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FOREWORD/AVANT PROPOS

During my doctorate I benefited from the expertise, advice, training, facilities, and
outstanding intellectual communities provided by different research institutes from
Canada and Switzerland: the GEOTOP-UQAM-McGill research center (Canada),
Département des Sciences Biologiques, Université du Québec a Montréal (Canada), the
Swiss Federal Institute of Aquatic Science and Technology (Switzerland), and the
department for Environmental Science, Universitidt Basel, Switzerland. This thesis is
composed of 3 papers, two of them have already been accepted by international
scientific journals and the third is in preparation for submission in the near future. Each

paper will be presented in this thesis as a separate chapter.

Alkhatib, M., Schubert, C. J., del Giorgio, P. A., Gelinas, Y., Lehmann M. F., Organic
matter reactivity indicators in sediments of the St. Lawrence Estuary. In press for
“Estuarine, Coastal and Shelf Sciences”.

Alkhatib, M., Lehmann M. F., del Giorgio, P. A., Gelinas, Y., Distribution of dissolved
organic nitrogen in sediments of the Lower St. Lawrence Estuary: Constraints on
benthic dissolved organic matter fluxes and selective organic matter degradation. In
preparation.

Alkhatib, M., Lehmann, M. F., del Giorgio P. A., The nitrogen isotope effect of benthic
remineralization-nitrification-denitrification coupling in an estuarine environment. In

press for “Biogeosciences”.

The first article is entitled “Organic matter reactivity indicators in sediments of the St.
Lawrence Estuary”, and constitutes the first chapter of the thesis. The sediment samples
collected from the St. Lawrence Estuary and Gulf of St. Lawrence were analysed for
their chlorin and amino acid contents and composition at the EWAG (Switzerland),

while the bulk sediment parameters such as the percentage of organic carbon and total
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nitrogen in the sediment, as well as the nitrogen stable isotopic composition were
analysed in the laboratories of GEOTOP, Montreal, Canada. The organic carbon
isotopic composition was determined in Basel, Switzerland. Dr. C. Schubert hosted me
at EAWAG where I have received training on the methods for extracting chlorins and
amino acids. It should be pointed out that the chlorin index I use to quantify OM
reactivity was originally developed and proposed by Dr. Schubert. My co-supervisors
Dr. del Giorgio and Dr. Lehmann corrected earlier drafts of this article, and Dr. Schubert
and Dr. Gelinas have as well reviewed this paper in their capacity as coauthors, prior to
its submission.

The second chapter in this thesis is entitled “Distribution of dissolved organic nitrogen
in sediments of the Lower St. Lawrence Estuary: Constraints on benthic dissolved
organic matter fluxes and selective organic matter degradation”, and is being prepared
for submission to an international scientific journal shortly. All the dissolved organic
matter analyses were done in the GEOTOP labs, and the Environmental Science
Department labs based at the UQAM University. The sediment interstitial porewaters
(similar to all other samples) were collected during two sampling campaigns in the St.
Lawrence Estuary and the Gulf of St. Lawrence in June and August 2006. This article
will be coauthored by Dr. Lehmann and Dr. del Giorgio.

The third chapter is composed of the article entitled “The nitro'gen isotope effect of
benthic remineralization-nitrification-denitrification coupling in an estuarine
environment”. The isotopic analysis of nitrate and total dissolved nitrogen was carried
out in the biogeochemistry and stable isotopes lab at the GEOTOP research center,
UQAM. This chapter is the one that involved the largest analytical and lab efforts. The
isotopic analysis of total dissolved nitrogen in particular required considerable
investment of time to test and adapt the method. The coauthors in this paper, which by
now is also in press in Biogeosciences, are Dr. Lehmann and Dr. de Giorgio, who

helped to revise the manuscript.
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RESUME

Des conditions d’hypoxie sont couramment rencontrées dans les eaux profondes de
I’estuaire du Saint-Laurent, d{i & une forte dégradation de mati¢re organique particulaire
(MOP) hautement réactive de méme qu’a une eutrophisation généralisée de |’estuaire au
cours des derniéres décennies. On.en connait par contre peu sur la distribution et la
composition de la MOP retrouvée dans les sédiments, ainsi que sur les facteurs qui
gouvernent sa réactivité dans les différentes zones de I’estuaire. Les nutriments azotés,
incluant 1’azote organique dissous (AOD), sont un facteur limitant courant pour la
productivité primaire estuarienne, et pourtant, I’AOD est presque systématiquement
absent des budgets de nutriments estuariens et marins. Dans le Saint-Laurent, les sources
et les puits de I’AOD ne sont pas bien définis, et les facteurs qui régulent le relargage
benthique de I’AOD, en particulier, sont incertains. La mesure de la composition
isotopique des différentes espéces d’azote est utile pour comprendre et quantifier les
différents processus liés au cycle de ’azote, dans les sédiments et dans la colonne d’eau
(incluant les processus qui affectent I’AOD), mais I’effet de la composition isotopique
sur les dits processus, en contrepartie, doivent étre éclaircis. En ce moment, aucune
étude n’a documenté les liens existant entre la composition isotopique des différentes
espéces d’azote et les échanges de nutriments entre les milieux benthique et pélagique
estuariens et marins. Dans ce contexte, I’objectif général de cette thése est de déterminer
la composition et la réactivité de la matiére organique (MO) dans ’estuaire du Saint-
Laurent, d’évaluer son impact sur les flux et les budgets d’azote, puis d’évaluer
comment les propriétés isotopiques des espéces d’azote €changées lors des différents
flux affecteront le pool d’azote dans la colonne d’eau. Les objectifs spécifiques sont
donc, dans un premier temps, de déterminer la distribution de la MOP réactive au long
de I’estuaire et du golf du Saint-Laurent, ainsi que d’explorer les facteurs qui contrdlent
cette distribution, tels que les sources de MOP, I'oxygéne dissous et les régimes de
déposition. Dans un deuxiéme temps, j’explore ici la distribution et les flux d’azote et de
carbone organique dissous (AOD; COD) dans I’eau interstitielle entre les sédiments et la
colonne d’eau, ainsi que les différences steechiométriques qui en découlent, lesquelles
sont probablement régulées par la réactivit¢ de la MOP et les conditions
environnementales. Le dernier objectif est de suivre la transformation des différentes
espéces d’azote organique et inorganique dissous (AOD+AID) dans les eaux
interstitielles, puis de déterminer [I’effet qu’aura la séquence de reminéralisation-
nitrification-dénitrification de I’azote sur le contenu en "°N du pool réactif d’azote dans
la colonne d’eau. Pour répondre a ces objectifs, des échantillons provenant de I’eau et
des sédiments de I’estuaire du Saint-Laurent ont été collectés lors de deux campagnes au
long d’un gradient depuis |’estuaire vers 1’océan. La composition en isotopes stables (N
et C), le carbone organique total, I’azote total, les acides aminés et le contenu en chlore
ont été mesuré dans les sédiments. Ces analyses sont a la base des calculs d’indices de
réactivité de la matiére organique, de I’indice de dégradation (ID) et de ’indice de
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chlore (IC) des sédiments. De plus, les nitrates (et nitrites), I’ammonium, le carbone
organique dissous (COD) et ’AOD seront mesurés dans les eaux interstitielles des
sédiments. Ces variables seront ensuite utilisées pour estimer les flux diffusifs a
I’interface eaux-sédiments. Finalement, les compositions isotopiques des NOj;™ et de
I’azote total dissous (ATD) ont été déterminées, et I’effet isotopique associé a leurs flux
a 'interface eau-sédiment a été calculé. Les résultats de ce présent travail montrent
clairement un gradient de la réactivité de MOP des sédiments et un début d’altération
diagénétique au long de I’estuaire du golfe du Saint-Laurent, avec plus de MO réactive
dans la partie peu profonde de I’estuaire moyen et dans la zone hypoxique et trés
productive de I’estuaire maritime. Les analyses de stéréo-isoméres des acides aminés ont
révélé un couplage entre I’ampleur de la diagénése et I’accumulation et la préservation
sélective de la matiére dérivée des membranes de cellules bactériennes dans les
sédiments. Le temps d’exposition a I’oxygéne des sédiments semble déterminer
fortement la réactivité de MO des sédiments dans I’estuaire du Saint-Laurent, plutdt que
la source de la MOP. Dans I’ensemble de la zone d’étude, les sédiments représentent
une source d’AOD dans la colonne d’eau (de 0,11 & 0,43 mmol m™ j’l). Les flux d’AOD
comptent pour 30 & 64% de la dénitrification benthique totale, et étaient
significativement positivement corrélés avec la réactivité de la MO et négativement
corrélés avec I’oxygene dissous des eaux recouvrant les sédiments. Les flux de COD
étaient relativement constants (2,1 + 0,1 mmol m™ j) et n’ont pas démontré de patron
de variation au long du gradient estuaire-océan, impliquant une partition des éléments
prononcée et contrdlée par I’environnement durant ’hydrolyse et la reminéralisation de
la MOP durant la diagénése hitive des sédiments. L’azote réduit dissous (ARD) des
eaux interstitielles et les nitrates étaient tous les deux significativement enrichis en °N
dans les sédiments. Comme dans les autres environnements marins, le fractionnement
isotopique biologique de la perte nette d’N fixé due a la dénitrification était & peine
exprimé & I’échelle des échanges entre les sédiments et I’eau. Intégrer, pour la premiére
fois, les flux d’ARD (AOD + NH4") dans les calculs de I’effet isotopique de I’N total
des sédiments génere des effets isotopique d’N Iégérement plus élevé (4,6 + 2 %o), qui
semblent €tre contrdlés par la réactivité et la profondeur de pénétration de I’oxygéne
dans les sédiments. Les valeurs des effets isotopiques de I’N total des sédiments reportés
ici sont plus €levés que les valeurs présumées, et occasionnent des incohérences dans le
cycle global des isotopes d’N, car ils impliquent un plus grand ratio de dénitrification
entre les sédiments et la colonne d’eau et, ainsi un plus grand débalancement du budget
global de I'N qu’il n’est actuellement considéré. En résumé, cette étude souligne les
liens étroits existant entre le régime de condition de préservation et de sédimentation, la
composition et la réactivité de la MO et le remaniement bactérien, ainsi que les
échanges de solutés a ’interface eau/sédiment, avec des implications & grand échelle
pour I’effet des processus benthiques sur les éléments et le budget isotopique de I'N
dans la colonne d’eau des estuaires marins.
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ABSTRACT

The widespread hypoxic/low dissolved oxygen conditions (DO) in the bottom waters of
the St. Lawrence Estuary has been partly ascribed to the increased degradation of
reactive particulate organic matter (POM) in the sediments with enhanced
eutrophication over the last decades, yet there is a lack of knowledge on the distribution
and composition of sedimentary POM and the factors that govern its reactivity along the
St. Lawrence estuarine-marine system. Nitrogenous nutrients (including dissolved
organic nitrogen, (DON)) are limiting estuarine and marine primary productivity,
however, DON is neglected in most marine and estuarine nitrogen budgets. In the St.
Lawrence system, sources and fate of DON are poorly constrained, and the controls on
benthic DON release to the water column are uncertain. To trace and quantify the
different N cycling processes within sediments and in the water column (including those
that affect DON), measuring the N isotopic composition of N species has proven to be
helpful, but the N isotope effects that are associated with specific N transformations
need to be known. To date, observational data that elucidate the isotopic impact of
benthic-pelagic exchange of reduced dissolved N (RDN) do not exist in the literature.
This thesis aims at assessing the organic matter (OM) composition and reactivity of
sediments along the Laurentian Channel, its impact on solute fluxes and the N budget of
the St. Lawrence Estuary and Gulf, and in turn, the isotope effects these fluxes have on
the water column N pool. The main objectives were (1) to determine the distribution of
reactive POM along the St. Lawrence Estuary (Upper Estuary and Lower Estuary) and
Gulf, and to investigate the factors that affect their distribution, such as OM sources,
environmental conditions (water column oxygenation), and depositional regime, (2) to -
investigate the distribution and fluxes of dissolved organic nitrogen and carbon (DON
and DOC) in porewaters and at the sediment water interface, as well as to study the C/N
elemental partitioning imparted by DOM production/copsumption processes during
early diagenetic reactions, likely controlled by POM reactivity and environmental
conditions, and (3) to trace the dissolved organic and inorganic nitrogen (DON+DIN)
cycling inside the sediment porewater pool and to assess the N isotope effect of coupled
remineralization-nitrification-denitrification-on the '*N content of the reactive N pool in
the overlying water column. To achieve these objectives, sediment and water samples
were collected along the estuarine-marine gradient from the St. Lawrence Estuary
during two scientific cruises. Solid sediments were analysed for its N and C stable
isotope composition, total organic carbon, total nitrogen, amino acids, and chlorin
“contents. These data represented the basis for the calculation of sediment OM reactivity
indices, the degradation index (DI) and the chlorin index (CI). Porewaters were analysed
for nitrate (+nitrite), ammonium, [DOC], and [DON], and these were used to estimate
the diffusive flux of these components at the sediment water interface. Finally, the
isotopic composition of NOs™ and total dissolved nitrogen (TDN) was determined, and
the isotopic effect associated with their flux across the SWI was calculated. The results
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of my thesis work show a clear gradient in the sediment POM reactivity and early
diagenetic alteration along the St. Lawrence Estuary and Gulf, with more reactive OM
in the shallow Upper Estuary and in the hypoxic, highly-productive Lower Estuary.
Amino acid stereoisomer analysis revealed a close coupling between the extent of
diagenesis and the accumulation and selective preservation of bacterially-derived cell
wall material in the sediments. Oxygen exposure time of the sediments appears to
strongly determine sediment OM reactivity in the St. Lawrence Estuary, rather than the
source of POM. Throughout the study area, sediments represent a significant source on
DON to the water column (0.11 to 0.43 mmol m* d"). DON fluxes accounted for 30%
to 64% of the total benthic denitrification, and were significantly correlated with OM
reactivity (positively) and with the [DO] in the overlying bottom water (inversely). DOC
fluxes were relatively constant and did not show any consistent pattern of variation
along the estuarine-marine gradient (2.1 = 0.1 mmol m? d'), implicating pronounced
and environmentally-controlled element partitioning during the hydrolysis and
remineralization of POM during early sedimentary diagenesis. Both porewater RDN and
nitrate were significantly enriched in "N in the sediment. As in other marine
environments, the biological nitrate isotope fractionation of net fixed N loss due to
denitrification was barely expressed at the scale of sediment-water-exchange.
Integrating, for the first time, the RDN (DON+NH,") fluxes in calculations of the total
N total sedimentary N isotope effect yielded slightly higher N isotope effects 4.6 + 2 %o,
which seem to be controlled by the sediment reactivity and oxygen penetration depth in
the sediments. Here reported values of the total sedimentary N isotope effect are larger
than previously assumed, and result in inconsistencies with respect to the global N
isotope budget, because they imply a greater sediment-to-water column denitrification
ratio and, thus a greater overall imbalance in the global N budget than currently
considered. In summary, this study highlights the close links between preservation
conditions/sedimentation regime, the composition and reactivity of OM and bacterial
reworking, as well as the solute exchange at the sediment water interface, with large-
scale implications for the effect of benthic processes on the elemental and N isotopic
budgets in the estuarine/ocean water column.



INTRODUCTION
Rationale: the ecological health of the lower estuary and prime motivation for this study

Biogeochemical processes in estuarine sediments are known to be highly heterogeneous
due to several factors, including differences in the contributions of marine versus
terrestrial organic matter (OM) to the sediments, the rate and composition of particulate
organic matter (POM) vertical flux to the sediments, the dissolved oxygen (DO)
concentrations in the overlying waters, exposure time and depth of oxic zone, and the
presence and density of benthic macro-fauna. As a result, sediment POM reactivity and
porewater dissolved organic matter (DOM) concentration and composition tend to vary
along the estuarine gradients. Eutrophication in coastal environments that arises from an
increase in nutrient and DOM concentrations over natural levels, leads to a greater
production of POM in the water column and enhanced POM flux (Gray et al., 2002). The
sedimenting organic particles are degraded largely in the water column and later in
sediments, by both oxic and anoxic processes (Plourde and Therriault, 2004; Niggemann
et al., 2007). However, if oxygen is not supplied by advective and vertical mixing, and/or
the consumption rate exceeds re-supply, oxygen concentrations may decline beyond the
point that sustains most forms of animal life ([O2] <62umol 1-1; Rabalais et al., 2002 ;
Gilbert et al., 2007, 2005). This condition of low dissolved oxygen is known as hypoxia.
An example of widespread hypoxia can be found in the Saint Lawrence River
Estuary, which together with the Saint Lawrence Gulf forms the world's largest estuary.
The bottom waters along its mains channel (the Laurentian Channel, LC; Fig. 1 & 2) are
characterized by consistently low dissolved oxygen (DO) conditions, especially in the
Lower Estuary where year-round hypoxic conditions occur, with [DO] dropping to as low

as 51.2 pmolL ! recorded in 2003 (Gilbert et al., 2005).
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Figure 1. A 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.
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Figure 2. A schematic drawing representing the water circulation and the different water

masses along the St. Lawrehce Estuary and Gulf.

Oxygen in the bottom waters of the Lower Estuary declined by 60pmol L
between the 1930s and 1990s, over the same period of time, the temperature of the bottom
waters warmed by 1.65°C, suggesting that the recent decline in bottom water O, can, at
least in part, be ascribed to oceanographic/climatic changes in the Lower Estuary (Gilbert
et al., 2005). Howe;zer, the temperature difference between bottom waters of Lower
Estuary and waters at 250m depth in Cabot Strait did not change from the 1970s to the
1990s, yet, the oxygen depletion increased by 30pmol L™ over the same period. In this
regard, Gilbert et al. (2005) have suggested that sediment oxygen demand in the Lower
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Estuary may be responsible for this change along the LC oxygen gradient. Further
supporting evidence for the important role of sediments in oxygen consumption came
from a modelling study by Benoit et al. (2006). In a micropaleontological study by
Thibodeau et al. (2006), a significant increase of benthic foraminifera tests and their
organic linings (up to one order of magnitude over the last three decades) has been
interpreted as being indicative of a generally increased flux of labile organic carbon from
surface waters due to enhanced primary productivity, providing a conceptual link between
estuarine eutrophication and hypoxia in the Lower Estuary (via the respiration of organic
material resulting from microbial degradation and early diagenesis; (see below). Indeed, a
70% increase in the use of natural and artificial fertilizers between 1970 and 1988
parallels the decrease in dissolved oxygen content of the Lower Estuary (Thibodeau at al.,
2006).

While pelagic primary production and OM fluxes in the Lower Estuary are probably
largely controlled by the input of nutrients and OM from terrestrial/anthropogenic sources,
the recycling of nutrients and processing of OM at the sediment water interface most
likely has an important effect on the availability of nitrogenous compounds and elemental
ratios of dissolved species in the overlying water column, which in tumn impacts rates of
primary productivity. For example enhanced remineralization of OM may exacerbate
eutrophication, while enhanced burial of OM or microbial elimination of nutrients (e.g.,
via denitrification) may counterbalance it.

The main hypothesis this study is based on is that the diagenetic state of organic
matter (or OM reactivity) in the sediments largely controls the exchange of DIN and DON
between the sediments and the bottom water column. To test this hypothesis, we assessed
OM reactivity in the sediments along the LC using state-of-the-art OM reactivity
bioindicators, as well as its control on solute exchange at the sediment water interface, and
the biogeochemical reactions that control this exchange. Since the main scope of this
study is the cycling of nitrogen species in the sediments, and the assessment of the role of

sediments as a source or sink of nitrogen, I focused on dissolved organic and inorganic N
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species and their N-isotopic composition. In order to trace the different N cycling
processes in sediments that might add or eliminate bioavailable N to/from the system, I
have performed isotopic measurements of the different N compounds (NO; and
DON/TDN). The data set and results that evolved in this study provide the basis for a

comprehensive nitrogen budget for the whole St. Lawrence estuarine system.

Background

Ecological significance of nitrogen and the nitrogen cycle

In most marine environments, the extent and duration of phytoplankton production
is constrained by the availability of essential plant macronutrients, of which nitrogen
(mainly NO;™ and NH,', but also urea, amino acids and shorter peptides) is often
considered limiting (e.g., Hecky and Kilham, 1988; Antia et al., 1991; Seitzinger and
Sanders, 1999). Human activity has significantly altered the natural biogeochemical cycle
of nitrogen by increasing the inputs of N to the estuaries and coastal waters in general
(Nixon, 1995; Howarth et al., 1996; Galloway et al., 1998; Diaz, 2001; Gray et al., 2002).
Although changes are most evident on a regional scale, the global cycle of nitrogen has
been altered by human activities to a greater extent than most other bioactive elements
(Nixon, 1995; Codispoti et al., 2001; Zehr and Ward; 2002).

Nitrogen in marine and fresh waters comprises several different forms. The
dominant N species (excluding molecular N,) are particulate organic N (PON), dissolved
organic N (DON) and dissolved inorganic N (DIN), including NO;', NO, and NHy".
Aquatic N transformations that can alter the redox state of N are primarily
microbiologically-mediated and often redox dependent. The most important N-cycling
reactions are indicated schematically in Fig. 3. These involve assimilation, nitrogen
fixation, nitrification, remineralization, anammox, denitrification and nitrate

_ammonification (DNRA).
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Figure 3. General schematic diagram of the N cycle in the Ocean

Assimilation is the incorporation of fixed forms of N into organisms during
biosynthesis. N is essentially unavailable to most marine planktonic organisms that lack
the nitrogenase enzymes (Howarth et al., 1988), however, the most important source of N
to pristine environments is N fixation, an assimilatory process where N, gas is reduced to
biologically available NH," by a wide variety of prokaryotes (e.g., marine cyanobacteria;
Howarth et al., 1988). This transformation of N, to reduced N forms (e.g., nucleic acids)
results in the addition of new available nitrogen to the ocean or other aquatic
environments.. During the remineralization of OM, i.e. the breakdown of OM into
dissolved organic forms of N and ammonium, and subsequent nitrification of
remineralized ammonium to nitrate, organic N is returned to the dissolved inorganic N

pool (Fig. 3). In coastal and estuarine environments, external/anthropogenic sources of
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fixed N (e.g., riverine- and atmospheric input, and anthropogenic N-fixation) are often a
much more important source of fixed N.

Denitrification, a dissimilatory process in which nitrate rather than oxygen is used
as electron acceptor by microorganisms, is generally acknowledged as the main sink for
available N in marine environments (e.g., Seitzinger, 1988; Zehr and Ward, 2002). During
denitrification, dissolved NOjs is reduced to N; gas through a series of intermediates (NO;
, NO, and N;O). In marine sediments, the coupled process of remineralization-
nitrification-denitrification represents a sink that shunts N away from recycling pathways
(Jenkins and Kemp, 1984). These coupled processes are quantitatively important in the N
budgets of estuaries, where N loss via denitrification may account for half of the terrestrial
inputs (Seitzinger, 1988; Thibodeau et al., 2010), providing a partial buffering against the
global trend of coastal eutrophication.

On a global scale, it is uncertain whether total elimination by denitrification and
sediment burial exceeds the total amount of fixed N or not (Codispoti, 1995; Codispoti et
al., 2001; Middelburg et al., 1996). According to recent revisions, total inputs appear to be
significantly smaller than estimates of nitrogen removal (Codispoti et al., 2001). Findings
of additional, alternative N reaction pathways seem to further exacerbate the imbalance as
they introduce additional routes of N removal. For example, there are indications that
previously unknown mechanisms of anaerobic ammonium oxidation (ANAMMOX) by
nitrite to N, may be significant for N cycling and N removal in some environments

(Thamdrup and Dalsgaard, 2002; Ward, 2003).
Controls on organic matter degradation

Through processes mentioned in the previous chapter, marine N fluxes are
intrinsically linked to the biosynthesis and degradation of OM. Denitrification, for
example, can be limited by the bioavailability of the organic substrate. The susceptibility
of bulk particulate OM, and of specific organic components, to degradation during

transport and burial in sediments under variable depositional conditions is receiving
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increasing attention (Burdige 2007; Niggemann et al., 2007). Although the most important
factors that appear to govern OM degradation and preservation are relatively well known
(e.g., water column depth, nature and origin of OM, sedimentation rate, oxygenation
conditions, and average grain size), a mechanistic understanding of the pathways that
determine the quality and quantity of OM in sediments is still lacking. This understanding
is necessary to develop predictive models of coastal sediment processes, as well as for
paleoceanographic or paleoclimatic reconstructions (e.g., Lehmann et al., 2002).

The source of the OM supplied to the sediments is one of the factors that determine
the quality of sedimentary OM (Burdige 2005; Bourgoin and Tremblay 2011). Whereas
the production and degradation of authochthonous OM occurs entirely within the marine
environment, terrestrial OM is produced and transported on land and may be already
significantly altered before entering the marine system (Hedges et al., 1997). Nevertheless,
OM from both sources may contain both labile and refractory compounds for bacterial
degradation, depending on their initial molecular structure and composition (Burdige,
2007).

The deposition conditions control the bulk composition of OM falling through the
water column, and affect further sedimentary OM decomposition processes (Niggemann et
al., 2007). Depositional conditions are critical factors determining the quality and quantity
of detrital particles reaching the sediments. For example, 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.
They found that, with increasing water depth, chlorin concentrations decrease, C/N-ratios
increase and OM reactivity decreases. Another factor that influences sedimentary OM
diagenesis is the ambient redox conditions. The efficiency of different respiration
pathways (e.g., oxic vs. anoxic) with regards to the rates and degree of OM degradation is
subject to an ongoing debate (e.g., Lehmann et al., 2002; Pantoja et al., 2009). However, it
is likely that at least to some degree dissolved oxygen (DO) availability modulates the
extent of OM alteration and of OM accumulation rates in sediments (Hartnett and Devol,

2003). For example, bulk organic carbon (C,g) preservation along continental margins has
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been shown to be directly related to the oxygen exposure time (OET) of sinking and
sedimented particles (Keil et al., 1994; 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).

Indicators of OM preservation

Novel developments in analytical chemistry, especially chromatography, have
enabled researchers to unravel the chemical composition of labile organic material to a
high degree. As we are incapable to characterize all the organic molecules that make up
the organic matrix in natural systems (e.g., due to the fact that not all compounds can be
analyzed using standard chromatographic techniques because they are not hydrolysable),
we have to select certain individual compounds, or biomarkers, that can provide us with
specific information, e.g. on organism groups, or specific (bio) chemical and ecological
processes (Boschker and Middelburg, 2002). In this thesis I focus on key groups of
biomarkers, such as phytopigments (chlorins) and amino acids. Although these individual
compounds or compound groups represent only a minor fraction of the total sedimentary
OM pool, and thus caution is advised when using them to extract information on the
degradational state of sedimentary OM, the underlying assumption of my work is that they
still provide useful information on bulk sediment properties, especially when several of

these biomarkers are combined to inform on different facets of this pool.

Biomarkers

Chlorins - During early diagenetic transformations of OM in the water column,
chlorophylls are transformed into what is collectively called “chlorins” (Brown et al.,
1991). The transformations include (1) the loss of the central .magnesium atom to yiéld
phaeophytins, (2) the loss of the phytyl ester group to yield chlorophyllides, or (3) loss of
both the Mg®* and the phytyl group to yield phaeophorbides (see Fig. 4). Thus, chlorins
comprise the immediate diagenetic products of chlorophylls (Schubert et al., 2005).
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Further degradation in sediments involves oxidative cleavage of the macrocyclic ring, the
break-down of chlorins into non-fluorescing, colourless compounds (Matile et al., 1996).
The extent of chlorin loss depends on the degree of degradation during sinking and early

sedimentary diagenesis, and is most likely dependent on redox conditions (Leavitt, 1993).

Chlorophyil

Loss of phytyl side chain

DPhytyl

Pheophytin

Pheophorbide

Figure 4. Major early diagenetic (water column and very early sedimentary) pathways for

chlorophyil transformation

Amino Acids - Amino acids, constituents of proteins, are N-rich compounds, and
generally assumed to degrade faster than N-poor compounds (e.g. lipids). Due to the
preferential degradation of amino acids, the contribution of the total hydrolysable amino
acids (THAA) to the percentage of total organic carbon and total nitrogen (THAA-C and
THAA-N) has been reported to drop as diagenesis progresses (Lee, 1988; Cowie and
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Hedges, 1994). In addition, several studies investigating amino acids in sediment trap
material (Lee, 1988; Nguyen and Harvey, 1997) and sediments (Cowie and Hedges, 1992;
Dauwe and Middleburg, 1998) have indicated that the relative contribution of individual
amino acids to THAA changes during mineralization. Thus, the amino acid composition is
a valuable tool to assess the OM degradation state (Dauwe and Middleburg, 1998). In
addition, the contribution of the non-protein amino acids B-Alanine (BALA) and v-
Aminobutyric acid (GABA) to the THAA have been shown to increase during OM
degradation, relative to their more abundant protein counterparts (Cowie and Hedges,
1994; Keil et al., 2000). BALA and GABA represent degradation products of protein
amino acids and their percentage represents a reliable biochemically-based indicator of
organic matter degradation. Another type of amino acid degradation biomarker is based on
the analysis of D-amino acids (D-AA). Since bacteria are the only organisms to
incorporate D-AA into their biomass, the D to L ratio of some (e.g. alanine) sedimentary
amino acids can be used as bacterial biomass tracer and, indirectly, as OM diagenesis

biomarker (e.g. Udea et al., 1989; Plez et al., 1998; Lomstein et al., 2006).

Degradation Indices

A series of molecular diagenetic indicators have been developed and used to
estimate the relative degradation state of the OM (e.g., Schubert et al., 2005; Dauwe and
Middelburg, 1998; Cowie and Hedges, 1994; Wakeham et al., 1997). Broadly applicable
degradation state indicators should be based on major components that are widely
distributed geographically and that are omnipresent in most organic matter sources, such

as chlorophylls and their degradation product pigments and protein amino acids (Dauwe et
al., 1999).

Chlorin Index (CI) - The CI reflects the degradation state of chlorins in sediments.
Under certain depositional conditions where most of the organic material is derived from

authochthonous algal production, it is a good indicator for the reactiveness of the bulk
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sediment. The CI has been suggested to be a versatile tool applicable to a wide range of
aquatic environments, €.g., the upwelling region off Namibia and Peru, the shelf off Chile,
the Arabian Sea (Schubert et al., 2005), in sediments along the Chilean coast (Niggemann
et al., 2007), and in Lake Zug in Switzerland (Meckler et al., 2004). The CI is basically the
ratio between the fluorescence intensity of a sediment extract before and after acidification
with hydrochloric acid. The untreated extract can include different chlorin species, as well
as chlorophyll remnants (Schubert, C. pers. comm.). Upon acidification and the chemical
transformation/destruction of the labile pigments, their optical properties change, with a
lower fluorescent yield (Schubert et al., 2005). Therefore, an extract of fresh OM will
considerably change its fluorescence, while an extract of more degraded sediments will
only slightly change its fluorescence. The CI ranges from 0.2 for chlorophyll to 1 for a
chemically inert material.

Degradation Index (DI) - The DI is based on the distribution of common protein-
derived amino acids present in sediments (Dauwe and Middleburg, 1998). During
degradation, some amino acids become relatively enriched, whereas others are
preferentially metabolized/remineralized (Dauwe and Middelburg, 1998). This results in
compositional changes that can be used to determine the degradation state of the (AA-
containing) organic material. The DI was originally proposed by Dauwe and Middleburg,
(1998) and has been adapted later by Dauwe et al. (1999). The DI is a robust indicator of
degradation state, in part because it is based on a large number of single measurements. It
has successfully been applied to both freshwater (Meckler et al., 2004; Unger et al., 2005),

and marine environments (Niggemann and Schubert, 2006; Dauwe et al., 2001).

Stable nitrogen isotopes

There are two stable isotopes of N: "N and "°N, with a natural abundance *N/'*N
ratio of 1/272 (Junk and Svec, 1958). Nitrogen isotope ratios are generally reported in per
mil (%) relative to N, in atmospheric air, according to the standard delta notation: 8'°N, =

{[(ON/MN)/ (PN/“N)ar] -1} - 1000, where x = sample and AIR = N in air. In general,
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during biogeochemical transformations, the molecules containing the lighter isotope react
more readily, resulting in reaction products that are “lighter” than the reactants (Kendall,
1998). The extent to which heavy isotopes are discriminated against in a unidirectional
biological reaction can be quantified in terms of the kinetic isotope effect, €, which can be
characteristic for specific N-cycle transformations. Thus, isotopic signatures in the modern
ocean and estuaries, but also in sedimentary archives, can potentially be used as
geochemical fingerprints that allow the tracing of these transformations, today and in the

past.

Processes affecting N isotopic compositions of dissolved N

Nitrate is the dominant form of fixed N in most marine environments (Gruber,
2005); the mean 8'°N of oceanic nitrate (or basins at the more regional scale) reflects the
N isotope effect of the major N-cycle processes. Determination of the relation between
nitrate concentrations in the water column and the quantity of nitrate introduced from a
particular source is complicated by the occurrence of multiple possible sources of nitrate
and reactions that transform or eliminate the various forms of DIN. Isotope ratios in these
N species can potentially offer a direct means of source identification because different
sources of nitrate often have isotopically distinct nitrogen isotopic compositions (Kendall,
1998). As indicated schematically in Figure 5, biological cycling of nitrogen often
changes isotopic ratios in predictable and recognizable directions that can be reconstructed

from the isotopic compositions.

Nitrification - Nitrification is a multi-step oxidation process mediated by different
microbes. Nitrosomonas oxidize ammonia to NO,’, while Nitrobacter subsequently
oxidise the NO; to NOs. Because the oxidation of NO, to NO;3 is quantitative,
fractionation is caused by the rate-determining step of ammonium oxidation by

Nitrosomonas. Field study by Horrigan et al. (1990) in Chesapeake Bay shows N isotope
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effects of 12%o - 16%o during nitrification, while Casciotti et al. (2003) reported a higher
variability for the N isotope effects associated with ammonium oxidation to nitrite, with a
range of 14%o to 19%o for marine and saltwater strains and a range of 24%o to 38%eo for the
freshwater strains. The variation in the N isotope fractionation by nitrifying bacteria has
been explained in terms of differences in the ammonia mono-oxygenase enzyme that are
involved in nitriﬁcation.

Denitrification - Denitrification is the second most important respiration process
after aerobic (oxic) respiration for microbes involved in organic matter degradation.
Denitrification is a multi-step process with various nitrogen oxides (e.g., N,O, NO) as
intermediate compounds resulting from the chemical or biologically mediated reduction of .
nitrate to N». As other kinetic reactions, denitrification strongly discriminates against
nitrate molecules containing the heavier isotope, leading to a marked increase of °N in the
residual nitrate. In suboxic ([O.]< 5uM] water columns, such as the oxygen minimum
zones of the Arabian sea and the eastern subtropical north and south Pacific, the biological
isotope fractionation during water column denitrification seems to be fully expressed with
isotope effects (organism-level; €.) between 20-30%o (Cline and Kaplan, 1975; Voss et
al., 2001), on the same order of magnitude as estimates for biological isotope effects for
denitrification in laboratory experiments (Granger et al., 2008). Denitrification in
sediments seems to follow the same isotopic patterns with similar organism-scale N
isotope effects for benthic denitrification ranging between 11%o and 30%o (Lehmann et al.,
2007). Howevér, the N-isotope enrichment of porewater nitrate does not necessarily find
its expression at the scale of sediment-water column exchange. Previous work by
Lehmann et al. (2004; 2007) and Brandes and Devol (1997) indicated a strong suppression
of the N-isotope effect in the water column nitrate pool with apparent nitrate N-isotope
effects (eapp , the nitrate N isotope effect at the scale of sediment-water exchange which
takes into account flux of nitrate) generally below 3%.. This observation has been
explained by diffusion limitation resulting in the almost complete consumption of nitrate

in the reaction zone. It is important to note that it is the apparent (g,pp), and not the
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organism-level (gcp) isotope effect that is relevant to trace fixed N-elimination within
sediments, and which has to be considered in N-isotope balances.

An important point raised by previous work, but not directly addressed using
measured data, is the potential effect of dissolved N-forms other than nitrate (ammonium
and DON) on the overall isotope effect of benthic N-cycling. Thus far, ammonium and
DON fluxes out of the sediments have not been investigated in terms of their N-isotopic
composition. Based on model simulations, Lehmann et al. (2007) argued that partial
nitrification can lead to porewater ammonium that is strongly enriched in ISN, and, if
escaping to the water column, can shunt significant amounts of “heavy” fixed N to the
water column, an aspect that has, until today, been largely ignored in global or regional N
isotope balances. In a related process, DON effluxing from sediments has a high potential
to be remineralized in the overlying water, and as a result may impact the isotopic
composition of the DIN pool in the water column, and this process has seldom been

investigated before.
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Figure 5. Schematic diagram indicating the isotopic effect associated with the indicated
addition or removal of nitrogen from an initial nitrate pool (Adapted from Galbraith,
2006) -
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AIMS AND HYPOTHESES

A resurgent interest in sediment processes within coastal zones has resulted from
the realization of the key role they play in controlling and determining coastal
biogeochemistry, which in turn exerts a major influence on marine chemicél cycles. It is
clear now that the benthos plays an important role in the consumption of oxygen and as a
provider/eliminator of N species in estuaries, and this is also true for the St. Lawrence
marine system. The first objective of this study was to investigate the quality (e.g., amino
acid biogeo- and stereochemistry) as well as the reactivity and preservation status of St.
Lawrence sediments along the salinity gradient (terrestrial-marine transition zone) and in
the Laurentian Channel (LC) using various OM degradation status indices (e.g., Chlorin
Index, Dauwe Index). The main hypothesis was that the OM preservation and reactivity
change as a function of OM fluxes, the sources of OM, and exposure to [O;] along the St.
Lawrence River estuary.

There are increasing concerns about eutrophication and the deterioration of the St.
Lawrence marine system water quality, partly related to the mobility of various key
nutrients and their cycling within the system. The dissertation's second aim was to
elucidate changes in the benthic fluxes of DIN, TDN (and DON by their difference), as a
function of OM reactivity. Previous results from the St. Lawrence Estuary suggest that
most of the porewater ammonium is oxidized within the sediments and denitrification
rates are' relatively high. On this basis, I hypothesized that benthic N fluxes out of the
sediments into the water column are dominated by the organic forms of N (DON), while
coupling between nitrification-denitrification consumes most the inorganic forms. As a
consequence, net fluxes of TDN should depend on 1) the total denitrification rates
(controlling NOj5™ fluxes into the sediments), and 2) the reactivity of the sediment OM
(controlling DON fluxes out of the sediments as well as the oxygen penetration depth,
which in turn will affect nitrate fluxes and denitrification rates).

The role of estuarine sediments in system-wide N-budgets, as well as in shaping

the isotopic signature of the N species is poorly understood, and this is true as well for the
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St. Lawrence estuary. The third aim was to analyze the 8'°N of the total dissolved N
(TDN), as well as nitrate and ammonium in the St. Lawrence marine system sediment
porewater, and to study the distribution of '"N/"*N ratios of DIN and DON in the
porewater, in order to 1) elucidate the biogeochemical reactions that produce the observed
distributions, and 2) to study the N-isotope effect of sedimentary N-elimination (including
the combined effects of remineralization, nitrification, and denitrification) on the water
column. The latter will be carried out by assessing the N isotope composition of nitrate,
ammonium and DON fluxes at the sediment water interface, as a function of
environmental condition (i.e., sediment quality and bottom water [O,]). The main
hypotheses that I tested in this third component of the thesis were: 1) Due to the
organism-scale N-isotope effect during sedimentary denitrification, the porewater should
be enriched in 15N-NO;', while across the sediment-water interface, this enrichment is not
fully expressed, 2) the expression of N isotope fractionation within the sediments at the
sediment-water interface scale (i.e., the apparent N isotope effect) varies as a function of
bottom water oxygen concentrations and of sediment OM reactivity, and 5'°N DON

controls the TDN isotopes composition of effluxing N.
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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 Scm, 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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1.1. 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., Lehmann et al., 2002; Pantoja et al., 2009). Furthermore,

bulk organic carbon (C) preservation has been shown to be directly related to the oxygen
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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 f-Alanine
(BALA) and y-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 susceptibiliﬁes 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
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



23

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.
1.1) 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.

1.2.  SAMPLING AND METHODS
1.2.1. 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. 1.1). 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 the St. Lawrence amounts to 6.5x10® t yr' (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™ yr at the head of the
Laurentian Channel to 0.04 g cm? yr'1 in the Gulf; Roy et al., 2008; sce Table 1.1).
Recent studies of the Laurentian Channel revealed that approximately 1300 km? of

the seafloor are perennially overlain by severely hypoxic waters (<20% saturation) since



24

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 1.1), and is isolated from the oxic upper layers by a steep
density gradient that only aliows 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. 1.1; Table 1.1). Sediment cores were sub-sampled by slicing at 1-cm
" intervals within the upper 10 c¢m, 2-cm intervals between 10 and 20 c¢m, 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.

1.2.2. 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 sediment sub-samples with concentrated HCI fumes overnight
(Hedges and Stern, 1984). The C/N ratio was calculated as the molar ratio of Cog to N.
Reproducibility based on standard deviation of replicate measurements was better than
0.01% for N and better than 0.04% for Cyg (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 ES”COrg and 8"°N, respectively, where 8-
values are denoted as %o-deviation from the carbon isotopic composition of the Pee Dee
Belemnite (PDB) standard, and from the isotope composition of atmospheric nitrogen gas

(AIR), respectively: 8'°Corg (or 8'°N) = [(Rsample/Rstandara)-1] X 1000, where R is either the
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BC/C ratio or the '"N/'*N ratio. Average standard deviations based on replicate

measurements were better than 0.2%o for both 8'°N and 8'3C°,g.

1.2.3. 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 pug per gram dry weight sediment (ug 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).

1.2.4. Hydrolysable amino acid analysis

Total hydrolysable AA (THAA) were extracted by adding SmL HCI (6M) to freeze
dried homogenized sediment (~100mg) in pre-cleaned and muffled (450C° for 3h) glass
vials, and purging the headspace with N,. 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), B-alanine (BALA), y-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



26

were measured following the method of Mopper and Furton (1999). Isobutyryl-L-cysteine
was used as an additional chiral agent (Briickner 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%.

1.2.5. 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
= X; [vari-AVG; / STD;j] * FC;, where var; is the mole percentage of the AA i (non-
standardized), AVG; and STD; are the average and standard 