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THE whole of the Strait of Georgia is essentially an

Phytoplankton Ecology of the Strait of Georgia, British Columbia
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STOCKNER, J. G., D. D. CLirF, AND K. R. S. SHORTREED. 1979, Phytoplankton ecology of the
. Strait of Georgia, British Columbia. J. Fish. Res. Board Can. 36: 657-666.

Observations of phytoplankton production, abundance, and distribution were made at 16
stations in the Strait of Georgia from 1975 to 1977. The discharge of turbid Fraser River water
exerts a strong influence on phytoplankton production and distribution in surface waters by
rapid light attenuation and horizontal advection. At plume boundaries and back eddies where
light conditions improve, very high production occurs (>4-5 g C-m~2-d-1), because of rapidly
replenished nutrients supplied by the Fraser River. Advection, turbulence, zooplankton grazing,
and summer nitrate depletion collectively impart a heterogeneous distribution pattern to
phytoplankton in the surface waters of the Strait of Georgia. Mean annual production varies
from lows of 150 g C-m~2 in Fraser River plume to highs of over 500 g C-m™2 in sheltered
boundary waters of inlets. Recent increases in ammonia and nitrate from land drainage and
domestic sewage, mainly through the Fraser River, are related to increases in phytoplankton
standing stocks in the Strait,

Key words: phytoplankton, primary production, eutrophication, coastal marine, phytoplank-
ton distribution and succession, chlorophyll a, pelagic

STOCKNER, J. G., D. D. CLIFF, AND K. R. S. SHORTREED. 1979, Phytoplankton ecology of the
Strait of Georgia, British Columbia. J. Fish. Res. Board Can. 36: 657~666.

De 1975 & 1977, on a fait des observations sur la production, I’abondance et la distribution
du phytoplancton a seize stations dans le détroit de Géorgie. Le débit d’eau turbide du fleuve
Fraser influe fortement sur la production et la distribution du phytoplancton en surface par le
biais d’une rapide atténuation de la lumitre et de I’advection horizontale. A la limite des
couches superficielles et des remous ol les conditions lumineuses sont meilleures, il y a tres
forte production (>4-5 g C-m~2.d~), par suite du renouvellement rapide des éléments nutri-
tifs fournis par le fleuve Fraser. Le phytoplancton des eaux superficielles du détroit de Géorgie
doit sa distribution hétérogéne 2 I’advection, la turbulence, le broutage par le zooplancton et

- I'épuisement estival des nitrates. La production annuelle moyenne varie de creux de 150 g C-m~?

dans la couche superficielle du fleuve Fraser & des pics dépassant 500 g C-m~2 dans les couches
limites abritées des bras de mer. I existe une relation entre les récentes augmentations d’ammo-
niac et de nitrates provenant du ruissellement et les égouts domestiques, surtout par le fleuve
Fraser, et I’accroissement de la biomasse phytoplanctonique dans le Détroit.
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cades and include the descriptive works of Hutchinson

estuary because it has free access to the open ocean
and its surface waters are measurably diluted with
fresh water from land drainage. The Strait of Georgia
is extremely important as a nursery and rearing ground
for valuable Pacific salmon and herring fisheries. It also
provides a lesser fishery for cod, groundfish, shellfish,
shrimps, and crabs.

There have been many studies of the Strait of Georgia
that .span nearly 70 yr of observation. Among the
notable physical and chemical oceanographic works
are those by Tully and Dodimead (1957), Waldichuk
(1957), and Waldichuk et al. (1968). Plankton studies
have dominated the biological literature over the de-
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and Lucas (1931), Légaré (1957), and the more theo-
retical tréatments by Parsons et al. (1969a, b), Par-
sons and LeBrasseur, (1970), and Takahashi et al. .
(1973). The majority of these stuldies are limited bé- -
cause they deal either with specifi¢-fegions, i.e. Fraser
River plume, or they lack some conginuitjr because of a
paucity of observations over the entire-area for several
consecutive seasons. .o A

The primary objectives of this study were (1) to de-
scribe over two growing seasoiis the wax and wane of
phytoplankton populations, including their production,
distribution, and seasonal succession; (2) to assess,
where possible, the impact of natural and man-induced
stress on phytoplankton; and (3) to compare our re-
cent annual and daily primary production rates with
earlier published values from the strait and with world
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Fic. 1. Strait of Georgia showing station locations and
major geographic features.

oceanic and coastal marine values, so as to place in
perspective the production potential of the Strait of
Georgia.

Description of Study Area

The Strait of Georgia is a complex marine waterway
bounded on the west by Vancouver Island, on the east by
mainland British Columbia, and on the south by Washing-
ton State (Fig. 1). Its length is 200 km, average width 33
km, and mean depth 156 m. Passages to the Pacific Ocean
are generally narrow and restrict tidal flow, resulting in
extreme tidal turbulence.

Major factors influencing hydrography of the area are
fresh water runoff, tide, wind, and insolation. The turbid
Fraser River water contributes ~80% of the total land
runoff and causes most of the salinity variation in surface
waters. Tides are mixed semidiurnal with a maximum daily
range of 5 m. Precipitation ranges from 90 cm-yr in parts
of the southern Strait of Georgia to over 200 cm-yr™ near
the British Columbia mainland in the north. Pritchard’s
(1967) definition classifies the Strait of Georgia as a positive
estuary, since precipitation and runoff exceed evaporation,
and net flow is seaward. Prevailing winds are SE during
winter and NW in summer, mean air temperatures are 2°C
in winter and 18°C in summer, and annual insolation ranges
from 2163 h in the south to 1489 h in the north near the
B.C. mainland (Waldichuk 1957).

The strait may be divided into three oceanographic areas:

1) The stable main body where distinct stratification
occurs, and tidal currents rarely exceed 24 km-h-

2) Areas of turbulent tidal mixing where currents may
exceed 9 km-h™ and stratification is indistinct (near north
and south passages to the Pacific Ocean and in the narrow
Gulf Island passes).

3) The area contiguous to the Fraser Delta and over]am
by the turbid Fraser River plume, whose total area is
highly variable and dependent on river discharge, wind,
and tide.

J. FISH. RES. BOARD CAN., VOL. 36, 1979

Materials and Methods

Total incident solar radiation was recorded on a Belfort
pyrheliometer mounted on board ship, and extinction of
surface light with depth was measured by a Montédoro—
Whitney Underwater Illuminance meter (Model LMT-8A).
The natural logarithm of light intensity was plotted against

depth, and the slope of a straight line fitted to the points by

linear regression provided an estimate of the mean down-
ward extinction coefficient (k). A standard 30-cm white
Secchi disc was used to measure wate1 transparency at every
station.

Temperature profiles to a depth of 50 m were obtained
with a bathythermograph and surface temperatures were
measured with a bucket thermometer.

Water samples were collected from 1, 3, 5, and 20m
depths, and later analyzed for carbonate alkahmty, salinity,
dissolved oxygen, nitrate (NOs™), total phosphate (TPO,™),
and silicate (SiO.*). The method of Strickland and Parsons
(1968) was used to determine carbonate alkalinity, using
an Orion digital pH meter (Model 801). However, if after
acid titration final pH values fell below 3.00, then the
sample analysis was repeated using the APHA et al. (1971)
standard titrimetric method. Salinity was analyzed with
an Auto-lab salinometer (Model 601) to an accuracy of
+0.5%.. Density was computed by nomograph from tem-
perature and salinity records. Dissolved oxygen (samples
fixed within an hour of being taken) was determined by
use of the Winkler titration method (Strickland and Parsons
1968). Samples for nutrient analysis were immediately
frozen and later analyzed by the Environmental Protection
Service analytical laboratory, Pacific Environment Institute,
West Vancouver, using methods outlined in their manual
(Fisheries/EPS 1974).

:The standard *C method as initially proposed by Stee-
mann-Nielsen (1952) was used, with some modifications.
Water was collected from surface skim, and 0.5, 1, 2, 3,
5, 10, 20, and 30 m depths using a 6-L polyvinylchloride
Van Dorn bottle. Productivity bottles (two 125 mL light
and one 125mL dark) were inoculated with 1mL
NaH*COs; (37kBg-mL™™). For each experiment, the
number of disintegrations -min™ (dpm)-mL™ was deter-
mined by placing 1 mL in each of three scintillation vials.
In most cases, samples were incubated in situ for 4-5h,
normally from 0930 to 1430. Water was filtered through
0.45 um BDH cellulose nitrate filters and placed in 10 mL
of a specially prepared toluene-based fluor (POPOP, PPO,
2-ethoxyethanol, and toluene). Samples were analyzed

within 24 h for activity in a Packard Tri-Carb Liquid Scintil-

lation Spectrometer (Model 3375). The equation of Strick-
land (1960) was used to convert dpms to mg C-m™, Using
incident solar radiation for the entire light day and for
the incubation period, data were converted to mg
C-m™-d"* and integrated by a Hewlett—Packard Calculator
and Plotter (Model 9820 A, 9862 A) to give phytoplankton
production on an area basis (mg C-m=2.d*). This involved
linear interpolation between data points to the depths where
light and dark uptake were equal.

‘Detailed examination was made of phytoplankton sam-
ples from only 1 and 5 m depths to assess (a) species com-
position and (b) phytoplankton volumes during key spring

. and fall bloom periods. Phytoplankton samples were pre-

served in Lugol’s acetate solution and enumerated, using
the Uterm&hl (1958) sedimentation method. Volumes were
determined by equating phytoplankton cells to known geo-
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mietric shapes. Each phytoplankton sample was examirned
under 175 and 700X magnification using a Wild M40 in-
verted plankton microscope. Results were expressed as cells
and total volume - m™.

One liter of sea water was taken for chlorophyll a ana-
lysis- from 1, 3, 5, and 20 m depths and filtered onto 5.5-cm
Whatman GF/C glass fiber filters with a small amount of
MgCOs added. Filters were macerated in a tissue grinder
with 10 mL of 90% acetone, and the filtrate analyzed on a
Cary recording spectrophotometer (Model 15). The equa-
tion of Strickland and Parsons (1968) was used to calculate
chlorophyll a.

Vertical zooplankton hauls from 50 m were made at each
station with a SCOR-UNESCO plankton net, with mouth
diameter of 57 cm and screen mesh size of 350 um. Samples
were preserved in 5% formaldehyde, returned to the labora-
tory, and split into two equal subsamples. One portion was
dried overnight at 90°C, and results expressed as zooplankton
biomass in mg (dry weight) -m=. The other portion was
preserved for future reference.

Results
PHYSICS AND CHEMISTRY

Thermal stratification developed by April and broke
down in October except in areas of strong tidal flow,
where stratification was transitory or entirely lacking.
Surface temperatures ranged from 4°C in winter to
18°C in summer (Table 1). In turbulent passages, sur-
face temperatures varied with each tidal cycle (Tully
and: Dodimead 1957). ‘

Surface layer salinities ranged from 0.5%. near the
Fraser River during spring freshet to 30% away from
fresh water influences in winter. Deep-water salinities
varied little and were rarely <28%. A distinct halochne
existed in all but the winter months, except near the
turbulent passes, where well-mixed water prevented its
development.

The pycnocline depth ranged from 5 to 14 m in the
Strait of Georgia, with surface o- values ranging from
5 to 24. Deep waters varied little around a mean of
22 (Table 1). The pycnocline disappeared in the turbu-
lent passages.

Dissolved oxygen ranged seasonally from 4 to 10
mg-L-! over the whole water column. Highest values
occurred at or just below the surface during the vernal
phytoplankton bloom.

Ranges of nitrate-N, total phosphate-P, and silicate-Si
in Georgia Strait were <0.01-0.47 mg-L-1 (<0.7-33
pg-atoms-L-1), <0.01-0.19 (<0.3-5.9), and <0.50-
3.40 (<17.8-121.4), respectively. Nitrate depletion in
the surface layer occurred in areas and times of stable
stratification, usually during July, August, and Septem-
ber. Highest mean values of nitrate occurred at Stations
15 and 16 contiguous to turbulent passages (Table 1).
At Station 16 in the turbulent Haro Strait the mean
TPO, value was higher than that recorded at other
stations in the strait.

Mean extinction coefficients (k) ranged from 0.11

in winter to 2.90 near the Fraser River during the spring
freshet.

PLANKTON

By early April, sufficient light (¥ >502J-cm~2d-1)
and surface layer stability occurred to permit substan-
tial increases in phytoplankton standing stock. The in-
creases were noticeable first in the more sheltered and
protected waters of the southern strait, but with in-
creasing vertical stability, phytoplankton increased in
northern sectors of the strait, where peaks. occurred
in late May or early June. This phase lag between north
and south was due largely to differences in vertical
stability among regions.of the strait (Parsons 1965).

At all stations except those in areas of strong tidal
flow, the spring phytoplankton bloom resulted in
maxima of chlorophyll a, primary production, and
phytoplankton numbers and volume. In areas of strong
tidal flow, these factors showed only slight seasonal
increases (Fig. 2). Fall increasés of chlorophyll and
primary production occurred at stratified and stable
stations, but a distinct bimodal pattern was not ap-
parent at stations in exposed or tidally mixed areas.

Definite seasonal trends in phytoplankton species
succession for the Strait of Georgia were not apparent
in this study, as variability among stations made gen-
eralization difficult (Fig. 3A, B). Diatoms, mainly
Chaetoceros spp., Thalassiosira spp., Skeletonema costa-
tum, Coscinodiscus spp., and Cerataulina bergonii,
were the dominant group throughout the Strait of
Georgia in spring and fall periods. At times in August
the dinoflagellates Peridinium spp., Gymnodinium spp.,
and Dinophysis spp. were also common. Other com-
mon phytoplankters were unidentified flagellates, oc-
curring over a wide size range and the silicoflagellates
Ebria tripartita and Distephana speculum.

Mean annual chlorophyll a and mean annual produc-
tion were highest in the sheltered waterways of the Gulf
Islands (Station 13, Fig. 4), and lowest in areas of
strong tidal flow (Station 16), and at stations near the
discharge of the turbid Fraser River, where shifting
plume boundaries and rapidly changing light conditions
affected production (Station 11). Annual production
ranged from 149 to 511 g C-m~2-yr-1, integral chloro-
phyll a from 1.0 mg-m~2 at some stations in winter to
480 during the vernal bloom, mean phytoplankton num-
bers from 4.00 X 108 to 1.79 X 1019.m-3, .and mean
phytoplankton volume from 1.00 mm3-m-3 to 3.46 X
10* mm3-m=3 (Table 1 and Fig. 5).

Mean zooplankton biomass among stations ranged
from <1 to 320 mg-m~3, with lowest values recorded in
winter and highest in spring, with a phase lag in peak
density occurring ~1 mo after the vernal phytoplankton
bloom (Stockner et al. 1977). Lowest mean annual
zooplankton biomass in the Strait of Georgia occurred
at Station 1, while the highest was recorded at Station
3 in the northern strait off the tip of Texada Island
(Table 1). .




F
Season:

500 p——u_

375¢

250}

£

125}

ZW-Bw & 4o

Fic. 2.

Q [=Ti 4 — D N e o~ OG0 e~ Ol o o @ QS A
- SO SgBEER MG ST EFEYSES
g8 Segx S E8gcfRha2o0op 2@% g3
MS em.mamwwcmhamhmw.cem.mmoom
g 3] 17} . . : Q
d 8 cEfx_cBugh"Eg £ 8839
o8 YR EBERE IS5 ERS 6 L8
o L o83 S ol BEeEcEag s’
8 g FHEE e B Ean 588 885583
> 5 . o T« . o Z o O«
8 SHEEESEE2EE REASESE S

seen by the line:
(k), from the tur
the plume, and

— 2 9
28
a.V,Ma
=
285
CS’
uum
3

g8z
a, B &

clear that throu;

A N S A~ =
280,028
pggor
Q BT g
m.moOm.oe
o T R= >
dm0<r.‘um
DCDPPM
S @G » 0
Q.%o » o
SOENE, &
- -
< ETd Sm

NA,
-

gro.,
L2
8wn
o —
«

£
Q K
E o

$°6T

8°zI S091 S8El $°8C T°L 9z°0 IT°1 80°0 62°0 LS sqers 8°TT V6
0°1E-0°¥ ILLr¥ €lci—8 68T 9°€6-S'¥ $°6-8°€ E€V°0-LI'0 0I'CT-0S'0 6I°0-S0°'0 OV'0-91°0 €°L-S'¥V -un 8°€TE'IT 6°0E0°8CT €°VI-0°L 91
L°8T ¥$9T LILY 6°0v L9 veo 86°0 90°0 0z 0 89 <6l L°ST 970l
9°0L-6'T  S65L1-T1 SoTi—2Zi L6t ¥'951-0°8 0°6-¢°C 9£°0-91°0 T6°1-0S°0 €1°0-TO°0 8E°0-10°0 8°L-L'v O°8 8°ECTT'El  9°6T5°61 T'6I-b°9 S
8°1tT VIET VEE] LTy 9°L 8T°0 10°1 90°0 720 $9 €0t 9T €°01
1'vL-0°C  TI891-9 0s6v—+ LLE b A1 tar i 4 SII-6°C £S°0-L10 SL°1-0S°0 €1°0-TO'0 LE'C-10'0 8°L9%v L°L 6°7C-6'IT 1°62-7°91 8°SI-6°9 4!
8°9T 0sST 8551 £°59 69 92°0 60°1 LO°0 61°0 v°o [ {4 9°LT ol
9°0L-6'C  viPIl-vE 12ir+1 11s ¥'951-0°8 0°I1-0°F 8£°0-LI'0 00°T-0S°0 OI'0-+0°0 #E'0H#0°0 V¥°L-S% 0°9 8°7C-8°81 0°6T8'vT 0°'SI-8°9 €1
0°SE 86vT L181 9708 Tt w0 £T°1 $0°0 ] 0°L 91 0°2T I°11
o 8°T€T-S°1  TTSBI-9 6L701-8 9 €°¥ST-1°¢ 0°£-8°0 TIE£°1-81°0 0P°t-0S°0 L0°0-10°0 0£°0-10°0 L°8-T9 0'8 1°TT9°L ¥*8C-6°0I 8°SI-6°S (41
& L9 S8L1 pvLET j %4 8°C £L°0 £€CT°1 S0°0 £1°0 89 Sl v 0T I
- 1°86T-C°€  T6BIT-E $S89-0T 6v1 Lyti6'¢ §°9-6'0 96°1-1T°0 08'T-0S°0 LO°0~10°0 0€’0-10'0 I'8-L°'S 9°¢ €°7C-1°8 €°8Z-1°11 0°8I-I°S 11
A . §°0t SE0S 9TTe 0°9§ Sy 8%°0 18°0 L0°0 (AN S°L €£°81 1°vC €11
g 9°TI-L°T  pevee—tl 01T6-SL 10 6°T0T-S¥1 0°L-€°T SI'1-91°0 0S°1-0S°0 -91°0-10°0 LE'0-£0'0C O°6+'9 O°L V10Vl TTLT-T'61  L°SI-E°9 ol
W S L1 €01 6L0€ [ 4 €T 6L°0 76°0 80°0 (AN} I°L T8I 1T L0l
. 8°Tr—T°L  LE9VE-BT €989 L6T €°S0I~L"6 0°S-0°T 06°T-IT°0 §9°1-0S°0 8I°0~TO'0 TE'0-TO'0 T°86'S O°F 0°1T-TST  1°LT-5°0T 8°¢vI-T'9 6
Z [444 1SLT 920T 8y s - LEO 00°1 €00 o 'L VLT 0°'€T I
m 9°91¢~L"1  ¥IVITC SEOTI-TI 6v€ ToLT-0'T 0°€I-€°0 €L°0~€I°0 ST'T-0S°0 ¥1°0-10°0C SE°0-10°0 O0'8-%'9 9°8 6°12-0°9 1°82-1'6  L°81-9°S 8
0 ¥°0T 601€ 14414 $°op i€ [ ) S0°T S0°0 €1°0 6°9 191 1'1T 011
™ V'9TI-8°1  TISTE-SE 8L80]1-87 BEE T60T€'Y S'O1-€°0 $S°1-1T°0 0T'E-0S°0 LI'0-TO'0 0E°0-10°0 9°8-S'%¥ 8°9 8°CT-0°¢ v'6T8°L  O°LI-L'S L
mnv |44 £€98¢ 90ST T°9% LS 6€°0 ¥6°0 ¥0°0 €1°0 1°L viLl 9°TT 6°01
m 8°61€-C°1  8ESL1I-9 SIEEI-¥T 6T E€°6LF0°1>  $°8-£°T ¥6°0-ST°0 08°'T-T1¥°0 #I1°0-10°0 LE'0-I0°0 0°0I-C'S T°'8 9°TT-T°6 6°87-6'€1 B°8I-¢°¢ 9
vi 1°61 €0TS 6S1€ LS . 9 [A4] S0°1 S0°0 ¥1°0 0°L L91 T 8°01
M €°LS1-870  BITLT-T 9I6L1-8 yLE v°09y-0°1>  0°8-€°1 €E£°I-91°0 6L°T-0S°0 OI'0-10'0 6£°0-10°0 0°0I-0°S L°L TETP9 9°6T—C°01 S°81-0'9 S
: (4% (4444 1181 6°8% 8°8 §T°0 66°0 $0°0 ¥1°0 'L 9°61 £°6T cll
m 6°C6I-S°1  ssoTI-¢ 6SYS—v 1594 T'€81-6'8 0°TI-S'€ 9¥°0-11°0 8Z°T-0S°0 ¥1°0-C0°0 SE€°0~10°0 +v'6-%'9 €°TI 8°TT-8'II <C'6T-L'11 $°91-9°9 14
[ 8°6¢ 156 9171 vIe 0°'8 vT'0 L0°1 §0°0 €£1°0 v'L 1°61 9'¥C LIl
- (AR S A1) $109-9¢ 896V—1¢ (443 yETl-9°9 0°ZI-E€'% LEO-II°0 ST'T-0S'0 TI°0-20'0 8E°0-10°0 O0°0I-8°'S 8'I1  L°TTL'IT #'6C-6'C] 6°81-¢'9 €
8°0I §09T TL8I 0°19 0°6 8T°0 £8°0 S0°0 0Z'0 €9 v°IT T°8C LR ]
8°81-6'1  6C8V1-T9 9E6£-69 9y T°6PI-T'TL  0°91-6°9 SGE'0-LI'0 §9°1-0S°0 80°0-T0'0 OF'0-10°0 0°L-0°S S°€1  L'ZTZ-0°61 ¥°62-9°9T ¥°LI-S'L [4
6°8 159 $S61 §°ce £°8 6¢°0 . 98°0 §0°0 12°0 $°9 T'Ie 1°8¢ LTI
€91-€'y LY0E—9 €109-C1 91T L*901-L°6  0°01-0°L 8S°0-L1'0 OL'I-0S°0 60°0—€0°0 LP°0-TO'0 €°L-0'S €8 6°CT~6°LT 9°6T-S°'ST 9°8I-€°L I
(w.8w) (W) ¢ w.ppXon Ik, w.p8 (-w.Suw) () ) (-1-8w)  (ope8w)  (7e8w) (TeSw) (W) (+2) %) .  uonwig
sseworq joa ‘ou uononpoxd 0 .‘. udap 1900 1§ se d70d N-<ON uaflxo yidap Aysua(q Ayuieg duay,
uopjuejdooz 1Sy 13y f1ewng wez yooag  uoudunxyg YOIS e10L _paatossiq ¥ohe]
Lol PaXIN
pue g/47 Ut NMWkOUU Jorexg a2yl jo AE ﬂlOv .—D%m— 3eJIns 3y} ul se[qelrea —mU_MO—Omﬂ pue .—S_EUF_Q .—mummhﬁmﬂ P3303[as JO suedwy h%:N PUE SaneA WNWIUIM—MWNWIXeJN °] 31dV]

"LL6T

660




STOCKNER ET AL.: STRAIT OF GEORGIA PHYTOPLANKTON ' 661

25,

500
°o—0STN, 6

3754 o---0STN. 16

E 250

j=2

£

ﬂ!l

-

I

o
125} o

-'n'“-../

MTATM g g
. 1976

F16. 2. Seasonal variation in chlorophyll a in the surface

layer (0-20m) at Station 6 in boundary waters of Howe

Sound and Station 16 in the turbulent Haro Strait.

Discussion

The oceanography of the Strait of Georgia is to a
large extent dominated by the inflow of the Fraser
River, which imparts turbidity to the surface layer and
markedly affects surface layer stability and salinity. Past
-physical studies have demonstrated the general north-
ward movement of the water mass from off the Fraser
delta, which influences the surface layer of the north
mainland coast and sets up a counterclockwise gyre
in the western portion of the southern strait (Waldichuk
1957). This generalized physical transport system
strongly influences the distribution and production of
phytoplankton.

The impact of the Fraser River discharge on phyto-
plankton growth in the southern strait is illustrated in
Fig. 6, where mean 1976 values of light, chlorophyll a,
production, and P:B (photosynthesis/ chlorophyll)
ratios at stations along a transect from the south Fraser
mouth to inside Porlier Pass are plotted. Light attenua-
tion is one of the major factors influencing primary pro-
duction from June to September in surface waters of the
strait affected by the Fraser River discharge, as can be
seen by the linear decline of the extinction coefficient
(k), from the turbid delta front to the arbitrary limits of
the plume, and its inverse relation to phytoplankton
production and biomass (Fig. 6). At Station 10, which
was usually sampled at the boundary of the Fraser
Plume, using stepwise multiple linear regression it was
clear that throughout the growing season NOj, light
(k), and zooplankton grazing were the factors, listed
in descending order of importance, limiting the pro-
duction of organic carbon (R=.90df 4 and 13, F =
29.73, P < 0.05).

The primary factors limiting production in areas of
the Strait of Georgia not markedly affected by the
Fraser River (Station 3) are in descending order of
importance: grazing, NOg, and light (R = .88, df 4 and
8, F=1536, P< 0.05). Earlier work by Strickland
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Fi16. 3. A, Five-year seasonal succession of phytoplankton
in the strait at Station 6 in the boundary waters of Howe
Sound; B, Three-year seasonal succession of phytoplankton
at Station 16 in the turbulent Haro Strait. Species shown
at both stations are those contributing to >5% of the total
phytoplankton volume.

(1958), Antia et al. (1963), and Parsons et al. (1969a)
has demonstrated nitrogen limitation in June and early
July in the strait, and concluded that because of ifs
relatively slow regeneration rate, it is the limiting nu-
trient in most situations. Silicate levels are low in June
and July following the vernal diatom increases, but
never as low as values reported by Paasche (1973) tobe
limiting to marine diatoms.

Though zooplankters were not studied in any detail,
seasonal trends in biomass were apparent at most sta-
tions, showing a phase lag with phytoplankton peaks
of about a month, and our statistical evaluation of the
factors influencing primary production consistently
underscored the significance of grazing on the ac-
cumulation of organic matter (chlorophyll @) in the
strait. Gardner’s (1977) recent studies have shown a
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Fi16. 4. Seasonal changes in primary production at Station:

13 located in the sheltered waters of Trincomali Channel
inside Porlier Pass and at Station 14 in the open strait out-
side Porlier Pass in 1976 and 1977.

s1gn1ﬁcant relation between late summer hydrographic
conditions (temperature and mixed-layer stability) and
overwintering zooplankton populations. Conditions in
the Strait of Georgia in the fall and winter of 1974 led
to a large overwintering population that prevented any
significant development of the vernal phytoplankton
bloom in 1975 in some regions of the strait as typified
by observations from Station 6 (Fig. 7).

The predominant northward movement of the Fraser
River plume has increased production in boundary
waters of Howe Sound, a region of the strait whose
waters are not strongly influenced by Fraser River
turbidity, yet receive by advection phytoplankton
from the productive boundary waters and benefit
from nutrient “recharge” supplied by periodic episodes
of deep mixing in summer months (Stockner et
al. 1977) (Fig. 8). In regions less affected by the
Fraser River discharge, notably the mid- and north-
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Fie. 5. Mean annual mtegrals of phytoplankton produc-
tion, chlorophyll g, and zooplankton blomass by station in
the St1 ait of Georgia.

western regions of the strait, annual production is
lower, ranging from 200 to 300 g C-m~2. The incom-
ing colder and more saline ocearic water, whgch creates
vertical instability at turbulent passages, reduces phyto-
plankton production in many regions of the American
San Juan Islands and lower Gulf Islands (Phifer 1933;
Phifer and Thompson 1937), and to the north in John-
stone Strait (Stockner and Cliff 1976a) (Fig. 8).

Our mean annual estimates of production for the
Strait of Georgia are very similar to recent estimates
by Winter et al. (1975) of 465 gC-m~2-yr-1 for the
central basin of Puget Sound in Washington State, and
to estimates by Malone (1976) and Mandelli et al.
(1970) of 370 and 420 g C-m~2 for the apex of the
New York Bight, and by Riley (1956) (380 g C-m~2)
for Long Island Sound, but substantially higher than
open ocean estimates (Ryther and Yentsch 1958; Tani-
guchi 1972), ranging from 80 to 160 g C-m~2

Parsons et al. (1970), from values obtained from
shipboard incubation of five depths (0, 5, 10, 20,
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F16. 6. Schematic illustration of the impact of the Fraser
discharge on light attenuation and primary production in
the Straight of Georgia. Histograms are mean 1976 values
from stations on an east—west transect from river mouth to
inside Porlier Pass.

and 30m) at eight stations, estimated annual produc-
tion for the Strait of Georgla to average 120 g C-m-

in 1965 and 1966, which is much lower than our aver-
age of 345gC- m-° obtained in situ at nine depths
from 16 stations. By recalculatmg our monthly integral
production values using the five depths reported by
Parsons et al. (1970), we could account for an average
loss of from 5 to 30% depending on the month of
observation (small error in winter, high in summer).
Therefore methodological differences alone cannot ac-
count for the observed differences in annual production
between 1966 and 1976-77. Using chlorophyll a values
obtained by Stephens (1968) from his station 7, which
corresponds to our Station 10, we integrated values
from 1, 3, and 5 m depths for the years 1965 and 1977
and found mean amounts of chlorophyll in 1977 to be
1.6X those reported from 1965, 2.2 and 3.5 mg-m-3,
respectively. This comparison,’ despite the uncertainties
attributable to yearly variation, supports the hypothesis
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Fic. 7. Seasonal changes in the abundance of phyto-

plankton and zooplankton at Station 6 in the boundary
waters of Howe Sound in 1975 and 1976.
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Fic. 8. Generalized spatial pattern of annual phyto-
plankton production in the Strait of Georgia. Data used in
preparation of figure represent 5-yr of plankton studies
by J. G. S. (Stockner and Cliff 1975, 1976a, 1976b; Stockner
et al. 1977) and data presented by Waldichuk (1957),
Waldichuk et al. (1968), Stephens (1968), Barraclough
and Fulton (1967), Stephens et al. (1969), and Parsons
etal. (1970).

that primary production in the strait has increased
over the past 10 yr. We feel that these increases are due
in part to eutrophication.

Based on per capita contributions, a minimal esti-
mate of the nitrogen (N) and phosphorus (P) loading
to the Strait of Georgia in 1976 from the metropolitan
area of Vancouver and the Fraser River drainage basin
was ~15000t of N and 3500 of P (Table 2). The
loading has increased markedly over the past two de-
cades, owing to the rapid population growth in the
lower mainland of British Columbia. Perhaps even
more significant is the fact that the nutrient discharge
points to the strait have changed markedly since 1974.
In the 1950s and 1960s most nutrients derived from
sewage from metropolitan Vancouver were discharged
to the Burrard Inlet system (Vancouver Harbor and
English Bay), but by 1974 almost all had been diverted
to the Fraser River (S. Vernon, Greater Vancouver
Regional District, personal communication). This has
likely improved COndltIOIlS in Vancouver Harbor (Stock-
ner and Cliff 1979), and increased production in back
eddies and plume boundaries of the Fraser River
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TasLg 2. Nitrogen and phosphorus loadings to the Strait of Georgia by decade from 1951 to 1977.*

Storm Loading®
Industriale sewer® Domestic® TotalP g-m~2.yr7!
Popula-,

Year tiond N* P N P N P N P ‘N P
1951 649 200 753 280 202 64 4300 876 6832 1586 0.99 0.23
1961 907 600 1052 392 283 89 6012 1226 9036 2099 1.33  0.30
1971 1156 505 1340 500 361 114 7658 1562 - 12167 2829 1.76 - 0.41
1977 1515000 1680 627 453 143 9603 1960 15257 3549 2,21  0.51

aAll values in metric tons per year unless otherwise indicated.

bEstimates of N and P loading to entire strait increased 23%, to account for loadings from other major river systems discharging

to the strait (Waldichuk 1957).
cSurface area: 6900 km? (Waldichuk 1957).
dStatistics Canada census figures.

eValues from Dr K. Hall, Westwater Research Center, U.B.C., Vancouver, B.C.

(Fig. 8). Evidence to suggest that this has in fact oc-
curred is provided by a comparison of the 1967 annual
production value published by Takahashi et al. (1973)
from their plume station with our 1977 value from
Station 9 located at approximately the same position
in the plume. Weather records indicate that 1967 and
1977 were similar years, yet mean primary production
has increased by about a factor of 4, from 72 to 280 g
C-m~2-yr—!, while conservative estimates of nitrate
loadings have increased by ~30-40% since 1967
(Table 2).

Tully and Dodimead (1957) and Parsons et al.
(1970), from studies in the 1950s and 1960s, suggested
that nutrients in the surface layer of the Fraser River
plume come largely from entrainment of nutrient-rich
sea water, while our data suggest that nutrients neces-
sary to support the magnijtude of phytoplankton growth
now .seen in back eddies and plume boundaries may
largely be derived from nitrate and ammonia from the
Fraser River and adjoining tidal lands, and secondarily
from sea water by physical processes. Nitrate is
the limiting nutrient in the strait (Antia et
al. 1963), and is rapidly incorporated into phyto-
plankton biomass and thus is not reflected in a con-
centration increase. Mean values of NOg(N) and
NH; (N) in Fraser River water at Tilbury Island, sev-
eral kilometres above the delta front, in 1976 were 154
and 43 pg-L-1 (11 and 3 pg-atoms-L-1), respectively
(K. J. Hall unpublished data). Earlier values from the
1960s are sparse, but the average nitrate concentra-
tion was considerably less, ~72 ug-L~! (ammonia was
not measured) (Benedict et al. 1973). Clearly, the
concentration of nutrients in the Fraser River has in-
creased, and iccordingly the rate of primary produc-
tion in areas influenced by it. It is important to note
that these comparisons pertain only to dissolved inor-
ganic nitregen and recent evidence points to the im-
portance of dissolved organic nitrogen (DON) in
regulating phytoplankton productivity and succession
in the sea (Butler et al. 1979).

Takahashi et al. (1973) reported nitrate limitation
of phytoplankton growth during summer 1967 at their
plume station; values from 1975 to 1977 from Stations
7,9, and 11 in the plume in summer also reached un-
detectable levels, but our production estimates in back
eddies off the delta front in August often were in excess
of 4gC-m~2-d-1, and this production occurred over
the depth integral 0O—4 m. The highest daily value
recorded by Parsons et al. (1969b) from O to 30-m
profile was 2.3 gC-m~2 in April 1967 at their Fraser
River plume station. ,

The impact- of the Fraser River water on phyto-
plankton production in the Strait of Georgia is very
similar both in process and impact to that de-
scribed for the New York Harbor (Mandelli et al.
1970; Ryther and Dunstan 1971) and apex of the Bight
(Segar and Berberian 1976; Malone 1976), where am-
monia and nitrate from land drainage and domestic
sources in the low salinity surface outflow were directly
related to the eutrophication of this large coastal marine
environment. :

The present levels of production in the Strait of
Georgia can only be viewed as a positive benefit to
the fisheries, where there are large resident populations
of coho and chinook salmon and herring, and where
millions of transitory juvenile salmonids feed on their
way to the northwest Pacific Ocean (Argue 1976).
Future enhancement of salmonid stocks by hatcheries
and other enhancement techniques in British Colum-
bia’s lower mainland could concéivably tax the carry-
ing capacity of the Strait of Georgia unless future con-
sideration is given to studies of factors limiting pro-
duction of pelagic communities in the coastal marine
environment of the northwest Pacific ocean.
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