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ABSTRACT: The Sechelt Inlet complex (British Columbia, Canada),  Including Narrows and Salmon 
Inlets, was sampled from h4ay 1988 to September 1990 in order to desc r~be  the nutrient and plankton 
regimes. Species succession wi th~n  the inlet was typical for temperate unpolluted waters despite aqua- 
culture activity and nutrient-loading from the town of Sechelt at  the southern end.  The N : P ratio in the 
upper 21 m of 8.3, which is well below the Redfield ratio of 16, suggests an  N-limited system. The ratio 
is also lower than those found in adjacent systems, and supports the a s s u ~ n p t ~ o n  that Sechelt Inlet is the 
least influenced by oceanic waters. The N : P  ratio also c o ~ n c ~ d e s  with the optimum ratio for Skeleto- 
nerna costaturn of 8.1 which suggests that either the system provided an optimal nutrient regime for this 
diatom or the dominance of S. costatum determined ambient N:P ratios. The spring bloom, dominated 
by S. costatum and ThalaSS~~Sira nordenskioeldii, occurred early (in March) due to the combined 
influence of stratification, created by runoff from Salmon Inlet, and shelter from wind exposure. By 
summer the waters became depleted of nitrate down to 5 m, and nanoplankton, composed chiefly of 
cryptomonads and Chrysochrornulina spp., prevailed. Bimodal peaks in nanoflagellate biomass 
occurred each summer, with the cryptomonads remaining regular components. Under normal 
meteorological conditions Chrysochromulina spp. \vould codominate but during 1989, storm activity in 
May somehow caused the replacement of the prymnesiomonads by the silicoflagellate Dictyocha 
speculurn. The latter occurred In ~ t s  askeletal form during the late summer nanoflagellate peak. The 
water injected through the mouth of Sechelt Inlet by a tidal jet combined with water overlying the 
anoxic bottom of inner Narrows Inlet and caused stimulation of plankton growth at  the confluence of 
these 2 inlets. There was also h ~ g h  biomass at  the shallow southern end possibly due to increased 
mixing over a sill and m ~ l d  eutrophication. 

INTRODUCTION 

There is a need for multi-year species-level plankton 
studies in coastal regions, especially in British Colurn- 
bia, Canada, where fjords and bays are  increasingly 
used for aquaculture. The environmental departments 
of the British Columbian and Canadian governments 
have created and maintained a few plankton databases; 
however, these time series have large gaps and the 
samples are often taken at varying locations from year to 
year. Sancetta (1989) presented a 3 yr time series of 
diatom flux using sediment traps in Jervis and Saanich 
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Inlets, but the data only reported species which re- 
mained intact upon sinking out of the euphotic zone. 
Buchanan (1966) studied the micro- and nanoplankton 
of Indian Arm in detail; however, the study only 
spanned 1 yr which is not sufficient to characterize a n  
inlet. Multi-year series are  needed because there is 
usually significant interannual variability in biomass 
and species composition. Weather patterns create much 
of thls difference, but there are large-scale cycles on the 
order of years which also affect the plankton. The most 
notable pattern on the British Columbian coast is a 7 yr 
cycle in toxicity records which is thought to be con- 
nected with the El-Nino Southern Oscillation (ENSO) 
event (Gaines & Taylor 1985). 
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Sechelt Inlet (Fig. 1) was chosen for study for several 
reasons. It is a true fjordic inlet with a shallow sill 
(14 m) that restricts the lateral flow of water. The 
Norwegian model of upper estuarine circulation and 
bottom water hypoxia characterize this inlet (Lazier 
1963) and should affect the phytoplankton popula- 
t i o n ~ .  Also, Sechelt Inlet experienced increased aqua- 
culture activity over the last decade (15 salmon farms, 
12 oyster leases in 1988). Consequently, a plankton 
study was needed for industry to choose optimal sites: 
those which balance high productivity and potentially 
harmful effects due to noxious plankton. This was not 
done prior to the establishment of farms and there was 
a loss to the local industry of Can$2.5 million (Taylor et 
al. 1991). 

Sechelt Inlet (Fig. 1) is a southern British Columbian 
fjord located 43 km northwest of Vancouver. It consists 
of a main inlet and 2 adjoining ones, Narrows and 
Salmon Inlets, and is collectively referred to as the 
Sechelt Inlet complex. The main inlet system is 29 km 
long with an average width of 1.2 km and a maximum 
depth of 300 m. Hydrographically, Salmon Inlet (19 km) 

Fig. 1. Sechelt Inlet complex with station locations 

is not considered a separate side inlet but the head of 
the main Sechelt Inlet system because there is no sill 
that separates these 2 regions (Lazier 1963) and the 
main fresh water inflow is located near its head. The 
head of the main inlet (between Nine Mile Point and 
Porpoise Bay) only receives a small amount of fresh 
water runoff and as a consequence does not contribute 
significantly to estuarine flow. This area has a shallow 
shelf and a minor sill. Narrows Inlet (14 km) is sepa- 
rated from the main inlet system by a shallow sill 
(11 m) at Tzoonie Narrows. The shallow basin (maxi- 
mum of 85 m) that extends past Tzoonie Narrows is ca 
8.4 km long and 0.8 km wide. Inner Narrows Inlet has 
periodic anoxic bottom waters (Lazier 1963). 

Skookumchuck Narrows, which connects Sechelt 
Inlet to Jervis Inlet, is constricted and shallow (14 m) at 
Sechelt Rapids (Pickard 1961). Tidal exchange through 
Skookumchuck Narrows is predominantly unidirec- 
tional at any one time and the tidal flow (maximum 
7.5 m S-') either enters or leaves the inlet in a turbulent 
jet (Lazier 1963). Downstream of the sill the 'free' 
turbulent jet spreads out and expands as the surround- 

ing water is entrained into it. The jet also 
'hugs' the bottom topography of the sill and 
descends into the inlet until buoyancy forces 
allow the intruding water mass to find a depth 
layer similar to its density. The upper layer of 
Sechelt Inlet experiences daily fluctuations in 
vertical profiles of temperature and dissolved 
oxygen as a result of internal waves generated 
at the Skookumchuck sill (Gormican 1989). 

Three distinct water layers exist in Sechelt 
Inlet: a surface layer (5 m) of low-salinity 
water (due to precipitation and river runoff) 
with seasonally high temperatures (due to 
solar heating); an intermediate layer influ- 
enced by the erosion of the tidal jet, occupy- 
ing a depth between 5 and 65 m; and a deep 
layer of resident water, characterized by uni- 
form temperature and salinity (Lazier 1963). 
The dissolved oxygen content of this stagnant 
deep water can fall below 7 mg 1-' (Lazier 
1963, Smethie 1987) and is replaced periodi- 
cally (S. Pond pers. comm.); upward displace- 
ment of low-oxygen water poses a potential 
threat to fish farms. 

Freshwater runoff and precipitation are 
largely responsible for a 2-layer flow system 
that drives the estuarine circulation in most 
fjords. As the brackish surface water flows 
seaward, a subsurface dense oceanic water 
mass flows into the estuary to compensate for 
the loss of surface water. However this estuar- 
ine flow depends largely on the properties of 
the tidal jet and its interaction with the resi- 
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dent water of the inlet basin. Estuarine circulation in 
Sechelt Inlet is slight due to the relatively low fresh- 
water drainage (110 m3 S-'; Pickard 1961), and will 
depend largely on a dense intrusion of a tidal jet to 
flush the indigenous deep water zone (Lazier 1963). 

This paper essentially provides an ecological de- 
scription of Sechelt Inlet and serves as a background 
for subsequent papers on the distribution and seasonal 
succession of harmful species and microzooplankton. 

MATERIALS AND METHODS 

Field samples were collected from 6 stations in 
Sechelt Inlet (49" 40' N, 123'45' W) between May 1988 
and September 1990 (Fig. 1).  Samples were collected 
at least once a month, and twice a month from June to 
September. Samples were taken using the Segmented 
Integrated Pipe Sampler (SIPS; Sutherland et al. 1992). 
This system is composed of 8 segments of PVC tubing, 
with an inside diameter of 3.75 cm. The segments are 
connected by snap-together joints, and contain closing 
devices at the lower end. The 2 surface tubes are 1.5 m 
in length and the remaining 6 tubes are 3.0 m; when 
the 8 are connected they reach a depth of 21 m. The 
contents of each segment were released into a mixing 
chamber for sampling aboard the boat. A sample was 
also taken from 30 m with a closing bottle attached 
to the winch line. 

Temperature and salinity of the integrated samples 
were measured using a thermometer and Endeco 
refractometer or Guildline Autosal salinometer, 
respectively. Occasionally, a Guildline CTD was used 
to obtain ln situ temperature and salinity. Chlorophyll 
samples were obtained by filtering 100 m1 of seawater 
from depth intervals of 0-1.5 m, 1.5-3.0 m, 3.0-6.0 m, 
9.0-12.0 m and 18.0-21.0 m through pre-combusted 
2.5 cm glass fibre filters (GF/F, 0.7 ,gm) and frozen. In 
the laboratory the filters were placed in 90 % acetone, 
sonicated in ice water for 20 min, and extracted in the 
dark for 24 h at 5 "C. The acetone solution was ana- 
lyzed for chlorophyll a (chl a)  and phaeopigments 
using a Turner Designs Model 10 fluorometer accord- 
ing to Parsons et  al. (1984a). Nutrient samples were 
collected as for chlorophyll and stored in 30 m1 acid- 
washed Nalgene polypropylene bottles which were 
immediately placed in the cooler/freezer; no preserva- 
tives were added. Nitrate (including nitrite; Wood et al. 
1967) and ammonium were later measured on a 
Technicon AutoAnalyzer. Phosphate was determined 
using the procedure in Parsons et al. (1984a) and 
measured on a Bausch and Lomb spectrophotometer. 

Representative phytoplankton subsamples (125 ml) 
were preserved with acidic Lugol's solution (final 
concentration: l %) and analysed using the Utermohl 

technique (Hasle 1978). Depending on biomass, 2.5 to 
10 m1 were settled in a counting chamber for at least 
12 h. Unfortunately, this methodology underestimated 
the heterotrophic nanoplankton, such as  heterotrophic 
cryptornonads, which would best be distinguished 
using an epifluorescence technique (Geider 1988). 
Heterotrophic organisms were identified based solely 
on morphology and were therefore subject to analyst 
error Nanoplankton were counted at 500x along 
one or two 10 to 20 mm transects. The more common 
microplankton species were viewed at 240x along 6 
transects across the chamber diameter (25 to 26 mm). 
Finally, the entire chamber bottom was scanned at 95x 
for large and/or rare species. The counts were then 
converted into cells 1-l. 

The plankton data were integrated over 21 m and 
converted to carbon. The conversion required cell 
volumes specific to each species. Where possible, 
representative cells were measured for each species 
and the volume was calculated using equations for 
simple geometric shapes (spheroids, cylinders, boxes 
and cones). For a number of the less common species 
dimensions were extracted from the literature [di- 
atoms: Cupp (1943), Hendey (1964), Rines & Har- 
graves (1988); dinoflagellates: Schiller (1933, 1937), 
Cattell (1969), Dodge (1982); nanoflagellates: Camp- 
bell (1973), Throndsen (1988), L. Watanabe (unpubl.)]. 
Equations converting volume to carbon were found in 
Strathman (1967) for diatoms, nanoflagellates and 
dinoflagellates (photosynthetic and heterotrophic); 
Haigh & Taylor (1991) for the dinoflagellates Nocti- 
luca and Kofoidinium; and Putt & Stoecker (1989) for 
the ciliates (conversion factor includes shrinkage due 
to Lugol's fixation, though these authors used 2 % 
vo1:vol rather than 1 %). 

RESULTS 

Environmental variables 

Examples of the 3 most representative periods - 
spring bloom, mid-summer, and fall - have been 
selected to characterize the system's temperature- 
salinity regime (Figs. 2 & 3). Temperature and salinity 
contour profiles with depth are  presented along a 
transect running from Stn 1 to 6; Stns 2 and 4 reflect 
inputs to the system from Narrows and Salmon Inlets, 
respectively. The contouring assumes no small-scale 
patchiness between stations and serves to illustrate the 
large-scale (regional) patterns. 

During the time of the spring bloom, March, there 
was an  injection of colder water from Jervis Inlet, via 
the Skookumchuk tidal jet, penetrating at a depth of 
10 to 15 m (Fig. 2A). This intermediate tongue resulted 
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Temperature ( ' C ) .  Sechelt lnlet 

Station 

Fig. 2. Contours of temperature ("C) with depth for 3 repre- 
sentative seasons along a transect from Stns 1 to 6 assuming 
no small-scale patchiness. (A) During the spring bloom, 20 
March 1990; (B) during summer stratification, 19 July 1990; 

(C)  during fall. 12 September 1990 

in warmer waters at the surface and below 15 m. The 
water from Jervis Inlet was also more saline (Fig 3A). 
Generally in spring, the surface waters were 25 to 
26 ppt with a lower salinity intrusion from Salmon 
Inlet. Below 10 m the salinity was 28 ppt. 

By mid-summer, the inlet complex experienced 
warm surface waters, often in excess of 20 "C (Fig 2B). 
The strat~fication was perhaps not apparent in the plots 
due to the integration of 1.5-3.0 m of water column 
when using the SIPS. Salinities had decreased 
throughout the upper 30 m, with surface values of ca 
20 ppt (Fig. 3B). At times there were marked intrusions 
of lower salinity water from Narrows Inlet as well as 
from Salmon Inlet. By fall, water temperatures had 
dropped due to increased heat loss to the atmosphere. 
Typically surface waters were 15 "C (Fig. 2C). Again 
there were higher salinity intrusions from Jervis Inlet 
and lower salinity intrusions from the 2 side inlets 
(Fig. 3C). 

Salinity ( L). Sechelt Inlet 

Station 

Fig. 3. Contours of salinity (ppt) with depth for 3 representa- 
tive seasons along a transect from Stns 1 to 6 assuming 
no small-scale patchiness. (A) During the spring bloom, 20 
March 1990; (B) during summer stratification, 19 July 1990; 

(C)  during fall, 12 September 1990 

Temporal fluctuations of nitrate and phosphate in the 
upper 20 m at Stns 1 and 4 (Fig 4)  were selected as 
representative of the inlet complex. The pattern for Stn 1 
was different from those of the other stations due to tidal 
mixing through Skookumchuk Narrows. Stations 2 to 6 
exhibited s d a r  trends; Salmon Inlet (Stn 4) showed the 
clearest pattern of nutrient impoverishment. The shaded 
a.reas in Fig 4 indicate periods when these nutrients 
were potentially limiting. Nitrate will begin to have 
limiting effects on the larger species of diatoms once 
levels fall below 2 M M  (Eppley et al. 1969) due to factors 
such as transport limitation (see Pasciak & Gavis 1974). 
Phosphate can become limiting at concentrations of 
0.2 P M  (Goldberg et al. 1951, Thomas & Dodson 1968). 
There were virtually no times when PO, was below this 
expected lim~ting threshold at Stn 1, due to the tidal 
mixing, nor at Stns 5 and 6 (not presented), possibly due 
to seepage from septic tanks in the Porpoise Bay region. 
The greatest degree of PO, impoverishment occurred at 
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Fig. 4 .  Macro-nutrient time series 
in the upper 20 m for the period 
May 1988 to September 1990. 
Nitrate dt (A) Stn 1 and (B) Stn 4 
and phosphate at (C) Stn 1 and 
(D) Stn 4.  Contours are based 
on a maximum of S values (typi- 
cally from 0-1.5, 1.5-3, 3-6, 9-12, 
18-21 m) at any 1 sampling time 
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Stn 4 during May and June 1990, extending down to 
3 m. The extent of NO3 impoverishment in the system 
was much greater. At Stn 1 there were a few short 
periods after the spring bloom and during the summer 
when NO, was low. Most of the other stations experi- 
enced prolonged, continuous periods of low NO3 down 
to 5 m during the summer. 

Dissolved nitrogen (nitrate, nitrite, plus ammonium) 
was correlated to dissolved phosphorus (represented by 
phosphate) using the data from May 1988, to September 
1990, in the upper 21 m. The N :  P ratios for each station 
were calculated as the slope of the line of best-fit (Stn 1: 
N:P = 8.5, n = 144, adj. r 2  = 0.73; Stn 2: N : P  = 8.2, 
n = 141, adj. r2  = 0.76; Stn 3: N : P  = 9.2, n = 144, adj. 
r2  = 0.83; Stn 4: N :  P = 8.8, n = 124, adj. r2  = 0.85; Stn 5: 

N:P = 8.7, n = 137, adj. r2  = 0.83; Stn 6: N : P  = 8.8, 
n = 140. adj. r 2  = 0.83). The N:  P ratio in surface waters 
(0-3 m) was plotted as  a function of time for each station 
(Fig. 5) and fluctuated around a value of 8, which is also 
the optimum ratio for Skeletonerna costatum based on 
cellular requirements (Sakshaug et al. 1983); the 
temporal distribution of S. costatum biomass in surface 
waters is also presented (Fig. 5 ) .  

Nitrate values were plotted against phosphate for 
Sechelt Inlet and adjacent regions (Fig. 6) for compar- 
ative purposes (ammonium values were not univer- 
sally available). Data for Sechelt Inlet were taken from 
all 6 stations down to 21 m; data for Jervis and Saanich 
Inlets were made available by S.E. Calvert, Dept of 
Oceanography, Univ. of British Columbia, for the years 
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biomass levels of 105 to 106 pg C m-2. 

The successional sequence of the 
0 0 major groups in Sechelt Inlet was 
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typical for temperate coastal waters. 

2 Despite meteorological variation [the 
1 0  seasonal temperature stratification had 1 been disrupted during May 1989, asso- 
0 0 ciated with storm activity), the domina- 

tion in summer of nanoplankton (fla- 
Fig. 5. Nitrogen .phosphorus ratio in surface waters (0-3 m) at  each station gellates and small centric diatoms) 
from May 1988 to September 1990. Shaded area IS the common log of biomass remained constant in 1989 and 1990. 
(pg C I - ' )  of Skelelonema costat~lm in surface waters (0-3 m) .  Dashed line at L~~~~ ciliate population,s, reaching 
N : P  = 8 is the optimum ratio for S. costatum; above the line S. costatum is 

potentially P-limited, below the line it  is potentially N-limited 40000 cells I-', were concomitant 
with nanoflagellates over the summer 
period. 

The 8 biomass dominants for the system reached a 
spring peak of 20 g C m-' in 1989 and 10 g C m-2 in 
1990 (Fig. 9, nanoflagellates were not counted prior to 
April 1989). Skeletonema costatum and Thalassiosira 
nordenskioeldii were predominant and codominant 
during the spring blooms of 1989 and 1990 (by bio- 
mass, though S. costatum had a much higher cell 
concentration of the two). Following the spring bloom 
2 smaller biomass peaks occurred in early and late 
summer in both years. The minor peaks consisted of 
mixed diatom assemblages (S. costatum, T norden- 
skioeldii, T. rotula, Chaetoceros compressum) along 
with the 2 chief nanoflagellate groups: cryptomonads 
and Chrysochromulina spp. The second minor peak 
usually had a significant contribution from the diatom 

1988-1989 in the upper 20 m; and data for the 
southern Strait of Georgia were found in Clifford et al. 
(1991) for the year 1990 in the upper 15 m. 

At the time of sampling the spring bloom of March 
1990, the chl a was concentrated at the southern end 
of Sechelt Inlet near the junction with Salmon Inlet 
(Fig. 7 A ) .  Freshwater input, especially from Salmon 
Inlet (Fig. 3A), created density differentia.1.s within the 
inlet of 3 U, in the upper 5 m (Fig. 7B) 

~qano- and microplankton 

The chief successional groups in temperate coastal 
waters are the diatom genera Skeletonema, Chaeto- 
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Fig. 9. Cumulative biomass (g C m-*) time series of the 8 most dominant plankters in the Sechelt Inlet system from May 1988 to 
September 1990. Cryptomonads and Chrysochrornulina spp. were not discriminated until April 1989. M.: Mesodinium; 

C.: Corelhron; Ch.: Chaetoceros; T.. Thalassiosira; S.: Skeletonema 

was also composed of T decipiens (possibly T. aestivalis 
mistakenly identified), T. rotula, Chaetoceros debile, 
and C. compressum. In 1990 the other major bloom 
diatoms were T. aestivalis, T. rotula, and C. debile. C. 
compressurn did not become numerous until after the 
main bloom. The composition of dominant spring bloom 
diatoms in Sechelt Inlet remained constant over these 
2 years, and only varied in magnitude. 

Peaks in diatom biomass occurred in August/ 
September (Fig. 10) with 1 minor peak during June/ 
July 1989, possibly a response to stormy weather in 
May. The late summer/early fall peaks were initially 
dominated by Corethron criophilum, which occurred 
regularly at the beginning of August in each year, 
decreasing in biomass from 1988 to 1990. Thalassiosira 
rotula and Ditylum bnghtwellii were usually associ- 
ated with C. cnophilum. By September these diatoms 
had been replaced by Chaetoceros species and 
Leptocylindrus danicus. 

The autotrophic ciliate Mesodiniurn rubrurn had a 
higher average biomass over the study period than did 

any of the photosynthetic dinoflagellates (Fig. 1 l ) ,  and 
was most abundant during 1989. It tended to reach 
maximal biomass in June, a time when the dinoflagel- 
lates were sparse. Heterocapsa triquetra appeared in 
May after the spring bloom, but it was not until 
mid-July, early-August that the photosynthetic dino- 
flagellates significantly contributed biomass to the 
system. The late-summer assemblage was dominated 
by Goniodoma pseudogon yaulax, Protoceratiurn 
reticulatum (syn: Gonya ulax gnndleyi), and Ceratium 
fusus. In September 1989, there was a major bloom of 
the toxic species Alexandnum catenella which coin- 
cided with saxitoxin levels of 32 000 pg per 100 g shell- 
fish at Nine Mile Point (Anon. 1989), between Stns 4 
and 5 .  Small gymnodinoids (< 25 pm) and thecate 
dinoflagellates (< 25 pm) predominated during winter. 

The 8 dominant nanoflagellate categories exhibited 
bimodal peaks in biomass each summer (Fig. 12), reach- 
ing 1.0 g C m-' in 1989 and 1.5 g C m-'in 1990. During 
the summer the cryptomonads maintained biomass 
levels of 0.2 to 0.5 g C m-'. In 1990 Chrysochrornulina 
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Fig. 10 Cumulative biomass (g  C m-') time series of the 8 most dominant diatoms in the Sechelt Inlet system, exclusive of 
Skeletonema costatum and Thalassiosira nordenskioeldii, from May 1988 to September 1990. D.: Ditylum; L.: Leptocylindrus; 

T.: Thalassiosira; C.: Corethron; Ch.: Chaetoceros 

spp. dominated the remaining nanoflagellate biomass 
together with the fish-killing chloromonad flagellate 
Heterosigrna carterae (formerly H. akashiwo, see Taylor 
1992). During the previous summer the silicoflagellate 
Dictyocha speculurn had virtually displaced Chryso- 
chrornulina at the time of the bimodal peaks. The 
askeletal form of D. speculurn prevailed over the skele- 
tal form during the second 1989 nanoflagellate peak. 

The 7 dominant microheterotrophs collectively ac- 
counted for 0.4 to 0.5 g C m-2 at their peaks (Fig. 13). 
Of this group the aloricate oligotrichous ciliates were 
predominant except during the spring bloom when the 
dinoflagellate Gyrodinium spirale prevailed. There is 
an apparent periodicity in the ciliate data with all size 
categories fluctuating in tandem. The dinoflagellates 
Protoperidinium depressurn and P, conicurn, which 
prey on diatoms (Gaines & Taylor 1984), occurred 
during the spring bloom and then periodically through- 
out summer. The heterotrophic silicoflagellate Ebria 
tripartita occurred throughout summer and was more 
abundant dunng 1989. 

The average (over 1989 and 1990) integrated bio- 
mass (over 21 m) of nano- and microplankton biomass, 
plotted along the inlet axis from Stns 1 to 6 (Fig. 14), 
was partitioned into major groups - diatoms, photo- 
synthetic dinoflagellates, photosynthetic microflagel- 
lates (chiefly Heterosigma carterae and Dictyocha 
speculurn), photosynthetic nanoflagellates and the 
heterotrophic protists - to assess their relative contri- 
butions. The data were divided into 4 seasonal periods 
based on plankton composition and stratification in 
Sechelt Inlet: spnng bloom (March), late-spring, early- 
summer (April-June), mid-summer (July-August), and 
fall (September-October). The first trend to note is the 
seasonal decline in total biomass from spnng to fall. 
Secondly, the distribution of maximum biomass within 
the inlet shifts from near the lower end (Stn 5) during 
the spring bloom of diatoms to the junction of Narrows 
and Sechelt Inlets (Stn 2 ) ,  in late-spring and early- 
summer, where diatoms continued their dominance. 
By mid-summer Stn 2 experience elevated biomass 
levels of all groups. Also during summer, there was a 
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Fig. 11. Cumulative biomass (g  C m 2 ]  time series of Mesodinium rubrum and the 7 most dominant photosynthetic dinoflagellates 
in the Sechelt Inlet system from May 1988 to September 1990. A,: A l e x a n m  Unid. unidentified; C.: Ceratium; P.; Protoceratium; 

H.: Heterocapsa; G.: Goniodoma; M.: Mesodinium 

rise of biomass at the extreme southern end (Stn 6), 
due equally to diatoms and nanoflagellates. In autumn, 
the southern end had the greatest biomass due to the 
fall bloom of diatoms (predominantly Chaetoceros spp.). 

The photoautotrophic biomass was greater than that 
of the heterotrophs at  virtually all times, mostly due to 
diatoms in the spring and fall and to nanoplankton 
(both flagellates and small centric diatoms) during 
summer There were times, however, when the ratio of 
heterotrophic to photoautotrophic biomass was greater 
than 50 % (Fig. 15). 

DISCUSSION 

The Sechelt Inlet system proved to be a dynamic and 
variable system Despite its small size (compared to 
other British Columbia fjords) there was discernible 
heterogeneity of biomass, and to a lesser extent, 
species composition due to physically different envi- 
ronments within the complex. The mouth of Sechelt 

Inlet experiences daily turbulence from a tidal jet 
which injects nutrients via mixing and entrainment. 
The effect of this jet on plankton biomass was most 
pronounced at the junction of Narrows and Sechelt 
Inlets. A similar phenomenon was observed by Parsons 
et al. (1984b) on the outer side of Skookumchuk 
Narrows. The middle of Sechelt Inlet has the deepest 
water and is least affected by inputs (nutrients, fresh 
water, etc.) to the system; it also experienced the 
lowest year-round biomass levels. Salmon Inlet gener- 
ally supported low biomass but had a great influence 
on the system in spring by introducing fresh water, 
stratifying the upper 5 to 10 m sufficiently to promote 
an early spring bloom. The head of the main axis of 
Sechelt Inlet (Porpoise Bay region) is shallower than 
most of the system and. proved to be an area of high 
biomass. 

The species composition of this system was typical 
for inlets in temperate regions; however, there were 
local differences (F. J. R .  Taylor et al. unpubl.) .  The 
inlet is effectively isolated from oceanic waters and 
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Fig. 12.  Cumulative biomass (g  C m-') tlme serles of the 8 most dominant photosynthetic nano- and  microflagelldtes In the Sechelt 
Inlet system from April 1989 to September 1990. H.: Heteroslgma; D : Dlctyocha 

there was a notable absence of groups such as cocco- 
lithophorids which make incursions into outer Nor- 
wegian fjords (Braarud et al. 1974, Braarud 1975, 
Eilertsen et al. 1981). Low recorded numbers of cocco- 
lithophorids, however, may be due to the fact that, be- 
cause coccoliths dissolve in acidic Lugol's (Throndsen 
1978), these flagellates were perhaps overlooked. 

Nitrogen : phosphorus ratios 

A balanced manne system should contain 16 atoms 
of nitrogen for every atom of phosphorus (Redfield et 
al. 1963). Oligotrophic marine waters tend to have high 
N : P  ratios, indicating P-limitation, while eutrophic 
waters are more N-limited with low N : P  ratios 
(Codispoti 1989). It has been suggested that waters in 
British Columbian inlets are atypical of most of the 
ocean (Codispoti 1989) due  to substantial terrestrial 
input and high denitrification (cf. Smethie 1987). All 
stations within the Sechelt Inlet complex exhibited 
lower than expected N :  P ratios [(NO, + NO2 + NH,) : 

PO,], ranging from 8.2 to 9.2 in the upper 21 m and 
over the 2 %  year study period. These results differ from 
those of Smethie (1987) who found that the Jervis Inlet 
complex (including Sechelt and Narrows Inlets) had an  
N : P  ratio of 11.1 to 11.7. There are 2 poss~ble reasons 
for the discrepancy. First, Smethie's ratios were deter- 
mined over summer periods while ours incorporate 
data from year-round. Secondly, data from Jervis Inlet 
strongly influenced the slope of Smethie's correlation 
line, steepening it. His data for Narrows and Sechelt 
Inlets appear to support lower N :  P ratios closer to ours. 

On average, marine species studied in the laboratory 
yield an  N :  P rat10 of 16 (Sakshaug & Olsen 1986). 
Whether a plankter is N- or P-limited will be species 
specific because each species has a different N :  P opti- 
mum rat10 with respect to cellular requirements (Khee 
1978, Sakshaug et al. 1983). These requirements also 
change depending on the nutrient regime (e.g.  satura- 
tion versus subsistence). Based on Sakshaug & 
Andresen's (1986) work, Sakshaug et al. (1983) deter- 
mined that at nutrient saturation and optimal irradi- 
ances the N : P  optimum ratio is 8.1 for Skeletonema 
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Fig. 13. Cumulative biomass (g C m-2) time series of the 7 most dominant heterotrophic microzooplankton in the Sechelt Inlet 
system from April 1989 to September 1990. E : Ebria; P Protoper~dinium; G .  Gyrodinium 

costatum. S. costatum requires a greater proportion of 
phosphate, presumably because it has a high ATP con- 
tent (Sakshaug & Andresen 1986) associated with a 
rapid growth rate. In contrast, the optimum ratio for 
Thalassiosira pseudonana and T. gravida was esti- 
mated to be 14 (Hegseth & Sakshaug 1983). In Sechelt 
Inlet the surface water (0-3 m) N : P  ratio over time 
fluctuated around 8 (Fig. 5) and often exceeded this 
value, especially at the mouth (Stns 1 and 2) ,  suggest- 
ing that in surface waters S. costatum was more often 
potentially limited by phosphorus than were other 
species. It is evident from this figure that higher N :  P 
ratios often immediately followed peaks in S. costatum 
biomass. It is a matter of speculation whether the 
growth of this diatom was limited by phosphorus or 
simply drove the ratio up due to its greater need for 
phosphorus compared to other diatoms. Whether S. 
costatum experiences P-limitation is complicated by 
other factors such as its ability to store high levels of 
phosphate under N stress (Miyata et al. 1986). 
However, it is interesting to note that the N :  P ratio for 
the entire Sechelt Inlet system in the upper 21 m was 

8.3, suggesting that its waters provided an optimal 
nutrient environment for the growth of this diatom. 
Indeed S. costafum was often dominant, accounting for 
a significant proportion of the biomass. A question 
which anses: can the dominance of this species deter- 
mine ambient nutrient ratios or does S. costatum 
simply respond to optimal nutrient conditions created 
by some other force? 

The Sechelt Inlet complex yielded a NO3: PO4 ratlo 
of 8.2 while adjacent Jervis Inlet yielded 11.9 (Fig. 6). 
The latter value is very close to those observed by 
Smethie (1987). Saanich Inlet (on the southeastern tip 
of Vancouver Island) experienced a No3:  PO, ratio of 
13.0. This inlet has an anoxic bottom which perhaps 
lowers N : P ratios via denitrification; however, periodic 
intrusion of oceanic water (Herlinveaux 1962) prob- 
ably has a greater effect on the ratio. It is interesting to 
note that the NO3: PO, ratio decreased from the inlet of 
greatest exposure to oceanic influence (Saanich Inlet) 
to that least exposed (Sechelt Inlet). Connecting 
Saanich Inlet to Jervis Inlet is the southern Strait of 
Georgia which is greatly influenced by the Fraser 
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Stat ion 

Fig. 14. Stylized d~stributlon of cumulative mean area1 bio- 
mass (g  C m-') of diatoms, photosynthetic dino-, mlcro-, and 
nanoflagellates, and heterotrophic zooplankton (nano- and 
micro-) along a transect from Stns 1 to 6 assuming no small- 
scale patchiness. Sprlng bloom- March 1990; late spring, early 
summer: mean of April to June  1989-1990; summer: mean of 
July to August 1989-1990; fall. mean of September to October 

1989-1990 

River, especially during the freshet (LeBlond 1983). 
This region had a NO3: PO, ratio of 9.9 which does not 
fit the pattern described above. However, the magni- 
tude of freshwater runoff is so great in this region that 
one should expect an effect on the N :  P ratio by the 
river water (which tends to have N : P ratios less than 7, 
calculated from Harrison et al. 1991). 

Spring bloom 

The spring bloom successional sequence in British 
Columbia coastal waters generally follows the trend: 
Thalassiosira spp. + Skeletonema costatum + Chaeto- 
ceros spp. (Harrison et al. 1983, Sancetta 1989). This 
trend holds true for other temperate regions (Hasle & 
Smayda 1960. Karentz & Smayda 1984). In Sechelt 
Inlet S, costaturn and T. nordenskioeldii codominated 
the biomass in March, although the former far ex- 
ceeded other species in cell numbers. Perhaps we 
missed a period when T. nordenskioeldii was domi- 

........................................ 
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Fig. 15. Ratio of heterotrophic:photoautotrophic biomass a t  
each station from April 1989 to September 1990. Dashed 
line indicates that the heterotrophic biomass is 50 ''6 of the 

photoautotrophic biomass 

nant. Karentz & Smayda (1984) also found that these 2 
species typically dominated the spring bloom in 
Narragansett Bay. By April the relative contribution of 
S. costatum in the Sechelt system increased though its 
biomass decreased. 

The spring bloom in Sechelt Inlet (see Fig. ?A) pre- 
sumably occurred in response to a light regime created 
by longer photoperiods, higher irradiances, and strati- 
fication (U, was determined almost entirely by salinity 
at this time). The restricted depth of mixing suggested 
by Fig. ?B would have increased the mean light levels 
for the mixed layer. Stratification was probably the 
key factor allowing the spring bloom to occur early. 
Judging by the chlorophyll profile of 1989 (not pre- 
sented) the bloom eventually extends throughout the 
system, and there is a net export of diatoms through 
Skookumchuk Narrows to Jervis Inlet (based on flood/ 
ebb tide plankton data, Project 88P-l, Water Manage- 
ment Branch, Victoria, B.C.). 

On the southern British Columbian coast small 
sheltered inlets experience the earliest blooming 
(Gilmartin 1964, Haigh 1988). In the less sheltered 
southern Strait of Georgia the spring bloom is delayed 
until April (Stockner et al. 1979, Harrison et al. 1983) 
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due to wind-induced turbulence. Further north in the metals such as copper (Iizuka & Irie 1969). Perhaps 
Strait of Georgia, where stratification due to salinity is there was also a retention mechanism at work similar 
less s~gnificant, the spring bloom may even be sup- to that found by Anderson & Stolzenbach (1985) who 
pressed by winds (Haigh & Taylor 1991). Plankton reported that H. triquetra migrated downwards during 
succession on the outer coast typically lags that in the the ebb tide in an embayment and was not flushed out 
Strait by 1 mo. A chief determining force of the timing in surface brackish waters. 
of the spring bloom on the southern British Columbian 
coast is exposure to wind (St. John et al. 1993). The 
mechanism determining species succession, however, Summer stratification 
is unknown. Thalassiosira nordenskioeldii is one of the 
first major diatoms to bloom (often with T. aestivalis) in By August the surface waters were depleted of 
this region. Its growth rate is faster than those of other nitrate down to 5 m due to thermal stratification. Nano- 
diatoms at low temperatures and low irradiances plankton, chiefly cryptomonads and Chrysochromulina 
(Baars 1982) which gives it a competitive advantage. spp., became dominant in the upper water column 
Skeletonema costatum takes over once light levels during the summer months. Early and late summer 
exceed a critical level (Hegseth & Sakshaug 1983). We experienced peaks in nanoflagellate biomass, with 
suspect that the shift from S. costatum to Chaetoceros cryptomonads being a regular component. In 1989 the 
spp. is facilitated by macrozooplankton grazing based peaks were additionally composed of the silicoflagel- 
on evidence that Chaetoceros is not an optimal food late Dictyocha speculum whereas in 1990 Chryso- 
sou.rce (Harvey 1937, Parsons et al. 1967, Parsons & chromulina spp. and Heterosigma carterae accom- 
LeBrasseur 1969), perhaps due to the presence of panied the cryptomonads. Because the 1989 early 
siliceous setae. summer peak followed a period of storm activity (May), 

The heterotroph Gyrodinium spirale was the major we suspect that Chrysochromulina species would have 
contributor to dinofla.gellate biomass during the spring normally CO-dominated but were replaced by silico- 
bloom in Sechelt Inlet even though it is not known to flagellates. During the late summer peak in 1989, the 
consume Skeletonema spp. or Thalassiosira spp. This askeletal form of D. speculum bloomed. This form has 
temporal trend agrees with other observations in the been linked to fish mortality (Thomsen & Moestrup 
Kiel Bight (Smetacek 1.981), Gulf of Maine (Montagnes 1985) and can occur during silicate depletion (Jochem 
1986), and the northern Strait of Georgia (Haigh & & Babenerd 1989). The latter authors attributed the 
Taylor 1991). Smetacek (1981) observed ingested recurrence of this flagellate to the eutrophication of 
Nitzschla seriata cells within a few Gyrodinium, and Kiel Bight (Germany), but we see no evidence of 
Biecheler (1936) documented the capture and inges- eutrophication in the Sechelt Inlet system (except 
tion of a naked oligotrichous ciliate and small dino- perhaps a localized nutrient loading in Porpoise Bay) 
flagellates by another heterotrophic species of Gyro- and can only suggest that the large diatom bloom of 
dinium. One of us (R.H.) has observed medium-si.zed 1989 stripped much of the available silicate from the 
fusiform Gyrodinium species with ingested S. costa- euphotic zone, setting the nutrient reglme off balance 
tum. The larger G. spirale is most likely a grazer on for the summer. 
nanoflagellates and perhaps was the reason for the The chief summer dinoflagellate species in Sechelt 
latter's low biomass during the spring bloom. Inlet were Goniodoma pseudogonyaulax, Protoceratium 

Immediately following the spring bloom the photo- reticulatum, and Ceratium fusus, all of which regularly 
synthetic dinoflagellate Heterocapsa tnquetra became CO-occur in British Columbian waters, especially 
an important contnbutor to dlnoflagellate biomass. At during the latter part of summer. Both Sechelt Inlet 
Jericho Pier, English Bay, Vancouver, this dinoflagel- and Norwegian fjords (especially those of the south; 
late first appears in late April, early May (data from the Eilertsen et al. 1981) experience periods when dino- 
Jericho Plankton Monitoring Program, Dept. of Oceano- flagellates comprise a large portion of total biomass. 
graphy, Univ. of British Columbia), and u.sually be- We suspect that dinoflagellate seed beds occur in 
comes one of the dominant species by mid- to late- Narrows Inlet and Porpoise Bay. There was also advec- 
June. H. triquetra was one of the dominants of inner tion of dinoflagellates from Jervis Inlet, as reported 
Narrows Inlet in early June 1989 (Sutherland 1991). for the Alexandrium catenella bloom in 1989 (F. J R .  
This area proved to be a favourable site for H. triquetra Taylor et al. unpubl . ) .  Introduction of plankton 
within the Sechelt system, along with other flagellates, populations through Skookumchuk Narrows during 
possibly due to the anoxic bottom of inner Narrows summer was a regular phenomenon (supported by 
Inl.et. Anoxic sediments are known to stimulate flagel- flood/ebb tide plankton data, Project 88P-1, Water 
late growth via the release of sulphides (Iizuka & Management Branch. Victona, BC). Once advected 
Nakashima 1975) which also act to chelate inhibitory into the system population growth appeared to be 
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stimulated by mixing of water from Narrows Inlet. The 
waters of inner Narrows Inlet overlie an  anoxic bottom, 
a situation known to have a stimulatory effect on 
flagellate growth (Iizuka & Nakashima 1975). This 
coupled with the injection of nutrients via the 
Skookumchuck tidal jet lead to high plankton growth. 
The effect was most pronounced dunng the mid- 
summer regime of nutrient impoverishment (Fig. 14) 

Despite extensive periods of very low nitrate 
throughout most of the system (Fig. 4B), the nano- 
flagellates were capable of maintaining at least their 
background level and at times increased their biomass 
an order of magnitude (to 106 pg C m-2). This may be 
due to recycled nitrogen (Paasche & Kristiansen 1982~1, 
Furnas et  al. 1986). Furnas et  al. (1986) contend that 
microheterotrophs supply most of the recycled nitrogen 
in coastal waters (and probably most of the recycled 
phosphorus; Harrison 1983). Ammonium becomes the 
dominant dissolved nitrogen form in summer (Paasche 
& Kristiansen 1982b). Our data produced significant but 
dubious correlations between ammonium and various 
ciliates. Potential sources of ammonium are probably 
statistically unpredictable due  to factors such as the 
rapid recycling of this nutrient. 

Heterotrophic protistan biomass 

There were times, during 1989 and 1990, when 
nano- and microheterotrophic biomass u7as greater 
than 50 % of the photoautotrophic biomass. In marine 
ecosystems the ecological efficiency between herbi- 
vores and phototrophs is 20 % (Parsons et al. 1984c), 
although there is probably greater efficiency amongst 
the nano- and micro-components of the planktonic 
food web. Our protistan biomass ratio fluctuated be- 
tween 0.03 and 1.16, the latter value being comparable 
to Sorokin's (1977) ratio of protozoan: phytoplankton 
biomass of 1.04. The higher ratios in Sechelt Inlet were 
perhaps indicative of periods when grazers had over- 
taken their prey. Also, heterotrophs may have been 
using particulate organic matter resulting from the de- 
composition of blooms (Sorokin 1977). We expect these 
high ratios would not be maintained for long unless 
there were significant mixotrophy. Ciliates are known 
to sequester chloroplasts of their prey (Blackbourn et  
al. 1973, Laval-Peuto & Rassoulzadegan 1988) and  
have been shown to contribute significantly to primary 
production (Stoecker et  al. 1987, Stoecker 1991). 

Periods when protistan heterotrophs comprised a 
large proportion of the total biomass occurred during 
the summer when nutrient limitation had favoured 
populations of nanoplankton which, in turn, were being 
grazed by ciliates. D. J. S. Montagnes et al. (unpubl.) 
explore this further, but briefly, ciliates have growth 

rates (2 to 3 doublings d - ' )  comparable to or greater 
than their prey so that conceivably they could respond 
immediately to any increase in the latter's productivity. 
The other time period when heterotro:phic biomass be- 
gan to approach that of the photoautotrophs was toward 
late fall after the fall bloon~ of diatoms. During the winter 
we would expect that the ratio might be more constant 
due  to less fluctuation in primary production. 

SUMMARY 

The Sechelt Inlet complex is a small fjord compared 
to others on the British Columbia coast and is effec- 
tively isolated from oceanic influence, a s  indicated by 
the low N :  P ratio of 8.3. Despite its modest size, the 
complex provides various physical environments, lead- 
ing to regional differences in plankton production. 
Generally biomass was greatest at  the 2 extremes of 
Sechelt Inlet and  decreased from the time of the spring 
bloom to the fall period. 

The spring bloom started early (March) due  to strati- 
fication, created by fresh water input from Salmon 
Inlet, and the sheltered nature of the fjord. Highest 
biomass at  this time occurred near the junction of 
Salmon and Sechelt Inlets. The species composition of 
the bloom was similar throughout the system and was 
dominated by Skeletonema costatum and Thalassiosira 
nordenskioeldii. The predominance of S ,  costatum was 
suggested to be linked to the low seawater N :  P ratio: 
either this diatom caused a reduction in the N : P ratio 
by its growth or the low N :  P ratio provided an  optimal 
nutrient environment. During the spring bloom there 
was a net export of plankton out of the system. 

Once the upper waters of the con~plex became 
nutrient-depleted 2 regional forces stimulated plankton 
production. The first was injection of nutrients via the 
Skookumchuk tidal jet by mixing and entrainment. The 
effect of the jet was most pronounced at  the junction of 
Narrows and Sechelt Inlets. This region also received 
water from inner Narrows Inlet which periodically has 
an  anoxic bottom. Conceivably, the waters of inner 
Narrows Inlet contained factors such as sulphides which 
stimulate flagellate growth. The combining of these 2 
nutrient sources created a regime in outer Narrows Inlet 
conducive to the enhancement of all groups during the 
period of greatest nutrient stress. 

The second regional effect occurred in the Porpoise 
Bay area where biomass was stimulated during peri- 
ods of nutrient stress. This area overlies a shallow shelf 
with a minor sill which possibly enhanced nutrient flux 
into the upper waters during tidal and wind mixing. 
Also, septic tank seepage from the town of Sechelt, 
located on the southern end of the inlet, may have 
stimulated production. 
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The ratio of heterotrophic : photoautotrophic pro- 
tistan biomass occasionally exceeded 50 % and ranged 
from 0.03 to 1.16, which is probably typical for tem- 
perate waters. Ciliates accounted for the majority of 
the heterotrophic biomass and were most abundant 
during the summer when nanoflagellates were domi- 
nant. These microheterotrophs elevated the ratio by 2 
possible mechanisms: high grazing rates coupled with 
fast doubling times (to be explored in a subsequent 
paper) and potential mixotrophy. 
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