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ABSTRACT: A cruise was conducted during August 6-14, 3 991 to investigate the d y n a m ~ c of
s nutrients
and phytoplankton pi-oduction in the central Strait of Georgld, British Columbia, Canada, d u n n g a
period when strong stratification resulted In nitrogen-l~mitedprimary productivity. High resolution vertical profiles of salinity, temperature, fluorescence and nutrients (nitrate a n d phosphate) were taken
daily along a transect. A wind event occurred on August 7 and a rapid increase in the Fraser River discharge took place from August 8 to 1 4 . The wind event mixed the water column and nutrients
increased at the same time. Phytoplankton responded to the incrcdscb in nutrients and a bloom occurred
soon after the wind event. The rapid increase in river discharge caused the entrainment of nltrate in the
estuanne plume a n d , a s a result, a subsurface maxlmum of chl a was developed. Our results clearly
demonstrated that summer phytoplankton productivity in the central Strait of Georgia is fueled by a
supply of nutrients from the nitracline through vertical mixing induced by the interaction of winds, rlver
discharge and tidal cycles. Of these 3 factors, winds are the most variable and therefore a summer with
frequent wind events could result in higher than normal productivity. The mechanism for t h ~ sis that
part of the nitracline was maintained above the euphotic zone d u e to various physical processes in spite
of the strong stratification, and therefore, nutrients were frequently available for phytoplankton uptake
caused by across-pycnocline mixing due to w ~ n drlver
,
dischdrge and tides.
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INTRODUCTION

After depletion of nutrients in the photic zone, the
supply of nutrients across the pycnocline and the regeneration of nutrients control the dynamics of nutnents and hence primary productivity (Mann & Lazier
1991).The period of nutrient depletion in most temperate estuaries is usually in summer since river discharge
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Entrainment

Wind

is low after its maxlmum in spring The driving forces
for vertical mixing in the water column of estuaries a r e
tidal cycles, winds and river discharge. Due to the variable nature of these forces, nutrients a n d primary productivity in estuanes are highly variable as well (Boynton et al. 1982).T h e effects of these driving forces a r e
often episodic. It is a series of these episodes that supply nutrients and enhance primary productivity in the
water column in summer. Tidal cycles a r e well known
for this effect (Bowman et al. 1986). Effects of winds
a r e commonly reported, for example, in San Francisco
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Bay estuary (Cloern 1996), Chesapeake Bay estuary
(Horrigan et al. 1990),a n d in coastal oceans such as the
one off the coast of Washington, USA (Dortch & Poste1
1989) a n d Dogger Bank in the North Sea (Riegman et
al. 1990). Blooms often occur in summer after wind
events (Iverson et al. 1974, Hitchcock et al. 1987, Pitkanen et al. 1993).
The physical processes in the Strait of Georgia
(British Columbia, Canada) are subject to the Fraser
River discharge, winds a n d tidal cycles (LeBlond 1983).
The Fraser River discharge starts to increase in March,
reaches a maximum (up to 10 000 m%-') in J u n e , gradually decreases in July, August and September, a n d
then remains near the minimum levels (as low as
700 m" S-') throughout the rest of the year. The daily
freshwater outflow in the Fraser River is tidally modulated, being dammed during tidal floods a n d released
during tidal ebbs. When the Fraser River outflow is
released during e b b tides, it forms the riverine plume
in the Strait. The riverine plume is mixed with saltier
water by winds a n d entrainment, and the mlxture
becomes the estuarine plume. The estuarine plume
extends over most of th.e central and southern region of
the Strait (Waldichuk 1957).
The euphotic zone in the central Strait of Georgia
has been long thought to be low in nutrients, biomass
a n d productivity in late spring a n d summer (Parsons e t
al. 1970, Stockner et al. 1979, Harrison et al. 1983). In
contrast to many other temperate estuaries, during this
period the Fraser River carries low concentrations of
inorganic nitrogen, which is the most limiting nutrient

In the Strait of Georgia for prlmary production. A
recent study revealed that tidal mixing increased
nutrients and primary productivity (Harrison et al.
1991). During the period of the maximum river discharge, a n increase in river discharge was also found
to increase nitrate in the estuarine plume and to
enhance primary productivity (Yin et al. 1997). The
previous study was focused on the direct entrainment
of nutrients by the riverine plume at the river mouth
(Yin et al. 1995a, b, c) and indicated that entrainment IS
another major mechanism for the increase in primary
productivity. Model simulations for the central Strait of
Georgia also showed the importance of wind and river
discharge in supplying nitrate into the euphotic zone
(St. John et al. 1993), but there are almost no data to
verify the model, especially for the summer months.
The Strait of Georgia has high biological production
comparable to other temperate nutrient-rich estuaries
where freshwater input adds high concentrations
(inorganic nitrogen u p to 100 p M ) of nutrients. This has
raised the question of how such high production occurs
in the Strait of Georgia since the freshwater input from
the Fraser River is low in nutrients ( < 5 pM nitrate in
summer). In order to answer this question, w e focused
on spatial and temporal variations in nutrients and
primary productivity caused by summer winds a n d
changes in river discharge in the Strait over short time
scales in this study. By examining day-to-day variations in sahnity, temperature, fluorescence and nutrien.ts in the water column with high-resolution continuous vertical profiles of these variables, we were able to

Fig. 1 Study area and s t a t ~ o n sin
the central Strait of G e o r g ~ a .The
transect started at Stn S2 near the
river mouth (8 km away) and ended
at Stn S1 (108 km away), extending
in a northwestward direction and
covering most of the central S t r a ~ t
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demonstrate how these biological variables were coupled with physical variables. Finally, we show how the
distribution of nutrients a n d phytoplankton biomass
and productivity in the estuarine plume in the central
Strait responded to a wind event, and to a fluctuation
in river discharge in August; the latter factor has
received little attention at this time of the year since
river discharge in most temperate estuaries generally
decreases in summer

MATERIALS AND METHODS
Station locations. The transect started at Stn S2 near
the I-iver mo.uth (8 km away) and continued to Stn S1
(108 km), extending in a northwest direction, and covered most of the central Strait (Fig. 1). These stations
a r e mostly deeper than 150 m, except for Stns P4 a n d
P5, which are shallower. Strictly speaking, there is no
upper or lower estuary since the outflow of the Fraser
River depends so much on winds (LeBlond 1983). In
general, however, since the outflow moves northward
d u e to the Coriolis effect, the direction from Stn S2
through Stns P I , S3, P2-P7 to Stn S1 is similar to the
seaward direction in an estuary. Therefore, this northwestward outflow direction is referred to as seaward
since there is also a southwestward outflow direction
in the Strait when winds are from the north. The station numbers a r e consistent with the previous studies
(Yin et al. 1995a, b, c, 1996).T h e sampling strategy was
to investigate the distribution of nutrients associated
with the movement of the estuarine plume.
Sampling and data processing. The cruise started on
August 6 and ended on August 14, 1991. Either a station was occupied for 24 h , or a transect of a few stations was made within 10 h. At each station, a vertical
profile (0 to 25 m) of temperature, salinity, in vivo fluorescence and selected nutrients (nitrate+nitrite, phosphate) was obtained. The vertical profiling system has
been described in detail by Jones et al. (1991) and Yin
et al. (1995a). Basically, a hose connected to a water
pump on deck was attached to a CTD (conductivity/
temperature/depth) probe or a n S4 (InterOceano),
which has the dual function of a CTD probe and a current meter. Water was pumped into a fluororneter and
a n AutoAnalyzer"' on board ship for in vjvo chlorophyll
a (chl a) fluorescence and nutrient measurements,
respectively, while the CTD probe was lowered slowly
into the water at 1 m min-l. Each sampling produced a
high-resolution continuous vertical profile of physical
a n d biological parameters and thus the relationship
between these parameters in the water column can be
easily recognized. Data from a vertical profile were
smoothed over 0.5 min intervals. This smoothing
reduced the fluctuations caused by the ship's motion.
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The PI-acticalSalinity Scale was used in the text and
figures for salinity measurements. Therefore, the salinity values have no units, but they a r e equivalent to 'Xo
(Pond & Pickard 1978).
Nutrient analysis. All nutrients were determined
using a Technicon AutoAnalyzer 11. Salinity effects on
nutrient analyses were tested on board ship a n d were
found to b e small. Therefore, no correction was made
for salinity effects.
Nitrate (plus nitrite) and phosphate were determined
following the procedures of Wood et al. (1967) and
Hager et al. (1968), respectively.
Primary production a n d chl a. The measurement of
incident solar irradiance (photosynthetically active
radiation, PAR) and subsurface light intensities and the
collection of water samples for I4C uptake experiments
and nutrients were described by Hai-rison et al. (1991).
The I4C uptake experiments a n d the calculation of primary production as well a s chl a measurement were
described in the same paper. Briefly, water samples for
I4C uptake experiments and chl a were taken from
depths based on light penetration (usually 100, 55, 30,
10, 3 and 1%) of surface irradiance). The incubation
period for I4C uptake was 4 h. The daily primary productivity in the water column was calculated based on
the ratio of irradiance during the incubation to the
daily total irradiance and integrated through the 6
sample depths. Chl a was analyzed on board ship and
integrated through the same sample depths.
Data on tides, winds a n d river discharge. Observed
hourly tidal heights a t Point Atkinson for the Strait of
Georgia were provided by the Tides and Current Section, Institute of Ocean Sciences, Sidney, BC, Canada.
The discharge data for the Fraser River at Hope were
obtained from the Water Survey of Canada. The wind
data were recorded at the Sand Heads of the mouth of
the Fraser River and provided by the Atmospheric Service, Environment Canada.

RESULTS
Between August 6 a n d 14, the Fraser River discharge
increased rapidly from ca 4000 to 5000 m" S-', forming
a sub-peak in discharge after the annual maximum in
June-July (Fig. 2). The tidal range indicates that there
was a spring tide on August 8 and a n e a p tide on
August 14 (Fig 2). Winds were stronger during August
6-10 (except August 9) than during August 11-16
(Fig. 2). In particular, a wind event occurred on August
7. These changes in river discharge a n d winds exerted
a marked influence on physical a n d biological processes d u n n g the period, which will be shown below in
vertical profiles of salinity, fluorescence and nutrients
(nitrate+nitrite, phosphate)
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Effect of winds
Pre-.it ind event conditions
The tidal cycle during sampling times for the 24 h
time series at Stn S3 during August 6-7 went through
high water between T1 (time 1) (12:OO h) and T5
(24:OO h) and the ebb tide and lower low water thereafter (Fig. 3). The salinity contours show the welldeveloped stratification in the water column of the
estuarine plume (Fig. 3 A ) . Salinity at the surface was
above 20 throughout the period (Fig. 3A). The surface
mixed layer (defined as the layer in which the difference in salinity is < 1) was lacking in the water column
except for the shallow layer (4 m) at T8. The water column was stratified by an increase in salinity of 1 at
roughly 1 to 2 m intervals down to 20 m The effects of
the tidal cycle on the structure of salinity were obvious
from the contours of salinity >24; the contours of 27
and 28, in particular, moved up and down twice with
the tidal cycle with some time lag. This deep water
movement was apparent in the nitrate contours
(Fig. 3B). Nitrate was undetectable at the surface layer
during th.e time series and the nitracl~newas below
10 m (using 1 pM as the top of i t ) during T1 -T4 and be-
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Fig. 2. Daily averaged river discharge, wind speed, and tidal
ranges during August 6-16. Annual river discharge for 1991
at Hope is included

low 7 m during T5 -T8 (Fig. 3B). Nitrate concentrations
at 20 m increased from 10 pM during TILT3 to > l 7 pM
during T6-T8. In particular, at T7 at the end of the ebb
tlde, a parcel of water with high concentrations moved
up to 11 m (using 11 PM as the tracer). Hourly wind
speeds increased to 6 m S-' during this sampling period
of 00:OO to 10:OO h on August 7. The upward movement
of this parcel of high nitrate water to shallower depths
due to the tidal cycle would reduce the energy required for wind to mix nitrate into the upper layer.

Post-wind event conditions
After the wind event of August 7, the water column
between Stns S3 and S7 along the transect was largely
mixed on August 8 (Figs. 4 & 5). There were 2 fronts
along t h e transect: one was the riverine front betweer.
Stns S2 and S3 and the second was the estuarine front
between Stns P7 and S1 (Fig. 4). The estuarine plume
was between the 2 fronts. Salinity at the surface
increased to 25 in the estuarine plume and the halocline was weak (Fig. 4). At Stn S2 salinity was 20 at the
surface due to the presence of the riverine plume near
the river mouth and the salinity gradient was strong. In
contrast, the water column was almost homogeneously
mixed at Stn S1 beyond the estuarine front (Fig. 4).
Although there was stratification in the estuarine
plume, the water column had become one water mass
as shown by the straight lines in the temperature-salinity (T-S) diagrams (Fig. 5).
Nitrate concentrations also responded to the change
in the water column structure (Fig. 5). Nitrate in the
surface layer was about 10 pM at Stn S3, decreased
seaward at Stns P3 to P4 and became undetectable at
Stns P5 to P?. Beyond the estuarine plume at Stn S1,
nitrate increased to 15 pM. Nitrate concentrations at
20 m were above 20 pM along the transect.
Chlorophyll fluorescence reflected the spatial ancl
vertical distribution in nitrate concentration (Fig. 5).
Fluorescence of the surface layer in the estuarine
plume increased seaward from Stns S3 to P6. In fact,
the pattern indicated that a bloom was developing in
the estuarine plume on August 8 .
The time series at Stn S1 showed that the strati.fication of the water column gradually increased with tlme
because of a decrease in salinity at the surface
(Fig. 6A). This indicated that the estuarine plume was
moving across the station during the time series.
Superimposed on the movement of the estuarine
plume, the effects of the tidal cycle were visible on the
contours, although the salinity contours did not appear
to be in phase with the tidal curve. Nitrate concentrations at the surface decreased from 15 pM at T1 to
c 3 p M at T4 and further to < l pM during T8-T12, but
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cline in the top 4 m (Fig. 7). There was a
shallow surface mixed layer at Stns P5
and P6, which disappeared on August
11 (Fig. 7). On August 11, the halocline
occupied almost the entire upper 20 m
and consisted of a top and bottom segment which were separated at about
1 0 m. The gradient was much stronger
in the top than in the bottom segment.
During August 12-14, the riverine
plume remained distinct at Stn S3. At
Stns P3 to P6, salinity in the top segment
decreased while the bottom segment
increased its gradient (Fig. 7 ) , indicating
the effect of entrainment into the estuarine plume as the increased river outflow
mixed with and pushed the estuarine
plume.
The change in the water column structure affected nitrate concentrations and
fluorescence in the water column. Nitrate in the top 5 m was undetectable
along the transect on August 1 0 (Fig. 8).
B: Nitrate
On August 11, nitrate concentrations
increased in the top 5 m at Stns S3 and
I -P6, while the nitracline occupied the
W
I---entire water column, indicating the
entrainment of nitrate. The entrainment
of nitrate was also shown by an increase
in nitrate between 5 and 10 m at Stns P5
and P6 on August 13. By August 14,
nitrate was depleted in the top 7 m at
Stns P5 and S1 and 10 m at Stn P6
20
(Fig. 8). Vertical profiles of phosphate
showed a change similar to that for
Fig 3 Time-depth contours of (A) salinlty and (B) nitrate at Stn S3 The mld
nltrate (Fig 9) The increases in phosdle panel is the tidal height (T H ) d u n n g the same p e r ~ o di e w h e n vert~cal
phate concentration corresponded to the
proflles w e l e taken Arrows Indicate sampllng tlmes (T)

Time, Aug 6-7

nitrate at 20 m remained above 20 pM throughout most
of the time course. The depletion of nitrate during
T8-T12 was limited to the top 4 to 7 m (Fig. 6B). This
depletion was due to the advection of the estuarine
plume from Stn P?. As a result, the high nitrate water
present at the beginning of the time series was pushed
away. The movement of the estuarine plume was further driven towards Stn S1 as river discharge increased
during August 9-14.

Effect of river discharge
On August 10, the stratification of the water column
appeared to recover from the wind event. The riverine
plume invaded Stn S3 as indicated by the sharp halo-
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Fluorescence given in relative units

increases in nitrate and were even
more evident. This is believed to be due
to the different physiological response
by phytoplankton to nitrate and phosphate. An in situ microcosm experiment
conducted during the same cruise
showed that when exposed to both
nutrients, nitrogen-limited phytoplankton tended to take u p nitrogen before
phosphorus (authors' unpubl, data).
Thus, phosphate remained in the water
column, because nitrogen is most likely
limiting in the Strait of Georgia (Harrison et al. 1983) The same phenomenon
was observed during the J u n e cruise
(Yin et al. 1997).
Vertical profiles of fluorescence
along the transect showed that fluorescence was maximal at the surface on
August 10, formed a maximum at 5 m
on August 11 (at Stns P5 and S1) and
12, and formed the subsurface maximum at 10 m on August 13 (Fig. 8). By
August 14, the maximum decreased at
Stns P5 and S1 and was &minished at
the other stations. The subsurface maximum was located just above the nitracline.
Fig. 6 . Time-depth contours of (A) salinity
and (B) nitrate at Stn S1. The middle panel is
the tidal height (T.H.) during the same period, i.e. when vertical profiles were taken.
Arrows ind~catesampling times (T)
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Phytoplankton biomass and production
Chlorophyll a in the water column on August 8 increased seaward from 10 mg m"' at Stn S2 to 40 m g
m" at Stn P4, and it decreased seaward from 63.6 mg
m-' at Stn S3 to 27.5 mg m-2 at Stn S l on August 10

Fig. 8. Vertical profiles of nitrate and fluorescence along the transect during August
10-14, 1991. Fluorescence given in relative
units. No data were obtained on August 13
at Stn 1
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(Fig. 10). Between Stns P3 and P?, chl a was high
(>40 mg m 2 ) during August 11-13 and was reduced
on August 14. The distribution of phytoplankton production was very similar to chl a and the daily productivity ranged from <300 to 2500 mg C mr2 d-' during
August 8-14.

Fluorescence
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cates that n ~ t r a t ewas taken up ~n
the
nitracline w ~ t h i nthe euphotic
0
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
zone but the water column was
not stable long enough for nitrate
to be depleted due to lim~tinglrradiances In the lower p o r t ~ o nof the
euphotic zone Apparently, vertical mlxing (relative to biological
uptake) was fast enough to maintain the sloplng nitracllne In the
bottom part of the euphotic zone
The maln drlvlng force for vert~cal
mixlny across the halocline must
have come froni horizontal movement of the estuarine plume This
is supported by vert~calprof~lesof
sallnlty In the central Strait, the
water column of the e u p h o t ~ c7 o n e
could be d ~ v i d e d Into a n upper
and a lower layer The upper layer
was not homogeneously mlxed
because of the tide-modulated
Flg Y Vertical protiles of phosphate along the transect d u r ~ n gAugust 10-14, 1991
river outflow and
mlxlng
No data w e r e obtained on August 13 at Stn 1
When freshwater was discharged
it would be mixed by winds from
the surface and by tides from the
bottom as it moved away, and thus new freshwater was
DISCUSSION
added to the water column before a mixed layer was
Our results show that the water column was well
formed Such a process was shown as a feature of stepwise Increases w ~ t hdepth In the vert~calsalinity strucstratified and nitrate was depleted in the top ? to 13 m
in the estuarlne plume (using Stn S3 to represent the
ture in t h ~ study
s
and a prevlous study (Yln et a1 1997)
conditions) on August 6 A wind event on August 7
Thls upper layer was the maln body of the estuarlne
mixed the water column, increased n ~ t r a t econcentraplume and ~ t lower
s
boundary was the bottom of the
tlons a n d caused a bloom in the estuarine plume An
major halocline In contrast, the lower layer was relalncrease In rlver discharge resulted In the continuation
tively well mlxed In particular, the sallnlty at 20 m
of the bloom in the estuarine plume durlng August
during t h ~ scruise was near 28 to 30, which was very
10-14 The t ~ d a leffects were super~mposedon these
close to the salin~tyIn April at the same depth (Yln et
processes The mechanism for enhancing primary proa1 1996) Cons~deringa large amount of freshwater
d u c t ~ o nwas to lncrease concentrat~onsof nitrate at a
input from the rlver discharge over 4 mo the sallnity
shallower water depth w ~ t h l n the e u p h o t ~ c zone
should have been reduced at depth if there was only
through vert~calm i x ~ n gor entrainment
vertlcal mlxlng Therefore, a balanced exchange
Part of the nitracline was pos~tioned w ~ t h l n the
between the central Strait of G e o r g ~ aand Juan d e
euphotic zone This must have been d u e to frequent
Fuca Stralt must have taken place in order to malntaln
vertical mixlng ~vithlnthe 20 m water column in the
the same sal~nityat depth T h ~ indicates
s
that the estucentral S t r a ~ of
t Georgia based on the structure (shape
arlne plume was advected at the surface out of the
a n d m a g n ~ t u d eof
) the halocline a n d the n~tracllneThe
Strait of G e o r g ~ athrough these narrow and shallow
water column was s t r a t ~ f ~ ebecause
d
there was a stepchannels and the seawater (high sallnity) moved in at
wlse lncrease in sallnity in the water column down to
depth as a return flow (Wald~chuk 1957, LeBlond
20 m The e u p h o t ~ czone was usually 15 m deep at this
1983) The movement of the estuarlne plume resulted
time (Clifford et a1 1992), whlch 1s deeper t h a n the
In entrainment of deeper water This entralnlng
major halocline It is expected that the nitracllne
process was amplified when the estuanne plume front
should have been below the euphotic zone ~f the stratcrossed Stn S1 (Fig 11) The front was seen as a sharp
iflcat~onhad been stable However, the n~traclinewas
color line due to the turbidity In the estuarine plume
rather shallow a n d the large sloplng portion of ~t was
As the color llne passed the ship the lower part of the
wlthin the lower part of the e u p h o t ~ czone This indisharp halocllne between the surface and 5 5 m was

Phosphate (FM)
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Fig. 11. The estuanne plume front crossed Stn S1 and clearly
demonstrated the entrainment process. Vertical profiles represented by the dashed and solid lines were taken 10 min
apart when the front crossed the station. T: time

nitrate concentrations at 20 m in summer were similar
to those in April (Yin et al. 1996) and in June (Yin et al.
1997) and were within reach of wind mixing and
upward entrainment.
Because of the positions (relative to the euphotic
zone) of the halocline and nitracline in the water column, the distribution of nutrients and chl a fluorescence, which is a result of the interaction between
physical and biological processes, was very responsive
to the interaction. The nitracline was in a delicate balancing position of time scales between biological utilization of nutrients and physical mixing. A decrease or
an increase in the rates of mixing could lead to a depletion or an elevation of nutrients in the distribution of
nutrients and fluorescence. On the other hand, continuous sunshine or cloudiness during the day could
result in a similar fluctuation. Tidal cycling changes
the position of the nitracline, as shown in this study
(Fig. 3), providing nutrients for photosynthesis when

:dl
Aug 13

Aug 14

l

:

Fig. 10. Water column chl a and primary productivity along
the transect during August 10-14, 1991

lifted as the salinity of the upper part decreased. This
elevation was the result of entrainment. The internal
waves may also cause turbulent eddies at the pycnocline, which are subject to vertical mixing by wlnds
after they break down. The time scales of this horizontal movement process must be short enough to maintain the nitracline above the euphotic zone. Such a
short residence time of the estuarine plume could
result in a rapid renewal of the deep seawater underneath the estuarine plume. In fact, it is surprising that
the deep sea water below the estuarine plume did
belong to the same water mass. This was confirmed by
the linearity of T-S diagrams for which the data points
were taken either at 20 m at one station (Stns S3 and
S1) over a time series, or from different stations along
the transect during the same day (Table 1). This same
water mass was consistent with the intermediate water
mass described by Waldichuk (1957).Due to mixing in
this same deep water mass, high nitrate concentrations
were maintained in the deep seawater. These high

Table 1. Linear regressions of temperature-salinity (T-S) diagrams using (T, S) data po~ntsat 20 m from a time series at
Stns S3 and S1 and from different stations along the transect
on the same day
Time series
or transect

Number of
data points (T, S)

S3 time series
S1 time series
August 8 transect
August 10 transect
August l l transect
August l 2 transect
August 13 transect
August 14 transect

8
10
8
9
9
9
8
9

R'

Significance
(P)

0.99
0.99
0.98
0.97
0.97
0.94
0.95
0.95

<0.0001
<0.0001
<0.0001
<O 0001
<0.0001
<0.0001
<0.0001
<0.0001
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the nitracline is lifted upwards (Demers et al.
1986). Tidal mixing is a continuous process,
also providing nutrients. Wind, river discharge
and tides usually act in concert in vertical mixing, but signals of a force can be more distinct
than others as the force becomes dominant.
E
The vertical mixing or entrainment was mani8
fested as observed in this study when wind
a
speeds increased and/or a fluctuation in the
6
amount of river outflow occurred. An increase
W
E
of 1000 m3 S-' in river discharge over a week
4
resulted in the visible signal of entrainment of
nitrate in August (this study) and in June (Yin
2
et al. 1997), and subsequent utilization of
entrained nitrate often resulted in a subsurface fluorescence maximum. It is surprising to
note that an average wind speed of 6 m S-'
over 36 h in summer mixed the water column
August 1991
to such a large extent (e.g. Stns S3 and S11
Fig. 12. Hourly wind speeds at Sand Heads at the mouth of t h e Fraser
even under strong stratification before the
R ~ v e rduring August 1991
wind event. The response of phytoplankton to
increased nutrients was fast and the bloom
observed on August 8 in the estuarine plume
August (Sinclair 1978, cf. Sevigny et al. 1979).In southfrom Stns S3 to P? appeared to take place during our
ern San Francisco Bay, daily primary productivity in
sampling period from the morning (Stn S2) to the aftersummer was about 500 mg C m-' d-' (Cole & Cloern
noon (Stn S l ) . Winds were highly variable in August
1984, 1987). Riegman & Colijn (1991) reviewed phyto(Fig. 12) and the frequent episodes of high wind speed
plankton productivity for the North Sea, where typical
between August 18 and 30 must have increased prisummer values were 650 mg C m-' d-' for the northern
mary productivity. Due to active mixing processes by
part.
wind and river discharge, it appears that primary proPrevious estimates of annual primary production
ductivity in the central Strait was substantially fueled
indicated that primary productivity in the central Strait
by nitrate instead of ammonium since ammonium conof Georgia was low in summer (Parsons et al. 1970).
centrations in the water column along the transect
However, our results are the first to show that during
were below 0.1 pM except at Stn S3 (Clifford et al.
summer the interaction of winds and river discharge
1992).Nitrate utilized during this period was not likely
frequently provides nutrients, which increases primary
to have been from the regeneration of organic matter
production and decreases the periods of nitrogen 11miproduced in the previous season, which is the case in
tation. Our results show that wind is very important in
other estuaries such as Chesapeake Bay (Malone et al.
supplying new nitrogen (NO3) to the surface layers
1988), since bacterial production was low in the Strait
through vertical mixing. Thus, during a summer with
of Georgia at a salinity of >20 (Albright 1983, Harrison
frequent wind events, primary productivity would be
et al. 1991).
higher than previously thought, with much of the proPhytoplankton biomass and prod.uctivity in the central Strait of Georgia observed in this study were readuction coming from new nitrogen. These ~vlnds
events are short-lived and require frequent monitoring
sonably high in summer due to vertical mlxing, which
to obtain reliable estimates of summer primary producsupplied nutrients to the euphotic zone. The values
were slightly lower than those during June (Yin et al.
tivity.
1997) and early April (Yin et al. 1996), but higher than
Parsons et al.'s (1970) and Stockner et al.'s (1979) values for August. Our values in the central Strait are
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