




lake systems and 786 mainstem and tributary rivers from all
continents except Antarctica. Data from closed-basin salt or
alkaline lakes were not included in our analyses or figures
because the extreme chemistry in these environments often
precludes fish occupation and the outlier Sr:Ca values pre-
sented scaling problems in our figure. Marine water chemis-
try data consisted of 171 individual records from published
accounts of voyages into most of the major oceans and seas
of the world, low and high latitudes, from surface waters to
depths of more than 5000 m, and from coral reefs in coastal
areas to mid-ocean regions. Data from mid-ocean vents and
black smokers were not included. In all, almost 6000 indi-
vidual measurements of water Sr and Ca concentrations
were compiled. Sr:Ca level and variability within and
among freshwater and marine habitats were illustrated with
a histogram.

The variability of Sr:Ca within individual river systems
was examined and graphically compared with the marine
system using box plots. Sr:Ca data from 20 rivers were ex-
amined. Ten large river drainages from several continents
for which Sr:Ca data were available from many mainstem
and tributary sites were selected to illustrate the Sr:Ca varia-
bility within a drainage. Ten large North American rivers for
which Sr:Ca data were available for multiple years and sea-
sons from lower-drainage, mainstem sampling sites were se-
lected to illustrate the Sr:Ca variability within a limited
reach of a drainage over a long period of time. All 171 ma-
rine Sr:Ca observations were included.

Three rivers with median Sr:Ca levels less than marine
water and one river with a median Sr:Ca level greater than
marine water were selected to illustrate the relationship be-
tween Sr:Ca and salinity in estuary waters. The selected riv-
ers included the Indigirka (Sr:Ca = 2.32) and the Indus
(Sr:Ca = 3.58), which had relatively low levels of dissolved
solutes, and the Mississippi (Sr:Ca = 2.01) and St. Johns
(Sr:Ca = 13.83), which had relatively high levels of dis-
solved solutes. Concentrations of Sr and Ca were modeled
across an estuarine salinity gradient from 0 to 35 practical
salinity units (psu) with a progressive series of complemen-
tary mixing fractions of fresh and salt water using the fol-
lowing equation:

cai ¼ ½ðcfiÞ � ð1 � pÞ� þ ½ðcmiÞ � ðpÞ�

where cai is the concentration (mg:kg) of element i in ambi-
ent estuarine water, cfi is the concentration of element i in
freshwater, cmi is the concentration of element i in marine
water, i represents dissolved Sr or Ca, and ambient salinity
is p�35, where p ranges from 0 to 1. Freshwater Sr and Ca
concentrations used in this model were median values for
the selected rivers. Average marine water Sr and Ca concen-
trations from our literature sources were 7.64 (standard de-
viation (SD) = 0.53) and 405.87 (SD = 27.49) mg�kg–1,
respectively, and the mean Sr:Ca level was 8.61 mmol:mol.
The variable ‘‘p’’ ranged from 0 to 1 and reflected ambient
salinity as a proportion of marine salinity, which was mod-
eled at 35 psu. End-member concentrations of Sr and Ca
were used to model Sr:Ca (mmol:mol) values and were
plotted against salinity.

Fish otolith selection, preparation, and analysis
Otoliths from 28 freshwater, 21 diadromous, and 32 ma-

rine fish species were examined in this study (Appendix B).
Taxonomy and nomenclature in this paper are consistent
with Fishbase (2008). Mature-sized, wild-caught fish were
used in all cases. They were collected from locations and in



tium concentration varied widely, ranging from just over our
detection limit of approximately 330 mg�kg–1 to more than
17 000 mg�kg–1. The SEs of the Sr concentration estimates
were proportionally greater near detection limits than at
higher concentrations, resulting in approximately
150 mg�kg–1 near detection limits and 300 mg�kg–1 at the
greatest concentrations (Fig. 1).

Three measures of otolith Sr and Sr:Ca variability were
analyzed: (i) an index of the coefficient of variation (CV)
of Sr X-ray count data, which is a function of each data
point in a profile relative to the mean value; (iiii



tween freshwater and marine environments (e.g., Tzeng
1996; Howland et al. 2001; Brenkman et al. 2007). General
trends in otolith Sr:Ca common to each category were illus-
trated with a representative selection of species. Several spe-
cies were represented in both freshwater and diadromous
categories, and the Sr:Ca profiles of some of these pairs are
presented to illustrate category-specific patterns. Several
families were represented by multiple species, and Sr:Ca
profiles of some of these family groups are presented to il-
lustrate common patterns. Several additional unique or un-
usual otolith Sr:Ca profiles are presented and discussed.

Because the total number of sample points varied widely
among otolith core-to-margin transects, profiles were created
with Sr:Ca values plotted against the proportion of the core-
to-margin transect for each point.

The partition coefficient for Sr was calculated as

DSr ¼ Sr

Ca
otolith

� �
� Sr

Ca
water

� ��1

When used in otolith chemistry studies, it is an indicator of
the osmoregulatory resistance that an element encounters
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when moving from the water, through the blood, into the
endolymph, and eventually to a precipitation site on the oto-
lith. Values near one indicate little resistance relative to Ca,
and values approaching zero indicate high resistance (Cam-
pana 1999). Water Sr:Ca levels experienced by freshwater
and diadromous species in this study were not known with

enough confidence to calculate DSr values. Marine fish,
however, were considered to have experienced a relatively
constant Sr:Ca environment of approximately 8.61 mmol:mol
throuSisiB olol



strated with box plots and discussed. Maximum otolith
Sr:Ca levels of marine species were thought to reflect their
minimum osmoregulatory resistance to Sr while experien-
cing marine Sr:Ca levels. Distributions of maximum DSr va-
lues for marine species and for the sablefish group were
illustrated with a box plot.

Results

Water chemistry
River and lake environments varied across a wider range

of Sr:Ca than did marine environments (Fig. 2). Median
river (2.39) and lake (1.92) Sr:Ca levels were much lower
than the marine level (8.61). Sr:Ca levels ranged from 0.27
to 19.18 in rivers, 0.20 to 5.02 in lakes, and 8.17 to 8.87 in
marine water. Less than 3% of the 786 rivers reviewed here,

and none of the lakes, had median Sr:Ca levels that ex-
ceeded minimum marine levels. Sr:Ca variability within en-
tire drainages was clearly greater than in limited reaches of
drainages (Fig. 3), and marine waters were comparatively
invariable.

Mixing curves modeled across the estuarine salinity gra-
dients from the four selected rivers revealed a high rate of
Sr:Ca change at low salinity levels that declined exponen-
tially as salinity increased (Fig. 4). Surge and Lohmann
(2002) derived this same pattern empirically across three es-
tuaries in Florida, and Zimmerman (2005) measured it in his
experimental Sr:Ca habitats as well. Rivers with lower



Johns River, one of the rare rivers with Sr:Ca levels greater
than marine levels, declined to the marine Sr:Ca level,
whereas the other rivers rose to the marine level. These
data indicate that diadromous fish moving through an estu-
ary would experience greater Sr:Ca change between salin-
ities 0 and 10, when they are hypertonic to the
environment, than between salinities 10 and 35, as they be-
come hypotonic to the environment.



Sr:Ca profiles
Sr:Ca profiles of pairs of freshwater and anadromous con-

specifics revealed a visually distinctive pattern of Sr:Ca var-



Fig. 10a) and European eel (Anguilla anguilla; Fig. 10b), re-
vealed high levels of Sr:Ca in the core regions of their oto-
liths, consistent with their marine origins, followed by
precipitous declines in Sr:Ca to low levels, consistent with
their migrations into freshwater environments. Atlantic tar-
pon are not obligated to migrate into freshwater environ-
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DSr

Substantial variability of DSr values was evident within
individual otoliths of marine species, as well as among spe-
cies (Fig. 11). Maximum DSr for marine species ranged from
0.20 for the fourspot herring (Herklotsichthys quadrimacula-
tus) to 1.62 for the stout eelblenny. Maximum DSr for the
sablefish species group ranged from 0.44 to 0.98, well
within the range for the marine species group. The average
level of the statistic was 0.54 for the marine species group
and 0.66 for the sablefish group. Otolith Sr:Ca levels greater
than 8.61 in marine species produce DSr greater than 1, indi-
cating that Sr concentration is being enhanced in the endo-
lymph relative to marine Sr:Ca levels or that Ca movement





not identified because we almost always interpret otolith
Sr:Ca variation in diadromous species as an indication of
migration between freshwater, estuarine, and marine envi-
ronments (Howland et al. 2001; Arai et al. 2003; Yang et
al. 2006). Despite this possibility, most scientists are com-
fortable interpreting the migration histories of freshwater
and diadromous species based on their Sr:Ca profiles. The
distinct patterns observed in the Sr:Ca profiles of marine
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Table B1. Freshwater, diadromous, and marine fish species examined in this study ordered by family and common name.

Freshwater Diadromous Marine

Common name Species Common name Species Common name Species
Longnose sucker Catostomus catostomus European eel Anguilla anguilla Sablefish Anoplopoma fimbria
Black crappie Pomoxis nigromaculatus Barramundi Lates calcarifer Chihuil Bagre panamensis
Green sunfish Lepomis cyanellus American shad Alosa sapidissima Fourspot herring Herklotsichthys quadrimaculatus
Smallmouth bass Micropterus dolomieu Blueback herring Alosa aestivalis Pacific herring Clupea pallasii
Prickly sculpin Cottus asper Hickory shad Alosa mediocris Antlered sculpin Enophrys diceraus
Slimy sculpin Cottus cognatus Atlantic tarpon Megalops atlanticus Arctic staghorn sculpin Gymnocanthus tricuspis
Lake chub Couesius plumbeus Ninespine stickleback Pungitius pungitius Fourhorn sculpin Triglopsis quadricornis
Northern pike Esox lucius Threespine stickleback Gasterosteus aculeatus Giant wrymouth Cryptacanthodes giganteus
Burbot Lota lota Striped bass Morone saxatilis Pacific ladyfish Elops affinis
Threespine stickleback Gasterosteus aculeatus Rainbow smelt Osmerus mordax Arctic cod Boreogadus saida
Channel catfish Ictalurus punctatus Arctic cisco Coregonus autumnalis Pacific cod Gadus macrocephalus
Striped bass Morone saxatilis Bering cisco Coregonus laurettae Saffron cod Eleginus gracilis
Yellow perch Perca flavescens Broad whitefish Corgonus nasus Greybar grunt Haemulon sexfasciatum
Trout-perch Percopsis omiscomaycus Chinook salmon Oncorhynchus tshawytscha Grass emperor Lethrinus laticaudis
Arctic char Salvelinus alpinus Coho salmon Oncorhynchus kisutch Pacific red snapper Lutjanus peru
Arctic grayling Thymallus arcticus Dolly Varden Salvelinus malma Whitson’s grenadier Macrourus whitsoni
Broad whitefish Coregonus nasus Humpback whitefish Coregonus pidschian Antarctic toothfish Dissostichus mawsoni
Dolly Varden Salvelinus malma Inconnu Stenodus leucichthys Patagonian toothfish Dissostichus eleginoides
Humpback whitefish Coregonus pidschian Least cisco Coregonus sardinella Arctic flounder Liopsetta glacialis
Inconnu Stenodus leucichthys Sockeye salmon Oncorhynchus nerka Bering flounder Hippoglossoides robustus
Kokanee Oncorhynchus nerka Steelhead Oncorhynchus mykiss Pacific halibut Hippoglossus stenolepis
Lake trout Salvelinus namaycush Yellowfin croaker Umbrina roncador
Lake whitefish Coregonus clupeaformis Bigeye tuna Thunnus obesus
Least cisco Coregonus sardinella Yellowfin tuna Thunnus albacares
Rainbow trout Oncorhynchus mykiss Canary rockfish Sebastes pinniger
Round whitefish Prosopium cylindraceum Quillback rockfish Sebastes maliger
Freshwater drum Aplodinotus grunniens Rougheye rockfish Sebastes aleutianus
Alaska blackfish Dallia pectoralis Yelloweye rockfish Sebastes ruberrimus

Pacific graysby Cephalopholis panamensis
Yellowtail barracuda Sphyraena flavicauda
Slender eelblenny Lumpenus fabricii
Stout eelblenny Anisarchus medius
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