,
while the larger pools of resistant organic matter with slow
turnover provide a continuous supply of nutrients. The supply
from rthe resistant organic matter, although representing a
very small contribution from each year’s input, represents a
considerable accumulated release in any one year. The turnover
of the micrebial and faunal biomass are key factors in the
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Table 1. Turnover (half-life) and accumulation of
fine fractions of organic matter in a cropped
agricultural system at steady state {from Jenkinsen
& Rayner 1977).

Half-1life Accumulation
Fraction (years) (tC/ha)
Decomposable plant material 0.165 0.0l
Resistant plant material 2,31 0.47
Soil biomass 1.69 0.28
Physically stabilized o.m. 49.5 11.3
Chemically stabilized o.m. 1980 12.2

mobilization of nutrients in the pools. The concentration of
many elements in the decomposer organisms (Table 2) is much
higher than in plant residues. As the carbon compounds are
used as energy sources by the microflora, carbon is released
as carbon dioxide or as anaerobic respiratory products, and
only a small fraction is converted into microbial tissuwe. 1In
contrast nutrients are first wmineralized from the plant
residue, absorbed and converted intc microbial tissuve. The
transfer of nutrients from plant to wmicrobial compounds,
commonly referred to as immobilization, results in the
well-known fall in the C:N or C:element ratio. The decline in
the ratio 1s considered to continue until it approximates to
that of mwmicrobial tissue, at which stage che nutrient
concentration 1is in excess of that required by the microflora
and therefore the excess becomes available for plant uptake.

The changing concentration or ratios of elements indicate
the stage at which there is net release of the element from
the intimate w@ixture of plant resfdue and microbial
population. Critical levels approximate to 2 per cent for
nitrogen {C:N ¢.25:1), 0.1 per cent for phosphorus (C:P
€.500:1), 0.20 per cent for sulphur (C:$ c.250:1) and 0.10 per
cent for potassium (C:K ¢.500:1) (Gosz, Likens & Bormann 1973;
Dowding 1974; Toth, Papp & Lenkey 1975}. Such generalizations
are dangerous, however, because there 1is considerable
variation between types of resource and in methods of analysis
and release is 1inferred, not measured. The expression of
concentration or ratio also ignores the state of the element,
thus release will depend on the availability of the element,
including carbon, to micro-organisms, and also on the
avallability of other elements.

The concepts of {mmobilization and critical
concentrations or ratios provide a convenient outline of the
main sequence of events during decomposition and of
differences between resources, but they mask the dynamic
nature of the processes, particularly those involving the
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microflora. Measurements of the standing crop of microflora in
various resources have been used, in conjunction with nutrient
concentrations of the microflora, to calculate the quantities
of nutrients immobilized. The calculated percentage of the
total nutrient which is immobilized varies greatly, e.g. 2-3
per cent for nitrogen and phosphorus in the forest floor of
black spruce (Picea mariana) in Alaska (Flanagan & Van Cleve
1877), but more than 100 per cent for some nutrients in the
litter of Liriodendron tulipifera forest in Tennessee (Ausmus,
Edwards & Witkamp 1976). Methodological problems make accurate
measurements very difficult, but these two studies show that
nutrients are rapidly circulated through the microbial
population which has pgeneration times in days. Death and
decomposition may be balanced by growth to give a falrly
constant standing crop, but the nutrients are being circulated
through inorganic pools which are capable of being utilized by
fine plant roots permeating the litter. Both studies also show
marked growth in wmicrobial populations and immobilization of
nutrients in spring and early summer, with a decline and
presumably a release of nutrlents in late summer. The extent
to which nutrients are retained in dead microbial cells and
mycelium is unknown and the presence of dark, apparently empty
hyphae 1in acid organic solls argues for slow decomposition of
at least the chitinous cell walls which have a high nitrogen
content. However, Flanagan & Van Cleve (1977) estimated that
as a result of a decrease in microbial biomass, 90 per cent of
which was fungal, there was a net release of 0.24 g N/sq.m and
0.025 g P/sq.m. within the forest floor in an eleven day
period In summer. Ausmus, Edwards & Witkamp (1976) showed
similar fluctuations in the L, F and H layers,

The immobilization of nutrients by the wmicroflora and
possibly the mechanism of release is shown In the analysis of
wood decomposition, for example (Ausmus (1977) and Swift
(1977). Most nutrients in wood are gradually concentrated by
fungi until 30-50 per cent of the total calcium, magnesium and
potassium, and 90-100 per cent of the nitrogen and phosphorus
are contaloed in mycelium (Fig, 6)., Potassium, unlike other
elements, shows a large initial decrease in concentration in
wood as 1n other 1litters through leaching, while other
elements are retained by the microflora. An increase in
quantity of nutrient may result from nitrogen fixation or from
import by fungi. Colonization by a sequence of fauna occurs
after there has been considerable decomposition by fungi and
is probably iInfluenced by the concentration of nutrients in
the microflora, which provide a more accessible nutrient
source than the wood itself. Feeding by fauna then results in
a net loss of nutrients from the wood, probably by a
combination of leaching, movement of animals and comminution,
which causes loss of fragments which are rich in nutrients.
During the feeding by animals nutrients are {Ingested,
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Stereun hirsutum in relation to state of decomposition.
Mycelial nutrient s calculated from mycelial standing
crop multiplied by mycelium nutrient concentration and
1s expressed as a proportion of the branch-weood nutrient.
(From Swift 1977.)
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pineralized and excreted as well as being Incorporated into
tissue. Thus, there is a continual turnover of the inorganic
and organic nutrient pools within the wood., The presence of
plant roots within wood after faunal colonization, indicates
that the nutrlents are utilized by the vegetation and probably
contribute te their net loss - at a time when the nitrogen
concentration is about 0.5 per cent (C:N 100:1).

The release of nutrients from oicroflora results from
excretion, autolysis, decomposition by other wmicroflora and
grazing by fauna on both live and dead cells and hyphae. There
is considerable evidence that suppression or elimination of
fauna retards the rate of decomposition, directly through
consumption and respiration and {indirectly through reduced
micrebial activity (Edwards, Reichle & Crossley 1970;
Dickinson & Pugh 1974). Grazing on the microflora by protozoa
and by nematodes decreases the microbial biomass but increases
the rate of organic matter decomposition and the release of
phosphorus and nitrogen in terrestrial and aquatic systems
(Johannes 1965; Barsdate, Fenchel & Prentki 1974; TFenchel &
Harrison 1976; Coleman et al, 1977), although interpretation
of experimental results on phosphorus release wmay be
conflicting (Fenchel & Harrison 1976).

Within an even-aged plantation, especially with conifers,
changes in the physico-chemical conditions and in resource
quality will influence faunal populations. Increase in acidity
and of input of conifer litter will reduce earthworm
populations 1f they were present inirially, and the forest
floor decomposition is usually dominated by micro-arthropods
and enchytraeids and by fungi. The reduction ia moisture level
is likely to encourage faunal activity by increasing aeration
on wet sites, but {f waterlogging occurs as a result of
felling, anacrobic conditions will again reduce the fauna,
Although protozoa can modify bacterial populations and
processes, their influence on fungl 18 probably much more
limited as few species are known to be fungivorous (Stout
1974) and their participation in nutrient cyecling is likely to
decline during the development of a conifer plantacion.
Interaction within the microflora oceurs and the most relevant
aspect 1is the inhibition of litter deconposition by
mycorrhizae. Cadgil & Gadgil (1975) showed that the welight
loss of Pinus radlata needles without plants or with
non-mycorrhizal plants was significantly higher (44 per cent
after six months) than in the presence of mycorrhizal plants
(39 per cent). The difference is difficult to interpret but
may result from the production of antibiotics which inhibic
the growth of saprophytes or the greater competitive abilicy
of mycorrhizal fungi, whose nutrient uptake is not dependent
on an associated energy source. Thus, organic matter
decomposition may be retarded by the spread of mycorrhizas in
the development of a plantation, while the mobilization of
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nutrients is maintained by the mycorrhizas.

PATTERN AND IMPLICATIONS
Decomposition and nutrient release comprise a complex

series of interacting processes controlled by the physico-
chemical environment and resource quality and quantity. The
balance between these processes and the input of organic
watter determines the rates of accumulation of organic matter
and nutrients in and beneath che forest floor. In most
ecosystems there are a series of. trends occurring over
different time scales - a pedogenic trend over millenia, on
which 1s superimposed a successional sequence which may be
repeated over decades or centuries, and a seasonal and cven
diurnal rhythm. In even-aged plantations the successional
sequence 1s much more distince than in mixed-aged situvations,
with the additional effect of distinct pulses introduced by
management activities like brashing, thinning and felling.

The hypothesis, based on the review given in this paper,
1s that the general sequence of decomposition in conifer
plantations will be;

(1) an initial pulse as a result of death of ground vegetation
and site preparation;

(2) a gradual decline as input from ground vegetation declines
and conifer litter increases, and as soil Lemperature
variation and moisture content decline as the canopy
closes;

(3) a pulse as a result of input of green needles, fresh wood
and roots at thioning with assocliated short-term
increases in temperature variation and moisture;

(4) a further decline as the proportion of wood iInput
increases with stand age;

(5) a final pulse, greater than that at thinning, when felling
provides a major input of fresh material and there {is
increased temperature and moisture response;

(6) the effect of the final pulse may be sustained by input
from regrowth of ground vegetation into a favourable
microclimate, until forest cover redevelops in a
subsequent generation of trees.

Such a sequence is described in relation to specific
management practices by Bunn & Will (1974) and Wollua & Davey
(1975). However, there 1s no direct evidence for or against
the suggested sequence of events in terms of measured rates of
decomposition and nutrient release over a rotation. The main
corroborative evidence comes from the observed amounts of
organic matter and nutrients accumulated over time or in
response to particular practices. This evidence allows some
inferences of rates of decomposition processes, particularly
loss of carbon, but gives 1little indication of the actual
pattern of mineralization or of supply of nutrients to the
trees,
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The studies on effects of clearfelling appear to provide
direct evidence with marked increases in nitrace cutput in
stream water from felled, compared with unfelled, areas,
additional variation being related to management of the forest
waste and forestry practice (Pierce et al. 1972; Verry 1972;
Brown, Gahler & Marston 1973; Likens & Bormann 1974; Wiklander
1974; Fredriksen, Moore & Norris 1975; Snyder, Haupt & Belt
1975; Neary 1977). Although there are major variations in
concentration, many of these srtudies show an Increase in
nitrate output of about an order of magnitude after felling,
with a return to base-line concentrations when ground
vegetation 1s redeveloped. Actual changes within the forest
floor and soil have received little attention, but Popovic
(1974) showed an increased nitrification in soils as a result
of felling, rhe rate being greatest in soils with pH above
about 4.3 and C:N below about 30:1. Tamm et al. {1974) point
out that the change in nitrogen release is the result of loss
of nutrient uptake by the trees which allows temporary
accumulation of amonia, providing the necessary substrate for
nitrification. Unless inhibited by soil conditions, there will
be an increase in nitrification and, in the absence of uptake
by vegetation, the nitrate produced will be readily leached.
Thus, there is a change in the product of nitrogen
mineraljzation rather than a change in rate. The amount which
is available for mineralization will, however, depend on the
amount of organic residues from felling.

Loss of nitrate, and toc a lesser extent phosphate, after
felling is related to the change in demand, analogous to
nutrient leaching under fallow conditions in agriculture. This
raises the question of the synchronization of nutrient release
from the forest floor and the nutrient demand by the growing
crop. The apparent pattern of iIncreasing accumulation of
organic matter and nutrients in the forest floor as the forest
develops, implies decreasing release of nutrients, although
some of the change {s probably a redistribution of material
within the soil profile rather than a change in absolute
amount . The sequence of wanagement practices from site
preparation to felling results in a series of pulses of
nutrient release. The initial pulse coincides with a small,
localized demand by the establishing forest: at thinning the
pulse of nutrients from the forest floor probably accounts for
some of the increased crop growth at a time when nutrient
demand is maximal; at felling there i1s a release which does
not coincide with forest demand. Thus, in even-aged
plantations, both supply and demand are phased, but these two
major cogs in the nutrient cycle are apparently not fully
synchronized. In contrast, the mixed-aged forest has a spatial
mosalc which allows greater opportunity for trees and other
vegetation to benefit from phases of nutrient input and
release associated with individual trees. The mosaic in a
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mixed-aged forest will include seasonal variation in input and
release when a range of specles are fnvolved.

The importance of synchrony of nutrient supply and demand
is only theoretical, and probably varies in different climatic
regimes. In tropical regions a wmajor proportion of the
nutrient capital is maintained in the forest biomass, with a
small proportion in the forest floor which has a very short
turnover time. With increasing latitude the balance changes,
and an ioncreasing proportion of the ecosystem nutrients are
retained in the forest floor, until in boreal forests there 1s
a long turnover time (Olsen 1963; Duvigneaud & Denayer-DeSaet
1969; Witkamp & Ausmus 1976). The forest floor, acting as both
nutrient sink and source, provides a stability {n high
latitude forests which makes them less liable than tropical
forests to suffer nutrient loss through man’s activity.
However, while acting as a stabilizing influence, the forest
floor reduces the flow of nutrients to the rrees, and any
increase in che rate of nutrient turnover is expected to
increase primary production. Fertilizers give some increase in
growth, but efficiency of uptake is low compared with
agricultural systems, partly because of the slow response rate
of trees. Grazing is an alternative practice which has the
potential to increase the rate of nutrient turnover in the
forest floor, and by maintaining a vegetation cover can retain
nutrients during management disturbances. Some of the positive
responses of trees to experimental grazing (Hedrick & Keniston
1966) may result from increased nutrient availability despite
potential competition between trees and ground flora. Although
current evidence of the value of grazing in forests is
inconclusive (Adams 1975), there are logical reasons for
examining this, and other alternatives to current management
practices, which can Increase and control nutrient circulation
through the forest floor.
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