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Abstract

Continuous Plankton Recorder data suggest that the Irminger Sea supports a major proportion of the surface living
population of the copepod Calanus finmarchicus in the northern North Atlantic, but there have been few studies of its pop
ulation dynamics in the region. In this paper, we document the seasonal changes in the demographic structure of C. finm

archicus in the Irminger Sea from a field programme during 2001/2002, and the associations between its developmental
stages and various apparent bio physical zones. Overwintering stages were found widely at depth (>500 m) across the Irm
inger Sea, and surviving females were widely distributed in the surface waters the following spring. However, recruitment
of the subsequent generation was concentrated around the fringes of the Irminger Sea basin, along the edges of the Irm
inger and East Greenland Currents, and not in the central basin. In late summer animals were found descending back to
overwintering depths in the Central Irminger Sea. The key factors dictating this pattern of recruitment appear to be (a) the
general circulation regime, (b) predation on eggs in the spring, possibly by the surviving G0 stock, and (c) mortality of first
feeding naupliar stages in the central basin where food concentrations appear to be low throughout the year.

We compared the demographic patterns in 2001/2002 with observations from the only previous major survey in 1963
and with data from the Continuous Plankton Recorder (CPR) surveys. In both previous data sets, the basic structure of
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G0 ascent from the central basin and G1 recruitment around the fringes was a robust feature, suggesting that it is a recur
rent phenomenon. The Irminger Sea is a complex mixing zone between polar and Atlantic water masses, and it has also
been identified as a site of sporadic deep convection. The physical oceanographic characteristics of the region are therefore
potentially sensitive to climate fluctuations. Despite this, the abundance of C. finmarchicus in the region, as measured by
the CPR surveys, appears not to have responded to climate factors linked to the North Atlantic Oscillation Index, in con
trast with the stocks in eastern Atlantic areas. We speculate that this may because biological factors (production and mor
tality), rather than transport processes are the key factors affecting the population dynamics in the Irminger Sea.

Keywords: Plankton; Oceanography; Atlantic Ocean; Greenland; Copepods; Mortality; Feeding
1. Introduction

Most of our understanding of the ocean basin-scale spatial and temporal dynamics of Calanus finmarchci-

cus and other mesozooplankton taxa in the North Atlantic derives from the Continuous Plankton Recorder
(CPR) surveys (Planque and Batten, 2000). These have revealed two primary population centres of C. finm-
archicus that coincide with the major gyres of the surface ocean circulation in the North Atlantic the Nor-
wegian Sea gyre, and the Labrador/Irminger Sea (Fig. 1; Greene and Pershing, 2000; Head et al., 2001; Heath
et al., 2001). However, for all their value, the CPR data provide poor stage resolution, are semi-quantitative,
and are restricted to the upper 10 m of the water column. For example, the CPR cannot provide any infor-
mation on C. finmarchcus during the 6 months or so of the year when the majority of the population is over-
wintering and absent from the surface waters. To better understand how the coupling between life-cycle
process and physical oceanography gives rise to the basin scale surface distribution detected by the CPR, it
is necessary to assemble at least a seasonal sequence of vertically and horizontally resolved, demographic
and physiological state data, with concurrent physical measurements.
Fig. 1. Time averaged C. finmarchicus C5 C6 abundance (m 3) at 7 10 m depth from a combination of CPR samples collected between
1958 and 2000, and plankton sampling in the Norwegian Sea during the EU TASC project (adapted from Heath et al., 2001), overlaid with
annual average velocity at 10 m depth (arrows) and the 2 �C and 11 �C annual average isotherms from the OCCAM Global circulation
Model (de Cuevas et al., 1999; Webb et al., 1998). OCCAM data were simulated with meteorological conditions for 1997.



Detailed demographic studies of C. finmarchicus have so far only been practically possible on a sub-regional
scale. Gyre-scale population dynamics have been studied in the Norwegian Sea and northeastern Atlantic dur-
ing the EU-TASC and EU-ICOS projects (Heath and Coombs, 1999; Tande and Miller, 2000). The data and
knowledge collected during those programmes have subsequently supported a numerical simulation effort, in
which lifecycle hypotheses have been tested by comparing model results with observations (e.g. Speirs et al.,
2006). Studies of population dynamics in the Labrador/Irminger gyre have been less advanced. Tittensor et al.
(2003) developed a model for C. finmarchicus in the Labrador Sea, but they were hampered by a lack of high
quality supporting demographic observations. Apart from CPR samples, the available data were fragmentary
and comprised: (1) observations from the NORWESTLANT programme in 1963 (ICNAF, 1968), but only of
copepodite stages in the upper 100 m during spring and summer; (2) a time series of plankton abundance in
the surface waters at Ocean Weather station B (56�30 0N, 51�00 0W) during 1950 1951 (Kielhorn, 1952); (3) a
series of spring/summer surface water observations around the Flemish Cap during 1979 81 (Anderson,
1990); (4) spring and early summer surveys in the Davis Strait in the late 1970s (Huntley et al., 1983), and
(5) an annual series of copeopodite abundance and egg production observations along transects across the
Labrador Sea in May/June from 1995 onwards (Head et al., 2000). None of those sources provided any data
on the depth distribution and abundance of overwintering stages of C. finmarchicus. Interactions between sea-
sonal/stage-dependent vertical migrations and the three-dimensional circulation regime had been strongly
implicated as factors in the space time dynamics of demography in the northeast Atlantic (e.g. Backhaus
et al., 1994). Other detailed demographic studies in the northwestern Atlantic during the 1990s had been lar-
gely confined to the continental shelf and slope regions along the Scotian Shelf and Gulf of Maine (Durbin
et al., 2000; Head et al., 1999). Only subsequent to the modelling study of Tittensor et al. (2003), were the first
depth resolved winter observations of stage abundance in the Labrador Sea collected by Erica Head in Decem-
ber 2002 (pers. comm.).

Demographic data from the Irminger Sea, other than the CPR, were also scarce prior to the 2001/2002
studies which we report in this paper. The NORWESTLANT surveys in 1963 sampled the upper waters of
the Labrador Sea and also extended to the Irminger Sea between Greenland and Iceland. Apart from that,
there was no detailed demographic sampling until the studies of Gislason and co-workers in 1997 and there-
after (Gislason and Assthorsson, 2000; Jónasdóttir et al., 2002; Gislason, 2003, 2005; Gislason et al., 2007).
Those authors reported on the seasonal changes in C. finmarchicus demography, depth distribution and egg
production in the shelf and slope waters south and southwest of Iceland, and at two stations in the northern
Irminger Basin (>2000 m water depth). Their data showed that stage C5 copepodites were abundant in the
northern Irminger Sea at depths of 200 1800 m in Atlantic-origin water of temperature 3 6 �C during Novem-
ber and December. Ascent to the surface commenced in March and continued through to early May. The
studies provided detailed information on connections between the offshore stock of C. finmarchicus in the
northern Irminger and Iceland Basins, and production on the Iceland shelf (Gislason et al., 2000) but, due
to the restricted spatial coverage, relatively little regarding the controls on population dynamics at the scale
of the Irminger Sea basin.

Understanding population dynamics in the Labrador/Irminger gyre was clearly the next major step
towards developing a model of the ocean basin-scale population of C. finmarchicus, the connections between
sub-populations and the responses, if any, to climate fluctuations. Considering the summary of published data
and knowledge of zooplankton given above, it appeared that the greater part of the Irminger Sea was almost
unexplored territory. The north-western half of the region, along the east Greenland shelf, was not covered by
the CPR surveys and, as far as we could ascertain, had never been sampled since the NORWESTLANT sur-
veys in 1963. Hence, we focussed our attention on this region as one of the UK contributions to the Interna-
tional GLOBEC programme.

One of our first activities, which helps to set the analysis presented in this paper into context, was to produce
a pan-Atlantic synthesis of the abundance and vertical distribution of overwintering stages of C. finmarchicus

during November January (Heath et al., 2004). Experience from the north-eastern Atlantic suggested that
these stages would be found at depths of 400 2000 m in the open ocean, well out of the sampling range of
the CPR and hence largely unknown at the basin scale. Initial results from winter (November and December
2001 and 2002) surveys in the Irminger Sea, which we further analyse in more detail in this paper, were com-
bined with the database of winter sampling from the northeast Atlantic and Icelandic waters (Heath et al.,



2000b), and with sampling in December 2002 in the Labrador Sea (E. Head, pers. comm.). That exercise iden-
tified a number of epicentres of the pan-Atlantic population: in the Labrador Sea, northern Irminger Sea, Ice-
land Basin, and eastern Norwegian Sea. It was argued that these epicentres defined the structure of the ocean-
basin scale population, out of which must emerge the more diffuse, reproductive population in the surface
waters which is sampled by the CPR surveys, and into which sufficient individuals must descend again in the
autumn in order to repeat the process in the following year. The Irminger Sea basin was clearly identified as
an important epicentre, and the depth distribution of copepodites and associated temperature and salinity con-
ditions were more consistent with those in the Labrador Sea than those in the Iceland Basin to the east.

Oceanographic conditions in the Irminger Sea at the end of the 1990s were substantially different from
those in 1963. In the earlier study, sea ice extended south along the east coast of Greenland as far as Cape
Farewell throughout the NORWESTLANT survey period (ICNAF, 1968). High phytoplankton biomass
(>5 mg chl m 3), and the bulk of surviving early copepodite stages of C. finmarchicus were distributed in a
narrow band along the ice edge (ICNAF, 1968; Bainbridge and Corlett, 1969). In contrast, during the late
1990s the extent of sea-ice cover was reduced to the minimum observed values since at least the mid-20th cen-
tury (Walsh and Chapman, 2001; Serreze et al., 2003). Deep-water overflow across the Greenland Scotland
Ridge has also significantly reduced in the intervening years (Hansen et al., 2001; Osterhus et al., 2001), affect-
ing the potential overwintering habitat for C. finmarchicus. During the 1990s alone there has been a pro-
nounced warming of the upper 200 m of the water column (Hughes and Holliday, 2006), with marked
consequences for the distribution of the main commercially exploited species in the region (Atlantic redfish,
Sebastes mentella), which occupy a temperature range of 3.4 5.7 �C (Sigurdsson et al., 1999). We therefore
hypothesised that the patterns of C. finmarchicus ascent from overwintering, and the spatial patterns of
C. finmarchicus recruitment in the Irminger Sea in 2001 2002, might differ from those in 1963, in a manner that
could be explained in terms of changes in the circulation and water mass distributions, and possibly predation.

1.1. Oceanography of the Irminger sea

The Irminger Sea basin lies in the Atlantic Arctic Province (Longhurst, 1998) bounded by the east Green-
land shelf to the west, the Reykjanes Ridge to the east, the Denmark Strait to the north and the Polar Front to
the south. The circulation in the Irminger Sea is dominated by a cyclonic gyre (Jakobsen et al., 2003) (Fig. 1),
with weakly cyclonic mean flow in the central basin with a core near 61�N, 36�W (Reverdin et al., 2003). The
cyclonic circulation leads to up-doming of the isopycnal surfaces, creating an area with potential for water
mass transformation (Centurioni and Gould, 2004). Detailed descriptions of the water masses and hydrogra-
phy of the region are presented by Holliday et al. (2006), Waniek and Holliday (2006), and Waniek et al.
(2005). A summary is given below.

The surface waters of the interior of the basin are dominated by cool fresh Sub-Arctic surface Water (SAW)
with its origin in the surface waters of the Labrador Sea (Read, 2001; Holliday et al., 2006). This SAW
becomes Subarctic Intermediate Water (SAIW) when subducted beneath the North Atlantic Current
(NAC). The eastern Irminger Sea is occupied by the strong, northward flowing Irminger Current (IC), a
branch of the NAC which remains west of Reykjanes Ridge and the Mid-Atlantic Ridge (Fig. 2). Variable
temperature and salinity are typically found in this region as a result of the strong horizontal mixing with
the adjacent water types. The Irminger Current is subjected to winter vertical mixing induced by seasonal wind
stirring and buoyancy (heat) loss, which leads to changing characteristics along its pathway. One part of the
salty and warm Modified North Atlantic Water (MNAW) transported by the Irminger Current exits the Irm-
inger Sea towards the north through the Denmark Strait and another part flows southwestward along the
Greenland coast where it joins the East Greenland Current (Orvik and Niiler, 2002). The southwest branch
of the Irminger Current forms a sharp thermal front with the stratified much cooler and fresher waters of
the southward flowing East Greenland Current (EGC). The shallow (<700 m) East Greenland Current flows
above the continental slope and shelf, and carries water and ice from the Arctic and Nordic Seas into the sub-
polar gyre. The EGC itself consists of a mixture of water masses: cold, fresh Arctic Polar Water (temperature
<0 �C, salinity <34.5), Arctic Intermediate Water (temperature 0 3 �C), and an additional inshore component
(temperature 0.4 �C, salinity 30.2) that flows as a jet current within 5 km of the coast of Greenland (East
Greenland Coastal Current; Bacon et al., 2002; Bruce, 1995).
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Fig. 2. Sampling locations in the Irminger Sea during Discovery surveys (a) D258 (8 November 12 December 2001), (b) D262 (21 April
24 May 2002), (c) D264 (28 July 23 August 2002), and (d) D267 (15 November 14 December 2002). Solid symbols indicate plankton and
hydrographic sampling locations. Open symbols indicate sampling locations where only hydrographic measurements were carried out. (e)
Average boundaries of biophysical zones (according to Holliday et al., 2006) to which the sampling stations in the four cruises were
assigned (East Greenland Current Polar (EGC P), East Greenland Current Atlantic (EGC A), Central Irminger Sea (CIS), North
Irminger Current (NIC), South Irminger Current (SIC) and Reykjanes Ridge (RR)), plus the two additional zones Iceland Shelf (IS) and
Iceland Basin (IB) which were only sparsely sampled. (f) Schematic of the major currents and water masses in the region. Solid arrows
indicate surface flows, dashed arrows indicate deep flows: (East Greenland Current (EGC), Irminger Current (IC), Denmark Strait
Overflow Water (DSOW), Iceland Scotland Overflow Water (ISOW), and Labrador Sea Water (LSW)). Isobaths in each panel are shown
at 500 m, 1000 m, 2000 m and 3000 m.
The intermediate (>700 m) and deep waters (>1800 m) of the Irminger Sea also flow cyclonically around
the basin (Lavender et al., 2005; Dickson and Brown, 1994). The interior of the basin contains Labrador
Sea Water (LSW), characteristically a thick layer (�500 2000 m) of homogeneous low salinity water. The
reduced stratification is often expressed as low potential vorticity which reflects its origins as a mode water
formed by deep convective mixing. The core of the LSW is usually characterised by temperature and salinity
conditions of 3.5 �C and 34.90, respectively at depths of 1700 m, and the mean flow occurs in a closed cyclonic



gyre (Lavendar, 2001) present all year round even though the wind forcing occurs only in the winter (Spall and
Pickart, 2003). The LSW in the Iceland Basin, the Irminger Sea and the rest of the subpolar gyre is generally
assumed to have spread from the Labrador Sea (Talley and McCartney, 1982). However, recent studies have
shown that gale-force winds in the region are enhanced by orographic processes at the southern tip of Green-
land, resulting in a ‘tip jet’ that can cause large heat fluxes out of the western part of the Irminger Sea surface
waters and cause overturning events to 1500 2000 m depth similar to those observed in the Labrador Sea
(Pickart et al., 2002, 2003; Bacon et al., 2003). Such conditions appear to be linked to high values of the North
Atlantic Oscillation (NAO) index. Thus a form of deep water similar to LSW can be generated in the Irminger
Sea, though Pickart et al. (2003) concluded that LSW probably does also spread from Labrador Sea into the
Irminger Sea whether or not there is convection locally. Historically the LSW in the Irminger Sea has been
observed as a single layer with one low salinity core. However since 1999 the LSW in the Irminger Sea
has been observed to have two low salinity cores; one at �680 dbar and another at �1750 m. According to
S.A. Malmberg (quoted in van Aken, 2003) such a feature was common in the 1950s and early 1960s.

A minor water mass sometimes found over the Reykjanes Ridge at intermediate depths is called Icelandic
Slope Water (ISW, after van Aken and de Boer, 1995) or, less precisely North Atlantic Water (NAW, eg.
Read, 2001). This water mass has come from the Iceland Basin and has high temperature, high salinity and
low oxygen compared to LSW of the same density. This water mass can be seen in some, but not all historical
data (for example, it was observed in July 1990 and April-May 1991 (van Aken, pers. comm.) and in August
1981 (illustrated in Dickson and Brown, 1994)). The implication of those observations is that the Irminger Sea
does, at least occasionally, receive water at 1000 1500 m directly from the Iceland Basin. Evidence for this
circulation around the Reykjanes Ridge at 1500 m can be seen on the margins of the float displacement data
set shown in Fig. 15 of Lavender et al. (2005).

Around the margins of the Irminger Sea below 800 m are found the dense northern overflow waters. The
deep waters on the west side of the basin contain modified Iceland Scotland Overflow Water (ISOW). At the
Iceland Scotland sill, the overflow is cold and dense (�0.7 to 3.0 �C, salinity 34.9 to 35.1 at the sill), but along
its path it descends from 500 m and mixes with the ambient water masses (Subpolar Mode Water in its early
stages and Labrador Sea Water below approximately 1000 m). Nevertheless it retains its cool, saline, stratified
and dense signal compared to LSW. The pathway of the ISOW is effectively restrained by topography, and it
can only flow westwards into the Irminger Sea through the Charlie Gibbs Fracture Zone on the Reykjanes
Ridge at around 55�N. There the ISOW properties have been modified considerably by mixing, and have been
observed to be 2.40 3.35 �C, salinity 34.94 34.975 at depths 1600 3500 m (Saunders, 2001). Having left the
Fracture Zone at 2500 m, the highly modified ISOW is believed to turn northwards and cross the basin to
eventually join the deep western boundary current and the Denmark Strait Overflow Water (DSOW). Around
3 Sv of DSOW crosses the sill in the Denmark Strait and heads southward and down-topography forming the
core of the deep western boundary current below the East Greenland Current. At the sill the water has tem-
perature �1.0 to 2.0 �C and salinity 34.7 35.0 at 250 900 m, but by the time it reaches Cape Farewell it is 2000
to 3400 m deep and its temperature rises to 1.4 to 3.0 �C, with salinity between 34.90 and 34.93 (Saunders,
2001).

The deep western boundary current containing DSOW and modified ISOW enters the Labrador Basin and
eventually the Newfoundland Basin where Antarctic Bottom Water is added to the mixture. The continual
mixing with adjacent water masses modifies the properties to such an extent that by the time it is exported
from the Newfoundland Basin it has formed a different water mass, the North-east Atlantic Deep Water
(NADW). Part of the boundary current re-circulates and enters the deepest regions of the Irminger Sea
and Iceland Basin, where the NADW is identifiable by a deep salinity maximum.

2. Methods

Sampling was carried out on four surveys by the RRS ‘Discovery’ (8 November 12 December 2001, 25
April 24 May 2002, 28 July 23 August 2002 and 15 November 13 December 2002). These surveys are
referred to as D258, D262, D264 and D267, respectively, the numbers of the Discovery cruises. The spatial
extent of each survey (Fig. 2) varied principally due to constraints of weather conditions. In the main they
were centered on the Irminger Sea basin, and the fringing east-Greenland shelf, southwest Iceland shelf,



and the northern end of the mid-Atlantic Ridge, referred to as the Reykjanes Ridge. A few samples were col-
lected farther east in the Iceland Basin during each survey, but especially during D267 where a number of loca-
tions in the eastern Atlantic were sampled. No attempt was made in any of the surveys to structure the
sampling according to time of day.

2.1. Hydrographic and water sampling

At each sampling location, vertical profiles of temperature, conductivity and chlorophyll-a fluorescence,
and a set of water samples, were collected with a Seabird 9-11 CTD system and a rosette of Niskin bottles.
The water collected by the Niskin bottles was sub-sampled for salinity and chlorophyll-a analysis. Salinity
was measured to WOCE standards (accuracy ±0.002), and the data were used to calibrate the conductivity
measurements from the CTD. Water samples for chlorophyll-a analysis (usually 7 depths per cast) were
filtered through 25 mm Whatman GF/F filters which were then placed in glass vials containing 10 ml of
90% acetone and stored in the dark at 5 �C for 24 h to extract the pigments. Extracts were warmed to room
temperature before the fluorescence was measured using a Turner Designs fluorometer (TD700). Chloro-
phyll-a standard solutions (from Sigma-Aldrich) covering the expected chlorophyll-a range were used to
calibrate the fluorometer before each set of samples was analysed. The data were used to derive cruise-
by-cruise calibrations for converting the fluorescence data from the CTD to chlorophyll-a concentration
(mg m 3).

2.2. Microplankton sampling and analysis

Samples for taxonomic identification of phytoplankton and microzooplankton were typically taken from
Niskin bottles closed at the surface, at the chlorophyll-a fluorescence maximum and at 100 m depth. Duplicate
100 ml samples at each depth were preserved with 1% Lugol’s solution and 2% buffered formalin. Identifica-
tion and enumeration of microplankton were performed by inverted microscopy. Heterotrophic dinoflagel-
lates were separated from autotrophic forms according to Lessard and Swift (1986) and Burkill et al.
(1993). Biovolume was calculated for each species (Kovala and Larrance, 1966) and then converted to carbon
biomass following carbon to biovolume relationships described for diatoms (Menden-Deuer and Lessard,
2000) and non-diatom protist plankton (Strathmann, 1967).

2.3. Zooplankton sample collection and storage

Zooplankton was sampled with the ARIES system (Dunn et al., 1993), and the OCEAN Sampler (adapted
from Dunn et al., 1985; Sameoto et al., 2000). Both of these samplers were designed to collect a sequential set
of discrete plankton net samples and corresponding water samples delineated by sub-sea pressure intervals
during the descent and ascent legs of an oblique tow. The ARIES used a 200 lm aperture mesh filtering
net with a nose-cone diameter of 37 cm, and stored a sequence of samples at intervals corresponding to 50
or 75 m depth between the sea surface, a maximum of 3000 m depth and back to the surface. The maximum
number of samples collected in a single haul was 100. The OCEAN Sampler carried an integrating net which
was open throughout the descent and ascent-legs of each tow (referred to as the pup-net), plus seven nets
which were opened and closed in sequence on the ascent-leg of each tow from 400 m to the surface, according
to a pressure schedule corresponding to 100 m depth intervals between 400 and 100 m and 25 m intervals
between 100 m and the surface. All of the nets on the OCEAN sampler were of 95 lm aperture mesh with
a nose-cone diameter of 10 cm.

Both samplers were fitted with Valeport impeller flowmeters mounted centrally in the mouth of the nets and
electronically integrated with the control and data logging systems. Flow data were logged at 1 s intervals
throughout each tow and subsequently integrated over the duration of each sampling net exposure interval.
Calibrations (revolutions m 1) for each flowmeter were provided by the manufacturers, and checked in situ

by reciprocal tows of the samplers at a fixed depth over a measured distance in a weakly tidal area with
the collecting nets removed. In this way the meters were in free-flow and subject to interference only by the
rigid structures of the sampler during the calibration.



The 200 lm coarse mesh in the ARIES system retained Calanus spp. copepodite stages C1 and later, but not
eggs or nauplii. The 95 lm fine mesh of the OCEAN sampler retained all development stages, but undersam-
pled the late copepodites due to the smaller volume filtered per sample (typically 1 2 m3 compared to 10
15 m3 per ARIES sample).

The catches in the descent-leg nets from ARIES were preserved in 4% formalin and returned to the labo-
ratory for microscopic analysis. The ascent-leg ARIES nets were examined by eye to determine which ones
contained high numbers of Calanus (nets with many Calanus appeared reddish and oily). A few nets showing
peak plankton concentrations were put on ice and sub-samples of Calanus spp. individuals were sorted by
moult stage (C4 C6 male and female) under a dissecting microscope with cold light source. Sets of 10 carefully
selected, visually pristine same-stage specimens were preserved for lipid analysis in dry cryovials (10 per vial)
which were flushed with nitrogen gas and submerged in liquid nitrogen. Further sets of 10 same-stage animals
(where numbers allowed) were preserved for molecular analysis in cryovials containing 95% ethanol, with a
maximum of 10 per ml. The remainder of bulk material from each ascent-leg sample was preserved in 4%
formalin.

The depth-resolved fine mesh nets from OCEAN Sampler were preserved in 4% formalin for microscopic
analysis on return to the laboratory. The integrated 95 lm pup-net samples were stored in either 30 ml or
100 ml of 95% ethanol depending on the amount of material. These samples were also returned to the labo-
ratory to be further sorted microscopically prior to molecular analysis.

The ARIES system also carried a CTD system (Seabird 9 11) and in situ chlorophyll-a fluorometer (Sea-
Point). Data from these sensors were logged at a frequency of 1 Hz throughout each tow. The calibration of
the conductivity sensor was checked by reference to salinometer analyses of selected water samples collected
from the bottles on the ARIES system. Analytical fluorescence of acetone extracted pigments from these sam-
ples was used to calibrate the in situ chlorophyll-a sensor.

2.4. Egg production rate measurements

During the D262 and D264 surveys, on-board measurements were made of the rate of egg production
by female C. finmarchicus. Live specimens were collected by vertical hauls of a 200 lm mesh conical net
fitted with a non-filtering cod-end, from a depth of 100 m to the surface. The freshly collected plankton
was then sorted in a constant-temperature room set at in situ sea temperature, and female C6 C. finmar-

chicus copepodites were individually sorted into 1 l incubation chambers (one animal per chamber) of
95 lm filtered seawater from the same site. No attempt was made to discriminate between immature
and mature females, so the eventual results in terms of per-capita egg production effectively included a
component due to the maturity state of the population, as well as the physiological state of the mature
individuals.

The incubation chambers were divided into two parts separated by a 350 lm mesh screen. The females were
placed in the larger part, and the eggs which were produced fell through the screen into the other part and were
therefore protected from cannibalism by the parental female. The chambers were incubated in a batch in a
dark tank irrigated with temperature-controlled water, the whole arrangement being contained in a con-
stant-temperature room.

After 24 h of incubation, the eggs produced by each female were drained from the incubation chamber
through a sampling port and counted, and then observed periodically until all had either hatched or were vis-
ibly dead. The proportion of eggs which successfully hatched was recorded for each set of eggs.

2.5. Naupliar feeding rate measurements

Measurements of naupliar feeding rates on microplankton groups have been described by Irigoien et al.
(2003). In summary, live stage N4 N6 (mainly stage N5) C. finmarchicus nauplii were sorted from catches
taken with a vertical haul net at each study site, and 15 25 specimens incubated in 200 ml bottles filled with
un-screened water from the depth of the chlorophyll-a maximum. In each experiment, three replicate exper-
imental and three replicate control bottles were incubated on a plankton wheel (0.1 rpm) for �24 h at sea sur-
face temperature. A further bottle was filled and immediately fixed with acidic Lugol to estimate the initial



food concentration. Experiments were terminated by adding acidic Lugol to the bottles. Initial and terminal
microplankton concentrations were estimated microscopically as described earlier for microplankton samples.
Filtration and ingestion rates were calculated from the microplankton carbon concentrations following Frost
(1972) for the taxa where there was a significant difference in concentration between controls and incubation
bottles.

2.6. Enumeration of plankton taxa in zooplankton samples

2.6.1. Microscopic analysis of specimens from 200 lm mesh nets (ARIES)

The formalin preserved descent-leg ARIES nets were analysed at the University of Aberdeen through a ser-
ies of multi-analyst workshops to enumerate key taxonomic groups including Calanus spp. The numbers of
individuals of each Calanus developmental stage C1 C6 were determined. Copepods were initially divided
by size and then examined at a higher magnification to identify, where possible, the correct species and stage.
Calanus spp. stages were identified by the number of urosome segments and the number of pairs of swimming
legs. In addition an elongated second urosome segment and a broadened base of the antennae were used to
discriminate adult males, and a swollen first urosome segment to identify adult females. The larger Calanus

hyperboreus were distinguished from other Calanus species by size. Calanus finmarchicus and Calanus helgo-

landicus stages C5 and C6 males and females were distinguished by the curvature of the inside of the 5th pair
of swimming legs; earlier stages were undistinguishable as they do not show this difference in curvature. Cal-

anus glacialis was not distinguishable by routine microscopy from C. finmarchicus and C. helgolandicus at any
stage (Lindeque et al., 1999).

The same diagnostic morphological criteria were used in the microscopic analysis onboard ship to distin-
guish sub-samples of Calanus species for molecular analysis from the ascent-leg of the ARIES tows. However,
removal of the 5th pair of swimming legs to distinguish between C. finmarchicus and C. helgolandicus was not
possible at sea, and C. hyperboreus were deliberately not sorted as these were identifiable by their size.

2.6.2. Microscopic analysis of specimens from 95 lm mesh nets (OCEAN Sampler)

Calanus early moult stages N1 N3, N4 N6, C1, C2 and C3 were identified from the fine mesh samples from
OCEAN Sampler by microscopic analysis. The developmental stages of nauplii for all Calanus congeners were
discriminated by the number and arrangement of the spines at the posterior end of the body and the number
and arrangement of the setae on the distal segment of the first antenna. Copepodite stages were identified by
the number of urosome segments and the number of pairs of swimming legs. These samples were used to enu-
merate the key taxonomic group of Calanus at each developmental stage N1 C3. There are no morphological
features distinguishable by light microscopy suitable to discriminate between C. finmarchicus, C. helgolandicus,
and C. glacialis at any of these early developmental stages or between these congers and C. hyperboreus at the
naupliar stages.

Calanus early moult stages as described above were sorted from the ethanol-preserved integrated pup-net
samples for molecular analysis. Groups of 10 individuals at each moult stage were preserved in 1.5 ml vials
containing 95% ethanol. Individual Calanus were identified to species level using the molecular technique
described in the next section.

Calanoid copepod eggs were enumerated in the OCEAN Sampler collections. However, we did not attempt
to sort them into ethanol from the pup-net samples, and hence we do not have molecular data on which to
base any positive species identification of eggs. We have therefore excluded egg abundance data from the anal-
ysis reported here.

2.6.3. Molecular analysis

Individual Calanus from either ARIES or OCEAN Sampler were identified to species level according to the
RFLP signature of its mitochondrial 16S rDNA, following PCR amplification, restriction digestion and aga-
rose gel electrophoresis, using the molecular identification technique described by Lindeque et al. (2006). The
technique was modified and partially automated to increase the processing rate. The final technique is
described by Lindeque et al. (2006). The majority of the manipulations were performed using a robotic molec-
ular biology platform (RoboSeq 4204S, MWG Biotech).



2.6.4. Blending of microscopic and molecular analysis data

It was only possible to perform molecular analyses on specimens from a small subset of the samples col-
lected during the surveys, too few in fact to permit sample or haul-specific estimates of the Calanus speciation.
Hence, it was necessary to aggregate the molecular data over several stations and depth intervals to provide
statistically robust estimates of species composition for each developmental stage.

The principal requirement for any aggregation across stations was that the samples concerned must be
drawn from a common population hypothesised to be homogeneous with respect to Calanus speciation. As
the basis for aggregation of the stations, we used the zonal definitions for the Irminger Sea developed by
Holliday et al. (2006). Within each survey and zone, the data were also grouped according to depth as being
either shallower or deeper than 400 m. This depth horizon was chosen as separating the C4 C5 winter resting
phase of C. finmarchicus from the spring and summer growth and reproductive phases (Heath et al., 2004), and
being the maximum deployment depth of the OCEAN sampler. The proportional species composition of each
stage as estimated from the aggregated stage-specific molecular data was then applied to all samples collected
within the corresponding survey, zone and depth interval. Full details of the blending method are given in
Lindeque et al. (1999).

2.7. Lipid analysis of C. finmarchicus

From each set of 10 same-stage specimens stored in liquid nitrogen, 5 were removed and measured (prosome
length and body length) and weighed after drying for 24 h at 60 �C. From the other five specimens, lipids were
extracted by a variation of the Folch method (Folch et al., 1956). The method was scaled down to enable the
extraction of lipids from small quantities of sample material. The major lipid classes were identified using thin-
layer chromatography (TLC) and quantified using high performance liquid chromatography coupled with
evaporative light scattering detection (HPLC-ELSD). Analysis of reference materials indicated that this
method underestimated the minor triglyceride component, but gave a good estimate of the major wax ester
component. The fatty acid and fatty alcohol compositions of the material were determined following trans-
esterification of the lipid extract in methanol. Fatty acids and fatty alcohols were initially identified by compar-
ison with authentic standards and by mass spectroscopy. Using gas chromatography with flame ionisation
detection (GC-FID), the normalised area-percentage of the fatty alcohols and fatty acid methyl esters (FAMEs)
were determined simultaneously in one run. These methods are described in full by Webster et al. (2006).

Lipid content was categorised as wax ester (WE) and triglyceride (TG) (mean lg individual 1) for each
group of specimens and, by reference to the group mean dry weight per individual, as the weight-specific con-
tent (g g 1).

The data on fatty acid and alcohol compositions were analysed to derive markers of the dietary composi-
tion of C. finmarchicus stages. No single fatty acid can act as a marker for a specific dietary species, but there
are well established correspondences between certain fatty acids and broad functional groups of microplank-
ton (Dalsgaard et al., 2003; Graeve et al., 1994). We analysed data on 4 fatty acids (C16:0, C16:1(n � 7),
C18:2(n � 6) and C18:4(n � 3)) to examine variations in the relative contributions of microzooplankton, fla-
gellates and diatoms to the diet.

Following Falk-Petersen et al. (2000) and Virtue et al. (2000), we took the normalised area-percentages of
the C16:1(n � 7) and C18:4(n � 3) fatty acids as representing the dietary contributions of diatoms and flagel-
lates (dinoflagellates and microflagellates), respectively. The selection of a marker for feeding on other prey
classes presented more difficulty. Most of the commonly used markers for carnivorous feeding by zooplankton
have been established to identify the diet composition of euphausiids, which prey mainly on copepods. How-
ever, whilst C. finmarchicus is known to feed on copeopod nauplii, the main source of heterotrophic prey is
probably protozoan. Chu et al. (2003) have shown that some protozoa are capable of synthesising fatty acids,
including the unit C18:2(n � 6), which Desvilettes et al. (1997) identified as being a marker of copepod grazing
on protozoa in freshwater systems. Veefkind (1997) identified C18:2(n � 6) as being the principal fatty acid of
cultured rotifers, and found a correlation with nanoflagellate abundance in field samples. However, Hamm
et al. (2001) identified the same fatty acid as a specific marker for colonial Phaeocystis pouchetii in northern
Norway. Hence, the appearance of the C18:2(n � 6) unit in copepods has potential as a marker of grazing on
Phaeocystis and/or micro-heterotrophs.



We referenced each of the markers to the normalised area-percentages C16:0, which is a widespread con-
stituent of microalgae that is transferred up the food chain. Hence, the ratio C16:1(n � 7)/C16:0 was applied
as an index of the contribution of diatoms to the diet, C18:4(n � 3)/C16:0 as an index of the flagellate contri-
bution, and C18:2(n � 6)/C16:0 as an index of the Phaeocystis/micro-heterotroph contribution.

2.8. Estimation of stage-specific mortality rates

In the absence of any time series information on stage abundances at any location in the region, we can only
make approximate estimates of mortality rates under limiting assumptions. We used a modification of the Ver-
tical Life Table (VLT) method of Aksnes and Ohman (1996). We define 11 stages of Calanus development
(i 1 11), where i 1 denotes eggs, i 2 denotes stage 1 nauplii, and so on to i 11 which denotes stage
4 copepodites. The number of individuals observed in any stage, Ni, is determined by the balance between
the rate of recruitment into the stage, Ri, the mortality rate, Mi, and the rate at which individuals mature
to the next stage. If the mortality within the stage is constant, and the stage duration is di then maturation
rate at time t is simply the recruitment rate at time t � di multiplied by the through-stage survival, exp(�Midi).
Thus the rate of change in Ni is given by
dNi

dt
¼ RiðtÞ �MiN iðtÞ � e�Midi Riðt � diÞ ð1Þ
If we assume that the recruitment rate is constant for periods longer than di, (Ri Ri(t) Ri(t � di)) the num-
ber in the stage will be close to its equilibrium value
Ni ¼
Ri

Mi
ð1� e�MidiÞ ð2Þ
If we further assume that the egg production rate, Ro, remains approximately constant then we can obtain Ri

for each i from the recurrence relation
Riþ1 ¼ Ri e
�Midi ð3Þ
To estimate stage-specific mortality rates of eggs, nauplii and copepodites at a given sampling station we
applied Eqs. (2) and (3). Starting with estimates of population egg production rate (m 2 d 1, given by
the product of the measured female per capita daily egg production rate (d 1) and depth integrated female
abundance (m 2)) and an initial guess of stage specific daily mortality rates, we sequentially estimated the
recruitment rates to, and hence numbers in, each of the successive development stages. The development
time (di) of each stage was estimated from a depth-weighted mean temperature over the upper 300 m of
the water column at each station, assuming development to be a function only of temperature and using
the equation and parameters of Hind et al. (2000). The depth-weighting gave equal weight to the mean tem-
perature above and below the median depth of the population and, thus, reflected the average temperature
experienced by individuals. We then iterated the process using the Simplex method (Nelder and Mead,
1965), optimising the stage specific mortality rates to minimise an objective function expressing the difference
between the observed population stage abundances and those estimated using Eq. (3). To reduce the number
of fitted parameters, we assumed that mortality rates of stages i 2 and 3 (naupliar stages 1 and 2) were
identical, as were the rates for stages i 4 and 5, 6 and 7, 8 and 9, 10 and 11. The objective function
was defined as:
Xi 11

i 2

½ðlogðQiÞ � logðNiÞÞ2� ð4Þ
where Qi was the observed abundance (m 2) of stage i. The method was programmed using the R-package
(R Development Core Team, 2005).

Egg abundances were not included in the optimization, since we lacked genetic data to discriminate between
C. finmarchicus, C. glacialis, C. helgolandicus, C. hyperboreus and other species for egg specimens. Hence, the
measured egg production rate was taken as a known input to the model. We attempted to include the egg pro-
duction rate in the optimization by incorporating the observed egg abundances into the objective function,



assuming all sampled eggs to be C. finmarchicus. However, egg production and mortality rates were then
under-constrained and the results were entirely dependent on the arbitrary initial conditions.

2.9. Satellite data on chlorophyll-a distribution

For a wider perspective of the distribution of surface chlorophyll-a in the study region we compiled data
from the satellite borne ‘Sea-viewing Wide Field-of-view Sensor’ (SeaWIFS; http://oceancol-
or.gsfc.nasa.gov/SeaWiFS/) (McClain et al., 2004). 4 km resolution, level-3 processed, daily data from
over-flights of the study region, were retrieved for the period March October 2002. Individual 4 km pixels
were then averaged over each month, and visualised as colour-scaled images.

2.10. NORWESTLANT data

In 1963, the International Commission for the Northwest Atlantic Fisheries (ICNAF) co-ordinated a major
oceanographic, plankton and fisheries study of the Irminger and Labrador Seas (NORWESTLANT)
(ICNAF, 1968; Bainbridge and Corlett, 1969). Three surveys of the region were carried out (NW1: 31
March 9 May, NW2: 30 April 30 June, NW3: 30 June 3 August) by an international team of ships and sci-
entists, and the sampling covered detailed physical oceanographic measurements, phyto/microplankton, zoo-
plankton (focussing specifically on the demography of C. finmarchcicus copepodites, Thysanoessa longicaudata

and Meganyctiphanes norvegica), fish larvae and cetaceans. Several different samplers were used to collect zoo-
plankton (Hensen net, Stramin net and Icelandic high speed sampler), and the sampling was confined to the
upper 100 m of the water column. Filtration volume estimates for these samplers were unfortunately rudimen-
tary or non-existent, so absolute estimates of taxonomic abundance are difficult to derive and may not be reli-
able. Similarly, the taxonomic and stage resolution employed during the microscopic analysis of the plankton
samples varied between analysts so some care is required in the interpretation of the data. We selected the data
from analysis of Hensen net samples for comparison with our data from 2001/2002, since these were the most
uniform in terms of sample collection, analysis and documentation.

2.11. Continuous plankton recorder (CPR) data

Sample-by-sample data on the CPR colour index, and accepted numbers of Calanus spp. copepodites
stage C1 C4, and C. finmarchicus copepodites stages C5 and C6 (Beare et al., 2003; Beaugrand et al.,
2004), from a transect polygon across the Irminger Sea from the Greenland shelf to the Reykjanes Ridge
(45�W, 59�N to 25�W, 61�N) were supplied by the Sir Alister Hardy Foundation for Ocean Science (SAH-
FOS), Plymouth, UK, who operate the surveys. The transect corresponded to collections along the shipping
route between Cape Farewell at the southern tip of Greenland and the north of Scotland, which was mon-
itored between 1962 and 1986. The other main CPR sampling routes through the region are between Rey-
kjavic and North America but these run along the crest of the Reykjanes Ridge and so provided poor
coverage of the basin. Since 1991, only the route between Reykjavic and St. Johns, Newfoundland, has been
sampled.

The colour index reflected the green-staining produced on the silk collecting mesh of the sampler by algae
and was expressed on a 4-point categorical scale loosely related to phytoplankton biomass. The relationship is
loose because the intensity of staining is a function of the type of algae as well as their abundance. Small, frag-
ile flagellate algae produce more green-staining per unit biomass than the more robust diatom species (Batten
et al., 2003; Hays and Lindley, 1994).

The zooplankton data consisted of records of the catches of plankton at 6.5 m depth below the sea surface,
integrated over alternate (every other) 18.5 km sections of the track followed by the ship. In terms of volume,
this represents approximately 3 m3 of seawater (Warner and Hays, 1994). The numbers of specimens of each
zooplankton taxonomic group present on the sampler collecting mesh exposed during each section of the tow
are recorded by the CPR analysts according to ordered categories, not as absolute numbers. The absolute
number interval increases approximately exponentially with category and, in addition, the category intervals
vary from species to species. These categorical data are referred to as ‘recorded numbers’ (Beare et al., 2003).

http://oceancolor.gsfc.nasa.gov/SeaWiFS/
http://oceancolor.gsfc.nasa.gov/SeaWiFS/


For each recorded number interval, there is a corresponding ‘accepted number’, which represents the average
absolute number of specimens in the given category.

The CPR data collected within the transect polygon were divided into 3 periods of years corresponding as
closely as possible to equal numbers of samples, given the constraint that the periods had to run from January
in the start-year to December in the end-year (1960 1968, 1847 samples; 1969 1975, 1728 samples; 1976 1986,
1805 samples). Within each period, the log-transformed accepted numbers + 1 of Calanus taxa, and the log-
transformed colour index + 1, were averaged by month and 2� longitude intervals.

Coefficients of correlation and their levels of significance between time series of annually aggregated
accepted numbers of CPR taxa within selected 2� longitude intervals were derived according to the modified
Chelton method (Pyper and Peterman, 1998). This method accounts for serial autocorrelation within each ser-
ies, which affects the critical value of the correlation coefficient for a given level of significance. Long-term
autocorrelations due to trends within the time series were removed according to Barton et al. (2003) by con-
ducting linear trend analysis and subtracting the underlying trend from each series.

2.12. North atlantic oscillation (NAO) index data

Winter (December March) values of the NAO index for the period 1958 2002, based on the difference in
normalized sea level pressure between Lisbon, Portugal, and Stykkisholmur/Reykjavik, Iceland (Hurrell,
2001), were downloaded from the website of J.W. Hurrell (National Centre of Atmospheric Research;
http://www.cgd.ucar.edu/cas/jhurrell/nao.stat.winter.html). These data were compared to time series of annu-
ally aggregated CPR data by means of the modified Chelton test as described above.

3. Results

3.1. Environmental conditions

Within the Irminger Sea region, we discriminated six distinct physical zones in the upper 400 m of the water
column (East Greenland Current-Polar (EGC-P), East Greenland Current-Atlantic (EGC-A), Central Irmin-
ger Sea (CIS), North Irminger Current (NIC), South Irminger Current (SIC) and Reykjanes Ridge (RR);
Fig. 2), which persisted over an annual cycle with unique hydrographic properties (temperature, salinity, strat-
ification and nutrient concentrations). In addition, the surveys sampled a few locations on the Iceland Shelf
(IS) and in the Iceland Basin (IB), which we treated as two additional zones. Detailed descriptions of the char-
acteristics of each zone are contained in Holliday et al. (2006). The distribution of sampling locations on each
survey relative to these zones is shown in Fig. 2. A total of 72 deployments of ARIES and 61 of the OCEAN
sampler were completed during the four surveys, plus an additional 181 hydrographic sampling stations. All
descent-leg samples from all of the ARIES deployments were analysed microscopically (2266 samples), and all
samples from 24 out of 46 of the spring and summer survey (D262 and D264) OCEAN sampler deployments
(143 samples). OCEAN samples were more time consuming to analyse than those from the ARIES, and were
prioritised for analysis to ensure coverage of zones during the surveys when Calanus spp. naupliar stages were
likely to be present in the water.

The temperature and chlorophyll-a data from each survey were summarised by averaging first over the
upper 50 m of the water column at each sampling location, and then within each zone (Fig. 3). Within each
zone, the data collected during the ARIES deployments provided a representation of the seasonal and spatial
patterns that was in agreement with that from the CTD stations. Hence, we concluded that the more limited
ARIES dataset was not markedly biased in the extent to which it represented the various zones. The eastern
zones (North Irminger Current (NIC), South Irminger Current (SIC) and Reykjanes Ridge (RR)) were con-
sistently warmer than the western zones. Chlorophyll-a concentrations were generally low, and mean concen-
trations >1 mg m 3 were found only at the eastern and western fringes of the region in April/May.

The biomass estimates for microplankton categories in each zone are shown in Fig. 4. The data indicated
that the high chlorophyll concentrations in the East Greenland Current-Polar (EGC-P) zone during April/
May were due mainly to Phaeocystis spp. and diatoms, whilst the Central Irminger Sea (CIS) and Irminger
Current zones were dominated by ciliates and flagellates. In the late summer, diatoms were still abundant

http://www.cgd.ucar.edu/cas/jhurrell/nao.stat.winter.html


Fig. 3. 0 50 m averaged temperature (�C) (left panel) and chlorophyll a (mg m 3) (right panel), averaged over stations assigned to each of
the biozones on each survey, Left column of each panel: data from hydrographic stations. Right column of each panel: data from plankton
sampling stations. Symbols indicate the mean value, and range bars indicate the maximum and minimum in each case.
in the EGC-P zone, whilst flagellates and ciliates were dominant elsewhere. Diatoms were not prevalent in the
CIS and East Greenland Current-Atlantic (EGC-A) zones during any of the surveys.

3.2. Demography, distribution and lipid content of Calanus finmarchicus

The proportion of Calanus spp. specimens identified by the molecular analysis as being C. finmarchicus var-
ied with zone, depth interval and developmental stage within each survey. A total of 458,923 formalin pre-
served specimens of Calanus stages N1 C6 were identified microscopically from the samples collected
during the four surveys to give estimates of abundance (D258: 25734; D262: 159717; D264: 257422; D267:
16050). Molecular analyses for dis-aggregating the microscopic data into constituent species were carried
out on 5368 individuals of stage N1 C6 (D258: 468; D262: 1705; D264: 2890; D267: 305). Further details
of these raw data are tabulated in Lindeque et al. (1999). In summary, copepodite specimens collected in
the CIS and Irminger Current were almost exclusively C. finmarchicus. Calanus helgolandicus was almost com-
pletely absent from the region, but contributed significantly to samples collected farther east in the Iceland
Basin. Calanus glacialis made a significant contribution to the naupliar and copepodite stages samples in
the EGC zones. Calanus hyperboreus was easily discriminated by microscopy from the other Calanus species
as copepodites, but not as nauplii, and a proportion of the Calanus spp. nauplii collected were identified as
C. hyperboreus by the molecular analysis, mainly in the EGC zones. Below 400 m depth in the winter surveys,
the Calanus spp. copepodites sampled were exclusively C. finmarchicus, except in the EGC-P zone, where a



Fig. 4. Carbon biomass (mg C m 3) of microplankton categories averaged over water samples collected at the depth of the maximum
chlorophyll a fluorescence at stations in each zone. Symbols indicate the geometric mean and the bars indicate the maximum minimum
range.
small proportion of C. glacialis was present. However, the seabed depth below the EGC-P was approximately
450 m compared to >1000 m in the other zones, so the contribution of this sub-set of the deeper layer samples
is probably slight.

After blending of the molecular data with the microscopic estimates of species numbers in each sample, the
concentration (m 3) of each C. finmarchicus developmental stage was integrated vertically at each sampling
location to obtain an estimate of the total abundance (m 2). These data are shown in Figs. 5 8, where various
stages have been grouped together for brevity.

At the large scale, the depth-integrated abundance data show that during November and December the
population of C. finmarchicus was almost entirely in stages C4 and C5. By April the population had progressed
to stage C6 females and males and had begun to reproduce as evidenced by the presence of naupliar stages. We
refer to these C6 individuals as Generation 0 (G0), and their offspring as G1. Under food-replete conditions,
the development times from spawning to the end of C5 at the temperatures measured over the upper 300 m of
the region (5 9 �C) were estimated to be 45 65 d (average 54 d; Hind et al., 2000). Hence, G1 eggs spawned in
mid-May, would be ready to either enter the overwintering state or progress to C6 at around mid-July, assum-
ing no food limitation of development.

In late July and early August, all developmental stages from N1 to C6 were present in the population, but
particularly C4 and C5. Male and female C6 were present, but at lower abundances than in spring. We assume
that the copepodite stages C3 6 were most likely to be G1 individuals, but the presence of early naupliar stages
clearly indicates that a proportion of G1 had progressed to spawning and produced a G2 cohort. The propor-
tion of the G1 cohort which had developed to C6, rather than arrest in C5 in preparation for overwintering,
was estimated as the proportional contribution of C6 to the depth integrated abundance of C5 and C6 com-
bined. Across all stations, 7% of the cohort were estimated to have developed to C6 (Fig. 9) with no significant
differences between regions (t-test, p > 0.05).
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Fig. 5. Abundance of C. finmarchicus developmental stages during survey D258 (8 November 12 December 2001), integrated from the
surface to the seabed at each sampling location. X symbols indicate the collection position of samples which were analysed for each stage.
The areas of filled circular symbols superimposed on the collection positions are scaled to the stage abundance (m 2), with the scaling
factor indicated by the symbol size and value (m 2) in the upper left corner of each panel. Note that the symbol for area scaling differs
between development stages, but has been chosen to be equal across Figs. 5 8 for any given stage.
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Fig. 6. Abundance of C. finmarchicus developmental stages during survey D262 (21 April 24 May 2002), integrated from the surface to
the seabed at each sampling location. Scaling of symbols as for Fig. 5.
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Fig. 7. Abundance of C. finmarchicus developmental stages during survey D264 (28 July 23 August 2002), integrated from the surface to
the seabed at each sampling location. Scaling of symbols as for Fig. 5.
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Fig. 8. Abundance of C. finmarchicus developmental stages during survey D267 (15 November 14 December 2002), integrated from the
surface to the seabed at each sampling location. Scaling of symbols as for Fig. 5.
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The spatial distributions of stage-abundance suggested that whilst females were widely distributed across
the region during April/May, recruitment of naupliar and early copepodite stages was most active around
the fringes of the Basin, ie. in the Irminger Current and EGC-A zones, rather than in the central basin. Sim-
ilarly, in the late summer, copepodite recruits were most abundant around the fringes. The highest abundances
of C3 and C4 stages approaching entry to overwintering were along the East Greenland slope, in the boundary
between the EGC-A and CIS zones, and in the Irminger Current. However C5 in late summer were more uni-
formly distributed across the region.

Overwintering C4 and C5 stages in November and December were vertically distributed between 500 and
2000 m in the boundary area between the EGC-A and CIS (Fig. 10), with C4 being typically distributed deeper
than C5. By May, the surviving overwintering population had partially matured to C6 (85% females averaged
over all stations), and was concentrated in the upper 50 m of the water column, though clearly we could not
have sampled the same population of individuals on a given station in both November and May due to hor-
izontal advection. The early stage nauplii surviving from the eggs produced by the females were distributed in
the upper 200 300 m, but concentrated towards the surface. Averaged over all stations, the relative vertical
distributions of nauplii varied little between stages. In spring, approximately 50% of the population was shal-
lower than 50 m, and 98% was shallower than 300 m. In late summer, nauplii were slightly more concentrated
towards the surface than in spring. Also in the summer, small numbers (<1 m 3) of C1 copepodites were dis-
tributed down to 1500 m, whilst the later-stage copepodites (stages C2 C5) had a bimodal depth distribution
with a component at depth (400 1600 m) and a shallow component concentrated in the upper 50 m. Farther
east, in the eastern CIS and on the Reykjanes Ridge (Fig. 11), the winter distribution of C4 and C5 was shal-
lower, and the proportion of C4 and C5 remaining in the upper 100 m in late summer was substantially less
than in the western areas. We interpret this as indicating that the late copepodite populations at the eastern
sites in late summer were in a more advanced stage of entry to the overwintering stock than those to the west,
despite being sampled 10 days earlier. However, in contrast to the western sites, there was little evidence at the
eastern sites of the vertical distribution of C1-C3 stages extending deeper than 400 m despite higher concen-
trations in the upper 100 m.

We employed a Generalised Additive Model (GAM) (Hastie and Tibshirani, 1990) to investigate the space
time dynamics of descent to overwintering depth in late summer. Estimates of the proportion of the C5 pop-
ulation deeper than 200 m at each sampling location were modelled as smooth functions of sampling date,
longitude and latitude, using the GAM fitting function in the R-package. The optimum model combined a
tensor-product spline smoothing of sampling date and a thin-plate regression spline smoothing of latitude
and longitude (Wood, 2004), and explained 77.3% of the deviance in the observations (Fig. 12). We then pre-
dicted the proportion deeper than 200 m with respect to longitude and latitude on two separate dates (1st and
21st of August) at the beginning and end of the survey period (Fig. 12). The results clearly show that descent
occurred later in the south-west of the region than in the north-east. The model predicted that the onset of
descent must have been before julian day 209 (28 July) in the north-eastern part of the basin (64�N 30�W),



Fig. 10. Vertical distribution of C. finmarchicus developmental stages at station C10 (average position 64�29.60N 32�36.50W, northern CIS
zone close to the boundary with the EGC A and NIC zones) on each of the four surveys. Concentrations (m 3) of naupliar stages N1 N6
were estimated from samples collected with the OCEAN sampler, and those of copepodite stages C1 C6 from ARIES samples. Times of
day (GMT) during which samples were collected: 29 November 2001, 11:39 14:37; 15 May 2002, 19:48 20:27 (OCEAN) and 21:23 23:45
(ARIES); 14 August 2002, 03:09 05:01 (ARIES) and 08:00 08:32 (OCEAN); 20 November 2002, 04:08 07:10.
and around day 229 (17 August) at the south-western part (59�N40�W). The difference (at least 20 d) corre-
sponds approximately to the difference in estimated food-replete development time from spawning to the end
of C5 at 5 �C and 9 �C, which are approximately the mean 0 300 m temperatures in the Irminger Current and
EGC-A zones. Hence, given spawning on the same dates in these two areas, the observed difference in descent
timing would be consistent with temperature dependent development rates assuming little or no food limita-
tion. Clearly, however, there is no a priori reason to assume that all survivors to the descent phase in different
regions originated from the same spawning date.

The weight-specific lipid content (WE + TG, g g 1 dry weight) data were summarised by aggregation across
zones within the region. Lipid contents of C5 above and below 200 m depth in late summer were similar in the
east of the region (SIC and RR zones; geometric mean 0.63 g g 1 above 200 m (n 6), 0.67 g 1 below 200 m
(n 12), t-test, p > 0.05, Fig. 13). However, in the EGC-A, EGC-P and CIS zones, the C5 animals below
200 m contained more lipid per unit dry weight than those above (geometric mean 0.48 g g 1 above 200 m
(n 17), 0.83 g g 1 below 200 m (n 26), t-test, p < 0.05,). We take this as further evidence of the less
advanced state of lipid loading for entry to the overwintering population in the south-west of the region than
of that in the north-east. In November and December, lipid content was relatively uniform across the region,
but lower than in late summer at the onset of overwintering (geometric mean across all samples 0.32 g g 1

(n 34) during survey D258). Four to five months later in the annual cycle, females emerging from the over-
winter stock and sampled near the surface in April/May (survey D262) in the Irminger Current and CIS zones



Fig. 11. Vertical distribution of C. finmarchicus developmental stages at station D9 (average position 60�34.5 0N 33�03.05 0W, SIC zone) on
each of the four surveys. Concentrations (m 3) of naupliar stages N1 N6 were estimated from samples collected with the OCEAN
sampler, and those of copepodite stages C1 C6 from ARIES samples. Times of day (GMT) during which samples were collected: 21
November 2001, 09:56 11:59; 3 May 2002, 00:14 02:12 (ARIES) and 11:54 12:35 (OCEAN); 4 August 2002, 17:18 17:53 (OCEAN) and
19:36 21:52 (ARIES); 1 December 2002, 07:33 10:28.
had lipid content of 0.1 0.3 g g 1 (geometric mean 0.16 g g 1, n 10) However, those sampled in the EGC
zone had very depleted lipid reserves (geometric mean 0.05 g g 1, n 19).

The data from the central-line of sampling locations spanning the Greenland shelf to the Reykjanes Ridge
(40�W, 61�N to 29�W, 60�N) revealed that the overwintering stages descending out of the surface waters in
late summer (D264) entered a different water mass and circulation regime. Shallow Labrador Sea Water
(LSW) formed a 1000 m thick layer beneath the CIS and Irminger Current zones. Overflow water from the
Iceland Scotland Ridge and the Denmark Strait, deep LSW, and North East Atlantic Deep Water all lay
beneath this layer (Fig. 14). Data from November and December 2001, showed that the overwintering copepo-
dites remained in the shallow LSW, and only a small proportion of C5 descended into the deeper water masses
(Fig. 14).

The spatial data on depth integrated stage abundances were summarised by averaging the stations occur-
ring within each zone. The numbers of stations sampled in each zone and cruise were few, so standard esti-
mates of variance were inappropriate. We therefore estimated the geometric mean and maximum-minimum
range of values in each zone (Fig. 15). These confirmed that overwintering stages and emerging females in
spring were broadly distributed through the region (excepting for the EGC-P zone), whilst recruitment of
naupliar and early copepodite stages was mainly confined to the peripheral EGC and RR zones. The impli-
cations were therefore that (a) population egg production was lower, and/or (b) that egg and naupliar mor-
tality rates were higher in the CIS zone than around the periphery of the basin due to predation and/or egg
condition.
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Fig. 12. General additive model (GAM) predictions of the proportion of the depth integrated population of C. finmarchicus stage C5
deeper than 200 m, as an index of the state of overwintering entry. The GAM explained 77.3% of the deviance in the observations
(adjusted r2 = 0.575). Upper left panel, survey track and sampling locations between julian day 210 (29 July) and day 235 (23 August).
Labels above sampling locations indicate julian day number. Upper right panel, observed proportions of the population deeper than 200 m
on each sampling date along the cruise track (symbols), together with the GAM prediction of along track changes in proportion as a
function of time (line plot). Lower left panel, spatial prediction for julian day 213 (1 August) of the proportion of C5 deeper than 200 m.
Lower right panel, spatial prediction for julian day 233 (21 August) of the proportion of C5 deeper than 200 m.
3.3. Egg production and mortality rates

Per capita egg production rates of females estimated from shipboard incubations showed no obvious rela-
tionship with in situ chlorophyll concentration (Fig. 16a) or temperature, and were not significantly lower in
the CIS than in other regions (Fig. 16b). In fact, mean per capita egg production was slightly lower in the EGC
zones than elsewhere, perhaps reflecting the lower lipid content of the females (Fig. 13). Per capita rates were
measured on specimens collected from the upper 100 m, but a proportion of the total depth integrated female
population was distributed deeper in the water column (average 9% in April/May and 43% in July/August;
mostly between 100 and 300 m; not significantly different between zones). Assuming that the measured per
capita rates were equally applicable to the more deeply distributed fraction of the population, the population
egg production rate (m2 d 1) in the CIS in April/May was estimated to be 2 4 times higher than in the periph-
eral areas (Fig. 15). Hence, assuming that the measured egg production rates were representative for each
zone, the spatial pattern of recruitment could not be explained by reproductive rates.

Egg production rates, fine mesh collections of naupliar abundance and coarse mesh collections of copepo-
dite abundance were all available at nine stations in the spring survey and 12 in late summer (Tables 1 and 2).
Temperature profiles from these locations were depth-averaged giving equal weight to the mean from the sur-
face to 50 m, and from 50 to 300 m. The resulting estimates of the mean temperature experienced by the pop-
ulation of nauplii and copepodites varied between 5.5 �C in the EGC-P zone in spring and 9.5 �C over the
Reykjanes Ridge in late summer. The predicted range in age at the end of C4 resulting from these tempera-
tures was 31 50 d, mean 43.5 d in spring, 39.5 d in late summer (Hind et al., 2000).
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Fig. 13. Mean and range of lipid content (wax ester plus tri acyl glyceride; g (g dry weight) 1) of C. finmarchicus, averaged over each zone
for each survey. (a) Stage C5 during survey D258, (b) stage C6 females during survey D262, (c) stage c5 during survey D264. Numbers
along the upper x axis of each panel indicate the batches of specimens analysed from each zone. For survey D264, animals collected above
and below the 200 m depth horizon are discriminated by the symbols (open symbols shallower than 200 m, filled symbols deeper than
200 m; batches of specimens analysed: upper row shallower than 200 m, lower row deeper than 200 m).
Estimates of stage-specific mortality rates showed high variability between stations and stages. Some of this
could be attributed to failure of the observations to meet the demands of the underlying assumptions in the
modified VLT model. For example, at five stations the numbers of first stage nauplii present in the plankton
samples were too numerous to be explained by constant egg production at the rate measured in the incubation
experiments. In a few cases, the stage distribution was discontinuous, with one or two stages missing from the



Fig. 14. West east vertical section along the central transect across the Irminger Sea (62�N41W to 60�N29�W, see Fig. 2), of salinity and
centiles of the vertical distribution of C. finmarchicus stage C5 at each sampling location. (a) survey D258 (November December 2001), (b)
survey D264 (July August 2002). Box and whisker plots show the median depth (filled symbol), 17th 83rd centiles (box) and 5th 95th
centiles (whiskers) of C. finmarchicus. Contours show salinity, and water masses are labelled as follows: East Greenland Current Atlantic
(EGC A), Central Irminger Sea (CIS), Irminger Current (IC), Reykjanes Ridge (RR), Labrador Sea Water (LSW), Iceland Scotland
Overflow Water (ISW), Denmark Strait Overflow Water (DSOW), Northeast Atlantic Deep Water (NEADW).
population. Such inconsistencies resulted in fitted mortality rates <�1.0 or >3.0 and we discarded all cases
outside this range. The discarded data amounted to 39 out of a total of 126 estimates (31%).

For the remaining data, the survey mean mortalities showed a similar pattern with stage (Fig. 17). Initially
high egg mortality rates (>0.8 d 1) declined to approximately 0.15 d 1 for early stage nauplii, increased to
around 0.5 d 1 for late stage nauplii and then declined again to <0.1 d 1 for stage 3 and 4 copepodites. Stan-
dard errors on the mortality estimates were such that the mean rates were not statistically different between



Fig. 15. Population egg production rates (eggs m 2 d 1) and depth integrated stage abundances of C. finmarchicus aggregated by zone for
each survey. Symbols represent geometric mean values, bars represent maximum and minimum values.
spring and late summer, though the tendency was for egg mortalities to be higher in spring than late summer,
and vice-versa for naupliar and early copepodite mortality rates.

Egg mortalities at individual stations were estimated to range between 0.4 2.8 d 1 in spring and 0 2.6 d 1

in late summer, with significant differences between stations. In both spring and late summer there was a trend
of increasing egg mortality from west to east (Fig. 18). The low egg mortality rates were found consistently in
the EGC zone where temperature was lowest, but there was no significant relationship between mortality rate
and temperature across the region as a whole during either spring or summer.

First, we examined the possibility that the pattern of egg mortality was due to systematic variation in the
viability of eggs due to, for example, infertility, malformations or other internal deficiencies in the embryos
resulting from the diet composition of the adult females (Jónasdóttir and Kiørboe, 1996; Jónasdóttir et al.,
1998). Since predators (including the parental female) were excluded from the shipboard incubations of eggs,
the proportion hatching in these experiments represented an independent estimate of the component of total
egg mortality in the sea which was due to hatching failure (M1(hatch), d 1):
M1ðhatchÞ ¼ �
logeðproportion hatchingÞ

d1

ð5Þ
where as in Eqs. (1) (3), the term d1 refers to the egg stage duration (d).
The proportion of eggs hatching per station in the incubations varied between 0 and 0.87, with the survey

mean being not significantly different between spring and late summer (spring 0.41 late summer 0.36). Within
each survey there was no clear systematic pattern of viability (proportion hatching) between zones that could
be resolved by the data (Fig. 19), and there was no evident relationship between the proportion hatching in
incubations and per capita egg production. Egg hatching success data and modified VLT estimates of total
mortality were both available from only a sub-set of the stations sampled. However, these data showed that
in most cases M1(hatch) was less than the total egg mortality rate (M1, d 1) (Fig. 19). Two locations were clear
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Fig. 16. (a) Individual station estimates of C. finmarchicus female per capita egg production rate (eggs female 1 d 1), in relation to in situ

depth averaged chlorophyll concentration (mg m 3) over the upper 50 m. Symbols indicate the geometric mean of replicate incubations at
each station, range bars indicate the range of values for individual incubations. Filled symbols and solid bars, D262 (April/May); open
symbols and dashed bars, D264 (July/August). (b) Geometric mean per capita egg production rate of C. finmarchicus (eggs female 1 d 1)
aggregated by zone for surveys D262 (April/May, filled symbols) and D264 (July/August, open symbols). Bars represent the maximum
and minimum values encountered in each zone. Filled symbols, D262 (April/May), open symbols D264 (July/August). Rows of values
above the upper x axis indicate the number if individuals indicated from each zone and, in brackets, the number of stations where
incubations were performed. Upper row, survey D262; lower row, survey D264.
outliers since, taking account of the standard deviation estimates for the total mortality rate, the ratio
M1(hatch)/M1 was significantly greater than 1.0, implying an inconsistency between the two measurements. Dis-
counting these outliers, the mean ratio over all station in the CIS, NIC, SIC and RR zones was 0.30, with
possibly lower values in the warmer RR and SIC zones (0.19), and higher values in the NIC and CIS zones
(0.38), implying that hatching success was not the main component of egg mortality. However, there was ten-
tatively a different conclusion for the ECG-A zone where the ratio was not significantly different from 1.0
implying that hatching success fully accounted for the total egg mortality in this zone, though this zone
was represented by only a single station.

Predation seems the most likely alternative to hatching failure to account for the estimated egg mortality.
Late copepodite stages of C. helgolandicus are known to be capable of preying on their own eggs (Bonnet
et al., 2004), and there is no reason to suppose that C. finmarchicus would be any different. Ohman and Hirche
(2001) have suggested that egg cannibalism could be an important regulatory mechanism for population
dynamics. We therefore examined the data from this perspective. The numbers of stages C4, C5 and female
C6 in the upper 200 m of the water column were taken as a measure of the copepodite predator abundance.
Copepodites distributed deeper in the water column than 200 m during late summer were assumed to be non-
feeding and/or outside the depth range of the majority of eggs. The predicted abundance of eggs in the water
was estimated using Eq. (2), and the number of eggs lost per day through mortality was estimated as the dif-
ference between the measured egg production rate (d 1) and the predicted recruitment rate to the first naupliar
stage (d 1, from Eq. (1)). If cannibalism was the major source of total egg mortality, then the per capita daily
consumption of eggs (eggs predator 1 d 1), was given by the loss rate divided by the copepodite numbers.



Table 1
Population egg production rates (m 2 d 1) and stage abundances of C. finmarchicus (m 2, integrated over the full water column) for the subset of sampling locations during D262
where the combination of egg production incubations, and blended molecular and microscopic analyses of plankton from OCEAN and ARIES sample collections were all present

Date Station Zone Longitude
(�W)

Latitude
(�N)

Temperature
(�C)

Eggs
(m 2 d 1)

N1 N2 N3 N4 N5 N6 C1 C2 C3 C4 C5 C6
$

C6
#

15/05/02 C9 EGC P 35.54 64.63 5.57 555 9923 8014 24157 11738 3044 1298 83 66 50 95 110 527 37
15/05/02 C10 EGC A 34.39 64.45 6.30 12865 9085 5999 19304 7671 1631 267 515 192 156 186 369 538 156
07/05/02 DD5 CIS 36.87 60.91 5.59 35933 1299 1299 2598 0 0 0 350 271 240 606 623 1255 337
19/05/02 B6 CIS 30.26 63.33 6.28 27991 2633 2412 3961 1493 495 340 606 36 137 142 1267 3704 132
20/05/02 B4 NIC 29.23 62.71 6.90 10301 1692 1362 2505 715 283 63 825 434 333 254 431 1680 150
21/05/02 B1 NIC 27.03 61.75 7.37 165 4026 3082 7307 3979 2094 468 731 577 403 84 103 37 14
03/05/02 DD9 SIC 32.78 60.59 5.92 43866 217 136 1401 506 141 0 162 52 147 829 1288 4841 523
01/05/02 DD13 RR 29.26 60.41 7.48 41147 1268 1738 1987 1234 398 329 662 903 257 84 252 2350 191
22/05/02 I3 RR 24.51 60.83 8.80 861 8985 6938 25619 5090 3207 922 2012 1355 1245 3197 2500 548 237

Data sorted by zone and then date. N1 N6 abundances from OCEAN sampler, C1 C6 from ARIES. Temperature (�C) is the depth weighted mean over the upper 300 m, giving equal
weight to the averages over 0 50 m and 50 300 m.



Table 2
Population egg production rates (m 2 d 1) and stage abundances of C. finmarchicus (m 2, integrated over the full water column) for the subset of sampling locations during D264
where the combination of egg production incubations, and blended molecular and microscopic analyses of plankton from OCEAN and ARIES sample collections were all present

Date Station Zone Longitude
(�W)

Latitude
(�N)

Temperature
(�C)

Eggs
(m 2 d 1)

N1 N2 N3 N4 N5 N6 C1 C2 C3 C4 C5 C6
$

C6
#

16/08/02 C6 EGC A 37.56 63.69 5.25 4588 20068 19457 29436 6000 1126 266 357 139 449 1952 5942 432 105
18/08/02 H10 EGC A 38.85 62.85 7.11 11480 4466 3869 44415 15950 7316 6044 5308 3162 1076 1776 9570 1712 247
20/08/02 D1 EGC A 42.30 59.85 6.16 1612 2453 5684 18069 16505 10517 12389 1831 2265 1626 1964 5262 78 59
06/08/02 DD7 CIS 35.48 60.85 7.31 3113 3551 481 9787 1423 1982 0 55 57 96 706 7886 283 151
08/08/02 DD3 CIS 38.60 61.42 6.74 436 303 119 494 30 0 0 92 146 112 5123 24143 359 165
14/08/02 C10 CIS 34.22 64.41 7.64 2058 1349 909 11708 2480 742 512 117 108 91 1293 4330 204 222
23/08/02 D5 CIS 36.45 57.93 7.73 10465 1371 530 1196 37 90 0 224 835 592 846 8756 872 72
01/08/02 B4 NIC 29.17 62.46 8.17 5278 255 980 4771 5406 1944 1990 777 909 769 1849 5145 334 239
04/08/02 DD11 SIC 30.99 60.60 7.99 4289 341 428 1740 304 303 396 296 602 628 985 8958 508 157
05/08/02 DD9 SIC 33.46 60.66 7.82 6079 7192 8664 1472 1472 0 2944 304 1220 690 670 9291 227 287
30/07/02 I3 RR 24.76 60.82 9.51 504 2727 2261 11231 7690 2132 1272 238 182 229 830 3199 218 58
31/07/02 B1 RR 27.16 61.74 8.65 1911 0 281 4775 1124 843 7930 165 215 272 389 2588 71 78

Data sorted by zone and then date. N1 N6 abundances from OCEAN sampler, C1 C6 from ARIES. Temperature (�C) is the depth weighted mean over the upper 300 m, giving equal
weight to the averages over 0 50 m and 50 300 m.
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The results (Fig. 20) showed that, taking the spring and summer data together, the supposed per capita con-
sumption rate of eggs increased with egg abundance, consistent with some form of functional response. How-
ever, given the ranges of egg abundances encountered in spring and summer, the resolution of the likely shape
and consistency of the response was poor. For example, whilst the spring data taken in isolation were consis-
tent with an underlying relationship, the summer data taken in isolation were not. Nevertheless, we cannot
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Fig. 19. Upper panel: percentage of eggs hatching successfully in incubation experiments, aggregated across zones for each survey.
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zone. Rows of values above the upper x axis indicate the number of individuals incubated from each zone and, in brackets, the number of
stations where incubations were performed. Upper row, survey D262; lower row, survey D264. Lower panel: ratio of M1(hatch) (mortality
due to hatching failure) to M1 (total egg mortality from the modified VLT method) for individual stations where both egg incubation and
VLT data were available, plotted in relation to zone. Bars represent the range of ratio values implied by the standard deviation estimates
for the total mortality rates. Both panels: filled symbols, D262 (April/May), open symbols D264 (July/August).
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Fig. 20. Functional response of the consumption rate of eggs by C4 C6 C. finmarchicus in relation to egg abundance, assuming that all
predation losses were due to cannibalism.
dismiss the possibility that cannibalistic predation was a significant factor in the observed mortality pattern of
the eggs, but the precise form of the predator-prey relationship was not well defined.

Mortality rates of naupliar stages 1 and 2 showed no significant differences between stations during either
spring or late summer, and the mean levels were similar in both seasons. Similarly, with the exception of one
station where naupliar stages 3, 4 and 5 were absent - implying either mass mortality of stage 3 or contraven-
tion of the assumptions of the VLT model mortality rates of stage 3 4 nauplii were not significantly different
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Fig. 21. Mortality rate (d 1) of C. finmarchicus naupliar stages N3 N4 at individual stations in relation to chlorophyll a concentration
(mg m 3) averaged over the upper 50 m of the water column. Filled symbols, D262 (April/May), open symbols D264 (July/August). The
vertical dashed line represents a chlorophyll a concentration of 0.6 mg m 3.
between stations in spring. However, in late summer the overall mortality rate of naupliar stage 3 and 4 was
higher than in spring (0.40 d 1 in late summer, as opposed to 0.31 d 1 in spring), and there was a pattern of
low mortality at the fringes of the area (EGC and RR zones) and higher rates in the central areas. (Fig. 18).

Mortality rates of first-feeding copepod nauplii are highly sensitive to food concentration (Lopez, 1996).
We therefore examined the N3 N4 mortality rate data for a relationship with chlorophyll-a concentrations
at each sampling station. Both 0 50 m depth averaged chlorophyll-a concentrations, and peak concentrations,
showed a similar relationship to mortality rates (Fig. 21). Mortality rates were less than 0.2 d 1 for depth aver-
aged chlorophyll-a concentrations >0.6 mg m 3, and increased sharply below this threshold. Assuming a car-
bon:chlorophyll-a ratio of approximately 40, this threshold corresponds to a food concentration of
24 mg C m 3. SeaWIFS data received during 2002 and processed to monthly composite images (Fig. 22)
showed clearly that chlorophyll-a concentrations in the CIS zone remained below our implied threshold of
approximately 0.6 mg m 3 throughout the year. However, concentrations in excess of the threshold were per-
sistent around the fringes of the Irminger Basin. Thus, the various strands of evidence support our finding that
recruitment of C. finmarchicus in the Irminger Sea was concentrated around the fringes of the basin, and not in
the central region above the overwintering aggregation.

3.4. Feeding and diet

The naupliar feeding experiments indicated a greater proportion of flagellates (including autotrophic dino-
flagellates), and a lesser proportion of micro-heterotrophs (ciliates and heterotrophic dinoflagellates) in the
diet in July/August compared to April/May, broadly reflecting the differences in composition of the micro-
plankton in the water between the two surveys (Fig. 23). During April/May, nauplii showed a low preference
for flagellates and dinoflagellates, and at sites where the biomass proportion of diatoms was low, the diet con-
sisted almost entirely of micro-heterotrophs. There were few sites where both diet composition and valid esti-
mates of naupliar mortality rates were available, but of these, the lowest mortality occurred at the sites with a
micro-heterotroph-rich diet. In contrast, during July/August, the highest mortality coincided with the greatest
proportion of micro-heterotrophs in the diet. Thus, there was no clear general relationship between naupliar
diet composition and mortality rates.

An indication of the dietary composition of later development stages was provided by the normalised area
percentages of fatty acid biomarkers. The three dietary indices (diatoms, flagellates and Phaeocystis/micro-
heterotrophs) were calculated for each sample comprising a batch of up to 10 same-stage individuals. For sur-
veys 262 and 264, indices were then averaged over all samples of copepodite stages C5 and female C6 collected
in the upper 500 m within each zone. The results indicated that across all zones the Phaeocystis/micro-hetero-
troph dietary index was systematically higher in April/May than in July/August (t-test, p < 0.05). Conversely,
both the diatom and flagellate dietary indices were systematically lower in April/May compared to July/
August (t-test, p < 0.01) (Fig. 24). Thus, between surveys, the fatty acid compositions of stages C5 and C6
complemented the direct estimates of naupliar diet composition, and reflected changes in the composition
of the microplankton community. Within each survey, there was consistent spatial structure in the flagellate



Fig. 22. Monthly averages for 2002 of surface chlorophyll a (mg m 3) as measured by SeaWIFS. No interpolation has been used and
white spaces indicate absence of data due to cloud cover.
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Fig. 23. Data from feeding experiments on N4 N6 C. finmarchicus nauplii at individual stations during surveys D262 (April/May) and
D264 (July/August). Upper row, carbon biomass percentage composition of the microplankton community at the start of each incubation
experiment. Lower row, diet composition of nauplii expressed as percentage of carbon biomass ingested at each station. Heterotrophs
included ciliates and heterotrophic dinoflagellates. Flagellates included autotrophic dinoflagellates and microflagellates, but excluding
Phaeocystis spp. Open diamond symbols on each diet composition panel indicate the mortality rate (d 1) of N3 N6 nauplii estimated from
the demographic data collected at each station.
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Fig. 24. Diatom, flagellate and micro heterotroph fatty acid biomarker indices of dietary composition in relation to zone, for C5 and
female C6 C. finmarchicus collected in the upper 500 m of the water column. Upper row, survey D262 (April/May), lower row, survey
D264 (July/August). Box and whisker plots for each zone show the maximum and minimum values, and the mean (diamond symbol) ±1
standard deviation. The number of batches of animals analysed from each zone are shown along the top of each panel.



index, with higher values in the EGC zones than those elsewhere. In July/August the majority of flagellate
index values >1.0 were from the EGC zones. The diatom bloom conditions in April/May were reflected in ele-
vated values of the diatom index in copepodites in the RR zone, but not in the EGC zone, whilst in July/
August the majority of diatom index values >1.0 were from the NIC zone. Phaeocystis/micro-heterotroph
indices showed little significant spatial structure, except for significantly (t-test, p < 0.05) greater values in
the EGC-P zone in July/August than elsewhere, presumably reflecting the prior bloom of Phaeocystis spp.
detected during April/May (Fig. 4). The copepodites in the EGC-A zone during July/August, where the great-
est concentrations of entrants to the overwintering state were located, had the lowest mean values of the dia-
tom and Phaeocystis/micro-heterotroph indices, and the highest values of the flagellate index.

3.5. Comparison with NORWESTLANT and CPR data

The NORWESTLANT data indicated that the distributions of females and recruitment that we observed in
spring 2002 were structurally similar to those in 1963. Data from vertically hauled (100 m to surface) Hensen
net samples collected during 4 periods (25 March 24 April. 25 April 24 May, 25 May 24 June and 25 June 24
July 1963) were extracted from the dataset and the abundances of females and C1 and C2 recruits mapped
(Fig. 25). The distribution of sampling was optimal for addressing our question only in the April May period,
and in that case the results were similar to those in 2002 (Fig. 6) in that maximum female abundance was cen-
tred over the deep basin, whilst the recruiting copepodite stages were distributed around the fringe. During the
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Fig. 25. NORWESTLANT sampling locations during successive periods in 1963 (upper row), and 0 100 m Hensen net estimates of
C. finmarchicus stage abundances (m 2). Middle row, stages C1 and C2, lower row, stage C6. No attempt was made to discriminate
between different Calanus species in the sample analysis, and estimates of the volume sampled by the Hensen net are uncertain since there
are no flowmeter data.



other periods the distribution of samples did not allow a conclusive comparison, but the results were not con-
tradictory with our findings.

CPR data from the transect polygon across the Irminger Sea from the Greenland shelf to the Reykjanes
Ridge (45�W, 59�N to 25�W, 61�N; Fig. 26) showed that within each of the time periods 1960 1968, 1969
1975 and 1976 1986, stage C1 C4 Calanus spp. were most abundant at the east Greenland slope and over
the Reykjanes Ridge, whilst the abundance of C. finmarchicus stages C5 C6 was highest over the basin rather
than at the edges (Fig. 27). Also, in each time period the longitudinal minimum value of annual average colour
index was located above water deeper than 2500 m. Hence, although there is not necessarily a 1:1 relationship
between the CPR colour index and chlorophyll-a concentration, the data suggested that the central basin has
consistently lower values of phytoplankton abundance than the fringes. We conclude that the patterns of
demography and food environment that we observed in 2002 were probably typical for the region.

Examination of the interannual variability in C. finmarchicus abundance in the region from CPR data was
problematic due to the intermittent and spatially-restricted nature of the survey routes. However, we extracted
the data from the two most sampled 2� longitude bins of the transect polygon (33 29�W, Fig. 26) and aggre-
gated the log-transformed data for months April August as annual means (Fig. 28). Months outside the per-
iod April August were sampled sparsely and the samples that had been collected contained few specimens.
Linear trend analysis found no significant trend (p > 0.05) in the abundance of C5 C6 and C1 C4 stages since
1958, but there was a significant increasing trend (p < 0.025) in values of the colour index. The abundance of
stages C5 C6 was significantly correlated at lag 0 with that of stages C1 C4 according to the modified Chelton
method (Pyper and Peterman, 1998) (Table 3a). The correlation between stages C1 C4 and the phytoplankton
colour index was marginally significant.

We compared the time-series of CPR abundance data with the NAO index (as a general measure of North
Atlantic climate). There was no significant correlation between the NAO and Calanus stage abundances, whilst
Fig. 26. CPR sample locations in the Irminger Sea region between 1958 and 2002. Left panel, distribution of samples in space. Right
panel, distribution of samples in time. The greyscale in the right panel represents the number of samples per 2� longitude interval and
month in the transect polygon across the region shown in the left panel.



Fig. 27. Mean log accepted numbers of C. finmarchcius stages C1 C4 and C5 6, and colour index, in CPR samples collected in the transect
polygon shown in Fig. 26 during the years 1960 1968, 1969 1975, and 1976 1986. In each case, the data were bin averaged by month and 2�
longitude interval. The row of diagrams at the bottom of the figure shows the mean seabed depth in each 2� longitude interval.
that with the colour index was found to be marginally significant (p < 0.05) according to the modified Chelton
method (Table 3a). However, when the linear trends in the colour index and the NAO were removed, the corre-



Fig. 28. Histogram bars indicate annual mean log abundance of C. finmarchicus stages C5 C6, C1 C4, and the colour index from CPR
samples collected during April August in the 2 most heavily sampled 2� longitude bins of the transect polygon shown in Fig. 26 (33 29�W).
The North Atlantic Oscillation (NAO) index is superimposed as a line plot on each histogram set. Tick marks on the x axis are annual from
1 January 1958 to 1 January 2003 in each case. Hatched boxes running through all three panels indicate periods of no CPR sampling.

Table 3a
Coefficients of correlation r (values in bold) between time series of the NAO index, CPR colour index, CPR Calanus spp. stages C1 C4,
and CPR C. finmarchicus stages C5 C6 from the polygon 33�W, 59�N to 29�W, 61�N

Colour index Calanus spp. C1–C4 C. finmarchicus C5–C6

NAO 0.35 (0.32, 27) 0.10 (0.31, 29) 0.10 (0.26, 39)
Colour index 0.36 (0.32, 25) <0.01 (0.24, 49)
Calanus spp. C1–C4 0.51 (0.22, 54)

This tables shows analysis of data including trends. Figures in brackets are the critical value of r at p < 0.05, and the modified degrees of
freedom N*, calculated from Modified Chelton analyses taking into account serial autocorrelation within each time series. Shaded cells
indicate r < rcritical and hence no significant relationship.
lation became non-significant (Table 3b). Removal of linear trends in Calanus stage abundances did not affect
the significance of the correlations between stages C5 C6 and C1 C4, and between C1 C4 and the colour
index.



Table 3b
As Table 3a but with the linear trend in each variable removed prior to analysis

Colour index Calanus spp. C1–C4 C. finmarchicus C5–C6

NA O 0.25 (0.27, 37) 0.08 (0.25, 42) 0.09 (0.30, 30)
Colour index 0.36 (0.30, 29) 0.01 (0.25, 43)
Calanus spp. C1–C4 0.51 (0.22, 53)
4. Discussion

To summarise our field observations,

� The overwintering population of C. finmarchicus in November and December was composed predomi-
nantly (75 85%) of C5 copepodites, which were widely distributed across the Irminger Basin mainly at
depths of 500 2000 m in the Labrador Sea Intermediate Water mass (LSIW). In a separately published
study, Bonnet et al. (2007) showed from the histological composition of digestive epithelium cells in
C. finmarchicus collected during the surveys, that the overwintering stock was in a diapause state in all
regions, except for some individuals distributed above 350 m, in the EGC-A zone.
� We have no information on ascent timing, but by late April late May the majority of the surviving over-

winter stock (G0) had developed to stage C6 females and males and migrated to the upper 50 100 m of the
water column.
� G0 females were widespread in the Atlantic-origin surface waters in the region in spring. Females in the

Central Irminger Sea and Irminger Current zones had a lipid content only slightly less than that observed
in the stock in the previous November/December (20 40% dry weight) whilst those in the East Greenland
Current were lipid-depleted (<10% dry weight).
� Per capita egg production in spring did not vary significantly across the region. However, population egg

production (initiating G1) was highest in the Central Irminger Sea and Irminger Current.
� In spring, recruitment of G1 nauplii and copepodites was highest around the fringes of the Irminger Sea, in

the EGC-A zone and over the Reykjanes Ridge. The predominant factors controlling this pattern appear to
be have been egg mortality and starvation mortality of first feeding nauplii. Approximately one-third of egg
mortality could be accounted for by hatching failure and the reminder by predation, in part due to canni-
balism by the G0 adults.
� High mortality rates of naupliar stages 3 and 4 appeared to be linked to low chlorophyll-a concentrations

(<0.6 mg m 3). These conditions persisted throughout the year in the Central Irminger Sea, making the
central basin a poor environment for C. finmarchicus recruitment.
� A bloom of Phaeocystis spp. in the EGC-P zone was probably grazed by the G0 females in spring and G1

copepodites in summer. Flagellates were also an important component of the diet in the EGC zones, and
diatoms dominated in the RR and NIC zones.
� By late July/early August the G1 individuals were accumulating in C4 and C5 with lipid contents of 60 80%

dry weight and were beginning to descend to overwintering depths. Descent timing was earlier in the east
than in the west of the region, probably reflecting the warmer temperatures and consequently more rapid
development. The greatest concentration of C5 in late summer was along and below the boundary between
the EGC-A and CIS zones.
� Approximately 7% of G1 developed to C6 rather than entering the overwintering stage, and they were spawn-

ing in July/August especially in the boundary between the EGC-A and CIS zones. The G2 offspring were pres-
ent as early nauplii, but mortality rates of N3 N4 were higher than in spring and were probably the limiting
factor for population development. It is likely that G2 made little contribution to the overwintering stock.
� The spatial demography that we observed in 2001/2002 appears to be consistent with patterns for the region

evident from the NORWESTLANT and CPR data.

The key spatial features of the demography are the basin-wide distribution of overwintering stages at depth
and of G0 females at the surface in spring, contrasting with the peripheral distribution of recruitment.



The apparent repeatability of this pattern of spatial demography implies that it arises as a consequence of
some persistent oceanographic features of the region. Hence, the conundrum arising from the observations
is how (if at all) is spatial closure of the C. finmarchicus life-cycle achieved in this region?

The mean circulation at 700 m depth in the region has been summarised from an analysis of data from an
array of neutrally-buoyant, profiling, subsurface drifting floats (Lavender et al., 2005). Viewing our data in
this framework shows clearly that the recruitment zone of C. finmarchicus coincides with the Irminger and
East Greenland Current systems which transport at least the upper 1000 m of the water column water anti-
clockwise around the basin margin above the 2000 m isobath. To the east, there is input from the Iceland
Basin, and to the west there is export around the southern tip of Greenland into the Labrador Sea. Along
the east Greenland slope, the float analysis shows retroflection of this flow (at 700 m) back into the central
Irminger Sea and recirculation from the Labrador Sea. Pickart et al. (2003) estimated a 6-month duration
for transport of Labrador Sea Intermediate Water into the Irminger Sea.

Velocities in the Irminger and East Greenland Current system (10 15 cm s 1) are such that the patch of
descending C4 and C5 along the east Greenland slope in summer 2002 (Fig. 7) would have been transported
approximately 850 km since hatching, giving its approximate spawning source as being in the North Irminger
Current zone (Fig. 2). Hence, a working hypothesis to emerge from our investigations is that:

� Survivors of recruitment along the western margins of the Irminger Basin will probably be exported to the
Labrador Sea in the surface circulation by the time they have developed to the entry stage for overwinter-
ing. Evidence for descent in this region is provided by sampling in December 2002 by the research vessel
‘Hudson’ (E. Head pers. comm.; Heath et al., 2004), concurrent with Discovery survey D267. Calanus finm-

archicus C4 and C5 copepodites were present at abundances of approximately 18,000 m 2 above the 2000 m
isobath southwest of Greenland, distributed between 400 and 1500 m.
� Survivors of recruitment around the eastern and northern margins of the Irminger Basin will probably be

distributed along the east Greenland slope by the time they have developed to the entry stage for overwin-
tering. Evidence for descent in this region is provided by Discovery survey D264.
� Copepodites descending to overwintering depths along the eastern margin of the Irminger Sea (western face

of the Reykjanes Ridge) are probably immigrants from spawning in the Iceland Basin.
� Direct descent is unlikely to be the main source of overwintering copepodites in the central Irminger Basin.

Horizontal transport by sub-surface recirculation from the east Greenland slope, plus transport to the Irm-
inger Sea in the LS Intermediate Water (Pickart et al., 2003) are the more likely sources.

If our hypothesis is correct, then the basis for a degree of spatial closure of the life-cycle of C. finmarchicus

in the region would seem to exist. However, it is also clear that there must be extensive leakage to the Lab-
rador Sea and input from the Iceland Basin. So, the Irminger Sea is unlikely to be a closed system with respect
to population dynamics.

There must also be some exchange of C. finmarchicus between the Irminger Sea and the Iceland Shelf. There
is no evidence of significant overwintering concentrations on the Iceland Shelf, and yet the production of
C. finmarchicus in Icelandic shelf waters is considerable. The supposition is that the shelf waters are recolon-
ised each spring from offshore. At the Westmann Islands south of Iceland, approximately fortnightly sampling
(more intensive during May and June) in 1997 at two sites (water depth 100 m and 200 m; Gislason et al.,
2000) showed that small numbers (<100 m 2) of C5 copepodites and immature female C6 were present at
the end of the winter (mid-March). Thereafter, both C1 C2 copepodite and C6 female abundances increased
approximately exponentially but the rate of increase in C1 C2 was more rapid and their abundance peaked
earlier than that of the females (peak abundance of C1 C2 41,500 m 2 on 14 May; C6 females 11,300 m 2

on 5 June). At the local water temperature (7.5 8.0 �C), the peak of C1 C2 abundance should have corre-
sponded to a spawning date of approximately 25 April, but at typical rates of mortality this cannot be
explained by the local abundance of females at around that time (Heath et al., 2000a), even though the spring
phytoplankton bloom begins in March close inshore around Iceland (Fig. 22), leading to potentially high per-
capita rates of egg production. Measurements of population egg production rates in the Icelandic shelf waters
in early April 1997 (Gislason and Assthorsson, 2000), and later in April during 2002 (Discovery D262), were
low on both occasions compared to offshore rates. Nevertheless, abundances of C1 and C2 on the shelf were



higher than anywhere else in the region (Fig. 6). This anomaly is difficult to explain without invoking import
of females and/or recruits onto the shelf from offshore (Gislason et al., 2000).

The accumulation of storage lipid (WE and TG) in C. finmarchicus is thought to be an important factor in
triggering the onset of stage C5 descent to overwintering depths (Irigoien, 2004; Campbell, 2004). Our survey
in late summer (July/August) sampled the C5 population at around the peak time of descent from the surface
waters when lipid content was 60 85% of dry weight, and spatial variability in lipid content reflected a north-
east to south-west gradient in descent timing. The C5 lipid contents in late summer were high compared to
measurements on overwintering populations elsewhere in the northern North Atlantic, eg. Faroe-Shetland
Channel (Jónasdóttir, 1999) and Gulf of Maine (Miller et al., 1998, 2000). However, by the same comparison
our measurements in November/December (20 40% dry weight) were low. Assuming that the seasonal pattern
of lipid accumulation in copepodites was stable from year-to-year and that, at the regional scale, the same
population was sampled during each survey, our results imply approximately 50% loss of lipid content in
the first 3 months of overwintering which would appear to be excessive compared to other studies (e.g. Comita
et al., 1966; Tande, 1982). However, Heath et al. (2004) noted that temperatures at the overwinering depths of
C. finmarchicus in the Irminger Sea (3 5 �C) were at the high end of the range for the species in the northern
North Atlantic, so metabolic rates may have been higher than for populations in, for example, the Norwegian
Sea, despite evidence from gut histology that by December the animals were in a diapause state (Bonnet et al.,
2007). By April/May, the lipid content of C6 presumably represented the net effects of C5 utilisation during
the remainder of the overwintering phase, moulting to C6, ascent to the surface, and any accumulation due to
post-ascent feeding in the surface waters. However, it is difficult to directly compare our measurements in
April/May with those in November/December, since advection, especially in the EGC zones, must mean that
populations of animals with different histories were sampled on each occasion.

The GAM modelling of stage C5 vertical distributions indicated that descent of the G1 cohort to overwin-
tering was not synchronous over the study area. The onset of descent was estimated to occur later towards the
south-west (prior to 28 July (day 209) in the north-east, and around 17 August (day 229) in the south-west).
For comparison, the onset of descent at Ocean Weatherstation M (OWS-M) in the Norwegian Sea (66�N 2�E)
in 1997 was estimated to be approximately day 165 (14 June; see Fig. 5 in Speirs et al., 2006). Hence, the north-
east to south-west gradient in descent timing in our data was possibly part of a larger scale pattern extending
over a much wider area and spanning at least 2 months in onset timing, at least in open ocean waters. Speirs
et al. (2006) discussed the processes potentially influencing timing of entry to overwintering and how these
might be represented in a model of population dynamics. Some function of lipid content in relation to devel-
opment stage was concluded to be most likely biological trigger, allowing a proportion of individuals in a
cohort to enter overwintering during C4 C5, but mainly in C5. In their model, Speirs et al. (2006) assumed
that 70% of individuals attaining the end of stage C5 entered overwintering whilst the remainder progressed
to C6, and this simple caricature successfully reproduced annual time series data on copepodite abundances
from several locations around the northern North Atlantic. An earlier version of the model (Speirs et al.,
2005), in which entry to overwintering was triggered by food concentrations experienced during C5, was
unable to reproduce observed dynamics over all of the observed time series. Hence, the conclusion is that
the julian date of entry to overwintering is primarily a function of recruitment timing and subsequent devel-
opment rates, as implied by the data from our study area.

In common with other investigations (Heath et al., 2004; Edvardsen et al., 2006), we found that a propor-
tion (in our case approximately 10%) of the overwintering population in November/December was in stage C4
rather than C5. The survival of overwintering C4, and hence their contribution to the G0 population in the
following year, is not known. However, some of our data collected in May show appreciable abundances
of C4 (1 2 m 3) at 200 500 m depth concurrent with a separate surface group in the upper 100 m
(Fig. 11). Perhaps the deeper C4’s were survivors from the overwintering population ascending late to the sur-
face, whilst the surface group were the leading edge of the G1 cohort progressing through the demographic
structure. Also of interest, was the presence of small numbers (<1 m 3) of C1 C3 copepodites deeper than
400 m in May and July/August (Fig. 10), which seems contrary to accepted views of demographic patterns
in vertical distribution. As the abundances were low and the analyses were carried out on descent-leg samples,
cross contamination from earlier (shallower) nets in the tow series might be an explanation. But, this cannot
readily explain all of the instances, for example, the deep distribution of C3 on 14 August at station C10



(Fig. 10), which was highly discrete and coincident with the vertical distribution of C4 and C5. This must
reflect either mis-identification of development stages, which we consider unlikely given our quality control
of the analyses, or a genuine behaviour by a small minority of the copepodite population. However, the
absence of stage C3 from samples collected in November/December must indicate that if there was any descent
of C3 to overwintering depths with the bulk of the C4 and C5 population, they either developed to C4 at depth
or did not survive.

Turning to consideration of the productivity of surface living populations, we found no evidence that pat-
terns of female per capita egg production rate could be responsible for the spatial demographic features of the
study region. Per capita rates were consistent with those measured at OWS-M (Niehoff et al., 1999) and in the
Faroe-Shetland Channel (Richardson et al., 1999) at equivalent chlorophyll concentrations, but there was no
evidence that chlorophyll was a major determinant of egg production. Either chlorophyll was not representa-
tive of the food abundance for female copepods (Jónasdóttir et al., 2005), or concentrations as low as
0.3 mg m 3 were not limiting, or instantaneous food concentration was less important for egg production than
internal body reserves, as suggested by Carlotti and Hirche (1997).

In contrast to egg production rates, we found that mortality rates were key to the case we have established
for explaining the spatial patterns of recruitment. We identify three possible factors influencing spatial vari-
ability in mortality which lead to the observed patterns in recruitment: hatching failure of eggs, predation
on eggs, and starvation of first-feeding nauplii. Our estimates of developmental changes in per capita mortality
rate (Fig. 17) were close to those derived by Ohman et al. (2004) for Georges Bank. In both cases, mortality
was initially high for eggs, low during N2/N3, increased again through the later naupliar stages, and declined
to low levels (<0.1 d 1) for copepodite stages 3 4. Ohman et al. (2004) estimated the mortality rate for eggs
through to N2 to be approximately 0.5 ± 0.1 d 1, whilst our data indicated mortality over the equivalent
interval to be 0.7 ± 0.1 d 1 in spring and 0.4 ± 0.5 d 1 in summer. Ohman et al. also found high mortality
rates for eggs, but no increase in mortality rate during the late naupliar stages at Ocean Weatherstation M
in the Norwegian Sea or in the FLEX dataset from the northern North Sea. However, they found a somewhat
different pattern in data from a Norwegian fjord (Lurefjord) (see also Eiane et al., 2002). Egg mortality rates
were relatively low (0.2 d 1), increased to 0.3 d 1 during naupliar stages N1 and N1, and declined rapidly with
further development.

Like Ohman et al. (2004) we assumed that development rate in our modified VLT model was a function
solely of temperature. Whilst this is clearly reasonable for egg and early nauplii, food consumption rate must
also affect development of stages beyond N3 and could have confounded our estimates of later stage mortality.
Aksnes and Ohman (1996), Ohman et al. (2002) and Eiane and Ohman (2004) assessed the sensitivity of the
VLT method, and concluded that errors in development rate of up to a factor of 2 lead to tolerable discrep-
ancies in mortality estimates. The combined effects of temperature and food concentration on naupliar devel-
opment rates are poorly defined from experimental studies, but Speirs et al. (2005) parameterised a
relationship based on data reported by Campbell et al. (2001) which implies that for N3 N6, development
rates are relatively insensitive to food concentration above approximately 35 mg C m 3. However, a reduction
to 15 mg C m 3 results in a halving of development rate. Eighty five percent of our VLT estimates of mortality
were at stations where food concentration (derived from chlorophyll measurements) was in the range 15
35 mg C m 3 and hence should be within the factor of 2 tolerance range for errors in development rate. In
support of this conclusion, Irigoien et al. (2003) reported that food consumption rates in the naupliar feeding
experiments reported here varied by a factor of approximately 2 (75 150 pg C ind 1 d 1) over the range of
food concentrations studied during the spring and summer surveys. Two of our VLT stations were at food
concentrations higher than 35 mg C m 3 (130 and 289 mg C m 3) and one at lower (11 mg C m 3). Hence,
results from the extreme low food station should perhaps be treated with caution.

Ohman and Hirche (2001) and Irigoien et al. (2002) concluded that hatching success is not, in general, a
major source of egg mortality in the field, and hence that predation is usually the principal cause. We found
large variability in hatching success between point locations, with survey mean values that seem low compared
to, for example, Calanus in the North Sea (Jónasdóttir et al., 2005). However, per capita egg production rates
were higher in the North Sea than the Irminger Sea, and from laboratory experiments on various species it
appears that there may be a relationship between hatching success and per capita egg production rate, such
that success is high (>80%) above some threshold of egg production (approximately 20 egg female 1 d 1 in



Acartia tonsa), and much reduced and more variable (10 80%) at lower per capita rates (e.g. Jónasdóttir and
Kiørboe, 1996; Tang and Dam, 2001). Hence, there is no reason to suppose that our estimates of hatching
success are unrealistically low.

Despite the low hatching success, our results suggested that this represented only approximately 30% of the
total mortality of eggs in the sea, except perhaps in the EGC, and we presume that the bulk of the mortality
was due to predation. A range of potential predators on C. finmarchcius eggs were present in the plankton
(Gislason et al., 2007), including the parental population. Egg cannibalism, at least in the laboratory, is well
known among copepod species and Calanus in particular (Daan et al., 1988 and see review by Bonnet et al.,
2004). Ohman and Hirche (2001) and Ohman et al. (2004) have argued that cannibalistic predation by late
stage copepodites on eggs and early naupliar stages is significant in the field, and an important density-depen-
dent regulatory mechanism in the population dynamics of C. finmarchicus. Based on correlations between the
daily mortality rate of egg-N2 stages (the prey) and adult female abundance (the predator), they concluded
that early life stage mortality rates were conditionally dependent on adult population size, such that mortality
was independent of adult abundance at low population size but became directly proportional at high abun-
dance. In fact, such proportionality is not a particularly robust test for the existence of a predator-prey rela-
tionship. The diagnostic test is whether per capita rates of consumption by the predator scale with prey
abundance according to a meaningful functional response (e.g. Holling, 1959; DeAngelis et al., 1975; Real,
1977). Ohman’s proportionality test is only symptomatic of a functional response if prey and predator con-
centrations are correlated, and then implies that there is no satiation of the predator. If prey and predator
concentrations are uncorrelated then proportionality between mortality rate and predator abundance can
arise in the absence of an underlying functional response. In the case of C. finmarchicus females feeding on
their own eggs, one might expect some correlation between depth integrated abundances of predator and prey,
but this could be confounded by differences in vertical distribution which may develop after the eggs have been
laid.

We tried to circumvent the interpretational problems associated with comparing prey mortality rates
directly to predator abundance, by estimating the per-capita consumption rate of eggs by late stage copepo-
dites, assuming that these were the sole predators and that all of the mortality was due to predation. The
results gave evidence for an underlying functional response in which the per-capita consumption rate increased
with egg (prey) abundance. The range of egg abundances encountered was apparently insufficient to observe
satiation, and the non-linear shape of the response at low egg abundance was possibly suggestive of prey
switching, whereby the predator tends to ignore the given prey when abundance is low and alternative items
constitute a greater proportion of the available prey field (Holling type-III response; Holling, 1959). This type
of behaviour has been described for Calanus pacificus, which has been shown to feed disproportionately on the
prey of greatest relative abundance (Landry, 1981).

All of this interpretation must be tempered by the fact that late copepodites of C. finmarchicus are highly
unlikely to be the only predators on the eggs. So, the per-capita consumption rates must be a maximum esti-
mate of what could have been consumed. Working with C. helgolandicus in laboratory experiments, Bonnet
et al. (2004) found egg ingestion rates of around 12 ind 1 d 1 (near to the maximum estimated from our data,
Fig. 20), at prey concentrations of around 60,000 eggs m 3. We do not have direct observations of C. finmar-

chicus egg concentrations in the field, only the depth integrated abundances estimated from the production
rate and the estimated mortality rate. However, using the ratio of peak N1 concentration (m 3) vs depth inte-
grated N1 abundance (m 2) (effectively a measure of the degree of aggregation of newly hatched nauplii in the
water column), we can estimate the likely peak egg concentrations (m 3). This indicates that the maximum
in situ concentration must have been around 500 m 3. Hence, our estimates imply a clearance rate of approx-
imately 24,000 ml ind 1 d 1, compared to a maximum laboratory-based estimate for females of 500 ml ind 1

d 1. Clearly, we must have significantly overestimated the rate of cannibalism by assuming that all the losses
were due to ingestion by the parental stock. Thus, whilst there is evidence that cannibalistic predation on C.

finmarchicus eggs may have been occurring in the field, it seems unlikely that it was the major component of
the overall predation mortality. More detailed investigation would require data on the full range of potential
predators on eggs, and we are pursuing this as a separate exercise.

The final mortality factor identified as potentially responsible for the observed spatial patterns in
recruitment was starvation of first-feeding nauplii at food concentrations less then approximately 0.6 mg



chlorophyll m 3 (equivalent to 25 mg C m 3). Food availability for first feeding naupliar stages is known to be
critical for development and survival to the transition to copepodite stage C1. For example, Calanus pacificus

naupliar survival and development are impaired if first exposure to food is delayed for more than 6 10 h after
the moult to N3 (Lopez, 1996). Studies at Ocean Weatherstation M in the Norwegian Sea during 1997, showed
that a significantly smaller proportion of C. finmarchicus nauplii born before the onset of the spring phyto-
plankton bloom survived to the end of N6, compared to those born during the bloom (Hirche et al., 2001;
Ohman and Hirche, 2001). The implication was that survival was critically dependent on food concentration
during naupliar development.

Whilst food concentrations greater than approximately 25 mg C m 3 seem to be necessary for C. finmarchi-

cus naupliar survival, Irigoien et al. (2003) showed that the composition of available prey is also important.
Disaggregating the effects of prey type and size on feeding rate is difficult and, for example, Meyer et al. (2002)
showed that when presented with cells of the same size, C. finmarchicus nauplii and adults showed no prefer-
ence for algae from different taxonomic groups. However, from analysis of the same data as presented here,
Irigoien et al. (2003) concluded that the feeding efficiency of nauplii on small flagellates was low, i.e. that the
contribution of flagellates to the diet was less than would be expected from their relative biomass in the micro-
plankton community. In addition, nauplii showed a preference for non-motile diatoms over motile ciliates,
although clearance rates on Strombidium spp. increased as the contribution of diatoms to the microplankton
carbon biomass decreased. However, since ciliate biomass in the open ocean is rarely comparable to that of
diatoms during a phytoplankton bloom (Irigoien et al., 2005; Irigoien et al., 2003) concluded that ciliates alone
were unlikely to support recruitment to copepodite stage C1 in the field.

The nutrient and phytoplankton dynamics of the Irminger Sea in 2002 were reported by Henson et al.
(2006), Sanders et al. (2005) and Waniek et al. (2005). These studies clearly showed that the phytoplankton
bloom in the Irminger Sea starts around the fringes and that pre-bloom nutrient conditions were present in
the CIS zone during our April/May survey. In spring, the microplankton biomass in the Central Irminger
Sea was <30 mg C m 3 and composed predominantly of ciliates and small flagellates, representing very unsuit-
able feeding conditions for C. finmarchicus nauplii. In contrast, the biomass around the fringes of the basin
(RR, NIC and EGC-A zones), was higher (>40 mg C m 3) and diatoms were a significant component of
the biomass (see also Waniek et al., 2005). In the EGC-P zone, which Irigoien et al. (2003) referred to as
the Greenland shelf, Phaeocystis spp. comprised the majority of the biomass, and the feeding incubations indi-
cated that this inhibited naupliar feeding rates. During the summer survey D264, nitrate and phosphate deple-
tion was present around the fringes of the basin but in the CIS zone, minimum surface nitrate levels were
approximately 3 lM and phosphate approximately 0.3 lM, neither of which should be limiting for phyto-
plankton. However, surface CIS silicate concentrations were <2 lM at which non-siliceous taxa should
out-compete diatoms. As a result, summer microplankton biomass was lower around the fringes of the basin
than in spring but similar in the central region. Flagellates were the dominant component of the biomass at
most of the sampling stations, and our results indicated that N3 N4 mortality rates were in general higher.
Irigoien et al. (2003) have suggested that the predominance of flagellates in the microplankton following
the spring plankton bloom may be a reason for the characteristically poor recruitment to G2 copepodite
cohorts in the North Atlantic despite there being apparently sufficient food as indicated by chlorophyll-a con-
centrations (Heath et al., 2000a).

In conclusion, there seems to be no doubt from the evidence presented here that the Central Irminger Sea is
an impoverished region with respect to the abundance and suitability of food for C. finmarchicus nauplii, and
is hence unlikely to support significant recruitment to copepodite stages at any time of the year.

The data on dietary fatty acid biomarkers in late copepodites showed little relationship with mortality rates,
but could tentatively be used as indicators of spatial origin given the observations of microplankton compo-
sition in the various zones, and assuming that fatty acid composition reflects integrated feeding history. The
key conclusion from the data was that the G1 copepodites in the EGC-A zone, where the highest concentra-
tions of entrants to the overwintering state were located in July/August, had the lowest mean dietary contri-
butions from diatoms, micro-heterotrophs and/or Phaeocystis, and the highest from flagellates. From this
observation, we conclude that a disproportionately high proportion of the G1 survivors originated from
recruitment to areas exhibiting a higher than average biomass of dinoflagellates, and a lower than average bio-
mass of micro-heterotrophs and/or Phaeocystis. These conditions were typically found around the fringes of



the basin, but not in the EGC-P or CIS zones (Fig. 4). The dietary contribution of diatoms was probably less
diagnostic of spatial origin, since blooms were apparently more localised in space and time.

According to the CPR surveys, the abundance and spatial demography of C. finmarchicus in the Irminger
Sea since 1958 has been remarkably resilient to changes in climate, compared to some other regions of the
North Atlantic. In areas where abundance has changed significantly over time (e.g. the northeastern Atlantic
and North Sea), the underlying cause (where this can be discerned) invariably seems to involve climate related
changes in the large-scale circulation that lead to disruption of the space time dynamics of the life cycle
(Greene et al., 2003). In the case of the Irminger Sea, there are clear impacts of climate on the southward trans-
port of sub-Arctic water masses in the region (increased convection in the Labrador Sea and Irminger Sea dur-
ing years) with positive NAO index (Greene et al., 2003), increased transport in the Labrador Current and
possibly the East Greenland Current during years with negative NAO index (Greene et al., 2003), and yet
there is no evidence of a trend in C. finmarchicus abundance.

Barton et al. (2003) analysed data on the CPR colour index and winter NAO index, and concluded that
although there were significant correlations between the two across much of the North Atlantic, this merely
reflected an underlying increasing trend in both. De-trending the data, eliminated the correlations. Thus,
although there is some linkage between the abundance of phytoplankton represented by the colour index
and climate, the connection must be indirect and not immediately related to the oceanographic changes caused
by the atmospheric processes reflected in the NAO index. Our findings support this conclusion for the Irmin-
ger Sea. Whatever the causes of variations in the colour index, they are apparently reflected in variations in the
abundance of Calanus stages C1 C4, even after de-trending. Abundances of C1 C4 were also strongly corre-
lated with those of C5 C6. Our findings imply that the long-term dynamics of C. finmarchicus in the Irminger
Sea are more strongly dictated by food web and production processes, than by oceanographic impacts on life-
cycle closure. Hence, our initial hypothesis that changes in the population dynamics and demography in the
Irminger Sea might be explained in terms of the circulation and water mass distribution, was not supported.
Perhaps this apparent resilience of the Irminger Sea population to variations in ocean circulation is an indi-
cation that the region is one of the core areas for C. finmarchicus in the North Atlantic.
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Lindeque, P., Pollard, R.T., Rasmussen, J., Richards, K., Richardson, K., Smerdon, G., Speirs, D., 2004. Comparative ecology of

overwintering Calanus finmarchicus in the northern North Atlantic, and implications for life cycle patterns. ICES Journal of Marine

Science 61, 698 708.

Henson, S., Sanders, R., Holeton, C., Allen, J., 2006. Timing of nutrient depletion, diatom dominance and a lower bound estimate of

export production for the Irminger Basin. Marine Ecology Progress Series 313, 73 84.

Hind, A., Gurney, W.S.C., Heath, M.R., Bryant, A.D., 2000. Overwintering strategies in Calanus finmarchicus. Marine Ecology Progress

Series 193, 95 107.

Hirche, H.J., Brey, T., Niehoff, B., 2001. A high frequency time series at ocean weather ship Station M Norwegian Sea: population

dynamics of Calanus finmarchicus. Marine Ecology Progress Series 219, 205 219.

Holliday, N.P., Waniek, J.J., Davidson, Wilson, D., Brown, R., Sanders, L., Pollard, R.T., Allen, J.T., 2006. Large scale physical controls

on phytoplankton growth in the Irminger Sea. Part I: hydrographic zones, mixing and stratification. Journal of Marine Systems 59,

201 218.

Holling, C.S., 1959. The components of predation as revealed by a study of small mammal predation of the European pine sawfly.

Canadian Entomologist 91, 293 320.

Hughes, S.L., Holliday, N.P. (Eds.), 2006. ICES Report on Ocean Climate 2005. ICES Cooperative Research Report 280. International

Council for the Exploration of the Sea, Copenhagen, pp. 49.

Huntley, M., Strong, K.W., Dengler, A.T., 1983. Dynamics and community structure of zooplankton in the Davis Strait and Northern

Labrador Sea. Arctic 365, 143 161.

Hurrell, J.W., 2001. The North Atlantic Oscillation. In: Steele, J., Thorpe, S.A., Turekian, K.K. (Eds.). Encyclopedia of Ocean Sciences,

vol. 4. Academic Press, London, United Kingdom, pp. 1904 1911.

ICNAF, 1968. Environmental Surveys. NORWESTLANT 1 3, 1963. International Commission for the Northwest Atlantic Fisheries

(ICNAF)Special Publication, 7, part IV. Biological Data Record. Issued from the Headquarters of the Commission, Dartmouth, Nova

Scotia.

Irigoien, X., 2004. Some ideas about the role of lipids in the life cycle of Calanus finmarchicus. Journal of Plankton Research 26, 259 263.

http://www.dfo-mpo.gc.ca/csas/Csas/proceedings/2001/PRO2001_023e.pdf
http://www.dfo-mpo.gc.ca/csas/Csas/proceedings/2001/PRO2001_023e.pdf


Irigoien, X., Harris, R.P., Verheye, H.M., Joly, P., Runge, J., Starr, M., Pond, D., Campbell, R., Shreeve, R., Ward, P., Smith, A.N.,

Dam, H.G., Peterson, W., Tirelli, V., Koski, M., Smith, T., Harbour, D., Davidson, R., 2002. Copepod hatching success in marine

ecosystems with high diatom concentrations. Nature 419, 387 389.

Irigoien, X., Titelman, J., Harris, R.P., Harbour, D., Castellani, C., 2003. Feeding of Calanus finmarchicus nauplii in the Irminger Sea.

Marine Ecology Progress Series 262, 193 200.

Irigoien, X., Flynn, K.J., Harris, R.P., 2005. Phytoplankton blooms: a ‘loophole’ in microzooplankton grazing impact? Journal of

Plankton Research 27, 313 321.

Jakobsen, P.K., Ribergaard, M.H., Quadfasel, D., Schmith, T., Hughes, C.W., 2003. Near surface circulation in the northern North

Atlantic as inferred from Lagrangian drifters: variability from the mesoscale to interannual. Journal of Geophysical Research 108 (C8),

3251. doi:10.1029/2002JC001554.
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