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Summary

Recent studies documenting shifts in spatial digtron of many organisms in response
to a warming climate highlight the need to underdtdne mechanisms underlying species
distribution at large spatial scales. Here wegmesne noteworthy example of remote
oceanographic processes governing the spatiaiadistm of adult silver hakeylerluccius
bilinearis, a commercially important fish in the Northeast §Helf region. Changes in spatial
distribution of silver hake over the last 40 years highly correlated with the position of the
Gulf Stream (GS). These changes in distributi@enidirect response to local changes in
bottom temperature on the continental shelf that@sponding to the same large scale
circulation change affecting the GS path, namebnges in the Atlantic Meridional Overturning
Circulation (AMOC). If AMOC weakens as is suggesty global climate models, silver hake
distribution will remain in a poleward position gtlextent to which could be forecast at both
decadal and multidecadal scales.
Introduction

Many recent studi¢€ have documented shifts in spatial distributiomairine
organisms in response to changing temperatures. sy documented poleward shifts in
spatial distribution of many Northeast US fish plapions over the last forty years that were
concurrent with the recent warm phase of the Aitavulti-decadal Oscillation (AMO). The
AMO is an index based on sea surface temperat@€)(&veraged over the entire North Atlantic
(0-6°N)’, but it is thought to be linked to the variabilitythe basin-wide ocean circulation, i.e.
Atlantic Meridional Overturning Circulation (AMO&) AMOC variability is suggested to be
transmitted to the Northeast US shelf region thiowegnperature and flow variations arising

from the Labrador Sea and Subpolar gyre to thehhort



Variability in the vicinity of the GS is dominatdy the changes in the north-south
position of the GS on interannual to decadal ticaes, while the changes in velocity, volume
transport, and width of the GS are relatively sifallhe north-south GS position change is
strongly correlated with changes in SST and citeutan the Slope Water region between the
GS and the shéff but the influence of the GS on the continentalfsbcosystem is not well-
understood. An index for the GS position extendiagk to the mid-1950s has been constructed
based on historical subsurface temperature d&@h depth and used to understand several
observed variations in physical climat&®?

The GS is known to be an important feature for nmeagpecies especially passive marine
organisms such as planki8r®including fish larva®. We examined the correlation of the GS
position with one species, the silver hake, a gashagic fish in which a poleward shift in both
the northern and southern populations has already bbserved We also investigated the
relationship between the GS path changes, temperatuthe shelf and silver hake spatial
distribution to understand the likely mechanisitnk Ibetween the GS position and silver hake
distribution. Our findings indicate that silverkdearespond to remote oceanographic processes

by shifting their spatial distribution to remainthin their preferred temperature range.

Results
Shift in silver hake spatial distribution

Similar shifts in distribution of silver hake wevbserved in both the spring and fall, but
maps of its spring distribution representing thst@ad current time periods illustrate the shift in
biomass well (Fig. 1). Where there were once kigihsities of silver hake in the southern extent

of the Northeast Fisheries Science Center (NEF®@dim trawl survey in the early period of



1968-1972, in the later period of 2003-2008 theeeewery few silver hake. Over the same time
period, the maximum concentration of silver hakiéesth into the northern part of the Northeast
US, namely the Gulf of Maine. Center of mass (CQ@ biomass (mean-stratified weight per
tow) were calculated for the northern and soutlpeypulations of silver hake as described by
Nye et a!. The COM changed very little over time for thethern silver hake, but there has
been a gradual increase in the COM for southeversilake indicative of its poleward shift in
distribution (Fig. 2). On top of the long-term rease over the last 40 years, fluctuations on a
decadal time scale are also apparent. For instanaghern silver hake COM was furthest north
(Fig. 2a) and northern silver hake biomass wasdsg(fig. 2d) in 1998-2002, while both
decreased in the last ~5 years.
Relationship between hake distribution and Gulf Stream position

The north-south position of the GS displays a sintlend and interannual-decadal
variability as the COM of the southern populatidrsitver hake on the shelf (Fig. 2a). Cross
correlation analysis on the 41-year time seriesakd that the GS index is significantly
correlated with southern silver hake COM4 =0.72,P<0.001) and the biomass of northern
silver hake (max =0.43,P=0.005, Fig. 2d). When the time series were linearlyeladed the GS
position was still significantly correlated withetlCOM for southern silver hake{,=0.60,
P<0.001) and biomass of the northern silver hake populatigax =0.44,P=0.0062). When the
spring GS index was correlated with the springesilvake data the maximum correlation
occurred at lag=0, but when the fall GS values wereelated with spring silver hake data, the
peak correlation occurred when the GS led silvée2OM and biomass by 1 year, both with

and without detrending. This implies that the @&dis silver hake distribution by 6 months.



Furthermore, the fact that the correlation remaisteoihg after detrending in both the spring and
fall analyses suggests that the decadal varialildy be predictable.
Relationship between shelf temperatures and Gulf Stream position

Adult silver hake shift their spatial distributiseasonall¥/ and it has been assumed that
seasonal movements occur in response to seas@mgasin water temperature because silver
hake are rarely found in waters less th2D, 4vith their temperature preference being 71t
20 Thus, we hypothesized that the GS path chaageeflected in silver hake spatial
distribution not by physical transport of the ediflg stages, but via its relationship to change in
bottom water temperature to which adult fish respoimdeed, the position of the GS was highly
correlated with mean-stratified bottom temperafweraged over the entire shelf{=0.51,
lag=0,P<0.001). We relate the GS path directly to silver hakbitat by examining the average
temperature for stations >100m in the southerroregersus the northern region of the survey.
Bottom temperature averaged within the southeruladipn boundary, the area from which
silver hake moved, increased from aboUiCl@hen the GS was in a more southerly position, to
more than 1ZC when the GS was more northerly, well above tleégpred temperature range of
silver hake, (Fig. 3a). Average temperatures withe northern population area also increased
with the GS index, but approached the preferreg@&ature range of silver hake (Fig. 3a).
Spatiotemporal changes in temperature are alsiréfted in Nye et al Even though shelf
temperatures have changed, the average tempeaatuhech the southern silver hake population
was found (or catch temperature) remained withinaiGC temperature range and there
appears to be no relationship of catch temperatitrethe GS (Fig 3a). However, silver hake
COM has changed proportional to the GS positiomgha (Fig. 3b), indicating that silver hake

remain within their preferred temperature rangehugting their distribution. The proportion of



silver hake biomass found in the northern poputabioundaries increased as the GS shifted
north suggesting that the southern population mayeninto the northern population boundary
(Fig. 3c).
Alter native mechanisms

Two alternative mechanisms for the observed G&sshake correlation were also
considered, but were eliminated as factors influensilver hake spatial distribution. First,
silver hake is a commercially important fish so dfiects of fishing on biomass and spatial
distribution must be considered. Changes in pdjouaize as a result of fishing pressure might
explain changes in spatial distribution. Biomasthe southern silver hake population has
declined since the beginning of the survey, butiaiss of the northern silver hake population
has fluctuated greatly at a higher overall levdbioimass (Fig. 2b,d). Landings data extend
back to the 1950s and have been consistently highibe southern area than the northern area
since the 1960s (Supplementary Fig. S1). Howedaerdings data can fluctuate due to changes
in fish availability, behavior of fishermen, fislgriechnology and regulations. Therefore, the
exploitation index (landings/survey biomass) ie#tdr index of fishing pressure than landings
because it takes into account the biomass availalites fishery. A high exploitation index
indicates high fishing pressure because removatadfishery are large relative to the biomass
of fish available. We tested the hypothesis thgitdr fishing pressure in the southern
population caused an apparent northward shiftstridution. The exploitation index in both
populations peaked in the early 1960s and hasrsetBince ~1980 (Supplementary Fig. S1).
Higher exploitation rates in the southern regiomsiM reduce population size and may give the
appearance of the southern population shiftingmeatd. This hypothesis would be supported if

the exploitation index was positively correlatedhnthe COM of southern silver hake after both



time series were linearly detrended. The onlysteally significant correlation between
exploitation rate and COM of the southern poputatecurred when the exploitation index led
COM by 1 year. However, this correlation was negaff max = -0.43,P=0.0028), not positive

as would be expected, meaning that as exploital@aneased, COM increased (Fig. 4).
Furthermore, a shift in distribution in responsdigh fishing would be expected much earlier in
the time series as a result of extremely high atailon rates in the 1960s even if the effect of
fishing on distribution was lagged by several yeaiiis hypothesis also does not explain the
tight correlation between the COM and GSI.

We also tested the hypothesis that the appardtirskiistribution of the southern population
and the increase in BM of the northern populati@y simply be the result of higher population
productivity in the northern population than in g@ithern population in response to GS. This
explanation is plausible since the BM in the namhgopulation is positively correlated and the
BM of the southern population is weakly negativedyrelated with the GS index. Higher
population productivity would most likely be expses in higher reproductive success or
recruitment (R). If the GS affected spatial dimttion by differential effects on reproductive
success the survivor ratio (log (R/SSB +1)) shdnddhegatively correlated in the southern
population and positively correlated in the northpopulation with the GS. However, the GS
was positively correlated with the survivor ratfos both the southern population,fx =0.38,
P=0.010) and the northern populationyix =0.45,P=0.0023) with the maximum correlation
occurring at lag=0 (Fig. 5). As an additional tefsthis hypothesis, recruitment should be
negatively correlated to COM in the southern popaitieand positively correlated with BM in
the northern population, but there was no relatgnbetween recruitment and either of these

metrics. Therefore, the GS may positively influemecruitment of silver hake in general



because both the northern and southern populatrerss similarly positively correlated with the
GS. However, the shifts in distribution and thesg correlation between COM with the GS
that we have described are not a result of diffsgbpopulation responses to this environmental

forcing.

Discussion

In this study, we have used the GS path as a lgaddicator of conditions at the shelf
break, but in reality both silver hake and the &Srasponding to processes “upstream” from
our study area arising in the Labrador@ead reflecting large-scale circulation changes
associated with the AMOC. Note that the GS istleddar off-shore from the study region (Fig.
1), which minimizes direct GS influence on the §hé€hanges in the Slope Water temperatures
north of our study area were found to account @ ®f the variance of temperature changes
over the adjacent continental shelf with a lagesfesal months. Long records (1875-2007)
from lightships over the US continental shelf aldihg east coast indicate that substantial
interannual variability of temperatures arises ttuadvection from the north When flow into
the region from the Labrador Sea decreases, thheast U.S. shelf is warmer, the GS is located
closer to the shelf, and the preferred habitatleéishake is shifted northwards. Conversely,
when flow from the Labrador Sea increases, theheast U.S. shelf is cooler, the GS is farther
from the shelf, and the preferred habitat of silvake is shifted southwards. Thus, there is a
clear suggestion that climatic signals influence ltbttom waters over the shelf and that silver
hake are responding to this remote forcing. Thddg&tion is the best leading indicator of

conditions on the shelf because changes in théidocaf the GS can be continuously monitored



and more easily quantified than changes in the 8bwabrador Current into the northeast U.S.
shelf ecosystem.

Global climate models predict that AMOC will likelyeaken by about 25% until 21330
Recently, Joyce and Zhahshowed that AMOC using the temperature at 400m@®Xxy is
highly negatively correlated with the GS positioFhis suggests that in the future the GS will be
in a more northerly position, and thus we infett #itver hake population will reside
predominantly in the Gulf of Maine and be scarcthmsouthern regions of the Northeast US
continental shelf. The implications of silver hadtefting their distribution poleward are
numerous. First, silver hake supports a valuabhernercial fishery. In 2007, landings
exceeded 6,000 metric tons and $7 miffforHowever, approximately 75% of those landings
occurred in the southern areas of the Northeasthé$, not in the northern area, where we
might expect silver hake to reside in the futus®cond, this work presents a potential
mechanism for substantial mixing between the nontb@d southern populations of US silver
hake. Currently the northern and southern popnatof silver hake are considered two separate
populations such that an increase in biomass indnthern population might be misinterpreted
as an increase in productivity when in reality ith@ease in northern biomass is a result of the
southern population shifting polewa?d Third, silver hake is both an important preywaniles
and predator as adults in this ecosystem. Withifais its distribution there may be substantial
changes in predator-prey dynamics and ecosystemiste. Furthermore, similar poleward
shifts in distribution have been documented in matimer fishes on the Northeast shéfding
us to anticipate that such shifts in the GS pati beareflected in other species, altering the

composition of the fish community in the Northeld& shelf region.



The role of the environment has long been recogrémean important factor influencing
fish productiof’. However, it has been argued that research oeffaets of the environment on
fish population dynamics holds little value for sassfully managing living marine resources in
part because of a lack of predictability of envirmntal variables and because fishing is a more
dominant drive?®?. We have shown here that the movement of a comiatlgrimportant fish
species tracks remote oceanographic featuresringbéentially predictable at decadal and
multidecadal time scales through its effect on loemperature. The GS path is a large scale
oceanographic feature that can be routinely medsand has the potential for predictability
because it oscillates at a decadal time scale.d&badal oscillation of the GS path and the tight
correlation with silver hake distribution offer tpessibility of forecasting silver hake
distribution at time scales relevant to resourcaeagament (i.e. 5-10 years). Finally, the
established relationship between the GS path an@&Mrovides a way to predict the likely
changes in GS path and silver hake distributidorager time scales using sophisticated global
climate models. That the spatial distribution @oanmercially important fish species can be
forecast by a remote oceanographic feature repieagsromising advance in the way that

environmental indices might be used to forecaktdistribution and abundance.

Methods

Quantifying silver hake distribution, biomass and recruitment

Silver hakeMerluccius bilinearis occurs in Northwest Atlantic offshore waters from
Maryland to Labrador. Within the range of thisaps, three distinct populations are
recognized, one population in Canada and two irUtBe Division of these populations is based

on discontinuous distribution between the CanadrahUS stocks. In the US, identification of



separate northern and southern populations (Supeplamy Fig. S2) was based on differential
morphometric and growth characteristics in the tegiong®. Although mixing between the
populations is recognized, the northern populati@a includes the northern Georges Bank and
Gulf of Maine area while the southern populatiomeaextends from southern Georges Bank to
Cape Hatteras.

The data to quantify silver hake spatial distribatand population size were obtained
from both the spring and fall NOAA Northeast FisasrScience Center (NEFSC) trawl surveys,
but we report only the spring time series becalediming of sampling in the spring has
remained constant over time. For both surveys; tmi's in which there were no gear or
duration problems from offshore trawl survey straasistently sampled over the survey time
series were used. Correction factors were apjptiedessel, gear, and door changes. The
NEFSC trawl survey employs a random stratified dargmlesign where the number of stations
sampled in each strata is proportional to the af¢lae strata. We calculated mean-stratified
biomass (BM) for each population of silver hakeaojyusting for the number of stations in each
strata and the area of the strata using establisagdtical methodd Mean-stratified
temperature of the continental shelf was calculatedsimilar manner using temperature data
that were taken at the same stations where fisk w@tected. The biomass-weighted
temperature of occurrence is termed “catch temperatind was calculated for both the

northern and southern populations separately usgugtion 1:

X, == (1)



whereX was the bottom temperatuf€} at each statiof,was the survey year amg was the
log-transformed (log (x+1) in kg) biomass of silVeke at each station.

Center of mass (COM) of each population was caledlan four steps. First, station
latitude and longitude were converted to acros#-sine along-shelf distances from the 200-m
isobath and Cape Hatteras, North Carolina. Thissfiormation was needed since the survey
follows the curvilinear shelf and straight averagéktitude and longitude can result in centers
of mass on land, off the shelf and/or outside efgtirvey area. Second, biomass-weighted mean
along-shelf and across-shelf location was calcdlaging Equation 1wheb¢is the parameter of
interest (along-shelf location, across-shelf lamati Third, biomass-weighted mean values of
across-shelf and along-shelf distances were thewvected back to mean latitude and mean
longitude values. Fourth, distance between eactecehbiomass and a fixed point {86
latitude and 73V longitude) was calculated to produce one metwt incorporated both along-
shelf and across shelf shifts in distribution. Tiked point roughly corresponds to Cape
Hatteras, NC and is below the southernmost extiethteoONEFSC trawl survey. We used the
great circle distance formula to calculate theastise from this point and called this distance the
COM:

COM = Acos((sim35) « sin(mlat)) + (cos@5¢ cosfmlat) » cosfnlion — (-75)))) (2)
wheremlat is the mean latitude at the center of abundandenbon is the mean longitude at the
center of abundance. The valuegd®M was converted to kilometers by assuming the esurth
spherical with a radius of 6367 km.

We examined recruitment of silver hake using thd-BE fall survey data because silver
hake spawn in the late spring such that the fallessusamples these juvenile fish better. The fall

survey is also thought to better estimate BM ofesihake in general because more silver hake



are caught in the fall vs. the spring survey. Bigsi(R) were defined as fish <20cm in total
length, as fish of this size would correspond te-adish or younger. Spawning Stock Biomass
(SSB) was defined as fish > 20cm. Recruitmentesggvas evaluated using the survivor ratio
(log (R/SSB +1)) in each population.
Gulf Stream index

Details regarding the construction of the indexhef position of the north wall of the
Gulf Stream (GS) are given in Joyce et’nd are briefly described here. Subsurface
temperature data were obtained from the recenthectied temperature measurements in World
Ocean Database 2009 (S. Levitus 2010, personal comsation). The temperature at 200m
depth has been used as defining the region ofgftow of the GS. The P& isotherm at 200m
is the isotherm at the center of the strong hotalagradient of the GS and demarcates the
northern wall of the G83% Importantly, the water mass at this depth iatietly unaffected by
local diabatic processes such as seasonal warmthgteatification. To develop the GS index,
an Empirical Orthogonal Function (EOF) analysis wssd to extract the dominant mode of
variability of the 200m temperature at the meamiion of the 18C isotherm at this depth using
observations limited to the area betweehdtd 75W (Supplementary Fig. S2). Quarterly or
seasonal values are available for the GS indextheuspring value was used for majority of the

analysis.
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Figure 1: Changing spatial distribution of silver hake. (a) Past (1968-1972) an8))(recent
(2003-2008) spatial distribution of silver hakeriss in the spring (March-May). Contoured
colors represent the log weight (kg) per tow. Nba&poleward shift in biomass. Inverse
distance weighting was used to smooth the biomksidver hake. The black line demarcates
the boundary between the northern and southernlgogms of silver hake. The red line
indicates the mean position of the Gulf Stream.
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Figure 2: Relationship of GS position with silver hake biomass and spatial distribution.
Relationship of the meridional position of the hontall of the Gulf Stream in spring
(gray bars) with measures of spring silver hakeiapdistribution and abundance
including the &) center of mass (COM) for the southern populat{phCOM of the
northern populationcf biomass (BM) of the southern population adp§M of the
northern population ?f silver lhake.
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Figure 3: Linking GS position with local bottom water temperature and silver hake
thermal habitat. The relationship between the Gulf Stream indek the &) bottom
temperature (only stations >100m) in the southegion (gray triangles) and northern
region (gray squares) is shown along with the ctgotperature of southern silver hake
(black points). Temperature in both the northerd southern regions increase with GS
index with temperatures in the southern regionaksy above silver hake temperature
preferences. In contrast, the average temperatwrich silver hake were found
remains the same indicating that as temperatucesase in the south, silver hake shift
their distribution poleward as indicated iy COM of southern silver hake. Northern
silver hake biomass increases and southern sibla hiomass decreases as southern
silver hake enter the northern population areafisated in thed) proportion of silver
hake (southern and northern populations combimetha northern population area.
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Figure 4:Therelationship between fishing pressure and silver hake distribution. The
relationship of Exploitation index (Landings/surv@pmass) with silver hake Center of
Biomass (COM) for both the southemd) and northern populationb,{) of silver hake
before (top two panels) and after linear detrendbwgtom two panels). There is a weak
negative correlation after detrending indicated #safishing pressure decreased, silver
hake distribution shifted northward.
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Figure 5: Relationship between recruitment success and the Gulf Stream index.
Recruitment was positively correlated with the gosiof the GS in both the) southern
and ) northern populations of silver hake, but the elation was weak. The survivor
ratio (log (R/SSB +1)) is used as a measure ofirgoent.
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