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Abstract
$t studied arthropods in shrub-steppe at the Idaho National Engineering and Environmental Laboralory to identil,y scierlil-rcall)
sound indicatoN of ecological condition and to develop a renestrial irdex ofbiological integrily (T lBl). an analog c'l fie nultinetric
indexes used to nanage water resources. We sampled tefiesuial arlhropods with pittall traps in lalc spring al ninc sitcs sclccted lo
reflect little or no human disturbance and diverse histories ofhuman acdvit] (livenock grazing. chcmical contamination. ph,"-sical
disturbance. restoration). Ourevaluarion of56 assemblage audbules measured as tala richness or the relative abundance ol key
taronomic. trophic. or ecological groups-sough{ measures that varied s}stenatically wilh human inlluence. Froln 21 attributes
!ha! did vary significantly with disturbance, $,e selected 8 fbr a T-IBL This Idaho TIBI colTelated significantl,,- lvith human
influence across the nine sites. We compared this index with an iDdependently developed TIBI, also comprising eighl metrics.
from three 'ears study at the Hanford Nuclear Resenation in Washinglon Stae. Six nelrics wcrc idcnlical in both inderes.
Combinmg ouf klaho and Hanlbrd rcsulls. we propose a nine mcric T IBI ibr shrub slcppc lands. Concordancc of mclrics and
lhe index in t$o widel] separalcd shrub rtcppc environrnents suggests that T-lBl offers an effecti\€ means of measuring biologi-
cal condition. Parallels in this Gnenrial systcm with the crlcnsive aquatic $,ork applying the same principles further suggesl that
this T'IBI could be eliecli!e in guiding conscrvalion and resloration decisions in shrub-steppe landscapes.

lntroduction

Human activity changes environments, sometimes
in big, obvious ways. sometimes in small. subtle
ways. Converting shrub-steppe to agriculture or
clearcutting a forest inevitably and visibly alters
the mix ofplants. insects. birds, and mammals at
a site. Damming, channeling. or polluting a river
inevitably, but perhaps less visibly. alters the river's
biota. Such biotic changes are most often docu-
mented as counts of threatened and endangered
species or as declining populations orproduction
of species with commercial or recreational value.
Unfoftunately, the preoccupation with impedled
and commodity species obscures wider conse-
quences of human activity for l iving systems.
Without a repon card for those wider consequences,
society cannot effectively identity and protect
ecologically intact places, restore those that are
degraded, or make infbrmed decisions about per-
mits for development.

Understanding human impacts on the living
world requires well-selected indicators. Good
indicators provide ecologically sound. quantita-
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tive infbrmation relevant to pubiic policy. They
represent diverse dimensions of the system un-
der study, simpli ly information about complex
phenomena to improve communication with in-
terested parties, and are cost-effective (National
Academy of Sciences 2000). Identitying indica-
lor\ lhirr meel the'e:tandard. requirer I rigorou.
scientific process beginning with proper study
design, including appropriate sampling and ana-
lytical methods, and ending witl synthesis and
communication of study results (Karr and Chu
1999).

The use of multimetrjc biological indexes in
aquatic systems-specifically the index of bio-
logical integnty (IBll transformed water resource
programs (Davis 1999). IBI was a direct response
to the Clean WaterAct's 19?2 mandate to restore
and maintain the biological integrity of the nation's
waters. The broad measurement categories included
in  thc  o r ig ina l  lB l - la \onorn ic  r i chne. . -  :peu ie .
composition, trophic composition. abundance, and
condition-offer robust indicators at multiple bio-
log ica l  le r  e l r  r  e .9 . .  ind  iv idua l .  popu la t  ion .  r . rem-
blage, and landscape) (Karr 1991, Karr and Chu
lgqq r. Federal. slate. and local agencie. nou lp-
ply these indexes to establish conservation pri-
orities, deternine the effects of land use pmctices,
detine restoration needs. evaluate the success of
restoration activities, and guide regulatory actions
throughout the United States (Davis and Simon



1995, Davis et al. 1996, CufTney et al. 1997.
McCanon and Frydenborg 1997, Yoder and Rankin
1998, Barbour ct al. 1999. Black and MacCoy
2000, Fore and Crat-e 2002, U.S. Environmental
Protection Agency 2002. Fore 2003).

Research in aquatic systems has demonstrated
the utility ot. and parullel conclusions fiom, studies
of f ish, benthic macroinvertebrates, and aigae
(Davis et al. 1996. Kar 1998. Fore 2003). Any
major taxonomic group can bc examined in an
ellective menitori n g program ; more important than
which taxon is studied is the wisdom of the pro-
cess of identitying and selecting metrics (Karr
1 9 9 1 ) .

The work reported here provides thc first ter-
restrial analog of the aquatic IBI using the IBI
development protocol. from study design and data
collectioo to analysis and synthesis (Kan and Chu
1997, 1999, 2000). Key features ofthis approach
include study of multiple study sites with vary-
ing histories of human inf' luence. careful exarni-
nation of data to identify biological measures
(metrics) that provide reliable biological signal.
and validation that patterns are consistent in mul-
tiplc data sets (e.g., sarnple sites, regions, and
years). Our studies of shrub-steppe landscapes
included data collection at Department ofEnergy
facilities in Washington (Hanford Nuclear Res-
ervation) and in southeastern Idaho (Idaho Na-
tional Engineering and Envirorunental Laboratory;
INEEL). We sampled afihropods, vascular plants,
and the macrobiotic soil crust;here wc repoft only
on our afthropod studies.

Afihropods ale widely regarded as useful in
nronitoring and assessing biological systems
(Moldenke and Lattin 1990, Kremen 1992, Didham
ct al. 1998). Although many assessments focus
on one adhropod order or lamily as indicators of
disturbance (Refseth l980, Klein 1989. Neumann
1992, Niemala et al. 1993, Spitzer et al. 1997,
Fabricius et al. 2003, Jones et al. 2003). the strength
of multimetric indexes derives from the dcliber-
ate combination of diverse taxonomic, rclative
abundance, and ecological or functional measures
into a single indcx. Using multiple metrics strength-
ens our abii ity to evaluate multiple dimensions
of cornplex living systems. In addition, multimetric
inJeres  dumpen natura l  r l r iab i l i t ; .  o r  no ise .  a t
the metric level, because measures with high vari
ance are excluded. When strong metrics arc com-
bined, the resulting tenestrial index ofbiological
integrity (T-IBI), like IBIs for aquaric systems.

provides a richer signal than. say. counts of en-
dangered species: f irst. because it encompasses a
number of biological contexts and, second. be-
cause it operates much like mathematjcal aver-
ages (Fore ct al. 1994, Kimberling et al. 2001).

At Hanford we collected data for three years
to identity metrics indicating the eflects of hu
man actions (Kimberling et al 2001). Our 25
Hanford study sites included undisturbed sites and
disturbed sites (construction, dump. and agricul-
tural). We identified attributes that were signifi-
cantly correlated with history of human distur
bance at our sites in two consecutive years
(1997 98). (The probability that an attribute would
have bcen chosen twice because of chance alone
was 0.05', or 0.0025.) Through this process we
constructed a preliminary eightmetric Hanford
T IBI and validated those results with an inde-
pendent data set from additional Hanford sites in
a third year (1999) (Kimberling et al. 2001).

This paper describes the results of a similar
study at INEEL and our eftbr1 to provide a more
robust T-IBI that can be applied to the broader
geographic area of northwest shub-steppe. INEEL
has both a large expanse of protected shrub-steppe
lnd  a  recent  h i \ ro ry  o fd i \e r \e  human rc r iv i t ies .
For example, approximately ,10% of INEEL has
been tiee from grazing fbr the past 45 yr (Ander-
son et al. 1996). The site was designated as a
National Environmental Research Park in 1975
to protect its high ecological and biological value
(Burger et al. 2003).

We sampled sites with various histories of
human influence and posed the following ques-
tions: (i) How different are terrestrial arthropod
assemblages at INEEL sites with different histo-
ries of human actir'ily? (2) Can we select robust
metrics and construct a multimetric index that is
a reliable indicator of site condition? (3) Can the
index be used to recognize biological dilferences
among sites with different types of disturbance?
(,1) Are biological differences similarto those tbund
at Hanfbrd NucleijLr ReseNation in Washington
State (Kimberling et al. 2001), where we applied
the same methods, thereby allowing us to pro
pose an index applicable to both regions?

Methods

Study Region and Sites

The 2300 kmr INEEL fearures volcanic buues.
ftyolite domes. and unevenly surfaced basalt flows.
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The region's relatively high elcvation (average 1500
m) and its proximity to northern and western
mountain ranges (Lost River Lemhi, and Bitter-
root) result in cold winters rnd hot, dry sunrmers
th l  con . r ra in  p lan t  g rowth .  Nat ive  repeta t ion
consists of a shrub overstory and grass and forb
undcrstory. Sagebrush (Arrezeslri spp.) inhabits
about 807r of the land: perennial grasses (Poa
spp., Agropl-ron spp., Feslaca spp., Sl?a spp.)
constitute the most abundant understory plants.
Saltbush (Arriple-t spp.) and wintedat (E ,..rti.r spp.)
are also widespread.

Cattle and sheep overgrazed most of thc In-
termounlain West in the late 1800s (Wilkinson
1992. Belsky and Blumenthal 1997), but the ex-
tent to $'hich grazing aft'ected native plant com-
munities at INEEL is unknown. Historical trails
and roads indicate at least some grazing (Ander
son et al. 1996). The construction ofhundrcds (]1
kiloneters ofcanals designed to calTy water also
inlluenced the region, although most canals $'ere
abandoned early in thc 1900s. Before 1949 the
militaq' used the area as a testing mnge for naval
guns fiom the U. S. Naval Ordnance Station in
Pocatello, Idaho. Protected frompublic access fbr
security rcasons. the site was designated as a
National ReactorTesting Station in 1949. renamed
the tdaho National Engineering Laboratory in I97,1,
and given its present name in 1996.

We selected and sampled nine study sites in
1999 (Table 1, Figure 1) to match major environ-

mental features (slope, soil type. elevation); all
naturally supported shrub-steppe vegetation. Al-
though we cannot know if all of our sites had
equivalcnt natuml biotas bcfbrc human activity
expanded in these regions in the past 200 yr, \\,e
match these natural att butes in an effort 10 mini-
mize  the  probab i l i t y  o [  mr jo r  d i f fe rences  in  in i
l ia l  conJ i t ion .  anrung our  \ i le \ .  Our  e rper in ren-
tal design required sampling both minimally
disturbed sites (natural areas)and sites with r"arying
histories and types of human activities.

\ ruor I  y  rg

To select biological indicato$, one must test and
calibratc them against a gradicnt of human dis-
turbance. Ecological principles and theory (e.g..
fron island biogeography, landscapc ccology, and
disturbance ecology) suggest that several key land-
scape features may serve as surrogates ofhuman
inlluence: area disturbed. frequency of disturbance,
and time since last disturbance (Table 1). Thesc
measures seem both general and largely indepen
dent oftype of human disturbance (physical, chemi-
cal. or biological). A fourlh disturbance measure,
extent of soil prollle disruption, reflccts the im-
portance of soil disturbance and the role of the
macrobiotic soil cmst in regulating soil moisturc,
plant establishment. and plaurt and animal persis
tence in shrub-steppe environments (Belnap et al.
2001) .  For  th i .  s ludy .  ue  ra ted  each c r i te r ion  a .
high (2), medium-high (1.5). medium ( 1), medium-

TABI-E L Principal human activity, and conesponding distu$ance ratings. ofthe INEEL study sites shown in Figure L Distur-
bance ratings were based on areal extent ofdisturbance, soil profile disruption. time since disturbance, and frequency
ofdjsturbance. A siie s overall mting equals the sum of its extent, soil, time, and frequency ratings.

Disturbance ratinss-
Frequenry

Si !c

U N I
UN-2
C H 1
R E I
RE.]
GR-1
GR-2
P H I
P H 2

0

1 .5

2
)
I

1 . 5

Undisturbed
UDdisturbed
Aerial chcnical
Restoration
Restofalion
Caftle grazirg

Catlle graziDg

Borro$ pil

Gravel pit

0
0
0
2
2
I
I
1

t)
5.5
6

,7

1
6
1 .5

rFiN t$o lerrers ol site code dcsignatc lype of disturbance (UN = no knoqn disturbance, CH = chemjcal disturbancc. RE =

physical dinurbancc tbllo$'ed by restoration, GR = cattle erazing, and PH = physical distufbance).

rExtenl :2=>200ha. 1.5 = 21 199ha. 1=6 20 ha.  0.5 = < 0.5 ha,  0 = undisturbed.  Soi l r2=deepl ] 'd isturbed.  l=minorsurfacc

dinurbancc.0 = undisturbcd.  Tinrcr2 =< I0 yr .  1= l0 20 yr .0 = > 20 ] , r  f ' requencv:  I  = chronical ly  d isturbed.  l= inf requent ly

dinurbcd, 0 = undisturbed
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Figurc l. Idaho l\"ational Engineering and Environmenlal Laborarory study si!e localions (ree Table I for human activities and

degree\ ofdislurbance ar cach silc)

low (0.5), or low (0) to indicate the degree ofeach
type ofdisturbance. The sum ofscorcs for all dis-
turbance classes is assumed to rcflectrelative dis-
turbance levels at each site.

Col ecting l\,4ethods

We collccted insects and other arthropods in simple
pitfall tmps (3 grids of l5 traps at each of9 sites,
see below). Each trap consisted of a 0.5 I plastic
cup with a 0.21 disposable cone cup-its bottom

removed to create a funnel insefied below the
larger cup's lip. Each trap held a mixture of 507c
water lnd 50% propylene glycol'1.5 cm deep in
the bottom. Traps were in place for seven nights
and all sites were sampled within a 2-wk period
(25 May to 7 June 1999). This period coincides
with spring emergence and activity ofherbaceous
plants, grasses, and inveftebrates but coml]s be-
fore the severc drought of summer, when many
organisms become dormant.
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Number of traps

Wc set three grids ol 15 pittall traps within
each study site in three rows of five traps each at
5 m inten'als; all study sitcs and the placement
of grids within each site were defined to mini-
mize border cft'ects trom sunounding areas with
different disturbance histories. At Hanford, 15 traps
per grid were suflicientto detect differcnces among
sites reliably (Kimberling et aI.2001): the per
centage of total vadance due to measuremcnt er-
ror (rcpresenting variability associated with rep-
licale samples from the same site) declined from
5[i7c with only onc trap to I l% with l5 traps per
replicate. Measurement elTor was similar at INEEL
with l5 traps per replicate (Figure 2).

are parasitic f'lies). We consulted taxonomic ex-
pcrts tbr further identification within orders and
to confinn morphospecies.

Data Analysis

Fifst, wc developed a list of 56 atrdbutes of ar-
thropod assemblages for evaluation. These werc
tcsted tbr significant differences (Spearman's r,
P < 0.05) along a gradient of hunran disturbance,
a winnowing process that yielded 21 attributes
fbr further evaluation. Second, we selected the
best eight tbr inclusion in a multimeffic IBI (T-
IBI) by removing those that were biological re-
dundant. behayed enatically relative to our hy-
potheses, or were not significant at P < 0.01. Finally,
we calculated aT-lBI for each study site and tested
the T lBl values fbr thet correlation with distur-
bance using Spearman's r.

Wheneveran IBI is developed. disparate quan-
titative scales of the original attributes require
convening the attributes' units of measure to a
common scoring base (Kar et al. 1986, Kerans
and Karr 199,1, Fore et al. 1996). We assigned
scores of 5. 3. or I to each of the metrics with
clear dose-response curves. where 5 represented
the quantitative values found at minimally dis-
turbed sites (natural or reference condition),3
represented moderate deviation from reference
condition, and 1 represented a strong deviation
from reference condition. We assigned the range
of metric values associated with undistufted sites
a score of 5 and divided half the range of metric
values fbr disturbed sites and assigned a score of
3 or I to each half (Kimberling et al. 2001). Met-
dc scores (5. 3, or 1) were then summed to yield
a site T-IBI.

Results

Quantify ng Dlsturbance

Measured by our fbur disturbance cnteria area
of  d is tu rbance.  :o i  I  p ro f i  le  d is rupr ion .  t ime s ince
disturbance, and disturbance fiequency-distur-
bance ratings mnged from 0 to 7.5 (Table l). Sites
with mting 0 were the least disturbed (UN-1, UN,
2), and sites scoring 7 or more were most dis-
turbed (GR- I , GR-2, PH-2).

Fie d Samples

Our sample of405 pitfall traps across the 9 study
sites contained 23.165 insects (excluding

Figurc 2. Error variance relalilc to sampling efforr at Hanford
(Kimbefling et al. 2001) and INEEL. For olerall
species richness. the percentage ofvariancc due to
error declined as the Dumber oftraps pcr conpos-
ite sample rosc. The percentage error a! INEEL
(13% I  canre c losc !o rhar at  Hanford (  |  17.)  ar  15
traps pef sample.

Traps were collected at each site in the order
they were set. Wc poured the contents of each
tmp onto a fine mesh screen (placed over a plas-
tic jug for proper disposal); specimens remained
on the screen. Samples u'ere sealed into plastic
bags with a 70% ethanol solution. and each grid
of samples was put into ajar with 707. ethanol.

We sortcd and identified the contents of each
sample at the University of Washington in Se
attle. Insects and spiders were sorted to order,
family, genus (when possible), and species (when
possible). Specimens that could not be identif ied
lo  genus or  \pe \  ie \  \ te re  as . iE lncd  un ique num-
bers as morphospecies. (For choosing metrics.
either species ormorphospecies would give equiva-
lent taxa richness. or biodiversity.) We also evalu-
ated attdbutes that applied to broader taxonomic
categories than species (e.g.. iamily: all Tachinidae
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Collembola), spiders. and othcr anhropods rep-
resenting 19 orders, 140 families, and 53l spe-
cies. The number of specimens per grid varied
*idely among the sitcs. although within a site,
sampJe size varied much Iess. Undisturbed sites
UN I and UN-2 averaged 2171 and 773 speci-
mens per grid. whereas the most disturbcd site.
PH-2, averaged 100 specimens per grid. We cap-
turcd the fewest aflhropods at PH-2, the relatively
hrrren grrrel pit olten dirrupted b1 helvl equip-
ment. Large numbers of ants (697. of captured
individuals) increased sample sizes at UN-1.

Bio ogical  Attr ibutes and Human
D stu rbance

Of the 56 attdbutes tested. 21 showed significant
differences along a gradient of disturbance (P <

0.05) (Table 2). For threc attributes (relative abun
dance of the harvester a\t Pogonomjnnex, re]ta-
tive abundance ofparasitoids, and relative abun-
dance of parasitic Hymenoptera), quantitative
changes along the gradient, although significant.
contradicted our predictions; we predicted that
the relative abundance of the ant Pogonomt tmex
would increase and the relative abundance ofpara-
sitoids and parasitic Hymenoptera would decrease
along our disturbance gradient. Those attributes
were not considered fufther.

Eight attributes were significant at P < 0.05
and 10 at P < 0.01. Because our data were lim-
ited to only one year. we used a high standard of
association and tbcused on the l0 attdbutes with
P < 0.01. Two pairs of biologically redundant
measures were included among the 10 (total species

PredicGd

TABLE L Predicted responses of attributes of the arlhropod asscnblage al INEEL sites, and the statistical corrclation of rhese
attributes to hu man disturbance. A I prcccding a name indicate s taxa richness of that group: a P. its rclali! e abundance
expressed as a pefcentage oftotal individual organisns. Corelation was determined b]' Spearman's riX indicales $ar
the actual response was thc opposilc ol the predicted response. INEEL TJBI metrics appcar in bold.

Predicted

Tspecics
Tfamily
TColeoptera
PColeoptera
TCarabidae
PCarabidae
Tpollphagous Carabidac
Ppolyphagous Carabidae
TElateidae
PElalcridac
TTenebrionidae
PTcncbrionidac
TElcodcs
PElcodcs

THomoptera
PHomoptera
TDiptcra Iamilies
TTachinidae
PTachinidac
THymenoptera
PH)menoptera
TFormicidae
PForDricidae

PCollembola
TAcarina

TLcpidoplera
THemiptera
PHcmiptera
Tparasiloids
Pparasitoids
Tparasitic Hymenoptera
Pparasiiic Hymenoptera
Tdetritivor€s
Pdetritivores
Pdetritivores (minus

Collenbola)
Tpr€dators
Ppredators
Therbivorcs

Tpollinators
Ppollinalors
Tground
Pground
Pdominance (3 fanriliet
Pdominance (minus

Collembola)
Pdominance (minus

Formicidac)
Trare
:'lo. indivjduals (minus

Collembola)

P <  0 .01
P < O.ri I

P < 0.05

X

x
P <  0 .01

Decrcasc
f)ccrcase P < 0.01

Decrease P < 0.05

Decrcase

Decrease P < 0.01
Decrease

Increase /'< 0.05
Decfease

Dccrease
l)ccrcase
Dccrease
Decrease

Decrease
Decrease
Decrease
Decfease
Decrease
Decrease
Decrease

Dccrcasc

Decrease

Decrease

Decrease
Decrease

Decreasc

P <  0 .01
P < 0.01
P<  0 .05

P <  0 . 0 1

P<  0 .05

P<  0 .05

P<  0 .05

P < 0.ri5

P  <  0 .01

P < 0.01

Decrease
Decrease
Decrease
Decrease

Decrease
Decrease

Dccrcase
Decrcasc
Decrcasc
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TABLE 3. Metric and indcx \atues ibr all INEEL \ites (averagc ol lhree samples per site: scc Table I lbr site descriptions).
Nletrics beginning $ith a T measure taxa richness. Numbers in parentheses reprcscnl l11e1ic scores (5. rettrencc or
undisturbed conditions: 3. moderate devirtion from rcitrcDcei I strong deviation from rcference). assigned on thc
basi\ of research at Haniord (Knnberling et al. 200l). Nlinimum T IBI value equals 8, maximum equals ,10.

Sl te Nletrics
Tfamily TTcncbrionidae TDiptera TH,vmcnoptcru TAcarina Tpredarors Tderitivores Tg.ound TlBt

u \  |  6 7 ( 5 )
L \ -2  6 l  ( 5 )
cH-l 55.3 (5)
RE I 55.3 (5)
RE 2 5,t.3 (5)
GR-l ,19 (5)
GR 2 .18 (s)
Pl l  I  .11.3 (3)
PH 2 26.1 (1)

,t .3 (3)
s.7 (s)
3 .7  (3 )
2 .1  t 1 )

2 . 1 ( l )
2 . 7  t )
1 . 7  d )
0 . 7  0 )

l :1 .7 ( l )

r 3 .7  6 l
r 2 . l  ( l )
13.7 (3)
r2 .3  (3 )
1 0 . 3  ( 1 )
1 :  ( 3 )
9 .7  ( l )
5 . 1 ( l )

22.3 (5)
15.3 (5)
21 .0  (3 )
2  r . 7  (3 )

22.0 (3)
1.1.3 0 )
17 .0  ( l )
9 .0  d )

6.1 (5) 28.7 (s)
6.1 (5) 28 (5)
s .7  ( s )  r 7 .7  (3 )
1.3 (3) 22. ' ,7 (3)
0 . 1 ( r l  2 1  ( 3 )
I  ( 5 )  1 ,1 .7  ( l )
1 .7  (3 )  15 .3  (  r )
l . l  (5) 1,1.3 ( l  )
0  ( l )  8 . 3  ( l )

11. ' ,7 (5) 37.3 (s) 36
16.3 (5) 36.3 (5) 38
12 (3) 29.7 (t) 28
1,1 (s) 33.7 (s) 28
16 .3  (5 )  11 .7  (5 )  30
12 (]) 21 (3) 22
I 1.7 ( l)  26.3 (3) 22
9 .3  ( l )  2s .7  (3 )  lE
. 1 . 1 ( l )  1 . 7 t t )  8

N{etrics: Tfanily = olerall family dchressr TTenebfionidae = Tcncbriorid species richness; TDiptcra = Diptera lalnily richncssl
THvmcnopGr.r = bees. \\'asps. and allics spccies richDessl TAcarina = Acarina species richness. Tpredators = predator species
richness. Tdetrililorcs = detriti!ore species richne\s. and Tgrourd = ground-d\\,elling spccies flchDess.

richness and total fanrily richness; taxa dchness
of mites and relative abundance of mites). We
therefore dropped one measure from cach pair.
total species dchness and relative abundance of
mites, from tlrther consideration. Eight attributes
with significant (P < 0.01) dose-response curves
remained (Table 3): total family taxa richness:
t1y (Diptera) family richness; species richness of
darkling beetles (Tenebrionidae). mites,
detritivores. predators, adult ground dwellels, and
bces, wasps, and allies (Hymenoptera).

We chose those eight metdcs to define a T-
IBI specific to our INEEL data set that is signifi-
cantly correlated (P = 0.011) with disturbance
rating (Figure 3). The INEEL T-IBI yields site
assessments that range liom 36 and 38 (Table 3)
for the two undisturbed sites (maximum =,10) to
8 and l8 tbr physically disturbed sites (minimum
_ R \

Many dimensions of INEELs biota individual
attdbutcs and the resulting index-varied among
our study sites. Physical disturbance (PH 2) was
most devastating to biological condition: family
richness at physically disturbed sites differed by
60% from that at undisturbed sites (UN-1. UN-
2): richness of f ly families by 64%; species rich-
ncss ofground beetles by 85%, predators by 707c.
and detritivores by 73%. Continual operation of
heavy cquipment in the gravel pit (PH-2). fbr
example, where the soil was compacted, appar-
ently prevcnted most organisms from establish-
ing resident populations there. Limited recent
activity at the borow pit (PH-1) permitted some

Figure 3. Relationship bctween disturbance rating al nine
INEEL shrub ncppc sires and T-IBI (Speamran's
r = -0.81.1).

reestablishment ofvegetation and a more diverse
anhropod fauna. Sites with some restoration had
improved biological condition compared with
physicaJly disturbed but unrestored sites. Grazed
(22,22), restored (28,30) and chemically con-
taminated (28) sites had intermediate T,IBIs. Se-
vere soil compaction, either from the hooves of
livestock or liom past construction, influenced
these sites.

Discussion

Our research at INEEL demonstrates that we can
tbrmulate a measure ofhuman activity reflecting
mul t ip le  human in f luences .  Moreover ,  our

F
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exploration of the dil lerences in terrestrial
arthropods at sites with different histories of hu-
man influence shows tbat eight biological mea
sures correlate significantly with degree of hu-
man disturbance. Thosc eight measures can be
combined to produce a multimetric biological index
(T-lBIFan integrative evaluation of the biologicitl
cffects of varying histo es of human activities at
each of the nine INEEL study sites.

T-IBI captures the often extreme biological
changes that have occurred, changes that are not
normally reflected by more nalTow measures such
as counts of threatgned and endangered species.
The level of signiticance for the conelations be-
twecn meffics and disturbance rating (P < 0.01),
combinedwith divergentindex values for sites with
difftrent disturbance histories, reinlbrces oul con-
hdence in this approach to biological assessment.

Still, our limited data set (nine sites and one
year) make it inappropriale to overinterpret (or
extrapolate) our results, even if we can find de-
tailed, statistically significant pattems in the data.
Vcry detailed statistical analyscs of small data sets
lack crcdibility in validating a measurcment tool
for broad applicability. we therefore compared
our INEEL results with a larger data set tiom the
Hanlbrd Nuclcar Reservation in Wash ington State
(Kimberling et al. 2001).

The Hanfbrd T-lB I was strongly associated $ith
hunan disturbance in all 3 yr (Kimbe ing et al.
200l).Index values varied widely. depending on
land use history and current human activity. We
found, for example, that the Arid Lands Ecology
(ALE) Rcserve had a TJBI of 3rt (maximum 40),
but the old Hanford town site, abandoned in the
1940s, had aTIBI ofonly l0 (minimum 8). Dif-
ferences in spccific metrics from minimally dis-
turbed sites to severely altered areas included
species richness, or biodiversity, that was lower
in ground dwellers (23%), predators (3.17.),
detrit ivores (5l7r), and mites (8770). Family rich-
ness was lower by .107r. Our Hanford T IBI cap-
tured varialion in arthropods associatcd with our
study sites' diff'erent histories of human intluence.

Ahhough the terrestrial anhropod faunas at
INEEL and Hanford are not identical, they arc
similar; 357r (187.) of the 531 species fbund at
INEEL also occurred in our Hantbrd samples. We
evaluated 56 biological measures lrom one ycar
of INEEL data; 21 (38%) shou'ed significant dose-
response relationships to human influencc, a num-
ber that is strikingly similar to the l9 (337a) and

22 (397o) of57 significant attributes in the Hanfbrd
data fbr 1997 and 1998 (Kimberling et aJ 200 | ).
We used these similarities to develop a generally
applicable shrub-stcppe T-IBI, in much the same
way as a benthic invertebrate lBl (B-IBI) was
developed for streams in Tennessee. the Pacific
North$est, and Japan (Kar 1998).

A total of 12 biological attributes met our stan-
dards of association between disturbance rating
and biological condition at Hanford (8 metrics
out ofthe 12, 2 yr, P < 0.05) and INEEL (10 metrics
out of 12. I yr, P < 0.01) (Table,+). Six metdcs
with clear dose-response relationships to distur-
bance-total fan.rily richness: Diptera family rich-
ness; Acarina species richness: predator specles
richness; detrit ivore species richness; and adult
ground dweller species dchness overlapped at
Hanfbrd and INEEL. In other u'ords, the same
dominantbiological characters chrlnged in response
to  d i re rse  hum.rn  in f lucncc \  a l  .h rub-s teppe \ i te .
of Washington and Idaho. Thus it is reasonable
lo  inc lude a t  l c rs t  lhose core  6  met r i rs  in  a  n r . ' -
Iiminarv shrub-steppc T-lBl. Indeed, aT IBI com-
posed ofthose six met.ics correlated very strcngly
with the disturbance gradient 1br our nine INEEL
sitcs (P < 0.001) (Table 5).

Two metrics in the Hanford index polypha-
gous Carabid species richness and relative
abundance of Collembola did not correlate
significantly with disturbance rating at INEEL.
Co 'ersel)'. two metrics in thc Idaho index spe
cies richness of darkling beetles (Tencbrionidae)
and species richness of bees, wasps. and allies
(Hymenoptera) did not go into the Hanfbrd in-
dex. When thc two Hanford metrics are added to
the overlapping core six metrics the Hanford
TIBI (WA 8)-the resulting index correlates with
disturbance at INEEL to the same extcnt as the
original INEEL T-tBl (lD-S. P = 0.01l: WA-S; P
= 0.004) (Table 5, Figure,l). In r:f'fect. the cone
lation bctween the disturbance gradient and bio-
logical condition at INEEL is significant whether
measured by metrics defined by analysis of
Hanford or INEEL data.

Combining analyses at bolh INEEL and
Hanford yiclds nine netrics corelated significantly
with disturbance rating in three out offour years,
regardless of study regjon (Best 9, P <0.002) (Table
5). These 9 conslitute the most inclusive l ist of
mctrics; biological condition as measurcd by those
9 metrics is correlated with human disturbance
ruting at INEEL (Figure,l). We conclude that a
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Figure .1. Relationship berween disturbance rating ai nine INEEL sites and T-lBls based on lbur aller
native combinations ofmetrics. Data and regression line sho$,n forCofe 6 and Best 9 T-lBlsi
regression line only fof ID 8 and $A 8 T lBls. Sce Tables,l and 5 for description of altema-
tive combinarions of metrics.

this metric, then, adjusting the boundary levels
needed to score a 5 (e.g., f iom,17 to 60) would
likely provide a morc accurate assessment ofsites
at INEEL.

We do not know whether the differences in
taxa richness between the two areas rcflect dif-
fercnces in the biota (higher natural biodiversity
at INEEL) or differences in the history of human
int' luence (more human caused degradation at
Hanford). It will take more study to resolvc such
scoringthreshold questions. For present purposes,
we did not adiust scoring thresholds. The result
is that the absolutc values of T IBI for the best
Hanfbrd sites fall below those for the best INEEL
sites. Without further research we cannot kno$,
if the discrepancy rellects rcal discrepancies in
biological condition (histories of human influence)
or imprecise scoring because we do not recog-
nize real differences in biological diversity in our
two study regions.

Observations

We offer other obsen'ations that may help with
interpretation of future monitoring and assessment
studies. First, the only two metrjcs that lncreased

significantly with increasing human influence at
Hanfbrd-the percentage relative abundance of
Collembola and polyphagous carabid taxa rich
ness were not significant at INEEL. None of
the metrics in our recommcnded nine-metric T-
lBl increased with human influence. When faced
with severe or incessant disturbance (for example.
like that in the gravel pit at INEEL. where little
survives), even those groups favored by distur-
bance may not be able to persist, a situation also
encountered in aquatic systems and for which
appropriate scodng adjustments are available
(Rankin and Yoder 1999).

Second. when choosing metrics fbr a
multimetric index, onc should avoid those that
arc biologically redundant (Karr and Chu 1999).
Our decision to exclude two significant INEEL
metrics (specics richness and mite relative abun
dance, which were redundant with lamily rich-
ness and mitc richness) from the final nine met
ric T-IBI did just that. Neveftheless, threc of the
nine T-lBl metdcs were more redundant biologi-
cally at INEEL than at Hanford. Nearly two thirds
ofdctritivore species were also adult ground du'ell-
ers, and more than one-third of predator taxa wcrc
also ground dwellcrs. Ground-dwelling taxa are
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likely sensitive to soil and understory disruptions
that interfere with their life cycles; detritivores
may also bc more susceptible than other taxa to
changes in the soil or l i tter conposition because
of their often sedentary nalurc (Moldenke and
Lattin 1990). Predators may be more affected by
disturbance as thcir prey populations decline or
become liagmented (Didham et al. 1998).Although
crces . i re  h i r r lop i iu l  redundanc)  rmonS:  met r ic .
ma1 iu . t i lS  e l im inr t ing  mct r i c :  in .ome ( i rcum-
stances. we believe that the overlap afrong our
nine metrics is not large enough to outweigh the
increased resolution thal comes from including
more highly significant mctrics in the inder.

Our combined Hanford and INEEL studies
show that T-IBI mctrics are sensitive to human
influences over more than one isolatcd geographic
area. Our results rejnforce the view that the prin-
ciples en.rbodied in multimetric indexes meet the
National Research Council 's criteria fbr good
ecological indicators: they reflect diye$e dimen-
sions of the system under study, simplify infor-
mation about complex phenomena to improve
communication with interested pafi ies, and are
cost effective (National Academy of Sciences
2000). Measures ofbiological condition. such as
T-lBl. incorporate a depth and breadth that goes
beyond counts ofthreatened, endangercd. orcom
modity species. They also highlight the impor
tant l inks among taxa, composition. and lunction
in ecological systems the pafis and processes
that constitute a living system's integrity.

Ecological, especially biological. indicators are
central to an1' effon to measure and understand
the en\ ironmcntrl con\equcnr'c\ ulhuman action\.
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