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Goals:
· Assess larval transport success from identified spawning regions in the Gulf of Maine to suitable settlement areas in the gulf, 

· Relate the year-to-year variation in transport success for each region to environment conditions (particularly mean wind velocity and water temperature),

· Assess the viability of utilizing larval transport simulations for indicating larval recruitment success by comparing, over several years, the results of the simulations to NMFS survey data in the Gulf of Maine,

· Execute transfer of our computer code so that it can be routinely used by NMFS personnel to predict cod recruitment success.

Approach:

In addressing these objectives, we use velocity fields generated by a hydrodynamic model of the Gulf of Maine/Georges Bank region to simulate the movement of cod eggs and larvae and to determine the likelihood that the developing cod arrive at areas suitable for settlement as young juveniles.  The model velocities employed thus far were supplied by the Marine Ecosystem Dynamics Modeling group at U. Mass. Dartmouth (courtesy of C. Chen) and were generated by the FVCOM Gulf of Maine/Georges Bank model (http://fvcom.smast.umassd.edu/FVCOM/index.html) (Chen et al., 2006a,b).  These are high resolution velocity fields both in time (1 hour interval) and space (order 1 km cell size in the coastal zone).   So that our ability to predict larval cod transport in future years will not be compromised should this set of model results become unavailable, we are also developing code to carry out the larval transport simulations using velocity fields generated by other Gulf of Maine models.  Currently, our focus is on the velocity fields generated by the Gulf of Maine Ocean Observing System (GoMOOS) nowcast/forecast model (Xue et al., 2000, 2005, 2008). These velocity fields are updated in near real time and are publically available online.
In carrying out the transport simulations, the newly spawned cod eggs are assumed to be buoyant and to reside in the near surface layer, subject to direct forcing by the surface wind stress.  The manner in which larval transport is impacted by diel vertical migration of larvae is also examined.  The age of settlement capability is assumed to be in the range of 45-60 d (e.g. all cod are assumed to settle by an age of 60 days).  Based on the distribution of age-0 juvenile cod reported by Howe (2002), the western Gulf of Maine region suitable as an early stage juvenile habitat is taken as the coastal area with depth of < 30 m.
In initiating the transport simulations, ensembles of cod eggs distributed over a given spawning region are released into the modeled flow field at intervals of 3 days.  Each developing cod egg/larvae particle is tracked for 60 days.  From the tracks, we determine the ensemble likelihood that the drifting cod arrive at a settlement suitable area at an age when settlement capable, a quantity defined as transport success by Huret et al. (2007).  This quantity is taken as the percent of time that particles (larvae) of the ensemble are over depths of less than 30 m (i.e. in a region suitable for settlement) during the last 15 days of their 60 day drift (i.e. the assumed age range of settlement capability).  The transport success is averaged over ensembles giving an expected success of transport to settlement areas for releases (spawns) over a given time period.  

Transport simulations were carried out over 11 spring and winter spawning events, from 1995 to 2005, and the resulting year-to-year variation in computed transport success was compared with the wind, measured at the NOAA 44013 weather buoy in Massachusetts Bay.  
Work Completed:
Although cod spawning may occur intermittently in the western Gulf of Maine throughout the year, the appearance of large spawning aggregations in the western gulf is confined to winter and spring “spawning events”.   Winter spawning typically extends from November through February and is broadly distributed over the western gulf.  Spawning in the spring is concentrated in the area of Ipswich Bay and near Cape Ann.  The most intensive spawning of the spring event extends over April through June, with peak activity tending to occur in May.  

 The results of our analysis indicate that the conditions during spring often favor the retention of cod eggs and larvae within the western Gulf of Maine.   The tendency for retention is most strongly tied with the alongshore wind.   Cod eggs released from spawning sites during a time of predominately upwelling favorable winds tend to be flushed out of the western Gulf of Maine, as the upwelling circulation carries the developing eggs (presumed to reside in the surface mixed layer) to the Western Maine Coastal Current.  Despite its name, this current is typically centered near the 100-m isobath and bypasses cod spawning and nursery areas in Ipswich and Massachusetts Bays.  Cod eggs and larvae that are transported to the Western Maine Coastal Current by upwelling circulation are rapidly transported out of the western Gulf of Maine.  This is in contrast with the fate of cod released from coastal spawning areas during a time of predominately downwelling favorable along-shore winds. These cod tend to be carried onshore and successfully transported to juvenile habitats in Massachusetts and Ipswich Bay.
The tendency for downwelling circulation to favor retention of cod spawned in the wGoM during spring is reflected in the correlation of the wind with yearly values of recruitment success to the age-1 cod population in the Gulf of Maine, compiled by the National Marine Fisheries Service since 1982. Recruitment success is strongly correlated with mean along-shore wind of May, such that the success is higher when the mean May wind is more strongly downwelling favorable.  These findings are summarized by Churchill et al. (submitted; available at www.whoi.edu/scientist/jchurchill/FATE/).  
The results of our simulations also indicate that cod eggs spawned during winter may tend to be dispersed much more broadly than cod eggs spawned during spring, a consequence of the strong upwelling winds prevalent during the winter spawning period.  This is consistent with recent analysis of genetic markers by Wirgin et al. (2007), Kovach (2009) and Kovach et al. (submitted), which indicates that the cod that spawn in Ipswich Bay during spring are genetically distinct from other regional cod stocks, whereas cod spawning in the western Gulf of Maine in winter are genetically similar to cod of other regions, particularly in Nantucket Shoals and the eastern New York Bight.  Based on this finding, and recent analysis of cod tagging data (Howell et al., 2008; Tallack, 2009), we have formulated to a two-population hypothesis to explain the fine-scale genetic heterogeneity of the western Gulf of Maine cod stock.  One population is comprised of the spring spawning cod, which are hypothesized to have limited migration and a strong tendency for natal homing to historical spring spawning areas.  This second population is comprised of the winter spawning cod.  Relative to the spring spawning sub-stock, these are hypothesized to be more broadly dispersed in the larval stage and be more active migrators as adults.  The possibility that two genetically different fish populations, with markedly different life histories, may be contained with a single stock assessment unit clearly has important implications for fisheries management.   To better understand the drivers and consequences of this observed genetic heterogeneity in the western Gulf of Maine cod stock, we (Runge and Churchill) have joined with colleagues in submitting a multidisciplinary proposal to the National Science Foundation to study all life stages, from early planktonic to adult, of the two genetically different cod populations in the western Gulf of Maine.  
Applications:

Our analysis has shown that the mean alongshore wind velocity measured in the Massachusetts Bay during May is a robust indicator for the recruitment success of age-1 cod to the Gulf of Maine cod stock, roughly 90 % of which is contained in the western Gulf of Maine.  In particular, a mean downwelling favorable wind during May gives a strong indication of high recruitment success.  The five years of highest recruitment success of Gulf of Maine cod, as measured by the recruits/spawning stock biomass ratio, occurred during the five years when the mean May winds in Massachusetts Bay were most downwelling favorable (from the NW).
As detailed above, this result is consistent with the findings of our larval transport simulations.  So that these simulations can be used as a tool to investigate the details of cod larval transport and retention in the western Gulf of Maine, we are working to make the simulation code easily usable by NMFS personnel and capable of utilizing velocities from a number of hydrodynamic models.
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