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INTRODUCTION

The study of ecosystems, forests in particular, had its origin

with early naturalists who classified the occurrence and distribution

of a wide variety of ecosystems (e.g., Kerner 1863, Schimper 1903). At

the turn of the century, ecologists perceived the dynamic nature of

ecosystems—growth, reestablishment, succession, and persistence were

themes that provided a qualitative framework for research (Cowles 1901,

Clements 1904). In the late 1950's the use of radiotracers initiated

analyses of the fluxes of materials among functional compartments of

ecosystems. In recent years systems analysis has begun to synthesize

disparate principles of growth, persistence and metabolism into a

holistic theory of ecosystem function.

Recognition of the functional, energetic basis of ecosystem

organization is commonly credited to Lindeman (1942), who developed the

concept of the trophic-dynamic structure of ecosystems (Cook 1977).

This approach quickly led to a new theoretic basis for examining the

structure and inter- connectiveness of aquatic and terrestrial

ecosystems (e.g., Juday 1940, Elton 1946). The trophic approach to an

understanding of ecosystem dynamics soon associated the flows of

materials between components of the system with overall ecosystem

metabolism (e.g., Odum and Odum 1955, Odum 1957, Teal 1962, Macfadyen

1964). These studies arrived at an understanding of the quantitative,

functional relationships between producers, consumers, and decomposers

in ecosystems. Unresolved were the interdependences of mineral pools,



biomass, and environmental constraints—and how ecosystems evolved

homeostatic, self-regulatory mechanisms to optimize use and exchanges

of resources.

Large, empirical data sets on mineral cycles and energy flow did

not appear until the advent of the International Biological Program.

For the first time it was possible to compare quantitatively different

strategies of ecosystem metabolism (e.g., Reichle et al. 1973a, Wetzel

and Rich 1973, Odum and Jordan 1970, Woodwell and Botkin 1970, Reichle

and Auerbach 19/2). The first comparative analyses of forest

metabolism over a wide geographic scale appeared in Reichle et al.

(1975a) and Reichle (1975).

This paper reviews and extends our earlier attempts at ecosystem

theory (O'Neill et al. 1975, Reichle et al. 1975c, O'Neill 1976a). We

will (1) define the dimensions of a theoretic construct of ecosystems,

(2) propose some elements of an ecosystem theory, and (3) where

possible, compare the predictions of this theory with ecosystem data.

An Approach to Ecosystem Theory

A theory is a logical construct within which a class of phenomena

can be predicted and explained. Theory synthesizes available data and

focuses new research with minimal predispositions and assumptions.

Indeed, the ratio of experiments explained plus new experiments

stimulated to assumptions determines the appeal of a theory. The

dimensions of a theory are defined by the phenomena it seeks to

explain. In the present case, we focus on the observation chat

ecosystems persist, i.e., in the face of environmental perturbations,



the system maintains its functional integrity. To understand what we

mean by ecosystem theory, the terms "ecosystem" and "persistence" must

first be clarified.

The Ecosystem Concept

The ecosystem is a functional unit. It is important to clarify

this concept, because the term is used in other contexts in ecology

(O'Neill 1976b). For example, the monarch butterfly avoids the toxic

effects of secondary plant substances by concentrating them in body

tissues. In addition to avoiding toxic effects, this mechanism renders

it unpalatable to predators (Price 1975). The physiological mechanism

is inexplicable if the population is viewed in isolation from its food

supply, its competitors and its predators. An explanation requires

reference to the "ecosystem" in which the population occurs, but

primarily focuses on the population.

In contrast, our concept of an ecosystem emphasizes general system

properties, such as total biomass, productivity, and nutrient cycling,

and minimizes consideration of taxa. The difference in viewpoint can

be clarified by considering the ecosystem as it undergoes succession

(Odum 1969). Although populations change as succession proceeds,

productivity is a property of the system measurable through time.

Succession is not a sequence of different systems^ but a single system

which exchanges transient species and populations through time.

This concept of the ecosystem as a functional unit has analogies

in community analysis. Root (1973) introduced the concept of a "guild"

as a group of species that occupy "equivalent" niches in a community.



Members of a guild have the same trophic function in the community and

are seldom, if ever, found together. Each plant, or group of plants,

may harbor a member of the guild but the specific species will differ

from plant to plant. Thus, the guild has properties that transcend its

component, populations.

The Concept of Persistence

The phenomenon of primary interest is the ability of the ecosystem

to maintain functional integrity when subjected to environmental

changes. In other words, the ecosystem is stable in some sense of the

word. Because of ambiguity in the use of the term "stability" (Botkin

and Sobel 1975), it is necessary to clarify our use here.

It is seldom appreciated that the concept of stability depends

upon definition of the system of interest. A system is stable if it

remains within some bounded "state", or returns toward some reference

(e.g., equilibrium) "state" following perturbation. The concept of

stability strongly depends upon the definition of this state. If the

system's reference state is defined specifically {e.g., species

composition + relative numbers of each species + spatial arrangement of

species), then every ecosystem is inherently unstable and every

perturbation causes irrevocable changes. If the reference state is

defined in terms of total bjomass, then the ecosystem may show bounded

behavior and be considered highly stable. Thus, an ecosystem may be

either stable or unstable, depending solely upon the definition of its

reference state.



Different definitions of ecosystem state are influenced by

intrinsic values and can lead to dilemmas in management of ecological

systems. In one respect, society needs the ecosystem for life

support. The ecosystem's ability to absorb CC^, release CL, process

wastes, etc., is unaffected as long as the overall properties of the

system persist. For these functions, species composition per se has

little relevance. In other value systems, the ecosystem is viewed as a

support system for valued species, e.g., sports fish, wildlife, etc.

The dilenma arises when the ecosystem responds to perturbation by

shifts in species composition. Such shifts result in the persistence

of the ecosystem, but also may result in the elimination of valued

species.

A classic example of such a dilemma concerns the construction of

the Indian Point Power Plant on the Hudson River. The use of river

water as a coolant is expected to result in a stable response by the

total ecosystem (Van Winkle 1976), that is, there will still be an

intact living system in the river following the perturbation. However,

this stable response may be achieved by a critical species

replacement. A highly valued sport fish, the striped bass, which uses

the Hudson River as a spawning ground, may be replaced by less

desirable species such as white perch. In this respect, the ecosystem

is not stable as a support system for this valued species, and many

elements of society regard this as an unacceptable alteration.

In the present discussion, persistence refers to total ecosystem

properties (i.e., total biomass, productivity, etc.)- The "state" of

the system is defined by these properties, and a system is considered



persistent or stable if these properties remain within reasonable

bounds following perturbation.

Elements of an Ecosystem Theory

A theory of ecosystem persistence must contain a definition of the

state of the system and its relevant components. Since persistence is

a dynamic property, we stress the functional components of the system.

In a series of papers (O'Neill et al. 1975, Reichle et al. 1975c,

O'Neill 1976a) we have proposed that at least three components are

needed to explain ecosystem persistence: producers, heterotrophs as

rate regulators, and a large storage component with slow turnover.

Primary Producers: The Ecosystem Energy Base

The fixation of solar energy is essential to all ecosystems.

Autotrophic populations provide the energy base which supports

secondary trophic structure. To persist in an unpredictable

environment, the system must be capable of flexibility in its

energy-capturing function. This flexibility may be achieved by two

alternative "strategies."

One strategy is to maximize resistance, i.e., the system becomes

imperturbable, which results from producer organisms with very large

biomass and slow turnover. In this case, response to short-term

environmental changes is minimal. Mature forests illustrate this

strategy. These systems are usually dominated by "K-selected"

species. The resistance strategy requires that energy fixed exceed



total metabolic needs, so that net energy is available for structural

elaboration of large organisms.

The second energy capturing strategy is that of resilience, i.e.,

a system maximizes its ability to recover rapidly in response to

perturbations. To maximize resilience, the system consists of small

biomass units with rapid turnover. Pelagic phytoplankton-based systems

illustrate this strategy. Such systems are usually composed of

"r-selected" species. Resilience can be achieved either by a

collection of species which are resilient to perturbations to which

they have been exposed during their evolution or by a collection of

species, each of which is relatively non-resilient, but together can

respond to a wide range of perturbations since species optimizes a

different portion of the spectrum.

Heterogeneity in spatial pattern, species composition, and genetic

information are common elements of both resistance and resilience

strategies. For the resistance strategy, the development of large

biomass consumes time and enargy and, therefore, is risky if

persistence depends on a small number of spacies. For the resilience

strategy, heterogeneity is required to ensure a large number of

producer species, so that no single perturbation is likely to destroy

the entire species array.

Few systems rely exclusively on a single strategy. Forest

ecosystems include an herbaceous layer capable of rapid growth and

raproduction (Taylor 1974). Forests also contain saplings in the

subcanopy strata capable of rapid growth if a canopy opening occurs.

Lake ecosystems with a dominance of phytoplankton production sometimes
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contain a zone of rooted or floating macrophytes. Thus, the

persistence of a energy base in a fluctuating environment relies on the

opportunism afforded by the mix in that ecosystem of "fast" and "slow"

turnover populations of autotrophs.

The mechanisms by which ecosystems establish a persistent energy

base translate into competitive interactions among primary producer

populations. A given number of populations, with limited light,

nutrient and water resources, will interact and tend to pack the niche

space to support the maximum primary production which can be sustained

by available resources. The ecosystem strategy is simply the result of

the population processes.

Whichever strategy characterizes a specific ecosystem, a stable

energy base requires high rates of material (or energy) processing. It

has been postulated (Odum and Pinkerton 1955) that the ability of the

ecosystem to persist is directly related to its ability to process

energy. The larger the ratio of enerqy fixed to standing crop, the

more stable the ecosystem. The validity of this relationship was

tested (O'Neill 1976a) by comparing the rates of recovery after a 105S

reduction in the standing crop of autotrophs in models of six

ecosystems. The deviations from equilibrium were summed over time

(25-year simulations), and each deviation was divided by the standing

crop at equilibrium. The square root of the sum was compared to the

energy processing capabilities of the system (Table 1). An increased

ability to process energy is associated with a decreased index of

recovery. The comparison (Table 1) indicates that recovery from

perturbation is related to the capability of the ecosystem to process



Table 1. Comparison of ability to recover from perturbation (10%
decrease in primary producers) with energy processing
capability (Odum and Pinkerton 1955). The comparison was made
with a simple ecosystem model (O'Neill 1976a) quantified for
each of the systems.

Ecosystem type
Index of
recoverya Power*3 Reference

Tundra

Tropical forest

Deciduous forest

Salt marsh

Spring

Pond

7.9 x lO-2 0.018 Whitfield 1972

1.4 x 10"2 0.92 Odum and Pigeon 1970

1.3 x lO-2 1.22 Reichle et al. 1973a

1.3 x lO-2 1.28 Teal 1962

1.9 x lO-3 8.69 Tilly 1968

5.8 x 10"5 32.2 Emanuel and Mulholland 1976

y 25

£
t=0

, where i indicates the state
variables in the model.

^Primary production/standing crop of active tissue.
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energy. Therefore, our emphasis on the energy base of the ecosystem as

a critical ingredient in ecosystem persistence is rewforced.

Storage Capability: Nutrient Recycling
and Ecosystem Resistance

Despite strategies to maintain a stable carbon base, environmental

extremes may disrupt the energy-capturing capability of an ecosystem.

Since ecosystems are persistent, some alternative to the energy-capture

component must exist to provide a reserve energy supply. Thi<-

reservoir must be large (perhaps compensating for its sub-optimal

quality) and must exhibit slow response times so short-term

fluctuations in environmental conditions would have minimal effect.

Most ecosystems have a pool of inactive organic matter with the

required characteristics of large size and slow response.

This pool of inactive organic maUer servos as an alternate energy

base. In fact, for many systems, organic matter supports a larger

community of heterotrophs than living plant materials (Table 2). The

advantages of stability in the food base appear to more than compensate

for the disadvantages of difficult energy extraction.

Even more important than its role as an alternate energy source,

the large, slc^ component is fundamental for effective nutrient

recycling, Large pools of organic mass provide capability to store

nutrient elements; slow turnover maximizes the probability that elements

will be retained within the system. The importance of nutrient

recycling can be seen in the data for nitrogen shown in Table 3. If

elements were not recycled, growth of new tissue would depend solely



Table 2. Comparison of biomasses of detritus-based and plant-based
heterotrophic food-webs in terrestrial ecosystems. Al l values
are in units of kg ha"*

Forest system

Temperate deciduousa

Tropical rain

Temperate deciduous0

Subalpine coniferous

Tropical deciduouse

Temperate deciduous

Broad leaf evergreen^

Temperate deciduous"

Country

USA

Puerto Rico

Belgium

Japan

Zaire

England

Japan

Denmark

Plant
based

0.640

34.4

205.0

2.6

1.0

3.0

3.0

0.5

Detritus based
Animals

34.60

79.8

300.0

50.0

74.29

350.0

1680.0

1435.0

Microflora

270.0

0.2

—

280.0

__

890.0

—

dEdwards et a l . 1974.

Odum and Pigeon 1970 (assuming 5 kal/gm).

cDenaeyer and Duvigneaud in Reichle et a l . 1973b.

dKitazawa in Reichle et a l . 1973b.

eMalaisse in Reichle et a l . 1973b.

fSatchel l in Reichle et a l . 1973b.

gShidei in Reichle et a l . 1973b.

h,-Thamdrup in Reichle et al. 1973b.



Tab~:2 3. Nitrogen fluxes in terrestrial forest ecosystems. All values
are in units of kg ha~* y~l. Inputs include atmospheric
inputs and nitrification minus denitrification. Losses
indicate totel N lost from vegetation through litterfali,
mortality, consumption, root death, etc.

Ratio
System Country Inputs Losses input/losses

0.12

0.11

0.29

0.14

0.38

0.02

0.41

Temperate deciduousa

Temperate deciduous

Tropical rainc

Coniferous

Tropical drye

Mediterranean ,
evergreen oak

Montane coniferousS

USA

Belgium

Puerto Rico

Sweden

India

France

USA

13

8.7

46

8

51

1.47

5.1

109.5

79

160

58

133

72

12.3

aHenderson and Harris (1975).

Denaeyer and Duvigneaud in Reichle et al. 1973b.
c0dum and Pigeon 1970.

Anderson in Reichle et al. 1973b.
eBandhu in Reichle et al. 1973b.

Lossaint in Reichle et al. 1973b.
gStark 1973.
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upon the input of nutrfents from outside the system (i.e., atmospheric

and weathering of parent materials). Therefore, production would be

reduced, (by a factor of 0.5 to 0.1) to the rate of incoming nitrogen.

If our storage hypothesis is correct, we would expect soil organic

matter and wood components to be more important as temperature and

moisture conditions for growth become more favorable. Under these

conditions, growth would more likely be limited by nutrient

availability and there would ba greater advantage to developing the

organic pool for nutrient conservation.

A climate index combining temperature and moisture can be derived

to test this hypothesis. Potential evapotranspiration, PE, is

proportional to the sum of daily mean temperatures over 10 C. Average

growing season temperature, G, multiplied by the length of the growing

season, L, should approximate the summation. The exact relationship is

given by (Budyko 1956)

PE = 0.18 G • L .

By dividing PE into the actual precipitation during the growing season,

P, we arrive at an index of moisture stress. We combine this index

with average annual temperature, T, to derive a measure of climatic

conditions (O'Neill and DeAngelis, in press), ir (higher values indicate

more favorable climatic conditions),

- T p
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This climatic index, IT, can be compared with the ratio of biomass

of active leaf tissue to reservoir size (bole and branch biomass plus

soil organic matter) for 16 stands in the International Woodlands Data

Set (Reidile, in press). Testing this hypothesis for forests depends

heavily on the Woodlands Data Set. This data set is composed of 117

sites which were involved in coordinated efforts to measure the

structure and function of woodland ecosystems as a part of the

International Biological Program. With the conclusion of the program,

these data are becoming available in synthesized form (see Table 4) and

represent a unique resource for the analysis of forest ecosystems.

Values of ir are correlated with size of the hypothesized nutrient

reservoir (Fig. 1). Although it may be an artifact of the small number

of sites, the relationship approximates a straight line. The boreal

forests lie toward the origin and tropical systems at the upper right,

with temperate deciduous and broad-leaved evergreen forests occupying

intermediate positions. The comparison confirms the prediction that

systems in more favorable conditions accumulate organic matter to store

and retain nutrients.

Rate Regulation: The Role of Heterotrophs

We consider the role of heterotroph regulation of ecosystem

processes as essential to the persistence of ecosystems. Herbivore

populations may exert more control than would be indicated by the small

amount of organic matter actually consumed (O'Neill 1976a). While

consumption in forest canopies may be only a few percent of net primary

production, the impact on photosynthetic potential can be more
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substantial (Reichle et al. 1973b). Episodic outbreaks of populations

(Mattson and Addy 1975) maintain ecosystem heterogeneity. Wiegert and

Owen (1971) and Lee and Inman (1975) have also discussed the

stabilizing influence of heterotrophs. The role of heterotrophs in

nutrient dynamics has recently been summarized by Kitchen et al.

(1979).

The role of heterotrophs as regulators is apparent from the

proportion of total ecosystem respiration represented by heterotrophic

activities. Heterotrophic respiration may account for between 35 and

55% of total ecosystem respiration (autotrophic plus heterotrophic

respiration) (Reichle et al. 1975b). Thus, a substantial portion of

maintenance respiration energy of ecosystems is accounted for in

heterotroph activity. While consumer organisms may play a role in rate

regulation of producers, Table 2 indicates that heterotrophic effects

are greatest in decomposer processes. In a forest ecosystem, 95% of

total heterotrophic respiration is contributed by decomposers (Reichle

et al. 1975b).

Decomposer organisms increase the rate of release of nutrients

from organic matter above that of simple physiochemical processes.

While this increase may be unimportant for highly mobile elements, it

is critical for nutrients tightly bound in organic tissue (e.g.,

nitrogen). Simple increase in release rates however, is insufficient

for ecosystem utilization, since the rate of release must be

commensurate with the ability of soil and roots to absorb the

nutrients. If the release is too slow, the demands of plant growth are
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not met. If the release is too rapid, much of the nutrient coulJ be

lost from the system by leaching. Thus, the heterotroph community

performs an important function in controlling the fluctuations in the

rate of release. This concept of control is important to understanding

the complexity of interactions within the decomposer community,

particularly the interactions of microflora and saprophagous animals.

The evolutionary mechanisms resulting in the nutrient control

system can be easily envisioned. Mortality of plants provides an

energy base which can be exploited by animal populations. Those

populations which evolved saprophagy, possibly to avoid competition

with herbivores, begin to interact with the microbial opportunists

already present in the dead organic matter. The resulting interaction

stabilizes nutrient releases and results in more efficient recycling.

Controlled nutrient availability permits sustained plant productivity

and continued inputs of daad organic matter. The result is a gradual

buildup of the stable organic matter food base.

In contrast with the view presented here, consumers have often

been considered simply as consuming excess production and playing a

minor role in the maintenance and persistence of the ecosystem. If the

latter view were correct, then the biomass of heterotrophs should be

directly related to the productivity or energy input into the system,

or else to the productivity rate or energy input per unit autotrophic

standing crop. Figures 2 and 3 demonstrate that this relationship does

not hold.

If heterotrophs actively participate in the functional dynamics of

the system and play a role in rate regulation, we would expect that
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greater heterotrophic biomass would be supported per unit of

autotrophic biomass as the potential for rapid fluctuations in

autotroph biomass increases. O'Neill (1976a) found this relationship

by comparing different ecosystems ranging from tundra through forests

to pond ecosystems. This hypothesis can also be tested with data

summarized by Whittaker and Likens (1973). Figure 4 (frcn O'Neill and

DeAngelis, in press) clearly shows that as turnover times (total

above-ground biomass/net primary production) increases, the

h:terotroph/autotroph ratio decreases.

Figure 5 shows that the expected relationship also exists for four

of the Woodlands Data Set sites (Table 4). These analyses reinforce

the concept that consumers play an active role in ecosystems, and the

more rapid the turnover of the system, the greater the heterotroph

biomass required to maintain and regulate energy flow through the

system.

Population Interactions and Ecosystem Dynamics

Discussion of the dynamic properties of ecosystems leads to a

consideration of how these properties are related to interactions among

populations in the ecosystem. Lindeman (1942) showed that the

energy-processing structure of the ecosystem resulted in a layered

trophic structure. Heatwole and Levins (1972) have shown that this

trophic structure is more consistent than the taxonomic entities which

compose the trophic levels. Levins (1974) and others have shown that

populations can be stable only in specific configurations. Fager



19

(1968), Evans and Murdock (1968) and Teraguchi et al. (1977) all found

that species may change in different systems, but a basic underlying

trophic structure appeared consistently. O'Neill and Giddings (in

press) argued that resource competition among phytoplankton populations

would result in relatively constant total production, no matter what

the mix of species. These studies lead to interesting questions about

ecosystem properties and underlying population configurations.

Populations competing for a limited resource, such as light or

nutrients, are essentially functioning in a parallel configuration

(Fig. 6). In this case, disturbance to a single population v/ould

result in other populations being freed from competition and growing to

utilize the resource made available. Consider a system parameter such

as total photosynthesis or total respiration which results from the

sumnation of the activity of the individual populations. Since the

limited resource constrains the entire system, the expected result of a

disturbance to a single population is that the system parameter would

remain relatively constant even though the populations changed.

If populations operate in a cyclic configuration (Fig. 6), then

each population must process a resource before it can be utilized by

other populations in the system. Such a configuration would be

expected in nutrient cycling or in decomposition of complex

substrates. In this case, a perturbation in any part of the cycle will

affect the overall process.

Ecological systems can be expected to contain both parallel and

cyclic configurations. Examination of Fig. 6 suggests, however, that

if the system is disturbed, some parameters (e.g., rates of nutrient
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cycling) will be relatively sensitive. To test this concept,

unpublished data of B. S. Ausmus and E. G. O'Neill on COo efflux and

leaching of NO3, NHg, and PO^ from soil core microcosms were

analyzed. By comparing the variability in the time series of

respiration and nutrient loss data, it was possible to test whether an

ecosystem parameter which results from the sunmation of individual

populations activity (C02 efflux) is relatively constant compared to

a parameter based on successive processing of a resource (N and P

cycling).

Three indices were developed to determine whether C02 efflux was

less variable through time than nutrient loss. The first index was the

coefficient of variation (i.e., standard deviation divided by the mean

for the entire time series). Table 5 shows that the coefficient of

variation was smaller for the respiration rates in all replicates.

A second index, Z, is given by

7 100
" n *nl min

where X. is the ith observation, n is the total number of

observations and min ( ) indicates that the smaller of the two values

X. and X.+2 was taken as the divisor. Z measures the average

percentage difference between successive measurements. Table 5 shows

that Z was always lower for the COo efflux data.

The third index of variability, K, was the number of times that

successive values differed by more than 100%. Table 5 shows that again

K was always smaller for the respiration values.



Table 5. Comparison of variability in CO2 efflux and nutrient leaching
for six replicate soil cores. Data are presented for three
indices of variability (CO? efflux N = 38; NO3, NH3, PO4
N = 18).

Replicates

4

Coefficient of variation'

CO

NO.

PO

2
3

3
,1

0.

0.

2.
2.

24
68

86

37

0.

0.

2.

1.

25

58

62

94

0.
0.

0.

1.

27
69

54

50

0.

0.

1.

1.

24
63

30

36

0.27

0.97

0.88

1.95

0.

0.

0.

2.

26

72

55

42

CO., 30
876

15325

3850

250
291

1626

1391

20
106

159

1200

1.3
1404

501

425

21
148

258

1250

19
113

64

2500

co2
N03
NH3
P04

0
6
9

9

1
8

11
12

0
4

2

10

0
7

6
10

0
6

4

9

1
5

3

15

Standard deviation/mean.

''Average percent difference between successive measurements.

cNumber of times successive measurements differed by more than 100%.
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Table 5 shows unambiguously that the CC^ efflux was more

constant in the microcosm system than was nutrient loss. With a single

exception, the difference was always greater than a factor of 2 and

frequently greater than an order of magnitude. Thus, the analysis

confirms the hypothesis that a system property resulting from the sum

of the activities of populations (i.e., respiration) is less variable

than a system property which depends on the cyclic processing of a

resource (i.e., N and P cycling).

The potential lack of stability of cyclic configurations leads us

to ask whether one can predict the sensitivity of ecosystem processes

based on their underlying structure. It is likely that a sensitive

process would involve multiple populations interacting in a cyclic

configuration. Because cyclic interactions depend on continuity of

rate processes, a perturbation may not be sufficient to eliminate a

population, but it may be enough to move the system into a new,

unstable state. Controlling "ariables might determine the magnitudes

of flows between populations and the timing and synchronization of the

process. Such an ecosystem process might be more sensitive than

individual populations.

Nutrient cycling involves a significant number of populations

operating in a cyclic configuration. Consequently, increases in

nutrient loss from the system might occur irrespective of which

specific organisms or processes are being affected. Indeed,

physiological changes in response to some perturbation might affect the

rates and timing of processes in the nutrient cycle without detectable
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changes in poprlations. Shugart et al. (1976) have suggested that a

nutrient in soil solution (i.e., calcium) would have excellent

properties as a monitoring point for overall system control.

It has been possible to test this hypothesis with data from

microcosm experiments (O'Neill et al. 1977). The experiment consisted

of six boxes of an intact soil, each containing a red maple sapling

approximately 2-m high, with associated herbaceous ground cover. The

surface of the soil was contaminated by adding littar collected

adjacent to a lead smelter. This litter contained high concentrations

of several heavy metals (Jackson and Watson, in press) which

subsequently leached into the intact soil.

After nine months of monitoring, no significant differences could

be detected in the tree growth (Table 6). However, mean values for Ca

concentration in soil leachate were significantly higher (p < 0.05) for

treated microcosms. Similar sensitivity of the nutrient cycling

parameters were also seen in small soil core microcosms and in field

sampling in forests adjacent to the lead smelter (O'Neill et al. 1977).

These studies do not demonstrate, of course, that sensitive

population parameters do not exist. However, it is not apparent which

populations should be chosen a priori as indicators of stress. The

experiments demonstrate that nutrient cycling processes are relatively

sensitive and changes can be detected in these processes before

significant changes in tree growth were evident.



Table 6. Population and system level parameters from microcosms of
Emory silt loam soil containing Acer rubrum seedlings (values
represent means

Treatment
(Pb mg/cm2)

0

12

± S.E.)

Population
parameter

Annual branch
growth (cm)

347 ± 42.8

346 ± 67.7

System
parameter

Ca concentration
in leachate (ng/ml)

6.6 ± 0.4

10.0 ± 0.8
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Heterogeneity as a Mechanism for System Persistence

Heterogeneity, the final element of the theory, may appear in a

variety of ways: diversity of species, spatial heterogeneity, or

genetic heterogeneity within populations. Such heterogeneity is

apparent in the natural system and the search for patterns in this

heterogeneity is a major field of investigation for community

ecologists.

In stating that heterogeneity is essential for ecosystem

persistence, we do not imply any simple relationship between spacies

diversity and stability. The complexity/stability question has been

addressed at the community level, and it has been argued elsewhere

(Van Voris et al. 1978) that there is no reason to believe that the

relationship should hold at that level. Increased stability with

increased numbers of species has been difficult to demonstrate

experimentally, and theoretical studies (May 1973} indicate that

stability should be expected to decrease. On the other hand, Van Voris

et al. (1978) present data that suggest complexity may be related to

stability at the total ecosystem level.

Heterogeneity can be viewed in terms of redundancy in function and

pattern. Redundancy is essential so that any single perturbation is

unlikely to destroy all capability for performing a critical function.

If the system contains multiple species capable of similar functions

(i.e., guilds in the sense of Root 1973), environmental changes simply

shift competitive advantages. If the perturbation is localized (e.g.,

forest fire), spatial heterogeneity ensures that some individuals will
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escape. In these and other ways, redundancy in the system prevents

catastrophic consequences due to perturbations.

There are also detectable patterns of distribution which must be

considered. Thus, the spatial distribution (i.e., clumping) of prey

affects the rate of feeding by a predator (Pielou 1969). The effect of

patterning along a gradient on ecosystem stability has been

investigated by Smith (in press). The patterning may not necessarily

be spatial, since there are distinct patterns (i.e., "J-shaped:!

frequency distributions, Pielou 1959) in the distribution of species

abundances within communities. There also appears to be distinct

patterns of interactions among populations (Teraguchi et al. 1977,

Heatwole and Levins 1972), in the form of underlying trophic

relationships and guild patterns. Since these patterns are discernable

within the system structure, we hypothesize that pattern plays some

role in the persistence of the total system. Consideration of patterns

of heterogeneity as a component of ecosystem stability is intuitively

appealing to the ecologist, but has received little attention at the

ecosystem level of resolution. To address many of our present

environmental problem will require us to view the ecosystem in a

broader context, i.e., as an element in a landscape or regional mosair.
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RESUME

Our treatment addresses various dimensions of ecosystem structure

and behavior that seem to develop from the ubiquitous phenomena of

system growth and persistence. While growth and persistence attributes

of ecosystems may appear to be simplistic phenomena upon which to base

a comprehensive ecosystem theory, these same attributes have been

fundamental to the theoretical development of other biological

disciplines. We explore these attributes at a hierarchical level in a

self-organizing system and analyze adaptive system strategies which

result. We have taken causative relations previously developed

(Reichle et al. 1975c), eApounded upon their theoretical implications,

and tested these assumptions with data from a variety of forest types.

Our conclusions are not a theory in themselves, but a state of

organization of concepts contributing towards a unifying theory, along

the lines promulgated by Bray (1958). The inferences drawn rely

heavily upon data from forested ecosystems of the world, and have yet

to be validated against data from a much more diverse range of

ecosystem types. Not all of our interpretations are logically

tight—there is room for other explanations, which we hope will provide

fruitful grounds for further speculation.
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FIGURE CAPTIONS

Figure 1. The ratio of inactive organic matter (branch and bole

biomass) plus soil top organic) to active leaf tissue as a

function of the climatic index, IT. The index is calculated

as average annual temperature times precipitation during the

growing season divided by potential evapotranspiration

calculated according to the approximation of Budyko (1956).

Figure 2. Heterotroph biomass as a function of Net Primary Production

per unit plant biomass. Data are taken from studies cited

in O'Neill 1976a. The six point represent ecosystem types:

Tu: tundra; Po: pond; Sm: salt marsh; Df: rjeciduous

forest; Cs: cone spring; Tf: tropical forest. References

to the original articles are given in Table 1.

Figure 3. Heterotroph biomass as a function of Net Primary Production.

A key to the abbreviations is given in the legend to Fig. 2.

References to the original data are given in Table 1.

Figure 4. Ratio of heterotroph to autotroph biomass as a function of

total ecosystem turnover time. Data taken from Whittaker

and Likens (1973). System turnover time is calculated as

total aboveground biomass plus litter divided by aboveground

net primary production.
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Figure 5. Ratio of heterotroph to autotroph biomass as a function of

total ecosystem turnover time with data from the Woodlands

data set. Only four sites have sufficient information to

permit inclusion in the figure. Calculations are based on

aboveground biomass only.

Figure 6. Two possible configurations for population interactions. The

parallel configuration corresponds to populations in the

same trophic level, performing similar ecosystem functions

and interacting with each other primarily through a limited

resource. The cyclic configuration might correspond to

populations involved in cycling of a nutrient or breakdown

of a complex organic compound.
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Configuration:

Parallel Series or Cycling

System Parameter:

Energy Flow
(e.g..total

if

Nutrient Cycling
(e.g. nutrient leaching)

Fitmre/. Two possible configurations of population interaction and related
mecsures of total ecosystem dynamics.


