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ABSTRACT

Shallow oceanic seamounts have long been known to 
support rich nektonic stocks. However, the mechanism by 
which this occurs has never been satisfactorily explained. 
This thesis examines the role of current-topography 
interactions in the planktonic community at Cobb Seamount, a 
shallow seamount 500km west of Vancouver Island.

Current-topography interactions at seamounts give rise 
to a variety of flow phenomena, the two most important being 
(i) the formation of closed clockwise vortices, known as 

Taylor cones, and (ii) isopycnal doming of the density field 
near the topography. Since the 1950's the classical 
explanation for the high biological productivity of shallow 
seamounts has been based on the notion that (i) nutrient- 
rich water upwells over seamounts, promoting enhanced 
primary production and that (ii) a Taylor cone then traps 
and concentrates this primary production over the seamount. 
This classical explanation further suggests that energy is 
transmitted from the phytoplankton to zooplankton stocks, 
and leads to an accumulation of zooplankton near the 

seamount, which acts as the food source to support seamount 
fish. This thesis challenges the validity of this 
mechanism, based on extensive physical an.d biological 
sampling carried out during three cruises to Cobb Seamount 
in the summers of 1^90, '91 and '92: isopycnal doming and
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Taylor cone recirculations both occur at Cobb, but the 
Taylor cone does not penetrate close enough to the surface 
to trap plankton.

Nevertheless, phytoplankton stocks are consistently 
high near Cobb, with local chlorophyll concentrations at 
least twice as high as background levels. These regions of 
high chlorophyll concentration map closely with areas where 
isopycnal surfaces dome upward by as much as 30m. These 
data provide the first evidence that high phytoplankton 
stocks may be permanent features near shallow seamounts.

Spatial patterns in the mesozooplankton community 
composition are examined using the Percent Similarity Index. 
Based on simple straight-line separation between samples, 
community composition around Cobb changes only slightly over 
distances of up to 150km. When samples are compared on the 
basis of relative distance to the seamount, however, it is 
seen that proximity to the seamount is a better predictor of 
community variability. Between-sample resemblance is found 
to be lower among samples within 30km cf Cobb. This pattern 
may be caused by (i) predation by seamount fish or (ii) 
behavioural responses causing the zooplankton to avoid the 
seamountc

A simple four-compartment ecosystem model is used to 
address the questions of (i) how a persistent high 

phytoplanktcr stock can be maintained over a seamount in the 
absence of a trapping mechanism, and (ii) whether seamount



fish stocks rely on autochthonous energy sources. The model 
shows that persistent high phytoplankton stocks are caused 
primarily by the improved light conditions experienced by 
the phytoplankton as they dome over the seamount. Depending 
on the degree of nutrient limitation, the addition of 
nutrients to the near-surface waters via doming may also be 
important. The model demonstx-ates that phytoplankton stocks 
show almost no response to predation on zooplankton by 
seamount fish.

Together, the field data and the ecosystem model show 
that while current-topography interactions do contribute to 
the maintenance of high-biomass communities at shallow 
seamounts, the classical bottom-up enrichment/retention 
mechanism does not apply to Cobb. Additionally, this work 
suggests that seamount fish stocks rely on allochthonous 
energy sources. Rather than a long chain that begins with 
phytoplankton and ends with rich nektonic stocks, the 
"seamount effect" near Cobb is the result of a wide 
assortment of physical-biological interactions. Different 
organisms operating at several levels of the iood web "feel" 
the influence of the seamount in different ways that are 
only loosely and occasionally coupled.
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High resolution map of Cobb Seamount (46° 46'N, 130°
48'W). The seamount rises from a depth of 2800m to a 
shallowest depth of only 24m. The main summit is visible as 
a 10km wide terrace extending from 100-300m depth. The map 
was produced using a Hydrosweep mapping system during a 
University of Washington cruise to Cobb Seamount in October of 
1991. Thanks to Dr. Charlie Eriksen (UW Oceanography) for 
permission to use these data, and to Dan Codiga who actually 
processed the data.
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Introduction

Oceanic currents interact with topographic features 
over a wide range of temporal and spatial scales. For 
instance, the long term behaviour of basin-scale current 
systems such as the Gulf Stream and the Kuroshio results, in 
part, from interactions with boundaries formed by the 
continental shelves in the western Atlantic and Pacific 
Oceans. Meandering of these currents gives rise to both 
warm- and cold-core mesoscale eddies, with lifetimes of up 
to a couple of years. Seasonally, the interplay among 
equatorward winds, alongshore currents and coastal 
topography produces regions of strong coastal upwelling in 
eastern boundary current systems. On smaller scales, the 
daily interaction of tidal flow with local bottom topography 
produces regions of intense mixing and contributes to the 
formation of tidal fronts in some continental shelf waters. 
Locally, persistent eddies and small-scale upwellings result 
from current flow past headlands, peninsulas and around 
reefs and islands.

This thesis deals with one particular class of current- 
topography interactions: those resulting from oceanic flow 
past isolated seamounts, and the importance of these 
interactions to oceanic planktonic communities. Seamounts 
are submarine mountains, greater than 1000m in height 
(Uchida and Tagami, 1986), produced by undersea volcanic



2
activity. Smith and Jordan (1988) estimate that there are 
more than 30,000 such seamounts in the Pacific Ocean alone, 
making them among the most ubiquitous topographic features 
in the deep ocean.

Beginning in the late 1950's a number of shallow 
seamounts in the North Pacific were found to support 
commercially valuable fish stocks (Hubbs, 1958; Uchida and 
Tagami, 1986). By the late 1960's Japanese and Russian 
vessels had begun harvesting some of these stocks in the 
southern Emperor and northern Hawaiian seamount chains. In 
1970 alone, Russian trawlers reported catches of 133,400 
tonnes of pelagic armorhead from Kinmei and the Hancock 
Seamounts (Uchida and Tagami, 1986). More recently, 
significant stocks of rockfish, sablefish and king crab have 
been discovered, on seamounts in the Northeast Pacific 
(Hughes, 1981). Since these initial discoveries, there has 
been much speculation as to how such rich biological 
communities are created and maintained on seamounts. The 
most common explanation has been that oceanic flow past 
shallow seamounts produces both upwelling conditions and a 
horizontal recirculation that combine to foster high local 
primary productivity which is then trapped over the seamount 
long enough for energy to be transferred to higher trophic 
levels (Boehlert and Genin, 1987). Implicit in this 
hypothesis is the assumption of strong coupling among the 
various compartments in the planktonic food web, such that a
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pulse of primary production eventually propagates throughout 
the entire seamount food web.

Recently, this explanation has been challenged. Some 
workers have suggested that the metabolic requirements of 
seamount fish populations cannot be met by in situ 

production, and that nektonic stocks must therefore rely on 
allochthonous energy inputs (Tseitlen, 1985; Pudyakov and 
Tseitlen, 1986). Additionally, despite a growing number of 
field studies on seamounts, there have been few observations 
of recirculating flows persisting long enough to accommodate 
energy transfer from phytopiankton to zooplankton to fish.

In this thesis, I investigate the response of an 
oceanic planktonic food web to flow past Cobb Seamount, a 
shallow seamount in the Northeast Pacific (Fig. 1).
Previous studies have shown that Cobb supports rich benthic 
and pelagic populations (Powell et al. 1952; Parker and 
Tunnicliffe, submitted). Data were collected on three 
cruises during the summers of 1990-1992 as part of the Cobb 
Seamount Experiment (CSEX), a multidisciplinary program 
designed to study physical-biological coupling at shallow 
seamounts. The main goal of the thesis is to test the 
hypothesis that the high productivity of shallow seamounts 
results from a long causal chain of events,
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Figure 1: Schematic map of the North Pacific Ocean, showing
major oceanographic features and the location of Cobb 
Seamount (After Favorite et al., 1976).
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6
beginning with the enhancement and isolation of primary 
production by a recirculating current and leading to the 
production of high nektonic. biomass.

Chapter 1 provides a brief review of the physical 
oceanographic literature on flow past seamounts, This 
review provides a framework within which subsequent chapters 
dealing with various biological questions are set. Chapter 
1 also looks in detail at the mesoscale hydrographic 
structure near Cobb Seamount during the CSEX cruises. 
Chapters 2-4 explore the response of the planktonic 
community to flow over Cobb. Specifically, Chapter 2 
(published in Deep-Sea Research in 1992) deals with the 
formation of regions of persistently high chlorophyll water 
over Cobb Seamount. Chapter 3 examines how spatial patterns 
and composition of the mesozooplankton community are 
affected by passage over the seamount.

In Chapter 4, I combine the results from the previous 
chapters with other data collected during the CSEX program 
to formulate a mathematical ecosystem model simulating the 
passage of a parcel of water over Cobb Seamount. I use the 
model in a series of mathematical experiments to explore 
further the planktonic food web structure and the 
persistence of high chloropnyll conditions near Cobb.
Results from the modelling exercise are also used to address 
the broader issue of how nektonic stocks are maintained at 
shallow seamounts.
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I should point out that the ordering of Chapters 2-4 

reflects the fact that this thesis evolved over three field 
seasons and, in large part, through the exchange of ideas 
between biologists and physicists. It was the finding of 
the strong phytopiankton response during the 1990 CSEX 
cruise (Chapter 2) that led me to look more closely at 
patterns in the zooplankton community during the 1991 and 
1992 cruises (Chapter 3). Finally, the model presented in 
Chapter 4 was developed after the final CSEX cruise, in 
1992, as a means of integrating what had been learned about 
the biological community at Cobb with what the physicists 
had learned about the flow regime near the seamount.
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Chapter 1

CURRENT-TOPOGRAPHY INTERACTIONS: THEORETICAL BACKGROUND 
AND HYDROGRAPHIC OBSERVATIONS FROM COBB SEAMOUNT

Seamount flow phenomena fall into two broad groups: 
those associated with the formation of recirculating 
currents (i.e. Taylor cones), and those associated with 
internal wave features. Roden (1987) provides an extensive 
review of both theoretical and observational studies of 
these phenomena. More recently, Smith (1991), Chapman and 
Haidvogel (1992) and Haidvogel et al. (1993) have used 
numerical models to simulate Taylor cone formation and flow 
patterns around very tall seamounts (i.e. fractional height 
>0.9) in stratified flows. Here, I summarize the findings 
of these and a few other key studies, focusing specifically 
on those phenomena most likely to be of importance to 
biological communities over shallow seamounts.

1.1 Physical Considerations
1.1.1 Taylor Cone Formation

Taylor cones are closed anticyclonic vortices that form 
as a conseguence of flow past abrupt topography. Numerous 
laboratory and field studies have noted such anticyclonic 
motions over seamounts. 7~. some cases, only an anticyclonic 
deflection of the current occurs (Vastano and Warren, 1976; 
Roden 1984; Roden and Taft, 1985). In other cases, fully
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closed anticyclonic vortices (i.e. Taylor cones) are 
observed over the topography (Meincke, 1971; Owens and Hogg, 
1980; Davies et al., 1990; Freeland, submitted).

Seamounts can be considered as abrupt topographies 
embedded in an otherwise relatively flat surface and 
overlain by a stratified rotating flow. Most seamounts have 
diameters on the order of 10-200km. Therefore, a particle 
travelling in a lOcm/s current requires ~2-20 days to 
transit such a feature (Roden, 1987). Taking a mid-latitude 
seamount at 45°N, the approximate latitude of Cobb Seamount, 
the Coriolis parameter, /, is 2Qsin<£ = ~10'A rad* sec-1, 
giving an inertial period of 2n/f = 17 hours. Since typical 
transit times are >17 hours, oceanic flow past seamounts is 
therefore dominated by rotational (i.e. Coriolis) forces 
(Roden, 1987). At the same time, however, the horizontal 
scale of most seamounts is small enough that the latitudinal 
variation in f can be ignored. Consequent]y, theoretical 
considerations of flow past seamounts generally use an f- 
plane approximation in which f is held constant.

Consider a steady oceanic current as it approaches a 
seamount. By virtue of being on a rotating planet this 
current has a spin, /, known as the Coriolis parameter or 
planetary vorticity. However, the current also has 
rotational motion relative to that of the earth, a relative 
vorticity, denoted £ (Roden, 1987). The sum of / and ( 
scaled against the water depth, D, yields a quantity, Q,
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known as the potential vorticity, defined as 2 = (f+£)/D. 
Hogg (1973) shows that for flow in a frictionless fluid, Q 
is conserved.

Away from the seamount, the water depth remains large 
and fairly constant. As the current approaches th • leading 
edge of the seamount, however, D begins to decrease. Recall 
that / can be considered constant over the horizontal scales 
of most seamounts. From the above equation it can be seen 
that if Q is to be conserved, then the relative vorticity,
C, must decrease (Roden, 1987). To decrease £, the fluid 
must generate negative relative vorticity. As the earth's 
rotation is counterclockwise (i.e. cyclonic), the generation 
of negative relative vorticity implies rotation in a 
clockwise (i.e. anticyclonic) direction.

Most laboratory studies have dealt with situations in 
which there is no vertical stratification of the water 
column (Johnson, 1982; Verron and LeProvost, 1985). Under 
these conditions, the vertical motion and anticyclonic 
vorticity produced as the fluid impinges on the seamount 
penetrate all the way to the surface. In such cases, the 

closed anticyclonic flow is termed a Taylor column (Roden, 
1987). As ocean waters are usually vertically stratified, 
however, Taylor columns are unlikely in the real ocean.

For the more realistic situation in which the water 
column is vertically stratified, Hogg (1973) shows that 
Taylor columns are of only limited height, as the
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stratification damps out much of the vertical and clockwise 
motion. Therefore, the recirculating flows reported from 
field studies near seamounts take the form of a bottom- 
intensified cone, which Hogg (1973) calls a Taylor cone. 
Along with the degree of stratification, Taylor cone 
formation is controlled by two other parameters: (i) the 
upstream velocity, U, and (ii) the fractional height of the 
seamount, 6 = h/H, where h is the seamount height and H is 
the depth of the water column (Chapman and Haidvogel, 1992).

The effect of increasing U is to increase Ro, the 
Rossby number, where Ro = U/fL, f is the Coriolis parameter 
and L is the horizontal length scale of the seamount. Ro is 
a measure of the relative importance of advective versus 
rotational forces (Chapman and Haidvogel, 1992). As Ro 
increases, advective forces become more important. Boyer 
and Zhang (1990) show that for a seamount with 6 = 0.7, a 
Taylor cone remains centred over the seamount when the 
upstream flow is very weak (i.e. Ro < 0.01) . For moderate 
flows, with 0.01 < Ro < 0.1, the Taylor cone is displaced 
into the lee of the seamount until, for strong flows with Ro 
> 0.1, the Taylor cone actually separates from the seamount 
and is advected downstream. Under such conditions a "vortex 
street" of alternating cyclonic and anticyclonic eddies 
extends downstream of the seamount (Davies et al., 1990; 
Boyer and Zhang, 1990). Schematic representations of these 
three regimes are shown in Figure 2.
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Figure 2: Interpretive sketches of the three seamount flow
regimes observed experimentally by Boyer and Zhang. (A)
Fully attached flow in which a Taylor cone is centred over 
the seamount, and Ro = 0.01, (B) Attached leeside eddies, 
with Ro = 0.07, and (C) Eddy shedding regime, with Ro =
0.18, in which alternating cyclonic and anticyclonic eddies 
are advected away from the seamount. The columns show the 
development of each flow regime over time, in an oscillating 
flow (From Boyer and Zhang, 1990),
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Chapman and Haidvogel (1992) find that the critical Ro 

number at which Taylor cones can exist varies with 6. 
Specifically, as seamount amplitude increases, the critical 
Ro, beyond which the Taylor cone detaches from the seamount, 
also increases. For low amplitude seamounts (i.e. 6 < 0.4), 
this critical Ro number is ~0.8. With very high amplitude 
seamounts like Cobb (6 > 0.9) they find that Taylor cones 
occur in flows with Ro < 0.15. For a mid-latitude seamount 
of diameter 30km (approximate size of Cobb), Ro < 0.15 for 
flows less than ~45cm/s.

1.1.2 Isopvcnal/Isothermal Doming
Another consequence of flow over an abrupt topography 

such as a seamount is a distortion of the local density 
field, that results from vortex compression over the 
obstacle (Hogg, 1973; Owens and Hogg, 1980). Depending on 
whether density or temperature is being measured, this 
phenomenon is referred to either as isopycnal or isothermal 
doming. The result is that as a current impinges on a 
seamount slope, some of the water is uplifted as it passes 
over the obstacle. Consequently, water at a given depth 
over a seamount is often colder than the surrounding waters, 
as a result of having been uplifted along the seamount 

flank. As with Taylor cone generation, however, the 
vertical penetration of the "cold dome" is limited by the 
degree of stratification of the water column.
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One of the earliest reports of doming is from Great 

Meteor Seamount, where Meincke (1971) notes isothermal 
doming of ~100ra. Since then, other studies have detected 
similar cold domes over seamounts, with typical penetration 
heights of 100-300m (Vastano and Warren, 1976; Roden and 
Taft, 1985; Genin and Boehlert, 1985, Agapitov and 
Gritsenko, 1988). Surveys from smaller topographies, <1000m 
in height, show doming of >500m (Owens and Hogg, 1980; Gould 
et al., 1981), presumably because the stratification at 
abyssal depths is weaker than in near-surface waters.

In none of these cases, including those from very 
shallow seamounts, has a cold dome been shown to penetrate 
to the sea surface. In fact, Genin (1990) suggests that 
doming events over seamounts may not be as common as is 
currently believed. From a collection of eighteen 
hydrographic surveys from ten North Pacific seamounts, Genin 
notes that only about half show clear evidence of a cold 
dome over the seamount. As with Taylor cone formation, the 
degree of doming depends on the strength of the upstream 
flow and the degree of stratification. Consequently, Taylor 
cones and associated doming are more likely to occur over 
seamounts situated in steady currents than over seamounts in 
very weak, variable flows. As Genin's (1990) brief note 
does not specify the hydrographic settings of the seamounts 
in question, it is therefore difficult to weigh the 
importance of his conclusion.
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1.1.3 Internal Wave Phenomena
Enhanced internal wave activity has been observed over 

a number of seamounts (Roden, 1987). As with other types of 
waves, when an internal wave meets a solid barrier, the wave 
energy is reflected away from the barrier such that the 
angle of reflection equals the incident angle (relative to 
the horizonatal). However, as the slope of the internal 
wave ray approaches the slope defined by the barrier (in 
this case the seamount flank), rather than being reflected 
away from the seamount, the internal wave energy is 
reflected parallel tc the bottom (Eriksen, 1982; Gilbert and 
Garrett, 1989).

Internal waves generally have steeper slopes than most 
gently sloping topographies, such as continental slopes. 
Huthnance (1981) shows that this leads to an essentially 
free exchange of most internal waves across continental 
slopes. Over an abrupt topography such as a seamount, 
however, the bottom slope is not only quite steep but, due 
to features such as terraces and outcrops, can be locally 
quite variable. This steep topography and small-scale 
irregularity increases the likelihood that the slope of a 
given internal wave will be near the critical slope at which 
wave energy is reflected parallel to the bottom rather than 
away from it (Eriksen, 1982, 1985; Boehlert and Genin, 1987, 
Gilbert and Garrett, 1989).

Apart from a general increase in internal wave energy,
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other internal wave phenomena have also been detected near 
seamounts. Noble et al. (1988) and Noble and Mullineaux 
(1989) report strong semidiurnal internal tides over Horizon 
Guyot and Cross Seamount in the Hawaiian Islands. Similarly 
strong tidal currents are noted by Genin et al. (1990) from 
Fieberling Guyot, 800km west of San Diego. In each case, 
the currents produced by these internal tides (up to ~7cm/s) 
are 2-4 times higher than those predicted for the 
surrounding oceans. It appears that these internal tides 
are generated over the seamounts, probably near regions of 
very abrupt slope break. This mechanism may explain an 
earlier report of unusually high diurnal tides at Cobb 
Seamount (Larsen and Irish, 1975).

Brink (1989, 1990) suggests that these internal tides 
can excite a new class of topographically trapped waves, 
which he calls seamount trapped waves. These subinertial 
bottom-trapped waves, which propagate around seamounts, are 
similar to the coastally trapped Kelvin waves discussed by 
Huthnance (1981) and documented by Hogg (1980) around 
Bermuda. Recently, seamount trapped waves have been 
identified from an intensive 72 hour ADCP survey carried out 
over Cobb in the fall of 1991 (Codiga, pers. comm.).
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1.2 Mesoscale Hydrography Near Cobb Seamount
1.2.1 Physiographic Setting

Cobb Seamount (46°46'N, 130°48'W), located 500kra 
southwest of Vancouver Island (Fig.l), forms the southern 
end of the Cobb-Eickelberg seamount chain, one of the two 
main seamount chains in the Northeast Pacific (Davis and 
Karsten, 1986). From a 30km diameter base at 2800m, Cobb 
rises with an average slope of 12° to a shallowest depth of 
only 24m (See Frontispiece for detailed view). The main 
summit of the seamount, however, is a relatively flat 
terrace that extends from 100-250m depth, since the pinnacle 
that approaches the surface is only about 200m x 400m. The
main summit has a diameter of about 10km.

Potassium-Argon dating and the composition of summit 
basalts suggest that Cobb formed ~1.5 million years ago and 
originally stood at least 300m above sea level (Dymond et 
al. 1968, Merrill and Burns, 1972). Rounded basaltic 
pebbles and a steep wave-cut terrace at a present depth of 
310m also support the contention that the summit formed
subaerially (Farrow and Durant, 1985). Wave-cut terraces at
shallower depths were probably produced as the seamount 
subsided (~260m) and sea level fluctuated during subsequent 
Quaternary glaciai/interglacial episodes (Farrow and Durant, 
1985).
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1.2.2 Regional Oceanographic Setting

Cobb is situated near the boundary between the North 
Pacific Transition Zone (NPTZ hereafter) and the subarctic 
Pacific (Fig. 1). The NPTZ is formed by the Subarctic 
Current (aka West Wind Drift) which flows eastward across 
the North Pacific at an average velocity of ~10cm/s (McNally 
et al., 1983). As it nears the west coast of North America, 
the Subarctic Current splits into the northward flowing 
Alaska Current and the southward flowing California Current 
(Uda, 1963; Dodimead et al. 1963). Recent satellite-tracked 
drifter buoy data suggest that Cobb is positioned near the 
point where this bifurcation takes place (Freeland, 
submitted). However, interannual variation in the 
latitudinal position of the NPTZ (Uda, 1963) makes it 
difficult to determine whether the waters around Cobb are 
best characterized as subarctic or transitional. While this 
distinction may seem trivial, it may nonetheless have 
important biological consequences.

Dissolved nutrient concentrations differ between the 
subarctic Pacific and the NPTZ. The subarctic Pacific has 
been identified as one of three oceanic regions 
characterized by persistent excess nutrients and low 
phytoplankton stocks. These areas have come to be termed 
high-nutrient-low-chlorophyll (HNLC) regions (Cullen, 1991). 
The debate over whether phytoplankton growth in HNLC regions 
is limited by the availability of a micronutrient such as
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iron (sensu Martin et al., 1991) or by grazing pressure 
(Miller et al., 1991; Frost, 1991) remains unresolved. By 
comparison, NPTZ waters are more similar to the oligotrophic 
conditions of the subtropical North Pacific, where nutrient 
levels in the surface waters drop below detection limits 
during the summer (Levitus et al., 1993).

A common element of most hypotheses explaining the high 
productivity of shallow seamounts is that phytoplankton 
growth is enhanced by nutrient injection via 
doming/upwelling (Boehlert and Genin, 1987). Since added 
nutrients are more likely to affect primary production in 
oligotrophic NPTZ waters than in the subarctic Pacific, 
knowledge of where the northern boundary of the NPTZ is 
located can provide clues as to the expected biological 
response to flow past Cobb Seamount. This information is 
also central to the choice of parameters used to formulate 
the model presented in Chapter 4.

Freeland et al. (1984) state that the Subarctic Current 
lies between 45°-50°N as it approaches the North American 
coast. However, other studies put the northern edge of the 
NPTZ further south, at about 42°-45°N (Uda, 1963; McNally et 
al., 1983; Talley et al. 1991). The only work to 
specifically study the NPTZ was carried out by Roden in the 
early 1970's. Based on temperature-salinity 
characteristics, Roden (1970, 1972) shows that in the 
western and central North Pacific, the boundary between NPTZ
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and subarctic waters occurs near 42°N. Near the North 
American coast this boundary turns southeastward so that 
near 130°W, the approximate longitude of Cobb Seamount, it 
lies near 40°N (Roden, 1971).

Since Cobb is located at ~47°N, hydrographic conditions 
near the seamount should be more subarctic than 
transitional. Salinity profiles collected during the CSEX 
cruises support this idea. Subarctic waters are 
identifiable by (i) a near-isohaline layer between O-lOOm 
depth, with salinities <33o/oo, and (ii) a strong permanent 
halocline extending from 100-250m (Uda, 1963). Crossing 
from subarctic into NPTZ waters, the halocline begins to 
erode until, at the southern NPTZ boundary, the water column 
is isohaline ~200m (Uda, 1963; Roden 1971, 1972).

Figure 3 shows that both the near-surface isohaline 
layer and the permanent halocline are well developed near 
Cobb. Additionally, surface salinities near the seamount, 
~32.5 o/oo, are lower than the 33.6-33.7 o/oo usually 
encountered in NPTZ waters during the summer. Low surface 
salinities are found throughout the southeast corner of the 
subarctic Pacific, in a region termed Dilute Domain 
(Favorite et al., 1976), due to freshwater inputs from the 

Columbia River, the Strait of Juan de Fuca, Queen Charlotte 
Sound and Dixon Entrance (Fig.4). From this evidence, it is 
concluded that the waters around Cobb should be considered 
subarctic, rather than transitional.
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Figure 3: Typical temperature, salinity and T-S plots from
the three CSEX cruises. Note the near-surface isohaline 
layer at 0-25m and the main halocline between 100-250m. The 
QED cast is a reference cast collected 900km northwest of 
Cobb during CSEX91. With the exception that temperatures at 
the QED site were about 2°C colder, note the similarity in 
structure between the CSEX casts and this cast from deep 
within the subarctic Pacific.
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Figure 4: Location and extent of the Dilute Domain as
indicated by the salinity distribution at 100m (from 
Favorite et al., 1976)



25

l€ 0 *W  150* W I4 0 * W  I3 0 * W  120*W

6 0  *N

F ig u r e  37. L ocation  an d  ex ten t o f  the  D ilu te D om ain  as in
dicated  by the salin ity  d is tribu tion  at 100 m .



26

1.2.3 CSEX Hydrographic Sampling
CSEX included three cruises to Cobb Seamount in the 

summers of 1990-1992. In addition to biological sampling 
programs (detailed in subsequent chapters), each cruise 
included an intensive hydrographic survey. These surveys 
provide (i) regional oceanographic data and (ii) detailed 
information on mesoscale perturbations to the hydrographic 
field, associated with flow past Cobb. Sampling details for 
the three cruises are detailed in the Appendix.

Hydrographic data were collected using a Conductivity- 
Temperature-Depth (CTD) sensor. During CSEX90, vertical 
casts to 1000m were carried out using a Guildline digital 
CTD fitted with a 25cm-path Seatech transmissometer. Water 
samples for dissolved nutrient analyses were collected using 
Niskin bottles. For the CSEX91 and CSEX92 cruises, a 
rosette water sampling system and an in situ fluorometer 
were added to the basic CTD/transmissometer package.
Vertical profiles were to 500m depth in 1991 and to 250m 
depth in 1992 (a light sensor on the CTD in 1992 was only 
rated to 300m).

Current meters were also deployed on Cobb during each 
CSEX cruise. Freeland (submitted) describes the near-field 
flow regime around Cobb using data from the current meters, 

satellite-tracked drifter buoys, plus two Acoustic Doppler 
Current Profiler (ADCP) surveys. As this work is central to 
our understanding of current-topography interactions at



27
Cobb, I will briefly summarize Freeland's findings before 
moving on to a discussion of the mesoscale hydrographic 
structure near the seamount.

1.2.4 Circulation Around Cobb Seamount
Freeland (submitted) demonstrates that a bottom- 

intensified Taylor cone does exist over Cobb Seamount. 
Current meters deployed 3m, 10m and 50m above bottom show 
currents flowing around the seamount in a clockwise 
direction with maximum speeds of 12cm/s. At the same time, 
satellite-tracked drifter buoys drogued to follow near
surface flow wore released over the seamount. These 
drifters moved rapidly off the seamount at speeds of about 
10-15cm/s, showing no evidence of a recirculating flow in 
the surface layer (Dower et al. 1992). ADCP surveys in 1990 
and 1991 show that anticyclonic motion first appears over 
the seamount at a depth of about 80m and is fully developed 
into a closed anticyclonic streamline by 120m depth. 
Together, these observations indicate a Taylor-cone that 
penetrates about 80-100m above the summit of Cobb Seamount 
and to within ~100m of the surface (Freeland, submitted). 
These data also suggest that the Taylor cone may be a 
permanent feature at Cobb.

The flow regime is complicated, however, by the fact 
that the currents recorded by the deepest current meters 
(i.e. 3m above bottom) are rotated off-seamount relative to
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currents higher in the water column. Freeland (submitted) 
explains that this results from the anticlockwise rotation 
induced by a bottom Ekman layer. This presents a problem in 
that an off-seamount flow in the near-bottom layer implies a 
compensatory inflow somewhere else in the water column. 
Similar near-bottom outflows have been observed on 
Fieberling Guyot (Codiga, pers. comm.) but the problem of 
return flow has yet to be treated in the seamount 
literature.

Freeland suggests that an inflowing current could 
result from either (i) a convergent flow of about 0.3cm/s 
over the entire height of the Taylor cone or (ii) an upslope 
flow within the bottom Ekman layer itself. Results from a 
turbulence study conducted during CSEX92 show anomalously 
low temperatures within l-2m of the bottom (R. Lueck and T. 
Mudge, pers. comm.). Freeland cites this as evidence that 
upslope flow is occurring in the bottom layer, but below the 
depth monitored by the deepest current meters. The 
existence of such inflows and outflows raises an interesting 
point as it implies that, rather than being trapped, the 
water in a Taylor cone is flushed out over some period of 
time. A flushing time of about 17 days is calculated for 
the dimensions of the Taylor cone at Cobb (Freeland, 
submitted). The biological implications of such a flushing 
mechanism are considered in Section 1.3.1.
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a) Vertical Structure; Figures 5-7 show the near
surface distributions of temperature, salinity and density 
along west-east sections over Cobb Seamount during CSEX90,
91 and 92, respectively. I begin with the CSEX92 data 
(Fig.7), as this hydrographic survey was larger than the 
others and therefore provides the best regional picture.

West of Cobb Seamount, conditions during 1992 were 
typical of those described for the southern subarctic during 
the summer months (Uda, 1963; Favorite et al., 1976).
Figure 7a shows surface temperatures of 14°C. Below this, 
temperatures in the main thermocline decrease steadily, from 
~13°C at 25m to ~8°C at 125m. The top of the permanent 
halocline is encountered at 90m, and extends past the bottom 
of the section at 200m.

A region of isopycnal/isothermal doming is evident, 
beginning about 30km west of the Cobb summit. 
Isotherms/isopycnals are also more widely spaced in this 
region, perhaps indicating an increase in turbulent mixing 
in this region as well. Doming amplitude increases eastward 
and, rather than being centred over the seamount, is 
strongest about 30km east of the summit. Similar offsets 
have been noted over some of the Emperor Seamounts (Roden 
and Taft, 1985) where cold domes can be displaced by as much 
as 50-100km downstream of seamount summits. Such downstream 
displacements are reminiscent of Boyer and Zhang's (1990)
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Figure 5: Vertical sections of temperature, salinity and
density (as sigma-t) along a 55km west-eas- transect over 
Cobb Seamount during CSEX90.
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"moderate flow regime", in which Taylor cones move off the 
summit and into the lee of the seamount (Fig.2b). Heywood 
et al. (1990) note comparable leeward movement of doming 
regions near atolls in the Indian Ocean.

Figure 7 also shows the doming to be bottom-intensified 
(i.e. vertical displacement of isopycnals decays with height 
above the seamount). Whereas the 25.05 ot contour rises 
from 100m to ~65m (Fig.7c), shallower isopycnals are 
uplifted by only 10-20m. Below the top of the halocline at 
~90m (Fig.7b), however, vertical perturbations are quite 
small. For instance, isopycnals between 25.32-26.11 o/oo 
are uplifted by <15m (Fig.7c). It may be that doming in the 
halocline is damped out by the strong stratification. The 
cold dome does not penetrate to the surface, and disappears 
at a depth of about 15m.

Comparing Figures 5 and 6 with Figure 7 shows that 
hydrographic conditions near Cobb were similar during the 
three CSEX cruises. The higher surface temperatures 
recorded during CSEX90 and '91 (17°C and 15.5-16°C) reflect 
the fact that these cruises took place in July-August, 
whereas CSEX92 took place in June. As expected in the 
Dilute Domain (Favorite et al., 1976), surface salinities 
were <32.5 o/oo during all three CSEX cruises. Values <32.3 
o/oo in 1990 may have been caused by increased riverine 
inputs during 1990 or by coastal waters penetrating further 
offshore than usual. The top of the permanent halocline is
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Figure 6: Vertical sections of temperature, salinity and
density (as sigma-t) along a 60km west-east transect over 
Cobb Seamount during CSEX91.
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Figure 7: Vertical sections of temperature, salinity and
density (as sigma-t) along a 200km west-east transect over 
Cobb Seamount during CSEX92.
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consistently located at ~100m. Salinity profiles near Cobb 
show that the base of the halocline occurs between 200 and 
225m (Fig.3).

Isopycnal doming is '‘.Iso evident in the 1990 and '91 
profiles and, as in 1992, is centred 10-30km east of the 
seamount summit. Since surface currents in the region are a 
relatively invariable 10-12cm/s east-southeastward 
(Freeland, submitted), it seems reasonable to expect that 
doming should occur in roughly the same area each year. The 
vertical extent of the cold dome in the 1991 profile (Fig.6) 
is comparable to that observed in 1992: doming decays with 
height above bottom, and disappears at about 10-15m depth.
As in 1992, maximum vertical displacements were 20-30m. 
Deeper isolines again show reduced doming.

The 1990 profiles differ from the other two years in 
that doming extends to the sea surface. Figure 5c shows 
that the 23.45at contour, that lies at about 10m depth 
upstream of Cobb, outcrops at the surface over a 20km region 
east of the pinnacle. A similar effect is visible in the 
temperature section (Fig.5a). This outcropping of cold 
water at the surface was not associated with the persistent 
recirculating flow. During the 1990 cruise, t’-c f atellite- 
tracked drifter buoys that were released within 2km of the 
pinnacle moved almost directly eastward, showing no evidence 
of current deflection over the seamount. Likewise, ADCP 
data collected during CSEX90 indicate that anticyclonic



motion was confined to depths below 80m (Freeland, 
submitted).

One possibility is that the hydrographic section shown 
in Figure 5 was fortuitously conducted during a brief 
episode in which the Taylor cone had penetrated to the 
surface. This idea is supported by an anecdotal report from 
one of the ship's officers, who claimed that while 
attempting to hold position over the Cobb pinnacle, the ship 
began to slowly rotate in a clockwise direction. However 
brief the epxsode, this would represent the first report of 
a Taylor cone penetrating to the surface over a seamount. 
Whether such episodes are common over Cobb remains unknown. 
However, several years of remotely sensed sea-surface 
chlorophyll data (collected with the Coastal Zone Color 
Scanner) show no evidence of phytoplankton blooms over Cobb 
(M. Abbott, pers. comm.). This suggests that the surface 
outcropping observed during CSEX90 was probably a rare 
event, at least during the summer.

b) Horizontal Structure: Figures 8-10 present plan
views of temperature, salinity and density at various depths 
around Cobb Seamount. Overlays are provided to show the 
approximate location of the 2000m isobath on the seamount. 
These figures provide a three dimensional picture of the 
hydrographic regime during the CSEX cruises. In nearly 
every case, the most prominent feature is a region of cold, 
salty, dense water situated near Cobb.
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Figure 8: Plan views of Temperature at 50m, 100m and 250m
(a, b, c respectively), Salinity at 50m, 100m and 250m (d, 
e, f respectively), and Density (as sigma-t) at 50m, 100m 
and 250m (g, h, i respectively) during CSEX90. Overlay #1 
shows the location of the 2000m isobath on Cobb Seamount.
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In 1990, this cold dome was roughly circular in shape 

and was situated over the southeast flank of the seamount 
(Fig.8). At 50m, temperatures in the centre of this dome 
were about 1.5°C colder than the surrounding waters. Based 
on the temperature profiles in Figure 3, a differential of 
1.5°C implies that water in the cold dome at 50m has been 
uplifted by 15-20rc. This is in agreement with the doming 
shown in Figure 5. The position of the cold region shows 
only minor changes over the depth range considered.

There is some indication that the dome is elongated 
over the summit along a northwest-southeast axis, 
particularly in the temperature fields (Fig.8a). This 
corresponds with the direction of the mean background flow 
past the seamount (Freeland, submitted). The Taylor cone 
circulation is most evident in the distribution of density 
at 250m (Fig.8c). The high density core surrounded by a ring 
of low density water denotes anticyclonic flow. The weaker 
signal in temperature at 250m (Fig.8a) results from its 
near-isothermal distribution between ~100-3Q0m.

Although a cold dome is evident near the seamount in 
the 1991 data, its location and intensity appear more 
variable (Fig.9). A strong signal is present in both 
temperature and density at 30m. The cold region is again 
oriented northwest-southeast. Temperatures in the centte of 
the dome were also about 1.5°C colder than the surrounding 
waters.
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Figure 9; Plan views of (a) temperature, (b) salinity and 
(c) density (as sigma-t) at 30m, 100m, 250m and 500m during 
CSEX91. Overlay #2 shows the location of the 2000m isobath 
on Cobb Seamount.
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Figure 10: Plan views of (a) temperature, (b) salinity and
(c) density (as sigma-t) at 10m, 50m, 100m and 250m during 
CSEX92. Overlay #3 shows the location of the 2000m isobath 
on Cobb Seamount.
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Views at 100m and 250m are more complex. Temperature 

and salinity distributions show a region of cold salty water 

on the western flank of the seamount, and a region of less 
saline water to the east at 100m (Figs.9a,b). At 250m, 
salinities remain high to the west of Cobb, with some 
evidence of an interleaving of high-salinity and low- 
salinity waters over the seamount (Fig.9b). As in the 1990 
data, temperature signals at 250m are weak. At 500m, a cold 
region is again detectable on the southern side of the 
seamount. The depth-variable nature of the 1991 data may 
result from greater vertical shearing of the flow past the 
seamount than in 1990.

In 1992, a region of uplifted water appears to extend 
eastward from Cobb (Fig.10). As in 1990, temperatures in 
the cold dome at 50m were ~9.5°C (Fig.10a), which in this 
case indicates an uplift of about 30m (see CSEX92 
temperature profiles in Fig.3). This feature is seen in 
each of temperature, salinity and density between 10m and 
250m depth but lies in a region for which only a few 
hydrographic observations were collected, making the plots 
shown in Figure 10 prone to error. However, comparison of 
the plots shown in Figure 10 with comparable plots produced 
using the method of objective analysis (See Section 2.2) 
confirms the existence of a cold region east of Cobb 

(Freeland, pers. comm.). If, as Figure 10 suggests, the 
cold region is displaced further downstream than in either
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1990 or'91, it could be indicative of a stronger background 
flow past the seamount: fluid dynamics studies by Boyer and 
Zhang (1990) and Davies et al. (1990) note similar 
downstream displacements with increasing background flow.

c) Internal Wave Activity: One of the goals of the
CSEX current meter program was to investigate the internal 
wave field near Cobb. As yet, this study remains 
incomplete. However, preliminary work indicates that 
significant amplification of internal wave energy does occur 
over the seamount, particularly above the region of steep 
slope break near 300m (Freeland, pers. comm.). During 
CSEX91 and '92 several short CTD time series were conducted 
to observe internal wave activity over Cobb.

Figure 11 depicts density profiles from two such time 
series collected during CSEX91. The first series was 
carried out on the eastern side of the Cobb summit in 300m 
of water. The CTD was yoyo-ed up and down to a maximum 
depth of 100m. A total of 26 casts were made in hours. 
The second series was conducted 25km north west of Cobb in 
~3000m of water. Eighteen 200m CTD casts were collected, 
also in hours.

The off-seamount profile is dominated by a single 
downward displacement of isopycnals in the upper water 
column by about 10m. This is indicative of an internal wave 
with a period about twice the length of the time series 
(i.e. 9 hours). Between 60 and 100m, there is no indication
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Figure 11: 4h hour time series of density collected during
CSEX91 at (a) an on-seamount site 5km east of the Cobb 
pinnacle in ~300m of water and (b) an off-seamount site 25km 
NW of Cobb Seamount. Casts were made every 10 minutes at 
the on-seamount site, and every 15 minutes at the off- 
seamount site.
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of any internal wave activity. Near the bottom of the off- 
seamount section, internal waves with periods of ~2hrs 
propagate along the upper surface of the halocline between 
110m-160m.

The on-seamount profile shows a different situation. 
Whereas the near-surface isopycnals off-seamount showed only 
gentle sloping, a much shorter period internal wave 
dominates the near-surface density field over Cobb. Between 
10m-50m, the isopycnals undergo 2h cycles during the time 
series, indicating the presence of internal waves with a 
period of about 100 minutes, and an amplitude of 10m. 
Internal wave activity is greatly reduced in a pycnostad 
between 50m-90m, as in the off-seamount series. The more 
energetic internal waves over the seamount may act to 
increase the mixing of nutrients into near surface waters.

d) Nutrient Profiles: As discussed previously, the
subarctic Pacific is one of three oceanic HNLC regions. 30 
years of observations from Station P (50°N, 145°W) show that 
NOj concentrations rarely fall below ~6uM (Miller et al., 

1991). Upwelling in the Alaska Gyre brings nutrient-rich 
water to the surface in the subarctic Pacific and leads to 
an export of near-surface water to the southeast (Dodimead 
et al., 1963; Favorite et al., 1976). As this water moves 
southward, nutrient concentrations decline steadily toward 
the NPTZ, south of which the near-surface nutrient 
concentrations fall to near zero during the summer months
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Figure 12: Typical nitrate profiles from hydrographic
surveys conducted during CSEX90, '91 and '92. Data from 
1990 represent all casts from which nutrient samples were 
collected during CSEX90, while those from 1991 and '92 
represent subsets which were chosen at random from the 
larger CSEX91 and CSEX92 datasets. Note that near-surface 
nitrate is generally between 1-3jM. The nitracline usually 
occurs between 40-50m.
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(Levitus et al., 1993).

During the CSEX cruises, water samples for analyses of 
dissolved nutrients were collected using Niskin bottles on 
the CTD rosette. Samples were analyzed for nitrates, 
phosphates and silicates using an autoanalyser. Figure 12 
shows nitrate profiles from the three CSEX cruises. Nitrate 
concentration in the upper 50m ranged from <luM to >6uM, 
with the highest values occurring during CSEX91. The mean 
concentration across all three years was about 2.5uM. The 
position of the main nitracline showed little variation 
within and between years, and was usually located at ~40- 
50m. Nitrate concentrations in the nitracline rose rapidly 
from 5uM at 50m to 12uM at 80-100m.

Relative to conditions at Station P (50°N, 145°W), 
these nitrate concentrations are rather low. However, in 
comparison to the truly oligotrophic conditions in the 
subtropical North Pacific where near-surface nitrate goes to 
zero in the summer, nutrient levels near Cobb are moderately 
high. Chlorophyll profiles from Cobb are characterized by a 
subsurface chlorophyll maximum (SCM) (Dower et al., 1992), 
which is usually taken as evidence for some degree of 
nutrient limitation of the phytoplankton. It rema.ins to be 
seen how important nutrient limitation is near Cobb, as 
measurements of the phytoplankton half-saturecion constant 
for nitrate have yet to be carried out in the region.
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1.3 Biological Implications of Seamount Flow Phenomena
Seamount flow phenomena can affect biological 

communities in two main ways: (i) by retaining planKton over
seamounts, and (ii) by enhancing the stocks of benthic and 
pelagic populations. As this thesis is concerned with the 
latter issue, I include only a brief consideration of the 
former.

1.3.1 Larval Retention
Isolated seamounts commonly support rich benthic 

communities, usually dominated by species that colonize the 
seamount from neighbouring continental shelves (Birkeland, 
1971; Raymore, 1982; Wishner et al. 1990; Levin et al.,
1991; Parker and Tunnicliffe, submitted). In most cases, 
these species have pelagic larvae, capable of spending days 
to months in the plankton. For such a species to establish 
a viable population on a seamount requires that three 
conditions be met. First, pelagic larvae must remain viable 
sufficiently long to be carried to the seamount by ocean 
currents. Second, unless the organisms are capable of self- 
fertilization, a successful recruitment event requires that 
multiple larvae be transported to the seamount in either the 
same or successive recruitment events. Finally, unless 
colonization events are fairly reguJar, there must be some 
mechanism to ensure the long-term maintenance of the new 
population.
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It is this last point that relates to current- 

topography interactions. Consider a new population 
established on an isolated seamount via long distance 
dispersal of pelagic larvae. The long-lived larvae that 
enabled colonization become a liability once the population 
is established. This is because the currents that carried 
the original larvae to the seamount will carry the larvae of 
future generations away from the seamount. It has been 
suggested, however, that the recirculating flow of a Taylor 
cone could act to retain dispersive larvae over seamounts 
long enough to ensure the long-term stability of such 
isolated populations (Boehlert and Genin, 1987; Parker and 
Tunnicliffe, submitted).

The effectiveness of such a mechanism will depend on 
the persistence and flushing times of the Taylor cone, the 
mean background flow velocity and the amount of time that 
larvae spend in the plankton. As pointed out by Freeland 
(submitted), the near-bottom outflow of water in the Taylor 
cone at Cobb Seamount implies an inflow elsewhere in the 

water column. Thus, water in the Taylor cone is flushed 
over some period of time: Freeland calculates a flushing
time of ~17 days for the Taylor cone at Cobb. A recent 
survey of the benthic invertebrate fauna of Cobb Seamount 
shows that species with larvae that remain in the plankton 
for less than a few weeks are well represented (Parker and 
Tunnicliffe, submitted). Conversely, species with larvae
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that spend greater than a few weeks in the plankton are 
under-represented on Cobb. Parker and Tunnicliffe attribute 
this to the fact that larvae spending less than ~17 days in 
the plankton are more likely to settle on the seamount 
before being flushed out of the system.

While this argument is quite reasonable, situations 
could also arise in which similar current-topography 
interactions could be detrimental to population maintenance. 
As explained previously, Taylor cones remain stable over 
only a certain range of upstream velocities (Chapman ar 1 
Haidvogel, 1992). Above these velocities, anticyclonic 
eddies are shed from the seamount. Under such coalitions, 
any larvae produced on the seamount would likely be carried 
away.

1.3.2 Enhanced Production
Both benthic and pelagic stocks can be enhanced by 

current-topography interactions at seamounts. Genin et al. 
(1986) and Parker and Tunnicliffe (submitted) show that the 
distributional patterns in benthic communities on sramounts 
reflect the near-bottom current regime. For instance, 
densities of suspension feeders (eg. corals, sponges and 
crinoids) are usually highest near local topographic highs 
and abrupt slope breaks. These are the same regions where 
enhanced internal wave reflection and current acceleration 
are expected on the seamount (Boehlert and Genin, 1987).
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Genin et al. (1986) propose that locally accelerated flow 
over microscale topographic highs increases the flux of food 
to the suspension feeders, resulting in higher growth and 
survival rates. Similar patterns of high suspension feeder 
biomass are found on other topographies that experience high 
velocity currents (eg. reefs, submarine cliffs, shallow 
shoals) .

As mentioned previously, it has been proposed that 
primary production over seamounts can be enhanced through 
the combination of (i) the trapping action of a Taylor cone 
and (ii) injection of nutrients into near-surface waters by 
isopycnal doming (Boehlert and Genin, 1987). Nutrients may 
also be added by the increased diapycnal mixing that can 
result from enhanced internal wave activity (Gilbert and 
Garrett, 1989).

This mechanism has been proposed to explain 
observations of high chlorophyll water over Minami-Kasuga 
Seamount, in the Mariana Archipelago (Genin and Boehlert, 
1985). During one hydrographic survey a cold dome 
penetrated into the euphotic zone over the seamount, to 
about 80m depth. It was suggested that the 50% increase in 
chlorophyll concentration observed over the seamount 
resulted from the injection of nutrients into the euphotic 
zone via doming associated with Taylor cone formation. The 
generation time of the high chlorophyll patch was estimated 
to be on the order of a fev: days (Genin and Boehlert, 1985).
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Increased zooplankton biomass was also recorded over the 
seamount. Hydrographic surveys two and seventeen days later 
found neither evidence of a cold dome, nor enhanced, 
chlorophyll or zooplankton biomass over the seamount. 
Therefore, if Taylor cone effects dj.d foster enhanced 
chlorophyll concentrations, the effect was quite ephemeral.

Doming can also enhance primary production by lifting 
phytoplankton nearer to the surface, where cells are exposed 
to higher average illumination. Although this aspect of 
doming has received surprisingly little attention in the 
seamount literature, it may be particularly important over 
shallow seamounts at mid to high latitudes, where primary 
production is often limited by light rather than by 
nutrients.

In each of the above cases, seamount flow phenomena 
must penetrate the euphotic zone in order to affect primary 
production. Given that stratification damps out such 
vertical motions (Roden, 1987), it might be expected that 
Taylor cones and isopycnal doming will only affect primary 
production over shallow seamounts. This idea is supported 
by the finding that enhanced phytoplankton biomass has only 
been reported from seamounts that are less than a few 
hundred metres below the surface.

Finally, the temporal scale of current-topography 
interactions must be considered. For instance, the cold 
dome observed over Minami-Kasuga Seamount lasted only a few
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days, yet still produced a pulse of phytoplankton (Genin and 
Boehlert, 1985). This merely reflects the fact that the 
doubling time of phytoplankton is also on the order of days. 
It is unlikely, however, that this same event affected 
higher trophic levels near the seamount. In a study of 
biomass transfer in coastal waters, Denman et al. (1989) 
calculate timescales on the order of weeks and months for a 
pulse of phytoplankton to be incorporated into higher 
biomass of zooplankton and larval fish, respectively. 
Consequently, since different organisms interact with, and 
integrate changes in their environments over different 
timescales, the biological importance of a given current- 
topography interaction likely differs among species. In the 
following chapters I will examine how the various components 
of an oceanic planktonic community respond to current- 
topography interactions associated with flow over Cobb 
Seamount.
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Chapter 2

A STRONG BIOLOGICAL RESPONSE TO OCEANIC FLOW 
PAST COBB SEAMOUNT

This chapter is based on a paper published in Deep-Sea 
Research in 1992 (i.e. Dower et al., 1992). It represents 
the first contribution from the Cobb Seamount Blxperiment, 
and summarizes the findings from the CSEX90 cruise.
Although a collaborative effort among me and Drs. Freeland 
and Juniper, the task of writing the original manuscript was 
primarily mine.

The figures used in the paper (Figs.13-16 here) were 
produced by Dr. Freeland using an objective analysis 
plotting packaoj of his own design. The sections explaining 
(i) the choice of correlation function and (ii) the 
predicted height of the Taylor cone were written by Dr. 
Freeland. The original hydrographic data were collected 
jointly by me and Drs. Freeland and Juniper. Dr. Juniper's 
other contributions were largely editorial.

I present the paper largely unchanged from the Deep-Sea 
Research version, but have added a section at the end that 
includes additional observations from the CSEX91 and '92 
cruises. This section shows the similarity in the "strong 
biological response" during all three cruises and addresses 
a few points about which our understanding has grown since 
the initial CSEX90 cruise.
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2.1 Introduction

Cobb Seamount, located 500km off the west coast of 
Canada, rises from a 2800m abyssal plain to 24m depth (Fig. 
1). As part of our current effort to understand the 
interactions between the physics and biology of seamounts 
we examined the hydrographic structure around Cobb in August 
1990. Vertical profiles were taken with a Guildline digital 
CTD and a Seatech transmissometer in a 55 x 55km grid 
centred over the seamount and in three fine-scale survey 
transects (Fig.13 and Appendix). CTD profiles were to 
1000m off-seamount and to within 10m of the bottom on- 
seamount.

Water samples for chlorophyll analyses were collected 
with Niskin bottles from 14 stations at depths of 0m, 10m, 
20m, 40m, 50m and 100m. Bottle cast stations were 
positioned to provide detailed sections of property 
variation close to the seamount summit, and a description of 
the property variations and flow in the far field away from 
the immediate influence of the seamount, (Fig.13.

The large scale background flow past Cobb was 
investigated by following four near-surface satellite 
tracked drifters (tracked by Systeme Argos) drogued to track 
water between 5m and 13m depth. The flow close to the 
seamount was examined by three moorings deployed in a line 
extending roughly northeast from the pinnacle (Fig.14).
Each mooring was instrumented identically and carried
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Figure 13: Contour plot of the % light transmission at the
depth of the transmission minimum (which varied by no more 
than 5-10m between adjacent stations). Circles mark CTD and 
transmissivity sampling stations, triangles indicate where 
those variables plus chlorophyll were sampled. The three 
intersecting lines of circles represent the three fine-scale 
sampling transects, and their point of intersection marks 
the summit of Cobb Seamount. The letters L and H indicate 
local areas of Low and High % light transmission.
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Figure 14: 16 x 16km around the summit of Cobb Seamount
showing the detailed bathymetry and near bottom velocity 
vectors at each of the three mooring locations. Locations 
of moorings correspond with the beginning points of the 
arrows. For scale, arrow length is proportional to current 
speed and the largest arrow represents a speed of 5 cm/sec. 
Contours are in fathoms (1 fathom = 1.83 metres), for depths 
less than 100 fathoms the contour interval is 10 f.
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InterOcean S4 (electromagnetic) current meters located 3m, 
10m and 50m off the bottom. Thus the bottom two instruments 
at each mooring monitored flow well within and near the 
upper boundary of the bottom boundary layer and the upper 
instrument examined the geostrophic interior of the ocean.

The three moorings were placed half-way between the 
pinnacle and seamount rim (140m water depth), on the rim 
(210m depth) and on the flank of the seamount (400 m depth). 
Mooring deployment and recovery were the first and last 
operations, respectively, on the cruise to give maximum time 
for the instruments actually in the water, a total duration 
of about 3 weeks.

2.2 Observations
Transmissivity profiles near Cobb Seamount contain a 

sharp minimum usually localized to a layer between 35 and 
45m depth (Fig.15). CTD profiles also show a sharp density 
discontinuity at this depth, marking the boundary between 
the surface mixed water and deeper stratified waters 
(Fig.15). Figure 16 shows the vertical distribution of % 

light transmission along 55km east-west transect across the 
seamount. The section clearly indicates that this minimum 
layer represents a feature that (i) is isolated both 
horizontally and vertically from any other similar feature 
and (ii) is located over the seamount.



Figure 15: Profile of density anomaly (thin line) and the
percent light transmission (bold line) against depth in the 
water column. This station was occupied near the seamount 
rim to the west of the pinnacle.
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Figure 16; % light transmission along a 55km east-west
transect across the pinnacle of Cobb Seamounc. The contour 
interval is 1% light transmission. The bold line is a 
rather coarse representation of the bottom profile across 
the seamount; specifically it represents the lower limit of 
each CTD cast.
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Figure 13 provides a plan view of the distribution of % 

light transmission at the light transmission minimum for 
each station. The map was computed using the method of 
objective analysis (see Freeland and Gould, 1976) and used a 
Gaussian correlation function viz:

C(r) = (l-e)exp(-r2/a2) 
where the fractional noise level e = 0.2 and the length 
scale a - 10 km. These parameters were chosen in an 
entirely ad hoc manner. We have no reason for expecting a 
Gaussian correlation function, let alone those specific 
parameters. However, we did compute the same map using a 
variety of different correlation functions and found that 
the main characteristics (i.e. the location and depth of the 
minimum and the bullseye pattern) to be invariant. In 
particular, we observed that the greatest attenuation of 
light transmission occurs over the southwest flank of the 
seamount.

Chlorophyll extraction was carried out using ice cold 
95% acetone (in the dark) over 12 hrs. Chlorophyll 
fluorescence was measured using a laboratory fluorometer. 
Extracted chlorophyll values showed a strong negative 
correlation with corresponding transmissivity measurements 
(correlation coefficient r = -0.81). For n=14 independent 
observations the 95% confidence level occurs at r -- +0.5. 
However, these observations are not entirely independent, 
rather they represent a single survey of a deterministic
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field. Thus we interpret the transmissivity minima to 
represent subsurface chlorophyll maxima (SCM). The patterns 
in Figures 13 and 16 therefor^ Indicate a chlorophyll 
distribution where the isolines form a strong bullseye 
pattern, with the highest values centred above the seamount 
from 30-45m depth. Interestingly, while there is usually 
an SCM between ~40-60m in the Northeast Pacific (Anderson, 
1969; Longhurst and Harrison, 1989; Booth, 1388) the layer 
is generally more diffuse than that seen in transmissivity 
profiles from Cobb.

Enhanced chlorophyll concentrations have also been 
noted over other seamounts (Genin and Boehlert, 1985;

Wishner et al., 1990), and observations in the Northwest 
Atlantic (Longhurst and Harrison, 1989) show the SCM above 
the Corner Rise Seamounts to be shallower than in the 
surrounding waters. However, in none of these cases is the 
difference between on- and off-seamount conditions as marked 
as at Cobb.

Laboratory and theoretical studies of rotating flow 
past seamount-like structures show that such topographies 
support closed-streamline anticyclonic flows called Taylor 
columns under certain conditions of upstream flow, degree of 
stratification and relative seamount height (Hogg, 1973; 
Boyer and Zhang, 1990; Chapman and Haidvogel, 1992). In the 
presence of significant stratification, such as occurs in 
the Northeast Pacific around Cobb, Taylor columns decay
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upward and form a "Taylor cone" (Hogg, 1973; Roden, 1987),

Let us assume that a Taylor Cone forms otrer the top of 
Cobb Seamount and that the sides of the cone have a slope of 
about //N = C.05, where / is the Coriolis parameter and N is 
a local Brunt-Vaisala frequency. Taking a length scale as 
the radius of the seamount, L = 2.6km from the pinnacle to 
the second mooring on the seamount rim (Fig.14), we estimate 
a scale height for the Taylor cone of about H = L//N = 120m, 
which is less than the bottom depth of 210m at the seamount 
rim. Thus, we conclude that a closed recirculation should 
exist over Cobb but that it probably will not penetrate to 
the surface.

Figure 14 shows the location of the current meter 
moorings relative to the seamount topography. Current 
velocities are averaged over the entire deployment (~3 
weeks) and averaged over the bottom two current meters at 
each site. These current vectors show an obvious tendency 
for the averaged flows near bottom to follow the isobaths. 
However, the satellite-tracked drifter buoys that followed 
the near surface currents during the cruise moved in a 
straight line from west to east, showing no evidence of an 

anticyclonic flow. Similarly, the current meters set 50 
metres above the bottom showed marked differences in 
direction from those deeper down, and did not appear to be 
following bottom contours. Thus it appears that the 
strength of the Taylor column does diminish with height
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above the bottom, presumably due to the damping of vertical 
momentum transfer by stratification (Hogg, 1973).

2.3 Discussion
We suggest that currents interact with the topography 

to produce an anticyclonic bottom-intensified TayJor cone 
above Cobb Seamount. Similar flow phenomena have been 
reported from other seamounts (Owens and Hogg, 1980; Gould 
et al., 1981; Boehiert and Genin, 1987). It has been 
suggested that such flows penetrating the euphotic zone may 
act to stimulate primary productivity above seamounts, 
perhaps via the upwelling of deeper nutrient-rich water. In 
this case some form of trapping would appear to be necessary 
for the maintenance of the region of high chlorophyll 
concentration near the seamount:.

During our cruise, the satellite-tracked drifters 
moved, as previously mentioned, from west to east. However, 
the speed of the surface current was quite high, about 15 
km/day. If the layer of low light transmission shown in 
Figures 13 and 16 was influenced by this same flow field, 
then the residence time of this feature over Cobb Seamount 
would be, at most, one day. However, we spent almost three 
weeks in the vicinity of Cobb Seamount in July- August of 
1990 and can verify that this bullseye of low transmission 
was a persistent feature.
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While Taylor cone formation does imply some amount cf 
isopycnal doming we saw little evidence for it over Cobb, 
perhaps a result of the choice of scale for our sampling 
regime. While enhanced chlorophyll levels have been 
reported from a Taylor cone penetrating the lower euphotic 
zone above Minami-Kasuga Seamount (Genin and Boehlert 1985), 
this effect was not manifested above 80 m depth. 
Additionally, the high chlorophyll levels over Minami-Kasuga 
lasted for only about two days, suggesting that the feature 
may not have been caused by a Taylor cone. Cobb differs 
from this and virtually all other seamounts studied to date, 
(Wilson & Kaufmann, 1987) in that its summit penetrates well 
into the euphotic zone, making any associated recirculating 
flow more likely to be of biological importance.

In a review of primary productivity levels from the 
North Pacific, Hobson (1980) reports that summertime 
chlorophyll concentrations typically remain below 0.3 jjg/1 
in that part of the North Pacific where Cobb is situated. 
While the resolution of our chlorophyll sampling is quite 
coarse, it still indicates that chlorophyll concentrati;.s 
in the SCM around the seamount (ranging from 0.4-1.3 pg/1) 
are well above normal background levels, kt the station 
nearest the centre of the transmissivity bullseye, depth 

integrated chlorophyll in the top 100m of the water column 
was 122.4 mg/m2 compared to values generally less than 35 
mg/m2 at more distant stations.



Whether the energy represented by this additional 
phyroplankton biomass can be transferred to higher trophic 
levels near Cobb depends largely on the persistence time of 
the feature. Persistence on the order of weeks to months 
would be necessary to increase zooplankton or micronekton 
biomass (Boehlert & Genin 1987; Denman et al., 1989). Field 
observations elsewhere indicate that Taylor columns have 
some temporal stability (Owens & Hogg, 1980; Gould et al., 
1981), and the present study indicates stability for at 
least ~3 weeks. Submersible surveys on Cobb show that the 
seamount supports both a rich benthic community and dense 
nektonic stocks (Tunnicliffe, pers. comm.). It appears 
then, that this increased standing crop of phytoplankuon may 
persist long enough to have a substantial effect in the 
local food chain.

2.4 Observations from CSEX91 and CSEX92
Section 1.2.5 reviewed the thermohaline structure 

around Cobb Seamount during the three CSEX cruises. In 
general, conditions showed only minor changes between years 
with respect to the structure of the water column and the 
location of the doming region (see Figs.5-10). Figure 17 
shows plan views of the chlorophyll distribution near Cobb 
during C5EX91 and '92 using the objective analysis method 
described in Section 2.2. Although more variable than the 
physical properties examined in Section 1.2.5, chlorophyll
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distributions do show evidence of a seamount effect in both 
1991 and 92'.

In 1991 a strong chlorophyll front, vifible as a 
southward loop in the chlorophyll isolines (Fig.17a), was 
situated over Cobb. Chlorophyll concentrations on both the 
west and east flanks of the seamount represented local 
maxima, while a region of lower chlorophyll water was found 
over the northern flank (Fig.17a). At 30m, a band of high 
chlorophyll water runs northwest-southeastward over the 
seamount (Fig.17b). Maximum chlorophyll concentrations at 
30m were in excess of 2 pg/1.

In 1992 a bullseye of high chlorophyll water was 
centred ~30km east of Cobb at a depth of 10m (Fig.17c). 
Chlorophyll concentrations in the centre of this bullseye, 
>0.3 pg/1, were about twice the background concentration 
away from the seamount. The picture at 30m is harder to 
interpret, as a band of high chlorophyll water runs north- 
south throughout the region covered by the hydrographic 
survey (Fig.l7d). The highest chlorophyll concentrations in 
the band occur to the north and south of Cobb, while a 
"saddle point" between these two local maxima is situated 
over the seamount summit (Fig.l7d). Comparison of Figure 17 
with Figures 6,7,9 and 10 suggests that regions of high 
chlorophyll water are generally located in the same regions 
where isopycnal doming occurs, downstream of the seamount.



Figure 17: Plan views of chlorophyll at (a) 10m and (b) 30m
during CSEX91, and (c) 10m and (d) 30m during CSEXr'2. 
Overlays #4 and # 5 show the location of the 2000m isobath 
on Cobb Seamount for the 1991 and '92 plots respectively.
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Recent re-examination of the data on which the original 
Deep-Sea Research paper is based supports the idea put forth 
in Section 1.2.5 that during the 1990 cruise isopycnal 
doming penetrated to the surface over Cobb Seamount. Figure 
18 shows plan views of density (as Sigma-t) and % light 
transmission at ?0m during CSEX90. The dome of uplifted 
cold dense water and the bullseye in % light transmission 
shown in Figures 8a and 13 are quite evident in the near 
surface views of Figure 18.

Reports of enhanced standing stocks of p.hytoplankton 
near shallow seamounts have generally been based on single 
observations from individual cruises. This has made it 
difficult to generalize about the frequency of occurrence 
and the persistence times of such conditions. These 
observations from Cobb Seamount represent the first repeated 
reports of consistently high chlorophyll concentrations near 
a single seamount. The CSEX data also indicate that such 
conditions have persistence times on the order of at least 

several weeks at Cobb (i.e. length of the longest CSEX 
cruise).

Clearly, high standing stocks of phytoplankton appear 
to be the rule rather than the exception at Cobb. Based on 
our CSEX observations and given the relatively invariable 
background flow near Cobb, it seems likely that similar 
conditions persist throughout the entire summer. This 
satisfies one of the main requirements of the classical
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Figure 18: Plan views of (a) density, as Sigma-t, and (b)
the % light transmission at 10m during CSEX90.
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hypothesis explaining the high productivity of shallow 
seamounts; namely, that the current-topography interactions 
that lead to increased phytoplankton stocks persist long 
enough to allow energy transfer to higher trophic levels.
In Chapter 4 I investigate the other assumptions of this 
classical hypothesis. In particular, I examine the 
contentions that enhanced phytoplankton growth over shallow 
seamounts requires the existence of some form of trapping 
mechanism, and that the high nektonic biomass near seamounts 
ultimately derives from enhanced primary production.
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Chapter 3:

SHIFTS IN MESOZOOPLANKTON COMMUNITY COMPOSITION NEAR AN 
ISOLATED SEAMOUNT IN THE SUBARCTIC PACIFIC OCEAN

3.1 Introduction
Seamounts are among the most common topographic 

features in the deep ocean: some estimates po.c the number of 
seamounts of height greater than 1000m at over 30,000 in the 
Pacific Ocean alone (Smith and Jordan, 1988). However, only 
a small fraction penetrate to within 1000m of the sea 
surface. Studies have shown that shallow seamounts often 
support rich stocks of pelagic and demersal fishes (Uda and 
Ishino, 1958; Herlinveaux, 1971; Uchida and Tagami, 1986). 
About a dozen such shallow seamounts in tne subarctic 
Pacific are regularly visited by Canadian and American 
fishing vessels.

Over the last decade there has been a growing interest 
in shallow seamounts among both physical and biological 
oceanographers. In particular, two seamounts have been the 

focus of multi-year multidisciplinary research efforts: 
between 1990 and 1992 a series of cruises were made to 

Fieberling Guyot (1000km west of San Diego, shallowest depth 
~500m) as part of the TOPO Project. The other study, the 
Cobb Seamount Experiment (CSEX), focused on Cobb Seamount, a 
very shallow seamount (minimum depth only 24m) located 500km 
southwest of Vancouver Island (Fig. 1 and Frontispiece). A
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series of three cruises were made to Cobb in the summers of 
1990-1992. Previous work at Cobb included exploratory 
cruises by the U.S. Department of Fish and Wildlife and the 
University of Washington Department of Oceanography in the 
l°50's, which described the basic geology, hydrography and 
biology of Cobb (Powell et al. 1952, Budinger and Enbysk, 
1960). Detailed submersible surveys were also carried out 
at Cobb in the early 1980's (Farrow and Durant, 1985; Parker 
and Tunnicliffe, submitted).

Physical oceanographic research has focused mainly on 
flow phenomena that arise through the interaction of ocean 
currents with abrupt isolated topographies. Theoretical and 
laboratory studies show that under certain conditions 
seamount-like topographies are capable oi supporting closed 
recirculations known as Taylor cones (Hogg, 1973; Roden, 
1987). Theory also predicts some interesting internal wave 
phenomena: Eriksen (1982, 1985) shows how internal wave
energy can be locally amplified through interaction with 
abrupt seamount topographies. Noble et al. (1988) note that 
seamounts can generate strong internal tides. Brink (1989,
1990) demonstrates that these internal tides can lead to the 
formation of seamount-trapped waves, similar to coastal 
Kelvin waves.

Biological oceanographers have focused on shallow 
seamounts as productive ecosystems, The occurrence of rich 
fish stocks around many seamounts suggests a shared
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mechanism for generating such conditions. Unusually high 
chlorophyll concentrations have also been reported from a 
number of seamounts (Genin and Boehlert, 1985; Dower et al., 
1992). One hypothesis is that recirculating currents and 
upwelling over shallow seamounts foster enhanced primary 
production which is then transmitted to higher trophic 
levels (Boehlert and Genin, 1987).

Enhancement of secondary standing stocks by seamount 
flow fields requires that at least two conditions be met. 
First, as typical generation times for most zooplankton are 
on the order of weeks to months (Boehlert and Genin,1987; 
Denman et al., 1989) regions of high phytoplankton 
production over a seamount would have to persist for 
comparable periods to produce higher zooplankton stocks. 
Second, to accumulate biomass via energy transfer from 
primary to secondary stocks zooplankton must also remain in 
the immediate vicinity of the seamount for weeks to months. 
There is evidence to support the first condition: regions of 
high chlorophyll water have been found over Cobb Seamount on 
several occasions. In at least one case, the high 
chlorophyll patch lasted for three weeks (Dower et al..,

1992) .
To date, few data are available to support either the 

idea of the retention of zooplankton or of enhanced 
zooplankton biomass at isolated seamounts. Although Genin 
and Boehlert (1985) found zooplankton biomass and
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chlorophyll concentrations over Minami-Kasu,a Seamount to be 
higher than at off-seamount sites, they were unable to 
detect any such differences during another survey only two 
days later. In fact, there is growing evidence that 
zooplankton biomass may be reduced over shallow seamounts. 
For instance, mesozooplankton biomass over Cobb Seamount in 
July 1991 was generally about 30% lower than background 
levels (Dower, unpublished data). In a study on a shallow 
bank, Haury et al. (in press) document regions of reduced 
zooplankton abundance, termed "zooplankton holes", over the 
shallow topography. They suggest that this reduction in 
zooplankton abundance may result from increased levels of 
predation by fish resident on the shoal.

The goal of this chapter is to explore the effect that 
proximity to a shallow seamount has on mesozooplankton 
community composition. I examine spatial patterns of 
between-site similarity of community composition around Cobb 
Seamount during the June 1992 CSEX cruise. If taxon- 
specific differences in growth or mortality occur at Cobb 
Seamount then a shift in mesozooplankton community structure 
should be observed at sites nearest the seamount. 
Additionally, I address the issue of the spatial extent of 
such a "seamount effect": if there is a detectable seamount 
effect on mesozooplankton community composition, is it 
confined to the area directly over the seamount, or does it 
extend into the surrounding waters?
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A number of workers have used Percent Similarity 

(Whittaker, 1975) or similar community resemblance indices 
to study zooplankton communities. Unlike techniques that 
examine the spatial patterns of individual species (reviewed 
in Legendre and Fortin, 1989), community resemblance indices 
share the ability to summarize shifts in the relative 
abundances of a number of species as a single number. Haury 
(197 6) and Star and Mullin (1981) used Percent Similarity in 
comparative studies of small-scale spatial patterns in 
zooplankton communities off the Baja Peninsula and in the 
North Pacific Central Gyre. A "squared chord length" metric 
was used to estimate characteristic correlation scales of 
community composition and biomass for zooplankton and 
phytoplankton on the western North American continental 
shelf (Mackas and Sefton, 1982; Mackas, 1984; Mackas et al.,
1991) .

As these resemblance indices measure shifts in the 
relative rather than absolute abundances of species they are 
particularly useful in situations where community 
composition is more smoothly varying than biomass, as is 
often the case for zooplankton. For instance, zooplankton 
community composition west of Vancouver Island shows little 
variation at scales <100km, while biomass is patchy at 
scales <25km (Mackas, 1984). Spatio-temporal patchiness in 
biomass unaccompanied by changes in community composition 
suggests different forcing mechanisms for biomass and
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community patterns. Mackas et al. (1985) propose that the 
large-scale patterns in zooplankton community composition 
result from physical forcing (eg. currents, mesoscale 
eddies, etc.) while the small-scale biomass patchiness 
reflects zooplankton behavioral response. LeBrasseur (1965) 
and McGowan and Walker (1979) note similar patterns in the 
subarctic Pacific and the North Pacific Central Gyre.

3.2 Methods
3.2.1 Data Collection/Reduction

Samples were collected from June 24-27, 1992, from 28 
stations on and around Cobb Seamount, 46°46'N, 130°48'W
(Fig.19 and Frontispiece). Samples consisted of integrated 
vertical tows collected using a bongo-net with a 0.50m2 
mouth and a 236pm mesh. Nets were towed from 250m to the 
surface at ~lm/s. Exact locations of sampling sites are 
listed in the Appendix. No distinction was made between day 
and night sampling since, with the exception of most of the 
mesozooplankton species in the subarctic Pacific do not 
undergo extensive diel vertical migrations (Frost, 1987; 
Mackas pers. comm.). Samples were preserved in 
Borax-buffered 5% formalin.

Zooplankton were identified and enumerated using a 
dissecting microscope at 25x magnification. Identification 
followed Gardner and Szabo (1984), Morris (1970) and Park 
(1968). To facilitate counting, samples were typically
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Figure 19: Map showing location of CSEX92 zooplankton 
sampling stations. Open circle denotes the 2000m isobath on 
Cobb Seamount. Exact locations for stations are listed in 
Appendix.
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split into eighths in a Folsom splitter and the 
mesozooplankton from one eighth were then identified and 
enumerated. Resultant counts were scaled up to give 
estimates of total numbers. All abundances are expressed as 
numbers per m J rather than as numbers per m 3, since time 
constraints did not permit depth-stratified tows. Larval 
fish were also enumerated but were not included in further 
analyses. The decision not to include larval fish was based 
on the assumption that, as most had probably originated at 
the seamount (particularly the rockfish larvae), their 
inclusion would tend to artificially decrease the similarity 
between on- and off-seamount stations.

Presence/absence differences in the mesozooplankton 
among the 28 stations were confined to a few very rare 
species. Given the rarity of such species I chose not to 

include them in further analyses. In addition, as I was 
uncertain of my identification of some of the smaller 
copepods (i.e. <lmm), I chose to concentrate primarily on 
the better censused mesozooplankton species. Among these, 
only Metridia pacifica showed significant differences in 
day/night abundance and was excluded from the analysis for 
this reason. Thirteen taxa remained. Abundance data were 
left untransformed since Percent Similarity standardizes 
against within station total abundances (Whittaker, 1975).
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3.2.2 Statistical Methods
A Percent Similarity matrix was generated for the 28 

samples, resulting in (n2-n)/2 = 378 pairwise comparisons. 
The Percent Similarity Index (PSI hereafter) is defined as:

where A,- and are the percent contributions of species i 
from samples A and B (Whittaker,1975). PSI then, is an 
inverse measure of ecological distance between samples in 
that it estimates the degree of similarity of the various 
percent contributions made by species l,2...i in the 
samples. Typically, PSI decreases as the spatial distance 
between a pair of samples increases. PSI values for oceanic 
zooplankton usually range from ~90%, for samples less than 
lkm apart, to ~70% for samples separated by 10's of 
kilometres Haury (1976).

Normally, PSI is plotted as function of straight line 
geographical separation between samples. This is also the 
basis of most other spatial autocorrelation techniques 
(Odland, 1988). Rather than straight line separation, my 
main interest was in whether proximity to Cobb Seamount 
disrupted PSI patterns in the mesozooplankton community. I 
therefore needed to distinguish between changes in PSI due 
to (1) straight line distance between sample sites and (2) 
the relative proximity of the various sampling sites to the 
seamount. Hereafter, straight line separation between

i
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samples is denoted SEP, and I define a second measure, delta 
radial (DELRAD), as the absolute value of the difference in 
radial distance to the seamount pinnacle for the elements of 
a given sample pair (see Fig.20). If it is assumed that 
localized seamount effects on mesozooplankton community 
composition are particularly strong and symmetrical about 

the seamount, then PSI should vary more strongly with DELRAD 
than with SEP.

As a first step, the dependence of PSI on SEP and 
DELRAD was examined using Cleveland's locally weighted 
scatterplot smoothing (LOWESS) method (Cleveland 1979). 
LOWESS is used to explore the nature of the dependence of an 
independent variable Y on a dependent variable X when there 
is no a priori reason to suspect that one functional form of 
the relationship provides a better fit to the data than 
another (Cleveland 1985, Trexler and Travis 1993). LOWESS 
fits a line through a scatterplot by estimating each value 
of Y from a weighted average of neighbouring points. The 
fraction of the total number of points in the scatterplot 
used to fit each estimate of Y is controlled by the choice 
of a "tension" parameter, f, which varies between 0 and 1.

As another means of visualizing any "seamount effect" 
on mesozooplankton community structure, I subjected the 
covariance matrix of the abundance data to a Principal 
Components Analysis (PCA). PCA is an ordination technique 
that summarizes variation in a multidimensional dataset and
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Figure 20: Schematic diagram of distance measures used in
LOWESS plots and ANOVA. All distances are in kilometres.
The open circle denotes the position of a hypothetical 
seamount. The seamount pinnacle is at C. Points A, B and D 
are hypothetical sample sites at 40, 20 and 10km from the 
pinnacle. SEP is merely the straight line separation 
between two samples. DELRAD measures the relative 
difference in distance to the seamount for a given sample 
pair. MINRAD is the distance from the seamount to the 
nearest element of a given sample pair.
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allows that variation to be plotted along a few key axes 
(Wilkinson, 1990). In this case, for instance, 13 taxa were 
enumerated in each sample. Obviously, there is no simple 
method to map samples in 13-dimensional space. Instead, PCA 
constructs the composite axis, a "principal component", that 
accounts for the greatest amount of covariation in the 13 
variables (Sneath and Sokal, 1973). Additional axes are 
added orthogonally until all of the variation is accounted 
for. Component axes are linear combinations of the original 
variables and usually 2-4 such components are sufficient to 
account for most of the total variation. The contribution 
that an individual variable makes to a component axis is its 
"component loading" for that axis, and reflects the 
correlation between the original variable and the principal 
component (Wilkinson, 1990).

When plotted in this reduced dimensional space, samples 
with similar compositions cluster together. If a seamount 
effect in the form of taxon-specific growth or mortality 
occurs near Cobb Seamount, it could result in a higher 
degree of between-sample resemblance among samples collected 
near the seamount. Consequently, we might expect these 
samples to cluster together in PCA space.

In order to quantify the effect of proximity to Cobb 
Seamount on PSI, I also grouped the 378 sample pairs into 
classes based on DELRAD and a third distance measure,
MINRAD, which I define as radial distance (in kilometres)
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from the Cobb pinnacle to the nearest element of a pair of 
sample sites (Fig.20). Let us assume that any seamount 
effect on zooplankton community composition only extends 
some limited distance into the surrounding waters. If we 
suppose that the effect extends ~50km from Cobb, then a 
DELRAD of 25km will likely have a greater effect on PSI for 
a pair of samples 0 and 25km from the seamount than for 
samples at 100 and 125km. The addition of this third 
distance measure, MINRAD, allows such effects to be 
distinguished.

I analyzed the grouped PSI data using a two-way ANOVA 
with MINRAD and DELRAD grouped into discrete distance 
classes denoted MINCLASS and DELCLASS. Class limits are 
defined in Table 1.

Table 1: Distance classes used for ANOVA.
MINCLASS is based on MINRAD, DELCLASS is 
based on DELRAD.

DISTANCE CLASS DESIGNATION CLASS LIMITS (km)
MINCLASS 1 0 - 1 0
MINCLASS 2 10 - 25
MINCLASS 3 25 - 50
MINCLASS 4 >50

DELCLASS 1 0 - 2 0
DELCLASS 2 20 - 40
DELCLASS 3 40 - 80
DELCLASS 4 >80
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MINCLASS divisions reflect distances imposed by the 
choice cf sampling scheme. For instance, there is a cluster 
of seven samples within ~10km of Cobb, a further ring of 
three more stations between 10-25km, etc. (Fig.19).
DELCLASS limits are multiples of the seamount diameter 
(about 40km). In the absence of other information, a 
distance of one seamount diameter seemed a reasonable 
estimate for the horizontal extent of a potential seamount 
effect. Further subdividing of MINRAD and DELRAD results in 
numerous classes with very few observations.

3.3 Results
Raw abundances of the 13 taxa used in the analyses are 

presented in Table 2. Actual counts can be retrieved by 
dividing values in Table 2 by eight. The mesozooplankton 
fauna near Cobb Seamount is typical of that presented by 
LeBrasseur (1965) for the subarctic Pacific in summer. The 
dominant large copepods in the collections were Neocalanus 
plumchrus, Eucalanus bungii and Calanus pacificus. 
Interestingly, Lucicutia flavicornis, not usually numerous 
in the subarctic Pacific, was slightly more abundant than C. 
pacificus. Numerically, small cyclopoids of the genus 
Oithona were the most abundant copepods. Large numbers of 
chaetognaths (primarily Sagitta elegans), larvaceans 
(Oikopleura sp.) and the medusa kglantha digitale were 
recorded. High densities of doliolids, often
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TABLE 2 : Abundances of 13 taxa used in all subsequent
analyses. Taxa designations are as follows:

COPEPODA
. . Neocalanus plumchrus
. . Neocalanus cristatus
. . Calanus pacificus
. . Oithona spp.
n . Eucalanus bungii
. . Lucicutia flavicornis

. . Oncaea spp.

NPLUM 
NCR IS 
CPAC 
OITH 
EBUN 
LFLAV 
ONCAEA 

AMPHIPODA
AMPHIS

CHAETCGNATHA
CHAETO

POLYCHAETA
TOMOP . 

MEDUSAE
AGLAN . 

DQLIOLIDS
DOLIOS

LARVACEAN
LARVS .

Parathemisto spp.

Sagitta spp., Eukrohnia hamata 

Tomopteris spp.

Aglantha sp.

Doliolum sp.

Oikopleura spp.

Also listed are the mean abundance, the average number of 
individuals counted and mean:variance ratios.
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indicative of Transitional waters, were also noted. Table 2 
also gives mean abundances, the average number of 
individuals counted and the variance:mean ratios for the 13 
taxa. Recall that samples were split into eighths, and then 
scaled up to give estimates of total abundance.

The error associated with estimating abundance in 
thismanner varies inversely with the square root of the 
numberof individuals counted. For abundant taxa, this error 
is small. For instance, the average number of larvaceans 
counted v/as about ~400 (Table 2), giving an associated error 
of ±20. When scaled up by a factor of eight this translates 
into a mean of 3200 and an error of only +160, or +5% of the 
mean. For rare taxa, however, this error can become quite 
large. The numbers of individuals counted for most of the 
taxa in Table 3 was large enough that the associated error 
was usually <15% of the estimated mean. The highest errors 
are associated with Neocalanus plumchrus, Tomopteris spp. 
and Oncaea.

Larval fish were more abundant over Cobb than in the 
surrounding waters. Figure 21 shows the mean abundances of 
larval fish collected in night tows (from 250m to surface) 
and off Cobb. For samples collected within 10km of Cobb, 
mean abundance was about four times higher than in samples 
collected greater than 10km from the seamount. Larvae were 
not identified to species but the bulk of the samples were 
larval rockfish, the dominant group of fish at Cobb.
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Figure 21: Mean abundances of larval fish collected in 
night tows (from 250m to the surface) near Cobb Seamount 
during CSEX92. On-seamount samples (n=5) were those night 
tows within 10km of Cobb, while off-seamount samples (n=9) 
were collected >10km from Cobb. Mean on-seamount abundance 
is about 4 times higher than mean off-seamount abundance. 
Error bars show standard deviations within groups.
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Figure 22 shows LOWESS plots of PSI against SEP and 
DELRAD. PSI values range from 45-90%, with a median value 
of 78%. These values are comparable to those reported from 
other studies in the North Pacific (Haury, 1976; Star and 
Mullin, 1981). Figure 22 also shows PSI to have a different 
functional relationship with SEP than with DELRAD. Although 
PSI declines as both SEP and DELRAD increase, the decline 
with increasing DELRAD is steeper. There is also evidence 
of a slight "knee" in PSI near DELRAD values of 50km, beyond 
which PS. declines more rapidly.

The results of the Principal Components Analysis are 
shown in Figure 23. Samples are plotted against the first 
three principal components, which together account for 60% 
of the variation in the raw abundance data. Component 
loadings for the 13 taxa are provided in Table 3. Component 
1 is positively correlated with abundances of most of the 
larger mesozooplankton: Neocalanus plumchrus, Aglantha sp., 
Eucalanus bungii, chaetognaths, Parathemisto spp., and 
Calanus pacificus«. Compcnent 2 shows strong correlations 
with abundances of doliolids, Tomopteris spp. and Oithona 
spp. Component 3 correlates with larvaceans and Lucicutia 
flavicornis.

Figures 23(a-c) each contain a single cloud of samples, 
suggestive of high overall similarity among the samples.
The 10 samples collected within 30km of Cobb do not form an 
obvious cluster separate from the off-seamount stations.
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Figure 22: LOWESS Plots of Percent Similarity against
(a) SEP and (b) DELRAD. Both SEP and DELRAD are measured in 
kilometres. Note the steeper slope in the PSI vs. DELRAD 
plot, and the "knee" at DELRAD = 50km. N = 378 and tension, 
f, is 0.6 for both plots.
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Figure 23(a-c^: Ordination of the 28 mesozooplankton
samples using the first three components from the Principal 
Components Analysis. Triangles represent the 10 samples 
collected within 30km of Cobb Seamount, squares represent 
samples collected 30-200km from the seamount. Bracketed 
numbers represent percent of total variation explained by 
each principal component.
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TABLE 3: Component loadings for Principal Components
Analysis, and the variance explained by each component.

TAXA AXIS 1 AXIS 2 AXIS 3
Neocalanus plumchrus .828 .159 .083
Aglantha sp. .752 -.062 .251
Eucalanus bungii .644 .595 .282
Chaetognaths .591 .046 .588
Parathemisto spp. .570 -.067 .277
Calanus pacificus .553 .251 .570
Oithona spp. .517 .675 .003
Doliolids -.084 .833 .221
Tomopteris spp. .045 .702 .012
Larvaceans .040 .135 .952
Lucicutia flavicornis .325 .096 .732
Neocalanus cristatus .051 -.061 .035
Oncaea spp. .277 -.040 .200

VARIANCE EXPLAINS!) BY 
EACH COMPONENT

23.9% 16.5% 19.9%

The only possible means of distinguishing the two groups of 
samples would appear to be along principal component axis 2. 
A t-test of the two groups of sample scores for Component 2 

shows that the mean value among samples collected within 
30km of Cobb is significantly higher (p = 0.03) than the 
mean score among those samples collected further from the 
seamount. Even this result must be viewed with some degree 
of caution, however, given the small sample sizes used in 
the t-test (i.e. n = 11 and n = 17 for samples collected 
less than 30km from Cobb and those collected further than
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30km from Cobb, respectively).
Table 4 summarizes the ANOVA results. The effects of 

DELCLASS and MINCLASS are both highly significant. Taken 
together, the two distance measures account for about 21% of 
the total variation in PSI. The degrees of freedom for the 
error term is an approximation and was arrived at as 
follows. The df in the PSI matrix is determined 
multiplicatively by the number of independent stations and 
the number of independent taxa. From Figure 19 it .an be 
seen that the clustered nature of the sampling grid makes it 
unlikely that all 28 samples are spatially independent: I 
conservatively chose to assume only 10 independent locations 
from the 28 samples.

TABLE 4: Summary of ANOVA results
ANALYSIS OF VARIANCE

SOURCE ss DF MS F-RATIO P
DELCLASS 3378.743 3 1126.248 18.373 SO.005
MINCLASS 1184.042 3 394.681 6.439 SO.005

DELCLASS*MINCLASS 1414.012 9 157.112 2.563 SO.05
ERROR 22189.874 40# 61.298

RI=.206 #See text for explanation.

A variety of interactions can cause planktonic 
organisms to covary spatially. These include ecological 
interactions such as predator-prey or commensal
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relationships, plus physically forced spatial covariation 
via advection by currents, etc. Consequently, the 13 taxa 
used here also cannot be assumed to be independent of each 
other. The number of significant principal components 
produced by the PCA of the abundance data provides a 
reasonable estimate of the number of independent dimensions 
(Sneath and Sokal, 1973). The first four components from 
the PCA each described over 10% of the variation in 
mesozooplankton abundance and so my final estimate of the 
error degrees of freedom was 10 x 4 = 40.

Figure 24 represents the ANOVA results graphically.
Each grid point represents one combination of MINCLASS and 
DELCLASS. The reduced Percent Similarity among samples near 
Cobb is quite evident (i.e. MINCLASS and DELCLASS=1). The 

abrupt decline in PSI where MINCLASS and DELCLASS = 4 may be 
exaggerated, as this category contained only 4 pairs. The 
general trend is visible in the three surrounding cells, 
however. All other categories contained 10-50 sample pairs.

To estimate the spatial extent of the seamount effect 
on PSI, I performed a series of post hoc pairwise multiple 
comparisons on the mean PSI of the four MINCLASSes when 
DELCLASS =1. I used a Bonferroni-adjustment procedure 
(Wilkinson, 1S90) in which the critical p-value is 
calculated by dividing the usual critical p-value of 0.05 by 
the number of comparisons being made. In this case then, 
for means to be significantly different p-values had to be
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Figure 24: Three dimensional representation of ANOVA 
results. Vertical scale is PSI, grid points correspond to 
combinations of MINCLASS and DELCLASS. The upper right 
corner of the figure, MINCLASS 1 and DELCLASS 1 are those 
pairs of stations within 30km of Cobb Seamount.
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less than 0.05/4 = 0.0125. The means of the four groups are 
given in Table 5. The test showed that when both DELCLASS 
and MINCLASS = 1, mean PSI (73.7%) is significantly lower 
than the mean PSI when MINCLASS = 2-4 (81.4%, 80.8% and 
79.0% respectively). The other three MINCLASS means did not 
differ significantly from each other.

TABLE 5: Multiple comparison of PSI among 
MINCLASSes 1-4 when DELCLASS=1.

DISTANCE CLASS MEAN PSI STD ERR MEAN N
MINCLASS[1]DELCLASS[1] 73.7 1.19 43
MINCLASS[2]DELCLASS[1] 81.8 1.90 17
MINCLASS[3]DELCLASS[1] 80.8 1.57 25
MINCLAS S[4]DELCLAS S[1] 79.0 1.60 24

3.4 Discussion
Compositional changes in oceanic zooplankton 

communities usually occur quite gradually. McGowan and 
Walker (1979) found that zooplankton community composition 
shows only minor shifts over distances of up to 100km. A 
similar characteristic autocorrelation scale has been found 
for zooplankton communities west of Vancouver Island 
(Mackas, 1984), and in offshore directed filaments in the 
Coastal Transition Zone of the California Current (Mackas et 
al., 1991).

Cobb is situated in the subarctic Pacific, a region in
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which, like the North Pacific Central Gyre, zooplankton 
community structure is known to be spatially homogeneous 
over large distances (LeBrasseur 1965). In addition, recent 
drifter data show that surface currents near Cobb move 
east/southeastward at a consistent lOcm/s (McNally et al. 
1983; Freeland, submitted), making it likely that patterns 
of community composition will remain constant over large 
distances along the current axis (Mackas et al., 1991). 
Indeed, on the basis of straight line separation between 
samples, mesozooplankton community composition near Cobb 
Seamount shows little change over distances of up to at 
least 150km (Fig.22).

When these samples are compared on the basis of their 
relative distances from Cobb Seamount, however, PSI values 
decrease rapidly over short distances (Fig.22). This more 
rapid decline indicates PSI to be more sensitive to changes 
in the relative distance to Cobb Seamount than to simple 

geographic separation between samples, and suggests the 
existence of a seamount effect on community composition.

The ANOVA and multiple comparisons tests show that (i) 
both DELRAD and MINRAD are good predictors of percent 
similarity among samples (accounting for ~20% of the total 
variation), and that (ii) the mean PSI is among stations 
within 30km of Cobb Seamount is significantly lower than 
among stations further away from the seamount (Tables 4,5).

The principal components analysis also provides some



133

evidence in support of a "seamount effect" on the 
mesozooplankton, as mean on- and off-seamount scores 
differed significantly principal component 2 (with those for 
on-seamount stations being higher). However, attaching any 
biologically meaningful interpretation to this difference is 
difficult. Table 3 shows that high scores for component 2 
correlate with high abundances of doliolids, Tomopteris 
spp., and Oithona spp.; why these particular taxa should be 
more abundant near the seamount remains unclear.

Spatial patterns in other components of the planktonic 
food web at Cobb are quite patchy. Comeau et al.
(submitted) find that while there is a general increase in 
primary production near the seamount, the distribution is 
very patchy. They suggest that small-scale patchiness in 
primary production near Cobb results from the local shoaling 
of the pycnocline, which reduces vertical mixing and 
provides the phytoplankton with improved light conditions.
It may be that when integrated over longer temporal and 
larger spatial scales this process produces the persistent 
and areally more extensive regions of high chlorophyll water 
regularly observed near Cobb.

Sime-Ngando et al. (1992) show that both abundance and 
small-scale heterogeneity increase in the ciliate community 
near Cobb, and calculate characteristic patch sizes on the 
order of 6km. They propose that rapid growth in response to
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very localized bursts of phytoplankton production is 
involved in generating these ciliate patches.

Although rapid in situ growth in response to favourable 
environmental conditions may account for small-scale 
patchiness in primary production and ciliate stocks near 
Cobb, it cannot explain the "seamount effect" in the 
mesozooplankton community structure. Whereas standing 

stocks of phytoplankton and ciliates can double in a day, 
differential growth leading to shifts in the mesozooplankton 
community composition would require weeks to months 
(Boehlert, 1988; Denman et al., 1989). Freeland (submitted) 
demonstrates that while a persistent recirculating current 
does exist over Cobb, it does not penetrate much shallower 
than ~100m. As nearly all of the common mesozooplankton 
taxa at Cobb reside in the upper 100m of the water column 
elsewhere in the subarctic Pacific (LeBrasseur, 1965;
Mackas, pers. comm) retention over the seamount by a Taylor 

cone is a remote possibility.
A more likely possibility is that the shift in 

mesozooplankton community composition near Cobb Seamount 
results not from taxon-specific growth, but from taxon- 
specific mortality or behavioural responses. Haury (in 
press) and Genin et al. (1988) attributed "zooplankton 
holes" and enhanced spatial patchiness over 60 Mile Bank to 
increased predation pressure from fish. For taxa that 
display diel vertical migratory behaviour, they also found
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evidence suggesting that such taxa actively avoid the 
shallow topography.

Submersible surveys to Cobb in 1982 and 1984 found 
large schools of rockfish, mainly Sebastes spp., resident on 
the seamount (Tunnicliffe pers. comm.). Both juveniles and 
adults were abundant in the waters on and around the 
seamount and, as this study shows, larval fish are also 
quite abundant over Cobb. As well, fishing vessels were 
encountered on Cobb during each of the three CSEX cruises; 
indirect evidence of the appreciable fish stocks at Cobb. 
Calanoid copepods and other larger zooplankton (eg. 
euphausiids, fish larvae) are known to make up a large 
proportion of the diet of many Sebastes spp., particularly 
among the pelagic juveniles (Reilly et al., 1992; Brodeur 
and Pearcy, 1984). It is possible that mortality associated 
with predation by seamount fish affects patterns in the 
mesozooplankton community composition near Cobb Seamount. 
Furthermore, if such predation was neither size-selective 
nor evenly distributed around the seamount its effect might 
be to decrease between-sample similarity among samples near 
the seamount. Information on both the diets and stock size 
of the Cobb rockfish population are required to properly 
test this hypothesis. To date, little information is 
available on either subject.

With respect to avoidance mechanisms, although the 
mesozooplankton taxa near Cobb are generally not known to be
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strong vertical migrators, it is nevertheless possible that 
the shallow summit penetrates close enough to the surface to 
induce some sort of avoidance behaviour- Recently, Mackas 
et al. (1993) have shown that vertical zonation in 
mesozooplankton communities may involve taxa actively 
seeking out specific turbulent regimes within the water 
column. If this is true, then it may be that "seamount 
effect" detected in the mesozooplankton community near Cobb 
involves taxa responding to the increased levels of 
turbulent mixing and internal wave activity in the waters 
around the seamount. This idea also warrants further work.

Finally, these results again raise the issue of whether 
the abundant nektonic stocks found at many seamounts can be 
supported by autochthonously derived energy sources 
(Boehlert and Genin, 1987; Tseitlen, 1985). Certainly, this 
study provides at least indirect evidence that seamount fish 
do consume zooplankton advected over the topography by ocean 
currents. While it remains to be seen just how important 
advected energy sources are to nektonic stocks, the lack of 
an effective means to retain zooplankton over Cobb Seamount 
makes the idea of energy transfer from phytoplankton to 
zooplankton to fish seem highly unlikely. In the next 
section, I combine these results with those from previous 
chapters in a model that explores the nature of the trophic 
linkages between the components of the planktonic food webs 
of shallow seamounts.
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Chapter 4
PLANKTONIC FOOD WEB STRUCTURE AND THE PERSISTENCE OF HIGH 

CHLOROPHYLL CONDITIONS NEAR A SHALLOW NORTH PACIFIC SEAMOUNT

4.1 Introduction
Shallow seamounts often support abundant pelagic 

communities. Rich stocks of squid and tuna are found in the 
northern Hawaiian and Emperor seamount chains in the western 
North Pacific (Inoue, 1983; Uchida and Tagami, 1986).
Eastern North Pacific seamounts also support substantial 
popul, ions of commercially valuable species (Hubbs, 1959; 
Isaacs and Schwartzlose, 1965; Hughes, 1981; Raymore, 1982). 
These and other shallow seamounts are regularly visited by 
commercial fishing vessels.

"Seamount effects" are evident in other trophic levels, 
too. Numerous seamounts are known to support rich benthic 
communities (Herlinveaux, 1971; Birkeland, 1971; Genin et 
al., 1986; Levin et al., 1986), including species of crab 
and precious coral (Raymore, 1982; Grigg, 1984) that are 
also of economic value. High standing stocks of 
phytoplankton and an enhanced patchiness of primary 
production persist over some shallow seamounts (Genin and 
Boehlert, 1985; Dower et al. 1992, Comeau et al., 
submitted).

The response of zooplankton, ichthyoplankton and 
micronekton stocks to shallow seamounts is more complex. In
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some cases, zooplankton and ichthyoplankton are more 
abundant over shallow seamounts (Fedosova, 1974; Boehlert 
and Seki, 1984; Genin and Boehlert, 1985; Parin and Prutko, 
1985; Boehlert et al. , 1990)). In other cases, seamount 
stocks have been found to be equal to (Voronina and Timonin, 
1986) or lower than background levels (Boehlert, 1985;
Genin et al., 1988). Protozoan and bacterioplankton stocks 
show similarly complex patterns: Sime-Ngando et al. (1992) 
report increased protozoan biomass over Cobb Seamount, while 
Moiseyev (1986) and Sorokin and Sorokina (1985) detect no 
differences between on and off seamount abundances.

Theoretical and laboratory studies show that the 
interaction of seamount-like topographies with oceanic 

currents gives rise to a variety of flow phenomena (reviewed 
in Roden, 1987). These include upwellings and/or isotherm 
doming, amplified currents, eddy shedding, closed 
recirculating currents (i.e. Taylor cones), seamount-trapped 
waves and regions of enhanced internal wave activity. These 
same phenomena have also been documented in numerous field 
studies (Meincke, 1971; Vastano and Warren, 1976; Fukasawa 
and Nagata, 1987; Owens and Hogg, 1980; Gould et al. , 1981; 
Roden 1984; Genin and Boehlert, 1985; Agapitov and 
Gritsenko, 1988; Roden, 1991).

Although biologists have long been interested in 
seamount communities, the mechanisms that produce high 
biomass conditions in such systems remain poorly understood.
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It is widely held that current-topography interactions of 
the type described above play an important role in such 
communities (Hubbs, 1958; Boehlert and Genin, 1987;
Boehlert, 1988; Mullin, 1993). To be of any real importance 
to pelagic food webs, however, the effects of these flow 
phenomena must extend into the euphotic zone (Boehlert and 
Genin, 1987), where most of the biological activity takes 
place. It is likely then, that current-topography 
interactions are of greatest biological importance at 
shallow seamounts, where the summit approaches or penetrates 
the euphotic zone.

The most common explanation of how seamount flow 
phenomena could act to enhance biological production near 
seamounts involves two processes. First, the upwelling of 
nutrient rich water associated with Taylor cone formation 
fosters local phytoplankton growth over the seamount (Genin 
and Boehlert, 1985). Second, a closed recirculation (i.e. 
Taylor cone) retains water over the seamount long enough for 
the energy represented by the enhanced phytoplankton stocks 
to be converted into secondary biomass (Boehlert and Genin, 

1987; Flint and Yakushev, 1988; Dower et al.,1992). Other 
workers suggest that nektonic stocks over shallow seamounts 
rely not on local production but on plankton advected over 
the seamount from the surrounding waters (Tseitlen, 1985; 
Genin et al., 1988; Genin et al., in press).

In this paper I present a simple ecosystem model
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simulating the food web dynamics in a parcel of water as it 
passes over a shallow seamount. The model is based largely 
on data collected during the Cobb Seamount Experiment 
(CSEX), a program designed to study the coupling of physical 
and biological processes near seamounts (Dower et al.,
1992). Specifically, I use the model to address the 
question of how enhanced phytoplankton stocks can be 
produced and maintained near shallow seamounts in the 
absence of any retention mechanism, since Taylor cone 
recirculations do not generally penetrate the mixed layer 
over shallow seamounts. It is also hoped that a better 
understanding of the interactions between open ocean 
planktonic food webs and shallow topographies will shed 
light on the question of how rich nektonic stocks are 
maintained in such systems.

4.2 Model Formulation
The model presented here is developed from the one

dimensional ecosystem model used by Frost (1987) to study 
food web dynamics at Station P (50°N, 145°W) in the 
subarctic Pacific. I elaborate on Frost's Experiment 4 
which explores the role of mesozooplankton in controlling 
phytoplankton stocks, using a three compartment system (Fig. 
25). The model reproduces annual cycles of phytoplankton, 
herbivorous microzooplankton and dissolved nitrogenous 
nutrients in a homogeneous 50m mixed layer. As available
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Figure 25: Three compartment food web used by Frost (1987)
in his Experiment 4. Arrows point in the direction of 
energy transfer. Open arrows indicate that changes to the 
mesozooplankton stock are not modelled explicitly; 
mesozooplankton are included merely to provide closure to 
the system. Microzooplankton feed exclusively on 
phytoplankton. Mesozooplankton feed on both 
microzooplankton and phytoplankton. Redrawn from Frost 
(1987).
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light decreases exponentially with depth, the model 
calculates phytoplankton growth in lm depth strata and then 
sums over the entire 50m mixed layer. Frost's model 
equations are:

Change in Phytoplankton Stock = Phytoplankton Growth - 
Sinking - Grazing (by Micro- and Mesozooplankton)

A p 
At

l (£, . * , (a PAR7\ at ,1 e„(P-P0)H e7PZ /i\
=— { y  P'PMAX'taitid  \-P--i(PMAX) P) -mP- /  - * „ „ ' 'za [V \p*ax*)d+N j fH+(p-pa) fz+p+H

Change in Microzooplankton Stock = Microzooplankton Growth 
- Predation by Mesozooplankton

A H 
At

1 (2)
t  f » *  iP-P,> t,*P+H j

Change in Dissolved Nutrient = -Uptake by Phytoplankton + 
Mixing + Regeneration (excretion by Micro- and 
Mesozooplankton)

A N  
At

1 aPARz\ N  1 „ 0.3e„(P-P0)H 0.3 e,(P+H) Z(%\= — i-iVP*PAMA-*tanh ---- 2 . r\+m(N0-M +— . " „ ° +-- zV-~.■■■— W
Zm[v \ PMAX* J  d+NJ fH+(P-P0) fz + P + H

with symbols and parameters as defined in Table 6. In this 
formulation phytoplankton growth depends on the availability 
of both light and nutrients. Microzooplankton feed 
exclusively on phytoplankton, and are themselves preyed upon 

by mesozooplankton. The omnivorous mesozooplankton (i.e. 
Neocalanus spp.) provide closure for the system: changes in 
mesozooplankton stock are not modelled explicitly.
Nutrients are removed from the mixed layer by phytoplankton
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growth, and are returned to the mixed layer via: (1) 
excretion by grazers and mesozooplankton, and (2) mixing 
from below the mixed layer.

Table 6: Parameters for Equations 1-3, after Frost (1987)

TERM DESCRIPTION UNITS/VALUE
a Photosynthetic efficiency pgC» jugChl-1 • ly-1
c Carbon: Chlorophyll Ratio pgC» pgChl"1
d Half-saturaticn of Nitrate 1 1
e H

Max. Ingestion Rate Microzoop. pgC»pgC"J ‘day"1 
pgC» pgC1 • dayez Max. Ingestion Rate Mesozoop.

f H
Half-sat. of Microzoop Ingest. pgC/1

f Z
Half-sat. of Mesozoop Ingest. pgC/1

r Phyto. Resp. (fraction of prod) 0.1 day-1
H Microzooplankton Standing Stock jjqC/1
N Mixed Layer Nitrate Cone. pM
No Nitrate Cone. Below Mixed Layer /jM
P Phytoplankton Standing Stock pgC/1
p ep*

Threshold P conc. for H Grazing pgC/1
Chlorophyll Concentration pgChl/1

z Mesozooplankton Standing Stock pgC/1
PARZ PAR Available at Depth Z ly ,PMAX Phyto Max Daily Growth Rate pgC« day"1
PMAX* Max. Chi. Specific Growth Rate pgC»/jgChl"1 »day_1
m Daily Mixing Rate day"1
z-._ l Mixed Layer Depth m

Based on this model, Frost (1987) concludes that 

microzooplankton are responsible for the bulk of the 
phytoplankton grazing in the subarctic Pacific. The role of 
the mesozooplankton seems to be primarily to regulate the 
microzooplankton stocks and, to a lesser extent, to regulate 
growth of the larger diatoms. This idea has since been 
confirmed by other workers (Miller et al., 1991; Landry and 
Lehner-Fournier, 1992). Frost also reports that the model is
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most sensitive to changes in the ingestion rate and feeding 
efficiency of the microzooplankton grazers. Changing the p p 
photosyntheuic efficiency of the phytoplankton in the model 
merely alters the standing stocks of phytoplankton and 
grazers, it does not affect the ability of the 
microzooplankton to keep the phytoplankton stock under control 
(Frost 1987) .

In a more recent paper Frost (1991) claims that a four 
compartment model provides a more realistic representation of 
the planktonic food web in the open subarctic Pacific. He 
points out that since phytoplankton blooms are never observed 
at Station P, the herbivorous microzooplankton must also be 
"insulated from potentially destabilizing predation". Frost 
(1991) suggests a food web comprised of (1) phytoplankton, (2) 
herbivorous microzooplankton (mainly protozoans), (3) 
predators of the herbivorous microzooplankton, and (4) 
predators of the microzooplankton predators. In this scenario 
groups 1 and 3 would be limited mainly by predation, while 
groups 2 and 4 would be limited by food availability. As in 
the three compartment model, the top predators in the system 
are taken to be large copepods of the genus Neocalanus, which 
dominate the subarctic Pacific during the spring and early 
summer (Miller et aJ., 1984).
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4.3 Physical/Biological Background for the Cobb Seamount Model

The Cobb Seamount Experiment involved three cruises to 
Cobb Seamount (46°46'N, 130°48rW), 500km southwest of 
Vancouver Island (Fig. 1), during the summers of 1990-1992. 
Cobb differs from most other seamounts in that its summit 
penetrates the euphotic zone. The physical and biological 
sampling programs carried out during the CSEX cruises are 
detailed in Dower et al. (1992), Sime-Ngando et al. (1992), 
Freeland (submitted), Comeau et al. (submitted) and in 
Chapters 1-3. Here I summarize these results ac background 
for the current model.

4.3.1 Biological Observations
Localized increases in phytoplankton stock are 

regularly observed at Cobb Seamount. Summer chlorophyll 
concentrations in the southern subarctic Pacific are 
typically about 0.2-0.4 mg/m"3 (Takahashi et al., 1972; 
Hobson, 1980). In August of 1990 a single large bullseye of 
high chlorophyll water situated directly over Cobb Seamount 

had maximum chlorophyll concentrations in excess of lmg/m-3 
(Dower et al., 1992). Multiple patches of high chlorophyll 
water were also observed around Cobb Seamount during the 
1991 and 1992 CSEX cruises. Integrated euphotic zone 
chlorophyll concentrations in the region are usually about 
15-30 mg»m"2 during the summer, but are occasionally >100



147

mg»m-2 over the seamount (Dower et al., 1992).
Primary production near Cobb is very patchy. Comeau et 

al. (submitted) give integrated primary production values 
ranging from 130-1300 mgC»m-2»d-l, with an average value of 
~570 mgC«m-2»d-l. These values are almost identical to data 
from 6 cruises from the Subarctic Pacific Ecosystem Research 
(SUPER) program presented by Miller et al. (1991): range 
240-1300, grand mean 586 mgc»m-2«d-l. Hobson (1980) also 
reports maximum primary production values of 600-700 mgC»m- 
2»d-l from the Transition Zone. At Cobb, patches of high 
primary productivity are generally located in areas where 
the pycnocline shoals by as much as 10-30m (Comeau et al., 
submitted). Sime-Ngando et al. (1992) show that for the 
ciliate fauna, abundance near Cobb is generally higher, but 
spatial distribution is also more patchy, than at off- 

seamount sites.
During the 1991 CSEX cruise mesozooplankton biomass 

over Cobb was about 40% lower than in samples collected off- 
seamount (Dower, unpublished data). A "seamount effect", 
evident as a localized decrease in between-sample 
resemblance in mesozooplankton community composition, is 
detectable up to 30km from the seamount pinnacle (Figures 
22-24). One possible explanation for this pattern is that 
predation by seamount fish alters the mesozooplankton 
community composition near the seamount. Submersible 
surveys in 1982 and 1984 revealed abundant stocks of pelagic
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juvenile and adult rockfish (Sebastes spp.) in the waters 
overlying Cobb (Tunnicliffe, pars, comm.); these species are 
known to be omnivorous planktivores (Reilly et al., 1992; 
Brodeur and Pearcy 1984).

The decreased between-sample resemblance in the 
mesozooplankton community near Cobb could also result from 
physical or behavioural interactions. Most of the 
mesozooplankton common at Cobb are usually found in the 
upper 100m of the water column elsewhere in the subarctic 
Pacific (LeBrasseur, 1965; D. Mackas, pers. comm.). It may 
be that the increased internal wave activity (Fig.11) and/or
turbulent mixing in the waters over Cobb (R. Lueck and T.
Mudge, pers. comm.) causes shifts in the mesozooplankton 
community near Cobb. This could occur directly, through the 
mixing action of these and other seamount flow phenomena, or 
indirectly if the zooplankton actively respond to the 
enhanced kinetic energy. The latter idea is supported by 
Mackas et al. (1993) who suggest that in the subarctic 
Pacific "the vertical distribution pattern of the copepods 
could be set by responses to the local intensity of 
turbulent mixing". If this is the case, the enhanced

kinetic energy over Cobb might induce behavioural
responses in the zooplankton (eg. vertical migrations, 
swarming, etc.) that effect local patterns in community 
composition.
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4.3.2 Physical Setting
Cobb Seamount is located in the southeast corner of the 

subarctic Pacific (Fig.l), near the point where the West 
Wind Drift splits to form the California Current and Alaskan 
Gyre (Dodimead et al., 1963, Favorite et al., 1976).
Freeland (submitted) describes the circulation pattern near 
Cobb. Satellite-tracked drifter buoys show that surface 
currents near the seamount move east-southeastward at about 
10 cm/s.

A shipboard Acoustic Doppler Current Profiler and 
moored current meter arrays show a clockwise recirculating 
flow over the Cobb summit. The recirculation extends from 
just above the bottom to a shallowest depth of ~100m, and 
has peak velocities of 12cm/s (Freeland, submitted). CTD 
surveys during the CSEX cruises show isopycnal doming of 
about 10-30m over Cobb (Figs.5-7). Freeland interprets this 
recirculating current and isopycnal doming as evidence of a 

bottom-intensified Taylor cone. The limited penetration 
height of the Taylor cap results from the damping effects of 
the very strong stratification characteristic of the 
subarctic Pacific. A similar recirculating current was 
observed on each of the three CSEX cruises and also during 
an October 1991 cruise to Cobb organized by the University 
of Washington (Codiga, pers. comm). In one case, the 
recirculating current was observed to persist for at least 
one month (Dower et al., 1992).
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Mixed layer depth near Cobb during June/July ranges 

between ~10m to ~25m. Average mixed layer temperature 
during June/July is about 12°C. Mixed layer nutrient 
concentrations remain moderately high throughout the summer: 
during the CSEX cruises, mean nitrate was about 2.5pM and 
only rarely did concentrations fall below lpM (Fig.12).

4.4 Parameterization of the Cobb Model
The model presented here is a one-dimensional, four 

compartment description of the planktonic food web recently 
proposed for the subarctic Pacific (Frost, 1991). The basic 
food web organization is illustrated in Figure 26. Lacking 
detailed information on the composition of the phytoplankton 
community near Cobb during the summer, I chose to lump all 
phytoplankton into a single compartment. It is known that 
the subarctic Pacific phytoplankton community is dominated 
by cells <5 pm in size (Booth, 1988). Protozoans represent 
the ciliate fauna documented by Sime-Ngando et al. (1992), 
which appear to be the major grazers of microalgae at Cobb. 
Microzooplankton are defined here as metazoans less than 
500pm in longest dimension, and are comprised mainly of 
smaller developmental stages of crustacean mesozooplankton. 
Mesozooplankton are defined as metazoans >500pm and, during 
the first half of the summer, are dominated by the large 
copepods Neocalanus plumchrus, N. cristatus and Calanus 
pacificus.
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Figure 26: Four compartment food web used in the current
model. Arrows indicate the direction of energy transfer. 
Open arrows indicate that changes to the mesozooplankton 
stock are not modelled explicitly: mesozooplankton are 
included merely to provide closure to the system.
Protozoans feed exclusively on phytoplankton. 
Microzooplankton feed on both protozoans and phytoplankton. 
Mesozooplankton prey on both microzooplankton and 

protozoans.
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Phytoplankton are grazed by both protozoans and 
microzooplankton. The microzooplankton are modelled as 
omnivores, and feed indiscriminately on phytoplankton and 
protozoans. Model closure is provided by the 
mesozooplankton that prey indiscriminately on 
microzooplankton and protozoans. Following Frost (1987, 
1991), mesozooplankton are included only as predation 
pressures on these groups. Changes in the mesozooplankton 
stock are not modelled explicitly since mesozooplankton 
generation times are typically £30 days.

As is often the case in food web studies, information 
on the state variables in the Cobb Seamount system (i.e. 
biomass) is more complete than the information on flows 
between various compartments (e.g. ingestion rates). To 
estimate the ingestion rates of grazers and predators I 
apply a technique similar to the "inverse method" detailed 
by Vezina and Platt (1988), and recently used in a number of 
other food web studies (Jackson and Eldridge, 1992). I make 
the assumption that, over timescales relevant to the passage 
of a water parcel over a seamount (i.e 1-10 days), the food 

web can be assumed to approach steady state conditions.
Using literature values, I place limits on the range of 
possible values for the ingestion rates of protozoans, 
microzooplankton and mesozooplankton (Heinbokel, 1978; Dagg 
and Wyman, 1983; Frost et al., 1983; Dagg and Walser, 1987; 
Verity, 1991; Verity et al., 1993; Burkill et al., 1993). I
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then search iteratively through parameter space for the 
combination of values that best satisfies the steady state 
assumption. Values of the state variables used in this 
process are estimated from data collected during the CSEX 
cruises. The solution set obtained by this process is then 
used to establish the starting conditions for the model.

The present model includes modified forms of eguations 
1-3, plus a fourth equation to describe changes in the stock 
of metazoan microzooplankton. The equations can be 
summarized as:

Changa in Phytoplankton Stock = Phytoplankton Growth - 
Sinking - Grazing (by Protozoans and 

Microzooplankton)

-— = -j-fc P'PMAX*tar±( aPARz)-J?-- -r (PMAX) p} -mP- f.--fsjf.Si. (4)At M V  \PMAX')d+N j fH+(P~P0) fa+P+H

Change in Herbivorous Protozoan Stock = Protozoan Growth - 
Sinking - Predation (by Micro- and 
Mesozooplankton)

A H 
A t = JHO . 5 b^{P—Pq) ^ sclCl 

fH+ (P-P0) fcl +P + H "
eC2

fC2 + H+Cl -m (5)

Change in Microzooplankton Stock = Microzooplankton Growth 
- Predation (by Mesozooplankton)

ACl _ C1 L 3 eci(Fci~Fo1 _ ec2CZ \ /g\
At \ • fcl+(Fcl-F0) fc2 + H + Clj
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Change in Dissolved Nutrient = -Uptake by Phytoplankton + 
Mixing + Regeneration (excreted by Protozoans, 
Micro- and Mesozooplankton)

AW = -JL.ly' P'PMAX' tanhf aPARz ) I +m(N0-N) + 0.3 At Za[V { PMAX') d+N] 0
\ , „ e„{P-P0)H> +  m (  M  +  n  ^  °____f„+(p-p0)

„ n ecl (P+H) Cl n o 
+ ‘ fcl +P+H + ' fcl +H+ Cl (7)

Variables and parameters are defined in Table 7. In all 
cases A t  is a one day time step. Stocks are reported in 
units of pg C/1. Phytoplankton stocks are also reported in 
terms of chlorophyll concentration (pg Chi/1). Dissolved 
nitrogenous nutrients are converted to carbon equivalents in 
the ratio lpmol N = 75.6pg C (Frost, 1987),. For 
presentation purposes, I report nutrients as pM.

Although mixed layer depth at Cobb during the summer is 
about 15-30m and chlorophyll profiles display prominent 
subsurface chlorophyll maxima (SCM) between 30-50m (Dower et 
al., 1992), I chose instead to use a 50m mixed layer (Zm = 
50) in which plankton stocks are distributed homogeneously 
for the off-seamount situation in the model . I structured 
the model this way for two reasons.

First, the primary goal of the modelling exercise was 
not to mimic Cobb Seamount specifically, but to address the 
general question of how persistent high phytoplankton stocks
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Table 7: Definitions and starting values for Equations 4-7 
in the current model. Starting values are those used in 
basic trials.

TERM DESCRIPTION UNITS/VALUE
a Photosynthetic efficiency .75 pgC*pgChl"1 • ly-1 

45 pgC*pgChl"1c Carbon: Chlorophyll Ratio
d Half-sat. of Nitrate for Phyto. 1 MM
e H Max. Ingestion Rate Protozoans 1 pgC* pgC"1 • day 

. 4 pgC* pgC"1 • day-1 

. 25pgC*pgC~1 »day_1ed Max. Ingestion Rate Microzoop.
eC2 Max. Ingestion Rate Mesozoop.

Half-sat. of Protozoan Ingest. 25 pgC/1
fC1 Half-sat. of Microzoop Ingest. 25 jugC/1
fC2 Half-sat. of Mesozoop Ingest. 50 pgC/1
FC1 Microzoop Prey (i.e. P+H) 18.5 pgC/1
F0 Feeding Threshold for Microzoop 10 pgC/1
r Phyto. Resp. (fraction of prod) 0.1 day-1
H Protozoan Standing Stock 5.0 pgC/1
N Mixed Layer Nitrate Cone. 2.5 f/M
N0 Nitrate Cone. Below Mixed Layer 5.0 pM
P Phytoplankton Standing Stock 13 . 5pgC/l
pg Feeding Threshold for Protoz. 10 pgC/1
p* Chlorophyll Concentration 0.3 pgChl/1
Cl Microzooplankton Standing Stock 5.0 pgC/1
C2 Mesozooplankton Standing Stock 7.0 pgC/1

PARZ PAR Available at Depth Z ly* day"1
PMAX Phyto Max Daily Growth Rate 1. 5 pgC* day"1
PMAX* Max. Chi-Specific Growth Rate . 45pgC* pgChl* day-1

m Daily Mixing Rate 0.02 day"1
, .. Z0L ...

Mixed Layer Depth 50m

can be created and maintained at shallow seamounts in the 

absence of a retention mechanism. Therefore, it was not 
essential that the vertical profile of chlorophyll used in 
the model reflect that which is observed at Cobb. One of 
the first principles of mathematical modelling is to begin 
with the simplest formulation possible, and so a mixed layer 
in which plankton are distributed homogeneously provides a 
logical starting point.

Second, the main basis for comparison with the results
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from the present model are those of Frost (1987) for Station 
P, in which a homogeneous 50m mixed layer is used. One of 
the other goals of this modelling exercise was to evaluate 
the four compartment food web used here against the three 
compartment food web used, by Frost (1987). I therefore 
decided to keep the physical structure of the present model 
similar to Frost's formulation to facilitate comparisons.

Mixing, m, is that fraction of the mixed layer replaced 
each day via vertical mixing and diffusion between the 
surface mixed layer and the deeper layer below. In the 
model, mixing adds nutrients from below the surface layer 
and removes a fraction of the phytoplankton and protozoan 
stocks. Estimates of vertical mixing are unavailable for 
the waters around Cobb, but it is assumed that m does not 
differ greatly from values estimated for Station P (50°N, 
145°W) (Freeland, pers. comm.). I therefore use m = 0.02 
day-1 for the basic trials, a value which lies within the 
range of mixing rates used by Frost (1987) for Station P.

Estimates of total solar radiation and phytoplankton 
photosynthetic efficiency, a (i.e. the initial slope of the 
Photosynthesis vs. Irradiance curve), are also unavailable 
from the CSEX data. As above, I estimate these parameters 
from data collected elsewhere in the subarctic Pacific. 
Hobson and Ketcham (1974) cite a value of 300 langley*day-1 
(ly»day_1 hereafter) for total daily solar radiation near 

Cobb in August while Takahashi et al. (1972) estimate 400
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ly*day-1. I use the average value of 350 ly»day~1, of which 
50% is taken to be photosynthetically available radiation, 
PAR (Strickland, 1958). For the basic trials, I use a 
photosynthetic efficiency value of a - 0.75 p g O (pgChl)" 
1»ly'1 (Takahashi et al., 1972).

The phytoplankton Carbon:Chlorophyll ratio is set at 45 
^gC»pgChl_1, the maximum summer value used by Frost (1987) 
for Station P. Phytoplankton respiration, r, is taken to be 
10% of daily photosynthetic production (Parsons et al.,
1984). Again, lacking any data from Cobb, I follow Frost 
(1987) and use a value of lpM for the phytoplankton half
saturation constant for nitrate. Protozoans are assumed to 
assimilate 50% of ingested food (Heinbokel, 1978), micro- 
and mesozooplankton assimilate 30%. Protozoans, micro- and 
mesozooplankton excrete 30% of their daily ingestion as 
nitrogenous compounds (Frost, 1987; Vezina and Platt, 1988). 
The model does not consider the effect of discrimination 
between nitrate and ammonia by phytoplankton.

4.4.1 Procedure
Equations 4-7 are solved using 1 day time steps in 30- 

day trials. If it is assumed that the effect of the 
seamount extends about one radius into the surrounding water 
(~15km for Cobb), then for a background flow of 10 cm/s (the 
average current measured near Cobb) a water parcel requires 
only ~3.5 days to pass over the seamount (i.e. 2x15km radius
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= 30km diameter). Given this short timescale and the lack 
of year-round data from Cobb it seems reasonable to limit 
model trials to only 30 days. Longer model runs would 
entail factoring in changes to the physical environment 
(such as increasing temperature, deepening of the mixed 
layer, changes in the insolation) that occur as the summer 
progresses. Shorter timescales do not allow enough time to 
follow the fate of the planktonic community as it moves 
downstream of the seamount.

In "seamount trials" the water parcel approaches the 
seamount over days 1-5, and first encounters seamount 
conditions on day 6. Seamount conditions are represented as 
a 15m doming of the seasonal pycnocline, from 50m to 35m, 
during the time the water parcel is over the seamount. In 
the basic trial, this amounts to 4 days. The shoaling is 
imposed as a simple step-function. I do not include any 
retention or trapping mechanisms over the seamount since 
Freeland (submitted) shows that the recirculation over Cobb 
does not usually penetrate shallower than ~100m. The model 
is used in a series of numerical experiments to explore the 
response of the plankton community to changes in: (i) the 
time taken for a water parcel to pass over Cobb, (transit 
time, hereafter) , (ii) the amplitude of isopycnal doming 
over Cobb, (iii) predation by seamount fish, (iv) the supply 
of dissolved nutrients to the phytoplankton and (v) the 
photosynthetic efficiency of the phytoplankton.
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4.5 Model Results
4.5.1 Experiment 1: Basic Trials

Figure 27 compares basic trials for the "seamount" and 
“no-seamount" conditions. Starting values are given in 
Table 7. In the absence of the seamount, stocks of 
phytoplankton, protozoans and microzooplankton show only 
minor changes from starting values over the 30-day trial. 
Protozoans and microzooplankton increase from 5 pgC/1 to ~6 
pgC/1 (Fig.27b-c). Chlorophyll concentration (Chi, 
hereafter) shows a small increase at the beginning of the 
trial, rising from 0.3 pg/1 to 0.33 pg/1 but, thereafter, 
remains steady throughout the trial (Fig.27a). K .trate 
concentration shows only a slight decline from the initial 
value of 2.5 pM (Fig.27d). Longer trials (not shown) 
confirm that this "steady state" formulation remains stable 
for periods of up to 50 days in the absence of the seamount.

In the "seamount" trials, all three stocks show obvious 
departures from starting values. During days 6-9, while the 
parcel is over the seamount and Zm = 35m, a brief 
phytoplankton bloom occurs, in which the Chi concentration 
increases by 67% to a peak value of 0.55 pg/1 (Fig. 27a).
This represents an average phytoplankton growth rate durinc 

the bloom of 0.12 day-1, or 0.18 doublings day-1. Grazing 
by protozoans and microzooplankton removes all evidence of 
this bloom by day 14. Thereafter, the phytoplankton stock 
increases very slowly until the end of the trial. Mixed
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Figure 27: Predicted stocks of (a) phytoplankton, (b)
protozoans, (c) microzooplankton and (d) nutrients for the 
"basic" seamount (open squares) and no-seamount (solid 
squares) trials. Zm = 50m off-seamount, and 35m on- 
seamount.
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layer nitrate decreases only slightly over the seamount and 
returns to ~2.5 pM by the end of the trial (Fig.27d).

The increase in protozoan stock lags one day behind the 
beginning of the phytoplankton bloom. Although protozoan 
stocks may actually respond more quickly than the model 
suggests, the one day time steps used here are not capable 
of resolving such a response. The peak concentration of 8.6 
pgC/1 reached on day 15 represents a 72% increase over the 
starting value (Fig.27b). By day 30, micro- and 
mesozooplankton predation brings this number back down to 6 
jugC/1, a value comparable to the final concentration in the 
no-seamount trial. Like the protozoans, the 
microzooplankton stock begins its increase on day 7. Unlike 
protozoans, the microzooplankton stock continues to 
increase, despite mesozooplankton grazing, and by the end of 
the trial reaches 7 pgC/1 (Fig.27c).

4.5.2 Experiment 2: Effect of Transit Time
In the absence of a retention mechanism over the 

seamount, the time required for a water parcel to transit 

the seamount, Ttp, is inversely proportional to the velocity 
of the background flow. The basic Ttr = 4 days is based on 
the lOcm/s background current observed near Cobb. Here, I 
consider cases where the background flow is ~20 cm/s and ~5 
cm/s, giving transit times of ~2 days and ~8 days 
respectively. For comparative purposes, a trial with Tt =
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16 days is used to simulate conditions that might result 
from a water parcel being trapped over a shallow seamount by 
a recirculating flow that does penetrate the surface mixed 
layer. The results of the experiment are presented in 
Figure 28.

Increasing Ttr has two major effects on the system. 
First, as Ttr increases, stocks of phytoplankton, protozoans 
and microzooplankton also increase. For Ttr = 2, the Chi 
concentration shows a ~39% increase to a maximum value of 
0.46 pg/1 over che seamount. For Ttr = 3, seamount Chi 
rises to 0.60 pg/1, an 82% increase over the pre-seamount 
Chi concentration. Put another way, relative to the basic 
Ttr of 4 days, doubling Ttr results in a 12% increase in Chi 
concentration over the seamount, while halving Ttr reduces 
seamount chlorophyll by 28% (Fig.28a). Unlike the other 
cases, when Ttr = 1 6  the Chi concentration does not continue 
increasing throughout the time the water parcel is over the 
seamount. For Ttr = 16, the maximum Chi concentration of 
0.59 pg/1 is the same as that for Ttr = 8 days: after day
13, Chi undergoes a slow decline for the remaining time over 
the seamount as a result of grazing.

Doubling Ttr from 4 to 8 days increases the maximum 
protozoan concentration by 66% from 8.6 pgC/1 to 13.1 pgC/1, 
while halving Ttr from 4 to 2 days reduces the maximum 
concentration by 20%, to 6.9 figC/l (Fig.28b). For Ttr = 2-8 
days, protozoan stocks peak ~6 days after the phytoplankton
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Figure 28: Predicted stocks of (a) phytoplankton, (b)
protozoans, (c) microzooplankton and (d) nutrients when Ttr 
is: 2 days (solid squares), 4 days (open squares), 8 days 
(solid triangles) and 16 days (open triangles). Isopycnal 
doming is 15m in each case.
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stock reaches its maximum value. With a 16 day transit 
time the protozoan stock actually surpasses the 
phytoplankton stock on day 19, peaks at a concentration of
20.3 pgC/1 on day 22, and thereafter declines rapidly to the 
end of the trial.

Microzooplankton stocks increase throughout all four 
trials (Fig.28c). Relative to the basic Ttr = 4 days,
increasing the transit time to 8 and 16 days increases the 
final stocks (by 15% and 33%, respectively) to 8.4 pgC/1 and 
10.6 pgC/1. For Ttr = 2 days, although there is still a net 
increase in microzooplankton over the 30-day trial, the 
final concentration is 8% lower than the basic Ttr = 4 day 
case. When Ttr = 2-8 days, microzooplankton overtake the 

protozoans by the end of the trial. When Ttr = 16 days, 
however, the final microzooplankton concentration is lower 
than that of the protozoans.

Increasing Ttr results in reduced mixed layer nitrate 
concentrations while the water parcel is over the seamount 
(Fig.28d). Still, only for the case where Ttr = 16 days 
does nitrate fall below 2 pM. Except for this last case, by 
the end of the trials nitrate concentrations again approach 
2.5 pM.

The second effect of increasing Ttr is seen in the 

response of the phytoplankton stock to grazing. In each 
case, after transiting the seamount, the phytoplankton stock 
declines rapidly in response to protozoan and
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microzooplankton grazing pressure (Fig.28a). However, as 
Ttr increases from 2 to 8 days the decline in phytoplankton 
stock becomes more pronounced. In each case the pre
seamount Chi concentration is 0.33 pg/1. For Ttr = 2 days, 
post-seamount Chi is comparable to pre-seamount values. For 
Ttr =4, 8 and 16 days, however, grazing reduces post
seamount Chi concentrations (0.30, 0.28 and 0.26 pg/1, 
respectively) to values lower than the pre-seamount values.

4.5.3 Experiment 3: Effect of Doming Amplitude
The amplitude of isopycnal doming over shallow 

topographies depends on both the intensity of the background 
flow and the degree of stratification in the water column 
(Roden, 1987). Near Cobb, strong stratification during the 
summer usually limits isopycnal doming to between 10-20m 
(Freeland, in press). In this experiment I explore how 
variation in doming amplitude affects plankton stocks over 
the seamount.

Figure 29 compares three trials in which isopycnal 
doming is varied between 10 and 20m, bracketing the values 

observed at Cobb Seamount. Ttr = 4 days, and doming is 
imposed as a simple step function in each case. In general, 
the patterns are similar to those shown in Figure 28 for 
varying Ttr. Stocks of phytoplankton, protozoans and 
microzooplankton all increase proportionally with the 
amplitude of isopycnal doming.
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Figure 29: Predicted stocks of (a) phytoplankton, (b)
protozoans, (c) microzooplankton and (d) nutrients when 
isopycnal doming over the seamount is: 10m (solid squares), 
15m (open squares) and 20m (solid triangles). Ttr = 4 days 
in each case.
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For phytoplankton, the maximum Chi concentration over 
the seamount increases from 0.46 pg/1, to 0.55 pg/1, to 0.68 
fjq/1 for 10m, 15m and 20m doming, respectively (Fig.29a). 
These values represent 40%, 67% and 106% increases over pre
seamount Chi concentrations. Mean bloom growth rates during 
the three trials are 0.08, 0.12, and 0.17 day-1, or 0.12,
0.17 and 0.25 doublings day'1. As with increasing Ttr, 
increased doming amplitude results in lower post-seamount 
Chi concentrations.

With 10m of isopycnal doming, the maximum protozoan 
concentration of 7.3 pgC/1 is 18% lower than in the basic 
trial (with 15m of doming) where protozoan concentration 
reaches 8.6 pgc/l (Fig.29b). Increasing the doming 
amplitude to 20m results in a 22% increase in maximum 
protozoan concentration, to 10.6 pgC/1. As in Experiment 2, 
protozoan stocks peak several days after the phytoplankton, 
and subsequently decline to the end of the trial.

Stocks of microzooplankton increase throughout all 
three trials (Fig.29c). The final concentrations in the 
10m, 15m and 20m cases are 6.6, 7.1 and 7.7 pgC/1, 
respectively. These represent 32%, 42% and 54% increases 
over the starting concentration. In each case, the 
microzooplankton are overtaking the declining protozoan 
stocks by day ?0.

Mixed layer nitrate responds to increased doming 
amplitude much as for increased Ttr (Fig.29d). With
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increased doming, the phytoplankton are exposed to a better 
light regime which results in higher growth rates and, 
consequently, a more rapid utilization of nutrients. For 
15m doming nitrate concentration fall to a low of ~2.2 juM.

4.5.4 Experiment 4: Predation by Seamount Fish
This experiment explores the effect of size-selective 

predation by seamount-associated fish (mainly adults and 
pelagic juvenile Sebastes spp. at Cobb; V. Tunnicliffe, 
pers. comm.) on the micro- and mesozooplankton. The Kasic 
seamount trial, which does not include fish predation, is 
compared to two trials in which seamount fish prey on (i) 
mesozooplankton alone and (ii) both micro- and 
mesozooplankton.

In the first case it is assumed that fish predation 
reduces mesozooplankton biomass by 50%. The mesozooplankton 
stock is fixed at 50% of its pre-seamount value on the first 
day that the water parcel encounters the seamount. Given 
the slow turnover time of most mesozooplankton (i.e. weeks), 
the stock is then held at the 50% level for the rest of the 
30-day trial. In the second case, I also impose a 20% daily 
mortality on the microzooplankton stock. Given the faster 
turnover time of most microzooplankton, however, the 

mortality is imposed only for those days during which the 
water parcel is over the seamount.

Phytoplankton stocks and mixed layer nitrate remain
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Figure 30: Predicted stocks of (a) phytoplankton, (b)
protozoans, (c) microzooplankton and (d) nutrients with: no 
predation from seamount fish (solid squares), fish predation 
resulting in a 50% reduction of mesozooplankton stock (open 
squares) and fish predation resulting in a 50% reduction in 
mesozooplankton stock plus a daily 20% mortality on 
microzooplankton stocks while over the seamount (solid 
triangles). Ttr = 4 days and isopycnal doming is 15m in 
each case.
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largely unaffected by either predation scenario (Fig.30a,d). 
Compared to the no-predation trial, only a very slight 
increase in maximum Chi concentration occurs with fish 
predation on both micro- and mesozooplankton (0.56 versus 
0.55 fjq/1) . Maximum Chi concentration decreases only 
slightly when predation is confined to the mesozooplankton. 
On day 30, final Chi concentration is lowest in the trial 
with fish predation on both micro- and mesozooplankton.

The stock of protozoans shows little response to fish 
predation on the mesozooplankton alone, the maximum 
protozoan concentration of 9.4 pgC/1 being only ~7% higher 
than in the no-predation case (Fig.30b). When predation is 
extended to the microzooplankton as well, however, protozoan 
stocks undergo rapid growth (up to 0.15 day-1, or 0.22 
doublings day-1) throughout the trial to a final 
concentration of 15.4 pgC/1.

Microzooplankton do respond to fish predation on the 
mesozooplankton (Fig.30c). When mesozooplankton stocks are 
reduced by 50%, the final microzooplankton stock of 10.1 
pgC/1 is 29% higher than in the no-predation trial. When 

subjected to a 20% daily mortality over the seamount, 
microzooplankton stocks decline rapidly to only 2.3 pgC/1, 
about 50% of the starting concentration. Beginning on day 
10, when fish predation ends, microzooplankton stocks begin 
to increase again, and by the end of the trial have 
recovered to their initial concentration of 5 pgC/1.
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4.5.5 Experiment 5; Mixing Rates and Nutrient Supply

Mixed layer nutrient concentration depends on both 
recycling, via zooplankton excretion, and on the entrainraent 
of new nutrients from below the surface mixed layer. Near 
Cobb, nitrate concentration just below the mixed layer is ~5 
pM. Here, I test the effect of varying the supply of 
nutrients by changing m, the mixing parameter.

For the 30-day trials considered in the model, 
phytoplankton stocks differ only slightly for values of m 
ranging from 0.01-0.05 day-1 (Fig.31a). Over this range, 
maximum Chi concentration increases with m. With no mixing, 
m = 0, the final Chi concentration falls below the starting 
value of 0.30 pg/1. Higher mixing rates also result in 
higher concentrations of protozoans and microzooplankton 
(Fig.31b,c). Except for a small decline during the four 
days the water parcel transits the seamount, the basic trial 
value of m = 0.02, keeps mixed layer nitrate virtually 
constant at 2.5 pM (Fig.3Id). With m decreased to 0.01, 
mixed layer nitrate also remains high until the last day of 
the trial (~2 pM) . Mixed layer nitrate actually begins to 
accumulate, to a final value of 3.7 pM, when m is increased 
to 0.05. When m Is set to zero, the nitrate concentration 
declines throughout the trial and approaches the assumed 
phytoplankton half-saturation constant for nitrate, 1 pM, by 
day 30.
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Figure 31: Predicted stocks of (a) phytoplankton, (b)
protozoans, (c) microzooplankton and (d) nutrients with 
mixing, m, set to zero (solid squares), 0.01 day"1 (open 
squares), 0.02 day-1 (solid triangles) and 0.05 day'1 (open 
triangles). Ttr = 4 days and isopycnal doming is 15m in 

each case.
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4.5.6 Experiment 6: Phvtoplankton Photosynthetic Efficiency 
Here, I examine the effect of changing the 

photosynthetic efficiency of the phytoplankton, a, from the 
basic model value of 0.75 pgC* (pgChl)'1 • ly'1 tc 0.5 and 1.0 
pgC* (pgChl)"1 • ly'1. These values bracket those presented by 
Takahashi et al. (1972) for the Transition Zone and the 
subarctic Pacific in the summer.

If a is reduced to 0., 5, phytoplankton stocks 
immediately begin to decline (Fig.32a), as phytoplankton 
growth is less than the daily grazing losses to protozoans 
and microzooplankton. In all the experiments, this is the 
only trial where such an initial decrease in phytoplankton 
stock is observed. Over the seamount the maximum Chi 
concentration increases to 0.40 pg/1, a 43% increase ovei 
the pre-seamount value. The reduced phytoplankton growth 
results in an increase in mixed layer nitrate, to a final 

value of ~2.75 pM (Fig.32d).
Raising a to 1.0 produces a rapid increase in the 

phytoplankton: over the seamount, the phytoplankton growth 
rate reaches 0.21 day"1 (0.31 doublings day'1). The maximum 
Chi concentration of 0.65 pg/1 on day 9 is 20% higher than 
in the basic trial where a = 0.75. Increasing a results in 
a greater utilization of nitrate (Fig.32d), although by day 

30 the concentration is still >2 pF.
With a = 0.5, phytoplankton production is clearly 

insufficient to support growth in either the protozoan or
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Figure 32: Predicted stocks of (a) phytoplankton, (b)
protozoans, (c) microzooplankton and (d) nutrients when 
phytoplankton photosynthetic efficiency, a, is 0.5 
pgC* (pgChl)-1 • ly-1 (solid squares), 0.75 (open squares) and 
1.0 (solid triangles). Ttr = 4 days and isopycnal doming is 
15m in each case.
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the microzooplankton stocks (Figs.32b-c). Unlike other 
trials from any of the previous experiments, protozoan and 
microzooplankton stocks begin to decline even before the 
water parcel encounters the seamount. Both stocks do show 
brief increases, in response to the brief phytoplankt.on 
bloom over the seamount, but by the end of the trial both 
stocks fall below the starting concentration of 5 pgC/1.

4.6 Discussion
Two major goals of ecosystem modelling are (i) to 

provide an understanding of trophic linkages within 
ecosystems, and (ii) to allow quantitative predictions about 
the response of ecosystems tc changes in environmental 
conditions. One of the most difficult tasks in this sort of 
modelling is determining what level of model complexity is 
necessary to answer the particular questions at hand. Too 
simplistic a model may fail to provide any new insights into 
the problems being addressed. Conversely, attempting to 
make a basic model more realistic by adding increasingly 
complex and detailed information can result in decreased 
predictive success, as the inclusion of additional 
parameters can make the model overly sensitive to the choice 
of starting conditions (Ulanowicz and Radach, 1981). In any 
case, the complexity of any model will still depend, to some 
extent, on the quantity and quality of the available data.
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In this study, the main question to be answered is 

relatively simple: can persistent high chlorophyll
conditions be maintained over shallow seamounts even in the 
absence of a recirculating flow? The available data are 
drawn primarily from 3 cruises, all to a single shallow 
seamount in summer. Consequently, the current model is 
quite simple. Nevertheless, the numerical experiments do 
provide some insights on the interactions between open ocean 
planktonic food webs and shallow topographies.

4.6.1 Implications of the Model Results
The main results can be seen in the basic seamount and 

no-seamount trials. The no-seamount trial shows that over 
periods of at least 30 days, grazing by protozoans and 
microzooplankton is sufficient to control summer 
phytoplankton stocks near the seamount. Thus, the 4 
compartment food web recently proposed for Station P (Frost, 
1991; Miller et al., 1991) appears applicable to the 
southern subarctic as well. The basic seamount trial, 
however, points to an even more fundamental control on the 
phytoplankton stock: the availability of light. A 15m 
doming of the seasonal pycnocline as a water parcel transits 
the seamount produces a 67% increase in the standing stock 
of phytoplankton over the seamount. Experiment 3 (Fig.29) 
shows that a doming amplitude increased to 20m results in a 
doubling of the standing stock in just four days. Isopycnal
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doming over Cobb Seamount is occasionally as high as 30m; 
for such a case (not shown) the model predicts a 
phytoplankton stock about 3.5 times higher than background 
levels.

Phytoplankton stocks are also influenced by the choice 
of a, the photosynthetic efficiency, and m, the mixing 
parameter. With 15m of doming, varying a within 33% (to 1.0 
and 0.5 pgC» (pgChl)'1 • ly"") increases and decreases the 
seamount phytoplankton stock by +20% and -26%, relative to 
trials with a = 0.75. It is unlikely that the actual value 
of a is as low as 0.5, for at this level primary production 
becomes insufficient to meet the demands of grazing, and 
stocks of protozoans and microzooplankton decline. No such 
decline was observed during the CSEX cruises.

Experiment 5 shows that, for 30-day trials, 
phytoplankton stocks are only weakly dependent on m. A 
mixing rate of 0.01-0.02 day-1 keeps the mixed layer 
nutrient concentration relatively constant. These rates 
provide the best-fit with observations from Cobb Seamount, 
where nutrient concentrations neither systematically 
increased nor decreased during the CSEX cruises. A higher m 
therefore seems unlikely, as the model predicts an 
accumulation of mixed layer nutrients if m is increased to 
0.05 day-1. The case where in - 0 is equally unlikely; in a 
trial where the model was allowed to run past the normal 30- 
day cutoff and m was set to zero (not shown), the entire
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system ran down in about 100 days.
Thus, for the situation modelled here (but not 

necessarily for the actual Cobb system; see below), over 
timescales >30 days phytoplankton production can be 
considered nutrient limited in the sense that some small 
input of nutrients via vertical mixing is required to keep 

the model system from running down. Recall, however, that 
while the model assumes a vertically homogeneous chlorophyll 
distribution, profiles from Cobb Seamount show a marked 
subsurface chlorophyll maximum (Dower et al., 1992).
Despite the fact that near-surface nitrate concentrations 
near Cobb are usually > 1/jM the existence of such an SCM is 
usually taken to be indicative of some degree ox nutrient 
limitation (Longhurst and Harrison, 1989).

Phytoplankton stocks shows no immediate response to 
fish predation on micro- or mesozooplankton. Since the 
phytoplankton are grazed primarily by protozoans, a brief 
exposure of the top two trophic compartments to fish 

predation over the seamount is unlikely to be felt at the 
base of the food web. However, when fish prey on both the 
micro- and mesozooplankton, the Chi concentration at the end 
of the trial is lower than the starting value (Fig.30a).
This probably results from an increased grazing by the 
protozoans, which themselves experience reduced predation 
pressure over the seamount and in the days afterward while 
the microzooplankton stock is rebuilding. It appears then,
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that subjecting micro- and mesozooplankton to a prolonged 
period of fish predation, as might occur if a water parcel 
were trapped over a seamount by a recirculating flow, could 
result in phytoplankton stocks being grazed to very low 
levels by the protozoans.

Despite the simplifying assumptions made regarding the 
vertical distribution of chlorophyll in the model, the 
predicted response of phytoplankton stocks to the shallow 
seamount shows good agreement with data from the CSEX 
cruises. Over the range of conditions used to simulate the 
waters around Cobb, the model predicts seamount 
phytoplankton stocks that are 67-350% higher than background 
levels. During the CSEX program, chlorophyll concentrations 
near Cobb were typically about twice the off-seamount values 
of 0.2-0.3 pg/1. Occasionally, however, integrated Chi 
values from Cobb were almost 4 times higher than background 
concentrations (Dower et al., 1992).

Hence, the model shows that at shallow seamounts like 
Cobb even modest amounts of isopycnal doming are sufficient 
to produce localized phytoplankton blooms. Note, however, 
that while the model implies that the availability of light 
is the primary controlling factor, the SCM at Cobb (Dower et 
al.r 1992) suggests that the concomitant increase in 
nutrients accompanying doming may also be important to 
seamount phytoplankton stocks. To properly evaluate the 
relative importance of these two factors (i.e. light and
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nutrients) at Cobb will require more information on the 
phytoplankton half-saturation constant for nitrate. The 
model assumes a value of lpM; if the actual value is lower 
than this, then nutrient limitation diminishes in 
importance. Conversely, if it is found that half-saturation 
constants are > 1/uM then phytoplankton at Cobb may be 
strongly nutrient-limited. This issue awaits further 
investigation.

The model shows that bloom intensity also depends on 
the background flow velocity. For a given doming amplitude, 
phytoplankton stocks are inversely proportional to the 
velocity of the background current (Fig.28a), since 
increased velocity results in a decreased transit time. 
Consequently, at higher velocities phytoplankton spend less 
time in the more favourable light conditions experienced 
during doming over the see lount. This effect is most 
pronounced when the original flow velocity is low. With 15m 
doming, increasing the background flow from 5 cm/s to 10 
cm/s, which reduces Ttr from 8 to 4 days, produces a 28% 
decrease in maximum Chi concentration over the seamount. 
However, increasing velocity from 10 cm/s to 15 cm/s, 
thereby reducing Ttr from 4 to 2 days, only results in a 
further 12% decrease.

In actual fact, the relationship between background 
velocity and bloom intensity is likely more complex than the 
model suggests. While high velocities do result in
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decreased transit times, evidence suggests that the velocity 
of the background current may also affect the amplitude of 
isopycnal doming nee.r shallow copography (Roden, 1987).
ADCP surveys near a small oceanic island show that isopycnal 
doming in the lee of the island increases with background 
velocity (Heywood et al,, 1990). It may be that, over a 
shallow seamount, the short transit resulting from a high 
velocity flow is offset, by higher isopycnal doming. In 
fact, experiments 2 and 3 demonstrate that increased 
isopycnal doming can produce even stronger phytoplankton 
blooms than those resulting from increasing transit time.

The model also sheds light on the structure and 
function of the planktonic food web in the southern 
subarctic Pacific. Experiments 1-4 demonstrate a strong 
coupling between phytoplankton and grazers in the system.
In the no-seamount case, grazing is sufficient to hold the 
phytoplankton stock fairly constant throughout the trial, 
removing about 85-102% of daily production. In the basic 
seamount trial (Fig.27), although grazing removes only 33- 
63% of daily production during the 4-day bloom, by day 12 
(three days after the bloom has peaked) grazing is removing 
~300% of daily production. In the case where doming is 
increased to 20m (Fig. 29a), the model predicts that, grazing 
can remove as much as 600% of daily phytoplankton production 
ir the days following the bloom.

This coupling is due mainly to the grazing capacity of
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the protozoans, which alone account for 50-80% of daily 
grazing in most trials. Marine protozoans have previously 
been shown to be capable of very high ingestion rates 
(Heinbokel, 1978) and, in some cases, can undergo 2-5 
doublings in a single day (Lynn and Montagnes, 1991; Verity, 
1991), The ingescion rate used here, 1 pgC* pgC'1 • d"1, is 
near the lower end of reported values for protozoans. This 
high growth capacity enables the protozoans to respo id to 
phytoplankton blooms almost instantly. Sime-Ngando et ai.
(1992) report increased small-scale (ilOkm) patchiness in 
the ciliate community around Cobb and propose that ciliate 
growth in response to local patches of high primary 
production may play a role in generating this pattern.

As suggested by Frost (1991), the addition of another 
trophic level between the main grazers and the top predators 
does seem to insulate the grazers from destabilizing 
predation. In all but one of the seamount trials, the 
combined predation pressure from the micro- and 
mesozooplankton is sufficient to bring protozoans stocks 
back to near their initial concentration following the 
phytoplankton bloom. This finding is supported by 
observations of high rates of predation on protozoans by 
metazoan zooplankton (Stoecker and McDowel] ,1990; Gifford 

and Dagg, 1991). The only case in which the protozoan stock 
actually "gets away" from its predators is that in which 
seamount fish prey on both micro- and mesozooplankton
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(Fig.30). In this case, the stock of protozoans continues 
to grow to the end of the trial.

4.6.2 Persistence of High Chlorophyll Conditions
The model shows that due to the strong coupling in the 

subarctic Pacific food web, the phytoplankton bloom produced 
as the water parcel transits the seamount is quite 
ephemeral. Chlorophyll concentrations are typically reduced 
to pre-seamount concentrations (or lower) within 5-6 days 
after the peak of the bloom. To reconcile this conclusion 
witu observations of persistent high chlorophyll conditions 
at shallow seamounts we must extend these results to the 
three dimensional situation.

Because of its one-dimensional nature, the present 
model only considers a single thin "column" of water 
transiting the seamount. Let us consider the more realistic 
three-dimensional case in which a steady current of lOcm/s 
is flowing over a shallow seamount such as Cobb with 
isopycnal doming comparable to that measured at Cobb. We 
will assume that (i) any recirculating current arising from 
this flow does not penetrate the surface and (ii) that the 
background chlorophyll concentration is reasonably 
invariable, as in the subarctic Pacific. With these 
assumptions, the net result of this flow is a region of 
persistently high phytoplankton standing stock situated over 
the seamount.
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What appears to a stationary observer as a single 
persistent patch, however, is more a "conveyor belt" to 
which phytoplankton are added at one end and removed before 
reaching the other end. At the upstream end, phytoplankton 
and grazers are briefly decoupled as the phytoplankton bloom 
in response to the better light regime encountered as the 
currant domes above the seamount. High phytoplankton growth 
rates continue while the phytoplankton transit the seamount 
but, shortly thereafter, grazing brings the stock back down 
to its normal level. This mechanism fits well with 
observations of a high chlorophyll region that persisted 
over Cobb Seamount for at least one month at a time when 
ADCP records showed no shallow recirculating current (Dower 
et al. , 1992; Freeland, in press).

There remains at least one problem with this mechanism. 
As presented here, the conveyor belt scenario should result 
in a "wake" of decreasing chlorophyll concentration 
downstream of the seamount, as protozoan and 

microzooplankton grazers consume the phytoplankton produced 
during the bloom. Examination of the chlorophyll data from 
the CSEX cruises (Figs.14, 18) shows only weak evidence of 
such a wake, the high chlorophyll regions generally being 
focused near Cobb. There are several possible explantions 
for the absence of a coherent chlorophyll wake downstream 

from Cobb.
First, it is possible that as the patches of high



192

chlorophyll water move away from the seamcunt they are 
rapidly degraded by other planktonic grazers that are 
attracted by the high phytoplankton concentrations. Second, 
the downstream wake may be physically disrupted: flow 
regimes downstream of seamounts can involve downwelling, lee 
waves, regions of return flows toward the seamount and 
further eddying motions (Davies et al., 1990; Boyer and 
Zhang, 1990; Chapman and Haidvogel, 1992; Smith, 1992). If 
this is the case near Cobb, then the lack of a consistent 
wake may result from the rapid decay of high chlorophyll 
patches in the flow field downstream of the seamount. 
Finally, failure to observe a coherent chlorophyll wake 
during the CSEX program may merely reflect the limitations 
imposed by the choice of hydrographic sampling design. Only 
during CSEX92 did sampling extend more than 1 seamount 
diameter downstream of Cobb. Unfortunately, during that 
year the background flow was strongly northwest- 
southeastward while the sampling grid ran west-east, making 
it extremely unlikely that a wake could be detected.

4.6.3 Implications for Nektonic Stocks at Cobb Seamount
The enhanced standing stock of seamount phytoplankton 

produced by this "conveyor belt" represents a potential 
source of energy for transfer to higher trophic levels. The 
pelagic juvenile stages of the Sebastes spp. found at Cobb 
Seamount are planktivorous (Brodeur and Pearcy, 1984; Reilly
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et al., 1992). Thus, for the fish to benefit from this 
energy source first requires that the pulse of phytoplankton 
be converted into higher standing stocks of micro- and 
mesozoop’ankton.

The model predicts small increases in microzooplankton 
stocks by the end of most trials. Denman et al. (1989) 
calculate a timescale of ~25 days for a pulse of 
phytoplankton biomass to be converted into a pulse of new 
copepod biomass. In the absence of a trapping mechanism, 
and with an average velocity of lOcm/s, a water parcel will 
have moved ~200 km downstream of Cobb in 25 days.
Therefore, if the fish are to gain any energy at all from 
the pulse of phytoplankton bioi r,s, it seems that their 
zooplankton prey would somehow have to be maintained over 
the seamount for at least ~25 days.

The interaction of diel vertical migratory behaviour 
with a bottom-trapped recirculating current could retain 
zooplankton over a seamount. As long as the surface 
currents are not strong enough to advect the zooplankton off 
the seamount at night while feeding in surface waters, the 
deeper recirculating current could act to keep them over the 
seamount by day. It would be unlikely, however, that 
zooplankton retained in such a fashion could avoid predation 
by seamount fish for very long. Rather, it seems that the 
interaction of vertical migrators with shallow topography 
leads to both an increased patchiness and the generation of
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"zooplankton gaps" over the topography (Genin et al., 1988). 
These phenomena may be linked both to fish predation on 
mesozooplankton and active avoidance of the seamount 
topography by vertical migrators (Genin et al., 1988; Genin 
et al. , in press', Haury et al. , submitted).

The mesozooplankton fauna at Cobb Seamount is dominated 
by species that do not perform extensive diel migrations and 
which are therefore confined mainly to the upper 100m of the 
water column. Hence, observations during CSEX91 that 
mesozooplankton biomass over Cobb was lower than in the 
surrounding waters (Dower, unpublished data) suggest either 
that (i) fish at Cobb ascend quite high into the water 
column to take advantage of this advected food source or 
(ii) zooplankton somehow actively avoid the seamount.

Except for a very small (<1 km2) pinnacle that reaches 
to within 20m of the surface, most of the summit of Cobb 
lies 100-2G0m below the surface. However, other seamount- 
dwelling fish are known to make large vertical excursions 
into the water column (Boehlert and Genin, 1987; Wilson and 
Boehlert, 1993). Recently, Haury et al. (submitted) found 
evidence that fish over Fieberling Guyot may ascend as much 

as 400m to feed on near-surface zooplankton. It seems 
likely, then, that fish at Cobb behave in a similar fashion, 

consuming zooplankton that are advected over the seamount by 
the near-surface currents.

There is also some evidence to support the idea of a
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behavioural response to the seamount by the zooplankton. 
Genin et al. (1989) find that vertically migrating 
euphausiids tend to avoid shallow topography. While most of 
the mesozooplankton at Cobb do not migrate vertically, it is 
possible that they do respond to the presence of the 
seamount over that area in which Cobb is shallower than 
~100m. Another possibility recently suggested by Mackas et 
al. (1993) is that the vertical distributions of zooplankton 
may be determined by species specific preferences for 
different turbulent regimes. In such a case the increased 
internal wave energy and turbulent mixing over Cobb may 
cause zooplankton to vertically migrate or attempt to avoid 
the topography altogether.

The model results and the field evidence presented 
above suggest that while high chlorophyll conditions can 
persist at shallow seamounts even in the absence of a 
trapping mechanism, it is unlikely that this energy is 

transferred to the nektonic community. This conclusion 
finds support in the work of Tseitlen (1985) and Pudyakov 
and Tseitlen (1986) who suggest that the energetic 
requirements of a seamount fish population imply some 
allocthonous food supply.

The picture that emerges is one in which the various 
components of the pelagic food web are all affected by the 
presence of the seamount, but in which these same 
compartments are at least temporarily decoupled from one
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another. This decoupling arises from the fact that 
different compartments "feel" the influence of the seamount 
in different ways. Phytoplankton respond to an improved 
light regime encountered over the seamount. Seamount fish 
receive a continuous, although patchily distributed, 
allochthonous food supply. Micro- and mesozooplankton may 
be exposed to increased mortality from fish or may actively 
attempt to avoid the seamount topography. Protozoans may 
experience a temporary release from predation pressure. In 
each case the response is transitory, and the "seamount 
effects" dissipate as the strongly coupled subarctic Pacific 
food web is re-established downstream of the seamount.
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SUMMARY AND SYNTHESIS

T h ~  ; ’’ set out to explore the role that current-
topography inu.; actions play in planktonic communities near 
shallow seamounts. It has long been suggested that such 
seamount flow phenomena contribute to the production and 
maintenance of the rich nektonic stocks often found over 
seamounts (Uda and Ishino, 1958; Hubbs, 1958). The previous 
four chapters show that although current-topography 
interactions do affect the composition and abundance of 
seamount biotas, the nature of the interaction is more 
complex than had previously been suspected. Simply put, the 
data from the Cobb Seamount Experiment do not support the 
classical explanation of seamount productivity. The results 
show that while a seamount effect is discernible in both 
pelagic and benthic communities, the "effect" is not based 
on an energy transfer along the food chain but rather, 
involves a suite of physical-biologicil interactions that 

are only loosely coupled.

A variety of seamount-flow phenomena have been 
documented from the CSEX data, chief among them the repeated 
observations of Taylor cones and associated regions of 
isopycnal doming. Prior to the Cobb Seamount Experiment, 
Taylor cones had only rarely been observed near shallow 
seamounts, and even then only fleetingly. While CSEX
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totalled only 8 weeks of observations over a period of three 
years, it nevertheless provides the first strong evidence 
that Taylor cones may be permanent features, particularly 
over seamounts which, like Cobb, are situated in steady 
current systems. Additionally, observations from CSEX90 
include the first record of isopycnal doming penetrating all 
the way to the surface. Although we only observed this 
effect once, it is interesting to speculate on whether 
outcropping might in fact be quite frequent at Cobb during 
other times of the year.

In the subarctic Pacific, winter mixing produces ' 
water column that is isohaline and isothermal to the depth 
of the permanent halocline at about 100m (Favorite et al., 
1976). As there is little seasonal change in the strength 
of the background current near Cobb, it may be that the 
reduced stratification in the near-surface layer permits 
isopycnal doming to reach the surface throughout much of the 
winter. Likewise, while observations of the Taylor cone 
during CSEX showed the recirculation to be confined to 
depths >80m (Freeland, submitted) it is possible that during 
the winter the closed flow extends all the way to the 
surface. Such a flow at the surface flow should be visible 
via remote sensing of sea-surface temperature. However, the 
high degree of cloud cover makes it difficult to get good 
coverage in the subarctic Pacific, particularly in winter 

(Abbott, pers. comm). A winter cruise to Cobb would also do
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much to clarify the issue of whether current-topography 
interactions of the sort discussed in this thesis are 
permanent features of shallow seamounts. To date, however, 
such an expedition has not been undertaken, largely because 
of the fact that winter conditions in the subarctic Pacific 
are not particularly conducive to oceanographic field work.

The clearest biological indication of a seamount effect 
is the repeated observation of a region of high chlorophyll 
water east of the Cobb summit. As with the Taylor cone 
observations, the CSEX data provide the first evidence that 
enhanced phytoplankton stocks may be quasi-permanent 
features around shallow seamounts. Tho degree of spatial 
correspondence between high chlorophyll concentrations and 
areas of isopycnal doming (Chapter 2) supports the notion 
that enhanced phytoplankton stocks near shallow seamounts
are driven by current-topography interactions. However,
whereas the classical hypothesis for seamount productivity 
suggests that primary production is fostered by retention ir
a region rich in upwelled nutrients, the CSEX data suggest a 
different scenario.

The model presented in Chapter 4 suggests a more 
fundamental control on photosynthesis: the availability of 
light. Average light levels in the subarctic Pacific are 
quite low, even during the summer, as a result of high cloud 
cover (Dodimead et al., 1963). Consequently, while Frost
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(1987, 1991) and Miller et al. (1991) demonstrate that 
grazing pressure, primarily from protozoans, removes almost 
100% of daily production, the current model suggests that 
the level of the production is set largely by the amount of 

light available.
Observations from Cobb support the model predictions 

that, with as little as 15m of isopycnal doming, seamount 
phytoplankton stocks double in a few days (Figs.27, 29).
The model also shows that under light limiting conditions, 
high phytoplankton stocks can be maintained without invoking 
any retention mechanism. The passage of phytoplankton over 
the seamount creates a dynamic situation in which 
phytoplankton bloom as they are uplifted over the seamount 
and are then consumed further downstream as the protozoan 
growth catches up with phytoplankton growth. The net result 
is a region of persistent high chlorophyll concentration 
that is constantly being renewed at the upstream edge of the 
seamount. Current-topography interactions further influence 
phytoplankton growth in the sense that doming amplitude and 
the amount of time that phytoplankton spend in the improved 
light conditions (i.e. transit time) are both related to the 
strength of the upstream flow.

One major issi’.e that has yet to be resolved is the 
degree of nutrient limitation experienced by the 
phytoplankton near Cobb. The model suggests nutrients may 
not be strongly limiting, but it also makes the assumption
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that phytoplankton stocks are distributed evenly throughout 
the mixed layer. In actual fact, there is a strong SCM 
evident in chlorophyll profiles from Cobb, suggesting some 
degree of nutrient limitation. Relative to Station P, where 
summer nitrate concentrations are usually > 6pM (Miller et 
al., 1991) concentrations at Cobb (usually >lpM) are rather 
low. Relative to the highly oligotrophic subtropical North 
Pacific, however, nitrate concentrations around Cobb remain 
relatively high even in summer. The intensity of nutrient 
limitation is dependent on the phytoplankton half-saturation 
concentration for nitrate, and has yet to be studied for the 
waters near Cobb.

It has been also been proposed that phytoplankton 
production in the subarctic Pacific may be limited by the 
availability of iron, a micronutrient (Martin and Fitzwater, 
1988). Since our analyses did not specifically measure iron 
concentration, it could be argued that the high 
phytoplankton stocks observed near Cobb result from the 
injection of additional iron into the surface waters by 
isopycnal doming. Two points argue against this 
possibility.

First, iron incubation experiments in the subarctic 
Pacific produce blooms of usually rare large diatoms after a 
few days (Miller et al., 1991). A bloom of large diatoms 
was observed at the beginning of the CSEX cruise in early 
June of 1992. However, this bloom extended throughout the
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region and was evident as much as 200km upstream of Cobb, 
making it highly unlikely that the bloom was mediated by any 
seamount phenomena. Second, as the major source of iron is 
aeolian rather than via upwelling, a persistent 
phytoplankton bloom driven by a localized increase in the 
aeolian flux of iron over Cobb Seamount seems highly 
unlikely.

There have been conflicting reports on the effects that 
seamounts have on zooplankton and ichthyoplankton 
communities. Observations of enhanced biomass, reduced 
biomass and of no change in biomass have all been reported 
(Boehlert and Genin, 1987; Boehlert, 1988). This does not 
fit well with the classical hypothesis of energy 
transmission from phytoplankton to zooplankton to nektonic 
stocks over seamounts (Uda and Ishino, 1958). The CSEX 
results show that high chlorophyll conditions probably do 
persist long enough to result in higher zooplankton stocks. 
The problem lies in the fact that there has yet to be 
demonstrated an effective means by which zooplankton can 
remain near the seamount long enough for biomass to 
accumulate there.

Chapter 3 shows a decrease in between-sample similarity 
in the mesozooplankton community composition near Cobb. It 
remains to be seen whether this pattern is caused by 
predation pressure on the mesozooplankton by seamount fish
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or by some behavioural response of the mesozooplankton to 
the presence of the seamount. However, observations of 
similar patterns in community composition from other 
seamounts and shallow banks (Genin et al., 1988; Haury et 
al., submitted) indicate that these processes may be general 
phenomena at seamounts. In addition, the fact that fish 
stocks are often abundant on deep seamounts (Hughes, 1981; 
Raymore, 1982), over which increased phytoplankton stocks 
are not observed, provides further evidence that seamount 
fish reJ.y on advected energy. This uncoupling of nektcnic 
stocks from primary production raises some interesting 
questions regarding the importance of current-topography 
interactions to higher trophic levels.

If seamount fish rely on zooplankton advected over the 
seamount, then stock size will depend on a different set of 
current-topography interactions. The food available to fish 
resident on a seamount becomes a function of (i) the 
concentration of zooplankton in the upstream flow, (ii) the 
velocity of the flow, which will determine the flux of 
available food, and (iii) the areal extent of the seamount. 
Clearly, where (i) and (ii) are constant, larger seamounts 
should be capable of supporting larger fish stccks.
Tseitlen (1985) and Pudyakov and Tseitlen (1986) use a 
numerical model to investigate seamount fish populations. 
They show that not only does stock size vary as a function 
of (i)-(iii) above, but that in most cases, the seamount
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stocks could not be maintained without significant 
allochthonous energy inputs.

Going beyond the question of why seamounts are 
biologically productive, this work also points to the 
importance of physical-biological coupling (and indeed, 
uncoupling) as it relates to questions of top-down and 
bottom-up controls in marine communities. There has been 
much debate over whether planktonic communities are 
primarily regulated by nutrient supply (i.e. bottom-up) or 
predation (i.e top-down). The two prevailing views of the 
control on phytoplankton stocks in High-Nutrient-Low- 
Chlorophyll regions typify this argument. For the subarctic 
Pacific, Miller et al. (1991) have recently pointed out that 
while predation pressure is sufficient to control 
phytoplankton stocks, the composition of the phytoplankton 
stock may be influenced by iron availability.

h combination of top-down and bottom-up controls is 

also evident in the CSEX data. Away from the seamount, 
grazing can control phytoplankton stock. Over the seamount, 
the improved light conditions act as a pulse of bottom-up 
control, resulting in a brief uncoupling between 
phytoplankton and grazers, allowing rapid phytoplankton 
growth. The finding that planktonic communities are 
governed by combinations of top-down and bottom-up controls 
should come as no surprise, however. Organisms interact not
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only with each other, but also with their environment. As 
this study shows, different organisms interact with the 
environment over very different temporal and spatial scales. 
To achieve a full understanding of any biological system 
then, first reguires a detailed knowledge of the physical 
system. Our understanding of seamount biology has been 
hampered by the fact tnat biologists have tended to think of 
seamounts as isolated and closed systems. This is reflected 
in the classical explanation of seamount productivity, which 
centres on a mechanism in which energy is both created and 
retained within the system. As this work shows, when 
combined with an accurate representation of current- 
topography interactions, we find that rather than a tightly 
coupled, almost closed system, the picture that emerges is 
one of a highly dynamic system in which the various 

biological entities respond to the presence of the seamount 
in very different ways and are often only weakly coupled.
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APPENDIX

CTD DATA: The followin'? records list all the
hydrographic stations sampled during the three Cobb Seamount 
Experiment cruises. Data are archived at the Institute of 
!*>cean Sciences, Sidney B.C. and can be accessed by both cruise 
number and CTD cast number. CSEX90 casts were generally to 
1000m and include records of conductivity, temperature, 
pressure and percent light transmission. CSEX91 and CSEX92 
casts were generally to 500m and 250m respectively, and 
include measurements of conductivity, temperature, pressure, 
percent light transmission and fluorescence.

Cobb Seamount Experiment, August 1990
Cruise ID: Institute of Ocean Sciences Cruise 9050
Chief Scientist: Howard Freeland, IOS
Vessel: CSS Parizeau

Filename Cast# ID Latitude Loncritude Date

90500001.CTD 001 48 44.21 N 123 17.84 W 90/07/31
90500002.CTD 002 45 43.56 N 130 48.67 W 90/08/02
90500003.CTD 003 S101 46 40.80 N 130 45.60 W 90/08/02
90500004.CTD 004 S102 46 41.60 N 130 46.30 W 90/08/02
90500005.CTD 005 S103 46 42.50 N 130 46.04 W 90/08/02
90500006.CTD 006 S104 46 43.40 N 130 47.70 W 90/08/02
90500007.CTD 007 S105 46 44.20 N 130 48.50 W 90/08/02
90500008.CTD 008 S106 46 45.11 N 130 49 02 W 90/08/02
90500009.CTD 009 S107 46 46.07 N 130 49.86 W 90/08/02
90500010.CTD 010 S108 46 46.70 N 130 50.74 w 90/08/02
90500011.CTD 011 S109 46 47 . 65 N 130 51.43 w 90/08/02
90500012.CTD 012 S110 46 48.58 N 130 52.27 w 90/08/02
90500013.CTD 013 Sill 46 49.36 N 130 52.89 w 90/08/02
90500014.CTD 014 S2J1 46 49.24 N 130 45,49 w 90/08/02
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90500015.CTD 015 S202 ■\ 6 48.45 N 130 46.30 W 90/08/02
90500018.CTD 018 S204 46 46.80 N 130 47.75 W 90/08/02
90500019.CTD 019 S204 46 46.81 N 130 47.69 W 90/08/02
90500020.CTD 020 S205 46 46.00 N 130 48.50 W 90/08/02
90500021.CTD 021 ‘M'O 6 46 45.20 N 130 49.11 W 90/08/02
90500022.CTD 022 S207 46 44.28 N 130 49.69 W 90/08/02
90500023.CTD 023 S208 46 43.44 N 130 50.64 W 90/08/02
90500024.CTD 024 S209 46 42.55 N 130 51.27 W 90/08/02
90500025.CTD 025 S210 46 41.59 N 130 52.01 W 90/08/02
90500026.CTD 026 S211 46 40.80 N 130 52.60 W 90/08/02
90500027.CTD 027 S301 46 45.16 N 130 56.32 W 90/08/03
90500028.CTD 028 S302 46 45.16 N 130 54.83 W 90/08/03
90500029.CTD 029 S303 46 45.11 N 130 53.60 W 90/08/03
90500030.CTD 030 S304 46 45.24 N 130 51.83 W 90/08/03
90500031.CTD 031 S305 4b 45.19 N 130 50.69 W 90/08/03
90500032.CTD 032 S306 46 45.28 N 130 48.97 W 90/08/03
90500033.CTD 033 S307 46 45.14 N 130 47.55 w 90/08/03
90500034.CTD 034 S308 46 45.18 N 130 46.16 w 90/08/03
90500035.CTD 035 S309 46 45.10 N 130 44.70 w 90/08/03
90500036.CTD 036 S310 46 45.14 N 130 43.19 w 90/08/03
90500037.CTD 037 S311 46 45.10 N 130 41.83 w 90/08/03
90500038.CTD 038 S101 46 40.61 N 130 45.61 w 90/08/03
90500039.CTD 039 S102 46 41.55 N 130 46.34 w 90/08/03
90500040.CTD 040 MV01 48 : 6.8i N 128 42.54 w 90/08/04
90500047.CTD 047 LS01 47 0.06 N 130 56.65 w 90/08/11
90500048.CTD 048 LS02 47 o.ie N 130 49.12 w 90/08/11
90500050.CTD 050 LS03 47 0.27 N 130 41.94 w 90/08/11
90500051.CTD 051 LS04 46 55.05 N 130 34.65 w 90/08/12
90500052.CTD 052 LS04 46 55.05 N 130 34.65 w 90/08/12
90500053.CTD 053 LS05 46 55.09 N 130 41.80 w 90/08/12
90500054.CTD 054 LS06 46 55.08 N 130 49.33 w 90/08/12
90500055.CTD 055 LS07 46 55.09 N 130 56.73 w 90/08/12
90500056. CT') 056 LS08 46 55.06 N 131 3.91 w 90/08/12
90500057.CTD 057 LS08 46 55.06 N 131 3.91 w 90/08/12
90500058.CTD 058 LS09 46 50.04 N 131 11.05 w 90/08/12



90500059.CTD 059 LS10 46
90500060.CTD 060 LS11 46
90500061.CTD 061 LS12 46
90500062.CTD 062 LS13 46
90500063.CTD 063 LS14 46
90500064.CTD 064 LS15 46
90500065.CTD 065 LS15 46
90500066.CTD 066 LS16 46
90500067.CTD 067 LS16 46
90500068.CTD 068 LS17 46
90500069.CTD 069 LS18 46
90500070.CTD 070 LS19 46
90500071.CTD 071 LS20 46
90500072.CTD 072 LS21 46
90500073.CTD 073 LS22 46
90500074.CTD 074 LS22 46
90500075.CTD 075 LS22 46
90500076.CTD 076 LS23 46
90500077.CTD 077 LS24 46
90500078.CTD 078 LS25 46
90500079.CTD 079 LS26 46
90500080.CTD 080 LS27 46
90500081.CTD 081 LS28 46
90500082.CTD 082 LS29 46
90500083.CTD 083 LS30 46
90500084.CTD 084 LS30 46
90500085.CTD 085 LS31 46
90500086.CTD 086 LS32 46
90500087.CTD 087 LS33 46
90500088.CTD 088 LS34 46
90500090.CTD 090 LS35 46
90500091.CTD 091 LS36 46
90500092.CTD 092 LS37 46
90500093.CTD 093 LS29 46
90500094.CTD 094 LS30 46

220
05 N 131 3.60 W 90/08/12
06 N 130 56.38 W 90/08/12
14 N 130 49.22 w 90/08/12
16 N 130 41.75 w 90/08/12
03 N 130 34.69 w 90/08/12
07 N 130 27.14 w 90/08/12
07 N 130 27.14 w 90/08/12
03 N 130 27.33 w 90/08/12
03 N 130 27.33 w 90/08/12
14 N 130 34.69 w 90/08/12
11 N 130 41.88 w 90/08/12
18 N 130 48.39 w 90/08/12
11 N 130 56. 64 w 90/08/13
24 N 131 3.77 w 90/08/13
04 N 131 11.15 w 90/08/13
04 N 131 11.15 w 90/08/13
70 N 131 10.78 w 90/08/13
19 N 131 10.93 w 90/08/13
92 N 131 3.57 w 90/08/13
19 N 130 56.50 w 90/08/13
93 N 130 49.10 w 90/08/13
15 N 130 41.82 w 90/08/13
04 N 130 34.42 w 90/08/13
21 N 130 27.30 w 90/08/13
07 N 130 34.56 w 90/08/13
63 N 130 34.19 w 90/08/13
10 N 130 41.90 w 90/08/13
10 N 130 49.30 w 90/08/13
17 N 130 56.51 w 90/08/13
07 N 131 3.74 w 90/08/13
03 N 130 56.13 w 90/08/13
10 N 130 49.20 w 90/08/14
26 N 130 41.69 w 90/08/14
01 N 130 27.15 w 90/08/15
10 N 130 34.60 w 90/08/15

50
50
50
50
50
50
50
45
45
45
45
45
45
45
45
45
44
40
39
40
39
40
40
40
35
34
35
35
35
35
30
30
30
40
35
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90500095.CTD 095 LS32 46 35.03 N 130 49.16 W 90/08/15
90500096.CTD 096 LS32 46 34.79 N 130 48.79 W 90/08/15
90500097.CTD 097 LS23 46 40.06 N 131 11.20 W 90/08/15

Cobb Seamount Experiment, August 1991
Cruise ID; Institute of Ocean Sciences Cruise 9113
Chief Scientist; Verena Tunnicliffe, UVic Biology
Vessel: CSS Purizeau

Filename Cast# ID Latitude Longitude Date

91130002.CTD 002 NEWS 50 0.10 N 138 38.05 W 1991/07/29
91130004.CTD 004 1-7 46 58.06 N 130 58.88 W 1991/07/31
91130005.CTD 005 1-6 46 53.82 N 130 55 . 35 W 1991/07/31
91130006.CTD 006 1-6 46 53.90 N 130 55.35 W 1991/07/31
91130007.CTD 007 1-5 46 49.45 N 130 51.76 W 1991/07/31
91130008.CTD 008 1-4 46 48.62 N 130 51.15 W 1991/07/31
91130009.CTD 009 1-4 46 48.75 N 130 51.60 W 1991/07/31
91130010.CTD 010 1-3 46 47 .73 N 130 50.37 W 1991/07/31
91130011.CTD 011 1-2 46 46.61 N 130 49.63 W 1991/07/31
91130013.CTD 013 1-2 46 46.84 N 130 50.01 W 1991/07/31
91130014.CTD 014 1-1 46 46.14 N 130 48.92 W 1991/07/31
91130015.CTD 015 3-7 46 45.23 N 130 26.90 W 1991/08/01
91130016.CTD 016 3-6 46 45.22 N 130 34.00 w 1991/08/01
91130017.CTD 017 3-6 46 45.22 N 130 34.00 w 1991/08/01
91130018.CTD 018 3-5 46 45.22 N 130 41.36 w 1991/08/01
91130019.CTD 019 3-4 46 45.06 N 130 42.74 w 1991/08/01
91130020.CTD 020 3-4 46 45.24 N 130 42.90 w 1991/08/01
91130021.CTD 021 3-3 46 45.21 N 130 44.10 w 1991/08/01
91130022.CTD 022 3-2 46 45.16 N 130 45.68 w 1991/08/01
91130023.CTD 023 3-1 46 45.22 N 130 45.53 w 1991/08/01
91130024.CTD 024 3-1 46 45.18 N 130 47.03 w 1991/08/01
91130025.CTD 025 5-7 46 32.19 N 130 58.62 w 1991/08/02
91130026.CTD 026 5-6 46 36.57 N 130 55.42 w 1991/08/02
91130027.CTD 027 5-6 46 36.65 N 130 55.50 w 1991/08/02
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91130028.CTD 028 5-5 46
91130029.CTD 029 5-4 46
91130030.CTD 030 5-3 46
91130031.CTD 031 5-2 46
91130032.CTD 032 5-2 46
91130033.CTD 033 5-1 46
91130034.CTD 034 oi 46
91130035.CTD 035 YY1 46
91130036.CTD 036 YY1 46
91130037.CTD 037 YY1 46
91130038.CTD 038 YY1 46
91130039.CTD 039 YY1 46
91130040.CTD 040 YY1 46
91130041.CTD 041 YY1 46
91130042.CTD 042 YY1 46
91130043.CTD 043 YY1 46
91130044.CTD 044 YY1 46
91130045.CTD 045 YY1 46
91130046.CTD 046 YY1 46
91130047.CTD 047 YY1 46
91130048.CTD 048 YY1 46
91130049.CTD 049 YY1 46
91130050.CTD 050 YY1 46
91130051.CTD 051 YY1 46
91130052.CTD 052 YY1 46
91130053.CTD 053 YY1 46
91130054.CTD 054 YY1 46
91130055.CTD 055 YY1 46
91130056.CTD 056 YY1 46
91130057.CTD 057 YY1 46
91130058.CTD 058 YY1 46
91130059.CTD 059 YY1 46
91130061.CTD 061 YY1 46
91130063.CTD 063 YY2 46
91130064.CTD 064 YY2 46

.67 N 130 51.57 W 1991/08/02

.78 N 130 51.00 W 1991/08/02

.58 N 130 50.28 w 1991/08/02

.52 N 130 49.66 w 1991/08/02

.63 N 130 49.32 w 1991/08/02

.32 N 130 49.25 w 1991/08/02

.35 N 130 48.44 w 1991/08/02

.02 N 130 45.27 w 1991/08/02

.02 N 130 45.27 w 1991/08/02

.02 N 130 45.27 w 1991/08/02

.05 N 130 45.17 w 1991/08/02

.05 N 130 45.17 w 1991/08/02

.98 N 130 45.23 w 1991/08/02

.02 N 130 45.27 w 1991/08/02

.04 N 130 45.23 w 1991/08/02

.04 N 130 45.27 w 1991/08/03

.00 N 130 45.32 w 1991/08/03

.00 N 130 45.29 w 1991/08/03

.00 N 130 45.23 w 1991/08/03

.02 N 130 45.20 w 1991/08/03

.03 N 130 45.29 w 1991/08/03

.03 N 130 45.30 w 1991/08/03

.03 N 130 45.36 w 1991/08/03

.01 N 130 45.42 w 1991/08/03

.96 N 130 45.37 w 1991/08/03

.03 N 130 45.40 w 1991/08/03

.01 N 130 45.32 w 1991/08/03

.01 N 130 45.29 w 1991/08/03

.01 N 130 45.31 w 1991/08/03

.00 N 130 45.36 w 1991/08/03

.00 N 130 45.32 w 1991/08/03

.02 N 130 45.27 w 1991/08/03

.97 N 130 45.36 w 1991/08/03

.25 N 130 26.93 w 1991/08/03

.23 N 130 27.04 w 1991/08/03

40
41
42
43
43
44
45
44
44
44
44
44
43
44
44
44
44
44
44
44
44
44
44
44
43
44
44
44
44
44
44
44
43
45
45
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91130065.CTD 065 YY2 46 45.25 N 130 27.13 W 1991/08/03
91130066.CTD 066 YY2 46 45.32 N 130 27.40 W 1991/08/03
91130067.CTD 067 YY2 46 45.43 N 130 27.54 W 1991/08/03
91130068.CTD 068 YY2 46 45.45 N 130 27.64 W 1991/08/03
91130069.CTD 069 YY2 46 45.44 N 130 27.64 W 1991/08/03
91130070.CTD 070 YY2 46 45.40 N 130 27 . 67 W 3991/08/03
91130071.CT 071 YY2 46 45.41 N 130 27 . 67 W 1991/08/03
91130072.CTD 072 YY2 46 45.40 N 130 27.62 W 1991/08/03
91130073.CTD 073 YY2 46 45.34 N 130 27 .49 W 1991/08/03
91130074.CTD 074 YY2 46 45.21 N 130 27.44 W 1991/08/03
91130075.CTD 075 YY2 46 45.25 N 130 27.40 W 1991/08/03
91130076.CTD 076 YY2 46 45.27 N 130 27.40 W 1991/08/03
91130077.CTD 077 YY2 46 45.28 N 130 27.35 W 1991/08/03
91130078.CTD 078 YY2 46 45 .27 N 130 27 . 32 W 1991/08/03
91130079.CTD 079 2-7 46 58.08 N 130 37.52 W 1991/08/03
91130080.CTD 080 2-6 46 53.70 N 130 41.17 W 1991/08/03
91130081.CTD 081 2-6 46 53.81 N 130 41.28 W 1991/08/03
91130082.CTD 082 2-5 46 49.43 N 130 44.69 W 1991/08/03
91130083.CTD 083 2-4 46 48.41 N 130 45.42 W 1991/08/03
91130084.CTD 084 2-4 46 48.29 N 130 45.82 w 1991/08/03
91130085.CTD 085 2-3 46 47.68 N 130 46.20 w 1991/08/03
91130086.CTD 086 2-2 46 46.84 N 130 46.81 w 1991/08/03
91130087.CTD 087 2-2 46 46.84 N 130 46.81 w 1991/08/03
91130088.CTD 088 2-1 46 46.10 N 130 47 .57 w 1991/08/03
91130089.CTD 089 1-0 46 45.33 N 130 48.25 w 1991/08/03
91130090.CTD 090 1-2 46 46.99 N 130 49.80 w 1991/08/03
91130091.CTD 091 1-4 46 48.62 N 130 51.09 w 1991/08/03
91130092.CTD 092 1-8 46 50.55 N 130 52.86 w 1991/08/03
91130093.CTD 093 1-9 46 53.07 N 130 55.08 w 1991/08/04
91130094.CTD 094 1-10 46 55.58 N 130 57 .29 w 1991/08/04
91130095.CTD 095 1-7 46 58.24 N 130 59.40 w 1991/08/04
91130096.CTD 096 3-2 46 45.19 N 130 45.31 w 1991/08/04
91130097.CTD 097 3-4 46 45.18 N 130 42.56 w 1991/08/04
91130098.CTD 098 3-8 46 45.11 N 130 39.71 w 1991/08/04
91130099.CTD 099 3-9 46 45.22 N 130 35.31 w 1991/08/04



91130101.CTD 101 3-10 46
91130102.CTD 102 3-7 46
91130103.CTD 103 4-7 46
91130104.CTD 104 4-6 46
91130105.CTD 105 4-6 46
91130106.CTD 106 4-5 46
91130107.CTD 107 4-4 46
91130108.CTD 108 4-3 46
91130109.CTD 109 4-2 46
91130110.CTD 110 4-2 45
91130111.CTD 111 4-1 46
91130112.CTD 112 2-2 46
91130113.CTD 113 2-4 46
91130114.CTD 114 2-8 46
91130115.CTD 115 2-9 46
91130116.CTD 116 2-10 46
91130117.CTD 117 2-7 46
91130118.CTD 118 5-2 46
91130119.CTD 119 5-4 46
91130120.CTD 120 5-8 46
91130121.CTD 121 5-9 46
91130122.CTD 122 5-10 46
91130123.CTD 123 5-7 46
91130124.CTD 124 CORN 46
91130125.CTD 125 CORN 46
91130126.CTD 126 CORN 46
91130127.CTD 127 CORN 46
91130128.CTD 128 6-7 46
91130130.CTD 130 6-6 46
91130131.CTD 131 6-6 46
91130133.CTD 133 6-5 46
91130134.CTD 134 6-4 46
91130136.CTD 136 6-3 46
91130137.CTD 137 6-2 46
91130138.CTD 138 6-1 46

45.29 N 130 30.80 W
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1991/08/04

45.26 N 130 26.43 W 1991/08/04
32.17 N 130 37.49 W 1991/08/04
36.65 N 130 41.00 W 1991/08/04
36.65 N 130 41.00 w 1991/08/04
40.84 N 130 44.70 w 1991/08/04
41.67 N 130 45.56 w 1991/08/04
42 .57 N 130 46.30 w 1991/08/04
43.43 N 130 46.91 w 1991/08/04
43.43 N 130 47.02 w 1991/08/04
44.30 N 130 47.64 w 1991/08/04
46.98 N 130 47.04 w 1991/08/04
48.60 N 130 45.54 w 1991/08/04
50.36 N 130 44.12 w 1991/08/04
52.94 N 130 41.95 w 1991/08/04
55.62 N 130 39.75 w 1991/08/04
58.27 N 130 37.44 w 1991/08/04
43.42 N 130 49.62 w 1991/08/05
41.63 N 130 51.09 w 1991/08/05
40.00 N 130 52.87 w 1991/08/05
37.46 N 130 55.08 w 1991/08/05
34.86 N 130 57.25 w 1991/08/05
32.16 N 130 59.38 w 1991/08/05
33.23 N 131 12.93 w 1991/08/05
37.60 N 131 16.59 w 1991/08/05
39.30 N 131 18.12 w 1991/08/05
41.89 N 131 20.32 w 1991/08/05
45.20 N 131 10.40 w 1991/08/05
45.26 N 131 3.06 w 1991/08/05
45.26 N 131 3.06 w 1991/08/05
45.24 N 130 55.44 w 1991/08/05
45.11 N 130 54.37 w 1991/08/05
45.23 N 130 52.74 w 1991/08/05
45.21 N 130 51.37 w 1991/08/05
45.13 N 130 51.59 w 1991/08/05
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91130139.CTD 139 6-1 46 45.21 N 130 49.94 W 1991/08/05
91130140.CTD 140 6-0 46 45.23 N 130 48.52 W 1991/08/05
91130141.CTD 141 OFFS 47 10.04 N 130 48.09 W 1991/08/05
91130142.CTD 142 OFFS 47 10.13 N 130 48.26 W 1991/08/06
91130143.CTD 143 OFFS 47 10.02 N 130 48.20 W 1991/08/06
91130144.CTD 144 OFFS 47 10.11 N 130 48.19 W 1991/08/06
91130145.CTD 145 OFFS 47 10.15 N 130 48.05 W 1991/08/06
91130146.CTD 146 OFFS 47 10.00 N 130 48.32 W 1991/08/06
91130147.CTD 147 OFFS 47 10.11 N 130 48.15 w 1991/08/06
91130148.CTD 148 OFFS 47 10.09 N 130 48.09 w 1991/08/06
91130149.CTD 149 OFFS 47 10.18 N 130 48.09 w 1991/08/06
91130150.CTD 150 OFFS 47 10.15 N 130 48.14 w 1991/08/06
91130151.CTD 151 OFFS 47 10.10 N 130 48.07 w 1991/08/06
91130152.CTD 152 OFFS 47 10.06 N 130 47.86 w 1991/08/06
91130153.CTD 153 OFFS 47 10.06 N 130 47.86 w 1991/08/06
91130154.CTD 154 6-7 46 45.17 N 131 10.40 w 1991/08/06
91130155.CTD 155 6-10 46 45.16 N 131 5.96 w 1991/08/06
91130156.CTD 156 6-9 46 45.20 N 131 1.70 w 1991/08/06
91130157.CTD 157 6-8 46 45.19 N 130 57.36 w 1991/08/06
91130158.CTD 158 6-4 46 45.19 N 130 54.22 w 1991/08/06
91130159.CTD 159 6-2 46 45.21 N 130 51.50 w 1991/08/06
91130161.CTD 161 6-2 46 45.32 N 130 47.33 w 1991/08/06
91130162.CTD 162 4-2 46 43.39 N 130 46.69 w 1991/08/07
91130163.CTD 163 4-4 46 41.70 N 130 45.40 w 1991/08/07
91130164.CTD 164 4-8 46 40.05 N 130 43.64 w 1931/08/07
91130165.CTD 165 4-9 46 37.48 N 130 41.84 w 1991/08/07
91130166.CTD 166 4-10 46 34.89 N 130 39.65 w 1991/08/07
91130167.CTD 167 4-7 46 32.19 N 130 37.41 w 1991/08/07
91130168.CTD 168 M2 46 44.07 N 130 45.38 w 1991/08/07
91130169.CTD 169 M2 46 44.10 N 130 45.35 w 1991/08/07
91130170.CTD 170 M2 46 44.18 N 130 45.45 w 1991/08/07
91130171.CTD 171 M2 46 44.26 N 130 45.49 w 1991/08/07
91130174.CTD 174 M2 46 44.09 N 130 45.16 w 1991/08/07
91130175.CTD 175 M2 46 44.20 N 130 45.18 w 1991/08/07
91130176.CTD 176 M2 46 44.10 N 130 45.35 w 1991/08/07
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91130177.CTD 177 M2 46 44.09 N 130 45.21 W 1991/08/07

Cobb Seamount Experiment, June 1992
Cruise ID; Institute of Ocean Sciences Cruise 9211
Chief Scientist; Howard Freeland, IOS
Vessel: John P. Tully

Filename
92110001.CTD
92110002.CTD
92110003.CTD
92110004.CTD
92110005.CTD
92110006.CTD
92110007.CTD
92110008.CTD
92110009.CTD
92110010.CTD
92110011.CTD
92110012.CTD
92110013.CTD
92110014.CTD
92110015.CTD
92110016.CTD
92110017.CTD
92110018.CTD 
9211001 ..CTD
92110020.CTD
92110021.CTD
92110022.CTD
92110023.CTD
92110024.CTD
92110025.CTD
92110026.CTD
92110027.CTD

Cast# ID
001 NEWS
002 LS01
003 LS02
004 LS03
005 LS04
006 LS05
007 LS06
008 LS07
009 LS08
010 LS09
011 LS10
012 LS11
013 LS12
014 LS13
015 LS14
016 LS15
017 LSI 6
018 LS17
019 LSI 8
020 LS20
021 LS21
022 LS22
023 LS23
024 LS24
025 LS25
026 LS26
027 LS27

Latitude
46 45.46 N
46 35.70 N
46 36.57 N
46 37.29 N
46 38.05 N
46 38.84 N
46 39.55 N
46 40.39 N
46 41.16 N
46 41.63 N
46 41.94 N
46 42.25 N
46 42.64 N
46 43.07 N
46 44.14 N
46 44.14 N
46 44.94 N
46 45.07 N
46 45.22 N
46 45.53 N
46 45.59 N
46 45.65 N
46 46.10 N
46 46.82 N
46 47.71 N
46 48.41 N
46 49.15 N

Longitude
130 46.98 W
132 18.00 W
132 10.85 W
132 3.59 W
131 56.38 W
131 49.17 W
131 41.96 W
131 34.75 W
131 27.54 W
131 23.21 W
131 20.33 W
131 17.44 W
131 13.12 W
131 8.84 W
130 59.86 W
130 55.59 W
130 52.71 W
130 51.26 W
130 49.77 W
130 46.98 W
130 45.49 W
130 44.05 W
130 41.17 W
130 33.96 W
130 26.75 W
130 19.43 W
130 12.33 W

Date
1992/06/24
1992/06/24
1992/06/24
1992/06/24
1992/06/24
1992/06/24
1992/06/24
1992/06/24
1992/06/24
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
1992/06/25
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92110028.CTD 028 LS28 46 49 .96 N 130 5.12 W 1992/06/25
92110029.CTD 029 LS28 46 50.03 N 130 5.12 W 1992/06/25
92110030.CTD 030 LS29 46 50.61 N 129 57.91 W 1992/06/25
92110031.CTD 031 LS30 46 51.50 N 129 50.88 W 1992/06/25
92110032.CTD 032 LS31 46 30.56 N 130 44.98 W 1992/06/26
92110033.CTD 033 LS32 46 35.50 N 130 46.11 W 1992/06/26
92110034.CTD 034 LS33 46 40.43 N 130 47.25 W 1992/06/26
92110035.CTD 035 LS34 46 42.40 N 130 47 . 80 w 1992/06/26
92110036.CTD 036 LS35 46 43.47 N 130 47 .93 w 1992/06/26
92110037.CTD 037 LS36 46 44.54 N 130 48.24 w 1992/06/26
92110038.CTD 038 LS38 46 46.37 N 130 48.60 w 1992/06/26
92110039.CTD 039 LS39 46 47.39 N 130 48.73 w 1992/06/26
92110040.CTD 040 LS40 46 48.34 N 130 49.06 w 1992/06/26
92110041.CTD 041 LS41 46 50.33 N 130 49.47 w 1992/06/26
92110042.CTD 042 LS42 46 55.15 N 130 50.64 w 1992/06/26
92110043.CTD 043 LS43 47 0.16 N 130 51.78 w 1992/06/26
92110044.CTD 044 LS44 46 58.48 N 131 7 .75 w 1992/06/26
92110045.CTD 045 LS44 46 58.48 N 131 7.86 w 1992/06/26
92110046.CTD 046 LS45 46 53.50 N 131 6.39 w 1992/06/26
92110047.CTD 047 LS46 46 48.53 N 131 5.49 w 1992/06/26
92110048.CTD 048 LS47 46 43.28 N 131 4.19 w 1992/06/26
92110049.CTD 049 LS48 46 38.50 N 131 3.10 w 1992/06/26
92110050.CTD 050 LS49 46 33.76 N 131 1.98 w 1992/06/26
92110051.CTD 051 LS50 46 28.81 N 131 1.06 w 1992/06/27
92110052.CTD 052 LS51 46 27.07 N 131 16.90 w 1992/06/27
92110053.CTD 053 LS52 46 32 .16 N 131 18.06 w 1992/06/27
92110054.CTD 054 LS53 46 37.06 N 131 18.06 w 1992/06/27
92110055.CTD 055 LS54 46 40.05 N 131 19.88 w 1992/06/27
92110056.CTD 056 LS55 46 42.01 N 131 20.27 w 1992/06/27
92110057.CTD 057 LS56 46 42.01 N 131 20.78 w 1992/06/27
92110058.CTD 058 LS57 46 46.88 N 131 21.46 w 1992/06/27
92110059.CTD 059 LS58 46 51.82 N 131 22.73 w 1992/06/27
92110060.CTD 060 LS59 46 56.76 N 131 23.80 w 1992/06/27
92110061.CTD 061 LS36 46 44.34 N 130 48.15 w 1992/06/27
92110062.CTD 062 LS38 46 47 .81 N 130 49.94 w 1992/06/28



92110063.CTD 063 LS21 46
92110064.CTD 064 LS33 46
92110065.CTD 065 LS35 46
92110067.CTD 067 LS35 46
92110068.CTD 068 LS35 46
92110069.CTD 069 LS35 46
92110070.CTD 070 LS35 46
92110071.CTD 071 LS35 46
92110072.CTD 072 LS35 46
92110073.CTD 073 LS35 46
92110074.CTD 074 LS35 46
92110075.CTD 075 LS35 46
92110076.CTD 076 LS35 46
92110077.CTD 077 LS35 46
92110078.CTD 078 LS35 46
92110079.CTD 079 LS35 46
92110080.CTD 080 LS35 46
92110081.CTD 081 LS35 46
92110082.CTD 082 LS35 46
92110083.CTD 083 LS35 46
92110084.CTD 084 LS35 46
92110085.CTD 085 LS35 46
92110086.CTD 086 LS35 46
92110087.CTD 087 LS35 46
92110088.CTD 088 LS35 46
92110089.CTD 089 LS35 4u
92110090.CTD 090 LS35 46
92110091.CTD 091 LS15 46
92110092.CTD 092 LS23 46

228
.11 N 130 44.93 W 1992/06/28
.44 N 130 47.25 w 1992/06/29
.34 N 130 47.93 w 1992/06/29
.96 N 130 48.29 w 1992/06/29
.31 N 130 47.70 w 1992/06/29
.20 N 130 47.93 w 1992/06/29
.47 N 130 47.74 w 1992/06/29
.27 N 130 47.93 w 1992/06/29
.36 N 130 48.52 w 1992/06/29
.30 N 130 48.28 w 1992/06/29
.40 N 130 47.70 w 1992/06/29
.40 N 130 47.55 w 1992/06/29
.25 N 130 47.79 w 1992/06/29
.28 N 130 48.10 w 1992/06/29
.40 N 130 47.93 w 1992/06/29
.40 N 130 47.93 w 1992/06/29
.40 N 130 48.37 w 1992/06/29
. 16 N 130 48.84 w 1992/06/29
.02 N 130 48.27 w 1992/06/29
.43 N 130 47.93 w 1992/06/29
.89 N 130 47.81 w 1992/06/29
.32 N 130 48.22 w 1992/06/29
.72 N 130 48.23 w 1992/06/29
.72 N 130 47.71 w 1992/06/29
.91 N 130 48.27 w 1992/06/29
.28 N 130 47.77 w 1992/06/29
.95 N 130 47.70 w 1992/06/29
.59 N 130 55.62 w 1992/06/29
.83 N 130 41.09 w 1992/06/30

45
40
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49
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
42
43
42
43
42
43
42
44
45
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ZOOPLANKTON DATA: The following are those stations for which
zooplankton samples were collected as part of the Cobb Seamount 
Experiment. "Stations" correspond to the ID numbers used in 
the previous lists: latitude, longitude also correspond to those 
given in the lists. Samples were collected using bongo nets 
with a 236jum mesh. Tows were typically from 250m to the 
surface. Samples were stored in 5% formalin and are held by 
Verena Tunnicliffe at the University of Victoria.

CSEX90 Cruise: IOS CRUISE 9050, August 1990 
Stations: LS04, LS08, LS09, LS12

LS15, LS16, LS19, LS22
LS23, LS29, LS26, LS29, LS32

CSEX91 Cruise: IOS CRUISE 9113, August 1991
Stations: 1-0, 1-1, 1-2, 1-4, 1-6

2-1, 2-2, 2-4, 2-6
3-1, 3-2, 3-4, 3-6
4-2, 4-6
5-1, 5-2, 5-4, 5-6
6-1, 6-2, 6-4, 6-6

CSEX92 Cruise: IOS CRUISE 9211, June 1992
Stations: LS03, LS05, LS07, LS09, LS11, LS13, LS14, LS16, LS17,

LS22, LS24, LS26, LS28, LS30, LS32, LS34, LS35, LS38,
LS40, LS42, LS44, LS46, LS48, LS50, LS52, LS54, LS56,
LS58
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