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Interdecadal variability in the Gulf of Maine zooplankton
community, with potential impacts on fish recruitment
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We used principal component analysis (PCA) to explore interannual changes in a time-se-
ries lasting more than 40 years of zooplankton abundance from NOAA’s Continuous Plank-
ton Recorder (CPR) survey. This analysis identified a complex of taxa, including
Centropages typicus, Oithona spp., Pseudocalanus spp., and Metridia lucens that followed
a common pattern of interdecadal variability characterized by a dramatic increase in these
taxa around 1990, followed by a rapid decline in 2002. All of these taxa showed a large
proportional increase in winter abundance between the 1980s and 1990s. These changes
could be driven by increased primary productivity during winter, caused by a large-scale
freshening of the Northwest Atlantic Shelf. In addition to the ‘‘community shift’’ mode,
the analysis found a strong mode of interannual variability attributed to previously de-
scribed changes in the abundance of late-stage Calanus finmarchicus. To explore the impact
of these modes on higher trophic levels, we correlated the zooplankton modes with recruit-
ment time-series from 12 fish stocks from the Gulf of Maine region. Several significant cor-
relations were found, suggesting that the changes in the zooplankton modes may reflect
broad changes in the Gulf of Maine ecosystem.
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Introduction

The recent renewal of the MagnusoneStevens Fisheries

Conservation Act mandates that US NOAA Fisheries begin

to employ ‘‘ecosystem-based fishery management’’ for

stocks under their jurisdiction. While arguments over the ex-

act meaning of ecosystem-based management are ongoing

(Brodziak and Link, 2002), the general intention is that

the fisheries management process must begin to include

the effects of environmental variability on stock recruitment,

where environment includes physical processes and lower

trophic-level dynamics. The ecosystem-based approach

has even greater potential for aiding long-term stock re-

building plans mandated by the MagnusoneStevens Fisher-

ies Conservation Act. By combining characterizations of
1054-3139/$30.00 � 2005 International Co
long-term variability in important environmental indicators

with recruitment models, it may be possible to provide

bounds on future recruitment.

A prerequisite of ecosystem-based fishery management is

an understanding of how the ecosystem in question varies

in time, the processes driving the variability, and the impact

of variability on the resource in question. There has been

considerable effort in both the Pacific and the Atlantic to

link variability in fish stocks with major climate modes

such as the North Atlantic Oscillation (NAO) and the Pacific

Decadal Oscillation (PDO).

The response of ecosystems to this forcing can be classi-

fied as interannual modes and longer period ‘‘regime shift’’

modes (Pershing et al., 2004). Earlier work in the Gulf of

Maine has identified an interannual mode of environmental
uncil for the Exploration of the Sea. Published by Elsevier Ltd. All rights reserved.
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variability associated with the NAO (Conversi et al., 2001;

Greene and Pershing, 2001; MERCINA, 2001). In this re-

gion, the association between NAO and local weather ap-

pears weak. Instead, the NAO affects the Gulf of Maine

through its influence on the circulation and water mass

properties of the Labrador Current (Drinkwater et al.,

2003) and Gulf Stream (Taylor and Stephens, 1998; Rossby

and Benway, 2000). One to two years following a negative

NAO winter, the changes in the large-scale circulation

bring a relatively cold-water mass called Labrador Subarc-

tic Slope Water (LSSW) (Greene and Pershing, 2001)

around the Tail of the Grand Banks, along the continental

shelf break, and as far south as the Middle Atlantic Bight

(MERCINA, 2001; Drinkwater et al., 2003). LSSW is

found at depths between 150 and 250 m, and it intrudes

into the deep basins of the Scotian Shelf and Gulf of Maine,

displacing the warmer, more saline Atlantic Temperate

Slope Water (ATSW). The slope water transitions occur

over a broad region and are the strongest signal of the

NAO mode; thus, this region is often referred to as the

‘‘Coupled Slope Water System’’ (CSWS) (MERCINA,

2001). The one- to two-year lag in the CSWS’s response

to the NAO offers the potential for NAO-based forecasts

of environmental conditions in the Gulf of Maine (Greene

and Pershing, 2003).

Physical changes in the CSWS associated with the NAO

appear to influence the abundance of Calanus finmarchicus

in the Gulf of Maine (Greene and Pershing, 2001; MER-

CINA, 2001, 2004). Following positive NAO conditions,

when ATSW is predominant in the CSWS, C. finmarchicus

is generally more abundant, while the presence of LSSW is

associated with reduced abundance. Although variability in

C. finmarchicus has yet to be linked with fish recruitment, it

does explain some of the variability in the number of right

whale births (Greene et al., 2003; Greene and Pershing,

2004).

The lag in the CSWS’s response to the NAO offers the

potential for NAO-based forecasts of environmental condi-

tions in the Gulf of Maine. However, it is unreasonable to

expect that the CSWS is the only mode of interannual var-

iability in the Gulf of Maine, and it is unlikely that any new

modes will support interannual forecasts. Knowledge of

long-term variability can still inform management decisions

even in these cases. In ecosystems exhibiting regime shifts,

defined as abrupt changes in the mean state of an ecosystem

(deYoung et al., 2004), the properties of the system remain

relatively stable for several years. The regime shifts ex-

hibited by zooplankton and fish populations in the north-

eastern Pacific associated with the Pacific Decadal

Oscillation are archetypal of this kind of dynamics (Francis

et al., 1998; Hare and Mantua, 2000; Mantua and Hare,

2002), although it now appears that the North Sea exhibits

regime-shift dynamics (Beaugrand et al., 2003; Beaugrand,

2004). Although the shift between regimes in these regions

cannot be predicted at this time, simply knowing the current

state provides valuable information.
Previous studies on ecosystem variability in the Gulf of

Maine have focused almost exclusively on the large cope-

pod, Calanus finmarchicus. Although C. finmarchicus dom-

inates the springtime biomass in the Gulf of Maine, from

the larval fish’s point of view, it is just one species out of

a range of possible prey. C. finmarchicus is also unusual

in that, owing to its preference for deep water during its

over-wintering phase, shelf populations require consistent

input of animals from deep-water stocks (Greene and

Pershing, 2001). As a consequence, interannual variability

in C. finmarchicus may be more indicative of changes in re-

gional circulation than in local processes (Heath et al.,

1999). Thus, developing a better understanding of the inter-

annual variability of other zooplankton taxa is essential for

identifying changes in the Gulf of Maine.

Methods

The main goal of our study is to document changes in the

Gulf of Maine zooplankton community over the last four

decades. This includes documenting relationships among

various zooplankton taxa and between zooplankton and

fish recruitment. This study is a natural extension of our

earlier analysis of C. finmarchicus variability measured

by the Gulf of Maine Continuous Plankton Recorder

(CPR) survey (MERCINA, 2001, 2003).

The Gulf of Maine CPR programme, operated by NOAA

Fisheries according to standard CPR protocols (Warner and

Hays, 1994), began in 1961 and consists of a single transect

between Boston, Massachusetts, and Cape Sable, Nova

Scotia (Jossi and Goulet, 1993). The CPR filters zooplank-

ton onto a silk gauze with a 270-mm mesh size. As the in-

strument moves through the water, the gauze is advanced,

providing a spatial record of the samples. The CPR is towed

from a ship-of-opportunity at a depth of w10 m with ap-

proximately one transect occurring each month. After

each cruise, the sample mesh is cut in sections representing

10 nautical miles and sent to the Plankton Sorting Center in

Szczecin, Poland. The resulting data set consists of spatially

indexed abundance of several zooplankton taxa and large

phytoplankton species. For this paper, we concentrated on

the zooplankton cycles in the centre of the Gulf of Maine,

and excluded CPR samples from Cape Cod Bay (west of

70(W) and the Scotian Shelf (east of 66(W).

The CPR’s 270-mm mesh means that it will undersample

many of the small taxa, while the small aperture should re-

sult in undersampling of the larger taxa through avoidance

(Clark et al., 2001). Furthermore, since the CPR is towed

horizontally, it does not provide a measure of total biomass,

especially for species that migrate vertically. These factors

make it difficult to compare absolute abundances between

taxa; however, the consistency of the CPR record should

make it possible to resolve changes within taxa and allow

us to compare relative patterns.
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Creating the time-series

For our study, we selected seven of the most commonly

occurring taxonomic groups in the CPR database: Calanus

finmarchicus CV-VI, Calanus spp. CI-IV (primarily C. fin-

marchicus e J.W. Jossi, pers. obs.), Centropages typicus

CIV-VI, Oithona spp. CIV-VI, Pseudocalanus spp. CVI,

Metridia lucens CV-VI, and euphausiids. For each taxon,

we computed its climatological seasonal cycle by fitting a pe-

riodic spline to the log-transformed abundance data. The

spline function indicates the expected abundance on any

day of the year. Then we subtracted the expected abundance

for that date from the measured abundance, based on the sea-

sonal cycle, creating a data set of anomalies from the seasonal

cycle. The anomalies were then averaged over each year to

produce a time-series of annual abundance anomalies. This

procedure minimizes the impact of years when sampling

was biased towards one portion of the year.

To examine relationships among the data, we performed

a principal component analysis (PCA) on the zooplankton

time-series (Wilks, 1995). The first few principal compo-

nents provide a low dimensional approximation to the orig-

inal data set and help identify common patterns underlying

the data.

Fish recruitment data

Using data from NMFS fisheries surveys (Azarovitz, 1981),

we computed a measure of standardized recruitment for 12

stocks from the Gulf of Maine region. These stocks include

cod (Gadusmorhua), haddock (Melanogrammus aeglefinus),

and yellowtail flounder (Limanda ferruginea) from Georges

Bank; cod, redfish (Sebastes fasciatus), winter flounder

(Pseudopleuronectes americanus), American plaice (Hippo-

glossoides platessoide), witch flounder (Glyptocephalus

cynoglosssu), and yellowtail flounder from the Gulf of

Maine; and yellowtail flounder, winter flounder, and summer

flounder (Paralichthys dentatus) from southern New Eng-

land (Northeast Fisheries Science Center, 2002). The stan-

dardized recruitment values were computed according to

the formula:

RsZ
ðR=SÞobs�ðR=SÞVPA

s

where R and S are the recruitment and spawning-stock bio-

mass, inferred from the observations (subscript obs) and the

virtual population assessment (subscript VPA), respectively,

and s is the standard deviation of the observed-VPA series.

The Rs procedure attempts to remove the portion of recruit-

ment attributable to factors internal to the population (repre-

sented by the VPA and the spawning biomass), and should

emphasize external forcing. The series were then normalized

over the period 1980e2001 by subtracting the mean and di-

viding by the standard deviation.

Each recruitment time-series was compared with the

leading modes from the zooplankton PCA by computing
the standard linear correlation and Spearman rank correla-

tions. Fish recruitment series are often characterized by

many years of low recruitment punctuated by a few years

of very good recruitment. For data sets of this kind, the

rank correlation is a more appropriate technique (Snedecor

and Cochran, 1989).

Results

The yearly abundance anomaly time-series provides the

simplest measures of year-to-year changes in the zooplank-

ton population in the Gulf of Maine (Figure 1). With the ex-

ception of the euphausiids, all of the taxa exhibit abundance

changes close to or exceeding one order of magnitude, with

the largest interannual variability being exhibited by Cen-

tropages typicus and Oithona spp. (Figure 1b, c). The

most striking pattern in the time-series, one followed by

the majority of copepods, is an abrupt shift to high abun-

dance values in the 1990s after a period of low values.

To simplify the narrative below, we will drop species

names or ‘‘spp.’’ for all taxa for which this is unambiguous.

The gap in the CPR record in the mid-1970s and the

‘‘community shift’’ between 1989 and 1990 divide the time-

series into three periods: an early period (1961e1974), a

middle period (1978e1989), and a late period (1990e2003).
The early period was characterized by low values for most

taxa in most years. Generally, C. finmarchicus had average

values with the exception of very low years in 1962, 1963,

and 1970 (Figure 1a). At the start of the time-series, both

Centropages (Figure 1b) and Oithona (Figure 1c) were rela-

tively abundant, and reached a maximum in 1963. Between

1963 and 1964, both taxa declined. Centropages began to in-

crease gradually from 1967 to the end of the early period,

while Oithona remained low. During this period, Pseudoca-

lanus followed a similar pattern with a maximum in 1963

and a gradual decrease through 1966 (Figure 1d). Metridia

(Figure 1e) was relatively stable during this period, but it

did reach a minimum in 1964 in concert with Centropages

and Oithona. Calanus copepodites (Figure 1f) showed a

steady decline throughout this period. Relative to the other

taxa, euphausiid abundance was steady (Figure 1g); how-

ever, it was slightly lower during 1965e1966 and 1973e1974.
During the middle period between 1978 and 1989, C. fin-

marchicus increased steadily, reaching a maximum in 1987.

Over this period, the association between Centropages and

Oithona became more apparent. Both taxa had maxima in

1979, and both exhibited a gradual decline through 1987.

A correspondence between Pseudocalanus and Centropages

and Oithona became more apparent during the 1980s.

Like the previous two taxa, Pseudocalanus had a local

maximum in 1979 followed by generally low levels, with

the exception of 1983. Metridia exhibited its maximum

variability during this period and seemed to follow the

CentropageseOithona pattern. An interesting exception is

an abrupt drop in abundance between 1983 and 1984.
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Figure 1. Time-series of annual mean abundance anomalies for seven taxa collected by the CPR. Each point in the time-series is the mean

deviation between the observed log-transformed abundance values and the expected values based on the climatological seasonal cycle for

that species, averaged over an entire year.
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Calanus copepodites varied little during this period, but did

show a slight increase between 1986 and 1988, the same

period when C. finmarchicus reached its maximum. Like

C. finmarchicus, euphausiids tended to increase through

this period and reached their highest levels in the late

1980s.

Between 1989 and 1991, the Gulf of Maine zooplankton

community went through a remarkable transition. During

this brief period, Centropages, Oithona, Pseudocalanus,

Metridia, and Calanus copepodites experienced a sudden

increase in abundance. These taxa showed elevated abun-

dance through the 1990s and then declined dramatically be-

tween 2001 and 2002, and except for Calanus copepodites,

remained low in 2003. C. finmarchicus and euphausiid

abundance patterns ran counter to the majority of the

taxa. Both C. finmarchicus and euphausiids declined be-

tween 1989 and 1991 and remained low throughout the

1990s, relative to the late 1980s. In addition, C. finmarchi-

cus experienced a dramatic decline in 1998 to levels not
seen since the 1960s. Earlier studies have attributed this de-

cline to the changes in the hydrography and circulation of

the northwestern Atlantic following the 1996 drop in the

NAO (MERCINA, 2001, 2004; Pershing et al., 2004).

Statistical analysis

The most obvious pattern in the time-series is the dramatic

shifts in abundance that occur on an approximately decadal

scale. This pattern is present in the majority of taxa, with

the notable exception of C. finmarchicus. Principal compo-

nent analysis provides an objective way to quantify such

associations. The first principal component, also called the

leading mode, explains 64.7% of the total variation in the

Gulf of Maine zooplankton community. This mode assigns

large positive weights to Centropages and Oithona, moder-

ate positive weights to Pseudocalanus,Metridia, andCalanus

copepodites, and weak weights toC. finmarchicus (negative)

and euphausiids (positive) (Figure 2a). When viewed as
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the two leading modes. These series are produced by multiplying the individual zooplankton time-series in Figure 1 by the appropriate

weight from Figure 2a, and adding the series together.
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munity transitions exemplified byCentropages andOithona.

The second principal component accounts for 16.3% of the

total variance. This mode assigns a strong positive weight

toC. finmarchicus, moderate positive weights toCalanus co-

pepodites, Pseudocalanus, Metridia, and euphausiids, and

moderate negative weights to Centropages and Oithona

(Figure 2a). The time-series corresponding to this mode is

very similar to that forC. finmarchicus (Figure 2b). Together,

these twomodes capture 84% of the total variance in the zoo-

plankton data set.

The PCA identified groups of taxa with similar year-

to-year patterns. As implied by the PCA, Centropages,

Oithona, Pseudocalanus, Metridia, and Calanus copepo-

dites are all significantly correlatedwith one another (Table 1).

The correlation is strongest between Centropages and Oi-

thona (r2Z 0.78; p! 0.01). C. finmarchicus is negatively

correlated with both Centropages and Oithona, although

only the Oithona correlation is significant (r2Z 0.12, p!
0.05). C. finmarchicus exhibits a significant positive corre-

lation with euphausiids (r2Z 0.22, p! 0.01) and a weaker,

non-significant correlation with Calanus copepodites.

Community shift: a closer look

The most striking pattern in the Gulf of Maine time-series

is the abrupt shift in the relative abundance of the major co-

pepods that occurred around 1989. To better understand the

nature of the 1989 community shift, we need to take a closer

look at the seasonal cycles of the taxa and how they differ

between the 1980s and the 1990s.

The seven zooplankton taxa have very different climato-

logical annual cycles, reflecting the diversity of life history

strategies in this community (Figure 3, heavy black lines).

C. finmarchicus is abundant throughout the year and peaks

in late spring (Figure 3a). In the Gulf of Maine, Centropages

has a strong seasonal cycle reaching maximum abundance

in late summer and minimum abundance in spring (Figure

3b). For both C. finmarchicus and Centropages, the seasonal

cycles from the CPR are similar to those computed using net

surveys (Meise and O’Reilly, 1996; Kane, 1999). Oithona

is common from late spring through early winter, but has

a noticeable dip in abundance in late winter (Figure 3c).
Pseudocalanus, like C. finmarchicus, is most abundant in

late spring and early summer, following the spring bloom.

Pseudocalanus has a smaller abundance peak in the autumn.

Metridia is most abundant in autumn and winter (Figure 3e).

Calanus copepodites have the most prominent seasonal

cycle of any taxa (Figure 3f). Their abundance increases

rapidly at the beginning of the year, and peaks at the begin-

ning of spring, 32 days before C. finmarchicus reaches its

peak abundance. Following its spring peak,Calanus copepo-

dite abundance declines steadily throughout the year, al-

though there are small peaks around days 190 and 270.

Euphausiids vary little over the course of the year, but their

abundance is slightly higher in spring and from late summer

through autumn.

Tomore closely examine the differences between the early,

middle, and late time periods, spline functions were fit to

each taxon’s data from the three periods. Concerning the

1989 shift, the most interesting comparisons are between

the cycles for middle period (Figure 3, dashed lines) and

the late period (Figure 3, light, solid lines). Early in the

year, both the middle and late period cycles for C. finmarch-

icus closely resemble the climatological cycle (Figure 3a).

Differences begin to appear near the spring abundance

peak. Both the middle and late cycles had larger peaks

than the climatological cycle, but the late period peak is

slightly smaller and occurs before that from themiddle period.

The biggest difference occurs during autumn. During this

season, both cycles show a slight peak, but the middle period

peak is much larger, indicating nearly an order of magnitude

decrease in the C. finmarchicus population between the

1980s and 1990s. Prior to the 1989 shift, Centropages was

nearly absent from the Gulf of Maine during the first half

of the year, a pattern also reflected in MARMAP net surveys

(Kane, 1999). During the 1990s, Centropages increased

throughout the year. Like Centropages, Oithona and Pseu-

docalanuswere higher throughout the year in the 1990s com-

pared with the 1980s. Other than a brief period in early

spring, Metridia abundance in the 1990s was higher than

they were in the 1980s throughout the year. In the 1990s,

Calanus copepodites were more abundant during much of

the year than they were in the 1980s, especially during win-

ter. Euphausiid abundance increased during summer in the

1990s, but was lower during the rest of the year.
 14 D
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Table 1. Pairwise correlations between the zooplankton taxa expressed as r2. Correlations significant at 95% and 99% level are indicated

by * and **, respectively.

Taxon Centropages Oithona Pseudocalanus Metridia Calanus CI-IV Euphausiids

C. finmarchicus CV-CVI 0.07 0.12* 0.00 0.00 0.06 0.22**

Centropages typicus 0.78** 0.46** 0.49** 0.21** 0.06

Oithona spp. 0.51** 0.47** 0.27** 0.07

Pseudocalanus spp. 0.45** 0.49** 0.08

Metridia lucens 0.31** 0.17**

Calanus CI-CIV 0.24**
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Figure 3. Annual cycles of abundance for the seven zooplankton time-series. For each taxon, a periodic spline was fit to the entire data set

(heavy line) and to data from three periods: 1961e1974 (dotted), 1978e1988 (dashed), and 1992e2000 (solid).
For a population that is growing rapidly, a small change

in abundance can result in very large changes weeks or

months later. Thus, large differences among the seasonal

cycles in the 1980s and 1990s typically occur near the
abundance peaks and do not necessarily reflect the time

of greatest change. One way to reduce the growth effect

is to look at the change expressed as a proportion of the pri-

or period, e.g. the change in abundance between the 1980s
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Figure 4. Change in the annual cycles between the 1980s and 1990s expressed as a proportion of the 1980s cycles. The proportional

change was computed by dividing the difference between the 1992e2000 and 1978e1988 periods by the cycle from 1978 to 1988.

Negative values indicate reduced abundance in the 1990s. Note: C. finmarchicus (a) and euphausiids (g) are plotted on a different scale.
and 1990s divided by the abundance in the 1980s (Figure 4).

Compared with the 1980s, C. finmarchicus had a small pro-

portional increase in the spring of the 1990s, but a decrease

throughout the rest of the year, especially during autumn and
early winter. The change in Centropages abundance was

strongest at the beginning of the year and is concentrated

in two very large peaks in winter and late spring. As with

Centropages, Oithona experienced its largest proportional
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change at the beginning of the year (Figure 4c). In fact, the

entire complex of taxa in the first PCA mode had large pro-

portional increases during the winter period. This strongly

suggests that the community shift resulted from a change

in winter conditions in the Gulf of Maine.

It is interesting to consider the relationship between late-

stage C. finmarchicus and the Calanus copepodites that are

presumably the early life stages of C. finmarchicus. One

might expect a strong association between these two taxa;

however, the pairwise correlations suggest that they are

largely independent. The correlation between the annual

abundance anomalies of these taxa is not significant; rather,

theCalanus copepodite time-series ismore strongly correlated

with each of the other taxa (Table 1). However, a careful

examination of the entire Calanus pattern can shed some

light on the larger patterns in the Gulf of Maine. As with

the other taxa in the community shift pattern, theCalanus co-

pepodites had their biggest proportional change between the

1980s and 1990s, during the early part of the year. Over the

same period, late-stage C. finmarchicus had reduced abun-

dance. Together, these suggest a period of elevated Calanus

production during winter. This production led to an increase

in late-stage C. finmarchicus abundance during late spring;

however, the increase did not persist, and late-stage C. fin-

marchicus showed a decrease in abundance between 1980s

and 1990s, during the summer.

Patterns in fish recruitment

The 12 fish stocks from the Gulf of Maine region exhibit

a variety of patterns, reflecting the differences among the

species and wide geographic range among the stocks
(Figure 5). A visual comparison between the recruitment

series and the zooplankton principal components (Figure 2)

does not reveal any obvious associations among the time-

series. However, the statistical analyses did identify a

number of significant correlations (Table 2).

The leading zooplankton mode captures the community

shift pattern shared by many of the zooplankton taxa. This

mode divides the period of interest into a low period (the

1980s) and a high period (the 1990s). Of the four fish

stocks that are significantly correlated with this mode,

most of the correlations are driven by the contrast between

these two decades. The strongest linear correlation was

between the leading zooplankton mode and Gulf of Maine

yellowtail flounder (rZ�0.70, p! 0.01). This stock had

a string of good year classes centred around 1987, fol-

lowed by a period of consistently low recruitment between

1989 and 1996, and two years of slightly stronger recruit-

ment in 1997e1998. During the late 1980s, the leading

zooplankton mode was consistently low, followed by the

abrupt shift to higher values in 1990. This contrast be-

tween the 1980s and 1990s accounts for the negative cor-

relation between this stock and the zooplankton mode.

The recruitment of Gulf of Maine witch flounder was

also significantly correlated with the leading zooplankton

mode. The time-series for this stock was nearly the oppo-

site of that for yellowtail, with steady, low recruitment

through 1994 followed by a peak centred around 1997.

This peak coincided with a steady increase in the zoo-

plankton mode from 1995 until 2001. Recruitment of

Georges Bank cod was relatively high during the 1980s,

and with the exception of 1996 and 1998, it was low in

the 1990s. This pattern is roughly the opposite of the
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GB Haddock
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GOM Redfish

GOM Winter Fl.

GOM Am. Plaice.

GOM Witch Fl.

GOM Yellowtail

SNE Yellowtail

SNE Winter Fl.
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Year

Standardized Recruitment of 12 New England Fish Stocks

Figure 5. Recruitment of 12 fish stocks from the Gulf of Maine region. Each time-series represents the standardized recruitment (recruits/

spawning stock, see text) normalized to have zero mean and unit variance. In the figure, the series are offset by three units.
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Table 2. Correlations among recruitment in 12 fish stocks and the leading modes from the zooplankton principal component analysis. The

stocks are from three regions: Georges Bank (GB), the Gulf of Maine (GOM), and southern New England (SNE). Each stock was com-

pared with the two leading zooplankton modes using a standard linear correlation (r) and a Spearman rank correlation (rs). Significant

correlations are indicated by * (p! 0.05) and ** (p! 0.01).

Species Region N

Mode 1 correlations Mode 2 correlations

r rs r rs

Haddock GB 22 0.32 0.24 �0.43* �0.41

Cod GB 22 �0.52* �0.57** 0.03 0.09

Yellowtail flounder GB 21 0.14 0.05 0.10 0.05

Cod GOM 19 �0.44 �0.43 0.31 0.26

Redfish GOM 20 0.2 0.26 �0.03 0.12

Winter flounder GOM 20 0.07 0.01 �0.16 �0.16

American plaice GOM 22 0.05 0.06 0.35 0.41

Witch flounder GOM 19 0.49* 0.73** �0.28 �0.48*

Yellowtail flounder GOM 16 �0.70** �0.68** 0.66** 0.67**

Yellowtail flounder SNE 21 �0.3 �0.21 0.34 0.01

Winter flounder SNE 21 �0.46* �0.54* 0.3 0.3

Summer flounder SNE 20 �0.17 �0.15 0.2 0.14
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zooplankton mode, and the two series are significantly neg-

atively correlated (rZ�0.52, p! 0.05; rsZ�0.57,

p! 0.01). The only other stock exhibiting a correlation

with the leading mode is winter flounder from southern

New England. Recruitment of this stock declined in a nearly

monotonic fashion from 1981 to 1993. Recruitment then in-

creased, reached a peak in 1996, followed by a steady decline.

The negative correlationwith the zooplanktonmode is driven

by the steady decline in recruitment, with the 1996 peak ap-

pearing as an outlier.

The second zooplankton mode captures the variability in

C. finmarchicus. Compared with the first mode, correlations

between this mode and the fish stocks tended to be weaker.

As with the first mode, the strongest correlations for the

Calanus mode were found for the Gulf of Maine yellowtail

stock (rZ 0.66, p! 0.01; rsZ 0.67, p! 0.01). The posi-

tive correlations are driven by the peaks in abundance

and recruitment centred around 1987, when C. finmarchicus

abundance peaked. Georges Bank haddock had a weak but

significant, negative correlation with the second mode

(rZ�0.43, p! 0.01). Several strong year classes for

cod, notably 1993, 1998, and 2000, coincided with weak

years in the Calanus mode, while some poor years for

cod, including 1982, 1988, and 2001, were strong years

in the Calanus mode. However, the many exceptions to

this pattern led to a relatively weak relationship. Gulf of

Maine witch flounder was the only other stock that was cor-

related with the second zooplankton mode (rsZ�0.48,

p! 0.05). The period of low witch flounder recruitment

followed by the 1997 peak appears as a strong linear trend

when viewed as series ranks. Over this period, the Calanus

mode tended to decline, reaching minimum rank values in

1998 and 1999. The trends in these time-series account

for their weak negative rank correlation.
Discussion

The time-series presented above provide a unique view of

ecosystem changes in the Gulf ofMaine. Previous studies us-

ing the CPR data either focused on C. finmarchicus (e.g.

Conversi et al., 2001; MERCINA, 2001) or used time-series

that missed the 1990 shift (e.g. Jossi and Goulet, 1993; Li-

candro et al., 2001). Our analysis indicates that there are

two dominant patterns in the year-to-year changes in the

Gulf of Maine zooplankton community, represented by the

leading principal component modes (Figure 2b). The associ-

ation between the zooplankton patterns and the recruitment

of certain fish stocks suggests that the zooplankton data re-

flect large-scale changes in the Gulf of Maine ecosystem. In-

corporating knowledge of these ecosystem-wide patterns

successfully into fisheries management will require amecha-

nistic understanding of the processes leading to the changes.

Specifically, we need to understand the processes that lead to

interannual variability reflected by the two zooplankton prin-

cipal component modes. The second mode is dominated by

C. finmarchicus, and as the interannual variability of this spe-

cies has been described earlier, our discussion will focus on

the community shift.

Community shift pattern

The leading mode from the PCA indicates that the Gulf of

Maine witnessed a major ecological change between 1989

and 1990. This mode represents a fundamentally new pat-

tern, one that has the potential to impact higher trophic lev-

els, and it likely reflects other physical and biological

changes in the region. The broad result of this change

was an apparent increase in community diversity resulting

from a shift away from C. finmarchicus towards smaller
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taxa. The species that increased in 1989 have very different

life histories and phenologies and occupy a range of ecolog-

ical niches. For example, Centropages is a relatively large

calanoid copepod that is most common in waters over the

continental shelf (Kane, 1999), while Oithona is ubiquitous

over the North Atlantic. Despite their large biological dif-

ferences, the taxa represented in the community shift all

had large proportional changes in their seasonal cycles dur-

ing the winterespring period (Figure 4). The concentration

of the taxon-specific changes near the beginning of the year

strongly indicates that the community shift is driven by pro-

cesses during this portion of the year.

One of the community shift’s unique features is the rela-

tionship between late-stage C. finmarchicus and Calanus

copepodites during the 1990s. This relationship is charac-

terized by an elevated abundance of early copepodites

despite reduced adult abundance. We are fortunate that the

late 1990s were one of the most intensively studied periods

in the Gulf of Maine, due largely to field studies associated

with the GLOBEC Georges Bank Programme. This re-

search provided the foundation for a recent synthesis of

C. finmarchicus population dynamics in 1998 and 1999

that described patterns strikingly similar to those described

in this study (MERCINA, 2004). Physical oceanographic

measurements collected during these studies can offer in-

sight into possible mechanisms.

Early in 1998, the abundance of late-stage C. finmarch-

icus and younger copepodites was comparable with mean

levels between 1995 and 1999; however, during summer,

the abundance of late-stage C. finmarchicus declined dra-

matically. This decline has been attributed to reduced pro-

duction in upstream regions on the Scotian Shelf or slope

waters beyond the continental shelf, or reduced transport

of individuals from these regions into the Gulf of Maine

(MERCINA, 2004). The decline is also coincident with

the arrival of cold Labrador Subarctic Slope Water asso-

ciated with the 1996 drop in the NAO (MERCINA,

2001). The late summer Calanus crash resulted in very

low abundance in the deep basins of the Gulf of Maine

(MERCINA, 2004). However, a survey during February

1999 found increased abundance, relative to February

2000, of naupliar and early copepodite stages of most

copepods, including C. finmarchicus, Centropages, and

Oithona (Durbin et al., 2003). The increase in copepod

production was attributed to a winter phytoplankton

bloom associated with a layer of relatively fresh Scotian

Shelf Water.

The physical conditions in 1999 described by Durbin

et al. (2003) led to an increase in the abundance of

a wide range of zooplankton, and these conditions appear

to be part of a larger-scale decadal change in the hydrogra-

phy of the Northwest Atlantic. During the 1990s, surface

salinity along the Northwest Atlantic Shelf, from Cape Hat-

teras to the Scotian Shelf, showed a marked decrease

(Mountain, 2004). Smith et al. (2001) attributed this fresh-

ening to an increased freshwater and ice cover on the
Labrador Shelf. Looking more closely at the Labrador

Sea, Häkkinen (2002) found that the surface waters there

became dramatically fresher in the 1990s. The freshening

was especially pronounced near the coasts. Unlike previous

‘‘Great Salinity Anomalies’’ (Belkin et al., 1998), the event

in the 1990s appears to have been independent of the NAO

(Häkkinen, 2002).

The freshening of the surface waters of the Northwest

Atlantic provides a possible mechanism to drive the 1989

community shift. As observed by Durbin et al. (2003), a de-

crease in salinity in the surface layer can stabilize the water

column enough to support a phytoplankton bloom. The in-

creased primary productivity associated with such blooms

can support high copepod reproduction. Interannual differ-

ences in bottom temperature in deep basins of the Gulf of

Maine provide further evidence of increased water column

stability. Traditionally, strong cooling and intense mixing

in the Gulf of Maine result in a very deep, mixed layer

and pronounced cooling at depth, especially in the western

portion of the Gulf (Brown and Irish, 1993). However,

Mountain (2004) noted that the seasonal cycle of bottom

water temperature was reduced in the 1990s, and he pro-

posed that the surface freshening led to reduced winter

convection.

If the freshening is indeed responsible for the zooplank-

ton changes that we observed, then we would expect

changes of a similar magnitude across the Northwest Atlan-

tic Shelf. In addition to our zooplankton results, deYoung

et al. (2004) noted an increase in ‘‘greenness’’, an indicator

of phytoplankton abundance, in the 1990s on the New-

foundland Shelf. Future work documenting the impact of

this large-scale physical change would be an important con-

tribution to our knowledge of the ecology of the Northwest

Atlantic Shelf.

Calanus pattern

Our proposal that the community shift pattern in the Gulf of

Maine zooplankton community is driven by changes in

winter productivity begs the question: why did late-stage

C. finmarchicus decrease in the 1990s. One possible answer

lies in this species’ unique life history. Due to this species’

preference for deep water during autumn and winter, shelf

populations of C. finmarchicus are dependent on inputs

from populations off the continental shelf (Greene and

Pershing, 2001). Thus, unlike the other copepods whose

abundance changes are likely attributable to in situ growth,

C. finmarchicus will also be sensitive to changes in circula-

tion. A good example of this comes from the Northeast

Atlantic, where NAO-associated circulation changes play

an important role in determining the abundance of C. fin-

marchicus in the North Sea (Heath et al., 1999). Advective

changes are also a leading hypothesis for the link between

C. finmarchicus abundance in the Gulf of Maine and

changes in the CSWS (Greene and Pershing, 2001; MER-

CINA, 2001, 2004).
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Ecosystem variability and fish recruitment

The correlation analysis presented above is a rough, initial

attempt at understanding links between ecosystem changes

in the Gulf of Maine and fish recruitment. Nevertheless,

several significant correlations were found between the fish

recruitment series and the two zooplankton modes. The

strongest correlations were found between both zooplankton

modes and witch and yellowtail flounder in the Gulf of

Maine. The time-series for both stocks were dominated by

large multi-year peaks, during the 1990s for witch flounder

and the 1980s for yellowtail. For both of these stocks, the

correlations were driven by a contrast between zooplankton

conditions during the peak years and conditions in the low

years, and it is possible that these correlations are artefacts

of the peculiar structure of the recruitment series.

Fish recruitment is a complicated process that can be influ-

enced by a variety of factors, and it is not surprising that the

correlation between fish recruitment and zooplankton

changes is not conclusive, despite evidence for large changes

in the ecosystem. Spawning in most fish species occurs dur-

ing certain portions of the year. Shifts in the timing of prey

abundance relative to spawning can lead to recruitment

variability (e.g. the ‘‘matchemismatch’’ hypothesis; Hjort,

1914; Cushing, 1990; Beaugrand et al., 2003; Platt et al.,

2003), and shifts in timing are likely more important than

average abundance like that measured by our yearly abun-

dance series. Variability in the physical environment such

as transport away from productive regions (Lough et al.,

1994) can also influence recruitment. If any of the correla-

tions between zooplankton modes and recruitment represent

real relationships, it is likely that the zooplankton modes

function as proxies for a range of processes, both physical

and biological. Future exploration will require more detailed

modelling efforts to account for these factors (e.g. Brodziak

and O’Brien, 2005).

Conclusions

Our relatively simple analysis of zooplankton patterns in

the Gulf of Maine identified two major modes of variability

in this community. The dominant mode, which accounts for

nearly two-thirds of the total variance, revealed a dramatic

shift in community composition between 1989 and 1990

and a possible reversal in 2001e2002. In addition to the

zooplankton changes, the 1990s were also a period of

strong physical changes, most noticeably a large-scale

freshening of the coastal waters from North Carolina to

Newfoundland. The potential enhancement of winter strat-

ification owing to the freshening could provide a bottom-up

mechanism to explain the zooplankton changes. Although

there were significant correlations between the zooplankton

patterns and recruitment in some stocks, the impact of the

zooplankton changes on upper trophic levels is still unclear

and warrants further study.
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