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Abstract. Although mercury contamination of fish is a wide-
spread phenomenon, its regional evaluation is hindered by the
reluctance of permitting agencies to grant collection permits,
problems in securing adequate freezer space, and time to
process whole, large fish or filets. We evaluated mercury
concentrations in 210 filet biopsies from 65 sites in 12 western
states relative to whole-body mercury concentration in the
same fish. We found a highly significant relationship
(r2 = 0.96) between biopsy and whole-fish mercury concen-
trations for 13 piscivorous and nonpiscivorous fish species. We
concluded that relative to conventional fish-tissue sampling
and analysis procedures for whole fish or filets, the biopsy
procedure for mercury in fish tissue is nonlethal, less cum-
bersome, more likely to be permitted by fisheries agencies, and
a precise and accurate means for determining both filet and
whole-fish mercury concentrations.

We provide a model for predicting whole-fish mercury con-
centrations based on a nonlethal muscle biopsy procedure
(Pearson 2000). We believe this technique is an improvement
over conventional sample collection andpreparationprocedures.
Contamination of fish tissue with mercury is a long-standing

concern (Tsubaki and Irukayama 1977; Wiener and Spry 1996).
Contamination usually is assessed in one of two ways: either by
analyzing filets relative to human health exposure or analyzing
whole fish relative to fish and wildlife exposure. Either ap-
proach is fraught with problems because both require collecting
and killing fish, usually freezing fish, homogenizing the entire
fish or an entire filet, and subsampling before mercury analysis
by conventional atomic absorption. Fisheries agencies are
becoming more reluctant to issue collection permits, especially
in areas where threatened or endangered species might be
encountered. Shipping whole fish from the field to the analyt-
ical laboratory is costly. Homogenization of whole fish or fish

filets is both storage (freezer space) and labor intensive. Sample
preparation involves cutting, heavy duty grinding, dilution,
cleaning of all equipment between samples, and subsampling of
the homogenate. The possibility of contamination and/or error
exists at all sample-preparation stages.
A partial solution to these problems is to capture live fish,

biopsy their muscle tissue (Williamson 1992), and return them
alive to the water body. Waddell and May (1995) used Wil-
liamson's biopsy protocol to characterize selenium content in
the muscle tissue (1 to 2 cm below the dorsal fin) of live
razorback suckers (Xyrauchen texanus). Because the biopsies
were limited in mass, they were analyzed by gamma-ray
spectrometry. Muscle tissue samples taken adjacent to the
biopsies for comparison were prepared and analyzed by a more
conventional and less-expensive method (freeze dried;
homogenized; subsample prepared with nitric, perchloric, and
hydrochloric acids; and analyzed for selenium by hydride
generation atomic-absorption spectrometry [AAS]). They
determined from these analyses that there was no difference
between biopsy and whole filet. Also, they concluded that
selenium concentrations in biopsies from the dorsal fin and
posterior muscle areas were virtually the same, whereas those
from the anterior muscle areas were slightly lower.
Pearson (2000) evaluated mercury concentrations in

biopsies (anterior, dorsal, and posterior) against mercury
concentrations in the whole filets of 11 walleye (Sander
vitreus) and 18 northern pike (Esox lucius). He concluded
that the mercury concentrations in biopsies and filets from
the same fish were not significantly different. He concluded
further that dorsal muscle biopsies were slightly more
accurate predictors of filet mercury concentrations than
biopsies from the anterior or posterior areas of the filet. The
dorsal sampling area was reaffirmed to be best by Cizdziel
et al. (2002) during their evaluation of the cold-vapor AAS
method for measuring mercury in fish tissue against the
newer combustion AAS (CAAS) method (United States
Environmental Protection Agency [USEPA] 1998). They
concluded that the two mercury measurement methods pro-
vide statistically equivalent results.Correspondence to: S. A. Peterson; email: peterson.spencer@epa.gov
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Thus, studies indicate a consistent relationship between
biopsy and filet mercury concentrations (Pearson 2000) and
between filet and whole-fish mercury concentrations (Gold-
stein et al. 1995). Baker et al. (2004) determined that biopsies
of northern pike are not lethal and pose no greater risk to the
fish than routine ``tagging.'' However, there are no published
results directly relating biopsy mercury concentrations to
whole-fish mercury concentrations. We are interested in re-
gional-scale surveys of whole-fish mercury concentrations as
indicators of contamination and potential risk to piscivorous
wildlife. However, we want to avoid the problems of whole-
fish processing, so we evaluated the nonlethal biopsy proce-
dure (Pearson 2000) coupled with direct mercury analysis
(USEPA 1998) as a means to predict whole-fish mercury
concentrations.

Approach

Probability Sampling Design and Sample Collection

Stream and river sampling sites were drawn from Arizona,
California, Colorado, Idaho, Montana, Nevada, North Dakota,
Oregon, South Dakota, Utah, Washington, and Wyoming, on a
probability basis, from all lotic waters appearing on the
1:100,000-scale Digital Line Graph database of the United
States Geological Survey (1989). Sample site selection fol-
lowed a procedure that recognized the continuous nature of
lotic systems, controlled for spatial distribution, and consid-
ered their variable spatial density (Herlihy et al. 2000). We
collected fish from streams and rivers according to wadeable
and nonwadeable electrofishing protocols (Peck et al. 2003a,
2003b). Field crews were directed to collect 1 to 5 large fish
(>120 mm long) of various sizes for each species encountered.
From June through September 2001, we collected 210 fish
from 13 species at 65 sites in 12 western USA, states (Fig. 1).
Fish were measured, wrapped in aluminum foil, double plastic
bagged, labeled, and iced for shipment to the analytical labo-
ratory the next day. The fish originally were collected for
conventional whole-body mercury concentration analysis. The
opportunity to compare biopsy mercury concentrations with
whole-body mercury concentrations presented itself only after
fish had been frozen 4 to 6 months after the summer 2001 field
season. Thus, the potentially nonlethal biopsy sampling was
done in the laboratory, on previously frozen fish, rather than in
the field on live fish as might be done in practice.

Laboratory Procedures

We wanted to know the stability of biopsy samples during
freezer storage, i.e., did potential moisture loss change mer-
cury concentrations in the biopsies We took several biopsy
plugs from one nonsample northern pikeminnow (Ptychoc-
heilus oregonensis) and placed individual biopsies into three
types of storage container for freezing. The storage containers
were (1) Packard LSC 20-mL polyethylene scintillation vials,
(2) I-Chem brown borosilicate 40-mL vials, and (3) I-Chem
clear borosilicate 40-mL vials. Containers of each type were
acid soaked (2% HCl) overnight and then rinsed five times

with deionized water and air dried before biopsy samples were
placed into them for freezing at )20�C. Biopsies from each
container type were removed at various intervals during
100 days and analyzed for mercury by the CAAS method
(USEPA 1998).
Fish samples received at the analytical laboratory were fro-

zen at )20�C and stored until analyzed. At the time of analysis,
fish were removed from the freezer, reweighed, remeasured,
and allowed to partially thaw. Biopsies were removed from
partially thawed fish in a manner used on live fish (Pearson
2000). The protocol consisted of (1) scraping a few scales from
the anterior end of and 1 to 2 cm below the dorsal fin on the left
side; (2) inserting a disposable 6-mm diameter biopsy punch
(Biopunch, Fray Products, Buffalo, NY), with a slight twisting
motion, to cut through the skin and into the tissue; (3) tilting or
bending the punch slightly once it was inserted to full depth
(8 mm) to break off the end of the tissue sample; (4) removing
the punch carefully to retain the sample; (5) removing the
sample with the self-contained punch removal tool or a scalpel
(alternate procedure was to blow sample out with a pipette
bulb); (6) trimming skin from the end of the plug; and (7)
placing the plug into a sterile 20-mL scintillation vial or other
suitable container for refreezing at )20�C until analysis.
Pearson (2000) used 5-mm punches but indicated that inade-
quate amounts of sample were sometimes obtained for
conventional mercury analysis. Therefore, after some experi-
mentation we chose 6-mm biopsy punches. Biopsies were
sliced in half lengthwise at the time of analysis and run as
duplicates. Results were reported as means of the duplicates.
The remainder of the whole fish was then ��chunked�� with

stainless steel knives and blended with an approximate 1:1
ratio of deionized water by weight until the mixture appeared
to be completely homogeneous. The exact amount of water
added was recorded and used to adjust the amount of mercury
in the ��as-received�� fish samples at the time of analysis. All
cutting utensils, cutting surfaces, and blenders were cleaned
with hot soapy water and rinsed three times with deionized
water between samples to prevent cross contamination. Subs-
amples were removed immediately from the whole-fish sample
to prevent separation of lipids, and the subsamples were
refrozen at )20�C in sterilized 40-mL glass, screw-cap vials
until analysis. At the time of analysis, homogenate samples
were thawed, remixed with two or three replicate aliquots
removed, and analyzed. Results were reported as means of the
two or three replicate analyses.
Both biopsy and whole-fish samples were analyzed using

CAAS (MilestoneDMA80 directMercuryAnalyzer,Milestone,
Monroe, CT) according to USEPA (1998). After each thermal
decomposition analysis of fish tissue, ash was removed from the
sampleweigh boats, the boatswere soaked in deionizedwater for
30 minutes and heated to 550�C for 1 hour, then cooled before
their next use. A major advantage of the CAAS method is that it
requires a small sample (approx. 0.25 g) and no sample prepa-
ration (direct mercury analysis).

Quality Assurance

An instrument detection limit (IDL) of 0.05 ng mercury was
determined by replicate analysis of acidified, aqueous mercury
standard solutions to assess precision. This corresponds to an
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IDL of 0.0003 lg mercury/g for a nominal fish-tissue sample
of 0.25 g. However, tissue analysis is more complex than
standards, and the method detection limit (MDL) for fish tissue
is expected to be >0.0003 lg mercury/g.
The thermal decomposition-amalgamation method for mer-

cury analysis combines the release of mercury from the matrix
and analysis in a single step. Therefore, doing anMDL study by
spikingmercury (in acidified, aqueous solution)will not give the
best estimate of MDL because the mercury added is already in a
��released�� form. In addition, it is nearly impossible to obtain
mercury-free fish tissue. Thus, we used the method of Taylor
(1987) to estimate the MDL for tissue samples. This method is
essentially the same as the Environmental Monitoring and
Assessment Program (EMAP) protocol for MDL determination
(USEPA 1997) except a sample is used rather than fortifying a
clean matrix. The SD for 202 measurements of Standard Refer-
ence Material (SRM) 2976 made during the previous year's
(2000) fish-tissue analyses was used to estimate the MDL for
tissue samples (0.02 lgmercury/g). Also, analyses included 103
tissue samples run in duplicate. The relative SD (RSD) of the
duplicates ranged from 0.01% to 25.8% (mean 3.66%). In
addition, 215 replicates of dogfish reference material DORM-2
and 202 replicates of SRM 2976 mussel tissue were analyzed
with theproject samples.Bothgroupsmet theprecisionobjective
of 15% RSD or MDL, whichever was larger.

Accuracy was assessed by analysis of the reference mate-
rials DORM-2 (high level) and SRM 2976 (low level) as
calibration checks during sample analysis. DORM-2 has a
certified total mercury concentration of 4.64 lg mercury/g.
Only 1 of the 215 replicate results slightly exceeded the cri-
teria of 85% to 115% (average = 101% € 4.4%). The certified
total mercury value for SRM 2976 is 0.0610 lg mercury/g.
The average recovery from 202 samples of this reference
material was 115.1% € 13.3%, which is an acceptable result
because the certified value is within a factor of 5 of the esti-
mated MDL for this method. Each day of analysis, reagent
blanks (2% nitric acid) were analyzed after the standards were
analyzed to ensure there was no carryover of mercury before
environmental samples were analyzed. No samples were ana-
lyzed until acceptable blanks were obtained (corresponds to
approximately 0.0004 lg mercury/g or approximately 0.0001
lg mercury in a typical 0.25-g environmental sample).

Fish-Tissue Data Analysis

We used all of the fish in our database (n = 210) to describe
the relationship between biopsy and whole-body mercury
concentration except for two pikeminnows that were outliers

Fig. 1. Location of probability-based fish-tissue sampling sites across the 12 western states (dots). Numbers indicate sample size from each site.
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relative to the rest of the database. Thus, 208 individual fish
comprised the total sample size for our primary analysis.
Biopsy and whole-body mercury concentrations can be

viewed as two similar measurements that both have natural
variation and/or measurement error. Thus, we considered using
a geometric mean functional relationship (GMFR; Ricker
1973) rather than ordinary least squares (OLS) regression to
relate the two quantities. GMFR clearly is an appropriate tool
where the functional relationship itself (for example, whether
two measurements are equivalent) is of primary interest
(Schmitt and Finger 1987).
Our goal was not to identify a functional relationship per

se. Instead, we sought to predict one measurement (whole-
body mercury concentration) from the other (biopsy mercury
concentration). Sokal and Rohlf (1981) argued that OLS is
the preferred tool for making predictions, in part because
GMFR does not supply confidence limits for regression
parameters or predictions. Moreover, in our prediction set-
ting, the value of ��x�� (biopsy mercury concentration) is best
viewed as a fixed realization of a random variable (Sprent
and Dolby 1980). Thus, having observed ��x�� and lacking an
informative measurement error model, we can only take ��x��
at face value and use it to predict ��y�� (whole-body mercury
concentration). In this situation, the maximum likelihood
estimates of regression parameters are OLS estimates
(Sprent and Dolby, 1980; Draper and Smith 1998). For these
reasons, we employed OLS rather than GMFR in our
regressions.

We regressed log10 whole-body mercury concentrations
against log10 biopsy mercury concentrations for all (except two
pikeminnow outliers) individual fish (n = 208; 13 species) to
serve as a predictive ��base model.�� In addition, we explored
two sets of more complex models. In the first set, fish species
were grouped by their primary diets into (1) nonpiscivorous
(brook trout [Salvelinus fontinalis], brown trout [Salmo trutta],
channel catfish [Ictalurus punctatus], cutthroat trout [On-
corhynchus clarki], rainbow trout [O. mykiss], white sucker
[Catostomus commersoni]) or (2) piscivorous (largemouth bass
[Micropterus salmoides], smallmouth bass [M. dolomieu],
northern pike [Esox lucius], northern pikeminnow [Ptycho-
cheilus oregonensis], sauger [Sander canadensis], walleye [S.
vitreus], and yellow perch [Perca flavescens]). Separate
intercepts and/or log10 biopsy mercury slopes were determined
for each dietary group.
In the second set of relationships, separate log10 biopsy

mercury slopes and/or intercepts were determined for each of
the 10 species having more than 1 fish in our data (n = 204
fish). Both sets of models were compared to the base model
using extra-sum-of-squares F tests (Myers 1990).

Results and Discussion

Data Description

Dots in Figure 1 indicate sampling sites, and numbers
indicate the number of fish sampled from that site. No fish

Fig. 2. Scatterplot of biopsy and whole-body mercury concentrations for 210 fish with corresponding frequency histograms for each variable.
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were collected from streams in Idaho because of collection
permit limitations. Similar problems arose in California,
Oregon, and Washington after initial sampling. However,
sampling sites were reasonably well distributed across the
region.
The scatterplot of biopsy mercury versus whole-body

mercury for our 210-fish database approximated a linear
relationship between biopsy mercury ranging from near
detection limits to >2.0 lg/g and whole-body mercury
ranging from near detection limits to >1.0 lg/g (Fig. 2). The
straight line in the scatter plot is the 1:1 line, which clearly
demonstrates that all biopsy mercury concentrations were
greater than whole-body mercury concentrations, except for
the two anomalous pikeminnow samples (omitted from our
regression analysis) in the lower left of Figure 2. An
assessment of quality assurance procedures indicated that
both biopsy and whole-fish mercury concentrations for those
samples were correct as measured. We have no clear expla-
nation for the two outliers. We found nothing unusual about
these two fish or other fish from the same site. The result
suggested contamination of these two whole-fish samples,
which is possible given the numerous sample preparation
steps for whole-fish analysis. We are proposing the use of
biopsy to predict whole-body mercury concentrations, thus an

error or contamination of biopsies would be more problem-
atic than the suspicion of whole-body mercury concentration
error as in this case. The two data points in Figure 2 were
retained in our database for completeness, but were not part
of our data analysis.
Although the relationship between biopsy mercury and

whole-fish mercury in Figure 2 appears approximately lin-
ear, scatter increases markedly as concentrations increase.
Because heteroscedastic residual variance can seriously af-
fect the quality of a normal-theory regression model (Myers
1990), we log-transformed both the biopsy and whole-body
mercury concentrations before regression analysis. The log-
transformed variables still approximate a linear relation-
ship, and the residual variance is effectively stabilized
(Fig. 3).
The histograms in Figure 2 represent the relative frequency

of biopsy (top) and whole-body (right) mercury concentra-
tions for fish. The mean, minimum and maximum fish size
and their respective biopsy mercury concentrations are sum-
marized by species (Table 1). Both fish sizes and mercury
concentrations (filet equivalent to biopsy) in our database
were within the ranges of several similar fish-tissue surveys
(Schmitt and Brumbaugh 1990; Goldstein, et al., 1995; Br-
umbaugh et al. 2001), but none of our samples reached the

Fig. 3. Log10-transformed whole-body mercury versus biopsy mercury concentration (lg/g) for all fish in the sample (13 species, n = 210).
Regression line and pointwise 95% CIs on an individual prediction are from model A. in Table 3. CI: Confidence interval.
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maximum filet mercury concentrations reported for some
species (smallmouth bass maximum = 1.05 lg mercury/g;
largemouth bass maximum = 4.22 lg mercury/g) by
Brumbaugh et al. (2001). There could be several reasons for
this, but it is most likely related to the fact that these other
studies were targeted toward large rivers and areas of known
or suspected high mercury concentrations in fish (Peterson et
al. 2002). A probability-based sampling design, such as the
one we employed, produces samples more representative of
the population at large (potentially fish from any stream
appearing on 1:100,000 scale maps) than does a targeted
sampling program. Because probability sampling accurately
represents the entire population, and extreme values are rare
in the population, the extremes are unlikely to be captured by
the samples; thus, explaining in part, why mercury tissue
concentrations in our survey samples did not reach the high
levels observed by Brumbaugh et al. (2001).

Biopsy Stability

Biopsy mercury concentration did not change during a per-
iod of 100 days in any of the biopsy storage container types
we tested, and there were no significant container dependent
differences in mercury concentration among the three con-
tainer types (Table 2). Based on this information and our
own convenience, we selected 20-mL polyethylene scintil-
lation vials for biopsy storage for all fish collected from sites
in Figure 1. Biopsy storage times ranged from 59 to 189
days until analysis. The average storage time was 98 days,
and the median storage time was 91 days. Sixty-nine percent
of the samples were analyzed in <100 days after biopsy.

Predictive Model

The simple base model explained >95% of the variance in
log10 whole-body mercury concentration from log10 biopsy
mercury alone (model A, Table 3; and Fig 3). No additional
variance was explained when separate slopes and intercepts
were fitted for piscivorous versus nonpiscivorous groups (F2,
204 = 0.22, p > 0.5). However, when separate intercepts and a
common slope were specified for each of the 10 species having
>1 observation, there was a slight, but statistically significant,
improvement relative to the base model (F9, 194 = 2.38,
p = 0.014). Inclusion of separate log10 biopsy mercury slopes
for each of 10 species improved neither the base model (F9,
194 = 1.53, p = 0.14) nor the separate-intercepts model (F9,
185 = 1.46, p = 0.17).
As a result, we accepted the separate-intercepts, common-

slope model (model B, Table 3) as a potentially useful alter-
native to the base model. However, we found very little dif-
ference in model B intercepts across the species relative to
their standard errors (Table 3). Likewise, we saw a great deal
of overlap across species-specific confidence intervals (CIs) on
predicted values of whole-body mercury (Table 3). Finally, we
noted that predictions from the species-specific model (model
B) would involve extrapolation if they were used outside the
fairly limited range of whole-body and biopsy mercury levels
seen for any single species in our data set. The base model,
however, has predictive reliability across the full range of
mercury concentrations seen across all fish (Fig. 3). For these
reasons, we recommend use of the simple base model (model
A) for predicting whole-body mercury.
The relationships between biopsy mercury and whole-body

mercury concentrations are relatively consistent across a

Table 1. Mean and minimum–maximum fish lengths and mercury concentrations of biopsies for all fish by species

Species common name Total no. fish
Length (mm) Mean
Minimum–Maximum

Mercury concentration (lg/g)
Mean Minimum–Maximum

Brook trout 13 235
203–290

0.051
0.0189–0.206

Brown trout 36 270
200–412

0.123
0.023–0.652

Channel catfish 1 505 0.200
Cutthroat trout 7 242

208–265
0.055
0.036–0.082

Largemouth bass 10 335
210–415

0.642
0.086–1.034

Northern pike 16 405
212–510

0.300
0.164–0.432

Northern pikeminnow 27 328
208–470

0.675
0.011–2.212

Rainbow trout 29 292
208–453

0.099
0.016–0.360

Sauger 1 253 0.739
Smallmouth bass 31 285

201–405
0.248
0.064–0.753

Walleye 21 334
223–425

0.451
0.137–0.948

White sucker 17 293
203–430

0.217
0.053–0.516

Yellow perch 1 200 0.171
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variety of fish species (Table 3; Goldstein et al. 1995). The
narrow confidence bands and limited scatter in Figure 3 permit
an accurate prediction of whole-body mercury concentrations
based on the equation:

(log10 [whole - body mercury] ¼
� 0.2712 + 0.9005 log10 [biopsy mercury]) ð1Þ

Model intercept interpretation is an elementary result of
simple linear regression analysis. The )0.2712 intercept from
Equation 1 is the predicted value of log10 (whole-body mer-
cury) when biopsy mercury = 1.0 lg/g, i.e., when log10
(biopsy mercury) = 0. In other words, when biopsy mer-
cury = 1.0 lg/g, the model predicts that whole-body mercury

will = 10)0.2712 = 0.54 lg/g. Model predicted values of whole-
body mercury concentrations and their associated 95% CIs
were calculated for model A and for each of the 10 fish species
represented by >1 sample. A summary of the whole-body
predicted values when plug values equaled 0.5 and 1.0 lg
mercury/g are shown in the last 2 columns of Table 3. The 0.5-
lg mercury/g level represents the human advisory action level
of the World Health Organization, (WHO) whereas the 1.0-lg
mercury/g level represents the United States Food and Drug
Administration action level for commercially sold fish (Car-
penter 1998). Thus, both figures have significance relative to
human consumption and health. Although our interest is not
the influence of mercury on human health, the health-related
benchmarks are useful in denoting potential related effects of

Table 2. Effects of container type and freezer storage time on northern pikeminnow biopsies for 100 days. ANOVA without day 52, indicated no
evidence for a difference between days [F(4,8) = 1.26, p = 0.361 ] and little evidence for difference between container types [F(2,8) = 3.15,
p = 0.098].

Day
Browna mercury
concentrationb %RSD

Clearc mercury
concentration %RSD

Plasticd mercury
concentration %RSDe Date analyzed

19 1.39 17.0 1.58 15.0 1.29 2.1 02/01/02
52 1.44 NDf ND ND 1.91 ND 03/04/02
60 1.44 4.2 1.44 3.5 1.43 3.3 03/13/02
70 1.39 0.8 1.60 5.4 1.43 5.7 03/22/02
82 1.43 6.8 1.44 4.3 1.51 8.4 04/03/02
100 1.35 2.5 1.43 5.0 1.35 2.3 04/23/02
Meang 1.40 1.50 1.38

aBrown = I-Chem brown silicate 40ml vials.
b Data presented as lg/g.
cClear = I-Chem clear silicate 40ml vials.
dPlastic = Packard LSC; 20ml polyethylene scintillation vials.
eRSD: Relative standard deviation.
fND: Duplicate destroyed; no LSD calculated.
gMean: Mean without day 52 included.

Table 3. Linear regression models that predict log10 Whole-body mercury from log10 biopsy mercury. Additional statistics are given to enable
calculation of prediction confidence intervals. RSE is the residual standard error. MN and SSQ are the mean, and the sum of squares about the
mean, respectively, for log10 biopsy mercury. Model predicted values of whole-body mercury, (WBHg) and their 95% CIs are tabulated for biopsy
mercury values of 0.5 and 1.0 lg Hg/g, respectively, in the last two columns of the table

Model Slope (SE) Intercept (SE)

WBHg prediction +
[95% CI] for biopsy-to
0.5 lg Hg/g

WBHg prediction +
[95% CI] for biopsy-to
1.0 lg Hg/g

A. Single slope and intercept 0.9005 )0.2712 0.287 0.536
r2 = 0.957, RSE = 0.0896, n = 208,
MN = )0.7730, SSQ = 44.8355

(0.0134) (0.0121) [0.191, 0.432] [0.355, 0.807]

B. Common slope, but different
intercept, for 10 species

0.9048
(0.0203)

r2 = 0.961, RSE = 0.0871, n = 205
Brook trout n = 13 )0.2791 (0.0370) 0.281 [0.184, 0.428] 0.526 [0.343, 0.808]
Brown trout n = 36 )0.2304 (0.0258) 0.314 [0.209, 0.417] 0.588 [0.390, 0.888]
Cutthroat trout n = 7 )0.2558 (0.0418) 0.296 [0.193, 0.456] 0.555 [0.358, 0.860]
Largemouth bass n = 10 )0.2946 (0.0281) 0.217 [0.179, 0.410] 0.507 [0.335, 0.768]
Northern pike n = 16 )0.2450 (0.0243) 0.304 [0.202, 0.456] 0.569 [0.378, 0.857]
Northern pikeminnow n = 25 )0.2387 (0.0182) 0.308 [0.206, 0.461] 0.577 [0.386, 0.864]
Rainbow trout n = 29 )0.2810 (0.0280) 0.280 [0.186, 0.421] 0.524 [0.346, 0.793]
Smallmouth bass n = 31 )0.2655 (0.0211) 0.290 [0.194, 0.433] 0.543 [0.362, 0.814]
Walleye n = 21 )0.2991 (0.0205) 0.268 [0.179, 0.402] 0.502 [0.335, 0.753]
White sucker n = 17 )0.3203 (0.0262) 0.255 [0.170, 0.384] 0.478 [0.317, 0.722]
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mercury on wildlife. For example, note that predicted whole-
body mercury concentration from model A (Table 3), and for
each fish species, based on even the lowest of the two health-
related threshold concentrations (0.5 lg mercury/g), exceeds
the critical value for consumption by piscivorous mustelids
(0.1 lg mercury/g) by a factor greater than two (Yeardley et al.
1998).

Recommendations and Conclusions

Our biopsies were obtained from previously frozen fish, thus
we do not claim to have tested the nonlethal biopsy method
per se. However, we have no reason to think that our frozen
biopsies would differ from live fish biopsies, which likely
would be frozen before analysis anyway. Others (Williams,
1992; Waddell and May, 1995; Pearson 2000; Baker et al
2004) have successfully used nonlethal biopsy procedures on
live fish. Pearson (personal communication, June 4, 2003)
indicated that some of the fish captured during his study in
2000 exhibited scars from a previous biopsy. Despite the
scars, the fish showed no other adverse effects. Baker et al.
(2004) found northen pike biopsies nonlethal. Also, there is
little reason to suspect a 6 · 8-mm biopsy would be any more
lethal than comparably sized fish tags (Everhart et al. 1975;
Wydoski and Emery 1983). However, both mortality and
frozen versus fresh tissue samples should be evaluated for
more species.
To our knowledge, no one has coupled biopsy directly with

whole-fish mercury analysis on the same fish across a wide
variety of species and fish sizes. Goldstein et al. (1995) fo-
cused on a few species of fish with limited sizes, but did not
employ biopsies. Our study combined biopsies across 13 fish
species of various sizes with direct mercury analysis (the
CAAS mercury method). This combination of biopsies
(Pearson 2000) with direct mercury analysis (USEPA 1998)
offers several advantages over conventional sampling and
analysis procedures. Biopsies do not intentionally kill fish.
Biopsies are small and thus do not require large freezer storage
capacity or high sample-shipping costs. Direct mercury anal-
ysis (CAAS method) uses a small sample (0.25 g) with no
sample preparation and thus avoids hours of laboratory labor
and multiple opportunities for contamination or error.
The regression of whole-body log10 mercury concentrations

against log10 biopsy mercury concentrations produced a
whole-fish predictive model that is both accurate and robust
based on the analysis of 210 various sized fish representing
13 species. Overall, the biopsy-direct mercury analysis pro-
cedure is a much simplified and much improved procedure
relative to conventional sample preparation and analysis for
fish-tissue mercury concentrations for both filet and whole-
body analysis.
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