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Abstract 

Here we report multiple parameters used to describe the diagenetic state of sediments, including 

total hydrolysable amino acid (THAA), amino acid enantiomer, chlorin (CI) and amino acid 

degradation (DI, RI) indices, along a transect between the Upper St. Lawrence Estuary and the Gulf 

of St. Lawrence, Canada. The study area is characterized by gradients in water oxygen concentration, 

water depth, organic matter (OM) source, primary productivity, and sedimentation rate. Both CI and 

DI indicate a decline in OM reactivity with the transition from a more terrestrial to a more marine- 

dominated sedimentation regime as one moves from the shallow Upper Estuary (23-95m) to the 

hypoxic, mid-depth Lower Estuary and to the deep (>400m), well-oxygenated Gulf. Whereas the CI 

more accurately reflected OM reactivity  in surface sediments and sediments down to 5cm, the amino 

acid-based degradation indices (DI and RI) better described degradation in sediments down to 35 cm. 

Systematic variations in the amino acid composition along the Laurentian Channel confirmed the 

increased diagenesis of OM with distance from the Upper St. Lawrence Estuary. The ratio of D/L 

stereoisomers of alanine increased along the transect, and the co-variation between DI and the D/L-

Ala suggest a close coupling between the extent of diagenesis and the accumulation and selective 

preservation of bacterially-derived cell wall material in the sediments. The same patterns that we 

observed along the estuarine transect were present down-core in two sediment cores, confirming the 

robustness of our reactivity indices. Oxygen exposure time of the sediments appears to strongly 

determine sediment OM reactivity in the St. Lawrence Estuary. The sediment oxygen regime itself is 

related to the interplay between water column depth, vertical OM flux, and reactivity of settling OM. 
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1. Introduction 

The susceptibility of individual components of particulate organic matter (OM) to degradation 

during transport and burial in estuarine sediments under variable depositional conditions has long 

been discussed (e.g., Burdige, 2007; Niggemann et al., 2007). Key factors that influence particulate 

OM degradation and preservation include water column depth, redox conditions, particulate OM 

fluxes, sedimentation rate, sediment physical properties and microbial activity. The latter depends 

mainly on the nutritional quality and availability for microbes, generally defined as the OM 

bioreactivity (Gray et al., 2002). There is no single explanation for what exactly controls the turn-

over of bulk OM in general, and single components in particular, in estuaries (Hopkinson and Smith, 

2005). The coincidence of spatial variations of several environmental factors can make it very 

difficult to separate the influence of individual factors at any given location.  

The origin of the OM supplied to the sediments is one of the main factors that determines the 

composition and reactivity of sedimentary OM (Burdige, 2007). Whereas the production and 

degradation of autochthonous OM occurs entirely within the marine environment, terrestrial OM is 

produced and transported on land and may already be significantly altered before entering the marine 

system (Hedges et al., 1995). Shifts in the relative importance (marine vs. terrestrial) of the 

particulate OM flux at the sediment surface may influence OM reactivity and degradation in 

sediments. The general perception is that terrestrially-derived OM is rather recalcitrant. As a 

consequence, sediments dominated by terrestrial inputs can be expected to be less reactive than 

sediments that contain mostly autochthonous algal OM, at least if early diagenetic processes are of 

secondary importance. 

Another factor that influences sedimentary OM diagenesis is the local redox condition. The 

efficiency of different respiration pathways (e.g., oxic vs. anoxic) with regards to the rates and 

degree of OM degradation has been investigated in laboratory experiments and the field (e.g., 
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Lehmann et al., 2002; Pantoja et al., 2009). Furthermore, bulk organic carbon (C) preservation has 

been shown to be directly related to the oxygen exposure time of sinking and settling particles 

(Hartnett et al., 1998; Hedges et al., 1999), and redox oscillations have been found to enhance OM 

degradation largely by promoting symbiosis of aerobic and anaerobic microorganisms (Aller, 1994).  

A major challenge in our understanding of OM dynamics in estuarine sediments is the actual 

description and quantification of the diagenetic state or reactivity of the sedimentary OM pool. 

Generally, bulk descriptors of sediments such as organic carbon content or carbon-to-nitrogen atomic 

ratio, explain little of the variation in benthic heterotrophic OM degradation rates at neither local nor 

regional scale (Zimmerman and Canuel, 2001; Hopkinson and Smith, 2005). Therefore, a number of 

bioindicators have been proposed to determine the relative degradation state of OM (e.g., Cowie and 

Hedges, 1994; Dauwe et al., 1999; Schubert et al., 2005). In particular, protein amino acids (AA) and 

chlorins (i.e., chlorophyll and its early degradation products), have been used as indicators for the 

overall state of OM degradation (Dauwe et al., 1999; Schubert et al., 2005). Also, the relative 

abundance (mole %) of the non-protein amino acids β-Alanine (BALA) and γ-Aminobutyric acid 

(GABA) increase as OM is degraded, thus providing additional information on the degradation state 

of total OM (Cowie and Hedges, 1994; Keil et al., 2000).  

Other diagenetic indicators are directly related to microbial processes in the sediments. Bacterial 

cell death produces bacterial remnants consisting of a variety of components that have variable 

susceptibilities towards degradation (Lomstein et al., 2009). One of the more refractory components 

is peptidoglycan, a unique constituent of bacterial cell walls containing D-amino acids (Grutters et 

al., 2002). D-AAs in aquatic systems, usually reported relative to their respective	
  ubiquitous L-

stereoisomers as D/L-AA ratios can thus be used as indicator of bacterial biomass (Grutters et al., 

2002; Veuger et al., 2005). Indeed, the D-alanine to L-alanine (D/L-Ala) ratio of sediments generally 
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increases during early diagenesis as bacterially produced OM accumulates (Lomstein et al., 2006, 

2009).  

These various indices of sedimentary OM target related but distinct facets of sediment OM quality 

and diagenetic state, and most likely provide complementary information. Yet the links that exist 

between them, and with other environmental factors, are still not well understood. The Laurentian 

Channel of the Saint Lawrence Estuary (Fig. 1) displays pronounced spatial variations in OM source, 

water column depth, surface water productivity, and water column DO concentration, and hence 

provides an excellent test case to study the environmental controls on sediment OM reactivity. In this 

study we combined the indicators described above, with bulk chemical and isotopic measures of 

sediment OM, to explore patterns in diagenetic state OM along the St. Lawrence Estuary and their 

links to OM sources and depositional regime. 

 

2. Sampling and Methods 

2.1 Study site and sampling	
  

The Lower St. Lawrence Estuary and the Gulf form a semi-enclosed sea connected to the Atlantic 

by the south-eastern Cabot Strait (Fig. 1). The estuary is divided into the Lower Estuary and the 

Upper Estuary near the mouth of the Saguenay Fjord, where average water depth drops suddenly 

from ~ 100m to ~300m. The morphology of the Lower Estuary and the Gulf is dominated by the 

Laurentian Channel, a 1200 km long submarine canyon that stretches from the mouth of the 

Saguenay Fjord through the Gulf of St. Lawrence and the Cabot Strait to the edge of the continental 

shelf.  

The Upper Estuary is characterised by extremely low net sedimentation, with less than 10% of its 

total surface area covered with fine sediment deposits (d’Anglejan, 1990). On average, the suspended 

particulate matter load discharged by the St. Lawrence River to the Lower Estuary and the Gulf of 
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the St. Lawrence amounts to 6.5×106 t yr-1 (Rondeau et al., 2000). The Lower Estuary is 

characterized by elevated sedimentation rates and a comparatively high primary productivity due to 

the upwelling of nutrient-rich deep water masses. Both surface water primary productivity and 

sedimentation rates decrease eastward along the Laurentian Channel (the latter from 0.45 g cm-2 yr-1 

at the head of the Laurentian Channel to 0.04 g cm-2 yr-1 in the Gulf; Roy et al., 2008; see Table 1).  

Recent studies of the Laurentian Channel revealed that approximately 1300 km2 of the seafloor 

are perennially overlain by severely hypoxic waters (<20% saturation) since the mid-1980s, in part 

due to high OM input (Gilbert et al., 2005; Lehmann et al., 2009). The oxygen-deficient area is 

confined within the bottom waters of the Lower Estuary in the Laurentian Channel (Table 1), and is 

isolated from the oxic upper layers by a steep density gradient that only allows weak diffusion of 

oxygen through its boundary (Gilbert et al., 2005).  

Surface sediments were collected with a Van Veen grab in the Upper Estuary (Sta. DE, G, and H), 

and a multicorer was used in the Lower Estuary (Sta. 25-21) and Gulf (Sta. 20-16, and Anticosti) 

during two summer 2006 cruises (June and August) aboard the R/V Coriolis II (Fig. 1; Table 1). 

Sediment cores were sub-sampled by slicing at 1-cm intervals within the upper 10 cm, 2-cm intervals 

between 10 and 20 cm, and 3-cm intervals below 20 cm. Sediment samples were kept frozen in 

sterilized plastic bags prior to lyophilisation, homogenization, and analysis in the laboratory. In the 

following sections we distinguish between down-core records from multicores, and surface 

sediments. For surface sediments in the Lower Estuary and the Gulf, measured parameters represent 

the average of the uppermost 4 cm of the sediment column.  

 

2.2 Elemental and isotope analysis	
  

Corg and nitrogen (N) contents of sediments were determined using an elemental analyzer (NC 

Instruments). Prior to organic carbon analyses, inorganic carbon was removed by acidification of 
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sediment sub-samples with concentrated HCl fumes overnight (Hedges and Stern, 1984). The C/N 

ratio was calculated as the molar ratio of Corg to N. Reproducibility based on standard deviation of 

replicate measurements was better than 0.01% for N and better than 0.04% for Corg (n=10). 

The C and N isotope composition was determined using a continuous flow isotope-ratio mass 

spectrometer (Micromass Isoprime) coupled to a Carlo-Erba elemental analyser. C and N isotope 

ratios are reported as δ13Corg and δ15N, respectively, where δ-values are denoted as ‰-deviation from 

the carbon isotopic composition of the Pee Dee Belemnite (PDB) standard, and from the isotope 

composition of atmospheric nitrogen gas (AIR), respectively: δ13Corg (or δ15N) = [(Rsample/Rstandard)-1] 

x 1000, where R is either the 13C/12C ratio or the 15N/14N ratio. Average standard deviations based on 

replicate measurements were better than 0.2‰ for both δ15N and δ13Corg. 

 

2.3 Chlorins and Chlorin Index (CI) 

Chlorins were extracted by successive (3) sonication of freeze-dried ground sediments (10-20 mg) 

in acetone (HPLC grade) following the procedure described by Schubert et al. (2005). Extracts were 

kept in dark and on ice to prevent any degradation prior to analysis, and were measured 

fluorometrically (Cary Eclipse 50 fluorescence spectrophotometer) at an excitation wave length of 

407 nm and an emission wavelength of 662 nm (Schubert et al., 2005). Pheophytin-a from the 

acidification (HCl 25%) of a Chlorophyll-a (Sigma) standard was used for calibration. Chlorin 

concentrations are reported as µg per gram dry weight sediment (µg gdws-1). The precision of the 

method was better than 7% (n=5). The chlorin index (CI) is the ratio of the fluorescence of the 

acidified to the original extract. The CI scale ranges from 0.2 for pure chlorophyll to almost 1 for 

highly degraded pigments (Schubert et al., 2005).  

 

2.4 Hydrolysable amino acid analysis 
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Total hydrolysable AA (THAA) were extracted by adding 5mL HCl (6M) to freeze dried 

homogenized sediment (~100mg) in pre-cleaned and muffled (450C° for 3h) glass vials, and purging 

the headspace with N2. The vials were kept in an oven at 110C° for 24 h. Acid hydrolysates were 

then centrifuged (5000 rpm; 10 min.) and neutralized with 6N KOH. Individual AAs glycine (Gly), 

aspartic acid (Asp), glutamic acid (Glu), serine (Ser), threonine (Thr), arginine (Arg), alanine (Ala), 

β-alanine (BALA), γ-aminobutyric acid (GABA), tyrosine (Tyr), valine (Val), methionine (Met), 

phenylalanine (Phe), isoleucine (ILeu), and leucine (Leu) were quantified according to Lindroth and 

Mopper (1979) by high-performance liquid chromatography (HPLC, JASCO System) after 

precolumn derivatisation with OPA using a Nova-Pack C-18 column (at 25°C). Blanks showed 

negligible AA concentrations. THAA concentration was calculated as the sum of the individual 

amino acid concentrations. Concentrations of the stereoisomers D- and L-Ala were measured 

following the method of Mopper and Furton (1999). Isobutyryl-L-cysteine was used as an additional 

chiral agent (Brückner et al., 1995). D- and L-Ala concentrations were corrected for racemization 

during acid hydrolysis according to Kaiser and Benner (2005). The percentage of racemization used 

for D-Ala was 1.2%. 

 

2.5 Amino acid-based reactivity (Degradation Index)	
   

The Degradation Index (DI) was calculated for whole depth profiles at Sta.18 and 23 only, as well 

as for surface sediments from all stations. DI scores for the St. Lawrence samples were calculated 

using the mole percentages of AAs in the following formula: DI = Σi [vari-AVGi / STDi] * FCi, 

where vari is the mole percentage of the AA i (non-standardized), AVGi and STDi are the average 

and standard deviation of the vari respectively, and FCi is the factor coefficient assigned for vari on 

the first axis of the PCA analysis, also called variable loading (Dauwe et al., 1999). Dauwe and 

Middelburg (1999) determined the DI scores for different OM, and found that DI for sources such as 
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phytoplankton, bacteria, and sediment trap material have DIs between 1 and 1.5, while coastal and 

ocean margin sediments have scores between -0.3 and 1. Deep-sea sediments display scores less than 

-1.  

 

2.6 Oxygen penetration depth and oxygen exposure time	
  

Adopting the approach of Cai and Sayles (1996), O2 penetration depths (OPD) were approximated 

based on benthic O2 flux data from Thibodeau et al. (2010; Table 1), with OPD = [Ds
O2 x O2_BW] / 

FO2, where FO2 is the benthic O2 flux, O2_BW is the bottom water O2 concentration, and (Ds
O2) is the 

sedimentary diffusion coefficient at the in situ temperature corrected for sediment porosity. Sediment 

O2 exposure time (OET) is calculated as the OPD divided by the corresponding sediment 

accumulation rate (data from Smith and Schafer, 1999; Table 1). 

 

3. Results 

3.1 Elemental carbon and nitrogen concentrations and isotopic composition 

In surface sediments, %Corg and %N in the Upper Estuary ranged from 2.6 to 1.5% and from 0.21 

to 0.14%, respectively (Fig. 2a). In the Lower Estuary and the Gulf, %Corg showed a decreasing 

trend, while nitrogen concentrations increased. C/N ratios declined from >18 in the Upper Estuary to 

<9 in the Gulf (Fig. 2b). The δ13Corg of sediments of the Upper Estuary displayed a narrow range 

between -25.8 and -25.2‰, while in the Laurentian Channel, δ13Corg values increased from -24.2‰ at 

the head of the Channel to -22.5‰ at Anticosti and -22.0‰ at Sta. 16 (Fig. 2c). The observed δ13Corg 

and C/N ratios found in the surface and core sediments along the upper estuary and the Laurentian 

Channel indicate different OM sources (see Smith and Epstein, 1971; Fry and Sherr, 1984). 

Terrigenous contribution to the OM was highest in the Upper Estuary sediments and decreased as a 

function of distance from the St. Lawrence River mouth. This trend is confirmed by decreasing 
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lignin concentrations from the Upper Estuary towards to the Atlantic Shelf (Louchouarn et al., 1997). 

The δ13Corg in the Gulf sediments shows that sedimentary OM is mainly of marine origin, with 

minimal contribution of terrestrial OM at Sta. 16 (δ13C = -22, Fig. 2). An enrichment in 15N was also 

observed along the terrestrial-marine gradient, with δ15N values <5‰ in the Upper Estuary and >7‰ 

at Sta. 16 (Fig. 2c). This pattern is related to incomplete nutrient utilization as described by 

Thibodeau et al. (2010). 

Down-core, %Corg and %N decrease at most sites (Fig. 3a,b). C/N ratios in sediments increased 

with depth by 1-2 at Sta. 25 and 23 in the Lower Estuary and by 0.5-1.5 at the Anticosti station and 

Sta. 16 in the Gulf (Fig. 3c). In contrast, the C/N ratios did not change significantly with depth in the 

sediments between Sta. 22 in the Lower Estuary and Sta. 19 in the Gulf (Fig. 3c). Our data indicate 

down-core enrichment in the 13Corg in the upper 10 cm of the sediment cores at Sta. 25, 23, 22, 18, 

and 16, while at the other stations the δ13Corg did not show a clear down-core trend (Fig. 3d).. We 

also observed a decrease in δ15N by ~0.5 to 1‰ down-core in the uppermost 6 cm at Sta. 25, 23, 16 

and Anticosti, whereas at the other stations no clear trend could be discerned (Fig. 3e). 

 

3.2 Chlorin concentrations and index  

Surface sediment chlorin concentrations decreased seaward along the investigated transect (Fig. 

2b). In the Upper Estuary at Sta. DE, chlorin concentrations were >15 µg g-1 (Fig. 2b). Along the 

Laurentian Channel, they ranged between 12 µg g-1 in the Lower Estuary and 4-6 µg g-1 at Sta. 16 

and the Anticosti station in the Gulf. At all stations but Sta. Anticosti, chlorin concentrations 

decreased with sediment depth, with 25-49% of the chlorins being lost in the upper 5 cm (Table 1). 

CI in surface sediments increased along the Laurentian Channel, with the lowest values (0.43-0.48) 

in the Upper Estuary (Sta. DE, Sta. G, and Sta. H), and the highest values (>0.81) at Sta. 16 (Fig. 4a). 
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At most stations, the CI increased down-core in the upper sediment layer (~10 cm), whereas, no 

change in CI could be discerned deeper in the sediments (Fig. 3f). 

 

3.3 Total hydrolysable amino acids 

THAA concentrations in the surface sediments showed a slight decrease downstream the 

Laurentian Channel, with highest values in the Upper Estuary (50.2-58 µmol g-1 dws), intermediate 

concentrations in the Lower Estuary (41-51 µmol g-1), and the lowest concentrations at Sta.16 in the 

Gulf (31 µmol g-1; Fig. 2b). In the surface sediments, the percentage of Corg found in amino acids 

(%THAA-Corg) varied between 11 and 20% in the Upper Estuary, between 12 and 19% in the Lower 

Estuary, and ranged from 10 to 16% in the Gulf (Fig. 2d). Percent amino acid N (%THAA-N) varied 

between 42 and 69% in the Upper Estuary, between 42 and 60% in the Lower Estuary, and between 

23 and 42% in the Gulf (Fig. 2d). Sediment profiles at Sta. 23 and 18 showed a decrease in the 

THAA concentration with depth, from 41 to 23 mg g-1 and 37 to 23 µmol g-1, respectively (Fig. 5a). 

At Sta. 23 in the Lower Estuary, %THAA-N and %THAA-Corg decreased from 0 to 35 cm by 17% 

and 26%, respectively, whereas at Sta. 18 in the Gulf the %THAA-N and %THAA-Corg decrease was 

significantly more pronounced (31% and 29%, respectively) (Fig. 5 b, c). At least for the Gulf 

stations, a stable input of OM to the sediments can be assumed (Genovesi et al., 2011) (we observe 

almost invariant profiles of carbon and nitrogen concentrations), and the %THAA-N and %THAA-

Corg trends can be interpreted as the result of fractional degradation. 

 

3.4 Amino acid composition and degradation index 

Surface sediment mole percentages (mole%) of Asp, BALA, GABA, Gly, and, to a lesser extent, 

Arg and Thr, increased with distance seaward from the Upper Estuary, while those of Ala, Glu, ILeu, 

Lys, Leu, Phe, Tyr, and Val decreased along the same gradient. Met did not show a clear along-
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channel concentration gradient (Table 2). The relative AA abundance was similar in the Lower 

Estuary and Gulf sediments (Sta. 23 and 18; Fig. 6). Ala, Asp, Glu, Gly, Ser, and Thr were the most 

important AAs, comprising more than 60% of the THAA. At the two stations where we obtained AA 

concentration profiles (Sta. 23 and Sta. 18), Asp, Glu, Ileu, Phe, Ser, Thr, and Val decreased with 

depth, while BALA, GABA, Gly, and Lys increased. With regards to Ala, Arg, Leu, Met, and Tyr, 

only minor down-core changes were observed. 

D/L-Ala increased along the Upper Estuary and the Laurentian Channel, with average values of 

0.17 in the Upper Estuary, 0.22 in the Lower Estuary, and 0.32 in the Gulf (Table. 2). At both 

investigated stations, D/L-Ala ratios increased down-core from ~0.2 in surface sediments to ~0.4 in 

the deeper sediments (Fig. 5d). The DI in surface sediments ranged between -0.08 and 0.13 in the 

Upper Estuary, -0.4 and -0.53 in the Lower Estuary, and -0.5 and -1.0 in the Gulf (Fig. 4b). DI 

decreased down-core at both Sta. 18 and Sta. 23, (Fig. 5e) from ~ -0.6 to -0.8 and from -0.4 to -0.5, 

respectively. 

 

4. Discussion 

4.1 Relative loss of chlorins and THAA	
  

Our THAA concentrations in surface sediments along the estuary (upper and lower) and the Gulf 

(Fig. 2b) are typical for natural estuarine and coastal marine environments (Cowie and Hedges, 1992; 

Lomstein et al., 2006; Arnarson and Keil, 2007). Chlorin concentrations were one order of 

magnitude higher than those found in the Arabian Sea sediments (Schubert et al., 1998; Shankle et 

al., 2002), but one order of magnitude lower than values reported from Lake Zug sediments (Meckler 

et al., 2004). The absolute percentage of THAA and chlorins is influenced by the overall OM fluxes 

and, hence, is a function of primary productivity (which varies along the estuary and between the 

estuary and the Gulf). Chlorin and THAA concentrations normalized to N and Corg concentrations, 
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on the other hand, reflect changes in degradation state (Lee et al., 2000; Lomstein et al., 2006; 

Schubert et al., 2005) or changes in the terrestrial-to-marine OM ratio. Normalized THAA 

concentrations decrease downstream (Fig. 2d) and down-core (Fig. 5b,c), consistent with the 

preferential degradation of AAs relative to bulk N and Corg with ongoing OM degradation (Burdige 

and Martens, 1988; Cowie and Hedges, 1992). The degree of chlorin and THAA degradation most 

likely reflects the intensity of early diagenesis (either in the water column or within the sediments), 

and the lower chlorin concentrations in the Gulf hints to a more advanced degradation. Along the 

same line, the comparatively high chlorin and THAA concentrations in the Upper Estuary can be 

explained by a better OM preservation in shallower waters. Indeed, a significant exponential 

relationship exists between vertical OM flux in the water column (obtained from previously 

published studies in the same area, see Table 1) with surface sediment chlorin concentration per 100 

mg Corg (Table 1; r2=0.41, n=6), as well as with surface sediment %THAA-N (r2=0.68, n=6). The 

more seaward stations in the eastern Lower Estuary and the Gulf are typically nutrient-depleted 

leading to low productivity (Roy et al., 2008; Thibodeau et al., 2010), whereas the western landward 

Lower Estuary is generally more productive (Gilbert et al., 2005), and therefore sustains higher OM 

fluxes. 

Pelagic processes (e.g., OM flux, OM decomposition and transformation) affect the 

biogeochemical composition and reactivity of the sinking OM that reaches the sediments; it is thus a 

priori difficult to determine whether the observed along-channel changes in the composition of the 

surface sediments are due to reworking in the water column or the result of post-depositional 

processing. In this regard, the patterns of chlorin and total OM loss down-core in the sediments can 

be used as an index of the intensity of post-burial diagenesis. Along the Laurentian Channel, between 

16% and 50% of the surface sediment chlorin was lost in the upper 5 cm of the sediment column 

(Fig. 3g, Table 1). The highest chlorin loss (see Table 1 for definition) was observed at the head of 
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the Laurentian Channel, in the hypoxic portion of the Lower Estuary, while minimal loss was 

observed at Sta. 16 in the Gulf (Table 1). Enhanced down-core chlorin loss at the shallower, low-DO 

stations (Sta. 25 to 21) suggests that, here, chlorins are less effectively degraded in the water column 

and quantitative degradation sets in upon deposition at the sediment surface. At the deeper stations in 

(e.g., Sta. 16) particle oxygen exposure time is increased and chlorins are significantly degraded 

already during settling through the water column, leaving less chlorin “substrate” for degradation in 

the sediments.  

Sedimentation rates at the Lower-Estuary stations are higher than at the Gulf sites (Table 1). As a 

consequence, the integrative (4 cm) surface sediment samples have a different ages and some of the 

along-channel biogeochemical variations are likely attributable to those differences. However, the 

variability of chlorin and THAA loss in down-core sequences (representing longer timescales 

compared to the surface-sediment age difference between stations) is much less than in surface 

sediments along the Upper Estuary to Gulf transition; these age differences alone thus cannot explain 

the observed along-channel trends. 

 

4.2 Amino acid composition changes and reactivity indices	
  

AAs display variable susceptibility towards bacterial decomposition and reworking. Due to their 

comparatively labile nature and high nutritional value for bacteria, Glu, ILeu, Leu, Tyr, and Phe are 

preferentially degraded in sediments during early diagenesis (Burdige and Martens, 1988; Dauwe et 

al., 1999; Lee et al., 2000). Lee et al. (2000) observed that Glu, Phe, and Tyr decrease as particles 

sink in the water column at various locations in the Central Equatorial Pacific Ocean. In surface 

sediments along the Laurentian Channel, a general trend of higher concentrations of these AAs 

upstream and lower concentrations downstream (Table 2) can, therefore, be interpreted as an 

increase in OM degradation state towards the open waters. 
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In surface sediments along the terrestrial-marine gradient, Lys decreased while Asp increased 

(Table 2). Cowie and Hedges (1992) have shown that Lys is enriched in vascular plant OM 

compared to marine phytoplankton. Therefore, the observed relative Lys concentration decrease,  

together with the observed C/N and δ13Corg changes, confirm the decreasing trend in the amount of 

terrestrial plant material deposited in downstream sediments. Nunn and Keil (2005) found that 

enrichment in Asp during OM degradation is likely due to both preferential preservation of Asp-rich 

proteins and the production of Asp during bacterial reworking (Nunn and Keil 2005). Both processes 

likely contributed to the observed relative enrichment of Asp downstream. 

The increase in % Gly both downstream along the Upper Estuary and the Laurentian Channel 

(Table 1) and down-core at Sta. 18 and 23 (Fig. 6a) suggests that Gly preferentially accumulates 

during OM degradation. Dauwe and Middelburg (1998) interpreted the enrichment in Gly as a 

consequence of its low nutritional value for benthic fauna and microbial communities, whereas Lee 

et al. (2000) suggested enrichment in Gly due to selective diatom cell wall preservation. Gly is also 

an important component found in bacterial cell walls (Lee et al., 2000; Ingalls et al., 2003). In 

contrast to bacterial cell walls, diatom cell walls and frustules are also enriched in Ser and Thr, in 

addition to Gly (Ingalls et al., 2003). Ser decreased both downstream in surface sediments and down-

core at both investigated stations. Thr on the other hand decreased down-core at Sta. 18 and did 

neither change down-core at Sta. 23 nor downstream in surface sediments. Hence, the most plausible 

assumption is that it is indeed the increasing contribution of bacterial necromass to the bulk sediment 

OM pool with ongoing degradation (Keil et al., 2000), in addition to diagenetic alteration of other 

AAs that leads to the relative enrichment of Gly within the St. Lawrence Estuary and Gulf sediments. 

Progressive diagenesis in sediments is also indicated by the increased abundance of non-protein 

AAs (Cowie and Hedges, 1994; Hedges et al., 1999; Lee et al., 2000). We found a pronounced 

increase in the relative abundance of BALA and GABA, both in surface sediments along the studied 
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transect towards the Gulf (Table 2), and down-core (Fig. 6p,q), which can be interpreted as an 

additional indicator of compositional changes of the sedimentary OM due to the more advanced state 

of degradation, respectively. The patterns of individual AAs are coherent with the values determined 

for the DI, both converging to suggest declining reactivity (i.e., more advanced degradation) in 

surface sediments along the Upper Estuary and the Laurentian Channel (Fig. 4b), and with depth in 

sediments at Sta. 18 and 23 (Fig. 5e). 

Consistent with the DI scores, surface sediment CI values in the Upper Estuary were lower 

compared to those in the Lower Estuary and the Gulf, also indicating a lower degree of alteration 

(Fig. 4a). Overall, the DI and CI suggest that the most degraded and least reactive sediments occur in 

the Gulf. The agreement between DI and CI in surface sediments along the Laurentian Channel is 

better (r2=0.89, n=12; Fig. 7a) than for the down-core records (r2=0.43, n=39). Because chlorins and 

amino acids are molecularly different compounds, they are likely to be degraded at different rates 

(Meckler et al., 2004). As becomes evident from our data set, the CI is only very sensitive in surface 

sediments and down to the first five centimeters in the two investigated cores. Below 5 cm sediment 

depth, hardly any change in the CI can be discerned. This is in agreement with a previous study by 

Meckler et al. (2004), showing that the CI is more sensitive at early stages (i.e., years) of OM 

degradation.  

Our interpretation of the trends in the DI and CI is further supported by a third reactivity indicator 

(Reactivity Index, or RI), which is based on the ratio of aromatic AA (Phe+Tyr) to non-protein AA 

(GABA+BALA), and which varies from 0.1 for heavily degraded OM to 3.6 for freshly deposited 

reactive OM (Jennerjahn and Ittekkot, 1997). As with the other indices, the RI suggests that surface 

sediments in the more seaward parts of the St. Lawrence Estuary and the Gulf are more degraded 

than in the Upper Estuary and the estuarine channel mouth (Fig. 4c). The good agreement between 
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CI and the other AA-based reactivity indices (Fig. 7) supports the robustness of those indices in 

transitional aquatic environments such as the St. Lawrence Estuary. 

 

4.3 Bacterial OM	
  

Unlike L-AAs, the D-AAs are source-specific and therefore have the potential to indicate OM 

origin (McCarthy et al., 1998; Amon et al., 2001). D-Ala is present in all bacteria providing a robust 

tracer for bacterial biomass (e.g., Amon et al., 2001; Grutters et al., 2002; Veuger et al., 2005; 

Jørgensen and Middelboe, 2006). An increasing proportion of D-Ala with depth and age of the 

sediment can, in addition to bacterial synthesis, be the result of chemical racemization. However, this 

possibility was tested in various coastal and continental shelf studies (Pedersen et al., 2001; Grutters 

et al., 2002; Lomstein et al., 2006), confirming that biological processes generally dominate the 

production of D-AA. The increase in D/L-Ala in surface sediments downstream (from an average of 

0.17 in the Upper Estuary to 0.22 in the Lower Estuary, and to 0.32 in the Gulf; Table 2) suggests the 

enrichment of the OM pool with bacterial remnants. Moreover, D/L-Ala increases down-core at Sta. 

23 and 18 (Fig. 5d), demonstrating the accumulation of bacterial remnants during sedimentary 

diagenesis. Similar observations have been made in other marine environments, such as the Aarhus 

Bay and Roskilde Fjord, Denmark (Pedersen et al., 2001; Jørgensen and Middelboe, 2006), the 

northeastern Atlantic continental slope (Grutters et al., 2002), and in coastal sediments off Chile and 

Peru (Lomstein et al., 2006, 2009). D/L-Ala ratios can further be used to estimate the relative 

contribution of bacterial remnants to bulk sedimentary OM preserved in the sediments. The strong 

inverse correlation between D/L-Ala and the reactivity indicator DI, both downstream (r2=0.83, 

n=12) and down-core at Sta. 23 and 18, indicates a close link between the degradation state and the 

degree of bacterial processing of sedimentary OM. A similar correlation between DI and D-AA 

enrichment has been found for marine dissolved OM (Amon et al., 2001) supporting the concept that 
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bacteria not only consume labile organic material but replace it with OM that is more refractory in 

nature. Alternatively, if not refractory per se, bacterial OM may be continuously and efficiently 

recycled to maintain a stable “bacterial” OM signature in the sediments. These details aside, our 

observations in the St. Lawrence Estuary and Gulf are consistent with previous reports, which show 

that bacterial remnants are preferentially preserved both in laboratory incubations and marine 

sediments (Tremblay and Benner,, 2006; Veuger et al., 2005; Lomstein et al., 2009), and thus 

confirm that bacterial degradation and biosynthesis shape the chemical composition of OM by 

selectively removing bio-reactive components from the original OM and leaving behind (bio-

refractory) bacterial OM components (e.g., peptidoglycan).  

 

4.4 Environmental factors 

Both the chlorin-based and AA-based reactivity indices suggest that the reactivity of the 

sedimentary OM declines along the Upper Estuary- Gulf gradient transition. The factors that control 

this reactivity gradient is, however, not clear.  In order to explore this question in detail, we 

compared the OM reactivity in surface sediments to water depth, bottom water oxygen content, and 

oxygen exposure time. 

 

4.4.1 Water column depth  

Despite similar environmental conditions in the Upper Estuary (Sta. DE, G, and H) and at Sta. 16, 

OM reactivity is much greater at the shallow sites in the Upper Estuary, suggesting that water depth 

may be an important determinant of the quality of the sedimentary OM. In fact, we found a 

significant correlation between water depth and the CI (r2=0.92, n=12; Fig. 8a), providing putative 

evidence that the settling time of organic particles and aggregates in the water column plays a crucial 

role in determining the quality of OM that ultimately reaches the sediments. Particle-associated 
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bacteria degrade organic compounds from sinking particles, leading to the production of dissolved 

OM (Honjo et al., 2008 and references therein), while breaking the sinking particles down into 

smaller, suspended OM particles, thus reducing the overall OM particles flux and inducing 

compositional changes. This process is drastically reduced when water depth is shallow like in the 

upper estuary. Co-variation of sediment OM reactivity and water column depth was observed in 

other environments as well (Hedges et al., 1999; Shankle et al., 2002; Lomstein et al., 2006). 

Niggemann et al. (2007) compared depositional conditions, OM composition, and organic carbon 

turnover in sediments from two different depositional systems along the Chilean continental margin, 

and in agreement with our observations, concluded that water depth plays an important role in the 

quality of sinking OM. Along the same line, Shankle et al. (2002) found a significant correlation 

between sediment chlorin concentration and water column depth in the Arabian Sea. Hedges et al. 

(1999) found that with increasing water column depth off shore the continental margin of 

Washington, the fraction of GABA and BALA increased in the sedimentary OM, indicating 

advanced degradation of the sediments. Bourgoin and Tremblay (2010) collected suspended particles 

at different water column depths in the St. Lawrence Estuary. Consistent with our findings of a 

depth-controlled reactivity of the Upper vs. Lower Estuary sediments, they found that in the Lower 

Estuary, bottom water particulate THAA concentrations were up to 35 times lower compared to 

surface water concentrations, while in the Upper Estuary THAA loss with depth in the water column 

was minimal. 

 

4.4.2 Dissolved oxygen and vertical OM flux  

In the Lower Estuary and the Gulf, water depth variations are less pronounced than between the 

Upper Estuary and Lower Estuary. Nevertheless, surface sediment reactivity appears to decrease 

eastward (Fig. 4). We found a significant negative relationship between CI in surface sediments and 
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the Corg flux to the sediments (see Table 1 with references therein; r2= 0.87, n=5; Fig. 8b), and a 

positive relationship with the bottom water DO content (r2=0.86, n=9; Fig. 8c). This suggests that 

low DO conditions and enhanced fluxes of OM to the sediments combine to enhance OM 

preservation in the Lower Estuary sediments. Increased sedimentation rates have been hypothesized 

to be responsible for increased OM preservation through rapid burial (Henrichs and Reeburgh, 1987; 

Bertrand and Lallier-Verges, 1993). Ambient oxygen concentration also partly control the extent of 

OM degradation in the water column and in sediments, both on short and long time scales (Bianchi et 

al., 2000; Kristensen and Holmer, 2001; Bechtel and Schubert, 2009). It is important to note, 

however, that the initial rate of fresh bulk OM remineralization occurs at similar rates under both 

oxic and hypoxic to anoxic conditions, while that of older and refractory OM seems to be slower 

under anaerobic compared to oxic conditions (Lehmann et al., 2002; Pantoja et al., 2009; Bechtel and 

Schubert, 2009). Chlorins appear to be more susceptible to oxic degradation (Sun et al., 1993; 

Shankle et al., 2002). The strong correlation between CI (and DI, r2=0.93, n=9) and bottom water 

oxygen concentration suggests that OM delivered to sediments in the Lower Estuary and Gulf may 

be partially degraded in the water column or in the bottom nepheloid layer, to a degree that allows 

the oxygen to play a role on preferential preservation of OM under low oxygen concentration 

condition, in agreement with the findings of Archer and Devol (1992) and Bourgoin and Tremblay 

(2010). We also note that oxygen concentrations only correlate with specific components (here 

pigments and AA) and do not correlate significantly with total %Corg in surface sediments (r2=0.19, 

n=9). Similar uncoupling between %Corg and DO has been observed across the Indus margin of the 

Arabian Sea (Cowie et al., 2009) and across the Washington State continental shelf and slope 

(Archer and Devol, 1992).  

The effects of DO concentrations and OM sedimentation rates combine to determine yet another 

factor that is likely to have close links to the reactivity of sedimentary OM: The exposure time 
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(OET) of organic particles to oxic conditions within the sediments. The OET depends on the burial 

rate and the oxygen penetration depth (OPD) in the sediments, which in turn is a direct function of 

the DO in the overlying water and the reactivity of sediments (Hartnett et al., 1998; Hedges et al., 

1999; Lehmann et al., 2009). The calculated OPD in the St. Lawrence estuarine sediments 

(corresponding to the thickness of the oxic sediment layer) increases from approximately 0.6 -0.9 cm 

in sediments at the head of the Laurentian Channel at Sta. 25 and Sta. 23 to approximately 1.5 - 1.8 

cm in the Gulf at Sta. 18, 19, and Anticosti. Similar values for the OPD (1.5 to 1.7 cm) were 

measured for the St. Lawrence Gulf sediments by Silverberg et al. (2000) using microelectrodes. A 

negative correlation between OPD and OM reactivity (DI; r2=0.73; n=6) indicates that the 

sedimentary OM reactivity decreases as OPD increases, yet the causal links are not obvious. OET 

was lowest in the Lower Estuary, ranging between 1.2-1.7 years at Sta. 25 and Sta. 23, increasing to 

~7 years between Sta. 21 and Sta. 19, and reaching ~14 years at Sta. 18. As with OPD, OET 

correlates with OM reactivity (DI; r2=0.88; n=5; and CI r2=0.72; n=5). There are several components 

of OM that are oxygen-sensitive (Hedges et al., 1999), and have higher potential to be preserved 

under reducing conditions or shorter OET of years and decades (Arnarson and Keil, 2007). Both high 

OM flux and low bottom-water DO (Table 1) at the head of the Laurentian Channel are conducive to 

shorter OET and shallower OPD. While our data indicate that oxygen exposure time of the sediments 

determines OM reactivity, the sediment oxygen regime may itself be related to the reactivity of the 

sedimenting OM. Direct (through core incubations) and indirect (porewater DO profiles) 

determinations of benthic O2 fluxes carried out by Thibodeau et al. (2010) revealed that oxic 

bacterial respiration rates along the Laurentian Channel are a function of the sediment reactivity 

rather than OM content. Hence, we argue that feedback loops can be created wherein the reactivity of 

the OM may influence the establishment of hypoxic conditions, which in turn, may enhance the 

preservation of OM in the sediment. 
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5. Conclusions 

In this paper we have explored the relative importance of OM sources versus processing in 

determining the sediment OM reactivity along estuarine gradients. Terrestrially-derived OM has 

traditionally been considered recalcitrant, and thus sediments dominated by terrestrial inputs would 

be expected to be less reactive than those dominated by algal materials. Our results do not support 

this assumption. The various compositional characteristics of the studied sediments suggest a trend 

towards less reactive material from the Upper Estuary towards the Gulf, while geochemical evidence 

highlights the transition from a more terrestrial to a more marine- dominated sedimentation regime 

along this transect. The agreement between chlorin- and amino acid-based reactivity indicators (CI, 

DI, RI) demonstrates the applicability of both types of indices to complex estuarine environments 

with terrestrial and marine organic matter sources. The CI better describes the initial degradation of 

OM (i.e. in the water column and the uppermost sediments), whereas the amino acid-based indicators 

also account for longer-term degradation processes in the deeper sediment. The spatial pattern in 

sediment reactivity along the Laurentian Channel seem to primarily result from increasing intensity 

of OM degradation in the water column and within the sediments. Hence, our data provide a good 

example where OM source seems to be secondary to early diagenetic processing in determining 

sediment reactivity. We provide putative evidence that water depth (which influences particle 

settling time), OM flux rates and bottom water DO all play a role in OM preservation and thus 

control the bulk OM reactivity of the sediments. The observed trends towards higher D/L Ala ratios 

in surface sediments downstream the Laurentian Channel (and down-core), indicate the accumulation 

of bacterial remnants with increasing OM degradation, and parallels the DI and CI changes. Hence 

the preservation and accumulation of bacterial cell wall remnants is coherent with the patterns of 

reactivity, confirming 1) the close link between OM degradation, in situ bacterial biosynthesis, and 
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the preservation of OM and 2) the refractory nature of the preserved (or continuously recycled) 

bacterial material. While our data suggest that bottom water DO is an important constraint on OM 

degradation and reactivity, we speculate that OM reactivity itself likely influences oxygen flux and 

penetration depth in the sediments, with direct implications for the dissolved oxygen budget and 

hypoxia in the Lower St. Lawrence Estuary.  
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Figure captions 

Figure 1: Map showing the sampling locations in the St. Lawrence Estuary (Upper and Lower) and 

the Gulf of St. Lawrence. Bathymetric contours outline the Laurentian Channel along the 300 and 

400 m isobaths. The size of shadowed circles around study sites denotes bottom water DO 

concentrations. For absolute values of bottom water DO see Table 1. 

 

Figure 2: (a) %Corg and %N, (b) C/N ratios, THAA (µmol g-1), and chlorin concentrations (µg g-1), 

(c) δ13Corg and δ15N (‰) and (d) contribution of THAA to Corg (%THAA-Corg) and N (%THAA-N) 

in surface sediments in the St. Lawrence Estuary and the Gulf of St. Lawrence. 

 

Figure 3: Down-core sediment records in the Lower St. Lawrence Estuary and the Gulf of St. 

Lawrence: (a) %Corg , (b) %N, (c) C/N ratios, (d) δ13Corg (‰), (e) δ15N (‰), (f) chlorin index (CI) 

(‰), and (g) chlorin concentrations (µg g-1). 

 

Figure 4: OM reactivity indices in surface sediments in the St. Lawrence Estuary and the Gulf of St. 

Lawrence. 

 

Figure 5: Down-core profiles of (a) THAA (µmol g-1), (b) %THAA-Corg, (c) %THAA-N, (d) D/L 

Ala, and (e) DI scores at Sta. 23 in the Lower Estuary and Sta. 18 in the Gulf. 

 

Figure 6: Amino acid distribution (mole% of THAA) in sediments down-core at Sta. 23 in the 

Lower Estuary and Sta. 18 in the Gulf. 
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Figure 7: Correlation between the chlorin index (CI) and (a) the degradation index (DI) and (b) the 

reactivity index (RI) in surface sediments along the St. Lawrence Estuary and the Gulf of St. 

Lawrence. The labels next to data points refer to the station names. The circle denotes the shallow 

locations in the Upper Estuary. 

 

Figure 8: Correlation between CI in surface sediments and (a) water column depth, (b) Corg vertical 

flux, and (c) dissolved oxygen in bottom water (DO; µmol L-1). The labels next to data points refer to 

the station names. The circle denotes the shallow locations in the Upper Estuary. 
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Table 1: Sampling site characteristics along the St. Lawrence estuary and the Gulf of St. 

Lawrence. Chlorin loss (in %) defined as: ([Chlr]1cm -[Chlr]5cm)/[ Chlr]1cm ×100). (ND = not 

determined). 

  

Data from: (a)Thibodeau et al. (2010); (b)Smith and Schafer (1999); (c)Silverberg et al. (1987); 

(d)Colombo et al. (1996); (e)Muzuka and Hillaire-Marcel (1999); (f)Silverberg et al. (2000) 

 

 

Station Distance from 
DE (km) 

Depth 
(m) 

Bottom water 
 [O2] (a) 

(µmol L-1)  

OET 
(years) 

OPD 
(cm) 

Sediment acc. 
Rate(a) 

(g cm-2 yr-1) 

Corg flux 
(µmol cm-2 yr-1) 

Corg burial rate 
(µmol cm-2 yr-1) 

Chlorin conc. 
(µg/100 mg Corg) 

 Chlorin loss 
(%) 

DE 0 23 290 N.D. N.D. N.D. N.D. N.D. 62.4 N.D. 
G 40 93 290 N.D. N.D. N.D. N.D. N.D. 60.2 N.D. 
H 70 64 291 N.D. N.D. N.D. N.D. N.D. 76.8 N.D. 
25 162 290 65 1.17 0.64 0.55 N.D. N.D. 81.2 49 
23 226 350 63 1.72 0.92 0.45 471 to 932 (c) ~108 to 364(c) 44.5 34 
22 304 321 70 N.D. N.D. 0.45 573 (d) ~158 (d) 77.5 46 
21 350 330 75 6.57 1.46 0.22 N.D. N.D 58.5 42 
20 442 330 97 N.D. N.D. 0.14 ~ 22 (e) ~13 (e) 46.1 39 
19 526 370 108 7.68 1.82 0.24 66 to 160 (f) ~46 (f) 53.5 41 
18 586 370 123 13.57 1.56 0.12 ~ 19 (e) ~ 10 (e) 42.7 25 

Anticosti 765 283 106 N.D. 1.53 N.D. N.D. ~ 13 (e) 26.5 29 
16 820 420 197 N.D. N.D. 0.04 ~ 22 (e) ~ 11 (e) 21.3 17 
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Table 2: Amino acids (mole-% of THAA) in surface sediments along the St Lawrence Estuary 

(Sta. DE – 21) and the Gulf of St. Lawrence (Sta. 20 to 16). 

Station Ala D/L Ala Arg Asp BALA GABA Glu Gly His ILeu Leu Lys Met Phe Ser Thr Tyr Val 
DE 8.1 0.17 3.8 13.3 0.6 1.0 10.6 15.7 2.0 3.6 5.4 7.4 0.4 2.7 8.0 7.8 1.6 7.6 
G 8.2 0.16 3.9 13.8 0.9 1.3 10.2 15.8 2.1 3.9 5.7 6.9 0.4 3.2 7.9 6.9 1.5 7.5 
H 8.1 0.21 3.6 13.5 1.2 1.6 10.5 15.2 1.9 3.5 4.5 8.1 0.6 3.0 8.2 7.4 1.6 7.4 
25 8.3 0.24 3.7 15.5 1.1 1.7 10.2 15.8 1.4 3.5 4.7 6.4 0.6 2.4 8.1 8.0 1.5 7.1 
23 8.9 0.22 3.8 15.4 1.8 1.5 10.3 16.1 1.4 3.4 4.3 4.4 0.5 2.8 8.9 7.3 1.6 7.6 
22 7.8 0.23 3.6 16.7 2.1 1.7 9.2 16.8 1.8 3.1 3.8 5.4 0.4 2.5 8.4 7.7 1.7 7.3 
21 7.4 0.25 4.3 15.7 2.1 1.5 9.7 17.2 1.7 3.0 3.9 4.9 0.6 2.6 8.5 7.8 1.6 7.3 
20 7.5 0.31 4.2 16.6 2.5 1.7 9.8 16.6 1.9 3.2 4.3 3.9 0.7 2.2 8.3 8.3 1.3 7.1 
19 7.2 0.4 4.7 15.8 2.6 1.8 9.0 17.8 1.6 3.0 3.8 4.9 0.7 2.3                                                                                                                                                                                        8.0 7.9 1.4 7.6 
18 8.6 0.34 4.5 16.0 2.4 1.6 9.2 16.9 1.7 3.2 3.2 5.2 0.6 2.6 8.9 6.6 1.3 7.5 

Anticosti 7.5 0.28 4.0 16.2 2.4 1.5 9.0 17.1 1.4 3.3 3.8 6.9 0.5 2.5 7.7 7.6 1.5 7.0 
16 7.4 0.42 4.7 17.1 2.9 1.7 8.7 19.5 1.5 2.7 2.9 4.4 0.4 2.3 7.5 8.1 1.3 7.0 

 

	
  


