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INTRODUCTION

Marine fish stocks have long been assumed to be
homogeneous, self perpetuating demographic units,
with a high degree of connectivity over long distances
(Ihssen et al. 1981, Carvalho & Hauser 1994). Hilborn &
Walters (1992) define a fish stock as any discrete, self-
sustaining group of fish, usually subject to a particular
fishery, which sometimes exhibit particular life-history
characteristics that may or may not have a genetic
basis. Often there is significant spatial structuring or
clustering between and within stocks and, since stock
components may vary in size and resilience to
exploitation, spatial structuring must be understood if

the stocks are to be sustainably managed as a natural
resource (Hauser & Carvalho 2008).

The techniques used to identify stocks and stock
structure are many and diverse (Cadrin et al. 2005,
Waples et al. 2008). Genetic approaches have suc-
ceeded in identifying differences between stocks aris-
ing from adaptive divergence or genetic drift and lim-
ited gene flow (Carvalho & Hauser 1994, Hauser &
Seeb 2008, Waples et al. 2008); however, genetic meth-
ods alone have little power to resolve contemporary
demographic and life-history patterns within stocks
and over ecological time scales (Lowe & Allendorf
2010). Stock structure can also be assessed through
environmentally-induced variation in the physiological
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and chemical make-up of individual fish, such as trace
element concentrations in the otoliths (Campana 2005).

The otoliths of fish are acellular, metabolically inert
calcified cephalic structures that function in hearing,
balance and orientation. They are composed of cal-
cium carbonate (mainly aragonite, with vaterite occa-
sionally forming in damaged areas) and an organic
protein matrix that is formed with daily and annual
periodicity as the fish grows, resulting in increments
and annuli. As the otolith forms, it incorporates a suite
of minor and trace elements, which become a perma-
nent record of the chemical characteristics of the envi-
ronment that the fish was experiencing at the time
(Elsdon & Gillanders 2003, Stransky 2003). Therefore,
populations of fish that occupy physicochemically dis-
tinct environments may be distinguished using otolith
trace element analysis (Elsdon & Gillanders 2004, Ash-
ford et al. 2006, Elsdon et al. 2008, Kingsford et al.
2009, Wang et al. 2009).

The isotopic composition of oxygen and carbon in
otolith aragonite (expressed as δ18O and δ13C values
respectively) can also provide information relating to
the ambient water temperature (and thus depth) (e.g.
Høie et al. 2004b) and the relative metabolic activity
(Sherwood & Rose 2003) of the individual (Kalish
1991a,b, Thorrold et al. 1997, Campana 1999, Høie et
al. 2004a, Shephard et al. 2007, Shiao et al. 2009). As
the otolith aragonite grows, oxygen isotopes are pre-
cipitated in equilibrium with the endolymph fluid,
which is itself in isotopic equilibrium with ambient sea-
water (Kalish 1991a, Thorrold et al. 1997, Campana
1999, Høie et al. 2004a,b). Fractionation (the physical
phenomenon which causes changes in the relative
abundance of isotopes due to their differences in mass)
causes the partitioning of oxygen and carbon isotopes
between seawater oxygen and aragonite and between
dissolved inorganic carbon (DIC) and aragonite,
respectively. Fractionation is related to temperature;
the oxygen isotopic composition of the otolith is con-
trolled by the ambient water δ18O which reflects ambi-
ent water temperature (Kalish 1991a). Consequently,
the isotopic composition of otolith carbonate incorpo-
rated throughout the life of the fish can be used to
reveal the ambient water temperature and thus fish
location (Patterson et al. 1993, Ashford et al. 2006,
Rooker et al. 2008).

One challenging frontier in otolith microchemical
studies is the deep sea: while the highly variable phys-
ical and chemical nature of coastal environments often
results in distinct signals in otolith chemical composi-
tion, there remains uncertainty as to the resolution of
this technique in an environment such as the deep
ocean, which is more environmentally homogeneous
and where physiological influences on otolith compo -
sition (Kalish 1991b, Brown & Severin 2009) may

obscure any geographic differences. Yet, there have
been recent successes on this front. Ashford et al.
(2005) used laser ablation to sample otolith edges of
the deep water Patagonian toothfish Dissostichus
eleginoides to successfully discriminate between cap-
ture sites, while Ashford et al. (2006) used the chem-
istry of otolith nuclei of the same species to discrimi-
nate among areas of origin and to determine
population structuring in this species. In an additional
study using laser ablation inductively coupled plasma
mass spectrometry (LAICP-MS), Ashford et al. (2008)
were able to reveal further fine scale population struc-
turing in this species and link this structuring to the
Antarctic circumpolar front. Such studies indicate that
otolith chemistry may have potential for use in stock
identification of deep sea fish. A preliminary study
using otolith chemistry on the deep-sea roundnose
grenadier Coryphaenoides rupestris Gunnerus, 1765
(Longmore et al. 2010) suggested that population
structure may potentially be revealed using this tech-
nique. In the present study the aim was to explore the
population structure and life history of this species over
its distribution range and across ontogenetic stages,
using both trace element and stable isotope analyses.

The roundnose grenadier Coryphaenoides rupestris
belongs to the family Macrouridae, a very diverse and
successful group of deep sea fish with a worldwide dis-
tribution. This grenadier is a benthopelagic fish that is
widely distributed in the North Atlantic. It is found
mainly at depths of 600 to 1800 m along the continental
slopes from 37° N off the USA to about 66° N off
Canada, in an area stretching along the slope of Baffin
Island and West Greenland to Iceland and around
mainland Europe (Cohen et al. 1990) including the
Mid-Atlantic Ridge (MAR) (Bergstad et al. 2010). The
reported temperature range for this species in the east-
ern North Atlantic is from 4 to 11.5°C (Ellett &  Martin
1973, Bridger 1978, Ehrich 1983, Rice et al. 1991). It
grows to >100 cm total length (TL) (Kelly et al. 1997),
displaying a general trend of increasing size with
depth (Atkinson 1995). Its diet is diverse but it feeds
predominantly on amphipods and copepods as a
 juvenile, becoming increasingly piscivorous with size
(Mauchline et al. 1994, Bergstad et al. 2010). Repro-
duction of the roundnose grenadier in the northeast At-
lantic is prolonged, lasting from February to November
and peaking in the warmer months of May to Novem-
ber (Allain 2000). In the area of the Skagerrak however
(Fig. 1), spawning is thought to occur only in autumn
(Bergstad & Gordon 1994). Age at first maturity is ap-
proximately 9 to 11 yr (Bergstad 1990, Kelly et al. 1996)
and it is not unusual for C. rupestris to reach ages of
>40 yr (Kelly et al. 1996, 1997, Lorance et al. 2001).

While some evidence exists that the population of
roundnose grenadier in the Skagerrak may be an inde-
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pendent unit (Bergstad 1990), the population structure
throughout the rest of the North Atlantic remains
unclear. Some studies have reported genetic hetero-
geneity across populations in the North Atlantic, indi-
cating possible demographic independence (Logvi-
nenko et al. 1983, Duschenko & Savvatimskiy 1988,
White et al. 2010). Here we use LAICP-MS and stable
isotope analysis of otoliths to infer stock structuring in
roundnose grenadier across the northeast Atlantic.
Specifically, we test whether fish from the different
areas are likely to form independent populations, or
whether some degree of population connectivity exists
at some stage of the life cycle. Additionally, we investi-
gate the extent and the timing of switches to different
depths during ontogeny.

MATERIALS AND METHODS

Sample collection. Roundnose grenadier Cory phae -
noides rupestris were collected from 4 locations across
the North Atlantic: the Skagerrak, Rockall Trough,
Irish Slope and the MAR (Fig. 1, Table 1). All fish were
caught by bottom trawling and therefore from approx-
imately 5 m above the seabed. All fish from all loca-
tions ranged in size from 5 to 18 cm pre-anal fin length
(PAFL), corresponding to an approximate TL of

between 20 to 85 cm (Atkinson 1981). PAFL (corre-
sponding to a measurement from the tip of the snout to
the base of the first anal fin ray) was preferred as a
measure of length as the loss and subsequent regener-
ation of the end of the tail is common in this species
due trawl damage or predation and so TL as a mea-
surement may yield inconsistent results. Fish were
measured to the nearest 0.5 cm, weighed to the nearest
1 g, and otoliths collected on board.

To determine the relationship between otolith iso-
topes and depth in deep water species, a further 49
otoliths from 17 species were sampled from a separate
research cruise to the Irish Slope in 2006. Full details of
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Fig. 1. Northeast Atlantic, showing the 4 study locations where roundnose grenadier Coryphaenoides rupestris were sampled. 
MAR: Mid-Atlantic Ridge

Location N Date Depth PAFL Sex ratio
(m) (cm) (M/F)

Rockall 20 Nov 07 950 8–18 7/13
Skagerrak 20 Oct 01 231–498 12–18 4/16

Mid-Atlantic 20 Jul 04 985 5–17 9/11
Ridge

Irish Slope 23 Sep 06 1083–1550 12–19 7/16

Table 1. Coryphaenoides rupestris. Details of roundnose
grenadier samples from 4 locations in the northeast Atlantic. 

PAFL: pre-anal fin length
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the species sampled are provided in Table 2. The
otoliths (sagittae) were removed with plastic forceps to
avoid metal contamination, and placed in paper
envelopes. This method of storage has been shown to
have the least impact on elemental concentrations
(Milton & Chenery 1998). Proctor & Thresher (1998)
showed that a delay in the removal of the otolith of just
3 h may influence the concentrations of a range of ele-
ments including sodium, potassium, calcium and stron-
tium. In this study, otoliths were collected freshly from
the dead specimens upon sorting of the catch and the
abovementioned elements were not included in the
analysis. Furthermore, Swan et al. (2006) found no
effects of handling and storage on the elemental con-
centrations of Coryphaenoides rupestris otoliths using
the same procedure as in this study.

Sample preparation. The same otolith was used for
both trace element and stable isotope analysis. Around
20 individuals were selected at random from the total
sample from each location. Otoliths were rinsed in
Milli-Q water to remove any adhering sagittal mem-
brane and further cleaned in an ultrasonic water bath
to remove any remaining surface residue. Samples
were then left to dry overnight in a laminar flow cabi-
net. Since it has been previously shown that there is lit-
tle difference in elemental chemistry between left and
right sagittal otoliths of the same fish (Rooker et al.
2001), only one randomly chosen otolith from each pair
was used. Each otolith was then weighed using a
 Mettler Toledo microbalance to the nearest 0.001 g.
Otoliths were encased in Araldite ep oxy resin blocks
(Agar Scientific), and a 200 µm transverse section was

then taken either side of the core using
a Buehler precision low-speed section -
ing saw. Each section was polished us-
ing silicon carbide paper (P2400→
P4000) and finally polished using dia-
mond paste on a lapping board. The
surface for laser ablation analysis was
rinsed with Milli-Q water and cleaned
with absolute ethanol. The surface of
each otolith was pre-ablated using the
laser to remove any surface contami-
nants before the ICP-MS element
 detection. Over the course of both
 elemental analysis and isotope analy-
sis, data from some otoliths was lost
due to damage or  machine related er-
rors. Therefore, sample numbers differ
slightly from the number collected and
between analyses.

Otolith elemental analysis. Otolith
sections were mounted in random
order on a glass slide using crystal
bond adhesive. The elemental data

were acquired using a New Wave UP193FX laser abla-
tion system coupled to a Thermo X-Series II ICP-MS
(Electro Scientific Industries Europe) located at the
University of Southampton, UK. The analysis parame-
ters were as follows: spot size: 35 µm; pulse rate: 20 Hz;
energy: 60% (optimized); sweeps: 105; channels per
mass: 1; channel width: 0.02 atomic mass units; acqui-
sition time: 20 s; dwell time: 10 ms; ‘wash’ time
between shots: 40 s. To avoid depth-related fractiona-
tion effects, acquisition times were limited to 20 s to
minimize depth penetration. The excimer laser para-
meters (e.g. energy, repetition rate) were optimized to
limit fractionation. The following isotopes were
acquired: 7Li, 24Mg, 43Ca, 44Ca, 55Mn, 59Co, 60Ni, 65Cu,
66Zn, 88Sr, 137Ba, 238U. As data were acquired using a
standard ICP-MS instrument, all isotopes were mea-
sured at the same mass resolution. Standard reference
materials SRM 612 and SRM 610 produced by the
National Institute of Standards and Technology (NIST)
were used for calibration. Each analysis session (typi-
cally 3 to 4 otoliths) was bracketed by NIST standard
measurements to monitor reproducibility. All data
were internally normalized to counts on 44Ca to control
for variable ablation efficiency between otolith regions
with relatively high and low organic contents. 43Ca
counts were used as a post-normalization check.

Using a spot raster method, laser spots across the
otolith following the annuli from primordium to the
edge of the otolith were taken. Digital images of each
otolith were taken after analysis, and individual laser
pits were assigned to a life history stage based on
otolith increment analysis. Laser pits were assigned to
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Species N Depth δ18Ooto δ18Ow T δ18Ooto – δ18Ow

(m) (°C)

Alepocephalus bairdii 3 1300 2.68 –29.69 5.86 32.3683
Antimora rostrata 2 1500 2.78 –29.75 4.66 32.5295
Beryx splendens 2 500 1.51 –29.55 9.51 31.0556
Coryphaeonoides labiatus 4 1500 2.65 –29.75 4.66 32.4079
Cataetyx laticeps 3 1500 2.97 –29.75 4.66 32.7257
Coryphaenoides rupestris 3 1300 2.89 –29.69 5.86 32.5789
Cottonculus thompsoni 4 1200 2.85 –29.67 6.58 32.5109
Epigonis telescopus 3 750 2.21 –29.58 8.95 31.7838
Helicolenus dactylopterus 3 500 1.67 –29.55 9.51 31.2203
Lepidion eques 4 750 2.03 –29.58 8.95 31.6044
Merluccius merluccius 2 500 1.91 –29.55 9.51 31.4532
Mora moro 3 1500 2.03 –29.75 4.66 31.7821
Micrometissus poutissou 3 500 1.89 –29.55 9.51 31.4412
Nezumia aequalis 3 750 2.19 –29.58 8.95 31.7645
Phycis blennoides 2 750 2.07 –29.58 8.95 31.6414
Roulena attrita 3 1500 2.99 –29.75 4.66 32.7396
Synaphobranchis kaupii 2 1500 3.05 –29.75 4.66 32.8067

Table 2. Coryphaenoides rupestris. Details of deep-sea fish otolith samples
taken from the Irish Slope in 2006 and used to derive Eq. (2) for oxygen stable
isotope analysis. δ18Ooto: measured otolith δ18O values; δ18Ow: estimated isotopic 

composition of ambient water (see text for details)
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primordium (early larval), core (late larval), transition
(juvenile) and edge (late adult) stages. For each life
stage, the spots falling within that area identified in the
otolith were averaged (Fig. 2a). The primordial zone
and core boundary of the otolith was visible on the
majority of otolith sections. In those otolith sections
where the primordial zone was not visible (2 sections,
due to sectioning error), an estimate of its location was
made based on distance from the core boundaries.
Typically the primordial zone was located approxi-
mately equidistant from the core zone boundaries, sit-
uated on the distal side of the core (which was always
clearly visible) opposite the sulcus indent. This had lit-
tle impact on results as elemental concentrations were
generally highest in the primordial region. The transi-
tional phase was taken as the first translucent zone sur-
rounding the core (typically representing age 1; Gor-
don & Swan 1996).

For the edge data, the last 10 spots at the edge of
each otolith were deemed representative of the adult
phase (covering approximately 3 to 5 annuli including
both fast growth opaque and slow growth translucent
rings). These spots were used to estimate average ele-
mental concentrations representative of the sampling
locations and the likely most recent environment
inhabited by each fish. Although an age and growth
analysis was not carried out for this study, it was found
that fish size did not differ significantly among location
(F = 0.91, df = 3, p < 0.44), with a mean PAFL of 15.7,
15.2, 14.8 and 15.7 cm for Rockall, Skagerrak, MAR
and Irish Slope respectively. All fish sampled were
mature adults and, as these fish are long lived and slow
growing, the average elemental concentration repre-
sents many years in the adult phase. This would reduce
(though not eliminate) any potential effect of differ-
ences in size (ages) among locations.
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Fig. 2. Coryphaenoides rupestris. Roundnose grenadier otolith. (a) Otolith microchemistry analysis zones corresponding to the (P)
primordial zone, representing the early larval phase; (C) the core zone, representing the late larval phase; (T) the transitional
zone; (A) the late adult phase, representative of most recent environment of the fish. (b) Isotope analysis zones, corresponding to 

the (J) juvenile zone encompassing early larval/late larval phases; (M) the mid-life stage; (A) the late adult phase
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Stable isotope analysis. Sectioned otoliths used in
laser ablation ICP-MS were also used for stable isotope
analysis. Five otoliths were sub-sampled per location
(Rockall, Skagerrak, MAR and Irish Slope). For each
otolith, aragonite powder was sampled from the core,
mid and edge of the otolith representing larval, mid-
life and late adult stages of life (Fig. 2b).

Otolith aragonite was sampled using a New Wave
MicroMill (Electro Scientific Industries Europe). The
temporal resolution for samples was defined by the
minimum mass of aragonite powder that could be ana-
lyzed accurately for stable isotope composition. A tar-
get mass of ~50 µg powder was set and the volume of
otolith milled estimated by assuming a conservative
dry recovery rate of ~70%. As otoliths accrete faster in
the direction of the principal growth axis, milling
depths were chosen which were no deeper than the
widths of the otolith growth zones to prevent drilling
into unwanted material.

To compare measured isotope values with known
temperatures in deep water fish, the outermost portion
of the otoliths from the species outlined in Table 2 was
sampled, maximizing the likelihood of capture location
reflecting water conditions during otolith deposition.
These otoliths were mounted whole onto glass slides,
pressing the proximal surface into warm wax. The
micromill was used to sample powder from the outer
distal surface. Initially a surface profile was measured
with the z-axis sensor, and a path calculated to sample
at a depth no greater than 50 µm.

In all cases, stable isotope analyses were conducted
by reacting ~20 to 150 µg of aragonite powder with
100% phosphoric acid at 70°C, evolving CO2, then
purifying and analyzing on a Europa GEO instrument
isotope ratio mass spectrometer. Accuracy and preci-
sion was continually monitored by repeat sampling of
NBS-19 (reference material also known as TS-Lime-
stone), otolith standard FEBS-1 (internal lab standard)
and in-house Carrera marble standards. Analytical
errors (standard error on repeat analyses of standards)
are <0.1‰ for both δ13C and δ18O values. Isotope data
are reported in δ notation, relative to the Pee Dee
Belemnite (PDB) carbonate standard.

To determine the relationship between measured
oto lith δ18O values (δ18Ooto) and temperature in deep
water habitats, measurements of temperature and
salinity at the location and depth of capture were ex-
tracted from the British Oceanographic Data Centre
CTD data set (www.bodc.ac.uk). Isotopic composition
of ambient water (δ18Ow) was estimated from the CTD
data taking the relationship between δ18Ow values and
sa l inity in the North Atlantic (Craig & Gordon 1965)
to be

δ18Ow (PDB) =  (–21.2 + 0.61S)*0.97002 – 29.9 (1)

where S is salinity (‰). The best fit relationship be -
tween measured isotope values and ambient water
(δ18Ow), reported relative to the Standard Mean Ocean
Water (SMOW) isotope standard, is shown in Fig. 3;
and the corresponding equation relating δ18Ooto and
temperature T (°C) is (error is SE)

(2)

Measured depth profiles of temperature and salinity
for the sample locations were obtained for the year
and month of capture of fish from each sample site
from oceanographic data collected under the project
DEECON (www.imr.no/deecon). Values of δ18Ow (SMOW)

were then estimated from known salinities according
to Eq. (1), and profiles of predicted δ18Ooto as a function
of depth were produced (Fig. 4). The 95% precision
limits of temperature derived from Eq. (2) are esti-
mated, approximately, to be ±5°C for single otolith
analyses, and ±2°C if 5 otoliths are used to constrain a
temperature (Høie et al. 2004a,b). While absolute tem-
perature reconstructions are subject to relatively large
prediction errors, the precision of estimates of differ-
ences in temperature are largely constrained by mea-
surement error.

Statistical analysis. Average elemental concentra-
tion was calculated as element-to-Ca ratios for all life
stages for each otolith. Possible correlations among
elements and between sex and elemental concentra-
tion were tested using a Pearson rank correlation test.
No relationship between sex and elemental concentra-
tion was found. Elements found to be correlated with
each other were included in further multivariate analy-
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ses but were subject to strict tolerance limits. Tolerance
measures the correlation of a candidate variable with
the variables included in the model, and values range
from 0 to 1. If a variable is highly correlated with one or
more of the others, the value of tolerance is small and
the resulting estimates of the coefficients may be
unstable.

A 1-way repeated measures analysis of variance
(ANOVA) (Chambers & Miller 1995) was carried out to
test whether the mean elemental and isotope ratios dif-
fered among sampling locations and between life
stages. The concentration of conservative elements
such as strontium and magnesium in seawater is re-
lated to salinity, and effectively constant in open ocean
water, but their concentrations in otoliths may vary un-
der physiological control (Kalish 1991b, Campana
1999, Martin et al. 2004, Elsdon et al. 2008, Brown &
Severin 2009). Additionally, in our study, otolith
Mg/Ca and Sr/Ca values were not found to signifi-
cantly vary among sites (p < 0.05). For these reasons,
these 2 elements were removed from further analysis.

A repeated measures approach was used to account
for non-independence of transect data sampled within
each otolith for both microchemical and isotope data.
Residuals of these analyses were tested for normality
and homogeneity of variance using Kolmogorov-
Smirnov and Levene’s tests respectively (Zuur et al.
2007, 2009). These values did not conform to the
required assumptions of normality and homogeneity of
variance. Therefore, data were log10 transformed after
which values conformed to assumptions of normality
but not to homogeneity of variance. As a result, an
adjusted, more conservative alpha level of 0.005 was

used to determine significance for all tests (Underwood
1997). Furthermore a Greenhouse-Geisser correction
was included which adjusts the degrees of freedom
within the repeated measures ANOVA test in order to
obtain a more accurate significance (p) value. A Bon-
ferroni test was used to compare multiple pairwise
comparisons of locations based on elemental ratio. All
the above analyses were done using the GLM function
in PASW Statistics 18.

A stepwise discriminant function analysis (DFA) of
the element-to-Ca values for each life stage was used
to determine the ability of the overall elemental signa-
ture to correctly assign individuals to the area of origin
at each point in their life. Tolerance values from the
DFA were examined to ensure that the variables
included were not artificially affecting the result due to
multi-collinearity. The DFA was jack-knifed to deter-
mine the discrimination success between the sample
areas using SYSTAT 8 (SYSTAT Software 2002). Scat-
terplots of the first 2 discriminant variate scores were
then drawn to visualize this separation.

RESULTS

Spatial and temporal patterns in otolith 
microchemistry

A summary of untransformed elemental concentra-
tions is provided in Table 3. Differences in mean ele-
mental ratios among locations and between life stages
were highly significant for all elements (Table 4).

For the primordial region of the otolith (representing
the fish early larval phase), all ratios varied among
locations (Fig. 5). Li/Ca concentrations were highest in
Rockall, and decreased gradually across sites from
north to south. Both Mn/Ca and Ba/Ca ratios showed
large differences among locations. Mn/Ca values were
very similar between samples from Rockall (highest)
and Skagerrak, both having high concentrations when
compared to samples from the Irish Slope and MAR.
Mn/Ca values in samples from the MAR were signifi-
cantly lower than those from the other 3  sites, and this
was a discriminatory feature of this location (Fig. 5).
The Ba/Ca concentration in the early larval stage of the
fish was highest in fish from the Irish Slope, the deep-
est of the 4 sample sites (Fig. 5). Samples from Rockall
and MAR had similar concentrations of Ba/Ca (both
caught at ~950 m depth), while the lowest concentra-
tion of Ba/Ca was found in samples from the Skager-
rak, the shallowest of the 4 sample sites (Table 2).

In the core region of the otolith (late larval), elemen-
tal ratios Li/Ca, Mn/Ca, Ba/Ca and Cu/Ca showed
high variability among sample locations (Table 3,
Fig. 5). Li/Ca values were found to be higher in sam-
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ples from Rockall and Skagerrak than in the other 2
sample sites, confirming the pattern identified in the
early larval phase. Mn/Ca ratios were similar in sam-
ples from Rockall and Skagerrak (highest) but consid-
erably lower in samples from the Irish Slope and MAR
(Table 3); the latter showing the lowest concentrations,
which again sets this location apart from the other 3
(Fig. 5). Ba/Ca ratios in the late larval phase mirrored
the pattern found in the early larval phase, being high-
est in samples from the Irish Slope and lowest in sam-
ples from the Skagerrak site (Fig. 5). Values of samples
from Rockall and MAR were similar.

Entering into the transitional phase (early juvenile),
Li/Ca values were considerably higher in samples from
Rockall and Skagerrak than from the Irish Slope and
MAR (Table 3). Mn/Ca ratios were again found to be
higher in samples from Skagerrak and Rock-
all compared with those from the Irish Slope
and MAR (Fig. 5). However, Mn/Ca levels
decreased in fish from all sample locations
from the late larval to the early juvenile phase
(Table 3). The pattern of Ba/Ca ratios in the
early juvenile stage reflected that seen in the
early larval and late larval phase chemistry
but was more pronounced (Fig. 5).

In the adult phase, the ratios Li/Ca, Mn/Ca,
Ba/Ca and Zn/Ca were found to be highly
variable among locations (Fig. 5). Li/Ca values
were similar in samples from Rockall and Ska -
gerrak but differed strongly from the more

southern sites of the Irish Slope and
MAR, which were also of similar con-
centration to each other (Table 3).
Mn/Ca values differed little between
samples from Rockall and Skagerrak
but these locations had markedly
higher values than samples from the
Irish Slope or MAR (lowest) (Table 3). In
the adult phase, Ba/Ca concentra tions
were similar for samples from the Irish
Slope and MAR but were markedly
lower in Rockall and the Skagerrak
samples. A summary of variation in all
element-to-Ca ratios among sample lo-
cations and life stages and their interac-
tion can be found in Table 4.

Bonferroni tests allowed multiple
comparisons among location based on
pooled element-to-Ca ratios from all
life stages. Li/Ca was similar in the
Irish Slope and MAR, but significantly
different (p < 0.005) at the other 2 sites,
Rockall and Skagerrak, which were
also similar to each other. The Mn/Ca
ratio was significantly different in all

cases except between Rockall and the Skagerrak (Fig.
5). Skagerrak had a Ba/Ca ratio that was significantly
different to all other locations (p < 0.005), Rockall and
the Irish Slope were significantly different from each
other and both were similar to the MAR. Further
details of comparisons of elemental signature among
locations are shown in Fig. 5.

Based on overall patterns of spatial variation in ele-
mental concentration among locations, the ratios
Li/Ca, Mn/Ca, Ba/Ca, Zn/Ca and Cu/Ca were chosen
for preliminary inclusion in the DFA. The stepwise
method of inclusion found that Zn/Ca did not con-
tribute to classification success and so this ratio was left
out of further analyses. Both Li/Ca and Cu/Ca con-
tributed equally to discrimination success. However,
the tolerance value for Cu/Ca was lower than that for
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Site                   Li/Ca             Mn/Ca         Zn/Ca            Ba/Ca          Cu/Ca

Early larval
Rockall       15.22 (16.79)    8.33 (5.33)   3.72 (1.72)     8.86 (12.57)   2.45 (1.37)
Skagerrak    5.92 (4.47)      8.19 (5.81)   3.03 (3.35)     1.81 (1.27)0   0.95 (0.63)
MAR             2.55 (1.69)      0.82 (0.32)   8.51 (6.12)     8.63 (10.46)   1.76 (2.14)
Irish Slope    3.42 (2.11)      1.76 (0.37)   3.99 (2.41)   16.03 (11.70)0 2.88 (2.05)

Late larval
Rockall       14.43 (16.01)    8.80 (5.90)   3.78 (1.67)     4.78 (4.89)   2.0 (1.15)
Skagerrak    6.14 (4.19)      9.42 (4.53)   3.12 (2.39)     1.52 (0.74)   1.04 (0.48)
MAR             1.73 (1.01)      0.73 (0.31)   3.80 (2.09)     5.54 (6.14)   0.79 (0.69)
Irish Slope    1.84 (0.61)      1.42 (0.33)   2.75 (2.0)0     8.69 (5.86)   1.43 (1.09)

Transition
Rockall       15.75 (15.71)    8.73 (6.42)   1.66 (1.09)     6.38 (3.81)   0.79 (0.6)0
Skagerrak    7.33 (4.40)      9.24 (4.51)   1.94 (1.88)     1.46 (0.57)   0.81 (0.59)
MAR             2.65 (1.31)      0.39 (0.07)   1.96 (1.02)     4.63 (3.64)   0.35 (0.42)
Irish Slope    3.46 (1.84)      0.93 (0.13)   1.21 (1.23)     7.59 (3.57)   0.67 (0.92)

Adult
Rockall       11.46 (11.74)    8.41 (5.97)   0.81 (0.44)     4.17 (1.61)   0.59 (0.27)
Skagerrak    6.80 (3.56)      8.51 (4.71)   0.69 (0.46)     1.01 (0.24)   0.44 (0.15)
MAR             2.04 (0.75)      0.31 (0.06)   1.89 (1.11)   15.09 (7.59)0 0.59 (0.56)
Irish Slope    2.34 (1.70)      1.07 (0.71)   1.01 (1.51)   11.46 (6.68)0 0.50 (0.34)

Table 3. Coryphaenoides rupestris. Mean (SD) untransformed concentrations of
trace elements shown as element-to-Ca ratios per sample location and life stage.

MAR: Mid-Atlantic Ridge

Location Life stage Location*Life stage

Li/Ca 21.36 (3) <0.001 7.05 (2.42) <0.001 1.76 (7.28) <0.009
Mn/Ca 77.30 (3) <0.001 24.49 (1.65) <0.001 8.13 (4.95) <0.001
Cu/Ca 9.4 (3) <0.001 66.64 (2.42) <0.001 4.89 (7.28) <0.001
Zn/Ca 5.51 (3) <0.005 129.1 (2.36) <0.001 3.44 (7.08) <0.005
Ba/Ca 37.45 (3) <0.001 6.22 (2.46) <0.001 6.42 (7.38) <0.001

Table 4. Coryphaenoides rupestris. Repeated measures ANOVA (Green-
house-Geisser) results of elemental profiles across otoliths collected at 4
locations in the northeast Atlantic. Values are shown for F, degrees of 

freedom (in brackets) and p
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Li/Ca and so Cu/Ca was also excluded from the DFA.
Both Mn/Ca and Ba/Ca were found to contribute
strongly to the classification. Therefore, the ratios
Li/Ca, Mn/Ca and Ba/Ca were chosen for inclusion in
the final DFA. Tolerance values for all the 3 variables
included were found to be close to 1, ensuring confi-
dence in the stability and reliability of the procedure.
The DFA of early larval stage otolith chemistry gave an
overall jack-knifed classification success of 71%
(Fig. 6). For core (late larval) otolith data, the overall
jack-knifed classification success was 74% (Fig. 6),
with Mn/Ca and Ba/Ca contributing most to the clas -
sification. For the transitional phase, classification
 suc cess was 81%, with both Mn/Ca and Ba/Ca again
contributing most to classification. The highest clas -
sification was found at the late adult stage, with an
overall jack-knifed classification success of 90% and a
100% classification success for fish from Skagerrak
and MAR. Details on DFA results, per life stage and
location, can be found in Table 5.

Isotope analysis

Collectively, stable isotope analysis results revealed
a consistent pattern of increasing δ18O and δ13C values
with age (Table 6). The oxygen isotope ratio became
more enriched from the larval to the adult phase in fish
from all locations (Table 6), indicating an average
equivalent temperature of 6 (±1)°C in the larval phase,
4 (±1)°C in mid-life and 3 (±1)°C in the adult stage.
Among locations, there was no significant difference in
δ18O values with the adjusted alpha of 0.005 (repeated
measures ANOVA, F = 6.45, df = 3, p = 0.006), though
the probability level is very close to the threshold. Be-
tween life stages differences were definitely significant
(repeated measures ANOVA, F = 25.56, df = 1.64, p <
0.001). Similarly, δ13C values increased significantly
from the larval to the adult phase (repeated measures
ANOVA, F = 91.46, df = 2, p < 0.001), while δ13C values
did not differ significantly among locations (repeated
measures ANOVA, F = 1.33, df = 3, p = 0.3).
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Rockall fish show enrichment in δ18O values from the
larval phase to mid-life and adult phases (Fig. 7b). This
corresponds to surrounding waters of 7 (±1), 6 (±1) and
5 (±1)°C for early life stage, mid-life and adult phases
respectively. The δ18O values in the Skagerrak region
were similar to those of Rockall, while MAR and Irish
Slope isotope ratios were generally higher than those
found in Rockall and Skagerrak, thus corresponding to
temperatures likely to be approximately 2°C lower at
each life stage (Fig. 7). δ13C values increased consis-
tently from early stages, through mid-life, to the adult
phase in all locations (Table 6).

DISCUSSION

Trace element differences were strong among loca-
tions and increased with age, but were also significant
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between life stages. Spatial differences were detected
at what is assumed to be the early larval stage (71%
classification accuracy), and became more pronounced
by the late adult stage (90%). As such, the populations
identified must not only be discrete, but have remained
separate throughout the life cycle. Isotopic analysis
revealed a consistent pattern of decreasing tempera-
ture with age, suggesting ontogenetic vertical depth
migration in all locations. The isotopic signal also sug-
gested that metabolic activity decreased gradually
with age, which is consistent with the relationship
between body size and metabolic rate and migration to
deeper waters.

Classification success to location in the late larval
phase was similar to that of the early larval phase.
Inability to identify the primordium could contribute to
the relative lack of location differentiation in the early
larval stage. However, classification success increases
gradually through all life stages in all populations (not
just between the early larval and other life stages),
indicating that this is a real effect. Classification suc-
cess increased by 9% at the transitional phase (early
juvenile), at which stage the fish may become a more
active pelagic swimmer (Mauchline et al. 1994). Chem-
ical differences between life stages show that the ele-
ments that differed most among locations varied less
between life stages. All element-to-Ca ratios showed
differences between life stages (Table 3). However, the
ratios Li/Ca, Mn/Ca and Ba/Ca showed less inter-life
stage variation compared to Zn/Ca and Cu/Ca ratios.

Concentrations of Zn and Cu (Fig. 4) consistently
decreased with age in all locations and, while these
elements proved ineffective in distinguishing fish from
different locations, they might reflect some interesting
physiological process.

The lower classification success at the larval stage
may be the result of either a more similar water envi-
ronment experienced by the larvae or indeed effective
larval mixing. This uncertainty is an inherent draw-
back of microchemical techniques. Thus, the increased
classification accuracy from larval to adult may have
a number of mutually non-exclusive explanations.
Firstly, although very little information exists on the
occurrence and distribution of eggs and larvae of the
roundnose grenadier, from the sparse data available
(Lorance et al. 2008, Merrett 1978) eggs appear to
hatch at depths significantly shallower than the adult
habitat (150–600 m), whereby larvae may be exposed
to stronger surface currents and more variably mixed
waters, which in turn could lead to a less defined
chemical signal. Oxygen isotope data strongly confirm
both this shallower larval distribution and the onto -
genetic ‘depth shift’ during the life cycle. Such a pro-
gressive depth shift likely takes place over a relatively
short time compared to the life span of this species; this
could explain the greater variance in elemental con-
centrations in earlier life stages—particularly evident
in Ba (Table 3), an element known to vary greatly with
depth (Swan et al. 2003a)—and the reduced statistical
power of classification. From a behavioural point of
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True                                                                                     Classified to:                                     
group                     Rockall Skagerrak MAR     Irish Slope Total       %
                            EL LL   T   A         EL LL   T   A         EL LL   T   A         EL LL   T   A         EL LL   T   A         EL LL   T   A

Rockall                10  10  12  14         5  5  3  1         1  1  0  0         3  3  4  4         19  19  19  19         53  53  63 74 
Skagerrak           2  2  0  0         12  12  14  17         3  0  1 0         0  2  1  0         17  16  16  17         71  75  88 100
MAR                   0  0  0  0         0  0  0  0         12  12  12  16         4  4  4  0         16  16  16  16         75  75  75 100
Irish Slope           0  0  0  2         0  1  0  0         3  1  1  1         18  20  21  20         21  22  22  22         86  91  96 87

Table 5. Coryphaenoides rupestris. Jack-knifed classification matrices for discriminant function analysis (DFA) of early larval
(EL), late larval (LL), transition phase (T) and late adult (A) elemental ratios among 4 locations in the NE Atlantic. Overall 

summary and relative proportions are reported in the final 8 columns. MAR: Mid-Atlantic Ridge

Location                         Capture conditions            Juvenile    Mid-life  Adult     
                          Temp. (°C)    Salinity (‰)     Season             δ18O             δ13C             δ18O             δ13C           δ18O             δ13C 

Rockall                     7.44               35.21         Autumn            2.35             –3.48             2.65             –3.26          2.93             –2.27
Skagerrak               6.19               35.33         Autumn            2.42             –3.64             2.71             –3.06          3.14             –1.81
MAR                         4.48               34.96         Summer           2.78             –4.08             3.08             –3.43          3.64             –1.46
Irish Slope               5.77               35.05         Autumn            2.64             –3.38             3.80             –2.79          4.28             –1.25
Overall mean          5.97               35.13               –                  2.55             –3.64             3.10             –3.14          3.50             –1.70

Table 6. Coryphaenoides rupestris. Mean oxygen and carbon stable isotope values (‰) of otoliths per location. MAR: Mid-Atlantic 
Ridge



Mar Ecol Prog Ser 435: 209–224, 2011

view, whilst larvae are subjected to transport via cur-
rents, older grenadiers will start swimming actively to
their preferred habitats, where they can become resi-
dent (Bergstad 1990), hence allowing the build-up of
stronger spatial signals. However, the effective long-
term impact of what could be some degree of larval
exchange among putative stocks can only be assessed
by examining molecular genetic markers across these
populations, a task that is currently being undertaken
(H. Knutsen pers. comm.).

Interestingly, the relative differences among areas
varied depending on the ontogenetic stage. Initially, at
the early larval stage, Rockall and Skagerrak have rel-
atively similar elemental signatures, but in the adult
phase, Rockall individuals appear more similar to the
Irish Slope ones. This may reflect the different oceano-
graphic conditions and processes to which larvae
(shallower and more susceptible to oceanographic cur-
rents) and adults (deeper and necto-benthic) are
exposed (Ellett & Martin 1973, Gordon & Duncan 1985,
Werner et al. 1997).

Overall, the patterns of chemical distinctiveness
identified in the present study fit well with the geo-
graphical separation of the studied locations. The trace
element composition in otoliths of fish from the Skager-
rak and MAR segregate to opposite sides of the ordina-
tions in the adult phase (Fig. 6), reflecting their strong
chemical differences. Conversely, otoliths from Rockall
and Irish Slope fish appear to overlap to some extent, in
line with their geographical proximity and most likely
reflecting some degree of environmental similarity
between the 2 locations (out of 8 fish misclassified in
any of these 2 locations, 6 are reciprocally assigned to
one another in the adult stage).

The Skagerrak is the shallowest and most enclosed
area; waters at this location are strongly influenced by
the continental land masses, unlike the waters around
Rockall, Irish Slope and the MAR (Danielssen et al.
1996). In earlier studies on deep-sea species, Ashford
et al. (2005, 2007) reported differentiation in the otolith
chemistry of Patagonian toothfish caught between 900
and 1700 m in the Southern Ocean, and linked these to
ocean fronts and variability of water masses (Ashford &
Jones 2007). Similarly, roundnose grenadier in the
Skagerrak region are likely to encounter dense shelf
water in the Skagerrak trough, with an elemental sig-
nature distinct from the rest of the North Atlantic. On
the other hand, the similarities between Rockall and
the Irish Slope at the adult stage could be explained by
the influence of the North Atlantic deep water
(NADW) current on both these areas (Rossby 1996,
Bacon 1997). The MAR fish are found at a more
southerly position, and marked distinctions between
this and the other 3 sample locations at the transitional
and adult stages may reflect the influence of a different

salinity and temperature regime compared to the more
northerly locations; the MAR may also be influenced
by the spread of Mediterranean and Labrador Sea
waters (Paillet et al. 1998).

Previous studies investigating deep dwelling fish in
the North Atlantic have found low classification rates of
less than 55% through otolith microchemistry (Swan et
al. 2003a,b, Stransky et al. 2005). However, it has been
suggested that Coryphaenoides rupestris may not be
a long-distance swimmer (Bergstad 1990, Bergstad &
Gordon 1994), which would result in strong spatial
 segregation at the adult stage.

The present study is one of the first to illuminate the
vertical, as well as horizontal nature of roundnose
grenadier movement patterns. Based on oxygen iso-
tope profiles for each location, larval grenadiers
inhabit a relatively warm habitat, after which a sus-
tained decline in temperature was detected up to
and including adulthood. Temperature decreases with
depth in the study areas, particularly between 700 and
~1600 m, resulting in a predicted decrease in δ18Ooto

values with depth (Fig. 4). Measured δ18Ooto values can
be compared with predicted δ18Ooto depth profiles
(Fig. 4) to estimate the depth inhabited by the fish dur-
ing deposition of otolith aragonite. The oxygen isotope
composition of otoliths from Rockall implies depth
ranges from ~700 (juvenile) to >1300 m (adult), while
in the Skagerrak the inferred layers are comprised
between ~200 (juvenile) and 600 m (adult); both these
results are consistent with the known depth range of
Coryphaenoides rupestris (Cohem et al. 1990). Otoliths
of fish from the MAR and Irish Slope record the same
isotopic pattern of increasing depth with age, but the
absolute δ18Ooto values are approximately 1 to 1.5‰
greater than expected throughout the ontogenetic
range. As discussed above, δ18Ooto values reflect tem-
perature and the isotopic composition of the ambient
water. These 2 localities are the most southerly locali-
ties studied, and it is possible that fish in this area could
be exposed to Mediterranean outflow water (MOW).
MOW is a high salinity deep-water mass, which exits
the Mediterranean Sea and spreads into the Atlantic at
a depth of ~1000 m. MOW has a δ18Ow value in excess
of 1.2‰, which is significantly higher than that of
NADW (Pierre 1999). We know of no direct measure-
ments of δ18Ow values at depth in these regions, but the
presence of MOW at depth in the Irish Slope and MAR
regions could explain the anomalously high δ18Ooto val-
ues recovered. As discussed above, otoliths from the
most southerly MAR region have a distinctive trace
element composition, which also supports the possible
presence of MOW. The water mass inhabited by fish
from the Irish Slope appears to have an isotopic compo-
sition suggesting an influence of MOW, but a trace ele-
ment composition similar to that seen in Rockall,
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whereas the isotopic composition of the most northerly
Rockall fish suggests no influence of MOW.

Despite the differences in absolute δ18Ow values
between regions, the relative changes from warmer
(shallower) juvenile habitats to colder (deeper) habitats
are consistent across all locations and support the early
suggestions of a life-history depth migration of round-
nose grenadier in the Skagerrak (Pechenik & Troy-
anovskii 1971), also giving it a more universal value.

Otolith carbon is a mixture of both ambient dissolved
inorganic carbon (DIC) and metabolically derived car-
bon (MDC). Both DIC and MDC have distinct isotopic
signatures and their proportions incorporated into the
otolith are a function of the daily metabolism of the
fish (Kalish 1991a, Thorrold et al. 1997, Schwarcz et al.
1998, Weidman & Millner 2000, Solomon et al. 2006).
Therefore, δ13C values, which have been shown to
reflect levels of metabolically derived carbon in blood
plasma (Sherwood & Rose 2003), vary in accordance
with metabolic activity level. Carbon isotope composi-
tions also became more enriched with age, indicating a
gradual decline in metabolic rate from the early life to
the adult stage, which is also consistent with migration
to deeper, colder waters. This pattern was present
across all locations with little difference in metabolic
rate of fish across sample locations. This might indicate
a similar feeding strategy in each location.

Considering laser ablation ICP-MS was imple-
mented as the method of analysis (as opposed to solu-
tion-based ICP-MS), sample numbers were deemed
adequate to successfully interpret the ontogenetic ele-
mental signature through whole otolith transects. In
general, however, the interpretation of the patterns of
variability of elemental signatures in otoliths remains
problematic (Gillanders & Kingsford 2000), especially
in terms of understanding the relative contributions of
extrinsic (aquatic environmental) and intrinsic (physio-
logical  and metabolic) processes in determining the
actual concentrations recovered in the otolith minerals.
High Mn/Ca has been related to anthropogenic
impacts on riverine inputs (Gillanders & Kingsford
2000, Turekian & Tausch 1964). Ba is known to be cor-
related with biological activity on the overlying surface
waters (Swan et al. 2006) and also to increase in con-
centration with depth and distance from shore (Swan
et al. 2003a). High Li levels are thought to relate to
input from hydrothermal activity (Bruland 1983) and to
co-vary with salinity (Milton et al. 1997, Campana et al.
2000, Milton & Chenery 2001, Gillanders 2002, Rooker
et al. 2003). In the present study, Mn was found in
highest concentrations in the Skagerrak and lowest on
the MAR. The Skagerrak is a relatively enclosed area
of shallower water with a high riverine input. Conse-
quently, a high Mn/Ca level should be expected here
as a result of continental runoff. In contrast, Ba was

found in lowest concentration in the Skagerrak and
highest on the MAR and Irish Slope. Since the Ska -
gerrak location is the shallowest and the closest to the
continental mass of the 4 locations, fish inhabiting
it are expected to exhibit relatively low Ba/Ca. The
high variance observed in Ba/Ca between life stages
(Table 3) may account for the somewhat lower classifi-
cation success at this life stage compared to the others.

In agreement with previous results (Bergstad 1990),
our study identified a distinct stock in the Skagerrak
(Devine & Haedrich 2008) and likely independent
stocks in other regions, especially the MAR. These
stocks appear to operate as separate units. As such, it is
hoped that the management process will start to recog-
nize the existence of stock discontinuities in this cur-
rently overexploited deep-sea species. Additionally,
efforts should be made to improve our perception of
stocks that possess an important vertical dimension to
their structuring and/or life history (Cadrin et al. 2010).
In conclusion, the otoliths of roundnose grenadier pop-
ulations from different areas across the northeast
Atlantic exhibited clearly divergent signatures of trace
element chemistry throughout their life history, indi-
cating that they remain permanently geographically
discrete. Furthermore, all populations displayed analo-
gous, yet not identical, ontogenetic depth migrations.
The present study therefore indicates that roundnose
grenadier populations are highly structured across the
northeast Atlantic Ocean. Further insights into the his-
torical stability of these geographical patterns and
their consequences for the recent evolution of these
populations could be garnered by analyzing chemical
and genetic data from the same individuals in a com-
mon statistical framework.
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