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1 - Physical Mechanisms in each study region
General Comments
Climate change on broad spatial and temporal scales modulates many smaller scale phenomena, including: stratification, transport/retention, upwelling/downwelling, mesoscale stirring and mixing. In each area there is significant cross-shelf exchange; in the NEP and SO regions deep water flows up onto the shelf through submarine canyons. 

Northeast Pacific
The California Current (CC) region experienced significant changes in zooplankton composition and salmon survival around the year 2000. We don’t completely understand the mechanism underlying that change, although it appears to be correlated with large (basin) scale changes. Changes in alongshore advection are likely responsible for some of the observed shifts from boreal to subtropical communities. The California Current has experienced increased upwelling in recent years, with the notable exception of the delayed upwelling in 2005.

Southern Ocean
The Southern Ocean (SO) area exhibits many bathymetrically-trapped gyres, as well as random eddies derived from boundary currents, shelf-break currents and the Antarctic Circumpolar Current (AntCC). However, the Rossby Radius of this area is small (~5km) so eddies derived from baroclinic instability can be difficult to observe with standard arrays and surveys. As in the Coastal Gulf of Alaska there are strong buoyancy-driven coastal currents, with freshwater derived from glacial runoff.

Like other GLOBEC regions, the SO area has fronts and strong current systems, but sea ice is its main distinguishing feature. Climate-driven changes in this ice affect the current systems and hydrography. The food web is strongly dependent on this ice and is itself undergoing long-term and seasonal changes driven by climate change. 

The Antarctic Circumpolar Current (AntCC) operates much like other Western Boundary Current systems. The AntCC changes its location in synchrony with the Southern Annular mode of the atmosphere, which is in turn correlated with ENSO phenomena. 

The West Antarctic Peninsula has many distinct subregions and scenarios. Warm deep water flows up onto the continental shelf in this area; if this warm flow were attenuated, the West Antarctic Peninsula would grow more ice and look more like the Weddell Sea. It is not known whether this would increase or decrease primary production. There are many intriguing possibilities for modeling of this area. Cooler deep flows onto the shelf probably have little effect on the ice dynamics. Climate modelers suspect atmosphere-ocean interactions affect this transport of warm water onto the shelf; however, different models give very different answers. Intruding AntCC water may bring larval krill onto the shelf. The AntCC is iron rich, while the shelf is iron-poor; this contrasts nicely with the Coastal Gulf of Alaska (CGOA), where basin waters have little iron and the shelf waters are iron-rich.

Georges Bank

Fresher water advected from further north, with sources of origin probably in the Arctic, affected stratification in the Gulf of Maine (GOM) and on Georges Bank (GB). 40 years of CPR data in the GOM show order of magnitude decadal changes in the abundance of dominant zooplankton species. The CPR phytoplankton color index has increased, corresponding to greater fall stratification and higher abundance of the fall-spawning copepods. The hypothesis is that remote climate forcing, by advecting fresher water into the GOM, increased stratification in the fall and made it possible to support higher phytoplankton and zooplankton abundance. There is some nutrient input associated with the buoyancy flux, but its effects are uncertain.
Interannual changes in wind-driven advection off of GB have been observed; egg mortality is strongly affected by such washout from one year to the next. Changes in the fall appear especially important. During periods of positive North Atlantic Oscillation, the Gulf Stream migrates northward and hence more Gulf Stream rings impinge on GB and modify its stratification. Saline water in the deep Northeast Channel is derived from such ring impacts. Ring impacts can lead to a net export of larvae and zooplankton from GB.

Common features/comparison among areas
Possibilites for physical comparison of the areas include: 1) deep water effects in each region; 2) iron/nitrogen impacts on production in each region (see above comparison of CGOA vs SO); 3) stratification driven by flow from rivers, as modulated by climate; 4) western boundary influences on GB and SO; 4) recirculation/retention features in each area (e.g. Heceta Bank, Cape Mendocino, Point Reyes in CC, all of GB, Portlock Bank in CGOA, others in SO). Both predators and prey distributions are influenced by these. 

2 - BIOLOGICAL MECHANISMS
Northeast Pacific
In the CC system, large scale climate changes have yielded changes in zooplankton from high-lipid, high-latitude to low-lipid, low-latitude species.  This transition between communities is probably due to large-scale alongshore advection related to the PDO, but changes in upwelling intensity and MLD may also be important. During the cold phase of the PDO, ENSO impacts are smaller than during the (present) warm phase of the PDO.

Lags in the spring transition (as in 2005) led to lower production, a mismatch with predators, and subsequent negative effects on birds. Some predators move out of the system when conditions are unfavorable, but many others are central place foragers (unable to easily move) and are hence strongly affected. So far as we know there is no interdecadal modulation of the spring transition, but there is strong interannual variability of this feature. 

Enhanced spawning of small fish (e.g. hake) off Northern California, rather than their typical spawning sites further south, has recently been observed in the wintertime. This should have significant effects on the local food web. 

The CGOA exhibits high iron on the shelf (due to sediments and river runoff) and high nitrogen in the deep basin. The confluence of these two water types at the shelf break, may explain much of observed high production in this downwelling-favorable area. Other phenomena, likely supporting primary production on the CGOA shelf, include tidal mixing and mixing in estuaries.

There is a probable link between primary production in the deep basin and the CGOA salmon life cycle. Upwelling in the central subarctic gyre feeds primary and secondary production; copepods from the deep basin advecting onto the shelf feed salmon. An interdecadal correlation between the PDO/wind stress curl and salmon is likely for this region. 

Pollock in the CGOA are believed to be strongly affected by advection off the shelf; washout effects may be important as in the GB for cod.

Georges Bank
Salinity events driven by climate should yield biological changes in the GB area. More stratification probably yields higher chlorophyll values, higher copepods, and hence higher growth rate leading to better survival of cod larvae. There has been a significant recent shift from large to small zooplankton on GB. The timing of diapause for each species affects the response to changes in circulation. The time-dependent feeding of cod larvae is sensitive to the timing of zooplankton (match/mismatch effects). Pseudocalanus (small zooplankton) are an important cod diet item. The greatest advective loss (“washout”) of cod larvae from GB occurs during cold months. It may be possible for the larvae to minimize this washout through evolved vertical behaviors.

Overwintering studies in the various regions are needed. The GB lines need to extend into the Gulf of Maine and the Labrodor Shelf. Winter is key time that some species “bulk up”. The GB has lowest mortality rates in winter – this could be due to slower metabolism of the organism or slower metabolism of its predator. There is a marked contrast between how warm-blooded and cold-blooded predators respond to the seasonal temperature cycle. As a notable example, seals gain fat in the winter.

GB has low salinity water coming further south, and some cold water species with it. This may have produced a sharpening of zoogeographic gradients in that area.

GB fish recruitment variability has been ascribed to variability in egg loss due to advection off the shelf. (Note the similarity here with pollock in the CGOA; in the CC also have spawning in areas with high retention). Nutrient advection affects may be important, but data suggest wind-driven egg loss (March-April) is the main driver. Cod growth is also affected by copepod abundance. It is likely that many species have evolved to successfully “ride” the alongshore currents.

Southern Ocean

The SO has two fall/winter seasons. There is an apparent link between high chlorophyll values and high recruitment of krill. Larval krill feed on sea ice algae and so should be affected by ice extent; there is a strong correlation of krill with sea ice in Scotian Sea, which may not apply in other parts of the Antarctic. Adult krill spawn near the shelf break, so the AntCC can sweep them into the Scotian Sea. Retention by gyres is important to survival. There is a high abundance of krill larvae off the shelf. Larvae closest to shore are observed to be the oldest; suggesting transport onto the shelf throughout the year. 

The SO has a strong prey switching issue – that is, some predators in the AO seem “hard wired” behaviorally for what prey they can use. Adelie penguins exhibit strong seasonal changes in feeding behavior. 

Although the SO has evident climate effects, we don’t have really long time series to analyze. Indeed, there are no time series longer than 25 years in this area. The Weddell and Ross seas have some longer time series, however.

Common features/comparison among areas
Retention/loss issues are a common thread to all the systems. 

3 - EPISODIC EVENTS and HOT SPOTS

Northeast Pacific

Episodic events in the CC include: 1) delayed upwelling in 2005; hypoxia events; 

strong downwelling events, where the cross-shelf community gradient gets compressed against the shore. In the CGOA, episodic upwelling events may drive higher production in the summer. These may be driven by upwelling favorable winds at the coast, or by wind stress curl events further offshore. Episodic intrusion of 200-km eddies from the deep basin may have profound effects on the shelf biota. Conversely, the export of iron-rich shelf waters by such large eddies detaching from the Eastern Boundary currents may have profound effects on the biota in the deep basin.

Georges Bank
A major episodic event on GB is wind-driven egg mortality due to storms. Eddies at the shelf break may also lead to episodic loss of larvae. The Gulf of Maine has a set of hot spots with aggregation of zooplankton.

Southern Ocean
Polynyas locked to topography are a significant hot spot in the SO. Predators live near such reliable food sources, e.g. those tied to bathymetry or a persistent direction of katabatic winds.  Adelie penguins are observed contracting back to higher latitudes recently.

Common features/comparison among areas
Tidal mixing over shallow bathymetry is a variety of hot spot common to all areas, e.g. Heceta Bank in the CC and Portlock Bank in the CGOA. In many ways GB is one big hot spot of enhanced tidal mixing.

4 - KEY ATTRIBUTES/OBSERVING

1) In the SO, new programs could better find hot spots, based on our accumulated  research experience. 

2) Different seasons are important for different taxa; need for year-round sampling.

3) Fixed stations are highly valuable for year-round sampling.

4) Fine-scale fronts are probably important to biology via convergence effects; note that ephemeral fine-scale features are difficult to measure with fixed arrays.

