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A General Description of Some Factors Governing Primary Production 

in the Strait of Georgia, Hecate Strait and Queen Charlotte Sound, 

and the N.E. Pacific Ocean 

by 

T.R. Parsons 

INTRODUCTION 

The causes of variations in biological production in any environment 

can be attributed to a large number of factors. Som~ of these factors are known, 

others can be predicted from findings in the laboratory while in many cases the 

causes of variation are yet to be discovered. 

In the marine environment some progress towards understanding varia-

tions in primary production has been made by an examination of the hydrographic 

conditions, radiation, transparency, nutrient deficiency and zooplankton 

grazing (e.g., Gran and Braarud, 1935; Sverdrup, 1953; Riley, 1957; Steele, 
~ 

1958; Fleming, 1939). Generally, where data has been adequate, it has been 

possible to explain some of the gross features of primary proudction in terms of 

these parameters. The primary purpose of this discussion is to examine these 

variables as they relate specifically to three coastal and oceanic regions 

of the northeast Pacific. 

The application of these gross estimates of production to the study 

of food required at higher trophic levels has not been markedly successful, 

and it appears that future emphasis must be placed on the pathways of energy 

transfer rather than on the total amount of energy transferred (Steele , 1964; 

Strickland, 1964). A second purpose in assessing the overall influence of 

known factors on primary productivity in this area can be stated, therefore, 

as being a necessary prerequisite to the study of the influence of these 

same factors on individual species or groups of organisms. Thus in studies 
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on the critical depth, for example, a representative figure for the compensation 

light intensity may be chosen for a gross prediction of favourable growing 

conditions. This should then serve as a base line from which an anomalous bloom 

of a particular species, having a very low compensation light intensity requir.e

ment, could be recognized and studied. Other obvious examples exist in minimum 

nutrient levels and the preferential desirability of some species of phytoplankton 

as sources of food for secondary producers. 

A third important factor in examining the gross features governing 

production in any environment is the timing at which events occur. Thus thl.' 

importance of synchronous timing has been suggested (often in the absenc t:' of 

data) as the best hypothesis for variation in year class strength of fish 

population size. One example of an event which may be presumed to be importan t 

in time is the onset of the spring bloom. In order to provide adequate food 

for young fish it appears that the timing of the spring bloom would have to 

precede the appearance of young fish by several weeks. In this respect the 

total amount of plant produced is probably far less important than the exact 

time at which a net increase in production takes place. A good example of the 

synchronization of phytoplankton blooms and the survival of barnacle larvae is 

given by Barnes (1956). 

The problem of pathways of energy transfer in the marine environment 

is at present largely in the experimental stage and may be broadly stated 

as requiring a much more intensive study of individual plants and animals 

(or of associated groups) as they occur throughout the seasons in any envi

ronment; and as they can be shown to respond to different stimuli in the 

laboratory. Such an examination is already planned by the Pacific Oceano

graphic Group with particular reference to the Strait of Georgia as an 

-------~~----
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environment 'which is easily accessible to the laboratory; commercially 

important to the survival of juvenile salmon, herring and other fish, and 

which has been fairly well studied from a hydrographic point of view. 

In addition to the Strait of Georgia, however, two other areas 

have been discussed here ': the N.E. Pacific Ocean, as an example of a truly 

oceanic environment, and Queen Charlotte Sound (including Hecate Strait) as an 

example of a coastal environment in which the influence of coastal drainage 

and tides are much less marked than in the Strait of Georgia. 

GENERAL 

1. Geographic Description 

1.1 The Strait of Georgia (Fig. 1) 

The Strait 6f Georgia is located on the west coast of British 

Columbia between the mainland of Canada and Vancouver Island. It is 120 miles 

long, has an average width of 18 miles and a mean depth of 156 m. The area 

is studded with numerous small islands, two larger islands and is open to the 

sea in the north through Seymour Narrows, and in the south through the San Juan 

Archipelago to the Strait of Juan de Fuca and the ocean. The major source of 

fresh water in the area comes from the Fraser River which flows into the 

southern half of the Strait. Fresh water is also contributed from the surroun

ding coastline which is characterized by numerous inlets extending up to 50 

miles into the coast. 

1.2 Hecate Strait and Queen Charlotte Sound (Fig. 2) 

Hecate Strait and Queen Charlotte Sound are located on the west 

coast of British Columbia immediately north of Vancouver Island. The combined 
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length of these two adjacent areas is about 280 miles and their average width 

is about 90 miles. They are open to the sea in the south through Queen Charlotte 

Sound, and in the north through Dixon Entrance. The bottom topography is 

characterized by a large shelf with depths of less than 200 m. A deep channel 

runs approximately south to north with a maximum depth of 428 m. The coastline 

is characterized by many inlets similar to those found in the Strait of Georgia. 

1.3 Northeast Pacific Ocean (Fig. 3) 

The oceanic area examined in this presentation has been arbitrarily 

defined as lying between the west coast of North America and longitude l600 W, 

and from 40° to 600 N. Data collected in the immediate vicinity of the coast 

have been excluded from a discussion of the area in order to avoid the coastal 

effect on primary production. The area is characterized by an average depth of 

about 4,000 m with a narrow continental shelf extending from about 20 to 120 

miles from the coast. Particularly intensive productivity studies have been 

carried out at Ocean Weather Station "~, located at 500 N, l45°W. 

2. Hydrographic Conditions 

2.1 The Strait of Georgia 

The following description of the hydrographic conditions has been 

taken from Tully and Dodimead (1957) and Waldichuk (1957). 

The major factors influencing the hydrographic conditions in the 

Strait of Georgia are wind, tide, insolation and fresh water run-off. 

The influence of wind, which reaches a maximum effect in January and 

December, and a minimum from June to September, is primarily to cause an anti

clockwise circulation of water around the Strait which is strongest along the 

mainland shore. This circulation is complicated by the tidal cycle. The 
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effect of wind on mixing is apparent during the winter months but is strongly 

supressed by stratification during the summer. 

Tully and Dodimead (1957) have described three tidal regions for the 

Strait. There are the northern and southern regions in the immediate vicinity of 

access to the ocean where tidal currents cause rapid and turbulent mixing. These 

regions advance 5 to 10 miles into the Strait during flood and retreat on the 

ebb tide into the passages. In a large central region of the Strait tidal 

currents are generally less than 1 knot. 

The effects of heating and fresh water run-off have been interpreted 

by Waldichuck (1957) in terms of the stability expression 

(Sverdrup ~~, 1946) in the upper 100 m. The seasonal variations in this 

factor during 1950 have shown that in the immediate vicinity of the Fraser 

River high stability is maintained throughout the year by the direct effect of 

low salinity surface layers. In the southern part of the Strait and over a 

large area north of the Fraser River, stability is reduced to nearly zero during 

the winter months but is established during the summer by insolation and by 

fresh water from the Fraser which reaches a maximum discharge during the period 

May to July. 

Salinities in the region of the Fraser River vary from 10 to 20 %0 in 

the surface layers and from 28 to 31 ~ in the deeper water. Over the rest of 

the area surface salinities vary from 24 to 28 ~ except in the areas of tidal 

mixing which are virtually homogeneous with salinities of 31 to 32 ~ from top 

to bottom. Seasonal temperatures in the area vary from about 7 to 22°C at the 

surface and from 8 to 9°C in deeper water. 

2.2 Hecate Strait and Queen Charlotte Sound 

The following description of the hydrographic conditions in the 
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region of Hecate Strait and Queen Charlotte Sound has been taken from Barber 

(1957). 

Oceanographic conditions in this region are determined primarily by 

southeast winds, run-off, and insolation. In winter, strong southeast winds 

result in a general onshore movement of oceanic surface water, and a northerly 

flow along the coast. In the spring and summer, diminishing winds and the 

marked fresh water discharge, associated with the freshets of the mountain 

rivers, lead to a general seaward movement of brackish water, and strong salinity 

and temperature stratification throughout the region. 

Salinities at 10 m in the area vary from 31 to 32 ~ while temperatures 

at the same depth vary from 8 to 13°C during the year. 

2.3 Northeast Pacific Ocean 

The following description of the hydrographic conditions of the 

Northeast Pacific Ocean are taken from Uda (1963). 

Most of the area included in this description lies in the Subarctic 

water mass (Fig. 3). A small portion in the vicinity of 40 to 42°N and 150 

to 1600 W contains a portion of the boundary between the Subarctic and Subtropic 

water masses. A brief description of the latter is given at the end of this 

section. 

The Subarctic water mass is characterized by a vertical distribution 

of salinity consisting of an almost homogeneous zone (with salinities of about 

32~) from 0-100 m overlying a halocline at 100-200 m where salinities increase 

by about l~. The halocline marks the limit of seasonal mixing in the region. 

During the spring and summer a seasonal thermocline develops in the area and this 

becomes mixed by winds to a maximum depth of about 30 m. During the fall and 

winter the surface waters are cooled and are mixed downward by convection and 
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strong winds. Temperatures in the first 100 m vary from 4 to 14°C and are 

less than 4°C below 200 m. 

The water mass in the area described here is subject to the West 

Wind Drift which transports water from west to east in the vicinity of SOoN. 

The current divides off the coast of British Columbia into the California 

Current flowing in a southerly direction) and the Alaska Gyre which moves in 

an anti-clockwise direction around the Gulf of Alaska. In the centre of this 

gyre a localized core of water exists throughout the year. This core is 

characterized by surface temperatures which are markedly less than those cf the 

surrounding waters but the typical structure of the Subarctic water still 

persists within this area. 

The Subtropic water mass) south of the transition zone known as the 

Subarctic boundary) is characterized by the absence of a marked halocline and 

the persistance throughout the year of a deep permanent thermocline below 

150 m depth. 

3. Chlorophyll ~ and Productivity Data 

The following descriptions are taken mostly from data compiled by 

Stephens (1964). Due to the inadequacy of data on Chlorophyll ~ concentrations 

with depth ) only surface values (mg/m3) are discussed here. It should be 

pointed out) however) that better comparisons in standing stock are obtained 

if the amount per m2 is considered since the compensation depth in the ocean 

may be up to 10 times that of coastal waters. 

3.1 The Strait of Georgia 

Changes in the standing stock of phytoplankton as measured by 

Chlorophyll ~ are shown for Departure Bay in Figure 4b. The seasonal cycle 
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is characterized by a large increase in the standing stock during the first 

weeks of March which is followed by further large increases in April and May, 

generally as a result of settled conditions after short periods of mixing. 

During most of the summer, pigment values are less than 5 mg/m3 but substan

tial increases in the standing stock (not shown in Fig. 4b) have been noted in 

some years during the autumn. 

3.2 The Northeast Pacific Ocean 

Average val~es for Chlorophyll a in 5° squares of latitude and 

longitude, regardless of season, are shown for the Northeast Pacific Ocean, 

excluding coastal regions, in Figure 5. Generally on the basis of the available 

data, it appears that standing stocks greater than 1 mg Chl.~/m3 are rare. 

The seasonal variation in surface Chlorophyll ~ values at Ocean Weather 

Station "P" is shown in Figure 4a. In general these results indicate that there 

is no marked fluctuation in standing stock such as occurs in the coastal waters. 

The seasonal surface average of about 0.4 mg Chl.a/m3 for Ocean Weather Station 

"P" appears to be representative of the values recorded in Figure 5 for the 

Northeast Pacific Ocean (especially considering the variation of < 0.3 to > 0.6 

mg Chl.~/m3 which can occur within a 10 mile square of ocean water in this area 

(Antia, et ~ 1963). 

The seasonal variation in primary productivity at Station "P" is shown 

in Figure 6. Monthly measurements show considerable scatter which can be 

attributed to the total radiation on the particular day of an individual 

observation (from McAllister, 1962). An approximate line of maximum values 

drawn on the basis of these results indicates, however, that maximum productivity 

occurs in this area during June while minimal values occur in the period 
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November to February. 

I. ESTIMATIONS OF THE CRITICAL DEPTH 

1. General 

One approach to an examination of the effect of hydrographic conditions, 

radiation and transparency on the conditions for primary production in the sea 

has been suggested by Gran and Braarud (1935) and developed into a prediction 

model by Sverdrup ('1953). Studies using the model have been carried out by 

Marshall (1958), Semin"a (1960) and Cushing (1962). A similar type of study 

was carried out by Riley (1957) in the Sargasso Sea. 

The approach is based on a comparison between the depth of mixing and 

the depth at which light conditions (radiation and transparency) are sufficient 

to allow a net increase in the production of a water column. The latter depth 

is known as the 'critical depth' and is defined as the depth at which the 

total production beneath a unit surface is equal to the total respiration. 

It follows that if the critical depth is greater than the depth of mixing, a 

net increase in production can take place. Sverdrup (1953) determined a math-

ematical expression for the critical depth as follows: 

Dc,," re 
- RDc.... ': 

- .e.. k Ie.. 
where Dcr is the critical depth in metres 

k is the extinction coefficient 

Ie is the average energy available per unit time for photosynthesis 
which passes the surface. 

Ic is the energy at the compensation depth. (The compensation depth is 
defined as the depth at which energy intensity is such that production 
by photosynthesis balances destruction by respiration.) 

Since the term 1 - e-kDcr is little different from 1 the equation can be 

simplified to: 
:ee, 

I.<. rc.. 
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The extinction coefficient (k) 

The extinction coefficients considered in the following discussion 

have been determined from Secchi disc data taken in the three areas under study. 

The formula used for the conversion of the Secchi disc depth in metres (D) to 

the extinction coefficient for blue light (~-l) is that given by Poole and 

Atkins (1929): \·7 
:: -

]) 

The same transformation was employed by Jenkins (1937) and Riley (1956). 

Although the conversion is not precise) it has been employed here in the absence 

of sufficient data on measured extinctions on which to base the differences in 

critical depths by season and in different areas. 

Secchi disc data for the three regions under consideration are presented 

in Figs. 7) 8 and 9. These data were accumulated from various data reports (see 

References) and show obvious seasonal trends. In Figs. 7) 8 and 9) curves to 

represent seasonal maximum and minimum Secchi disc depths have been drawn in: 

although these curves have been drawn quite arbitrarily) they do include most of 

the observation~l data and are believed reasonable. These maximum and minimum 

curves were the basis for the calculation of the monthly maximum and minimum 

extinction coefficients as reported in Tables I, II and III. 

One particular anomaly is to be noted in the Secchi disc measurements 

recorded at Ocean Weather Station "P" (Fig. 9). It may be seen that all the 

1960 measurements for June fall outside the line of maximum Secchi disc depths 

while the values for August and September are among the lowest recorded. A 

possible explanation for this marked change (which is substantiated by temperature 

and oxygen changes) is that a rapid intrusion of warm water from the general SE 

direction occurred during this period which was followed by a strong westerly 
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intrusion (Tabata, 1964; unpublished Ph.D. thesis). 

The minimum calculated extinction coefficients for water at Station "P" 

(Table III) are in close agreement with Utterback and Jorgensen's (1934) average 

o 
for deep sea (.073 at 4800 A), and with some more recent values reported by 

McAllister, et ~ (1959) - if the latter are converted to the base e. Coastal 

values given by Utterback and Jorgensen (1934) fall within the range of extinctions 

reported in Tables I ·and II. 

Ie, energy which passes the surface and is therefore ava"i1ab1e for 

photosynthesis 

Total daily solar radiation as measured with a pyrohe1iometer at the 

University of British Columbia have been averaged from 1960 to 1964 for each 

month to give values for the Strait of Georgia. These values have been expressed 

as the mean hourly radiation and corrected for reflection losses by determining 

the mean sun altitude for each month (Sverdrup, 1953). The amount of energy 

available for photosynthesis has then been determined, by reducing the total 

radiation by a factor of 0.2 to allow for absorption of non-photosynthetic 

energy in the first metre of sea water (Sverdrup, 1953). The energy which 

passes the sea surface has then been entered in Table I as Ie (ly/hr). 

Solar radiation at Station "P" has been averaged from pyrohe1iometer 

recordings which are sporadically available for the years 1960 to 1964. 

These values have been employed to determine the photosynthetically available 

radiation as above and are entered in Table III. 

For Queen Charlotte Sound and Hecate Strait, where no pyrohe1iometer 

measurements are available, average estimates of solar radiation were made 

using the following equation given by Kimball (1928): 

.L ~ I 
o 

( I 0.7 1c.) 
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where 10 is the radiation received under a cloudless sky and c is the cloud 

cover in tenths. The former values were obtained for 500 N from Tabata 

(unpublished), and the latter as monthly averages for the years 1958-1962 

from the Monthly Record (Met. Obs. Canada, Dept. Transport, Toronto) at Cape 

St. James (5l0 5l ' N, l3l0 05'W). 

The above equation was chosen from several which have been published 

since it gave the best agreement with pyroheliometer readings for the first six 

and last three months of the year when applied to data for the Strait of Georgia. 

The average cloud cover data and solar radiation estimates have been entered in 

Table II. 

I c , energy at the compensation depth 

The value used by Sverdrup (1953) for Ic was taken from Jenkins (1937) 

as being 0.13 ly/hr. Strickland (1958) has discussed this value and suggests 

0.18 ly/hr as a mean value from the results of several authors. Since the latter 

figure is not greatly different from 0.13 ly/hr employed in similar studies by 

Marshall (1958), Sverdrup (1953) and Cushing (1962), it has been employed here 

for the purposes of comparability. 

2. The Strait of Georgia 

A comparison of critical depth and the depth of mixing in the Strait 

of Georgia is given in Fig. 10 and 11. The depth of mixing which is represented 

as monthly maximum and minimum values for the years 1949 to 1962, has been 

determined by Herlinveaux (unpublished). The data shown in Fig. 10 is 

representative of the northern part of the Strait where the influence of 

fresh water run-off from the Fraser River is less marked than in the south. 

Figure 11 is representative of conditions which are strongly influenced by 

the fresh water runoff from the Fraser through the year. The greater stability 

of the latter (Fig. 11) is illustrated by the generally shallower depth of the 
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mixed layer throughout the year and the smaller monthly fluctuations between 

maximum and minimum values in comparison with conditions· in the waters in the 

north (Fig. 10). 

In both areas the minimum critical depth exceeds the maximum depth of 

mixing during the period April through September. During this period) therefore, 

it can be concluded that conditions are sufficiently stable and there is sufficient 

radiation to permit a net increase in the primary production of the area. 

During the month of March in both areas the minimum critical depth is 

equal to the maximum depth of mixing. This may be interpreted as indicating 

that light conditions are generally favourable for the growth of phytoplankton 

during this month. In contrast, the months of February and October are shown 

as months in which the minimum critical depth is less than the maximum depth of 

mixing. It would still be possible for some production to take place in both 

areas) however, providing that the transparency of the water was sufficient to 

allow adequate light to penetrate or that unusually stable conditions predominated. 

In the months of November) December and January the depth of mixing (relative to 

the critical depth) is generally too great to allow for production. The principal 

difference between the north end of the Strait and the south is shown by the greater 

depth of mixing during the winter in the former area and the relatively small 

critical depth (due to lower transparency) in tbe latter area. 

In conclusion it appears that some net increase in the production of 

phytoplankton would be possible during the winter in this area providing 

relatively stable conditions and/or a suitable degree of transparency were 

maintained for a sufficient period of time. The number of phytoplankton cells 

occurring in Departure Bay during the winter has been reported by Parsons (1960) 

as about 104/litre. To approach a plankton bloom of 106 cells/litre, assuming 
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a maximum regeneration time of 48 hours for winter light conditions, a suitable 

degree of stability and/or transparency would have to· be maintained for about 

2 weeks. This period is considerably longer than is generally encountered during 

the winter in the Strait of Georgia. 

3. Hecate Strait and Queen Charlotte Sound 

A comparison of the critical depth with the depth of mixing in Queen 

Charlotte Sound and Hecate Strait is shown in Figure 12. Data on the depth of 

the mixed layer has been taken from Giovando and Robinson, (unpublished) for 

the months May to January. Although these data are for the sea area immediately 

adjacent to Queen Charlotte Sound they are considered closely representative 

of the waters within the area discussed here. Insufficient data was available 

for the authors to determine a statistical estimate of the depth of mixing during 

the period February to April. For this period available data on the depths of 

the thermocline during 1955, 1958 and 1959 has been entered on Figure 13. In 

addition, an estimated average depth of the thermocline for the years 1941-1952 

has been obtained from Robinson (1957) and these results are shown also in 

Figure 12. From these data it may be seen that in 1958, and as an average. for 

1941-1952, the 'new' seasonal thermocline was developed in April so that the 

depth of the mixed layer was well above the critical depth during this month. 

In 1955, however, the new thermocline was not formed until May so that the 

depth of the mixed layer was well below the minimum critical depth in April. 

Since the influence of changes in salinity which would lead to stabilization 

in this area are not apparent until June (Barber, 1958; Barber and Tabata, 1954) 

it may be surmised that conditions for a net increase in primary production 

during the spring are governed by the formation of the 'new' thermocline. 

Tabata's (1958) estimates of total heat transfer at the ~~a surface (monthly 
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means, 1947-l954} show that a positive heat gain occurs in this area from 

April to September. Thus the formation of the 'new' thermocline may generally 

be considered to occur in April although in some years (e.g., 1955) it may 

not occur until May. 

During the period from May to September, Fig. 12 shows that the 

minimum critical depth is greater than the maximum depth of mixing, this 

indicates that ~ydrographic} tra,nsparency and radiation conditions are favourable 

for a net increase in primary production during this period. In October and 

in November the same conditions are such as to allow Some net increase in 

production if the depth of mixing is minimal and a maximum critical depth is 

maintained. During December, January and February, however, there could be 

no net increase in primary production in this area. 

4. Northeast Pacific Ocean 

A comparison of the critical depth and the depth of the mixed layer 

at Ocean Weather Station "P" is shown in Figure 13. The latter values have 

been taken from Giovando and Robinson (unpublished). 

It may be seen that during the period December to February the 

maximum critical depth is less than the minimum depth of mixing which would 

indicate that no net increase in the primary production is possible during 

these months. On the other hand, in the period May to September the minimum 

critical depth is equal to or greater than the maximum depth of mixing, 

indicating that this is the principal period in which a net increase in the 

primary production can occur. For two months in the spring, March and April, 

and two months in the autumn, October and November, the conditions for a net 

increase in primary production are such as to indicate that some increase may 

take place under favourable conditions. 
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5. Discussion 

In a comparison between Figure 10, II, 12 and 13, it may be noted 

that March and April are months in which a" net increase in primary production 

can take place in the Strait of Georgia. At Ocean Weather Station "P", however, 

the conditions for a net increase in production are not firmly established until 

May while in Hecate Strait and Queen Charlotte Sound a net increase in production 

may occur in April. This overall prediction is substantiated "by the standing 

stock measurements in Departure Bay (Fig. 4b) where large blooms commence in 

March, and by the productivity data for Station "P" (Fig. 6) where it may be 

seen that the maximum phytoplankton growth occurs in May-June. In a comparison 

of the two standing stocks of phytoplankton in the Strait of Georgia and at 

Station liP" (Fig. 4a and b) it may be not~d, however, that no 'explosion' in 

the standing stock of phytoplankton occurs in the ocean such as occurs in 

coastal waters. Nielsen (1962) has explained this difference in terms of the 

length of time required for the critical depth to exceed the depth of mixing. 

Thus, while at Station "P" and in the Strait of Georgia, the radiation increases 

markedly in March, in the former area the stability would not allow any lasting 

increase in production until May while in the latter area production can 

commence with the increased radiation. At Station "P" fragmentary increases 

in the standing stock may occur in March and April but these are quickly dis

sipated by mixing due to the lack of stability during this period. While this 

explanation may in part be true it also appears that consideration must be 

given to the effect of zooplankton grazing during the spring; this is discussed 

in Section III. 

Unfortunately sufficient data is not at present available to estimate 

the conditions for the seasonal onset of the spring bloom in other areas of 
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the Northeast Pacific as has Qeen estimated at Weather Station "P". The 

following discussion indicates, however, that an interesting series of events 

may occur which can serve as a guide to future cruise plans in the area. 

In Table IV the minimum depth of the .mixed layer, taken from Giovando 

and Robinson (unpublished), has been compared 'for Stat ion "P" and areas north 

and south of this point. During the first three months of the year it may be 

seen that the depth of mixing is generally greatest at Station ".p" compared 

with points further north and south. Unfortunately no data is given in the 

above reference for March at 55 to 60o N. In Table V, however, the depth of the 

thermocline (which is the same as the depth of the halocline at this time of 

the year) is shown for the immediate vicinity of Station "P" and for stations 

between 55 and 600 N during the period, late March to early April, 1958 (MS 

Report No. 16, 1958). The table shows that the missing value for March at 55 

to 600 N in Table IV is probably of the same order as for February in this area 

(i.e., ~ 70 m). In Table VI the solar radiation and cloud cover during 

March 1964 is shown for the three areas (Marine Weather Observation Summary 

for the Pacific Ocean, U.S. Bureau of Commercial Fisheries, San Diego, 1964). 

From this data it is apparent that if one assumes an average oceanic 

extinction coefficient of 0.073 (Utterback and Jorgensen, 1934), then calcula

tions of the critical depth for March both north and south of Station "P" as 

compared with the depth of mixing in the three areas will give a condition 

for a net increase in primary production at 55 and 400 N in March, while the 

same situation is not firmly established at Station "P" (500 N) until May. 

The minimum critical depth at Station "P" during March is about 100 m (Fig. 13). 

This depth is about the same as the minimum depth of mixing, but is some 30 m 

more than ' the minimum depth of mixing at 55 and 400 N (Tables IV and V). Since 
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the total solar radiation at 55°N is not substantially less than at 500 N 

(Table VI) it may be predicted that the conditions for a net increase in 

primary production are much more favourable during March-April north and 

south of Station "P" than at Station "P" itself. Such a condition may be 

highly critical as to exact timing and might be ~to the distributional 

and/or migratory patterns of pelagic fish. 

II. NUTRIENTS 

1. The Strait of Georgia 

The first comprehensive nutrient studies in the Strait of Georgia 

were carried out by Hutchinson, Lucas and McPhail (1929). The authors reported 

unusually high concentrations of dissolved phosphate, silicate and nitrate. 

The authors concluded that these were associated with the Fraser River discharge. 

Tully and Dodimead (1957) confirmed these high nutrient levels but they disagreed 

on the source of the nutrients, except in the case of silicate which was found 

to be higher in Fraser River water during the summer than in the surrounding 

waters. 

(a) Phosphorus - The lowest reactive phosphate values recorded by Tully 

and Dodimead (1957) were 0.37 rg.at./l. These occurred in the Summer near 

the surface during a period of maximum plankton growth. Surface values during 

the spring and concentrations at 20 m during the summer ranged from 1.0 to 

2.0 yg.at./l. A detailed study of the phosphorus cycle in Departure Bay 

carried out by Strickland and Austin (1960) showed minimum reactive phosphate 

concentrations of 0.5 pg.at./l during the summer and maximum values of 2.0 

fg . at./l during the winter. During two experiments in Departure Bay in which 

a natural phytoplankton bloom was allowed to grow in a large volume plastic 

I 
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sphere (McAllister et al, 1961; Antia ~ al, 1963) phosphate concentrations 

were lowered to 0.4 and 0.1 jUg.at./l respectively but were not considered 

to be growth limiting at this level. Atkins (1926) has recorded phosphate 

concentrations down to 0.05 - 0.1 rg.at./l during phytoplankton growth. 

Tully and Dodimead concluded that phosphate was not a growth limiting 

nutrient in the Strait of Georgia and the more recent results tend to substan

tiate this conclusion. 

In addition to soluble inorganic phosphate, Strickland and Austin 

(1960) have reported considerable quantities (0.2 to 0.8 pg.at./l) of 

soluble organic phosphorus in the waters of the Strait of Georgia. If this 

is in part utilizable by phytoplankton it would tend to further confirm the 

adequacy of the phosphorus supply in this region throughout the year. 

(b) Nitrogen - Tully and Dodimead (1957) have reported that nitrate 

becomes completely depleted during the summer months at Station 1 (49°14.7'N, 

123°48.6·W) in the Strait of Georgia . The level of nitrate (8-24JUg.at./l) 

was restored during the autumn and winter months by seasonal mixing. During 

June, 1958, Strickland (1958) recorded 2.5 rg.at./l of nitrate at the surface 

and 12.3 rg.at./l at 10 m at the same station in the Strait. 

Nitrite concentrations at Station 1 have been reported as zero during 

the summer and from 0.1 to 0.3 fg.at./l during the winter (Tully and Dodimead, 

1957). In June 1958, Strickland reported 0.13 pg.at./l at Station 1 and a 

maximum of 0.39 at 10 . m at the same station. 

Ammonia concentrations at Station 1 during June 1958 have been 

reported by Strickland (1958) as 5.7 rg.at./l at the surface and 1.5 ~g.at./l 

at 10 m. This appears to be the only reported ammonia value for a field station 

in the Strait of Georgia. 

------



- 20 -

During two experiments in which a phytoplankton crop was grown under 

near natural conditions in a plastic sphere in Departure Bay (~ cit.) 

nitrate concentrations decreased to zero. At the same time nitrite was 

depleted but ammonia, which in the first experiment reached a maximum concen

tration of about 2 fg.at./l during the bloom, showed no clear relationship 

to the standing stock in the second experiment. 

On the basis of these reports it appears that under certain conditions 

nitrate may become a growth limiting nutrient in the Strait of Georgia. The 

depletion of nitrate does not appear to be predictable from year to year, 

however, and the role of nitrite and ammonia as supplementary sources of 

nitrogen needs to be followed further. 

(c) Silicate - Tully and Dodimead (1957) have reported minimum Summer 

values for dissolved silicate as 2.5 pg.at./l in the north and 40JUg.at./1 

in the south, in the vicinity of the Fraser River. In the two plastic sphere 

experiments referred to above the concentration of silicate was depleted to 

zero in one experiment and to 10 pg.at./l in the other. In both cases, however, 

the depletion of silicate lagged behind the depletion of nitrate so that a 

considerable portion of the silicate was used up after nitrate had become 

exhausted. 

2. Hecate Strait and Queen Charlotte Sound 

A number of expaoratory cruises into this area have resulted in 

a few estimates of nutrient levels. 

Nitrate appears to be depleted over large parts of the area, 

especially in Hecate Strait during June and July (less than 0.2JUg.at./1). 

In some parts of Queen Charlotte Sound, however, nitrate is reduced to a 
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low level but not exhausted (2-5 rg.at./l). During the winter nitrate levels are 

restored to about 20 tg.at./l and values of 5 to 15 jlg.at./l are found in May. 

In contrast, phosphate values in June, when nitrate is depleted, are still 

about 0.5 rg.at./l indicating a substantial reserve or rapid regeneration 

rate for this nutrient. Silicate may become exhausted together with nitrate 

but at some stations values of 10-15 ~g.at./l of silicate have been reported 

when nitrate was exhausted. Ammonia values in June have been reported to have 

a maximum value near the surface of about 2 pg.at./l while nitrite shows a 

maximum of about 0.3 pg.at./l at about 30 m. 

3. Northeast Pacific Ocean 

From over 150 stations in the Northeast Pacific Ocean, data summarized 

by Stephens (1964) indicate that reactive surface phosphate levels are generally 

greater than 0.5 ;pg.at./l and in many cases greater than 1.OjUg.at./l throughout 

the year. The lowest reported values occurred in the vicini~y of the Columbia 

River estuary (0.24,rg.at./l in May) and at 54°N, l59°55'W, which has been 

reported as 0.32 yg.at./l during August. These results tend to substantiate 

results reported in the NorPac atlas (1955) and it may be reasonably concluded 

that phosphate is not a growth limiting nutrient in this area. 

The only nitrate values which appear to have been collected for this 

area have been taken at Station "P" (SOON, l45°W) and at a few points between 

Station "p" and the coast. A considerable quantity of data has been collected 

in the vicinity of the Columbia River plume and in an oceanic area immed

iately west of the Washington and Oregon coast (Stefansson and Richards, 1964). 

Results indicate that nitrate may be a growth limiting nutrient in these areas 

during the summer. Euphotic nitrate values at Station "P" varies between 6 
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to 10lg.at./l during July and between here and the coast the lowest summer 

values have been reported as 1.23 ~g.at./l at 48°57'N, l32°34'W. South of 

the Subarctic front there is a sharp decrease in nitrate values to less than 

1 19. at. 11. Nitrite values at Station "P" during July have been shown 

(McAllister, et al 1959) to vary around 0.1 ,g.at./l with a maximum at 75 m 

of 0.94 fg.at./l. Ammonia values were about 0.3 ~g.at./l at the surface. On 

the basis of this small amount of evidence it appears that summer nitrate 

depletion may occur in Some areas of the Northeast Pacific but that this is 

not a universal characteristic of the area except in waters south of the 

Subarctic front. 

Silicate values at Station "P" have been shown (McAllister, et.!! 

1959) to vary between 16 and 31 jlg.at./l during July. There is generally a 

lack of data in other areas but very low values (~. 2 fg.at./l) have been 

reported at 54°39'N, l56°02'W during July. 

4. Discussion 

Data taken from McAllister ~ al (1959) indicate that at Station 

liP" in the Northeast Pacific Ocean the loss in phosphate from the surface 

layers compared with winter phosphate levels found at the depth of seasonal 

mixing ( ;>100 m) is about 1 jUg.at./l during the period March to August. 

This would correspond to a production of carbon during the same period of 

about 1,200 mg/m3 using the C:P ratio of 40 suggested by Strickland (1960). 

From data given by McAllister (1962) the total production during this six 

month period, assuming a daily production of 7.0 mg C/m3 as an average for 

the first 50 m, is about 1,300 mg C/m3 . Thus it appears that the amount of 

phosphate utilized accounts for the amount of carbon produced. In Departure 

Bay, however, similar esti~ations based on phosphorus data from Strickland 
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and Austin (1960) indicate that 1.5 fg.at.P/1 are utilized during the same 

period or about 1)900 mg C are produced per m3 . Assuming a minimum standing 

crop of only 3 mg Chlorophyll ~/m3) the total production during this period 

would not be less than 5)000 mg C/m3 . It appears) therefore) that in coastal 

areas some regeneration of phosphorus must occur during the summer since this 

nutrient does not become depleted. This would be quite possible from phosphate 

regeneration rates of 0.13)Ug.at./1/day reported by Antia ~ a1 (1963). 

In contrast to phosphorus) nitrogen regeneration has been found to be 

very slow (Antia et ·~ 1963). At Station "P" data taken from McAllister et a1 

(1959) indicate that the loss of nitrate from the surface layers compared with 

winter nitrate levels found at the depth of seasonal mixing (> 100 m) is about 

16 rg.at./1 during the months March to August. This would correspond to a 

production of carbon during the same period of about 1)300 mg/m3 (using a 

C:N ratio of 6; Strickland) 1960) which is the same as the carbon value estimated 

from McAllister (loc. cit.) for the productivity of this area. Similar 

calculations for Departure Bay indicate that a nitrate loss of about 24 fg.at./1 

would account for a total production during this period of only 2)000 mg C/m3 . 

which) in the absence of any rapid nitrate regeneration) could lead to the 

complete depletion of this nutrient as has been reported by Tully and Dodimead 

(1957) . 

The position of silicate appears to be intermediate between that of 

phosphate and nitrate in its availability as a nutrient in coastal areas. Thus 

while Antia ~ a1 (1963) have reported fairly rapid regeneration rates for this 

nutrient (0.75 jPg.at./1/day) the total quantity of silicate in coastal waters 

appears to be insufficient to support the levels of organic production which 

have been given here. The requirement for large amounts of ~licate is limited 
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to diatoms, however, and while these may exhaust this nutrient in local areas 

during short periods, the growth of non-siliceous phytop1ankters may continue 

while the regeneration ra~e of this nutrient appears to be sufficiently rapid 

to permit additional diatom growth in a mixed column after the initial crop 

has undergone some decomposition. 

III. ZOOPLANKTON GRAZING 

The following discussions are based on a very limited amount of data 

to which conversion factors have been applied in many cases. In addition the 

rate of superfluous grazing by zooplankton has not been considered here_ in the 

absence of sufficient data on its effect. Inspite of this it is felt that 

the discussion provides some basic appreciation of the magnitude and timing 

of grazing effects in the areas under study. 

1. The Strait of Georgia 

Very little quantitative data on the zooplankton population of the 

Strait of Georgia are available. The most complete data were collected by 

Legare (1957) who has reported total numbers of zooplankton collected with 

a 25xxx mesh net from 13 stations during June and 8 stations during November, 

1955. The largest group of herbiverous zooplankton collected were copepods which 

accounted for about 65 per cent of the total zooplankton during June and 90 

per cent during November. In order to obtain an approximation of the bio-

mass of plant that could be destroyed by the zooplankton during June and 

November the average number of copepods found during these months have been 

determined and these numbers converted to mg of carbon using the factor of 

0.084 suggested by Laevastu (1958). The approximate quantity of food eaten 

by the standing stock of zoop1ankton 'has been estimated using an average 
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food requirement of 0.15 g phytoplankton per gram of zooplankton biomass 

(Laevastu, 1963). For production and feeding estimates per unit area an 

average euphotic zone of 20 m and a depth of 50 m for herbiverous feeders 

have been assumed. The former value is about twice the average depth of 

the Secchi disc in the area and the latter represents the depth at which a 

sharp decrease in zooplankton numbers occurred (Legare, 1958). 

The results of these estimations together with. the approximate 

amount of plant produced at three levels of standing stock in terms of 

Chlorophyll ~ are shown in Table VII. The latter values have been taken 

as representative data from Fig. 4 and corresponding production data (mg C/m2/ 

day) from McAllister et al (1961). 

From Table VII it may be seen that the food consumed by zooplankton 

during the summer would fully utilize the daily production of phytoplankton 

at Chlorophyll ~ concentrations of 2-5 mg/m3 which are usual levels during 

this period. During the spring, however, when the stock of zooplankton 

remaining after the winter may be considered to be appreciably less than the 

value shown for November, the quantity of food consumed would be lower than 

the amount being produced. Thus at this time of year the standing stock of 

phytoplankton in terms of Chlo~ophyll ~ may reach values of greater than 

20 mg/m3 (see Fig. 4) and nutrients, especially nitrate, may become exhausted 

(see Section II). During this period a major contribution of plant detritus 

would be made to benthic feeders. 

2. Hecate Strait and Queen Charlotte Sound 

Estimates of the standing stock of zooplankton have been carried 

out in this area in the months of March, May, July and September. Maximum 

quantities of zooplankton in tows from 0-125 m were encountered in May 
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(134-246 mg wet wt/m3) and minimum quantities in March (0.4-45 mg wet wt/m3). 

If a standing stock during March of 30 mg wet wt/m3 is assumed for a column of 

200 m, then this would correspond to a consumption of 50 mg C/m2/day (using 

factors: biomass x 0.054 = mg C and phytoplankton consumed per day = 15% 

zooplankton wt (Laevastu, 1958 and 1963». By the same calculations the 

zooplankton consumption of plants during May would be some ten times the 

figure for March. Assuming a euphotic zone of 50 m, the food consumption 

during March would be met by a standing stock of phytoplankton of less than 

1 mg Ch1. ~/m3. The only chlorophyll data for this area was taken during 

July and these values show a range from 0.8 to 4 mg Ch1. ~/m3. By inference 

from the variations in nitrate in this area (see Section II) it is probable, 

however, that large phytoplankton crops occur in the spring due to the lack 

of grazing. During the summer the partial depletion of nitrate and the much 

greater effect of zooplankton grazing would tend to limit the standing stock 

of phytoplankton. Under these conditions the grazing pattern for this area 

would be similar to that found in the Strait of Georgia. 

3. The Northeast Pacific Ocean 

McAllister (1960) has reported on the standing stock of zooplankton 

at Ocean Weather Station "P". The (X) ncentrations wit h depth to 150 m during 

1957 varied from about 10 to 200 mg wet wt/m3 . More recent results from 

LeBrasseur (unpublished) indicate that during the Summer months the standing 

stock of zooplankton in the first 150 m is about 300 mg/m3 . If the figure 

of 300 mg wet wt/m3 is employed as an average for the zooplankton standing 

stock from 0 to 150 m then this would correspond to about 16 mg C/m3 or 

2,500 mg C/m2 (using conversion factors quoted previously). Assuming a 

feeding level of 15% of the zooplankton wt per day, the amount of carbon 
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consumed at this level of standing stock would correspond to about 400 

mg C/m2/day. 

The level of primary productivity at Station "P" has been reported 

by McAllister (1961) as about 20 to 100 mg C/m2/day during winter, and from 

about 100 to a maximum of 1000 mg C/m2/day during Summer (see Fig. 6). Thus 

an average consumption of 400 mg C/m2/day appears from Fig. P to approximate 

to the average rate at which plant is being produced during the summer. In 

earlier work by McAllister ~ al (1959) it was surmised that the standing 

stock of phytoplankton during July and August at Ocean Weather Station "P" 

was prevented from growing to fifty times its observed level by the effect 

of zooplankton grazing. It appears that this conclusion is still correct on 

the basis of the above approximations. 

4. Discussion 

The principal difference in zooplankton grazing in the Strait of 

Georgia and at Ocean Weather Station "P" is apparent in the effect of 

grazing on the spring bloom. In the Strait of Georgia the spring bloom is 

largely unaffected by zooplankton grazing and very large phytoplankton crops 

occur (Fig .4h). At Ocean Weather Station "P", however, there is no appreciable 

change in the level of the standing stock throughout the year (Fig.4a). From 

these results it appears that at Ocean Weather Station "P" a fairly substan

tial standing stock of allochthonous zooplankton must be introduced into the 

area coincident with the onset of the spring bloom. This population could 

either come from deep water or be carried by the Subarctic current from 

areas west and north of Station "P". In the Strait of Georgia where there 

are no deep waters compa!ed with Station"P", and where circulation is 

confined primarily to a gyral within the Strait, it appears that the 
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autochthonous zooplankton population surviv~ng after the winter is not 

sufficient to suppress the spring bloom by grazing. 

T 
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Figure 11. A comparison of the critical depth and the depth of mixing in the 
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Figure 12. A comparison of the critical depth and the depth of mixing in Queen 
Charlotte Sound and Hecate Strait 

Legend: I Maximum and minimum critical depth 

T' 
Approximate mean mixed layer depth, plus minus the I or 
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...L. standard deviation (data from 1947-53) 

o Average depth of the top of the thermocline, 1941-1952, 

from Robinson (1957) 

Depth of the thermocline, X 1959, A 1958, 0 1955. 

Figure 13. A comparison of the critical depth and the depth of mixing at Ocean 

• I Weather Station "P" 
Legend: J[ Maximum and minimum critical depth 

T Approximate mean mixed layer depth, plus or minus the 
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I standard deviation (data from 1947-63) 
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* During the years 1956-59, 1962-63 the "new" seasonal 

thermocline was formed near the middle of May. 
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TABLE I. gst!.lIIiti.S211!l 12' tb~ ~1:i.Us;ill ~I!tb in tb~ ~tni·t 5;1' !i!!mia 

Month Mean radiation*l Mean radiation PAR*2 Compensation light Area 'A' Area 'A' Area 'B' Area 'B' 
(ly/hour) corrt'cted for (ly/hour) intensity( 1y /hour) Extinction Coefficient Critical Depth Extinction Coefficient Critical Depth (m) 

reflection kmin kmax (m) kmin kmax 
(ly/hour) (m- 1) (m- 1) Max Min (m-l) (m-1) 

Max Min 

1 2.95 2.33 0.467 0.13 0.1 0.13 37 28 0.19 0.85 19 4 

2 5.68 4.94 0.988 0.13 0.1 0.17 75 45 0.19 0.85 40 9 

3 9.40 8.35 1.67 0.13 0.11 0.28 117 46 0.19 0.85 68 15 

4 14.0 13.30 2.66 0.13 0.14 0.42 147 49 0.19 0.85 108 24 

5 19.8 19 .0 3.80 0.13 0.17 0.85 163 33 0 . 19 0.85 146 33 

6 23.3 22.4 4.48 0.13 0.20 0.85 173 40 0.19 0.85 182 41 

7 24.0 23.1 4.62 0.13 0.23 0.68 154 52 0.19 0.85 187 42 

8 18.1 17.2 3.44 0.13 0.23 0.49 115 54 0.19 0.85 140 31 

9 14.1 13.1 2.62 0.13 0.19 0.34 106 59 0.19 0.85 106 24 

10 7.40 6.59 ·1.31 0.13 0.14 0.24 73 42 0.19 0.85 53 12 

11 3.80 3.22 0.644 0.13 0.12 0.19 41 26 0.19 0.85 26 6 

12 2.48 1.93 0.386 0.13 0.10 0.14 30 21 0.19 0.85 16 4 

*1 Average radiation for each month determined from January 1960 to March 1964 (Monthly Radiation Summary, Met. Branch, Dept. Transport, canada). 

*2 PAR, Photosynthetically Active Radiation. 



TABLE II. Estimation of the Critical De~th in gueen Charlotte Sound and Hecate Strait 

Month Mean Cloud *1 Mean radiation Mean radiation corrected PAR *2 Compensation Extinction Coefficient Critical Depth (m) 

Cover(l/lOths) (ly/hour) for reflection (ly/hour) (ly/hour) Light intensity k.max kmin Max Min 
(ly/hour) 

1 8.4 2.60 2.26 0.45 0.13 .14 .09 38 25 

2 8.0 4.70 4.09 0.82 0.13 .15 .09 70 42 

3 8.1 7.30 6.72 1.34 0.13 .17 .10 103 61 

4 7. 7 ll.2 10.6 2.12 0.13 .24 .10 153 68 

5 7.1 14.9 14.3 2.86 0.13 .38 .ll 200 58 

6 7.9 14.2 13.6 2.72 0.13 .42 .13 160 50 

7 6.3 16.8 16.1 3.22 0.13 .34 .14 178 73 

8 7.4 12.3 11.7 2.34 0.13 .28 .14 128 64 . 

9 7.5 9.0 8.37 1.67 0.13 .• 23 .13 98 56 

10 8.3 5.32 4 . 73 0.94 0 . 13 .19 .11 66 38 

II 8.0 3.34 2.84 0.57 0.13 .15 .10 44 29 

12 8.6 2.08 1.62 0.32 0.13 .13 .09 27 19 

*1 Monthly Record Meteorological Observations in Canada, Dept. Trans. Met . Branch, Toronto, Ont. 

*2 PAR, Photosynthetically active radiation. 



TABLE III. Estimations of the Critical DeEth at Ocean Weather Station "P" (50 0 N 145°W) 

Month Mean radiation*l Mean radiation corrected PAR*2 Compensation Light Extinction Coefficient Critical Depth (m) 

(ly/hour) for reflection (ly/hour) ( 1y/hour) intensity (ly/hour) kmax kmin Max Min 
(m- 1) (m- 1) 

1 2.91 2.30 0.46 0.13 0.11 0.065 54 32 

2 4.73 4.11 0.82 0.13 0.12 0.068 93 53 

3 8.50 7.82 1.56 0.13 0.13 0.074 162 98 

4 11.2 10.6 2.12 0.13 0.15 0.081 200 108 

5 15.3 14.7 2.94 0.13 0.18 0.089 253 126 

6 15.3 14.7 2.94 0.13 0.20 0.095 237 113 

7 14.4 13.8 2.76 0.13 0.23 0.10 211 92 

8 12.5 11.9 2.38 0.13 0.24 o.o·n 189 77 

-
9 10.3 9.6 l.92 0.13 0.23 0.089 165 64 

10 7.25 6.45 l.29 0.13 0.19 0.083 121 52 

11 3.71 3.15 0.63 0.13 0.15 0.076 62 32 

12 2.16 1.68 0.34 0.13 0.13 0.071 37 20 

*1 Average radiation for each month determined from January 1960 to February 1964 (Monthly Radiation Summary, Met. Branch, 
Dept. Transport, Canada) 

*2 PAR, Photosynthetically active radiation 



Month 

January 

February 

March 

TABLE IV. Minimum Mixed Layer Depths from 

Giovando and Robinson (unpublished) 

55 to 60 0 N 
140 to 145°W 

70 m 

70 m 

Station "p" 
SOoN 145° W 

95 m 

97.5 m 

97.5 m 

40 to 45°N 
140 to 145°W 

88 m ' 

101m 

76 m 

TABLE V. Depth of the thermocline during March - April, 1958 

Area 

55 to 60 0 N 

140 to 145°W 

Station P 

SOoN: 145°W 

Location 

58°10 'N 143°33'W 

5r42'N 144°28 'w 

57°00'N 145°00 'w 

50° 19 'N 147°27 'w 
49°1O'N 146°00 'w 
49°06'N 143°20 'w 

Date 

29-Ill-58 

29-Ill-58 

30-Ill-58 

7-IV-58 

7-IV- 58 

7-IV- 58 

Depth of the 
thermocline (m) 

75-100 

50-75 

50-75 

125-150 

100-125 
125-150 



Month 

June 

November 

TABLE VI. Total Solar Radiation - March 1964 

Area Radiation (ly/day) 

159 

167 

228 

Cloud Cover 
(l/lOths) 

7.8 

8.9 

8.1 

TABLE VII. Approximate amounts of food consumed by zooplankton, 

and phytoplankton production in the 

Average number 
of zooplankton 1m3 

1,500 

600 

Strait of Georgia 

mg C/m2/day 
Consumed by zooplankton 

950 

375 

Phytoplankton production 
Chl~ mg/m3 mg C/m2/day 

2 380 

5 700 

25 2,000 




