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Survey protocol for assessment of endangered freshwater mussels in
the Allegheny River, Pennsylvania
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Absiract, The United States Endangered Species Act (ESA) requires a biological assessment of any
activity that is anthorized, funded, or carried out by a federal agency and likely to affect a federally
listed endangered species or its critical habitat. We developed a standardized survey protocol for
biological assessments of the effects of bridge replacements on 2 federaily listed endangered fresh-
water mussels, Epioblasma torulosa rangiona and Pleurobema clava, found in the Allegheny River, Penn-
sylvania. The protocol combines qualitative sampling to determine species present with quantitative
sampling o estimate density. Data on species present satisfy the minimum requirement of a biological
assessiment, whereas estimates of density are needed to assess the number of individuals that would
die as a result of bridge replacement. Some excavation of substrate is necessary for unbiased popu-
lation estimates because of species and sex-specific differences in detection at the substrate surface.
We reduced the amount of excavation and cost of the survey by using a statistical sampling technique
called double sampling, which uses counts from excavating a subset of quadrats to calibrate counts
from searching the substrate surface of all quadrats. We applied the survey protocol to the Allegheny
River at West Hickory where E. [, rangiana was the 3% and P clavn was the 4* most abundant mussel
at the site. Only 31% of P clam and 52% of E. & rangiana (80% of females, 45% of males) were detected
at the substrate surface. We estimated that 9173 (95% CI: 6309-13,336) E. +. rangizne and 7010 (95%
Cl: 4462-11,013) B clava lived within 50 m of the existing bridge and would be affected immediately
by bridge construction. (Population estimates did not include mussels too small to be retained on a
6.35-mm-mesh sieve,) Application of the protocol is not Jimited to biological assessment under the

ESA, but is appropriate where site-specific status of freshwater mussel populations is required.
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The Allegheny River drainage supports some
of the largest remaining populations of Plewuro-
bema clavn and Epioblasma torulosa rangiana, 2
freshwater mussel species listed as endangered
by the US Fish and Wildlife Service (1994). The
Pennsylvania Department of Transportation
{PernDOT) plans to replace a series of older
bridges along the Allegheny River within the
species’ current range. Bridge replacement will
be undertaken with funds from the Federal
Highway Administration, so biological assess-
ments are required as stipulated under the Fed-
eral Endangered Species Act (ESA).

Biclogical assessment evaluates the potential
effects of a federal activity on federally listed
species to determine whether formal consulta-
tion is necessary (US Fish and Wildlife Service
and National Marine Fisheries Service 1998).
Formal consultation determines whether a pro-
posed activity is likely to jeopardize the contin-
ued existence of a federally listed species or ad-
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versely affect designated critical habitat (US
Fish and Wildlife Service and National Marine
Fisheries Service 1998). A biological assessment
includes an on-site inspection to determine spe-
cies present in the area to be affected by the
federal activity and an analysis of the potential
effects on the species and its habitat. A biolog-
ical assessment is o be based on information
that is reliable, credible, and represents the best
scientific and commercial data available (US
Fish and Wildlife Service and National Marine
Fisheries Service 1998). However, the contents
and methods of the biological assessment are
left to the discretion of the Federal agency that
is funding the activity.

We present a standardized survey protocol
for the biological assessment of E. L rangiana
and P clava at bridge replacement sites on the
Allegheny River. The protocol combines quali-
tative sampling to determine species present
with quantitative sampling to estimate density.
Data on species present satisfy the minimumn: re-
quirement of a biological assessment, whereas
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Location of the study site. A—Portion of a digital orthophoto quarter quadrangle showing West

Hickory on the west bank of the Allegheny River B.—Grid of 24 cells in 6 rows and 4 columns overlaid on a
stretch of the Allegheny River and used for timed searches of freshwater mussels. The dashed lines show the
position of the bridge. The small squares in the 4% and 5% rows from the bottom show Jocation of quadrats in
the direct-effects area; the remainder of the site is the indirect-effects area. Water flow is to the south.

estimates of abundance are needed to assess the
number of individuals that may be negatively
affected by bridge replacement, We applied the
protocol to the Allegheny River at West Hickory,
Pennsylvania, where bridge replacement was
proposed. The protocol may be useful at other
sites where an assessment of rare freshwater
mussels is needed.

Methods

The bridge links Harmony Township to Hick-
ory Township in Forest County (lat 41.574°N,
long 79.411°W; Fig. 1). A previous survey
{Aquatic Systems 1998) detected P clava and E.
t. rangiana, but did not estimate density or abun-
dance. We designed a survey protocol as if the
West Hickory site had not been surveyed pre-
viously because our protocol would be used at

other bridge sites along the Allegheny River
where no surveys had been done.

Survey protocol

We wanted to determine species present, es-
timate population density, and estimate size
structure to indicate recent recruitment. Effects
of construction on mussels, which include mor-
tality, displacement, and interference with
growth or reproduction, can stem directfy from
the construction action or occur i ndirectly, An ex-
ample of a direct effect would be burial under
a causeway, and an example of an indirect effect
would be change in habitat upstream of a cause-
way as a result of pooling. High mortality, dis-
placement, or interference with growth or re-
production are certain as a result of direct ef-
fects, but their likelihcod as a result of indirect
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effects are uncertain and difficult to quantify.
We partitioned the site into areas of direct and
indirect effects and determined species present
throughout the site However, we estimated
abundance and size distribution only for the
area of direct effects to assess certain Joss from
construction.

We surveyed the site on 12 to 15 July 1999
when river flow was low and water clarity was
high. High proportions of some mussels are at
the substrate surface during summer (Amyot
and Downing 1991, Balfour and Smock 1995).

There were 3 steps in the survey protocol: 1)
delineation of areas of direct and indirect ef-
fects, 2) qualitative sampling in areas of direct
and indirect effects, and 3) quantitative sam-
pling in the area of direct effects.

Delineation of areas of divect and indirvect effects

Road and bridge construction may alter the
physical environment (e.g., by deposition of con-
struction materials, scouring and deposition of
river substrate, changes in flow, erosion of river
bank, and increased turbidity), the chemical en-
vironment {e.g., by runoff carrying petroleum
products), and animal behavior (eg., by dis-
placement of fish that host glochidia after hab-
itat loss) (Trombulak and Frissell 1999). Severity
and spatial extent of the effects will depend on
construction practices, timing of construction
activities, river flows, composition of substrate,
and effectiveness of erosion controls.

The area of direct effects was where mussels
were likely to die or be displaced during or
shortly after construction activities. Preliminary
engineering plans invelve constructing a cause-
way, and dropping the existing bridge into the
river and partly on the causeway before remov-
al. Bottom width of the causeway will depend
on its surface elevation and top width. However,
the proposed bottom width of a causeway at a
similar bridge replacement project (Kennerdell,
Pennsylvania, ~82 km downstream from West
Hickory) was as wide as 41 m. The project at
Kennerdell is also on the Allegheny River and
similar to the West Hickory bridge replacement
in size and proposed construction methods. The
exact location and area of disturbance of the
causeway at West Hickory will depend on the
final bridge design, but the causeway will likely
be offset from the centerline of the existing
bridge. Thus, we added a buffer and padged the
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direct-effects area to be in the immediate vicin-
ity of the disturbance {i.e., below existing and
proposed bridges and causeways) extending 50
m upstream and 50 m downstream of the cen-
terline of the existing bridge (Fig. 1).

The indirect-effects area was limited to likely
scouring, sedimentation, and pooling from con-
struction-related changes in river flow, and was
50 to 100 m upstream of the bridge and 50 to
200 m downstream of the bridge (Fig. 1), based
on the hydrologic and hydraulic analysis for
bridge replacement at Kennerdell {Parsons,
Brinckerhoff, Quade, and Douglas, Inc. 1997),
The report predicted that flow velocity would
return to preconstruction levels across most of
the river channel within 200 m downstream and
100 m upstream of the bridge. Thus, we deter- .
mined that adverse effects at West Hickory
would be contained within a similar 300 m
stretch. The Allegheny River at West Hickory is,
on average, 187.5 m wide so the study area was
56,250 m* {(direct effects: 18,600 m?, indirect ef~
fects: 37,650 m?).

The exact impacts from. bridge replacement,
especially in the indirect-effects area, cannot be
known prior to construction, so we do not
know whether our reasoning led us to ade-
quately encompass the spatial extent of the im-
pacts. Only through follow-up monitoring at
multiple sites can the spatial and temporal
scales of the impacts be measured and the pro-
tocol be refined.

Qualitative sampling in areas of direct and indirect
effects

Qualitative sampling included a search for
piles of shell material (ie, shell middens) dis-
carded by mussel predators and a timed search
for live mussels. Both banks were searched for
middens along the entire study area and near
the bases of the bridge piers, and locations of
middens were mapped. To determine relative
abundance and species composition in the mid-
dens, we identified species and counted valve
pairs.

We divided the survey area into smaller areas
or cells to do the timed search (Fig. 1}, We de-
fined effective sampling fraction as the % of a cell
that is searched thoroughly, and based cell di-
mension on this fraction. Effective sampling
fraction can be calculated by:
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mZ
effective search rate (Mw) % search time {min)
min

cell area (m?)

where gffective search rate is the area that can be
searched thoroughly per min, and search time is
the sum of time searched by all observers in a
cell. We assumed an effective search rate of 0.5
m?/min and selected a cell area of 2580 m? (cell
dimensions = 50 m X 50 m) and a search time
of 240 min/cell (e.g., 6 observers searching for
40 min each or 4 observers searching for 60 min
each). This combination resulted in an effective
sampling fraction of ~8.05. Effective sampling
fraction can be used as a basis for standardizing
and comparing qualitative searches. We estab-
lished a marked grid in the river of 24 cells (4
columns and 6 rows) where 18 cells were 50 m
wide and 6 cells (the 4% column) were of vary-
ing widths (Fig. 1). We typically deployed 3
teams of 4 observers allowing 3 cells to be sur-
veyed simultanecusly. Thus, each of the 4 ob-
servers spent a minimenn of 60 min covering 1/
4 of the cell. Search tiznes were prorated for cells
that were <50 X 50 m.

We snorkeled in wadeable water (<1.0-5 m
deep) and used SCUBA in depths >1.0 to 1.5
m, depending on turbidity and river flow. We
snorkeled beginning at the downstream end of
the cell to avoid disturbing sediment and re-
ducing visibility. With SCUBA, we began at the
upstream end of the cell to minimize exertion
and air usage. We assumed equal search effi-
clency for divers and snorkelers. However, if
there was a known difference in effective search
rate then search times could be adjusted so that
effective sampling fractions would remain equal
for dived and snorkeled cells. Observers record-
ed location, cell dimensions, species counts, and
actual search time for each cell. Each observer
fanned away fine sediment, removed loose, non-
embedded material, and raked loose sediment
with fingertips in an effort to detect mussels.

Quantitative sampling of the avea of direct effects

We guantitatively sampled to estimate abun-
dance and to assess uncertainty in that estimate,
There are many statistically valid sampling de-
signs from which to choose (Thompson 1992,
Dorazio 1999}, but we used a double sampling
design with 0.25-m? quadrats, systematically
placed with multiple random starts, and exca-
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vation of a random subset of the quadrats
(Smith et al. 2001). Systematic sampling is effi-
cient for clustered and rare populations, pro-
vides good spatial coverage, and is easy to im-
plement in field sampling (Murthy and Rao
1988, Thompson 1992, Christman 2000). Multi-
ple random starts are important for variance es-
timation {Hedayat and Sinha 1991). Double sam-
pling increases precision of density estimates for
reduced cost by using total counts from a ran-
dom subset of quadrats to calibrate surface
counts from all quadrats.

Not all mussels can be observed on the sub-
strate surface (Miller and Payne 1988, Amyot
and Downing 1991, Balfour and Smock 1995,
Smith et al. 2001), so we included excavation in
the sampling protocol. Some excavation is re-
quired to eliminate observation bias, but it is
usually inefficient to excavate all quadrats in a
sample unless a low % (<<40%).of mussels are
detectable at the substrate surface {Smith et al.
2001). Use of a double sampling design reduces
the amount of excavation, and therefore cost, re-
quired to achieve precise estimates (Smith et al.
2001). The 1 phase in the double sampling de-
sign includes a large sample (at least 100 in mid-
Atlantic and northeastern US rivers: see below)
of 0.25-m? quadrats within which only mussels
on the substrate surface are counted. A repre-
sentative subsample is selected from the 15 sam-
ple of quadrats for excavation; the size of the
subsample depends on the expected proportion
of mussels on the substrate surface. The exca-
vated quadrats provide paired surface and total
(= count below the surface + count at the sur-
face) counts that are used to calibrate the sur-
face counts for the entire sample. Calibration of
the surface counts is done through a regression
estimator, which is appropriate provided that
the relation between surface and total counts is
approximately finear (Hledayat and Sinha 1991).
The linearity assumption can be examined with
scatterplots. Formulae for estimating density
and abundance for the recommended sampling
design are presented in the Appendix.

For a double sampling survey with fixed total
cost, Smith et al. (2001) found that the propor-
tion of excavated quadrats that minimized var-
fance of the density estimate depended on the
expected % of mussels at the substrate surface.
This relationship led to the following guidelines
for determining the proportion of quadrats to
excavate in the double sampling design (Smith
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et al. 2001): if >60% of the mussels are likely to
be detected at the surface then excavation of
28% of the quadrats will minimize variance; 50
to 60% = 33% of the quadrats, 40 to 50% = 50%
of quadrats, and <40% = 100% of quadrats, We
observed 50% of P clava and 66% of E. & rangiana
at the substrate surface in August 1997 at Ken-
nerdell, so we excavated 33% or every 3 quad-
rat.

We placed quadrats in the site systematically
after 3 random starts (Fig. 1) resulting in 3 sys-
tematic samples. Fach systematic sample began
at a randomly chosen location in the corner of
the site {i.e, a random start) followed by a series
of locations at equally spaced intervals. One
concern with systematic sampling involves the
possibility of finding the same number of mus-
sels in all systematic samples. This event causes
a variance estimate equal to 0, in which case we
recommend an approximate variance formula
(Appendix). Three random starts are smail
enough that implementing the systematic sam-
ple is still relatively easy, but large enough that
finding equal numbers in all systematic samples
is rare.

We selected intervals between systematically
placed quadrats in the across river (d,) and up
river {d,) directions. For each random start, we
generated a pair of random numbers: from 0 to
d, and from 0 to d,, which defined the stasting
location of the 3 systematic samples. We then
placed quadrats at the preset intervals. This de-
sign.is called an aligned systematic sample with
muiltiple random starts (Bellhouse 1988).

Intervals between systematically placed quad-
rats depend on the size of the direct-effects area,
sample size, quadrat size, and number of ran-
dom starts. To find equal intervals, we used the
following algorithm: let n’ be sample size and
n', = n'fk where i = 1, ..., kis the number of
quadrats in each of the k systematic samples (in
our survey k was 3. Intervals are determined by
d = VLW/(an'), where L and W are the length
and width of the study site {m), and a is the
quadrat area (m?). {Intervals will often need to
be rounded.) The units for the interval d are
quadrats; however, to calculate the interval di-
rectly in meters, use d' = VL-W/xn',. We antic-
ipated the affected area to be 20,000 m? {100 m
by 200 m), set sample size at 600 quadrats, and
chose 3 random starts. Thus, there were 200
quadrats in each of the 3 systematic samples,
and we separated quadrats by 10 m (or 20 quad-
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rats) in the across-river and upstream-down-
streamn directions.

Sample size is the total number of quadrats,
both surface and excavated. In general, sample
size depends on mussel density; the lower the
density, the higher the sample size needed to
achieve the desired precision. Because of the
negligible effect of the finite population correc-
tion in mussel surveys, the study site area is not
an important determinant of sample size, at
least if the study site area is =500 m? and the
sampling fraction is =0.35 (Smith et al. 20601).
{Sampling fraction is the ratic of sample size to
population size, ie, number of quadrats sam-
pled to total mumber of quadrats possible in the
study site.) We considered 3 criteria to deter-
mine sample size: coefficient of variation (CV),
margin of error /1000 m? (MOR), and probability
of encountering a species given it is present at
the site (1-B). Margin of error is 2 SE for esti-
mates of abundance/1000 m* (Margin of error
is used commonly in reporting results of opin-
ion polls, and we used it as a planning device,
but do not recommend its use as a confidence
interval [CT] width.) Formulae to calcutate CV,
MOE, and CI are presented in the Appendix. To
calculate B, we used results of Green and Young
{1993), which were adapted to the double sam-
pling design {Appendix). Sample size calcula-
tions require prior knowledge of variances,
which may be available from pilot surveys or
surveys at similar sites. However, this litnitation
caused Smith et al. (2001} to fit a regression re-
iationship between CV and density using avail-
able data, and we made use of this approximate
relationship to guide sample size at West Hick-
ory.

We determined sample size for B clavg be-
cause we anticipated it was the species of inter-
est with the lower density and, therefore, the
more difficult for which to estimate abundance.
We found B cieon at a density ~0.10/m? in the
Allegheny River at Kennerdell. Thus, based on
the rejationship between CV and density (Smith
et al. 2001), we predicted a sample size of 600
would result in CV = 0.37, MOE = 75, and 1—8
= 0.96.

We recorded surface and buried mussels sep-
arately. We removed the surface animals, exca~
vated quadrats te 10 cm or to hardpan, and sift-
ed substrate through a 6.35-mm-mesh screen.
Smealler mussels were not captured in our sam-
pling, and are thus not included in our popu-
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Taprg 1. Total density and abundance of mussels within the area of direct impact at the West Hickory
bridge site on the Allegheny River, July 1999,

Abury-
Relative dance
abun- Density {no./
dance  (no./ 18,600
Species (%) m?) SE 95% 1 m?) SE 95% I
All 2810  0.2261 2.400-3290 52266  4204.63  44,642-61,192
Actinonaios ligamenting 2872 0.807 01101 06181055 15019 204806  11,497-19,621
Alasmidonta marginata 0.25  0.007 0.0124  00002-0.218 132 231.12 4-4054
Elifptio dilatata 2928  (0.822 01306  0.603-1.123 15300  2428.87  11,209-20,885
Epioblasma torulosa rangiana 17.54 0493 060942 0.339-0.717 9173 1751.43 6309-13,336
Fusconaia subrotunda 025 0007 00124 0.0002-0.218 132 231.12 44054
Lampsilis cardium 078 0022 00218  0.003-0.155 407 406,06 57-2879
L. fasciola 0.75 0021 00123 0.007-0.066 397 228.43 128-1226
L. siliguoiden 0.78 0.022 00218  0.003-0.155 407 406.06 572879
Lasmigona costata 075 0021 00124 0.007-0.067 397 23112 127-1243
Ligusiin recta 1.57  0.044 00308 0.011-0.174 813 H72.67 204-3233
Pleurchema clova 13.42 0377 0086%  0.240-0.592 7810 1615.66 4462-11,013
P sinfoxia 206 0058 0.0332 (.019-0.178 1079 £17.58 352-3313
Ptychobranchus fasciolaris 153 0043 0.0214 00160114 794 3938.10 297-2121
Strophitus undulatus 238 D066 0.0376  0.021-0.202 1220 (99,44 3963753

lation estimates. All mussels were replaced in  des. We found 17 species during the timed

the substrate. search of the direct- and indirect-effects areas;
live mussels occurred in all 24 cells, The domi-
Data analysis nant species were Actinonains ligamenting and EI-

liptio dilatata. Epieblasma t. rangiana and B clava
were encountered frequently. The remaining
species were present in lower numbers. Epio-
biasma £ vangiona was present in all 24 cells.
Pleurobema clava was present in 22 cells and was
not detected in cells that were 50 to 100 m from
the right bank and within 50 m of the bridge.
In general, few individuals and species were
found 50 to 100 m from the right bank in the

We estimated density and abundance using a
regression estimator (Appendix). We used krig-
ing, a statistical technique for spatial prediction,
to map the distribution of rmassels at the surface
based on the sample of quadrats {Thompson
1992). We used G574y, version 3.1 (Gamma De-
sign Software, Plainwell, Michigan) to generate
the spatial predictions and ArcView* GIS ver-

sion 3.1 (Bnvironmental Systems Research In- deep, fast current (Fig. 1). We found Fusconaia

sti’tut.e Inc,, Redlands, Californig) .to map the subrotundg only in the river channel upstream of
predictions generated through kriging. the bridge.

Results Quantitative sampling of the area of direct effects

Qualitative sampiing involved 12 biologists
searching ~3100 person h over 1.5 d. Sixteen bi- We Saqxpied 56.2 quadrats and exca\.fated 183
ologists (12 observers and 4 data recorders) par- of those in t}‘fe d:rgct-effects area. Est@nates of
ticipated in the quantitative sampling over 2 d. total density, including surface and buried mus-
1 Q,
Approximately 80% of sampling was conducted sels are shown in Table 1. The CVs were 19%

while snorkeling and 20% while SCUBA diving, {m\;/é' ?Omngianu a'r;ld 23% forfP. "jhw”' nclud
und a wide range of sizes, including

some small individuals, which indicated that
the 2 federally endangered species reproduced
recently at the study site (Fig. 2). Epioblasma ¢

Recent shell material was found in 11 mid- rangiana ranged from 12.5 mm to 67.9 mm, and
dens, which included 1392 shells from 15 spe- 25% were =28.3 mm. The smailest sexually di-

Qualitative spmpling in greas of divect and indirect
effects
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FiG. 2. Size distributions for surface (A} and buried (C) Epioblasma torulose rangiang and surface (B) and
buried (D) Pleurobema clavn in the Allegheny River at West Hickory, Pennsylvania, July 1999, Size distributions
are shown separately for those observed at the subsirate surface and by excavation of substrate to 10 cm,
Numbers of mussels are shown in parentheses; those at the substrate surface include mussels found in quadrats

that were not excavated.

morphic E. t. rangiang was 28.2 mm, so we clas-
sified E. t. rangiana <28 mm as juvenile or in-
determinate sex. Pleurcbema clam, which is not
sexually dimorphic, ranged from 132 mm to
81.9 mm, and 25% were =42.6 mm.

Spatial distributions of the 2 federally endan-
gered species at the substrate surface within the
area of direct effects are predicted in Fig. 3. The
distributions show spatial clustering and incom-
plete overlap between species. We thought the
excavated quadrats alone did not comprise a
sufficient sample for spatial prediction,

Detfectability of mussels

Detection of mussels at the surface varied
across species and was low for some species. For
example, only 31% of P clawa and 52% of E. £
ranginng were detected at the surface. In con-
trast, >70% of A. lgamenting was observed at
the surface. In addition to species differences,
detection at the surface was sex-specific for E. £,
rangiana: 80% of females, but only 45% of males
were detected at the surface.

Species detectability differed among obser-
vation methods and caused bias in relative
abundances {Table 2). Ranked abundance varied
less than relative abundance. The 2 federally
listed species were 39, 4%, or 5% most abundant
and A. ligamenting and E. dilatata were usually
1 or 2. Epioblasma t. rangiung was overrepre-
sented in the middens (ranked 2. The ranked
abundances of several other species changed
dramatically among observation methods. Be-
cauge it was relatively difficult to detect, Stro-
phitus undulatus, which tied for 10% based on
sutface counts and had a similar ranking in the
midden search, was actually the 5% most abun-
dant species. Because of its high detectability,
Ligumia vecta was 3% based on the timed search,
but was actually the 7" most abundant species.

Estimated sex ratio for E. L. rangiona depended
on observation method because aduit females
were more likely to be on the surface and more
visible. Based on timed searches, 60% of the E.
t. rangiana population was adult female, the rest
being adult male or juvenile. However, based on
surface counts using quadrats, 30% were adult
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Epioblasma torulosa rangiana

Predicted density
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bridge

Bridge piers
Existing
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FiG. 3. Predicted spatial distribution of Epioblasma forulosa rangiana and Pleurobema cluoa ot the substrate
surface in the Allegheny River at West Hickory, Pennsylvania, July 1999, Density (no./m?) was predicted using
kriging from a systematic sample of 562 0.25-m® quadrats over an area of 18,600 m2
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TaBLE 2. Relative and ranked abundance based on excavated quadrats, surface counts in quadrats, timed
searches, and a midden search that were conducted within 5 m of the existing bridge at West Hickory on the

Allegheny River, July 1999. — = species not detected.

Relative abundance (%)

Ranked abundance

Excavated Surface

Timed Midden

Excavated Surface Timed Midden

Species quadrats counis searches search  quadiats counts searches search
Actinonaias ligamenting 2872 35,16 54.56 11.21 2 1 1 4
Alasmidonta marginate 0.25 0.46 0.04 0.07 13.5 12.5 16 15
Amblema plicata - - 0.0 - - - 17 -
Elliptio dilatata 29.25 26.03 21.62 35.56 1 2 2 i
Epichlasma forulosa rangiana 17.54 15.07 521 23.92 3 3 4 2
Fusconaia subrotunda 0.25 0.46 012 .22 135 12.5 i4 13
Lampsilis cardium 0.78 0.91 0.61 6.29 9.5 10 11 11.5
L. fasciola (0.75 1.37 0.57 £.93 11.5 7.5 iz 7
L. ovata - - 0.08 .36 - - 15 9.5
L. siliguotden .78 - 1.83 014 9.5 - 7 14
Lasmigona costata 0.75 1.37 0.65 0.29 115 7.5 9.5 11.5
Ligumnia recta 1.57 2.74 6.39 0.79 7 5.5 3 8
Pleyrobema clova 13.42 11.87 4.32 18.46 4 4 5 3
P sintoxia 2.06 0.91 0.65 2.23 3 10 9.5 5
Piychobranchus fasciolaris 1.53 274 2.24 1.36 3 5.5 6 6
Strophitus undulatus 2.35 391 0.94 Q.36 5 10 8 9.5
Villosa fabilis - - 016" - - - 13
females, and based on surface and buried mus- Discussion

sels in excavated quadrats, 20% of the E. £ ran-
giana population was aduit female.

Sample size for future surveys

We calculated sample sizes using variance ob-
served for E. & rangiana and P clava at 9 sites on
the Allegheny River and French Creek where
we implemented the double sampling design.
Density at these sites, which included West
Hickory, ranged from 0.08 to 1.5/m? 75% of the
species-site combinations were <<1.1/m? with a
median of 0.64/m? The relationship between
CV and density given sample size was strong,
negative, and linear for density on a trans-
formed scale of 1/Vdensity (R* = 0.86). We
used this refationship to calculate CV and MOE
(Table 3); these values can be used for plarming
future surveys of E. {. rangiana and P, clava in the
Allegheny River drainage. For example, if a spe-
cies of interest was expected to occur at 0.10/
m?, then a sample size of 500 would assure a
CV = 041, MOE = 83/1000 m* and a 93%
chance that at least 1 individual would be de-
tected.

It is US public policy that biological assess-
ments “‘should always use the best available sci-
entific and commercial data to make findings
regarding ... effects of & proposed action on
the species or critical habitat” (IS Fish and
Wildlife Service and National Marine Fisheries
Service 1998:xxi). This statement also applies to
freshwater mussels, so statistically valid site-
specific surveys are needed to correctly deter-
mine potential impacts on federally listed spe-
cies,

Survey protocol for freshwater mussels

We combined qualitative and quantitative
sampling approaches in our protocol because
neither method alone was sufficient to meet all
objectives. The timed search is generally effi-
clent {less costly) at detecting the presence of
rare species (Miller and Payne 1992, Strayer et
al. 1997, Vaughn et al. 1997). Timed searches,
however, are inappropriate for determining rel-
ative abundance of species and may actually
provide misleading information by overestimat-
ing the abundance of some species and under-
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‘estimating the abundance of others (Miller and
Payne 1993, Vaughn et al. 1997, Smith et al
2001). The combination of surface counts and
excavation in the double sampling design allows
increased spatial coverage while estimating
mussel densities free from the biases of detect-
ability, which affect qualitative methods. The re-
gression estimator used with the double sam-
pling design is based on an approximate linear
refationship between surface and total counts,
and this assumption should be verified during
analysis, The double sampling design balances
the cost and benefits of excavation, but does add
complexity to data analysis (Appendix). We be-
lieve the complexity of analysis is more than
compensated for by greater spatial coverage for
fixed cost compared to a survey with 100% ex-
cavation. However, if all quadrats are excavated,
then the design becomes a straightforward sys-
ternatic sampling design, the simplicity of which
may be preferable.

Our decision to use 0.25-m? quadrats as the
sarmpling unit was guided by sampling efficien-
cy. We considered the best sampling unit as one
that results in the most reliable {least variable)
estimate of population density or abundance. It
is clear from the literature that for clustered
populations, such as freshwater mussels (Down-
ing and Downing 1992), the smaller the sam-
pling unit the more reliable the estimate of pop-
ulation size or density {see Elliott 1977 and ci-
tations therein). However, there is a limit to this
recommendation; a unit can be 50 smalf that er-
rors in deciding whether an organism is inside
the unit can exceed reductions in sampling var-
iance. In our opinion, 0.25-m? quadrats are small
enough to benefit from the reduced variance,
but not so small that boundary errors dominate.

Our protocol can be adapted to meet specific
conditions. Logistics, especially, will be deter-
mined on a case-by-case basis. For example,
boundaries of the site will depend on construc-
tion methods, and how boundaries are marked
will depend on the configuration of the site.
Some may find our quantitative sampling pro-
tocol too complicated or costly; however, we
stress that reliable and credible estimates of
abundance of rare mussels require a substantial
effort. Given that the survey at West Hickory
took 3.5 d to complete, we believe the protocol
is practical and provides a useful framework
and starting point.

Siratification would improve the protecol in
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certain cases. For example, ceils could be strati-
fied into high- and low-density strata, depend-
ing on results from the timed search, and sam-
pling effort could be allocated directly propor-
tional to variance. Alternatively, cells could be
stratified into wadeable and deep-water strata,
and sampling effort could be allocated inversely
proportional to cost to account for the higher
cost of SCUBA diving. Formulae to estimate
density or abundance must be adjusted accord-
ingly when stratification or other complexity is
incorporated into the protocol.

The regression relationship between density
and CV reported by Smith et al. (2001) is based
on the double sampling design and surveys at
14 sites of multispecies assemblages, with little
data from sites with densities <{1/m?. Neverthe-
less, the predictions of CV from this relationship
were within a couple percentage points of the
predictions of CV using data exclusively from
E. t. rangiona and P clazn where most densities
were <_1/m? The closeness of these 2 indepen-
dent sets of predictions gives us some confi-
dence in recommending the use of the sample
size calculations in Table 3 to determine sample
size for species other than E. t rangiana and P
clava.

Protocol application and interpretation of results

Application of our protocoi in the Allegheny
River at the West Hickory bridge site revealed
an extensive freshwater mussel bed, which in-
cluded the presence of 2 federally listed species.
The abundance of I clam relative to its known
distribution and abundance (US Fish and Wild-
life Service 1994) made West Hickory a signifi-
cant site for this species. The predicted spatial
distribution of mussels within the area of direct
effects showed spatially clustered populations,
which is typical for freshwater mussel popula-
tions (Kovalak et al. 1986, Downing and Down-
ing 1992). If mussels need to be relocated from
the direct-effects area, managers can use the
predicted spatial distribution to plan the extent
of and aliocate effort for relocation.

Reliable and credible site-specific population
estimates are just the beginning of an assess-
ment. There remains the problem of interpreting
site-specific effects in the context of river-wide
{or range-wide) population viability. Suppose
that all of the mussels in the direct-effects area
die as a result of bridge construction. In that
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case, we predict that 9173 (95% CI: 6309-13,336)
E. t. rangiana and 7010 (95% CI: 4462-11,013} P
clava will be lost. How will that amount of mor-
tality affect the viability of populations in the
Allegheny River and of the species throughout
their ranges? The Allegheny River is presumed
to support a sparse and discontinuous distri-
bution of F clavs and a more uniform distribu-
tion of E. t. rangians; these 2 species persist in
few other river systems (US Fish and Wildlife
Service 1994). Most of the Allegheny River has
not been disturbed by bridge construction and
should support comparabie mussel populations
to those at the few bridge sites where quanti-
tative surveys have been conducted. However,
the necessary quantitative surveys have not
been done throughout the Allegheny River to
support this conclusion/ assumption. In the face
of this uncertainty, the precautionary principle
(Buhl-Mortensen and Welin 1998) requires that
potentiaily damaging impacts be avoided to sig-
nificant populations of P clave and E. t. rangiana
in the Allegheny River. Ultimately, the issue re-
turns to availability of best scientific and com-
mercial data, or rather the lack of such infor-
mation.
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Appendix. Formulae for estimating density
and calculating sample size.

Systematic sampling formulae

These formulae apply when estimating sur-
face density or total density if all quadrats are
excavated. The underlying sampling design is
systematic sampling with multiple random
starts. Let M denote the number of possible sys-
ternatic samples in the site to be sampled, and
let m denote the number of random starts:

. A
M=2n

ﬁzni—

IE]

where A is the area of the site, 4 is the area of
the sampling unit (e.g., 0.25-m? quadrat), and #,
is the number of quadrats in the it systematic
sample. Let x, be the sum of the counts for all
quadrats in the i systematic sample. An unbi-
ased estimator of population abundance is:

M &

An estimate of variance for T is:
e

_ Z (x; — ®)F
Gty = M=)

m— 1

where £ = (1/m) Z2,x. An estimate of density
(no./m?) is calculated by 4 = T/A. An estimate
of variance for @ is var(a) = (1/Ay vax(T).

It is sometimes possible that the survey re-
sults in x; > 0 and equal for all m systematic
samples. If so, the estimate of variance will
equal 0, and we suggest estimating variance as-
suming that the n = £, n, quadrats were se-
lected by simple random sampling rather than
by systematic sampling with multiple starts.
This solution is conservative in the sense that
variance for T will tend to be overestimated (PS.
Pooler, US Geological Survey, Kearneysville,
West Virginia, and DR. Smith, unpublished
data). The formulae for T, g, and Var(4) are un-
changed. However, the estimate of variance for
T becomes:

L — )2
NWMMEEW 5
7 -1

‘;‘:ﬂ'(T‘sRs) =

where N is the number of possible quadrats in
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the site (i.e, A/4), and x, is the surface count
for the j quadrat in the i systematic sample.

Regression estimator for incorporating excavated
quadrats in estimates of abundance

These formulae apply when estimating total
density if a representative portion of the quad-
rats in the sample is excavated (Smith et al
2001). The underlying sampling design is dou-
ble sampling. A simple linear regression model
is fit to the data from the excavated quadrats. In
this regression, the total count is the response
variable (v} and the surface count is the explan-
atory variable (x). Provided that the relationship
between surface and total counts is approxi-
mately linear, the regression model can be used
to calibrate surface counts and estimate density.
This assumption was met for a variety of species
at West Hickory and elsewhere (Smith et al
2001); however, the assumption should be veri-
-fied routinely during analysis. Formulae for es-
timating population density (4,) using the re-
gression estimator under the double sampling
design are {fledayat and Sinha 1991, Thompson
1992):

flfr = a']{yz - Bz{xz - x'l)}

with variance

H —n

.E_ SR
n'nin—2)

}; (y,— ?’0 - ani}z}

where 4 is the quadrat area, ¥, is the mean total
count from the excavated subsample, # and 7,
are the mean surface counts from the 1% sample
and excavated subsample, 8, and 8, are esti-
mates of the regression parameters, s? is the var-
iance of total counts in the excavated subsample,
N is the total number of quadrats at a site {i.e,
Aja), n’is the sampie size of the 1# sample, and
n is the number of excavated quadrats. The var-
iance s® can be estimated from the systematic
sample of excavated guadrats by (Thompson
1992):

o = M@~ Vs + (M Dyasy?
Ma, — 1

where M is the number of systematic samples
ire the population, ; is the number of quadrats
in the " systematic sample (A, is the mean of
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the n), 82 = T, B, (x, — )/ [m(A, — 1)), 8§ =
Zpy (g - 2P/ (m - 1) and F = 3, x/n. An
estimate of population abundance is simply T,

= A % f, with an estimate of its variance
Jar(T,) = AWar(a,)

Calculation of confidence interoals (CI)

Based on simulations of sampling mussel
populations (P 8. Pooler and D. R. Smith, un-
published data), the sampling distributions for
the estimators of population total and density
are not normally distributed and tend to be
skewed right. A simple logarithmic transfor-
mation of the estimates usually results in Cls
with coverage close to nominal. For example, we
calculated approximate 95% Cls for population
abundance by:

exp(log(f) + 196 Va;(T)).

Sample size calculations

By removing the finite population correction,
the variance of density estimate (ie, var[a,])
under the double sampling design can be writ-
ten:

var(f,) = (8 —5,0f + 3,2
o n'atf,

where n' is the sample size or munber of quad-
rats, s? is the variance of total counts among
quadrats, f, is the fraction of the sample size that
is excavated {f, = nu/n"), 53 is the mean square
error from the regression (52 = S0, (y, — 8, —
Bx/(n — 2), and 2 is the quadrat area. We
have found that the above inequality is very
close to an equality at least for study site areas
>500 m® and sampling fractions <0.35, Thus,
we use this simpler, albeit approximate, vari-
ance formula to calculate sample size.

To achieve a desired CV, say CV,, the sample

size formula is:
a o= 1 ’ (32 - Szvz)fz + o8t
CVon @, '

If the objective is to achieve a desired margin of
error/ 1000 m? (say MOE,), the sample size for-
mula is:

o (2000 ’
MOE,

8> = 5,206 + 52

af
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Based on Green and Young (1993), if the objec-  where B, is the acceptable risk of not detecting
tive is to control the probability of failing to de-  the species and A is the proportion of the species
tect a species in »' quadrats, the sample size at the substrate surface.

formula is:

p_ A InB) Received: 74 May 2000

T =
pl(1 = £Ih + fi] Accepted: 23 October 2000




