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Factors Influencing Succession
Succession is a fundamental ecological concept. and the phenomena of
community change through time has sparked hundreds of descriptions.
commentaries. and interpertations (McIntosh. 1980). Researchers and theorists
have sought long and hard to uncover underlying gneralities and common causitive
mechanisms which could both explain observed patterns of plant and animal
replacement. and predict future courses of succession on particular sites. However.
the nature of the fundamental mechanisms of succession has been elusive. and
there is little consensus among researchers and theorists.
Many authors have hypothesized that competition. both inter- and intra-species.
is a fundamental mechanism that determines which community of plants and
animals will be present at a given time along a successional sere (Salisbury 1929.
Grime 1974. 1979. Diamond 1975. Pickeet 1976. Wiens 1977. Pyke et a1. 1977.
Tilman 1985. Grubb 1986. Huston and Smith 1987). The changing species
composition as a function of time in an abandoned field. or on a new rock surface
is seen as a result of the outcome of a competitive race for the resources available
at any given time.
In some interpertations. for example relay floristics. there is a continuing
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competition for the resource base which itself is continually changing (Connell and
Slatyer 1977). The winner(s) of the cmpetition during a particular phase of
succession becomes the dominant species. at least for a while. but the success of a
particular species or community eventually becomes its downfall because the
species itself changes the resources that are available. thus paving the way for
other species better adapted to the new conditions ..
In other interpertations such as initial floristics. the successional community
depends not upon modification of the environment by the previous community. but
rather simply upon what species or individuals are first to expropriate the existing
resources (Egler 1954). In both relay floristics and initial floristic composition.
competition is considered to be very important.
Emphasis on competition may result in part from a focus which is almost
completely on higher vegetation. When the frame of reference is expanded to
include higher animals. mutualistic types of interactions such as predation.
protection. and transport become apparent in the regulation of ecosystem structure
and function (Boucher et a1.. 1982). Inclusion of lower organisms within one's
system boundaries results in a recognition that symbiotic types of interactions can
influence ecological succession (Odum and Biever 1984). Such symbioses frequently
involve the microflora and fauna living in or on the soil. and because these
organisms are difficult to study and manipulate. they are often neglected in
successional studies. Neglect in successional theory of mutualistic interactions
between higher plants and soil flora and fauna has limited our understanding of
dynamics of above-ground vegetation (Cromack 1981. Rich 1984).
There are a few interactions involving soil microorganisms that are well known
as influencing ecosystem function. Nitrogen fixation by root nodule bacteria. and
phosphorus recycling by mycorrhizae are two examples classified as symbiotic
mutualisms by Boucher et a1. (1982)' However. these authors have not included
decomposers within their classification scheme of mutualisic interactions. In fact.
interacion between plants and decomposers seems never to have been mentioned as
a mutualism in any review of biological interacions.
In this paper. we hypothesize that mutualism between higher plants and
decomposers. as well as competition between higher plants is important in
succession. This is done by developing the following ideas:
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1. Mutualism between higher plants and decomposers is an important regulator
of the phosphorus cycle. As a result of mutualistic interactions, P becomes more
soluble and thus more available to plants during the course of succession.
2. The availability of Nand S also increase during succession, although not at

the same rate as P. As a result of differing rates at which these elements enter
the active cycle of ecosystems. ratios of nutrient resources change during the
course of succession.
3. As resource ratios change, the plant communities that are best able to

compete for the changing available resources change. As a result, there occurs a
sequence of plant communities called a successional sere.
We also point out that:
4. When the series of interactions between higher plants and microbes begins on

a nutrient-poor substrate, the resource ratios, and the plant communities
dependent on those resources change in a regular and predictable sequence.
5. The cyclic influences of the above ground plant community on the
decomposers and other below-ground organisms, and the influence of these in turn
on the above ground plant community resembles a cybernetic system.

Mutualism in the Phosphours Cycle
The Phosphorus Cycle

The phosphorus cycle in a terrestrial forest ecosystem is shown in Figure 1. We
can begin an examination of the cycle with the roots of living trees. Inorganic
phosphorus taken up by roots is translocated upward to the stem and leaves. In
the leaves, it is incorporated into complex biochemical compounds such as DNA,
RNA, and phospholipids. Some of these compounds may be leached from the leves
(throughfall), or exudated from the root, and provide an energy and nutrient
source for whatever microbes may intercept these soluble compounds.
Some of the compounds in the plant are taken up by animals, for example by
deer grazing on leaves and nematodes grazing on root hairs. Underground
herbivory usually is given less attention that it deserves as a regulator of natural
communities (Andersen 1987). When plants and animals die, or when trees shed
leaves and fine roots, the carbon compounds enter the organic residue pool.

128
Biological Processes

Chemical Processes

excretion

throughfall

grazing

i

··"T.

on_--,......

.__. _------+

Animal P

mineralization

grazing

Fig. 1. Phosphorus transformations in fully closed forest ecosystems. Modified from Cole et

81. (1977). Smeck (1985). Vitousek (1985). and Stewart and Sharpley (1987).

Sometimes arthropods begin the decomposition processes. but microbial
decomposition is important in all cases.
In the organic residue. all nitrogen. and some sulfur is directly bonded to carbon
through co-valent bonds (e.g. C-N. C-S). Breaking of these bonds by microbes is
carried out by a biological need for energy. and has been called "biological
mineralization" (McGill and Cole 1981). The release of nitrogen during biological
mineralization seems to be incidental. and as a result. rates of release of carbon
and nitrogen from soil oganic matter show close correspondence (McGill et al ..
1975), In contrast to nitrogen. phosphorus and some sulfur is linked to carbon
through ester bonds (e.g. C-0-S. C-o-P). Biochemical mineralization. defined as
release of inorganic ions of P and S from an organic form through enzymatic
catalysis external to the cell memebrane. is strongly controlled by the supply of
and need for P or S. rather than the need for energy (McGill and Cole 1981).
Thus the plant-microbe interaction supplies microbes with nutrients as well as
with energy.
Microbes exude or excrete some phosphorus into the labile organic and solution
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pools of phosphorus, For example, some bacteria are capable of synthesizing and
secreting phosphate binding protein (Anba et a1., 1987). In the case of
mycorrhizae, P is transferred directly into the roots. Phosphorus in the soluble
and labile organic pools is available for uptake by roots. However, the microbes
also compete with the higher plants for the soluble and labile organic p, and the
outcome of the competition depends in part on the relative abundance of
populations, physical spacing in the soil, and other environmental factors.
Competition becomes most evident when there is an oversupply of energy relative
to nutrients. However, the competition may be lessened by microbial activities
which move phosphorus from surrounding sources to labile organic and inorganic
pools, and by fauna which ingest microbial cells and release soluble phosphorus.
Some organic residue is very recalcitrant, and becomes part of a stable organic
pool. Phosphorus in this pool is released only very slowly by the action of
microbes.
Although soluble and labile organic phosphorus can be leached from the soil into
nearby streams, the amount lost in this manner is usually relatively small
(Jordan 1985). A potentially much greater loss of P from the living system occurs
on highly weathered acid soils, especially in the tropics and sub-tropics. Iron and
aluminum, in soluble form or as hydrous oxides in solution or on clay surfaces,
react with soluble phosphorus to form insoluble hydroxy phosphates (Fox and
Searle 1978, Uehara and Gillman 1981, Bohn et a1., 1985).
Both fungi and bacteria are capable of solubilizing inorganic phosphate as well
as organically bound phosphorus (Tate 1984, Thomas et a1., 1985). Following an
early report by Gerretsen (1948), many researchers examined the relationships
between production of extracellular organic compounds by microbes in the
rhizosphere, and plant uptake of P from mineral sources. Important mechanisms
are shown in Fig. 2.
Hydrogen ions from organic acids, released by microbes from organic residues can
solubilize phosphate bound at high pH in insoluble forms such as the calcium
phosphate in rock phosphate (Kucey 1983). Organic anions from decomposing litter
can compete with phosphate for adsorption sites on aluminum and iron, and thus

reduce the amount of phosphate that reacts with Al and Fe. The organic
compounds chelate Al and Fe, and thus reduce the quantity available to react
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Fig. 2. Processes involving organic matter and its decomposition products which increase the
availability of phosphorus to plants.

with phosphate (Young and Bache 1985. Sibanda and Young In Press). Organic
matter itself can complex iron and aluminum. The metallo-organic matter
complexes adsorb a relatively high amount of dissolved phosphorus (Kwong and
Huang 1978. 1979). and conserves it in labile forms (Lopez Hernandez and
Burnham 1974a. b). This process reduces the dissolved pool and thus accelerates
the solubilization. However. the labile phosphorus is available to plant roots.
whereas the aluminum and iron adsorbed phosphorus is not. Inorganic phosphorus
applied to acid soils might be quickly bound by iron. and never become available
to plants. However. if organic matter is present in the soil. phosphorus adsorbed
to the metallo-organic matter complexes will be gradually released at a rate which
more closely matches nutrient uptake by roots. This results in a more efficient use
of the phosphate fertilizer.
Organic matter supports microbial organisms. which conserve phosphorus
through uptake of dissolved forms. This will gradually be released and made
available to roots.
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Mutualism
We propose that the process of mineralization of organic matter is a mutualistic
interaction which benefits both higher plants and decomposers., Mineralization of
nutrients bound in plant and anImal litter is an essential ecosystem function. This
function, carried out by decomposers, transforms nutrients bound in insoluble
particulate organic matter into soluble forms which can be taken up by plants.
Mineralization of nutrients is the part of the plant-decomposer interaction which
benefits plants. although the microbes themselves also use some of the nutrients
which are mineralized.
The major benefit derived by the decomposers from this interaction is that they
obtain their energy from oxidizing (or in some cases anaerobically metabolizing)
the organic litter supplied mainly by plants, but in part by animals.
The relationship between higher plants and decomposers is very similar to the
mycorrhizal symbiosis that exsists between fungi and higher plants. with the
exception that mycorrhizal fungi are physically attached to the plants, while
decomposers frequently are not. The plant-decomposer interaction would fall under
the category of "nonsymbiotic mutualism" which Boucher et a1. (1982) define as
mutualistic interactions in which the two species are physically unconnected.
The solubilization or mobilization of phosphorus bound by iron and ~luminum in
acid soils. or by calcium in basic soils also can be considered part of a mutualistic
interaction. The phosphorus becomes solubilized and eventually available to higher
plants as a result of microbial activity in the soil. While the microbes themselves
may immediately benefit from this solubilization, the longer-term effect is to
increase the soluble phosphorus in the ecosystem, thereby benefitting higher
plants which may be limited by phosphorus.
While the focus in this paper is the interaction between higher plants and
microbes as a mutualism which results in phosphorus for the plants and energy for
the microbes, the same argument could be made for microbial nitrogen fixers
which derive their energy from organic compounds in the soil.
The interaction between autotrophs and heterotrophs can be visualized as a

cybernetic or feedback system (Fig. 3). The autotrophs produce biomass utilizing
carbon, nitrogen. and sulfur derived from the atmosphere. and phosphorus from
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Fig. 3. Interactions of phosphorus and organic matter in soil.

the soil. Plants continually discard biomass in the form of leaf and root litter, and
occasionally entire dead trees. The carbon compounds of discarded biomass serve as
an energy source for microbes. which solubilize and conserve P in the soil through
the processes summarized in Fig. 3. Through chemical processes, microbes
solubilize P bound with calcium. iron and aluminum. Through biological
processes. they incorporate the P. store it. and gradually release it so that
sufficient P becomes available for uptake by higher plants. Through physical
processes. microbial activity results in aggregation of soil into crumbs. blocks. and
peds (Oades 1984). which may prevent leaching of P into the subsoil (Elliot.
1986). These processes result in the close control of organic matter accumulation
by phosphorus availability. discussed by Walker and Adams (1958).
Succession and Mutualism

While hypotheses concerning ecological succession continue to be vigorously
debated (Finegan 1984. Huston and Smith 1987. Walker and Chapin 1987). there
is an emerging realization that the applicability of a particular hypothesis may
depend in part upon the type of disturbance which initiates the subsequent
succession (Pickett et al. 1987). On forest sites which have been cleared but which
have not been subjected to prolonged disturbance such as cultivation. initial
floristic composition may be an important determinant of the successional pattern
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of species (Uhl 1987). For example. a short-term disturbance such as clear-cut
logging may not seriously deplete the soil seed bank. inhibit stump sprouting.
decrease soil nutrient stocks. nor decrease the micro-heterogeneity caused by piles
of slash on the forest floor. Thus there are opportunities for seeds and young
plants already in the area. and possessing a wide variety of environmental
requirements. to grow and playa dominant role in succession.
In contrast. areas which have been cleared. cultivated for a number of years.
and then abandoned. may exhibit a different pattern of succession (Uhl 1987).
Soils in such areas may be relatively low in nutrients. and have few viable seeds
of mature forest species. Soil surfaces may be free of litter and organic matter.
and may be quite homogeneous. The micro-climate over an entire field may be
quite severe. due to direct exposure to sunlight. and the erosive impact of rain.
The area may not be suitable for germination of seeds of primary forest species.
Succession may occur through autogenic change such as facilitation. tolerance. or
inhibiton (Connell and Slatyer 1977). where modification of severe initial
environmental conditions by pioneer species enables other species characteristic of a
later successional stage to become established.
Facilitation as a factor in succession may be very important in ecosystems on
highly leached and weathered Oxisols and Ulisols of the humid tropics and subtropics. In such soils. most of the entire stocks of phosphorus in the soil is held in
a stable inorganic pool. In undisturbed forests. efficient P recycling enables the
forest to function using only a small proportion of the total stocks in the entire
system including soils. However. when forests are cut and the land used for
agriculture or grazing. the P which is released from decomposing or burned trees
quickly reacts with soluble iron and aluminum in the system. and becomes
unavailable to the higher plants. Solubilization of this phosphorus is essential to
build up biomass of a plant community on such degraded soil (Jordan 1985).
When secondary succession occurs on this type of soil. mutualism. facilitation.
and succession work in a deviation amplifying system. The initial plant
community on such degraded soil might be herbs or sparse grasses. The organic
litter is sparse. but as it decomposes in the surface soil. a small amount of bound

phoshorus is released into a labile form. As a result of slightly improved soil
fertility. a larger biomass accumulates. which in turn produces a greater amount
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of organic litter. and this causes a greater mobilization of phosphorus. The
sequence continues until factors other than nutrients limit biomass accumulation.
The idea of a mutalistic interaction resulting in greater nutrient availablity also
would be applicable to primary succession on rocks. In this case. the carbon
compounds that supply the first decomposers would be from decomposing algae.
lichens. and other simple plants that typically colonize rock surfaces.
In neither secondary succession on degraded oxisols. nor on rock surfaces is
phosphorus the only limiting nutrient. nor is it the first nutrient to limit
succession. The gradual mobilization of many nutrients during the course of
succession is an integral part of the successional process. The mobilization of the
nutrients. and the ratio of nutrients present at any particular point in the
successional sere strongly influences the plant community which is dominant at
that time. This point will be explored more fully. utilizing the resource ratio
concept. reviewed in the next section.
Resource Ratios and Ecosystem Dynamics

The resource ratio concept embodies the idea that the ratio between resources
such as nutrient elements controls the biota. which in turn modify the
environment. The resource ratio concept has been applied to various ecological
systems.
Marine ecosystems

Redfield (1958) synthesized a number of ideas regarding the chemistry of
planktonic organisms and the chemistry of the marine environment into a scheme
that suggested extensive control by the biota over the chemistry of some elements
in sea-water and oxygen in the atmosphere. These general relationships form a
basic stoichiometric model for the control of C. N. 0 and P chemistry in sea water
(Bolin et a1. 1983).
Evolutionary Time

The earth's biota has changed quantitatively and qualitatively through the
earth's history. Differences have evolved in the ways and rates at which species
can extract and sequester elements. These differences have lead to ecological
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differences in the ability to compete for nutrients (assuming competitive
conditions) or to survive in a particular environment even without competition.
This is part of the basis for niche differentiation. which leads in turn to
predictable outcomes of competiton. geographical distribution. and succession
(Reiners 1986). However. the changing biota of the earth throughout evolutionary
history has simultaneously altered the biogeochemical cycles of the earth. and
consequently influenced the pathways of evolution (Rich 1984).
The sequential dominance of elements during evolution of anaerobic prokaryotic
organisms began with carbon. The first heterotrophic organisms obtained carbon
through anaerobic glycolysis. while in primitive autotrophs there evolved the
ability to fix atmospheric carbon dioxide into reduced organic compounds. Closely
correlated with CO 2 fixation evolved the ability to fix atmospheric nitrogen
(Margulis 1970).
With the evolution of the apparatus of genetics. the first major barrier to the
spread of living sytems was overcome. As a result. the pace of development of life
must have been enormously accelerated. This acceleration of metabolism must hve
led to severe competition for unstable compounds that were required for synthetic
reactions. Pathways which would produce these activated compounds from more
abundant intermediates would have evolved. Such pathways must have included
those involving substrate-level phosphorylation that are found in organisms today
(Hall 1971). Species with the ability to sequester necessary elements for genetic
replication and phosphorylation. especially the elements sulfur and phosphorus.
must have conveyed a competitive adventage. The sequence in which inorganic
elements appear to have been incorporated into organic compounds during the
evolution of life could have been C. N. S and then P. As each element was added
into the biosphere. resource ratios changed. and subsequent evolutionary
opportunities were thereby altered.
Primary Succession

Bolin et a1. (1983) suggested that changing resource ratios might be a
characteristic of succession in natural terrestrial ecosystems forming on newly
exposed land surfaces or rocks. such as would occur following formation of a
volcano. or melting of a glacier. The development of biota and soils on such sites
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requires first the fixation of carbon from CO 2 by photosynthesis. The next step is
nitrogen fixation by symbiotic or non-symbiotic micro-organisms. Rates of N
fixation become limited as sulfur and phosphorus which are essential for nitrogen
fixation become scarce. Relatively higher abundances of these elements become
essential to further successional development, and thus Sand P become next in
the sequence of resources which constrain successional development. Microbes
which can mobilize these nutrients from the environment play an essential role.
As their activities increase, nitrogen fixation can then continue, and biomass of
the ecosystem increases. The forest canopy becomes thick and closed, and little
light reaches the forest floor. Light becomes the limiting resource. Plants evolve a
large, complicated structure, and competition for light becomes paramount.
Soil formation

A concept similar to the resource ratio idea has been proposed for the process of
soil formation. Walker (1965) suggested a sequence of nutrient elements which,
each in their turn, dominate the process of soil formation. The sequence is the
reverse of the sequence for primary plant succession. The reason is, there is an
order of magnitude difference in the time scales between succession and soil
formation. In the soil formation time scale, the rendering of nutrients from
unweathered rock to a soluble state is only a very small fraction of the time for a
soil weathering sequence. Important changes only occur when nutrient elements
begin to become unavailable, due to very long term weathering processes.
The first important change occurs when rocks and primary minerals become
depleted of phosphorus (stage A, Fig. 4). At this stage, the only source of
phosphorus for most plants is probably from the mineralization of organic forms.
Because of phosphate fixation by iron and aluminum in the soil, plant-available
phosphorus in the soil declines. Walker (1965) summarized the sequence in Fig. 4
by saying: "After stage A has been passed, levels of carbon. nitrogen. sulphur.
and phosphorus become increasingly out of phase. Carbon may increase for a time.
because photosynthesis by successful plants may still maintain a high return of
litter. and decomposition may be retarded by low pH. Organic nitrogen and sulfur
must be lost from the system in some way. and C/N. CIS and CIP ratios in the
organic matter increase. Finally carbon contents may decline. possibly because
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Fig. 4. Idealized changes in levels of carbon. nitrogen. sulfur. and phosphorus in soil organic
matter. in a chronosequence of soils in a humid climate. If Sand P are expressed in

the same units. Nand C will be approximately 10 x and 100 x. respectively (From
Walker 1965) ("Tessera" refers to the soil profile).

photosynthesis by even the most tolerant plants is eventually restricted. giving
lower returns of litter."
The sequence in which nutrient elements become limiting-Po then S. then Nmay be influenced by the relative strengths by which the oxidized forms of these
elements are held by mineral soil. Phosphate is adsorbed most strongly by soils.
followed by sulfate. and then nitrate (Kinjo and Pratt 1971). The factor governing
accumulation of organic matter in many soils ultimately is phosphorus (Walker
and Adams 1958).
Decomposer Succession

Although usually not specifically stated. the resource ratio concept appears in
the literature on decomposer succession. Garrett (1951. 1963) and Griffin (1972)
hypothesized that fungal succession on decomposing organic matter such as leaf
litter could be described in terms of the decomposability of the carbohydrates on
which they live. Initial colonizers are sugar fungi which utilize low molecular
weight saccharides. They are followed by decomposers of cellulose or comparable
polysaccharides. and finally by decomposers of lignin. tannin. keratin. and other
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derivatives of carbohydrates. The successional direction may be caused in part by
increasing phosphorus requirements of the biotic groups, since the more refractory
carbohydrates later in the successional sequence require relatively more
phosphorylation to be broken down tQ monosaccharides. However, this hypothesis
is not adequate to explain many observed patterns of fungal succession (Swift et
aI. 1979). They have proposed a more general pattern of succession in decomposing

branch and stump wood (Fig. 5). They emphasize that the decomposer community
operating at any time is probably determined by resource quality factors such as
ratios of C to Nand P. The ratio between carbon and nutrient elements in
decomposing organic matter such as leaf litter declines as a function of time. As
decomposition proceeds, the C/nutrient ratio declines as C is lost through
respiration of decomposer organisms. However, if a nutrient becomes limiting, it is
immobilized and conserved until the ratio of C to this nutrient once again becomes
favorable for decomposition (Swift et aI. 1979).
In mineral soil low in nutrient elements, fungi are usually dominant over
bacteria since fungi can utilize some bacterially un decomposable substrates
(Ingham et aI. 1986). Early stages of succession on nutrient-poor organic substrate
also is dominated by fungi. Tribe (1960) found that on pure cellulose, bacteria
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Fig. 5. Patterns of succession in decomposing branch and stump wood (From Swift, 1979).
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were relatively uncommon during the initial fungal phase and caused little lysis of
the cellulose. As the fungal mycelia got older. bacteria proliferated and induced an
increase of nematodes and protozoa.
In natural systems. succession on nutrient poor substrates such as old logs or
straw is often dominated in early stages by fungi. This is due in part to the
"bridging" ability. that is. their ability to extend their hyphal network from
nitrogen-poor substrate into the soil where nutrients are more readily available
(Holland and Coleman 1987). Other mechanisms cited through which fungi appear
to utilize nitrogen efficiently during early successional stages are: re:-use of
mycelial N by internal translocation of cytoplasmic contents from old to young
cells; production of extracellular lytic enzymes which render cell walls available for
assimilation by younger cells: preferential allocation of N to metabolically active
systems. As a result. some types of fungi can utilize substrates such as heartwood
with a C/N ratio on the order of 1000/1. The white rot fungi can produce
cellulases even at a C/N ratio of 2000/1 (Charley and Richards 1983).
As a result of fungal activity. C/N ratios are reduced. and conditions become
more favorable for bacteria. Bacterial decomposition is usually stimulated by
addition of nitrogen (Baath et a1. 1978). Lower ratios of N to P in bacteria than
in fungi (Reiners 1986) suggests that increases in phosphorus availability also may
favor bacteria relative to fungi.
Resource Ratios and Secondary Succession

Tilman (1985) has hypothesized that the resource-ratio concept can be used to
explain plant succession. The hypothesis says that during the process of
succession. the ratio of different nutrient elements in the ecosystem to each other.
and to light. is continually changing due to the influence of the various species.
The combination of resources available at anyone time influences the species that
colonize the site. Because the colonizing species efficiently utilize these resources.
they influence their availability. with the result that the new relative abundance
of resources favors a new complement of species. Tilman (1985) summarizes the

concept as follows: ''The gradient through time in the relative availability of a
limiting soil resource and light will sequentially favor the species that are superior
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competitors at particular ratios."
In Tilman's model for succession

III

mesic terrestrial habitats. nitrogen

frequently is the initial major limiting reource. Vitousek and White (1981) also
stressed the importance of nitrogen in the early stages of succession. Due to
nitrogen limitations. species with nitrogen fixing capabilities or associations are
relatively successful. and nitrogen usually becomes more plentiful. With abundant
nitrogen. the canopy of the plant community becomes thicker and denser. and
amount of light near the forest floor becomes reduced. At this stage. species that
are superior competitors for light become dominant. In this model. nitrogen and
light are inversely related along a successional sere. and the occurrence of a plant
along the sere should depend on the point along the soil-resource-light gradient at
which the plant is a superior competitor.
Resource Ratios and Succession on Nutrient-Poor Substrates

We propose that during ecosystem aggradation on nutrient-poor substrate such
as cultivated and abandoned oxisols and ultisols in the tropics and sub-tropics.
carbon. nitrogen. sulfur. and phosphorus. in that order. limit the progress of
succession: and each of the limiting resources is sequentially overcome. in some
cases by mutualism between plants and microbes. and succession proceeds until
the next element is limiting.
During succession on bare rock. carbon is the first limiting element. followed by
N. S. and P. In old abandoned fields. where nutrient levels are low. but where
the first colonizers are higher plants which fix relatively large amounts of carbon
per unit soil compared to lower plants. the sequence begins with nitrogen.
Regardless of the state of chemical weathering of parent materials in the soil.
the sequence of limiting nutrient elements begins with nitrogen (Tilman 1985).
because this element is not part of rock or soil minerals. When the successional
sere is on soils in which the rock minerals are relatively unweathered chemically.
as seems to be the case for the sites studied by Tilman (1985). the sequence jumps
from nitrogen to light. the resource considered by Tilman (1985) to be the ultimate
limiting resource in succession. When succession occurs on soils which are highly
weathered chemically such as Oxisols and Ultisols. sulfur and phosphorus enter
the sequence between nitrogen and light. as limiting resources.
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Nitrogen limitation is overcome. due to the appearance of nitrogen fixing
organisms. The mutualistic interaction between higher plants and nitrogen fixing
bacteria overcomes nitrogen as a resource limiting succession. After nitrogen
becomes more readily available. sulfur and phosphorus seem to become barriers.
because of the need of nitrogen fixing organisms for

the~e

nutrients. The sequence

in which the limitation is overcome depends on their relative availability in the
environment. If most of the labile sulfur and phosphorus in the soil is associated
with organic matter. then it is the rate at which each is released which
determines their relative availability. Since some sulfur is carbon bonded. sulfur is
released concurrently with nitrogen by organisms seeking energy. However. all
phosphorus is ester bonded. and is supplied through mineralization by enzymes in
response to the need for this specific element (Stewart et al. 1983). Thus a sulfur
limitation may be more readily overcome than a phosphorus limitation.
A consideration of nutrient supply outside the organic ecosystem also argues for
phosphorus as the ultimate limiting nutrient. Compared to phosphate. there is a
higher sulfate concentration in precipitation (Galloway et a1. 1982). and a higher
mobility of sulfate in the soil (Kinjo and Pratt 1971).
The rates at which elements accumulate as a function of time in an aggrading
ecosystem on highly weathered. nutrient poor rocks occur in the sequence shown
in Fig. 6A. This results in relative patterns of accumulation of the elements
shown in 6B. The changing ratios of C. N. S. and P are illustrated in Fig. 7. In
term of total abundance. C is always greatest. followed by N. S. and P. But as a
function of time. C is limiting only during the first part of the sequence.
Nitrogen is the. next element to cease being limiting. and as its relative abundance
increases. sulfur and phosphorus remain limiting. If sulfur is more readily
available than phosphorus. its ratio to carbon will decrease more quickly. and
sulfur deficiency is overcome sooner. Finally. only phosphorus has a relatively low
ratio to carbon. and gradually that ratio narrows.
The .first inflection point (following stage I) of each element's curve in Fig. 7
illustrates the relative point in time at which that element no longer is limiting.
Thus. at the point where the line for carbon begins to flatten out. N. Sand P
remain as limiting factors. Where the nitrogen curve flattens, only Sand Pare
limiting. and when the sulfur curve flattens. only Sand P are limiting. and
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Fig. 6. Hypothetical curves representing rates of element accumulation (A). and amounts of

elements accumulated in a terrestrial successional primary sere (B). during the
aggrading phase of the ecosystem. A secondary sere would begin with nitrogen
instead of carbon. If Sand -p are expresed in the same units. Nand C will be
approximately 10 x. and 100 x. respectively.

when the sulfur curve flattens. only phosphorus is a limiting nutrient. Once the
ratio of phosphorus to carbon reaches its minimum. light theoretically would
become limiting.
Following the inflection point for P during stage II. nutrient elements no longer
limit succession. and light may become the limiting resource. The second inflection
point (following stage II). which could occur hundreds or thousands of years after
the first. illustrates the beginning of ecosystem degradation. This is the shifting
resource ratio proposed by Walker (1965). who focused on chemical changes in soil
after a mature ecosystem with maximum biomass has been attained. Phosphorus
is the first element depleted from such a system. because losses from the biological
portion of the ecosystem are not compensated as readily as are Sand N.
Phosphorus again becomes limiting. and ecosystem degradation begins as
postUlated by Walker (1965).
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fraction of an ecosystem during succession. Stage I is probably exponential. but is
repreented linearly here. If Sand P and expressed in the same units. Nand C will
be approximately 10 x and 100 x respectively.

The Ecosystem as a Cybernetic System

Engleberg and Boyarsky (1979) have asserted that ecosystems are not cybernetic
systems. because there is no information flow which stabilizes ecosystems at a
fixed set point. Patten and Odum (1981) rebutted their argument by stating that
neither a discrete information flow nor a fixed set point is necessary for system
regUlation. Interactions between species. they maintain. is a non-discrete form of
information flow that enables an ecosystem to function. although not always at
the same point (for example at the same level of productivity). but nevertheless to
keep functioning. We suggest that the cyclic influences of the above ground plant
community on the decomposers and other below-ground organisms. and the
influence of these in turn on the above ground plant community is an example of
the type of cybernetic system described by Patten and Odum.
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Conclusion

Changing resource availabilities and requirements are an important factor in
successional sequences. In aggrading ecosystems beginning on bare rock. carbon
may be the first limiting resource. In secondary succession. nitrogen usually is the
first nutrient element which ceases to become limiting. and on nutrient poor soils.
it is followed by sulfur. and then phosphorus. In degrading ecosystems. the
sequence may be reversed. The changes in resource abundance during aggradation
come about in part through the influence of microbial activity. Microbes depend
on the autotrophs for their energy supply. while autotrophs depend on microbes for
their nutrient supply. This mutualistic relationship appears to be an important
regulator of ecosystem function. and of ecological succession on nutrient poor soils.
Summary

Mutualism as well as competition is important in succession. Plant communities
change the resource base upon which they survive through mutualistic interaction
with microbes. The changing resource base in turn causes a change in the plant
communities which depend on the resources. When a series of these interactions
begins on a nutrient-poor substrate. the ratio of resources often changes in a
regular and predictable sequence. The resultant change in plant communities may
be considered to be succession.
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