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Introduction

by which ecologists approach a variety of ecological issues and

problems, and hierarchy theory is commonly used to address ques-
tions of scale. Thus, it is expected and appropriate that the evolving issues
of monitoring and managing ecosystem integrity be concerned with ques-
tions of scale and hierarchy.

How do considerations of scale and hierarchical organization influ-
ence the measurement or management of ecosystem integrity? What con-
siderations of spatial and temporal scale should go into the design of
measures for ecosystem integrity? Answers to these questions first require
some definitions. What is ecosystem integrity? What is an ecosystem?
And what are scale and hierarchical organization in these ecosystems?

Explicit considerations of scale are increasingly a part of the process

The Ecosystem Concept
Ecosystem As Entity

The concept of ecosystem is both widely understood and “diffuse and
ambiguous” (O'Neill ef al. 1986). The ecosystem may be specific or gener-
ic, referring to a particular ecosystem or some ecosystem type. There are
references to the Cedar Bog Lake ecosystem (Williams 1971), the Isle
Royale National Park ecosystem (Rykiel and Kuenzel 1971), Great Lakes
ecosystems (Magnuson ef al. 1980), the Hudson River ecosystem (Limburg
et al. 1986), the Serengeti ecosystem (Sinclair and Norton-Griffiths 1979),
southeastern [United States] ecosystems (Howell et al. 1975), forest ecosys-
tems (Reichle 1981), tropical rain forest ecosystems (Golley 1983), an oak
ecosystem (Zak and Pregitzer 1990), and a Populus tremuloides ecosystem
(Ruark and Bockheim 1988). The ambiguity in this use of ecosystem is
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understood, and ecosystem is a useful handle for referring to “that ecologi-
cal stuff out there, over there.”

Ecosystem is variously defined as the collection of all the organisms
and environments in a single location (Tansley 1935, McNaughton and

Wolf 1979), any organizational unit, including one or more living entities,

through which there is a transfer and processing of energy and matter
(Evans 1956), or a system, i.e., a collection of interacting components and
their interactions, that includes ecological or biological components
(Lindeman 1942, Odum 1971, 1983, Golley 1983). Interactions in these lat-
ter ecosystems are through transfers of energy and matter (Odum 1983).
Common to all these definitions, and at least implicit in the general usage
described above, is the idea that the ecosystem includes th ical or
abiotic_environment in addition to biological components (e.g., organ-
isms). Inclusion of the physical environment distinguishes the concept of
ecosystem from that of community. Community generally refers to the
assemblage of species or populations in a location without explicit refer-
ence to their physical environment.

Strongly associated with the concept of ecosystem is the concept of
ecosystem: function. Ecosystem function generally refers to the functioning
or operation of the ecosystem, its integrated holistic dynamics, and not the
role or job of the ecosystem. The distinction is analogous to the difference
between the functioning of an automobile and its function as a means of
transportation. Ecosystem function is commonly associated with the
dynamics of matter and energy processing and transfer. Biomass produc-
tion and nutrient cycling, for example, are often referred to as ecosystem
functions.

The concept of ecosystem function is implicit in the general use of
ecosystem to refer to the collective ecology of a given location. There is a
tendency to include the term ecosystem when attention is given to

dynamics of biota-biota or biota-environment interactions and not just.

simply the area’s biotic composition or structure. Consider the reference

h

to forest ecosystem, for example, rather than simply forest. Minimally, use of

ecosystem in this context implies a consideration of both the biology and
physical (abiotic) environment of an area and a consideration of dynamic
interactions among biota and between biota and environment.

Ecosystem structure commonly refers to the distribution of matter
and energy among system components. Because of the emphasis on func-
tion, ecosystem components are frequently defined by their functional
roles, especially their rate controlling attributes. The structural compo-
nents may, for example, be biota-environment aggregates with common
turnover times or rates of matter-energy processing. Ecosystem carbon
pools may be distinguished by turnover times (e.g., rates of decay) with-
out separating dead organic matter from the microbial populations that
feed onit.
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Descriptions of ecosystem structure frequently do not consider the
distribution of matter or energy among populations or species. Normally
(perhaps mistakenly from the perspective of system science) a mldfilg

und is taken in which biological components are grouped a priori
according to a mix of criteria including functional roles, morphological

distributions in time and space, and occasionally coarse taxonomic
distin’ctions. For example, in describing the carbon structure of a forest
ecosystem, autotrophs (photosynthetic plants) may be distinguished from
heterotrophs. The autotrophs may be further divided into trees and non-
trees of overstory and understory. The trees may be yet further divided
into deciduous and evergreen forms. Adding function to this structure
requires an assignment of carbon transfers and turnover times to these
otherwise defined components. Ideas of structure precede those of func-
tion. But even in these cases, the concept of ecosystem function often
influences the choice of components. Deciduous and evergreen trees are
distinguished rather than angiosperms and gymnosperms. Foliage mor-
phology and behaviour influence ecosystem carbon flux, and there is suf-
ficient-overlapin these traits between the two broad taxonomic groups to
necessitate the alternative differentiation by lifeform.

Ecosystem structure associated with matter and energy transfer rarely
involves even broad taxonomic distinctions much less Latin binomials.
There are, however, important exceptions to this generality. The individu-
al-based models of biomass growth and succession in forests are good
examples (Botkin ef al. 1972, Shugart and West 1977, Shugart 1984, Post
and Pastor 1990). These models distinguish individuals by species, but
they also assign species (individuals) to functional types defined by their
response to the physical environment (e.g., shade or drought tolerance;
Shugart 1984). In general, the greater the focus on biotic interactions or
dynamics like competition or species turnover (e.g., succession), the
greater the tendency to distinguish ecosystem components by species
nomenclatures. The individual organism-based models of forest growth
explicitly treat competition between individual trees. They also consider
the consequences of these interactions for successional changes in ecosys-
tem attributes generally associated with ecosystem function (e.g., primary
productivity and turnover in soil organic matter and nutrients; Pastor and
Post 1986, 1988). This duality is reflected in the models’ mixed distinction
of ecosystem components by taxonomic and functional criteria.

Ecosystem as Perspective

A distinction can be made between a population-community approach to
ecosystems and a process-functional approach (O'Neill et al. 1986). The




former emphasizes species populations and interactions among them like
competition and predation. The latter emphasizes the transfer and pro-
cessing of matter and energy. In the population-community approach, the
physical environment is seen as external to the system of biota and biotic
interactions. In the process-functional approach the environment is an
integral part of the system. In the extreme this dichotomy emerges as a
distinction between community — the system of populations — and
ecosystem—the system of matter-energy transformations through biota
and environment. The separation of community and ecosystem ecology in
textbooks and classrooms is evidence of the acceptance of this dichotomy.
Note, however, that both approaches emphasize interactions. One

emphasizes biotic interactions, the other fluxes of matter and energy. Thus
ecosystem may be identified as a perspective, a particular way of looking at
the biota and environment of an area. Community is a different perspec-
. tive. Alan and Hoekstra (1990) refer to these perspectives as criteria for

distinguishing foreground from background, and for distinguishing an
object from its context. The ecosystem criteria distinguishes fluxes of
material and energy; the community criteria distinguishes collections of _
species. Allen et al. (1984) discuss the observer’s choice of phenomena, the }
structurally defined entities that are designated as significant. In systems |
science these perspectives are criteria for system specification. They are
criteria for the definition of observables (Rosen 1977). The investigator ;
chooses to order, describe, and observe the system of biota and environ-
ment according to one of these perspectives. The ecosystem is not ontolog-
ically different from the community, they are simply different ways of
looking at the same “stuff.”
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Ecosystem as a Hierarchical Level

The ecosystem is often identified as one level in an ecological or biological
hierarchy extending from cells to biosphere (e.g., Odum 1971, Krebs 1978). |
This “traditional” (O’Neill et al. 1986) or “conventional” (Allen and
Hoekstra 1990) hierarchy is an ordering based on structural organization.
A collection of entities at one level is organized to form the next higher
level. Cells are organized as organs, organs as organisms, organisms as
populations, and populations as communities. According to this concept
of ecosystem, the ecosystem is a higher level of organization than the com- |
munity, and ecosystems contain communities just as organisms contain :
cells. The concept of ecosystem as level is pervasive, and there is frequent
reference to the ecosystem level (Rapport et al. 1985) or ecosystem-level :
properties (Rapport et al. 1985, Huston ef al. 1988, Clark 1990).

The concept of ecosystem as hierarchical level is counter to the con- |
cept of ecosystem as perspective or observational criterion. In the perspec-

g i,
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{ive concept, ecosystems are not composed of cqununitigs. Ecosystem
and community are instead complementary descriptions of the same eco-
logical system (O'Neill et al. 1986, Allen and Hogkstra. 1990). ‘

A consequence of the traditional hierarchical view of ecosyst'em's is
the idea that ecosystems are larger than the communi.hes tl.\ey contain, just
as organisms must be larger than the cells they contain. It is generally rec-
ognized that an ecosystem may be large or small (e.g., there is usually no
obiection to referring to the cow-rumen ecosystem), bu't .the generality
emerges that ecosystems are larger scale than communities or popula-
tions. By this argument, ecosystem (ecosystem-level) processes or proper-
ties are larger scale than community processes or Rropertles. This 1dga has
inadvertently been reinforced by recent considerahon§ of scale and hierar-
chy in ecological systems (Allen and Starr 1982, 0’ Neill ef al. 1986).. Thfzse
discussions generally assert that higher levels of hierarchical organization
are larger (or coarser) scaled than lower levels. Highe.r levels occupy larg-
er spatial extents and are characterized by larger txme; constants (e.g.,
slower rates or longer turnover times). Starting with the idea t.hat the tref-
ditional ecosystem level is a higher level than the community level, it
would seem to follow ecosystems and ecosystem processes are larger
scale than communities and community processes.

Allen and Hoekstra (1990) caution against confusing conventional lev-
els of organization with hierarchical levels defined by considerations of
time and space scales. O'Neill ef al. (1986) similarly caution against cqnfus—
ing traditional levels of organization with hierarchical levels disti nguxshgd
by differences in rates. They point to the paradox generated by recogniz-
ing that traditional community processes, like succession, may be m_uch
slower than traditional ecosystem processes like nutrient processing.
Similarly, the spatial scales of nutrient cycling processes (e.g., microbial
decomposition) may be much smaller than the spatial scale of the commu-
nity defined by a species-area curve (O’Neill ef al. 1986). Allen and
Hoekstra (1990) argue that the confusion and apparent paradoxes can be
avoided by recognizing that the ecosystem is actually only one of fseveral
possible criteria for ordering observations across a range of spatial and
temporal scales and not a scale-defined level. O’'Neill et al. (1986) argue
that observations on an ecosystem, from either the process-functional per-
spective or the population-community perspective, can be ordered by var-
ious criteria to form alternative, complementary hierarchical structures. In
short, the concepts of ecosystem and ecosystem properties like ecosystem
integrity are not limited to a particular hierarchical level or to particular
space and time scales. An ecosystem exists across a range of scales and
may include several hierarchical levels. _

To summarize, an ecological system is a system description of the
interacting biota and environment of some time-space domain (some
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Place over some time period). Whether this system description distin-
guishes individuals or populations and interactions like competition
(which transfer information among components) or functional compo-
nents and the transfer of matter-energy is secondary to the primary con-
cept that the ecosystem is a system. Ecosystem may be used as shorthand
for ecological system (Odum 1983), but it should be remembered that for
many, myself included, the term ecosystem invokes a biased view towards
a system of matter or energy transfer, or a process-functional perspective.
Nevertheless, in this chapter I will use ecosystem to refer to the most gener-
al notion of an ecological system occupying a particular place (and time),
without regard to the specific criteria for system specification or ordering
of observations.

Inclusion of the physical environment is a definitive element of the

€cosystem concept. However, the environment may be represented by .

boundary conditions or external forces and does not necessarily have to
beincluded as interactive system components. Thus, it is possible to refer
to an ecosystem which includes the physical environment but, is defined
by community criteria emphasizing populations and population interac-
tions like competition.

The concept of ecosystem applies across hierarchical levels of organiza-
tion and is not limited to the “ecosystem level” of the traditional hierar-
chy. Thus, an ecosystem may contain several hierarchical levels. Similarly,
the concept of ecosystem is not limited to certain time or space scales (e.g.

large scales), and an €cosystem may span a large range of spatial and tem-
poral scales.

Ecosystem Integrity
Ecosystem Integflty As System Integrity

Integrity (excluding the notion of firm adherence to a code of conduct or
behaviour) generally refers to the soundness or completeness of some
thing, the state of being whole and unimpaired. The notion of ecosystem
integrity is intuitively appealing and understandable. We wish our
ecosystems to be sound, whole, and unimpaired, and we understand,
intuitively, what it means for an ecosystem to be in that state. However,
monitoring, managing, quantifying, analyzing, or legislating ecosystem
integrity requires a more precisely defined, more objective or empirical,

concept of ecosystem integrity. This is the aspect of ecosystem integrity
that I address here.

Because an ecosystem is, I believe, first and foremost a system, it is
proper to address ecosystem integrity from the perspective of system
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clearly homeostatic systems like i i
irly | organisms (indeed the respon,
;l;eélsr;ltt:l:sl)l.gﬁc::zfgzr:s, mt;y ex]:ﬁbit similar responsessg;)a;;;z:'rtl ?tl Zle
A gue that these responses are onl .
best, analogous to the responses of “truly” homeostatic s;;fr}::r et on at

The Dependency on Perspective
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Consider also that rare species are often assigned the highest value or

riority for preservation or use as indicator species. The attention given to
rare species arises, in part, from the observations that rarity may be a con-
uence of declining populations in response to stress and rare species
may be more at risk. These observations arise from a community perspec-
tive. There is also an aesthetic element. Humans are attracted to and value
the rare or unique. Yet, in either case, because they are rare, rare species
are unlikely to have much impact on ecosystem function (admitting the
ssibility of rare “keystone” species). The common species are more like-
ly to be doing the brunt of the work in ecosystem function. Thus, while
the persistence of rare (or endangered) species is a legitimate measure of
integrity from a community (or aesthetic ethical) perspective, the persis-
tence of common species may be more crucial to the ecosystem’s function-
al persistence and integrity, and they may thus be more appropriate

indicators of ecosystem functional integrity.

However, ecosystem function is often remarkably resilient to the loss
of even common species. Witness the limited change in biomass dynamics
of southern Appalachian forests following the demise the American chest-
nut, a formally common species (Shugart and West 1977, McCormick and
Platt 1980). And what changes in North American ecosystems can be
attributed to the loss of the once abundant carrier pigeon? Direct mea-
sures of functional properties (e.g., nutrient export {O'Neill et al. 1977])
may thus be more sensitive (better? appropriate?) measures of ecosystem
functional integrity (O'Neill et al. 1977), but they, in turn, may be insensi-
tive measures of the integrity of species composition.

Assessment of ecosystem integrity is strongly dependent upon the
perspective from which observations are organized. Definitions and mea-
sures of ecosystem integrity from one perspective may complement, con-
tradict, or be largely independent of those from other perspectives. Care
must therefore be taken to define the perspective used in making state-
ments about ecosystem integrity and in making inferences about integrity
from other perspectives.

The strongest inference can be made by explicitly examining the
integrity of alternative, complementary descriptions of an ecosystem. The
work of Rapport ef al. (1985) is a good example. Their recognition of a gen-
eral ecosystem stress syndrome (i.e., a loss of integrity) includes indicators
from both ecosystem and community perspectives (e.g., nutrient leaking
and loss of biodiversity, respectively). But, even here, the perspectives are
limited to those of “natural” ecosystems largely exclusive of the human
component. Indicators of ecosystem integrity should include indicators

from as many different perspectives and system descriptions, as practical.
Those associated with human value judgements, like economics or aes-
thetics, should not be excluded by a prejudice for natural, ecological, or

scientific perspectives.

i
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Scale and Ecosystem Integrity

The scale of an ecosystem refers to the spatial and temporal dimensions of

_ the ecosystem. How large an area does the écosystem occupy, and over |

what time period does the system description pertain? Scaie may also
refer to the scale of the observation set used to define and describe the
ecosystem. Here, scale includes concepts of both grain and extent (Allen et
al. 1984, Turner and Gardner 1991). Grain is the finest level of temporal or
spatial resolution in an observation set. The grain of an observation set
determines the lower limit on how fine a distinction can be made with
that observation set. Extent is the areal expanse or the length of time over
which observations with a particular grain are made. Extent sets an upper

limit on the distinctions that can be made with a particular observation
set.

Specification of scale is a fundamental part of system definition (Levin |}

1975, Allen et al. 1984, O'Neill et al. 1986). The choice of scale, both grain
and extent, with which a system is observed is a primary determinant of
the resulting system description. Observations over one hectare and one
year will lead to a different system description than observations over
thousands of hectares and tens of years. Different extents encompass dif-
ferent components and interactions. Similarly, observations of different
grain resolve different components, interactions, and dynamics. Once the
scale of observation is chosen, the ensuing system description is largely
determined. Consequently, those characteristics of ecosystem integrity
which may be observed or inferred are largely determined.

The scale of an observation set used to define a system and measure
ecosystem integrity may be determined by the scale of management units.
I might for example wish to monitor or measure the integrity of the Great
Smokey Mountains National Park ecosystem. My observations might then
be limited to the spatial extent defined by the park boundary. It may be
possible to construct a legitimate system description from observations
within those boundaries, but the system description will be limited to the
system existing over scales less than, or equal to, the extent of the manage-
ment unit. I can make legitimate inferences about that system, but the lim-
ited extent of the observation set may not allow valid measurement or
inference about those ecosystem attributes for which measures of integrity
are truly desired and which may actually be attributes of a larger system,
The extent of the observation set must be matched to the system attributes
of interest. Specifically, the extent of the observation set must be larger
than, or equal to, the extent of the system in question.

Systems require certain spatial and temporal extents for maintenance
of system structure and function. A minimum extent may be required for
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as indicating a loss of ecosystem integrity until a larger scale,

perspective reveals that these changes are part of a natural
succession.

longer term
sequence of

Hierarchy and Ecosystem Integrity

In simplest terms, a hierarchy is a ranked ordering. It generally implies a
ranking by authority or dependency, but there are also static hierarchies
(e.g., a hierarchy of size). As it applies to systems, a hierarchy is a ranked

ordering of interactions. Control hierarchies are orderings of control, -

which system components control and are controlled by others (e.g., peck-

ing orders, military command structures, or robotic controls). Structural

hierarchies are orderings of subsystems within systems which are them-
selves parts of systems (Walters 1971). The organization of cells within
organs, within organisms and squads within platoons, within companies
are examples of structural hierarchies, Structural hierarchies generally
exhibit some characteristics of control hierarchies (e.g., cell behaviour is
normally constrained or controlled by its inc

lusion in the organism), but a
system element can exhibit control beyond control over its component

parts. For example, the control exerted by the alpha male in a baboon
troop does not require that the alpha male be built of subordinate individ-
uals. Thus, the distinction is sometimes drawn between nested (structural)
hierarchies and non-nested (control) hierarchies (Allen and Starr 1982).
Systems can be ordered into hierarchies according to various criteria

' (O'Neill et al. 1986). Observations may be ordered by differences in rates,

by tangible components, by spatial discontinuities, by traditional levels of
organization, or even by arbitrary characteristics (e.g., colour). These alter-
native criteria lead to alternative hierarchical structures, Many of the crite-
ria converge on similar structure (the robust transformation of ‘Allen et al.
1984), and it has been suggested that rates may be a fundamental way of
decomposing hierarchical structure (O'Neill ¢f al. 1986). However, con-
cepts, expectations, or predictions developed for hierarchies defined by
one ordering criteria do not necessarily, or normally, transfer to hierar-
chies defined by other criteria (Allen ef al, 1984). One must be careful to
identify the ordering criteria involved.

There has been considerable discussion of hierarchy theory as it
applies to ecological systems (Overton 1972, 1975, Webster 1979, Shilov
1981, Allen and Starr 1982, Patten 1982, Allen et al. 1984, O'Neill et al.
1986). This is not the place to attempt a review of that material. Rather, I
will discuss aspects of nested hierarchies ordered by difference in rates
present discussion of ecosystem

integrity. Much of the following discussion is drawn from O'Neill et al.
(1986).
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i i tem ordered by differences in rates, a level
In a'f‘i‘:;tlid :lggtzi\}:tc:ll:sﬁr of similar rat)e’s. High‘er levels: are charac-
is ider lo»):'er rates. As a consequence of the physical nesting of strluc-
tel‘ize‘:l'b}):sr levels of nested hierarchies also occupy larger spatial sca Zfi
tare. 1 e?s of organization in a nested hierarchical system can be orde'r
Thes. l.ev to their relative position in a coordinate space defined by time
sccordihg scales (Figure 1). This coincidence, between level .Of orgamza;
;nd :‘;:lcteime and space scales, is an important themel ir;gc&ns;n)cﬁ:gﬁ:tnas :d
o sical hi i rt et al. 1983, Urban et al. g .
ecowglcall;u&még}:;sn(tle)re;;%g,gng et al. 1990). Oceanographers (and hn}-
Dell:;;ts?) ha've historically used a comparable sttiu;.ture to o;;iteor nt‘}r:;
i .t ariability (e.g., Stommel diagrams
cons;d;ztrl\?: seto :lsyisgt;?n)\ thmosplt\):eric icientists and geographers have
1(9163 ;ed a similar approach (Dickinson 1988, Meent‘em?yer 1989). 1
: o")I'he time and space scales of hierarchical organization r.epresen_t sc&; es
{ interaction (Allen and Starr 1982). The distribution of interaction rhe-
oueux\\cy and strength define component subsystems or holons within the

~ whole system. Discontinuities in the interactions define subsystem (holon)
W .

i interactions occur
ies (Allen and Starr 1982). Rapid or frequent in . .
bwiomﬁa:c;?ngs Sel!ower rates occur between holons. For exampl‘;e, in so;:l:!
interacti i tronger and more fr
Is, interactions among family members are s : e fre-
n:laer:::n t;an interactions with other members of the local somety, and n_1ter
gctions among the troop or band are more frequent than interactions
bands. : } ' -
betwvfle;:en interactions are dominated by physncal)c‘l;gracc;en‘stlcs oafytll:
i i bsystem (holon) boundaries, m
ecosystem, scales of interaction, su o o Gyttt ot o
ious. In the terminology of Allen and Starr :
?1%736), the holon (subsystem) becomes tangible. for exanfple, thetsp:ltlea:;
extents and water retention times of a topogroapl:jlctally tcli‘efru:)e;dt:: fel:(r)w d
" ” in the system bound togethe:
represents a “natural” scale in t : . flow of
i le nutrient). The time and sp
water (e.g., the cycling of a water solu!). : ' i
scales of tghe watershed delineate a specific, well defined, tangible SubS)S-
tem. Interactions among subsystems at this scale, for example, the combi

"nation of first-order watersheds to form second-order watersheds,

xt higher-level subsystem with its on natural scale. I"h)"smal
g:zg::si;h:fntetlrbuﬁent mixing in oceans.and larger lakes cantrSItr.m‘l\f;rL);
impress natural scales on system interactions (?.g., the_ conFetLd ; io s o
phytoplankton growth and subsequent trophic interactions mh leshotic
gyres). The physical limitation set by the penetration of hg,}’lt (the e;}’xpcales
zone) is another example. However, the phenomenon of natural ?n e
applies equally to less physically boun.d subsystems. Fo:_' examp ie, in the
system defined by competitive interactions among trees in ? mes cnt suc:
Urban et al. (1987) recognize scales of germination, tree replacement,
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cession, species migration, and species extinction, in order of increasing
gpatial extent. Similarly, trophic interactions among wolves and moose
define natural scales in that system. For example, the foraging area uti-
jized by a wolf pack and the time required to cover that area define a scale
for the individual pack. Interactions among wolf packs generate a next
jevel of larger scale defined by the spatial and temporal distribution of the

acks’ foraging areas. In systems defined by human interactions with
nonhuman components, natural scales may be defined by such things as
areas of resource harvest or roadside vistas (e.g., how frequently humans
see, interact with, different parts of a park).

In some cases, interactions may impress physical, observable patterns
in space and time. For example, the scale of gap-phase dynamics (interac-
tions among individual trees) may be evident in the spatial distribution of
tree species and stand structure (Urban et al. 1987). The activity of a beaver
colony can impress distinct patterns on the landscape at scales determined
by foraging behaviour and social interactions (Johnston and Naiman
1987). These physical patterns or structures may reinforce the responsible
interactions or influence interactions of other system components, even
when viewed from alternative perspectives. Consider the impact beaver
ponds or wallows created by alligators, buffalo, or other large animals can
have on the distribution and interaction of other species, nutrient cycling,
and energy flow.

Interactions that occur within a level are symmetric. The holons with-
in a level operate at similar rates and can mutually affect the behaviour of
others. Relations, interactions, between levels are asymmetric. O’'Neill et
al. (1986) identify these asymmetric relationships as constraints (O'Neill et
al. 1989). Constraint is a very general term, simultaneously useful and
potentially confusing. A molecule of gas may be constrained both by the
walls of a container and by interactions with neighboring molecules. Here,
I limit my use of constraint to those controls that emerge as a consequence
of system interactions. Other extra-system controls (e.g., the walls of the
container) I refer to as boundary conditions.

Constraints from lower levels appear as potentials (the biotic potentials
of O’'Neill et al. [1989). Behavior of a system at one level is partially a con-
sequence of the aggregate, integrated, behaviour of lower level compo-
nents. These lower level behaviours can set limits on the behaviour of
higher levels. They are particularly evident as rate-limiting interactions
(analogous to rate-limiting steps in chemical dynamics). For example, a
higher level cannot process material at a rate faster than the fastest rate of
its functional components responsible for that processing. Salthe (1985)
refers to these lower-level limitations as initiating conditions.

Within a hierarchical system, potentials are normally not realized.
Interactions among system components at a given level constrain the
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expression of a behaviour to be less than the potential provided by lower
levels. Again, with reference to rates, the behaviour will be slower than
the potential. As noted above, it is this difference in rates that defines the
levels of the hierarchy. The interactions at one level generate the comy

nents of the next higher level, forming the potential for those higher leve] |
components. The aggregate behaviour of components at one level is 3 |

property of the next higher level and appear to the individual components
of a given level as part of their environment. O'Neill et al. (1989) thus iden-

tify constraints from higher levels as environmental limits. These limits may °

arise from the immediately higher level, as a consequence of symmetric
interactions with components of similar rates, or they may arise from
higher levels. The further removed, the slower the rates, the more likel

they are to appear as part of a very slowly changing or constant environ. _

ment. At a given level, a single component acting alone has little influence
on the aggregate behaviour of the next higher level of which it is a part.
However; it may be strongly constrained by that aggregate. -

Consider a couple of simple examples. While it is true that a wilde-
beest herd migrates as a consequence of the movement of individuals, any

single individual has very little influence on the stampeding behaviour of

the migrating herd. The individual wildebeest is, however, strongly con-
strained to follow the herd, to “go with the flow.” More subtly perhaps, a
canopy is made up of individual leaves and canopy photosynthesis is a
consequence of the photosynthesis of individual leaves, At the same time,
the canopy is the environment of any individual leaf, and single leaf pho-
tosynthesis is constrained by this environment. Realized canopy photo-
synthesis is less than the sum of potential individual leaf photosynthesis.
The asymmetry of interaction in the vertical structure of a hierarchical
system has important consequences for system integrity and response to
perturbation. Signals or fluctuations from lower levels are attenuated,
damped, by successively higher levels. The further removed the lower
level is from the level being observed, the more complete the attenuation.
The responses of higher levels are integrated, averaged, responses of
lower levels. Thus, a detectable response of a higher level to perturbation,
fluctuation, in a lower level requires either very strong change in one or a
few lower level components or very extensive change in most or all of the
lower level components. The change must perceptibly alter the average of
the lower level components. This property of normal hierarchical struc-
ture isolates higher level organization from all but the most extreme or
extensive lower level fluctuation or perturbation. When the higher levels
begin to respond at frequencies very close to that of the lower levels, the
hierarchical structure of the system has degraded. Whole system integrity
is thus maintained by the asymmetric between-level relationships (or
loose vertical coupling [Simon 1973]) of hierarchically organized systems.
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mponents at lower levels are constrained py the
i Beclatz(les s{}i;mn;egoor l;)Jerturbations at higher levels frequently impact
g el c'omponents. Perturb a higher level and its component lower
lower lev largely constrained to follow. The reverse is nqt true. Most
fevels 1a ree] rturbations will be attenuated. Consider again the wilde-
e} Sv mpfion of the wildebeests’ annual migration route, an effort
beeSf- Islm};e scale intervention, has an affect on every member of the
mrg‘e%noval of one individual, even a few, will have li!tle Or no conse-
herd. for the herd’s behaviour. If we remove enough mc.lmdu.als, the
jora behaviour or constraint is diminished by a diminution of mtferac—
herche ng individuals. The aggregate begins to act less-and-le-ss like a
herd. arw:::\tﬁally collapsing into erratic individual behaviours. 'I:hns- lqss of
:1: rde':re level organization will have dire consequences for t!\e mdl.wdua:
wildebeest dependent upon the context of the herd, and it can 1mptahce
other.components of the Serengeti ecosystem that are dependent upon
jebeests’ annual migration.
Mld’?ﬁ:e:et?ataig:shaip begtrween scale and hierarchical level and thg asy;‘rp-
metric relationship between levels suggest an expectc?d rel:atlorizc;sa
between the scale of perturbation and whqle-ecosystem mtegne‘tjy. Loca N
fine scale, or short term perturbations are likely to be attenuated a rse);
are transferred through paths of interaction to lafger, longer tef'm; }foa;me-
scales. The consequences of fine scale perturb?hons are seen in the e
ated averaged behaviour at larger scale§. This average will atter;)ua:i o
mask all but the most extreme or extensive smaller scale pertur adott}\‘se.
The greater the difference is between the _scale of perturbatlorc\l an e
scale of observation for ecosystem int'egnty., the greater the egreense
attenuation. This theoretical consideration remforces the cqxl;mino:\ s}save
expectation that localized short term permrbatlc?ns are 1.mh ely to :
consequences for large ecosystems and lor.\g Penods.s (.)f. time. \(/i\{h'en t) z)r'
do, chaotic behaviour (e.g., extreme sensitivity to n?mal co'n l)uc})‘ns r
catastrophic behaviour (e.g., bifurcation) is an lr'\dlcahon that: (ah.t e 5{‘ >
tem is not organized as a nested, rate-ordered hlel-'ar'chy, (b).tbe l1;3rtarc o
cal structure has deteriorated, or (c) the system is in transition _wem.
alternative hierarchical organizations (O’'Neill et le. 1989). In tl.\esef circu v
stances, hierarchy theory will be of limited use in the analysis of ecosy:

tem integrity.

Scale, Hierarchy, and Measures of Ecosystem Integrity

Ecosystem integrity is a holistic, whole-system property. It applie:; t% t};:
entire integrated system and not just one or more of its componeln f \ ol
body temperature is similarly a holistic measure of thermal state in
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homeotherms, and a crude analogy can be drawn between measures of |

body temperature and measures of ecosystem integrity. However, most

€écosystems at issue extend over large areas and persist for long petiods of
time. It is thus difficult to devise |

body temperature. Whatever empirical measurements we ultimately
employ to characterize ecosystem integrity, these measurements wiij

almost invariably come from scales and levels of organization smaller,
finer, or lower than the entire system. Remote sensing holds the promise .

of larger-scale ecosystem measurements, but effective use of these mea-
surements will require the determination of meaningful relationships
between spectral signatures and other ecosystem attributes reflectin
ecosystem integrity. In the interim, and to complement these efforts, we
must normally deal with a set of measurements from scales smaller than
the whole system. From this set of measurements, we must devise some
collective integrated measure for the aggregate system.

The scaled interactions of a hierarchically organized ecosystem can act

as natural integrators of local processes. This natural integration is espe-
cially evident in scales defined by physical characteristics of the system.
Watersheds are a good example. Water flowing through the watershed
integrates many local changes over a rather clearly defined extent.
Similarly, the foraging of a wolf pack integrates the finer scale temporal
and spatial variability of their prey.

Advantage can be made of these natural scales of integration.
Focusing a field measurement campaign on these natural integrators can
reduce the number of local measurements required to characterize the
entire system. Measuring output at the point of watershed discharge pro-
vides an integrated, holistic, measure for the entire system over the spatial
extent of the watershed. Only a single point measurement at the weir is
needed to characterize the entire spatial extent of the watershed. The weir
measurement also integrates temporal variations over the period of the
watersheds retention time. Successive measures at the weir over time pro-
vide for further integration. Thus, if I could identify a single watershed
containing the entire ecosystem of interest, I would be tempted to focus
my measurements there, at the point of discharge. In a sense, I can “take
the temperature of the watershed.” Airsheds and bodies of water with
periodic turnover are related examples of natural physical integrators.
Additional examples of a slightly different nature include tree rings,
which integrate small scale variability in small scale individual leaf photo-
synthesis (O’Neill ef al. 1986), and top level consumers, which frequently

integrate toxic contamination of the ecosystem through the process of
bioaccumulation.

arge scale, single-valued measurements |
of ecosystem integrity comparable to using a thermometer to measure |
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i s in using these natural inte.gratoys.
y a:zgr:tl:a: :;ia\:\(::s%tey of natu:gl and anthropogenic varia-
difficult to ascribe cause and effect to observed changei;
ood production and stream nutrient concentration are iac i
Annua :vd by many factors. Isolating a single cause (e.g., an anthro
e di tu)t"bance) can be difficult. Witness the difficulty of assigning
poBe dlts:servations of forest dieback at higher altitudes of t!'ne eastern
:Januist:dtosgtes Observed mortality could be a consequence of :tc}::rp;:cctlg:;
: r lack of it) integrates so many |
:aﬂg::;i?:gt :\()al'te::alg:(:xv;,ct:;sgi)on),that it is difl;git:ult to precisely define the
in
mntﬂbuﬁo‘;c(;fi:nza(:x\faiaict:?;érators also tend to attenuate or smooth out
fi uszgf: varia'bility. This attenuation tends to _rt.emove_ﬂne scale n((;lset
o ations and it makes detection of significant signal or trend a
e Obiel:: more likely. However, it also filters out finer sc.ale s:gn.als that
may ;:cindicative of developing problems. We are caught in the dilemma

There ar )
Because they In

 of making observations at the appropriate larger scales of the system, but

i issing significant signals from
i e nagging concern that we may be miss ¢
;;rrl\t:;t:calesgg:\dglimiting our ability to ascribe cause-at::dt elgre\;t atgv(;:l‘r
rvati i le measurements, ta -
ations. In compromise, larger sca akin,
?abgs::)‘;’ natural integrators, may need to be complemented with finer scale
\easurements. - _ o
meals)uespite their disadvantages, natural scale§ of integration, if they caor;
be identified, should be utilized in the sam‘phr.\g design fltzirntgmfaiaeslgr'esea_
ecosy i ity. Given the practical limitations on makin
s over e i d for long periods of time, it must sure-
surements over extensive areas and for long period: ; e iort
i the sampling design for mos ;
ly be appropriate to structure ; e
i zed by natural scales of in
returns. When the system is characteri hteraction
i i i i ith respect to those scales. For e
or integration, this means sampling wi o o time and space
, an ecosystem will normally exist across a rang - P
I;s’clsleas. Onciythe time-space boundaries of the ecosystem are ldentlfl?td,
either by consideration of process or the boundaries 9f management 1tm1 §:
it is essential that the observations used to characterize ecosystem in egn-
ty characterize the entire extent of the ecosystem. Finer .scale he:er(}%e;\:r
ity is one of the factors determining the n;tureﬁof thltse staggt;.in ,h for
the entire exten
example, the ecosystem were the same over : :
and sgace) with rZspect to the observations for ecosystemtmteeg};'ll:eys,e ?‘rt\ltyh:
i t would be necessary to
single, smaller scale measuremen : l t the
i i tem increases, a larger samp
entire extent. As the heterogeneity of the sys _ . Pl
'grain i i ively characterize the entire ecosystem.
of finer 'grain is required to effectively . tem
i i i the scale of the entire ecosy.
Targeting scales of integration as close to ystem
i i les necessary to mee
as possible will reduce the number of samp t
reql:i)rement. For example, fewer second order watersheds must be sam
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pled than first order watersheds to characterize a landscape. The identif;. |
cation of natural scales of integration may be used to locate holistic inte. |

grated measures like those at watershed weirs, or the scales may be used

to stratify multiple, disaggregated, finer scale samples. These approaches |
might also be combined. Again using the watersheds as an example, a
sampling strategy might take advantage of the scale structure of ap |
ecosystem by including integrated measures at the weirs of ith-order -
watersheds (e.g., stream water chemistry) and supplementing these mea.
surements with samples of soil columns spatially distributed within one

or more of the ith-order watersheds. The distribution of samples within
these watersheds would logically be stratified by watersheds of the ith-1
“order. Similarly, holistic, integrated measures of the quality of wolf habi.

tat in a wolf-moose ecosystem might be obtained by monitoring the fecun.

dity and survivorship of all wolf packs within the extent of the ecosystem,
Finer scale measurements of individual wolf health, prey density, and

vegetation could be made within the home range of one or more of the |

acks.
P Targeting scales close to the scale of the entire ecosystem of interest
will also increase the likelihood that observed changes will be of conse-
quence for the entire ecosystem, Changes in the soil chemistry of a few
local sites are unlikely to be indications of changes in the chemistry of the
entire ecosystem. Changes in the stream chemistry of higher order
streams, on the other hand, are very likely an indication of a change in the
entire ecosystem. Similarly, illness of a few wolves or local fluctuations in
prey density will not likely be expressed as a change in the wolf popula-

tion of the entire ecosystem. A decrease in reproductive output of even

one pack is more likely to indicate a decline in the ability of the ecosystem
to support wolves. Again, these larger scale integrated measures are
invaluable in detecting change like a loss of ecosystem integrity, but they
may have to be supplemented with finer scale measurements to deter-
mine cause and effect.

Natural scales of integration may be identified by considering the
interactions that bind a system together and the medium of that interac-
tion (e.g., nutrients and water flow or trophic interactions and the area tra-
versed in foraging). Tangible physical attributes of the system may clearly
demarcate scales of the system (e.g., watershed topography, windthrow
areas, or lake shores and other physical barriers to movement).
Quantitative analysis of spatial (or temporal) patterns may reveal less
obvious scaled structure that can also be associated with hierarchical sys-
tem dynamics (O'Neill et al. 1991). Allen and Starr (1982) discuss, at some
length, methods of multivariate analysis of spatial and temporal time
series data for identifying scale in community ecology. Turner et al. (1991)
review the use of spatial statistics to identify scales in landscapes.
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may be utilized in identifying scales of
?f thes:cr(:;et;(;dr:;l%m?;zs 012, which data to collect will prima.ri-
inmu?llzle:\ced )l,)y the choice of indicators of ecosystem integrity
ly be ":t et al. 1985) which are, in turn, largely determined by the perspgtc};
P d in defining the ecosystem. Allen and Starr (1982) note, wi
tve vo the problem of deciding which data to collect and dealing with
bi:suc))f a p}:iori perspective, that “The best we can do is to r.tle)clord :j
the ssible, as frequently as possible, for as long as possible, a
mUCht:\:tpxe have not innocently passed over crucial keys to understa.md-
hope tem’s behaviour.” I believe this admittedly sc.)mewhat unsatisfy-
e S%Seline applies to measures of ecosystem integrity. Allen and Starr
i 2y on to suggest that once the data are collected, data transffmna-
(.1982) gg tools of data analysis are used to “illuminate the structure 1n}}er-
uon.;‘» art‘he data.” Identification of scales of integration or hierarchical
e rr:ization and other considerations of scale and hierarchy largely f.ol-
fc:vgva the choice of measures of ecosystem il‘;:iegrit();,j i.e., the perspective
i r for which, integrity is being addressed. .
fron;t“s,ll::fuhl'dobe noted that tl?eg?cales identified by any of the various ;ln?-
lytical methods are as dependent upon the perspective or cnten?nttl: d 0
rder observations as are the chosen measures of ecosystem integ y-.
(f)"urthermore, the scales of integration defined from one system perspec_
tive for one indicator may not coincide with those for another. Fo; :;(i?\r:d
ple, the scale of the ith order watershed sul?system in the s})"stem n
by waterflow may have little in common with the scale of the cor‘;l.mu t);
or population bound together by cl:m;petilt:ve mtera}c‘txons or the dispersa
i agules unfettered by local topography. o
of ml;:gar?xzepg;pth%udependency of Z,cales of integration on system deftlm-
tion, efforts should be made to identify the natural scale of the ecosys erri
from a variety of perspectives. This should at least be done for gverxv ;})ler
spective involved in the suite of indicators for ecosystem in.teg:ty. vi.e;;
natural scales of integration from different perspectives coinci e,1 sp::cnd
attention can be given to measuring at those scales. These scales alsto e d
to coincide with tangibles (e.g., watersheds) and they form natura afrger_
for measuring or monitoring strategies. If, for example, a venety of pe -
spectives converge on the scale of the ith order watersheds in andec:):ys
tem, measurements for ecosystem integrity can be targeted towa‘r) s ! ese
watersheds. Preservation of the integrity of t.hese watershe.d subsys (tems
may be crucial to the preservation of integrity for the entire ecosystem

viewed from a variety of perspectives. :

All
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