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Abstract The level of sampling effort required to
characterize fish assemblage condition in a river
for the purposes of bioassessment may be es-
timated via different approaches. However, the
goal with any approach is to determine the min-
imum level of effort necessary to reach some spe-
cific level of confidence in the assessment. In the
Ohio River, condition is estimated and reported
primarily at the level of pools defined by lock
and dam structures. The goal of this study was to
determine the minimum level of sampling effort
required to adequately characterize pools in the
Ohio River for the purpose of bioassessment. We
followed two approaches to estimating required
sampling effort using fish assemblage data from
a long-term intensive survey across a number of
Ohio River pools. First, we estimated the number
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of samples beyond which variation in the multi-
metric Ohio River Fish Index (ORFIn) leveled
off. Then, we determined the number of samples
necessary to collect approximately 90% of the
fish species observed across all samples collected
within the pool. For both approaches, approxi-
mately 15 samples were adequate to reduce vari-
ation in IBI scores to acceptable levels and to
capture 90% of observed species in a pool. The
results of this evaluation provide a basis not only
for the Ohio River Valley Water Sanitation Com-
mission (ORSANCO) but also states and other
basin commissions to develop sampling designs
for bioassessment that ensure adequate sampling
of all assessment units.
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Introduction

A commonly used approach to determining the
adequacy of fish sampling in flowing waters is
based on the relative proportion of species col-
lected. Previous studies have examined the level
of effort necessary to produce a representative
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fish sample based on the proportion of the avail-
able species captured by that method in wade-
able streams (Dauwalter and Pert 2003; Reynolds
et al. 2003; Lyons 1992) and nonwadeable rivers
(Meador 2005; Hughes et al. 2002; Lyons et al.
2001). Previous studies of nonwadeable rivers typ-
ically focused on estimating the sampling reach
necessary to characterize fish assemblages in large
sections of river, concluding that sampling reaches
ranging from 500 m up to 100–200 times the
wetted width were required (Meador 2005;
Hughes et al. 2002; Lyons et al. 2001). However,
since the Ohio River in the eastern USA has an
average wetted width of approximately 700 m,
conducting an assessment using a reach length
of even 40 times the wetted width would result
in only a few sampling reaches in most pools.
Such a small sample would not allow for estimates
of variability in condition within the pool and
would not permit resource managers to estimate
the extent of local impacts. As the navigational
pools created by the 18 high-lift dams are the units
of assessment in the Ohio River, this is not an
appropriate scale at which to conduct assessments.
Previous work has shown that a 500 m reach is
adequate for bioassessment at a more local scale
in the Ohio River (Simon and Sanders 1999).
The multimetric Ohio River Fish Index (ORFIn)
was developed based on samples collected at this
scale (Emery et al. 2003). The ORFIn is combined
with habitat-specific criteria for assessment of in-
dividual reaches (unpublished data). However,
the number of reaches necessary to adequately
represent an entire pool must be determined to
fully develop a monitoring program for the river.

The approach of examining patterns of species
richness with sampling distance is related to the
idea of capturing spatial variability in a river. By
looking at a series of 500 m reaches within a pool,
we are essentially trying to do the same thing.
Sampling more reaches allows us to quantify more
of the variability within the pool while still al-
lowing for a more local scale assessment for the
purposes of detecting and diagnosing potential
sources of impairment. In this scenario, we as-
sume that a pool is a relatively closed unit (i.e.,
that fishes can move freely within the pool but
have restricted access to other pools upstream or
downstream). Thus, one measure of how well

spatial variability within the pool has been cap-
tured can be represented by the cumulative pro-
portion of all fish species in the pool observed in
a set of samples. Another measure would be the
number of samples beyond which the variability
in the ORFIn score is reduced to an acceptable
level.

Methods

Study area

The Ohio River begins in Pittsburgh, Pennsylvania,
USA, at the confluence of the Monongahela and
Allegheny rivers (rkm 0) and flows southwesterly
for approximately 1,579 km through six states to
the confluence with the Mississippi River (Fig. 1).
Currently, there are 18 high-lift and two low-head
dams on the Ohio River, each providing a mini-
mum of 2.75 m depth for commercial navigation.
These dams define major pools on the river and
are suspected of limiting movement of fish popu-
lations among pools. For this reason, and because
any watershed management actions would likely
be carried out at this scale, the pool was viewed
as the appropriate level of assessment in the Ohio
River for this study.

For this study, we examined data collected pre-
viously in the Ohio River as part of a Long Term
Intensive Survey (LTIS). We included data only
from pools with intensive systematic sampling (ap-
proximately every 4 km (2.5 mi) for the length of
the pool) (Table 1). Habitat data had only been
collected at a subset of sites in the early years of
the fish monitoring program, although habitat is
required for assessing condition of a site. Thus,
we excluded any sites that lacked habitat data,
and we selected only seven pools having complete
data from a large number of sites (i.e., at least
18 sites). Variations in condition were expected
both across pools and among years, although the
goal of this study was to identify patterns with
sample size and not to specifically evaluate the
condition of individual pools. For all analyses, if
multiple rounds of sampling had been conducted
at some sites, only the first round sampling event
was included to avoid potentially biasing results
for the whole pool.
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Fig. 1 Locations of intensive survey pools used in this study (highlighted in white) along the Ohio River

Sampling protocols

Electrofishing

All sampling events included in the analysis
were conducted during the low-flow, more stable
conditions of July through October and during
water conditions meeting sampling criteria (i.e.,
minimum secchi depths of 38 cm; water levels
within 61 cm of normal-flat-pool). Procedures for
electrofishing followed that described by Emery
et al. (2003). At each site, a 500 m reach was
electrofished with a 5.5 m jon boat outfitted
with an onboard generator. Electrofishing was
conducted at night, as this is the established
protocol used by the Ohio River Valley Water
Sanitation Commission (ORSANCO) and has

been documented to provide for a more represen-
tative sample of the resident fauna in deeper rivers
when compared to day electrofishing (Sanders
1992). The onboard generator supplied AC power
to 150-W floodlights on the bow of the boat, and
to a Smith–Root Type VI-A alternator–pulsator
used to convert the AC generator output to DC
and then regulate the output for electrofishing. A
single stainless steel ball suspended from a bow-
mounted retractable aluminum boom served as
the anode, with the aluminum boat hull serving as
the cathode.

Each site was electrofished proceeding down-
stream along the shoreline at a speed equal to, or
slightly greater than the prevailing current veloc-
ity. The electrofishing time at each site generally
ranged from 1,800 to 5,000 s depending on the
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Table 1 The seven pools of the Ohio River included in this study, along with sampling information associated with the LTIS,
selected background information, and potential influences on water quality (ORSANCO 1994)

Pool Year of Dam Length Average Number of Tributaries No. General influences
sampling location (km) width (m) sites (drainage > permitted

(river km) sampled 200 mi2 (518 km2)) discharges

R.C. Byrd 2002 449.3 67.1 352 24 2 30 Intersected by heavily
industrialized
Kanawha River

Greenup 1993 548.8 99.5 339 22 5 68 Heavily influenced
by barge traffic,
industry, moderate-
sized towns,
intersected by Big
Sandy River

Hannibal 1996 203.4 58.3 345 20 2 52 Many small to
moderate-sized
towns, industrial
sites and associated
barge traffic

McAlpine 1997 976.5 118.3 622 32 2 44 Includes city of
Louisville, Kentucky

Meldahl 2000 702.0 153.2 489 19 6 30 Intersected by heavily
agricultural Scioto
River and many
smaller tributaries,
several small towns

Newburgh 1994 1,249.0 89.2 755 25 2 53 Smaller industry,
small towns, one
moderate-sized city,
minimal barge traffic
or heavy industry

Smithland 1996 1,478.2 116.7 1,255 30 3 10 Intersected
by agriculture-
influenced
Wabash River, few
towns, no heavy
industry

current velocity, available cover, and the number
of fish encountered. Efforts were made to capture
every fish sighted by the crew.

Upon capture, fish were placed in an aerated,
recirculating on-board live well for processing.
The majority of captured fish were identified
to species, examined for external anomalies,
weighed, measured for total length, and released
in the field. Those requiring laboratory identifi-
cation were preserved in buffered 10% formalin
and later identified using regional ichthyologi-
cal keys (e.g., Fishes of Ohio (Trautman 1981),
Fishes of Missouri (Pflieger 1997), and Fishes

of Tennessee (Etnier and Starnes 1993)). Fish
measuring less than 20 mm in length (e.g., larval
fish) were not recorded as they are difficult to
identify accurately and offer data of questionable
value to an assemblage assessment (Angermier
and Karr 1986).

The occurrence of external DELT (deformities,
eroded fins and body parts, lesions, and tumors)
anomalies was recorded following procedures out-
lined by Ohio EPA (1989) and refined by Sanders
et al. (1999). The frequency of DELT anomalies
has been shown to be a good indication of stress
caused by chronic agents, intermittent stresses,
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and chemically contaminated sediments. As a re-
sult, it is a commonly used metric for assessment
of rivers throughout the United States (Emery
et al. 2003).

Habitat

Substrate information used in data analysis was
collected in 2000 for sites sampled prior to that
year, with the assumption that the basic charac-
teristics of the habitat at a site have not changed
significantly since the time of sampling. For sites
sampled in 2000 and beyond, habitat was sampled
within 4 months of fish sampling (i.e., during the
fish sampling index period). Each 500-m sampling
zone was divided into five 100-m segments, creat-
ing six points of reference for the zone along the
shoreline (i.e., 0, 100, 200, 300, 400, and 500 m).
At each interval, a 6 m copper pole was used to
characterize the substrate at 11 points. The first
measurement was taken at the shoreline with sub-
sequent measurements at 3 m intervals towards
mid-channel (total distance = 30 m). This resulted
in a total of 66 point measurements within each
500-m fishing zone. Substrate was recorded as
boulder, cobble, gravel, sand, fines, hardpan, or as
a combination of these substrate types and used
to estimate the percentage of each sediment-type
within the 500-m sample area. Habitat data for
some sites were unavailable.

Data analysis

There were two main objectives of the analysis.
The first was to use a multimetric index of fish
assemblage condition to determine the number
of sites at which variation leveled off. As an ad-
ditional way to gauge representativeness of sam-
pling in the pool, the second objective was to
determine the number of sites in each pool at
which we captured 90% of fish species susceptible
to the electrofishing configuration used.

Multimetric index

Analyses for this study involved the use of an
existing multimetric index specifically developed
for the Ohio River fish assemblage. The Ohio
River Fish Index (ORFIn) was originally devel-

oped using LTIS data of the Ohio River and
consists of 13 metrics describing various character-
istics of the fish assemblage (Emery et al. 2003).
Each individual sampling site was classified with
respect to habitat characteristics as A (cobble
substrate ≥ 14%), B (Cobble < 14% and Sand
< 70%) or C (Sand ≥ 70%). The ORFIn score
was then compared to a habitat-specific biolog-
ical criterion value and the difference between
the observed score and the criterion was calcu-
lated (DIFF). The three habitat-specific thresh-
olds for ORFIn scores were quite different from
one another. For habitat A, this threshold was
39, and for habitat B, it was 33 (of a possible
score of 65). For habitat C, considered to be
sand flats, the condition assessment was deter-
mined to be dependent on sampling date, with
higher ORFIn scores obtained later in the sam-
pling index period. Thus, the threshold was ad-
justed for Julian day of the sample collection
based on a 25th percentile regression using a
quantile regression method (Koenker and Bassett
1978). This adjustment resulted in the following
formula for the criterion value: (0.12 × Julian
Day −2.4) (unpublished data).

Bootstrap methods were used to simulate the
random selection of sites within pools. A boot-
strap approach randomly draws sites with replace-
ment from the original dataset and assumes that
the set of sites in the original dataset adequately
reflects the distribution of conditions in the pool.
Sampling with replacement means that during
each random draw, each site has an equal proba-
bility of being selected. For example, when a sub-
set of five sites is selected with replacement, it is
possible for any particular site to be drawn all five
times. This methodology is appropriate for these
data because, although pools were sampled inten-
sively for LTIS, they were not sampled in their
entirety. Thus, although the systematic nature of
the sampling likely resulted in a set of samples
representative of the distribution of conditions
in the pool, all of the possible sample locations
in the pool were not specifically included in the
dataset. By creating a large number of sample sets
and subsets (of sites) using bootstrapping, almost
any population parameter and its variance can
be estimated robustly from the original dataset
(Chernick 1999).
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For each pool, the analysis followed the same
general process. A number of sites equal to that in
the full set of LTIS sites (e.g., 24 sites in R.C. Byrd
pool) were selected with replacement from the set
of LTIS sites (original set) to create a bootstrap
set of sites (full set). The first sample of the full
set was used to estimate the mean value of DIFF.
Then the next sample in the full set was added to
the first and the mean DIFF estimated for that set
of two. This process was repeated by adding the
next site each time until the full set of bootstrap
sites was included in the calculation of DIFF. The
entire process was repeated 1,000 times and the
mean and standard deviation across all runs were
used to represent the mean and standard error
of the mean (Manly 1997), respectively, for each
sample size. From these estimates, a 95% confi-
dence interval can be estimated around each mean
difference (as mean ± SE × 1.96) (Manly 1997),
and the degree of overlap with a difference of zero
determined. In this case, the confidence intervals
are based on the assumption that the population
standard deviation is known and the appropriate
critical value from the standard normal distrib-
ution (1.96) is used. The minimum number of
samples at which we see no overlap indicates the
number of sites required to detect a significant
difference from the criterion at the pool level,
based on a mean difference and confidence inter-
val calculated across data from all sites sampled in
a given pool.

Species richness

To estimate the number of samples required to
obtain approximately 90% of the total species col-
lected within a pool, EstimateS (version 7.5, R. K.
Colwell, http://purl.oclc.org/estimates) was used
to model the species richness as a function of the
number of samples (Colwell 2005). For each sim-
ulation run in EstimateS, a sample was selected
from the full set of samples with replacement.
The bias-adjusted bootstrap estimate of species
richness (Sboot) was calculated based on Smith and
van Belle (1984) as:

Sboot = Sobs +
Sobs∑

k=1

(1 − pk)
m

where Sobs is the number of species observed
in the pooled samples, pk is the proportion of
samples containing species k, and m is the total
number of samples. From this calculation, it can
be shown that the value of Sboot is maximized
when each species occurs in only one sample,
and Sboot equals Sobs when each species occurs
in all samples from a pool (Smith and van Belle
1984). After calculating Sboot, another sample was
selected with replacement and combined with the
first sample, and the species richness was again
estimated. This process continued until a number
of samples equivalent to the full set of samples had
been selected and combined, with species rich-
ness estimated each time using the bias-adjusted
bootstrap approach. The entire procedure was
repeated 1,000 times, and the average value and
standard deviation across runs was determined.
The standard error of the mean was then calcu-
lated by dividing the standard deviation by the
square root of the sample size (i.e., number of
sites) (Manly 1997). From this information, the
minimum sample size required to collect an av-
erage of 90% of observed taxa within a pool was
determined.

Results

Multimetric index

The average difference between the ORFIn score
and the habitat-specific criterion (DIFF) lev-
eled off to a nearly flat line almost immediately
(Fig. 2a), although that is expected over such a
large number of bootstrap runs. The more impor-
tant feature of the bootstrapping is the estimate of
the standard error (SE) of DIFF. The SE declined
steeply within the first five samples, then more
shallowly with additional samples, although it
never leveled off completely (Fig. 2b). There is no
pre-defined desirable level of confidence around
the value of DIFF for a pool. However, beyond
approximately 15 samples, all pools exhibited SE
values consistently below three, which results in a
95% confidence interval of ±5.88 (SE × 1.96). The
minimum sample size for non-overlap of CIs was
relatively high for Hannibal and Meldahl pools
(17 and 18 samples, respectively) and very low for

http://purl.oclc.org/estimates
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a)

b)

Fig. 2 (a) Mean and (b) standard error (SE) of difference
between ORFIn score and the appropriate habitat-specific
criterion as a function of sample size. Plots are based on
1,000 bootstrap randomizations for each pool

Greenup, Newburgh, and Smithland pools (three,
four, and three samples, respectively). The con-
fidence intervals for Byrd and McAlpine pools
overlapped zero for all sample sizes.

Species richness

The plots of bootstrap species richness as a func-
tion of increasing sample size were shaped sim-
ilarly across pools (Fig. 3a). The curves never
level off, even at the maximum sample size for a
given pool. However, the standard error around
the estimate of mean species richness decreases
sharply up to five samples and falls below one
within 15 sites (Fig. 3b). The percent increase in
species richness with increasing sample size lev-

eled off below 3% within 10 samples and below
1% within 15 samples (Fig. 4a). From eight to
13 samples were required to collect 90% of the
species richness found in the full set of bootstrap
samples across all pools (Fig. 4b).

Discussion

Multimetric index

When conducting an assessment of water qual-
ity conditions as required by sections 305(b) and
303(d) of the Clean Water Act, it is very important
to minimize Type I (pool is declared impaired
when it is not) and Type II (pool is declared
healthy when in fact it is impaired) assessment

a)

b)

Fig. 3 (a) Mean and (b) standard error (SE) of bootstrap
species richness as a function of sample size, plotted by
pool. Plots are based on 1,000 bootstrap randomizations of
species data
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a)

b)

Fig. 4 Change in (a) bootstrap mean species richness and
(b) percent of maximum bootstrap species richness as a
function of sample size

errors when deciding if water quality standards
are being met. Therefore, it is important to ensure
that a sufficient number of samples have been
collected so as to increase the level of confidence
associated with the assessment, and decrease the
likelihood of assessment error.

Mean ORFIn score differences (from criteria)
showed little relationship with sample size, al-
though variability around those mean differences
did. The SE curve declined steeply up to approxi-
mately five samples, then shallowed to a negative
slope close to zero within 13–15 samples. This was
an important finding, providing sufficient justifica-
tion of a 15-sample minimum for assessment of
condition. There is no specific desired value of
SE for the ORFIn or differences from criteria,
so although examination of patterns is helpful,
determination of the sample size at which SE is
sufficiently small is difficult. However, we can use

SE to calculate confidence intervals (CIs), and
these CIs can be used directly in the biological
assessment of a pool as a whole, assuming that
mean difference is the measure of interest. For ex-
ample, if the 95%CI for the mean difference from
criteria does not include zero, we can conclude
that on average a particular pool scores above or
below the criteria. That is, we can make specific
statements about the condition of that pool (i.e.,
meeting or not meeting criteria) with a known
level of confidence. We are really only interested
in cases where the difference is negative, or where
the ORFIn falls below the criterion on average.
However, if the CI for mean difference includes
zero, we cannot make any definitive statements
about the condition of that pool. For example,
if the mean difference is less than zero, indicat-
ing that scores tended to fall below the criterion,
but the CI still includes zero, for some random
samples in that pool, the mean difference is still
positive.

Note that the CI using a sample-based SE
would be slightly larger than those calculated from
bootstrapping. In the case of the bootstrap sam-
ples, we were estimating the true population stan-
dard error around the mean, whereas in typical
practice the mean and standard error are simply
estimated from a single set of samples. To cal-
culate a 95%CI based on 15 samples (sites) in a
pool, we would use the critical value for n = 15
and an upper tail probability of 0.025 from a t
distribution. This results in a calculation of the
95%CI as: mean ± (SE × 2.131). The resulting CI
is only about 8% larger than one based on critical
values from the standard normal distribution. This
is essentially the same as performing a one-sample
t-test against a null hypothesis that the mean dif-
ference is zero.

In any case, as we add samples, we have more
confidence in the true degree and direction of dif-
ference from the criteria for the pool, decreasing
the potential for error when assessing water qual-
ity conditions. However, at some point, additional
samples do not really provide much additional in-
formation for the purposes of assessment. In cases
like the example where the CI overlaps zero, a rel-
atively large number of samples might be required
to achieve a small enough CI to provide a strong
assessment. Resource managers will have to de-
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cide when the sample size has reached a sufficient
level as to balance effort expended and confidence
gained. One could argue that once a sample size
of 50 is reached, regardless of whether the CI for
mean difference includes zero, an estimate of con-
dition can be made. This limit would be justified
as a maximum expenditure of effort to reduce the
potential for error and describe the truest picture
of condition possible, given resources available for
sampling.

Species richness

Species richness curves never leveled off com-
pletely, but the slope became shallow enough that
few new taxa were being added with each ad-
ditional sample. This scenario is commonly seen
with species richness curves (Hughes et al. 2002;
Bady et al. 2005; Smith and Jones 2005; Lapointe
et al. 2006; Melo et al. 2007), with new rare taxa
being added as sample size increases. This is an
inevitable situation when sampling is not intended
to collect all species but rather a representative
sample. In any case, the bootstrap SE dropped
below one for all pools within 15 samples, and
the estimate of species richness increased only
marginally with each additional sample beyond
about ten samples. Within about 13 samples, 90%
of total species richness was achieved. From this
information, we can conclude that approximately
15 samples are sufficient to estimate fish species
richness at the pool level with minimal variability
in our estimates.

Conclusions

The two analysis components of this study (i.e.,
ORFIn scores and species richness) both point to
a sample size of 15 to initially estimate condition
at the pool scale in the Ohio River. From the per-
spective of variability in ORFIn scores, however,
subsequent sampling may be required to achieve
adequate precision of condition estimates. The
patterns that emerge from the data generally are
consistent across pools, regardless of the level of
variability within a pool. The seven pools included
in this study varied in potential impacts to water
quality and in habitat diversity, but patterns in
species richness and in variability associated with

the ORFIn were similar across these differences.
For example, habitat classified as a mixture of
sand and cobble (habitat B) was common in all
seven pools, but the presence and relative abun-
dance of cobble and sand habitats varied across
pools. For example, Newburgh pool had no cobble
(habitat A) and mostly sandy (habitat C) sites,
whereas Hannibal pool tended to have more cob-
ble than sand sites. Greenup, Meldahl, McAlpine,
and Smithland pools all had more sandy than
cobble sites, and Byrd pool had no sandy and
few cobble sites. The influences in each pool that
might affect water quality (e.g., contribution by
tributaries, discharges) also differed across pools
(Table 1), with varying levels of industry and sizes
of towns along the banks of each pool. Still, these
differences did not seem to directly affect the
patterns seen.

Overall, the ability of ORSANCO to report on
the biological condition of the Ohio River should
improve with the use of a random sampling
design, relative to the more intensive systematic
one used in the past. This improvement is
primarily due to the reduced effort required
to employ a random design, allowing for more
pools to be sampled with a limited set of
resources. Although the typical recommended
minimum sample size for this type of design is
50 sites per assessment unit (i.e., pool) (U.S.
EPA Aquatic Resources Monitoring web site,
http://www.epa.gov/nheerl/arm/surdesignfaqs.htm),
a much smaller number of samples can provide
enough information for assessment in some pools
of the Ohio River. This study indicated that
15 sites may be adequate to draw conclusions
about the overall condition of a navigational pool
with the desired level of precision. However,
the sufficiency of this smaller number of
sites depends on the variation in condition of
the fish assemblage within a given pool. The
more consistent water and habitat quality are
throughout a pool, the more consistent we would
expect the quality of the fish assemblage to
be, and the fewer samples that are needed to
characterize the biological condition of that pool.
In pools where greater variation exists, precision
could be assessed at the end of 1 year, and
additional sampling could be added the following
year to reach the desired level of confidence
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in the biological condition. Because there are
a large number of pools in the Ohio River, an
approach that allows ORSANCO to sample and
assess more pools each year will result in a more
robust assessment of the river for the purposes of
reporting as required by U.S. EPA. The sampling
procedures described in this paper are under
consideration for formal adoption by ORSANCO
as part of their biological assessment program.
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