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Abstract To test if otoliths can be used to track fish
migration in polluted areas, fish sampled from
Onondaga Lake, heavily polluted with mercury, were
used in an assay to determine whether mercury was
detectable in the fishes’ otoliths using synchrotron-
based scanning X-ray fluorescence microscopy
(SXFM). Mercury was undetectable, but selenium,
rarely reported in otoliths and known as a physiolog-
ical antagonist to mercury, was. Strontium was also
present but appeared to be taken up independently of
selenium, and thus these serve as independent
biogeochemical markers. Both selenium and mercury
were detected in fish tissues, but selenium was below
levels considered toxic. Selenium was low in otoliths
of fishes collected in nearby Oneida Lake. Synoptic
surveys of water chemistry revealed that Se is
regionally highest in Onondaga Lake and in particular
its main inlet, Onondaga Creek. SXFM appears to be
a sensitive method for detecting selenium in otoliths.

Keywords Fish otolith . Selenium .Mercury . SXFM .

Biogeochemical markers

Introduction

Within the fisheries sciences, the use of otoliths
(earstones, organs that form part of the hearing and
balance system in teleost fishes) has become an
essential component of quantitative research. As
aragonitic structures that grow incrementally, otoliths
serve as natural chronometers, permitting accurate age
and growth assessments. Increasingly, otolith chem-
istry is studied to link the temporal information with
environmental signals. A suite of trace elements
(mainly Sr, Ba, and Mn) as well as isotopes of C, O,
and sometimes Sr and S, have been found to be
meaningful markers of environmental conditions (e.g.,
Campana 1999; Campana and Thorrold 2001; Limburg
et al. 2001; Kennedy et al. 2002; Weber et al. 2002). A
number of studies have investigated factors that affect
incorporation of Sr, Ba, and Mn into otoliths (e.g.,
Bath et al. 2000; Elsdon and Gillanders 2004; Kraus
and Secor 2004; Martin and Thorrold 2005), but there
is still much work to be done to understand both what
trace elements can be taken up, and the conditions that
affect their uptake and their usefulness as natural tags
(Elsdon et al. 2008).

For the past few years, we have been experiment-
ing with the use of synchrotron-based scanning X-ray
fluorescence microscopy (SXFM) to map out trace
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elements in thin sections of otoliths (Limburg et al.
2007). This non-destructive method, using monocapil-
lary optics to produce incident x-ray beams at the micro
scale, can detect multiple elements simultaneously at
levels as low as femtograms/μm2 under ideal conditions
(Bilderback et al. 2003). Mapping elemental concen-
trations with micro-scale resolution permits us to detect
visually whether measured elemental concentrations
have biological meaning (i.e., are incorporated into the
ring structure) or not (e.g., appear as random noise in
the elemental map, or as obvious contamination).

Some of our initial explorations of applying SXFM
to otolith chemistry were focused on fishes of Onondaga
Lake in central New York State (Fig. 4), which became
heavily polluted as a result of urbanization and
industrial development (Effler 1996). It is particularly
contaminated with mercury, which was used in
manufacturing products for the Allied Chemical
Company. In 2004, we undertook a pilot survey to
quantify mercury in otoliths of fish from Onondaga
Lake, and assayed fishes across a range of trophic
levels as well as in benthic vs. pelagic habitats. We
instead detected selenium, an element we were not
expecting to find. Mercury and selenium are well
known as physiological antagonists (Cuvin-Aralar and
Furness 1991; Yang et al. 2008). The most likely
mechanism underlying this antagonism is thought to be
the formation of a stable and biologically inert
complexation of the two elements (Yoneda and Suzuki
1997). Because of such interactions, we hypothesized
that the presence of Hg in the water would affect in
some way Se incorporation into fish otoliths. Hence, in
this study, we have the following objectives:

& Objective 1: We report here on preliminary, novel
mapping of otolith selenium, in addition to other
trace elements, from fish otoliths collected pri-
marily from Onondaga Lake (heavily contaminat-
ed with Hg) and Oneida Lake, a lake nearby,
which does not contain high mercury levels. Both
elements bioaccumulate through aquatic and
terrestrial food webs, but they are sequestered
differently in different tissues (Yang et al. 2010).

& Objective 2: We analyzed tissues for Se and Hg in
four of the Onondaga Lake fish to examine the
fate of these two elements in somatic tissues.

& Objective 3: Finally, we surveyed water courses
and lakes in the region to determine whether Se
was uniquely elevated in Onondaga Lake relative

to other water bodies. We present these prelimi-
nary results and our interpretations.

Materials and methods

Fish collections and tissue analyses

Five species of fish (one Gizzard Shad (Dorosoma
cepedianum), two Channel Catfish, (Ictalurus puncta-
tus), one White Sucker (Catostomus commersoni), one
Smallmouth Bass (Micropterus dolomieu), and two
Walleye (Sander vitreus)) were collected by trap nets in
2003 in routine monitoring surveys of Onondaga Lake.
Sagittal otoliths were extracted, rinsed in de-ionized
water, and stored dry until preparation. Otoliths of four
of these fish (one each of Gizzard Shad, White Sucker,
Channel Catfish, and Walleye) were analyzed for the
current study (see methods below). Tissues from these
fish were collected for analysis of mercury and
selenium. Additionally, three fish (one Gizzard Shad,
one Atlantic Salmon [Salmo salar], and one Walleye)
were collected from Oneida Lake, and their otoliths
were similarly extracted. We note that results from two
of these species—Walleye and Channel Catfish—were
previously presented in a paper describing develop-
ment of the SXFM method (Limburg et al. 2007), and
hence in this current study we are adding replication.

Fish tissues (muscle, liver, and ovaries if available)
and a benthic sample composed of sediment and zebra
mussels, all collected from Onondaga Lake, were
analyzed for Se and Hg by neutron activation analysis
at the University of Missouri-Columbia Research
Reactor Center. Samples were irradiated for 50 hours,
decayed for at least 10 days, and counted for 4 hours.
Certified standards for 75Se and 203Hg (oyster tissue
SRM 1566a and orchard leaves SRM 1571) were
counted for one hour, and were also run as quality
controls. Results (ppm wet weight) were converted to
mMol/L.

Otolith elemental analysis

Otoliths were dissected, cleaned, sectioned in either
the transverse or sagittal plane (depending on the
size), and mounted on pressed silica (ultra-pure)
rounds for grinding, polishing, and subsequent anal-
ysis. All elemental analyses were conducted at the
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Cornell High-Energy Synchrotron Source (CHESS).
These were conducted either on the D-Line (by RH in
2004) or the F3 (by DD and KL in 2006 and 2007)
bending magnet beamlines. Detailed methods are
described in Limburg et al. (2007, 2010), but briefly,
multilayer monochromators (0.6–1% bandwidth)
produced X-ray beams at energies ranging from 10
to 20 keV. The beams were focused with single-
bounce glass capillary optics (Bilderback et al. 2003;
Cornaby 2008) to produce a photon flux on the order
of 1011 counts per second at spot sizes ranging from
15–100 microns, depending on the size of the otolith
specimen. The beam was used to illuminate a spot on
the sample and a fluorescence spectrum integrated
for 5–45 s; an energy dispersive XFlash™ detector
(Röntec) was used on the D-Line and a Vortex (SII)
detector was used on the F3 line. At both stations, an
aluminum foil attenuator was placed over the detector
to reduce the high calcium counts, in order to increase
sensitivity to trace elements. A NIST standard (SRM-
8704, Buffalo River Sediments) was used for calibra-
tion of the 2006 and 2007 analyses. In the earlier
analyses (done by RH), concentrations reported in
Limburg et al. (2007) were estimated using the
method of Vincze et al. (1995); here, we present
previously unpublished data for two fish (Fig. 1), and
for these we only present the intensities rather than

concentrations, due to absence of calibrations. Limits
of detection were sub-ppm for Se; limits of detection
for Sr and Ca were well below the concentrations
presented here. Data are visualized as elemental maps
of intensities (Fig. 1) and Se:Ca and Sr:Ca ratio maps
(Figs. 2 and 3).

Geographic region and synoptic survey

Following the discovery of selenium in Onondaga Lake
fish otoliths and tissues, we surveyed water chemistry
during summer months in 2007 and 2008 in a 70-km
region of central New York State along a series of
connected waterways (from west to east the Seneca
River, Oneida River, Chittenago Creek, Oneida Creek,
Erie Canal, and Fish Creek) and lakes (Cross Lake,
Onondaga Lake, and Oneida Lake); Fig. 4.

Water chemistry analyses

Filtered, acidified water samples were analyzed for
Ca, Sr, Rb, Mg, Mn, and Ba with inductively coupled
optical emission spectrometry (ICP-OES). Only Sr
and Ca results are reported here. At least two
wavelengths were monitored for each element and
averaged. Samples were eliminated if the coefficient
of variation exceeded 10%.

Fig. 1 Early scans of Onondaga Lake fish otoliths showing
different patterns in Sr and Se incorporation. Top: Channel
Catfish from Onondaga Lake, September 2003, age 19 yr,
569 mm TL, analyzed with 100 micron steps. Sr is scaled to
3.5×104 counts and Se is scaled to 4.5×103 counts. Bottom:
Gizzard Shad, age 5 yr, 374 mm, 50 micron steps. Photo not

available. Sr is scaled to 1.6×104 counts and Se is scaled to 2×
103 counts. The two otoliths were analyzed on different dates,
so count rates differed; in fact, the results are qualitatively
similar (i.e., calibrations would have yielded similar results, but
these runs preceded our calibrations). Bars equal 1 mm
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Dissolved selenium was analyzed on acidified
samples using a Perkin Elmer Elan DRC-e ICP-MS.
All samples and standards contained 2% OPTIMA
grade nitric acid and 1% methanol (to enhance the
sensitivity for Se) (Moellmer et al. 2007). Calibration
curves were developed using 0 (blank), 0.5, 1, and 2 ppb
standards. All calibration curve correlation coefficients
exceeded 0.999. The ELAN DRC (Dynamic Reaction
Cell) with oxygen as a reaction gas was optimized to
eliminate interferences from the Ar2+ dimer and ArCa+

which occur at the same mass-to-charge ratio as Se78
and Se80. To ensure elimination of these interference
problems, several Se isotopes weremeasured. Operating
conditions were: RF power=1,400 W; nebulizer flow=
1.06 L·min-1; O2 reaction gas flow=0.9 mL·min-1;
and DRC bandpass controlling parameters RPq=0.8;
RPa=0.001.

Results

We originally hypothesized that mercury might be
discovered in Onondaga Lake fish otoliths, given the
elevated concentrations of mercury in sediments and
biota of the lake. We did not find any mercury, but

instead found selenium (Limburg et al. 2007; see Fig. 4
therein). Ultimately, we were able to map Se in four
different fish species in Onondaga Lake (this study,
Figs. 1 and 2; cf. Limburg et al. 2007). In all of these
fishes, Se was in low concentrations in the inner
regions of the otoliths (corresponding to early life), and
increased in the outer annuli. In contrast, strontium was
elevated in the core regions of most of these fish
(Figs. 1 and 2). Fishes from Oneida Lake, roughly
20 km away, had low Se compared to Onondaga Lake
fish, and varying levels of Sr:Ca (Fig. 3).

All Onondaga Lake fish tissues assayed by neutron
activation analysis had measurable concentrations of
both selenium and mercury (Table 1). Mercury
concentrations were elevated in predatory fishes
(Walleye, Smallmouth Bass, and Channel Catfish)
compared to White Sucker and a zebra mussel/
sediment composite sample. Selenium:mercury ratios
were highest in ovarian tissues of both Channel
Catfish and White Sucker, and relative to the
predatory fishes, White Sucker had higher Se:Hg in
muscle and liver tissues.

Water collected in 2007 and 2008 showed regional
differences in Se (Fig. 5, ANOVA p<0.05), with highest
concentrations in the Onondaga Lake basin and second

Fig. 2 Se:Ca ×1,000 and Sr:Ca ×1,000 mass fraction ratios in fishes captured in Onondaga Lake. Left: Walleye, age 19 yr, 654 mm
TL; right: White Sucker, age 4+ yr, 381 mm. Bars equal 1 mm
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highest to the west. Although concentrations were
mostly lower in 2008, inter-annual differences were not
statistically different (ANOVA, p=0.27). On the other
hand, strontium-to-calcium ratios were elevated both in
the Onondaga (2007 mean 17.1×10-3±5.7×10-3 s.d.;
2008 mean 20.6×10-3±9.2×10-3 s.d.) and Oneida lake
basins (2007 mean 21.0×10-3±4.2×10-3 s.d.; 2008
mean 22.5×10-3±3.9×10-3 s.d) (Fig. 6).

Discussion

Onondaga Lake fish were found to have differing
patterns of selenium and strontium in their otoliths,
and the Se was elevated relative to concentrations
found in fishes from Oneida Lake. Given that Se was
present in tissues and otoliths, but that it appeared
elevated in the outer annuli of all Onondaga Lake fish

Fig. 3 Optical images
(left), Se:Ca ×1,000
(center), and Sr:Ca ×1000
(right) mass fraction ratios
in fishes captured in Oneida
Lake. Top: blueback herring
(posterior and antirostrum);
middle: Walleye young-of-
year; bottom: Atlantic
salmon. Se:Ca and Sr:Ca
scales are as in Fig. 2. Bars
equal 1 mm

Fig. 4 Map of water
chemistry synoptic survey
area, showing numbered
sampling sites. Dotted
outlines denote clustered
sites, denoted (left to right)
West, Onondaga,
Oneida, and East
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otoliths assayed, we hypothesized that these fish had
moved into the lake from unknown areas that had
lower dissolved Se concentrations. We also note that
Sr was elevated in the core regions of all Onondaga
Lake fishes and in some Oneida Lake fishes (Fig. 3),
and that Oneida Lake water chemistry stands out with
Sr and Sr:Ca ratios on par with Onondaga Lake
(Fig. 6), although its inlet streams to the north and
east are Sr-depleted (Limburg and Siegel 2006),
which may explain the varying levels of Sr:Ca in
otoliths of fish caught in Oneida Lake. Thus, Sr:Ca
alone may not distinguish fish originating from one
lake or the other, but the combination of Sr and Se
appears to mark residency in Onondaga Lake.

We tentatively hypothesize that the Onondaga
fishes whose otoliths we analyzed by SXFM may
have originated in Oneida Lake. Fishes move between

Onondaga Lake and other areas via connected water-
ways (Siniscal 2009). Siniscal reported re-capturing
fish that had been tagged in Onondaga Lake in
Oneida Lake, in between the two lakes, but also west
of Onondaga Lake as well as in Onondaga Lake
tributaries.

Selenium is an essential trace element for verte-
brate nutrition, but can be toxic at levels exceeding
2 μg/L in dissolved form (Lemly 1999). The Se
concentrations we measured were well below this,
and in no case did we observe tissue concentrations
approaching toxic levels (8 ppm dry weight (d.w.) in
muscle tissue, 12 ppm d.w. in liver, or 10 ppm d.w. in
ovaries, Lemly 2000). On the other hand, Ralston et

Description Wet concentrations (mMol/L) Molar Se:Hg

Pelagic predators: Se Hg

Walleye (muscle) 0.0035 0.0149 0.23

Walleye (liver) 0.0136 0.0100 1.36

Smallmouth Bass (muscle) 0.0025 0.0047 0.52

Smallmouth Bass (liver) 0.0099 0.0035 2.85

Channel Catfish (muscle) 0.0021 0.0041 0.50

Channel Catfish (liver) 0.0238 0.0139 1.71

Channel Catfish (ovaries) 0.0131 0.0002 80.34

Benthivores:

White Sucker (muscle) 0.0038 0.0009 4.17

White Sucker (liver) 0.0139 0.0005 27.48

White Sucker (ovaries) 0.0087 0.0001 76.52

Sediment & Zebra Mussel 0.0057 0.0008 7.06

Table 1 Selenium and
mercury concentrations
from organisms and
sediment in Onondaga
Lake. All four fish were
collected in September
2003; otolith chemical
analysis (SXFM) was
conducted on all of them
except the Smallmouth
Bass, and shown in Figs. 1
and 2. A composite sample
of zebra mussels and
sediment was collected in
December 2003

Regional differences in Selenium in Central New York
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al. (2007) note that Se:Hg ratios (Table 1) can be a
diagnostic of mercury toxicity. Also, our observations
on Walleye uptake of Se and Hg in different tissues
are in agreement with Yang et al. (2010), who found
that Se:Hg was 2–7-fold greater in liver vs. muscle
tissue in young-of-year Walleye.

As mentioned in the Introduction, mercury and
selenium are physiological antagonists. Selenium
inhibits the toxicity of inorganic and methylmercury
(Cuvin-Aralar and Furness 1991; Yang et al. 2008).
Because Onondaga Lake contains high levels of
mercury and because Se was found at relatively high
concentrations in fish otoliths, we at first hypothe-
sized that elevated mercury in fish would somehow
facilitate the incorporation of Se into otoliths. How-
ever, an experiment that treated fish with various
combinations of Se and Hg showed that increased Hg
resulted in decreased incorporation of Se into otoliths
(Lochet et al. 2009). Thus, despite moderately
elevated Se concentrations in Onondaga Lake com-
pared to other areas within the region, we cannot
explain why Se appears to be elevated in otoliths of
Onondaga Lake fish compared to Oneida Lake fish. It
is possible that other, as yet unknown, facilitating
factors are involved, such as food chain bioaccumu-
lation. Further experimentation, including in situ
caging studies, could be helpful in this regard.

The data presented here should be viewed as a
preliminary analysis of how a novel trace element,
selenium, could be used as a tracer of environmental
history. Although selenium can be measured in otoliths
with ICP mass spectrometry (Palace et al. 2007), it is
very difficult. Synchrotron-based SXFM is sensitive to
Se and has few interferences, making it an ideal
instrument for Se quantification. The current drawback
is that these analyses are time-intensive; typical whole
otolith maps, such as those presented in Figs. 1, 2 and
3 require 5–24+ hours, at current data collecting rates.
A new generation of X-ray fluorescence detectors that
incorporate multiple units (elements) should become
available in the near horizon. Once these are in use,
data collecting time should drop, and a more compre-
hensive study could be undertaken.
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