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ABSTRACT: In the past decade, the upper ocean in the NE Pacific has undergone changes in physical 
and chemical properties which are similar to the recent El Nino/La Nina cycle. During the 1989 La 
Nina, winter waters at Ocean Station Papa (OSP) were relatively cool, saline and nitrate rich. With the 
onset of the 1991 El Nido period, however, winter waters at OSP were more saline by 0.3 psu, warmer 
by over 2°C and nitrate depleted by 30 %. In 1994, oceanic winter temperatures were the warmest ever 
observed In over 40 yr of sampling. The decrease in winter nutrient supply persisted eastward from 
OSP to the coast of Vancouver Island, and resulted in an expanded area of nitrate depletion in summer. 
Lower winter nitrate supply is estimated to have reduced new production through spring and summer 
by 40% (2 million tonnes C) in a 290000 km2 patch of ocean \vest of Vancouver Island. We suggest that 
declines in phytoplankton production of this magnitude affect both the productivity and composition of 
higher trophic levels. 
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INTRODUCTION 

Nutrient supply and sunlight are primary controls of 
phytoplankton growth in the ocean. In northern sub- 
arctic regions, winter growth is limited by the supply of 
solar energy to a relatively deep mixed layer, whereas 
spring and summer controls are thought to be a combi- 
nation of nutrient limitations and grazing pressure 
(Parsons & Lalli 1988). 

Although the annual cycle of macronutrient (nitrate, 
phosphate and silicate) uptake and resupply is well 
documented in the open NE Pacific (Anderson et  al. 
1969. Archer et al. 1993, Wheeler 1993). processes that 
regulate the supply are not well understood. Archer et 
al. (1993) attempted to model the annual cycle of 
nitrate in the mixed layer at OSP (Ocean Station Papa), 
and concluded that a l-dimensional model was not 
adequate to reproduce observed trends. Their analysis 
suggested that winter mixing alone is not adequate to 
resupply the upper ocean with nitrate, but that there 

must be transport along isopycnals. Wheeler (1993) 
estimated the horizontal and vertical inputs of nitrate 
in spring as being a substantial portion of the observed 
daily uptake by phytoplankton, and found that these 
sources became a more important component of the 
nitrogen budget towards late summer. 

Warm periods in the NE Pacific Ocean are related 
to El Nino events which, when initiated, persist for 
several years (Wooster & Hollowed 1995). Simpson 
(1992) remarked on the increased northern flow of 
water along the California coast during the 1982 El 
Nifio; this warm water mass was clearly observed in 
waters off the coast of Vancouver Island, British Co- 
lumbia (Tabata 1985). Variability in northern flow 
apparently results from a strengthening of the Aleut- 
ian low whlch creates stronger winds from the south 
and intensifies circulation around the Alaska Gyre 
(Mysak 1986, Wooster & Hollowed 1995). The recent 
warming of the Gulf of Alaska, which appears to be a 
response to the prolonged El Niiio period of the early 
1990s, is part of a longer trend which has been ob- 
served since the 1970s (Kleeman et al. 1996). Freeland 

Q Inter-Research 1998 
Resale o f  full article not permitted 



16 Mar Ecol Prog Ser 170: 15-23, 1998 

P 

N.E. Pacific Ocean 

. . . . . . . . 

Longitude (W] 

Fig. l .  The Northeast Pacific Ocean showing station locations along Line 
P (+), sample locations on typical Skaugran voyages ( 0 )  and paths of 2 
return sections that have been occasionally sampled (lines with arrows). 
Shown also are the western Limits of nitrate depletion in late summer for 

various years ( 4 )  

et al. (1997) have described a long term warming, 
freshening and shoaling of the mixed layer at OSP, 
which they argue is cause for concern over the future 
nutrient supply to this region. Indeed, Gargett (1997) 
suggests that enhancement of water column stability 
associated with warming could increase production in 
northern Gulf of Alaska fish stocks by increasing light 
levels for phytoplankton in nutrient rich waters, while 
southern stocks would weaken as nutrient supply 
dwindled. 

Waters off the west coast of Canada can be divided 
into 3 regions based on macronutri.ent supply and utj- 
lization. In 'coastal' waters which extend about 75 km 
across the continental shelf, productivity is stimulated 
during summer by periods of upwelling (Freeland & 
Denman 1982). Oxygen poor, nutrient rich California 
Undercurrent waters are a major component of this 
water mass (Mackas et al. 1987) which supports a pro- 
ductive fishery (Ware & McFarlane 1995). Oceanic 
waters are characterized by high macronutrients and 
low chlorophyll (HNLC). In the v:icinity of OSP, nitrate 
fluctuates by about 7 PM each year through the cycle 
of summer uptake and winter replenishment (Ander- 
son et al. 1969, Archer et al. 1993), leaving at least 
5 pM NO3 unused in late summer. Yet throughout the 
year, chlorophyll concentrations remain low (Boyd et 
al. 1995, Wong et al. 1995). Between coastal and 
oceanic waters lies a 'transition' area that is unaffected 
by coastal upwelling and experiences nitrate depletion 
in summer. This area has not been well described in 

properties such as nutrients or biological 
productivity, although it appears associated 
with a seasonal spread of fresh water west- 
ward from the continent, as defined in the 
1950s and 1960s by Dodimead et al. (1963) 
and Favorite et al. (1976). 

Although nitrate commonly limits phyto- 
plankton growth in the coastal and open 
ocean, the micronutrient iron is currently be- 
lieved to be in critically short supply in 3 ocean 
regions including the subarctic Pacific (Martin 
et al. 1991). Iron is apparently insufficient to 
permit phytoplankton to utilize all available 
nitrate in these areas. A recent Gulf of Alaska 
survey, which used the biochemical marker 
flavodoxin to assess iron stress (La Roche et al. 
1996), indicated that the phytoplankton resi- 
d.ent in transition and coastal waters are not 
iron stressed, therefore nitrate supply likely 
controls production. But in the oceanic realm, 
the presence of flavodoxin and diatom re- 
sponse to iron enrichment in in vitro experi- 
ments (Boyd et al. 1995) demonstrated iron 
limitation. Thus, iron depletion becomes a fur- 
ther characteristic of the oceanic waters. 

In this paper, physical, chemical and biological data 
from the past decade are presented from the Llne P 
tramsect that extends from, the coast of Vancouver 
Island to OSP, from additional sections completed on 
Line P cruises, and from commercial ships of opportu- 
nity traversing the Subarctic Pacific Ocean. These data 
provide a record of the interannual variability in 
nitrate supply and utilization that has occurred in 
coastal, transition and oceanic regions over the past 
decade. 

MATERIALS AND METHODS 

The Line P program, which has been operating since 
1959, routinely surveys water properties from the coast 
of Vancouver Island to the HNLC waters of the NE 
Pacific (Fig. 1). 

The 1500 km section is sampled several times most 
years, and in the past decade, nutrients have been 
analyzed from all cruises. Sampling typj.cally occurs in 
late winter (February or Ma.rch) when wa.ters are coldest 
and the mixed layer deepest, spring (April to June) when 
plankton activity increases, and late summer (August to 
October) when waters are warmest and the mixed layer 
thinnest. The participation of CJGOFS (Canadian Joint 
Global Ocean Flux Study) and WOCE (World Ocean 
Circulation Experiment) programs on Line P cruises in 
the past several years has resulted in more detailed 
sampling of water properties and plankton. 
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Samples were taken from the Canadian RVs 'CSS 
Parizeau', 'CNAV Endeavour' and 'CSS John P. Tully' 
over the past 10 yr Since 1988, surface samples for 
salinity and macronutrients have been collected at 
each station from a clean sea water line that pumps 
water from a nominal depth of 5 m to a shipboard lab- 
oratory. Weather allowing, CTD profiles were col- 
lected at every station using high precision Guildline 
and Sea-bird CTDs, whereas chemical and biological 
properties were profiled at no more than 5 stations (P4, 
12, 16, 20 and OSP). 

Additional salinity and macronutrient samples were 
collected by officers and scientists on commercial ships 
of opportunity running between Canada and Japan 
between 1987 and 1990 (MV 'Canadian Ace') and 1994 
and 1997 (MV 'Skaugran'). Nutrients were frozen and 
stored for up to 6 mo before being analyzed. 

Complete seasonal and spatial coverage of the study 
area was not always possible. In 1994, due to persistent 
high winds, the winter survey was halted between P23 
and P24, 190 km from OSP. Gradients observed along 
Line P on other winter surveys (0.25"C per l00 km, 
0.02 psu per 100 km, 0.6 pM No3 per 100 km) have 
been used to estimate conditions at  OSP in February 
1994. When winter CTD profiles were not available to 
estimate water temperatures at OSP, early spring data 
were used, and seasonal warming was removed by 
reducing temperatures in the upper mixed layer to that 
at 75 m (May 1988 and May 1990). The 75 m tempesa- 
tures appeared uncontaminated by spring warming, 
and were still within the layer that was mixed during 
winter storms. 

Sea-Tech transmissometers with a 25 cm path length 
were used in recent cruises to measure the distribution 
of particles in the upper 200 m of the ocean. Salinities 
were collected with all nutrient samples and analyzed 
using a Guildline Autosal or Portasal salinometer stan- 
dardized with IAPSO standard seawater. 

Nitrate plus nitrite was analyzed on a Technicon 
AutoAnalyzer following modified Technicon proce- 
dures that are detailed in Barwell-Clarke & Whitney 
(1996). On several cruises, nitrite was independently 
analyzed and was not found to exceed 0.3 pM. Most of 
the T, S, light transnlission and nutrient data used in 
this study have been submitted to WOCE Hydro- 
graphic Program Office as part of the Line PR6 repeat 
hydrography program, and/or to Marine Environmen- 
tal Data Service (MEDS) in Ottawa, Canada, as a con- 
tribution to the CJGOFS Program. 

Primary production rates were measured by en- 
riching seawater with NaH14C03 and incubating sam- 
ples at light levels similar to those from which they 
were taken, in a deck incubator that is temperature 
regulated to within 2°C of ambient seawater. Care 
was taken throughout sampling (with Go-Flo samplers 

on kevlar line) and handling to avoid trace metal con- 
tamination (Boyd et al. 1995). Production measure- 
ments were integrated from the surface (100% light 
level) to the bottom of the euphotic zone (1% light 
level). 

Data from NOAA's web site at http://nic.fb4.noaa. 
gov/data/cddb/cddb/soi were used to plot the South- 
ern Oscillation Index. The index is a measure of the 
anomaly in sea level pressure measured between 
Tahitj and Darwin. Australia. 

RESULTS 

OSP winter trends 

The macronutrient cycle in the NE Pacific follows an 
annual pattern in which maximum concentrations (the 
winter reserve) are observed in February/March when 
the mixed layer is deepest and primary productivity is 
slowest, and minima occur in late summer following 
the spring/summer period of reduced winds and ele- 
vated phytoplankton activity (Anderson et al. 1969, 
Tabata 1976, Wong et al. 1995). By initially focussing 
on water property changes in late winter, interannual 
variability in the supply of macronutrients to the upper 
ocean can be observed. 

In the past decade, late winter temperatures in the 
upper ocean have varied by over 2°C (Fig. 2). Between 
1989 and the end of the recent warm period in 1994, 
surface temperatures increased from 4.6 to an esti- 
mated 6.8OC. The combination of these trends in- 
creased the buoyancy of surface waters (decrease of 
sigma t by 0.4). With the exception of the estimated 
6.8OC temperature in 1994, which is the warmest Feb- 
ruary/March temperature on record, these values fall 
within the range of historical surface values for Febru- 
ary at OSP (T = 4.2 to 6.7OC and S = 32.46 to 32.90 from 
1956-81 data of Tabata & Peart 1985, Whitney unpubl. 
1982-86 data; Fig. 2). To conflrm whether 1994 was 
the warmest winter that has been observed, compar- 
isons were made at  other oceanic stations (P18 to P24) 
which showed that waters were over 0.5"C warmer 
than previous winter highs (Tabata & Peart 1985, Whit- 
ney unpubl. 1982-97 data). For example, at Stn P20 in 
February 1994, an 8.0°C surface temperature ex- 
ceeded the previous 7.2OC maximum recorded in Feb- 
ruary/March between 1959 and present (Tabata & 
Peart 1985, Whitney unpubl. 1982-86 data; Fig. 2). 

Elevated water temperatures in the early 1990s were 
observed below the mixed layer (Fig. 2), to a depth of 
at least 300 m. In 1994 (data scaled from Stn P23) and 
1995, temperatures between 150 and 200 m were 2°C 
higher than those of 1989. White (1994) has observed 
subsurface heat transport northward along the coast of 
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riod (1991-94), the winter nitrate reserve 
decreased to 12 PM and has remained 
relatively low over the ensuing 3 winters. 

Salinity and temperature at OSP and 
changes in the equatorial atmosphere 
follow similar trends in the past decade. 
During the strongly positive 1989 and 
weakly positive 1996 Southern Oscilla- 
tion Index (Fig. 3), salinity was high and 
surface waters were cool. As the SO1 be- 
gan to turn negative through 1990-91 as 
the El Nino period started, salinity de- 
creased by 0.3 psu and waters warmed. 
Warming persisted through to 1994, 
even though salinity began to increase. 
The lowest nitrate levels of this period 
coincided with the most buoyant winter 
surface layer (Fig. 2) and warmest wa- 
ters. Since this prolonged period of neg- 
ative SOI, winter nitrate concentrations 
at OSP have remained low (about 13 pM 
compared with the average winter NO3 
= 15.3 + 2.7 PM, 1971 to 1997; data from 
Freeland et al. 1997 and this study). 

Seasonal trends along Line P 

The winter temperature and salinity 
trends seen at OSP are common to 
oceanic stations along Line P (Fig. 4). 
Away from the coast, waters were cold- 

Fig. 2. (a) Winter temperature profiles at OSP from 1987 to 1996. (b) Density 
profiles at OSP in late winter from 1987 to 1996. Arrows show the cyclical est and "line in we 

nature of the chanqes that occurred in the past decade see that lowest salinities are observed 

North. America but the process for transporting thls 
heat offshore, into the Alaskan Gyre, is unknown. Sur- 
face drifters have been observed to head southward 
from the coast of Alaska, along the western edge of the 
gyre (R. Thomson, Institute of Ocean Sciences, pers. 
comm.), so subsurface flow likely follows the same 
path. 

Both T and S trends combine to decrease the density 
of waters in the mixed layer through the warm periods 
in 1987 and 1992-94. Densities appear to be correlated 
with the depth of the mlxed layer in, many winters 
(Fig. 2) so that when waters were most buoyant in 1987 
and 1994, the depth of mixing had decreased to about 
90 m. When waters were denser in 1988, 1990 and 
1991, the mixed layer was deeper, penetrating to 120 m 
in 1991 (Fig. 2). During the 1988-89 period in which 
surface waters were densest, winter nitrate levels 
reached the highest concentrations recorded during the 
past decade (Fig. 3).  Through the most recent warm pe- 

2 yr before the warmest temperatures. 
Nearer shore, waters were much fresher 

in 1989-90 and 1996 when oceanic salinities were 
highest; accumulations of coastal fresh water were 
lower through the El Nino period. 

Winter nitrate levels decreased from 1989 through 
1994 in offshore waters (Fig. 5). By 1994, nitrate con- 
centrations along Line P were only 60% those of 
1989-90 (50% in transitional waters). 

The effect of the decreased winter supply of macro- 
nutrients is apparent in late summer (Fig. 5).  In 1989- 
90, NO3 depletion was observed seaward to Stn P12, 
offshore some 250 km. By 1994, NO3 depletion had 
spread 600 km offshore, to the vicinity of Stn P22. The 
oceanic boundary of this nutrient poor transition zone 
is marked by an increase in salinity of about 0.2 psu 
and occurs near the 32.4 isohaline. Through 1995-96, 
the offshore spread of the transition waters had 
retreated so that it extended some 400 km off the coast 
of Vancouver Island. The area of nitrate depletion in 
summer is forecast by the winter resupply, so that if 
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Fig. 3. (a) The Southern Oscillation Index (0 :  5 mo averages) 
which depicts the anomaly of sea surface pressure across the 
equatorial Pacific and winter temperature (D) of surface 
waters at OSP. (b) Average late winter salinity (*) and nitrate 

(0) in surface waters at OSP 

winter waters do not have more than 7 pM NO3, they 
become nitrate limited in summer. 

Impacts on primary productivity 

Using data from ships of opportunity and Line P 
cruises, it is possible to estimate the impact on new 
production (nitrate based phytoplankton growth) over 
an area that is bounded by the continental shelf of 
Vancouver Island on the east, 49" N to the south, 51" N 
to the north and 145" W. This area is further divided 
into 2 regions that approximately represent the transi- 
tional zone which experiences annual nitrate depletion 
(P4 to P16, 130000 km2), and oceanic waters which 
stay nitrate replete (P16 to P26, 160000 km2), although 
the boundary between these 2 areas varies interannu- 
ally between P12 and P22. It is not possible to estimate 
changes in nutrient supply to the coastal area with a 
seasonal sampling program, although it is likely that 
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Fig. 4 .  Late winter (a) surface temperature and (b) sallnity 
along Line P from 1989 to 1996. Data from some years has 

been omitted to sunplify the graph 

primary production also decreased in this area through 
1994-95, since summer upwelling was weaker at this 
time than in other years (coastal upwelling index at 
48" N, 125" W, data from Pacific Fisheries Environmen- 
tal Laboratory, NOAA, Pacific Grove, California). New 
production (NP) in Table 1 is calculated using the 
observed NO3 uptake between winter and late sum- 
mer, a C:N ratio of 6.6, and an estimate that nitrate 
uptake occurred in the upper 40 m of the water column 
(scaling NO3 uptake by a factor of 40 was estimated by 
measuring seasonal NO3 removal in the upper 150 m 
on several occasions at Stns P20 and P26 and dividing 
this integrated value by the surface uptake). A 
decrease in NP of about 2 million tonnes C in the 
spring-summer growing period between 1992 and 
1994 mainly occurs in transition waters where nitrate is 
exhausted by September. In the transition area, NP 
decreased by almost 50 % over these 3 yr. 

In 4 years during the past decade, surface waters 
were sampled over a broad enough area to permit eiti- 
mates of the area of nitrate depletion between 49 and 
51" N (Table 2 ) .  Early in this period, nitrate was typi- 
cally depleted out to Stn P12 along Line P, and was not 
depleted off the northern end of Vancouver Island. By 
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Fig. 5. (a) Late winter and (b) late summer nitrate from surface 
waters along Line P 

Table 1. Estimates of average nitrate uptake and the new pro- 
duction (NP) in 2 regions between February/March and 
August/September. Between 49" and 51" N, transition waters 
(P4-P16) cover a 130000 km2 area and offshore waters 

(P16-P26) cover 160000 km2 

Year NO, uptake Total NP NO, uptake Total NP 
P4-P16 P4-P16 P16-P26 P16-P26 

(pm01 1.') (X 10' t C)  (pm01 l I )  (X 106 t C)  

Table 2. Estimates of nitrate depletion areas off the west coast 
of Vancouver Island, between 49" and 51." N ,  in selected years 

Year Area (km2) 

Light Transmission (% m-') 
45 50 55 60 

Fig. 6. Light transmission profiles at  stations along Line P in 
August 1995 

1994, depletion covered about 3 times the area, and 
was evident well offshore along 51" N. 

A result of nitrate depletion in transition zone waters 
is that phytoplankton concentrate subsurface, at the 
top of the nutricline, and are sparser near the surface. 
In August, 1995, transmissometer traces show a sub- 
surface particle stratum at stations where nitrate is 
depleted (Fig. 6). The depth of the light transmission 
minimum increases with distance from the coast and 
with clarity of surface waters. Seaward of this region in 
oceanic waters, particles are evenly distributed in the 
surface mixed layer and are more abundant within the 
euphotic zone. Chlorophyll a data (Whitney unpubl.) 
confirm that the transmissometer provides a good esti- 
mate of phytoplankton distribution. 

From the 3 years in which primary produ.ction mea- 
surements were made in late summer along Line P, 
areas of low and high production can be identified. 
Phytoplankton production (Table 3) is 580 + 180 mg C 
m-* d-' in nitrate depleted transition waters of late 
summer, compared with rates of 920 + 160 mg C m-2 
d-' in nitrate replete oceanic waters. Rates are higher 
both in coastal waters (P4 in 1992 and 1996) which are 

Table 3. Primary productivity (rng C m-2 d.') in late summer 
for waters that are nitrate depleted (-), nitrate replete (c) or lie 

in a frontal region ( f )  between these areas 

Stn Sep 1992 Aug/Sep 1995 Aug 1996 

P4 2000 + 480 - 2400 + 
P12 760 - 390 - 850 - 
P16 1600 f 510 - 490 - 
P20 1100 + 1300 f 1030 + 
OSP 920 + 710 t 830 + 
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enriched in summer with upwelled nutrients, and in a 
frontal zone between transition and oceanic waters 
(P16 in 1992 and near P20 in 1995). 

DISCUSSION 

It is the aim of this paper to demonstrate that there 
are interannual changes in seawater properties in the 
NE Pacific Ocean which affect nutrient supply, primary 
production, and by inference, higher trophic level pro- 
ductivity. Atmospheric, oceanic and biological pro- 
cesses work in concert to produce the cyclical changes 
seen in temperature, salinity and nitrate over the past 
decade in the portion of the Gulf of Alaska that our 
sampling has allowed us to observe. 

The link made between El Nino events and mixed 
layer water properties along Line P suggests that the 
variability we are observing in the NE Pacific is not re- 
gional, but results from changes in atmosphere forcing 
that likely affect the entire North Pacific. Such a con- 
nection has not been convincing in past Gulf of Alaska 
studies. For example, Royer (1989) observed that the 
1958 El Nido took 3 yr to move through the NE Pacific, 
whereas the 1983 event appeared in surface seawater 
temperature simultaneously throughout the region. 
Understanding poleward heat flux from El Ninos im- 
proved with White's (1994) analysis which showed that 
this transport can be continuously tracked when obser- 
vations are made to a depth of 400 m, rather than just 
at the surface where the signal may be lost. The transit 
time for such a heat pulse to reach the Gulf of Alaska 
from the equator varied from 9 to 18 mo in his analysis. 
Variability in both the Aleutian low pressure system 
and in sea level pressure across the equatorial Pacific 
have been shown to correlate with warm events in the 
California Current (Norton & McLain 1994). These au- 
thors find that El Nilio signals are best observed in sub- 
surface waters to 300 m depth, whereas influences of 
the Aleutian low are only seen in the surface layer. At 
OSP, we have observed considerable warming to 
300 m, in an area that is 900 km from land. 

There is evidence that warming in the North Pacific 
is not only cyclical. Warming trends of 0.8"C in a 42 yr 
time series (Roemmich 1992) along the California coast 
and of about 1°C per century from a 60 yr record along 
the British Columbia coast (Freeland et al. 1997) sug- 
gest we may be seeing an effect of increasing global 
temperatures. Kleeman et al. (1996) suggest this 
oceanic warming trend started in the early 1970s and 
results from a change in changes in atmospheric circu- 
lation; data presented by Freeland et al. (1997) support 
this contention by showing a mid 1970s step in the 
trend of decreasing surface seawater density in the 
Gulf of Alaska. 

Regardless of the physical forcing that causes warm 
periods in the NE Pacific, it is evident that macronutri- 
ent supply to the mixed layer was modulated over the 
past decade in a pattern very similar to that of the 
Southern Oscillation Index. In concert, winter water 
density, mixed layer depth and the nitrate supply 
changed. As a consequence of these changes, there 
was only 50% as much NO3 available to phytoplankton 
in transition waters in the spring of 1994, compared 
with 1991. Because these waters become nitrate 
depleted in summer, this reduced nutrient supply 
results in a substantial decline in new production. 

Of the major nitrogen sources that support phyto- 
plankton growth, only nitrate is resupplied to surface 
waters annually in amounts great enough to support 
biomass production. Limitation of ~ t s  supply will impact 
zooplankton and fish production. Iverson's food web 
model (1990) shows that a 50% reduction in nitrate uti- 
lization would cause an equal reduction in carnivorous 
fish growth. Seaward of the continental shelf off Van- 
couver Island, any fish stocks that depend on this habi- 
tat for growth and survival would have experienced 
lean times in mid-1990s. Recent decreases in some 
southern British Columbia salmon stocks (Mantua et 
al. 1997, Welch et al. 1997, D. Welch, Pacific Biological 
Station, Nanaimo, British Columbia, pers. comm.) may 
have arisen from these reductions in macronutrient 
supply off the Vancouver Island coast. 

A rather uniform increase in nitrate is observed 
westward along Line P. Thus as  winter supply dwin- 
dles, late summer depletion is seen to spread seaward 
from the coast, encompassing a substantially larger 
area in 1994 than in 1989. Since this nutrient poor tran- 
sition area is a relatively fresh water pool that is 
bounded to the west by the surface 32.4 isohaline, this 
may also define an area that is enriched with iron from 
continental runoff. La Roche e t  al. (1996) have ob- 
served iron limitation along Line P only within the 
oceanic water mass. 

Nitrate depletion changes the habitat in which 
phytoplankton grow, from one in which cells are 
evenly distributed through the mixed layer, to one of a 
subsurface chlorophyll maximum. Along Line P, 
summer primary productivity is about half as much 
when nitrate is depleted. This dual impact of reduced 
growth and redistribution of cells creates an altered 
habitat for grazers. Fulton & LeBrasseur (1985) 
observed a shift from large to small copepods in this 
area during the 1958 El Nino, which suggests a change 
also in either the abundance or size distribution of 
phytoplankton. Simpson (1992) described similar con- 
ditions in the California Current system during the 
1982 El Nino. He found that phytoplankton maxima 
occurred much deeper and zooplankton populations 
reached record lows. A striking effect of warming and 
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reduced macronutrient supply in the surface waters of 
California coastal waters over the last 40 yr has been 
an 80 % reduction in zooplankton biomass (Roemmich 
& McGowan 1995), which has also affected sea bird 
populations (Veit et al. 1996). Off the northern end of 
Vancouver Island, roosting sea bird colonies have 
recently been suffering depressed breeding success, 
apparently due to food shortages (D. Bertram, Simon 
Fraser University, Vancouver, British Columbia, pers. 
comm.) 

Whether variations in mixed layer density that have 
been observed along Line P in the past decade are part 
of the ocean's response to greenhouse warming or are 
part of multi-decadal cycles in ocean and atmosphere 
interactions is not clear. However, the effects they have 
on macronutrient supply and plankton production are 
dramatic. As management of fish stocks becomes more 
contentious, gaining a better understanding of the role 
that oceanic change plays in the success or failure of 
stocks will become crucial. The fear that increases in 
greenhouse gases are causing these observed changes 
(Woods & Barkrnann 1993) leads to the hypothesis that 
the productivity of the Gulf of Alaska may substantially 
decrease as the surface ocean becomes more buoyant 
through warming. 
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