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Abstract

Methylmercury (MeHg) is a neurotoxic pollutant that bioaccumulates and biomagnifies in aquatic food webs, impacting
the health of piscivorous wildlife and human consumers of predatory fish. While fish mercury levels have been correlated
with various biotic and abiotic factors, many studies only measure adults to characterize the health of locally fished popula-
tions, omitting information about how local fish bioaccumulate mercury relative to their growth. In this study, we sought to
establish length: total mercury (THg) concentration relationships in juvenile and adult fish of four genera (sunfish, yellow
perch, white perch, and killifish) across six freshwater pond systems of Nantucket Island to determine safe consumption
sizes across species and environmental conditions. A wide length range (2-21 cm) was utilized to develop linear regression
models of In-THg versus fish length. In most cases, different genera within the same pond indicated similar slopes, sup-
porting that all four genera share comparable features of feeding and growth. Comparing individual species across ponds,
differences in In-THg versus fish length were attributable to known environmental Hg-modulators including surface water
MeHg levels, pH, and watershed area. Referencing human health and wildlife criteria, our results confirm that numerous
Nantucket freshwater ecosystems contain elevated fish THg levels, which could impact the health of not only piscivorous
wildlife in all measured ponds but also recreational fishers in at least two measured systems. Future studies should measure
THg levels across juvenile and adult fish to detect potential differences in the slope of THg concentration across fish length
relevant for local consumption advice.

Methylmercury (MeHg) is a neurotoxic pollutant that bioac-
cumulates and biomagnifies in food webs throughout fresh-
water ecosystems. In North America, elemental mercury
(Hg (0)) is emitted to the atmosphere primarily through the

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00244-020-00717-y) contains
supplementary material, which is available to authorized users.

4 Callum Hoyt Backstrom
chb@backstromlaw.com

Kate Buckman
Kate.L.Buckman @dartmouth.edu

Emily Molden
emily @nantucketlandcouncil.org

Celia Y. Chen

Celia.Y.Chen@dartmouth.edu

Department of Biological Sciences, Dartmouth College, HB
6044, 78 College Street, Hanover, NH 03755, USA

2 Nantucket Land Council, 6 Ash Lane, Nantucket, MA 02554,
USA

@ Springer

burning of coal and other fossil fuels (Sundseth et al. 2017).
In addition to anthropogenic atmospheric sources, mercury
can be released by natural sources, such as rock weathering
(while minimal), and industrial or mining sources (which
can be large, but localized) (AMAP/UNEP 2013; Sundseth
et al. 2017). While runoff and discharge from rivers can
introduce elemental mercury to freshwater systems directly
(Obrist et al. 2018; AMAP/UNEP 2013), the elemental mer-
cury that enters the atmosphere also is deposited in marine
and freshwater surfaces through dust, rainfall, and snow,
where anaerobic microbes can convert its ionic form (Hg2+)
into a bioavailable form, methylmercury (MeHg) (Harris
et al. 2007; Obrist et al. 2011). Elevated MeHg levels in
fish have not only been linked to reductions in reproduc-
tive performance, growth, and survival in piscivorous birds
(Nocera and Taylor 1998; Evers et al. 2005; Scheuhammer
et al. 2008; Eagles-Smith et al. 2018) and mammals (Hinck
et al. 2009) but also to deleterious effects in human con-
sumers (Sheehan et al. 2014; World Health Organization
2013). In humans, MeHg exposure from consuming aquatic
fish can cause neurological effects, impaired fetal and infant
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growth, and cardiovascular disease (Grandjean et al. 2005;
Mergler et al. 2007; Karagas et al. 2012). All 50 U.S. states
have mercury advisories for fish consumption in effect, with
advisories varying across statewide and localized levels (i.e.,
for specific water bodies in some states) (USEPA 2011).

While many studies measure total mercury (THg) lev-
els in a range of legal-length adult fish to inform adviso-
ries (Simonin et al. 2008; Rose et al. 1999; Eagles-Smith
et al. 2015; Sackett et al. 2013), authors rarely explore the
length-THg relationship over a wider range of fish size from
juveniles to adults (Burger and Gochfeld 2011). Changes in
THg concentrations from juvenile to adult stages could be
critical for modeling maximum catch lengths for safe con-
sumption and to predict how adult fish of different species
increase THg levels over further increases in length. We
sought to capture a wide range of fish, including smaller
juveniles (~2-10 cm) to characterize mercury levels in a
variety of species over increasing length. By characterizing
mercury levels in fish populations across length, we intended
to develop a more dependable, informative way to predict
which species are safe for consumption, and at what sizes.
In doing so, we also intended to advance our understanding
of how a combination of biotic and abiotic factors influences
the concentration of MeHg in different fish species across
different ecosystems.

Nantucket, a small (273 km?) island approximately
48.3 km off of the coast of Cape Cod, MA, provided an
opportunity to characterize an understudied collection of
freshwater pond systems, both in terms of MeHg bioavail-
ability as well as wildlife and human exposure. Due to ele-
vated concentrations of Hg in biota, such as fish, birds, and
mammals (Whittier et al. 2002; Evers et al. 2003), many of
the lakes and streams in the Northeast United States have
been labeled “biological Hg hotspots” (Evers et al. 2007),
demanding particular attention from a scientific as well as
policymaking perspective (Driscoll et al. 2007). Elevated
MeHg levels have even been found in recreational and sub-
sistence fisheries of the isolated islands off of Cape Cod,
including Martha’s Vineyard (Purdy 2009) and Nantucket
(MA DEP 2000a, b). However, neither island has any known
historic point source of industrial Hg pollution (Purdy 2009;
Nantucket Historical Association). These remote island eco-
systems allow us to investigate the extent to which regional
Hg pollution impacts isolated pond systems through atmos-
pheric deposition alone.

Many abiotic and biotic factors influence the bio-
availability and bioaccumulation of Hg through aquatic
ecosystems. The concentration of a pond’s bioavailable
MeHg pool is in part linked to abiotic environmental fac-
tors: fish THg has been shown to correlate positively with
wetland area (Rudd 1995; Rose et al. 1999; Simonin et al.
2008; Grigal 2002; Gabriel et al. 2009), freshwater surface
area (Rose et al. 1999; Rudd 1995; Kidd et al. 2012), and

watershed area (Rose et al. 1999; Rudd 1995). Fish THg
appears to correlate negatively with pond pH (Kamman
et al. 2005; Rose et al. 1999; Chen et al. 2005; Simonin
et al. 2008) and specific conductivity (Julian and Gu 2014).
Anaerobic sediment conditions and increased sulfate levels
also can spur the growth of sulfate-reducing bacteria, the
major microbial group that mediates mercury methyla-
tion via co-metabolism (Benoit et al. 2003; Gilmour et al.
1998). MeHg levels in surface water have been found to
best correlate with pond biota MeHg levels (Morway et al.
2017; Clayden et al. 2014). Fish MeHg concentration also
has been found to correlate with the following biotic fac-
tors: fish length, trophic level, and feeding mode, as well
as pond productivity. Fish length correlates positively with
fish THg concentration (Cizdziel et al. 2002; Gabriel et al.
2009; Burger and Gochfeld 2011). Across freshwater and
marine systems, fish THg levels also increase with fish
trophic level (Sonesten 2003; Lavoie et al. 2013; Chum-
chal and Hambright 2009; Burger and Gochfeld 2011;
Ward et al. 2012). Differences in THg concentration
between species have been linked to differences in pelagic
and benthic feeding strategies, which reflect differences in
fish prey trophic level (Piraino and Taylor 2009). Higher
pond nutrient levels may buffer MeHg levels in harvested
fish through the compounding effects of both biodilution
in primary producers (Pickhardt et al. 2002; Kamman et al.
2004; Miller et al. 2012) and somatic growth dilution of
MeHg in both zooplankton and fish through accelerated
growth (Karimi et al. 2007; Ward et al. 2010).

In this study, we determined the relationship between
length and THg concentration in four fish genera across
six freshwater pond systems of Nantucket to address the
following four questions:

1. In the same pond, do different fish species differ in their
relationship between THg concentration and length?

2. Across different ponds, does the same fish species bioac-
cumulate THg differently?

3. Are across-pond differences in fish THg bioaccumula-
tion “slope” and magnitude related to pond environmen-
tal factors?

4. How do these findings relate to potential wildlife and
human exposure?

By collecting many fish across a range of lengths, we
examined THg bioaccumulation based on fish genus (pool-
ing species known to share similar ontogenetic features,
trophic level, and feeding behavior), length, and source
pond. We then examined the relationship of the slope and
intercept of THg concentration in each genus/pond consid-
ering biotic and abiotic variables known to be predictors
of THg bioaccumulation.
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Materials and Methods
Collection Sites

Nantucket has more than 30 distinct pond systems host-
ing a range of fish species across numerous genera that
are captured recreationally and consumed by piscivorous
wildlife. These species include yellow perch (Perca fla-
vescens), white perch (Morone americana), and sunfish
(Lepomis gibbosus and L. macrochirus). In 1995 and 2000,
state studies detected THg levels in fish from four Nan-
tucket ponds exceeding the EPA human health criterion
of 0.30 mg/kg (USEPA 1997), with fish THg levels as
high as 1.27 mg/kg in Miacomet Pond (MA DEP 2000a,
b). However, state mercury measurements were limited
to these 2 years, and each year’s investigation surveyed
a different assortment of ponds. Furthermore, only 2—13
adult (mean length 17.7-53.5 cm) fish from each system,
primarily yellow and white perch, were measured for THg
(MA DEP 2000a, b).

We collected summer (July—August 2017) measure-
ments of fish and water quality from six different ponds
on Nantucket Island used for recreational fishing: Tom
Nevers (TNP); Miacomet (MP); Washing (WP); Gibbs
(GP); Long (LP); and Head of Hummock (HHP) (Fig. 1).
Permission to access these ponds was granted by the Nan-
tucket Conservation Foundation. Historically, these pond

Fig. 1 Maps of Nantucket
Island, both from Google Earth
satellite imagery (upper left)
and from ArcGIS software
(bottom right). The watersheds
relevant to this study’s pond
systems are denoted in orange

Cape Cod

Martha’s Vineyard

@ Springer

Head of Hummock
Pond (HHP)

Miacomet Pond (MP)

systems have been listed as eutrophic or hyper-eutrophic,
as determined by a Chlorophyll a (Chl a) or total phos-
phorus (TP)-based Carlson’s Trophic State Index (TSI)
(Carlson 1977; Sutherland and Molden 2017). HHP and
LP are more brackish, whereas MP, TNP, GP, and WP are
freshwater systems. Nantucket Land Council (NLC) water
quality measurements have been sporadic, covering only
1-2 ponds annually and missing measurements for some
ponds since 2009 (Sutherland and Molden 2017).

Fish Sample Collection

Juvenile fish of four genera, yellow perch (Perca flavescens),
white perch (Morone americana), killifish (Fundulus majalis
and F. diaphanus), and sunfish (Lepomis gibbosus and L.
macrochirus), were collected in accordance with a scientific
collection permit granted from the Massachusetts Depart-
ment of Fish and Wildlife (Permit #186.17SCF). All four
genera share trophic levels and ontogenetic shifts in preda-
tion preferences from juvenile stages to adulthood. Yellow
perch, white perch, and both sunfish species are commonly
captured and consumed within recreational fisheries. Yellow
perch, bluegill, and pumpkinseed are secondary consumer
fish with a lifespan of 4-7 years (Gabriel et al. 2009). Yel-
low perch reach an average length of 10.0-25.5 cm (CABI
2018c), while bluegill and pumpkinseed reach an average
length of 20.1 and 20.4 cm, respectively (CABI 2018a,
NIDEP 2012). All three species share the same diet within

Tom Nevers
Pond (TNP)

Gibbs Pond (GP)
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the same trophic level (3—4), consuming phyto- and zoo-
plankton as juveniles and switching to benthic macroin-
vertebrates and small fish in adulthood (Ethier et al. 2008).
White perch most commonly reach 12.7-17.8 cm in length
(Riede 2004) and consume primarily invertebrates through-
out their lifetime, with an ontogenetic shift from crustaceans
and smaller insects in juvenile stages to crabs, shrimp, and
small fish in adulthood (Mason et al. 2006). F. majalis and
F. heteroclitus (similar to F. diaphanus) reach top lengths
of approximately 18 and 13-15 cm, respectively, with the
maximum lifespan of F. heteroclitus recorded at approxi-
mately 4 years (Fernindez-Delgado 1989). Both F. majalis
and F. heteroclitus are omnivorous, with gut contents of
F. heteroclitus indicating a diet of detritus, algae, amphi-
pods, copepods, and insects (Allen et al. 1994). Due to the
known ontogenetic, morphological, and trophic similarities
between the species of killifish (Fundulus majalis and F.
diaphanus) and sunfish (Lepomis gibbosus and L. macro-
chirus), we grouped the species within each genus for all
further analyses.

Fish were captured from pond shorelines with a 4’ x 10’
seine net (mesh size ~ 1 mm) from 9 AM-12 PM on morn-
ings from August 6-15, 2017. Fish were assumed to swim
freely throughout pond systems, and thus all fish were con-
sidered representative of a random sample of each pond. We
collected fish from a wide range of lengths across genera
and ponds to encapsulate the growth of small juvenile to
adult fish. After collection, the fish were transported live
by bucket to a processing site for euthanasia and bagging.
All fish were euthanized and placed on dry ice in a cooler
according to the Institutional Animal Care and Use Com-
mittee (IACUC) guidelines. Fish were bagged by genus and
relative size. The bagged fish were stored at —20 °C until
analyzed for mercury content.

Fish Sample Mercury Analysis

We used measurements of fish total mercury (THg) as a
proxy for MeHg, because MeHg has been found to com-
prise up to 98-99% of the total mercury in fish (Wiener et al.
2003; Bloom 1992). All fish selected for mercury analysis
were measured for length, washed with ultra-pure (18Mohm)
water, and stored in preweighed glass vials. For those fish
too large to fit within the vials (all sunfish> 8 cm, all yel-
low/white perch > 10 cm), a white-muscle filet sample was
extracted from the left shoulder of each fish (approximately
size 1- X 1-X2-cm, located 1 cm above the pectoral fin). This
filet was washed and placed within its own sample vial. After
determining the wet weight of each vialed fish sample, vials
were placed in a freeze-dryer (Labconco Freezone) for a
minimum of 48 h. Each freeze-dried vial was then reweighed
to determine the fish sample dry mass. The dry fish samples
were then homogenized using ceramic scissors. A Milestone

Direct Mercury Analyzer (DMA-80) was used to measure
the total mercury content of each dried, homogenized fish
sample. All data used for statistical analysis were converted
to a wet-weight basis: THg (mg/kg) was converted to wet
weight by multiplying the THg (mg/kg) DMA-80 measure
of each fish by the dry-to-wet weight ratio of that fish. Certi-
fied standard reference materials (TORT2, DORM4) and a
sample duplicate were analyzed every 10-20 sample runs,
and all recoveries averaged within 5% of reference values
(TORT2% recovery =105+0.9, N=30; DORM4% recov-
ery=103+0.9, N=30; sample duplicate RPD=4.4+1.1,
N=19).

Statistical Analysis

For each pond, fish THg (mg/kg, wet-weight) (i.e., THg)
was plotted against fish length (cm) by genus. The distribu-
tion of fish THg was normalized within and across genera
and pond categories using a natural-log transformation. We
conducted a series of simple linear regressions to determine
whether the species within each pond exhibited significant
linear relationships between In-THg and fish length in terms
of both slope and intercept at the two-sided a=0.05 level.
Those species within each pond exhibiting a significant rela-
tionship between In-THg and length were then compared to
one another in a series of multivariable regression analyses:
one set comparing the regressions of different genera within
each pond, and another comparing the regressions of fish in
the same genus across their different source ponds.

To determine whether there was a significant difference in
the intercept and slope of fish In-THg versus fish length (cm)
among genera within the same pond, the first multivariable
regression model included an interaction term between fish
length and genus. The error rate for the two-sided P value
given for the model interaction term was set to a=0.10. If
the interaction term yielded a two-sided P <0.10, the multi-
variable regression model with the interaction term was used
to determine the difference in slope and intercept between
each pairwise comparison of genera within the same pond.
For each set of pairwise comparisons within the multivari-
able regression model, the regression of a single pond genus
was compared as a reference to the other pond genera regres-
sions. This process was repeated, using another pond genus
regression as the designated reference of comparison, until
all possible combinations of regression pairs were compared
to one another within the model.

To determine whether there was a significant difference
in the magnitude and slope of fish genus In-THg versus fish
length across different source ponds, the second multivari-
able regression model included an interaction term between
fish length and pond. If the interaction term yielded a two-
sided P <0.10, the multivariable regression model with the
interaction term was used to determine the difference in

@ Springer



608

Archives of Environmental Contamination and Toxicology (2020) 78:604-621

slope and intercept between regressions for the same fish
species between ponds.

For those genera that did not display significant regres-
sion lines across their source ponds, we conducted a series
of one-way ANOVAs to compare genus THg (mg/kg) of
fish with similar lengths (target=5-10 cm) across different
source ponds. To ensure that fish length was comparable
across ponds, we conducted an additional series of one-way
ANOVAs to compare the mean lengths of fish from each
of the ponds in the first ANOVA. Each one-way ANOVA
analysis was followed by a Tukey’s HSD post-hoc analysis
to identify which pond category fish were significantly dif-
ferent in terms of either THg or length. The two-sided type
I error rate for all ANOVA analyses was set to @ =0.05. All
analyses were conducted in the JMP 13 statistical software
program.

Fish Stable Isotope Analysis

To determine whether genus trophic level varied by pond,
we measured the stable isotope ratio (3'°N and §'°C) of dry
tissue from sample fish as a metric of both trophic level and
benthic/pelagic food source (Kidd et al. 2012; Piraino and
Taylor 2009; Jardine et al. 2013; Fry et al. 1999). Fish simi-
lar in length (fish length x=6.6, SE=0.12 cm, n=54), were
selected across genera and pond systems for isotope analy-
ses (n=3-5 fish per genus/pond combination). Dry tissue
(1.25-1.50 mg) from each fish was packed in tin foil cups.
An internal lab standard and five duplicates were included
to ensure measurement precision. All samples were analyzed
for 8'°N and 8'>C values by continuous flow Isotope Ratio
Mass Spectrometer (IRMS) at the Stable Isotope Facility of
the University of California, Davis.

Water Quality Sample Collection

To assess the nutrient conditions in each pond, anchored
kayaks were used to sample sites from the center region of
each pond. In accordance with past Nantucket Land Council
water quality measurements, HHP, GP, TNP, and WP were
analyzed at a single site at the center of each pond deemed
representative of the system. Because LP and MP are larger,
longer, and narrower, a central site as well as two additional
sites equidistant from the relative center of each pond was
measured, again at the same locations used historically by
the Nantucket Land Council (Fig. 2).

Each site was measured twice: once in late July/early
August (July 25—-August 2), and again in late August (August
22-29). The following in situ sampling methods replicate
the past methods found in Sutherland and Molden’s NLC
report (2017). Site latitude and longitude were measured
using a Garmin GPS 60™ unit to ensure site fidelity across
measurement dates. To determine whether each site water
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column was stratified, a Yellow Springs Instrument (YSI)
ProODO™ optical dissolved oxygen meter was used to
record vertical profiles of water temperature (C) and dis-
solved oxygen (mg/L) at 0.3- or 0.6-m intervals (depending
on the overall depth) from surface to bottom.

Since the water columns of all but one site were well
mixed both thermally and in terms of oxygen concentra-
tion, a hose was used to draw an integrated sample from the
whole water column for water chemistry and Chl a analyses.
For each site, two to three separate integrated water sam-
ples were combined into a single polyethylene jug, which
was then mixed before the homogenized sample was poured
into three clean, pre-rinsed polyethylene amber bottles: one
500-mL bottle for N and P-based water chemistry analyses,
and two 250-mL bottles for Chl a analyses. All bottles were
immediately stored on ice. A subsample of the homogenized
water from the jug was then analyzed for specific conduc-
tivity (pS) and pH (s.u.) using an Ultrameter II™ (Mylon
L Company). For the one site and collection time where we
determined that the water column was stratified based on
temperature and oxygen saturation (GP1), a horizontal Van
Dorn Sampler was used to repeat the same measurement and
bottling procedures separately for both the epilimnion and
the hypolimnion.

To measure the MeHg pond water concentration (ppm)
in each pond, duplicate 500-mL whole water samples were
collected in acid-cleaned amber glass bottles from each pond
site during the second collection period. MeHg water sam-
ples were collected from the pond surface alongside kayaks
by submerging each bottle top-first below the surface and
then inverting the bottle upright. Using a clean hands—dirty
hands method, all bottles were filled, capped, and then
stored inside acid-washed bags. Within 2-3 h of collection,
all water MeHg samples were acidified to 0.4% acid with
2 mL of Optima HCIl. An additional amber-glass 500-mL
bottle was filled with DI water and acidified as a field blank
for analysis.

For Chl a analyses, the two 250-mL field collection bot-
tles from each pond site were used to filter three separate
100-mL Chl a water samples with a Buchner funnel-hand-
pump assembly and Whatman™ 4.7-cm diameter Glass
Microfiber Filter GF/F Circles with 0.6- to 0.8-pm nominal
particle retention. The whole filtration assembly was cleaned
between filtrations from different sites. Each triplicate Chl
a filter for each site was packaged in aluminum foil and
bagged on ice. The samples were then shipped to the Dar-
rin Freshwater Institute (Troy, NY) where all water nutrient
samples, as well as all Chl a samples, were analyzed.

Water Quality Analysis

The Chl a concentration (pg/L) of each pond site was
measured via fluorimetry (Standard Methods 10200) as



Archives of Environmental Contamination and Toxicology (2020) 78:604-621

609

Fig.2 ArcGIS images of each
pond watershed. Gibbs and Tom 7L,

Nevers Ponds (center left panel) / 0 0.050.1
share the same watershed. Each
watershed is denoted in orange, /
and fresh and forested wetlands 1 o
are labeled in green/blue Y
striped and flat green shading,
respectively. Yellow dots denote
the sites in each pond used for
field measurements and water
sample collections. The three
separate sites used for each of
the two larger ponds, Miacomet
and Long (bottom panels) are

Washing

0.2 Kilometers

U 0
0.25 0:5 1 Kilometers
i 'jé' : /

labeled by site identification

0 025 05

1 Kilometers

Tom Nevers

0 02505 1 Kilometers

\Q i '

Miacomet /-

1 Kilometers.

an average across triplicate filter samples. A Carlson’s
Trophic State Index (TSI) was calculated using the aver-
age Chl a measure of each pond across collection dates
to characterize the trophic status of each pond (Carl-
son 1977). The single 500-mL polyethylene amber bot-
tle of water collected from each pond site was analyzed
for the following nutrients: total phosphorus (TP, pg/L)
total nitrogen (TN, mg/L), nitrate (NO;~, mg N/L), and
ammonium (NH,*, mg N/L). All nutrients were measured
using standard methods of the Darrin Freshwater Institute.
Total phosphorus was measured using persulfate oxida-
tion (Ascorbic Acid Method, Standard Methods, 19th Ed,

4500-P E), total nitrogen was measured using a persulfate
method (Standard Methods, 19th Ed., 4500-N D), nitrate
was measured using ion chromatography (EPA method
300), and ammonium was measured using the phenate
method (Standard Methods, 19th Ed., 4500-NH3 F). The
Dartmouth TEA Core Lab measured the MeHg specia-
tion (ng MeHg/L) of acidified surface water samples. A
weighed, enriched isotope spike was added to the weighed
water samples, which were then buffered with a citrate
buffer (300 pL of 2 M buffer). An ethylating reagent (40
pL of 1% NaBH,) was then added to each sample before
being run directly on a MERX-ICP-MS system.
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ArcGIS Watershed Data

To characterize the geographical features of each pond in
relation to its watershed, we used shape files from remote
sensing data provided by the Nantucket Island GIS Coor-
dinator’s office. Land cover features were differentiated in
ArcGIS 2016. Hydrology and image classification overlays
were used to quantify the surface area of each watershed, as
well as the surface area of each pond. Within each water-
shed, we also quantified the surface area of freshwater—and
forested—wetland.

Results and Discussion

By measuring the THg concentrations of fish spanning a
range of lengths and species across Nantucket pond sys-
tems, we were able to identify differences in the intercept
and slope of fish THg concentration with increasing length
both across genera within ponds and within genera across
ponds (see “Fish Tissue Concentrations”, “Within-Pond
Comparisons” and “THg Bioaccumulation Across Different
Ponds and Environmental Factors” sections). These across-
pond comparisons of fish THg concentrations could then
be related to measures of surface water MeHg levels and
other environmental factors. Finally, we were able to use the
regressions of fish In-THg concentration versus fish length
to determine the lengths at which fish genera THg concen-
trations exceed the health criteria for human and wildlife
consumers (see “Implications for Fish Consumption on Nan-
tucket Island” section).

Fish Tissue Concentrations
A total of 318 juvenile fish of the four genera were collected

across the six ponds, with 35—129 fish of at least two dif-
ferent genera collected from each pond. A total of 265 fish,

with a minimum of 5 fish from each genus/pond subcat-
egory, were selected for analysis (Table 1). Almost all dis-
tributions of fish length by pond and genus were unimodal;
just two genera from HHP (killifish and sunfish) exhibited
bimodal length distributions, suggesting a maximum of two
fish cohorts (i.e., age classes) across length.

In all ponds but LP, the majority or entirety of fish col-
lected had THg levels (mg/kg wet-weight) greater than
0.02, the EPA advisory level for fish-eating birds (USEPA
2000). Notably, three fish from TNP (length 14.6, 15.1, and
16.6 cm) exhibited THg levels above 0.30 mg/kg wet-weight
(0.37, 0.31, and 0.55 mg/kg, respectively)—the human
health criterion for safe consumption (USEPA 1997). One
of these TNP sunfish also exceeded the recreational fishery
advisory for human consumption of 0.40 mg/kg (USFDA
1998).

A natural-log transformation of the fish THg concentra-
tions yielded significant linear regressions of In-THg versus
fish length (cm) for at least one genus in all but one of the
pond systems (Fig. 3). Most notably, all ponds in which we
collected sunfish yielded significant linear regressions of
In-THg versus fish length (cm), whereas killifish and white
perch each exhibited significant regressions in only two of
the three ponds where they were collected (Table 2). Fur-
thermore, yellow perch only yielded a significant regression
in MP (Table 2). In most cases where linear regressions were
not observed, the sample datasets contained few fish or fish
with lengths that were relatively similar and did not repre-
sent a wide range of lengths (Fig. 3). Hence, our inability to
characterize some genus/pond sample subsets with signifi-
cant linear regressions is likely due to insufficient sample
size and/or length range within those subsets.

The distributions of all fish In-THg concentrations and
their residuals were normal despite the difference between
whole body and filet sampling at the sunfish, yellow perch,
and white perch cutoff lengths (8, 10, and 10 cm, respec-
tively). Therefore, it appears that filet-subsampling larger

Table 1 Summary of fish from each pond selected for analysis, by genus
- Killifish BEC vollow Perch White Perch -~ Sunfish
length (cm) length (cm) length (cm) length (cm)
Total, Median Range Total, Median Range Total, Median Range Total, Median Range

m n (IQR) (Min, Max) n (IQR) (Min, Max) n (IQR) (Min, Max) n (IQR) (Min, Max)
20 42(3.5,47)  (3.1,55) - 5 68(6.5,7.1) (63,7.2) - - -

MP 16  65(34,74) (3.0,9.1) 13 55(5.1,64) (48,11.3) - - - 20 35(3.2,43) (2.8,13.8)
HHP 31 7.1(4.0,84) (2.8,102) 8  73(7.1,7.5) (6.7,8.1) 7 5.6(5.6,12.3) (5.0,13.6) 39 9.0(3.4,10.2) (2.7,12.8)

GP - - 3 83(73,83) (73,83) 15 54(47,59) (33,13.7) 10 2.9(2.8,6.6) (22,17.6)
TNP - - 8  6.1(6.0,63) (6.0,6.3) - - 24 11.5(6.4,14.1) (2.2,20.7)
WP - - 2 147(147,147)  (147,147) - 34 95(58,12.5) (3.0,152)
Total 67 34 27 127

Total selected subsample n =265 fish

LP=Long Pond, MP=Miacomet Pond, HHP=Head of Hummock Pond, GP=Gibbs Pond, TNP=Tom Nevers Pond, WP =Washing Pond,
IQR =Interquartile Range (i.e., Quartile 1 length, Quartile 3 length) about each median length value within each category
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Fig.3 Scatter plots of natural log-transform normalized fish THg
concentration, wet-weight (mg/kg) versus fish length (cm), sepa-
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regression lines significant at the @ =0.05 level are labeled by genus
within each legend (see Table 2 for statistical summary)

Table 2 Summary of simple linear regression estimates of In-total mercury concentration (In(THg, mg/kg, wet-weight) versus fish length (cm),
categorized by genus (see Fig. 3 for graphical outputs of all genus regressions by pond)

Slope ((In(THgE, mg/kg WW))/cm)

Intercept (In(THgE, mg/kg WW))

Genus Pond n Estimate Test Statistic P-Value Estimate  Test Statistic ~ P-Value
Sunfish TNP 24 0.111 ta=n = 8.31 <0.0001 -2.91 ta=n=-18.9  <0.0001
GP 10 0.094 tyesg = 5.65 0.0005 -3.52 tos = -27.9 <0.0001

MP 20 0.104 o= 6.67 <0.0001 -3.78 tyms=-51.0  <0.0001

WP 34 0.102 tdf=32 =8.60 <0.0001 -3.92 tdf:32 =-33.1 <0.0001

HHP 39 0.272 toey7= 16.8 <0.0001 -5.85 taezr=-43.6  <0.0001

Killifish MP 16 0.346 ty=14=7.03 <0.0001 -4.80 taa=-14.9  <0.0001
e o HHP 31 0.291 taeo= 13.5 <0.0001 -5.50 tao=-36.9  <0.0001
W. Perch GP 15 0.096 tar3=21.5 <0.0001 -3.57 ta=;3=-116.1  <0.0001
DL HHP 7 0.201 taps = 4.02 0.01 -5.21 tyes = -12.5 <0.0001
Y. Perch MP 13 0.110 tyey = 5.47 0.0002 -3.46 ty==-25.8  <0.0001

b
\

TNP=Tom Nevers Pond, GP=Gibbs Pond, MP =Miacomet Pond, WP =Washing Pond, HHP=Head of Hummock Pond, W. Perch=White
Perch, Y. Perch = Yellow Perch
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fish did not substantially change the relative magnitude of
THg concentrations for larger fish across genera. In addition,
despite the difference in maximum whole-body fish sample
length used between sunfish and yellow/white perch (8 vs.
10 cm), all regression comparisons of these three genera
within the same source ponds produced statistically par-
allel In-THg versus length regression slopes (Supplement
Table 1). Additionally, the white perch and sunfish of HHP
had regression slopes parallel to that of HHP killifish (Sup-
plement Table 1), suggesting that the switch to filet sampling
at larger white perch and sunfish lengths did not confound
their comparison with the entirely whole-body sampled killi-
fish regression. Thus, we believe that any confounding effect
of the transition from whole body to filet sampling at larger
fish length did not impact our comparisons between In-THg
versus fish length regressions.

Within-Pond Comparisons

The first multivariable analysis compared the regressions
of fish In-THg versus fish length (cm) among genera within
Miacomet Pond (MP), Head of Hummock Pond (HHP), and
Gibbs Pond (GP) separately (Fig. 3; Supplement Table 1).
We interpreted differences in regression slopes among gen-
era as genus-based differences in the change in THg con-
centration (i.e., THg bioaccumulation) over fish length.
Likewise, we interpreted differences in regression intercept
among genera as genus-based differences in the relative
magnitude of THg concentration across fish length.

In GP, there was no significant difference in the regression
slopes of white perch and sunfish (overall model F; 5, =39.0,
P <0.0001, slope comparison P=0.92). There also was no
significant difference in In-THg intercept between the two
genera of GP (P=0.60). By contrast, there was a significant
difference in In-THg intercept between genus regressions
in HHP (F,=3.78, P <0.0001; overall model Fs7 =96.6,
P <0.0001). The In-THg intercepts of HHP white perch and
sunfish were comparable (P =0.36), while that of HHP kil-
lifish differed from each of the other two genera (P =0.02,
P <0.0001 in pairwise comparisons with white perch and
sunfish, respectively). However, there was no significant dif-
ference in regression slope among killifish, white perch, and
sunfish from HHP (F,=2.08, P=0.13). Hence, there was no
significant interaction between fish length and genus in HHP.

The within-pond comparisons of fish In-THg versus fish
length in GP and HHP suggest that the slope of THg con-
centration with increasing fish length (i.e., the THg bioac-
cumulation) is consistent across genera within each pond
(Fig. 3; Supplement Table 1). Notably, sunfish and white
perch from GP had virtually identical In-THg versus length
regressions in terms of both slope and intercept, suggest-
ing that both the slope and magnitude of THg concentration
with increasing length are the same for both genera. Our
stable isotope measurements show that the genera within
both GP and HHP have similar or overlapping mean-5'*C
ratios (Fig. 4), supporting that the genera within each pond
share similar feeding behaviors. While differences in §'°N
ratio between individual genera in both GP and HHP were

12.0 I O W. Perch (LP)
1.5 i
e Killifish (MP)
1.0 Y. Perch (MP)
10.5
$ @ Sunfish (HHP)
10.0 I 8 W. Perch (HHP)
9.5 ] i o Killifish (HHP)
= T
5 90 a'Y. Perch (HHP)
o O ——A———
8.5 A -
— @ Sunfish (WP)
8.0 3 =
T @ W. Perch (GP)
75
—g— Y. Perch (GP)
7.0 =
6.5 @ Sunfish (TNP)
a Y. Perch (TNP)
6.0
-34.0 -32.0 -30.0 -28.0 -26.0 -24.0 22.0 -20.0
o'3C

Fig.4 Mean stable isotope values for fish from different pond sys-
tems. More negative 8'3C values suggest a more pelagic source of
diet, whereas more positive 8'°C values suggest a more benthic
source of diet. Higher 8'N values suggest a higher overall trophic
level of feeding. LP =Long Pond, MP=Miacomet Pond, HHP =Head
of Hummock Pond, WP=Washing Pond, GP=Gibbs Pond, and
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TNP=Tom Nevers Pond. W. Perch=white perch, Y. Perch=yellow
perch. N=10 killifish (N=5 HHP, 5 MP), 15 white perch (N=5 LP,
5 GP, 5 HHP), 18 yellow perch (N=5 MP, 3 GP, 5 HHP, 5 TNP), 11
Sunfish (N=3 HHP, 3 TNP, 5 WP). Standard error bars denote one
standard error from the mean



Archives of Environmental Contamination and Toxicology (2020) 78:604-621

613

more considerable, it does not appear that these potential dif-
ferences in trophic level among genera had an effect on THg
bioaccumulation slope across genera in either pond. Since
all four genera are known to consume phyto- and zooplank-
ton, followed by invertebrates at higher juvenile ontogenetic
stages, these findings reflect that the different genera within
each pond share the same relative level of THg bioaccumula-
tion over increasing length.

While the regression slopes of killifish, white perch, and
sunfish from HHP were all statistically similar, white perch
and sunfish regressions showed a significantly different In-
THg intercept from that of the killifish regression for HHP
(Fig. 3; Supplement Table 1). The intercepts of lake-specific
regressions of fish THg concentration versus trophic level
(measured as 8'°N) have been used to estimate and com-
pare mercury levels at the base of lake food webs (Sackett
et al. 2013). Similarly, our pond In-THg intercepts could
reflect differences in “initial” concentrations of fish THg
(i-e., at length 0 cm) for the same species across systems.
However, different fish species regressions within the same
pond can easily vary in In-THg intercept, most likely due
to differences in trophic level or metabolic activity among
individuals of the smallest collection sizes (Sonesten 2003).
In HHP, white perch (length=5.0-13.6 cm) had a notably
higher minimum length than sunfish (length=2.7-12.8 cm)
and killifish (Iength =2.8-10.1 cm). The differences in In-
THg intercept could reflect an underrepresented shift in THg
concentration between fish of 2.7-2.8 cm and fish of 5.0 cm.
Therefore, while comparing the In-THg intercept of the same
fish species across systems might reveal system-specific dif-
ferences in fish mercury concentrations, we cannot effec-
tively compare the In-THg intercepts of different fish species
within the same pond.

Surprisingly, killifish from MP exhibited a THg bioac-
cumulation slope over three times as high as that for either
yellow perch or sunfish (Fig. 3; Supplement Table 1). The
overall model for MP indicated a significant difference in the
MP regressions of fish In-THg versus fish length, based on
fish genus (Fs 43=>52.2, P<0.0001). There was a significant
interaction between fish length and genus in MP (F,=19.0,
P <0.0001). There also was a significant difference in In-
THg intercept between genus regressions of MP (F,=10.6,
P <0.0001). The In-THg intercepts of MP killifish and yel-
low perch were comparable (P=0.56), whereas the In-THg
intercept of MP sunfish differed from each of the other two
genera (both P <0.0001).

Killifish are thought to share the same macroinvertebrate
diet as sunfish and yellow perch and can actually feed lower
on the food web by also consuming algae and detritus. The
observed Kkillifish In-THg versus length regression slope
conflicts with predictions based on diet. Our stable isotope
analysis (Fig. 4), which included both killifish and yellow
perch from MP, suggests that while both genera have fairly

comparable 8'3C ratio values, killifish from MP had notably
higher 8'°N than yellow perch. Hence, while both killifish
and yellow perch may share a more benthic feeding strat-
egy (Piraino and Taylor 2009), MP Kkillifish may nonethe-
less feed at a higher trophic level (Kidd et al. 2012; Piraino
and Taylor 2009), increasing their Hg bioaccumulation. As
discussed for the fish regressions of HHP, the significant
difference between In-THg intercepts of MP sunfish and kil-
lifish/yellow perch may be due to variations in ontogenetic
shift across individuals of the small lengths captured within
each genus. The minimum size of sampled MP yellow perch
(Iength=4.8-11.3 cm) was substantially longer than those of
either sunfish (2.8-13.8 cm) or killifish (3.0-9.1 cm). Differ-
ences in trophic level or metabolic rate among smaller indi-
viduals of the different MP genera could explain differences
in In-THg intercepts among MP fish regressions.

Despite the variability in In-THg intercept among genus
In-THg versus length regressions within the same pond, most
genus regressions shared similar bioaccumulation slopes
within the same pond. We found comparative differences
in the projected In-THg intercept of genera from HHP and
MP, and in the regression slope of killifish from MP. Yet, our
within-pond comparisons suggest that all measured genera
from MP, GP, and HHP that are fished recreationally (i.e.,
sunfish, white perch, and yellow perch) bioaccumulate THg
at a similar degree over increasing length (i.e., share similar
within-pond bioaccumulation slopes).

THg Bioaccumulation Across Different Ponds
and Environmental Factors

The second multivariable analysis compared, across ponds,
each individual genus fish In-THg versus fish length (cm)
regression for sunfish, killifish, and white perch (Fig. 5,
Table 3). The overall sunfish model indicated a significant
difference in sunfish In-THg versus length based on source
pond (Fg ;,;,=148.6, P<0.0001). There was a significant
interaction between sunfish length and pond (F,=29.7,
P <0.0001) and a significant difference in intercept between
sunfish regressions (F,=35.1, P<0.0001). While TNP had
a significantly higher sunfish regression intercept than the
other four ponds, the HHP sunfish regression had a much
lower In-THg intercept than any of the other sunfish source
ponds, and GP, MP, and WP were all comparable in sunfish
regression slope and intermediate in sunfish In-THg intercept
relative to the extremes of TNP and HHP (all significant
P <0.01). Because the In-THg versus fish length slope was
statistically similar across TNP, WP, MP, and GP, the dif-
ference in overall magnitude of sunfish THg levels across
these regressions suggests a difference in MeHg exposure
across pond systems.

The exceptionally high magnitude of fish THg concen-
trations in TNP could be explained by a higher available
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Fig.5 Linear regressions of natural log-transformed fish THg, wet-
weight (mg/kg) versus fish length (cm), by genus: sunfish (left), white
perch (middle), and killifish (right). Each line denotes the set of fish
from the labeled pond. Killifish and white perch from Long Pond
(LP) lacked significant regression lines (NS) and are thus portrayed
as independent points. Differences in lettered pairs assigned to each
pond regression denote significant differences in slope (lowercase)
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or intercept (uppercase) between regressions, as tabulated in Table 3.
Slope and intercept letters assigned to comparisons of pond regres-
sions are exclusive to each genus. Regression lines for genera from
Tom Nevers Pond (TNP) and Head of Hummock Pond (HHP), of par-
ticular relevance due to their heightened magnitude (TNP) or slope
(HHP) of bioaccumulation, have been colored red and green, respec-
tively

Table 3 Slope, intercept linear components and comparative P-values obtained from multivariable regression models of fish In-THg (mg/kg,
wet-weight) versus fish length (cm), based on pond (see Fig. 5 for graphical output)

Slope, Intercept

Tom Nevers (TNP) Gibbs (GP)

Pond for Comparison
Miacomet (MP) Washing (WP) Head of Hummock (HHP)

1
1
1
1
Genus Pond (Letter ID) |Reference  Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept
Sunfish TNP 0.111, -2.91 (a, A) : TNP - 0.44 <0.0001 0.83 <0.0001 0.64 <0.0001 <0.0001 <0.0001
1
ﬁ GP 0.094, -3.52 (a, B) | GP 044  <0.0001 -- -- 0.76 0.30 0.69 0.005 <0.0001 <0.0001
e |
MP 0.104, -3.78 (a, BC) : MP 0.83  <0.0001 0.76 0.30 0.96 0.24 <0.0001 <0.0001
WP 0.102, -3.92 (a, C) : WP 0.64 <0.0001 0.69 0.005 0.96 0.24 -- -- <0.0001 <0.0001
1
HHP 0.272,-5.85 (b, D) I HHP <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 -- -
1
1
Killifish MP 0.346, -4.80 (a, A) ! MP - - - - - - 0.29 <0.0001
@M e !
HHP 0.291, -5.50 (a, B) :
1
W. Perch GP 0.096, -3.57 (a, A) : GP - - - - - 0.007 <0.0001
- 1
HHP 0.201, -5.21 (b, B) 1

Differences in lettered pairs assigned to each pond regression denote significant differences in slope (lowercase) or intercept (uppercase) between
regressions. Slope and intercept letters assigned to comparisons of pond regressions are exclusive to each genus. The “Reference” column ID of
each row corresponds to the reference pond regression compared to the slopes and intercepts of the other pond regressions in the subsequent col-
umns. Bold values denote significant differences in slope or intercept between the two ponds within each comparison

MP =Miacomet Pond, HHP=Head of Hummock Pond, GP=Gibbs Pond, TNP=Tom Nevers Pond, WP =Washing Pond, W. Perch=white

perch

pool of pond MeHg. Surface water MeHg levels of TNP
(mean=0.146 ng/L) were more than ten times as high as in
HHP (Fig. 6). This could be due to a combination of a lower
pH (mean=6.89, range =6.51-7.27) and a substantially
higher percent watershed wetland cover in TNP (Supplement
Table 2; Supplement Fig. 1). The low pH may be attrib-
utable to organic humic and fulvic acids leaching into the
pond from surrounding regions of vegetation, as indicated
by TNP’s dark watercolor and low transparency (Sutherland

@ Springer

and Molden 2017). Our relatively low measurements of TNP
Secchi depth (16.1% visibility of total water depth across
measurements) are indicative of these earlier observations.
Most of the wetland area of the Tom Nevers-Gibbs Pond
watershed is labeled as “forested” and woody-cranberry
bog wetland. GP is used to flood the cranberry bogs in the
watershed for harvesting season, and a single outflow chan-
nels this floodwater through a stretch of forested wetland
into TNP to the south end of the watershed (Sutherland and
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Fig.6 Comparisons of pond features across study systems: a sur-
face water MeHg concentraion (ng/L), and b chlorophyll a (pg/L)
for each pond. GP=Gibbs Pond, HHP=Head of Hummock Pond,
LP=Long Pond, MP=Miacomet Pond, TNP=Tom Nevers Pond,
and WP=Washing Pond. All averages are reported as means across
measurements from two collection dates. Sample size n=2 measure-
ments of water MeHg from each pond. Sample size n=2 for chlo-

Molden 2017). Acidic waters containing tannins (i.e., dis-
solved organic complexes similar to humic and fulvic acids)
from forested areas have been correlated with above-average
fish THg concentrations (Kamman et al. 2005). Additionally,
the most important variety of microbes capable of methylat-
ing mercury from Hg?" to MeHg is sulfate-reducing bacteria
(Benoit et al. 2003; Gilmour et al. 1998), which thrive in
reducing environments, such as freshwater wetlands (Chen
et al. 2009). Wetland area has been shown to correlate posi-
tively with fish THg concentrations (Rudd 1995; Rose et al.
1999; Simonin et al. 2008; Grigal 2002; Gabriel et al. 2009).
Because the wetland percent area of the Tom Nevers-Gibbs
Pond watershed (21.7%) is notably higher than the surface
area of TNP itself (1.66% of watershed area), the effect of
organic inputs could be compounded by a high amount of
wetland area available for Hg methylation.

While larger ponds are typically correlated with higher
fish THg concentrations (Rose et al. 1999; Rudd 1995; Kidd
et al. 2012), smaller ponds like TNP may exhibit height-
ened MeHg concentrations due to the greater proportion of
allochthonous organic material influx from the watershed
relative to pond water volume (Greenfield et al. 2001). The
elevated water MeHg concentration of TNP corresponds to
the higher intercept of the TNP sunfish regression, support-
ing that the sunfish of TNP have higher THg levels than
sunfish from GP, MP, or WP due to higher environmental
MeHg bioavailability, rather than a higher slope of THg con-
centration with increasing fish length.

The THg comparison of “medium”-length yellow and
white perch supports the relative magnitudes of fish THg
levels derived from the parallel sunfish regressions (Fig. 7).
For most yellow perch and most fish collected from LP,
Hg concentration was not related to fish length. Thus, we

70, b
601
501
401
301
201
"GP HHP LP MP TNP WP
Pond

Mean Chlorophyll a (ug/L)

rophyll a from a single site of GP, HHP, TNP, and WP (1 measure-
ment per collection date), n=6 measurements from 3 separate sites of
both MP and LP (3 measurements per collection date, 1 at each site).
Chlorophyll @ measurements are reported as averages of triplicate
sub-samples collected at each site on each of the 2 collection dates.
Bars denote ranges of minimum and maximum values

isolated “medium”-sized yellow and white perch (5—10 cm)
from each of their source ponds to produce two sets of ANO-
VAs comparing fish THg (mg/kg) by source pond (Fig. 7).
There was a significant difference in medium-sized fish
THg among source ponds for both genera (F;,5;=88.9,
P <0.0001 for yellow perch, F, ;s=120.0, P <0.0001 for
white perch). Yellow perch from TNP had significantly
higher mean THg (x=0.083, SE=0.002 mg/kg) than those
from GP (x=0.047, SE=0.002 mg/kg), MP (x=0.059,
SE=0.002 mg/kg), and HHP (x=0.016, SE=0.004 mg/kg;
all P<0.0001). Medium-sized GP and MP yellow perch had
comparable mean THg (P=0.17) but were both significantly
higher in mean THg than the medium-sized yellow perch
from HHP (P <0.0001). Similarly, white perch from GP had
significantly higher mean THg (x=0.048, SE=0.002 mg/
kg) than white perch from HHP (x=0.0184, SE=0.002 mg/
kg; P <0.0001), which had significantly higher mean
THg than those from LP (¥x=0.007, SE=0.002 mg/kg;
P=0.007). Both across-pond comparisons of medium-
length fish were conservative: in both yellow and white
perch analyses, the ponds with the longer mean fish sam-
ples had lower mean fish THg concentration, eliminating
the chance that differences in capture size among medium-
length fish might have confounded the differences in THg
concentration among different source ponds.

The relatively lower THg concentrations in medium-
length white and yellow perch from HHP belie the higher
slope of THg concentration found in genera across HHP
(Fig. 5; Table 3). While the yellow and white perch ANOVA
comparisons suggest that fish from HHP have relatively low
THg levels (Fig. 7), comparing sunfish revealed that the In-
THg versus length regression slope of sunfish from HHP
was over twice as high as that from any of the other sunfish
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Fig.7 An across-pond

comparison of fish THg (mg/

kg, wet- weight) (top) and a
fish length (cm) (bottom) in

“medium” size- class individu-

als (5-10 cm) of both a yellow 0.09
perch (left) and b white perch 0.08
(right). TNP=Tom Nevers
Pond, MP =Miacomet Pond, % 0.07
GP =Gibbs Pond, HHP =Head ~- 0.06
of Hummock Pond, and g 0.05
LP=Long Pond. Sample size g '
n=29 total yellow perch (8 , 004
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source ponds (TNP, GP, MP, and WP) (all comparisons
P <0.0001), which were all characterized by statistically
parallel slopes (Fig. 5; Table 3). Similarly, the multivari-
able model for white perch indicated a significant differ-
ence between the white perch regressions of GP and HHP
(F3,4=39.1, P<0.0001). White perch from HHP had over
twice the regression slope (0.201 (In-THg)/cm) and a sig-
nificantly lower intercept (—5.21 In-THg) than white perch
from GP (slope=0.096 (In-THg)/cm, intercept=—3.57
In-THg) (P=0.007, P <0.0001 respectively). The multi-
variable model for killifish also indicated a significant dif-
ference between the killifish regressions of MP and HHP
(F343=120.6, P<0.0001). Yet, the In-THg versus length
regression slope of killifish from HHP was statistically com-
parable to that of killifish from MP. While killifish from
MP exhibited a higher intercept (—4.80 In-THg) than kil-
lifish from HHP (—5.50 In-THg; P <0.0001), there was no
significant difference in regression slope between killifish
of MP and HHP (P =0.29). Because all HHP regression
slopes are comparable to the anomalously high regression
slope of MP killifish, all genera from HHP seem to bioac-
cumulate mercury at a heightened slope relative to genera
of other ponds. Our comparison of medium-length perch
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across ponds reveals how size-controlled analyses can over-
look these important changes in relative THg concentrations
across a range of fish lengths.

Based on Chl a measure, all of the pond systems
were characterized by the Carlson Trophic State Index
as eutrophic, and GP was characterized as hyper-
eutrophic (Supplement Table 2). Because HHP exhib-
ited some of the highest Chl a concentrations (X =27.0,
range =21.7-32.3 pg/L), the higher bioaccumulation slope
across fish from HHP cannot be explained by nutrient bio-
dilution. In fact, GP, which had over twice the mean Chl a
concentration as HHP (x=64.9, range =63.5-66.3 png/L),
expressed a sunfish In-THg versus length regression with a
slope parallel to those sunfish regressions of the much less-
eutrophic TNP, MP, and WP (mean Chl a=9.6, 7.4, and
12.9 pg/L, respectively). Because white perch from HHP
expressed twice the regression slope of white perch from
GP, this trend appears in both sunfish and white perch across
their respective source ponds.

Hg biodilution effects have been observed in zooplankton
(Chen et al. 2005; Miller et al. 2012) and fish (Simonin et al.
2008) across lakes ranging from oligotrophic to lower or
upper-range eutrophic [0.7-13.7 pg/L in Chen et al. (2005),
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2.8-11.0 pg/L in Miller et al. (2012), 0.4-46.2 pg/L in
Simonin et al. (2008)]. However, the Carlson’s TSI labels
of “eutrophic” and “hyper-eutrophic” used to characterize
each pond system encompass a broad range of Chl a con-
centrations (7.3-56 pg/L and 56—155 4+ pg/L, respectively)
that may obscure marked differences in Chl a between
eutrophic pond systems. For example, the same “eutrophic”
label encompasses a greater than 8-fold difference between
the mean 6.1 pg/L Chl @ measured in TNP from 2014 to
2016 and the mean 50.1 pg/L Chl a measured in HHP from
2009 to 2013. Our results suggest that differences in pro-
ductivity across the observed eutrophic to hyper-eutrophic
range (7.4-64.9 pg/L) do not appear to influence the slope of
fish THg bioaccumulation with increasing fish length across
Nantucket ponds.

Unlike the anomalously high Hg bioaccumulation slope
of killifish in MP, all three genus regressions from HHP
(sunfish, killifish, and white perch) share comparable THg
bioaccumulation slopes. While all of the genera of HHP
yielded mean 8'°N stable isotope values that are compara-
ble to those of genera across all other pond systems (Fig. 4),
it is possible that baseline signatures of 8'*C and 8'°N in
HHP food webs are much lower than other ponds, leading
to deflated 5'°N values relative to fish trophic level. Future
investigations should analyze the stable isotope signatures
of zoo- and phytoplankton, macroalgae, and macroinverte-
brates from fish pond systems to normalize for differences
in ambient 8'C and 8'°N across pond systems.

Despite the higher slope of THg concentration
with increasing fish length across genera of HHP, this
pond had relatively low surface water MeHg levels
(mean=0.012 ng/L) (Fig. 6), which could be due to a com-
bination of high pH and specific conductivity (i.e., salin-
ity) (Supplement Fig. 1). The biannual oceanic openings
of Hummock Pond raise both the pH and the salinity of the
entire pond system, including HHP (Curly 2002), which may
reduce the pool of Hg?* available for microbial methylation
(Xun et al. 1987; Julian and Gu 2014). Yet, at greater fish
lengths, genera from HHP expressed In-THg concentrations
comparable to those from ponds with higher aqueous MeHg
levels (Figs. 5 and 6). Thus, our findings from HHP sup-
port that surface water MeHg levels cannot be used as the
only variable to predict biota THg levels across systems.
Although our measurements of environmental predictors
were limited (n=2-6 total measurements of each metric per
pond; Supplemental Table 2; Supplement Fig. 1), all meas-
urements of Chl a, pH, and specific conductivity matched
general trends in each pond derived from historical measure-
ments (Sutherland and Molden 2017).

Both our within-pond and across-pond fish comparisons
suggest that regressions of fish In-THg concentration ver-
sus fish length can reveal important differences both in the
magnitude and slope of THg bioaccumulation. Fish In-THg

concentration has been found to increase linearly with fish
length across species in previous studies (Sonesten 2003,
Cizdziel et al. 2002). Similarly, linear regressions of fish
THg versus fish stable nitrogen isotope ratio have been used
to characterize the THg versus trophic level relationship of
various pond biota (Kidd et al. 2012). Our findings support
that these regression-based techniques can provide a crucial
understanding of the changes in the slope of THg concen-
tration with increasing fish length that might be hidden in
size-controlled studies (e.g., our analysis of medium-length
perch in Fig. 7). State measurements of local fish THg levels
that are limited to a narrow length range of adult individuals
(MA DEP 2000a, b) might miss length-based differences in
the slope of THg bioaccumulation across different pond sys-
tems, especially in the absence of smaller fish lengths. Most
regression-based analyses of fish In-THg versus fish length
(Cizdziel et al. 2002), log-THg versus fish length (Sackett
et al. 2013) or fish THg versus fish weight (Gilmour and
Riedel 2000; Mason et al. 2006) focus on or only measure
fish greater than 10 cm in length, which could misrepresent
variations in fish MeHg levels at lower trophic levels during
their juvenile stages. Given that we were able to replicate our
regression analyses across different systems with relatively
few fish across a length range (as few as 7 fish from 5.0 to
13.6 cm in the case of white perch from HHP), our find-
ings suggest that In-THg versus fish length regressions could
inform studies beyond the ecological range of characteristics
found on Nantucket.

Implications for Fish Consumption on Nantucket
Island

Our findings have implications for our understanding of
local environmental health and the development of public
health policy for fish consumption on Nantucket Island.
Using the significant genus linear regressions derived
from each pond, we projected the length at which fish
from each regression exceed the EPA criterion for pis-
civorous birds (0.02 mg/kg), the general human health
limit (0.30 mg/kg), and the recreational fisheries limit for
human consumption (0.40 mg/kg) (Table 4). For all rec-
reational fisheries species collected, the projected lengths
at which fish exceed the recreational human fisheries
health limit are located within the maximum adult length
range (40.0 cm for pumpkinseed sunfish (CABI 2018a),
39.0-40.5 cm for bluegill sunfish (CABI 2018b), 50.0 cm
for yellow perch (Frimodt 1995), and 49.5 cm for white
perch (Page and Burr 1991). Furthermore, the length at
which pond fish exceed the advisory limit for piscivorous
birds was very low (max=7.1 cm for sunfish in HHP),
with all fish from some ponds (TNP, GP) projected as
exceeding safe limits for bird consumption. Hence, local
piscivorous bird species, such as the snowy egret (Egretta
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Table4 A summary of the Nantucket pond fish lengths (cm) projected to exceed USEPA health criterion for piscivorous birds, general human

health, and recreational human fishers

Fish Length at Which THg Exceeds Health Criterion (cm)

Piscivorous Birds General Recreatif) nal
. . (0.02 mg/kg) Human Health Human Fishers
Genus Pond Regression Equation (0.30 mg/kg) (0.40 mg/kg)
Sunfish TNP In[THg] =0.111(cm) - 2.91 0@ 154°* 18.0°
ﬁ;‘ GP  In[THg] = 0.094(cm) - 3.52 0 24.6 277
S MP  In[THg] = 0.104(cm) - 3.78 0 248 27.5
WP In[THg] = 0.102(cm) - 3.92 0.082 26.6 29.4
HHP  In[THg] = 0.272(cm) - 5.85 7.12° 17.1 18.1
W.Perch  Gp  In[THg] = 0.096(cm) - 3.57 0 24.6 27.6
HHP  In[THg] = 0.201(cm) - 5.21 6.46 ° 19.9 214
Y. Perch
43;&.‘ MP In[THg] = 0.110(cm) - 3.46 02 20.5 23.1
Killifish ~ MP  In[THg] = 0.346(cm) - 4.80 2,57 N/A! N/A!
e HHP  In[THg] = 0.291(cm) - 5.50 5.46 N/A! N/A!

TNP=Tom Nevers Pond, GP=Gibbs Pond, MP =Miacomet Pond, WP =Washing Pond, HHP=Head of Hummock Pond, W. Perch=White

Perch, Y. Perch = Yellow Perch

*Projected length limit is within the range of fish that we collected. All other projected lengths are within the known size ranges of each genus

For length values reported as zero, the regression indicates that a fish of any length would exceed the limit

LSince killifish are not harvested in fisheries of any kind, projected lengths for the general human health and recreational fishing criteria were

omitted

thula) and the great egret (Ardea alba) that frequent these
systems (Nantucket Conservation Foundation 2018), also
might be susceptible to heightened MeHg exposure.
Most notably, sunfish from TNP and HHP have a lower
length at which THg concentrations exceed the human
health criterion (In other words, smaller fish from these
systems relative to others should be eaten with caution)
(Table 4). (In other words, smaller fish from these sys-
tems relative to others should be eaten with caution.) The
sunfish lengths exceeding the human health criterion in
these ponds are lower than the mean lengths of adult
sunfish (20.1 and 20.4 cm for bluegill and pumpkinseed,
respectively). White perch from HHP also exhibit lower
lengths exceeding advisory limits for human consumption
than those found in GP. The higher magnitude of THg
concentration across length in TNP, and the higher slope
of THg concentration with fish length in HHP, appear to

@ Springer

both heighten the advisory risk for consuming fish from
these pond systems to a similar extent.

Conclusions

This study confirms that numerous Nantucket Island fresh-
water pond ecosystems contain relatively elevated levels of
mercury, which could pose a health concern not only for
the island’s piscivorous wildlife but also for recreational
fishers in at least two of the studied systems. By collect-
ing a large sample of fish representing a wide range of
lengths (2.2-20.7 cm) and four genera, we were able to
develop simple linear regression models of In-THg ver-
sus fish length that provided a detailed account of the
intercept (i.e., magnitude) and slope (i.e., bioaccumula-
tion) of THg concentration among fish within each pond
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system. We found that most juvenile fish mercury levels
were high enough to adversely affect piscivorous wildlife
on Nantucket, a discovery that was overlooked by pre-
vious mercury surveys that tested only fish within rec-
reational catch limits. Future studies should continue to
measure THg concentrations in a range of smaller fish to
determine whether In-THg versus fish length regressions
reveal differences in the slope of THg bioaccumulation
with increasing fish length that may be relevant for local
environmental and human health policy.
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