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ABSTRACT: We tested the hypothesis that recent oceanographic changes associated with climate
change in the Northeast United States continental shelf ecosystem have caused a change in spatial
distribution of marine fish. To do this, we analyzed temporal trends from 1968 to 2007 in the mean
center of biomass, mean depth, mean temperature of occurrence, and area occupied in each of 36 fish
stocks. Temporal trends in distribution were compared to time series of both local- and large-scale
environmental variables, as well as estimates of survey abundance. Many stocks spanning several
taxonomic groups, life-history strategies, and rates of fishing exhibited a poleward shift in their cen-
ter of biomass, most with a simultaneous increase in depth, and a few with a concomitant expansion
of their northern range. However, distributional changes were highly dependent on the biogeogra-
phy of each species. Stocks located in the southern extent of the survey area exhibited much greater
poleward shifts in center of biomass and some occupied habitats at increasingly greater depths. In
contrast, minimal changes in the center of biomass were observed in stocks with distributions limited
to the Gulf of Maine, but mean depth of these stocks increased while stock size decreased. Large-
scale temperature increase and changes in circulation, represented by the Atlantic Multidecadal
Oscillation, was the most important factor associated with shifts in the mean center of biomass. Stock
size was more often correlated with the total area occupied by each species. These changes in spatial
distribution of fish stocks are likely to persist such that stock structure should be re-evaluated for
some species.
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INTRODUCTION

Recently water temperatures have increased both
globally (Levitus et al. 2000, Knutson et al. 2006, Lozier
et al. 2008) and regionally (e.g. in the Northwest
Atlantic) (Friedland & Hare 2007, Belkin 2009). Cli-
mate models indicate that this warming trend is likely
to continue (IPCC 2007, Solomon et al. 2009). Many
recent studies have detected ecological impacts of cli-
mate change (Walther et al. 2002, Parmesan & Yohe
2003, Rosenzweig et al. 2008), but in many situations it
remains difficult to disentangle the effects of climate
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change with those of other anthropogenic influences.
This fact is especially true of exploited species that
may exhibit responses consistent with both climate-
induced and harvest-induced impacts. Modeling stud-
ies suggest that both exploitation and climate change
will affect the dynamics of exploited species (Clark et
al. 2003, Fogarty et al. 2007, Hare et al. in press), and,
for successful management, it is important to docu-
ment the relative importance and synergistic effects of
these 2 stressors.

The first-order response of organisms to climate
change is a shift in distribution (Frank et al. 1990,
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Shuter & Post 1990, McCarty 2001), which, in marine
species, may be manifested as a change in the center of
biomass, an expansion or contraction of the species’
range, or a change in depth distribution. These re-
sponses have recently been documented for fish com-
munities in the North Sea (Perry et al. 2005) and in the
Bering Sea (Mueter & Litzow 2008). Reponses of marine
fishes consistent with warming water bodies would be a
poleward shift in the mean center of biomass and an in-
crease in the mean depth of occurrence. The ranges of
‘cold’ species may be reduced by warming waters,
while ‘warm' species might expand their range.

The potential importance of temperature regime
and climate on fish stocks, especially those that are
economically important, has been studied on rela-
tively short temporal and spatial scales in the NW
Atlantic (Frank et al. 1990, Murawski 1993, Drinkwa-
ter et al. 2003, Hare & Able 2007). Frank et al. (1990)
hypothesized that distributional changes in response
to warming would be most pronounced in Canadian
fish stocks at the southern extent of their range,
based on historical reports of distributional changes
due to warming in the 1950s (Taylor et al. 1957).
Murawski (1993) classified species into groups that
would be more or less likely to exhibit changes in
distribution in a warmer climate based on tempera-
ture preferences and historical distribution. Similarly,
Rose (2005) predicted that, with warming, American
shad, alewife, Atlantic mackerel, American plaice,
and winter flounder, among other species, would shift
their distribution north. Drinkwater (2005) predicted
that the George's Bank and Gulf of Maine stocks of
Atlantic cod Gadus morhua would decline in abun-
dance and move poleward.

Since these studies, the Northeast United States con-
tinental shelf ecosystem has experienced a consistently
warm period in the last 10 yr and a rebuilding of many
overfished stocks, presenting an opportunity to reex-
amine the links between distribution, warming, and
population abundance. The purpose of the present
study was to quantify the relationship between the
spatial distribution of 36 NE United States fish stocks
and the changes in temperature regime and abun-
dance using a 40 yr trawl survey time series (1968 to
2007). We hypothesize that rising water temperatures
would induce at least one of the following responses: a
poleward shift in the center of biomass, an increase in
the mean depth of occurrence, a range expansion or
contraction depending upon biogeography of the spe-
cies, or no distributional shift consistent with warming,
but an increase in the mean temperature of occur-
rence. We also hypothesize that these responses would
be mediated by changes in the abundance of each
stock, many of which have occurred over the time
period examined.

MATERIALS AND METHODS

Fish data. Abundance and distribution data for 36
fish stocks were obtained from the Northeast Fisheries
Science Center (NEFSC) spring trawl survey, which
has been carried out on the NE United States continen-
tal shelf since 1968 (Fig. 1). The data collection and
sample processing methods have been described by
Azarovitz (1981). Briefly, the survey employs a strati-
fied random design, with stations allocated proportion-
ally to stratum area. A 12 mm mesh codend liner is
used to retain smaller bodied and juvenile fish. All fish
for each species were counted and weighed. Correc-
tion factors were applied for changes in vessels, gear,
and doors when appropriate. Only tows in which there
were no gear or duration problems from offshore trawl
survey strata consistently sampled over the spring sur-
vey time series (Strata 01010-01300, 01360-01400,
01610-01760) were used in statistical analysis. The
strata used are shown in Fig. 1. There has been no sig-
nificant change in the timing of the spring survey, and
the mean annual latitude and longitude of the stations
has not changed over time, using the strata that were
consistently sampled over the duration of this 40 yr
time series.

We chose 36 stocks for investigation, because indi-
viduals from these stocks were caught every year dur-
ing the spring survey, were consistently caught in rel-
atively high numbers, and represented a wide range of
taxonomic groups (Table 1, for species’ scientific
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Fig. 1. Survey area with strata used in this analysis. GOM: Gulf

of Maine; GB: George's Bank; SNE: Southern New England;

MAB: mid-Atlantic Bight; % fixed point used to calculate
distance, d, in each year
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Table 1. Northeast USA fish stocks analyzed in the present study with scientific name, family, habitat (P: pelagic; D: demersal), spe-
cies historical range, and ecoregion by which stocks were separated for this study (N: northern; S: southern). Species are ordered by
taxonomy from most to least ancestral

Species Scientific name Family Habitat Species historical range Ecoregion
Spiny dogfish Squalus acanthias Squalidae D Greenland to Argentina S
Little skate Leucoraga erinacea Rajidae D Newfoundland to North Carolina S
Thorny skate Amblyraja radiata Rajidae D Greenland to New York N
Winter skate Leucoraja ocellata Rajidae D Newfoundland to North Carolina S
Alewife Alosa pseudoharengus Clupeidae P Labrador to South Carolina S
American shad Alosa sapidissima Clupeidae P Labrador to Florida S
Atlantic herring Clupea harengus Clupeidae P Greenland to South Carolina S
Atlantic cod Gadus morhua Gadidae D Greenland to North Carolina N&S
Haddock Melanogrammus aeglefinus Gadidae D New Jersey to Newfoundland N&S
Pollock Pollachius virens Gadidae P Greenland to North Carolina N
Silver hake Merluccius bilinearis Gadidae P Newfoundland to South Carolina N&S
Red hake Urophycis chuss Merlucidae D Newfoundland to North Carolina N&S
Spotted hake Urophyrcis regia Merlucidae D Maine to Gulf of Mexico S
White hake Urophyrcis tenuis Merlucidae D Newfoundland to North Carolina N
Cusk Brosme brosme Lotidae D Newfoundland to New Jersey N
Goosefish Lophius americanus Lophiidae D Newfoundland to North Carolina S
American plaice Hippoglossoides platessoides Pleuronectidae = D Labrador to Rhode Island N
Atlantic halibut Hippoglossus hippoglossus Pleuronectidae D Labrador to Virginia N
Yellowtail flounder Limanda ferruginea Pleuronectidae D Labrador to Virginia N&S
Winter flounder Pseudopleuronectes americanus Pleuronectidae D Labrador to Virginia N&sS
Fourspot flounder Paralichthys oblongus Paralichthyidae D George's Bank to Florida S
Summer flounder Paralichthys dentatus Paralichthyidae D Massachusetts to South Carolina S
Windowpane flounder Scophthalmus aquosus Scophthalmidae D Newfoundland to Florida S
Atlantic mackerel Scomber scombrus Scombridae P Labrador to North Carolina S
Ocean pout Zoarces americanus Zoarcidae D Labrador to Delaware S
Atlantic wolffish Anarhichas lupus Anarhichadidae D Greenland to New Jersey N
Blackbelly rosefish Helicolenus dactylopterus Scorpaenidae D Nova Scotia to Venezuela S
Longhorn sculpin Myoxocephalus octodecemspinosus Cottidae D Newfoundland to Virginia S
Sea raven Hemitripterus americanus Hemitripteridae D Labrador to Virginia S
Acadian redfish Sebastes fasciatus Sebastidae D Massachusetts to Newfoundland N

names please refer to this table throughout). Most spe-
cies included here have only 1 identified stock in the
region, and were analyzed as such. Those species with
multiple stocks were analyzed by ecoregions, which
roughly correspond to stock boundaries. The 2 eco-
regions were the Gulf of Maine (GOM, 'northern’) and
combined areas of George's Bank, southern New Eng-
land, and mid-Atlantic Bight (GB, SNE, and MAB
areas, respectively, ‘southern’). Red hake, silver hake,
yellowtail flounder, winter flounder, Atlantic cod, and
haddock were analyzed by ecoregion. Additionally,
species limited to the GOM were considered cool-
water species for the study area and were classified as
‘northern’ species, while those species that were lim-
ited to GB, SNE, and MAB or that spanned the entire
range of the study area were classified as ‘southern’
species for ecoregion comparisons.

Spatial metrics. To examine the relationship be-
tween changes in distribution and climate conditions,
6 distributional parameters were calculated: center of
biomass, maximum latitude, minimum latitude, mean

depth of occurence, mean temperature of occurence,
and area occupied. Center of biomass was calculated
in 4 steps. (1) Station latitude and longitude were con-
verted to across-shelf and along-shelf distances from
the 200 m isobath and Cape Hatteras, North Carolina,
in Matlab 7.7 (The Mathworks 2008). This transforma-
tion was needed since the survey follows the curvi-
linear shelf and straight averages of latitude and longi-
tude can result in centers of biomass off the shelf and
outside of the survey area. (2) Biomass-weighted mean
along-shelf and across-shelf location was calculated
using:

n
ZW,-XU-
izl
X] ij

where X is the parameter of interest (along-shelf
location, across-shelf location, temperature, etc.), j is
the survey year, w;is the log-transformed biomass [log
(x + 1) in kg] for each station i. (3) Biomass-weighted
mean values of across-shelf and along-shelf distances

(1)
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were then converted back to mean latitude and mean
longitude values for analysis. (4) Distance between
each center of biomass and a fixed point (35° N latitude
and 75°W longitude) was calculated. This fixed point
roughly corresponds to Cape Hatteras, NC, and is
below the southernmost extent of the NEFSC trawl
survey (Fig. 1). We used the great circle distance for-
mula to calculate the distance (d):

d = Acos[(sin35) x sin(mlat)] + )

cos{35 x cos(mlat) x cos[mlon — (-79)]}

where mlat is the mean latitude and mlon is the mean
longitude at the center of biomass. All latitudes and
longitudes were converted to radians. The value of d,
hereafter called distance, was converted to kilometers
by assuming the earth is spherical with a radius of
6367 km. Changes in distance incorporate both along-
shelf and across-shelf shifts in distribution.

Biomass-weighted mean depth and mean tempera-
ture were calculated for each stock using Eq. (1). The
parameter of interest (Xj;) was bottom depth or bottom
temperature at station i during survey year j. The
minimum and maximum latitude at which each stock
was present in each year was derived from station
location data.

Area occupied by each stock in each year was calcu-
lated by dividing the survey area into 10-minute spa-
tial cells (261 km?) and then allocating each station to
the appropriate cell, similar to the method of Methratta
& Link (2007). The area of grids in which the species
was present was summed to represent the total area
that the stock occupied. In each year, some 10-minute
spatial cells were not sampled so this is a conservative
measure of ‘area occupied’' and an indicator of area rel-
ative to the survey time series.

Annual relative abundance and biomass for each
species was estimated as the stratified mean numbers
and biomass (kg) per tow respectively.

Environmental metrics. Two indices of temperature
variability over the ecosystem were used: mean bottom
temperatures (BT) during the spring survey and mean
annual sea surface temperatures (SST). Mean-strati-
fied annual BT of each survey was estimated from BT
measurements taken at each station during the spring
survey. Prior to 1990, BTs were measured with water
bottles, and, from then on, BTs were measured with
conductivity, temperature, and depth profilers (CTDs).

SST on the continental shelf was estimated using the
extended reconstructed sea surface temperature data-
set (ERSST Version 3, www.ncdc.noaa.gov/oa/climate/
research/sst/ersstv3.php). This dataset is based on the
SST compilation of the International Comprehensive
Ocean-Atmospheric Data Set and uses interpolation
procedures to reconstruct SST in regions with sparse
data (Smith & Reynolds 2004). While the dataset

extends back to 1854, we used values from 1968 to
2007, corresponding to the timing of the NEFSC trawl
survey where the 95 % confidence interval of the data
was 0.1°C or less (Smith & Reynolds 2004). The spatial
resolution of the data was 2° longitude by 2° latitude,
and we used only grids that overlapped spatially with
our survey area to calculate the mean annual SST,
hereafter simply SST.

Two indices of longer term climatological conditions
were also used: the North Atlantic Oscillation (NAO)
and Atlantic Multidecadal Oscillation (AMO). The
NAO index was calculated as the difference between
surface pressure of the subtropical (Azores) high and
the subpolar (Iceland) low. The mean winter NAO
index was used because most of the variance in the
NAO occurs in the winter months and is the only
large-scale pressure and circulation pattern that is
evident throughout the year in the northern hemi-
sphere (Hurrell et al. 2003). Variability in the NAO
has been associated with changes in precipitation,
SST, wind fields, sea-ice formation, and, thus, with
ecosystem change (Beaugrand et al. 2003, Drinkwater
et al. 2003, Greene et al. 2003, Beaugrand 2004) and
fish recruitment (O'Brien et al. 2000, Reid et al. 2001,
Lindley et al. 2003).

The AMO is a 65 to 80 yr cycle in the North Atlantic
thought to be driven by ocean thermohaline circulation
(Sutton & Hodson 2005). The AMO is based on the
detrended Kaplan SST dataset (5° latitude x 5° longi-
tude grids) from 0 to 70° N. The linear effects of anthro-
pogenic climate change are removed to represent the
natural variation in SSTs that has been observed over
the last 150 yr and has been correlated with natural
fluctuations over the last millennium (Gray et al. 2004,
Sutton & Hodson 2005). The AMO is driven by thermo-
haline circulation and is associated with warmer land
and ocean temperatures, decreases in summer precip-
itation, and increases in the number of droughts (Sut-
ton & Hodson 2007). In the United States, the area rel-
evant to the present study, these climate effects are
most pronounced in the summer and somewhat less
prominent in the autumn and winter at lower latitudes
(Sutton & Hodson 2007).

Analysis. To statistically test for changes in spatial
distribution measures over time we conducted linear
regressions incorporating the appropriate temporal
autocorrelation into the error structure for each stock
(Proc Autoreg, SAS Institute, v9.1.3). We calculated a
separate linear regression over time for each stock and
for each distributional measure: mean distance, mini-
mum latitude, maximum latitude, mean depth of
occurrence, mean temperature of occurrence, and area
occupied. A change in mean distance represents a shift
in the center of biomass and is the strongest indicator
of distributional shifts. Minimum and maximum lati-
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tude were also used as indictors of distributional shifts.
While the center of biomass for a species may shift due
to spatial differences in biomass, minimum and maxi-
mum latitude were determined only by presence, i.e. a
change in minimum or maximum latitude over time
may indicate the recent occurrence of a stock outside
its previous range or the local extirpation at the edge of
a stock's range.

Additionally, maximum and minimum latitude can
be used in conjunction with area occupied to deter-
mine range contraction or expansion. Evidence of
range expansion includes a statistically significant
increase in area occupied, an increase in maximum lat-
itude, and/or a decrease in minimum latitude. Evi-
dence of range contraction includes a statistically sig-
nificant decrease in the area occupied, a decrease in
maximum latitude, and/or an increase in minimum lat-
itude. We examined the relationship between area
occupied and abundance (log-transformed number of
individuals) for each stock using a power function to
understand the effects of changes in abundance on
spatial distribution.

ArcGIS software was used to create smoothed maps
in 5 yr time blocks of several representative species
using the inverse distance weighting (IDW) method.
For each species, raster size was maintained at a con-
stant level and the smoothing power, p, was equal to 2.
The spatial pattern of mean annual BT for each 5 yr
time block was also depicted using IDW in ArcGIS. In
this analysis we used inshore and offshore strata to
visualize spatial trends.

Because there are many possible distributional
responses of fishes to changes in both temperature
regime and population abundance, we used canonical
correlation analysis (CanCorr) to examine the linear
relationship between these multiple response vari-
ables and multiple explanatory variables in each stock
(Proc Cancorr, SAS Institute). CanCorr is a multivari-
ate generalization of correlation analysis that relates 2
sets of multiple variables. A pair of canonical variates
is generated from each set of original variables, where
each canonical variate is a linear combination of the
original variables. The explanatory and response vari-
ables, and their abbrevations, are given in Table 2.

To evaluate the effect of biogeography on distribu-
tional responses, stocks were classified as either
‘northern’ or ‘southern’ depending on their range.
Stocks restricted to the GOM area and north were clas-
sified as 'northern’ stocks and stocks whose ranges ex-
tended south of the GOM were classified as ‘southern’
(Table 1). The slopes from the linear regressions of dis-
tributional metrics and time were compared between
the 2 classifications using a Mann-Whitney U-test. His-
tograms of the slopes of the linear regressions were
compared for each of 6 distributional metrics.

Table 2. Explanatory and response variables used in statistical
analyses with corresponding abbreviations

Variables Abbreviation

Explanatory

Bottom temperature BT

Extended reconstructed sea surface SST
temperature

Atlantic Multidecadal Oscillation AMO

North Atlantic Oscillation NAO

Relative biomass BIOMASS

Response

Distance the mean center of biomass distance
shifted poleward

Minimum latitude minlat

Maximum latitude maxlat

Mean depth of occurrence depth

Mean temperature of occurrence temp

Relative area of occupation area

RESULTS
Environmental metrics

Several metrics indicate a recent warming trend on
the NE United States continental shelf (Figs. 2 & 3).
The spatial distribution of BTs taken from the trawl
survey indicates that, over the last 40 yr, the coolest
time period occurred at the beginning of the survey,
from 1968 to 1972 (Fig. 2). Temperatures were the
warmest from 1973 to 1977 and then from 1998 to 2002.
The spatial patterns of BTs reflect the temporal trends
in both BTs and SSTs; temperatures have been consis-
tently warm since the late 1990s, except in the cool
years from 2003 to 2005 (Fig. 3a,b). SST anomalies
have been positive for the past 10 yr (Fig. 3b). Trends
in the winter NAO index are more variable, but, for the
past 10 yr, have been closer to the long-term mean
(Fig. 3c). AMO anomalies, on the other hand, have
been increasing steadily since the earlier 1970s, indi-
cating changes in circulation patterns and a general
warming over the entire North Atlantic, a spatial and
temporal scale that is larger than the NE United States
shelf, the scale to which BT and SST correspond.

Distributional metrics

There were clear poleward shifts consistent with
warming in many fish stocks of the NE United States,
most notably for alewife, American shad, silver hake—
southern, red hake—southern, and yellowtail flounder—
southern (Fig. 4). Linear regressions of the annual cen-
ter of biomass indicated a statistically significant pole-
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Fig. 3. Time series of environmental variables representing the
temperature and climatological trends for the area of the
Northeast Fisheries Science Center (NEFSC) survey that we
examined. Trends in temperature regime are represented by
(a) mean annual bottom temperatures taken during the NEFSC
trawl survey and (b) standardized mean sea surface tempera-
ture for the area of the bottom trawl survey. Large-scale clima-
tological trends are represented by the (c) standardized winter
NAO (North Atlantic Oscillation) index and (d) standardized
AMO (Atlantic Multidecadal Oscillation) index

ward shift in 17 of the 36 stocks, including a broad
range of taxa and life histories (Table 3). The center of
biomass for 4 species appeared to shift southward,
which would be inconsistent with a response to warm-
ing. These species included 2 elasmobranchs (winter
skate and little skate) and 2 stocks found primarily in
the GOM (Atlantic cod—GOM and winter flounder—
northern).

A statistically significant increase in the area occu-
pied, indicative of a range expansion, was found for 10
stocks (Table 3). In addition, decreases in minimum
latitude and increases in maximum latitude, which are
also indicative of range expansion, were found in 1 and
5 stocks, respectively. Strong evidence of range expan-
sion includes a statistically significant increase in max-
imum latitude and a decrease in minimum latitude, in
addition to an increase in area occupied. American
shad and spotted hake fit all 3 criteria. The range
expansions (area occupied) of the largest magnitude
occurred in Atlantic herring and spotted hake and cor-
respond to increases of roughly 34 000 and 20 000 km?,
respectively, over the 40 yr time series.

Twelve species experienced range contraction, the
largest of which occurred in thorny skate, Atlantic
cod-GB, and yellowtail flounder—southern (Table 3).
The magnitude of these range contractions corre-
sponds to a reduction in the area occupied by these
stocks of from 18 000 to 21 000 km? over the 40 yr time
period. All stocks exhibiting a significant range con-
traction were northern species at the southern extent
of their range. Strong evidence of range contraction
includes statistically significant decreases in the area
occupied, a decrease in maximum latitude, and an
increase in minimum latitude. Atlantic cod-GB, Aca-
dian redfish, Atlantic wolffish, and cusk fit these crite-
ria (Table 3). Six stocks exhibited range contraction, as
well as poleward movement, and, again, all of these
stocks were northern species at the southern extent of
their range.

Changes in minimum and maximum latitude corrob-
orate the changes in area occupied and poleward
movement in most stocks, but also reveal more subtle
changes in spatial distribution of other stocks. Al-
though there was no change in the center of biomass or
area occupied for summer flounder, fourspot flounder,
and sea raven, shifts in their distribution may have
occurred, as indicated by changes in minimum and
maximum latitude. The maximum latitude of summer
flounder and fourspot flounder has shifted poleward,
suggesting a poleward movement and/or range ex-
pansion. The minimum latitude of sea raven has in-
creased, suggesting a poleward movement or range
contraction of this species.

Statistically significant increases in mean depth of oc-
currence were detected for 17 stocks (Table 3); 8 of
these stocks also exhibited poleward shifts in distribu-
tion (Table 3, Fig. S1 in the Electronic Supplement,
available at www.int-res.com/articles/suppl/m393p111_
app.pdf). Five stocks exhibited no significant change in
the center of biomass, while winter skate and Atlantic
cod-GOM appear to have shifted their biomass to
greater depths, while moving away from the poles.
Thorny skate, pollock, cusk, and Atlantic wolffish were
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Fig. 4. Time series of the mean center of biomass in 36 stocks caught during the Northeast Fisheries Science Center (NEFSC)
spring multispecies survey. Mean center of biomass is measured as the distance from the southernmost point of the survey
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Table 3. Summary of trends in time series of distributional responses for 36 stocks on the Northeast United States continental
shelf. Only statistically significant (p < 0.05) slopes are reported. Significant slopes were not detected in any metrics for spiny
dogfish and haddock—-GOM. GOM: Gulf of Maine; GB: George's Bank

Stock Poleward Area Maximum Minimum Mean Mean

movement occupied latitude latitude temperature depth
(km yr) (km? yr') ((lat yr) ((lat yr) Cyr) (myr)

Spiny dogfish

Winter skate -1.35 287.4 -0.066 0.78

Little skate -0.83

Thorny skate -517.5 -0.012 0.48

Atlantic herring 868.6 0.031

Alewife 5.47 306.4 0.030 1.15

American shad 6.86 205.8 0.051 -0.031 0.98

Silver hake—northern 3.58 143.7 0.016

Silver hake-southern 0.57 -407.7 -0.69

Atlantic cod—-GOM -0.83 -0.0081 0.077 0.50

Atlantic cod-GB 1.48 -454.5

Haddock-GOM

Haddock-GB -246.3

Pollock -281.1 -0.0066 0.040 0.024 1.36

White hake 2.10 -279.8 0.033 0.85

Red hake-northern 0.61 161.5 0.027

Red hake-southern 5.52 -330.5 0.41

Spotted hake 3.44 503.6 0.020 -0.46

Cusk -177.5 -0.031 0.023 0.77

Atlantic halibut 2.57 0.022 1.05

American plaice -231.8 -0.0051 0.53

Summer flounder 0.029

Fourspot flounder 0.042

Yellowtail flounder—northern 81.8 0.44

Yellowtail flounder—southern 4.32 -496.0 -0.019 0.044

Winter flounder—northern -3.82 110.8 0.39

Winter flounder—southern 1.55 0.035

Windowpane flounder 3.81 0.31

Atlantic mackerel 250.2 -1.38

Acadian redfish -159.8 -0.0063 0.037

Blackbelly rosefish 8.53 0.017 -0.04

Longhorn sculpin 1.87

Goosefish 1.61 1.19

Sea raven 0.021

Atlantic wolffish -188.8 0.025 0.51

Ocean pout 0.93 0.025 0.51

found at increasingly greater depth, but had no appar-
ent shifts in the center of biomass. These fishes are gen-
erally found in the GOM. There were several stocks
that were found at increasingly deeper stations, but
that did not produce statistically significant linear in-
creases in depth of occurrence. The southern stocks of
red hake and silver hake may have shifted to deeper
water in more recent years (Fig. S1), but this was not
detected by linear regression (Table 3). Six stocks
were found at increasingly shallow depths, and all of
these species have increased in abundance and/or ex-
hibited a range expansion over the time series (Table 3,
Fig. S2 in the Electronic Supplement, available at www.
int-res.com/articles/suppl/m393p111_app.pdf).

Only 4 of the 36 stocks examined showed a statisti-
cally significant change in mean temperature over
time (Table 3). Of these, American shad and blackbelly
rosefish exhibited statistically significant decreases in

mean temperature concomitant with a poleward shift
in the mean center of biomass. However, Atlantic her-
ring and pollock showed no significant poleward
movement, but changes in temperature of occurrence
and area occupied. The range in mean temperature of
occurrence for all other stocks remained within a 2 to
5°C temperature range over the 40 yr examined,
despite observed spring BTs between 0 and 20°C.

Species’ range or area occupied in these fish stocks
can be predicted by abundance (Fig. S3 in the Elec-
tronic Supplement, available at www.int-res.com/
articles/suppl/m393p111_app.pdf). The relationship
between area occupied and abundance is very strong
for most stocks, but varies among all stocks. There
does not appear to be a strong relationship for some
stocks such as longhorn sculpin, sea raven, winter
flounder—southern and American plaice in which the
range of abundance over the time series is low.


http://www.int-res.com/articles/suppl/m393p111_app.pdf
http://www.int-res.com/articles/suppl/m393p111_app.pdf
http://www.int-res.com/articles/suppl/m393p111_app.pdf
http://www.int-res.com/articles/suppl/m393p111_app.pdf
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Multivariate analyses

The factors associated with these shifts in distribu-
tion were examined using CanCorr analysis. There
were significant linear relationships between distribu-
tional measures (response variables) and explanatory
factors (environmental variables and biomass) for all
species. The first canonical variate was significant in
all stocks (p < 0.05). The second canonical variate was
significant in 26 of the 36 stocks (p < 0.05), and, cumu-
latively, the first 2 canonical variates explained at least
83 % of the variability in each stock. The advantage
of CanCorr is that correlations between multiple re-
sponse and multiple explanatory variables can be
examined, and correlations within the response and
explanatory variables are also elucidated. These corre-
lations can be visualized in biplots of the loadings
(correlations between the variables and their respec-
tive canonical variates).

Biplots of the loadings are shown only
for 12 stocks in which the first 2 canoni-
cal variates were statistically significant

Yellowtail flounder-southern

distance (Fig. 6). These loadings can be interpreted as an
increase in biomass, area occupied, and a poleward shift
in distribution in response to warming. Stocks limited to
the GOM appear to respond to warming by increasing
their depth preference (Fig. 7). The AMO is loaded sim-
ilarly to depth of occurrence and opposite to BIOMASS
and area, which can be interpreted as a decrease in stock
size, area occupied, and a shift to deeper depths as
warming increases. Some species that had range expan-
sion tend to have significant changes in mean tempera-
ture (Table 1), and BT and mean temperature of occur-
rence are not as highly correlated in CanCorr (Fig. 6).
However, those species in which temperature of occur-
rence was highly correlated with BT were also experi-
encing range contraction and reductions in biomass
(Fig. 95).

A striking aspect of these results is the difference in
response between species located in the southern ex-
tent of the survey as compared to those that are re-

Red hake-southern

and the cumulative percentage of the
variance explained was >88% (Figs. 5
to 7). In most stocks, area was closely
loaded with BIOMASS (Figs. 5 to 7),
which would be expected from the tight

relationships described between area
and abundance (Fig. S3). BT and SST
were loaded similarly, but were always
loaded orthogonally to AMO, empha-
sizing the different scales at which

mlnlat: edistance BT
depth temp
AMO NAO
area S8T
NAO maxlate distange
lat BIOMASS
maxa SST temp minlat
e []
BT
AMO
de})th
BIOMASS
‘ earea

these environmental metrics operate.
Three broad patterns emerged from
the biplots depending on the biogeo-

Silver hake-southern

Atlantic cod-GB

graphy of the stock. Stocks at the south-
ern extent of their range responded neg-
atively to an increase in the AMO index
(Fig. 5). Stocks at the northern end of
their range responded positively to an in-

crease in the AMO index (Fig. 6). Stocks
confined to the GOM did not shift their
center of biomass in response to warm-
ing, but shifted their depth distribution
(Fig. 7). In stocks at the southern limit of

Loadings (correlations with second canonical variate)

distance BT
L]
area temp
inlat BI.OMASS ST *
minla
* Mo BT maxlat NAO
SST °
maxla® t%mp
inlat
dePth distance mTa
depth'
BIOMASS area e AMO

their range, distance is loaded similarly to
AMO and opposite to both BIOMASS
and area (Fig. 5). This can be interpreted
as the BIOMASS and area of the stock
decreasing, while the center of biomass
(distance) moves increasingly poleward
as warming increases. In southern
stocks, warming, as indicated by the
AMO, is favorable and leads to similar
loadings in AMO, BIOMASS, area, and

Loadings (correlations with first canonical variate)

Fig. 5. Loadings (correlations with canonical variates) for the first 2 canonical
axes for the explanatory variables (triangles) and response variables (circles)
for 4 representative stocks responding unfavorably to warming. Unfavorable
responses include a decrease in population size (BIOMASS), decrease in area
occupied (area), and a poleward shift in the center of biomass (distance) with
an increase in Atlantic Multidecadal Oscillation (AMO) index. Scales for both
the x- and y-axes range from -1 to 1. NAO: North Atlantic Oscillation; SST: sea
surface temperature; BT: bottom temperature; depth: depth of occurrence;
maxlat and minlat: maximum and minimum latitude, respectively
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Loadings (correlations with first canonical variate)

Fig. 6. Loadings (correlations with canonical
variates) for the first 2 canonical axes for the
explanatory variables (triangles) and re-
sponse variables (circles) for 4 representative
stocks responding favorably to warming. Fa-
vorable responses include an increase in
population size (BIOMASS), increase in area
occupied (area), and a poleward shift in the
center of biomass (distance) with an increase
in Atlantic Multidecadal Oscillation (AMO)
index. Scales for both the x- and y-axes range
from -1 to 1. Other abbreviations as in Fig. 5

stricted to the GOM or northern extent
of the survey. To illustrate this differ-
ence, maps of red hake distribution
were created in 5 yr time blocks, be-
cause this species occurs both in the
GOM (red hake-northern) and SNE-
GB (red hake-southern) regions. Red
hake was chosen because it was fished
heavily in both ecoregions until the
mid-1970s, after which fishing pressure
became low and was below Fysy. The
distribution of red hake-southern has
changed much more noticeably than
the red hake—-northern stock (Fig. 8).
From the 1970s and into the late 1980s,
there were many high-density areas of
red hake in both the northern and
southern stocks. There were even high
densities of fish located south of Long
Island Sound in the MAB region. The
statistical findings that the center of
biomass of the southern red hake stock
shifted while its range contracted are
corroborated by these maps. These
maps also support the statistical find-
ings that the northern red hake stock
did shift poleward in the GOM, but this
shift was of much smaller magnitude
than the poleward shift in the southern
stock of red hake. The movements of
red hake mirror the spatial pattern in
warming observed along the NE United

Fig. 7. Loadings (correlations with canonical
variates) for the first 2 canonical axes for the
explanatory variables (triangles) and re-
sponse variables (circles) for 4 stocks re-
stricted to the Gulf of Maine responding un-
favorably to warming by changing depth
distribution. Scales for both the x- and y-
axes range from -1 to 1. Other abbreviations
as in Fig. 5
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Fig. 8. Smoothed maps of
red hake spatial distribu-
tion (northern and south-
ern stocks combined) in
5 yr time blocks using
inverse distance weight-
ing. Units of biomass are
in kilograms per tow
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States continental shelf, as shown analogously in 5 yr
time blocks (Figs. 2 & 8). The distributional changes of
red hake reflect those of species with similar stock
structure, but also species that are traditionally found
in SNE and the MAB as compared to those that are
restricted to the GOM.

Distributional responses were different depending on
the biogeography of the species (Fig. 9). The poleward
shift in the center of biomass was much larger in the
southern stocks than the northern stocks (Fig. 9a). South-
ern stocks also exhibited shifts to deeper depths, but of a

a) Poleward shift (distance)

d) Area occupied

smaller magnitude compared to northern stocks
(Fig. 9b). The temperature of occurrence did not change
over time for most stocks, as indicated by the majority of
observations being centered around zero (Fig. 9¢). There
was also little difference between the northern stocks
and southern stocks in area occupied, but it does appear
that, in general, northern stocks were more likely to ex-
perience a range contraction (Fig. 9d). Maximum lati-
tude increased for more of the southern stocks (Fig. 9e)
and minimum latitude increased for all stocks except for
2 southern stocks (Fig. 9f). There was a significant differ-
ence between the distributions of slopes
in the 2 ecoregions for only 2 distribu-

tion metrics, distance moved poleward
and maximum latitude (Mann-Whitney;
Fig.9).

In summary, 24 of the 36 stocks dis-
played statistically significant changes

consistent with warming, as indicated by
a poleward shift in the center of biomass,
an increase in mean depth of occurrence,
and/or an increase in mean temperature.
Additionally, fourspot flounder and
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0.001 0.002 0.003 summer flounder show weak indications
of distributional changes consistent
with warming. Ten stocks had distribu-

tional changes that were possibly nonlin-
ear or were inconsistent with a response
to warming.

DISCUSSION

We have demonstrated clear shifts in
spatial distribution for the majority of
fish stocks that we examined on the NE
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United States continental shelf. In 24 of
the 36 stocks, we detected statistically
significant changes associated with
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large-scale warming. Poleward shifts in
the center of biomass and increases in
the depth distribution were consistent
with the predicted responses to climate
change that previous studies have doc-
umented in many ecosystems (South-
ward et al. 1995, Parmesan & Yohe
2003, Rosenzweig et al. 2008 for re-
views) and in marine fishes (Holbrook

40 20

20 40
Density of stocks

Fig. 9. Histograms comparing distributional responses for northern (gray) and

southern (black) stocks in (a) distance shifted poleward, (b) mean depth, (c) mean

temperature, (d) area occupied, (e) maximum latitude, and (f) minimum latitude.

Significant differences detected with a Mann-Whitney U-test between species
found in the 2 ecoregions are indicated by p-values

etal. 1997, Perry et al. 2005, Dulvy et al.
2008). The long-term changes in distri-
bution that we detected were appropri-
ately correlated with large-scale warm-
ing and climatic conditions, specifically
the AMO, and were not associated with
measures of annual temperature fluctu-


danielcrear
Highlight

danielcrear
Highlight


Nye et al.: Changing spatial distribution of Northeast USA fish stocks 125

ations (BT or SST) as previous studies have docu-
mented (Taylor et al. 1957, Murawski 1993, Rose 2005).
Long-term trends in distribution were not correlated
with mean spring BT, indicating that fish populations
have shifted their distribution in response to a consis-
tent warm temperature regime over a large temporal
and spatial scale. A warmer temperature regime, as
indicated by the AMO, is supported by other studies in
the region showing that the range in annual water
temperatures has increased; winter temperatures have
remained fairly constant, while summer temperatures
have increased (Friedland & Hare 2007). Additionally,
annual surface temperatures have increased over time,
while annual BTs have not (Mountain 2003). The asso-
ciation of changes in distribution with large-scale cli-
mate variables rather than annual temperature vari-
ability suggests that these shifts are likely to persist, as
large-scale circulation and temperature changes con-
tinue as a result of global climate change (IPCC 2007,
Solomon et al. 2009). The lack of change in the mean
temperature of occurrence for most species indicates
that species shifted their distribution to remain within
their preferred temperature range.

The present study provides an empirical test of
Murawski's (1993) hypothesized distributional shifts in
NE United States fish stocks according to a warming
scenario. Murawski (1993) predicted that warm-water
migratory species, such as Atlantic herring and mack-
erel, would be most sensitive to warming, while shal-
low-water sedentary fishes would exhibit smaller
changes in distribution on the NE United States conti-
nental shelf. However, we have shown that distribu-
tional changes were evident for species across many
families, life histories, habitat preferences, and histori-
cal fishing pressures. Even species that Murawski
(1993) termed ‘shallow-water sedentary’ such as yel-
lowtail flounder, winter flounder, windowpane, and
longhorn sculpin showed poleward distributional
shifts. Additionally, we provide preliminary evidence
that the range of summer flounder, also termed a
‘sedentary’ species, has expanded over time, that its
abundance increased, and that the center of biomass
was displaced poleward within the survey area.
Murawski (1993) identified species such as fourspot
flounder, goosefish, halibut, cod, alewife, and silver
hake that had low variance in their mean latitude,
depth, and temperature of occurrence. The present
analysis indicates that these species exhibited some of
the largest shifts in distribution concomitant with a
persistent warming trend along the NE United States
continental shelf. Consistent with Murawski's (1993)
identification of life-history adaptations to annual tem-
perature change, warm-water migratory species alter
their geographical distribution annually, as indicated
by the close association between annual mean BT and

the mean temperature of occurrence. However, more
sedentary species do not adapt as quickly to interan-
nual temperature differences and, thus, display larger
distributional changes as a result of a consistent warm
temperature regime.

Murawski (1993) also identified a deep-water seden-
tary group that was, in general, restricted to the GOM.
While temperatures in the deep waters of the GOM
may not experience fluctuations in temperature as
large as the shallower parts of the NE United States
continental shelf, we did see range contraction in many
of these species (white hake, pollock, cusk, American
plaice, Acadian redfish, and Atlantic wolffish) and an
increase in the depth of occurrence (Atlantic cod-
GOM, pollock, cusk, Atlantic halibut, and ocean pout).
The presence of distributional changes even in areas
where a response was not expected heightens concerns
over how species will respond if warming trends con-
tinue. Our analysis supports Murawski's (1993) con-
tention that deep-water sedentary fish, particularly
those in the GOM, may not adjust their spatial distribu-
tion in response to warming, but may experience
greater changes in growth, reproduction, and recruit-
ment than those fish that have shifted their distribution.

Distributional responses were most pronounced in
southern species for which their centers of biomass
were historically in SNE and the MAB, as illustrated by
the comparison between the southern and northern
stocks of red hake. The center of biomass for most of
the southern stocks shifted to the northwest over the
time series. Northern stocks traditionally found in the
GOM, including the northern red hake stock, shifted
poleward only slightly, if at all. Thus, the bathymetry
and geography of the survey area was important in
detecting changes in spatial distribution. Spatial distri-
bution of temperature indicates a lack of suitable cool
deep-water habitats to which GOM stocks could move.
If fish shifted directly poleward or in a northwesterly
direction from their historical GOM habitat, the shal-
low waters of the Bay of Fundy and Scotian shelf would
be suboptimal for many of the cold deep-water fish of
the GOM. Although stocks that were restricted to the
GOM generally did not exhibit poleward shifts in their
centers of biomass, they exhibited increases in mean
depth of occurrence and temperature of occurrence, as
was the case in cusk and pollock. Although tempera-
tures in the GOM are generally more stable than in
other regions of the present study, temperature has
increased slightly in the GOM over the survey time
series (Friedland & Hare 2007) and there has been a
recent decrease in salinity and increase in stratification
(Drinkwater et al. 2009) to which GOM organisms will
have to adapt.

CanCorr effectively separated out the effects of
warming from changes in biomass for most of the stocks
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examined. The overwhelming response of these stocks
to warming was a poleward shift in the center of bio-
mass, and the response to an increase in biomass was a
range expansion. Conversely, a range contraction was
associated with a decrease in biomass more than with a
change in temperature. CanCorr analysis also empha-
sized that distributional responses involve the complex
interactions between fluctuations in biomass and envi-
ronmental forcing. Consistent with hypothesized spa-
tial shifts induced by warming (Hughes 2000, Walther
et al. 2002, Parmesan & Yohe 2003, Root et al. 2003),
many southern species shifted their range northward,
but they also experienced more favorable conditions for
growth and recruitment, resulting in abundance in-
creases and range expansion (Hare & Able 2007). More
northerly species made only slight shifts north, but their
ranges contracted, or they were found at increasingly
greater depths.

Previous studies have identified remarkably consis-
tent fish communities that have persisted over a long
time along the NW Atlantic coast (Overholtz & Tyler
1985, Gabriel 1992, Mahon et al. 1998). However,
Gabriel (1992) found that the boundaries of southern
MAB and GB species assemblages were the most vari-
able and seemed to be modified by annual differences
in temperature. Our analysis supports this finding, and,
while we only analyzed 36 stocks, we suspect an analy-
sis of the finfish community would indicate a poleward
shift in the southern boundary of the MAB and GB fish
community, as has been found previously along the NW
Atlantic coast (Gabriel 1992, Mahon et al. 1998). We
have shown here that fish species have shifted their dis-
tributions at different rates. Thus, the way in which dis-
tributional shifts have changed community structure
and species interactions should be evaluated.

Many fish species undergo ontogenetic shifts in
depth distribution (MacPherson & Duarte 1991, Me-
thratta & Link 2007, Labropoulou & Damalas 2008), a
well-documented relationship in the ecological litera-
ture termed ‘Heincke's Law' (Heincke 1913). Depth dis-
tribution might be expected to change as many heavily
fished stocks experience fluctuations in abundance as
well as in size structure. We did not investigate the ef-
fects of size structure on distributional responses, but, if
age structure were to be the main cause of distribu-
tional changes, we would expect heavily fished stocks
with truncated age structure to be found at increasingly
shallower depths and recovering stocks with expand-
ing age structure to be found at increasingly deeper
depths. However, no stock found at increasingly deeper
stations could be explained by an increase in abun-
dance. Only silver hake—-northern was found at in-
creasingly shallow depths, which could be explained
by a decrease in abundance over the course of the time
series and a recent stock structure composed of more

Age 1 fish and few fish older than Age 3 (NEFSC 2001).
Additionally, in the CanCorr analysis biomass was
never loaded similarly with depth of occurrence.

Distributional shifts may be obscured by changes in
biomass, especially if species are found frequently out-
side the survey area or if their distribution is limited by
bathymetry and habitat availability (Spencer 2008).
For example, we observed no significant distributional
shifts in haddock found in either the GOM or GB/SNE
ecoregion. The abundance of haddock has increased
considerably since its lowest biomass levels in the
1990s. Therefore, shifts in the center of biomass by this
stock might be masked by its recent increase in popu-
lation size and may not be detected by linear statistical
methods. Similarly, we saw southward shifts in the
center of biomass with range expansion in winter
skate, spiny dogfish, and, to a lesser extent, little skate.
All 3 of these elasmobranch species experienced sig-
nificant increases in abundance in the 1990s, but the
ranges of these species extend beyond the boundaries
of our survey, making trends in spatial distribution dif-
ficult to interpret presently. In the future, it will be
important to compare surveys from adjacent areas to
accurately describe distributional changes in fish
stocks and to accurately assess their population sizes
(Blanchard et al. 2008).

We found a tight relationship between abundance
and the area occupied in each species, and this finding
was corroborated by the similar loadings between bio-
mass and area in the CanCorr. This relationship is well
documented in the ecological literature (Brown 1984,
MacCall 1990, Frank & Shackell 2001), so these tight
relationships are not surprising. By illustrating this
tight relationship in all 36 stocks examined, we empha-
size that changes in abundance are expressed in the
area occupied by each species and that changes in the
center of biomass are a response to changes in envi-
ronmental conditions. Most of the species in the pre-
sent study have been subjected to the direct or indirect
effects of fishing. However, spotted hake, blackbelly
rosefish, sea raven, and longhorn sculpin have not
been subjected to a direct fishery, and all indicated
poleward shifts in their distribution suggesting further
that these shifts are in response to climatic events and
not to fishing practices or changes in abundance.

A strength of this work is that we have shown distrib-
utional responses consistent with warming in multiple
stocks with a variety of life-history characteristics and
habitat preferences; this provides a kind of replicated
test of our hypothesis that recent warming has caused
shifts in spatial distribution. These shifts were most
highly correlated with the AMO, but the mechanisms
by which changes in distribution occur are still un-
known. In the NE United States, positive AMO phases
are associated with warmer land and ocean tempera-



Nye et al.: Changing spatial distribution of Northeast USA fish stocks 127

tures, increases in rainfall and river flow in the GOM
region, and decreases in rainfall and river flow in the
SNE and MAB areas (Enfield et al. 2001, Sutton & Hod-
son 2007). Both temperature and river flow have been
shown to influence fish distribution and recruitment dy-
namics (Hare & Able 2007, Wood & Austin 2009, Hare
et al. in press). The AMO has also been associated with
basin-scale circulation changes, changes in salinity and
temperature, and bio-geographical shifts in plankton,
fish, and whales in the NE Atlantic (Hatun et al. 2005,
Beaugrand et al. 2009). In contrast, the way in which
the AMO affects ecosystems of the NW Atlantic is
poorly understood. However, it has been hypothesized
that synchronous dynamics, but opposite in sign, in
functionally similar fish stocks in the NE and NW At-
lantic are connected by unknown mechanisms that in-
fluence the regions in opposite ways (Megrey et al.
2009). Thus, the AMO may be an index of oceanic cir-
culation that synchronously influences both sides of the
North Atlantic and causes poleward shifts in spatial dis-
tribution of marine organisms, now documented in both
eastern and western Atlantic ecosystems.

The AMO could influence fish distribution in several
ways, all centering on the thermal environments expe-
rienced by these fishes. We propose 4 potential mech-
anisms and suggest ways in which to test these hypo-
theses. (1) Large-scale changes in temperature might
induce directed movement of fish from warm waters to
cooler waters within their preferred temperature range
that are either deeper or poleward of their historical
distribution. While directed movement to more favor-
able habitat occurs in many species, it probably occurs
at a smaller spatial scale than the substantial shifts in
distribution that we observed. Large movements on
the order of 100s of kilometers and reductions in the
species’ range on the order of 20 000 km? are probably
not the result of directed movement alone. Large-scale
tagging experiments and continued temporally and
spatially intensive sampling over multiple years would
be needed to document directed movement.

(2) Migration patterns and timing may change in
response to increases in temperature that are better
represented by the AMO index than by snapshots of
BT at the time of our survey. Many of the fishes in the
present study migrate up and down the east coast of
the United States in response to seasonal changes in
temperature. However, as the temperature regime
warms, cold-water species may not migrate as far
south in the winter; thus, we would observe a poleward
shift in distribution when the species are sampled in
the spring. Similarly, warm-water species may be able
to move poleward and expand their range as summers
are consistently warmer. Large-scale tagging studies
might elucidate such a mechanism, but intensive sum-
mer- and winter-time sampling might also capture

changes in the northern and southern limits to which
stocks migrate.

(3) A third mechanism resulting in large population
shifts in distribution is that large-scale changes in tem-
perature and circulation represented by the AMO may
increase mortality at the southern extent of a species’
range, particularly in early life stages. While hatching
at lethal temperatures would directly increase the mor-
tality of eggs and larvae, reduced growth rate at subop-
timal temperatures may indirectly increase mortality
via an increase in predation and starvation (Houde
1987, 1989). Furthermore, changes in circulation may
transport eggs and larvae to suboptimal nursery habi-
tat, and alterations in the phenology of oceanographic
processes, such as stratification, may also have an im-
pact on the recruitment success of these fishes. Mortal-
ity at the southern extent of a species' range, where
temperature is most likely to be above the species’ pre-
ferred temperature, may explain the shift in spatial dis-
tribution and would be reflected in stock-recruitment
relationships. An analysis of stock—recruitment dynam-
ics of meta-populations would clarify whether there are
differences in mortality and recruitment among meta-
populations of the same species. We hypothesize that
stocks at the southern extent of their range have experi-
enced unfavorable environmental conditions for re-
cruitment during the recent positive AMO phase, lead-
ing to the local extirpation of many of these stocks at the
southern range limit. Conversely, stocks at the northern
extent of a species’ range may have experienced favor-
able conditions for recruitment, leading to an increase
in abundance and range expansion.

(4) From an ecosystem perspective, changes in tem-
perature and salinity represented by the AMO may
cause changes in the phytoplankton or zooplankton
community, the effects of which may transfer through
the food web. Fish movement, migration, and recruit-
ment might all be directly influenced by abiotic factors
such as temperature, salinity, and circulation patterns,
but they may also be influenced indirectly by changes
in the distribution and abundance of lower trophic
level organisms. There may be some directed move-
ment by fish to follow prey. In addition, changes
in abundance, distribution, and composition of the
plankton community may allow high recruitments and
population growth in some species and the opposite
response in others. A holistic understanding of eco-
system functioning would not only explain the shifts
in fish distribution that we have documented, but
may elucidate a positive feedback mechanism that ex-
plains why we have observed shifts on the order of 1 to
8 km yr’l, similar to those in other studies on marine
fish (Perry et al. 2005, Mueter & Litzow 2008). For com-
parision, the average shift in terrestrial ecosystems is
about 0.61 km yr! (Parmesan & Yohe 2003).
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We examined the role of population abundance, but
were unable to directly examine the role of fishing in
distributional shifts. Fishing pressure may intensify the
effects of climate change (Hsieh et al. 2008, Planque et
al. in press), especially at the southern extent of the
species’ range in this region. Commercially important
species such as red hake, Atlantic cod, yellowtail
flounder, alewife, and American shad have historically
experienced intense fishing pressure, and all of these
stocks are at record low levels, particularly at the
southern limit of their range. For many of these spe-
cies, management has reduced fishing mortality, yet
the southern stocks have not been able to recover to
historic population sizes or to support viable fisheries.
We hypothesize that these species have failed to fully
recover from intense fishing at the southern extent of
their range, in part because of warming along the con-
tinental shelf. The observations that stock size has
decreased and the center of biomass has shifted pole-
ward in some southern stocks of these species, while
stock size has increased in northern stocks of these
species suggests that there may be movement of fish
from the southern stock into the northern stock. This
may be the case with the red hake, silver hake, yellow-
tail flounder, and winter flounder and has important
management implications. The effects of climate
and/or changes in distribution should be incorporated
into stock assessments and management scenarios.
Incorporating a broader set of considerations into stock
assessments by using an index of warming such as the
AMO might improve stock-recruitment relationships,
explain the lack of recovery to date for some stocks,
and provide more refined management advice.
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