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Abstract—Threshold concentrations associated with adverse effects of dietary exposure to methylmercury (MeHg) were derived from
published results of laboratory studies on a variety of fish species. Adverse effects related to mortality were uncommon, whereas adverse
effects related to growth occurred only at dietary MeHg concentrations exceeding 2.5mg g�1 wet weight. Adverse effects on behavior of
fish had a wide range of effective dietary concentrations, but generally occurred above 0.5mg g�1 wet weight. In contrast, effects on
reproduction and other subclinical endpoints occurred at dietary concentrations that were much lower (<0.2mg g�1 wet wt). Field
studies generally lack information on dietary MeHg exposure, yet available data indicate that comparable adverse effects have been
observed in wild fish in environments corresponding to high and low MeHg contamination of food webs and are in agreement with the
threshold concentrations derived here from laboratory studies. These thresholds indicate that while differences in species sensitivity to
MeHg exposure appear considerable, chronic dietary exposure to low concentrations of MeHg may have significant adverse effects on
wild fish populations but remain little studied compared to concentrations in mammals or birds. Environ. Toxicol. Chem. 2012;31:1536–
1547. # 2012 SETAC
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INTRODUCTION

Mercury (Hg) is a widespread natural and anthropogenic
contaminant of considerable ecological concern because it can
be converted to methylmercury (MeHg), which biomagnifies
through aquatic food webs and is highly toxic [1,2]. Obligate
consumers of fish are considered to be most at risk for potential
adverse effects of MeHg toxicity. Investigations of MeHg
toxicity to aquatic organisms have traditionally focused on
charismatic piscivorous mammals and birds because they rep-
resent the top trophic guild in many aquatic ecosystems
(reviewed by Scheuhammer et al. [3]). Likewise, most con-
sumption guidelines and/or criteria developed to mitigate the
risks of MeHg toxicity are geared toward protection of human
health and piscivorous wildlife [3,4].

Numerous studies of wild fish in both contaminated and
relatively pristine ecosystems have suggested that fish also are
susceptible to adverse effects related to the ingestion of MeHg-
contaminated prey. These effects range from mortality [5] and
emaciation [6] to sublethal effects such as oxidative stress
[7–10], changes in gene transcription [11], and altered sex
steroid levels [12]. Although fish are exposed to MeHg primar-
ily through the diet [13], much scientific knowledge about the

effects of Hg and MeHg on fish is derived from aqueous
exposures to high concentrations of MeHg or dissolved Hg
salts [14,15]. Moreover, aqueous exposures used in these
studies were often orders of magnitude greater than concen-
trations in natural surface waters [16]. Such studies, although
useful at the time, complicate interpretation of the observed
adverse effects, particularly for risk-assessment purposes.

The toxicological effects of MeHg in freshwater fish were
recently reviewed by Sandheinrich and Wiener [16], and we do
not intend to revisit or replicate their comprehensive effort in
the present study. Others have developed tissue-residue thresh-
olds for adverse effects of MeHg in fish, using a combination of
aqueous and dietary exposure data [17,18]. Tissue-residue
approaches assume that a toxic effect is not observed unless
the chemical reaches the site of action, and the target tissue is in
equilibrium with external concentrations [19]. However, it is
not clear that these assumptions are entirely appropriate for
MeHg in fish because it is most often measured in dorsal
muscle tissue and MeHg toxicity is not limited to one specific
site of action. Moreover, tissue-residue thresholds developed to
date [17,18] do not distinguish between sublethal effects that
may have dramatically different, yet highly meaningful eco-
logical consequences. Therefore, an alternative and comple-
mentary approach to evaluate the risk posed to piscivorous fish
based on exposure to MeHg is desirable. Our objective was to
derive dietary threshold concentrations above which MeHg
would be expected to elicit ecologically significant adverse
effects in fish.
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METHODS

Terminology

We use the term ‘‘dietary exposure’’ to describe oral expo-
sure that is in excess of, or unrelated to, nutritional requirements
of the fish, because there are no known requirements for Hg or
MeHg in living organisms [20]. A variety of experimental diets
have been used to dose fish with MeHg. Commercial diets
containing protein, fatty acids, and minerals are typically used
to simplify the feeding of cultured fish in experiments. Exper-
imentally, MeHg is added, often as MeHgCl, to these diets,
which we refer to as commercial MeHg diets. Identification of
specific dietary factors in nutritional research is typically con-
ducted with specially formulated diets with purified ingredients.
Although this type of diet was uncommon among the reviewed
studies, we refer to these as purified or semipurified MeHg diets
based on information in the source document. Live (or dead)
prey items also were used in a few of the reviewed studies. Prey
items can be contaminated naturally with MeHg in the environ-
ment or by injection of MeHgCl in a carrier solution; we refer to
these diets as natural MeHg diets or prepared MeHg diets,
respectively.

Uncertainty in the dietary MeHg exposures is introduced
when investigators report nominal rather than measured con-
centrations in the experimental diet or when concentrations are
reported on a dry-weight basis. In studies with prepared or
natural MeHg diets, dietary concentrations generally have been
reported on a wet-weight basis. In contrast, in experiments using
commercial, purified, or semipurified MeHg diets, the moisture
content of the diets was not reported and dietary concentrations
were reported on a dry-weight basis. Fortunately, the moisture
content of such diets appears to be low and relatively constant
(on the order of 10% [21]); and because most investigators
either dried or lyophilized diets before use, we do not anticipate
large variation in their moisture content. For comparative
purposes, we have converted dry-weight concentrations to
wet-weight equivalent concentrations using 75% water content
to represent the typical moisture content of a small-prey fish
[22]. Although this introduces additional uncertainty about the
effective concentrations, this step ensured comparability to
dietary concentrations from natural or prepared MeHg diets
where moisture content may vary considerably.

Literature search and screening criteria

Dose–toxicity studies were identified in the literature with
the Science Citation Index, SCOPUS indexing service, and ISI
Web of Knowledge. Search terms included the following:
‘‘dietary,’’ ‘‘methylmercury,’’ ‘‘fish,’’ and ‘‘oral exposure.’’ A
total of 87 studies were identified, but only 26 involved dietary
exposure of fish to MeHg. The others employed aqueous
exposures or peritoneal injections of various Hg compounds
(including MeHg). Field studies were not included in the
threshold derivation, due to uncertainty in estimating dietary
exposure without complementary data. Studies were not used if
either the experimental feeding or dosing regime was unclear or
if concerns existed about the nature of the experimental con-
trols. The studies that fell into these categories are discussed
below on a case-by-case basis.

Among the 26 studies, six utilized marine or brackish water
species (Supplemental References S1–S6). We initially planned
to exclude marine species due to the relatively higher concen-
trations of selenium (Se) in marine organisms [23] and the
potential confounding effects of Se on MeHg toxicity [24,25].
However, fish meal was the most likely source of protein in

commercially prepared fish foods (commercial, semipurified, or
purified MeHg diet) used in 88% of the studies with freshwater
fishes. Commercial fish meal is often composed of marine
forage fish (e.g., capelin, herring, anchovy), and levels of Se
in these species can be high (1.2–4.3mg g�1 dry wt [26]). Levels
of Se in Silver Cup Trout Food (Nelson and Sons), for example,
which was used in several of the studies reviewed here, ranged
from 0.6 to 1.2mg g�1 dry weight [27]. Therefore, we could not
assume that either commercial or purified MeHg diets for
freshwater species had Se content any different from that of
marine fish. The study by Pelletier and Audet (Supplemental
Reference S1) was excluded due to concerns about the uncer-
tainty of the dietary MeHg concentrations and the method of
diet preparation. Two of the 20 studies with freshwater fish
species (Supplemental References S2,S3) were excluded
because they used wild-caught fish that had elevated body
burdens of MeHg at the beginning of the experiment.

Effect categorization and definition of adverse effects

A variety of toxicological endpoints have been reported in
the literature for fish, mammals, and birds exposed to MeHg,
but in a number of these studies, the ecological relevance
of some endpoints at the individual or population level is
unclear [3]. We classified adverse effects into categories that
reflect or can be translated into ecologically meaningful pop-
ulation-level processes (Table 1). Either acute or chronic lethal-
ity (i.e., observed mortality) was ranked as the most severe
outcome (severe risk in Table 1). Adverse effects that would
have a clear impact on individuals (i.e., reduced growth rate or
weight gain) or populations (i.e., reduced fecundity, spawning
success, time spent spawning) were ranked as the next level of
severity (i.e., high risk in Table 1). In some studies that reported
reduced weight gain in dosed fish (Supplemental References S4,
S5 [ad libitum group], S6), reduced food consumption was also
documented and complicates interpretation. For these studies,
we included a growth-related end point only if evidence for
growth-rate or weight-gain impairment could be separated from
effects of food consumption if reported. For example, Webber
and Haines (Supplemental Reference S6) noted reduced weight
gain and food consumption in golden shiner (Notemigonus
crysoleucas) fed 0.455mg g�1 MeHg wet weight but not in
those fed 0.959mg g�1 MeHg wet weight. We therefore did not
attribute reductions in weight gain in the 0.455-mg g�1 treat-
ment group to MeHg in the diet. Sublethal effects related to
behavioral, biochemical, histological, or genomic effects were
considered to be indicators of adverse effects; but the relevance
to individuals or population-level effects is not well understood.
These effects were ranked as the next level of severity (mod-
erate risk, Table 1). Due to the diversity in endpoints measured
in this category and the small number of species examined, it
was not possible to construct dose–response relationships
among studies for a common endpoint (e.g., lipid peroxidation
in organ tissue).

Threshold derivation

We determined the no observed adverse effect level
(NOAEL) and the lowest observed adverse effect level
(LOAEL) dietary concentrations from statistics reported in
the source documents. Unbounded NOAEL (i.e., no observed
adverse effect up to the highest diet tested) was included as a
conservative estimate of true NOAEL. Two challenges arose
while summarizing these effect levels. The first was how to deal
with either multiple endpoints from the same study or the same
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endpoint in multiple studies with the same fish species. The
second was how to account for interspecies variation in sensi-
tivity or susceptibility to MeHg toxicity. To address the first
issue, we selected the most sensitive endpoint value when there
were multiple effects measured from the same adverse-effect
category. For example, Wobeser (Supplemental Reference S7)
observed deformation of the gill epithelium in rainbow trout
(Oncorhynchus mykiss) at dietary MeHg concentrations
below those where internal lesions and increased blood cell
volume were observed. Because both of these effects fall into
the ‘‘moderate’’ adverse-effect classification (i.e., effects with
unclear ecological relevance), we used the most sensitive
endpoint to define the LOAEL. For studies that used the
same species and similar endpoints (e.g., reproductive success
in fathead minnows, Pimephales promelas) (Supplemental
References S8–S10), variation between experimental protocols
or the fish used may introduce additional variation in
endpoint sensitivity, but inclusion of the NOAEL and LOAEL
from each study would weight the results more heavily toward
this species. For these species and suitable endpoints, we
calculated the geometric mean of the NOAEL and/or LOAEL
across studies.

To address the second issue, species sensitivity distributions
are typically used in combination with probabilistic models to
estimate the 5th percentile of the NOAEL distribution, to
establish a protective threshold for approximately 95% of the
species examined [17]. While such approaches are indeed
valuable, they can be overly conservative if the number of
species is small (fewer than 20 [28]) due to extrapolation
beyond the lowest NOAEL [17,28]. Moreover, these
approaches are best suited to standardized laboratory test
procedures, where variation among experimental design and
other factors is minimized.

For this review, we calculated estimated protective dietary
thresholds following two approaches advocated by Beckvar
et al. [17]. The first approach ranks the NOAEL, unbounded
NOAEL, and LOAEL in order of magnitude; the highest
NOAEL (or unbounded NOAEL) below the lowest LOAEL
is selected as the protective threshold. The second follows the
modification of the approach used by the Canadian Council of
Ministers of Environment (CCME) for sediment-toxicity
thresholds [29] and is superior to the 5th-percentile approach
when analyzing small data sets [17]. The threshold effect level
is estimated from the 50th percentile of the NOAEL and the

15th percentile of the LOAEL with the equation

TEL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NOAEL50xLOAEL15

p

For consistency, we selected the lowest concentration (cal-
culated threshold effect level or ranked NOAEL) as the pro-
tective threshold value unless otherwise indicated.

RESULTS AND DISCUSSION

Twenty experimental studies were deemed suitable for this
analysis based on our screening criteria. Toxicological results
from twelve fish species and experiments ranging from 25 to
600 d are summarized in Table 2. Most studies employed single
cohorts of either juvenile or adult fish, although three incorpo-
rated transgenerational effects or assessed impacts on offspring
(Supplemental References S8,S11,S12). Despite the limited
number of studies, a substantial array of endpoints was exam-
ined (Table 2). We summarize the compiled data as cumulative
frequency distributions in a manner similar to that used to
construct species sensitivity distributions (Figs. 1–3). Although
several species were not used to calculate the threshold con-
centrations, we show data for them on the graphics for com-
pleteness where possible.

Clear differences in sensitivity are apparent among end-
points in the high- and moderate-risk categories. Effects on
reproduction occurred at dietary concentrations far lower than
those associated with negative impacts on growth (Fig. 2), and
biochemical, histological, and genotoxic endpoints were asso-
ciated with dietary concentrations lower than those associated
with behavioral endpoints (Fig. 3). For calculation of thresholds
related to these groupings of endpoints (as described in the
Methods section), we a posteriori subdivided these two classes
according to the apparent ranges in sensitivity and endpoint
category (i.e., reproduction and growth; histological, biochem-
ical, and genomic; behavioral).

Severe ecological risk: Lethality

Acute or chronic mortality of fish was readily determined
from each study. Mortality was attributed to dietary exposure of
MeHg, although Scherer et al. (Supplemental Reference S13)
observed substantial mortality of adult walleye (Sander vitreus,
�27%) in the low-dose group (control) in early stages of their
study (attributed to cleaning product residues), but this was far
exceeded by mortality in the high-dose treatment group (88%).

Table 1. Relative severity and classification of toxicological end points in fish exposed to dietary MeHg

Effect severity rating Endpoint classification Endpoints considereda

Severe Severe adverse effects Acute or chronic lethality (1)
High Adverse effects on growth and development or Reduced growth (weight or length) (2a)

reproductive success Emaciation (2a)
Reduced spawning success (2b)
Reduced fecundity (2b)
Gonadosomatic index (2b)
Altered spawning behavior (2b)
Altered sex steroids (2b)

Moderate Adverse effects with unknown or poorly characterized Altered blood/plasma biochemistry (3a)
ecological consequences Altered neurochemistry (3a)

Changes in gene transcription (3a)
Changes in cellular physiology (3a)
Pathological damage to organs or tissues (3a)
Altered behavior (e.g., predator evasion, impaired gross motor

function) (3b)

a Numbers in parentheses indicate groupings for end points in Table 2.
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Table 2. Summary of test conditions and effects of dietary MeHg exposure on different fish species as compiled from the literature

Species (family) Age Diet type
Dose
level

Water
temperature

(8C)
Daily
ration

End point
(category)

Duration
(d)

NOAEL
(mg g�1)a

LOAEL
(mg g�1) Ref

Freshwater
(Percidae)
Walleye A Naturalc 2 NA Ad lib.

(2 g fish�1)
Mortality (1) >276 >0.41 7.92 S13

Emaciation (2a) >0.41 7.92 S13
# Response to light (3b) >0.41 7.92 S13

Walleye J MeHgCl
(prepared)d

3 20 1–1.5 g fish�1 Mortality (1) 180 >0.987 S14
# Weight gain (2a) < >0.137 0.987 S14

# GSI (2b) >0.04 0.137 S14
# Plasma cortisol (3a) >0.04 0.137 S14

(Salmonidae)
Atlantic salmon J MeHgCl

(purified)e
3 9–11 1.6% Mortality (1) 120 >2.12f S19

Abnormal brain
pathology (3a)

>0.075f 1.09f S19

Altered brain
biochemistry (3a)

>0.075f 1.09f S19

# Postfeeding
behavior (3b)

1.09f 2.12f S19

Atlantic salmon J MeHgCl
(purified)e

4 9–11 2–2.6% Mortality (1) 120 >2.12f S20
# Weight (2a) >2.12f S20
" Intestinal

pathology (3a)
0.03f 0.158f S20

" Hematocrit (3a) 0.03f 0.158f S20
Rainbow trout J MeHgCl

(commercial)g
4 10.5� 1.5 Ad lib. Mortality (1) 84 >23.7f S5

" Lethargy (3b) 11.73f 23.7f S5
Discoloration (3a) 11.73f 23.7f S5

Rainbow trout J MeHgCl
(commercial)h

3 10.5� 1.5 2% Mortality (1) 84 >19.13f S5
# Weight gain (2a) >0.025f 5.8f S5
" Lethargy (3b) 5.8f 19.13f S5
Discoloration (3a) 5.8f 19.13f S5

Rainbow trout J MeHgCl
(commercial)h

5 10� 0.7 3–4% Mortality (1) 105 >24i S7
# Weight (2a) 8i 16i S7

Deformation of gill
epithelium (3a)

>0.05i 4i S7

" Packed cell volume
(blood) (3a)

8i 16i S7

Internal lesions (3a) >24i S7
Altered resting
position (3b)

8i 16i S7

Discoloration (3a) 16i 24i S7
Rainbow troutb J MeHgCl

(commercial)j
5 16 �5% Mortality (1) 84–280 5i 25i S16

# Weight gain (2a) >0i 1i S16
Impaired locomotion
and feeding (3b)

5i 25i S16

Discoloration (3a) 5i 25i S16
CNS pathology (3a) 5i 25i S16

(Cyprinidae)
Fathead minnow J-A MeHgCl

(commercial)k
3 23.6� 0.1 5% Mortality (1) 250 >0.983f S9

# GSI (2b) >0.015f 0.218f S18
# Spawning success (2b) >0.015f 0.218f S18

" Apoptosis in ovaries (2b) >0.015f 0.218f S18
# Sex steroids (2b) >0.015f 0.218f S18

Fathead minnow J-A MeHgCl
(commercial)k

4 25� 1 5% Mortality (1) 195 >2.12f S8
# GSI (2b) >0.015f 0.22f S8

# Spawning success (2b) >0.015f 0.22f S8
Fathead minnow J-A MeHgCl

(commercial)k
3 25� 1 5% Mortality (1) NA >0.983f S10

# Spawning behavior (2b) >0.015f 0.218f S10
# Spawning success (2b) >0.015f 0.218f S10

# Testosterone (2b) >0.015f 0.218f S10
Fathead minnow J-A MeHgCl

(commercial)k
3 23.6� 0.1 5% Mortality (1) 600 >0.983f S24

� Gene transcription (3a) >0.015f 0.218f S24
Golden shiner A MeHgCl

(semipurified)l
3 23 2% Mortality (1) 90 >0.959 S6

# Weight gain (2a)m >0.959 S6
Brain biochemistry (3a) >0.959 S6

" Shoal dispersal
and settling
time (3b)

0.455 0.959 S6

Sacramento
blackfish

J MeHgCl
(commercial)n

4 23� 1 1–1.3% Mortality (1) 70–247 5.53f 13.78f S17
# Growth rate (2a) 5.53f 13.78f S17
Discoloration (3a) >13.78f S17

O2 consumption (3a) >13.78f S17
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Friedmann et al. (Supplemental Reference S14) also noted some
early mortality of juvenile walleye in both control and treatment
groups. This may reflect the difficulty of maintaining walleyes
in laboratory conditions. Lee et al. (Supplemental Reference
S15) observed significant mortality in both juvenile green
(Acipenser medirostris) and white (Acipenser transmontanus)
sturgeon, and Gharaei et al. (Supplemental Reference S4)

observed 100% mortality of juvenile beluga sturgeon (Huso
huso) at the highest dose tested. In general, mortality was
uncommon, was observed only in studies that exceeded 49 d
in duration, and occurred in a dose- and time-dependent manner
(Table 2) (Supplemental References S4,S13,S15–S17). The
frequency distribution of NOAELs and LOAELs for mor-
tality illustrates that lethal effects occurred over a range of

Table 2. (Continued )

Species (family) Age Diet type
Dose
level

Water
temperature

(8C)
Daily
ration

End point
(category)

Duration
(d)

NOAEL
(mg g�1)a

LOAEL
(mg g�1) Ref

Zebrafish A (<) MeHgCl
(commercial)o

2 24� 0.5 5% Mortality (1) 49 >3.38f S25
# Mitochondrial
metabolism (3a)

>0.02f 3.38f S25

Zebrafish A (<) MeHgCl
(commercial)o

2 24� 0.5 5% Mortality (1) 25 >3.38f S23
� Gene transcription (3a) >0.02f 3.38f S23

Zebrafish A (<) MeHgCl
(commercial)o

3 24� 0.5 5% Mortality (1) 63 >3.38f S22
" SOD gene induction in

muscle (3a)
>0.02f 0.125f S22

Zebrafish A MeHgCl
(commercial)o

2 24� 0.5 5% Mortality (1) 63 >3.38f S21
" Mitochondrial
pathology (3a)

>0.02f 3.38f S21

Marine/Brackish
(Sciaenidae)
Atlantic croaker A Naturalp 3 22 Ad lib. Mortality (1) 30 >0.1 S12

Altered larval behavior (2b) >0 0.05 S12
(Fundulidae)
Killifish A MeHgCl

(commercial)q
5 22 Ad lib. F0 Mortality (1) 42 0.5 1.9 (<) S11

F0 Growth (2a) >54 S11
# F1 fecundity (2b) >0.07 0.5 S11

F1 Offspring sex ratio (2b) 1.9 5.6 S11
# F1 Fertilization success (2b) 5.6 54 S11

F0 Behavior (3a) 0.5 1.9 (<) S11
(Acipenseridae)
Beluga sturgeon J MeHgCl

(semipurified)r
4 25 NA Mortality (1) 70 1.97f 4.05f S4

# Growth rate (2a)s 0.19f 1.97f S4
Discoloration (3b) 1.97f 4.05f S4

Beluga sturgeon J MeHgCl
(semipurified)r

4 25 NA " Blood metabolites and
enzyme activity (3b)

32 >0.01f 0.19f S26

Green sturgeon J MeHgCl
(semipurified)t

4 18 2–3% Mortality (1) 56 5.13f,u 9.73f,u S15
# Growth rate (2a) 5.13f,u 9.73f,u S15

# HSI (2a) 9.73f,u 24.3f,u S15
White sturgeon J MeHgCl

(semipurified)t
4 18 2–3% Mortality (1) 56 9.73f,u 24.3f,u S15

# Growth rate (2a) 9.73f,u 24.3f,u S15

a Unbounded NOAEL is denoted by >.
b Only details of the experimental feeding with laboratory-prepared food are included here.
c Shredded northern pike from Clay Lake, Ontario, Canada.
dMeHgCl injected into catfish fillets and fathead minnows.
e Described fully in Berntssen et al. (Supplemental References S19,S20).
f Conversion from dry weight to wet weight equivalent using 75% moisture content.
g Trout chow (Martin’s Feed Mills).
h 5:1 mixture of pork liver and commercial trout feed, nominal concentrations (G. Wobeser, University of Saskatchewan, Saskatoon, SK, Canada, personal
communication).

i Presented as nominal (wet wt) rather than assayed concentrations.
j Commercial Trout Chow (unknown origin).
k Starter soft moist fish food (Nelson and Sons).
l Lochmann and Phillips (supplemental Reference S27).
mReduced growth rate due to reduced food consumption.
n Sterling Silver Cup Fish food (Nelson and Sons Inc.).
o Dr. Bassleer biofish flakes.
p Shrimp (control diet), blue marlin (low diet), blue marlin and contaminated shrimp (high diet).
q Nutra Fry fish food (Moore-Clark).
r See reference for details.
sReduced growth rate measured during time period 1 (0–35 d) when food-consumption rates were constant.
t See reference for details.
u Concentrations reported as assayed amounts (S.S.O. Hung, University of California–Davis, Davis, CA, USA, personal communication).
Species¼ test species used in experiment; age during exposure¼ adult (A), juvenile (J), or juvenile to adult (J-A); dose levels¼ number of MeHg exposure
levels used (including controls); daily ration¼mass of food provided per fish or percent of body weight per day; end points¼ end points measured (category of
severity); duration¼ days of experimental exposure; NOAEL¼ no observed adverse effect level in micrograms per gram (wet wt); LOAEL¼ lowest observed
adverse effect level in micrograms per gram (wet wt); GSI¼ gonadosomatic index, HSI¼ hepatosomic index.
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concentrations but did not occur unless dietary concentrations
were 1.9mg g�1 wet weight or greater (Fig. 1).

The ranking approach and calculation of a threshold effect
level gave threshold values of 1.2 and 2.8mg g�1 wet weight,
respectively, for this end point (Table 3). The ranked NOAEL of
1.2mg g�1 wet weight is probably overly conservative because
it is lower than the ranked NOAEL for growth (see below).

Many of the studies that failed to document mortality may not
have used dietary concentrations that were sufficiently high or
experimental durations that were sufficiently long to induce
mortality. The lowest documented LOAEL (1.9mg g�1 wet wt)
induced mortality of male killifish (Fundulus heteroclitus), but
aggressive behavior exhibited by the male fish may have also
contributed to early mortality (Supplemental Reference S11).
The next closest LOAEL (4.1mg g�1 wet wt) for juvenile
beluga sturgeon (Supplemental Reference S4) is nearly twofold
higher, and the threshold effect level (2.8mg g�1 wet wt) may
provide a better estimation of the threshold value. It is difficult
to assess the applicability of thresholds derived for lethal
effects here to MeHg burdens in prey that might induce lethal
effects in the field. To our knowledge, only anecdotal obser-
vations of mortality exist for highly contaminated ecosystems
(e.g., Minamata Bay, Japan, during the 1950s [5] and the
English-Wabigoon River, Ontario, Canada, during the 1970s
[30]). Given the high concentrations of Hg measured in a
variety of organisms at that time, which substantially exceeded
1.0mg g�1 wet weight at these grossly polluted sites [30],
mortality due to MeHg exposure is certainly a plausible out-
come. Takeuchi [5], for example, reported that ‘‘a number of
fish died’’ and that fish in Minamata Bay ‘‘frequently could
easily be captured by hand,’’ indicating severely diminished
locomotor activity and escape behavior. Fish from the bay were
commonly emaciated and had lesions in the brain [5].

High ecological risk: Growth and reproduction

Differences in sensitivity between reproductive and growth
endpoints may reflect a disproportionate availability of studies
that report growth endpoints (nine) compared to the five that
reported reproductive endpoints. Nonetheless, adverse effects
on reproduction occurred at dietaryMeHg concentrations below
0.5mg g�1 wet weight, whereas adverse effects related to
growth occurred at concentrations exceeding 2.5mg g�1 wet
weight; and many studies yielded unbounded NOAEL (Fig. 2).

Fig. 1. Cumulative frequency distribution of unbounded no observed
adverse effect levels (NOAELs), NOAELs, and lowest observed
adverse effect levels (LOAELs) for mortality endpoint. Species are as
follows: Atlantic croaker (Micropogonias undulatus), Atlantic salmon
(Salmo salar), beluga sturgeon (Huso huso), fathead minnow (Pimephales
promelas), green sturgeon (Acipenser medirostris), golden shiner
(Notemigonous crysoleucas), killifish (Fundulus heteroclitus), rainbow
trout (Oncorhynchus mykiss), Sacramento blackfish (Orthodon
microlepidotus), trahira (Hoplias malabaricus), walleye (Sander vitreus),
white sturgeon (Acipenser transmontanus), and zebrafish (Danio rerio).
Species with bolded names are shown for comparison but were not used in
derivation of thresholds (see Methods section). Species with underlined
names are marine or brackish water species. Solid line indicates
recommended protective threshold for lethality. Note that Atlantic salmon
(S. salar) experiments were conducted with hatchery-reared fish in
freshwater.

Fig. 2. Cumulative frequency distribution of unbounded no observed
adverse effect levels (NOAELs), NOAELs, and lowest observed adverse
effect levels (LOAELs) for reproductive (open symbols) and growth-related
(filled symbols) endpoints. For species names, see Fig. 1. Species with
underlined names are marine or brackish water species. Solid and dashed
lines represent recommended protective thresholds for growth and
reproductive effects, respectively. Note that Atlantic salmon (S. salar)
experiments were conducted with hatchery-reared fish in freshwater.

Fig. 3. Cumulative frequency distribution of unbounded no observed
adverse effect levels (NOAELs), NOAELs, and lowest observed adverse
effect levels (LOAELs) for biochemical, histopathological, genotoxic (open
symbols) and behavioral (filled symbols) endpoints. For species names, see
Fig. 1. Species with bolded names are shown for comparison but were not
used in derivation of thresholds (see Methods section). Species with
underlined names are marine or brackish water species. Solid and dashed
vertical lines represent recommended protective thresholds for behavioral
and for biochemical, histological, and genomic effects, respectively. Note
that Atlantic salmon (S. salar) experiments were conducted with hatchery-
reared fish in freshwater.
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The most common manifestation of reduced growth was a
reduction in fish size or weight gain (Supplemental References
S4, S5 [2% ration group only], S7, S14-S17), although at least
one study reported increased weights in fish exposed to MeHg
(Supplemental Reference S8). The severity of effects appeared
to increase with experimental duration and/or dietary MeHg
concentration. For example, adult walleye fed 7.9� 0.7mg g�1

wet weight MeHg for more than 296 d were severely emaciated
(Supplemental Reference S13) compared to juvenile walleye
that exhibited only reduced weight gain when fed a lower
dietary MeHg concentration (0.987mg g�1 wet wt) for a shorter
duration (180 d) (Supplemental Reference S14). Likewise,
reductions in growth rate were observed at earlier stages in
green sturgeon fed 24.3mg g�1 wet weight (four weeks) com-
pared to those fed 9.7mg g�1 wet weight (eight weeks) or to
controls (Supplemental Reference S15).

Reductions in growth may result from the diversion of
resources from somatic growth to physiological maintenance
(Supplemental Reference S17) or to reductions in nutrient
uptake as a result of increased gut motility (Supplemental
References S15,S17). In vitro experiments have demonstrated
MeHg-induced inhibition of L-leucine absorption in the intes-
tine of toadfish (Opsanus tau) [31], and observations of
increased fecal matter production in some experiments support
this hypothesis (Supplemental References S15,S17). Reduced
growth also may be linked toMeHg-induced visual impairment.
In several studies that observed emaciation or reduced weight
gain, behavioral aberrations manifested as abnormal responses
to light stimulus (Supplemental Reference S13), impaired
spatial awareness, and lethargy were noted (Supplemental
References S5,S13,S16). Methylmercury is known to impair
both color vision and contrast sensitivity in rainbow trout
(Oncorhynchus mykiss) [32] and trahira (Hoplias malabaricus)
[33]. More recently, deposition of MeHg granules in the central
portion of the retina of zebrafish (Danio rerio) fed the same
diets used in the zebrafish studies reviewed here (Table 2) has
been demonstrated [34]. Both photopic and scotopic sensitivity
are important visual components for successful foraging and
prey capture [35]; therefore, impairment of vision may lead to
reduced prey or food-capture ability and subsequently to
reduced growth. The reduction in food consumption observed
in some experiments (Supplemental References S4,S6) may be
one manifestation of visual impairment, but potential confound-
ing effects of ration size and/or digestibility cannot be separated
at present.

The ranking approach and calculated threshold effect level
yielded threshold values for reductions in growth or weight gain
of 1.4 and 2.2mg g�1 wet weight, respectively (Table 3). Like
mortality, adverse effects on growth or weight gain are difficult
to assess in fish populations in the field due to the multitude of
confounding factors that can influence the growth of fishes.

However, Lockhart et al. [6] noted that northern pike (Esox
lucius) ranging in weight from 4 to 18 kg collected in 1971 from
Clay Lake, Ontario, Canada, were severely emaciated. While
these investigators did not collect smaller prey fish, Vermeer
et al. [36] measured a mean Hg concentration in 10 whole
yellow perch (Perca flavescens) collected from stomachs of
common mergansers (Mergus merganser) on Clay Lake in the
same year of 2.7mg g�1 (range 1.3–3.6mg g�1 wet wt).
Although these concentrations exceed the derived threshold
for lethal effects, they also exceed our threshold value where we
expect to observe adverse effects on growth (Table 3). In
contrast, Hall et al. [13] failed to observe any adverse effect
on growth or survival in redside dace (Clinostomus elongatus)
grazing on zooplankton with MeHg concentrations ranging
from 0.02 to 0.08mg g�1 wet weight, concentrations well below
the threshold for growth. Although limited, these results are
consistent with our derived value for growth-related endpoints.

Only five studies attempted to assess reproductive endpoints.
Effects were observed at dietary MeHg concentrations
below 0.5mg g�1 wet weight (Table 2 and Fig. 2). For repro-
ductive endpoints, only four species were available, so calcu-
lation of the threshold effect level was not possible (Table 3).
Therefore, we use the highest-ranked unbounded NOAEL
for walleye of 0.04mg g�1 wet weight as the protective thresh-
old. The reproductive axis in fish is thought to be sensitive to
MeHg [37], with documented effects including reductions in
fecundity (Supplemental Reference S11), spawning success
(Supplemental References S8–S10), circulating sex steroids
(Supplemental References S10,S18), time spent spawning (Sup-
plemental Reference S10), and gonadosomatic index (GSI)
(Supplemental References S8,S9,S14). Drevnick et al. (Supple-
mental Reference S18) suggest that MeHg induces apoptosis in
steroidogenic cells in the gonads, leading to some of the effects
described above. For coregonids, salmonids, and percids, GSI is
generally an accepted measure of reproductive capacity because
they spawn typically once per year; however, for cyprinid
species (e.g., fathead minnows), GSI may vary considerably
among spawning cycles [38]. However, the response of GSI
observed in the fathead minnow studies (Supplemental Refer-
ences S8,S9) is consistent with other reproductive endpoints in
the same studies (Table 2) and with the trend of GSI measured in
juvenile walleye (Supplemental Reference S14).

Comparable field evidence for reproductive endpoints is
limited, but reductions in testosterone have been observed
in male largemouth bass (Micropterus salmoides) in
the Manasquan Reservoir, New Jersey, USA [12]. Concentra-
tions of Hg in prey fish from the same location were above
the suggested threshold for adverse effects (yellow
perch <20 cm, 0.13mg g�1; bluegill [Lepomis macrochirus]
<17 cm, 0.24mg g�1; alewife [Alosa pseudoharengus]
<16 cm, 0.41mg g�1—all wet wt [39]). Reductions in plasma

Table 3. Summary of dietary threshold concentrations of MeHg for fish (mg g�1 wet wt)

Highest NOAEL Lowest LOAEL TEL Proposed threshold No. of species

Lethal 1.20 1.90 2.80 2.80 12
Growth 1.44 1.97 2.15 1.44 10
Behavioral 0.50 0.96 0.61 0.50 6
Reproductive 0.04 0.05 NA 0.04 4
Biochemical 0.06 0.14 0.18 0.06 7

Highest NOAEL¼ the highest-ranked no observed adverse effect level (NOAEL) below the lowest observed adverse effect level (LOAEL); lowest
LOAEL¼ the lowest-ranked LOAEL; TEL¼ calculated threshold effect level (see Methods section); proposed threshold¼ the proposed threshold level;
No. test species¼ the number of species used to derive each quantity.
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testosterone and GSI also have been observed in immature male
white sturgeon (Acipenser transmontanus) in the Columbia
River when muscle and gonad Hg content exceeded 0.19 and
0.07mg g�1 wet weight, respectively, suggesting that MeHg
levels in prey need not be exceptionally high to potentially
impact reproduction [40].

Transgenerational effects of maternally derived MeHg are
relatively understudied (Supplemental Reference S8,S11,S12).
Early life stages of fish are demonstrably sensitive to MeHg in
aqueous exposures [41,42], but the dominant source of MeHg
exposure at these developmental stages is directly linked to the
diet of the female during oogenesis [43]. At present, only two
studies have documented evidence of transgenerational effects
of MeHg. Reduced fecundity and skewed sex ratios in offspring
were observed in subsequent generations of killifish (Supple-
mental Reference S11), while negative impacts on predator
evasion and foraging success of Atlantic croaker (Micropogo-
nias undulatus) larvae were suggested via computer modeling
(Supplemental Reference S12). Hammerschmidt et al. (Supple-
mental Reference S8) did not observe any adverse effects in
fathead minnow larvae hatched from trophically contaminated
adults, but the duration of follow-up was very short (7 d) and
may not have been sufficient to detect adverse effects in
subsequent generation spawning success or larval behavior.
Additional work is required to further elucidate the scope of
adverse effects in this context given that such effects may be
long-lasting, if not permanent [44].

Moderate risk: Histological, biochemical, and
neurobehavioral effects

Histological, biochemical, and genomic effects appear to
occur at dietary MeHg concentrations comparable to those at
which reproductive effects are observed (<0.5mg g�1) but vary
with the sensitivity of specific test protocols. Most of the
endpoints are associated with evidence of oxidative stress,
ranging from structural damage in tissues or organs to differ-
ential gene transcription (Table 2). Histological examinations
revealed lesions in brain tissue and central nervous tissue
(Supplemental References S6,S16,S19), intestinal lining (Sup-
plemental Reference S4,S7,S20), and disrupted muscle fibers
(Supplemental Reference S21). The presence of increased
numbers of melano-macrophage centers in a variety of organs
including liver and head kidney (Supplemental Reference S3)
and increased glutathione system enzyme activity in brain and
liver tissue (Supplemental Reference S19) are also consistent
with increased oxidative stress and the presence of reactive
oxygen species. Induction of genes related to oxidative stress
defense systems has been observed in some species (Supple-
mental References S22,S23) but not in others (Supplemental
Reference S24), although this may be related to differences in
experimental dosing and exposure regimes. Inductions of genes
associated with endocrine disruption have been observed in
fathead minnows (Supplemental Reference S24) and are con-
sistent with the suppression of sex steroids and reproduction in
the same species (Supplemental Reference S9). Discoloration
of the skin is commonly reported in rainbow trout (Supple-
mental References S5,S7,S16), and disruption of metabolic
processes in the mitochondria (Supplemental Reference S25)
and reduced O2 consumption (Supplemental Reference S17)
have also been observed.

The ranked NOAEL and calculated threshold effect level for
histological, biochemical, and genomic effects are 0.06 and
0.18mg g�1 wet weight, respectively (Table 3). The discrep-
ancy between these values can be partly explained by the large

differences in sensitivity among endpoint measures and a much
larger range of MeHg concentrations in the experimental diets
used in the studies. Although field studies documenting similar
sublethal effects have not reportedMeHg in coexisting prey, the
Hg concentrations in some of the test fish are quite low and, by
extension, the diet also is likely characterized by low MeHg
concentrations. For example, Drevnick et al. [7] noted increased
lipofuscin in the livers of northern pike from lakes on Isle
Royale, in Lake Superior, Michigan, USA. While MeHg con-
centrations in forage fish are not available for all lakes from the
same time period, levels of total Hg in yellow perch from two of
the lakes where Drevnick et al. [7] observed high Hg in northern
pike (Sargeant and Richie Lakes) ranged from 0.019 to
0.070mg g�1 wet weight (3–18 cm in total length [45]). Given
that Hg concentrations appear to have declined since the mid- to
late 1990s in these lakes [46], it seems likely that concentrations
in yellow perch and other forage fish were even lower in 2004 to
2006, when Drevnick et al. [7] sampled northern pike at Isle
Royale. Schwindt et al. [9] documented an increase in melano-
macrophage centers in spleen and kidney of brook trout
(Salvelinus fontinalis) from 14 lakes in the western United
States. Whole-body concentrations of Hg in brook trout ranged
from approximately 0.03 to 0.29mg g�1 wet weight. Similarly,
upregulation of genes related to oxidative stress and endocrine
responses was associated with Hg concentrations of 0.016 to
0.054mg g�1 wet weight in cutthroat trout (Oncorhynchus
clarkii) [11]. Given the relatively low Hg burdens in the fish
from these studies, we surmise that the MeHg concentrations in
the diets of these fish are also low and therefore consistent with
the low threshold value.

The ranked threshold and calculated threshold effect level
for behavioral endpoints are relatively similar (0.50 and
0.61mg g�1 wet wt, respectively). Although nearly an order
of magnitude higher than more sensitive endpoints related to
histology, biochemistry, or genotoxicity, this most likely
reflects the difference between the presence of subclinical
effects of MeHg exposure and the accumulated subclinical
damage required to elicit behavioral changes at the organism
level. Behavioral abnormalities linked to MeHg exposure are
thought to be due to interference with neurotransmitter pro-
duction, receptors, or cell signaling pathways [47]. However,
the behavioral endpoints in many of the fish species tested to
date are characterized by observational data on organism
activity or stimulus–response experiments. The behavioral
abnormalities most frequently reported are related to increased
lethargy and altered resting position (Supplemental References
S5,S7,S16,S19). Obvious impairment of locomotion is com-
monly observed in mammals and birds exposed to MeHg [3]
but has been observed in fish in only one study to date
(Supplemental Reference S16). Abnormal responses to light
(Supplemental Reference S13) and altered shoaling and dis-
persal behavior (Supplemental Reference S6) represent affected
stimulus–response behavior and may increase susceptibility
to predation (Supplemental Reference S6), but the level of
impairment of behavior that constitutes a significant risk is
unclear and may require evaluation through modeling (Supple-
mental Reference S12) or direct experimentation (Supplemental
Reference S6).

In fish-eating mammals and birds, novel approaches are
currently being used to assess subclinical neurological damage
linked toMeHg exposure [48,49]. For example, reductions inN-
methyl-D-aspartate receptors may exert excitotoxic effects due
to a buildup of glutamate in extracellular spaces [48,50], and
disruption of various elements of the cholinergic system in
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mammals [51] have been observed at lower doses of MeHg than
those that cause overt symptoms of neurological damage or
abnormal behavior. Similar work in fish is uncommon, but
Adams et al. [52] recently reported on an association of reduced
N-methyl-D-aspartate receptor levels and MeHg in spotted sea
trout (Cynoscion nebulosus) in south Florida, suggesting that
these novel tools may offer a more sensitive means to diagnose
behavioral effects of MeHg exposure that may occur at lower
concentrations.

Determining the MeHg thresholds for sublethal effects is a
first and necessary step of risk assessment. However, sublethal
effects are difficult to link to population impacts because they
often do not directly translate into population-relevant end-
points such as survival and reproduction [53]. Recent efforts
that use an adverse outcome approach that embeds sublethal
effects into a computational framework and/or provides a
means to interpret sublethal effects at the population level will
determine whether such adverse effects measured at the behav-
ioral or cellular level impact population health [54]. As the
adverse outcome pathways become better characterized in
future studies, the sublethal endpoints related to dietary MeHg
exposure reported here will become increasingly relevant to
assess fish population health.

Factors contributing to variation in dietary MeHg toxicity:
Species and life stage

Adverse effects due to dietary MeHg exposure and the levels
at which they occur appear to vary considerably among species
(Supplemental Reference S15). The apparent variation in sen-
sitivity may be partly attributable to use of both adult and
juvenile data within species, differences in experimental pro-
tocols, endpoint measurement techniques and sensitivity, and
species-specific digestive physiology. Assimilation efficiency
of MeHg from the diet in most fish is generally thought to
exceed 80%, particularly for fish ingesting naturally contami-
nated prey [55]. In laboratory experiments, assimilation effi-
ciency can range considerably (50–94% [56] (Supplemental
References S5,S17,S20) and may be affected not only by the
species digestive physiology but also perhaps by the experi-
mental diet formulation and dosing regime.

In carnivorous and omnivorous fish, digestion takes place in
the acidic environment of the stomach (pH�2). However, some
cyprinid species (e.g., Sacramento blackfish [Orthodon micro-
lepidotus], fathead minnow) do not have a true stomach and
have a digestive system that is neutral to alkaline throughout
[57]. This may lead to intraspecific differences in MeHg
availability from experimental diets. Using in vitro digestions,
Leaner and Mason [58] observed significant differences in
MeHg availability between Atlantic sturgeon and channel cat-
fish (Ictalurus punctatus) and suggested that different amounts
of amino acids in digestive juices may influence assimilation of
MeHg. Goto and Wallace [59] have recently demonstrated that
assimilation efficiency can vary substantially within a single
species (e.g., 50–90%) depending on the composition of the
diet. Uptake of MeHg across the intestinal wall also appears to
be temperature-dependent [60] and, all other factors being
equal, implies a greater uptake and assimilation of MeHg under
warm-water experimental conditions compared to those typi-
cally used for cold-water species such as rainbow trout.

Differences in experimental protocols: Form of
administered MeHg

It has long been accepted that the chemical form of MeHg in
fish tissues is largely MeHg bound to sulfhydryl groups in

proteins [61]. Recent work has suggested that the dominant
form of MeHg in muscle tissue in marine and freshwater fish is
methylmercury cysteinate (MeHgCys), where MeHg is bound
to the thiol group on cysteine [62]. However, nearly all the
dietary exposure studies examined here utilized diets amended
with MeHgCl (with the exception of Scherer et al. [Supple-
mental Reference S13]), mainly on the premise that this mimics
the form of MeHg present in the stomach after acidic digestion
[58]. In vitro experiments suggest that MeHg remains bound to
cysteine after digestion with gastric fluids [63] and that the
highly lipophilic nature ofMeHgCl compared toMeHgCysmay
permit rapid translocation across the intestinal membrane [64],
whereas MeHgCys appears to require the assistance of L-
specific neutral amino acid transporters [60]. While this might
imply differential uptake and/or toxicity of MeHgCl compared
to MeHgCys, evidence to date suggests that MeHgCl from
experimentally spiked diets likely complexes with amino acids
present in digestive fluids and crosses the membrane using
amino acid transporters [58,60]. Dietary exposures of naturally
contaminated food versus spiked food reveal contrasting results
depending on the organism in question; Berntssen et al. [65]
observed higher excretion and lower accumulation of MeHg
from naturally contaminated fish compared to MeHgCl-
amended diets in Wistar rats, while the opposite pattern was
observed for largemouth bass (Micropterus salmoides) fed
naturally contaminated crayfish and MeHgCl-amended com-
mercial fish food [66]. At present, insufficient evidence exists to
conclude that one form of dietary MeHg is more or less toxic
than the other, but these differences may merit consideration in
planning and interpreting future studies.

Dietary Se and implications for MeHg toxicity

The ability of Se to ameliorate adverse effects of MeHg has
been recognized for decades and undergone extensive evalua-
tion in animal models [24,25]. Ralston and Raymond [67]
present a conceptual model of MeHg and Se interaction. In
this model, MeHg and Hg act as irreversible selenoenzyme
inhibitors [68]. On entry to the cell, MeHgCys is thought to
form MeHgSeCys (‘‘pseudomethionine’’ [67]), which directly
inhibits selenoenzymes and traps Se, making it unavailable for
further cycles of selenocysteine synthesis [67]. Consequently,
some, if not all, of the symptoms of MeHg toxicity are a
manifestation of a gradual depletion of Se from internal Se
pools coupled with an increasing impairment of Se-dependent
enzyme activities, particularly as the Hg:Se molar ratio exceeds
1.0 [67]. This model has considerable support in the mammalian
literature [25], but comparable studies on fish are scarce. Turner
and Swick [69] provide corroborating evidence that Se accu-
mulated through the diet can reduce MeHg accumulation in
northern pike, and similar effects are inferred from patterns of
MeHg and Se accumulation in yellow perch from lakes near
Sudbury, Ontario, Canada [70]. In contrast, Dang and Wang
[71] suggest that Se (independent of chemical species) does not
affect MeHg accumulation from the diet in a marine fish
(Terapon jarbua). Despite these contrasting results, evidence
for amelioration of adverse effects in fish remains limited. To
our knowledge, only one study has examined the effect of
coadministered dietary Se and MeHg to fish in a controlled
setting. Deng et al. [72] demonstrated that dietary Se reduced
MeHg accumulation and inhibited histological damage to tis-
sues in Sacramento splittail (Pogonichthys macrolepidotus)
larvae when fed both MeHg and Se in moderate concentrations.
Future experimental work would benefit from an assessment of
the Se content in experimental diets.
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CONCLUSIONS AND RECOMMENDATIONS

The thresholds presented here, to our knowledge, are the first
to define dietary MeHg thresholds for fish. Although these
should be considered preliminary due to the limited information
available, this overview provides a baseline for future exper-
imental and mensural studies. It is important to note that the
present study and the thresholds derived herein are based
entirely upon laboratory experiments and were generally con-
ducted under favorable conditions. Such conditions are unlikely
to be present in the field, where additional environmental
stressors related to foraging, predation, temperature fluctuation,
and other potentially toxic contaminants are present [73].
Thus, our thresholds defined here, albeit intentionally conser-
vative, may still underestimate the magnitude of effects expe-
rienced by wild fish.

Although recent advances in understanding the effects of
dietary MeHg exposure on fish-eating birds and mammals have
been impressive (reviewed in Scheuhammer et al. [3]), the lack
of high-quality toxicological studies on the adverse effects of
dietary MeHg exposure to fish and the assumptions used in the
present study somewhat limit the level of confidence that can be
ascribed to the thresholds reported here. However, we feel that
these thresholds are both useful and relevant because our
thresholds are in general agreement with the limited available
evidence from field studies and are in the same relative magni-
tude for other vertebrate species, which have been studied
more extensively. For example, Shore et al. [74] suggest a
lethal threshold of �6 and 0.9mg g�1 wet weight for 11 species
of birds and nine species of mammals and a reproductive
threshold of 0.25mg g�1 wet weight for seven species of non-
marine birds. It is worth noting that, based on additional
research, the reproductive threshold described by Shore et al.
[74] is nearly an order of magnitude lower than previously
thought [75], which suggests that continued study will likely
result in further refinement and improvement in our thresholds
as well.

From this review and others [16,74], reproductive effects
appear to be the most sensitive population-level endpoints in
vertebrates, and reproductive studies on additional fish species
would be worthwhile. Furthermore, because early life stages
appear to be more sensitive to MeHg compared to the adult
stage [17], experiments to assess the magnitude and longevity of
adverse effects on developmental or behavioral impacts in
embryo and larval stages under dietary exposures remain a
worthwhile avenue of research. Efforts to link subclinical
biomarkers of MeHg toxicity to individual-level effects [76]
will be essential for establishing quantitative relationships and
aiding the interpretation of the rapidly expanding literature base
documenting various subclinical effects of MeHg exposure in
fish.

Consideration of the diet composition and formulation may
also be important for comparing among species and relevant
endpoints, and field studies should take into consideration the
MeHg content of likely prey items, which may necessitate
the use of stable isotopes or direct sampling of prey, but also
the presence of other contaminants or stressors. We echo the
sentiment of Beckvar et al. [17], that future laboratory work use
rigorously designed experiments, such as those used by
Hammerschmidt et al. (Supplemental Reference S8) and
Berntssen et al. (Supplemental Reference S19), that provide
multiple and realistic dosing levels, a variety of suitable end-
points, and dietary exposure to MeHg. These careful
approaches, coupled with the development of more refined

and sensitive methods that can be used to measure MeHg
effects in the field, will contribute to a better understanding
of the risks of MeHg to wild fish.
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