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Small fish are commonly used to assess mercury (Hg) risk to
wildlife and monitor Hg in wetlands. However, limited research
has evaluated short-term Hg variability in small fish, which
can have important implications for monitoring programs and
risk assessment. We conducted a time-series study of Hg
concentrations in two small fish species representing benthic
(longjaw mudsuckers [Gillichthys mirabilis]) and pelagic
(threespine sticklebacks [Gasterosteus aculeatus]) food-
webs within three wetland habitats in San Francisco Bay Estuary.
We simultaneously monitored prey deliveries, nest initiation,
and chick hatching dates of breeding Forster’s terns (Sterna
forsteri), the most abundant nesting piscivore in the region.
Mudsuckers and sticklebacks were the predominant prey fish,
comprising 36% and 25% of tern diet, and Hg concentrations
averaged (geometric mean ( SE, µg/g dw) 0.44 ( 0.01 and 0.68
( 0.03, respectively. Fish Hg concentrations varied substantially
over time following a quadratic form in both species,
increasing 40% between March and May then decreasing
40% between May and July. Importantly, Forster’s terns initiated
68% of nests and 31% of chicks hatched during the period
of peak Hg concentrations in prey fish. These results illustrate
the importance of short-term temporal variation in small fish
Hgconcentrations forbothHgmonitoringprogramsandassessing
wildlife risk.

Introduction
Mercury (Hg) is a globally distributed toxic element that often
is found at elevated concentrations in the aquatic environ-
ment, and is most problematic when converted to its
bioaccumulative and highly toxic methylmercury (MeHg)
form (1). Microbial MeHg production can be particularly
elevated in wetlands because of the unique biogeochemical
conditions that stimulate methylation of inorganic Hg by
sulfate-reducing bacteria (2, 3). The benefits that wetlands
provide for fish, wildlife, and aquatic ecosystem health have
motivated large-scale efforts to restore wetland habitats (4),
which may increase MeHg production and contamination
to surrounding water bodies (3). Thus, tracking temporal
changes in Hg bioaccumulation will be important for
quantifying the response to altered Hg loading or MeHg
production.

Wetland monitoring programs are important for tracking
changes in MeHg availability, and many programs utilize
small fish as biosentinels to monitor short-term changes in
MeHg exposure. Small fish can be valuable bioindicators for
monitoring MeHg uptake in local food webs because their
low trophic position links them to MeHg production and
they are central to the trophic transfer of MeHg through
food webs (5). Small fish often are prey for larger fish and
wildlife, so they also can serve as a principal conduit of MeHg
exposure to higher trophic levels (6). Because Hg concentra-
tions in small fish can differ among seasons (5), it is
recognized that interannual monitoring programs should
sample within the same season each year (5, 7). However,
there has been relatively little study of the short-term, within-
season variability in small fish Hg concentrations, and any
short-term changes in Hg concentrations therefore may be
overlooked in monitoring programs.

The interpretation of small fish Hg concentrations can be
complicated by the influence of several factors in addition
to MeHg production. For example, increases in primary
productivity (8) or fish growth rates (9, 10) can reduce Hg
concentrations in fish through biodilution at the base of the
food web or growth dilution within fish, respectively. Thus,
Hg concentrations in small fish may differ even among
similarly sized fish sampled at different times. Cohort effects
also can be important, especially if fish spawn over a several
month time frame where Hg exposure of different cohorts
can vary with ambient MeHg production. Finally, Hg
concentrations in small fish can be related to diet and foraging
habitat (11). The composition and community structure of
the invertebrate prey-base often changes substantially over
short time frames, particularly for zooplankton which often
undergo dramatic seasonal shifts in community structure.
Since Hg concentrations typically vary among invertebrate
taxa (12), shifts in prey-base community structure likely would
result in additional variation in fish Hg concentrations over
time (13).

Short-term variation in small fish Hg concentrations can
have significant implications for both monitoring programs
and wildlife risk assessment. Piscivorous waterbirds are at
particularly high risk to Hg impairment relative to many other
wildlife taxa because they forage at a high trophic level and
in wetland habitats where MeHg production may be elevated
(14). Dietary MeHg is rapidly incorporated into body tissues
of waterbirds and deposited into eggs (15). Consequently,
any short-term changes in prey fish Hg concentrations near
the time of waterbird reproduction could be critical to
evaluating wildlife risk. Waterbird reproduction is highly
sensitive to the effects of MeHg and reproduction can be
impaired at environmentally relevant exposures (16, 17).
Therefore, elevated fish Hg concentrations just before or
during breeding may cause more harm to wildlife than
increased MeHg in prey fish during other times of year. The
spring and summer breeding season common of most
waterbirds also coincides with ambient environmental
conditions that typically enhance MeHg production. Tem-
poral variation in prey fish Hg concentrations among the
egg formation, incubation, and chick rearing stages may
influence the relative risk to each lifestage. Thus, if short-
term changes in prey fish Hg concentrations are common,
monitoring programs should focus sampling when wildlife
are at greatest risk.

In this study, we conducted a time series analysis of total
Hg (THg) concentrations in two small fish species (longjaw
mudsuckers [Gillichthys mirabilis] and threespine stickle-
backs [Gasterosteus aculeatus]) that are common in San
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Francisco Bay (SFB) wetlands and important in the diets of
piscivorous waterbirds. We sampled fish from three different
wetland habitats every 2-3 weeks in the spring and summer,
and evaluated linear and nonlinear trends in THg concen-
trations over time. Simultaneously, we documented the
chronology of nest initiation and chick hatching for Forster’s
terns (Sterna forsteri, hereafter terns), one of the most
numerous breeding piscivorous waterbirds in SFB. We then
assessed the temporal overlap between short-term changes
in fish THg concentrations and critical wildlife exposure time
periods during the egg laying, incubation, and chick rearing
stages.

Experimental Section
Study Location and Site Selection. We sampled mudsuckers
and sticklebacks from three wetlands that represent some of
the most common wetland habitats in SFB. These included
a muted-tidal saltmarsh (New Chicago Marsh [NCM];
37.436°N, 121.967°W); a perennially inundated, breached
former salt evaporation pond (Pond A16 [A16], 37.444°N,
121.972°W); and a seasonally flooded, former salt evaporation
pond (Pond A8 [A8], 37.425°N, 121.991°W). Each wetland
supported colonies of terns, which are at high risk to MeHg
impairment in the region (14). To link temporal trends in
fish THg concentrations and potential wildlife exposure, we
selected fixed sampling stations for fish within each wetland
that were based upon tern population home ranges deter-
mined for radio-marked individuals using each pond during
the previous year (2005). Telemetry methodology is described
in Ackerman et al. (18). We calculated 95% fixed kernel
utilization distributions for each of the three ponds separately
with ArcView Animal Movement Extension (19) using all
prebreeding and breeding tern locations from each specific
wetland. We excluded locations with error polygons >2.0 ha
as well as any locations within 100 m of nesting colonies to
reduce bias associated with time spent on colony incubating
nests or roosting. We then overlaid 100 × 100 m grid cells
onto the tern population’s home range within each wetland
and randomly selected 3 nonadjacent grid cells within the
wetland to place fish sampling stations.

Sample Collection. At each station, we deployed 3
anchored minnow traps for up to 4 days, at approximately
3-week intervals for a period of 4 months from March 22 to
July 28, 2006. Traps were baited with canned catfood that
was carefully punctured to make a tiny hole that prevented
fishes from consuming the food. We stored fish in polyeth-
ylene bags on dry ice until return to the laboratory where
they were subsequently stored at -20 °C until processing.

Colony-Returned Fish, Nest Initiation, and Chick Hatch-
ing. To further link fish sampling with tern diets, we evaluated
colony prey returns during the breeding season. Fish often
were found at colony locations and were the result of prey
deliveries to mates or young. Previous studies have shown
that returned fish provided an accurate index of prey
consumption by least terns (Sterna antillarum browni) in
SFB (20, 21). We entered tern colonies throughout the region
weekly through the breeding season (May-August), and
collected all the fish found on the ground within colonies as
an estimate of tern diet. Returned fish often were desiccated
when collected, making comparisons difficult between sizes
of returned fish and live-sampled fish. Therefore, we de-
termined the fresh length of returned fish using linear
regression as described in the Supporting Information (SI).
During weekly colony visits, we located and marked all tern
nests with aluminum tags. We estimated the incubation stage
of nests weekly via egg flotation, then determined nest
initiation and hatching dates.

Sample Processing and Chemical Determination. We
determined THg concentrations in all fish samples on a
whole-body basis. Research on several prey fish species in

San Francisco Bay has shown that approximately 94% of
THg is in the MeHg form (Ben Greenfield, San Francisco
Estuary Institute, unpublished data). Prior to THg analysis,
each fish was dried at 50 °C for approximately 48 h and
homogenized to a fine powder with a Wiley Mill and porcelain
mortar and pestle. We analyzed all samples for THg at the
U.S. Geological Survey, Davis Field Station Mercury Lab
following ref 14. We provide quality assurance results in SI.

Statistical Analyses. We natural-log transformed THg
concentrations to conform to assumptions of heterosce-
dasticity and normality of residuals (22). We evaluated the
effects of sampling date and fish length on THg concentra-
tions in each species separately using a mixed-effects repeated
measures analysis of covariance model (ANCOVA; PROC
MIXED; SAS v9.2; (23)). To assess nonlinear changes in THg
concentrations we included calendar date as both a linear
and quadratic variable (date2). Fixed factors in the models
included date, date2, standard length (mm), and wetland;
whereas station within each wetland was designated as a
random variable. We also included wetland × date and
wetland × date2 interactions to determine if THg concentra-
tions varied over time differently in each wetland habitat.
Since the interactions were significant for both species (see
Results), we then evaluated temporal changes in THg
concentrations separately for each wetland. To assess the
relative fit of the linear time model in comparison to the
nonlinear time (quadratic) model, we compared the two
models using the likelihood ratio test (22).

We implemented each model using three different
scenarios. In the first iteration, we evaluated likely waterbird
exposure by including all sampled fish to assess temporal
effects across the entire available size range of fish. However,
larger fish that were sampled at the start of the study (in
March) likely were fish that overwintered in SFB and may
have reflected Hg exposure from the previous season.
Therefore, in the second iteration we excluded any fish that
were large enough to be age-1 (mudsuckers >70 mm;
stickleback >40 mm; (24)). Lastly, monitoring programs often
control for potential size effects on Hg concentrations in
their sampling by excluding any fish that are outside a narrow
size range. We therefore conducted a third model iteration
whereby we excluded any fish that were outside a narrow
size range of 50-70 mm for mudsuckers and 30-40 mm for
sticklebacks.

We present results as back-transformed least-squares
means with standard errors estimated using the delta method
(25). We standardized all concentrations to the mean size of
fish returned to colonies by terns for each fish species using
the final model output (68 mm for mudsuckers and 40 mm
for sticklebacks, see Results). We present all tissue THg
concentrations on a dry weight (dw) basis since variability
in moisture content can add variance to the data. However,
to facilitate comparison to other studies we provide %
moisture estimates for converting from dw to wet weight
(mudsuckers: 76.24 ( 0.12%; sticklebacks: 67.89 ( 0.28%).

Results
Temporal Changes in Fish Hg Concentrations. We sampled
392 mudsuckers and 232 sticklebacks from the three wetlands
habitats between March 22 and July 28, 2006. Mudsucker
THg concentrations (geometric mean ( SE µg/g dw) were
0.52 ( 0.01 in A16 and 0.40 ( 0.01 in NCM. Only sticklebacks
were captured in A8 and, due to rapid drying and elevated
salinity (>80 ppt) in the summer, we only sampled between
March and May when fish were present. Stickleback THg
concentrations were 0.40 ( 0.02 in A16, 0.51 ( 0.02 in NCM,
and 1.57 ( 0.04 in A8. Using the likelihood ratio test to
compare the fit of our model containing a quadratic date
coefficient against a similar model with a linear date
coefficient, we found that the quadratic model better
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explained the data for both mudsuckers (n ) 392, �2 ) 206,
p < 0.0001) and sticklebacks (n ) 232, �2 ) 56.8, p < 0.0001).
We accordingly evaluated the remaining temporal trends
using a quadratic time coefficient. There were significant
wetland × date and wetland × date2 interactions for both
mudsuckers (wetland × date: F1,375 ) 23.67, p < 0.0001;
wetland × date2: F1,390 ) 41.00, p < 0.0001), and sticklebacks
(wetland × date: F2,77 ) 3.55, p ) 0.03; wetland × date2: F2,76.8

) 3.18, p ) 0.04) when simultaneously evaluating the
influence of fish size and sampling date on THg concentra-
tions in our initial global model. We subsequently conducted
separate analyses for each species in each wetland.

Over the 18-week sampling period there was a consistent
temporal trend in THg concentrations for both fish species.
In all three wetlands, THg was significantly related to date,
following a quadratic function (Table 1) where THg con-
centrations increased substantially from March to a maxi-
mum concentration in May, then declined toward the end
of the sampling period in July (Figure 1). In A16, size-
normalized THg concentrations increased between mid-
March and late May by 27% in mudsuckers and 79% in
sticklebacks. Mercury concentrations then declined by 42%
in mudsuckers and 47% in sticklebacks by late July. Similar,
though less pronounced temporal patterns occurred in NCM.

TABLE 1. Analysis of Covariance for Species and Wetland-Specific Models Evaluating the Effect of Date and Fish Size on
Whole-Body Total Mercury Concentrations in All Fish Sampled, Only Age-0 Fish, and Fish within a Limited Size Range
(Mudsuckers: 50-70 mm; Sticklebacks 30-40 mm) in San Francisco Bay Wetlands

all fish age-0 fish limited size range

species and wetland effect df F-value P-value df F-value P-value df F-value P-value

mudsucker
A16 standard length 1,126 4.28 0.04 1,61 0.59 0.45 1,53 2.28 0.14

date 1,91.1 5.27 0.02 1,61 10.65 0.002 1,53 11.03 0.002
date2 1,124 36.29 <0.0001 1,61 33.81 <0.0001 1,53 24.4 <0.0001

NCM standard length 1,266 34.85 <0.0001 1,64 0.96 0.33 1,46.6 0.97 0.33
date 1,265 95.54 <0.0001 1,63.7 1.02 0.32 1,46 0.95 0.33
date2 1,266 300.31 <0.0001 1,65.9 8.45 0.005 1,48.9 6.38 0.01

stickleback
A16 standard length 1,92 3.09 0.08 1,44.3 3.07 0.09 1,37.9 3.86 0.06

date 1,91.7 10.56 0.002 1,45.6 4.58 0.04 1,39.1 4.02 0.05
date2 1,92 35.48 <0.0001 1,46 13.22 0.001 1,39.8 11.02 0.002

NCM standard length 1,62 0.56 0.46 1,28 2.03 0.07 1,26 0.43 0.52
date 1,62 1.33 0.25 1,28 2.72 0.11 1,26 2.94 0.1
date2 1,62 6.17 0.02 1,28 5.39 0.03 1,26 5.2 0.03

A8 standard length 1,78 0.46 0.50 1,31 11.17 0.002 1,31 11.17 0.002
date 1,78 12.57 0.001 1,31 0.53 0.47 1,31 0.53 0.47
date2 1,78 10.43 0.002 1,31 1.22 0.28 1,31 1.22 0.28

FIGURE 1. Short-term variation in whole-body total mercury (THg) concentrations in longjaw mudsuckers (A, B) and threespine
sticklebacks (C, D) from two wetlands in San Francisco Bay, CA. THg concentrations are length-corrected for the average size of
fish returned to colonies by Forster’s terns (mudsuckers: 68 mm; sticklebacks: 40 mm).
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Mudsucker THg concentrations in NCM increased 42%
between March and mid-May, then declined 53% by late
July. Stickleback THg concentrations in NCM were more
variable, increasing 33% between March and May and
declining 37% from May to late July. Total Hg concentrations
were substantially elevated in A8 and increased by 18%
between March and April, followed by a 19% decrease by
mid-May which was the final sampling interval when
stickleback were present in that wetland.

Based on the quadratic model parameters, we categorized
the peak THg concentration period as occurring between
May 1 and June 10 (Figure 1). Total Hg concentrations during
the peak time period were significantly higher than during
the nonpeak period in mudsuckers from both A16 (ANCOVA:
F1,121.8 ) 8.62, p) 0.004) and NCM (ANCOVA: F1,262.9 ) 252.42,
p < 0.0001), and in stickleback from A16 (ANCOVA: F1,88.3 )
23.56, p < 0.001; SI Figure S1). There was a trend toward
higher THg concentrations during the peak time period in
stickleback from NCM, but the difference was not statistically
significant (ANCOVA: F1,77 ) 3.38, p ) 0.07).

Live-caught mudsuckers and sticklebacks from our sam-
pling stations ranged in size from 25 to 117 mm (mean ( SE
) 78.6 ( 0.9 mm) and 26 to 54 mm (mean ( SE ) 40.9 ( 0.4
mm), respectively. A wide range of sizes was captured during
each sampling event, but average length declined over time
(mudsuckers: r2 ) 0.20, p < 0.0001; sticklebacks: r2 ) 0.16, p
< 0.0001) in mudsuckers and stickleback from 88.4 ( 1.3 to
62.8(1.8 and 44.3(0.6 to 36.4(0.8, respectively. Variability
in THg concentrations associated with fish age and size are
important considerations and we conducted subsequent
iterations of the model after removing fish that were outside
specified size ranges. In the second model iteration where
we excluded all age-1 fish from the data set to prevent the
confounding effect of annual Hg carryover, THg concentra-
tions still followed a strong quadratic pattern with date (Table
1) for mudsuckers and sticklebacks in all wetlands except
the ephemeral salt pond (A8) which only supported fish for
a limited time period. There were no significant relationships
between fish THg concentrations and fish size in any of the
wetlands for either species after excluding age-1 fish (Table
1). In the final model iteration where we used only a very
narrow size range of fish, we again found that the quadratic
date factor was significantly related to fish THg concentra-
tions for mudsuckers and sticklebacks in all wetlands except
A8 (Table 1). The size limits we applied effectively eliminated
the influences of fish length on THg concentrations that were
present when our full data set was used, but our overall results
of THg concentrations related quadratically to date remained
unchanged.

Colony Returned Fish. We collected and identified 799
fish (14 species) that were returned to colony by terns.
Mudsuckers and sticklebacks together accounted for 61% of
the colony returns (36% and 25%, respectively). The re-
mainder of colony returns consisted of 12 other species, of
which only a few comprised >5% of the total sample (12%
topsmelt, Atherinops affinis; 11% Mississippi silversides,
Menidia audens; and 6% yellowfin goby, Acanthogobius
flavimanus). Thus, the fish species that we focused our time
series on were appropriate for assessing exposure and risk
to terns.

The allometric relationship was strong between dry weight
and standard length for fresh fish (SI). Forster’s terns delivered
mudsuckers ranging in size from 35 to 124 mm (mean ( SE
) 68.3 ( 1.1 mm) and sticklebacks from 21 to 55 mm (mean
( SE ) 40.2 ( 0.3 mm).

Tern Nest Initiation and Chick Hatching Dates. During
weekly colony visits, we found 715 tern nests initiated between
April 22 and July 25, 2006. Overall, 68% of tern nests were
initiated between May 1 and June 10 when THg concentra-
tions peaked in fish (Figure 2). Since Hg in eggs is primarily

in the albumen which is synthesized from dietary protein
approximately 7 days prior to egg laying (26-28), we adjusted
nest initiation dates 7 days earlier for comparison to fish
THg concentrations. Using this time frame, 78% of eggs were
developed during the time period when parents were exposed
to peak THg concentrations in prey fish. We also determined
chick hatching dates for 444 successful nests (range: May 23
to August 16) and found that 31% of chicks hatched during
the time period of peak fish THg concentrations (Figure 2).

Discussion
We documented high variability in small fish THg concen-
trations during a short time period when waterbirds breed.
Across three distinct wetland habitats, fish THg concentra-
tions increased rapidly by an average of 40% during a 2-month
period to a maximum in May, and then quickly declined by
39% during the subsequent 2-month period. We found this
relationship in both mudsuckers and sticklebacks even
though they represented different components of the food
web. Length was weakly correlated with THg concentrations,
and we found similar temporal trends in fish THg concen-
trations even when we excluded age-1 fish from our analysis
and when we constrained our sample to fish within a very
narrow size range. The similarity in temporal patterns of
THg concentrations in both fish species and among wetlands
suggests that this was not likely a site-specific phenomenon.
The reasons for this short-term fluctuation in fish THg
concentrations are unclear, but may be due to a combination
of temporal changes in MeHg production, changes in wetland
primary production, and fish demography and growth.

MeHg production generally increases as temperatures
begin to rise, surface sediments become anoxic, and there
is adequate labile organic carbon (3, 29). These conditions
are common during spring and summer in the shallow,
productive, saline wetlands of SFB (30). MeHg can bioac-
cumulate in small fishes within a span of a few weeks (31).
Thus, the increase in fish THg concentrations that we detected
between March and May could have resulted from enhanced
MeHg production and availability in the food web. However,
fish THg concentrations declined across wetlands after 20
May, even though temperatures continued to increase. MeHg
production may have declined during this period due to
sulfide production (32), or the extremely high rate of primary
production during summer (30) may have reduced Hg
concentrations at the base of the food web via biodilution.
However, even a complete cessation of MeHg production is
unlikely to have resulted in reduced fish THg concentrations
during this short time period because MeHg elimination rates
are slow in fish (33, 34) and, depending on the wetland
sampled, we found a 20-50% decrease in fish THg concen-
trations within approximately 2 months of peak THg
concentrations.

For THg concentrations in fish to decline as rapidly as we
detected, factors in addition to changes in MeHg production
or availability were likely important. Changes in the de-
mography and growth rates of fish that we sampled may
have altered exposure profiles and bioaccumulation rates.
Mudsuckers spawn between December and June (24) with
the heaviest spawning occurring in March to May, and
sticklebacks spawn between March and July (24). Thus, when
our study was initiated in early spring, we were likely sampling
a greater proportion of older fish that overwintered locally,
compared to those fish that were collected later in the study,
during and after spawning. Indeed, the mean length in
mudsuckers and sticklebacks declined over the course of
our study, suggesting that we sampled a larger proportion
of young-of-year fish later in the season. However, the
negative linear trends of fish length with date were weak,
indicating a wide range of ages was sampled throughout the
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study. Our results were similar when we excluded age-1 fish
or restricted our sample to a very narrow size range of fish.
These results indicate that the seasonal trend in fish THg
concentrations we observed was not driven by size-related
factors, nor confounded by Hg carryover from fish that were
exposed during the previous season.

Growth rates in fish generally decline as size increases
(35, 36), and are directly related to water temperature,
assuming food availability and fish activity are similar (37).
Thus, the smaller fish that we sampled later in the season
may have had higher growth rates due to their age and higher
water temperatures. Rapid fish growth can result in reduced
Hg concentrations through growth dilution (9, 10). In fact,
growth dilution accounted for 30-40% of the reduction in
yellow perch Hg concentrations following a whole-lake
nutrient enrichment experiment (9). Thus, we speculate that
the reduction in fish Hg concentrations that we documented
from May to July may have been driven by a combination
of reduced MeHg production and elevated growth rates of
younger fish. Other factors such as changes to the prey
community structure or fish diet shifts may also have
contributed to the observed short-term changes in fish THg
concentrations (11, 13), though we have no supporting data

to elucidate these factors. Clearly, the factors influencing
short-term temporal trends in small fish THg concentrations
are complicated, and further study should focus on the
possible mechanisms driving these patterns.

Implications for Wildlife Risk. Regardless of the mech-
anisms driving the trends we observed in fish THg concen-
trations, these results have important implications for
interpreting risk to wildlife, as well as for water quality
monitoring programs. Reproduction is thought to be the most
sensitive end point of Hg toxicity in waterbirds (38). Among
the most critical exposure periods for waterbirds is when
maternal Hg is deposited into eggs during egg formation
(16). Methylmercury in eggs is known to impair hatchability
(16, 17) and may also influence early chick survival (39). Most
of the Hg in avian eggs is in the albumen (17, 28) and albumen
synthesis in seabirds occurs within approximately 4-7 days
prior to egg laying (26). Additionally, albumen proteins are
typically derived exogenously from dietary sources acquired
only a few days before egg laying (26, 27). Thus, there is a
very narrow, critical exposure period of approximately 7 days
over which dietary Hg is deposited into eggs. In our study,
tern nest initiation began in late April when THg concentra-
tions in fish were peaking. In fact, 62% of all nests were

FIGURE 2. Relationship between the temporal trend in whole-body prey fish total mercury (THg) concentrations and the timing of
Forster’s tern nest initiation and chick hatching. Fish THg concentrations are statistically corrected for wetland effects, and are
standardized to the average size of fish returned to colonies by Forster’s terns (mudsuckers: 68 mm; sticklebacks: 40 mm).
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initiated during the peak in prey fish THg concentrations. If
we adjust nest initiation dates 7 days earlier to when birds
were forming and depositing Hg into eggs, then 74% of
clutches were exposed to peak THg concentrations in prey
fish. Thus, most nesting terns were exposed to peak THg
concentrations in prey during the critical period of egg
formation. Previous studies have documented high Hg
concentrations in tern eggs in SFB (40) that may be impairing
egg hatchability (41). Hg concentrations in adult tern liver
and blood increased by 3-5 times from prebreeding to
breeding in just 6 weeks (14), suggesting that short-term
variation in prey Hg levels likely propagated rapidly into
waterbirds upon their arrival into SFB estuary.

Another critical exposure period for terns is the fledgling
stage after chicks hatch and before they begin to fly (about
28 days; (42)). As chicks approach fledging, their body growth
and feather growth slow, thus Hg depuration (into feathers)
and dilution (via body growth) pathways become less
available, and Hg concentrations begin to increase (43). Given
the decline in fish THg levels toward the end of the nesting
season, the risk to fledging chicks may be relatively lower
than to eggs, because Hg exposure declines in their common
prey fish. Correspondingly, Ackerman et al. (42) found no
effect of Hg levels on survival of postfledgling terns during
July and August. Instead, Hg is most likely to impair tern
reproduction via maternally derived Hg, such as egg hatch-
ability or early chick growth and survival, when Hg is still
high in prey fish.

Implications for Monitoring Programs. In the United
States, over 5,500,000 ha of lakes and 1,400,000 km of rivers
had fish-consumption advisories issued in 2006 due to
elevated fish Hg concentrations. These included 23 statewide
freshwater advisories and 12 statewide coastal advisories (44).
Many of these advisories were based on Hg concentrations
in large sport fish that are consumed by humans, but small
fish monitoring also has become more widespread because
large fish Hg levels often do not reflect local or annual changes
in Hg bioaccumulation (5). In California, Total Maximum
Daily Load (TMDL) Hg monitoring targets have been
established for small fish to protect wildlife from deleterious
effects (45). In addition, the development of a national
monitoring network will rely heavily on Hg measurements
in small fish as a component of evaluating yearly changes to
MeHg production, export, and risk to wildlife (7). Although
incorporating small fish into monitoring programs may be
beneficial, our results indicate that strategic design and
implementation of these monitoring programs is critical to
ensure relevance to wildlife and comparability across sam-
pling sites and years. Sampling designs should conform to
a very narrow time window (a few weeks), and should be
repeated during the same time window each year. If they are
not, then Hg concentrations within a site can vary by up to
79% over just 30 days as we observed in our study. Thus, if
too much time passes between sampling events, comparisons
of Hg concentrations in small fishes among sites and years
may not be robust.

Additionally, if assessing wildlife risk is a goal of monitoring
programs, then fish sampling should occur during or just
before critical life-history phases for wildlife, such as egg-
laying and chick rearing in waterbirds. In our study, risk to
wildlife would have been greatly underestimated if monitor-
ing was restricted to sampling during the early spring or late
summer. Instead, the peak exposure of Hg in fish overlapped
with peak egg laying, exacerbating Hg risk to waterbirds in
SFB. Finally, monitoring programs should conduct high-
resolution time series studies initially, to understand how
Hg varies seasonally, and then incorporate additional time-
series studies at regular intervals in subsequent years to
calibrate comparisons among years.
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S2 

EXPERIMENTAL SECTION 

Colony-returned fish 

 We washed each returned fish in deionized water to remove surface debris, dried 

them at 50-60° C for approximately 48h, and measured their dry weight to the nearest 

0.0001 g. We then developed a dry weight to fresh standard length (Ls) relationship 

using live-sampled fresh fish. After measuring Ls of freshly captured fish to the nearest 

1mm, we determined their dry weight as described above. We then used linear 

regression to develop species-specific equations to estimate fresh Ls from the dry 

weight of colony-returned prey fish. The allometric relationship was strong between 

dry weight (dw) and standard length for fresh fish (mudsuckers: log10 Ls = 

1.81+0.30×log10 (dw), r
2
 = 0.95; stickleback: log10 Ls= 1.76+0.29×log10 (dw), r

2
 = 

0.90) indicating that fresh standard length could be accurately estimated with the dry 

weight of the fish. 
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EXPERIMENTAL SECTION 

Quality assurance 

Quality assurance measures included analysis of two certified reference materials 

(either dogfish muscle tissue [DORM-2], 4.64 µg/g dw [range: 4.36 – 4.92]; dogfish liver 

[DOLT-3], 3.37 µg/g dw [range: 3.23 – 3.50; or lobster hepatopancreas [TORT-2] 0.27 

µg/g dw [range: 0.21 – 0.33]; National Research Council of Canada, Ottawa, Canada), 

two system and method blanks, two duplicates, one matrix spike, and one matrix spike 

duplicate per batch. Recoveries averaged 103.5 ± 0.9% (n = 55) and 100.0 ± 0.8% (n = 

84) for certified reference materials and calibration checks, respectively. Matrix spike 

recoveries averaged 103.5 ± 0.5% (n = 58). Relative percent difference (RPD) for 

duplicates averaged 5.2 ± 0.6%, and RPD for matrix spike duplicates averaged 1.9 ± 

0.3%. 
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Figure S1.  Mean (± standard error) total mercury (THg) concentrations in mudsuckers 

and sticklebacks during the timeframes of peak (1 May – 10 June, solid bars) and non-

peak (< 1 May and > 10 June, open bars) THg concentrations from San Francisco Bay 

wetlands (A16 = Pond A16, NCM = New Chicago Marsh). 
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