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PO Box 8089, Missoula, Montana 59807, USA

74.1 INTRODUCTION

Environmental indicators have been used for nearly 100 years, providing *. . .
information about the state of erivironmental quality not obtainable in other
ways” (Inhaber, 1976, p. 105). Individual species are currently used as indicators
in three ways: (1) like the miner’s canary, to assess environmental contamination
from toxic compounds (e.g., Wren, 1986; Levin ef al., 1989); (2) Lo assess environ-
mental conditions such as temperature, nutrient concentration, and pH on land
(e.8., Zonneveld, 1983, 1988) and in water (c.g., Hellawell, 1986; Soule and
Kleppel, 1988); and (3) to assess ecological attributes, primarily population trends
of other species (e.g., Szaro and Balda, 1982; Starfield and Bleloch, 1983), and
habitat quality or ecosystem health (e.g., Powell and Powell, 1986). Using indicator
species in the first two ways is well established with a broad empirical database. In
contrast, using ecological indicators to assess ecological attributes is a relatively
new and rapidly increasing procedure, but its use is neither conceptually nor
empirically well established (Jarvinen, 1985; Gotmark et al., 1986; Landres et al.,
1988; Soule, 1988).

This paper critically examines the use of terrestrial ecological indicators to assess
population trends of other. species and habitat quality or ecosystem health (Fig.
74.1). This paper briefly reviews some traditional and current uses of ecological
indicators in the United States, discusses potentially serious conceptual and practi-
cal problems in using vertebrate species as ecological indicators, presents a detailed
analysis of an ecosystem-based approach to assessment using ecosystem indicators
as an alternative to traditional indicators, and offers recommendations for mitigat-
ing some, but not all, of the problems in using ecological indicators.
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Fig. 74.1. Conceptual model showing mecasurement of environmental conditions directly
influencing the indicator specics, and inference or extrapolation of these conditions to the
species of interest. Solid lines show direct influence and the dashed line shows inference.

74.2 CURRENT USES OF ECOLOGICAL INDICATORS

Many of the current uses of individual species as ecological indicators were
initiated by the United States Fish and Wildlife Service and the United States
Forest Service. The U.S. Fish and Wildlife Scrvice developed Habitat Evaluation
Procedures (HEP) (USDI, 1980a,b,c) *. . . to document the quality and quantity,
of available habitat for selected species of wildlife™ (USDI, 19805, p. 1-1) referred
to as “evaluation species.” Evaluation species are chosen by socioeconomic and
ecological criteria. Habitat preferences of evaluation specics are then extrapolated
to other species in the wildlife community. HEP procedures were initially derived
for assessing impacts of water devclopments on wildlife habitat (Daniel and
Lamaire, 1974), were subsequently refincd and tested, and are now widcly used in
aquatic and terrestrial habitats. _ ‘
In the U.S. Forest Service, each National Forest must identify ‘““Management
Indicator Species” (MIS), as specified in the Code of Federal Regulations (1985)
pursuant to the National Forest Management Act of 1976. MIS include recovery
species which are identified by State or Federal governments as threatened, endan-
gered, or rare; featured species which are of social or economic value; sensitive
- species which are identified by Regional Foresters as particulary sensitive to
management activities; and ecological indicators which are used o monitor
environmental factors, population trends of other spccies, or habitat conditions,
Specific goals, objectives, and standards for MIS are in each National Forest Plan,

74.3 THE NEED FOR ECOLOGICAL INDICATORS

Ecological indicators are needed because ““. . . of a very practical problem: too
many needs, too few funds” (Jarvinen, 1985, p. 102). In general, using individual
species as ecological indicators appears to overcome this problem. Indicators
reduce costs by reducing the number of variables that need to be monitored and
by providing spatial and temporal averaging of environmental conditions. For
example, honey becs (Apis millifera) from a single hive forage over several square
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Fig. 74.2. “Target” diagrams illustrating how the accuracy {ncarness to the “bulls cye™ or

center of the target) and precision (or scatter) of data influence the cost of a st udy. The target

at the far left shows that ncither precise nor accuratc data arc relatively incxpensive.

Accurate but not very precise data (right center) are comparable to data that are precise but

not accurate (left center). Data that are both precisc and accurate ( far right) are relatively
’ expensive.

miles yielding a spatially averaged sample uscful in assessing environmental con-
tamination from a variety of air pollutants (Bromenshenk et al., 1985).

The increased use of ecological indicators results from two assumptions. First
monitoring one or several indicator species is assumed to be a cost-effective
alternative to studying many species, processes, and environmental conditions within
an ecosystem. And second, monitoring one or scveral ecological indicators is
assumed to be a sufficiently accurate and precisc alternative to exhaustive asscssment
and monitoring. “Sufficiently accurate and precise” entails further subjective,
statistical, and conceptual assumptions in determining whether an ecological
indicator reliably represents populations of other species. These assumptions are
examined below.

744 ARE ECOLOGICAL INDICATORS FFFECTIVE AND RELIABLE?

74.4.1 Cost-effectiveness

Costs may be reduced by using indicators that are abundant, conspicuous, and:
easily recognized (Szaro and Balda, 1982; Sidle and Suring, 1986). However,
Verner (1986) dispelled the cost-effectiveness argument by showing that to reliably
detect a 10% change between years (with 95% confidence) in population numbers
of the pileated woodpecker (Dryocopus pileatus) sampled at random locations,
total costs would exceed $1 million per year. Verner’s analysis reveals that even
conspicuous and easily recognized species (such as the pilcated woodpecker) can
be very expensive to monitor. Detecting statistically significant change in most
ecological parameters will likely be expensive.

In addition, there are no clear guidelines for choosing the number of indicators
needed for assessment or monitoring efforts. HEP guidelines for determining the
number of indicators are ambiguous at best (Landres e al., 1988). In the only study
on the number of indicators used in HEP, Fry et al. (1986) recommended that the
maximum possible number of specics be used to increase assessment precision. If
statistical accuracy and precision are maintained for all indicator species, monitor-
ing efforts will be very expensive (Fig. 74.2). This expense requircs subjective
decisions to balance precision, accuracy, and cost, potentially abrogating the
effectiveness and reliability of using indicator species.
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Fig. 74.3. Conceptual model showing mcasure-
mcyy of environmental conditions directly influenc-
HABITAT QUALITY ing habitat quality of the indicator species, and

oF inference or extrapolation of these conditions to
INDICATOR SPECIES the species of interest. Solid lines show direct
influence and the dashed line shows inference.

74.4.2 Indicators of population trends

Both the U.S. Fish and Wildlife Service and U.S. Forest Service use indicator

species to assess population trends of other species. HEP guidelines state that
. predicted impacts for these [evaluation] species can be extrapolated to a

larger segment of the wildlife community ... (USDI, 19805, p. 3-2). The

Code of Federal Regulations (1985) mandates the U.S. Forest Service to use
. population changes [of management indicator species to]. . . indicate the

effects of management activities on other species.”

Extrapolating the population response from one species to another is conceptu-
ally problematic (Landres, 1983; Verner, 1984), and empirical studies confirm these
problems (Mannan et al., 1984; Szaro, 1986). Each animal species has a unique set
of breeding characteristics, foraging behaviors, diet, and habitat requirements.
These differences among species make extrapolatlon from one species to another
difficult or impossible. Population density in some species may be limited or
regulated by habitat, and in others by predation, disease, extreme weather con-
ditions, or unknown factors on migration routes or wintering grounds. Given such
variation among specics, it is very unlikely that population trends between any pait
of species would change in parallel fashion. Neither conceptual nér empirical
studies support extrapolating the population trend of an indicator species to other
species. This approach to ecological monitoring should be rejected unless justified
by long-term research on the specific species. !

N
74.4.3 Indicators of habitat quality
Both the U.S. Fish and Wildlife Service (USIDI, 19805) and the U.S. Forest Servwe
(Nelson and Salwasser, 1982; Capp et al., 1984; Hoover and Willis, 1984; Code of
Federal Regulations, 1985) use indicator species to assess habitat quality for other.
species. Using indicator species in this way assumes that population density of the
indicator is a reliable index of habitat quality for that species, and that habitat
quality for any species in that ecosystem may be inferred from what is deemed to
be adequate habital quality for the indicator (Fig. 74.3). For example, in on¢
National Forest it was suggested that management of 414 species of forest verte.
brates could be achieved by managing for elk and three species of accipiter hawks
(Mealey and Horn, 1981), and several current Forest Plans show a similar use of
indicator species. Conceptual problems of this use of ecological indicators are
discussed below.
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Fig. 74.4. Confounding of criteria used in sclecting indicator species. Solid lines show

selection of indicator species directly from socio-cconomic and political criteria. The dashed

line shows inference or assumption of fulfilling the ecological criterion after indicator species
have been chosen by other criteria.

74.4.3.1 Population density as an index of habitat quality

There are several problems with this assumption. Densily is a tenuous index of
habitat quality if winter habitat, dominance status, reproductive success, predator
populations, and seasonal fluctuations in resources and abiotic conditions are not
considered (Van Horne, 1983; Maurer, 1986). Difficulties in estimating density may
also yield inaccurate results and conclusions, particularly over the short-run.
Sampling problems are especially severe in species with low population densities,
despite such specics often being considered good indicators for other reasons.
Finally, stochastic variation in population attributes unrelated to cnvironmental
change would reduce the rcliability of the specics as an ccological indicator.

74.4.3.2 Geographic extrapolation

There are several problems when an indicator chosen in one area is assumed to be
appropriate for use in another area. Although geographically separated habitats
may appear similar, subtle différences in habitat attributes and environmental
conditions may influence an indicator’s density or role in the community. In
addition, genetic differences among distinct populations of an indicator species,
combined with different specics composition of the associated wildlife communily,
will likely influence how the indicator responds to environmental change. Wildlife,
habitat-relationship models strive to quantify interactions among these variables,
but much improvement is still needed in these models (see Verner et al., 1986).
Because every population of a species is embedded in a unique environmental
matrix, it is not appropriate to assume that an indicator chosen in one area is
necessarily valid in another arca.

74.4.3.3 Confounded selection criteria

Selection criteria used to choose indicator species are often confounded or arbi-
trary (Landres et al., 1988). That is, species chosen to fill the needs of one criterion
are then used to satisfy a different criterion (Fig. 74.4). For example, HEP guide-
lines state that “species of high public interest should be included . . . because in
many cases such species do serve as ecological indicators™ (USDI, 19805, p. 3-3).
And in some National Forests, elk (Cervus elaphus), a species with high socio-
economic value, is proposed as an indicator of habitat quality for other species.
The criterion used to select evaluation species and MIS in large part determines the
success or failure of meeting stated project goals. Allen et al. (1984) strongly argue
that the criterion used for observing a system dctermines the ability to make
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accurate and meaningful conclusions about that system. Confounded selection
criteria, such as using elk for an ecological indicator when it was chosen primarily
under socioeconomic criteria, destroys the credibility of an indicalor species.

74.4.3.4 Species-specific resources

Managing an area for an indicator species ight maintain those environmental
conditions needed by that specics, while ignoring ccological resources and proces-
ses needed by other species (Kushlan, 1979). Indeed, the more that is known about
an indicator species, the more exact management dctions can be. and the less likely
these actions will suffice for other species (Ruggicro ef al., 1988). "The result is that
one gets what one manages for, and maybe little else.

Scveral scholars (c.g., Wilcox, 1984; Soule, 1986) and Federal agencies suggest
using high-trophic level mammalian and avian carnivores as indicators of habitat
quality, based on the assumption that the large area requirements of such “umbrella
species” likely includes the spectrum of resources needed by other organisms
dependent on that habitat. Such charismatic megavertebrates also garner public
attention and increased funding.

In contrast to the above view, umbrclla specics may not be reliable ecological
indicators for several rcasons. Specics with large arca requirements likely shift their
use of resources within their home range, integrating adverse and beneficial
environmental changes, indicating little beyond their own resource requirements.
In the short-term, Federally listed threatened and endangered species such as the
grizzly bear (Ursus horriblis) and northern spotted owl (Strix occidentalis caurina)
provide an expedient umbrella because large areas of land are immediately set aside
for these species. In the long-term however, it is not known whether managing for
one or several umbrella species will maintain all of the resources needed by all of
the species in the habitat. If the goal is to maintain all of the species in that habitat,
it is ecologically more appropriate to manage for the habitat or ecosystem per se,
providing a course filter ensuring maintenance of the full range of species, ecologi-
cal resources, and processes, rather than relying on umbrella species which may
provide only a fine filter allowing the eventual loss of other species.

74.4.3.5 Defining habitat quality .
Without a precise definition for the phrase habitat quality it is uncertain what the
ecological indicator is assessing. Habitat quality likely includes such factors as:
species composition and structure of the vegetation, wildlife taxa and their
reproductive rates, interactions among the biota, as well as abiotic and stochastic
factors. Given such complexity, it is very unlikely that a single species could serve
as an index of the structure and functioning of an entire community or ecosystem
(Ward, 1978; Cairns, 1986), just as a single index or number will never be an
adequate estimator of complex behavior (Allen ef al., 1984; Westman, 1985),
Schroeder (1987) suggested that a lack of quantitative studies clearly linking
indicators with specific community attributes precludes using them at the habitat
or community level. Olendor(T er al., (1980) reached a similar conclusion regarding
raptorial birds as indicator specics of habitat quality. Without long-term research
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it is diflicult or impossible to judge the eflicacy of an indicator specics as an index
of habitat quality for other species.

74.5 ECOSYSTEM INDICATORS

The above uses of ecological indicators result, in part, from the traditional use of
a species-based approach to management and assessment, which is now being
questioned (Hutto et al., 1987; Scott et al., 1988). In contrast, an ecosystem-based
approach relying on indicators of ecosystem structurc and function offer several
benefits over the traditional focus on individual spccies, including:

1. Maintaining the spcctrum of biotic and abiotic resources and processes that
provide the framework and conditions for evolution. From a biocentric
view, evolution allows species lo adapt to cnvironmental changes, both
natural and human-caused. From an anthropocentric view, evolution

- provides the species and genetic resources vital for agriculture, medicine,
and economic development.

2. Preventing species from becoming threatened and endangered, averling the
need for a brinkmanship approach to saving species and costly recovery
programs.

3. Maintaining ecosystem scrvices (Ehrlich and Mooney, 1983) that dircctly
and inexpensjvely benefit humans. Such services include erosion and flood
control, plant nutrients released from decomposition, pollination of food
crops, biodegradation of pollutants, and many others.

4. Lower management costs. It is probably casier, more cfficient, and cost-
effective to protect and manage an area of land or water with an intact,
functioning ecosystem than to manage and monitor every component of an
ecosystem individually.

5. Reducing costly (in terms of dollars and effects) management mistakes.
Despite many successes, natural resource management policy and action
frequently produces costly failures, especially in light of new information
and the clear vision of hindsight. An ecosystem approach to managing and
assessing natural resources is a conscrvalive approach, ensuring mainte-
nance of all ecosystem components and processes. This idea was eloquently
expressed by Leopold (1953): “If the biota, in the course of acans, has built
something we like but do not understand, then who but a fool would discard
seemingly useless parts? To keep every cog and wheel is the first precaution
of intelligent tinkering.”

If the ecosystem is the most appropriate level for management and assessment
efforts, and “many properties of ecosystems cannot be studied at smaller than
ecosystem scales . . . in any meaningful way” (Schindler, 1990), then research and
monitoring must be geared specifically towards this level. The need for an ecosys-
tem-based approach is clear (Agee and Johnson, 1988; Hunt, 1989); the important
question is “How?” The answer requires defining what an ecosystem is, and
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discussing how the concepts of ecosystem “hecalth’ and “stress” directly affects the
benefits and limitations of using ecosystem indicators.

74.5.1 Defining ecosystem health and stress

An ecosystem is the biotic and abiotic components of an environment that interacts
to produce a flow of encrgy and cycling of nutrients. Although this definition is
commonly accepted and used in textbooks, an ccosystem is exceedingly difficult to
practically define for several reasons. The boundary of an ecosystem is dynamic
and permeable: every ecosystem is embcdded in a mosaic or matrix of other
ecosystems, with matter and energy flowing across their boundarics (Wiens et al.,
1985), significantly affecting ecosystem structure (Ricklefs ef al., 1984). Spatial
variation in environmental conditions, historical influences, and disturbance
means that the components of a given ecosystem will likely be ditTerent from one
area to another. Also, specics respond individually to resource necds and oppor-
tunities, further increasing spatial variation (Westman, 1990). Finally, ecosystems
change over short and iong time scales with succession and climate shifts. All this
variation implies that ecosystems arc arbitrarily defined, both in space and time,
and that only clearly dcfined management and assessment goals allow a working
classification of ecosystem boundarics and discerning the effects of perturbations
on ecosystems.

Current research aims to understand the effects of pollutants and other stresses
on ecosystems (e.g., Levin ef al., 1989). In the United States, Woodwell (1962,
1967) was the first to study these effects, examining the impact of radiation on
terrestrial ecosystems. Similarly, Barrett (1968), Malone (1969), and Shure (1971)
investigated the impact of insecticides. Woodwell (1970) applied the concept of
organismal stress to analyze the effects of perturbations on ecosystems, and Barrett
et al., (1976) introduced “stress ecology™ as the systematic study of these effects.
Barrett and Roscnberg (1981) and Rapport ef al., (1985) significantly clarified and
expanded the application of organismal stress to ecosystems. In the literature, the
word stress is used both as a perturbation and as a response (e.g., stressed ecosystem).
In this paper, stress is used to denote an external factor, force, or stimulus (e.g.,
toxic chemicals or habitat fragmentation) applied to an ecosystem.

Ecosystems that are unaflected by stresses are essential as controls to compare
and understand the effects of perturbation. Leopold (1949) drew a direct com-
parison between pristine ccosystems and the concept of health, writing that “a
science of land health needs, first of all, a base datum of normality, a picture of how
healthy land maintains itself as an organism” and that the . . . most perfect norm
is wilderness.” Schaefler et al., (1988, p. 448) define ecosystem health as *. . . the
absence of [ecosystem) disease,” defining ecosystem disease as *“. . . damage to, or
impairment of, ecosystem components. Disease in ecosystems, as in humans, has
short-term and long-term, major and minor effects. A disease is of concern if
homeostatic repair mechanisms are insufficient so that illness progresses to disease
where the failure of the ecosystem to function within acceptable (healthy) limits
occurs.” Rapport et al., (1985) develop this idea into an *“ecosystem-level distress
syndrome” exhibiting a “linked set of symptoms.™



Fcological indicators 1303

Despite interest and some success in applying concepts of human health and
stress to ecosystems (e.g., Rapport et al., 1981, 1985), these may be specious
analogies for two reasons. First, ecosystem components vary both spatially and
temporally, in contrast to the body of an organism. While the addition of a
different organ or the lack of certain organs would be devastating to a bady, such
circumstances are within the bounds of normal variation for most ecosysiems.
Second, unlike a body, disturbance is an essential part of many ecosystems,
necessary for maintaining heterogeneity and the survival of certain (e.g., fire-
adapted) species. Both aspects, variation and disturbance, are crucial in defining
ecosystems and identifying change in response to stress. Like the attempt to define
an ecological community as a super-organism (Mclntosh, 1985), defining ecosys-
tem health or stress on a human model may be ill-conceived, diverting attention
and effort from more effective and productive analyses. An alternative to using
ecosystem health in identifying stress is presented below.

74.5.2 Identifying ecosystem health and stress .
Ecosystem health may be identified without resorting to tenuous analogies of
human health or stress syndromes. It is more direct and effective to use a set of
reference areas or sites to define the standard of “health” or the nominal values for
the ecosystem of interest. Similarly, those same components and observations used
to characterize each ecosystem could then be used as indicators of change in
different areas of the same ecosystem type. Observations of these indicators in the
area of interest would be compared with nominal values of these same attributes
from the reference areas, taking into account known variation, disturbance history,
and the age or maturity of the ecosystem. Similarly, Odum and Cooley (1980)
suggested developing an ecosystem profilc in a disturbed arca based on several
indicators; this profile was then compared with the profile from an undisturbed
area. .

A set of reference areas is needed for each ecosystem type to quantify variation
in the components used to characterize that ecosystem. Reference areas should be
as pristine as possible (Schindler, 1987), although it is . doubtful that any uncon-
taminated or unperturbed ecosystems exist today on Earth. There are two
problems with using reference areas to define a standard of comparison for normal
variation (Christensen, 1988). First, arbitrary decisions must be made in choosing
specific sites as reference areas. Decisions defining what exactly is the same ccosys-
tem will be difficult because there is so much variability within an ecosystem type
caused by factors such as soil type, topographic position, disturbance history,
chance events, or the mix of surrounding ecosystems. Indeed, suitable reference
areas may not exist. Second, as ecosystems change over time, for example with
succession, climate changes, and changing patterns of land use, the standard of
comparison also changes. Both problems basically address the difficulty of defining
spatial and temporal boundaries of an ecosystem as discussed above. Management
and assessment goals will be vital for resolving these decisions on a case-by-case
basis.

Either positive or negative change from the nominal values of the reference areas
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signals impact on the ecosystem and the magnitude of change signals the extent of
impact (Rapport et al., 1985). Depending on management and assessment goals,
some changes from the nominal values may be accepiable, requiring that critéria
for asscssing “significant™ change be established before monitoring. For example,
if one spccies of bacterium or bird is lost or replaced by another, a significant
change has probably not occurred. Defined limits of allowable or acceptable
change let natural resource managers know when concern or action is warranted.

74.5.3 Defining ecosystem indicators
An ecosystem indicator is any variable or component of an ecosystem that is used
to infer other attributes of that ecosystem, providing a synthetic or summary view
of the ecosystem or its components. Typically, a single ecosystem indicator would
be used to infer several attributes. For any effective ecosystem-based management
and assessment plan, ecosystem indicators are probably necessary to reduce the
number of variables to a tractable level. Ecosystems are composed of hundreds or
thousands of species, and their myriad interactions sustain complex ecological
processes that are just beginning to be understood. This complexity makes it
extremely difficult to understand how ecosystems work, to effectively manage
them, and to accuratcly asscss change. T
The goal of ecosystem indicators is Lo provide a shorthand method that precisely
and accurately reflects the structure and function of an ecosystem, and identifies
undesirable changes that have occurred or are likely to occur. The need for
‘precision and accuracy is paramount because ecosystem indicators will undoubtedly
be used by policy makers and interpreted by courts in judicial actions. Especially
valuable are early warning and diagnostic indicators (Kelly and Harwell, 1989).
Early warning indicators respond rapidly (o stress and need not be stress-specific
because their purpose is to signal that attention and research are necessary.
Diagnostic indicators are scnsitive and reliable to specific stresses, helpful in
identifying the cause of stress. Because each ecosystem is unique, it is imperative
to select indicators that fulfill the early warning and diagnostic criteria on a
case-by-case basis; even similar ecosystems in different geographical areas may
require different indicators. Sl
Which components of an ecosystem would be reliable indicators of change?
There is considerable debate about whether structural components (e.g., species
composition) or functional processes (e.g., primary production) are most appros
priate for assessing change (Kelly, 1989). In addition, structural and functional
components are linked together in different ways in different ecosystems, each with
very different consequences for selecting appropriate ecosystem indicators. Cairns
and Pratt (1986) suggest three possible linkages: (1) Structural and functional
componcents are so closcly linked that a change in onc causes a change in the other;
either component can be monitored and an accurate response in the other inferred,
(2) A change in structure does not cause a change in function because several species
are functionally redundant, i.e., perform the same function. In this case, individual
species may be lost without affecting ecosystem function, inferences cannot bk
made between the two, and function is the less sensitive indicator of stress. (3) A
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change in function occurs without a change in structure. For example., a perturhation
may affect a species’ metabolic activity without killing it, thereby altering an
ecosystem function. Asin the previous case, inferenees cannot he made between the
two components, but now structure is the less sensitive indicator. ‘These three
different linkages between structurc and function demonstrate that it is impossible
to select an indicator without detailed information an the specific ecosystem of
interest.

For theoretical and pragmatic reasons, hoth structural and functional observa-
lions are needed to characterize an ecosystem. These facts were recognized early on
by Odum (1962) and summarized by Schindler (1987, p. 11): “After 18 years of
manipulating whole [take] ecosystems, | find that changes in ecosystem function,
such as production, decomposition, or nutrient cycling, cannol be properly inter-
preted without analogous information on the organization and structure of the
biotic communities which perform the function.” Theoretically, ecosystems are so
complex that no single observation or index could adequately summarize this
complexity (see Indicators of Habitat Quality above). Also, different aspects or
levels of interest in the ecosystem require different types of observations and
criteria for assessing change (Allen ef al., 1984; Kelly, 1989). Pragmatically,
increasing the number of observations and indicators increases the likelihood of
detecting change, because stresses or impacts typically cause a scries of linked
changes that ripple throughout different components of the ecosystem.

74.5.4 Selecting ecosystem indicators .

Ecosystem indicators must precisely and accurately reflcct the ecosystem as well as
management and assessment goals. Ecosystem indicators may be based on the
following simple conceptual i ramework that is suggested as necessary and suflicient
to characterize all ecosystems for management and assessment purposes:

1. Ecosystem structure. Ecosystem structurc is the species composition, disper:-
sion pattern, and organization of plant and animal species into higher
ordered levels, such as trophic levels, food webs, or guilds. Dispersion
pattern refers to the spatial distribution of species and biomass, both vertic-
ally and horizontally. Although structure usually refers to a “moment in
time” picture of an ecosystem, temporal structure, or the change of struc-
tural parameters through time, is important for the long-term view of
ecosystems.

2. Ecosystem function. Ecosystem function is the set of processes that result
from interactions among the biotic and abiotic components of the ecosys-
tem. Three classes of processes are important from both scientific and
management views. First, processes Lhat affect the rate and total quantity of
energy flow, such as primary and secondary production, and production/
respiration or production/biomass ratios. Sccond, processes that affect the
rate and total quantity of nutrient cycling, such as decomposition, nutrient
turnover, and nutrient mobilization/immobilization. And third, processes
that influence ecosystem services important to humans.

3. Ecosystem variation. Variety is the essence of an ccosystem, as many factors
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influence ccosystem structure and function. Spatial, temporal, and seasonal
variation determine what we perceive as an ccosystem. For example, spatial
variation occurs with topographic position on north- versus south-facing
slopes, which influences insolation and temperature, available water, soil
development, decomposition, primary_production, and species composition
of the community. Long-term temporal variation occurs with succession
and climate changes, while short-term variation occurs seasonally and with
natural and anthropogenic disturbance.

4. Disturbance regime. Watt (1947) first recognized the central importance of
disturbance, but only recently (Whittaker and Levin, 1977; Pickett and
White, 1985) has the gencral importance of disturbance been recognized as
a primary factor contributing to the landscape pattern we sce today. Impor-
tant variables in describing disturbance (Christensen, 1988) include: patch
size, or the areal extent of a disturbance; frequency, or the number of
disturbances per time; return time, or the average time between disturbances
at a particular site; intensity, or the physical force of a disturbance; severity,
or the effects on a given organism; and predictability, or the regularity of the
above variables.

Of these four general ecosystem conponents, structural and functional components
are used as ecosystem indicators, while variation and disturbance regime define the -
limits of “normal™ or “acceptable” change of ecosystem structure and function. °
Choosing the specific structural and functional attributes that are appropriate
for ecosystem indicators-is a highly subjective process. Management and assess-
ment goals are vital in choosing ecosystem indicators; specific goals require specific
indicators. Specific goals also allow managers to discern when change in structure -
or function may be acceptable. The uniqueness of every ecosystem means there will
be no predetermined or inviolate rules to detcrmine which structural and functional
attributes need to be monitored. Goals, biases, local experience, funding, available
data, and intuition will all influence sclecting ccosystem indicators.

74.5.5 Indicators of ecosystem structure

" Indicators of ecosystem structure typically rely on the species that comprise the
ecosystem. In some cases, individual species will show the effects of ecosystem
stress before functional indicators for the simple reason that spccics may be
affected directly and immediately. Identification of the cause of ecosystem stress
may also be possible if the biology of the species is sufliciently known. There are
many problems in using individual species as ecosystem indicators, as has been
already discussed (see Indicators of Habitat Quality above). Even so, in some
ecosystems and areas, individual spemcs may serve as structural indicators, (e. g.,
functionally dominant or keystone species discussed below).

Generally, because of the hundreds or thousands of species in most ecosystems,.
species need to be combined into groups or sets, and attributes of these groups
assessed as structural indicators. Deciding which sets of species to monitor depends
on ecological values and management goals, which in turn depend on societal
values and priorities. Conceptually, ecosystems are composed of just three major
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Fig. 74.5. The three primary groups of organisms
i in most ccosystcms. Arrows show the flow of
energy from the sun to producers, consumers,
and decomposers. The arrow going from decom-
posers to producers shows the mineralization of
organic matter by decomposers and subscequent

use of nutrients by plants.
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|
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groups of specics: producers, consumers, and decomposers (Fig. 74.5). Although
in some cases consumers provide important regulatory functions such as pollina-
tion services, they typically contribute little to energy flow and nutricnt cycling.
Therefore, quantifying attributes of just the producers and decomposers may be
sufficient to broadly characterize ecosystem structure from an ecological perspec-
tive.

" Within each major group (however defined), species could be further divided
into guilds based on their usc of similar resources. The resulting guild structure,
similar to a food web, shows which rcsources are being used, how they are being
used, and who is using them (Landres, 1983), providing a tractable handle on
ecosystem structure. Alternatively, if there are specific management goals, a guild
structure based on management guilds (Verner, 1984) focuses on specific resources
and their use. :

Once groups of species are defined, the next step is selecting attributes of these
groups (hat serve as meaningful ecosysicm indicators. The following attributes
likely apply in many ecosystems, but their suitability must be decided on a case-by-
case basis. In particular, several of the following attributes are interdependent,
potentially confounding any analysis, but each conveys different information and
may be important in certain situations.

1. Species composition. Species composition is important because individual
species may show the effects of ecosystem stress directly through physiologi-
cal impairment (e.g., decreased metabolic activily or tumors), and death or
avoidance of the area. Plants (because they can’t escape stress) and animal
species with short generation times, high metabolic rates, or those involved
in obligatory mutualisms, are likely to be especially sensitive, immediately
showing the effects of ecosystem stress. Quantifying species composition
also demonstrates if retrogressive succession is occurring in response to
ecosystem stress (Rapport er al., 1985).

2. Species reproduction. In several cases, decreased reproduction was the first
observable response Lo ecosystem stress. [For example, reproductive failure
in brown pelicans (Pelicans occidentals) was seen before any observable
change in the adults (Blus et al., 1974).

3. Species richness. Species richness may dccreasc in response to ecosystem
stress as sensitive specics are eliminated (Fig. 74.6(a)). The result is a
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Fig. 74.6. Influence of disturbance on the number of species in a community. See text for
explanation of the three possible eflects of disturbance.

simplification of community structure as tolerant species increase in doini-
nance. Alternatively, species richness may increase as ecosystem stresses
fragment a habitat, increasing environmental heterogencity in the short run,
reducing dominance by a single species (Fig. 74.6(b)). The intermediate-
disturbance hypothesis (Connell, 1978) suggests that species richness

. increases with moderate stress levels, but at greater levels richness decreases

- because few species can cope with the stress ( Fig. 74.6(c)). In all of these
possible scenarios, whether species richness increases or decreases is of less
concern than the fact that there is a change, because any change in domi-
nance relations signals a potential impact.

Direct change and indirect or cascading change (Lovejoy et al., 1986) in
species composition and richness will also affect the trophic structure or
food web. '

Odum (1985, p. 421) suggested that “the impact of stress on the food web
is not clear-cut,” and offered some evidence that shorter food chains result
from lake eutrophication. In contrast, Schindler (1990) found shorter food
chains in acidified lakes, but not in eutrophied lakes.

4.  Species functional dominance. In several ecosystems keystone species provide
pivotal functional roles that maintain both ecosystem structure and
function. In his classic experiment, Paine (1966) showed how a seastar
(Pisaster) maintained rocky intertidal species richness. Similarly, Estes and
VanBlaricom (1988) showed the wide-ranging effects of the sea otter
(Enhydra lutris). Where a functionally dominant species is known to occur,

. monitoring all aspects of its natural history is imperative and costly.

5. Species size distribution. In some cases, ecosystem stresses cause a decrease

- in the average size distribution of the dominant plant and animal species,
changing the vertical structure of the ecosystem. This was clearly shown in
the vegetation of an experimentally irradiated temperate forest (Woodwell,
1967, 1970) and a boreal forest affected by sulfur dioxide emissions
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(Freedman and Hutchinson, 1980). Rapport ef al., (1985) describe similar
effects of several environmental stresses on fish populations. Woodwell
(1967) and Rapport et al., (1985), respectively, suggest two reasons for this
size decrease: first, smaller species may have more encrgy available for
maintenance and repair than larger species, and the reproductive tissue of
smaller plant species is closer to the ground and thi€refore more protecled
from injury than the meristimatic tissue of taller species.

6. Guild structure. Quantifying guild structure (c.g., the number, kinds, and
biomass of various guilds), may provide a convenient grasp of certain
components of ecosystem structure. For example, decomposition is an
essential process that requires various guilds of detritivores and decom-
posers. From an ecosystem perspective, these guilds of bacteria, invertebra-
tes, and microarthropods are essential for processing different classes of
detritus, while species composition per s¢ of these guilds is probably of less
importance.

74.5.6 Indicators of ecosystem function

Functional indicators convey information about ccological processes that arc vital
to the long-term maintenance of the ccosystem and the continuing evolution of
species (Ricklefs et al., 1984). Although species composition changes with normal
variation within an ecosystem-type, the set of ecological processes or functions that
provide energy flow, essential, nutrients and other resources do not vary in the
same way. From this view, ecosystems are defined by their processes and not by
species composition.

The importance of ecological and ecosystem-level processes is not disputed, but
they gencrally are not considered uscf ul indicators of stress because they respond
slower and recover quicker than structural indicators, shown conceptually by
Odum (1985) and empirically in aquatic ecosystems by Schindler (1990). For
example, ecological processes result from species’ interactions, so functional
impairment occurs only after component species are affected. Also, functional
redundancy of species increases the length of time before functional impairment
occurs, and may speed recovery of a perturbed function, because if one species is
affected another is still available to perform the function. In addition, species
replacement may simply maintain the process at its former level. All these factors
that slow the response of ecological processes to change led Odum (1985, p. 421)
to observe that when these processes do change, *. . . there is real cause for alarm,
for it may signal a breakdown in [ecosystem] homeostasis.”

Despite this sceptical view on the usefulness of ecological processes, they may
be sensitive early warning indicators of stress, especially in terrestrial ecosystems.
For example, in three separate studies, O'Neil et al., (1977, p. 271) found that “‘in
each case, disturbance could be detected in nutricnt cycling, but no significant
change was evident in the population/community [structural] paramecters.”
Similarly, Kelly (1989) showed that primary production and decomposition were
the most responsive indicators of exposure to toxic fluids from oil drilling in
seagrass (Thalassia) ecosystems. Several ecological processes can be sampled rela-
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tively quickly and easily (e.g., primary production, detrital mass, and nutrient
concentration in the soil solution and in detrital and soil leachate).

Since ecosystems are traditionally defined on the basis of energy flow and
nutrient cycling, and both arc essential for the maintenance of an ecosystem and
its specics, these parameters arc the logical basis for functional indicators. In
addition, ecosystem services important to humans need to be monitored on a
case-by-case basis. As with indicators of ecosystem structure, the following attri-
butes likely apply in many ecosystems, but their suitability must be decided in each
situation.

1. Primary production. Primary production is an essential ccosystem function,
as plants, phytoplankton, algae, and some bacteria are the only organisms
on Earth capable of fixing solar radiation into carbohydrates that are the

_ basis for most food chains. Either an increase or decrease in primary
production beyond normal variation signals potential ecosystem dysfunc-
tion, with wide-ranging consequences.

2. Production/respiration, production{biomass ratios. Ecosystem stress likely
requires organisms (o spend more of their energy on maintenance and repair
and less on biomass, pushing the production/respiration (P/R) ratio away
from a value of 1 commonly scen in unperturbed ecosystems and also
increases the production/biomass (P/B) ratio (Odum, 1985). Schindler
(1990) found that in both acidified and eutrophied lakes P/R ratios increased
from baseline values, especially in certain groups of producers, but that P/B
ratios did not change. Rapport er al. (1985) argue for P/B ratios as an
indicator of stress on theoretical grounds, but finally reject its use because
of a lack of empirical support. Both ratios warrant further research to
confirm their usefulness as indicators of ecosystem stress.

3. Decomposition rate. Decomposition is an essential process in all terrestrial
ecosystems, breaking down detritus and mineralizing nutrients required by
plants and other producers. The rate of decomposition determines the rate
at which nutrients are made available to producers, strongly influencing
primary production. Despite its theoretical importance, the large number of
decomposer species in most ecosystems likely results in extensive functional
redundancy, reducing the effectiveness of using decomposition rate as an
indicator of ecosystem stress. Quantifying decomposer community strucs
ture, especially the presence of keystone decomposer specics, may be an
effective way of assessing this important ecosystem process.

4. Nutrient cycling. Nutrient cycling is also an essential process in ecosyslemsf
providing nutrients necessary for plants and other producers. O'Neil et al.,
(1977) first called attention to nutrient cycling as an indicator of ecosystem
stress, stating that “‘by focusing on [nutrient cycling] it may now be possiblé
to identify monitoring points that reflect changes in the total ecosyslem.”
... Because of the large number of interacting components, detrimental
increascs in nutrient loss might be detected irrespective of which specific
organisms or processes were being affected.” (p. 270).
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Several aspects of nutrient cycling have been proposed as indicators of
ecosystem stress. Odum (1985) suggested using nutrient turnover, horizomtal
transport, vertical cycling, and nutrient loss. Schindler (1990) found changes
in each of these parameters from baseline conditions, although results were
inconsistent between acidified and eutrophicd lakes. Shugart et al., (1976)
recommend monitoring the concentration of nutifents in the soil solution.
O'Neil ef al., (1977) and Vitousek et al., (1981) showed increased leaching
of soil nutrients in perturbed systems. The adenylate energy charge, a
composite biochemical index of metabolic activity of individuals and micro-
bial communities involved in decomposition and nutrient cycling (Ivanovici
and Wiebe, 1981) may be another indicator.

: 14.5.7. Limitations of using ecosystem indicators
Despite the potential benefits of an ecosystem-based approach to management and
assessment and the use of ecosystem indicators, several obstacles remain:

1. Ecosystem indicators do not provide a complete description of the environ-
ment. All indicators (including both ecosystem indicators and individual
indicator species) are chosen by certain criteria, ultimately reflecting societal
values and priorities. All indicators, thercfore, mercly reflect those con-
ditions or aspects of the environment a socicty deems worthy of monitoring.

2. ‘There are no policies or other mandates in the United States to establish an
ecosystem-based approach to management and assessment. Although
several authors (e.g., Kciter, 1988; Hunt, 1989; Grumbine, 1990) have
discussed the need and benefits of such a mandate, it would take consider-
able time before such a policy is made into law and then implemented via
regulations.

3. Very little is known about ccosystems, therefore, “adaptive management™
(Holling, 1978; Walters, 1986) must be employed, treating monitoring plans
with ecosystem indicators as an experiment in which hypothesis testing and
resulting feedback change the original plan. For example, the particular
structural and functional attributes used for monitoring need to be viewed
as hypotheses on assessing ecosystem change. This is similar to the
“muddling-through™ approach to wildlife management (Bailey, 1982;
McNab, 1983).

. 4. The dynamic and permeable nature of ccosystem boundaries causes three
problems. First, political/administrative boundaries and jurisdictions
usually do not conform to ecological boundaries (Newmark, 1985), resulting
in the loss of species and unknown effects on ecological processes. Second,
large areas of land are essential for maintaining natural flows of energy and
matter, yet there are no large areas left, which requires using public and
private “semi-natural” lands explicitly for the maintenance of species and
ecological processes (Salwasser, 1987, Westman, 1990). Third, boundary
dynamics among adjacent ecosystems may be vital for maintaining an area
of interest, requiring interagency cooperation for the maintenance of
regional landscapes. Such cooperation has been difficult in the past (Sax and
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Keiter, 1987), but recent developments hetween the U.S. Forest Service and
U.S. Park Service in the Yellowstone region show that interagency coopera-
tion is possible. ‘ _

5. If reference areas are uscd to determine standards for comparison, many
representative “pristine” samples of every ecosystem type need to be
preserved. Because of the variation in ecosystem components, determining
statistical significance at even the 80% probability level will require many
relerence areas, and such a number of pristine ecosystems do not exist nor
will it be practical to sample them all.

6. Long-term research is needed to assess ecosystem variation and the effects
of disturbance (Franklin et al., 1990), but such research is currently being
conducted in only a small number of ecosystcms. For most ccosystems the
magnitude or effects of variation and disturbance are not known.

7. The more ecologically appropriate a management plan is, the less manage-
able it is. There are a plethora of factors affecting any single ecological
observation. If any of these factors change, the observation may change as
a result. It will be difficult at best for managers to deal with such chaos in
meeting targeted ggals.

Only by fully recognizing and working with these limitations will ecosystem
indicators be effective and rcliable estimators of change, and be useful in the
management of natural resources.

74.6 ECOLOGICAL INDICATORS: PANACEA OR LIABILITY?

The current use of ecological indicators Lo asscss population trends and habitat
quality for other specics of interest is financially not practical, conceptually
inappropriate, and empirically unsupported, potentially leading to inaccurate
long-term management and assessment decisions. Although funding is rarely
adequate, inexpensive shortcuts usually result in flawed science, poor management,
and increased long-term costs.

At present, there are few allernatives Lo using slatus quo ecological indicators for
monitoring and asscssment. The choices scem to be (1) continuing current uses of
indicator species, (2) long-term research on an indicator species’ ability to show
population trends and habitat qualily for other specics adversely affected by
environmental stresses and management actions, or (3) adapling a habitat or
ecosystem-based approach in which the structure and functioning of the system is
more important than the presence of individual species. The author suggests that
the first choice above, not be used until ecological indicators are proven effective
and reliable. The second choice above is probably too costly and we do not
sufficiently understand habitats or ecosystems to know every species likely to be
affected. The third choice, developing indicators of ecosystem structure and
function, is probably the most practical and cost-effective over the long-term, but
has not yet proven effective and reliable.
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RECOMMENDATIONS FOR USING ECOLOGICAL INDICATORS

Despite the above criticisms, using indicator specics (o assess population trends
and habitat quality will continue because the tradition of using them is firmly
established, they are belicved Lo be cost-effective, and current regulations mandale
their use. Until alternative monitoring and asscssment tools are developed, the
following recommendations should make the use of ecological indicators more
rigorous, effective, and reliable.

2.

Clearly state management and assessment goals, including criteria used to
determine when those goals have been achieved.

Use indicator species only when appropriate and necessary. In general, there
are no clear guidclines to determine when an indicator is needed. IFor “specics
management” or management of species mandated under socioeconomic
and political criteria, indicator species are not appropriate because direct
measurement of requisite resources and species’ populations is required for
monitoring and assessment. Likewise, for “resource management” or
management of specific resources or habitats, direct measurcment is usually
feasible, cost-effective, and averts the need for inference from an indicator.
Ecological indicators should be used only when direct measurement is
impossible (Beanlands and Duinker, 1983).

Choose ecological indicators by criteria that are unambiguously and
explicitly defined, and are in accord with assessment goals. Researchers and
managers must clearly state the reasons for choosing selection criteria and
underlying assumptions for their choice. '
Include all species (or other indicators) that fulfill the sclection criteria.
Typically, socioeconomic, political, and ecological criteria will be nceded to
meet assessment goals, requiring different indicators. Within these threc
broad criteria, specific criteria are needed to prioritize the sclection of
specific indicators.

Know the biology and ecology of the indicator species. Because assessments
and resulting recommendations depend on species-specific data, all assump-
tions about life history, food requirements, and habitat requirements need
to be verified.

Develop a conceptual and statistical model for every use of an ecological
indicator, treating the indicator as a formal statistical estimator (e.g., as in
a path regression analysis). This allows the accuracy and precision of an
ecological indicator to be determined quantitatively.

Identify and define all sources of subjectivity in selecting, monitoring, and
interpreting ecological indicators. Every assessment and technical decision
entails value judgments. If treated formally, these could be discussed and the
merits of each determined (Susskind and Dunlap, 1981).

Submit monitoring and asscssment design, methods of data collection, and
proposed statistical analyses o external peer review. Interpretations, con-
clusions, and recommendations of management plans could also be
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reviewed. While cumbersome, peer review would also increase assessment
quality and effectiveness (Beanlands and Duinker, 1983; Paliner, 1987).
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