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ABSTRACT 

Over the past decade, hierarchy and scale have been adopted as 

an ecological paradigm. Beyond this new awareness, however, a 

number of studies have attempted to test the underlying hierarchy 

theory and developed new analytical applications. The purpose of 

the present paper is to review these recent developments. 

Tests of the theory have focused on the prediction that 

ecological systems should not be uniformly distributed across 

scale, but grouped or lumped into discrete levels. The predicted 

breaks in spatial distribution have been found in vegetation 

transects. Vertebrate weight distributions are also distinctly 

aggregated, corresponding to the spatial scale at which each 

species operates. 

An important development of hierarchy theory has considered 

extrapolating information upscale. Simply stated, the dynamics of 

the higher level cannot be represented by the same functional form 

as its components. One cannot insert the mean parameter value for 

the components and predict higher level effects. Analytical 

methods, derived from hierarchy theory, have been developed to 

deal with the problem. 

Applications of the theory have led to new insights arid 

motivated the development of new subdisciplines. A clearer 

understanding has resulted from the realization that stability is 

a scale-dependent concept. Hierarchical levels, smaller than a 

disturbance, react unstably while higher levels, larger than t h e  

disturbance, respond stably. The theory also forms an importar:: 

theoretical underpinning for the new field of Landscape Ecology. 



INTRODUCTION 

The development of hierarchy theory began with a series of 

philosophical treatises on the structure of complexity (Feibleman 

1955, Mesarovic et al. 1962, Simon 1962, Wilson 1969). These 

papers stress that natural systems are very complex and are 

difficult subjects for science. Nevertheless, even complex systems 

can sometimes be handled if they show a particular kind of 

structure called a hierarchy (Whyte et a1 1969, Weiss 1971, 

Conrad 1972, Altan 1974, Pattee 1972, 1973). 

Simon and Ando (1961) provide a lucid discussion. A system 

can be described with an interaction matrix. An element in the 

matrix is the rate at which the component in the row interacts with 

the component represented by the column. In a hierarchical system, 

the complex matrix is decomposable into submatrices. Interactions 

among components in the submatrix are frequent and interactions 

with the rest of the components are infrequent. The submatrix can 

be described by a single variable (i.e., a higher level unit) that 

acts as a single component. 

This type of simplification will be familiar to the ecologist 

who deals with decomposition, i.e., the remineralization of organic 

matter. Quantitative descriptions of this process ignore t h e  

thousands of individual populations interacting in the soil. 

Within constraints, the system will operate over a narrow range of 

frequencies and can be considered to be a single component. 

The excitement over Hierarchy Theory came from the hope tka: 



this type of structure would be common in complex systems (Koestler 

1967). Biologists were attracted to the theory because they were 

long familiar with cells interacting in organs and organs 

interacting in an intact organism. Ecologists became interested 

because of a widespread concern over scale. Organisms were clearly 

organized into populations and populations into communities. 

Viewing an ecological system at different spatiotemporal scales 

often yielded quite different insights (Allen 1977). For example, 

Chapin (1974, 1977) recognized the importance of scale in plant 

adaptations to cold. One set of mechanisms dealt with slow 

adaptations over evolutionary history. A second distinct set of 

mechanisms came into play if plants were exposed over a period of 

weeks. A third set of adaptations represented immediate reactions 

to cold exposure for a few minutes. 

The late 1970's and early 1980's saw considerable activity 

(Bossert et a1 1977, Atlan 1981, Allen and Wyleto 1983) and the 

theory started to be codified (MacMahon et al. 1978, Webster 1979, 

De Malherbe et al. 1980) and applied to a wide range of systems 

(Bosserman 1979, Auger 1983, Allen et al. 1987). Wu and Loucks 

(manuscript) describe the historic shift from equilibrium "balance 

of nature" concepts to the dynamic, hierarchical, patch-dynamics 

paradigm of today. The activity culminated in a frenzy of book 

writing between 1982 and 1986 (Allen and Starr 1982, Eldredge and 

Salthe 1984, Salthe 1985, Eldredge 1985, O'Neill et al. 1986). 

Nearly a decade has passed since this early period of 

enthusiasm and it is time t lo reflect on progress. There have been 

some minor developments of the theory, particularly in the 



direction of nonlinear dynamic systems (Cale et al. 1983, O'Neill 

et a1 1983, Allen and O'Neill 1991). More importantly, there has 

been a nearly universal incorporation of scale and hierarchy into 

the paradigm of ecology. 

in testing, developing and applying the theory? 

But has there been substantive progress 

TESTING THE THEORY 

The foremost issue deals with testing the theory. It is 

certainly true that Hierarchy Theory has enhanced the ecologist's 

awareness of scale. But a useful scientific theory must do more. 

Specifically, a useful theory must be capable of making predictions 

that can be empirically tested. 

One set of tests was based on the insight that distinct levels 

in the ecological system should be reflected in distinct scales of 

pattern in space. Lower levels must be clustered in space in order 

to interact frequently and should be reflected in- small-scale 

patterns. Higher levels interacted to create large-scale patterns. 

Importantly, the theory predicts that the patterns would not change 

continuously as one increased scale. Distinct levels should create 

distinct scales of pattern. 

The first effort to test this concept (Levin and Butte1 1 9 8 6 )  

graphed variance in vegetation as a function of transect length. 

If EO pattern exists, each additional sample is uncorrelated with 

preceeding portions of the transect, the variance decreases as the 

sample size increases. The log-log graph of variance against 

sample size is a straight line with a slope of -1. If a single 



type of pattern exists, the slope will deviate from -1 but will 

remain constant as scale increases. If there are multiple scales 

of pattern, corresponding to distinct hierarchical levels, there 

will be breaks in the line. The slope will be constant only over 

a particular scale. Then the slope will change to a different 

constant value reflecting a different set of hierarchical 

processes. Levin and Buttell (1986) found the predicted breaks in 

the slope of the line. 

O’Neill et al. (1991a) used this same method with transects of 

land use data from the US Geological Survey (Fegeas et a1 1983). 

They used 6 areas scattered across the country and found breaks in 

the variance curves in all cases. At some scales, the slope is 

much less than -1.0, indicating a coherent pattern at that scale. 

These scales of shallow slope were separated by line segments with 

slopes not significantly different from -1.0. A similar approach 

examines the log-log plot of some parameter of pattern over scale. 

The slope of the line is related to the fractal dimension (Wiens 

and Milne 1989, Palmer 1988) and breaks in the line indicate 

different underlying processes. 

Several workers, eg. , Burrough (1983) and Ver Hoef and 

Glen-Lewis (1989) have applied multivariate methods for spatial 

autocorrelation and located multiple scales of pattern. A suite of 

statistical tests relevant to detecting multiple scales in transect 

data has been compiled by S.J. Turner et al. (1991). In essence, 

the tests examine the autocorrelation structure, attempting to 

relate structure at one point with points located various distances 

away. Distances that show significant correlation indicate t h a t  



some process is operating at that spatial scale. 

This statistical approach was taken by O’Neill et al. (1991b). 

Three vegetation transects were used. The transects were fine 

grained (decimeter resolution) and of considerable extent (1000 - 

2000 m) . Each of the transects showed multiple scales. Five 

additional transects were analyzed in a later workshop by the same 

approach. Each of these data sets also showed multiple scales. 

Unfortunately the analyses for these five additional sites have 

never made it to the open literature. 

Starting from a completely independent viewpoint, Holling 

(1992) also found discontinuities in spatial patterns. He started 

from the observation that frequency distributions of mammal and 

bird biomass were not continuous. The distributions were lumpy 

with distinct peaks and gaps. After rejecting several hypotheses, 

he concluded that the discontinuities resulted from and helped 

maintain a hierarchical structure in the spatial environment. It 

is well known (McNab 1963) that animal mass is related to animal 

home ranges. Therefore, the discrete peaks in biomass should 

correspond to discrete scales in the spatial patterning of 

ecosystems. 

Kolasa (1989) provided yet another test of the theory. He 

assumed that habitats could be subdivided into finer and finer 

scales, eg., a stream into pools and riffles. Organisms respond by 

choosing a scale to utilize the habitat - either specializing 12 

one fine subdivision or viewing resources at a higher level and 

becoming generalists, utilizing many subdivisions of the habitat. 

From this he derived a model that relates the abundance of I 



population to the scale at while it utilizes the environmnet. He 

tested whether the distribution of abundances of organisms was 

continuous or divided into discrete levels and concluded that the 

distributions followed the predictions of Hierarchy Theory. 

DEVELOPING THE THEORY 

One of the most interesting developments in the theory has 

been in the area of moving information between levels. It is a 

basic tenet of science that explaining a phenomenon involves 

showing that phenomenon is the logical- outcome of interactions 

among the component of the next lower level. Temperature, for 

example, is "explained" by the kinetics of atoms or molecules. 

This constitutes a mechanistic or process-level explanation and has 

proven to have considerable predictive power. 

But the problem turns out to be more complex than it appears. 

Thus, it is difficult or impossible to extract the properties of a 

lower-level mechanism from data on the larger system (Yeakley and 

Cale 1991). Simply stated, many different mechanisms can result in 

the same emergent behavior. In other cases, a single critical 

component may be the limiting factor, dominating higher-level 

dynamics (E.G. O'Neill et al. 1991). To understand the lower-level 

process, measurements must be performed at a frequency that 

isolates the process from other interactions and levels. 

Similarly, it is often impossible to predict emergent behavior 

knowing only the isolated behavior of the components. Typically, 

the isolated components are capable of dynamics in isolation t h a t  



simply never occur within the constraints imposed at higher levels, 

eg., under experimental conditions a population can grow at rates 

much faster than it ever achieves in nature. In global studies, 

Wessman (1992) has pointed out that detailed knowledge is available 

on individual leaf physiology in response to elevated C02. But it 

is not simply a matter of multiplying by the number of leaves to 

predict C02 exchange with the vegetated surfaces of the globe. 

Leaf processes are modified by temperature, moisture, nutrients, 

competition, and numerous other constraints imposed from the higher 

level. 

O'Neill (1979) outlines the basic dilemma in terms of 

mathematical models. The functional form of a process at higher 

levels is a different functional form than the lower level process. 

It is emphatically not the same functional form with the mean 

parameter values. A collection of populations interacting in a 

community, simply does not behave like a big population with mean 

growth rates. 

In one important development, King et al. (1989, 1990, 1991) 

developed an explicit approach to moving between scales. The 

problem was to estimate net carbon exchange between the atmosphere 

and the vegetated surface of the northern North American continent. 

Direct measurements are not feasible, but we do have well-studied 

seasonal models of conifer and tundra ecosystems. The approach 

taken was a Monte Carlo simulation, i.e., the models were run ovzr 

a large number of randomly chosen values of the driving variables, 

such as seasonal temperature and precipitation. The randomly 

chosen values are drawn from statistical distributions representirg 



the measured variability in temperature and precipitation over the 

time period of interest. Then, knowing the area occupied by each 

type of ecosystem, it was possible to derive the mean and variance 

of net carbon exchange with the atmosphere. 

In another important development, Rastetter et al. (1992) 

suggest that higher level behavior can be predicted by a two-step 

process. First, one could stochastically model lower-level 

behavior, eg., many different combinations of populations. The 

models would be run under various combinations of upper-level 

constraints, eg., temperature and moisture. Second, regression 

analysis could be used to relate model oatputs to the constraints 

of temperature and moisture, as independent variables. The 

regression equation could then predict behavior at the higher 

level. This approach should be valid as long as the model remains 

within the bounds of constraints used to generate the regression. 

APPLYING THE THEORY 

A scientific theory can also be evaluated by its influence on 

research. Does the theory suggest new lines of research? Has the 

theory changed the way experiments are conducted or data is 

analyzed? 

By this criterion, Hierarchy Theory has been very successful. 

In addition to raising general awareness about scale, the theory 

has spawned a wealth of new research and influenced interpretation 

of many others. The applications are widespread and many are still 

in progress. Therefore, the following must be considered as a 



" 

brief and personal overview, rather than a comprehensive review. 

One group of applications focuses on individual organisms or 

populations and how they interact with the hierarchically 

structured environment (Mauer 1985, Morris 1987, Senft et al. 1987, 

Addicott et al. 1987). Wiens and Milne (1989) have done pioneering 

research on how an individual organism perceives and moves on a 

scaled landscape. O'Neill et al. (1988) calculated the spatial 

scale at which an organism must operate in order to reach all of 

the available resources on the landscape. 

Kotliar and Wiens (1990) point out that the patch structure in 

the environment is hierarchically structured. For an organism to 

utilization the available resources often requires a hierarchical 

strategy. As an example, an insect uses one set of criteria to 

locate a likely patch, a second set to select a candidate tree and 

yet a third set to choose the optimal leaf. 

A second group of studies focuses on higher-level structure 

emerging from lower-level processes. Several studies have 

demonstrated, for example, that large-scale vegetation pattern 

emerges naturally from fine-scale patch dynamics (Pickett et a1 

1987a, b, Pickett and McDonnell 1989, Brand and Parker, In Press). 

Similarly, Thorhallsdottir (1991) looked at vegetation structure at 

several scales simultaneously. He saw different environmental 

factors correlated with structure at different scales, as expected 

from the theory. 

O'Connor (personal communication) correlated breeding bird 

data with a variety of environmental factors. At the continental 

scale, temperature and precipitation form the first level of 



constraints. Landscape constraints such as habitat fragmentation 

only appear as correlates at a more restricted regional level. 

A third set of studies deals with the complex issue of 

stability. The basic insight is that ecological systems are 

hierarchically structured. For a particular study, one choses a 

scale to emphasize, eg., a population or a landscape. If a 

disturbance is large, relative to the system of definition, the 

system is unstable. But, at the same time, the disturbance is 

small relative to a higher-level system, and that higher-level 

system responds stably (Turner et al. 1993). 

Stability is a scale-dependent term. Higher levels are more 

stable in the sense that they change slowly and show less 

variability through time (Waltho and Kolasa 1994). Rahel (1990) 

points out that communities may also seem both stable and unstable 

depending on scale. Individual species may disappear but guilds 

are relatively constant. 

A final word must be added about the new and emerging field of 

landscape ecology. The awareness of scale and the realization of 

hierarchical structuring motivated new studies on large scale 

spatial pattern and its constraining influence on ecological 

processes (Wu and Loucks, In Press). From its beginnings, 

Hierarchy Theory has been recognized as one of the most important 

theoretical underpinnings of Landscape Ecology (O’Neill et al. 

1988, 1931a). 

CONCLUSIONS 



After a decade, it seems safe to conclude that Hierarchy 

Theory is alive and well and living in a warm, supportive 

environment. The influence of the theory has been widespread, 

making it difficult to keep aware of the major developments. I 

apologize to any of my colleague whose work I may have 

inadvertantly cmitted. The reader should not take such omissions 

as implying lack of quality or influence. The omissions are simply 

due to my ignorance. 

The theory has been subjected to several empirical tests. The 

tests are based on predictions of discreet scales in spatial 

pattern and distinct clusters in the distribution of animal sizes 

and abundances. The tests are rigorous in the sense that these 

predictions are not trivial and not easily explained by alternative 

theories. 

Development of the theory has produced analytical methods for 

moving information across hierarchical levels. The methods are 

based on the tenet that higher levels constrain the behavior of 

component subsystems. These developments are important because 

they lead us away from a naive reductionism that would study all 

possible component behaviors. 

Hierarchy theory has been fruitful in suggesting new ways to 

study and analyze ecological systems. The most important 

applications have clarified the concept of stability and stimulated 

the new field of Landscape Ecology. 

Clearly the most important influence of Hierarchy Theory has 

been an increased awareness of scale. Hierarchy has been embraced 

as a new paradigm, a new way of thinking about complex ecological 



systems. Like any paradigm, it leads us to see new aspects of 

nature. But, like any paradigm, it leads us away from other, 

unexplained phenomena. And, like any paradigm, it tends to be 

accepted, almost like an article of faith, without sufficient 

scepticism. 

In the 1 9 6 0 ’ ~ ~  systems theory was offered as a paradigm for 

ecology. Ecosystems could be viewed as analogous to mechanical or 

electrical systems and a wealth of analytical tools became 

available. A new vocabulary developed around equilibrium, 

stability, optimal control, networks, etc. The paradigm was 

critical to motivating Ecosystem Science, but the paradigm was 

limited. Ecosystem components were not rigid objects and tended to 

adapt and shift right out from under the assumptions of the models. 

Ecosystems were just one level of inquiry and dynamics were often 

constrained by higher-level processes, not represented in the 

model. The paradigm was quite fruitful, but we are less likely 

today to accept a complex systems model as the ultimate resolution 

of every problem. 

Like the systems paradigm, Hierarchy Theory is but one way of 

viewing nature. The current review has emphasized how fruitful. 

this viewpoint has been. But in closing, a note of caution is 

needed. To date, the concepts have been accepted with insufficient 

scepticism. To date, I have not seen critiques that outline the 

limitations of the theory. To date, I have not seen consideration 

of what aspects of nature are being neglected in the theory. 

Hierarchy Theory is a fruitful paradigm and can be considered as a 

breakthrough in the way we view scaled ecological systems. But it 



is only a paradigm - a partial view of the world. Won’t you join 

me in the search for the next breakthrough? 

Mike Scott or Tim Lear 208-885-6960 
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