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Abstract

Mesoscale anticyclonic eddies form annually in late winter along the eastern margin of the subarctic North Pacific. Eddies

that originate off the southern tip of the Queen Charlotte Islands (near 521N 1321W) are called ‘Haida Eddies’. During the

subsequent 1–3 years, they propagate westward into the Alaska Gyre. Enroute, the eddies are colonized by zooplankton

originating from the central British Columbia continental shelf, the continental slope and along-slope boundary current, and

the oceanic Alaska Gyre. Eddies also gradually lose kinetic energy, water properties, and biota to the surrounding ocean. In

this paper, we analyze zooplankton samples from Haida eddies obtained in late winter, early summer and autumn of 2000,

and in early summer and autumn of 2001, and compare the within-eddy zooplankton distributions, abundances, and

community composition of the oceanic-origin species to observations from the continental margin and Alaska Gyre source

regions. Most between-region comparisons were consistent with a hypothesis that the eddy zooplankton are a mixture

intermediate in abundance and community composition between the BC continental margin and offshore Alaska Gyre

source regions (although usually closer to the Alaska Gyre). However, about 30% of the comparisons showed within-eddy

abundances higher than in either source region. This outcome cannot arise from mixing alone. Aggregation and retention

appear to be linked to vertical distribution behavior: most of the successful taxa spend much of their time below the surface

mixed layer. This minimizes their exposure to wash-out by three physical processes:
�
 Slow upwelling and surface divergence that accompanies weakening of the anticyclonic geostrophic currents.

�
 Rapid but intermittent flushing of the surface layer by Ekman transport during strong wind events.

�
 Exchange across the eddy margin/geostrophic streamlines caused by temporary displacement by wind-driven inertial
currents.
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Fig. 1. Schematic of northeast Pacific source regions for the

zooplankton that colonize Haida eddies.

D.L. Mackas et al. / Deep-Sea Research II 52 (2005) 1011–10351012
1. Introduction

Mesoscale anticyclonic eddies (150–300 km dia-
meter) form in winter of most years along the
eastern margin of the subarctic Pacific. The eddies
contain a core of low-density water (Crawford,
2002; Whitney and Robert, 2002) that produces
both an upward doming of the sea surface
(10–30 cm, detectable by satellite altimeters), and
a strong anticyclonic geostrophic circulation (sur-
face currents 20–50 cm s�1, Yelland and Crawford,
2005). Over the subsequent 1–3 years after
formation, the eddies propagate westward. For
eddies originating between about 51–571N, this
movement often carries them long distances off-
shore toward the middle of the oceanic Alaska
Gyre (Crawford et al., 2000; Crawford, 2002;
Miller et al., 2005). Enroute, they gradually
exchange kinetic energy, water properties, and
biota with the surrounding ocean. The physical,
biological, and geochemical dynamics of the eddies
that originate between 51 and 55 1N off the Queen
Charlotte Islands (termed ‘Haida Eddies’ after
Haida Gwaii, the indigenous peoples’ name for
these islands) have recently been the subject of an
intensive research program, other aspects of which
are reported elsewhere in this DSR II issue. A
source-year naming convention is used to label
and track individual eddies: the eddy that formed
off the Charlottes in winter-early spring of 2000 is
denoted by ‘‘Haida-2000’’ in the text (for brevity,
H2000 in some of the figures).
As the eddies form and move seaward, they are

colonized by zooplankton from a sequence of
zoogeographic source regions: continental shelf,
continental slope, and oceanic (Fig. 1). Zooplank-
ton community composition within the eddy
changes as the eddy ages, reflecting changing
exposure to these sources, and also the changing
balance for different species between rates of
input, in situ reproduction, and dispersal into
surrounding waters. Several papers have now been
published on how eddies interact with various
near-shore origin zooplankton taxa. Mackas and
Galbraith (2002a) described the spatial distribu-
tion and abundance histories over 1–2 years of
populations of nearshore-origin zooplankton
such as Pseudocalanus mimus, Acartia longiremis,
Paracalanus parvus. Mackas and Galbraith
(2002a) also noted that two pteropod species
(Limacina helicina and Clio pyramidata) were
especially successful in the eddies. Tsurumi et al.
(2005) extended the pteropod analysis with more
detailed morphological and chemical evidence of
their zoogeographic source, and quantification of
the important role of pteropods in vertical flux of
organic and inorganic carbon to the deep sea.
Batten and Crawford (2005) examined eddy-
related patterns throughout the Alaska Gyre by
combining larger spatial scale zooplankton dis-
tributions (from the North Pacific Continuous
Plankton Recorder program) with satellite ocean
color, temperature, and altimeter maps.
The above papers show that Haida eddies

transport nearshore-origin taxa seaward, and
cause locally elevated abundance of these con-
tinental margin taxa at open ocean locations along
the eddy tracks. However, with the notable
exception of the pteropods, the near-shore origin
taxa fairly quickly become minor components of
the total zooplankton community. Much-to-most
of the total numeric abundance and total biomass
consists of oceanic species that colonize the eddy
after it leaves the coast. In this paper we examine
how eddies interact with zooplankton that are
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endemic to the oceanic subarctic Pacific. We pose
and attempt to answer questions in the following
four areas:
�
 What oceanic species become abundant in
Haida eddies, and how do their average
abundances within the eddies compare to their
average abundances along the British Columbia
continental margin and in the Alaska Gyre?
�
 How strong is the contrast in zooplankton
species composition and dominance hierarchy
between samples from ‘eddy’ and oceanic ‘non-
eddy’ locations? How do eddy vs. non-eddy
differences compare to between-season and
continental margin vs. oceanic differences in
community composition?
�
 Within individual eddies, how do abundances of
oceanic species vary with depth and with
distance from the eddy center? What spatial
distributions are correlated with high average
abundance in the eddy?
�
 How do vertical and horizontal distributions
within the eddy affect retention and dispersal?
2. Methods

2.1. Sampling locations, dates and methods

Our sample set for this paper is the same as was
used by Mackas and Galbraith (2002a) to describe
distributions, transport and loss of coastal-origin
species: a set of intensive sampling grids in and
near the Haida eddies, plus comparison locations
representative of the coastal source and Alaska
Gyre destination end-member environments. Hai-
da-2000 was sampled during five surveys, over 19
months (Table 1). The final two surveys (June and
September 2001) also sampled Haida-2001. Fig. 2
shows net tow and eddy locations during each
survey. The sampling locations within and near
eddies were selected using near-real-time maps of
sea-surface elevation anomalies derived from
TOPEX Poseidon and ERS-2 satellite altimeters
by the Colorado Center for Astrodynamics Re-
search. Our basic sampling pattern (black triangles
in Fig. 2) consisted of vertical tows with a bongo
net, plus CTD rosette profiles, along one or two
sections through the eddy center. Along-line
station spacing was either 18.5 or 27.75 km,
depending on survey and distance from the eddy
center. At selected sites (indicated by black circles
in Fig. 2: ‘‘eddy center’’, ‘‘eddy margin’’ ¼ within
the band of strongest anticyclonic currents and
steepest dynamic height gradient, and ‘‘outside-
the-eddy’’ control locations), we added vertically
stratified oblique tows with a BIONESS multiple
net sampler, plus more intensive biological and
chemical profiles.
For comparison with the eddy zooplankton

communities, we used bongo net vertical hauls
(also indicated by triangles in Fig. 2) from the
Vancouver Island continental margin, and from
non-eddy oceanic locations that were obtained
near the dates of the eddy surveys. The compar-
ison ‘nearshore’ data were from established time
series lines along the northern Vancouver Island
continental shelf and slope (49–521N). Alaska
Gyre ‘offshore’ data were from the seaward
portion of Line P (481 490N 1281 400W to 501N
1451W), from ‘reference’ stations in June and
September 2001 located between Haida-2000 and
Haida-2001, and from a June 2001 sampling line
extending east along 541 300N from Haida-2000
toward the coast.
The bongo net consists of two black cylindri-

cal–conical nets mounted on a central towing
frame and weight. Each net has a 0.25m2 mouth
area, a filtering area:mouth area ratio of 11.5, and
0.23mm aperture black mesh. Volume filtered is
measured by a TSK flowmeter mounted in the
mouth of one net. Tow depths (determined from
wire out and wire angle) followed established time
series protocols for the offshore and continental
margin regions: 150m-to-surface at eddy and
other offshore locations; near-bottom-to-surface
or 250m-to-surface at the continental margin
locations. Bongo tows were collected both day
and night. However, for many of the taxa
considered in this paper, diel migration was either
weak or was confined to movement within the
upper 150m. Taxa that showed longer range
vertical migration are noted in the subsequent
text. For each tow, the catch from one net was
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Table 1

Zooplankton sampling in Haida eddies, and at coastal and offshore comparison stations

Cruise ID (sampling dates) Number of zooplankton net tows (by net type) in each region

Haida 2000 Haida 2001 N. Vancouver Island

shelf/slope

Line P & other non-eddy

offshore sites

IOS 2000–01 2 bongo 6 bongo

(7–18 Feb 2000)

IOS 2000–08 23 bongo

(3–12 May 2000)

IOS 2000–10 10 bongo, 4 bongo

(1–20 June 2000) 6 BIONESS

IOS 2000–25 5 bongo

(6–15 Sept 2000)

IOS 2000–30 11 bongo, 29 bongo

(23 Sept–2 Oct 2000) 6 BIONESS

IOS 2001–08 14 bongo 20 bongo 9 bongo 8 bongo

(28 May–28 June 2001) 4 BIONESS 4 BIONESS 2 BIONESS

IOS 2001–29 2 bongo

(21 Aug–1 Sept)

IOS 2001–31 8 bongo 2 bongo 7 bongo 2 bongo

(17 Sept–2 Oct 2001) 4 BIONESS 1 BIONESS 2 BIONESS

IOS 2001–30 8 bongo

(2–10 Oct 2001)

Two net types were used: bongo nets for vertically integrated samples from all sites, and BIONESS for day and night vertically

stratified oblique tows (7 strata/tow) at key eddy center, eddy margin, and nearby non-eddy control sites. For spatial comparisons

between regions, and as transects across individual eddies, data from BIONESS tows were also vertically integrated 0–150m. See Fig. 2

for map of locations, text for detailed net specifications.
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preserved in 10% formalin for taxonomic identi-
fication and enumeration; the catch from the other
net was quick frozen or live-sorted for various
gravimetric and chemical analyses (e.g. Tsurumi
et al., 2005).
The BIONESS samples were paired day-and-

night stratified oblique tows, and were used to
describe vertical distributions and day-night dif-
ferences in these distributions. BIONESS net
mouth area, mesh size, and filtration ratio are
similar to the bongo net; however, the BIONESS is
towed obliquely at a horizontal speed of
2.5–3 knots. Standard depth strata for the BION-
ESS tows were 250–150, 150–100, 100–75, 75–50,
50–25, 25–10, and 10–0m. Data from the upper six
BIONESS strata (0–150m) were also vertically
integrated to compare against the bongo tow
results. Depth and cumulative volume filtered
were continuously monitored with a CTD and
General Oceanics flowmeter mounted on the
BIONESS. The entire sample from each BION-
ESS tow stratum was preserved in 10% formalin.
Preserved samples were returned to the labora-

tory for identification (species and developmental
stage) and enumeration. The entire sample was
scanned for abundance of large and/or rare taxa.
The sample was then quantitatively sub-sampled
using a Folsom splitter for counts of small
abundant taxa. Total counting effort was
X400–500 individuals per sample, sufficient to
give an expected subsampling error of p20% for
the dominant species.



ARTICLE IN PRESS

48°N

51°N

54°N

48°N

51°N

54°N

144°W 141°W 138°W 135°W 132°W 129°W 126°W

144°W 141°W 138°W 135°W 132°W 129°W 126°W
48°N

51°N

54°N

48°N

51°N

54°N

144°W 141°W 138°W 135°W 132°W 129°W 126°W

144°W 141°W 138°W 135°W 132°W 129°W 126°W

48°N

51°N

54°N

48°N

51°N

54°N

144°W 141°W 138°W 135°W 132°W 129°W 126°W

144°W 141°W 138°W
Sea surface height (cm)

135°W 132°W

-21 -18 -15 -12 -9 -6 -3 0 3 6 9 12 15 18 21

129°W 126°W
48°N

51°N

54°N

48°N

51°N

54°N

144°W 141°W 138°W 135°W 132°W 129°W 126°W

144°W 141°W 138°W 135°W 132°W 129°W 126°W

48°N

51°N

54°N

48°N

51°N

54°N

144°W 141°W 138°W 135°W 132°W 129°W 126°W

144°W 141°W 138°W 135°W 132°W 129°W 126°W

Fig. 2. Sampling locations during the five 2000 and 2001 surveys of Haida eddies, superimposed on contour maps of sea-surface height

anomaly from TOPEX/Poseidon and ERS-2 satellite altimeters (maps courtesy the Colorado Center for Astrodynamics Research

website). Areas of yellow and red are anticyclonic eddies. Black triangles indicate locations of bongo tows, larger black circles indicate

major stations at which day and night BIONESS profiles were also done. Locations of offshore meteorological buoys are indicated by

open squares.

D.L. Mackas et al. / Deep-Sea Research II 52 (2005) 1011–1035 1015
For interpretation of short-term changes
in vertical distribution of some taxa, we
used offshore wind and sea-state time series
from two meteorological buoys operated
by Environment Canada. Buoy locations
(squares in Fig. 2) were near the summer
2001 positions of Haida-2000 and Haida-
2001.
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2.2. Data analyses

We used various data display formats and
statistical methods to describe heterogeneity of
the zooplankton community composition and
spatial distributions at different space and time
scales.
�
 To characterize overall resemblance of zoo-
plankton community composition between re-
gions and between seasons, we used ‘‘S-Plus for
Windows’’ routines for Non-Metric Multidi-
mensional Scaling (NMDS) and agglomerative
average-linkage cluster analysis. Sample-to-
sample resemblance matrices were calculated
as Bray–Curtis dissimilarity index applied to the
vertically integrated log10 transformed abun-
dance (# m�3+1) of the 33 abundant taxa listed
in Table 2. Use of log transformed abundance to
calculate sample-to-sample dissimilarity in-
creased the relative weighting for the rarer
species (ordination and clustering results would
otherwise have been dominated by the small
number of species with highest abundance).
However, we also analyzed non-transformed
and square-root transformed abundances, and
found very similar groupings of samples. Be-
cause seasonal variability proved for many
species to be as large or larger than the region-
to-region within-survey spatial variability (see
below), the ordination and cluster analyses were
applied sequentially: initially to the full data set
(four surveys), and then within each survey to
examine within-season spatial patterns.
�
 To compare abundance of the oceanic zoo-
plankton in different regions (Haida-2000 and
Haida-2001 vs. continental margin vs. open
Alaska Gyre), and in different seasons (late
spring vs. late summer), we calculated
within-survey, within region averages. We tested
for significance of pairwise between-region
heterogeneity using the non-parametric Krus-
kal–Wallis rank sum test. To highlight simila-
rities/differences among taxa in the time and
location of their maximum and minimum
abundance, we produced a color-coded matrix
of normalized abundance vs. sampling date and
location.
�
 To describe smaller scale ‘‘within-eddy’’ hor-
izontal spatial structure, we plotted and fitted
vertically integrated abundance vs. location
relative to the centers of the eddies. The size
and shape of the eddy are defined by anti-
cyclonic geostrophic circulation around the
eddy. Current streamlines follow contours of
constant geopotential anomaly ¼ ‘‘dynamic
height’’ (DF5m/1000m). Geopotential anomaly is
derived from CTD data, but also closely
correlates with the sea-surface elevation con-
tours mapped in Fig. 2. We therefore used local
geopotential anomaly (highest at the center of
the eddy) to index proximity to the eddy center:
taxa that are most abundant near the center of
an eddy have positive covariance with geopo-
tential anomaly, while taxa most abundant
outside or at the extreme periphery of an eddy
have negative covariance. To test significance of
abundance trends, we calculated within-survey,
within-eddy parametric and rank correlations
between log (abundance) and local geopotential
anomaly.
�
 To describe vertical distributions and diel
migration patterns, we graphed abundance vs.
depth from the BIONESS tows. We then
compared groupings of taxa by success at eddy
colonization and retention with groupings based
on similarity of vertical distribution patterns
(‘‘always near surface’’ vs. ‘‘diel migrant’’ vs.
‘‘always deep’’).
�
 Finally, we use simple models of the surface
layer displacements due to wind-forced Ekman
transport and inertial currents to estimate loss
rates from the eddy for ‘‘near-surface’’ vs.
‘‘deep’’ zooplankton.
3. Results and discussion

3.1. Classification of zooplankton taxa by source

region and vertical distribution

The zooplankton inhabiting Haida eddies are a
mix of different source populations that have
colonized the eddy at different times and locations
along the eddy trajectory. Subsequent abundance



A
R
TIC

LE
IN

PR
ES

S
Table 2

Zooplankton taxa included in the cluster and NMDS ordination analyses

Taxon Depth range (m) Vertical

migration

Oceanic Continental margin Notes

Subarctic Temperate/

subtropical

Cont. slope+boundary

currents

Continental shelf

Copepods

Neocalanus plumchrus 0–50 (Deep OVM) ++ ?

Calanus pacificus 0–50 (Deep OVM) ++ ? ?

Neocalanus cristatus 25–150 (Deep OVM) ++

Eucalanus bungii 25–150 (Deep OVM) ++

Metridia pacifica 0–250+ (Deep DVM) ++ +

Scolecithricella minor 0–250 (Deep DVM) Cosmopolitan

Oithona atlantica

( ¼ spinirostris)

10–150 (Shallow DVM) ++ ? ?

Oithona similis 0–50 ++ + +

Acartia longiremis 0–50 + ++

Calanus marshallae 0–100 (Deep OVM) + ++

Pseudocalanus mimus 0–100 (Shallow DVM) + ++

Mesocalanus tenuicornis 0–75 (Shallow DVM) ++ ++

Metridia ‘pseudopacifica’ 0–250+ (Deep DVM) ? ++ Distinct body morph,

found in the California

Current (Mackas and

Galbraith, 2002b)

Clausocalanus

pergens+parapergens

0–100 (Shallow DVM?) ++ ++

Paracalanus parvus 0–50 ? ++ ++ Warm water neritic

Chaetognaths

Eukrohnia hamata 100–250 ++ +

Parasagitta elegans 0–150 (Shallow DVM) ++ + ++ + DVM sometimes deep?

Pseudosagitta scrippsae 0–250 (DVM) ? + +? Mesopelagic in warmer

water

Pteropods

Limacina helicina 0–100 (Shallow DVM) ++ ? ++ ‘Oceanic’ & ‘coastal’

shell morphologies,

both present in eddies

(Tsurumi et al., 2005).

Avoid surface during

strong winds

Clio pyramidata 0–150 (Shallow DVM) ? ++ ++ DVM sometimes deep

(Wormuth, 1981).

Avoid surface during

strong winds
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Table 2 (continued )

Taxon Depth range (m) Vertical

migration

Oceanic Continental margin Notes

Subarctic Temperate/

subtropical

Cont. slope+boundary

currents

Continental shelf

Clione limacina 0–250 (DVM?) Cosmopolitan Co-occurs with

Limacina spp.

Euphausiids

Euphausia pacifica 0–250 (DVM) ++ ++ Oceanic range is

southern

subarctic+Transition

zone

Thysanoessa inspinata 0–250 (DVM) ++ ?

T. spinifera 0–200 (DVM) + ++

Hyperiid amphipod

Themisto pacifica 10–250 (Shallow to deep

DVM)

++ ++ Other amphipods

present in lower

abundance

Ostracod

Discoconchoecia elegans 10–150 (Shallow DVM) + ++ + Other ostracods

present in lower

abundance

Urochordates

Salpa aspera 0–250+ (Deep DVM) + + ++?

Cyclosalpa bakeri 0–150 (Shallow DVM) + ++ ? Reported deeper

elsewhere

Oikopleura dioica ++ ++

O. labradorensis ++ + ?

Cnidarians

Aglantha digitale 0–100 (Shallow DVM) Cosmopolitan Most abundant

medusa, many others

present in lower

abundance

Dimophyes arctica 25–100 (Below 25m in

our samples,

shallow DVM?)

++ ++ Most abundant

siphonophore

Taxa were selected based on high abundance in some or all of our samples, and for their value as indicators of zoogeographic source. Columns show their depth range

(from our 0–250m vertically-stratified BIONESS samples), the range and periodicity of vertical migration (DVM ¼ diel vertical migrator, OVM ¼ seasonal ontogenetic

migrator with weak or no DVM), and the zoogeographic source region(s) from which we believe they colonize Haida Eddies (++ ¼ primary,+ ¼ secondary,

? ¼ possible).
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in the eddies is controlled by the size of the initial
inoculum, by in situ rates of growth and mortality,
by the amount and timing of subsequent physical
inputs and losses due to mixing and advection, and
by behavioral traits (principally vertical distribu-
tion) that limit their rates of physical transport. A
classification of species with respect to their source
region(s) and vertical distribution (Table 2) is
helpful for interpreting the spatial and temporal
distributions.
Our zoogeographic classification is based partly

on our present data set, but also on previous life
history and distribution studies (e.g. Brinton,
1962; Peterson and Miller, 1975; Bé and Gilmer,
1977; Miller et al., 1984; Nishida, 1985; Wrobel
and Mills, 1998; Mackas and Tsuda, 1999; Mackas
et al., 2001). Four regions, two ‘‘oceanic’’, and two
‘‘continental margin’’, are important sources for
Haida eddy zooplankton (Fig. 1). Many taxa are
abundant in more than one of these source
regions:
�
 Portions of the subarctic Alaska Gyre (into
which the eddies propagate after leaving the
continental margin) located along the eddy
track. Taxa which we believe have the Alaska
Gyre as their primary source region include
Neocalanus spp., Eucalanus bungii, Metridia

pacifica, Scolecithricella minor, Oithona atlanti-

ca, Eukrohnia hamata, Themisto pacifica, Dis-

coconchoecia elegans, and many-to-most L.

helicina and Clione limacina.

�
 The temperate/subtropical northeast Pacific
south of about 451N. Although the eddies never
enter this region, temperate/subtropical oceanic
taxa can be transported into the other source
regions either by mixing across the oceanic
subarctic front (into the Alaska Gyre), or by
poleward transport (primarily in winter) along
the continental slope. Taxa in this group include
Clausocalanus spp., Paracalanus parvus, Metri-

dia ‘pseudopacifica’, the California Current form
of L. helicina (see Tsurumi et al., 2005), and
(probably) Clio pyramidata and Mesocalanus

tenuicornis.
�
 The British Columbia continental slope, and
its associated alongshore boundary current
(�200–2500m bottom depth). Nearly all taxa
in Table 2 are at least occasionally abundant in
this region. For many of the ’warm water’ taxa,
their within-survey spatial patterns, body mor-
phology, and chemical tracers all suggest that they
initially enter the eddies from this region, after
poleward transport along the continental margin
from their ultimate more southerly source (Mackas
and Galbraith 2002a; Tsurumi et al., 2005).
�
 The British Columbia continental shelf. Con-
tinental shelf and slope waters initially form the
core of Haida eddies, and a detectable ‘‘near-
shore’’ water property signature persists for
many months, especially in subsurface layers
(Whitney and Robert, 2002; Johnson et al.,
2005). Indicator taxa for the continental shelf
(see also Mackas and Galbraith, 2002a) include
Acartia longiremis, Pseudocalanus mimus, Cala-

nus marshallae, Thysanoessa spinifera, and
Oikopleura dioica.

We also cross-classified the zooplankton taxa
based on their vertical distribution and vertical
migration behavior (columns 2 and 3 in Table 2).
These depth classifications are based on data
collected for this study, but are consistent with a
large number of previously published results. We
distinguish six patterns:
�
 Mixed-layer residents (always most abundant in
the upper 50m and often most abundant in the
upper 25m): Acartia, Oithona similis, Oiko-

pleura.
�
 Deep seasonal ontogenetic vertical migrators
(OVM). During their growing season, some of
these inhabit the surface mixed layer both day
and night (Neocalanus plumchrus, N. flemingeri,
Calanus pacificus, C. marshallae). Others mostly
remain between the mixed layer and the
halocline (�25–100m; Neocalanus cristatus,
Eucalanus bungii).
�
 Shallow diel vertical migrators (sDVM). These
move daily from the surface mixed layer to a
modal daytime depth of 50–100m. Examples
include Pseudocalanus mimus, Mesocalanus te-

nuicornis, Parasagitta elegans, and Cyclosalpa

bakeri.

�
 Deep diel vertical migrators (dDVM). Modal
daytime depth usually 4100m, shallower at
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night. Examples include Metridia pacifica, Sco-

lecithricella minor, Pseudosagitta scrippsae, and
Salpa aspera.
�
 Taxa that remain below the surface mixed
layer both day and night. These can either
have a DVM that never reaches the surface
(e.g. Themisto pacifica, Dimophyes arctica) or
maintain similar depth range day and night
(Oithona atlantica, Eukrohnia hamata plus
OVMs Neocalanus cristatus and Eucalanus

bungii).

�

Fig. 3. Nonmetric multidimensional scaling (NMDS) ordina-

tion of the samples shown in Fig. 2, based on Bray–Curtis

dissimilarity of vectors of log species abundance. Samples most

similar in community composition are close together. Symbol

shape identifies sampling region (nearshore vs. offshore vs.

Haida eddies H2000 and H2001), black-filled symbols are

spring season, gray-filled symbols are autumn. Note the

clustering of samples in ordination space both by region and

by season.
Some taxa migrate upward into the mixed layer
when sea conditions are moderate or calm, but
remain below it when weather is stormy and the
mixed layer turbulent (Mackas et al., 1993;
Incze et al., 2001; Mackas and Galbraith,
2002a; Tsurumi et al., 2005). Field documenta-
tion of the extent of this behavior is difficult
because the wind and sea-state threshold
for surface avoidance by the zooplankton is
similar to our own ‘stop work’ threshold
for net tow sampling from the research vessel.
However, likely examples in our region include
the mucus-web feeding pteropods Clio and
Limacina (see Mackas and Galbraith, 2002a;
Tsurumi et al., 2005), the large copepods
Neocalanus cristatus and Eucalanus bungii, and
perhaps the salps Salpa aspera and Cyclosalpa

bakeri, and the small copepod Scolecithricella

minor.

3.2. Multivariate descriptions of community

resemblance

Ordination and cluster analyses helped us to
identify groups of samples with similar community
composition. A two-dimensional NMDS ordina-
tion of all samples (Fig. 3) shows both the
between-region and between-season patterns of
community resemblance, and was able to capture
most of the full multivariate sample-to-sample
dissimilarity (‘‘stress’’ statistic ¼ 0.17). Proximity
of samples in the ordination corresponded well to
groupings based on both sampling region (indi-
cated by symbol shape in Fig. 3) and season
(indicated by symbol shading).
Between-region differences projected mostly

onto the horizontal axis (NMDS Axis 1). The
continental margin nearshore samples were
mostly grouped on the right-hand side of the
scatter plot. Non-eddy offshore samples were
located from the middle to the left hand side of
the plot. Haida eddy samples from both eddies and
all sampling periods were intermediate, with most
plotting in relatively tight clusters near the origin
of axis 1. The only exceptions to this overall
pattern were a few of the nominally ‘‘nearshore’’
samples (all from the seaward ends of the cross-
shore continental margin sampling lines), which
clustered more closely with the offshore and eddy
samples.
Seasonal differences projected mostly onto

the vertical axis (NMDS Axis 2). Autumn
samples were shifted upward and slightly to
the right of the corresponding spring samples.
The spring clusters appear to be slightly tighter
for the eddy and offshore regions, perhaps
because the spring community is numerically
dominated by relatively few taxa (Neocalanus

plumchrus, Oithona similis, Pseudocalanus mimus,
and Limacina helicina).
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3.3. Comparison of zooplankton abundances

between seasons and between coastal, eddy, and

oceanic environments

Variations in average abundance for the species
listed in Table 2 are summarized graphically in
Fig. 4. High relative abundances for each species
are indicated by red to orange, absence or very low
abundance by dark to medium blues. Taxa
(columns) are sequenced based on similarity of
zoogeographic origin, vertical distribution, and
seasonal timing of maximum abundance. Rows
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�
 Abundances in young eddies are intermediate
between coastal and offshore mixing end-mem-
ber regions, initially forming a significant
fraction of the total eddy zooplankton.
�
 Absolute and relative abundance of shelf/slope-
origin taxa usually declines with increasing age
of the eddy (Mackas and Galbraith, 2002a),
although pulsed re-supply can occur via en-
trainment of coastal filaments (Batten and
Crawford, 2005; Crawford et al., 2005).
�
 The coastal origin taxa most successful at
colonization and retention in the eddies are
those that avoid the surface layer some or all of
the day.

However, in most seasons and years, oceanic-
origin taxa are the numerical and biomass
dominants throughout the subarctic Pacific in-
cluding the Haida Eddies (Table 3a, b; Fig. 4).
Their eddy-related spatial and temporal (seasonal
and longer term) variations in abundance have not
been described previously and are the main subject
of this paper. As noted in the previous section and
in Table 2, some of the oceanic taxa are clearly
subarctic, and probably colonize Haida eddies
after the eddies leave the continental margin.
Others have zoogeographic ranges centered in
more southerly parts of the North Pacific. Source
location (slope vs. open ocean) for eddy popula-
tions of these temperate-subtropical species is
unfortunately almost completely cryptic based
solely on species identity (although morphological
and isotopic-composition variations can provide
clues; Tsurumi et al., 2005). Many of the more
southerly species probably reach the eddies via
poleward transport along the continental slope
(Mackas and Galbraith, 2002a; Tsurumi et al.,
2005), but some may also enter the Alaska Gyre
via mid-ocean exchange across the subarctic front.
For most of the oceanic taxa, whether subarctic

or more southerly, the largest component of
variation was seasonal (note the vertically alter-
nating spring–autumn bands in Fig. 4) rather than
spatial (differences between Haida-2000, Haida-
2001, and non-eddy offshore regions) or inter-
annual (2000 vs. 2001 survey periods). The most
frequent pattern was ‘‘spring abundance much
higher than autumn and winter abundance’’.
Examples include Neocalanus spp., Eucalanus,
Oithona spp., Eukrohnia, Limacina, and Clione.
Most of these are primarily ‘subarctic’ in their
zoogeographic distribution. Taxa for which the
average autumn abundance was greater than their
spring abundance included Metridia pacifica,
Calanus pacificus, Mesocalanus tenuicornis, Para-

sagitta elegans, and Clio pyramidata. Distributions
for most of these extend southward into the N.
Pacific Central Gyre. Spatial source and seasonal
affinities were less clear for taxa whose offshore
peak abundance was confined to a single region
and sampling period. We have grouped these
under the heading ‘single event’ at the right-hand
side of Fig. 4; they include the gelatinous taxa
Cyclosalpa, Salpa, and Oikopleura labradorensis,
but perhaps also Clio pyramidata (abundant in
September 2001 in Haida-2000, Haida-2001, and
also at several of the continental slope sites).
Between-region, within-season-and-year spatial

comparisons of abundance are summarized in
Table 3a and b. Multiple comparisons correction
was not applied to the Kruskal–Wallis rank sum
test statistic. For a null hypothesis that abundance
within year and season is independent of region,
the expected occurrence rate for nominally ‘sig-
nificant’ (pp0:05) differences between regions is
therefore �5%. This (unlikely) null hypothesis is
strongly rejected: the observed rate of pp0:05
K–W test results is much higher (450%) both for
deep water ‘oceanic’ taxa (Table 3, this paper), and
for nearshore-origin taxa (Table 2 in Mackas and
Galbraith, 2002a).
A more plausible starting hypothesis is that Haida

Eddy zooplankton populations are a mixture from
all source regions, and that expected abundances in
the eddies will therefore be intermediate between
abundances in the two source end-members. For
many taxa, the data support this hypothesis. For
nearshore-origin taxa (Mackas and Galbraith,
2002a), the most common outcome of between-
region comparisons was highest abundance at
continental margin locations, lower abundance in
the eddies, and very low abundance or absence at
non-eddy Alaska Gyre locations. For the oceanic-
origin taxa, slightly more than half of the species
had similar abundances in eddies and at open ocean
locations elsewhere in the Alaska Gyre (54% of
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Table 3

Abundance comparisons between continental margin (CM), Haida 2000 eddy (H00), and non-eddy offshore samples (Gyre), during

surveys

D.L. Mackas et al. / Deep-Sea Research II 52 (2005) 1011–1035 1023
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Symbols beside taxa names indicate typical vertical distribution: m ¼ mixed layer, k ¼ below mixed layer, SVM ¼ shallow vertical

migration, DVM ¼ deep vertical migration. Numeric data are within-region mean abundances (# m�3 in upper 150m). ‘‘4’’ and ‘‘o’’
indicate between-region differences significant at po0.05 by Kruskal–Wallis rank sum tests. Bold indicates cases where eddy

abundances exceeded both CM and Gyre abundances. (Feb-00 had too few samples to allow an effective rank comparison among

regions).

Table 3 (continued)
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eddy vs. Alaska Gyre comparisons, Table 3 this
paper). In a smaller number of comparisons (15%),
the Alaska Gyre abundances significantly exceeded
eddy abundances. Oceanic taxa were usually (64%
of comparisons) significantly more abundant in
eddy samples than at locations along the Vancouver
Island continental margin. Less frequently, con-
tinental margin abundances were indistinguishable
from (30%) or exceeded (6%) eddy abundances.
The other common outcome of between-region

abundance comparisons, and an outcome that
cannot be explained by simple mixing of nearshore
and offshore sources, was that some oceanic taxa
had their highest average abundance in the eddies
(30% of the between-region comparisons, identi-
fied by background shading in Table 3). Slightly
under half of these (13%) were significant at
po0:05: For the remainder, the number of
comparison samples in the offshore region was
too small, or within-region abundances too vari-
able, to be detected by the K–W rank sum test.
However, the list of species showing high in-eddy
abundance was similar across time periods, and
between significant vs. non-significant K–W test
results. Examples of taxa fitting this pattern
include the copepods Mesocalanus tenuicornis,
Scolecithricella minor, Metridia pacifica; the eu-
phausiid Euphausia pacifica; the ostracod Disco-

conchoecia elegans; the chaetognaths Pseudosagitta

scrippsae and Eukrohnia hamata; and the ptero-
pods Limacina helicina, Clione limacina, and Clio

pyramidata.
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Mesocalanus tenuicornis C4-C6, ED05, Sept 2000
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Fig. 5. Within-eddy vertical and horizontal distributions of the

copepod Mesocalanus tenuicornis in the Haida 2000 eddy

during the September 2000 survey. (A) Night (left side) vs.

daytime (right side) vertical distributions from paired BION-

ESS tows at the center of the eddy (station ED5). Shading

indicates copepod stage composition. (B) Horizontal distribu-

tion (average abundance in the upper 150m, combined bongo

and BIONESS tows) along a south (ED1) to north (ED10)

section across the eddy. (C) Scatter plot of abundance vs.

geopotential anomaly (DF 5m/1000m) for each net tow.
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3.4. Vertical and horizontal distributions of

‘oceanic-origin’ zooplankton within the eddy

The within-eddy vertical and horizontal distri-
butions of the oceanic taxa appeared to be linked.
Most taxa followed one of three general patterns.
The first vertical/horizontal distribution pairing

is characterized by subsurface vertical abundance
maxima, and horizontal abundance maxima at or
near the centers of the eddies. Examples are shown
in Fig. 5 (Mesocalanus tenuicornis) and Fig. 6
(Metridia pacifica). Other taxa in this group
include the majority of the species with higher
abundance in the eddies than in non-eddy Alaska
Gyre comparison samples. This group also in-
cluded many of the late-summer seasonal domi-
nants. These species occupy the upper 25–50m for
at most a few hours per day—they are either diel
vertical migrators or reside permanently below the
mixed layer. Vertical abundance maxima (Figs. 5A
and 6A) are therefore strongly subsurface in
daylight, and for some taxa are subsurface both
day and night. We will show below that surface-
layer avoidance is probably an important
behavioral mechanism enhancing retention in
mesoscale eddies. Abundance maxima were
located near the eddy center (Figs. 5B and 6B)
and log abundance was positively correlated with
local sea-surface elevation and geopotential anom-
aly. For Mesocalanus (Fig. 5C) the correlations
were r ¼ 0:62; rrank ¼ 0:67 (po0:01). For Metridia

(Fig. 6C) the correlations were r ¼ 0:40; rrank ¼

0:42 (po0:1). Diel migration of some Metridia

below 150m definitely occurred, and day–night
variability may therefore have increased the scatter
in Fig. 6. Abundance maxima near the eddy center
also were observed for many of the other oceanic-
origin taxa listed as deep residents or diel
migrators in Table 2 (notably the chaetognaths
and euphausiids) and included both ‘subarctic’
oceanic taxa with high background abundance in
the Alaska Gyre (e.g. Euphausia pacifica, Eukroh-

nia hamata) and ‘temperate-subtropical’ oceanic
taxa (e.g. Mesocalanus tenuicornis, Pseudosagitta

scrippsae) that probably colonized the eddy from
the continental-slope boundary current.
The second common vertical/horizontal distri-

bution pattern (little or no diel migration, hor-
izontal distribution uniform or maximal at the
eddy margin) was shared by the large-bodied
copepod species that dominate the total spring
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Metridia pacifica C3-C6, , ED05, Sept 2000
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Fig. 6. As Fig. 5 but for the copepod Metridia pacifica.
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and early summer zooplankton biomass through-
out the subarctic Pacific: Neocalanus plumchrus, N.

flemingeri, N. cristatus and Eucalanus bungii. These
copepods are termed ‘‘interzonal migrators’’
because of a strong seasonal migration that
dominates their life cycle (Vinogradov, 1968;
Miller et al., 1984; Miller and Clemons, 1988).
Adult Neocalanus spawn at their over-wintering
depth (400–2000m depending on species). Most
young-of-the-year probably enter the Haida eddies
from below in early spring as the eddies propagate
westward from the continental margin into deep
water. Feeding and growth of the juvenile copep-
odite stages are completed during spring and early-
to-mid-summer in the upper 100m, after which the
copepods return to deep layers for a prolonged
dormant period, maturation, mating and produc-
tion of the subsequent year’s cohort. During the
relatively brief growing season, diel vertical
migration is absent or weak (Mackas et al.,
1993). N. plumchrus (Fig. 7A), and N. flemingeri

(vertical distribution similar to N. plumchrus, but
less abundant in our Haida Eddy samples due to
earlier completion of their growth cycle) reside full
time in the mixed layer. In April–June, N. cristatus

normally resides immediately below the surface
mixed layer but often moves up into the surface
mixed layer later in the summer (Smith et al., 1983;
Mackas et al., 1993). Horizontal distribution
maxima are on the margin(s) rather than near
the centers of eddies (Figs. 7B and 8). However,
the cross-eddy horizontal spatial distribution is
often asymmetric. The result is little or no linear
correlation of vertically integrated abundance with
geopotential anomaly (Fig. 7C).
A third vertical distribution pattern (presence in

the surface layer highly variable, and affected by
ambient wind and sea state) is exemplified by the
shelled pteropods L. helicina and Clio pyramidata.
Both were very successful in the Haida-2000 and
Haida-2001 eddies, reaching higher abundance in
the eddies than in either nearshore or Alaska Gyre
source regions (Table 3; Tsurumi et al., 2005).
Pteropods also colonize and reach high abundance
in cyclonic (cold-core) eddies along the margin of
the Gulf Stream (Wormuth, 1985). We have
hypothesized elsewhere (Tsurumi et al., 2005) that
pteropods adjust their upper-ocean depth distribu-
tion to avoid strong turbulence. There is a strong
biomechanical incentive for them to do so.
Limacina and Clio feed on phytoplankton and
other microscopic particles by deploying large and
relatively fragile external mucus webs (Gilmer and
Harbison, 1986). Because the feeding webs have
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Neocalanus plumchrus, H2001, June 2001
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Fig. 8. Horizontal distributions of large interzonal copepods

(Neocalanus spp. and Eucalanus bungii), in June 2000, south-to-
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flemingeri. Nearly all individuals were stage 5 copepodites near

the end of their annual growing season. (B) Species residing day
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bungii. Their ranges of developmental stages were younger and

broader: mostly C4 and C5 for N. cristatus; mostly C2 and C3

for Eucalanus.
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dimensions comparable to the scale of the shears
and eddies generated by strong turbulence, feeding
in the surface mixed layer is vulnerable to
disruption under stormy conditions. Our observa-
tions of pteropod vertical distributions are also
consistent with the hypothesis that they avoid
strong turbulence. Although Clio (usually) and
Limacina (sometimes) showed diel vertical migra-
tion; their occurrence in the surface mixed layer
was extremely variable from day-to-day and
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night-to-night. Limacina was most abundant in the
spring season surveys (Fig. 4). Although the range
of observed sea-states was narrow (we were
favored with light-to-moderate winds during our
spring surveys) both night and day vertical
distributions were highly variable (Fig. 9A), and
modal depths of Limacina tended to be deeper
when wind and wave energy were stronger (Fig.
9B, r ¼ 0:54; p�0:1). Stronger winds were encoun-
tered during the autumn 2001 survey, when the
larger pteropod Clio pyramidata was present and
numerically dominant. Clio always avoided the
surface in daytime (Mackas and Galbraith, 2002a),
but both day and night distributions were deeper
Limacina helicina, H2001 & H2000, June 2001
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buoy). Limacina moved downward when surface wind and

wave energy were greater (p ¼ 0:1).
(centered below the pycnocline) when winds were
strong. Pteropod abundance showed no consistent
within-eddy horizontal pattern; the main contrast
in abundance was between the eddies and the
surrounding Alaska Gyre waters (Table 3). In the
next section, we will discuss how their vertical
distribution could contribute to effective coloniza-
tion of and retention in the eddies.

3.5. Physical processes and interactions affecting

zooplankton distribution and abundance

Haida eddies form in late winter and very early
spring, when biomass and adult abundance of
most zooplankton taxa are near the annual
seasonal minimum. Each eddy therefore starts
out as a relatively empty environment, awaiting
spring and summer colonization and growth by
the species that will form the eddy’s zooplankton
community. One very important factor determin-
ing which species are abundant (and where they
are most abundant) is therefore the initial input of
zooplankton seed populations (Fig. 1). Tempera-
ture, salinity, and nutrient tracers show that the
cores of Haida eddies match the water column
characteristics observed in winter in Queen Char-
lotte Sound and Hecate Strait (Crawford, 2002;
Whitney and Robert, 2002). Consistent with this,
zooplankton species with the most nearshore
source are initially located close to the core of
the eddy (Mackas and Galbraith, 2002a; Batten
and Crawford, 2005). Species entering the eddy
from the continental slope and from the subarctic
gyre subsequently accrete around the rim of the
eddy. Most of the innoculum of continental slope
zooplankton probably occurs between winter and
early spring while the eddy is still over or near the
continental slope. However, satellite images
(Crawford et al., 2005; Batten and Crawford,
2005) suggest that nearshore-origin water can
sometimes be drawn out from the coast and
entrained into the outer portions of older eddies,
even when these eddies are located 4100 km
seaward of the continental slope. Many oceanic
taxa (notably the deep ontogenetic migrators such
as Neocalanus spp.) enter the eddy from below in
early spring as the eddy begins its seaward
propagation.
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Once in the eddy environment, zooplankton
differ in their ability to grow, survive, and remain
within that environment. In an important essay,
Bakun (1996) has argued that the success (as
measured by high local biomass and productivity)
of a pelagic population in any given ocean
environment requires physical oceanographic fea-
tures that satisfy three ecological needs:
�
 Enrichment. There must be an ample overall
‘‘bottom-up’’ supply of nutrients to support
high average primary productivity, which in
turn feeds a succession of higher trophic levels.
�
 Concentration. Embedded in the larger region,
there must be locations at which the back-
ground food availability is further enhanced by
physical convergence, biological/physical aggre-
gation, and/or increased encounter rates.
�
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Fig. 10. Schematic of nutrient enrichment due to vertical

circulation in Haida Eddies. As the eddy loses kinetic energy,

isopycnals at the core of the eddy gradually rebound toward the

surface, causing upwelling, surface divergence, and deep

convergence (white arrows). Mixing of water along sloping

isopycnals (black arrows) provides another path for deep

nutrients to reach the euphotic zone.
Retention. Individuals must be able to stay in a
‘‘good’’ environment long enough to benefit
from it, and to seed replacement offspring so
that the next generation can also benefit.

Although these ideas were initially developed
and discussed in the context of fish stocks, the
‘‘Bakun Triad’’ applies equally well to zooplank-
ton populations. To what extent, and for which
zooplankton species, does it describe conditions in
Haida eddies?
Bottom-up ‘‘enrichment’’ processes are certainly

present in the Haida eddies, especially during the
first spring and summer after the eddy leaves the
continental margin. Compared to the open ocean,
newly formed eddies leave the continental margin
with large initial supplies of shelf-origin macro-
nutrients (nitrate and silicate: Whitney and Ro-
bert, 2002; Peterson et al., 2005; Whitney et al.,
2005) and trace nutrients such as iron (Johnson et
al., 2005) and manganese (M. Lohan, pers.
comm.). SeaWIFS ocean-color images show that
the centers of first-year Haida eddies usually have
higher surface chlorophyll content than surround-
ing ocean water (Crawford et al., 2005). The
satellite images and some plankton distribution
data also show that surface-layer filaments of
coastal-origin water can be drawn seaward and
entrained into the outer portions of eddies to
distances of several hundred km seaward of the
shelf break (Crawford et al., 2005; Batten and
Crawford, 2005).
Although much of the initial nutrient and

phytoplankton enrichment is utilized or lost to
surrounding ocean water during the first spring
and summer, there is probably also a subsequent
slow ongoing enrichment of the surface layer in
older eddies due to vertical mixing and upward
advection within the eddy (Johnson et al., 2005).
Very little work is needed to mix water along
sloping isopycnal surfaces, and the resulting
mixing has a vertical component that supplies
deep nutrients to locations along the eddy margin
where the sloping isopycnals intersect the euphotic
zone. Additionally, as eddies age and lose kinetic
energy, the rotating currents and Coriolis force
weaken and the surface elevation of the center of
the eddy decreases, leading to surface layer
divergence and deep convergence. The sloping
isopycnal surfaces that are initially deepest at the
core of the eddy gradually upwell, until they
eventually become level when the eddy has
completely decayed (Fig. 10). Low-density water
in the upper part of the eddy moves radially
outward, is replaced by deeper water moving
upward from the core of the eddy, which is in
turn replaced by denser deep water moving
radially inward from the eddy margins. However,
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due to the long (2–3 year) persistence of Haida
eddies, this upwelling is quite slow. The rate of
isopycnal rebound suggests an upward displace-
ment of about 0.1–0.2md�1 (see also Johnson
et al., 2005).
Surface frontal features that could be sites for

‘‘aggregation’’ of zooplankton and their food are
present in the eddies. Note, for example, the sea-
surface chlorophyll and temperature fronts visible
in high-resolution satellite images of the eddies
(Crawford et al., 2005). Several zooplankton and
icthyoplankton taxa had their maximum abun-
dance at the margins of the eddies (Figs. 7 and 8;
Mackas and Galbraith, 2002a; J. Dower and I.
Perry, pers. comm.), coincident with the zone of
steepest water-property and sea-surface elevation
gradients and with the fastest anticyclonic current
(Yelland and Crawford, 2005). However, along-
streamline stretching of patches entrained into the
perimeter current (from sources either inside or
outside the eddy) will produce a similar annular
spatial pattern. The number and spacing of our
zooplankton samples was in general not sufficient
to distinguish the relative importance of local
aggregation vs. along-stream entrainment and
advection.
The final element in the Bakun Triad is

‘‘retention’’. We believe that this is the other
major factor (together with the amount and
timing of initial input from source regions)
controlling which zooplankton species have the
best long-term success within the eddies. The
challenge of long-term retention is particularly
acute for organisms in the uppermost part
of the water column. Although the anticyclonic
geostrophic circulation around the eddy follows
sea-surface elevation and geopotential anomaly
contours along more-or-less closed streamlines
(Yelland and Crawford, 2005), there are other
important components of motion that cross
these contours and exchange water and organisms
between the eddy and the surrounding Alaska
Gyre. One of these is the slow (�0.1–0.2md�1)
upwelling circulation illustrated in Fig. 10.
However, as noted above, the upwelling resulting
from eddy spin-down is slow and takes order 2–3
years to homogenize the eddy with the surround-
ing water.
We postulate in the following pages that surface
surface wind stress drives a much more rapid
horizontal exchange (several percent per day, see
below) of water and organisms occupying the
uppermost part of the eddy. Ekman transport and
wind-forced inertial oscillations are the two main
processes responsible for this exchange. Although
a full analysis of wind-forced currents is beyond
the scope of this paper and the expertise of the
authors, simple calculations (Figs. 11 and 12) show
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that both can drive lateral exchange rates that are
large compared to rates of zooplankton growth
and mortality. Our arguments are based on
background theory and equations from Gill
(1982) and on various field observations of drift
trajectories and of the depth and frequency-
dependence of upper ocean currents in the
subarctic Pacific (Halpern, 1974; Davis et al.,
1981; Niiler, 1987; D’Asaro et al., 1995; Large and
Crawford, 1995; Yelland and Crawford, 2005;
Crawford, pers. comm.)
Because the spatial scale of mid-latitude weather

systems is about 5–10-fold larger than the diameter
of the eddies, wind stress and upper-ocean
response are approximately spatially uniform
across an individual eddy. However, wind speed
and direction in the subarctic Pacific often vary
considerably at time scales of 1–5 days. These
variations affect current speeds, and also the
relative importance of Ekman transport vs. inertial
currents.
If the wind is relatively steady for several inertial

periods (i.e. more than about 1–2 days) the
velocity distribution within the upper water
column has time to reach a balance between
surface wind stress, Coriolis force and vertical
current shear within the water column. Once this
balance is achieved, the vertically averaged velo-
city of the Ekman flow (steady and at right angles
to the wind direction) is given by

UEðms
�1Þ ¼ ta=ð2o sinfrwDeÞ,

where 2o sinf is the Coriolis parameter, f is
latitude, ta ¼ rairCDW 2 is the surface wind stress,
rw and rair are the air and seawater densities,
CD � 0:0015 is a drag coefficient,W is the average
wind speed (m s�1), and De is the thickness of the
Ekman layer (maximum value E4.3W/sinf in
unstratified water). The original theory of Ekman
transport assumed no vertical stratification and
constant vertical eddy viscosity. However, the
more common situation is strong vertical density
stratification and a pronounced minimum of
vertical eddy viscosity at the base of the mixed
layer. This creates a slippery interface between the
surface mixed layer and the underlying water
column. Much of the shear and rotation of the
Ekman velocity occurs within the pycnocline, and
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the effective De becomes shallower (Emixed-layer
depth). There is little direct wind response below
the base of the pycnocline, and most of the total
volume transport occurs within the mixed layer
and upper pycnocline (Gill, 1982; Niiler, 1987).
For simplicity of calculation, we will assume that
displacement of the mixed layer and its contents
across the top of the eddy is slab-like (Fig. 11A).
Field observations suggest that this is a valid
approximation when wind mixing is strong (e.g.
Halpern, 1974 quoted in Gill, 1982). The area
remaining above the underlying geostrophic eddy
(shading in Fig. 11B) is reduced and the fraction
remaining within the original eddy area is given by

2y=p� ½dEkðr
2
E � ðdEk=2Þ

2
Þ
0:5

=pr2E,

where dEk is the distance the mixed layer is offset
by Ekman transport, rE is the eddy radius, and 2y
is the included angle between the two intersecting
points and the original eddy center. Vertically
averaged Ekman transport velocities UE range
from near zero in calm conditions to40.5m s�1 in
storm force winds, and daily displacement dis-
tances (dEk) can be 25–50 km. Fig. 11C shows
resulting daily exchange rate estimates for an eddy
of 150 km diameter as a function of sustained wind
speed and pycnocline depth. The highest exchange
rates (25–50%d�1) are likely during the first
strong storms of autumn when gale-to-storm force
winds act on a shallow mixed layer. Average
exchange rates during early summer are lower,
because both thermal stratification and average
winds are weaker. However, strong winds at any
time of year produce upper-water-column ex-
change rates 410%d�1.
When the wind stops or varies rapidly in

strength and direction, the balancing of surface
wind stress by internal friction and Coriolis force
is incomplete. The unbalanced Coriolis force
causes the current to rotate in the horizontal plane
at the inertial period (14–15 h in the latitude range
where Haida eddies occur). Upper-layer vertical
mixing plus underlying stratification causes the
motion to be mostly confined to and uniform
across the surface mixed layer (Niiler, 1987;
D’Asaro et al., 1995). The result is a slab-like
anticyclonic orbital motion of the upper layer
(Fig. 12A). In the absence of other currents,
trajectories are circular with orbital radius

rI ¼ U I=ð2o sinfÞ,

where U I is the speed of the inertial component.
When other currents are present (e.g., the back-
ground geostrophic current around the eddy), the
trajectories are cycloidal. Speeds associated with
the inertial component are often large. In a very
extensive field experiment in the northeast Pacific,
D’Asaro et al. (1995) observed 0.35–0.7m s�1

inertial frequency currents that persisted for many
days after a single strong storm. Yelland and
Crawford (2005) and W. Crawford (pers. comm.)
analyzed drifter trajectories from deployments
within Haida eddies and observed U I ¼

0:2520:35m s�1; rI ¼ 223 km in June 2001 (when
winds were light), and U I ¼ 0:621m s�1; rI ¼
528:5 km in October 2001 (during and immedi-
ately after a pair of strong storms). For compar-
ison, the anticyclonic geostrophic circulation
around the eddy was about 0.2–0.25m s�1 (Yell-
and and Crawford, 2005), and our estimate of the
peak Ekman transport velocity was about
0.5m s�1.
Although strong inertial currents cause sub-

stantial temporary displacement of the surface
layer, calculation of the rate of exchange between
the eddy and the surrounding ocean due to these
wind-forced inertial currents is difficult for two
reasons. First, the speed of the inertial currents
(and the radius of the inertial displacements)
depends not only on wind stress and mixed-layer
depth, but also on the degree to which changes in
the wind stress align with and thereby intensify (or
reduce) the rotating currents. Second, the inertial
currents are periodic. The resulting cumulative
displacements are therefore neither the sum of the
current speed (as for sustained Ekman transport)
nor a random-walk dispersal. However, zooplank-
ton that are temporarily moved outside the eddy
margin by surface inertial currents are exposed for
the duration of their removal to loss to non-eddy
waters by vertical exchange with underlying layers.
Processes that could produce this vertical exchange
include shear-induced vertical mixing across the
base of the surface mixed layer, diel vertical
migration below the surface layer, and mortality
inflicted by predators migrating upward into the
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surface layer. We can therefore obtain a rough
estimate of maximum exchange/loss rate by
calculating what fraction of the original eddy
surface is ‘‘expatriated’’ from the eddy at any
instant in time, and then converting to a daily rate
by multiplying by the inertial frequency (approxi-
mately 1.65 d�1), and by a vertical exchange
efficiency (o1, assumed to be 0.5 for purposes of
this calculation). The fraction of each inertial
oscillation spent ‘‘outside’’ the eddy varies with
distance from the eddy perimeter: slightly over half
for water parcels at the perimeter of the eddy and
decreasing to zero at a radial distance x ¼ rI
inward from the eddy perimeter (Fig. 12B). For
rI5rE; the surface area AO outside the eddy is
closely approximated by the weighted integral

AO �

Z rI

0

f2pðrE � xÞg
2 cos�1ðx=rIÞ

2p

� �

 1þ
rI

rE

� �
dx,

where the first term in brackets is the circle at
radial distance rE2x from the center of the eddy,
the second term is the fraction of the inertial
period (2a=2p; Fig. 12B) that a water parcel on this
ring spends outside the tangent to the eddy
perimeter, and the third term is an additional
correction for the curvature of the eddy perimeter.
The fraction of the eddy surface area that is
outside the nominal eddy perimeter is given by

AO

pr2E
¼ 1þ

rI

rE

� �
2rI

prE
�

r2I
4r2E

� �

and, for rI=rE51; is a nearly linear function of
inertial current speed U I: During our observation
periods, drifter trajectories showed rI=rE varying
from 0.02 to 0.04 in June 2001 to 0.065–0.09 in
October 2001 (Yelland and Crawford, 2005; W.
Crawford, pers. comm.) giving daily removal rate
estimates �1.5–2.2% and 3–5% respectively.
Higher (but plausible) inertial current speeds
(U I ¼ 121:5m s�1) give exchange rates 47–10%.
The rates are lower than what we have estimated
for peak Ekman transport, but unlike Ekman
transport the inertial currents are much more
persistent during the intervals between strong wind
events.
If there is any substantial contrast in abundance
between inside and outside the eddy, the zoo-
plankton gain or loss rates from the mixed layer
due to Ekman transport and inertial currents
therefore equal or exceed within-eddy local rates
of zooplankton production and predation mortal-
ity (order 1–10%d�1, depending on species and
life stage). Under these conditions, advective
effects have a large influence on the upper-layer
population dynamics, and concentrations in the
mixed layer will rapidly approach those in the
surrounding ocean. This is what we observed for
all of the surface-resident taxa in Table 3.
Conversely, taxa that avoid the sea surface largely
escape both the intermittent rapid flushing due to
wind-driven currents, and the slower but more
persistent flushing due to spin-down of the eddy
(Fig. 10). Prolonged within-eddy retention is likely
for zooplankton taxa that spend a large fraction of
each day below the surface mixed layer (diel
migrators), and especially for any species that
leave the mixed layer during strong winds (the
pteropods). Again, our eddy-vs.-gyre abundance
comparisons are consistent with this interpreta-
tion.
Our estimates of Ekman and upwelling flushing

rates and their seasonal variability agree with the
persistence within the eddy of Lagrangian drifters
deployed in the eddies (Yelland and Crawford,
2005). Drifters with drogues at 15m depth
deployed in late June slowly spiraled outward
from the center of Haida-2001. One remained in
the eddy for 6 weeks; a second drifter was still in
the eddy when its transmission cycle ended at 9
weeks. For comparison, the upper-ocean growth
and development of Neocalanus plumchrus cope-
podites (the biomass dominant in spring and early
summer) takes about 10–12 weeks to complete. In
autumn, two out of three of the drifters failed to
complete a single circuit of the eddy (eddy
rotational period �12 days). This is about the
duration of a single copepod developmental stage,
and much shorter than the total maturation and
reproductive cycle.
Our interpretation that the surface layer of the

eddy undergoes rapid horizontal exchange is also
qualitatively consistent with time series of nutrient
profiles in the eddies. Within the first 4 months
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after eddy formation, surface-layer iron concen-
trations within the eddy had declined by495% to
the ambient levels in the surrounding HNLC water
of the Alaska Gyre (Johnson et al., 2005). This
total decline includes the combined effects of
lateral exchange and biological uptake (both
removals) and vertical mixing and upwelling (an
addition). Below the pycnocline, the decline of iron
concentrations (almost entirely due to horizontal
and vertical mixing) was both more gradual
(o10%month�1) and more persistent (417
months). Macro-nutrient profiles showed a distinct
‘‘within-eddy’’ signature above the pycnocline only
during the first spring and summer (Peterson et al.,
2005), after which they closely resembled the
surrounding Alaska Gyre. Below the pycnocline,
elevated macro-nutrient concentrations persisted
for more than 17 months.
4. Summary

Our conclusion from the above evidence is that
Haida Eddies are a productive, but very ‘leaky’
environment for surface-dwelling phytoplankton
and zooplankton. The extent of this ‘leakiness’ will
vary seasonally with wind speed and stratification:
minimal (p1–2%day�1) in early summer, maximal
(often X10%day�1) at the start of the autumn
storm season. Nutrient enrichment is provided both
by an initially high nutrient load in the surface
layer, and by subsequent upwelling and mixing
from the deep core of the eddy. In spring, the eddy
is rapidly and rather uniformly colonized by
oceanic zooplankton species that enter the eddy
from both the continental slope and from the
offshore Alaska Gyre. Later in the summer and
into the autumn, the eddy zooplankton community
becomes dominated by taxa that avoid the surface
mixed layer for much of each day. This subsurface
vertical distribution pattern minimizes exposure to
lateral mixing and advection.
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