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INTRODUCTION

The stable isotope chemistry of biogenic carbonates,
such as fish otoliths, can provide information on the
environmental variation (i.e. habitat, diet, temperature
and depth) that a marine organism has experienced
throughout its life history (Radtke et al. 1987, Kalish
1991a,b, Gauldie et al. 1994, Schwarcz et al. 1998). The
environmental variation recorded in fish otoliths can
subsequently be used as an indicator of the home
range and spatial distribution of a fish species, which
can have implications for stock structure and fisheries

management (Campana et al. 1995, Edmonds & Flet-
cher 1997, Roelke & Cifuentes 1997). In this study, we
investigated the use of stable δ13C and δ18O isotopes in
haddock Melanogrammus aeglefinus otoliths as indi-
cators of environmental variation and stock structure
in the northwest Atlantic Ocean, with particular em-
phasis on the Georges Bank ecosystem (see Fig. 1).

Differences in the stable isotope chemistry of otoliths
between geographically separate groups of fish sug-
gest that distinct environmental regimes are occupied
throughout their life history, providing an indirect
measure of stock separation (Thorrold et al. 1998,
Campana 1999, Edmonds et al. 1999, Newman et al.
2000). Stock separation derived from stable isotope
chemistry is based upon the metabolically inert nature
of otoliths (Campana & Neilson 1985), and the assump-
tion that the calcium carbonate and isotopic composi-
tion of otoliths is mainly derived from the water in
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which the fish reside, as modified by ambient temper-
ature (Campana et al. 1995).

Carbon isotope (δ13C) data derived from fish otoliths
may provide information on growth and metabolic rates,
diet, and productivity levels of the ecosystem in which
the fish reside (DeNiro & Epstein 1978, Fry 1988,
Hesslein et al. 1991, Kalish 1991b, Gauldie 1996, Thor-
rold et al. 1997). However, interpretation of δ13C data can
be complicated because of the inherent biological and
metabolic effects that can influence otolith δ13C, besides
ambient environmental conditions (Grossman & Ku
1986). In contrast, aragonite of fish otoliths has been
demonstrated to precipitate in isotopic equilibrium with
δ18O of ambient environmental conditions (Devereux
1967, Degens et al. 1969, Kalish 1991a,b, Patterson et al.
1993, Thorrold et al. 1997). Consequently, fish otoliths
can be used to reconstruct temperature regimes because
they enable the estimation of δ18O values for ambient
environmental conditions in which the fish have resided
(Kalish 1991a, Patterson et al. 1993). Furthermore,
because of the rhythmic banding pattern found in
fish otoliths, retrospective environmental temperature
regimes can be reconstructed on both an annual and
seasonal basis (Radtke et al. 1987, Patterson 1998). Re-
construction of environmental regimes is desirable for
fisheries management because it can provide insights
into relationships between the ambient environmental
conditions that a fish has experienced and its subsequent
stock structure, migration patterns, and life history
events (Mountain & Murawski 1992).

We investigated the use of stable isotope chemistry
to determine if there were differences in the isotopic

composition of δ13C and δ18O in haddock otoliths sam-
pled throughout the northwest Atlantic Ocean. Partic-
ular emphasis was placed on the depleted haddock
resource in the Georges Bank ecosystem, where stock
rebuilding plans are currently being implemented and
where individual spawning components of haddock
have been identified over eastern and western Geor-
ges Bank (Smith & Morse 1985, Gavaris & van Eeck-
haute 1998, Begg et al. 1999, 2001, Page et al. 1999,
Begg & Brown 2000) (see Fig. 1). Differences in the iso-
topic composition of haddock otoliths sampled from
the different geographic regions were assumed to be
indicative of site-specificity and a phenotypic measure
of stock separation. In addition, we examined the iso-
topic composition of haddock otoliths on an annual and
seasonal basis to determine the potential for stable
δ13C and δ18O isotopes to reflect metabolic and ambi-
ent environmental conditions experienced by haddock
throughout their life history.

MATERIALS AND METHODS

Sample collection. Samples of Melanogrammus
aeglefinus were collected in spring 1995, 1996, 1997
and 1998 during Northeast Fisheries Science Center
(NEFSC) stratified random bottom-trawl surveys,
when the fish were assumed to be on or near their
spawning grounds (Table 1). Samples were collected
from survey stations throughout eastern Georges Bank
(EGB), western Georges Bank (WGB), the Gulf of
Maine (GOM), and the Scotian Shelf (ScS) (Fig. 1,

Table 1). At sea, haddock samples
were measured (fork length, FL, to the
nearest cm), and sagittal otolith pairs
were removed from each fish. In the
laboratory, 1 otolith from each pair was
transverse-sectioned and assigned an
age following standard methods for
northwest Atlantic finfish species (Pen-
tilla & Dery 1988). Haddock samples of
1 and 4 yr of age were then selected for
isotopic analysis. The 1 yr-old samples
were analyzed from an integrated life
history perspective, while the 4 yr-old
samples were analyzed from a chrono-
logical life history perspective.

Isotope analysis. Otoliths were pre-
pared for δ13C and δ18O isotope analy-
sis in different ways, depending on
their age. For the 1 yr-old samples, thin
(~200 µm) transverse sections of the
otoliths were crushed into a fine pow-
der using a mortar and pestle. The
resulting powdered carbonate samples
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Region, Age group (n) FL range δ13C δ18O
Year class (yr) (cm)

Eastern Georges Bank (EGB)
1994 1 (10) 20–26 –1.022 (0.330) 1.520 (0.229)
1995 1 (10) 20–28 –0.498 (0.264) 1.317 (0.277)
1996 1 (10) 23–26 –0.789 (0.383) 1.263 (0.159)
1997 1 (8) 20–27 –1.439 (0.402) 1.531 (0.329)
1993 4 (3) 51–58

Western Georges Bank (WGB)
1994 1 (10) 23–28 –0.687 (0.373) 1.480 (0.131)
1995 1 (10) 20–27 –0.808 (0.433) 1.305 (0.129)
1996 1 (10) 22–28 –0.524 (0.216) 1.072 (0.121)
1997 1 (7) 20–25 –1.463 (0.501) 1.160 (0.325)
1993 4 (3) 49–53

Gulf of Maine (GOM)
1996 1 (10) 19–25 –0.844 (0.448) 1.008 (0.258)

Scotian Shelf (SS)
1996 1 (9) 15–20 –1.277 (0.370) 1.334 (0.131)

Table 1. Melanogrammus aeglefinus. Sampling details and mean (± SD) otolith
δ13C and δ18O values of haddock samples. n = number of samples. FL = fork 

length
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(each weighing ~1 mg) represented
the integrated 1 yr life history of
each sample. In contrast, prepara-
tion of otoliths for the 4 yr-old sam-
ples was more involved. The trans-
verse sections of these otoliths were
mounted with epoxy resin onto
glass slides to make petrographic
thin sections (~100 µm). Seasonal
growth increments were then iden-
tified from magnified images of
these sections, and digitized as nav-
igational input to an automated mi-
cro-sampling system. The micro-
sampling was accomplished by
milling sequential layers (~30 µm in
width) along a given growth incre-
ment of each otolith section, from
the distal edge of the otolith (most
recent growth) to the center of the
otolith (earliest growth). Each layer,
or combined set of adjacent layers,
comprised a single sample (weigh-
ing ~40 µg). Consequently, a contin-
uous time-series with seasonal reso-
lution (2 or more samples per
annum) was obtained for each 4 yr-
old sample.

All stable isotope analyses were
carried out at the National Ocean Sciences Accelerator
Mass Spectrometer Facility at the Woods Hole Oceano-
graphic Institution using a VG Prism stable isotope
mass spectrometer with an on-line hydrolysis extrac-
tion system. The analytical precision (1 s) reported for
this instrument, based on daily analysis of powdered
NIST carbonate standards, was ±0.05 s for carbon and
±0.08 s for oxygen. All isotopic values are reported us-
ing the international standard delta notation for car-
bonates (i.e. δ13C and δ18O).

Metabolic and environmental variation. Age- and
year class-specific growth rates were examined in rela-
tion to otolith δ13C content to determine the use of this
isotope as an indicator of metabolic variation. Mean
length (cm) of 1 yr-old haddock for each year class
(1994 to 1997) from eastern and western Georges Bank
respectively, were estimated from combined NEFSC
spring and autumn survey data (range = 106 to 239
aged samples), and used as a measure of growth and
metabolism throughout the first year of life. Otolith δ13C
values of the 1 yr-old samples were then compared to
the respective mean-length-at-age data to determine
the use of δ13C as a measure of metabolic variation.

The temperature and salinity of the ambient waters
in which haddock reside were then examined in rela-
tion to otolith δ18O values to determine the use of this

isotope as an indicator of retrospective environmental
regimes. Only eastern and western Georges Bank
haddock samples were analyzed in relation to envi-
ronmental variation because of sample limitations,
although it was assumed the use of stable isotopes as
environmental indicators would be similar for had-
dock in other regions of the northwest Atlantic Ocean.
Areal mean bottom temperature (°C) and salinity
(psu) values were estimated from NEFSC surveys
(1993 to 1998) using the methods described in Moun-
tain & Holzwarth (1989), for eastern and western
Georges Bank, respectively (Fig. 1). These values
were calculated for the mid-date (calendar day) of
each survey, and averaged within each year to pro-
vide annual mean estimates of the environmental
variation. Consequently, the final temperature and
salinity values were the resultant means of environ-
mental data collected from several (range = 3 to 9)
surveys in any given year. These values were then
used in the Kim & O’Neil (1997) revised calcite equa-
tion based on inorganic aragonite to estimate ambient
seawater temperature at the time of carbonate deposi-
tion (Campana 1999):
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Fig. 1. Northeast Fisheries Science Center stratified random survey stations from
where haddock samples were collected in 1995 (D), 1996 (J), 1997 (s), and 1998
(h) for stable δ13C and δ18O isotope analysis. EGB: eastern Georges Bank; GOM:
Gulf of Maine; ScS: Scotian Shelf; WGB: western Georges Bank; shaded areas: 

regions used in estimation of areal mean environmental data
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where T = ambient seawater temperature (°C), ∂A
(VPDB) = δ18O of otolith aragonite, and ∂W (VSMOW)
= ambient δ18O seawater. VPDB and VSMOW refer
to the international standard measurement scales
for reporting the δ18O compositions of carbonate and
water, respectively. Ambient δ18O seawater, ∂W
(VSMOW), was estimated using the Fairbanks (1982)
salinity-δ18O seawater equation for the Gulf of Maine
and Scotian Shelf, which was assumed to be applicable
to Georges Bank:

∂W (VSMOW) = –14.66 + 0.421(S)

where S = areal mean salinity values estimated for
eastern and western Georges Bank, respectively.

Data analysis. Analyses were structured to account
for the effects of fish length, age, and year class which
could have biased our interpretations of environmental
variation and stock structure based on the stable iso-
tope values of δ13C and δ18O. Analysis of covariance
(ANCOVA) was initially used to examine the effect of
fish length on the value of each isotope, only for the
1 yr-old samples. Either isotope found to be signifi-

cantly correlated with fish length from the ANCOVAs
was adjusted using the respective common within-
group slope (b). Multivariate analysis of variance
(MANOVA) was then used to examine potential con-
founding year-class differences among 1 yr-old sam-
ples in their otolith isotopic composition, from eastern
and western Georges Bank, respectively. One-way,
fixed effects, unbalanced analyses of variance
(ANOVA) and Tukey’s honestly significant difference
(HSD) tests were further used to examine δ13C and
δ18O data to interpret any significant differences
detected by the MANOVAs. The same multi- and uni-
variate tests were then used to examine the otolith iso-
topic composition of 1 yr-old samples from the different
regions to determine if there was any evidence for
stock structure of haddock in the northwest Atlantic
Ocean based on stable isotope values. The 4 yr-old
samples were examined to determine the potential of
stable isotopes to reconstruct metabolic and tempera-
ture histories of individual fish, although no statistical
analyses were conducted on these data because of
sample limitations.

RESULTS

Individual ANCOVAs for otolith δ13C and δ18O data
for 1 yr-old Melanogrammus aeglefinus samples indi-
cated that there were no significant interactions be-
tween fish length and sample region and year class
(homogeneity of slopes test, p > 0.05), although both
isotopes were significantly correlated with fish length
(p < 0.01) (Fig. 2). Consequently, prior to further statis-
tical analysis, the values of each isotope measured in
the 1 yr-old samples were adjusted for variable fish
length using their respective within-group regression
coefficient (δ13C: b = 0.04865; δ18O: b = –0.02865).

Temporal isotopic differences were observed in the
values of both δ13C and δ18O deposited in haddock
otoliths; indicative of annual metabolic and environ-
mental variability experienced by haddock throughout
their first year of life (Table 1). The integrated otolith
isotopic composition of 1 yr-old haddock samples var-
ied significantly between year classes for haddock on
eastern Georges Bank (MANOVA: F = 4.59; df = 6,68;
p < 0.0006), and western Georges Bank (MANOVA: 
F = 9.73; df = 6,66; p < 0.0001), respectively. Individual
otolith δ13C and δ18O values also varied significantly
between year classes (Fig. 3). Eastern Georges Bank
haddock samples indicated a decline in δ13C since
1995 (linear regression: F = 24.05; df = 1,26; p <
0.0000), which was significantly more enriched than
the other year classes, except in 1996 (HSD, p < 0.05).
In contrast, otolith δ18O remained fairly stable between
samples from the different year classes (Fig. 3). West-
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Fig. 2. Melanogrammus aeglefinus. Otolith δ13C and δ18O as a
function of increasing fork length (cm) of 1 yr-old haddock
samples. Dashed lines represent 95% confidence intervals of
mean regression line. EGB: eastern Georges Bank; GOM:
Gulf of Maine; ScS: Scotian Shelf; WGB: western Georges 

Bank
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Fig. 3. Melanogrammus aeglefinus. Temporal and spatial comparisons of mean (± SD) length-adjusted otolith δ13C and δ18O val-
ues between 1 yr-old haddock samples from different regions in the northwest Atlantic Ocean for each year class, 1994 to 

1997. EGB: eastern Georges Bank; GOM: Gulf of Maine; ScS: Scotian Shelf; WGB: western Georges Bank

Fig. 4. Melanogrammus aeglefinus. Temporal variation in otolith δ13C (D) and δ18O (S) values, and otolith δ18O predicted temper-
atures (oC, h) of individual 4 yr-old haddock samples from eastern (EGB) and western (WGB) Georges Bank. Otolith δ18O pre-
dicted temperatures were based on mean salinity (psu) values for each region (1993 to 1996: EGB = 32.80 psu; WGB = 32.76 psu). 

Bars represent approximate winter growth zones
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ern Georges Bank haddock samples indicated a de-
cline in δ13C in 1997 (linear regression: F = 23.23; df =
1,15; p < 0.0002), which was significantly lower than
the other year classes (HSD, p < 0.05). Similarly, otolith
δ18O declined throughout the study period (linear
regression: F = 26.93; df = 1,35; p < 0.0000), whereby
the 1994 year class was significantly more enriched
than the other year classes (HSD, p < 0.05) (Fig. 3).

Otolith δ18O content of individual 4 yr-old haddock
samples tended to show cyclical (i.e. seasonal) varia-

tion with age, as well as considerable
variation between individual fish, par-
ticularly in their first year of life (Fig. 4).
Likewise, predicted temperatures based
on these otolith δ18O data tended to be
highly variable, although the isotope
peaks (and corresponding cooler tem-
peratures) tended to coincide with win-
ter growth zones. In addition, all indi-
vidual haddock samples appeared to
inhabit warmer waters (3.2 to 13.0°C)
during their initial summer growth
phase, following which they remained
within a cooler predicted temperature
range of 1.4 to 9.8°C. Furthermore, all
individual samples were characterized
by greater otolith δ13C and δ18O en-
richment with increasing age (Fig. 4).

Spatial isotopic differences were also
observed between haddock samples
throughout the northwest Atlantic
Ocean (Table 1). Differences in isotopic
values between haddock samples from
different geographic regions indicated
that variable metabolic and environ-
mental conditions were experienced by
haddock throughout their spatial distri-
bution (Fig. 3). The integrated otolith
isotopic composition of 1 yr-old had-
dock samples from the 1996 year class
varied significantly between regions
(MANOVA: F = 3.36; df = 6,70; p <
0.0057), mainly due to differences in
δ18O values (ANOVA: F = 4.94; df =
3,35; p < 0.0058). Eastern Georges
Bank haddock were significantly more
enriched in otolith δ18O than Gulf of
Maine haddock (HSD, p < 0.05). Like-
wise, eastern Georges Bank haddock
tended to be more enriched in otolith
δ18O than western Georges Bank
haddock (except in 1994), with sig-
nificant differences detected in 1997
(ANOVA: F = 5.39; df = 1,13; p <
0.0372) (Fig. 3).

Eastern and western Georges Bank were character-
ized by slightly different environmental conditions
(Fig. 5). Typically, bottom conditions over eastern
Georges Bank tended to be cooler and more saline than
those over western Georges Bank. In addition, ob-
served otolith δ18O values suggested a predicted tem-
perature range of 0.2 to 6.0°C (1994 to 1997, mean ±
SD = 3.8 ± 1.2°C) experienced by eastern Georges Bank
haddock, and 2.3 to 7.3°C (4.3 ± 1.0°C) by western
Georges Bank haddock (Fig. 6). These temperature dif-
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Fig. 5. Areal mean bottom temperature, salinity, and anomaly values for mid-
date (calendar day) of each survey on eastern (EGB) and western (WGB) 

Georges Bank, 1993 to 1998



Begg & Weidman: δ13C and δ18O in haddock otoliths from NW Atlantic

ferences may have been partly responsible for lower
growth, and hence, metabolic rates of eastern versus
western Georges Bank haddock (Fig. 6). One yr-old
haddock from eastern Georges Bank tended to be
smaller in mean length (1994 to 1997, mean ± SD =
24.5 ± 7.3 cm) than those from western Georges Bank
(26.7 ± 8.8 cm). Likewise, otolith δ13C values tended to
reflect spatial differences in metabolic rates, with a sig-
nificant relationship detected between δ13C and mean-
length-at-age 1 (linear regression: F = 8.37; df = 1,73;
p < 0.005) (Fig. 6). Furthermore, the predicted otolith
δ18O temperatures related to the typically more en-
riched otolith δ18O of eastern Georges Bank haddock,
where cooler bottom temperatures were experienced,
than otoliths from haddock on western Georges Bank.
However, bottom temperatures on Georges Bank may
not fully characterize the home range occupied by had-
dock throughout their life history because their pre-

dicted otolith δ18O temperatures appeared to decline
while overall bottom temperatures on Georges Bank
increased (Fig. 6).

DISCUSSION

The stable isotope chemistry of Melanogrammus
aeglefinus otoliths provided information on the meta-
bolic and ambient environmental conditions that indi-
vidual fish in the northwest Atlantic Ocean experi-
enced throughout their life history. We found otolith
isotopic values of δ13C and δ18O to vary on both a tem-
poral and spatial basis, suggestive of ontogenetic dif-
ferences in diet, distribution, movements, and/or stock
structure. Otolith δ18O values indicated that haddock
modify their distribution in response to shifts in tem-
perature regimes, most likely in order to remain in
habitats optimal for growth and survival; this under-
lines the difficulty of temperature reconstructions from
mobile organisms with optimal temperature ranges.

Annual and seasonal variation in otolith δ13C and
δ18O indicated that haddock undergo temporal shifts in
distribution and home range throughout their life his-
tory, as well as ontogenetic shifts in diet. Declining
otolith δ13C in 1 yr-old haddock across Georges Bank
suggested reductions in trophic levels and/or meta-
bolic rates throughout the study period (Fig. 3). Wain-
right et al. (1993) found that temporal declines in scale
δ13C values of Georges Bank haddock were in
response to reductions in trophic levels that reflected
changes in prey availability, and/or a shift towards
lower trophic level invertebrates. Otolith δ13C values
also appeared to reflect similar variation in growth and
metabolic processes of haddock, where lower δ13C val-
ues were associated with lower mean-lengths-at-age
(Fig. 6). Furthermore, declining otolith δ18O values in
1 yr-old haddock on western Georges Bank suggested
warmer ambient conditions, whereas otolith δ18O in
haddock on eastern Georges Bank suggested more
stable conditions during the study period. However,
these trends were in contrast to declining tempera-
tures on Georges Bank (Fig. 5). Consequently, had-
dock may be compensating for variable environmental
conditions by modifying their distribution throughout
their life history to reside in habitats with optimal tem-
perature ranges (Fig. 6).

Environmental conditions often define the biological
limits and distribution range of a fish stock (Iles &
Sinclair 1982), where most fish reside in habitats opti-
mal for growth and survival (Swain & Wade 1993, Mar-
avelias 1999). Haddock undergo seasonal movements
in the northwest Atlantic Ocean, presumably in re-
sponse to shifts in environmental conditions (Needler
1930, McCracken 1960, Halliday & McCracken 1970).
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Fig. 6. Melanogrammus aeglefinus. Otolith δ13C and δ18O pre-
dicted temperatures for 1 yr-old haddock versus mean length
and mean areal bottom temperatures, respectively, for east-
ern (EGB) and western (WGB) Georges Bank, 1994 to 1997.
Dashed lines represent 95% confidence intervals of mean 

regression lines
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For example, on Georges Bank, haddock are generally
more dispersed in shallow waters across the top of the
Bank during spring when temperatures are cooler,
withdrawing to deeper waters along the edge of the
Bank and in the Gulf of Maine during summer and
early autumn when temperatures on the Bank are
warmer (Bigelow & Schroeder 1953, van Eeckhaute et
al. 1999). Our results concurred indirectly with these
seasonal movements, as the predicted ambient tem-
peratures derived from the otolith δ18O values relative
to the actual temperatures on Georges Bank suggested
that haddock were not staying on the Bank for their
entire life history. Mountain & Murawski (1992) esti-
mated haddock compensated for nearly two-thirds of
the interannual changes in shelf water temperatures
on Georges Bank by shifting their distribution either
north-south along the shelf, or between shallow and
deep waters across the shelf, to maintain some opti-
mum or preferred temperature range. Hence, tem-
peratures on Georges Bank alone do not fully charac-
terize the complete range of habitats occupied by
haddock throughout their life history, unlike the envi-
ronmental signal recorded in the δ18O values of their
otoliths.

The inability of δ18O in otoliths of haddock to accu-
rately reconstruct the actual bottom-water tempera-
tures derived from research survey data during the
study period emphasizes the difficulties associated
with environmental reconstructions of geographic
regions from otoliths of fish that are highly mobile and
capable of seeking out optimal temperature environ-
ments. Alternatively, it may also reflect the inability of
research survey data to detect small variations in
ambient environmental conditions. The areal mean
temperature and salinity data we used in this study to
characterise the physical environment may have been
too coarse for detecting subtle changes in the distribu-
tion and environmental conditions experienced by
haddock that were recorded in the δ18O values of their
otoliths. Research survey data only provides ‘snap-
shots‘ of mean environmental conditions over broad
spatial and temporal scales, that are usually further
confounded by interannual variations in the timing of
the surveys (Murawski & Mountain 1990). Finer spatial
and temporal scales of the environment are needed if
we are to reconstruct environmental conditions of spe-
cific geographic regions from otolith δ18O values, par-
ticularly for organisms such as haddock that are highly
mobile with optimal temperature ranges (Bigelow &
Schroeder 1953, Mountain & Murawski 1992, Begg
1998). Moreover, temperature reconstructions from
otolith δ18O values can be further confounded by vari-
ation in seawater δ18O composition that may result
from ontogenetic changes in spatial and depth-related
seasonal movements (Campana 1999).

Cyclical patterns in the otolith δ18O values indicated
that haddock also experience seasonal variations in
their ambient environmental conditions, and demon-
strated the chronological time-keeping properties of
otolith stable isotopes (Fig. 4). The general cyclical pat-
tern in otolith δ18O values of the 4 yr-old haddock sam-
ples from eastern and western Georges Bank presum-
ably corresponded with the seasonal heating cycle,
albeit with significant variability between individual
fish. Typically, the winter growth zones in the otoliths
tended to coincide with more enriched otolith δ18O or
cooler environmental conditions, further suggesting
that haddock undergo seasonal movements through-
out their life history. In contrast, the otolith δ13C values
did not exhibit any clear seasonal signal, although
deposition of this isotope is influenced more by meta-
bolic processes than by ambient environmental condi-
tions (i.e. Kalish 1991b, Gauldie 1996, Thorrold et al.
1997, Schwarcz et al. 1998).

Ontogenetic variation was also observed in the iso-
topic composition of haddock otoliths (Fig. 4). Greater
enrichment with age of otolith δ13C and δ18O suggested
that higher trophic levels and cooler conditions were
experienced by haddock as they got older, related to
ontogenetic changes in contribution of metabolic δ13C
and differences in location or depth characterised by
variable seawater δ18O composition. Supporting this
suggestion is that haddock undergo a shift in diet with
age (1 to 2 yr; 20 to 30 cm), from one of small inverte-
brate generalists to one of larger invertebrate detriti-
vores (Wainright et al. 1993, Garrison & Link 2000,
NEFSC unpubl. data). Moreover, enrichment in otolith
δ13C appeared to reach an asymptotic or maximum
value, followed by a decline, in almost all the individ-
ual samples. Similar results have been found in other
studies where maximum δ13C values corresponded
with age at sexual maturation, while subsequent de-
clines corresponded with slower age-related metabo-
lism coupled with attainment of maximum trophic
levels (Mulcahy et al. 1979, Gauldie 1996, Schwarcz et
al. 1998). This scenario was certainly plausible for had-
dock on Georges Bank, which tend to reach sexual
maturity around 2 yr of age (Begg et al. 1999), corre-
sponding to when the asymptotic or maximum δ13C
values were generally observed in the individual had-
dock samples. Furthermore, enrichment in otolith δ18O
with increasing age, is due to haddock undergoing
age-dependent shifts in habitat use, with juveniles
tending to reside in shallower, warmer waters, and
adults in deeper, cooler waters (Brown 1998, van
Eeckhaute et al. 1999). Mulcahy et al. (1979) found
age-related enrichment in otolith δ18O for another
groundfish species (Coryphaenoides acrolepis), and
suggested that it was also due to migrations to deeper,
cooler waters as the fish got older. Likewise, Edmonds
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& Fletcher (1997) and Newman et al. (2000) found that
pilchards Sardinops sagax and goldband snapper Pris-
tipomoides multidens, respectively, residing in cooler
waters, were more enriched in otolith δ18O than those
in warmer waters.

Spatial variation in the otolith isotopic composition of
the 1 yr-old haddock samples suggested differences in
the ambient environmental conditions experienced
throughout their life history, providing an indirect
measure of stock structure. However, these differences
were not as pronounced as the temporal and onto-
genetic differences, and distributions of both the δ13C
and δ18O values demonstrated significant overlap
between haddock from some of the regions, limiting
the use of whole-otolith stable isotope analysis for
discrimination of individual haddock to their stock of
origin (Fig. 3).

Throughout the northwest Atlantic Ocean, individ-
ual spawning components of haddock have been iden-
tified on Georges Bank, in the Gulf of Maine, and
along the Scotian Shelf, but uncertainty exists as to the
degree of connectivity and interchange between them
(Begg 1998). On Georges Bank, individual spawning
components of haddock have been identified over
eastern and western Georges Bank (Smith & Morse
1985, Gavaris & van Eeckhaute 1998, Begg et al. 1999,
2001, Page et al. 1999, Begg & Brown 2000), although
the clockwise gyre on the Bank enables the potential
for interchange of individuals between spawning com-
ponents during the planktonic egg and larval stages
(Begg et al. 1999, Page et al. 1999). Eastern Georges
Bank haddock are more influenced by southward-
flowing cooler, Scotian Shelf waters, in contrast to
western Georges Bank haddock which are more influ-
enced by warmer, Gulf of Maine waters (Drinkwater &
Mountain 1997). These circulation patterns were re-
flected in the otolith δ18O values, whereby haddock
from eastern Georges Bank and the Scotian Shelf were
more similar in their δ18O values than those from west-
ern Georges Bank and the Gulf of Maine (Fig. 3). Fur-
thermore, eastern Georges Bank tends to be cooler and
more saline than western Georges Bank, providing a
basis for the development of differences in otolith δ18O
as well as in growth, metabolism and, indirectly, otolith
δ13C values between haddock from these 2 regions.
However, the apparent temperature compensation
exhibited by haddock in their seasonal movements,
and/or any mixing that occurs throughout their life
history, may reduce the effect of environmental differ-
ences between eastern and western Georges Bank,
which in turn, may account for reduced differences
in their otolith isotopic compositions. Consequently,
finer spatially and temporally resolved sampling of
both the fish and their otoliths than that derived from
whole-otolith analysis, coupled with equally resolved

environmental conditions are required for more ac-
curate stock discrimination of haddock throughout
the northwest Atlantic based on stable isotope chem-
istry.

Stable isotope chemistry of haddock otoliths enables
insight into the retrospective environmental conditions
that individual fish experience throughout their life
history. Combined with life history characteristics, the
use of stable δ13C and δ18O isotopes can provide chro-
nological relationships on metabolism, home range,
dispersal patterns, and ambient environmental condi-
tions. However, otolith δ18O is only indicative of the
external conditions about a fish, and cannot by itself be
used to differentiate whether a fish has moved into
cooler/warmer waters, or whether the waters around
the fish have changed. Future studies could incorpo-
rate depth, temperature and location information
derived from recently developed electronic data stor-
age tags (i.e. Thorsteinsson & Eggertson 1998) to con-
firm these relationships and enable a more realistic
means of comparing ambient environmental condi-
tions with otolith isotopic compositions. Moreover, sta-
ble isotope chemistry may enable movements of in-
dividual haddock larvae to be back-calculated to
quantify the degree of interchange between spawning
components, while reconstruction of long-term envi-
ronmental regimes that individual fish have experi-
enced via fine-scale sampling of archived biological
material may provide insights into stock collapses and
subsequent rebuilding strategies.

Acknowledgements. Thanks to Maureen Taylor for assistance
with the environmental data, Russell Brown and William
Overholtz for numerous discussions, Lance Garrison for
insights into the food habits data, Kathy Sosebee, George
Bolz, Jay Burnett, Nancy Munroe and Christine Esteves for
assistance with survey and ageing data, and David Mountain,
Steven Campana and 2 anonymous reviewers for reviews of
this manuscript. This work was performed while the authors
held National Research Council (NOAA/NMFS/NEFSC)
Research Associateships.

LITERATURE CITED

Begg GA (1998) A review of stock identification of haddock,
Melanogrammus aeglefinus, in the northwest Atlantic
Ocean. Mar Fish Rev 60(4):1–15

Begg GA, Brown RW (2000) Stock identification of haddock
(Melanogrammus aeglefinus) on Georges Bank based on
otolith shape analysis. Trans Am Fish Soc 129:935–945

Begg GA, Hare JA, Sheehan DD (1999) The role of life history
parameters as indicators of stock structure. Fish Res 43:
141–163

Begg GA, Overholtz WJ, Munroe N (2001) The utility of inter-
nal otolith morphometrics for stock identification of had-
dock, Melanogrammus aeglefinus, on Georges Bank. Fish
Bull 99:1–14

Bigelow HB, Schroeder WC (1953) Fishes of the Gulf of
Maine. Fish Bull 53:1–175

231



Mar Ecol Prog Ser 216: 223–233, 2001

Brown RW (1998) Haddock. In: Clark SH (ed) Status of fishery
resources off the northeastern United States for 1998.
NOAA Tech Memo NMFS NE-115:53–56

Campana SE (1999) Chemistry and composition of fish
otoliths: pathways, mechanisms and applications. Mar
Ecol Prog Ser 188:263–297

Campana SE, Neilson JD (1985) Microstructure of fish
otoliths. Can J Fish Aquat Sci 42:1014–1032

Campana SE, Gagné JA, McLaren JW (1995) Elemental fin-
gerprinting of fish otoliths using ID-ICPMS. Mar Ecol Prog
Ser 122:115–120

Degens ET, Deuser WG, Haedrich RL (1969) Molecular
structure and composition of fish otoliths. Mar Biol 2:
105–113

DeNiro MJ, Epstein S (1978) Influence of diet on the distribu-
tion of carbon isotopes in animals. Geochim Cosmochim
Acta 42:495–506

Devereux I (1967) Temperature measurements from oxygen
isotope ratios of fish otoliths. Science 155:1684–1685

Drinkwater KF, Mountain DG (1997) Climate and oceano-
graphy. In: Boreman J, Nakashima BS, Wilson JA, Ken-
dall RL (eds) Northwest Atlantic groundfish: perspectives
on a fishery collapse. American Fisheries Society, MD, 
p 3–25

Edmonds JS, Fletcher WJ (1997) Stock discrimination of
pilchards Sardinops sagax by stable isotope ratio analysis
of otolith carbonate. Mar Ecol Prog Ser 152:241–247

Edmonds JS, Steckis RA, Moran MJ, Caputi N, Morita M
(1999) Stock delineation of pink snapper and tailor from
Western Australia by analysis of stable isotope and stron-
tium/calcium ratios in otolith carbonate. J Fish Biol 55:
243–259

Fairbanks RG (1982) The origin of continental shelf and slope
water in the New York Bight and Gulf of Maine: evidence
from H2

18O/H2
16O ratio measurements. J Geophys Res 87:

5796–5808
Fry B (1988) Food web structure on Georges Bank from stable

C, N, and S isotopic compositions. Limnol Oceanogr 33:
1182–1190

Garrison LP, Link JS (2000) Dietary guild structure of the fish
community in the northeast United States continental
shelf ecosystem. Mar Ecol Prog Ser 202:231–240

Gauldie RW (1996) Biological factors controlling the carbon
isotope record in fish otoliths: principles and evidence.
Comp Biochem Physiol 115B:201–208

Gauldie RW, Thacker CE, Merrett NR (1994) Oxygen and car-
bon isotope variation in the otoliths of Beryx splendens
and Coryphaenoides profundicolus. Comp Biochem Phys-
iol 108A:153–159

Gavaris S, van Eeckhaute L (1998) Assessment of haddock on
eastern Georges Bank. Can Dep Fish Oceans, DFO Atl
Fish Res Doc 98/66:75 p

Grossman EL, Ku TL (1986) Oxygen and carbon isotope frac-
tionation in biogenic aragonite: temperature effects.
Chem Geol 59:59–74

Halliday RG, McCracken FD (1970) Movements of haddock
tagged off Digby, Nova Scotia. Int Comm Northwest Atl
Fish Res Bull 7:8–14

Hesslein RH, Capel MJ, Fox DE, Hallard KA (1991) Stable iso-
topes of sulfur, carbon, and nitrogen as indicators of
trophic level and fish migration in the lower Mackenzie
River basin, Canada. Can J Fish Aquat Sci 48:2258–2265

Iles TD, Sinclair M (1982) Atlantic herring: stock discreteness
and abundance. Science 215:627–633

Kalish JM (1991a) Oxygen and carbon stable isotopes in the
otoliths of wild and laboratory-reared Australian salmon
(Arripis trutta). Mar Biol 110:37–47

Kalish JM (1991b) 13C and 18O isotopic disequilibria in fish
otoliths: metabolic and kinetic effects. Mar Ecol Prog Ser
75:191–203

Kim ST, O’Neil JR (1997) Equilibrium and nonequilibrium
oxygen isotope effects in synthetic carbonates. Geochim
Cosmochim Acta 61:3461–3475

Maravelias CD (1999) Habitat selection and clustering of a
pelagic fish: effects of topography and bathymetry on spe-
cies dynamics. Can J Fish Aquat Sci 56:437–450

McCracken FD (1960) Studies of haddock in the Passama-
quoddy Bay region. J Fish Res Board Can 17:175–180

Mountain DG, Holzwarth TJ (1989) Surface and bottom tem-
perature distribution for the northeast continental shelf.
NOAA Tech Memo NMFS F/NEC 73:1–39

Mountain DG, Murawski SA (1992) Variation in the distribu-
tion of fish stocks on the northeast continental shelf in
relation to their environment, 1980–1989. ICES Mar Sci
Symp 195:424–432

Mulcahy SA, Killingley JS, Phleger CF, Berger WH (1979) Iso-
topic composition of otoliths from a benthopelagic fish,
Coryphaenoides acrolepis, Macrouridae: Gadiformes.
Oceanol Acta 2:423–427

Murawski SA, Mountain DG (1990) Climate change and
marine fish distributions: analogies from seasonal and
annual variability. Int Counc Explor Sea Comm Meet
1990:C36:1–24

Needler AWH (1930) The migrations of haddock and the
interrelationships of haddock populations in North Amer-
ican waters. Contrib Can Biol 6:241–313

Newman SJ, Steckis RA, Edmonds JS, Lloyd J (2000) Stock
structure of the goldband snapper Pristipomoides multi-
dens (Pisces: Lutjanidae) from the waters of northern and
western Australia by stable isotope ratio analysis of sagit-
tal otolith carbonate. Mar Ecol Prog Ser 198:239–247

Page FH, Sinclair M, Naimie CE, Loder JW, Losier RJ, Berrien
PL, Lough RG (1999) Cod and haddock spawning on
Georges Bank in relation to water residence times. Fish
Oceanogr 8:212–226

Patterson WP (1998) North American continental seasonality
during the last millennium: high-resolution analysis of
sagittal otoliths. Paleoecologia 138:271–303

Patterson WP, Smith GR, Lohmann KC (1993) Continental
paleothermometry and seasonality using the isotopic com-
position of aragonitic otoliths of freshwater fishes. Geo-
phys Monogr 78:191–202

Pentilla J, Dery LM (1988) Age determination methods for
Northwest Atlantic species. NOAA Tech Rep NMFS 72:
1–135

Radtke RL, Williams DF, Hurley PCF (1987) The stable iso-
topic composition of bluefin tuna (Thunnus thynnus)
otoliths: evidence for physiological regulation. Comp
Biochem Physiol 87A:797–801

Roelke LA, Cifuentes LA (1997) Use of stable isotopes to
assess groups of king mackerel, Scomberomorus cavalla,
in the Gulf of Mexico and southeastern Florida. Fish Bull
95:540–551

Schwarcz HP, Gao Y, Campana S, Browne D, Knyf M, Brand
U (1998) Stable carbon isotope variations in otoliths of
Atlantic cod (Gadus morhua). Can J Fish Aquat Sci 55:
1798–1806

Smith WG, Morse WW (1985) Retention of larval haddock,
Melanogrammus aeglefinus, in the Georges Bank region,
a gyre-influenced spawning area. Mar Ecol Prog Ser 24:
1–13

Swain DP, Wade EJ (1993) Density-dependent geographic
distribution of Atlantic cod (Gadus morhua) in the south-
ern Gulf of St. Lawrence. Can J Fish Aquat Sci 50:725–733

232



Begg & Weidman: δ13C and δ18O in haddock otoliths from NW Atlantic

Thorrold SR, Campana SE, Jones CM, Swart PK (1997) Fac-
tors determining δ13C and δ18O fractionation in aragonitic
otoliths of marine fish. Geochim Cosmochim Acta 61:
2909–2919

Thorrold SR, Jones CM, Swart PK, Targett TE (1998) Accurate
classification of juvenile weakfish Cynoscion regalis to
estuarine nursery areas based on chemical signatures in
otoliths. Mar Ecol Prog Ser 173:253–265

Thorsteinsson V, Eggertson GI (1998) Vertical migration pat-
terns of Atlantic cod (Gadus morhua) in Icelandic waters,

results from electronic data storage tags (DSTs). Int Counc
Explor Sea Comm Meet 1998/BB:13, p 1–14

van Eeckhaute LAM, Gavaris S, Trippel EA (1999) Movements
of haddock, Melanogrammus aeglefinus, on eastern
Georges Bank determined from a population model incor-
porating temporal and spatial detail. Fish Bull 97:661–679

Wainright SC, Fogarty MJ, Greenfield RC, Fry B (1993) Long-
term changes in the Georges Bank food web: trends in 
stable isotopic compositions of fish scales. Mar Biol 115:
481–493

233

Editorial responsibility: Otto Kinne (Editor), 
Oldendorf/Luhe, Germany

Submitted: May 5, 2000; Accepted: November 28, 2000
Proofs received from author(s): June 1, 2001


