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Trace element and fork length (LF) frequency analyses of eulachon Thaleichthys pacificus

otoliths were used to determine age at maturity and repeat spawning potential, two aspects of

eulachon life history that are not known but are important for successful management of this

species. The LF-frequency analysis for ocean caught and spawning eulachon was used to

estimate age at maturation. Two size classes of eulachon were caught in the ocean and spawning

eulachon were consistently the largest fish indicating that spawners from mid-coast of British

Columbia were 3 years old. Laser-ablation inductively-coupled plasma mass spectrometry (LA-

ICP-MS) was also used to reconstruct the Ba:Ca and Sr:Ca molar ratios deposited spatially into

the otolith to estimate spawner age for five populations of eulachon. Age at maturation differed

among populations examined. Based on the seasonal fluctuations in Ba:Ca molar ratios caused

by seasonal upwelling of deep waters, it was determined that more southerly populations

spawned at a younger age than the northern populations examined. Southern populations of

eulachon, Columbia River, Washington, U.S.A., spawn after 2 years. Eulachon from the

Fraser, Kemano and Skeena Rivers in British Columbia, Canada, generally mature after 3

years. Some Skeena River eulachon and most of the eulachon from the Copper River, Alaska,

U.S.A., matured after 4 years. In contrast to the Ba:Ca molar ratios in the otolith, Sr:Ca molar

ratios maintained a relatively flat profile over the life of the eulachon. The lack of a change in

Sr:Ca ratios within the otolith, the single size class of spawners across all systems and the single

age class within most populations strongly suggest that eulachon in the present study are

semelparous. # 2007 The Authors

Journal compilation # 2007 The Fisheries Society of the British Isles
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INTRODUCTION

The eulachon Thaleichthys pacificus (Richardson, 1836) is a small anadromous
smelt that spawns from northern California to the southern Bering Sea. Populations
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of eulachon have shown a dramatic decline in numbers of spawners over much
of their geographic range in the last 20 years. This trend has become particu-
larly apparent since the mid-1990s and reasons for the decline are unknown.
Information on the life history of eulachon is needed to determine what mech-
anisms are responsible for the observed declines. Two aspects of eulachon life
history that are not known are age at maturity and the potential to repeat the
spawning cycle.
Commonly, ages of fishes are determined by counting rings on bony struc-

tures such as otoliths. Estimates of age at maturity for eulachon are between
2 and 6 years (McHugh, 1939; Ricker et al., 1954; Delacy & Batts, 1963; Hay
& McCarter, 2000), but there is considerable controversy. Hay & McCarter
(2000) suggest that age estimates from otoliths are unreliable for eulachon.
An examination of the zonation in whole and transversely polished eulachon
otoliths revealed problems encountered when interpreting age. Whole otoliths
possess numerous dark bands or ‘pseudo-annuli’ that have been interpreted
as winter growth zones in past ageing attempts. Additionally, sectioned otoliths
viewed under transmitted light can reveal fewer zones that are difficult to inter-
pret, suggesting that ageing by this method is problematic (Clarke, 2004).
Alternative methods to evaluate age, therefore, are needed for eulachon.

Length-frequency relationships have been used in some fish species to determine
age classes of fishes, but age classes of older and larger fishes commonly overlap
and complementary techniques are needed to validate length-frequency methods
to age fishes (McDowall, 1987). A method that may be appropriate for deter-
mining age at maturation for eulachon is seasonal oscillation in elemental sig-
natures of bone. This procedure may corroborate the frequency of annuli
formation, however, it must be kept in mind that elemental signatures may
or may not fluctuate regularly or annually (Campana, 2001). There are a number
of chemical signatures that have been consistently shown to have regular sea-
sonal variation associated with fish migration or intra-seasonal variation due
to temperature effects. Distinct chemical signatures have been found to vary
in bony structures of saltwater fishes as a result of variable ion content (inshore
and offshore), temperature and food sources and seasonal cycles in Na, Sr, K,
S, Li, Mg and Ba (Elsdon & Gillanders, 2002; Bath Martin et al., 2004) are
often apparent.
Seasonal oscillations in Ba concentration are observed along the west coast of

North America, so ageing eulachon otoliths using annual chemical oscillations
may be a valid approach. Due to biological uptake, particle sinking, and then
remineralization, Ba has a ‘nutrient like’ profile in the Pacific Ocean with con-
centrations that are three times higher in deep waters than in surface waters
(Lea et al., 1989; Nozaki, 2001; Esser & Volpe, 2002). From the surface to
c. 400 m depth Ba concentration varies from 35 to 48 mmol kg�1 and then rises
to >120 mmol kg�1 in water deeper than 1400 m (Chan et al., 1976; Nozaki,
2001). On the other hand, Sr maintains a consistent concentration in both shal-
low and deep water (5740 m) with concentrations measured between 88 and 89
mmol kg�1 (Chan et al., 1976; Esser & Volpe, 2002). Summer upwelling events
caused by seasonal winds (Eckman transport) cause Ba-rich deep waters to rise
up and outcrop along the west coast of North America for c. 3 months each
summer (Masson, 2002, 2006; Masson & Cummins, 2007). For eulachon rearing
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along the coast of British Columbia, these upwelling events should therefore
impart a seasonal Ba peak but a relatively flat Sr profile in their otoliths.
Length-frequency relationships have been used in some fish species to deter-

mine if fishes spawn more than once, but multiple age classes may overlap in
size (McDowall, 1987). An alternate approach to determine multiple spawning
events is to use the incorporation of elemental signatures in bony structures to
assess movement patterns between spawning and rearing habitats. Different
chemical signatures exist between marine and freshwater environments and
these different signatures are incorporated into bony structures as fishes grow
and move between these environments. Bony structures, therefore, provide
a spatial elemental record corresponding to habitat use at each life stage of
a specific population or individual. For this reason, elemental analysis of bony
structures may reveal migration and movement patterns between fresh and sea
water. Ca, Ba and Sr have been the most useful elements for this purpose. The
objectives of this study were to test the value of using seasonal changes in ele-
mental signatures to assess age and spatial changes due to the chemical differ-
ences between fresh and salt water to determine repeat spawning activity.

MATERIALS AND METHODS

FISH

Eulachon from five populations along the west coast of North America were sam-
pled: the Columbia, Fraser, Kemano, Skeena and Copper Rivers and for ocean fish
captured off the coast of Vancouver Island (Fig. 1). To describe eulachon size on the
central coast of British Columbia, LF data were obtained from two sources. Data on
LF in marine waters were provided by the Department of Fisheries and Oceans [these
data are derived from analysis of eulachon by-catch in annual surveys of shrimp off the
west coast of Vancouver Island, as described by Hay et al. (1999)]. Samples collected
from Queen Charlotte Sound were compared to those collected in the Kemano River,
which is located 130 km to the north. The Kemano LF data were generated from sam-
ples collected from the Kemano River fishery conducted by the Haisla First Nation.
This fishery uses seines to capture adult eulachon in the river during the spawning
migration, harvesting c. 50% of the population. Samples of eulachon were collected
from individual catches throughout the fishery and measured for LS on-site by hand
to the nearest mm.

Eulachon for elemental analysis were collected from the Skeena, Kemano, Fraser and
Columbia Rivers between late January and May 2003, and from the Copper River in
January 1998 and May 2001. In addition, eulachon were captured by a commercial
shrimp trawler in July 2001 in Barkley Sound off the west coast of Vancouver Island,
BC, Canada. The LF (mm) and mass (M; g) were measured for all fish and condition
factor (K) was calculated using the equation K ¼ ML�3

F �104: Both LF and M were
analysed with a one-way ANOVA and a Tukey’s HSD post hoc test (SPSS v.11.5,
Chicago, IL, U.S.A.). All data are presented as mean � S.E.

SAMPLE PREPARATION AND DATA REDUCTION

In preparation for the elemental analysis, both the right and left sagittal otoliths were
removed from 20 fish from each population and stored in plastic vials prior to return-
ing to the laboratory. In the laboratory, otoliths were ultrasonically cleaned in ultra-
pure water for 5 min. Otoliths were then embedded in epoxy resin (Allied High Tech,
Rancho Dominguez, CA, U.S.A.) and ground in the transverse plane with 1200 mm silicon
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carbide paper until the core was exposed. Wet grinding using ultra-pure water pre-
vented external contamination of the samples. Otoliths were then sequentially polished
with 6, 1 and finally 0�05 mm diamond suspension to ensure an adequate surface for
ablation with the laser. Otoliths were again ultrasonically cleaned in ultra-pure water
for 5 min prior to analysis.

LA-ICP-MS analysis was conducted following the protocol outlined in Sanborn &
Telmer (2003). Material was extracted from the otolith with a PQ II Sþ high sensitivity
ICP-MS (VG Elemental, Waltham, MA, U.S.A.) coupled to a UV laser ablation system
(Merchantek, Fremont, CA, U.S.A.). The laser system operated with an output of
266 nm that has a maximum energy output of 4 mJ. Optimization was conducted using
standard reference material (SRM) 613 NIST glass, containing c. 50 mg g�1 total trace
elements. All analyses were conducted at a frequency of 20 Hz with 75% power and the
aperture of the laser set at one. Average energy while operating at these conditions was
0�70 mJ. The width of the laser scan was measured after analysis with a microscope
mounted micrometer and was determined to be 25–32 mm. Laser tracking across oto-
liths was completed at 5�3 mm s�1. The isotopes measured in the otoliths included
43Ca, 86Sr and 137Ba. Ca was used as the internal standard due to the otoliths aragonite
(CaCO3) composition. Ca is 40% of the molecular mass of aragonite. An internal stan-
dard was required to account for variations in aerosol production caused by the vari-
ation in the amount of material being extracted from the otolith by the laser.
Background intensities were collected for 30 s prior to running the laser.

FIG. 1. Map of the Pacific coast of North America showing the locations of the five rivers where eulachon

samples were collected and used in this study. Eulachon used for elemental analysis were also caught

in the ocean, in Barkley Sound and fish for fork length-frequency analysis were caught in Queen

Charlotte Sound.
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Data collection and reduction were completed using VG Thermo Electron Plasma-
Lab Software 2003 (Version 1.06.007, Burlington, Ontario, Canada). Integration of
the ICP counts was completed according to standard protocols (Sanborn & Telmer,
2003). The fully quantitative analysis option was chosen and an SRM 613 NIST glass
was selected as the known standard. Two SRM 613 NIST glasses were analysed, both
at the beginning and end of each run. These certified standards were used to complete
an external drift correction to compensate for any changes in machine sensitivity. The
precision for this method is �3% based on long-term internal laboratory data. Five
otoliths were analysed between each set of standards. An SRM 611 NIST glass was also
analysed as an unknown sample during each run of five otoliths to help ensure mea-
surement accuracy and precision.

RESULTS

The LF-frequency relationships for eulachon captured in the marine environ-
ment and mature eulachon captured in the Kemano River for 2 year classes are
shown in Fig. 2. The marine fish were captured in Queen Charlotte Sound, the
closest marine area to the mouth of the Douglas Channel on the migration
route to the Kemano River. Presumably, the larger size class of fish caught
in Queen Charlotte Sound in 1999 would spawn in the Kemano River in
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FIG. 2. Fork length (LF)-frequency relationships for eulachon measured in (a) Queen Charlotte Sound ( )

in 1999 (n ¼ 184) and in the Kemano River ( ) in 2000 (n ¼ 207) and (b) Queen Charlotte Sound ( )

in 2000 (n ¼ 368) and in Kemano River ( ) in 2001 (n ¼ 219).
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2000. The larger fish caught in Queen Charlotte Sound in 2000 probably
spawned in the Kemano River in 2001. The 2000 Queen Charlotte Sound eula-
chon appear to have two size modes, suggesting two age classes; first- and
second-year fish. Eulachon caught in the Kemano River in both 2000 and
2001 were consistently the larger fish and were probably a year older than fish
caught in the ocean; this would indicate that spawners were 3 year-old fish.
The elemental profiles were similar for all of the eulachon populations exam-

ined. The elemental signatures determined for Sr:Ca are shown in Fig. 3. The
profile for Sr:Ca remained relatively ‘flat’ over the life of all of the animals.
There was no significant decrease in the Sr:Ca ratio near the core representing
the larval fish or at the outer edge in association with the maturing fish returning
to fresh water.
Ba:Ca ratios showed fluctuations that were quite consistent within popula-

tions. Ba:Ca ratio fluctuations across the otolith were found in all populations
of eulachon examined (Fig. 4). All fish showed relatively high values at the core
that decreased as the fish aged. After the initial decline, Ba:Ca ratios increased,
showing an oscillating pattern with the number of oscillations differing among
the populations (Fig. 4). Fish collected off the coast of Vancouver Island in
July had the highest Ba:Ca values in the outer region of the otolith, whereas
all fish caught in the spawning rivers during the winter and spring were char-
acterized by low values of Ba:Ca in the outer region of the otolith. The outer
region of the otolith represented the chemical environment the fish were
exposed to near the time of sampling as the 30 mm resolution attained in this
study corresponded to c. 2 weeks of growth. The number of Ba:Ca peaks mea-
sured in the eulachon populations varied; eulachon captured in Barkley Sound,
located off the west coast of Vancouver Island (ocean), had 1�5 and 2�5 peaks,
Fraser River eulachon were all characterized by three peaks and Columbia
River eulachon exhibited two or three peaks. All of the fish in the Kemano
and Skeena Rivers examined were characterized by three peaks in Ba:Ca with
the exception of two Skeena River fish that had four peaks. Fish collected from
the Copper River in Alaska had three or four peaks. The number of peaks in
Ba:Ca observed in eulachon otoliths increased with increasing latitude, suggest-
ing that the age at maturity is older for northern populations.
The LF of fish sampled compared to the number of peaks in Ba:Ca ratios for

all otoliths analysed is shown in Fig. 5. The first decrease in Ba:Ca ratio is
defined as the first peak (Fig. 4). This peak is probably not well defined as it rep-
resents the core of the otolith and due to the 30 mm resolution the entire peak
may not be resolved during ablation of the otolith. Eulachon caught in the ocean
were the smallest, but all fish sampled from the rivers were similar in size (Table I
and Fig. 5): >160 mm in LF and >30 g. There was a significant difference in LF
for the populations examined (F4,193, P < 0�05) and M (F4,193, P < 0�05) among
the mature samples collected from the five rivers. Tukey’s HSD post hoc test
revealed that there were significant differences among the populations. There
was a trend towards larger fish in both LF and M for more northerly populations
and the largest fish were from Alaska and northern British Columbia (Table I).
Although, there was a significant difference in K for the populations examined
(F4,193, P < 0�05), this same trend for LF and M was not seen for K, where
Kemano and Skeena River eulachon had the highest values for K (Table I).
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DISCUSSION

AGE AT MATURITY

Maturing fish in the Kemano River were estimated to be 3 years old. The
age at maturity determined from the elemental analysis of the otoliths agrees
with the LF-frequency analysis of eulachon caught in Queen Charlotte Sound
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FIG. 3. Laser-ablation inductively-coupled plasma mass spectrometry line scans of Sr:Ca ratios for

otoliths from four populations of eulachon showing relatively ‘flat’ transects. Fish O7 and O16 were

captured off the west coast of Vancouver Island in Barkley Sound. Fish C18, F26 and SK38 were

mature eulachon captured in the Columbia, Fraser and Skeena Rivers, respectively. Laser scan was

initiated at the core and continued to the outer edge along the longest axis of the otolith. Size of

otoliths at maturation was similar for all fish examined and was not related to age.
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and the Kemano River (Fig. 2). Maturing fish appear to be composed of a sin-
gle age class that is larger than any fish caught in the open ocean, suggesting
that the mature fish caught in the river are at least a year older than the open
ocean marine animals. Few fish from the younger age classes were captured in
the ocean due to size selection of fishing gear, but a younger age class is seen in
the 2000 Queen Charlotte Sound fish. Young-of-the-year fish were not cap-
tured, but the LF-frequency data support an age at maturity estimate of 3 years
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FIG. 4. Laser-ablation inductively-coupled plasma mass spectrometry line scans of Ba:Ca ratios for

otoliths from four populations of eulachon showing different numbers of Ba peaks. Fish O7 and O16

were captured off the west coast of Vancouver Island in Barkley Sound. Fish C18, F26 and SK38

were mature eulachon captured in the Columbia, Fraser and Skeena Rivers, respectively. Laser scan

was initiated at the core and continued to the outer edge along the longest axis of the otolith. Scaling

on the distance axis was adjusted for each fish to line up the peaks in Ba. Size of otoliths at

maturation was similar for all fish examined and was not related to age.
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for the Kemano River eulachon. The young-of-the-year age class has been cap-
tured in ichthyoplankton surveys conducted by the Department of Fisheries
and Oceans Canada, and the LF observed supports age estimates from the pres-
ent study. During an 18–20 week period from April to August, 4 weeks after
adult spawning, larval eulachon on average grow from 3–4 to 30–35 mm
(McCarter & Hay, 1999).
Spawning eulachon in the present study were at least 160 mm LF and >30 g,

suggesting that eulachon spawn after reaching a minimum size. The age when
fish reach the 160 mm threshold and mature varies with latitude: the Columbia
River fish (the most southerly in latitude) spawn at the earliest ages, and the

TABLE I. Mean � S.E. fork length (LF), mass (M), condition factor (K) and age for
eulachon captured from five river systems along the Pacific coast of North America.
Values with a common superscript lower case letter do not differ significantly (P > 0�05)

River n N LF (mm) M (g) K Age (years)

Columbia 25 18 175 � 3a 37�3 � 1�8a 0�68 � 0�01a 2�2 � 0�1
Fraser 45 17 183 � 3b 47�2 � 1�6b 0�76 � 0�01b 3�0
Kemano 36 16 196 � 3c 57�5 � 2�3c 0�75 � 0�01b 3�0
Skeena 52 18 189 � 2b 48�7 � 1�1b 0�71 � 0�01a 3�1 � 0�1
Copper 40 7 198 � 1c 55�4 � 1�3c 0�69 � 0�01a 3�9 � 0�1

n, sample size; N, sample size for laser-ablation inductively-coupled plasma mass spectrometry.
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Copper River fish (most northerly river in latitude) spawn at the oldest ages
(Fig. 5). Time to reach maturity may depend on environmental determinants
of growth, such as temperature, requiring a longer time to reach size for mat-
uration in more northerly populations. The very short freshwater residence
time for eulachon suggests that the observed variation in age at maturation
is due to latitudinal environmental differences in the marine environment.
Findings for eulachon in this study are similar to results reported for another
smelt and a species of Pacific salmon. The rainbow smelt Osmerus mordax
(Mitchill, 1814) also shows considerable variation in age at maturity depending
on environmental conditions. Rainbow smelt mature at age 2–4 years in Lake
Huron (Frie & Spangler, 1985) and between 6 and 15 years in the Beaufort Sea
(Haldorson & Craig, 1984). In an examination of age at maturity for chum
salmon Oncorhynchus keta (Walbaum, 1792), it was found that maturity of
slow-growing chum salmon was initiated at an older age than fast-growing
chum salmon and that the fish examined demonstrated a phenotypic response
to a reduced growth rate (Morita et al., 2005). The authors felt that the most
plausible explanation for the observed differences in age at maturation for
chum salmon was environmental changes in the marine environment.
Fish captured in late July had high levels of Ba:Ca in the outer region of the

otolith, characteristic of the maximum values measured in the otoliths. Con-
versely, fish captured between February and March had low Ba:Ca levels in
the outer region of the otolith. The relationship suggests that eulachon otoliths
are incorporating higher amounts of Ba during the summer v. the winter and
that the oscillations correspond to seasonal variations. The high-summer–
low-winter Ba levels in the otoliths also corresponds to the expected timing
of ambient Ba concentrations in coastal waters, with summertime upwelling
increasing Ba concentrations in surface waters. Using Ba variations to deter-
mine age, a single age class of fish was observed to spawn in the systems exam-
ined in this study. Only 3 year-old eulachon were observed from the spawning
populations in the Fraser and Kemano Rivers, and the majority of fish for
the Columbia, Skeena and Copper Rivers were also composed of a single
age class; 2, 3 and 4 year olds from the Columbia, Skeena and Copper Rivers,
respectively.
There are two possible explanations for the seasonal fluctuations observed:

that the actual concentration of Ba:Ca fluctuates on a seasonal basis or that
Ba:Ca incorporation is regulated by temperature dependent processes. Bath
et al. (2000) demonstrated that Ba:Ca uptake into the aragonite matrix of
the otolith is proportional to the concentration of Ba:Ca in the ambient envi-
ronment. Because the concentration of Ba is approximately three times greater
in deep Pacific Ocean water, summer upwelling events should reflect a propor-
tional increase in Ba otolith concentration. The Ba:Ca values for eulachon in
this study also showed approximately a three-fold change in magnitude, consis-
tent with the magnitude of changes reported in the north-east Pacific Ocean.
An alternate explanation for the variation observed in Ba:Ca incorporation in

eulachon otoliths could be that branchial (gill) uptake or chemical co-precipitation
of Ba into aragonite is mediated by temperature-dependent processes. The
degree of co-precipitation of any element is controlled thermodynamically by
temperature, pressure and ambient chemistry. Elsdon & Gillanders (2002)
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determined that the concentration ratio of Ba:Ca increased significantly in juve-
nile black bream Acanthopagrus butcheri (Munro, 1949) otoliths with increasing
ambient water temperature. Sea-surface temperatures off the west coast of
Vancouver Island follow a seasonal pattern with water temperatures around
7–8° C during the winter and spring and 12–14° C during the summer and
autumn (McCarter & Hay, 2003). During the summer (June to September), when
ocean temperature was highest, Ba:Ca deposition in the otolith was also highest.
The seasonal change in Ba:Ca levels observed in eulachon otoliths could be

an additive effect of both summer upwelling events and differences in partition-
ing of Ba due to seasonal temperature changes. Summer upwelling events offer
the least satisfactory explanation due to the support from the empirical chem-
ical data: (1) known oceanography (summertime upwelling), (2) a clear propor-
tionality between the magnitude of observed variations in otoliths (3�) and the
magnitude of the known chemical variations in the ocean (3�), and (3) the lack
of covariance with Sr; if temperature-induced co-precipitation were driving Ba
variations, Sr would also be impacted (Townsend et al., 1995) and therefore ex-
pected to vary with temperature along with Ba, but it did not. Further, the
small interannual variations in Ba concentration in eulachon otoliths among
years fit with upwelling. Summer upwelling events occur each year in the
Pacific Ocean but depending on the weather, the degree of upwelling does
change from year to year, which would induce yearly variability in surface
water Ba concentration. Migration-induced signatures can be ruled out because
the size of the Ba peaks is universal across populations separated by hundreds
of kilometres. Finally, Sr:Ca ratios did not vary seasonally in eulachon otoliths,
the profile was mainly flat throughout their life history, further supporting the
summer upwelling hypothesis. Strontium concentration is much higher in sea
water (c. 8 ppm) than Ba concentration (c. 0�015 ppm) and is evenly distributed
throughout the water column so upwelling of deep waters does not induce
a surface enrichment in Sr.
The seasonal fluctuations in Ba:Ca observed in this study suggests that, to

date, many eulachon have been aged incorrectly. The use of seasonal variation
in elemental signatures, therefore, represents an attractive alternative when age-
ing eulachon otoliths. Campana (2001) discussed the application of elemental
and isotopic signatures for confirming the ages of growth structures assuming
that the periodicity of growth increments would be accompanied by a periodic-
ity in chemical composition. The problem with ageing eulachon using visible
growth structure has come from identifying the specific increments in otoliths
that correspond to annual zones. Eulachon otoliths possess frequent pseudo-
annuli (visible increments formed by an unknown process), making ageing
extremely difficult and resulting in a range of reported ages for mature eula-
chon (McHugh, 1939; Ricker et al., 1954; Delacy & Batts, 1963; Hay &
McCarter, 2000). The Ba:Ca variations appear to match expected annual shifts
in ambient chemistry and so offer a more reliable annual marker for ageing.

FATE AT MATURITY

The results indicate that eulachon are semelparous. The evidence for this
conclusion is that the largest size class of eulachon found in the Kemano River
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are spawners. If eulachon were iteroparous, fish as large as the spawners would
also have been captured in the marine environment. The dominance of a single
age class and single size class of fish observed spawning also strongly suggest
that eulachon spawn only once. Finally, the similar size at maturity for each
river system supports semelparity.
It was expected that the Sr:Ca profiles determined in this study would indi-

cate movement of eulachon between fresh and sea water and indicate if these
fish are semelparous. Sr:Ca ratios are significantly higher in the marine envi-
ronment than the freshwater environment (Turekian, 1964). The Columbia,
Fraser, Skeena and Kemano River watersheds are relatively dilute rivers with
much lower Sr:Ca ratios than the ocean (Wadleigh et al., 1985; Berner &
Berner, 1996; Spence & Telmer, 2005). There have also been many studies indi-
cating that migrations from fresh water to estuaries or the marine environment
can be detected by high Sr:Ca ratios in bone, otoliths, scales and pectoral fin
rays (Kalish, 1990; Coutant & Chen, 1993; Veinott et al., 1999). Factors other
than ambient concentration, however, also influence Sr:Ca ratios in some cal-
cified structures. Seasonal changes in reproductive physiology have resulted in
variations in Sr:Ca ratios (Kalish, 1991). In addition, temperature changes in the
ambient environment have resulted in changes to the Sr:Ca ratios (Townsend
et al., 1989, 1995). The magnitude of the changes in Sr:Ca ratios when fish
migrate from fresh to sea water, however, are so much greater than variations
due to physiology or temperature. Sr:Ca ratios have been used to determine
migrations into the ocean in Fraser River white sturgeon Acipenser transmonta-
nus, Richardson, 1836, marine migrations (Veinott et al., 1999) and anadromy
in inconnu Stenodus leucichthys (Güldenstädt, 1772) from the Mackenzie River
drainage (Howland & Tonn, 2001).
Surprisingly, although eulachon are known to spawn in fresh water, Sr sig-

natures in eulachon do not reveal a freshwater signature. The lack of Sr vari-
ation in the otoliths of eulachon supports the hypothesis that they are
semelparous. If a fish were iteroparous, then a decrease in Sr:Ca corresponding
to time spent in fresh water would be expected at some time in the life history
of the fish, but this was not evident. Although the 30 mm resolution for the
laser used to ablate these otoliths corresponds to c. 2 weeks of otolith growth,
shorter term signals can still be detected; the magnitude of the change in con-
centration is less for short-term changes due to target mixing, but it is still
clearly observable. This is known from the analysis of otoliths from chemical
tagging experiments where fish are exposed to elevated Sr concentrations for
just a few hours. In such analysis, a beam resolution of 50 mm was able to
clearly detect exposures of just 6 h (Telmer et al., 2006). Material deposited
onto the otolith just before death, however, is difficult to analyse because it
is right at the edge of the target, and so a short end-of-life freshwater signal
by the nature of its location in the otolith is difficult to observe. Eulachon
migrate into river systems prior to spawning and have been reported to stay
below the salt-wedge until just before spawning. Larval fish are also believed
to spend little time in fresh water and are carried to the estuary soon after
hatching (Hay & McCarter, 2000). The results, therefore, strongly support
the idea that eulachon spend very little time in fresh water at either the begin-
ning or end of their lives.
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