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Growing hypoxic and anoxic areas in coastal environments reduce
fish habitat, but the interactions and impact on fish in these areas
are poorly understood. Using “natural tag” properties of otoliths,
we found significant correlations between the extent of Baltic Sea
hypoxia and Mn/Ca ratios in regions of cod (Gadus morhua) otoliths
corresponding to year 1 of life; this is associated with elevated bot-
tom water dissolved manganese that increases with hypoxia. Ele-
vated Mn/Ca ratios were also found in other years of life but with
less frequency. We propose that cod exhibiting enhanced Mn/Ca
ratios were exposed to dissolved manganese from hypoxia-induced
redox dynamics in nursery areas. Neolithic (4500 B.P.) cod otoliths
(n = 12) had low levels of Mn/Ca ratios, consistent with low hypoxia,
but a single otolith dated to the younger Iron Age had a distinct
growth band with an elevated Mn/Ca ratio. Sr/Ca patterns reflecting
changes in environmental salinity and temperature were similar in
both modern and Stone Age otoliths, indicating consistent migra-
tion habits across time, and Ba/Sr ratios in modern cod otoliths
indicate increasing use of a more saline habitat with age. Using
elemental ratios, numerous existing archival collections of otoliths
could provide the means to reconstruct hypoxia exposure histories
and major patterns of fish movement near “dead zones” globally.

otolith chemistry | life-history tracers

he semi-enclosed Baltic Sea has experienced hypoxia peri-

odically since the transition from the freshwater Ancylus Lake
to the Littorina Sea ~8,000 y ago (1). Hypoxia, defined as oxygen
depleted to <2 mL-17%, is deleterious to fish and invertebrate life
(2); the Baltic Sea has the largest anthropogenically caused “dead
zone” in the world (2, 3), with areal extents ranging from 25 to
67,000 km? in 1969-2008 and a mean of 49,000 km* (4). Although
hypoxia arises naturally in the Baltic because of particular salinity
and temperature conditions, its intensity has been exacerbated
over the past half century by nutrient loading from the watershed
(3). Among the negative effects has been a severe reduction in the
available volume of water suitable for spawning of cod, a de-
mersal species. Baltic cod require salinities of 11 practical salinity
units gPSU; found only in deeper Baltic waters) and oxygen >2
mL-17" for successful fertilization and egg development (5). To-
gether with overfishing and resulting shifts in trophic dominance
(6), hypoxic reduction of spawning volume has greatly reduced
Baltic cod stocks.

Recent efforts to rebuild Baltic cod stocks have included de-
tailed studies of cod movement using models and data storage
tags (DSTs) (7, 8) to identify critical habitat needs better, with an
eye toward developing marine protected areas (MPAs). In fact,
DSTs placed on large (>45 cm) cod revealed that some cod
visited hypoxic areas, presumably to feed on zoobenthos (9).

Although DSTs have greatly enhanced our understanding of
cod movements, they have the disadvantage of high cost and are
not deployable on small fish, such that detailed data on early life
stages cannot be obtained. Teleost fishes carry with them natural
tags in the form of otoliths (ear-stones), however, which form part
of their hearing and balance system. Otoliths, composed of ara-
gonite (CaCOs;) precipitated on a protein matrix, grow incre-
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mentally and provide an unsurpassed record of age and growth
of fishes (10) as well as a suite of trace elemental and isotopic
chemistries associated with specific growth bands. If assumptions
are met (11), these chemistries can provide lifetime environmental
histories of individual fishes.

We report here on studies of trace elements in Baltic cod
otoliths (Materials and Methods and SI Appendix) that show
striking patterns of variation, particularly when displayed as ele-
mental maps (Fig. 1). Such maps are produced via scanning X-ray
fluorescence microscopy (SXFM) using high-energy X-rays as the
excitation source (12). The trace elements strontium, manganese,
and barium are well known to vary in otoliths in relation to calcium
(10), but the mechanisms of uptake and incorporation have been
debated. Most trace elements are thought to be taken up from
water via the gills, introduced into the endolymph fluid sur-
rounding the otolith from the blood, and finally incorporated via
enzymatically controlled precipitation into the otolith (13). Oto-
lith uptake of Sr and Ba is well documented as being affected by
temperature and salinity (13-15), but such is not the case with Mn
(14). Dissolved manganese, which can be Mn** or Mn** (16), is
often associated with hypoxic or anoxic waters and sediments,
including in the Baltic Sea (17). Unlike iron, which oxidizes rapidly
when in contact with oxygen and precipitates, manganese may
remain dissolved for periods of days (18). Thus, dissolved man-
ganese that fluxes out of hypoxic or anoxic sediments may become
available to be taken up by benthic fish, such as juvenile cod.

Results

We selected cod otoliths from the archival collection at the In-
stitute for Marine Research Karlskrona Laboratory, Swedish
Board of Fisheries, to represent fish born in three periods with
different hypoxia intensity: the 1980s, early 1990s, and late 1990s
through early 2000s. Of these time periods, the early 1990s had
the least hypoxia and the last period had the most severe (3). The
cod originated in Eastern Baltic Sea Fishing Subdivision 25 (S
Appendix, Fig. S1), the most important fishing area and one that
contains all life stages of cod. Additionally, we drew from an
unusual collection of Baltic cod otoliths from the Neolithic pe-
riod circa 4500 B.P. (19). These last were from a settlement on
the southwestern side of the island of Gotland in Sweden, and
although diagenesis had affected some elements, the calcium and
strontium appeared intact, as did much of the manganese (Fig.
14). We also recently obtained and analyzed two cod otoliths
from a site dated to the younger Iron Age (circa 700-1000 B.P.),
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Fig. 1. Transverse sections of Baltic Sea cod otoliths from four different time periods: the Neolithic (A), late Iron Age/Middle Age (B), early 1990s when the areal
extent of hypoxia was low (C), and 2001 when it was high (D). Regions in the core correspond to the juvenile stage. Note that Mn is high in the Neolithic and Iron
Age otoliths in small cracks as well as along the edge, where it was in contact with soil pore water. The 1991 otolith is portrayed in a partial map. (Scale bar: 1 mm.)

located in southern Gotland. We hypothesized that the Neolithic
otoliths would provide a baseline, because the data presented by
Zillén et al. (1) indicated no hypoxia in the area where the fish
lived during that part of the Neolithic. Conversely, we hypothe-
sized that evidence of hypoxia might be observed in the Iron Age
otoliths, because this period coincides with a time of intermittent
hypoxia (1). For one otolith, this was the case (Fig. 1B).

In modern cod otoliths, we found that Mn (as a ratio of Ca)
often was highest in the first year of the otolith record of individual
cod (Fig. 1D) but, in some cases, was very high in the second or
even third year (Fig. 1C and SI Appendix, Fig. S2). The patterns
appear to be seasonal, and careful examination of daily increments
in a subyearling fish otolith showed that elevated Mn developed
during summer and declined in the fall, whereas strontium was low
in spring and summer but increased in late fall (Fig. 2). Otolith
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Fig. 2. Otolith of a young-of-the-year Baltic cod, with a length of 100 mm,
captured November 17, 2008, in a special trawl survey. (Scale bar = 1 mm.)
(A) Photograph of transverse section through the otolith. (B) Manganese
elemental map (Left) and Mn/Ca ratios (x10%, Right) parsed out by season.
(C) Strontium elemental map (Left) and Sr/Ca ratios (x103, Right) parsed out
by season. The red line represents transects of data that were extracted by
ArcGIS for preparing the graphs. Examination of daily increments (not visi-
ble) indicated that the fish was born in May.
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Mn/Ca ratios in the zone corresponding to the first year of life
increased with increasing hypoxic area in the Baltic (R = 0.65, P <
0.001; Fig. 3), although the relationship is noisy. Neolithic cod had
comparable first-year Mn/Ca ratios to the fish born before 1998,
but those born after 1998 had significantly higher Mn/Ca ratios
than the other groups [Tukey’s honestly significant difference
(HSD) test, P < 0.013; Fig. 44].

That dissolved manganese follows hypoxia can be seen in Fig. 5.
A survey of bottom waters during a period when large areas of the
Baltic proper were anoxic (2007-2009) shows persistent Mn, albeit
with variability. In contrast, the well-oxygenated Bothnian Sea in
the northern part of the basin shows negligible to no dissolved
Mn. Temporal variability is well documented (3, 17, 20) because of
alternating ventilation and stagnation periods. The actual con-
centration of bottom water Mn during periods of hypoxia will
depend on the duration of hypoxia, the previous buildup of Mn-
oxides in the sediment during more oxic periods, the possible
precipitation as Mn-carbonates in the sediment, and lateral water
exchange at a given site. The result is heterogeneous dissolved Mn
in the bottom water from site to site, and this may contribute to the

Manganese:Calcium in Year 1 vs areal extent of hypoxia
MnCa Yr 1 = 0.0046+1.0994E-6*x
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Fig. 3. Otolith Mn/Ca ratio (x10°) vs. hypoxic area. Data on hypoxic areal
extent were obtained from O. P. Savchuk (Baltic Nest Institute, Stockholm
Resilience Centre, Stockholm, Sweden).
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Fig. 4.

(A) Box plots of Mn/Ca and Sr/Ca for each time period studied. (B) General trend in predominance of Ba vs. Sr (A Ba/Sr), defined as the mean annual

Ba/Sr ratio of an individual observation divided by the average Ba/Sr ratio of all individuals combined.

variability observed in Fig. 3. We also note that in recent years,
virtually all cod spawning areas have been exposed to hypoxia;
thus, complete avoidance of these waters by young cod is unlikely.

In contrast, cod otolith Sr/Ca ratios showed similar patterns
across all time periods, typically with lowest levels occurring in the
first year of life, increasing for several years, and declining slightly
thereafter (SI Appendix, Fig. S3). As in Mn/Ca ratios, seasonal
variations are apparent (Fig. 2), and in early years, elevated Sr/Ca
ratios corresponded to low periods of Mn/Ca ratios. First-year
Sr/Ca ratios were lowest in the fish born in the early 1990s (Tukey’s
HSD test, P < 0.005) and were most elevated in the Neolithic
period and in the period from the late 1990s through the early
2000s (Fig. 4A4). Sr/Ca ratios in cod are known to increase with
declining temperature (21), but there also appears to be a corre-
lation with salinity in our data, because the “low hypoxia early
1990s” was somewhat less saline than in adjacent time periods (3).
Because aqueous Sr/Ca ratios vary with salinity in the Baltic (22),
we suggest that cod otolith Sr/Ca ratios vary as a function of both
salinity and water temperature, but further research is needed to
distinguish their relative effects. Given that deeper, saltier water
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in the Baltic is also colder, however, we infer that elevated Sr/Ca
ratios indicate exposure to colder, saltier water.

We observed two common patterns of Ba/Ca ratios in the
modern cod otoliths. In early life, Ba/Ca ratios were elevated
relative to Sr/Ca ratios; however, later on in life, Ba/Ca ratios
often tracked Sr/Ca ratios (SI Appendix, Fig. S4). To capture this
statistically, we computed the overall Ba/Sr ratio of all the otolith
transects and then examined the mean annual Ba/Sr ratio as
a ratio of the overall ratio (A Ba/Sr) for years 1-5 across all
modern otoliths. Values of A Ba/Sr were highest in the first year
and declined asymptotically thereafter but also became more
variable (Fig. 4B).

Discussion

Cod are born in relatively deep, saline water in the Baltic Sea
and are subsequently advected to nursery areas. Little is reported
about use of specific juvenile habitats. Nevertheless, cod are
known from other geographical regions to use inshore nursery
areas as juveniles to feed, grow, and avoid predation (23, 24). In
the Baltic drainage, Ba/Sr ratios are elevated in soils (~3.24) (25)
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Fig. 5. Dissolved Mn (A, uM) and oxygen (B, mL-I~") in bottom waters at 17 sites in the Baltic Sea as determined in August/September 2007 (bold, italic),
September/October 2008 (underlined), or May/June 2009. Numbers between brackets indicate sulfidic bottom waters. For 2 sites, one in the Kattegat and the
other in the Baltic Proper, no oxygen data are available for the time of sampling. The results highlight that low oxygen concentrations and elevated Mn in the
bottom waters generally go hand in hand in the Baltic Sea. In areas where bottom waters are well-oxygenated, such as the Bothnian Sea, no dissolved Mn was
observed. Insets depict Europe and the Baltic region. BB, Bornholm Basin, the primary area of cod spawning; BP, Baltic Proper; BS, Bothnian Sea; Diss.,

dissolved; GF, Gulf of Finland.

but are comparatively very low in sea water [~0.01, calculated
from published data (22, 26)]. We interpret the elevated A Ba/Sr
in the first-year portion of Baltic cod otoliths as evidence of use of
nursery grounds with exposure to lower salinity, consistent with
the influence of riverine inputs. This is also consistent with the Sr/
Ca ratios. At times, these grounds may be subject to low-oxygen
conditions, particularly in summer, allowing Mn** (or possibly
Mn**) to diffuse out of the sediments into the water column (18,
27). As cod mature, they undertake directed migrations offshore
to deeper, colder waters, but we have also observed evidence of
fish spending later years in low-salinity environments, possibly
northward in the Bothnian Gulf. We do not know why the Mn/Ca
ratio often declines with increasing age (Fig. 1D) but hypothesize
that it could be a growth effect (a proposed model is presented in
SI Appendix) or an averaging effect of the fixed-size analytical
beam traveling over increasingly tighter growth increments.

In this limited study, Baltic cod otoliths appear to track hypoxia
intensity through their Mn/Ca ratios, watershed influence through
A Ba/Sr, and correlated salinity and temperature through Sr/Ca
ratios. We did not emphasize here within-year dynamics, but each
individual otolith bears a detailed history of its environment that
can be interpreted through trace elemental ratios. These could be
combined with other proven tracers, such as strontium isotopes,
for more precise identification of source waters (28) or with DSTs
in larger fish for direct confirmation of location. Furthermore, we
have observed periods of elevated Mn/Ca ratios in cod otoliths
from other areas (North Sea and Norwegian poll fjord) as well as
in those of other species (Salmonidae, Clupeidae) in the Baltic
and in Oneida Lake, a system known to have elevated Mn and
periods of hypoxia. Elevated Mn/Ca ratios in sciaenid fishes in the
Pamlico Sound and the Chesapeake Bay were also attributed to
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redox dynamics (29, 30). Given the numerous and large archival
collections of cod otoliths, there is potential to gain much better
understanding of cod’s interaction with hypoxia, particularly in
early life, and to aid in designing MPAs that protect all life stages,
including juveniles. Finally, this approach offers the potential to
examine more closely the relationship of many other fish species
(and fisheries) to hypoxia (31), which is much needed in light of
the growing instances of dead zones worldwide (32).

Materials and Methods

Otoliths. Modern otoliths were obtained from a national archival collection
maintained by the Institute for Marine Research Karlskrona Laboratory,
Swedish Board of Fisheries. These were originally collected within Interna-
tional Council for the Exploration of the Seas (ICES) Eastern Baltic Fisheries
Subdivision 25, a region where all life stages of cod occur and which is the
most important fishing area in the Baltic Proper (S/ Appendix, Fig. S1).

Otoliths from the middle Neolithic period, circa 3400to 2300 B.C. (in Sweden)
were obtained from the late Stone Age site Ajvide (57° 16’ North, 18° 7' East)
situated on the southwest coast of Gotland (S/ Appendix, Fig. S1), a large
island in the center of the Baltic Sea (19). At the time of occupancy, the set-
tlement was located on the shore of a wide shallow bay directly connected to
the open sea. The site is currently 1 km from the shore and 12 m above sea
level (asl). The site area of Ajvide comprises 200,000 m?, of which partial areas
have been continuously excavated since 1983 (33). The site has been sub-
divided into three areas: area C, area D-upper, and area D-lower, where C
represents the oldest phase of the settlement and D-lower represents the
youngest phase of the settlement. Hitherto, 2,200 kg of faunal remains have
been unearthed from these areas. The rich cultural layers at Ajvide contain
a variety of mammal, bird, and fish species, but bones of harp seal, herring,
and cod dominate the faunal assemblage (34, 35). Large amounts of skeletal
elements of cod, including a considerable number of otoliths, have been re-
covered from area D-upper (2900 to 2700 B.C.). Well-preserved otoliths from
the D-upper area were selected for this study.

Limburg et al.
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Finally, two well-preserved otoliths were obtained from a site (Sundre in
southern Gotland, 56° 54.5' North, 18° 7.7’ East) dated to the late Iron Age/
Middle Age (circa 700-1000 B.P.). The site is an old fishing village with
numerous cultural relicts, mammal bones, and a few fish remains (36).

All otoliths were embedded and sectioned transversely, and they were
subsequently ground down to expose the core; polished to 1-3 um; cleaned
by ultrasonication; and mounted on clean, fused quartz disks.

Elemental Analysis. Otoliths were analyzed using two different methods. The
first was SXFM at the Cornell High Energy Synchrotron Source, which was
conducted on the F3 bending magnet beam line. This work permitted us to
develop high-resolution elemental maps (Fig. 1). A double-bounce multilayer
monochromator with 0.6% bandpass was used to produce a 16.1-keV X-ray
beam, which was focused with a single-bounce glass capillary optic (37, 38) to
produce a photon flux of circa 10"" counts per second in a spot ca. 20-30 pm in
diameter at the sample. Scans were made initially at 10 and 17.5 keV to
augment lower- and higher-energy fluorescence, respectively; however, we
later found that 16.1 keV produced a good compromise. The beam was fo-
cused to a spot on the specimen, and the fluorescence spectrum was in-
tegrated for a fixed amount of time (typically 1-10 s); the beam was then
moved to an adjacent spot, and the process was repeated until the entire
surface of the sample had been mapped. The fluorescent X-rays were col-
lected using an energy-dispersive Vortex silicon drift detector (Sii Nano-
Technology USA Inc.). An aluminum foil attenuator was placed over the
detector to reduce the overwhelming intensity attributable to calcium fluo-
rescence so as to increase sensitivity to elements present in trace amounts.
Calibrations were carried out using a variety of certified reference materials,
including National Institute of Standards and Technology Standard Reference
Materials 8704 (Buffalo River sediment) and 1572 (citrus leaves) as well as the
MACS-3 carbonate standard developed at the US Geological Survey Refer-
ence Materials Project (39). We also developed our own otolith standard by
pulverizing 54 large otoliths from freshwater drum (Aplodinotus grunniens)
and pressing a pellet; concentrations of major, minor, and trace elements in
this pulverized material were analyzed three separate times in solution with
a Perkin—-Elmer Elan DRC-e inductively coupled plasma mass spectrometer
(ICPMS) at the State University of New York College of Environmental Science
and Forestry. Spectra were analyzed to produce maps of elemental mass
fractions using routines provided by the PyMCA library (40). Detection limits
depend on element, integration time, and how images are binned but were
generally ca. 0.1-1 ppm.

The element maps enabled us to determine places in the otolith sections
that would produce uninformative results. For example, we discovered that
manganese is poorly acquired in material directly below the sulcus but
otherwise showed uniform patterns of uptake within annular rings. In the
case of the Neolithic otoliths, we could readily determine whether diagenetic
effects were present and whether or not data could be extracted to avoid
them (e.g., in small cracks where elements had entered from the soil).

Given the spatial nature of the data, we imported the data files into
a geographical information system (41), drew transects from the otolith core
to the outer edge, and extracted the elemental data. Because otoliths grow
incrementally throughout a fish’s lifetime, these transects are analogous to
time series.
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Elemental map collection was augmented by collection of transect data
using the ICPMS connected to a NewWave UP-193-nm solid-state laser
(Electro Scientific Industries, Inc.). Operating parameters for the laser were
50% power (circa 1 GW/cm™2, pulse duration <3 ns), 10 Hz, 100-um spot size,
and 3 pm-s~" travel time. NIST-612, MACS-3, and the otolith pellet were used
as standards. Precision was 10% or better, and limits of detection were sub-
parts per million for Ba, Ca, and Sr and ~1 ppm for Mn. One-minute wash-
outs were performed between samples to remove residues. Drift corrections
were performed as necessary. Cross-validations and calibrations were per-
formed among standards to correct for matrix effects. Cross-validations and
calibrations were also performed among samples analyzed with SXFM to
ensure comparability between the two methods.

Baltic Bottom Water Chemistry. Seventeen sites in the Baltic Sea, covering
a range of water depths, were visited during cruises in August/September
2007 and September/October 2008 with Research Vessel (RV) Skagerak and
during a cruise with RV Aranda in May/June 2009. Sediment cores (30-45 cm
of sediment and at least 10 cm of overlying water) were recovered using
a multicorer. Bottom water samples were taken from the overlying water in
a multicore at each site using a 20-mL plastic syringe. The syringes were
immediately closed with a small three-way tap and were transferred to
a glove box under nitrogen. Here, the bottom water was filtered (0.45-um
pore size) and collected in a 15-mL plastic tube (Greiner) or Nalgene bottle.
Subsamples were taken for analysis of dissolved manganese (acidified with
10 pL of 37% HCI per milliliter of subsample) in 15-mL plastic tubes and
stored at 5 °C. Dissolved manganese (assumed to be present as Mn?* and
possibly as Mn3*) (16, 42) in the bottom water was measured on a Perkin-
Elmer Optima 3000 Inductively Coupled Plasma-Optical Emission Spectrom-
eter. In 2007 and 2008, oxygen concentrations in the bottom water of the
multicores were measured using Unisense microelectrodes combined with
Winkler titrations (Unisense Science). Details on the sediment biogeochem-
istry of the sites sampled in 2007 are given by Mort et al. (43). In 2009,
bottom water samples were obtained with a plastic Nansen water sampler
(Hydrobios) at 1 m above the sediment-water interface and analyzed for
oxygen using Winkler titrations and for sulfide using spectrophotometry
(44). At the sites of this 2009 cruise, the bottom water was always low in
oxygen or even sulfidic. Given that Baltic Sea bottom waters typically be-
come more reducing with water depth (3, 19, 42), concentrations of oxygen
at the actual sediment-water interface at the 2009 sites are expected to have
been similar or lower.
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