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Abstract 

Settling particles from duplicate free-drifting sediment traps were collected at 1.50 m depth in May and July at a landward 
and a seaward site in the 350 m deep Laurentian Trough. The total organic carbon (TOC) fluxes were high (95-454 
mg/m2/d), comparable to those reported for Dabob Bay (a similar moderately productive deep coastal environment) and 
for the highly productive Peru upwelling region. The TOC (26-67 mg C/g) consisted of lipids (17-37%), carbohydrates 
(7.9-16%), hydrolysable amino acids (8.4-16%), labile proteins (0.3-2.6%), and a non-characterized fraction (40-64%). 
Amino acids, proteins and uncharacterized compounds accounted for 24-42, l-10 and 58-76%, respectively, of total 
nitrogen (2.3-7.7 mg N/g). The pigment fraction was largely dominated by pheopigments (0.06-1.15 mg/g vs 0.004-0.15 
mg/g for chlorophyll a). C/N and C/pigment ratios indicated that on average, about half of the carbon flux was of 
terrigenous origin. Marine sources included a dominant zooplanktonic contribution, indicated by the abundance of fecal 
pellets, lipids and pheopigments, and a smaller contribution from fresh algae. Cluster and correlation analyses confirmed the 
decoupling of pigment and TOC fluxes and the strong zooplanktonic influence of the trap material. Despite large day-to-day 
and inter-trap variability, clear differences were observed in the fluxes, TOC content and composition at both sampling sites 
and months. Such trends are attributed to the relative contribution from terrestrial and marine sources and seasonal patterns 
of primary production. 

1. Introduction 

The settling of organic matter (OM) in the oceans, 
chiefly in the form of large, rapidly sinking aggre- 

gates, controls the site of nutrient regeneration, links 
the pelagic and benthic food webs (Billet et al., 

* Corresponding author’s present address: Environmental 
Chemistry Chair, Facultad Cs. Naturales y Museo, Universidad 
National de La Plata, Paseo de1 Bosque s/n, La Plata, 1900, 
Argentina. 

1983; Graf, 1989), and affects the transport of bio- 
genie and anthropogenic compounds to the sedi- 
ments (Honjo, 1980; Fowler and Knauer, 1986). The 

vertical transport of OM is also of immediate con- 
cern to the question of global warming due to strong 
post-industrial increases in greenhouse gases, notably 

CO,. The transport of organic-rich particles below 

the surface layer of the oceans effectively sequesters 
carbon in deep ocean waters and sediments 

(Sarmiento and Sundquist, 1992). Although upward 
fluxes, particularly in the form of lipids, have also 
been recognized (Grimalt et al., 19901, modelling of 
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the transport of carbon has concentrated on the 
downward flux, including terms for new and regen- 
erated primary production and depth-dependent con- 
sumption (Eppley and Peterson, 1979; Stress, 1980; 
Platt and Harrison, 1985; Pace et al., 1987). 

Coastal and continental margin areas are of partic- 
ular concern since they are commonly regions of 
high CO, fixation through primary production, high 
sedimentation rates and intense OM burial (Holser et 
al., 1988). Furthermore, very active regeneration and 
early diagenetic mineralization occur at depths shal- 
low enough to permit a more efficient return of 
metabolic products to the surface layer of the coastal 
ocean. Our understanding of coastal areas is still 
restricted by the small number of published studies 
on organic chemistry. Few of these studies even 
present information on the bulk composition of total 
organic matter. 

1.1. Setting and previous work 

The Laurentian Trough, a U-shaped, glacially 
overdeepened valley, extends 1200 km from the 

Atlantic continental slope, across the entire Gulf of 
St. Lawrence and Lower St. Lawrence Estuary to its 
head near the mouth of the Saguenay Fjord (Fig. 1). 
With depths greater than 300 m and width up to 50 
km, it dominates the 30-40 m deep narrow shelf-like 
platforms on the flanks of the Estuary. The absence 
of a sill and the broadly estuarine circulation induce 
the intrusion of a 200 m thick bottom layer of 
virtually unmodified North Atlantic water throughout 
the Trough. This gives the Lower St. Lawrence, or 
Maritime Estuary, a unique character: an upper con- 
tinental margin environment with a strong terrige- 
nous influence (see El-Sabh and Silverberg, 1990, 
for comprehensive review articles). These character- 
istics make the Lower St. Lawrence Estuary a conve- 
nient laboratory to study “oceanic” processes in a 
coastal area. 

Much has been learned about trace-metal biogeo- 
chemistry and early diagenetic processes (see review 
by Silverberg and Sundby, 1990), but little is yet 
known about the chemistry of OM in the Lower St. 
Lawrence Estuary (Gearing and Pocklington, 1990). 
There are some studies concerning the bulk carbon, 
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Fig. 1. Landward (L) and seaward (S) coring sites and trajectories followed by the traps during the May and July sampling periods in the 
Lower St. Lawrence Estuary. 
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nitrogen and isotopic composition of suspended ma- 
terial and sediments (Pocklington and Leonard, 1979; 
Strain and Tan, 1979; Bouchard, 1983; Sundby et al., 
1983; Tan and Strain, 1983; Pocklington and Tan, 
19871, and a few dealing with individual organic 
compounds such as phenols, ketones, fatty acids and 

hydrocarbons (Rodier and Khalil, 1982; Gag& and 
Brindle, 1985; Nichols and Johns, 1986; Gearing and 

Pocklington, 1990; Pelletier et al., 1991). Significant 

geographic and seasonal, as well as small-scale, 
variations in the sedimentation rate and the flux and 

quality of OM have been noted during several years 
of sediment trap deployments in the Estuary 

(Bouchard, 1983; Silverberg et al., 1985, 1986, 1987, 
1991). However, the detailed organic composition of 
settling particles and sediments is still largely un- 

known. 
This and the following paper (Colombo et al., 

1995a) are the first of a study designed to provide 

basic information on the organic composition of 

settling particles and bottom sediments of the deep 

Lower Estuary. In conjunction with the examination 
of a series of more specific biomarkers, they will 

allow the interpretation of the sources and variation 
of the OM flux and the early diagenesis in the 
underlying sediments. This first paper outlines the 

bulk composition and fluxes of OM in the Estuary. 
In order to provide broader understanding of the 
organic chemistry, two sites, separated by 120 km 

along the land-sea gradient within the Lower Estu- 
ary, have been sampled during contrasting seasons: 

spring (high runoff) and mid-summer (high marine 
production). 

2. Materials and methods 

2.1. Field sampling 

Sampling was carried out in May and July 1988 
aboard the research vessels L.M. Laker and Petrel 
V, at a landward (48”26’N, 69”07’W; station L) and 
a seaward site (49”01’N, 67”49’W; station S) in the 

Lower St. Lawrence Estuary (Fig. 1). Rapidly sink- 
ing particles were intercepted at 150 m depth, with 
duplicate, unpoisoned, free-drifting sediment traps 
modelled after the design of Staresinic (Staresinic et 
al., 1978), each with four cylinders and a total 
collecting surface of N 0.5 m2. Operating within the 

suspended particulate matter minimum, the traps 

avoided sampling the euphotic zone and the material 
resuspended from the bottom (Silverberg et al., 1985). 

Before deployment, each of the cylinders were 
filled with submicron-filtered surface water (10 m) 

pumped with a submersible stainless steel Grundfos 
pump equiped with a teflon-lined hose. To obtain a 
denser medium and restrict the exchanges with sur- 

rounding waters, a solution containing N 2.25 kg of 

NaCl was added to each cylinder (salinity increase of 

N 15). The trajectories followed by the traps were 
tracked by radar. After a collection period of S-30 h 

(Table 1) the traps were recovered. Once on deck, 
the few remaining suspended or disturbed particles 

were allowed to settle in the terminal tubes of the 
cylinders (- 1 h). The samples were then collected 
into 2 1 glass jars. After sedimentation of the mate- 

rial, the surplus water was decanted. Many living 
and dead swimmers (mostly copepods) were elimi- 

nated during the decantation step. The remainder 

were carefully eliminated with glass pipets. A small 
aliquot of material from one cylinder was retained 

for a rapid on-board microscopic examination. The 

material from the four cylinders was then combined 
and made up to a 500 ml suspension. While stirring, 
three 10 ml subsamples were removed for mass flux 

determination, CHN analysis and preservation. The 
bulk sample was then allowed to resettle and most of 
the remaining water was siphoned off. The particu- 

late material for organic chemistry determinations 
was stored at -20 or -40°C until analysis. 

2.2. Chemical analysis 

Total organic carbon (TOC) and total nitrogen 

(TN) were determined on samples that had been 

oven-dried at 55°C and finely powdered with a mor- 
tar and pestle. Approximately 20-50 mg were com- 
busted at 800°C in a Perkin-Elmer Model 240 ele- 
mental analyser. No attempt was made to correct for 
the inorganic carbon content because other studies in 
the area (Bouchard, 1983; Sundby et al., 1983) indi- 

cated that inorganic carbon formed only a very small 

fraction ( < 2%) of total carbon in sediment samples. 
Daily blanks and acetanilide standards were run dur- 
ing the CHN determinations. The average repro- 
ducibility of the measurements was 1.2 +_ 1.1% (n = 
12) for TOC and 2.5 ? 2.4% (n = 12) for TN. 
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Undried material was used for all the other or- 

ganic analyses (in some cases the material from 
duplicate traps had to be pooled). Carbohydrate 
(CH,O) measurements were carried out using the 

phenol-sulphuric acid method (Liu et al., 1973). 
Approximately 55 mg of wet material was reacted 

with 10% phenol solution and concentrated sulphuric 
acid. The absorbance was read in a Perkin-Elmer 

Lambda 3B UV/VIS spectrophotometer at 485 nm 
against a reagent blank with a sediment/sulphuric 

acid interaction correction. A starch solution was 
used as a standard. The average reproducibility of 

the determinations was 5.3 rf 5.1% (n = 37). 
Proteins (PROT) were measured using a modified 

Coomassie blue dye binding method, which includes 
an enzymatic digestion to overcome the interference 

with humic substances (Mayer et al., 1986). Approx- 
imately 350 mg wet sediment was extracted with 0.1 
N NaOH at 60°C for 2 h, then centrifuged and the 

supernatant neutralized with HCl. An aliquot was 
incubated with a protease solution at 70°C for 2 h. 

The dye was added to both the protease hydrolysed 
and unreacted extracts and the absorbance was read 
at 595 nm. The difference between both readings 

represented the protein available for enzymatic at- 
tack. A solution of bovine serum gamma globulin 

was used for calibration. The average reproducibility 

of the analysis was 11.4 + 7% (n = 13). 
Total lipids (LIP) were measured gravimetrically. 

About 2-4 g wet material were centrifuged and then 
extracted with 4 ml of an acetone-petroleum ether 
mixture (1:l). The samples were shaken, sonicated 

for 15 min and centrifuged. The organic phase was 
collected and dried over pre-extracted Na,SO,. The 

lower aqueous phase was extracted with petroleum 

ether. This extraction scheme was repeated 3 times. 
The organic phases were combined, dried and con- 

centrated to 1 ml by rotoevaporation and under a N, 
stream. A 100 ~1 aliquot of this extract was dried at 
50°C in preweighed micro-vials. Lipid contents were 
obtained by reweighing the vials in a Mettler Model 
M3 electrobalance and correcting for a procedural 
blank. The same lipid extract was purified and frac- 

tionated by column chromatography for the analysis 
of hydrocarbons by capillary gas chromatography 
(Colombo et al., 1989) and other compounds. Only 
selected results are included here. 

For the determination of chlorophyll a (CHLa) 

and pheopigments (PHEO), 1 ~1 of the total lipid 

extract was diluted with acetone and subjected to the 
standard fluorometric method (Strickland and Par- 
sons, 1972). The average yield of the entire proce- 
dure, tested by the addition of a standard solution of 

chlorophyll a to a sediment sample, was 73 + 9% 
(n = 3). The average reproducibility of the measure- 
ments was + 8.3% (n = 3). To obtain more informa- 
tion on the individual pigment composition and to 

confirm the fluorometric data, three samples were 
subjected to HPLC pigment analysis (Mantoura and 

Llewellyn, 1983). The results indicated that the fluo- 

rometric method overestimated pheopigment values 
by an average of 13%. The concentrations were 
recalculated using correction factors based on the 

HPLC data. 
Total hydrolyzable amino acids (THAA) were 

measured by pre-column o-phthaldialdehyde deriva- 
tization and reverse-phase HPLC separation of the 
components, followed by fluorescence detection 

(Lindroth and Mopper, 1979; Dawson and Liebezeit, 
1983). A more comprehensive discussion of amino 
acid methods and data is published elsewhere (Col- 

ombo et al., 1995b). 

3. Results and discussion 

3.1. General nature of trap material 

The manner of collection of the particles makes it 
difficult to know their original character in the water 
column (Alldredge and Silver, 1988). The funnelling 

of particles into a common, narrow collector can 

create artificial aggregation of already “sticky” ma- 
rine snow. The subsequent agitation during sample 

recovery and treatment undoubtedly breaks up the 

loose aggregates into smaller ones. Large particles 
sinking through the water column have been ob- 
served in the Laurentian Trough both during sub- 

mersible dives (Syvitski et al., 1983) and with floe 
cameras (Heffler et al., 1991). These include many 
sand-sized particles, several mm long string aggre- 

gates, cm-sized globular aggregates (e.g. Oikopleura 
houses) and even meter-long ropes of mucus, some- 
times festooned with clumps and strings. 

During the 1 h resettling period before removing 
our samples from the traps, it was common to ob- 
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serve 2-5 mm semi-spherical aggregates settling 
through the transparent terminal tubes of the cylin- 
ders. At S, we clocked their descent at 1-3 s/cm, or 
an average of over than 400 m/day. Although this 
may possibly represent an overestimation of the 
“in-situ” sinking rates due to an artificial aggrega- 
tion in the traps, it suggests a very rapid transit of the 
particles through the water column (< 1 day). 

The fresh subsamples of our trap material were 
examined immediately on board using a dissecting 
scope. Portions of the preserved subsamples were 
later examined in the laboratory with a high-power 
microscope (Fig. 2). Much of the material still con- 
sisted of broken up marine snow (“fluffy” aggre- 
gates) and a variety of fecal pellets. Tests of centric 
diatoms (Coscinodiscus sp.> were common in the 
samples. Other particles included: sand grains, most 
evident at L in May; diatom chains, particularly 
evident at S in May; and parts of other organisms 
(e.g. copepods, tintinnids, dinoflagellates). All these 
components were often agglutinated in amorphous 
aggregates (marine snow). 

The fecal pellets collected were often elongated 
with pinched or broken ends and many were about 
300-700 pm long (“stick” pellets). Other shapes 
included oval, spheric, and larger broken pellets. The 
pellets typically had a dark brown colour and a 
compact appearance. Many presented partially or 
totally degraded peritrophic membranes. Within bro- 
ken pellets, fine particulate matter (clay minerals) 
and occasional diatom fragments could be observed. 
The pellets were not identified according to species. 
However, the appearance and sizes of many of the 
observed pellets suggested that they were produced 
by copepods (Corner et al., 1986). Copepods repre- 
sent 79-90% of the total zooplankton in the estuary, 
with Calanus finmarchicus and C. hyperboreus as 
the dominant species (Runge and Simard, 1990). 
Larger pellets may have belonged to other animals 
such as euphausiids. Large dense patches of the 
euphausiids Thysanoessa raschi and Meganyc- 
tiphanes norvegica have been observed at 75 and 
150 m depth, respectively, along the northern edge 
of the Laurentian Trough (Simard et al., 1986). The 
presence of these copepod and euphausiid species 
during our trap deployments was confirmed by verti- 
cal tows (150-O m> made with a 333 pm mesh 
plankton net. Aggregates produced by other non- 

crustacean organisms, i.e. ctenophores, appendicular- 
ians and fish, whose distributions are poorly docu- 
mented in the Estuary, may also be components of 
our samples. 

3.2. Variability 

Table 1 presents the total mass flux and the 
organic composition of the settling particles for each 
of the trap deployments. The data show considerable 
scatter. High variability between cylinders of the 
same trap and between simultaneous traps has been 
shown to be a common characteristic at an inten- 
sively sampled site between stations f, and S. Tem- 
poral trends were best discerned when data from 
multiple traps were averaged (Silverberg, 1991). 

The variability observed in the data includes the 
analytical error, the differences between same-day 
and successive-day traps, and changes between sam- 
pling periods and stations. Considering the precision 
of the analyses (TOC, + 1.2; TN, &2.5%), the 
contribution of the analytical error to the total vari- 
ability in TOC and TN is relatively small. The data 
base is very small for definitive statistical analysis; 
however, in order to evaluate the validity of be- 
tween-station and between-month differences, analy- 
sis of variance (ANOVA) and non-parametric Mann- 
Whitney tests were performed. 

For the ANOVA, the largest data set available was 
used (total mass flux, TOC and TN). A logarithmic 
transformation of the data was applied to minimize 
the effect of the inhomogeneous variance detected 
for the total flux in May (Bartlett’s test). One-way 
ANOVA results indicated that the day to day variabil- 
ity was of the same order of magnitude as the 
inter-trap variation. Only in two cases was it possible 
to distinguish (p < 0.06) between successive sam- 
pling days (total flux in May and TN in July at S; 
between-day variability, 92 and 88%, respectively). 
This high inter-trap variance suggests a high degree 
of patchiness in the downward flux of material. A 
nested ANOVA design carried out with the data from 
S indicated that this small-scale variability accounted 
for a small fraction of the total variance (inter-trap, 
1.9-6.5; between-day, 3.2-23%) when compared to 
the between-month differences (71-95%). A similar 
evaluation was not feasible for L due to the scarcity 
of data. 
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For the between-station differences, the one-way 
ANOVA showed significant results for TOC and TN in 
May (86-92% of the total variance, p < 0.01) and 
for all three variables in July (97-98% of the total, 
p < 0.01). The non-parametric tests showed that the 
stations were statistically separable (p = 0.09-0.01) 
for the eight parameters analyzed, even when no 
consideration was made for seasonality. These statis- 
tical results indicate that although small-scale vari- 
ability is present, it represents a relatively low per- 
centage of the total variance. For this reason, we 
chose to use the mean values for each site and month 
(Table 1) to best interpret the geographical and 
temporal trends. 

3.3. Bulk organic composition 

Organic carbon (TOC) and nitrogen (TN) ac- 
counted for 2.6-6.7 and 0.2-0.8%, respectively, of 
the total mass of settling particles in the Lower St. 
Lawrence Estuary. The main components of the total 
organic matter are shown in Fig. 3. The bulk compo- 
sition was broadly similar for both sites and months. 
In terms of their contribution to characterizable TOC, 
lipids were the most abundant components (17-37%), 
followed by CH,O (7.9-16%), THAA (8.4-16%) 
and proteins (0.3-2.6%). For TN, THAA and pro- 
teins accounted for 24-42 and l-10%, respecti\-ely. 
Protein-N represented 2.7-29% of THAA-N, indicat- 
ing that the major part of THAA was not in the form 
of labile proteins. 

The remaining fraction of the organic matter (40- 
64% TOC and 58-76% TN) has not been character- 
ized. Much of this was probably refractory in nature 
and a significant proportion possibly consisted of 
humic compounds. Information about humics is 
mainly confined to bottom sediments. In estuaries 
they account for lo-70% of sedimentary TOC 
(Mayer, 1985). Lignin, another refractory compound 
usually found in coastal areas, makes up OS-3.3% 
of sediment trap TOC in Dabob Bay, Washington 
(Hedges et al., 1988) and about 3.8% of TOC in St. 
Lawrence Estuary sediments (Gearing and Pockling- 
ton, 1990). 

Few analyses of sediment trap material reported 
in the literature include more than a small proportion 
of the total organic matter. Table 2 compares the 
bulk composition of Laurentian Trough OM with 

that of other marine environments. The concentra- 
tions of TOC in St. Lawrence material fall in the 
lower range of reported values. However, for similar 
depths, they are comparable to those of other non- 
open ocean sites. The bulk composition seems to be 
rather characteristic: it shows a high contribution of 
lipids and CH,O, and relatively low protein and 
THAA percentages. It appears to most resemble the 
very fresh, organic-rich macroaggregates collected in 
surface waters from Santa Barbara Channel, but is 
much lower in nitrogenous compounds. This may be 
related to the contribution of low-protein terrestrial 
matter and/or the partial degradation of the trap 
material. The high lipid content suggests an impor- 
tant zooplanktonic influence (see section on sources 
below). 

3.4. Geographical and temporal patterns 

Clear differences in OM concentrations for both 
sites and months are evident in Fig. 4. The concen- 
tration of OM is higher at the seaward site and 
increases at both stations during July. PHEO is the 
sole parameter which shows a different trend, sug- 
gesting unexpectedly important phytoplankton pro- 
duction at L in July and S in May. C/N ratios were 
significantly higher at L in May (11) and remained 
at lower, more constant values (8.7-9) in the other 
three samplings (Table 1). 

These differences in the concentration and com- 
position of OM reflect the position of the stations 
relative to the terrigenous-marine gradient along the 
estuary. The terrestrial signal, high mineral content 
and C/N ratio (i.e. vascular plant debris, lignin), is 
most strongly seen at L, particularly during the 
spring runoff (May). Marine production is relatively 
more important at S, even in May. This is reflected 
in a 22-88% higher content of all organic compo- 
nents at S as compared to L (Fig. 4) and in the C/N 
ratios (Table 1). 

The temporal difference is explained by the 
stronger contribution of marine production relative to 
terrestrial inputs in July. This produces a 30-115% 
increase in the organic content of the particles at 
both sites from May to July (Fig. 4). The increase of 
the individual components expressed as a percentage 
of May levels is (S -L): PROT (85-115%) > CH,O 
(68-113%) > THAA (49-78%) > TN((40-62%) 2 
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TOC (43-32%) > lipids (2.6-24%). The higher per- tions. The other parameters are more conservative, 
centage increase generally observed at L indicates a perhaps reflecting the presence of humic substances. 
more drastic shift from terrestrial to marine sources The proportion of TOC and TN contributed by the 
at this landward site. The stronger seasonal change individual components also generally increases in 
of PROT, CH,O, and THAA suggests a greater July, when there is a stronger contribution of marine 
dependence on marine productivity for these frac- biogenic matter (Fig. 3). 
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Fig. 3. Proportion of total organic carbon and nitrogen represented by the different components. Abbreviations are defined in the text. The 

carbon conversion factors used are: 0.75 for LIP, 0.4 for CH,O, 0.44 for THAA and PROT. For nitrogen, 0.14 was used for THAA and 

0.16 for PROT. PROT is included in the THAA contribution. 
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3.5. Total particle and carbon fluxes 

Fig. 5 shows the total mass flux (sedimentation 
rate) and the TOC and TN fluxes averaged by station 
and season. The total mass fluxes are consistently 
much higher at the landward site (9.1-11.3 vs. 5.1- 
1.8 g/m’/d at S; May-July; Table 1). This agrees 
with the contrasting sediment accumulation rates cal- 
culated for both stations from excess “‘Pb data: 16.2 
and 2 mm/yr for L and S, respectively (Silverberg 
et al., 1986). Including all available sediment trap 
data (1980-19881, the mass flux averages 13 +_ 9.8 
g/m’/d at L (n = 12) and 3 + 2.2 g/m*/d at S 
(n = 10). The sediment accumulation rates calcu- 
lated from these fluxes, 6.4 mm/yr at L and 1.5 
mm/yr at S (density, 2.65 g/cm3; water content, 
50%), are somewhat lower than the results from 
*l”Pb data. 

TOC fluxes range from 95 to 454 mg/m’/d and 
follow the same trend as the mass fluxes, i.e. higher 
values at the landward site (averages of 350 + 120 
mg/m*/d at L and 172 f 78 mg/m*/d at S). The 
mean TOC fluxes at the two stations agree with the 
decreasing landward-seaward trend previously ob- 
served in the estuary (Bouchard, 1983) and bracket 
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the 5-year average of 32 trap deployments at an 
intermediate station (198 mg/m2/d; Silverberg et 
al., 1986). Including all available sediment trap data, 
the TOC fluxes vary from 97 to 734 mg/m2/d at L 
and from 88 to 320 mg/m2/d at 5. 

These carbon fluxes are high, not only relative to 
open-sea data, which lie in the range of 3-50 
mg/m2/d at 100-600 m depth (Honjo et al., 1982; 
Tsunogai and Nor&i, 1987); but also considering the 
data reported for coastal areas: 26-35 mg/m*/d at 
100 m depth in the Santa Monica-San Pedro Basin 
(Nelson et al., 1987); 12-116 mg/m*/d at 110 m 
depth in Breid Bay, Antarctica (Handa et al., 1992); 
97-126 mg/m2/d at 90-200 m depth in the Barents 
Sea (Wassmann et al., 1994); 72-160 mg/m’/d at 
50-100 m depth in Puget Sound (Baker et al., 1985) 
and 39-233 mg/m*/d at 100 m depth during the 
VERTEX experiment off the California coast (Martin 
et al., 1987). The TOC fluxes measured in the St. 
Lawrence are comparable to those reported for Dabob 
Bay, 21-470 mg/m2/d at 60 m depth (Downs and 
Lorenzen, 1985) and 186-386 mg/m2/d at 30-90 
m depth (Hedges et al., 1988) and for the Peru 
upwelling area, 224-418 mg/m*/d at 50 m depth 
(Wakeham et al., 1984a). 
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Fig. 4. Geographical and temporal differences in the composition of Laurentian Trough trap material. Note the differences in the vertical 

scale among the three panels. 
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Since the organic matter components form a small 
proportion of the total mass, the variations of their 
fluxes are controlled by the trends in total mass 
fluxes. During the May sampling period, the higher 
OM content of the particles at S and the greater total 
fluxes at L (1.8-6.6 times higher) result in similar 
fluxes of the various OM fractions at both stations, 
except for PHEO (OM component fluxes = 
concentration X total particle flux in Table 1). In 
July, the total particle flux increases at L and de- 
creases sharply at S resulting in OM fluxes 4-12 
times higher at L during July. 

3.6. Eualuation of the sources of organic matter 

The parameters measured can be used to estimate 
the relative importance of different OM sources, 
such as terrestrial material and algal and zooplank- 
tonic production. For such determinations, ratios are 
often more sensitive than absolute concentrations. 

C/N ratios provide an estimate of the proportion 
of marine and terrestrial carbon, although there are 
some drawbacks related to their possible variation 
during OM decay and the choice of the end members 
(Tan and Strain, 1983; Lancelot and Billen, 1985). A 
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simple mixing model using C/N weight ratios of 6 
(Muller, 1977) and 13 (Prahl et al., 1980; Parrish et 
al., 1992) for the marine and terrigenous and mem- 
bers, respectively, indicated that the terrigenous con- 
tribution is very important in the Laurentian Trough. 
It accounts for = 70% at the landward station in the 
spring and for = 40% in July. If, instead, a C/N 
ratio = 15 (highest sediment trap value in the Trough; 
Silverberg et al., 1985) had been adopted for the 
terrestrial and member, the terrestrial contribution 
would still be very significant (30-55%). 

The low levels of nitrogenous components (THAA 
and labile proteins) measured in our trap material 
result partially from dilution with significant amounts 
of low-protein terrestrial matter (especially at L in 
May). The preferential consumption of nitrogenous 
OM in the upper water layers is probably also re- 
sponsible for the low levels measured in the parti- 
cles. This is not unexpected since copepods appear to 
maximize protein ingestion (Penry and Frost, 1991, 
and references therein). 

Pigments, although not very stable, are very sensi- 
tive indicators of photosynthetic activity. In our trap 
samples, the pigment fraction is largely dominated 
by pheopigments (0.06-1.15 mg/g, = 0.6-7% total 
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Fig. 5. Total particle (A), carbon (B) and nitrogen (C) fluxes calculated from sediment trap data. 
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lipids), with very low levels of chlorophyll a 
(0.004-0.15 mg/g, 0.04-l% lipids; Table 1). The 
HPLC analysis revealed 4 pheopigment peaks: 2 
pheophorbides (= 87% of total PHEO) and 2 pheo- 
phytins (= 9%). CHL a (including one allomer) 
represented 11.3 + 4% compared to PHEO. One fu- 
coxanthin and one diadinoxanthin peak were also 

tentatively identified (S. Roy, pers. commun., 1990). 

The concentrations of pigments in the trap material 

show marked temporal changes. At L, CHLa and 
PHEO increase in July, reflecting the tardy spring 
bloom of the Lower Estuary (Therriault and Lev- 

asseur, 1985). At S, the pattern is reversed, indicat- 
ing that we sampled an unexpectedly important phy- 
toplankton bloom in May. This is supported by the 
microscopic evidence of chain forming diatoms in 

the traps, abundant phytoplankton in a net tow taken 
at that time, and low C/N ratios. 

conditions (A. VCzina pers. commun., 1991) vs. a 

mean of 34 in Dabob Bay, encouraged us to use the 
Downs and Lorenzen model to obtain some estimate 
of the importance of herbivory to the vertical TOC 
flux. We calculated a grand mean of 22 f 17% for 
fPHE0 in our samples (Table 1). The averages by 
station and month reflect the May to July pigment 

changes: 3.7-39% at L and 35-12% at S. By per- 

forming calculations analogous to fPHE0, we esti- 

mated fCHLa, the fraction of TOC directly con- 
tributed by algae. fCHLa followed the same trend as 

fPHE0; a strong increase at L (0.5-14%) and a 
decrease at S (lo-3%) from May to July. 

According to the literature, the dominance of 
pheophorbide a is a common feature of trap material 

and copepod faeces (Nelson et al., 1987; Vernet and 
Lorenzen, 1987; Roy and Poulet, 1990), while in 

fresh diatom macroaggregates, pheopigments are 
much less abundant, 8-28% of total chlorophyll 

(Alldredge and Gotschalk, 1989). Although dead or 
senescent algae have now been recognized as poten- 
tially important contributors (Head et al., 1994), the 
degradation of chlorophyll a in the guts of herbivo- 

rous grazers is considered to be the primary source 
of pheopigments in the sea. Pheophytin is regarded 
as an intermediate in this process. Photo-oxidation 

and coprophagy intensify the degradation of pig- 

ments to colourless products not detected by fluo- 
rometry. The effect of photodegradation is mini- 

mized in rapidly sinking particles which are effective 
vectors for the transport of pigments to bottom sedi- 

ments (Welschmeyer and Lorenzen, 1985; Carpenter 
et al., 1986; Leavitt and Carpenter, 1990). 

These calculations with C/pigment ratios indicate 

that the TOC flux includes an average of 29% algal 
carbon -22% recycled and 7% fresh material. This 
corresponds to an algal carbon flux of 76 mg 

C/m2/d. The average daily primary production cal- 
culated over a 153-day period from May through 

September, using Therriault and Levasseur’s (1985) 
data, is 745 mg/m*/d. Our total algal flux alone 

represents 10% of this value. 

The importance of the zooplanktonic influence in 
the traps, indicated by the abundance of pheopig- 

ments, is also suggested by the high lipid content of 
the particles, since copepods usually contain higher 

amounts of lipids relative to algae, whereas CH,O 
are much more abundant in phytoplankton and higher 
plants. In samples collected in Nova Scotia, PROT, 

lipids and CH,O accounted for 27, 11 and 54% 
TOC, respectively, in phytoplankton vs. 29, 49 and 

1% of TOC in Calanus finmarchicus (Mayzaud and 
Martin, 1975). Head (1992) showed faecal pellets of 

copepods to be enriched in lipids and proteins com- 
pared with their food. 

3.7. Statistical grouping of the organic parameters 

Downs and Lorenzen (1985) employed C/PHEO To examine the covariation of the eight parame- 
ratios to estimate the fraction of carbon derived from ters measured in the trap material, a cluster analysis 
recently ingested phytoplankton (fPHEO), in fecal was performed using l-r (Pearson correlation coeffi- 
pellets from laboratory-fed copepods and field zoo- cient) as the similarity index (Fig. 6). Data from 
plankton and in trap material from Dabob Bay. Our Colombo et al. (1995~) on two lipid biomarkers 
data base was not specifically generated to apply this indicative of zooplankton (pristane, PRIS) and algae 
model. However, the similarity of the physical envi- (n-heneicosa-hexaene, HEH) are included in the data 
ronment, and of the TOC and PHEO fluxes (261 and set to make the source identifications clearer. Two 
4.4 vs. 267 and 4.97 mg/m2/d, respectively), as separate groups are observed, one apparently corre- 
well as the POC/CHLa ratio, = 35 during bloom sponding to phytoplanktonic carbon (CHLa, PHEO, 
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Fig. 6. Dendrogram resulting from single linkage clustering of the 

eight chemical parameters measured in settling particles plus data 

from Colombo et al. (1995~) on pristane (PRIS) and heneicosa- 

hexaene (HEH). Higher values of the similarity index (l-r, where 

r is the Pearson correlation coefficient) indicate a weaker correla- 

tion 

HEH) and the other including zooplanktonic carbon 
(LIP, TN, TOC, PROT, CH,O, THAA, PRIS). There 
is a poor correlation between the three algal markers 
and TOC (HEH, r = 0.25; CHLa, r = 0.32; PHEO, 
r = 0.41). In contrast, the zooplanktonic marker pris- 
tane correlates significantly (n = 9, p < 0.05) with 
all the bulk parameters (THAA, r = 0.89; TOC, 
r = 0.86; TN, r = 0.85; CH,O, r = 0.85; PROT, 
r = 0.78; LIP, r = 0.69). A partial correlation analy- 
sis, which removes the effects due to the covariation 
with other variables, confirmed the association of 
pristane with TOC (I = 0.76), LIP (r = 0.55) and 
THAA (r = 0.51). This suggests that lipids and 
amino acids are the principal contribution of zoo- 
plankton to the vertical flux of carbon. Similar pig- 
ment-TOC decouplings and significant pristane- 
TOC correlations have been interpreted as indicators 
of important zooplanktonic influence in other coastal 
environments (Prahl et al., 1980; Baker et al., 1985). 

The interpretation of our cluster analysis is com- 
plicated by the importance of the terrestrial contribu- 
tion in the St. Lawrence. The larger group in the 
cluster, including TOC and TN, contains both com- 
pounds high in algal and terrestrial matter (carbo- 
hydrates) and compounds higher in zooplankton 
(lipids and proteins). This cluster may represent both 
terrestrial and zooplanktonic influences. More certain 
and detailed interpretation of sources will be pro- 

vided by the examination of multiple lipid biomark- 
ers (Colombo et al., 1995~). 
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