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Abstract

The objective of this study was to evaluate the relationship between clawless body mass (CBM) and total mercury con-
centration (THg) in male and female crayfish captured from three different sites in the Columbia River Basin: the Spokane
River, Boise River and Hangman Creek. It was found that the allometric relationships for THg in male and female crayfish
did not differ from one another at any of the three locations (Spokane River: ANCOVA, F, 49 = 0.001, p=0.63; Hangman
Creek: ANCOVA, F, ;3 = 0.007, p=0.93; Boise River: ANCOVA, F, ;5 = 0.02, p=0.88. Furthermore, the slopes of the
CBM and THg regression lines were not significantly different from one site to the next (ANCOVA, F, 46 = 1.5 p=0.24),
despite considerable differences in mean mass-adjusted THg across locations (Spokane River: 26.8 +2.6; Hangman Creek:
75.2+2.1; Boise River: 99.0+2.9). For signal crayfish (Pacifastacus leniusculus) from the Columbia River Basin, size
and sex standardization can be accomplished with a single linear relationship.
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Introduction

The use of crayfish in environmental monitoring for metals
has grown substantially over the past few decades (Aluma et
al. 2017; Anderson et al. 1997; Goretti et al. 2016; Hothem
et al. 2007; Johnson et al. 2014; Kouba et al. 2010; Kuklina
et al. 2014; Mueller et al. 2002; Pennuto et al. 2005). Such
use, however, can be problematic, as there are biotic fac-
tors such as, sex (Hothem et al. 2007), species (Johnson et
al. 2014), and size (Pennuto et al. 2005), as well as abiotic
factors such as water quality (Millard et al. 2020) and geo-
graphic variation (Eagles-Smith et al. 2020) that influence
metal body burden in sentinel organisms.

Currently, the literature is not consistent with respect to
whether size or sex influences mercury concentration in
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crayfish. Pennuto et al. (2005) found a significant, positive
relationship between size class and total mercury concentra-
tion in the adductor muscle (THg) of northern virile crayfish
(Faxonius virilis), however, Hothem et al. (2007) did not
find that relationship in signal crayfish (Pacifastacus lenius-
culus). The same is true for sex. While Hothem et al. (2007)
reported significantly higher methylmercury concentrations
in the adductor muscle of female red swamp crayfish (Pro-
cambarus clarkii) relative to males, neither Pennuto et al.
(2005) nor Johnson et al. (2014) found such differences in
four different species of crayfish, including P. clarkii.

The objective of this study was to determine the rela-
tionship between clawless body mass (CBM) and THg for
signal crayfish collected at three different sites within the
Columbia River Basin. A second goal was to determine the
degree to which these relationships were influenced by site
location and sex.
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Table 1 Summary table of signal crayfish captured from June-September in 20212022 from the Spokane River and Hangman Creek, Washington,
and the Boise River, Idaho. Differences in subscript letters indicate a statistically significant difference among the three site locations. Associated
1% and significance values are derived from the linear regressions between mass-adjusted THg concentrations
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Fig. 1 Relationship between log THg (ng/kg) and CBM (g) in signal crayfish captured from the Spokane River, Hangman Creek, and Boise River.
Female crayfish are displayed as red squares while male crayfish are displayed as blue crosses

Methods

During 2021 and 2022, a total of 172 signal crayfish were
collected from three different locations in the Columbia
River Basin. Animals were collected in Washington from
the Spokane River at Plese Flats (47°43°01” N, 117°40°51”
S), and from Hangman Creek (50°15°01” N, 117°40°51” S),
a tributary of the Spokane River. Animals were also col-
lected from the Boise River, Idaho at West Morland Park
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(43°39°36” N, 116°16°39 S) (Table 1). All animals were
captured using a mix of hand collection and baited wire
traps. Once captured, crayfish were placed into individual
Zip-Loc bags, labeled with unique numerical identifiers and
geospatial coordinates, then placed on ice and transported
back to the University of Idaho. Upon arrival at the labora-
tory the crayfish were frozen whole at -80°C for a minimum
of 24 h prior to dissection.
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Animals were partially thawed and weighed (+0.01 g),
the claws were removed, then weighed again to determine
CBM. CBM was then used in all subsequent analyses, as the
presence and mass of the claws varied considerably from
one animal to another. Male crayfish were distinguished
from females by the presence of developed gonopods. For
each crayfish, the entire adductor muscle was removed with
acid-washed instruments, placed into a Sml cryovial, and
stored within a -80 °C freezer prior to total mercury analysis.

Crayfish adductor muscle (0.5 g+0.01) was submitted
to Anatek Laboratories in Moscow, Idaho for THg analysis,
which was determined using an Agilent 7850 Series Mass-
Hunter ICP-MS (Agilent Technologies, Santa Clara, CA,
USA) following EPA Method 6020B. The quantitation limit
on the ICP-MS was 0.5 pg/L, while the detection limit was
0.1 pg/L. A matrix spike (in duplicate) was analyzed as a
measure of replicate precision. The replicate pair showed
results of 0.6% relative percent difference (RPD) between
the duplicates. A laboratory fortified sample with a known
concentration of inorganic mercury was used as a reference
material and ran once every 20 samples per batch. A con-
tinuing calibration blank of 18 MQ DI water were run in
between every 10 samples to verify the continued absence
of instrumental interferences. Matrix spikes and spike-
duplicates were spiked with inorganic mercury at known
concentrations of 25 pg/kg and were ran every 20 samples.
Recoveries from spikes and duplicates were well within the
acceptable recovery range, ranging from 95.1 to 101% and
90.7 — 102%, respectively. The average RPD among the
duplicates was 12.5%.

All results were reported in ug/kg wet weight. Briefly,
a mass of adductor muscle (approximately 0.5 g) was
weighed and placed into a digestion vessel along with 10
mL of 18 MQ DI water, 10 mL of concentrated trace metal
grade nitric acid, and 5 mL of concentrated trace metal
grade hydrochloric acid. The solution was then heated for
2 h at 80-85 °C. Two mL of 30% hydrogen peroxide was
then added to solution and heated for an additional 1 h. After
tissue digestion, the solution was diluted to a final volume of
50 mL using 18 MQ DI water. A 2 mL aliquot of the solution
was then brought to 10 mL and injected onto the ICP-MS
instrument.

Statistical analysis was performed using JMP statistical
software (Ver 14.0, SAS Institute Inc., Cary, North Caro-
lina, USA). THg data were not normally distributed and
therefore were log transformed prior to analysis to meet the
assumptions of parametric statistics as per Eagles-Smith et
al. (2020). THg values in Table 1 are reported as back-trans-
formed least-squares means.

For all statistical analyses, statistically significant differ-
ences were inferred when p<0.05. Given that there was a
significant relationship between CBM and THg, statistical

comparisons among the locations were determined using
ANCOVA to produce mass adjusted concentrations. To
determine differences in mass-adjusted THg and CBM
among the three locations, a series of one-way ANOVAs
and post-hoc Tukey-HSD pairwise multiple comparison
analyses were carried out. Differences in the regression
slopes between the sexes at each site and among the three
site locations were evaluated using ANCOVA. Significant
interaction effects were evaluated as per Basusta and Khan
(2021).

Results and Discussion

Statistically significant differences in mass adjusted THg
(ANOVA, F, 159 = 192.7, p<0.0001) and CBM (ANOVA,
F, 160 = 50.8, p<0.0001) were found at each of the three
field sites (Table 1). Pairwise post hoc comparisons found
that THg was lowest in animals from the Spokane River,
followed by animals from Hangman Creek, and then from
the Boise River, whereas the CBM was lowest in crayfish
from the Boise River, followed by animals from Hangman
Creek, and then from the Spokane River (Table 1). It was
assumed that larger crayfish would have an elevated THg
relative to smaller individuals (Pennuto et al. 2005), as
larger crayfish may be older (France et al. 1991) and conse-
quently have more time to accumulate mercury. While the
differences in mean CBM were not positively associated
with the differences in mean THg (Table 1), it appears that
that there is considerable geographic variation in THg. Site-
specific factors such as dissolved organic carbon (Thomas
et al. 2020) and nutrient input (Wright and Hamilton 1982)
may contribute to the observed differences among sites.

A second objective of this study was to determine if
the slope of the relationship between CBM and THg dif-
fered between males and females at any of the three sam-
pling locations. When males and females were analyzed
separately, the interaction term between CBM and sex was
not significant, nor were there any statistical differences
among the slopes of the three regression lines (Spokane
River: ANCOVA, F 49 = 0.001, p=0.63; Hangman Creek:
ANCOVA, F, ;3 = 0.007, p=0.93; Boise River: ANCOVA,
F|35=0.02, p=0.88).

The relationship between sex and mercury concentration
in crayfish adductor muscle is not consistent across differ-
ent studies, as some have found a significant impact of sex
(Heit and Fingermann 1977; Hothem et al. 2007), while oth-
ers have not (this study, Pennuto et al. 2005, Johnson et al.
2014). The lack of a difference in THg between males and
female crayfish is curious (Fig. 2) in that it was assumed that
mercury would be present in higher concentrations in ani-
mals with greater lipid content (Ghaeni et al. 2015). While
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Fig. 2 Mass-adjusted THg (ng/kg) wet wt. + SE for male (blue) and female (red) signal crayfish captured from the Spokane River, Boise River,

and Hangman Creek

the production of eggs necessitates that females will have
higher lipid content than males, at least for a portion of the
year, our results do not suggest that there is an appreciable
difference in the kinetics of THg within male and female
signal crayfish.

When male and female signal crayfish were analyzed
together, the relationships between THg and CBM were
statistically significant for animals collected from the
three rivers (Fig. 1; Table 1). When the three relationships
were analyzed together, the interaction term between mass
and site location was not significant, nor were there any

@ Springer

statistical differences in the slopes of the three regression
lines (ANCOVA, F, 146 = 1.5 p=0.24).

While the current study found a significant relationship
between THg and body size, Hothem et al. (2007) did not.
One difference between the two studies was sample size,
as the maximum number of animals collected by Hothem
et al. (2007) was 10, whereas the minimum sample size in
the current study was 42. While it is common practice to
size adjust the animal in studies comparing mercury con-
centrations among sites and taxa (Sonesten 2003; Selch
et al. 2019; Katner et al. 2010), the discrepancy between
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our results and Hothem et al. (2007) may be due to differ-
ences in sample size. Given that the explanatory power (1%,
Table 1) of these linear relationships is quite low, it may be
necessary to acquire sample sizes considerably larger than
10 to demonstrate the significant relationship between size
and THg in signal crayfish.

In this study, we found that the relationships between
CBM and THg were consistent from one site to the next,
even though the mean THg varied dramatically across site
locations. We are unaware of any other study that compared
the allometric relationship in THg across multiple sites for
signal crayfish. One study (Fowlie et al. 2008) featuring
four teleost fish species, found that allometric relationships
in THg were not consistent across contaminated and uncon-
taminated sites. They speculated that the observed variation
was due to differential feeding habits between fish from the
two locations. While evaluating the feeding habits of cray-
fish was outside the scope of this paper, the fact that crayfish
are opportunistic scavengers suggests that they consume
dead animal protein from across many different trophic lev-
els. Consequently, the omnivorous nature of crayfish feed-
ing (Parkyn et al. 2001) reduces the likelihood that trophic
complexity influences mercury bioaccumulation. This may
be a fundamental difference between crayfish and teleost
fishes.

The use of invertebrates to monitor the environment for
mercury is becoming common place (Eagles-Smith et al.
2020; Hannappel et al. 2021). However, such use neces-
sitates standardization for factors such as sex and mass.
For signal crayfish from the Columbia River Basin, such
standardization can be accomplished with a single linear
relationship.
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