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Abstract

Mesoscale anticyclonic eddies that form along the eastern continental margin of the Gulf of Alaska in winter

transport large quantities of coastal water to the open ocean. The Continuous Plankton Recorder (CPR) sampled

repeated transects that passed close to, or through these eddies in 2000 and 2001. Shelf species of diatoms and calanoid

copepods were recorded in CPR samples within, or in close proximity to eddies and they persisted through the sampling

period. Several oceanic taxa also showed higher concentrations within the eddies. Significantly reduced occurrences of

shelf taxa in oceanic samples were seen in 2001, coinciding with a weaker eddy than observed in 2000.

Images of ocean temperature and chlorophyll-a, prepared from satellite observations, reveal changes in offshore

transport mechanisms by eddies between winter and spring, and between southern and northern eddies in this region.

These effects may also explain some of the seasonal and geographical variability in the CPR samples. Between April

and June of 2000 the Haida Eddy straddled the low chlorophyll-a waters of the gulf and the high-chlorophyll-a waters

of the continental margin, and entrained each water type into the neighbouring region. The resulting swirling patterns

were clearly observed in SeaWiFS imagery. Sitka eddies failed to penetrate into low chlorophyll-a waters during these

months and were less effective in stirring high and low chlorophyll-a concentrations.

Surface currents in surrounding waters, simulated by the ocean surface current simulations (OSCURS) model, were

used to provide some insights into the likely fate of planktonic organisms once they leave the eddies. We show that these

eddies may play a significant role in distributing plankton species.

r 2005 Elsevier Ltd. All rights reserved.
e front matter r 2005 Elsevier Ltd. All rights reserve

r2.2005.02.009

ng author. Present address: 4737 Vista View

imo, BC, Canada V9V 1N8.

756 7747.

ss: soba@sahfos.ac.uk (S.D. Batten).
1. Introduction

Anticyclonic eddies form in winter along the
eastern continental margin of the northeast
Pacific. Tabata (1982) first noted their presence
using ship-based and drifter observations. Satellite
d.
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Fig. 1. The position of the two CPR tracklines in the northeast

Pacific. The N–S transect was run five times from March

through August 2000, and five times from April through

September in 2001. The E–W transect was run in June 2000 and

June 2001. The 1000-m isobath is also shown.
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altimetry measurements during the last decade
have enabled descriptions of the extent and life
history of these features (Gower and Tabata,
1993), and noted multiyear patterns of their
behaviour (Crawford et al., 2000, 2002; Crawford,
2002). Dedicated ship-based observations have
subsequently characterised the physical nature of
the eddies (Whitney and Robert, 2002; Crawford,
2002). Between 1993 and 2001, eddies were
generated along the continental margin and drifted
in a general westward direction, although a few
eddies drifted southwards for several months, and
others moved toward the northwest. Two regions
that consistently generate eddies are the Queen
Charlotte Islands in British Columbia, Canada
(which creates the Haida Eddy) and the Alexander
Archipelago of Alaska, USA (which creates the
Sitka Eddy).
Large volumes of warm, low-salinity coastal

water are transported into the ocean in late winter
by these eddies. The fate of the biological entities
entrained within the eddies, and the influence of
the eddies on the oceanic fauna, have recently
begun to be addressed. Mackas and Galbraith
(2002) describe the results of zooplankton surveys
across the Haida-2000a Eddy and show elevated
levels of entrained near-shore and slope species
that persist within the eddy for over a year, based
on measurements in winter, summer and autumn.
In this paper we will report on observations of

phytoplankton and zooplankton distribution in
the northeast Pacific collected by the Continuous
Plankton Recorder (CPR) in various seasons of
2000 and 2001, including the spring plankton
bloom, a season missing from the Mackas and
Galbraith (2002) observations. The CPR was
towed along two repeated transects during 2000
and 2001. Each transect passed through, or close
to, the eddies. Several plankton taxa retained by
the sampler appeared to be of coastal origin,
allowing an assessment of the role of eddies in
dispersing shelf-dwelling plankton into oceanic
waters. Satellite imagery of sea-surface height,
surface temperature and chlorophyll-a concentra-
tions in the first half of the year 2000 were used to
interpret the CPR observations by showing the
changing chlorophyll-a composition in eddy and
surrounding waters attributed to season and
latitude. These observational methods are de-
scribed in the next section. Finally, we apply the
OSCURS simulation (Ebbesmeyer and Ingraham,
1999) of ocean surface currents to examine
possible influence of background, non-eddy cur-
rents on plankton distributions.
2. Methods

2.1. Plankton abundance data

The CPR was towed behind an oil tanker on its
route from Prince William Sound, Alaska, to
California five times during 2000, with an approx-
imate temporal spacing of 5 weeks (late March,
April/May, June, July and August) and five times
between April and September during 2001 (Figs. 1
and 2). A second transect was run once in June of
each year from Vancouver, Canada, across the
North Pacific to Japan. Full details of the
sampling and processing methods are given in
Warner and Hays (1994). The CPR was towed
behind the vessels at a fixed depth of about 7m,
and continuously filtered plankton onto a moving
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Fig. 2. Geographic regions of Southeast Alaska and British Columbia.
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band of 270-mm filtering mesh. After each transect
the mesh was divided into individual samples, each
representing the plankton from 18 km of tow with
approximately 3m3 of sea water filtered. Plankton
were identified and enumerated from a subset of
the collected samples (depending on other pur-
poses for which the samples were collected): for
the March, July and August 2000 transects every
fourth sample was enumerated, in April 2000 all
samples were enumerated, and in June 2000
alternate samples were enumerated. All transects
in 2001 had every fourth sample enumerated.
Phytoplankton were counted in a semi-quantita-
tive way: The sample was placed on the micro-
scope stage, 20 fields of view were examined and
the presence of each taxon in each field recorded.
Small zooplankton (smaller than about 2mm)
were counted in a subsample representing 0.02 of
the sample and larger taxa were counted with no
subsampling. The time and position of the mid-
point of each sample were calculated from the
ship’s log.

2.2. Identification of eddies

Sea-surface height anomalies were extracted
from an Internet site of the Colorado Center for
Astrodynamics Research at the University of
Colorado, Boulder (CCAR, R. Leben, personal
communication, 2002). These anomaly maps are
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Fig. 3. Sea-surface temperature measured by NOAA Satellite,

13 February 2000. ‘‘H00a’’ denotes core of Haida-2000a as

determined by satellite altimetry. Temperatures (1C) at Cana-

dian weather buoys are inserted into the figures. White ocean

regions denote warmest waters, with colours progressing from

white to red through blue as temperatures decrease. Black

denotes clouds or land. White lines display shorelines and

rivers.
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available at 3-day intervals, based on available sea-
surface height measurements by TOPEX/POSEI-
DON and ERS-2 satellites. These two satellites
provide repeated measurements at 10- and 35-day
intervals, respectively, with ERS-2 providing the
best spatial resolution. Each updated image
represents sea-surface features over the most
recent 10 days of TOPEX and 17 days of ERS-2
observations. These images locate the cores of
Haida eddies to within about 15 km, based on our
experience with several years of ship-based mea-
surements guided by this imagery (Crawford,
2002). The CCAR images were supplemented with
satellite measurements of temperature or calcula-
tions of chlorophyll-a levels from NOAA and
SeaWiFS, respectively, provided by John Wallace
of Fisheries and Oceans Canada, at the Institute of
Ocean Sciences, P.O. Box 6000, Sidney, B.C.,
Canada V8L 4B2.

2.3. Identifying taxa associated with the eddies

Any analysis comparing plankton in eddy
samples to oceanic samples is partially confounded
by seasonal changes in species from month to
month and also by diel vertical migration of
certain taxa that allows them to be caught in the
CPR samples during the night only (the positions
of night samples vary between transects). Addi-
tionally, on several transects only two to four
samples were taken within each eddy so that a
statistical comparison between inside and outside
was unrealistic. The plankton abundance data
approximate to a Poisson distribution with most
samples having zero abundance for a particular
taxon. By pooling the oceanic samples from the
transects that passed through an eddy in the year
2000, sufficient samples were available to deter-
mine taxa associated with the eddies. The samples
included were restricted to oceanic samples col-
lected between 501 N and 58.51 N and 1281 W
to 1451 W. The midpoints of the Haida-2000a
and Sitka-2000 eddies were determined for March
25, 30 April, June 20, July 20 and August 25 from
sea-surface altimetry plots. Distances from the
midpoint of each CPR sample to the midpoint
of the nearest eddy for each month were calcu-
lated.
3. Results

3.1. Satellite imagery

Crawford and Whitney (1999) and Crawford et
al. (2002) show that eddies form during the winter,
normally separating from the continental margin
in February, based on satellite radar-altimetry
observations. Infrared and visible light signals
detected by NOAA and SeaWiFS satellites also
provide useful information, but their signals are
blocked by clouds that normally cover this region
of the northeast Pacific Ocean. However, clear
skies during a few days in the year 2000 allowed
several images that provide an interesting story of
the evolution of Haida and Sitka eddies in this
year.
Fig. 3 reveals surface temperature features near

the Queen Charlotte Islands on 13 February 2000,
showing Haida-2000a at a location marked by the
letter ‘‘H00a’’ to the west of Cape St. James at the
southern tip of the Queen Charlotte Islands.
(Eddies such as Haida-2000a and Sitka-2001 are



ARTICLE IN PRESS

S.D. Batten, W.R. Crawford / Deep-Sea Research II 52 (2005) 991–1009 995
labelled H00a and S01 in the figures to conserve
space.) This position of the eddy was determined
from CCAR altimetry maps. Crawford et al.
(2002) and di Lorenzo et al. (2005) show that
winter-long outflow currents past Cape St. James
give birth to Haida eddies to the west of this
Cape. Once they reach a critical diameter, eddies
move westward away from the Cape toward
deeper waters. Haida-2000a was a young eddy
on this day, not yet ready to drift seaward and
still entraining outflow waters that flow past
Cape St. James.
Fig. 4 shows imagery on 14 April 2000, from

NOAA AVHRR sensors (Figs. 4A and B) together
with SeaWiFS chlorophyll-a levels (Fig. 4C.).
Labels for Haida and Sitka eddies have been
added to Figs. 4A–C at positions determined from
CCAR images for this date.
The imagery in Figs. 4A–C shows warmest

surface waters and highest chlorophyll-a concen-
trations coincide in the Haida-2000a eddy near 531
N, 1341 W; however, the waters in the Sitka Eddy
region do not reveal this relationship. The Sitka
eddies are within a broad, diffuse region of high
chlorophyll, and it is more difficult to see these
eddies in either the temperature or chlorophyll-a
distributions of Figs. 4B and C, although Sitka-
2000b appears to be holding high-chlorophyll
waters close to shore along its outside ring.
Haida-2000a appears to be entraining warm,
high-chlorophyll-a water from the south and cold,
low chlorophyll-a water from the north. Each of
these two water masses has advected at least one-
quarter way around this eddy. In a week or so
after the 14 April image one could expect
alternating spirals or rings of warm–cold sur-
face water and high–low chlorophyll-a concentra-
tions, as observed in Haida eddies in April 1979
(Clark, 1986).
Fig. 5 shows this region 1 month later, on 12

May 2000. Haida-2000a has moved farther off-
shore, and the chlorophyll-a distribution has
changed significantly. Chlorophyll levels in the
core of this eddy are now lower than in surround-
ing waters, especially in a band of coastal water to
the south-east that appears to have been swept
seaward by this eddy from the chlorophyll-rich
coastal region.
A second smaller eddy, Haida-2000b, is barely
visible among the clouds, centred near 50.51 N,
1321 W and is also visible in satellite altimeter
images at this position. It maintains contact with
coastal, high-chlorophyll regions, and shares
relatively high-chlorophyll-a concentrations with
these coastal waters.
Several images are useful to interpret June

conditions. Fig. 6 shows a portion of the region
on 18 June 2000, with Haida-2000a barely visible
through the clouds the smaller, newer, un-named
Haida eddy to the east, and two other un-named
anticyclonic features to the south-east, each
located at an ‘‘H’’. Fig. 7 shows chlorophyll-a
concentrations on 23 June 2000, along a portion of
the Alaskan coast, and on 24 June along the
British Columbia coast. Three Sitka eddies are
identified in the 24 June altimetry observations,
but none of the eddies presents an identifiable
chlorophyll-a pattern in Fig. 7. Two un-named
Haida eddies in the 24 June image are also clearly
identified by CCAR images, and the more south-
erly one appears to propel a plume of high-
chlorophyll-a water, labelled ‘‘P’’, seaward along
its southern flank. Clouds obscured both the
Haida and Sitka regions after 24 June 2000, and
through almost all of the 2001 seasons.
In summary, before April 2000, Haida eddies

contained more chlorophyll-a than surrounding
waters. From mid-April onward to the end of
June, Haida eddies contained the same or less
chlorophyll-a than observed in surrounding sur-
face waters closer to the coast. Haida eddies in
April and later months deflect seaward the high-
chlorophyll-a surface waters found near shore.
This deflection continues until the Haida eddies
drift too far into the gulf to deflect the coastal
waters away from the continental shelf. There are
few, if any, good individual images after June to
determine the exchange of coastal and deep waters
by Haida eddies. Crawford et al. (2005) examine
monthly composite SeaWiFS images and find
similar processes in other years.
The Sitka Eddy region was visible only in the

temperature and chlorophyll observations on 14
April 2000, shown in Figs. 4B and C, and on 23
June 2000 in Fig. 7. They do not influence
chlorophyll-a distributions in the June image.
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Fig. 5. Computed chlorophyll-a distributions based on SeaWiFS measurements 12 May 2002.
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The Sitka eddies revealed by CCAR measurements
in April reside mainly within a broad region of high-
chlorophyll-a waters, and are therefore less able to
stir high and low chlorophyll-a waters. Haida eddies
are able to advect these waters across the con-
tinental margin, in distinctive patterns clearly
identified in surface chlorophyll-a observations.

3.2. CPR sampling

3.2.1. Taxa associated with the eddy

The relationship between abundance and dis-
tance from the eddy centre revealed nine plankton
Fig. 4. (A) Relative sea-surface temperature on 14 April 2000 for the

denote warmest waters, with colours progressing from white to red t

land. White lines display shorelines and rivers. Black diamonds denot

shows the centre of Haida 2000a as determined by satellite altimetry

waters of SE Alaska. Temperatures (1C) at Canadian weather buoys a

waters, with colours progressing from white to red through blue as te

display shorelines and rivers. Black diamonds denote CPR sample loc

centres of Haida and Sitka eddies as determined by satellite altimetry.

of 1998–1999. Other eddies were all formed in the 1999–2000 winter. (C

on 14 April 2000. Black diamonds denote CPR sample locations on 24

and Sitka eddies as determined by satellite altimetry. The white ‘‘H’’

Other eddies were all formed in the 1999–2000 winter.
taxa, in three groups, that appeared to be
associated with eddies: diatoms (Thalassiosira

spp., Chaetoceros spp. (Hyalochaete forms only),
Coscinodiscus spp. and Cylindrotheca closterium),
shelf copepods (Acartia longiremis and Calanus

marshallae), and some ubiquitous zooplankton
taxa (Limacina helicina, Chaetognaths, copepod
nauplii). Table 1 shows the mean abundance of
each taxon in oceanic samples within 160 km of
either the Haida or Sitka eddy centre (the distance
to the outer edges of the eddies) and Fig. 8 shows
actual abundance data for each sample for selected
taxa.
waters near the Queen Charlotte Islands. White ocean regions

hrough blue as temperatures decrease. Black denotes clouds or

e CPR sample locations on 23–25 March 2000. The letter ‘‘H’’

. (B) Relative sea-surface temperature on 14 April 2000 for the

re inserted into the figures. White ocean regions denote warmest

mperatures decrease. Black denotes clouds or land. White lines

ations on 23–25 March 2000. The letters ‘‘H’’ and ‘‘S’’ show the

The white ‘‘H’’ denotes a Haida eddy that formed in the winter

) Ocean chlorophyll-a concentrations as measured by SeaWiFS

–26 March 2000. The letters ‘‘H’’ and ‘‘S’’ show centres of Haida

denotes a Haida eddy that formed in the winter of 1998–1999.
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Fig. 6. Computed chlorophyll-a distributions based on SeaWiFS measurements 18 June 2000.
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3.2.1.1. Diatoms. Of the four groups that show
an association, Thalassiosira and Chaetoceros are
very common across the northeast Pacific. The
species of the genus Thalassiosira and the Hya-

lochaete subgenus of Chaetoceros are more com-
mon in shelf waters (Cupp, 1943), and both groups
have highest abundances in the CPR samples
collected over the continental shelf regions of
British Columbia, southern Alaska, Oregon/Cali-
fornia, and the Aleutian Islands. The higher
oceanic abundances associated with the eddies
probably reflect the shelf origin of the water. The
genus Coscinodiscus has not been recorded in
many coastal CPR samples, and its highest
abundances are associated with the Sitka Eddy
only. Most species of this genus are oceanic,
although some are coastal. Without further
identification it is not possible to determine
whether the increased abundances near the Sitka
eddy are the result of entrained coastal species or
an enhancement of oceanic abundances. Cylin-

drotheca closterium was found relatively rarely
with highest abundances in shelf samples. This
diatom is a littoral species, although frequently
found in the plankton (Cupp, 1943), and so its
oceanic occurrences in the region of the eddies
again reflect the shelf origins of the water.

3.2.1.2. Shelf zooplankton species. Two species
of calanoid copepod, Calanus marshallae and
A. longiremis, were frequently found on CPR
samples wherever the trackline approached or
crossed the continental slope, but only rarely in
the open ocean. Neither species has occurred
in CPR samples from the western Gulf of Alaska.
C. marshallae and A. longiremis also were identi-
fied by Mackas and Galbraith (2002) as continen-
tal shelf species occurring in the Haida-2000a
eddy, although C. marshallae relatively rarely. It
occurred on the oceanic CPR samples in 2000 only



ARTICLE IN PRESS

Fig. 7. Computed chlorophyll-a distributions based on SeaWiFS measurements. Top: 23 June 2000. Bottom: 24 June 2000.

S.D. Batten, W.R. Crawford / Deep-Sea Research II 52 (2005) 991–1009 999



ARTICLE IN PRESS

Table 1

Mean concentration of eddy-associated taxa in samples collected inside either the Haida or Sitka eddy (defined as within 160 km of an

eddy centre, (E) and outside the eddy but in oceanic waters (O). For phytoplankton, the concentration is expressed as number of

microscope fields of view (out of 20) that the taxon was recorded in. For zooplankton, concentration is expressed as number of

organisms per sample

March April June July August

E O E O E O E O E O

] Samples 8 8 8 39 12 18 7 10 6 12

Thalassiosira spp. 3 1 3 1 0.6 1.4 0 0 1 0.2

Chaetoceros spp. (hyalochaetes) 2 0.3 0.6 0.2 0.4 0.5 0 0 0.2 0.1

Coscinodiscus spp. 5 2 1.3 0.6 0.5 0.9 0 0 0 0

Cylindrotheca closterium 0.4 0 0.13 0.08 0 0 0 0 2 0

Calanus marshallae 0.13 0 0 0 0.7 0 0 0 0.2 0

Acartia longiremis 12 0 6 4 58 10 7 0 16 0

Limacina helicina 25 12 18 44 9 51 63 15 74 29

Chaetognatha 14 7 8 10 7 3 0.3 0.6 12 1

Copepod nauplii 43 6 257 132 46 26 0 0 49 33
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five times. However, all of these samples were
within 200 km of the centre of the Haida-2000a
eddy, hence its inclusion here as a species
indicative of shelf water.
Further shelf species also may have a signal in

CPR samples, but many taxa, except most
calanoid copepods, are not identified to species
level in routine CPR processing. Mackas and
Galbraith (2002) identify Pseudocalanus mimus as
a shelf species associated with the Haida-2000a
eddy; however, in CPR processing the highest
taxonomic resolution is currently to the genus
Pseudocalanus. Oceanic species of this genus exist
so that an association with the eddies in CPR
samples is not evident.

3.2.1.3. Oceanic species. Several species that
commonly occur throughout the northeast Pacific
showed an association with the eddies. Most
samples close to the eddies had chaetognaths and
the pteropod L. helicina present. Although equally
high numbers of these groups occurred well away
from eddies, counts of zero were also more
frequent away from eddies. The pteropod Clione

limacina, which feeds almost exclusively on L.

helicina, was infrequently caught but was predo-
minantly in samples close to the eddies. The
copepod nauplii category may have been more
revealing if the parent species (and thus their
origins) were known; however, it is likely that both
shelf and oceanic species contributed to the high
abundances near the eddies. Neocalanus plum-

chrus/flemingeri copepodites III and IV are only
present in surface waters for a few weeks in spring.
During March especially higher abundances were
clearly associated with the eddies. By July 2000
only a small number of individuals (copepodites
IV and V) were still in surface waters (Batten et al.,
2003) and by August all had descended to
diapause. This restricts the samples where associa-
tions might be seen to the spring and early summer
transects and although there was some evidence in
March 2000 of increased abundances on eddy
samples, by June the numbers were similar
inside and outside the eddies. L. helicina and
N. plumchrus also were reported as having high
abundances in samples from the Haida-2000a
Eddy by Mackas and Galbraith (2002) and
Tsurumi et al. (2005), who report increased
abundances of shelf and oceanic-origin L. helicina

in the Haida-2000a and Haida-2001b eddies.
Figs. 9 and 10 display the ship tracks in 2000

and 2001 on background images of sea-surface
height anomalies from the CCAR Internet site.
Intense Haida and Sitka Eddies with their high
core heights appear as red regions in the CCAR
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Fig. 8. Some taxa showing an association with Haida and Sitka eddies. Scatter plots of abundance per sample (approx. 3m3) against

sample distance from closest eddy centre in 2000 (see text for definitions of abundance for phytoplankton and zooplankton taxa).
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images, whereas weaker eddies appear as yellow
regions. Adjacent graphs display concentrations of
some of the individual taxa shown to be associated
with the eddies along these tracks: a shelf-origin
copepod A. longiremis, the ubiquitous pteropod
L. helicina, and the principally shelf-origin diatom
group, Chaetoceros (hyalochaete forms).
All three taxa display high concentrations

through Haida-2000a on 25 March 2000, the only
ship track that transited near the centre of this
eddy. Only Limacina and Chaetoceros increased in
numbers in Sitka 2000a. On 30 April 2000, the
peak concentrations through the outer ring of
Haida-2000a were less pronounced than observed
in core waters in March. Distribution of the taxa
on 30 April generally agrees with the regions of
high-chlorophyll-a levels on 14 April displayed in
Fig. 4C. In June two transects crossed the south-
western edge. On the N–S transect only a single
sample containing Acartia could be attributed to
Haida-2000a; along the E–W transect high abun-
dances extended from the coast to the western
limit of the eddy. All occurrences were along the
southern flank of the eddy, where the coastal
waters have been deflected seaward by eddies. On
20 July and 25 August the impact of Haida Eddies
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Fig. 9. Ship tracks towing CPRs in 2000. Ship tracks are superimposed on sea-surface height anomaly (SSHA) charts. Graphs to the right (or below in the case of June)

of each chart show abundance of selected associated taxa along the ship tracks with y-axis being latitude and x axes abundance (and vice versa in the case of June). For

Acartia longiremis and Limacina helicina abundance is number of organisms per sample (approx. 3m3). For Chaetocoeros abundance is number of fields of view it was

recorded in (out of 20). SSHA contours are at 3-cm intervals.
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Fig. 10. Ship tracks towing CPRs in 2001. Ship tracks are superimposed on sea-surface height anomaly (SSHA) charts. Graphs to the right (or below in the case of June)

of each chart show abundance of selected associated taxa along the ship tracks with y axes being latitude and x-axis abundance (and vice versa in the case of June). For

Acartia longiremis and Limacina helicina abundance is number of organisms per sample (approx. 3m3). For Chaetocoeros abundance is number of fields of view it was

recorded in (out of 20). SSHA contours are at 3-cm intervals.
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Table 2

Proportion of oceanic samples (%) in each year that contained

each of the associated shelf taxa, together with the p value

(Mann–Whitney Rank-Sum tests) indicating whether abun-

dance of each taxon was significantly lower in 2001 than in 2000

Taxon 2000 2001 p

Acartia longiremis 11.6 0.8 0.02

Calanus marshallae 4.1 3.3 n.s.

Thalassiosira spp. 46.6 31.7 0.04

Chaetoceros spp. (Hyalochaete) 21.9 3.3 0.002

Coscinodiscus spp. 30.1 9.2 o0.0001

Cylindrotheca closterium 6.2 0.8 n.s.
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on taxa distributions was not noticeably above a
background level; however, the eddies on these
days were to the east of the ship tracks. This
distribution of taxa along ship tracks and through
spring and summer 2000 supports a general
progression suggested by the satellite imagery. In
March the highest concentrations of coastal taxa
appear in the Haida eddy core. This peak weakens
or disappears in later months as outside, plankton-
rich coastal waters were diverted offshore around
Haida-2000a.
There was a strong Sitka eddy in 2001, although

the CPR tracks passed to the west (Fig. 10).
Clouds obscured the satellite measurements of
temperature and chlorophyll-a through winter and
spring of this year. The Haida eddies of 2001 were
much weaker than found in 2000 and few coastal
species were found along these tracks, although
Limacina was equally abundant as in 2000.

3.3. Persistence of associated shelf species

All of the coastal/shelf species associated with
the eddy have generation times shorter than half of
the sampling season in 2000: therefore any
individuals recorded in the open ocean in July or
August were most probably offspring of the
original advected organisms, although it is possible
that they could have matured from juvenile stages
advected by eddies at the very end of June.
Diatoms have generation times of �1 day, so that
any occurrences after the eddies left the shelf
indicate a growing population. Thalassiosira and
Chaetoceros were both most abundant in the
oceanic samples in March and April but were still
being recorded in August. Coscinodiscus was
found only sporadically after June and C. closter-

ium was found in March and April, but then not
again until August. The August abundances are
intriguing, given that this is a benthic species;
however, there were several records of it in August
so that it is unlikely to be a misidentification.

A. longiremis has a generation time of about 1
month over the northern Oregon shelf (Peterson et
al., 1979), which is likely to be similar to that off
the coast of British Columbia. Highest oceanic
abundances were recorded in June but there were
no more occurrences around the Haida eddies in
subsequent months. It was also recorded around
the Sitka eddy in August.

C. marshallae has a development time of �36
days at 15 1C and �64 days at 10 1C (Peterson,
1979). Temperatures at 521 N, 1351 W (the vicinity
of Haida-2000a) were 7 1C on the March transect,
10.5 1C on the June transect, and 13 1C on the July
transect (Batten et al., 2003), suggesting a genera-
tion time of close to 60 days. Although only a few
eddy samples contained C. marshallae, it was
present in all months except July. August occur-
rences must have been from at least the second
generation in the eddy.
Maintenance of the population in the eddies

would enhance the spread of shelf species through
the open ocean by increasing both the time
available for distribution and the number of
source organisms.

3.4. Interannual comparison

The Haida-2001b Eddy was much weaker than
Haida-2000a (Figs. 9 and 10), suggesting that
oceanic occurrences of shelf taxa would have been
less frequent in 2001. It was possible to assess the
frequency of occurrence of the six shelf taxa on
oceanic samples (501 to 591 N, 1281 to 1451 W).
Owing to different numbers of samples being
processed in the 2 years (146 in 2000 and 120 in
2001), these frequencies are expressed as a
percentage (Table 2).
All of the shelf taxa showed a decline in oceanic

occurrence in 2001 (Table 2). Figs. 9 and 10 show
the distributions of three of these taxa in each year.
With the exception of Calanus marshallae and
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Cylindrotheca closterium, which only occurred in a
few samples (less than 7% in the most abundant
year), abundances were significantly lower in 2001
(non-parametric Mann–Whitney rank-sum test,
see Table 2 for p values in each case). The oceanic
taxa associated with the eddies in 2000 showed no
significant change in frequency of occurrence in
2001 (data not shown).

3.5. OSCURS simulations

The output from the simulations of surface
currents suggest that once a planktonic organism
left an eddy it could have been transported to
many locations in the northeastern part of the
Gulf of Alaska, depending on where and when it
left the eddy (Figs. 11 and 12). Organisms leaving
the Sitka eddy were transported northwards at
first, and this also had a westerly component if the
organisms left later in the spring. Once the
organism reached the Alaskan shelf, the shelf edge
(Alaskan coastal) current transported them ra-
pidly westwards. Organisms leaving the Haida
eddy were initially transported north or south,
depending on which side of the eddy they left.
Subsequent movements were then eastwards. In all
the simulations the organisms were returned to the
continental shelf by the autumn of 2000, but not
necessarily close to where they were originally
entrained in the eddy.
Fig. 11. OSCURS simulations for the Haida Eddy in 2000.

Tracks indicate the movement of a particle leaving the eddy on

the date indicated in the top right of each panel. Symbols show

the position of particle at the end of each month. Four runs are

shown in each case, representing the north, south, east and west

extremes of the eddy (at the input resolution accepted by the

OSCURS model).
4. Discussion

The occurrence of neritic and shelf species of
diatoms and calanoid copepods in CPR samples
within or in close proximity to eddies suggests that
these eddies transport plankton from the shelf to
the open ocean. We confirm many of the observa-
tions made by Mackas and Galbraith (2002) and
extend them to include the spring plankton bloom,
as well as the Sitka-2000 eddies and Haida-2000a.
Although we have focused on 2000, and described
the north-westwards movement of the Haida Eddy
during the summer, there is interannual variability
in the intensity and direction these eddies take.
The strong Haida eddies of 1995 and 1998 took
more southerly routes whilst Haida-1997 moved
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Fig. 12. OSCURS simulations for the Sitka Eddy in 2000.Tracks indicate movement of a particle leaving the eddy as described for

Fig. 11.
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due west (Whitney and Robert, 2002). Further-
more, the surface currents that influence the
movement of organisms that have left an eddy
also will vary interannually, according to the wind
field. Simulations with the OSCURS model over
the decade from 1992 to 2001, starting from the
same position and the same time in each case,
showed that the direction of movement can be
toward northwest and southeast, though predo-
minantly north and east. The strongest southerly
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movement occurred in 1998 when the Haida-1998
eddy also moved south. Eddy movement varia-
bility and wind field variability show that the
potential spread of shelf origin organisms through
the oceanic Pacific is over a larger area than
suggested here.
The satellite imagery (Fig. 4) and the fact that

most of the associated shelf taxa occurred in
samples along the southern periphery of the
Haida-2000a eddy (Fig. 9 and also for taxa not
shown) suggest two offshore transport mechan-
isms were operating. Transport of coastal water
offshore occurs in the eddy center, but coastal
water also continues to be entrained in the
southern outer edge of the eddy as it rotates. This
water is swirled into oceanic water on the southern
and western sides of the eddy, resulting in
alternating spirals or rings of warm–cold surface
water and high–low chlorophyll-a concentrations,
as observed in Haida Eddies in April 1979
(Clark, 1986).
In addition to the shelf taxa that showed an

association with eddies, there were several taxa
with an oceanic distribution that had frequent high
abundances in samples collected near eddies. The
origins of many of these taxa are not known,
though more detailed speciation of the taxa may
have been more illuminating. For example, Sagitta

elegans is the only chaetognath species commonly
occurring on the shelf of British Columbia, whilst
S. scrippsae and Eukrohnia hamata tend to be
found seawards of the shelf break (Mackas, 1992).
Identification to species level of chaetognaths
retained by the CPR is problematic, owing to
damage of some features by the sampling mechan-
ism. L. helicina has been reported as having shelf
and oceanic forms (McGowan, 1963) and Tsurumi
et al. (2005) describe entrainment of shelf forms in
young Haida Eddies in 2000 and 2001. Although
some shells are damaged by the CPR sampling
mechanism, it may be possible to determine
whether the increased abundances result from
entrainment of shelf dwellers or concentration of
oceanic patches for the Sitka eddy also.
Mackas and Galbraith (2002) suggest that

Neocalanus copepodites enter the eddy from below
as they begin their seasonal upwards ontogenetic
migration and are subsequently concentrated. This
species is abundant throughout the whole north
Pacific, occurring in deep water in near-shore
regions such as the Strait of Georgia (Fulton,
1973), and presumably also Hecate Strait, as well
as the open Gulf of Alaska (Batten et al., 2003).
Some of the taxa described here have deep-water

winter distributions. C. marshallae overwinters at
depths greater than 150m as stage V copepodites
(Peterson, 1979). N. plumchrus stage V copepodites
overwinter between 350 and 450m in the Strait of
Georgia (Fulton, 1973). From nutrient and tem-
perature anomalies, Whitney and Robert (2002)
show that water from all depths in Hecate Strait
and Queen Charlotte Sound is entrained by Haida
eddies. They also suggest that the 3000 km3 of
coastal water entrained into the Haida-2000a eddy
(Haida-2000 in their notation) was equal to about
half of the volume of Hecate Strait/Queen
Charlotte Sound. Hecate Strait has depths of
300m and Queen Charlotte Sound over 400m,
thus deep overwintering copepods are likely to be
entrained. The N. plumchrus/flemingeri copepo-
dites associated with the eddy in spring may have
had a coastal, rather than oceanic, origin.
There is a weight of evidence to support the idea

that the eddies play a significant role in spreading
shelf species through the oceanic northeast Pacific.
All of the shelf taxa were common on the
north–south transect northwards of about 521 N,
the section that crosses the eddy paths, but rare on
the oceanic section south of this latitude. Occur-
rences in the western Gulf of Alaska were
extremely rare (and non-existent for the shelf
copepods) along the two E–W transects but more
frequent on the region east of the Haida-2000a
eddy. This region is generally ‘downstream’ of that
eddy (Fig. 11).
It is unlikely that the oceanic occurrences of

shelf taxa relate to eddies from previous years.
Although Mackas and Galbraith (2002) report
finding low numbers of shelf species still present in
second year eddies, none of the CPR samples were
collected within eddies from previous years (as
indicated by altimetry plots). It is conceivable that
as these organisms continue to be shed from the
eddy and dispersed throughout its lifetime they
will be picked up in CPR samples, but the numbers
are likely to be too low to be recorded.
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‘Ship of Opportunity’ sampling does impose
certain limitations to the conclusions we can
draw. The location of the transects is fixed by
the commercial activities of the vessels used. In
this study the location has fortuitously enabled
the association of plankton with the eddies to be
described, but without sampling eastwards of
the current transect it is not possible to verify the
predicted spread of the entrained organisms.
However, the repetitive sampling on a fixed
route has allowed us to comment on the persis-
tence of the species within the eddy and subse-
quently in the ocean and to compare between
years. As further years of data are acquired
the interannual variability can be better
quantified.
Shelf phytoplankton make a significant contri-

bution to the eddy ‘ecosystem’ in the first few
months after it detaches from the shelf. This is
evident in the higher chlorophyll-a seen in satellite
images (Figs. 4C and 5–7). Zooplankton abun-
dances are also enhanced (both shelf and oceanic-
origin species) as reported here, in Mackas and
Galbraith (2002) and Tsurumi et al. (2005). The
eddies may thus present a discrete foraging ground
for oceanic consumers, although as yet this has not
been studied.
The eddies also carry shelf nutrients into low-

nutrient surface oceanic waters (Whitney and
Robert, 2002) and carry seaward significant
percentages of heat and fresh water advected to
shelf waters in winter (Crawford, 2005). Eddy
motion always extends to at least 1000-m depth
(Crawford, 2002) and stirs deep-ocean and coastal
waters from surface to shelf bottom while eddies
are on the continental slope. Okkonen et al. (2003)
have observed Sitka eddies stirring deep-ocean and
shelf waters across the continental margin near
Kodiak Island at all depths from surface to
bottom of continental shelf and upper slope.
Therefore, when eddies are present on the con-
tinental margin, they boost cross shelf exchange by
several factors of 10.
Crawford et al. (2005) have combined observa-

tions by SeaWiFS and altimetry satellites to
examine the role of Haida eddies in distributing
chlorophyll-a. Although clouds in the Gulf of
Alaska usually obscure the individual SeaWiFS
measurements, they were able to identify features
more clearly in monthly composite SeaWiFS
images, and overlaid these images with contours
of sea-surface height anomalies at mid-month.
Resulting images generally revealed slightly
higher chlorophyll-a concentrations between
April and September in Haida eddies than
observed in nearby deep-ocean water, as well as
spring blooms noted here. They also observe
enhanced chlorophyll-a levels along the southern
sides of Haida Eddies when eddies straddle the
continental margin boundary between high-
chlorophyll coastal waters and low-chlorophyll
deep-ocean waters. Therefore, both mechanisms,
advection of chlorophyll-rich waters and local
chlorophyll growth seem to prevail in Haida
eddies.
Haida eddies rotate anticyclonically around

warm core waters, comprised of warm, fresh,
nutrient-rich waters centred near 150m depth
(Crawford, 2002; Whitney and Robert, 2002).
Doming and troughing of isotherms can be
observed in summer below and above this depth,
respectively. Doming might be the result of eddy
decay that elevates the previously depressed
isotherms, bringing nutrients closer to surface
waters in the eddy core and outer rings; however,
we have no direct observations of this process.
Observations of enhanced chlorophyll concentra-
tions in eddy centres may suggest this upwelling
has taken place, but is not clear proof.
The role of eddies in seeding shelf species

throughout the northeast Pacific may be very
important. The OSCURS simulations demonstrate
that organisms leaving the eddy are returned to the
shelf, but perhaps a considerable distance from
where they were originally entrained. Meroplank-
tonic species not well sampled by the CPR, such as
fish larvae and some decapod larvae (including
commercially important species), may be trans-
ported around the rim of the northeast Pacific in
this fashion. Furthermore, since oceanic occur-
rences in 2001 were significantly less frequent than
in 2000 (for shelf taxa only) and the Haida eddies
of 2001 were much weaker (Table 2 and Figs. 9
and 10), the interannual variability in the strength
of the eddy may further influence the distribution
of shelf-origin organisms.
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