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ABSTRACT/A watershed disturbance index developed by 
the USDA Forest Service called equivalent roaded area 
(ERA) was used to assess the cumulative effect from forest 
management in California's Sierra Nevada and Klamath 
mountain ranges. The basins' ERA index increased as 
logging and road-building occurred and then decreased 
Over time as management ceased and vegetation 

recovered. A refinement of the standard index emphasized 
disturbances in sensitive, near-channel areas, and 
evaluated recovery periods of 20, 30, and 50 years. 
Shorter recovery periods yielded better correlations 
between recovering forest systems and aquatic response 
than the longer recovery period, as represented by ERA 
and diversity or dominance, respectively. The refined ERA 
index correlated more closely with macroinvertebrate 
dominance and diversity information that was available for 
part of the study period. A minimum ERA threshold of 5% 
was detected, below which no effect to the 
macroinvertebrate community was observed. Above this 
threshold, elevated ERA values were associated with a 
decline in macroinvertebrate diversity and an increase in 
dominance of the top five taxa. Use of an ERA technique 
that emphasizes near-channel areas and biological 
thresholds would contribute to the Forest Service's 
implementation of ecosystem management. 

In forested watersheds, excessive management  
may lead to disturbance adjacent to the stream chan- 
nel and may raise water temperature,  decrease slope 
stability, and increase the potential for erosion. As a 
result, prediction of  land-use impacts on fisheries is 
important because fisheries are a major beneficial use 
of many stream systems in the western United States 
(Geppert and others 1984). 

The need to evaluate and predict the effects of 
forest management  activities has increased as compe- 
tition for use of  the limited resource base has in- 
Creased. Most cumulative effects techniques evaluate 
disturbed area, potential for sediment yield, water 
quality, or changes in probable peak flow (Harr  1982, 
bickert and Olshansky 1986, Haskins 1987, Weaver 
and others 1987, Johnston and others 1988). Al- 
though these methods are excellent approaches for 
assessing the physical and chemical impacts of cumu- 
lative land-use activities in watersheds, less work has 
been done to implement biotic assessments of  man- 
agement practices. Salo and Cederholm (1981) exam- 
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ined the cmnulative effects of two different anthropo- 
genie stresses superimposed on the natural mortality 
of  a hypothetical coho population that might resuh in 
extinction. Furthermore,  Gepper t  and others (1984) 
identified several aquatic habitat modifications caused 
by forest practices that could change rates of  fish 
growth, survival, abundance, and species composi- 
tion. 

Aquatic insects are important  indicators of aquatic 
ecosystem health (Rosenberg and others 1986). Be- 
cause invertebrates are also a primary food source for 
fish, insect abundance is generally linked to produc- 
tive fisheries (Platkin and others 1989). Although fish 
and invertebrate populations vary dramatically due to 
climate, fires, and other  factors unrelated to manage- 
ment, benthic macroinvertebrate communities better 
retlect management  impacts on the aquatic system 
than most other  biological measures considered for 
routine monitoring (Plafkin and others 1989). Thei r  
sedentary life-styles and relatively fast rate of  repro- 
duction make them useful indicators of local environ- 
mental changes. The  ef[ect of  disturbances on macro- 
invertebrates is dependent  on the magnitude and 
scale of the disturbance, and disturbance scales range 
from areas less than a few hectares (logging, mass 
wasting) up to whole basins (wildfire) (Richards and 
Minshall 1992). Macroinvertebrale indices such as 
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almndance ,  dominancc ,  and diversity vary f rom mi- 
nor,  shovt-term changes  in resp<msv to small-basin 
logging, to decade-hmg shifts and extinctions because 
o f  wildfire o r  chemical spills. Diversity has been 
shown to decline after  logging thai caused distur- 
bance in the near-s tream area, and then al)proach 
predistuvl)ance levels over  times ranging  from 7 to I 1 
years (Newbold and others  1980; Evman and Ma- 
honey 1983; Rot)y and Azuma 1995). 

l~,iotic assessnlenls are useft, l iudicalors c,f cur rent  
condili<ms, but unlike land-dis turbance methods,  they 
cannol be done  in retrospect.  Disturl)ance measures 
can be based on historical land-use changes,  but the 
significance and veracity of  the results ;ire dif l icuh to 
assess in most cases. 

This paper  reports  o n  a study that uses the results 
o f  a long-term biotic assessment in (:alifornia to eval- 
uate a land dis turhance nmthodology  and suggest im- 
provcments  to thal met hodology.  

Equivalent Roaded Area: A Cumulative 
Effects Me thodo logy  

T h e  US1)A l;orest Service (I:S) has played an active 
role in developing and implement ing  a cumulat ive 
elfeels assessment me thodo logy  [or puhlic toresl 
lands in California. Public con<:ern, the National Envi- 
ronmenta l  Policy Act o t  1969, and the National Forest 
Management  Act o f  1976 d e m a n d  that FS land man- 
agers assess current  condit ions and predict the el+Iects 
o f  mauiagement alternatives <)n the terrestrial and 
aquatic ecosystenls. Additionally, implementat ion of 
Section 208 of  tile Clean Water  Act (as amentted)  
caused tile FS in California, in conjunct ion with o ther  
agencies, to develop best managemen t  practices for 
water quality tnanagenmnt  p lanning  (USI)A Forest 
Service 1988). N u m e r o u s  lawsuits have alleged the 
l;S's [allure to consider  various aspects o f  cuniulative 
watershed effects (eWE),  untlevscoring the need to 
fully incorporate  an analysis o f  e W E  in all resource 
planning.  

Although controversy c<mtinues reg:trding tile na- 
ture and detinili<m of  (:WE, most authors  agree that a 
basin's harvest history should be documented ,  and 
that etl}ecls ave cumulative i |  they occur within a cer- 
b_tin time period (Klock 1985). In ;tddition to logging, 
tovest lives, grazing, mitring, recreation, and other 
activities affect watersheds and associated streams. 
The  combined effects o f  the full range o f  hind-rise 
activities should be considered when any individual 
aclivily's etl~'cts are evaluated. 

"l'he Pacific Southwest Region of lhe FS develol)ed 
a generalized f ramework  to examine ( :WE in a 

small- o r  moderate-s ized basin by: (1) identifying the 
beneficial uses o f  Ihe st ream and the water, (2) exam- 
ining thc factors inf luencing the beneticial uses, and 
(3) assessing the elfeels o f  muhiple  m a n a g e m e n t  ac- 
lions <m beneficial uses (Seidehnan 1981; USDA For- 
est Service 1988). This  dis turbance index me thod  was 
designed to satisl), the National Environmenta l  Policy 
Act o f  196<,) througla its considerat ion oi: past, present,  
and anticipated managemen!  activities. A land-use 
history is developed that t|etails the date, area, type o f  
logging and yarding,  an<l miles o f  various types o f  
roads lo t  both pul)lic and private lands in the basin. 
' l 'he method  standardizes past and planned distur- 
bance activities (clear-cuts, selective cuts, prescribed 
I)urns, wildfires, etc.) in terms o f  equivalent roaded 
area or  equivalent road acres (ERA) th rough  the use 
o f  dis turbance coefficients (Haskins ! 987). For exam- 
pie, the coefficient for a light selective cut with tractor 
yarding counts half  as much per  acre ;is a clear-cut 
with tractor yarding.  Clear-cuts that have had several 
decades to recover are discounted compared  to recem 
cuts, and lhe disturl)ance areas in ttle basin are 
summed  and divided by the total basin area to yield 
tile basin ERA. By conver t ing all typical activities to an 
ERA index, disturbances d l roughou t  the basin are 
incorporated .  Al though tile ERA methodo logy  was 
developed in Calitovnia, the tcehni<lue could be ap- 
plied to o ther  regions or  disturl)ance reginles by mod-  
ifying the coefficieuts to ret]ect local practices. 

Basin dis turbance indices such as the ERA method  
can be used to achieve dispersion o f  practices over 
space and time. Based on indices, logging would be 
spre,td across the foresl ra ther  than concent ra ted  
wilhin a basin, or  a clear-cut might be delayed until 
recendy cut areas recover. Thresho lds  can I)e selecled 
that co r respond  with the onset o1 detectable change,  
wit It the onset o f  undesirable change,  o r  with the o n -  

se t  of  damage  levels thought  to be irreversible. In 
watershed management ,  for example,  15-20% of  the 
t imber in a watershed must  be cut within a decade 
betore a measurable  change  in r u n o f f  volume will 
occur  (Bosch and Hcwlct t  1982). Conversely,  ex l remc 
disrupt ion from logging, tire, or  o ther  disturl)ances 
may rcduce  the species divcrsity and carrying capacity 
o f  the aquatic ecosystem (( ;epper t  and others  1984). 
' l 'o aw)id undesiral)le change,  a threshold o f  concern  
is selected based on an historical analysis of similar 
watersheds. If  the ERA exceeds the threshold,  the 
district ranger  may call l~)r on-site investigations and 
may then ei ther  delay the p lanned harvest o r  specify 
exlra mitigation to avoid creat ing off-site effects. 

T h e  current  ERA tnethodology is t~ar front perfect.  
To  rellect watershed disturl)ance, accurately, distur- 
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barite coetl]cienlk need io I)c dt iernl ined for land 
l/l;lil;t~CllleiH activities such ;is giilzin,~, mi l l ing,  itl ld 
rtx:iO,llional devclopl l lenlk, l ) is l incl threkholds o[COll- 
ceril ;ilk<) ;llC ntcded R)r diverke geographic icgiol/s 
aild })enel]cia] ukek. Vitl idalion is dif l ]cuh I)ecauke of 
ih t  inul l iresourct, lOli~-lerln dala lh;il itit" required. 
(]linlaiic varial)ilily, parlicularly in lhe arid West, inay 
illakk the l inkagt I)ciwton upland acliviiiek and 
Slream ocosySlelii iekpoilke, i;or e lan|pie,  periods of  
drol ighl (stlch as occurred in (]alil()rnia I)elwetn 1987 
~illd 1992) delay tilt" lrankporl of  st'dimenl lhrough 
tile kysltm. (]onversely, infrequent high |tows [rent 
]ltavy r;lins on the SllOWl)iick Cilll C;IIlSO In,!ior chilllg'es 
in the fluvial lind biolic kyklenik lhal may or nl;iy nol 
lie itt]e(:ltd I)y pasl lllli l i;lgenlellt. The ERA nlelhodol- 
Ogy has I)t'en i inplenlenled hy the FS in (]alit~)rnia, I)ul 
[urther ewihi,ilion is needed. 

Research History and Site Description 

The nlacroinverlebrale and recovery resuhs in this 
sltl(ly ai'e derived t'roili lOllg-lt'ril l work dire(led hy 
l']rllian (Ernlan and otherk 1977, Erlnan and M,i- 
honey 1983, Fong 1991). He and ktti(|eills from tile 
Utliversity of  California tit Berkeley (U(]B) sh<)wed 
dial nlacioinvtrtebrate r in sevtral gto- 
graphically dislinct, northern California strcanls re- 
kponded to localized logging-related disturt),incek (Er- 
nian and ethels 1977; Newbold and others 1980). 
l.aler ktudies directed by Ertnan followed the recov- 
ery of these comniunilies after the inilial disturl)ance 
(Erlllan <tnd Mahoney 1983; O'( ]onnor 1986; I:otlg 
1991). Theke studies partitioned watersheds inlo 
bhickk, and a kul)stt of three blocks from Ihe UCB 
studies was used ill our analysis of  the ERA index 
(Figure 1). Tll t  New York, Taylor, and Bit blockk 
har t  Irealment walersheds wilh different amoullts o[ 
logging-related dikltlrl);tncek and control drainagts 
Wilh i i l i l l i l l l ; i l  Iog,gill~ aclivilies alld ro,ldk. The ll'e;tt- 
illelil walerkhedk experienced linlt)er renlova] within 
tile klrealnside riparian zone dur ing lilt" early 1970s. 
MOSl conlrois had no logging activities next Io lh t  
sire;tin chltllill_'l. [ i" SOIllC hai'VCkt did OCCIlI', it Wak not 
cloke to Ihe niacroinverlel)ralo sanlpling silts. 

l,ocaled primari ly oil ii~itioll~ii [orcsl lands, t i l t  
OOpl kllidy sites were first- lind scCoild-order sire;tills 
draining niidelev;ilioll waltrshedk ranging trom 61 lo 
828 ha ('l'allle 1). Ti le New York block dr,tins into the 
NOrlh Yuh,t River, l i l t  Taylor block dlaink inlo the 
NOrlh i;'ork Feather River," and ill() Bh block draink 
iilh) the Klanlaill River. ' l 'he predoini i lanl vegelalion 
hi lhe wattrkheds includcd Douglas | i t  (l~.w, udot.~uga 
Ine~ziesii), I t ' l l (  t'ii" (Abh:s spp.), ;tn(l m i x e d  ( O l l i t c i s  

Bit Block 

- 

/ Lake Tahoe 

N 

100 km 

Figure 1. Study sill' locations in northern Califin'nia, USA. 

(Calocedrus decurrens, Pinus kpp., and Abie,~ kpp.). 
tt,u'dwood liets and deciduouk shrubs tAter spp., AI- 
mt~ spl)., Quercus spp., and Salix spp.) occur frequenlly 
within the riparian corridois. 

Methods 

Equivalent Roaded Area 
The methodology for calculating ERA has been 

dekcribed in det,til by Scidelman (1981), Iqaskins 
(1987), and the USDA Forest Servict (1988). Aerial 
photography has been tile priniary source of histori- 
(,tl dis)urhancc and conditioii int~)rnialion in cumula- 
live imp,l.cl studies (Dickcri and Ttill[e 1985; (;rant 
1988; .]ohnkion and others 1988). Since tht  19,40s, 
mosi national forests havt atrial photogr,ll)hy of  their 
lands al 5- Io 15-ytar intervals. This photogral)hic 
record rtnlaink the besl (and otiell only) source of  
in[orlnation over lime concerning land use, koil dis- 
ttlrb,uice, mass Wakling, and vegel~lion cover (1)ickevl 
and Tultle 1985). 

I 'hotogritl)hic (:over:igt ot  tile Bit and 'l 'aylor 
I)h)cks W;lS acquirtd for lhe period t ]oin lhe mid- 
194()k It) th t  nlid-19S0k. (]()vei;i,~e ()t" lhe New York 
hlock wak unavailable I)efore the mid-1960s. Photo 
scale rangtd troin I : 12,000 to 1:24,000. T i l t  earliest 
photok weie tised io at)proxill l;l le.lht" Ages o[ roads 
,ind l imber harvesls. The lasl 20 years of  Ihe pllolo 
record were con/bined witil awtilat)le i inibcr kalek 
ieCOl'dS t'l'Oill |"S dislrlcl el]ices to dtvelop ii st'quenlial 
land-ust hikiory. A zoom transftr  st:opt was used lo 
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Table 1. Range of characteristics for stream reaches in Taylor, New York, and Bit blocks 
of northern California ~ 

Subwatershed Reach Mean annual Geologic 
Blocks area (ha) elevation (m) precip. (cm) I' |ype ~ 

Taylor I 13-828 1700-1930 100 gr 
New York 92-531 ] 030-1330 159 Ip, gr 
Bit 61-218 1145-1380 141 m, g 

"Sources: Erman and others (1977), Erman and Mah<mcy (19b13), arid Fong (1991). 
t'NOAA (1989). 
'lp = Palcozoic marine, m = prc-(',cr.)zoic metamorphic, g = granitics, gr = Mesozoic granilics. 

correct for geographic  d i sp lacement  and  tilt as the 
photo inf i ) rmat ion was t rans fe r red  onto  Mylar a! a 
c o m m o n  scale. T h e  in fo rma t ion  was en te red  into a 
geographic  in fo rmat ion  system to analyze the tempo-  
ral and  spatial t rends.  A map of  the Tayh)r  block is 
inc luded as an example  (Figure 2). 

I~and-use in format ion  was t ransf i ) rmed int.() per- 
cent ERA values following a p rocedure  developed by 
t taskins  (1987). T h e  terms used in the p rocedure  are 
def ined  as: 

�9 Harvest uni t  ERA (area) = recovery factor • 
d i s turbance  factor x area 

�9 Road ERA (area) = road length • average width 
�9 Total  ERA (area) = sum of  harvest  uni t  and  road 

ERAs 
�9 Percent  ERA = (total ERA/watershed area) • 100 

Harvest units. Each harvest  uni t  was classified ac- 
cord ing  to harvest and  t imber  removal  methods.  Har-  
vest methods  inc luded  clear-cut, light selection, and  
heavy selection. Removal methods  inc luded tractor, 
cable, and  skyline techniques.  T h e  severity of selective 
harvests was classil]ed by using an est imate of  percent  
of the area covered by skid trails (5%-40%) and  an 
estimate of  percentage  of  trees removed.  T h e  area of  
each harvest  uni t  was d e t e r m i n e d  by the geographic  
in to rmat ion  system or a p lanimeter .  

Recovery factor. Barr ing  addi t ional  dis turbances ,  
bare lands revegetate with grasses, shrubs,  herbs, and  
trees. Root ing by herbaceous and  woody plants stabi- 
lizes s t reambanks,  retards erosion,  and  shapes bank 
morphology  (Swanson and others 1982). As revegeta- 
tion progresses, flow peaks and  volumes have been 
shown to r e tu rn  to preharvest  condi t ions  in about  30 
years (Swanson and  Hi l lman 1977). Except fi)r roads, 
ERAs fi)r d is turbed  areas are therefore  d iscounted  
based on an assumed 30-year l inear recovery rate 
(USDA Forest Service 1988). In  addi t ion,  20- and  5(1- 

[ ~  Wa~orshed 
c, oundaty 
Permanent 
slteam 
I~letmllti nl 
stream 

~ 1958 

~ 984 

[ ~  196fi-1972 

~ 1970 

~1979 
"" ~ ~ '981-1982 

< 
Figure 2. The extent and dale of historic logging activMes 
since the 1940s in walersheds of the Tayhw block. 

year recovery periods were tested. T h e  recovery fac- 
tor for any time af ter  a harvest  is: 

Recovery factor = (analysis date - harvest  date)/ 
recovery per iod 

or  = 1 if harvest  is over 30 years old 



Equivalent Roaded Area 613 

Table 2. Disturbance coefficients used to relate 
timber harvest practices to effects of road building ~ 

Disturbance 
Management aclivity coeflicienl 

Road, cut, and lill 1.00 
Tractor clearcut 0.2-0.3 
Tractor light selective 0. I-0.15 
Tractor heavy selective 0.2-0.3 
Cable clearcul 0.15-0.2 
Cable light selective 0.1 

~'Source: Haskins (1987), and USDA Forest Service (1988). 

For example,  a clear-cut that  occur red  this year has 
a recovery factor  o f  zero, and the entire area is added  
to the basin's dis turbance tally. I f  the clear-cut oc- 
CUrred 20 years ago and the recovery period is 30 
years, then the cut  is 67% recovered and only 33% o f  
the original area is added  to the tally. A h h o u g h  this 
p rocedure  may be debatable in terms o f  m o v e m e n t  o f  
soil particles or  nutr ient  releases, it is reasonable in 
terms o f  hydrologic  factors such as peak tlow and 
annual  r u n o f f  w)lume. 

In the case o f  the pre-1960 harvests, exact harvest 
dates were often unknown,  so harvest  dates were esti- 
mated as the inidpoint  year hetween two photo-  
graphic dates. I f  the earliest photo  showed a harvest, 
that pho tograph ic  date became the year o f  harvest 
regardless o f  when it may have occurred.  

We adop ted  a conserwttive app roach  by assuming 
roads would not recover.  It is recognized that al- 
though roads p roduce  sediment  both immediately af- 
ter they are const ructed  (McCashion and Rice 1983) 
and again after  live to seven years when tree roots rot 
(Ziemer 19811, unused  roads may not be major  con- 
tributors o f  sediment  a decade  after  construction.  
However,  compac ted  road surfaces increase r u n o f f  
and increase the risk o f  mass wasting. Culvert  wash- 
Outs also may occur  at any time if they are unders ized,  
Unmaintained, or  if large rain-on-snow storms occur.  

Disturbance]actor. T h e  FS has established a range 
of  dis turbance factors or  coefficients for  various har- 
Vesting methods  (USDA Forest Service 1988). T h e  
magni tude  o f  these coefficients reflects the severity o f  
land dis turbance result ing f rom dif ferent  practices 
(Table 2). Hence,  tractor clear-cutt ing is assigned the 
highest coefficient after roads. 

Roads. A road was def ined as any constructed pas- 
Sage that can be used by a logging truck or  passenger  
vehicle. This definit ion excluded skid trails and paths, 
but various sizes o f  roads were encountered .  A width 
of  12 m was the dividing point  in the classification o f  

roads into nar row and wide classes. Cut  and till slopes 
visible on aerial pho tog raphs  and  in on-site inspec- 
tions were included in the m e a s u r e m e n t  o f  road 
width. 

E R A  modification.~. T h e  s tandard  ERA method  
used by the FS in no r the rn  California does not in- 
clude the location o f  roads and harvest  units relative 
to streams and other  sensitive landforms.  Al though  
the method  recognizes the inherent  sensitivity o f  ac- 
tive and d o r m a n t  landslides, valley inner  gorges,  ri- 
parian areas, land slopes greater  than 80%, and very 
highly erodihle soils, these factors are not included in 
the de terminat ion  o f  disttu-hance coefticients (USDA 
Forest Service 1988). In recognit ion o f  the role that 
sensitive lands play in CWE (Geppert  and others  
1984), we modif ied  the s tandard  FS method  to focus 
on a 100-m streamside impact zone (SIZ) on each side 
o f  the channel.  T h e  SIZ typically includes many o f  the 
sensitive features listed above. T h e  stream network 
was based on informat ion  f rom US Geologic Survey 
7.5 ~ topographic  maps, supp lemen ted  by field obser- 
vations. In essence, this Inodification makes the S1Z 
area the watershed area. Roads and harvests within 
each SIZ were est imated as per  the FS me thodo logy  to 
p roduce  an ERA for  each SIZ. As with the s tandard  
ERA analysis, we compu ted  ERA values for recovery 
periods o f  20, 30, and 50 years. 

Macroinvertebrate Analysis 

Using Spearman  rank correlation,  diversity and 
dominance  data for  the three or  four  sample periods 
and all t reated watersheds in Erman 's  20-year UCB 
studies were c o m p a r e d  to the time-series ERA indices 
to t  matching  years and watersheds.  T h e  intent  o f  the 
correlat ion was to de te rmine  if the pat tern o f  the 
ERAs co r r e sponded  with the pat tern shown by the 
macroinver tebra te  comnmnit ies  over  time and across 
all t reated catchments.  Erman 's  studies noted that 
Shannon  diversity and taxa dominance  were reflec- 
tive o f  habitat changes  that were related to manage-  
ment effects (Erman and others  1977; Erman  and 
Mahoney  1983). Sha imon diversity is def ined as: 

H = - X [p, x (111 p~)] 

where Pl is the propor t iona l  abundance  o f  the ith taxa 
(n,/N), n i is the individual abundance ,  and N is the 
total abundance  (Magurran  1988). Relative domi-  
nance was est imated by two techniques:  (1) the most  
abundan t  taxa; and (2) the live most  a b u n d a n t  taxa 
per  stream reach. 
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Table 3, Roaded area for watershed or streamside impact zone (SIZ), photograph date, watershed areas 
(entire basin and SIZ), control (C), and treatment (T) for Taylor, New York, and Bit blocks 

I}h~}l{} R{}adc{l al'ea SIZ R<}adcd area SIZ Roadcd area SlZ Roa<led area S1Z Roadcd area 
(late ill I}asin ;ilea in liashl ;trc;I in basin ill'Ca h/ basin Hlt'a in basin SIZ 

Dr>wet + Tayhn" (T) U1}pcr T;lyl(>r ((:) E. Branch 1,ights ((:) 
(6()1 hal l16 ha) (113 ha/ I I  ha) 11428 ha/132 ha) 

194 I 3.0 0.5 1.2 0.3 0.8 0.(} 
1953 3.(} 0.5 1.2 0.3 2.0 0.2 
1966 3.0 0.5 1.2 0.3 25.'1 5.6 
1972 10.4 3.2 1.2 1).3 25,6 5.3 
1977 I{}A 3.2 1.2 0.3 25. I 5.3 
1982 I (}.'1 3.2 1,2 <).3 2't .5 6.3 
1987 I{}A 3.2 1.2 0.3 23.6 6+3 

Mi{I. New York (T) New York Tril}. (T) Uppc l  New York ((:) 
(466 hai l24 ha) (92 hal24 ha) C1,t7 hat89 ha) 

l 'hnl}irc ((:) 
(532 hat127 ha) 

1972 5.6 0.3 0.2 0.(} 5A {}.3 
1!}77 7.9 0.7 0.5 0.2 17.7 0.1 
1982 8,(} 0.7 0.8 (}.H 6.5 0.2 
1!187 I 1.1 1.5 2.5 (1.5 7 .9  0 .3  

l,()wct" Pour Bit {T) l+ower Two Bit ( '1") Upl}cr l:<}lir Bit ((;) 
( l i} l hat21 ha) ( 120 I/at3B ha) {8{} ha/[ 5 ]la) 

3.(} (i.6 
3.0 0.6 
"L0 (}.6 
3.0 (}.6 

Upl}cr Two Bii (C) 
((il ha/18 ha) 

E. I"ork Indian (C) 
(87 hat 15 ha) 

1944 0.8 I).() 1.7 (}.5 0.8 {I.t) 
1955 0.5 0.0 1.7 0.5 0.5 (}.0 
1964 3.7 1 .() 3.5 1.3 2.9 0.3 
197 1 5.8 1.0 ,I .0 1.3 3.3 {}.3 
1975 5.8 1 .<) 4 .<) 1.3 3.3 {}.3 
198{} 6 .3  1 .<) 4 .() 1.3 3.9 0.3 
1986 6.3 I .{} 't .0 1.3 3.9 0.3 

1.2 0.0 1, | 0.0 
1.2 0.0 1. I 0.0 
1.2 0.0 1.7 0.0 
1.5 0.0 2.0 0.0 
1.5 0.0 2.0 0.0 
1.5 0.(i 4 .9  (1.0 
1.5 0 .0  4 .9  (}.0 

R e s u l t s  a n d  D i s c u s s i o n  

Equivalent Road Area Trends 

All s tudy  w a t e r s h e d s  had  e i t h e r  r oads  o r  l o g g i n g  

ac t iv ides  t h r o u g h o u t  t he  l eng th  o f  the  p h o t o g r a p h i c  
p e r i o d  (Tab le  3). S o m e  w a l e r s h e d s ,  such ;is U p p e r  

T a y l o r ,  had  C<)llS|+tlll, n o t i z e r o  ERA values  that  pe r -  

sisled t h roughou t  the  photo  record,  wh ich indicated 
lhe presence o f  roads but not harvests (e.g., Uppe r  
T a y l o r  in I" igure 3). In  lhc  mM-1950s, ERA wdues 
rose f rom near zero on t i le ' l 'ay lor  and Bit basins, 
re t ]ec l ing s igni f icant  logg ing act iv i ty in Ihesc areas 
(F igu res  3 a n d  "t). Ma:ior increases  in h+trvestitq..{ a n d  

road  I m i l d m g  <}ceurred in the  1960s in s o m e  c o n l r o l  

w a t e r s h e d s  (Tab les  3-6) .  In the  mid-  1950s a n d  1960s, 

ERA values  for  the  I rea l l l ie l l l  w a t e r s h e d s  r e a c h e d  

I1}r on the  T a y l o r ,  Bil, a n d  New York  blocks,  and  

per ( :en lages  o f  ( l i s lu rbed  a rea  r e a c h e d  2 0 - 3 0 % .  Per-  

c e n t a g e s  o f  d i s t u r b e d  a rea  in t he  Nc.w York  block 

w e r e  very  h igh  a n d  r e a c h e d  86% (Tab le  5). H o w e v e r ,  

t hese  l}ercermlges  itl{:luded a reas  that  w e r e  h a r v e s t e d  

l n o r e  I h a l l  o i i c c .  S < ) l l | e  contro l  w a l e r s h e d s  e x p e r i -  

e n c e d  heavy  (l isl t lrban(:es p r i o r  to t he  1960s, I)ut we 

c o n c l u d e d  they  w e r e  g e n e r a l l y  dis tanl  e n o u g h  tr<nn 
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Figure 3. Trend in cquivahml roadcd area it]dex for dw 
Tayh}r block using, a 30-year recovery period. 

the  c h a n n e l  to n{}l i nva lMa te  lhe  c lass i f icat ion as a 

con t ro l .  F igu re s  a r e  not  shown  for  t he  New York  

block because  t h e r e  ++el'<_" no  p h o l o g r a l ) h s  p r i o r  to 
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10 ' Slrttam rtmeh.s ~ , , ,  ' 

�9 Lower  Four Bit ('13 ~ ] N.~ 
, Lower Two Bit (T) ~ 

- - - 0 " " -  Upper Four Bit (C) ~ ] 

Year 
Figure 4. Trend in equivalent ro;tded area index for Ihe Bit 
i)lock using a 30-year recovery period. 

1966. However, the New Yotk watersheds had exten- 
sive culling and mining prior to 1966. A similar pat- 
tern of disturbance occurred in the SIZs as occurred 
in the entire watersheds (F'igures 5 aud 6). Maximum 
ERA levels exceeded 8% for the Taylor atnd Bit 
hlocks, and 10% for the New York block (no figure). 

For the plots of  ERA wdues, only the 30-year re- 
COvery curves are shown because the general patlern 
of  declining ERA after harvest was similar when the 
2t)- and 50-year recovery rates were used. ERA values 
dropped more quickly when the 20-year recovery tale 
Was used, unlike lhe sh)w declines that resuhed from 
using the 50-year rate. With tim 50-year recovery 
rates, ERA wducs peaked slightly higher in a few cases 
When new harvests occurred hefore past harvest areas 
had recovered completely. 

Near-Stream Activities 

The modified F:RA method emphasized activities 
Within 100 m of the stream. For our sample of water- 
sheds and using a Spearman correlation test, this re- 
tittement yielded signiticanl correlation between 
some of the ERA values attd comnmnity parameter 
indices derived from the UCB sludies (Table 7). 'l 'he 
Ilollparantetric Spearman correlation was used to 
avoid making distributional assuml)tions al)out the 
data. The sample correlations between the moditied 
ERA values and Shannon diversity were higher than 
they were with the standard ERA method. (]ompari- 
Son of ERA values and comnmnily dominance yielded 
similar resuhs. Proximity of the disturl)ap, ce to the 
channel increases the t hance t hat t he aqualit: ecosys- 

tern will he allcoted. By limiting the eflE'ctive water- 
shed to a 2t)O-nl strip ahmg the length of the channel, 
our refined melhod increased the prol)ortional effect 
e l  any disturl)ances in that area. Ahevnately, an ERA 
nlethod could be fornmlated that included tim entire 
watershed but had differenl, much higher distur- 
bance [actors for areas within the SIZ. This revision 
would it~corl)orate lhe managenmnt in the uF, hmd ar- 
eas of  the I)asin I)ut reflect the sensitive i)alUl-e of  the 
neat--channel zone. 

Recovery Period 

Following the cessation of  logging activities, lhe 
physical and hiological environment recovers and 
ERA values decline bascd on the assumed recovery 
schedt, lc. Using a Spearnlan rank correlation test, the 
30-year recovery period used I)y the FS produced sig- 
nificanl c<)rrelations between ERA and diversity or 
dominance from the UCB studies ('l'able 7). Con- 
versely, the 50-yr recovery period yielded lower, non- 
significanl correlations (Steel and Torrie 19601. In 
one case, a significant correlation was deternfined for 
a 20-year recovery period bill nol for a 3(l-year F,C- 
tied. These restl]lS suggest Ihal shorter recovery peri- 
ods better describe the association between recovering 
forest systems and aquatic l'CSpOllSC, :IS represenled 
by the ERA and diversity or dolninancc, respectively. 

Either the 20- or 30-ycar period allows for suhstan- 
tial vegelative and hydrologic recovery on lhe study 
watersheds. Revegetation typically reduces the risk of 
erosion and mass failure, and hydrologic recovery is 
furthered by litter accumulation, decreases in soil 
compaclion, and re{every from soil surface armoring. 
Based o+1 sampling of  plants taller lhan I.,t m in quad- 
rats at 5 and I0 m from lhe ch,mnel ahmg tl'illlSeClS 
spaced at 40-m intervals, densities in lhe cut areas 
equaled or exceeded control areas in less than 1,5-17 
years for the New York, Bit, and Taylor hlocks (Fong 
1991). Similarly, ten years after logging, harvested 
sites ahmg Carnation Creek, British Columhia, con- 
tained vegctalive o>ver equal to prelogging levels 
(H;trlnlan and Scrivener 1990). 

Thresholds for Detectable Change 

We compared standard and modified ERA values 
with the 1J(:B dominance and Shannon diversity data 
to dctcrmine if ERA and invertebrate community 
condition could he correlated. If  ERA is linked to 
channel and aquatic ecosystem he;ilth, then such a 
correlation should exist. We hypothesized that as 
F, RA increased, dominalace of certain taxa should in- 
crease and diversity shouhl det rease. We anticipated a 
curve with a moderate sh)pe for low and moderate 
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Table 4. Dates and sizes of tractor-harvested areas in watersheds and streamside impact zones (SIZ) on 
control (C) and treatment (T) basins of the Taylor block 

l)hotn Year o|" Watershed SIZ cut Harvest 
Watershed date harvest cut area (ha) area (ha) method 

lx)wer Taylor (T) 
(601 ha/116 ha) 

Sum/% of area 
Upper Taylor ((i) 

(113 ha/I ! ha) 

Stlnlt% of area 
E. Branch I,ights (C) 

(828 hWI32 ha) 

Sum/% of area 

1941 None 
1953 None 
1966 1964 4 1 Clear-cul 
1972 1966-1972 13 0 Clear-cut 
1972 1968-1969 3 0 Clear-cut 
1972 1970 36 2 tteavy selective 
1972 1972 25 5 l,ight selective 
1 !172 1972 3(I 13 Heavy selective 
1977 None 
1982 1979 12 1 I,ight selective 
1987 1986 35 7 ('ear-cut 

158/26% 29/25% 
1941 None 
1953 None 
1966 None 
1966 1968-1969 
1972 None 
1977 None 
1982 None 
1987 None 

1941 None 
1953 None 
1966 1958 
1966 1958 
1966 1958 
1972 None 
1977 None 
1982 1981 
1982 1981 
1982 1982 
1987 None 

2 0 Clear-cut 

2/2% 0/0% 

335 32 Heavy selective 
97 17 Light selective 

6 0 Clear-cut 

3 0 Light selective 
3 0 Clear-cut 

53 4 Light selective 

497/60% 53/40% 

ERA values and  then  a s t e epe r  s lope tb r  ERA values 
past  a t h re sho ld  value o f  15% or  20%. T h e  c o m p a r i -  
son does  show a decl ine  in divers i ty  with increas ing  
d i s tu rbance  levels (F igure  7). T h e  c o m p a r i s o n  d id  not  
reveal  an uppe r - l im i t  th resho ld ,  possibly because  the  
d i s tu rbance  was not  suff icient ly severe,  e.g., the  ERA 
values did  not  exceed  i 0.5%. 

T h e  resuhs  do  suggest ,  however ,  the  p resence  o f  a 
m i n i m u m  ERA threshold .  Assuming  a no rma l  dis tr i -  
but ion  of  e r ro r s  and  us ing a two-phase  l inear  regres-  
sion model ,  successive f i t t ings were  made  to f ind Ihe 
jo in  po in t  tha t  min imized  the sums o f  squares  (Hink-  
ley 1971). For  o u r  sample ,  the j o in  po in t  between tim 
two phases  c o r r e s p o n d e d  to an ERA value o f  5.1%. 
T h e  95% conf idence  interval  for  this m i n i m u m  ERA 
th resho ld  was f rom 3.7 to 6.5%. A l t h o u g h  the s lope o f  
line A is positive in F igure  7, the  s lope is not  signifi-  

c andy  di tTerent  than zero and  we c a n n o t  conc lude  that  
mino r  d i s tu rbances  increase  aquat ic  species diversi ty.  
T h e  negat ive  s lope o f  line B is s ignif icant ,  however ,  al 
the  5% level, s u p p o r t i n g  the hypothes is  o f  an inverse 
re la t ionsh ip  be tween divers i ty  and  land  d i s tu rbance  
for  ou r  sample .  T h e  m i n i m u m  th re sho ld  value sug- 
gests that  only  low levels o f  d i s tu rbance  in the  s t ream-  
side zone can be to l e ra t ed  wi thout  at least a t e m p o r a r y  
effect  on the aquat ic  c ommun i ty .  

Th i s  f ind ing  suggests  that  l a n d - m a n a g e m e n t  deci-  
sions based on hydro log ic  th resho lds  o f  conce rn  are  
likely to have an effect  on s t ream biota. Fo r  example ,  
Haskins  (1987) desc r ibed  a case s tudy where  the  FS 
assessed the suitabil i ty o f  t imber  ha rves t ing  in selected 
wa te r sheds  o f  the Shas t a -Tr in i ty  Nat ional  Forest .  
T h o s e  wa te r sheds  with ERAs That e x c e e d e d  a p r e d e -  
t e r m i n e d  th resho ld  o f  conce rn  o f  18% were not  con- 
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Table 5. Dates and sizes of tractor-harvested areas in watersheds and streamside impact zones (SIZ) on 
control (C) and treatment (T) basins of the New York block 

Photo Year of Watershed SIZ cut Harvest 
Watershed date harvest cut area (ha) area (ha) method 

Mid. New York (T) 1966 Pre- 1966 245 40 H ca W selective 
(466 ha/124 ha) 1972 1966-1972 7 4 Light selective 

1977 1974 28 13 Heavy selective 
1977 1974 6 0 Light selective 
1977 1974 4 3 (]lear-cut 
1982 None 
1987 1982-1987 30 0 Clear-cut 
1987 1982-1987 1 I 2 i teavy selective 
1987 1982-1987 27 5 Light selective 

358/77% 67/54% 
44 3 I leavy selective 

Sum/% of area 
New York Trib.  (T) 

(92 ha/24 lalr) 

Sum/% of area 
Upper- New York (C) 

(347 ha/89 ha) 

Sum/% of area 
Empire (C) 

(531 ha/127 ha) 
Sum/% of area 

1966 Pre- 1966 
1972 None 
1977 1974 
1977 1974 
1982 None 
1987 1982-1987 
1987 1982-1987 

1966 Pre- 1966 
1972 1966--1972 
1977 1974 
1977 1974 
1982 None 
1987 1982-1987 
1987 1982-1987 
1987 1982-1987 
1987 1982-1987 

1966-1987 None 

19 6 Heavy selective 
4 3 Clear-cut 

9 0 Clear-cut 
3 2 Heavy selective 

79186% 14/58% 
200 36 Heavy selective 

7 4 Light selective 
3 1 l teavy selective 0 1) l,ight selective 

22 0 Clear-cut 
16 5 IJghl selective 
11 11 Light selective 
8 0 Heavy selective 

267/77% 41:,/52~7~ 

0/0% 010% 
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Figure 5. Trend  in equivalent roaded area of  the stream- 
side impact zone for the Taylor  block using a 30-year recov- 
ery period, 
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F igure  7. l l cyond  a lnJnilllillll 
cflbcl !hrcshoJd, increases in 
r o a d t ' d  ;l l 'ea r( !st lh in  a dc -  

t;icased diversily index as 
slmwn by line I?> (diversity dala 
J'roin ['~t'tli;lt) and oihers 1977; 
l ' i i ' inat l  a n d  M a h o n e y  1980:  

Ft>i/g 1991). 

sidercd for [ t t r thcr harvest activity. I f  a strcatn biota 
threshold of 5rJ~ had been used, [cwor ;iClt~s [or tin-l- 
])or ttarvcsting would have been ,iwiilal)le, but elTccls 
on aquatic insccls, and l~OSsibly the l]sherics, would 
hitvc I}ccn lessened. Based Oll the r l k c c n l  CCIttlt'ovors)' 
in lhe Paci[]( Northwesl ~lver ihc spoiled owl and the 
ptc'sidetlt's c'COtlomic ;iil([ enviror l i l le i l ta i  ailalyscs, 
] ) r o l e c t i O l l  o f  t lC ; t l - s t r ( ? ; l l ] l  ZOllCS is tie%&' t]~ll lCh n l o F c  

slringent Ihan it was in lilt" pasl. With stFicl i tnpienlen- 
ial ion of the ne.w slrC;tTnside piolccl ion Z(lllt:S, disiur- 
I)allCes in these ;tl'CilS l l l i l y  not CVCI1 ieach the 5% 
threshold the41 wt, }l;iVt~ ClitTt~l;tlcd wiih declines in the 
divcrsit 7 index. 

( ) l l r  restlilS are Ft(HI1 CalitTnnia, which is a Medi- 
Icrraticail  hydrologic rcgi i l ic, and tnacroinvt ' l Ichrale 
(ot i l l l i t t l l i l ies elsewhere inay reacl ditTerenll 7 I(i Ihe 
saiiie levels of  diSLtiFl)anct'. 'We hypolhcsize thai land 
dislurt)ance in olhcr regions of  the United Stales or in 
olhcr countries wottid tt'sttll iti sini i ] ; i l  rcsl)t>nst:s in 
the inacroinveriehralo conlmui~ilies and Ihai a nlelhod 
like Ihe inodif]cd ERA would be al) i)ropriale oulsidc 
of (]al i l i)rr l ia. Analysis o1 the relationship t)c'twcen 
ERA aild i]lacroirivcrletlFitlc' cOll lmuii i l ies i l l  o lher 
ccoregions, however, is ccFtainly wi i r ra l i l .cd .  Because 
our  sllldV did not ]lave ERA vahtcs in excess o f  10.5%, 
addilional research is needed to de te rmine  lhc inlllt- 
once o |  higher ERA values on the exienl and dtirafJon 
of  biological respltnse. 

S u m m a r y  

Bol h lhe sulndard and mt>dificd tierms of  the ERA 
n/clh()d yielded hlcreascs il) Ihc ERA inde• associalcd 
with harvests in lhc 1960s and 1970s, lollowcd by 
decreasing ERA values a[ lcr  the harvest ceased. 
l ,ong-tcrnl  declines in ERA wducs should rel]ecl 
rcvcgctal ion and recovery t)t thc aquatic ccosyslcnl 
and increasing channel  sial)fitly. Moditicalions to the 
s tandard  ERA method  th;tl cnll)hasized near-channel  
activiucs and conta ined 2()- o r  30-year recovery pcri- 
()ds c()nsistently yielded the 1,trgest correlat ion with 
divcrsily and dominance  of  macroinver tebra tc  com- 
munities. (]hltllgCS in tile ERA index were signiti- 
candy corrc la icd with changes  in divcrsily and domi-  
nance. ERA values less lhatl 5% were nol associated 
with changes  in diversily o f  aqu;t.lic insects, indicaung 
that a min imum dis turbance threshold may exist. As 
ERA v;llues increased beyond 5.1%, a significant de- 
crease in divcrsily was tound.  

Recommendations 
T h e  ERA methodo logy  was designed primarily as ;t 

p lanning tool to aid Forest Service resource specialists 
in assessing lhc ( :WE t)[ various managemen t  el)lions 
at the fovcsl or  i)l(licct level. O u r  exper ience  indicaics 
thai disit!rbance indices for  tolic systems should focus 
i t lorc explicitly on managenmnl activities wflhin Ihc 
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Table 6. Dates, sizes, and removal methods for clear-cut harvest areas in watersheds and streamside 
impact zones (SIZ) on control (C) and treatment (T) basins of the Bit block 

])h()lo tl't?{ll o1 Watershed SIZ Cul 
Wa le r shed  da le  harvcs l  Clll al-ca (h;i) ; l l(,a (ha) Rel l lOVal n l e l h o d  

I.OWer ]:Ol lr  B i l  (T)  
(101 hatP l  ha) 

,%llliiffif, O1 ;li'(l;I 
|.OWcr Two Bil  (T) 

(120 ha/38 ha) 

,qilllltfTr, o !  :li-(!;i 
I-Jpper l,'our gi i  (C) 

(86 ha /15  ha) 

Stnn/(7~, ()t  ;11{!;1 
L l l )per  T w o  Bit (C) 

(6 i  ha /18 ha) 
S u m / %  o f  area 

East Fo rk  I n d i a n  ((1) 
(87 hal l .5  ha) 

.%iilnl~, o |  al-eli 

1 (.)4 .'t None 
I(.)55 None 
I ! )64  1 ( . ) 6 0 - 1 9 6 , 1  
1(.)6.t 19(~0-1 !)(i4 
1964 ] (.)60-1 (.)64 
I!)71 None 
1975 1(.)72 
I(.)80 None 
I(.)86 None 

19,1.1 None 
I!)55 N(mc 
I !)6,I 1 9 6 0 -  I (.)(')4 
I (.)64 1 (.)(~()- 1 !)(i'l 
I !)71 None 
1975 1972 
1980 Non(' 
1 (.)86 None 

194,1 N(me 
I(.)55 None 
1.96.1 1 9 6 0 - 1  (.)(},I 
I(,)6,1 1 9 6 0 - 1  !)(i.l 
1(.)71 None 
1975 None 
1!)80 None 
I!)86 None 

l !).t 4 -  I !)86 Non( :  

I(.)44-I(.)75 None 
1980 1975-1980 
1980 I !)75- I (.)80 
I (,)80 I ! ) 7 5 -  I ! ) 80  
1980 197r)- 1980 
1 (.)86 None 

11 3 ( :able 
(i 1 "l'vaclor 
7 0 Cable 

.! ,t Cab le  

28/2W7~ 8 / 3  3 % 

I 0 .~ Tr:tclor 
3 <2 ( :ab le  

'2 <2 Cable 

15/12(/(  9/2 , t  % 

18 3 Cal)le 
'2 0 l ract ( ) r  

201237,~ 3/2()<7~ 

010% ()I0% 

12 I Skyline" 
lq 1) Tractor/skyline 
3 1) Tractor  
I 1 Skyline 

'2.1/28V< 2/ I  :~, [Y~ 

"l.iglH sclcclivc harvcsl medmd cocflici('ni used. 

n e a r - s t r e a m  e n v i r o n m e n l .  T h i s  e W E  analysis  was 

I)ased on  k n o w l e d g e  ()t" t im l o n g - t e r m  m a n a g e m e n t  
history o f  some  basins ,  btl! a c o m p r e h e n s i v e  ( ; W E  
!) rogram sllou[( |  also i n c h M c  l o n g - l e r m  field m o n i l o f  
mg of  lhe  biological  charac le r i s t ics  o f  lhe  aqua l i c  sys- 
tems. Resource  m a n a g e r s  n e e d  i() have  m o n i t o r i n g  
resl lhs lo d e m o l / s l r a l e  |httl n l a n a g e l l l e n l  is !lOt ad-  
Versely af t iecl ing a p r inc ipa l  Imneficial  use on  fo res tcd  
lands.  As l t le FS shif ls  its toct]s l o w m d  i n l e g r a l c d  
ecosystem n la l l age ln ( :n l ,  i! shou ld  e x p a n d  the  use o f  

Ifi~ t h r e s h o l d s  o f  c o n c e r n  m d e c i s i o n m a k i n g .  
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Research  Slat!oil ,  USI )A Forest  Service.  Ken  B. Roby 
(P lum as  Na t iona l  Forest ,  ( ; t eeny! l i e ,  Ca l i fo rn ia )  p ro -  
v ided  m a n u s c r i p t  review a n d  insighl i n to  e q u i v a l e n t  
roaded area cslilllaliOII atIl(| helped us {)blain land-use 
i n f o r m a t i o n  for  the  slu(ly sites. 
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Table 7. Spearman correlation coefficients and significance of ERA values versus macroinvertebrate 
community parameters 

Standard ERA Modified ERA 
C(}mmunity 
parameters 20 yr 312} yr 50 yr 212) yr 30 yr 50 yr 

Shannon 0.30 -(}. 19 -(}. 1(} -0 .42"  -/0.43" -0 .24  
diversity 

Dominance 121.21 10.13 1).12)7 0.27 0.28 12). 14 
(top taxa) 

Dominance 0.42" 121.3 1 12).25 12).47" 121.5 I" 0.35 
(t(}p 5 taxa) 

"Significant at t '  < 0.05. 
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