
 
 

 
 
 
 

P.O. BOX 208118 | NEW HAVEN CT 06520-8118 USA | PEABODY.YALE. EDU 

 
 
JOURNAL OF MARINE RESEARCH 
The Journal of Marine Research, one of the oldest journals in American marine science, published 

important peer-reviewed original research on a broad array of topics in physical, biological, and 

chemical oceanography vital to the academic oceanographic community in the long and rich 

tradition of the Sears Foundation for Marine Research at Yale University. 

 

An archive of all issues from 1937 to 2021 (Volume 1–79) are available through EliScholar,  

a digital platform for scholarly publishing provided by Yale University Library at  

https://elischolar.library.yale.edu/. 

 

Requests for permission to clear rights for use of this content should be directed to the authors, 

their estates, or other representatives. The Journal of Marine Research has no contact information 

beyond the affiliations listed in the published articles. We ask that you provide attribution to the 

Journal of Marine Research. 

 

Yale University provides access to these materials for educational and research purposes only. 

Copyright or other proprietary rights to content contained in this document may be held by 

individuals or entities other than, or in addition to, Yale University. You are solely responsible for 

determining the ownership of the copyright, and for obtaining permission for your intended use. 

Yale University makes no warranty that your distribution, reproduction, or other use of these 

materials will not infringe the rights of third parties. 

 
This work is licensed under a Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 International License. 
https://creativecommons.org/licenses/by-nc-sa/4.0/ 

 

 



Journal of Marine Research, 54, 1097-l 122, 1996 

Sinking particle fluxes from the euphotic zone over the 
continental slope of an eastern boundary current region 

by M. A. Peiia’, K. L. Denman’, J. R. Forbes’, S. E. Calvert* and R. E. Thomson’ 

ABSTRACT 
We analyze data from sediment traps and current meters moored at two locations 100 km apart 

over the Vancouver Island continental slope during the spring and summer of 1990. Time-series of 
sinking particle fluxes, major biogenic components (biogenic silica, calcium carbonate, and particu- 
late organic carbon and nitrogen), and stable isotopic composition (S’3Corganic and S15N,,,,) were 
determined on samples obtained with sequential sediment traps moored at 20&250 m depth. 
Associated water property data were obtained from CTDlRosette profiles taken during trap service 
periods and from current meters positioned in the surface layer and near the sediment trap. These data 
indicate that the two locations (a southern site .I and a northern site NJ) were hydrographically 
distinct during the investigation. At site J, we found evidence for frequent upwelling events and more 
variability in the upper layer water properties. The main difference in the sinking fluxes of particles 
between the two sites was the occurrence of a one-week event at the end of May at J that contributed 
about one third of the total particle flux during the sampling period. Otherwise, the total flux collected 
during the study and the flux of major biogenic particles were similar at both sites. Silica shells 
dominated the flux of particles, particularly during the spring and early summer period. At both sites, 
particulate organic carbon rather than calcium carbonate was the main contributor to particulate 
carbon fluxes. The 6°C organic showed marked variations during the sampling period at both sites 
likely due to variations in the growth rate of phytoplankton and in species composition. In 
comparison, variations in nitrate availability appear to dominate the changes in S15N,,,,. 

1. Introduction 

The export of particulate organic carbon and calcium carbonate shells from the euphotic 
zone is an important process in the oceanic carbon cycle. To date, most of the information 
on sinking particles in the ocean has been obtained with sediment traps. Several studies 
have shown a strong correlation between primary production and the fluxes of particulate 
organic carbon and nitrogen beneath the euphotic zone (Suess, 1980; Betzer et al., 1984; 
Pace et al., 1987). This biological control of particle sedimentation results in a marked 
seasonality in both the composition and magnitude of the fluxes. Over time scales longer 
than a year, the production of phytoplankton resulting from nitrogen supplied from outside 
the euphotic zone (i.e. new production) is considered to be quantitatively equivalent to the 
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organic matter that can be exported out of the euphotic zone without the production system 
running down (Eppley and Peterson, 1979). The export of organic matter occurs as sinking 
particles and as dissolved organic matter transported away from the euphotic zone by 
currents and turbulent diffusion. It has been estimated (Bienfang and Ziemann, 1992) that, 
despite the lower area1 extent, coastal regions support about 64% of the global new 
production (and thus the export of organic matter) while offshore regions contribute only 
36%. Thus, continental margins could play an important role globally in the transport flux 
of carbon from the surface ocean where it is in contact with the atmosphere. 

Of the organic particles produced over continental margins, some are decomposed by 
bacteria and other organisms in the water column, some sink and are deposited in shelf 
sediments, and some are advected into deeper waters. It has been suggested (Walsh et al., 
198 1) that a significant proportion of the organic matter produced on continental shelves is 
exported to continental slope sediments. However, results from the SEEP (Shelf Edge 
Exchange Processes)-11 program (Biscaye et al., 1994) on the eastern US continental shelf, 
have recently shown that most of the biogenic particulate matter was remineralized over 
the shelf and only a small proportion (<5%) was exported to the adjacent slope, primarily 
due to weak seaward mean currents (generally <2 cm s-l). In contrast, in eastern boundary 
current regions, the upwelling that provides the nutrients for the high photosynthetic 
production of carbon could also be responsible for transporting much of the production (i.e. 
phytoplankton) seaward via the wind-induced surface Ekman transport and by localized 
offshore-flowing surface currents (i.e. “upwelling filaments”) before it can sink or be 
utilized by zooplankton on the continental shelf. 

The currents off the west coast of Vancouver Island have a pronounced seasonal cycle 
(Freeland et al., 1984; Thomson et al., 1989; Hickey et al., 1991). In winter, the 
predominant circulation consists of wind-driven poleward flow over the slope and outer 
shelf and buoyancy-driven poleward flow over the inner shelf. In summer, the wind-driven 
flow reverses direction in response to the changing winds while the prevailing current over 
the inner shelf continues to flow poleward in response to buoyancy output from Juan de 
Fuca Strait. The spring transition to the summer flow regime begins around early February 
to early March and the fall transition to the winter flow regime from mid September to mid 
November when the prevailing winds return to the southeast direction. As in other eastern 
boundary current regions (Brink and Cowles, 1991), there is considerable spatial and 
temporal variability in the flow field seaward of Vancouver Island. For example, satellite 
thermal images taken during the summer months often show cool bands of surface water 
that have formed as a result of upwelling filaments that can extend up to 100 km offshore 
(Freeland and Denman, 1982; Ikeda and Emery, 1984; Fang and Hsieh, 1993; Brown et al., 
1993). It has been suggested (Ikeda and Emery, 1984; Staples, 1993) that cold water bands 
along the shelf break off Vancouver Island during the upwelling season are likely the result 
of shelf break upwelling, although it is also possible that the water was advected from 
regions farther north. Also, observations of Coastal Zone Color Scanner (CZCS) images in 
this region during the summer (Thomson and Gower, 1985) have revealed the presence of 
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eddies and current filaments which usually have relatively high concentrations of chloro- 
phyll (Abbott and Zion, 1987; Cochlan et al., 1991). 

The main objectives of this study were: (i) to characterize the time variability in the 
amount and composition of the biogenic fluxes of materials sinking out of the euphotic 
zone over the continental slope in an eastern boundary current region during the spring/ 
summer season; and (ii) to compare the sinking flux of particles and related hydrographic 
environment in an area of persistent upwelling filaments with the same measurements from 
an area where upwelling filaments rarely occur. To that end, we report on the magnitude 
and composition of sinking particle fluxes collected with time-series sediment traps at two 
sites over the continental slope off Vancouver Island. Trap data are complemented with 
current meter observations taken in the surface layer and just below the sediment traps, and 
with water column observations obtained during the mooring deployments for the 
spring/summer season of 1990. 

2. Methods 

Two sequential sediment traps were moored for two consecutive periods between April 
26 and September 30, 1990 in the shelf break waters off Vancouver Island (Fig. 1). There 
was a three-day gap (18-20 of July) in the sampling between the first and second 
deployment. One sediment trap mooring was located under the path frequently followed by 
filaments (site J; 49” 39’ N and 127” 38’ W) and the other about 100 km to the north (site 
NJ; 50” 17’ N and 128” 22’ W), where satellite imagery indicated that upwelling filaments 
were rare (Thomson and Gower, 1985). The sediment trap at site J was located (based on 
the pressure transducer in a deep current meter) at a depth of 197 and 195 m, and at site NJ 
at a depth of 245 and 204 m, during the first and second deployments respectively. These 
depths are well below the euphotic zone and between the near-surface southward-flowing 
shelf edge current and the deeper northward-flowing California Undercurrent. The bottom 
depths at the sites are 577 and 754 m, respectively. Each mooring consisted of a 
cone-shaped sediment trap (Honjo Mark V, Honjo and Doherty, 1988) with 12 time-series 
cup collectors and a collection area covered by baffles of 1.14 m* at the depths given above, 
and a current meter (Aanderaa RCM4) 5 m below the sediment trap. A shallow current 
meter was located at a depth of 27 and 36 m on the J mooring and at 75 and 45 m on the NJ 
mooring during the first and second deployments, respectively. Profiles of temperature and 
salinity, in situ fluorescence and macronutrients were obtained from CTD/Rosette casts 
(Fig. 1) at the time of sediment trap servicing (April, July and October). 

The sediment trap sample cups were deployed filled with filtered seawater (Millipore GS 
0.22 pm membrane filter and Whatman 934AH glass fiber prefilter) to which 5 g L-i of 
NaCl was added to increase salinity and 1 g L-I sodium azide (NaN,) as a poison/ 
preservative. Upon recovery of the traps, the sample cups were removed from the trap body 
and stored at 4°C until they could be examined. A total of 23 sediment trap samples were 
collected from site NJ and 24 samples from site J over the 155 day period (Table l), each 
representing a 6-7 day collection period, except for one sample at NJ where the duration 



1100 

51 

50 

49 

Journal of Marine Research [54,6 

129 128 127 126 

Figure I. Location of sampling sites. Circles represent CTD/Rosette station and asterisks the 
location of the sediment trap mooring. 

was 14 days. All sediment traps collected large numbers of zooplankton which were not 
passively sinking particles. In the laboratory, samples were screened with a 1 mm sieve to 
remove large zooplankton and then the remaining swimmers were hand-picked under a 
dissecting microscope. After removal of swimmers, half of the sediment trap material was 
freeze-dried and subsampled for analysis of total mass flux, particulate organic carbon 
(POC), particulate total nitrogen (PON), calcium carbonate (CaCO,), and stable isotopic 
composition (S13Corganic and S15Nt,t,l). The remainder was subsampled for biogenic silica 
and other analyses not reported here. 

To obtain total mass fluxes, samples were filtered onto preweighted 0.8 ym Nucleopore 
polycarbonate filters, dried at 60°C and weighed. Total carbon and nitrogen were deter- 
mined by combustion/gas chromatography using a Carlo Erba CHN analyzer. Carbonate 
carbon was separately determined by acid evolution of CO2 and quantification using a UIC 
coulometer. Organic carbon was obtained by difference. The precision of the analyses was 
23% for organic C, carbonate C and nitrogen. Biogenic silica was determined by a 
simplification of DeMaster’s (1981) technique which consisted of dissolution in hot 1% 
Na2C03 and analysis by Technicon autoanalyzer (Technicon industrial method No 186- 
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Table 1. Dates and duration of the sediment trap samples at J and NJ sites obtained in the two 
deployments. All collection periods were the same for both sites except for samples 1-8 and l-9 
that were combined in the sediment trap at NJ site. 

Sampling dates Interval 
Sample Cup Open Closed (days) 

l-l 
l-2 
l-3 
l-4 
l-5 
l-6 
l-7 
1-8 
l-9 
l-10 
l-11 
l-12 
2-l 
2-2 
2-3 
2-4 
2-5 
2-6 
2-7 
2-8 
2-9 
2-10 
2-11 
2-12 

Total Sampling Period 

26-Apr.- 1990 
2-May-1990 
9-May-1990 

16-May-1990 
23-May-1990 
30-May-1990 

6-June- 1990 
13-June-1990 
20-June- 1990 
27-June- 1990 

4-July-1990 
11-July-1990 
20-July- 1990 
26-July- 1990 
l-Aug.-l990 
7-Aug.-1990 

13-Aug.-l990 
19-Aug.-l990 
25Aug.-1990 
31-Aug.-1990 
6-Sept.- 1990 

12-Sept.-l990 
18-Sept.-l990 
24-Sept.-l990 

2-May- 1990 
9-May-1990 

16-May-1990 
23-May-1990 
30-May- 1990 

6-June- 1990 
13-June- 1990 
20-June- 1990 
27-June- 1990 

4-July- 1990 
11 -July- 1990 
20-July- 1990 
26-July- 1990 
l-Aug.-l990 
7-Aug.-1990 

13-Aug.-1990 
19-Aug.- 1990 
25-Aug- 1990 
31-Aug.-1990 
6Sept.-1990 

12-Sept.-l990 
18-Sept.-l990 
24-Sept.-l990 
30-Sept.-1990 

7 

7 
7 
7 
7 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

155 

72W). The isotopic composition of organic carbon was determined on decarbonated (10% 
HCl) subsamples using a VG PRISM isotope ratio mass spectrometer, with a Carlo Erba 
CHN fitted in-line as a gas preparation device. The isotopic data are reported in the 
conventional %O notation with respect to the PDB standard. Precision was +0.2%0. 815Ntotal 

values were determined on separate subsamples by Dumas combustion (Minagawa et al., 
1984) followed by cryogenic separation of the N2 gas and mass spectrometry. The results 
are reported relative to air and with a precision of -+0.3%0. 

Daily values of temperature, salinity, and current velocity were obtained from the 
current meter records by first low-pass filtering the 30 min data with a squared Butterworth 
filter with a cutoff frequency of (l/40) h-r and then picking out the mid-day value. The 
current velocity was then defined in terms of its cross-shore (U) and longshore (V) velocity 
components, with U positive onshore and V positive at an angle of 40” counterclockwise 
from north parallel to the local coastline. A time-dependent current velocity index 
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(Thomson and Ware, 1996) of coastal ocean variability, I, = (Y( V,dV/& / dV/&, was derived 
from the vertical shear between the observed longshore currents, aV/& = AVlAz, 
measured by the upper and lower current meters. The variable z is depth, t is time, and (Y 
(= ~ I/[( f2 + 6*)ay]) is a normalization factor constructed from the Coriolis parameter,f, 
a frictional parameter, 6, and the standard deviation, oy, of the upper current velocity, Vs. 
Derived from the thermal wind relation for the longshore flow, the index is positive during 
upwelling-favorable flow conditions and negative during downwelling-favorable condi- 
tions. 

Water samples of 20 ml for the analysis of nutrients (nitrate, phosphate and silicate) 
were taken at several depths at each station and frozen immediately in an alcohol bath at 
-40°C and stored until analysis. In the laboratory, a Technicon II autoanalyzer and 
standard techniques were used for analyses of these samples (Strickland and Parsons, 
1972). 

3. Results 

a. Hydrography, nutrients and chlorophyll. Cross-shelf sections of temperature, salinity 
and nitrate (Fig. 2) through the NJ and J sites during July 1990 show marked horizontal 
gradients in water properties. As one would expect for upwelling conditions, temperatures 
decrease while salinity and nitrate concentrations increase in the onshore direction. At the 
time of the survey, slightly lower temperatures and higher salinities, nutrients and 
phytoplankton biomass were found at J than at NJ. Low temperature (< 11 “C) and high 
nitrate (> 10 PM) contours intersected the surface waters farther offshore at J than at NJ (at 
about 48 and 20 km from shore, respectively). The distribution of silicate and phosphate 
(not shown) followed a pattern similar to that of nitrate with significant abundances along 
both transects and higher concentrations inshore. Chlorophyll fluorescence values along 
both transects were higher towards the surface with peak values at roughly 12 and 18 km 
inshore of the trap location at NJ and J, respectively. 

Profiles of temperature, salinity, and nutrients for the times of the ship survey periods in 
April, July and October are shown in Figure 3. At times of sampling, nutrients were always 
detectable at both sites, with concentrations lower in the mixed layer than below. At the 
time of mooring deployment in April, the upper layer was thoroughly mixed down to about 
30 m at NJ. The concentration of nitrate was >3 pM in the surface layer at NJ and >2 yM 
at J. In July, when warmer temperatures and a sharper seasonal thermocline were present, 
especially at NJ, the mixed layer was shallower (about 20 m), and nutrients were lower 
(<l pM of nitrate) at NJ but considerably higher (>lO pM nitrate) at site J. In October 
(more than two weeks after the last sediment trap sampling cup closed), the surface mixed 
layer at both sites had deepened to about 50 m and nutrient concentrations were high 
(> 10 yM nitrate). 

6. Current meter records. Low-pass filtered time-series of temperature, salinity and 
horizontal currents from the shallow (27-75 m) and deep current meters (200-250 m) are 
shown in Figure 4. At site J, there is a 22-day gap in the current of the shallow current meter 
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Figure 2. Cross-shelf sections of temperature (“C), salinity (psu), nitrate (PM) and chlorophyll 
fluorescence (mg m-s) passing through the NJ and J sites during July 1990. The arrows indicate 
the location of the sediment trap mooring and horizontal distance is shown relative to the shelf 
edge (200 m isobath). Note the expanded vertical scale for the chlorophyll section. 

record between June 26 and July 17 due to an instrument malfunction. The shallower 
current meters were moored near the coincident thermocline and halocline (Fig. 3) whose 
depths change as a result of passing internal waves and lateral advection. Variations in the 
depth of these surfaces are responsible for the abrupt peaks and troughs in the temperature 
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Figure 3. Vertical profiles of temperature (solid line), salinity (dashed line), nitrate (diamond), 
phosphate (circle) and silicate (triangle) obtained in: (a) April 26, (b) April 28, (c) July 20, (d) July 
18, (e) October 18, and (f) October 15 at sites NJ and J. Units as in Figure 2. 

and salinity records. Temperatures from the shallow current meters were warmer (average 
10°C) and more variable (range 7.9-13S”C) at J than at NJ (average 8°C range 
6.7-9.9”(Z). At NJ, salinities were higher than at J particularly during the first deployment 
when the current meter was at a greater depth than during the second deployment (75 
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versus 45 m). At J, fluctuations in salinity followed a similar pattern to those of temperature 
but of opposite sense (temperature decreases and salinity increases with depth in the North 
Pacific). Mean salinities at J were higher during the second deployment (32.4 psu) than 
during the first deployment (3 1.8 psu) due to the greater depth of the current meter during 
the second deployment (36 versus 27 m). The data from the deep current meters at both 
sites had similar, near constant temperatures (6-7°C) and salinities (34.1 psu) during the 
sampling period. 

For the period of sediment trap measurements, the current records show a strong flow 
near the surface (mean unfiltered speed = 16 cm s-l at NJ and 22 cm s-i at J) and 
somewhat weaker flow at the deep current meter (mean unfiltered speed = 9.8 cm s-i at 
NJ and 9.2 cm s-I at J). At J, surface currents were predominantly to the southeast (mean 
V = - 12.5 cm s- ‘) for all but a small fraction of the total time series, reaching peak speeds 
in excess of 40 cm s-i during May and the end of July. In comparison, surface currents at 
NJ were highly variable with net surface transport to the northwest (mean V = 3.8 cm s-l) 
interrupted by intermittent reversals in flow direction over periods of days to weeks. At the 
two sites, the longshore currents were generally stronger than the cross-shore currents. The 
small mean cross-shore speeds (0.6 cm s-i at J and 2.1 cm s-l at NJ) indicate a net onshore 
flow throughout the sampling period but are sensitive to the orientation of axes. The 
magnitudes of episodic seaward flow events were larger at J than at NJ, reaching values 
greater than 20 cm s-i. At the nominal 200 m depth, the along-shore current component 
was generally to the northwest (on average 4.1 cm s-* at NJ and 3.8 cm s-i at J), so that the 
deep currents were in the same direction as those near the surface layer at NJ but in the 
opposite direction to the surface currents at J. The current velocity index (I,) shows little 
upwelling activity at NJ: only on four occasions during the sampling period were values 
greater than 100 obtained. In contrast, site J seems to be subjected to upwelling events 
during much of the summer with the most intense event (I, > 400) at the end of July. 
During the first deployment, an upwelling event that lasted about 20 days was observed in 
May. During the second deployment, the Z, indicates upwelling activity during most of the 
period, except for the first week of August and after the 15 of September. 

c. Sediment trap$uxes. Particle fluxes to the sediment traps were substantial and highly 
variable (Fig. 5). Total dry weight (TDW) flux ranged from 36 to 805 mg m-* d-i at NJ 
and from 15 to 2150 mg m-* ddl at J. Both sediment traps received higher fluxes of 
material during the spring (until the second week of June). At J, an episode of particularly 
high particle flux was observed in late May. This one-week spring pulse contributed 36% 
of the TDW collected. Although the sampling interval was longer at the NJ trap during this 
period (16-30 of May), the flux of 764 mg m-* ddi during this peak was lower than the 
average flux of 1455 mg rn-* d-l recorded at J over the same period. In comparison, the 
integrated TDW flux over the full deployment period (155 days) was roughly equal at both 
sites (39.9 g me2 at J and 43.3 g rnp2 at NJ). Similarly, biogenic silica fluxes integrated 
over the entire sampling period were comparable but the range of values differed for the 
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Figure 4. Daily variations in temperature, salinity, current data and I, index from the shallow 
(located at a depth of 75 and 4.5 m at NJ and at 27 and 36 m at site J, during the first and second 
deployments respectively) and deep (located at a depth of 251 and 210 m at NJ and at 203 and 
201 m at site J, during the first and second deployments respectively) current meters at sites (a) NJ 
and (b) J. Positive U (v) values represent currents directed inshore (northwest); negative values 
represents flow offshore (southeast). Sediment trap sampling periods are shown along the bottom 
axis. 

two sites, ranging from 3 to 385 mg mp2 d-l at NJ and from 3 to 1155 mg mm2 d-l at J. The 
sinking fluxes of TDW (for each sampling interval) were highly correlated with biogenic 

silica fluxes, indicating that plankton biomass in the upper layer was dominated by diatoms 
with significant skeletal structures. In contrast to the similarities in the TDW and biogenic 
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Figure 4. (Continued) 

silicate fluxes at both sites, the total flux of POC was -25% lower at J than at NJ over the 
same period. The POC fluxes ranged from 6 to 65 mg m-* d-r at NJ and from 3 to 
152 mg mm2 dd’ at J. The overall trend in the temporal pattern was the same as for TDW. 
CaCOX fluxes ranged from 4 to 77 mg me2 d-r and 2 to 99 mg m-* d-r at NJ and J, 
respectively. In contrast to POC, PON and biogenic silica fluxes which closely follow the 
TDW flux, CaC07 fluxes were higher at the end of the summer rather than during the 
spring. 

The fluxes of major biogenic particles (i.e. POC, CaC03, and biogenic silica) contrib- 
uted 53-76% (mean = 64%) of the TDW at NJ and 55-91% (mean = 68%) at J (Fig. 6). 
On average, biogenic silica was the largest component of settling particles during the study 
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Figure 5. Time-series plots of: total mass of particulate matter (TDW), biogenic silicate (SiOz), 
particulate organic carbon (POC), and calcium carbonate (CaC03) fluxes at both trap sites from 26 
April to 30 September. The average flux in mg m-2 day-’ of each component during the sampling 
period is given between brackets. 

period (39% at NJ and 37% at J) followed by POC (14% at NJ and 16% at J) and CaC03 
(13% at both sites). However, there were significant differences among samples contribut- 
ing to the different components. For example, the biogenic silica contribution to the total 
flux varied from 11 to 56% at NJ and from 15 to 66% at J. At both sites, biogenic silica 
generally dominated the fluxes of biogenic particles until July. Afterwards, the proportion 
of POC and CaCOs increased. 
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Figure 6. Temporal variability in the relative contribution of the major biogenic components of the 
sediment trap sample. 

d. Composition ratios. The mean organic C/total N atomic ratios from the trap samples 
were similar (9.7 and 9.8) at both sites, and were slightly higher than those found in Ocean 
Station Papa (-8.9 at 2.50 m; Wong and Whitney, personal communication). The C/N 
ratios ranged from 7.5 to 12.6 at NJ and from 7.7 to 12 at J (Fig. 7). These values suggest 
that the material falling into the traps were dominantly of marine rather than terrigenous 
origin (C/N ratio of - 16; Venkatesan, 1988). At both sites, the atomic Col-ganic/Ccarbonate 
ratios were highly variable (range 3 to 29) during the sampling period and were on average 
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Figure 7. Changes in the atomic ratio between biogenic elements (Si, N, organic and inorganic 
carbon) during the sampling period. Corganic indicates organic carbon, Ccarbonate indicates carbon in 
calcium carbonate. 
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Figure 8. Time-series of stable isotopic composition (S13C,,ganic and 8i5Ntotai) of the sediment trap 
material and particulate organic carbon and nitrogen fluxes for samples collected at sites NJ and J. 

slightly lower at NJ (11 + 5.4) than at J (12.8 ? 7.1). The value of this ratio indicates that 
at 200 m depth organic carbon is much more important in the vertical transport of 
particulate carbon than inorganic carbon (i.e. calcium carbonate). 

The SibiogendCorganlc atomic ratios varied between 0.1 and 2.1, and were usually higher 
than the typical ratios of marine diatoms (0.13; Brzezinski, 1985). In particular, the 

Sibi0ghP&gan8c ratio of the material collected in May during the spring peak at J was 
significantly higher (16 times) than that of diatoms indicating that most of the flux was due 
to diatom frustules rather than to intact cells. In the few occasions where Sibiogenic/Corganic 
approaches the vahles Of intact Cells, the Sibiogenic/Ccarbonare ratio was lower than the average 
indicating an increase in the relative contribution of calcareous organisms. The Sibiogenic/ 
C carbonate ratios were high and variable at both sites before August when diatom frustules 
dominated the flux, becoming lower afterwards. Only during August at NJ did we find 
samples with Sibiogenic/Ccarbonate < 1. 

e. Isotopic composition. Time series of the variations in S13C,,panic and 815Ntotal in the trap 
samples, together with the flux values for organic carbon and nitrogen are shown in Figure 
8. Apart from ~13Corganic at NJ, the isotope variations are not clearly related to the flux 
variations. Moreover, the mean values of s’3Corganic (-21.7 and -21.9) and &15Nt0tal (9.2 
and 9.3) are similar at the two sites. 

The ai3Corgenic values range from - 19.7 to -24.1%0 at NJ and from - 18 to - 24.7%0 at J 
over the six-month sampling period. These ranges encompass a large part of the variation 
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of marine planktonic and suspended sediment values reported in the literature (Degens et 
al., 1968b; Rau et al., 1982; Fry and Sherr, 1984; Wada et al., 1987; Fry, 1988; Fry and 
Wainwright, 1991; Rau et al., 1991; Sackett, 1991). At J, S’3C,rganic increased slightly 
(became heavier) prior to, and reached a maximum at, the spring flux maximum, 
decreasing markedly thereafter. This change was followed by a steady increase during the 
period of declining POC fluxes until August, after which there was another decrease to a 
minimum in mid-August. Finally, the 8’3Corganic values increased to the highest values at the 
end of September. At NJ, there were no clear trends in 613Cqanic while the carbon fluxes 
varied between fairly narrow limits. Some of the maxima in B13Corganlc values do, however, 
coincide with maxima in POC fluxes. 

The 6isN total values range from 7.6 to 12.8%0 at NJ and from 7.2 to 10.5%0 at J. Once 
again, these values are similar to literature values for plankton samples from coastal sites 
(Mullin et al., 1984; Altabet and Deuser, 1985; Altabet and McCarthy, 1985, 1986; Libes 
and Deuser, 1988; Wada and Hattori, 1991; Montoya et al., 1992; Montoya, 1994), but are 
markedly heavier than those reported for open ocean observations (Saino and Kattori, 
1980; Mullin et al., 1984; Altabet and McCarthy, 1986; Wada et al., 1987; Altabet, 1988; 
Altabet et al., 1991; Wada and Hattori, 1991; Frarqois and Altabet, 1992; Saino, 1992). At 
J 615N total decreased to a minimum during the spring flux maximum (around the end of 
May), and then increased abruptly by 3%0 thereafter. The values then remained at a high 
level for the remaining three months, with slight minima during two minor PON flux 
maxima. 6i5N total varied to a greater extent at NJ, with minima once again generally 
coinciding with PON flux maxima. Examination of the major variations in both isotope 
ratios suggests that 8’3Coraanic changes to heavier values and a15Ntotal changes to lighter 
values during major flux events. 

4. Discussion 

The intended purpose of this study was to describe and compare the fluxes of particles 
during the spring and summer months at two sites seaward of Vancouver Island. One site 
(J) was located under the path of a recurring upwelling filament (Denman et al., 1989; 
Brown et al., 1993) and the other (NJ) was located where upwelling jets are rare. We did 
not observe a definitive upwelling filament from our shipboard sampling during April, July 
and October, nor was there evidence for a filament in the current meter records. We did, 
however, observe significant differences in water property conditions between the two sites 
during the study. At J, current measurements provided evidence of upwelling over much of 
the study period and, in particular, during the summer. Previously, satellite sea-surface 
temperature observations in the region near J (Ikeda and Emery, 1984; Staples, 1993; 
Brown et al., 1993) have shown the presence of a cold water tongue extending southwest 
from Brooks Peninsula during the summer, and in two years, drifters deployed in the cool 
waters moved offshore for several days (Denman et al., 1989). These studies suggested that 
the cold water was advected by southward flow from the cooler northern region, but could 
also be the expression of local upwelling at the shelf break. At NJ, cold water was also 
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present, but current measurements indicate little upwelling activity at this site. Comparable 
low temperature water, which seems to have originated from the northern tip of Vancouver 
Island, has been observed in satellite sea-surface temperature images of this region (Ikeda 
and Emery, 1984). 

Satellite sea surface temperature data over eight summers (1984-1991) were analyzed 
by Fang and Hsieh (1993) to study the variability in long-term temperature patterns off the 
west coast of Vancouver Island and the seasonal and interannual variability in coastal 
upwelling. They found that the mean summer upwelling pattern of cold surface water, 
which is similar to the mean summer temperature field, was strongest during 1990, the year 
of our study. Moreover, they estimated a coolness index which indicated that in the summer 
of 1990 coastal waters were colder than in the previous three summers (although not the 
coolest of the 8 years). Their observations suggest that during summer 1990, coastal 
upwelling was stronger than normal, although Mackas (1995) found the Bakun upwelling 
index (Bakun, 1973) at 48N, 125W during April to October 1990 to be lower than the 
1979-9 1 average. 

a. Comparison of particle fluxes at NJ and J sites. Overall, there were no clear differences 
in the average fluxes of all major biogenic components at the two sites during the sampling 
period. As a consequence, our expectation that more biogenic particles would sediment out 
of a site under a recurring offshore-flowing upwelling filament than at a site where 
upwelling filaments seldom occur, was not confirmed for the sampling period. On the 
contrary, a 25% higher flux of particulate organic carbon was found at the northern NJ site. 
Quantitative field studies of particle fluxes are difficult because sediment traps of any type 
are subjected to hydrodynamic biases in trap collection particularly under conditions of 
varying current speed (see review in US GOFS Report No. 10, 1989). Baker et al. (1988) 
have found that in the field the trapping efficiency of moored sediment traps decreases with 
current speed greater than - 12 cm s- *. Although our traps are of a different design than the 
one used in that study, during our deployments, the current speed (before filtering) at the 
deep current meter (5 m below the traps) at site NJ was <12 cm s-i 68% of the time and 
< 18 cm s-i 86% of the time, and at site J was <12 cm s-i 73% of the time and 
<18 cm SK’ 92% of the time. Such low speeds suggest that trapping efficiency was not a 
major problem, but could have decreased during perhaps L/4 of the time. 

The major difference between the two sites was the greater number of particles (mostly 
biogenic silica) collected in a one-week sample in spring at J which contributed about one 
third of the total particles collected during the study period. Prior to the pulse of particles, 
current meter records indicate that there was a persistent upwelling event lasting about 20 
days. This suggests that the peak in particle flux at J was due to the response of diatoms to 
widespread (regional) nutrient enrichment after the upwelling event. However, there is also 
indication of other upwelling events during the study period which were not associated 
with increases in the flux of material. For example, the most intense upwelling event at J 
seems to have occurred at the end of July, yet the flux of particles was lower than the 
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average flux for the entire series. At this time, chlorophyll and nutrient concentrations in 
the surface layer were relatively high (>lO @I nitrate), not significantly different from 
those found in August 1986 at the same location by Cochlan et al. (1991). If the upwelling 
(and subsequent bloom) had been of limited area1 extent, the strong advective currents 
(order 40 cm SK’) at the upper current meter could have transported any bloom out of the 
region before significant particle sinking occurred. 

Although upwelling did not always result in an increase in the particulate material 
settling into the sediment traps, a response in the isotopic composition of the samples 
collected during and immediately after the upwelling events was found. This was 
particularly marked at J, where S13Corganic increased slightly to a maximum during the flux 
maximum and then decreased rapidly immediately thereafter. The change in S’5N’0ta’ was in 
the opposite sense; it decreased to a minimum during the flux maximum and then increased 
immediately thereafter, and the values appeared to remain at a higher level for the rest of 
the sampling period. 

The variability of the stable isotope signals reflects the dynamic nature of the coastal 
regime in which the traps were moored. During upwelling events, surface water tempera- 
tures would be expected to fall and nutrient levels would rise, as observed during the late 
spring and summer months off Vancouver Island (Parsons et aZ., 1966; Parsons and 
LeBrasseur, 1968; Anderson et al., 1969, 1977; Freeland and Denman, 1982). These two 
effects would work to decrease the S13Corganic values via the increase in pC02 due to the 
temperature decrease (Rau et al., 1989) and via the supply of regenerated CO2 from deeper 
water, and also to increase the values through an increase in growth rate because of the 
increase in nutrient levels (Degens et al., 1968a; Francois et al., 1993; Hinga et al., 1994; 
Laws et al., 1995; Nakatsuka et al., 1992). In addition, since the spring/summer blooms 
would be dominated by diatom productivity (Sambrotto and Lorenzen, 1987), as reflected 
in the increase of the Si’,iogen&organ’c ratio in the trap samples during this time-period, the 
settling particulate matter would be enriched in S13C (Fry and Wainwright, 1991). In the 
present case, the growth rate and species composition effects appear to have been dominant 
during the upwelling event, whereas conditions changed markedly after the event. The 
large decrease in S’3Corsan’c during this time period may reflect the maintenance of a 
relatively high pC02 in the surface waters because of the low temperatures and nutrient 
levels following the diatom bloom, together with a change in the phytoplankton assem- 
blage to relatively 13C-deficient species, for example flagellates. Thus, during the up- 
welling event, there was less discrimination against the heavy carbon isotope when the 
phytoplankton were growing rapidly. The rise in S13Corganic from mid-June to early August 
at this site would then reflect the warming of the surface waters and outgassing of COZ. 
Two other decreases in S13C organic later in the summer probably record smaller upwelling/ 
productivity events, although only the first of these isotope minima correspond to flux 
maxima. 

The S15N total value of planktonic and particulate organic matter depends on the isotopic 
composition of the source nitrogenous nutrient and the isotopic fractionation during 
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nutrient assimilation. Recent work has suggested that S15Nplankton is generally inversely 
related to the surface concentration of nitrate (reviewed by Altabet and Fraqois, 1994; 
Montoya, 1994). In addition, Si5Nplankton can record the influence of subsurface denitrifica- 
tion, which has a large isotope effect (Wada and Hattori, 1991) in low oxygen waters if 
some of the residual, isotopically heavy nitrate is supplied to the photic zone. Isotopically 
heavy organic St5N values in the eastern tropical Pacific (Libes and Deuser, 1988; Liu and 
Kaplan, 1989; Ganeshram et al., 1995) most likely reflect this effect, and the Si5N 
enrichment of plankton off central California described by Mullin et al. (1984) may also be 
influenced by the delivery of residual nitrate from the California Undercurrent that flows 
from south to north along this margin. The nitrogen isotopes are also fractionated 
substantially during food-chain transfer, wherein the heavy isotope is enriched by roughly 
3%0 at each trophic step (Minagawa and Wada, 1984). Thus, particulate organic matter 
originating from a shorter food chain will have lower S15N values than that produced by a 
longer or more complex food web. 

On average, the Si5Ntotal values observed at both sites in this study are heavier than those 
found in open ocean plankton and suspended particulate organic matter. They are also 
similar to the values reported off Peru by Libes and Deuser (1988) and also in zooplankton 
samples collected off central California by Mullin et al. (1984). The pattern of change of 
the values off Vancouver Island, lower values occurring during flux maxima and higher 
values occurring during periods of low fluxes, probably reflects increased nutrient 
availability during bloom events and a concomitant decrease in nitrate utilization by 
biological activity relative to physical supply. The increase in Si5Ntotal after the flux 
maximum then reflects the increase in relative nutrient utilization (a larger “drawdown”) 
and the heavy isotope enrichment of the residual nitrate in the surface waters after the 
removal of the light isotope in settling particulate matter. These effects are also seen in the J 
site during the three smaller increases in flux after the large spring pulse. At the NJ site, 
there is also a rough correspondence between the sporadic flux increases and lower SSNtotal 
values, most likely reflecting the same processes. 

We might expect isotopically heavy nitrate below the photic zone if waters affected by 
denitrification in the northeastern tropical Pacific were transported from central California, 
where Liu and Kaplan (1989) found Si5N03- values of 11.6%0 at 350 m depth, via the 
California Undercurrent that flows northwards along the shelf edge off Vancouver Island 
throughout the annual cycle (Freeland and Denman, 1982). This current occurs at depths of 
100-200 m (Mackas et al., 1987), especially during the months of June-October (Freeland 
and Denman, 1982; Mackas et al., 1987). However, the isotopic composition of dissolved 
nitrate at a single station off southern Vancouver Island (48”39’N, 126”4O’W) in May, 1993 
was 1 I%o at the surface layer and 5%0 at 400 m depth (Wu et al., 1996), illustrating only the 
effect of preferential phytoplanktonic removal of the light isotope at the sea surface and the 
concomitant enrichment of the residual nitrate pool. 

The effects of changes in the structure of the food web off Vancouver Island during this 
study cannot be determined from these data, since the changes in Si5Ntotal respond closely 
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to the composition and abundance of nitrate. That is to say, the increase in Si5Ntotal after the 
large flux maximum at the J site due to the development of a longer food chain is 
confounded by the decrease in nutrient availability after the spring bloom which would 
cause a concomitant increase in the 6i5N of the settling organic matter. 

b. Carbon fluxes and remineralization. Phytoplankton organisms, such as coccolitho- 
phores, can produce calcium carbonate plates (i.e. calcification) and thus be involved in the 
production of both organic and inorganic particulate carbon. While the production of 
organic matter acts as a sink for atmospheric carbon dioxide, calcification has the net effect 
of generating dissolved carbon dioxide while still reducing the total inorganic carbon 
concentration (e.g. Broecker and Peng, 1982; Robertson et al., 1994). It has been pointed 
out by Tsunogai and Noriki (1991) among others that attention should be given not only to 
absolute amounts of carbonate and organic carbon produced and decayed, but also to their 
relative ratios, since marine biological activity has no net effect on the atmospheric CO2 
if the ratio of preserved carbonate carbon to organic carbon is unity. Offshore from 
Vancouver Island, we have found that, at 200 m depth, the organic carbon flux was 
significantly larger than the carbonate carbon flux, indicating a net biological sink of 
carbon in this region. The Corganic/C,-arbonate ratios we observed (mean = 11.9; range = 
3-29) were higher than those previously reported in the eastern North Pacific and were 
similar to those of the Antarctic Ocean (Noriki and Tsunogai, 1986; Tsunogai and Noriki, 
1991). 

Fluxes of sinking particles are generally found to decrease with depth due to in situ 
degradation of sinking organic matter (e.g. Martin et al., 1987) by bacteria or to transfer to 
the dissolved organic matter pool. To determine the magnitude of these processes, it is 
desirable to compare the sinking fluxes of POC with the carbon fixed in the surface layer by 
primary productivity. Usually, the primary production rate during the sediment trap 
sampling interval is obtained by integrating daily measurements of primary productivity in 
the euphotic zone overlying the traps. However, in regions where surface currents are 
strong, such as offshore Vancouver Island, some of the particles collected by sediment traps 
could be produced in surface waters far from the mooring location. Instead, we can 
back-estimate the production of POC leaving the euphotic zone by multiplying typical 
elemental ratios of Sibiogenic/Corganic (0.13; Brzezinski, 1985) and Corganic/Ccarbonate (1.0; 
Robertson et al., 1994) of phytoplankton by the fluxes in mmol me2 ddi of Si02 and 
CaC03 into the sediment trap, such that, 

l ’ 

SiblOgenic C 
POC production (mg-C m-* d-i) = SiO,flux 

organic 
~ 
C 

+ CaCO,flux * ~ 
C I 

*12 
organic carbonate 

This procedure assumes that only the phytoplankton with shells (mostly diatoms and 
coccolithophores) contribute to the production of organic matter, and that dissolution of 
biogenic silica and CaC03 shells is negligible in the water column above the sediment trap. 
Recently, Nelson et al. (1995) have estimated that globally at least 50% of the silica 
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Figure 9. Time-series of estimated primary production (solid circles) and the ratio (in %) of POC 
flux into the sediment trap to estimated primary production (open circles), at the sites NJ and J. 

produced by diatoms dissolves in the upper ocean, but in coastal upwelling regions 
biogenic silica dissolution is less important (-10%). Because of these assumptions, the 
values of primary production estimated in this way are minimum values. Using this 
approach, we obtained a primary production of 33.1 g-C m-2 at NJ and 32.9 g-C mm2 at J 
site during the study period (15.5 days). In comparison, using a C/N ratio of 6.6 (Redfield et 
al., 1963) we estimate that the rate of nitrogen removal necessary to sustain the above 
primary production was 413 mmol-N me2 at NJ and 410 mmol-N me2 at J. This is not an 
unreasonable number given the high availability of nitrate in the euphotic zone (i.e. 
10 mmol-NO,- rnp3 X 30 m = 300 mmol-N rnm2) even without considering replenish- 
ment from upwelling, vertical mixing or longshore advection. 

Based on measurements of the flux of sinking particles at different depths in the open 
ocean, an empirical organic carbon in situ regeneration relation was obtained by Martin et 
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al. (1987) linking vertical flux with depth. From this function, only about 20% of the total 
carbon exported from a 30 m thick euphotic zone reaches 200 m depth. This value is close 
to our mean estimate of 35% (especially since we are underestimating POC production), 
although estimates were highly variability (range of 9 to 130% at NJ and 6 to 127% at 
site J) at both sites (Fig. 9). Also, we did not find a relationship between the estimated POC 
production and the proportion of POC recycled above the sediment traps. In contrast to 
previous studies (Suess, 1980; Betzer et al., 1984), the organic carbon content of the 
sinking particles at both sites was not relatively higher when the particle flux was high. For 
example, the ratio of POC flux versus POC production was 8% during the peak of particle 
flux at site J whereas it was 32% on average during the sampling period. Thus, the 
suggestion that recycling of carbon is less efficient at times of high productivity was not 
supported by the data presented here. On the other hand, the high Corganic/Ccarbonate ratios 
observed at these sites suggest that eastern boundary current regions are especially efficient 
at removing organic carbon and hence diminishing the surface pC02 concentrations. 
However, more quantitative estimates of carbon fluxes in eastern boundary current regions 
will require better knowledge of both onshore-offshore and vertical gradients of the sinking 
fluxes. We are currently analyzing more recent observations from a study designed to 
address these deficiencies. 
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