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Abstract: Arthropods, the most diverse component of terres-
trial ecosystems, occupy a tremendous variety of functional
niches and microbabitats across a wide array of spatial and
temporal scales. We propose that conservation biologists
should take advantage of terrestrial arthropod diversity as a
rich data source for conservation planning and manage-
ment. For reserve selection and design, documentation of the
microgeography of selected artbhropod taxa can delineate
distinct biogeographic zones, areas of endemism, commu-
nity types, and centers of evolutionary radiation to improve
the spatial resolution of conservation planning. For man-
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Asociaciones de artropddos terrestres: Su uso en la
planificacién conservacionista

Resumen: Los artrépodos, el componente mas diverso de
los ecosistemas terrestres, ocupa una tremenda variedad de
nichos funcionales y microbadbitats a lo largo de una amplio
espectro de escalas espaciales y temporales. Nosotros pro-
ponemos que los bidlogos de conservacion deberian aprove-
char la diversidad de los atropodos terrestres como una rica
Sfuente para el planeamiento y manejo conservacionista. La
documentacion de la microgeografia de ciertos taxones de
artropodos puede delinear zonas biogeogrdficas precisas, d-
reas de endemismo, tipos de comunidades, y centros de ra-
diacion evolutiva para mejorar la resolucion espacial en el
Dlaneamiento conservacionista destinado a la seleccion y
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agement of natural areas, monitoring of terrestrial arthro-
pod indicators can provide early warnings of ecological
changes, and can be used to assay the effects of further frag-
mentation on natural areas that no longer support verte-
brate indicator species. Many arthropod indicators respond
to environmental changes more rapidly than do vertebrate
indicators, which may exhibit population responses that do
not become evident until too late for proactive management.
Not all artbropod taxa are equally effective as indicators for
conservation planning, and the qualities of indicators can
differ for purposes of inventory versus monitoring. Assem-
blages of artbropod taxa used as biogeographic probes in
inventories should exbibit relatively bigh species diversity,
bigh endemism, and encompass the geographic range of in-
terest. For monitoring purposes, indicator assemblages
should exbibit varying sensitivity to environmental pertur-
bations and a diversity of life-bistory and ecological prefer-
ences.

Introduction

Whether measured by species, individuals, or biomass
(Erwin 1982, 1988, 1991¢; Wilson 1985, 1988; Stork
1988; Gaston 1991a, 1991b), arthropods dominate ter-
restrial ecosystems. Despite increased awareness of
their importance to global conservation planning (Wil-
son 1988), relatively little attention has been devoted to
the inventory and monitoring of terrestrial arthropods
(Dourojeanni 1990; di Castri et al. 1992). The diversity
and abundance of terrestrial arthropods can provide a
rich base of information to aid efforts in the conserva-
tion of biodiversity and the planning and management of
nature reserves (Pyle et al. 1981; Collins & Thomas
1991; Murphy 1992; Pearson & Cassola 1992). This pa-
per, the synthesis of a workshop held in June 1991 is
intended to encourage conservation biologists to de-
velop methods for tapping this rich data source to im-
prove inventory and monitoring for conservation plan-
ning.

Inventory and Monitoring: Definitions

Inventory and monitoring, two essential and interre-
lated activities necessary for scientific conservation
planning, differ in their objectives and hence in the
types of indicators useful to each activity. Inventory pro-
grams document the spatial distribution of biological
elements—populations, species, guilds, communities,
and ecosystems. For conservation planning, such infor-
mation can be used (1) to select and design reserves
(Usher 1986; Noss 1987; Scott et al. 1987; Margules et
al. 1988; Margules & Stein 1989; McKenzie et al. 1989);
(2) to assess the potential for sustainable use of natural
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diseno de reservas. En cuanto al manejo de dreas naturales,
el monitoreo de artropodos terrestres puede proveer de avisos
tempranos sobre cambios ecologicos y puede ser usado para
investigar los efectos de la fragmentacion subsecuente de
areas naturales que ya no mantienen especies de vertebrados
indicadoras. Muchos artropodos indicadores responden a los
cambios bambientales mas rapidamente que vertebrados in-
dicadores, los cuales pueden exhibir respuestas poblaciona-
les que solo se bacen evidentes cuando ya es muy tarde para
el manejo proteccionista. No todos los taxones de artrépodos
son igualmente efectivos como indicadores para el pla-
neamiento conservacionista, y las calidades de los indica-
dores pueden variar dependiendo si su uso es con fines de
inventario o de monitoreo. Las asociaciones de artropodos
usados como sondas en inventarios deberian exhibir diver-
sidades especificas relativamente altas, alto endemismo y
deberian abarcar el rango geogrdfico de interés. Si son usa-
dos con propdsitos de monitoreo, las asociaciones de indi-
cadores deberian exhibir diferentes sensibilidades a las per-
turbaciones ambientales, y diversidad en cuanto a bistorias
de vida y preferencias ecoldgicas.

resources (Eisner 1991, Plotkin & Famolare 1992); (3)
to strengthen the case for habitat conservation by doc-
umenting the distribution of threatened or endangered
species (see Thomas et al. 1990; Reinthal & Stiassny
1991); and (4) to provide the basis for selecting indi-
cator species or assemblages for ecological monitoring
(Noss 1990; Spellerberg 1991; Kremen 1992).

In contrast, the goals of monitoring programs are to
assess changes in ecosystem structure, composition, and
function in response to natural factors, human distur-
bances, or management activities over time (Noss 1990;
Spellerberg 1991). A challenge in monitoring is to sep-
arate variation in baseline conditions due to natural fluc-
tuations from variation due to human disturbances. This
challenge is met in part by monitoring control plots in
“pristine” habitats, as well as plots subject to distur-
bance. The response of indicators to known environ-
mental perturbations, including management activities,
can then be used to suggest better management prac-
tices (Holling 1978; Murphy & Noon 1991).

In the conservation context, neither inventory nor
monitoring programs can be exhaustive. Such programs
must therefore rely on indicator species or indicator
assemblages; that is, suites of species that respond
readily to environmental change in ways that are easily
measured or observed. Increasing attention is now be-
ing directed to the use of indicator species assemblages
(Verner et al. 1986, Landres et al. 1988; Noss 1990; Karr
1991), which tend to improve both resolution and scale
of inventory and monitoring programs (Kremen 1992,
1994). Use of species assemblages is especially appro-
priate for terrestrial arthropods, since many of their
most valuable attributes as biological probes result from
their extraordinary morphological and functional diver-
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sity. For example, a monitoring program that includes
assemblages of terrestrial arthropods representing a di-
versity of taxa and/or functional groups automatically
broadens the scope of the environmental factors that
can be perceived.

Indicator assemblages useful for reserve selection and
design should allow planners to identify biogeographic
zones, areas of endemism, evolutionary centers of radi-
ation (Erwin 1991b), patterns of geographic replace-
ment, and community types. Indicator assemblages
appropriate for monitoring must be sensitive to anthro-
pogenic disturbance and should be able to provide an
early warning of ecological change. Given these differ-
ent objectives, indicator assemblages to be used in in-
ventory are not always the best ones for monitoring
purposes, and vice versa.

Terrestrial Arthropods as Indicators for
Inventory and Monitoring

Terrestrial arthropods have been referred to as “the lit-
tle things that run the world” (Wilson 1988): they oc-
cupy the widest possible diversity of ecosystems, micro-
habitats, and niches, and they play many key ecological
roles (Collins & Thomas 1991). Values of terrestrial ver-
tebrate indicators have already been recognized and are
generally accepted (Verner et al. 1986; Landres et al.
1988). In this discussion, we frequently compare terres-
trial arthropods and vertebrates—not to insist that ter-
restrial arthropods universally serve as “better” indica-
tors, but to illustrate circumstances in which their use
might be particularly advantageous.

Terrestrial arthropods make up 93% of the total ani-
mal biomass in one hectare of Amazonian rain forest
(Wilson 1987), a fact reflecting their ecological impor-
tance. In tropical and temperate settings, insect herbi-
vores exert comparable or greater grazing pressures on
plants than do their vertebrate counterparts (Broadhead
1958; Janzen 1981; Thornton 1985). Arthropod spatial
and temporal distributions span the ranges occupied by
many vertebrate and plant species, but they also include
finer-grained patch sizes and geographic distributions,
more complex seasonal and successional sequences,
and patch dynamics with more rapid turnover (Shelford
1907; Callan 1964; Waloff 1968; Price 1973; Lawton
1978; Southwood 1978; Erwin & Scott 1980; Schoener
1986; Scott & Epstein 1986; Gaston & Lawton 1988;
Wolda 1988; Usher & Jefferson 1991). Terrestrial ar-
thropods exhibit a great range of body sizes, vagilities,
and growth rates (Borrer & DeLong 1971; Walker 1975;
Duellman & Trued 1986; Tyrrell & Tyrrell 1990; M. J.
Kaliszewski & D. Wagner, personal communication),
and they span a great variety of ecological niches and
distributional, population, and dispersal traits. In short,
the diversity of arthropods provides a potentially wide
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array of biogeographical and ecological probes for use
in virtually any inventory or monitoring challenge.

Statistical rigor in inventory and monitoring programs
is feasible for many terrestrial arthropod species, given
the high diversity of species and their tendency to ex-
hibit large population sizes. Terrestrial arthropods can
be easier and less costly to survey than vertebrates. Pas-
sive survey methods can reliably sample large numbers
of individuals over short time periods, and specimens
can be processed in a fraction of the time necessary to
handle equivalent numbers of vertebrate specimens.
Fewer societal and ecological considerations constrain
the collection of terrestrial arthropods during the
course of inventory or monitoring studies. For these
reasons, terrestrial arthropod species have been the pre-
ferred subjects of many basic and applied ecological
studies, including some studies that would have been
impossible to investigate using other taxa—for instance,
Simberloff and Wilson’s (1969) extirpation of the ento-
mofauna of mangrove islands to test island biogeo-
graphic theory.

Reference collections of terrestrial arthropods can be
maintained indefinitely and inexpensively for future and
retrospective studies (for example, for molecular genet-
ics); extensive holdings already exist in public and pri-
vate collections. Terrestrial arthropods, rich in external
morphological characteristics, are amenable to rapid
species sorting, construction of taxonomic keys (Ham-
mond 1990), and phylogenetic analysis. Phylogenetic
systematics in turn can be valuable in assessing global
conservation priorities (Humphries et al. 1991) and for
detecting centers of radiation where speciation is oc-
curring congruently in distinct lineages (Erwin 1991b).
Although certain terrestrial arthropods (including some
families of Lepidoptera, Coleoptera, Hymenoptera, and
Odonata) are taxonomically well known in many geo-
graphic areas, the systematics of many other groups are
poorly known. Terrestrial arthropods, nonetheless, can
be used successfully for inventory or monitoring pur-
poses if individuals can be accurately sorted to mor-
phospecies. Increasingly, entomologists interested in
applying their work to conservation and land manage-
ment issues are taking this approach (Klein 1989;
Andersen 1991; Erwin 1991ag; Kremen 1992, 1994;
Mclver et al. 1992; Moldenke in press). In fact, in poorly
surveyed regions such as many tropical moist forests,
sorting to morphospecies for some arthropod taxa may
be quicker and more reliable than for many plants and
some vertebrates, a real advantage for inventory studies.

Training local assistants in the preparation and recog-
nition of morphospecies is no more difficult or time
consuming for terrestrial arthropod taxa than for verte-
brate or plant taxa, provided appropriate target groups
of terrestrial arthropods are chosen (groups in which
morphospecies can be readily recognized) and training
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is limited in taxonomic scope. Because specimens of
terrestrial arthropods are generally collected (rather
than observations alone being recorded), more oppor-
tunities exist for experts to supervise parataxonomists
and ensure the accuracy of data collection.

Inventory of Arthropods

Because an explicit goal in establishing networks of re-
serves is to maximize protection of biotic diversity, it is
logical to utilize the most diverse biotic elements as
indicators in the assessment of land areas for their con-
servation value. Many terrestrial arthropod taxa not only
are diverse but include suites of species that are en-
demic to highly localized areas and specific microhabi-
tats (O’Neill 1967; Fellows & Heed 1972; Kaneshiro et
al. 1973; Turner & Broadhead 1974; Frietag 1979; Sav-
age 1982; Pearson & Cassola 1992). Erwin (1983), for
instance, found that 83% of beetle species collected in
four types of forest in the Brazilian Amazon were re-
stricted to a single forest type. Inventories of such taxa
could result in enhanced biogeographic resolution of
communities, habitats, ecotones, and biotypes, as well as
areas of endemism and centers of diversity (Kremen
1994), and thus could provide effective tools for con-
servation planning (Brown 1991; Greenslade & New
1991; see also Ryti 1992), particularly for determining
reserve boundaries or identifying small reserves to cap-
ture unique remnant communities. For example, in tem-
perate-zone grasslands, Erhardt and Thomas (1991)
used their detailed understanding of the microhabitat
requirements (microclimate, fine-scale habitat struc-
ture, and host-plant needs) of an assemblage of diurnal
Lepidoptera to identify the minority of grassland sites
that had histories of continuous traditional management
over the past 3500—4000 years, arguing that a similar
inventory of plant species would not be equally reveal-
ing. Such grasslands now constitute an important and
diminishing biotic resource in Britain and continental
Europe.

Conserving the habitats of charismatic megaverte-
brates that require large land areas for population per-
sistence has been an effective strategy that also affords
protection for organisms with lesser habitat require-
ments (Murphy & Wilcox 1986). Increasingly, however,
invertebrates, other smaller animals, and plants that are
able to persist in small habitat patches are becoming the
umbrella species for the protection and management of
tiny, remnant natural areas (Main 1987; Murphy et al.
1990; Samways 1990; Wilson 1991; Murphy 1992; Pear-
son & Cassola 1992; The Wilds and IUCN/SSC Captive
Breeding Specialist Group 1992). Protection of the Or-
egon silverspot butterfly (Speyeria zerene bippolyta)
under the Endangered Species Act, for example, will
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ensure the conservation of several highly threatened na-
tive coastal grassland communities in Oregon (Mclver
et al. 1989). In the developed world, where few large
natural areas remain to be protected, inventory of the
terrestrial arthropod fauna of such patches is a critical
priority to aid in establishing the potential conservation
value of these areas, as well as legal mechanisms for
their protection (Murphy 1991).

The inventory of arthropods can also contribute to
assessments of the economic value of natural areas.
Prospecting for unusual organic compounds used by ar-
thropods for defense, communication, and reproduction
may reveal lucrative new chemicals for medicine or in-
dustry and can result in benefits for conservation (Eis-
ner 1991; Roberts 1992). Taxa likely to display such
characteristics (such as spiders and certain beetle fam-
ilies) can be selected as the target assemblages for
“chemical prospecting” inventories.

Inventory Strategies

To represent the biological diversity and ecological
complexity present within a region, a conservation in-
ventory (an inventory conducted for conservation plan-
ning) should strive to include a number of higher taxa
with differing ecological functions, habitat and niche
specializations, and distributional characteristics (di
Castri et al. 1992). We therefore advocate that such
inventories include several vertebrate, plant, and terres-
trial arthropod taxa, at a minimum. Strategies for con-
ducting terrestrial arthropod surveys within the context
of team-conducted inventories are presented below. All
taxa to be selected for inventories should be readily
observed or collected, amenable to random and repro-
ducible sampling, and relatively well-known taxonomi-
cally and/or ecologically.

In the first method, Coddington et al. (1991) stress
reconciling the differences in taxonomic sampling prac-
ticed by traditional museum collectors and by commu-
nity ecologists. Museum collectors efficiently generate
relatively complete species lists at sites but rarely gather
quantitative data on relative abundances. In contrast,
community ecologists often concentrate on obtaining
relative abundance estimates to the detriment of species
lists. Using spiders as an example, Coddington et al.
demonstrate that it is possible to do both, simply by
developing time-limited sampling methods based on
taxon-specific collecting procedures that can be repli-
cated between sites. Quantitative between-site compar-
isons can then be drawn from data on relative abun-
dances, community composition, and species diversity,
and then can be used to aid in prioritizing sites for con-
servation planning.

In related work, Lamas et al. (1991) discuss the ad-
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vantages and disadvantages of sampling with an in-
tended bias to maximize the number of species col-
lected, rather than sampling at random. This method can
work only for taxa in which species can be readily rec-
ognized at the time of sampling (such as butterflies),
such that species previously collected can be ignored or
released. Such a protocol allows a much higher propor-
tion of the focal taxon to be collected at a site in a
shorter time period, without over-collecting the fauna
or gathering a huge number of specimens that will then
be expensive to process and curate.

A final method, target taxon analysis (Kremen 1994),
is based on the concept of inventorying only “biogeo-
graphically informative” taxonomic assemblages that
are likely to represent environmental patterns or the
distributional patterns of species in other unrelated as-
semblages. Kremen hypothesized that taxonomic assem-
blages resulting from evolutionary radiations within a
region will be biogeographically informative. Such taxa
(usually of low taxonomic rank, such as genera or tribes,
to be of relevance to regional conservation planning)
can be preselected on the basis of their high species
richness and endemism within a region. Assemblages
with these characteristics frequently occur among ter-
restrial arthropods, especially in the tropics, and many
groups are well-characterized enough for such target
groups to be selected.

By focusing on a number of such narrowly-defined
taxa representing a diversity of higher taxa, the time and
cost devoted to sampling, sorting, and training are
greatly reduced. Target taxon analysis lends itself to
team survey work and, in fact, depends upon it. The
following steps are recommended:

(1) Five to ten higher taxa that are relatively well-
characterized (a preliminary regional species list
would be sufficient) are chosen—for example,
bats, birds, frogs, certain families of vascular
plants, butterflies, carabid (ground) beetles, drag-
onflies, wasps and bees, and dung beetles (see also
Brown 1991; Sutton & Collins 1991). Each higher
taxon chosen should include one or more low-
ranking taxa with high diversity and endemism for
testing as a target taxon.

(2) For each taxon, specialists will select a target as-
semblage using the selection criteria (species-rich,
high endemism), to the extent possible given
available knowledge. When known, additional cri-
teria should be used to select those taxon whose
member species are collectively well distributed
and abundant and display high beta or gamma
diversity (Kremen 1994).

(3) Using standard ecological sampling design (as in
Coddington et al. 1991), the information value of
target assemblages can be tested in a limited in-
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ventory across an obvious environmental gradient
or dispersal barrier. Correlations can then be ana-
lyzed (1) between target taxa and environmental
gradients, and (2) between the distributions of dif-
ferent taxonomic assemblages. The strength of
resulting correlations provides the basis for ac-
cepting or rejecting target assemblages as biogeo-
graphic indicators.

(4) Once target assemblages are chosen, the team can
conduct larger-scale inventories of the entire re-
gion, including all major habitat types and envi-
ronmental gradients. The information can then be
used to identify areas of endemism (Brown 1982,
1991; Fa 1989; Cracraft 1991), to select a mini-
mum number of sites by complementarity to rep-
resent the full range of species or habitat types
(Margules et al. 1988), or to perform “gap analy-
sis” (Scott et al. 1987). Alternatively, the relation-
ship between distributional and environmental
data can be used to predict the full range of a
species or species assemblage, and the predicted
ranges can then be used to select reserves or to
evaluate protection afforded by existing reserve
networks (Margules & Stein 1989; McKenzie et al.
1989).

Monitoring of Arthropod Indicator Assemblages

An effective monitoring program will utilize a variety of
indicators to assess environmental responses at popula-
tion, species, community, and ecosystem levels of orga-
nization (Noss 1990). Monitoring of terrestrial arthro-
pods can fit into this scheme across a continuum from
populations to communities. Indicator assemblages of
arthropods might be chosen taxonomically (that is, by
monitoring the presence/absence or relative abundance
of all members of a taxonomic group or groups over
time) or functionally (by monitoring sets of species rep-
resenting different ecological roles in their habitats).
To reiterate, the advantage of considering arthropod
indicators, either individual species or groups of spe-
cies, as candidates for monitoring is that their tremen-
dous ecological diversity provides a wide choice for
designing appropriate assessment programs. The sensi-
tivity of many terrestrial arthropod populations to envi-
ronmental impact, including fragmentation, distur-
bance, habitat modification, ecological disruption,
climate change, and chemical pollution, makes them po-
tentially informative for scientifically based reserve de-
sign and management. For example, most previous stud-
ies of habitat fragmentation have focused on birds (see
Diamond 1975; Thomas et al. 1990; Blake 1991; New-
mark 1991) and other vertebrates (Burgess & Sharpe
1981; Shaffer 1981; Harris 1984; Newmark 1985, 1987;
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Cutler 1991) and have shown the tremendous and far-
reaching impact of fragmentation on the maintenance of
ecological diversity and stability. It is far less widely
recognized that habitat fragmentation also exerts con-
siderable influence on terrestrial arthropod populations;
those studies that do exist have shown striking area and
isolation effects, particularly for species with limited dis-
persal capabilities. Turin and den Boer (1988) found
that, over the past century, the most sedentary carabid
beetle species no longer occupy many localities in
which they were formerly found in the Netherlands, a
pattern attributable to habitat fragmentation (see also
den Boer 1990). Heathland spiders in Great Britain
were also found to be restricted to the largest habitat
patches, having disappeared from smaller patches (Hop-
kins & Webb 1984). Klein (1989) found that dung- and
carrion-eating beetles of Brazilian rain forests would not
cross even narrow clear-cut barriers (less than 350 m
wide); species richness and abundances declined signif-
icantly in this group in response to decreasing patch
area just several years after isolation. In the same study
area, in patches isolated since 1980, forest-restricted
butterflies of the subfamilies Morphinae, Brassolinae,
Theclinae, and Riodininae showed dramatic declines in
species richness with area (Brown 1991). Selected ter-
restrial arthropods thus can demonstrate strong re-
sponses to habitat fragmentation, and therefore can be
effective indicators that will provide early warnings of
the ecological consequences of fragmentation.

Monitoring the distributional and functional re-
sponses of terrestrial arthropods to fragmentation may
also permit detection of ecological change at an appro-
priately fine spatial scale to permit improved reserve
design and management. The reactions of terrestrial ar-
thropods to microenvironmental gradients (such as
temperature, humidity and wind) make them highly re-
sponsive both to edge effects (Brown 1991) and to the
size of forest clearings (Shure & Phillips 1991). Frag-
mentation and habitat destruction influence not only
the distribution and abundance of terrestrial arthropods
(Desender & Turin 1989) but also their ecological func-
tions. Jennersten (1988) demonstrated a disruption in
insect pollinator services due to fragmentation, and
Klein (1989) showed that dung decomposition in small,
isolated patches of tropical moist forest declined with
lowered diversity and abundance of dung-feeding bee-
tles. Minimization of dysfunctions resulting from edge
and area effects are of critical concern in reserve design
and management (Noss 1983; Harris 1984), and further
studies of area and edge impact on functional linkages
are needed for a variety of taxa.

The ecological health of certain microhabitats may be
best monitored using highly specific assemblages of ter-
restrial arthropods. For example, the terrestrial arthro-
pod fauna of Pacific Northwest old-growth forest floors
is comprised of highly characteristic assemblages
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adapted to the narrow temperature and moisture ranges
of these environments (Mclver et al. 1990; Moldenke &
Lattin 1990; Parsons et al. 1991; Lattin & Moldenke
1992). These assemblages include numerous species of
oribatid mites, harvestmen, millipedes, centipedes,
springtails, beetles, flies, wasps, crickets, and isopods.
Many of the species inhabiting understory microhabitats
are relatively sedentary (wingless or flightless). The dis-
persal of understory species is therefore limited by both
distance and inhospitable terrain; consequently these
assemblages are likely to be strongly affected by alter-
ation of old-growth and mature forest environments
(Moldenke & Lattin 1990; Olson 1992). Since many of
these species are involved in litter decomposition and
nutrient recycling, disruptions in the structure of these
communities will have important functional implica-
tions for old-growth ecosystems.

One goal of the management of natural areas is to
maintain the ecological stability and diversity found in
“pristine” ecosystems. Gilbert (1980) noted the impor-
tance of “mobile-links”—species that pollinate or dis-
perse the seeds of a wide variety of plants—in maintain-
ing diversity and suggested that autecological and
monitoring studies of representative mobile-link species
be conducted. Mobile-link species, many of which are
insects, support “keystone mutualist” plant species,
which in turn provide critical resources (such as fruits,
nectar, leaves, secondary chemical compounds, sites for
mating and predator avoidance, and so forth) used by a
wide variety of other organisms (Janzen 1981; Bawa
1990). The monitoring of mobile-link species would
complement studies of two other functional groups crit-
ical to the maintenance of community diversity and sta-
bility: top predators (Terborgh 1988) and keystone-
mutualist plants (Gilbert 1980; Terborgh 1986).

Paradoxically, these mobile-link species may include
some of the more generalized taxa among terrestrial
arthropods. A well-studied group of mobile links are the
neotropical euglossine bees. Single species of euglossine
bees can link plant species from all stages and strata of
forests into systems of indirect mutualism. Many eu-
glossine species rely on early successional patches and
the plants that they support for larval food, and they are
the obligate pollinators of plants restricted to late-
successional forests. Females may travel long distances
when foraging for pollen and thus may be critical to the
reproductive success of plants that exist in low densities
(Dobson 1966; Janzen 1971; Gilbert 1980). Monitoring
euglossine populations thus indirectly allows assess-
ment of the health of interacting habitat patches within
ecosystems. Euglossines are easy to inventory and mon-
itor because they are attracted to chemical scents, can
be readily identified without collecting, and can be in-
dividually marked for population studies.

Many terrestrial arthropods have rapid population
growth rates and short generation times, and therefore
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can exhibit rapid responses to fluctuating environmen-
tal conditions (including local and regional changes in
abundance, patch extinction and colonization, and
range expansions and contractions—see Pollard 1979;
Murphy & Weiss 1988a, 1988b, 1991; Murphy et al.
1990; Colwell & Naeem 1993). When such changes can
be shown to be correlated across taxa, to be causally
connected or strongly correlated with known environ-
mental changes, or to occur as persistent population
lows, highs, or extinctions, these changes may be rec-
ognized as early warnings of human-influenced ecosys-
tem change. For example, declines in the abundance of
temperate diurnal Lepidoptera species have heralded al-
terations in habitat structure well before those changes
have become evident in populations of their host plants
(Erhardt & Thomas 1991; Thomas 1991). The challenge
in separating natural population fluctuations from those
produced by anthropogenic perturbation holds for any
indicator species, particularly when species demon-
strate nonequilibrium population dynamics; recent anal-
ysis of available time-series data (Turchin & Taylor
1992) suggests that both insect and vertebrate popula-
tions “exhibit a similar spectrum of population dynam-
ics,” ranging from no obvious regulation of population
density to complex endogenous dynamics (damped os-
cillations, limit cycles, etc.).

The sensitivity of population growth rates and devel-
opment of many arthropods to temperature, humidity,
and rainfall (Wolda 1988), and the reliance of arthropod
populations on narrowly defined microclimate niches
(Dobkin 1985; Weiss et al. 1987, 1988; Erhardt &
Thomas 1991; Murphy & Weiss 1988b, Britten et al.
1994) may make arthropods especially effective indica-
tors of local and regional climate change (see Ehrlich et
al. 1972; Murphy & Weiss 1992; see also Fajer 1989;
Fajer et al. 1989; Dennis & Shreeve 1991; Britten et al.
1994). Fossil records of arthropod communities have
been used to reconstruct climatic history (Atkinson et
al. 1987).

Understanding the natural population dynamics of
terrestrial arthropods has already proved important for
managing arthropod pests in agroecosystems, such as
the catastrophic cottony-cushion-scale outbreak in Cal-
ifornia in 1946, when DDT killed the natural enemy,
vedalia beetles, of this citrus pest—see Anlow and
Rosset (1990). Controlling agricultural disease vectors
will become increasingly important as pest populations
change in response to pesticide campaigns, climate
change, and declines in the populations of their natural
enemies (Schowalter 1985, 1989; Morris et al. 1991).
When the environmental impact caused by pesticides is
monitored, nonpest arthropods are natural subjects
(Bracker & Bider 1982) because they are often the first
organisms to be affected by phenomena that can later
have severe consequences for rare mammals and birds,
species at high trophic levels that may then require in-

Conservation Biology
Volume 7, No. 4, December 1993

Kremen et al.

tensive and costly recovery programs (for example, the
peregrine falcon, Anderson & Hickey 1972; Cade 1988;
Nisbet 1988). For example, honey bees are highly sus-
ceptible to DDT, dieldrin, carbaryl, malathion, and
methyl parathion, and bee poisoning can be easily mon-
itored by collecting dead bees at commercial hives (Jo-
hansen 1977).

Despite their relative merits, there has been little ex-
perience in utilizing terrestrial arthropod species or as-
semblages as indicators for inventory or monitoring re-
lated to conservation planning and management (but
see Murphy et al. 1990; Brown 1991; Pearson & Cassola
1992). Instead, traditional management indicator spe-
cies have been large vertebrates (Landres et al. 1988).
The methodologies for utilizing terrestrial arthropod as-
semblages thus have yet to be fully developed and
tested, and their constraints have not been identified.

Monitoring Strategy

To capitalize on the diversity of arthropods and their
inherent potential for rapid ecological change, the goal
is to select indicators that respond to human impact
long before changes ramify through complex networks
of ecological interactions to affect higher trophic levels
and/or more long-lived organisms. Terrestrial arthropod
assemblages could be selected to represent (1) a diver-
sity of higher taxa; (2) a diversity of higher taxa and
functional groups; or (3) a diversity of functional groups
within the same higher taxon.

If monitoring is to be conducted to assess the effects
of a suspected or known environmental impact, then the
assemblages should comprise species responsive to the
direct or indirect effects of that impact. The monitoring
system will be potentially more sensitive if radically dif-
ferent functional elements can also be incorporated or
metrics integrated from different taxonomic groups or
levels of ecological organization (see the Index of Bio-
logical Integrity, Karr 1991). For example, in response
to forest thinning (the proposed management strategy
for the federal forest matrix outside of Habitat Conser-
vation Areas in the Pacific Northwest), terrestrial arthro-
pod populations might be expected to decline due to
dessication stresses, temperature increases, and wider
ranges of variation for these factors (Majid & Jusoff
1987; Uhl & Kaufman 1990; Olson 1992). One might
monitor the impact of such changes using assemblages
of decomposers in the leaf litter and of predatory insects
in the understory or canopy. The leaf-litter assemblage
is composed of a high percentage of stenotopic species
and will be highly responsive to changes in microcli-
mate induced by the reduction of canopy cover. While
the predaceous understory and canopy insects may be
less narrowly adapted (Olson 1992) and therefore less
responsive to the direct impact on microclimate, they



Kremen et al.

may respond indirectly to alterations in the densities of
their prey populations. The sensitivity of these two as-
semblages can be tested in field trials (see also Kremen
1992).

If monitoring is instead more generalized (assessment
of the status of biodiversity or “ecological health”), then
a strategy that maximizes the representation of diverse
higher taxa and functional groups would be preferred.
Again, selection of indicator assemblages that are likely
to respond in different ways to the same stress improves
the sensitivity and robustness (Karr 1991) of monitor-
ing, particularly in situations in which the relative im-
portance of different effects is not known.

Monitoring of terrestrial arthropod assemblages could
be conducted by (1) measuring the presence or ab-
sence of member species; (2) characterizing commu-
nity structure by functional groups; (3) measuring the
relative abundance of member species; or (4) carrying
out population or autecological studies of member spe-
cies. These techniques represent a gradient from least to
most costly and difficult to implement. The second
method, characterizing community structure by func-
tional groups, potentially represents an efficient means
of measuring biological responses to environmental
changes using terrestrial arthropods. For example, the
faunal assemblages of old-growth forests of the Pacific
Northwest are distinct and contain predictable propor-
tions of functional groups, including many herbivores,
predators, and detritivores (Mispagel & Rose 1978;
Voegtlin 1982; Schowalter et al. 1988; Schowalter
1990); in contrast, younger forests and monocultures
are dominated by sap-sucking herbivores and a much
less diverse array of predators (Schowalter 1989). Sim-
ilar community shifts are observed in eastern deciduous
forests with respect to natural or human-generated suc-
cession, leading to the conclusion that functional link-
ages are being altered in predictable ways in these
different forest types (Schowalter 1989, 1990). Environ-
mental impact could thus be reliably assessed by mon-
itoring the functional structure of communities over
time.

The functional approach integrates a huge amount of
data (the responses of many, differently adapted organ-
isms, see also Karr 1991) but is comparatively easy to
implement because it relies on cataloging individuals or
morphospecies by function rather than by taxonomic
identity. For certain taxa (for example, Scarabeidae),
functional groupings can be readily assigned using mor-
phological characteristics (for example, mouthparts) in
combination with knowledge of the functional biology
of higher taxa. Keys to the functional groups found
within higher taxa can then be generated by specialists
for use in assessment programs. Such methods would be
particularly applicable in the tropics, where taxonomic
identifications are frequently not feasible due to lack of
knowledge of the diverse terrestrial arthropod fauna.
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Conclusions

Terrestrial arthropods, because of their diversity of spe-
cies and functional roles; wide range of body sizes, va-
gilities, and distributional characteristics; and propen-
sity for rapid growth and evolutionary rates, offer
certain exceptional characteristics as indicator groups
for conservation inventory and monitoring programs.
The unparalleled diversity of arthropods provides a rich
data source that can improve the spatial resolution of
biological inventories and hence the planning of natural-
areas networks. Their capacity for exhibiting rapid re-
sponses to environmental change over both ecological
and microevolutionary time makes them potential early
warning indicators of environmental change.

To date, this rich data source remains largely un-
tapped. In contrast, substantial experience exists in us-
ing aquatic arthropod communities for monitoring of
water quality (Berkman et al. 1986; Karr 1991) and clas-
sification of aquatic habitats (Savage 1982; Johnson &
Wiederholm 1989; Johnson et al. 1993). Some of this
experience could be translated to terrestrial systems. An
effort is needed on the part of conservation biologists,
terrestrial arthropod ecologists, and systematists both to
apply current knowledge and to develop new method-
ologies using terrestrial arthropods as indicators for
conservation inventory and monitoring.
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