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Abstract 

This study looks at characterizing the terrigenous OC sources, like permafrost, of 

POC and DOC through 17 rivers and six soils of the Hudson Bay (HB) using lignin 

biomarkers, and Δ14C. Our findings show the dominance of the OC flux (89%) from the 

southwest Hudson Bay Rivers, especially from DOC (93%), shedding light on the 

sources and fate of OC in HB sediments. With warming, organic cryosols, with high OC 

content in the Cz horizon, have the potential to release as much as 1.5 gOC/m2 for 

every cm increase in active layer depth. The [Ad/Al] ratios, when combined with 14C 

ages of DOM, show that older SOC is being released in some rivers and is fresher than 

expected due to its preservation within permafrost. S/V and C/V ratios, are well 

correlated to latitude in DOM, reflecting the vegetation in their drainage basins and can 

be used to indicate OC sources. 
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Chapter 1: Introduction 

1.1 PREAMBLE 

It is well documented that the Arctic has undergone significant climatic change 

over the last several decades (ACIA, 2005; Prowse et al., 2006b). Climate-induced 

impacts to the cryosphere include rapid warming above the global average, decreased 

snow cover, permafrost degradation, reduction in sea ice extent and duration as well as 

an increase in summer and winter precipitation events (Prowse et al., 2006a; Stieglitz et 

al., 2003; Dery et al., 2005). These changes impact river runoff and freshwater 

discharge into Arctic coastal regions influencing the release and transport of soil organic 

carbon (SOC) and sediments from sources such as permafrost (Peterson et al., 2002; 

Guo et al., 2007). The increase in SOC being released by degrading permafrost will 

result in more dissolved and particulate organic carbon (DOC, POC) entering into Arctic 

rivers. With increased warming, the 14C age of OC is expected to increase as old SOC 

is released from deeper soil horizons as active layer thickness (ALT) increases and soil 

temperatures warm (Guo et al., 2007; Woo et al, 2008; Margesin, 2009).    

The Hudson Bay System, which lies at the southern margin of the Arctic and is 

strongly affected by its drainage basin, may provide an early indication of how polar 

ocean systems will be affected by permafrost degradation as seen through change in 

the influx of organic carbon from land. The Hudson Bay region is projected to respond 

dramatically to climatic change, especially in its southern latitudes, due to the large 

terrestrial influence (ACIA, 2005). The composition and age of OC in the dissolved and 

particulate phase is likely to provide incisive information on current and future OC 

sources and inputs into the Hudson Bay carbon cycle.  This thesis seeks connections 
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between permafrost SOC and Hudson Bay riverine DOC and POC, using lignin 

biomarkers and 14C as pathway tracers for carbon released from permafrost sources. 

 

1.1.1 Hudson Bay and Study Area 

Hudson Bay is a semi-enclosed bay-estuarine system, located in the most 

southern extent of the Arctic, and spans 14 degrees latitude of coastline, which includes 

three provinces, and two territories (Kuzyk et al., 2008).  Its mean depth is 125 m with a 

shoreline ranging from rocky coastal cliffs in the northeast to emergent tidal flats in the 

southwest.  Isostatic rebound, estimated at approximately 1cm/year (Tsuji et al, 2009), 

strongly influences drainage patterns and the discharge of freshwater into the Bay. This 

region is unique due to its southern extent while still maintaining a complete annual sea-

ice cover, and its large input of freshwater from over 40 Hudson Bay Rivers (HBRs) 

(Kuzyk et al., 2009). Meteorological forcing from Arctic (AO), North Atlantic (NAO), and 

Pacific Decadal (PDO) oscillations influence the region creating intra-seasonal and 

interannual variability in sea level pressure (SLP), which affects regional weather and 

atmospheric circulation (Carmack et al., 2006; Thompson and Wallace, 2001).  

The climate in the Hudson Bay region follows a north to south gradient and 

dictates the distribution of vegetation, the location of the treeline and permafrost 

zonation creating a complex biogeographical system (Figure 1.1). Vegetation shifts from 

Taiga forest in the south to tundra and barren landscape in the north. Permafrost is 

distributed from continuous in the north and southwest coastline to isolated patches in 

the south and is influenced by both local and regional factors such as topography, 

drainage patterns and soil type (Figure 1.2).  
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Figure 1.1: Map of the Hudson Bay region and its Vegetation Cover 
(Natural Resources Canada, 1995). 

 

 
1.1.2 Freshwater - Marine Coupling in Hudson Bay  

Hudson Bay, which is essentially a shallow, coastal shelf sea, holds a large 

freshwater inventory controlled by river discharge, annual freeze/thaw cycles and direct 

precipitation/evaporation at the surface (Dery et al., 2010). River inflow dominates 

freshwater inputs into Hudson Bay carrying with it large amounts of particulate and 

dissolved materials, much of which are deposited on coastal shelves thence to be 

redistributed by resuspension and transported by ocean circulation (Kuzyk et al., 2009). 
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Freshwater discharge is controlled by air temperature, permafrost degradation and 

thaw, depth and duration of snow cover as well as precipitation events (Dery et al., 

2005).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.2: Map of the Permafrost Zones of Hudson Bay including names of 
some of the Major Rivers Discharging into the Bay (Natural Resources 
Canada, 1995). 

 
 
 

River-dominated continental shelves in higher latitudes contribute significantly to 

the global burial of carbon with the efficient transport of terrigenous material by ice-

related processes and high seasonality of discharge leading to increased sedimentation 
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rates  (Goni et al, 2005; Stein and Macdonald, 2004). Freshwater discharge entering 

Hudson Bay not only affects the upper ocean salinity and sea-ice production, but also 

has the potential to influence the global thermohaline circulation and the North Atlantic 

Deep Water Formation (ACIA, 2005; Dery et al., 2005). The freshwater balance in 

Hudson Bay therefore provides a link between the terrestrial inputs and the downstream 

marine environment. Understanding the composition and pathways of OC in the marine 

environment should provide insight into the effect of permafrost degradation on OC 

cycling within Hudson Bay and, as such, the feedback to the climate system inherent in 

the release of old, archived carbon. 

 

1.1.3 Terrestrial Organic Carbon Sources in Hudson Bay  

The OC in Hudson Bay includes both marine organics produced in the ocean 

(autochthonous carbon) and carbon supplied from the drainage basin via rivers 

(allochthonous carbon). Terrestrial OC originates from vascular plants, soils, and 

ancient sedimentary rocks while marine OC is produced by primary productivity. 

Terrestrial inputs of DOC and POC, transported by freshwater discharge, contribute 

8.1% of the global OC flux from rivers to the Arctic Ocean annually (Kuzyk et al., 2008). 

Recent estimates suggest that annual DOC export from Hudson Bay (~5.1 Tg C yr-1) 

may represent as much as 23% of total riverine DOC export into the Arctic Ocean 

(Mundy et al., 2010). By quantifying the proportions of both marine and terrestrial OC 

sources in shelf sediments we are able to further understand the carbon burial efficiency 

and rate over geologic timescales (Berner, 1989; Drenzek et al., 2007). In the Hudson 

Bay watershed, the hydrological cycle controls the transport of terrestrial OC from many 
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sources and also affects the distribution of this OC within Hudson Bay. Projected 

increases in river runoff, coastal erosion and permafrost thaw will likely increase 

terrigenous OC fluxes to the coastal sea and potentially also affect sea-ice formation 

(Guo and Macdonald, 2006). 

 

1.1.4 Permafrost Landscapes, Climate Change and Hudson Bay 

Permafrost, or cryosolic soils, which represent approximately 80 percent of the 

soils contained in the Arctic Ocean drainage basin, are defined as subsurface soil that 

remains below 0°C for at least two consecutive years (Frey and McClelland, 2009). The 

seasonal cryogenic cycle and climate impact the distribution of permafrost and its 

thickness at any given site. There are four permafrost zones in the Hudson Bay 

drainage basin; continuous (90-100%), discontinuous (50-90%), sporadic (10-50%) and 

isolated patches (0-10%) that are differentiated by the percentage of areal extent of 

permafrost (Figure 1.2).  Approximately 67% of permafrost has low ice content of less 

than 10% by volume (Zhang et al., 2008).  Thickness of permafrost ranges from as 

much as 800 m in continuous permafrost to as little as 10 m in isolated permafrost 

zones.  

Permafrost soils are major sinks for carbon accounting for approximately 50 

percent of the global below-ground OC pool (Tarnocai et al., 2009).  There is estimated 

to be approximately 1672 Pg of carbon (1 Pg = 1015 g = 1 billion tonnes) stored within 

permafrost and frozen soils worldwide (Tarnocai et al., 2009). Although previous studies 

have suggested that half of the soil OC pool is found in the top 100 cm (Rodionov et al., 

2007; Bockheim and Hinkel, 2007; Tarnocai, 2000), new evidence suggests that only 
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33% is within the first 100 cm with 44% occurring between 100 and 300 cm and the 

remainder at even greater depths (Tarnocai et al., 2009).  An estimated 88% of this soil 

OC is found in mid-latitude, perennially frozen soils, which are projected to manifest 

altered soil thermal regimes with Arctic warming (Tarnocai et al., 2009; Schuur et al., 

2011).   

Permafrost thaw dynamics are influenced by topography, hydrology at the 

surface and subsurface, vegetation, soil properties and snow creating a local scale 

micro-topography, which then affects OC fluxes (Jorgenson et al., 2010). Permafrost 

degradation is most sensitive to surface water from thermokarst development, ALT, and 

increased precipitation, all of which impact soil moisture and permafrost hydrology 

(Schuur et al., 2008; Frey and McClelland, 2009). Precipitation events, such as 

increased rainfall prior to the onset of winter, earlier snowfall, and increased snow 

accumulation all impact soil moisture and thermal soil response (Iijima et al., 2010). 

Surface water has the greatest influence on permafrost thaw by increasing thermal 

conductivity and near-surface air temperatures by approximately 10°C above the mean 

annual air temperatures (Hinzman et al., 1997; Jorgenson et al., 2010). Surface water, 

which has low albedo, is controlled by topography resulting in ice distribution that 

reflects local relief, especially as it affects hydrological movement and the distribution of 

surface water both of which will change with warming (Jorgenson et al., 2006). Sandy 

soils drain more efficiently than silty and organic soils, which retain water and have an 

increased thermal conductivity (Romanovsky and Osterkamp, 1995). 

Permafrost degradation will render deep soil OC pools vulnerable to mobilization 

making it more available for transport (e.g. via rivers) to coastal shelves such as 
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Hudson Bay. A study conducted in tundra soils of Siberia in 2008, shows that the 

greater the initial carbon density in tundra soils the larger the amount of carbon that may 

be potentially released into the system with warming (Tarnocai et al., 2009; 

Khvorostyanov et al., 2008). Permafrost in the southwest of Hudson Bay is stable where 

mean annual air temperatures are at or below  -3.5°C, but warming will alter the 

geographical distribution of this boundary, leading to the conversion of peatlands to fens 

(Dyck and Sladen, 2010). An increase in fens will reduce the insulating capabilities of 

surface soils resulting in a reduction in the extent of continuous and discontinuous 

permafrost (Smith and Burgess, 2004). A shift in atmospheric circulation in the Hudson 

Bay region due to changes in the AO index, will alter precipitation rates and river 

discharge further impacting the mobilization of OC in this region (Dery et al., 2005). 

Therefore, the sensitivity of permafrost in Hudson Bay to degradation depends on not 

only local scale factors, such as topography and vegetation cover, but also large scale 

changes in terms of precipitation and atmospheric circulation. 

 

1.2 TRACING OC WITH GEOCHEMICAL, ISOTOPIC DATA AND BIOMARKERS  

 Measuring contemporary pathways and distribution of OC pools in the Hudson 

Bay Watershed will provide a baseline against which to assess future change, and also 

provide a better understanding of pathways likely to be altered by climate change. 

Change in composition of OC from source to sink may be determined by quantifying 

and identifying OC in permafrost soils, river DOC and POC, and OC in ocean sediments 

using bulk measurements (TOC), carbon/nitrogen (C/N) ratios, δ13C and Δ14C (Drenzek 

et al., 2007). Arctic rivers provide direct evidence of the quantity and quality of OC 
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released from terrigenous systems, especially where radiocarbon and isotopic 

measurements have been made (Gustafsson et al., 2011). In the marine environment, 

terrigenous POM may be distinguished from marine POM by its low δ13C and high C/N 

ratios although identifying endmembers may prove difficult due to the heterogeneity of 

POM sources (Kuzyk et al., 2010; Hernes et al., 2007). 

Age of the OC provides a way of distinguishing between recently fixed OC (e.g., 

recent plant litter, marine primary production) and old carbon stored in permafrost.  

Together, the above bulk measures provide the means to infer OC sources and 

turnover rates in terrestrial and marine environments. Determining whether or not the 

OC is old, provides the means to infer apparent storage time for the OC in soil, which 

then indicates the importance of release of OC from permafrost.  Although these sorts 

of measurements may be made in soils, it is in river POC and DOC that the signal of 

released carbon is most likely to be found, and differences between these two OC 

components provide direct insight into the processes leading to migration of soil 

components into the hydrological cycle (Guo et al., 2007). DOC in measured arctic 

rivers tends to have young 14C ages, representing vegetative dynamics over the past 

few centuries, whereas POC is several thousand years old, which definitely signals a 

dis-equilibrium between DOC and POC and, therefore, a different sensitivity to warming 

(Guo and Macdonald, 2006; Guo et al., 2007; Raymond et al., 2007). For example, 

POC samples extracted from five Russian Arctic rivers have shown 14C ages ranging 

from 8600 to 13,600 years BP, which suggests the release of ancient carbon from 

frozen reservoirs (Gustafsson et al., 2011). In other more temperate rivers, such as 

those found on the Oregon Coast, ancient (14C depleted) POC is believed to have been 



 10 

derived from deep soils and/or bedrock (Hatten et al., 2010). POC in rivers is highly 

variable and not always 14C depleted as is shown in the Amazon River (Eglinton and 

Repeta, 2004). 

Lignin biomarkers provide an incisive indication of terrigenous vascular plant 

matter. Specific markers and stable carbon isotopic data have the potential to provide 

direct evidence of entry points and transport routes for terrestrial OC once it enters 

coastal and shelf systems (e.g., Kuzyk et al., 2008; Goni et al., 2000). Lignin reaction 

products from vascular plant tissues have distinct isotopic signatures, which differentiate 

between C3 and C4 sources and reflect biosynthetic pathways (Goni and Eglinton, 

1996; Hedges and Oades, 1997). It has been shown in recent studies that lignin phenol 

ratios of syringyl/vanillyl (S/V) and cinnamyl/vanillyl (C/V) are well correlated with tundra 

and taiga vegetative proportions (Tesi et al., 2014; Lobbes et al., 2000). Acid to 

aldehyde ratios are important diagenetic indicators of terrestrial OM and are used to 

determine “freshness” of samples (Hernes and Benner, 2006). Lignin biomarker 

information is enriched by combining it with 14C ages; not only to understand the level of 

degradation of samples but also to determine where they came from (Amon et el, 2012).  

 

1.2.1 Recent Applications in the Hudson Bay 

 Lignin biomarkers and stable isotopes (δ15N, δ13C) in dated sediment box cores 

have been used recently to quantify the sources, transport pathways and sinks of 

terrigenous OM in Hudson Bay (Kuzyk et al, 2008; 2009). These studies showed a 

decrease in lignin yields with increasing distance from shore, and a decrease in lignin 

yields from south to north. High lignin yields (1.46 mg/100mg OC) and increased 
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sedimentation rates (0.25 g cm
− 2 yr

− 1
) in shallow coastal zones along the southwest 

inner shelf of Hudson Bay indicated deposition of large amounts of riverine detritus, 

which then declined toward the interior of Hudson Bay. Kuzyk et al. (2008) proposed 

that the lignin found in the southern part of HB derived from woody and non-woody 

tissues, angiosperms and gymnosperms, as indicated by S/V and C/V ratios.  These 

sorts of plants reflect boreal forest and extensive peatland vegetation in the surrounding 

drainage basin.  

Ocean sediments in HB show the effects of hydrodynamic sorting in their POC; 

terrestrial plant debris is found near river mouths, with the exception of the southwest 

shelf region where terrestrial POC is found up to 30 km offshore. Lignin concentrations 

suggest that the fine-grained, mineral-associated fraction of terrigenous carbon is being 

redistributed to the northeastern part of HB and Hudson Strait within the cyclonic 

coastal circulation (Saucier et al., 2004; Kuzyk et al., 2008). This distribution of lignin 

and OC has changed in recent years as is reflected in the sediment record. The 

northwest of HB is showing increased lignin accumulation rates with an increase in non-

woody angiosperm sourced material and less degraded plant material (lower [Ad/Al] 

ratios) over the past 60 years. The southwest coast is showing increased woody 

gymnosperm sourced carbon in last 40-50 years along with increased lignin yield and 

accumulation rates, maybe due to the ice climate of HB, distribution of northern coastal 

waters, or changes to delivery of terrigenous materials from the Churchill River due to 

water diversion. 

The biomarker data, bulk properties and sedimentation rates were used to 

produce a budget for marine and terrigenous carbon in Hudson Bay (Kuzyk et al., 
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2009). The quantified inputs and outputs of sediment and OC led Kuzyk et al. (2009) to 

conclude that isostatic rebound in western HB created a large resuspension flux from 

that coast into the interior basins, a process possibly unique to HB. The Kuzyk et al. 

(2008, 2009) studies make it clear that further sampling and analysis are required to 

trace terrestrial OM pathways from their origins in the watershed through their 

subsequent release and dispersal in Hudson Bay. 

 

1.3 DEVELOPMENT OF THIS STUDY 

Mid-latitude changes are already occurring as is evident in the recorded increase 

in global mean surface air temperatures by 0.2°C to 0.3°C in the last 40 years, with 

even larger increases occurring between 40 and 70°N (IPCC, 2007; Serreze et al., 

2000). From 1975 to 2005, there has been a 1.8°C and 1.1°C increase in temperatures 

at the circumpolar and mid latitudes respectively (Dzyuba and Zekster, 2011).  There is 

also evidence of decreases in daily surface air temperature variability in winter and 

increased temperature in summer (Prowse et al., 2009). The Hudson Bay region is 

considered to be highly sensitive to global warming because it lies at the southern 

margin of the Arctic, and because it is fed by a large terrigenous drainage basin and is 

projected to undergo shifts in permafrost distribution and decay. Clearly, changes in the 

sea-ice and permafrost will have many varied effects on the OC cycle. Feedbacks are 

projected to occur in terrestrial, marine and biological systems, but due to the complex 

nature of the overall Arctic system, projected changes are very uncertain. Some 

responses to global change are already occurring in subarctic permafrost environments 

of the HB watershed especially in discontinuous permafrost (Camill, 2005; Payette et 
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al., 2004). These include permafrost degradation from thermal stress, alterations to melt 

water and runoff as more percolation occurs deeper down the soil profile, and regional 

and local scale changes to vegetative diversity and composition with the expansion of 

new species farther north (Prowse et al., 2009).  

There is, therefore, the vast potential with climate change to release SOC and in 

particular older SOC from HB soils with increased rates of permafrost thaw. There are 

definite information gaps pertaining to the Hudson Bay OC cycle and the interactions 

between terrestrial and marine systems. Permafrost thaw is poorly understood in this 

region and more information is required on the rate of thaw, composition of what is 

being released into HBRs, and the amounts and fluxes of OC and lignin entering 

Hudson Bay. Monitoring changes to permafrost and river hydrology using 14C ages and 

SOC biomarkers in rivers and ocean sediments will help to ascertain an understanding 

of permafrost thaw dynamics and vegetation shifts and their influence on OC pools of 

the terrestrial and marine environments of Hudson Bay (Gustafsson et al., 2011). The 

objectives of this thesis are three-fold: to determine how OC and lignin concentrations 

vary between the HBRs, between the dissolved and particulate phases, and within the 

permafrost soils and their profiles. Secondly, to determine if permafrost is an important 

source to the OC budget of HB and if we can trace its effects using lignin biomarkers 

and 14C ages. Lastly, to provide a baseline for understanding the potential impacts of 

permafrost degradation on OC storage and transport in order to monitor future change 

within the HB system. 
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Chapter 2: Tracing the terrigenous sources of POC and DOC in the Rivers of 
Hudson Bay using lignin biomarkers, δ13C and Δ14C 

2.1 INTRODUCTION 

Permafrost degradation under a changing climate plays an important role in the 

global OC cycle. Recent estimates suggest that up to 1024 petagrams (Pg, 1015g, 1 

billion tonnes) of OC are stored in the upper 300 cm of northern circumpolar soils with 

almost half in the upper 100 cm (Tarnocai et al, 2009). In some areas of Hudson Bay, 

rapid permafrost thaw has already been documented with a 69% decrease in 

permafrost extent between 1957 and 2003 (Frey and McClelland, 2009; Payette et al, 

2004). The age of dissolved organic carbon (DOC) entering rivers increases as old soil 

organic carbon (SOC) is released from deeper soil horizons as active layer thickness 

(ALT) increases and soil temperatures warm (Guo et al., 2007; Margesin, 2009; 

Peterson et al, 2002). Between 1985 and 2004, the mobilization of terrestrial ancient 

carbon in other studied northern rivers has increased by 3 to 6% signaling that the 

degradation of permafrost is beginning to release old SOC (Feng et al, 2013). It is 

important to understand not only the age and lability of materials entering Arctic coastal 

shelves as a measure of change in permafrost regimes but, we also need more 

extensive regional and local studies to analyze the sensitivity of the Arctic OC cycle to 

change and the impacts on the terrestrial-marine Arctic system (Frey and McClelland, 

2009; McGuire et al, 2009).  

Hudson Bay provides a suitable experimental system for investigating the 

interacting climatic, cryospheric, vegetational and hydrological causes of changes in 

terrestrial – marine OC biogeochemistry, and for predicting future changes under a 

warming climate. The Hudson Bay watershed has over 40 rivers representing different 
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combinations of vegetative communities, permafrost regimes and climatic zones (Dery 

and Wood, 2004). The amounts of riverine DOC entering Hudson Bay has been 

estimated at 5.5 teragrams (Tg, 1012 g, 1 million tonnes) of C annually representing 23% 

of all riverine OC draining into the Arctic Ocean making it an important contribution to 

terrigenous OC entering the Arctic system (Mundy et al, 2010). In this study we present 

results on terrestrial transport of OC and its sources for 17 Hudson Bay Rivers (HBRs) 

and show compositional and concentration differences between DOC and POC using 

lignin reaction product ratios and 14C. Measurement of DOC and POC river  

 

 

 

 

 

 

 

 

 

Figure 2.1: Map of Hudson Bay showing sample locations for 17 HBRs 
and permafrost zonation; Continuous (C), Extensive Discontinuous (E), 
Sporadic (S) and Isolated Patches (I). Adapted from Natural Resources 
Canada, 1995). 
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concentrations, in conjunction with analysis of lignin composition and 14C, provides us 

with opportunity to better understand terrigenous sources and the role of permafrost 

degradation in the global OC cycle. 

 

2.2 METHODS 

2.2.1 Sample Collection 

Samples were collected from the Hudson Bay region in July and August 2010 as 

part of the Arcticnet-funded CCGS Amundsen expedition. During this cruise, dissolved 

and particulate samples were collected from freshwater upstream of where 15 major 

rivers enter the Hudson Bay watershed (Figure 2.1, Table 2.1, Appendix A). These sites 

were located around the entire Bay and included rivers from differing vegetative, 

permafrost and latitudinal locations. The Nelson and Hayes River samples were 

collected during a similar Amundsen cruise in 2005 (Kuzyk et al, 2009; 2008). 

2.2.1.1 Dissolved and Suspended Matter 

 Total suspended solid (TSS) samples were collected from river water using a 

submersible pump connected by piping to a stainless steel filter holder containing two 

142mm GF/F glass fiber filters. The filtered water was collected in 20L collapsible jugs 

and returned to the ship and filtered again using 47mm GF/Fs. While onboard the 

Amundsen filters were stored frozen in a freezer at -20°C and the filtrate in a cold room. 

At the end of the cruise these samples were shipped back to the Freshwater Institute 

(FWI) in Winnipeg for further processing. Filtered water samples were freeze-dried to 

isolate the dissolved materials and then weighed. The weight was divided by the volume 
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of the sample to obtain an estimate of Total Dissolved Solids (TDS, mg/L). TSS weights 

(mg) were determined by subtracting the average weight of 20 oven-dried GF/F filters 

(0.0995 ±0.0029 mg) from the weight of the oven-dried sample filter. Concentrations 

(mg/L) were determined by dividing the total sample weight by the volume of water 

filtered. Annual flux of OC and lignin was calculated by converting discharge to L/year, 

multiplying by mg/L, and then converting to Gg/year (1 Gg = 109 g). Calculations are 

presented in Table 2.2 (Appendix A). 

 

2.2.2 Laboratory Analyses 

All biomarker analyses of these samples were conducted at the College of Earth, 

Ocean, and Atmospheric Sciences laboratory at Oregon State University. All samples 

were analyzed for Total Organic Carbon content (%TOC) and Total Nitrogen (TN) using 

a NC2500 Elemental Analyzer. Sub-samples were weighed out on a micro scale into 

silver coated tin boats after which they were exposed to HCl vapor for 24 hours to 

remove carbonates. %TOC was then used to estimate the amount of lignin in the 

sample prior to GC/MS analysis. Blank values averaged 2% of the measured values.  

Samples were analyzed for lignin-derived phenols and non-lignin by-products 

such as 3,5-dihydroxybenzoic acid. As previously described, the samples were digested 

using the microwave/alkaline CuO oxidation method (Kuzyk et al, 2008; Goni and 

Hedges, 1992). Following oxidation, recovery standards of ethyl vanillin and trans-

cinnamic acid were added and samples were centrifuged to separate out any remaining 

solids. The remaining aqueous product was then acidified to a pH of 1 and extracted 

twice using ethyl acetate. Extracts were dried under N2, dissolved in pyridine and then  
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derivatized using bistrimethylsilyl trifluoroacetamide (BSTFA) and 1% 

trimethylchlorosilane (TMCS) for 30 minutes at 60 degrees Celsius. Samples were run 

on the HP6890 Series GC System with DB1 column and the HP5973 Mass Selective 

Detector. Selective ion monitoring provided quantitative and qualitative fractions of 100 

individual CuO products with detection limits of lignin-derived phenols at <10 ng per g 

sediment (Kuzyk et al., 2008; Goni et al., 2013). Typical precisions for the measurement 

of individual lignin phenols range from 5-12% of the measured value. Recoveries of 

individual lignin phenols from spiked matrix samples (n=38) averaged 61% (±11%).    

Eight reaction products derived from lignin were measured; the Vanillyl (V-series) 

phenols, (vanillin, acetovanillone, vanillic acid), syringyl (S-series) phenols 

(syringaldehyde, acetosyringone, syringic acid), and cinnamyl (C-series) phenols (p-

coumaric acid, ferulic acid). Lignin yields were obtained in units of µg/g dry OM and 

were then converted to units of µgL-1 based on the amount of water sample collected 

and filtered (Table 2.3, Appendix A). For each water sample, dissolved and particulate 

phase, lignin compositional ratios were calculated using syringyl to vanillyl (S/V), 

cinnamyl to vanillyl (C/V). Acid to Aldehyde ratios were calculated using the acidic to 

aldehydic functional groups for vanillyl ([Ad/Al]v) and syringyl ([Ad/Al]s) reaction 

products and used to determine oxidative lignin degradation associated with the 

terrestrial environment (Kuzyk et al, 2008; Goni et al 1993).   

Stable (δ13C) and radiocarbon analyses (Δ14C) were completed on eight DOC 

samples (Table 2.2, Appendix A) representing an even distribution across permafrost 

and vegetation zones on both east and west sides of Hudson Bay. Four rivers were 

selected each from the east (Povungnituk, Innuksuac, Nastapoka and Little Whale) and  
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Figure 2.2: Concentration Map of Organic Carbon (mg/L) for 17 
HBRs for both Dissolved (blue) and Particulate (orange) Phases. 
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west (Josephine, Thlewiaza, Churchill and Winisk). The samples were pre-acidified and  

analyzed at the National Ocean Science Accelerator Mass Spectrometry (NOSAMS) 

facility at Woods Hole Oceanographic Institution (Vogel et al, 1987; Goni et al., 2013). 

Radiocarbon ages were not corrected to calendar years based on NOSAMS procedures 

and modern samples represent post-1950 (>Modern). Errors expressed as fraction of 

modern ranged from 0.0024 to 0.0035. These errors represent 14C age errors of 20 to 

40 years. Particulate samples were not analyzed due to complications with the GF/Fs 

and their inability to be processed using the methods at NOSAMS. 

 

 
Figure 2.3: Relationship of river sample phases and organic carbon for A) total 
dissolved solids (TDS) and DOC (mg/L) B) total suspended solids (TSS) and POC 
(mg/L). *Note differences in scale.  

 

2.3 RESULTS 

2.3.1 Dissolved and Suspended Particulate Matter  

 Concentrations of POC and DOC ranged from 0.13 to 1.41 mg/L and 0.24 to 

12.25 mg/L, respectively (Figure 2.2; Table 2.2 in Appendix A). POC and DOC 

concentrations were weakly correlated with each other (r2 = 0.35, p = 0.013) and 
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exhibited the same general spatial pattern, with two- to three-fold higher values in the 

west than in the east and particularly high values in the southwest. Among the 

southwest rivers, which include the Churchill, Hayes, Nelson, Severn and Winisk Rivers, 

POC and DOC concentrations averaged 0.7 and 10 mg/L, respectively, compared to 0.2 

and 2.8 mg/L in the eastern HBRs. 

Much of the variability in DOC concentrations may be explained by variation in 

TDS (r2 = 0.97, p= <0.0001, Figure 2.3A). The southwestern rivers had TDS 

concentrations greater than 80 mg/L and as high as 241 mg/L (Churchill River), 

whereas all other rivers had concentrations less than 40 mg/L and DOC concentration 

did not exceed 12.5 mg/L. Correspondingly, much of the variability in POC may also be 

explained by variation in TSS with the southwest HBRs having concentrations above 12 

mg/L and all other HBRs below 11 mg/L. There appear to be two strong and distinct 

TSS-POC relationships among the river samples (Figure 2.3B), reflecting relatively high 

proportions of POC (5-8% of TSS) with TSS concentrations below 12 mg/L in one group 

of HBRs, including the Churchill and Winisk from the southwest (r2 = 0.94, p = 0.0002; 

Table 2.2). The second group reflects relatively low proportions of POC (1-4% of TSS) 

and includes the other three southwest HBRs, Hayes, Nelson and Severn (r2 = 0.90, p < 

0.0001). DOC does not reflect the same relationship with TDS although the five 

southwest HBRs have lower proportions of DOC (5-11% of TDS) compared to the 

remaining rivers on the west coast ( 10-19% of TDS). 

 

2.3.2 Lignin concentrations and reaction product ratios 

Total dissolved and particulate phase lignin concentrations (Σ8 µg/L) are listed in  
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Figure 2.4: Lignin product reaction ratios, Syringyl/Vanillyl (S/V) and 
Cinnamyl/Vanillyl (C/V), for DOM and POM of 17 HBRs samples and corresponding 
relationship to latitude *Note the differences in scale. 

 
 

 
Figure 2.5: Lignin Product ratios, S/V and C/V, for DOM and POM samples of 17 
Hudson Bay River samples and corresponding relationship to vegetative species. 
Rivers are ranked from northwest around to northeast HB with colors representing 
north (blue/green) and south (red/orange). 
 

 
Table 2.3 (Appendix A). For both phases, lignin concentrations were highest in the 

southwestern rivers. Particulate lignin concentrations varied from 6.1 to 9.5 µg/L among 

four of the five southwestern rivers (Churchill, Nelson, Hayes and Severn), compared to 

0.26-1.75 µg/L in the remaining HBRs (including the Winisk from the southwest). 
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Dissolved lignin concentrations varied from 20 to 102 µg/L among the southwest rivers, 

compared to 0.8-23 µg/L in the remaining HBRs. When lignin and OC concentrations 

are compared using linear regression, there is a statistically significant relationship in 

both the dissolved (r2 = 0.57, y = 4.56x - 1.57, p = 0.0005) and particulate (r2 = 0.54, y = 

7.19x - 0.36, p = 0.0008) phase. 

Syringyl to Vanillyl (S/V) and Cinnamyl to Vanillyl (C/V) ratios in DOM and POM 

show a distinct increasing gradient with increasing latitude (Figure 2.4, Table 2.3). The 

S/V and C/V relationship to latitude is much more distinct in the dissolved phase 

especially the S/V (Figure 2.4, r2 = 0.74, p < 0.0001) compared to the particulate phase 

(r2 = 0.27, p = 0.0315). The increase in S/V and C/V ratios indicates a shift from woody 

gymnosperm to non-woody angiosperm as you move farther north (Figure 2.5). In the 

dissolved phase, S/V ranges from as low as 0.24 (Little Whale River) in the south to 

1.07 (Povungnituk) in the north (SD±0.3, n=17). The Cinnamyl/Vanillyl (C/V) ratio 

shows a similar gradient in DOM, although more variation among rivers is present (r2 = 

0.32, p = 0.0197). C/V in DOM ranges from 0.13 (Great Whale) in the south to 0.63 

(Thlewiaza) in the north (SD±0.2, n=17). There is no significant latitudinal trend in C/V 

in POM.  

Acid to Aldehyde ratios for vanillyl products ([Ad/Al]v) and syringyl products 

([Ad/Al]s) were very highly correlated in both DOM (r2 = 0.74, p = <0.0001) and POM (r2 

= 0.90, p = <0.0001). [Ad/Al]v ranged from 0.42 to 2.46 ±0.5 for particulates and 0.73 to 

2.91 ±0.6 for the dissolved phase. [Ad/Al]s ranged from 0.13 to 2.67 ±0.6 in the 

particulate phase (average 0.76) and from 0.70 to 1.93 ±0.3  in the dissolved phase 

(Table 3, SD, n=17). 
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Figure 2.6: Annual Flux map with arrow thickness representing the 
contributions of organic carbon from the dissolved and particulate 
phase for 17 HBRs. Note the scale differences between the 
particulate and dissolved phase. 
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2.3.3 Stable and Radiocarbon Isotopic Composition 

δ13C and Δ14C are reported in Table 2.2. δ13C ranged from -26.1‰ to -27.9‰ (± 

0.6‰) and the ages, inferred from the Δ14C, ranged from modern (post-1950) to 2840 

(±28) years before present (Table 2.2).  There are no obvious spatial patterns in the 

radiocarbon ages. The Churchill and Nastapoka Rivers were the oldest samples at 2840 

(±40) years, followed by the Povungnituk at 715 (±30) years, and the Josephine at 215 

(±20) years, with the remaining samples being modern (<50 YBP).  

 

2.3.4 Annual Fluxes in Hudson Bay Rivers 

Annual OC fluxes, estimated based on the concentration data obtained in this 

study and mean annual river discharges (Table 2.1 and 2.2, Figure 2.6), range from 0.2 

to 53 Gg/yr (n=17, SD±14) in the particulate phase and 0.6 to 842 Gg/yr (n=17, 

SD±207) in the dissolved phase. Consistent with its dominance in terms of river 

discharge, the Nelson River has the highest estimated annual POC and DOC fluxes. 

Lignin fluxes parallel the POC and DOC fluxes, with the Nelson dominating in both the 

dissolved and particulate phases, followed by the Churchill in the dissolved phase and 

the Severn River in the particulate phase.  

Despite the distinct lignin compositional trends from south to north (decreasing 

vanillyl phenol contributions northward), the fluxes of individual lignin phenols show only 

subtle spatial differences compared to the total lignin flux. In the dissolved phase, Vd 

fluxes were dominated by the Nelson, followed by the Churchill at approximately half as 

much (Figure 2.7). Fluxes of Vd from northern rivers, especially in the west, are almost 

negligible. For Sd, the Nelson dominates but Churchill (83%) is a close second. 
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Figure 2.7: Annual flux map with arrow thickness representing the contributions of 
three different lignin biomarker acids (Vd, Sd, and PCd) in the dissolved (blue) and 
particulate (orange) phase for 17 Hudson Bay Rivers. Note the scale differences 
between the phases. 
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Northern rivers also have proportionately larger fluxes of Sd. In the particulate phase, 

the Nelson dominates the fluxes of both Vd and Sd with the next highest fluxes from the 

Severn and Churchill.   

 

2.4 DISCUSSION 

2.4.1 Spatial trends in concentrations of particulate and dissolved material 

All the parameters measured in HBRs; TSS, TDS, POC, DOC and lignin phenols, 

exhibit the highest concentrations in the southwest part of HB (Table 2.2 in Appendix A; 

Figure 2.2). This pattern can be attributed to the southern extent of this region and its 

increased vulnerability to permafrost degradation due to the thin coastal band of 

continuous permafrost and extensive discontinuous permafrost on moving inland. 

Further impacting the high levels of sediments and OC in the rivers is their location 

within the peat OM-rich Hudson Plains Ecozone and the large catchments of the 

southwest HBRs extending down into southern latitudes (Dyke and Sladen, 2010; Smith 

and Burgess, 2004). This southwest region, including the Prairies and northwestern 

Ontario, represents 47% of the entire HB watershed with double the concentrations of 

TOC (mg/L) compared to the average of all HBRs (Table 2.2). 

 Vegetation cover along with deposits of marine and glacial sediments, post-

glacial isostatic rebound, and shallow topography of the region contribute to these high 

concentrations of DOC and the increased supply of fresh and preserved biomass 

(Hudon et al, 1996). In fact, the DOC contributions of the Nelson River alone make up 

41% of the annual TOC contributions for the entire Hudson Bay. The dominance of 

dissolved phase OC and lignin in the southwest HBRs may be attributed to the 
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extensive peatlands and bogs that are part of the Hudson Bay Lowland Ecoregion and 

which constitute the largest wetland in North America. These dominant DOC 

concentrations are typical of Arctic environments where peat and permafrost are 

present  (Maybeck 1982; Raymond et al, 2007; Benner et al, 2005). Lignin contributions 

of the southwest HBRs are also reflected in the sediment box core data by Kuzyk et al., 

2008, which show that cores representing the southwest HBRs, just offshore of the 

Winisk River, had the highest lignin yields of all of Hudson Bay. The influence of more 

woody species, such as dwarf birch and willow, and the location of the treeline along the 

southwest coast to just north of Churchill may account for these large DOC 

concentrations compared to elsewhere in the HB region. 

Permafrost in the southwestern HBRs is continuous at the coast and becomes 

more discontinuous and sporadic farther inland (Figure 2.1). The extensive regional 

peat plateau development and wetland environment may explain the increased risk of 

permafrost thaw and degradation with warming in the southwest Hudson Bay (Raymond 

et al, 2007; Smith and Burgess, 2004; Dyke and Sladen, 2010). Dyke and Sladen 

(2010) suggest that any thawing at a plateau edge may result in thermokarst 

subsidence and erosion increasing the thermal conductivity of the soil and the transition 

of peat plateau to fen. In permafrost dominated watersheds, there is an increase in 

DOC and lignin concentrations compared to other watersheds as overland and 

subsurface flow coupled with increased peat content decreases the mineral soil 

exchange of DOC causing its release into rivers (Onstad et al, 2000; Carey, 2003).  

Although the southwest HBRs have the highest concentrations of OC in both the 

dissolved and particulate phase, the Nelson and Hayes have the lowest %POC 
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compared to the TSS of all HBRs (Table 2.2). The Churchill River has a higher than 

average %POC (6.94). There may be other factors such as surficial geology, 

mineralization of OC and soil characteristics contributing to %OC contained in both the 

dissolved and suspended phase solids. 

 

2.4.2 Composition of POM and DOM and inferences about watershed sources 

The clearest trend in DOM and POM composition is the latitudinal increase in 

S/V and C/V ratios from a transitional mixed forest-tundra environment in the south to a 

more barren, sparsely vegetated tundra in the north (Figure 2.4). Lower S/V and C/V 

ratios indicate the presence of relatively more woody gymnosperm species, such as 

white spruce and tamarack, which are indicative of forest tundra and in northern 

latitudes, an increase in non-woody angiosperm sources, such as herbs and mosses, 

replace the gymnosperm species resulting in higher S/V and C/V ratios (Figure 2.5).  

The S/V and C/V ratios are also distinctly different in terms of sources between 

the particulate and dissolved phase (Figure 2.5). The dissolved phase shows a strong 

distinction between vegetative composition and latitude similar to other studies (Kuzyk 

et al, 2008; Guo et al 2007). The particulate phase on the other hand, is dominated by 

lower C/V ratios representing woody vegetation sources and S/V ratios that do not 

correlate strongly to latitude. The Povungnituk and Tha-Anne Rivers are outliers with 

unusually high C/V ratio that likely reflect high non-woody sources in the region due to 

either the fractionation of lignin phenols resulting in sorption of leachates back into the 

soils such as the selective sorption of vanillyl (Hernes et al., 2007; Woods et al., 2011).  

The average S/V and C/V ratios found in HBRs are double those observed in 
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other Arctic Rivers (Russia and Canada: 0.65 compared to 0.39 (POM), 0.68 compared 

to 0.40 (DOM) (Lobbes et al, 2000; Amon et al, 2012)).  HBRs and other major Arctic 

Rivers influenced by tundra vegetation show an increase in S/V and C/V ratios as 

expected. Of all the major Arctic rivers, the Ob River is closest to HBRs in terms of 

having the highest S/V and C/V ratios of DOM (Table 2.4, Appendix A). This may be 

due to its mild climate, variable vegetation cover and its location within the largest peat 

bog system in the world (Amon et al, 2012), features similar to southwest HBRs. The 

higher latitudinal location of river catchments in Russian Arctic Rivers are likely to be 

influenced by more northern vegetation, climate and drainage resulting in lower S/V and 

C/V ratios compared to southwest HB. A similar DOC dominant concentration of 82% 

has also been reported for Russian Arctic Rivers further showing the importance of 

dissolved phase in OC terrestrial contributions (Lobbes et al, 2000). 

 

2.4.3 Acid Aldehydes and Δ14C 

The degradation state of both POM and DOM are inferred from [Ad/Al] ratios. 

and are used to determine source specific information regarding dissolved and 

particulate OM entering rivers with lower ratios representing fresher (less degraded) 

plant tissues and increasing oxidation and degradation with higher ratios (Goni and 

Hedges, 1992; Opsahl and Benner, 1998). Most of the POM and DOM samples 

collected have [Ad/Al] ratios over 0.5 and are therefore not fresh with the dissolved 

phase more degraded than the particulate phase suggesting that most material has 

undergone some level of decomposition (Table 2.3). There are exceptions such as the 

Povungnituk and Tha-Anne Rivers, which contain highly degraded POC indicated by 
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their high [Ad/Al] ratios compared to samples from other rivers (Table 2.3). The 

Thlewiaza and Little Whale Rivers are located in forest tundra transitional environments 

and may be undergoing more intense microbial degradation and mineralization due to 

increased warming (Schaphoff et al, 2013).  

 

Figure 2.8: Acid to Aldehyde ratios, [Ad/Al]v and [Ad/Al]s, and 14C 
ages (years before present, YBP) for the dissolved phase of eight 
HBRs. 

 

Distinct carbon isotopic signatures have been found in lignin reaction products 

from different classes of vascular plants (Lobbes et al, 2000; Goni and Eglinton, 1996; 

Hedges and Oades, 1997). [Ad/Al] ratios and Δ14C ages for DOM samples (Figure 2.8) 

indicate that most samples are modern and moderately degraded (between 0.54 and 

1.54), with the Churchill and Nastapoka Rivers being significantly older (2840 YBP) but 

similarly degraded and the Thlewiaza and Little Whale Rivers being modern and highly 

degraded (ratios >1.8). Much of the DOM in the HBRs is young and moderately 
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degraded and may be derived from the higher terrestrial primary production of boreal 

regions such as the forest tundra ecotone under processes such as microbial alteration 

(Guo et al, 2007; Lobbes et al, 2000). Age of these samples indicates that, with the 

exception of the Churchill and the Nastapoka Rivers, the older dissolved phase OC is 

not being released into the majority of HBRs, as has been found in other Eurasian and 

North American Rivers (Benner et al, 2004; Amon et al., 2012). 

The Churchill and Nastapoka River DOM is oldest with samples dated to 2840 

ybp but the [Ad/Al] ratios are similar or lower and therefore fresher than expected 

compared to the modern samples, especially DOM from the Thlewiaza and Little Whale 

Rivers. The Churchill and Nastapoka river samples are located in the forest tundra 

ecotone, one on the east and one on the west coast (Table 2.1, Appendix A). The forest 

tundra ecotone is undergoing transition with vegetation shifting northward and 

permafrost thawing due to its southern extent and the current location of the treeline. 

The older ages and lower than expected [Ad/Al] ratios of these two samples may reflect 

the fact that the terrain is undergoing more intense erosion causing older deeper SOC 

to be released into the rivers. The freshness of the SOC is likely due to preservation 

within permafrost until their recent release with thawing, which has also been shown in 

Russian Arctic Rivers (Gustafsson et al, 2011; Vonk et al, 2010).  

 

2.4.4 Annual Fluxes of DOC and POC in Hudson Bay Rivers 

The high influx of OC and lignin into the southwest region of Hudson Bay, in 

particular from the Nelson River, dominates the overall influx of OC and lignin from all 

HBRs, which is consistent with other studies (Granskog et al., 2007). The high influx in 
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this region is due to 47% of the Hudson Bay basin draining from the prairies and 

northwestern Ontario of the southwest and the relatively high river flows dominating 

from the southwest HBRs (Prinsenberg et al, 1987; Dery et al, 2005). The southwest HB 

basin, which stretches as far west and south as Alberta and North Dakota, is dominated 

by land use patterns including dams, diversion and agriculture. The OC flux of the 

Nelson River is possibly being elevated by the upstream diversion of the Churchill River 

into the Nelson in 1977 (Dery et al., 2005). This region is the warmest of the Hudson 

Bay drainage basin and the OC being released is influenced by the southern 

permafrost-free soils and warmer climates. Thus, the dominant influx of OC and lignin in 

the southwest of Hudson Bay may be attributed to increased biodiversity and vegetation 

cover, permafrost distribution and recent warming.  

While the annual discharge of HBRs, like the Nelson River, is small in 

comparison to other Arctic rivers, the annual DOC and lignin fluxes are almost equal to 

larger rivers like the Mackenzie (Table 2.4, Appendix A). Arctic Rivers with high 

discharge are likely to release more OC and lignin into coastal seas; however, the 

southern extent of the Nelson River Drainage Basin, permafrost coverage and the 

regional vegetation contribute significantly to the concentrations and influx of OC and 

lignin in the Nelson River. Another example is the Hayes River, which is ranked fifth in 

discharge for all the sampled HBRs, but fourth in the annual flux of OC and lignin (Table 

2.1 to Table 2.3). Therefore, while the discharge of HBRs may be lower compared to 

other Arctic Rivers, contributions of OC and lignin from Hudson Bay are important when 

considering the response of other Arctic drainage basins to the thawing of permafrost 

and the shifting vegetation composition associated with future warming scenarios.  
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2.4.5 DOC versus POC  

The majority of OC (93%) is in the dissolved phase in all HBRs except for the 

Josephine River. The Josephine is distinct in that the particulate phase dominates OC 

contributions (65%) with only 0.6 Gg POC/yr to Hudson Bay, which is far below the 

HBRs average of 108 Gg POC/yr. Barren tundra with rocky outcrops, low vegetation 

cover and under developed soils dominate the Josephine River, located in the 

northwest region of Hudson Bay. The lack of soil development, ice-rich environment and 

slow degradation of plant detritus may account for this reversed ratio between POC and 

DOC and may lead to the preservation of OC within soil profiles.  

The average TOC in HBRs contains a relatively higher proportion of DOC (93%) 

than is found in Arctic Russian rivers (83%, Lobbes et al., 2000), and the total Arctic 

Ocean riverine inputs (82%, Stein and Macdonald, 2004). DOC concentrations are 

influenced by vegetative biomass within the soil and vegetation cover of the region while 

POC is more representative of mineral soil and permafrost contributions (Guo et al, 

2007). The Hudson Bay Basin has the majority of its annual freshwater flux drain 

through southern latitudes which have a higher vegetative biomass compared to 

northern latitudes. The HB system contributes approximately 23% of the riverine flux of 

DOC entering into northern seas (Mundy et al., 2010). Therefore, changes in permafrost 

distribution leading to changes in vegetation have the potential to produce significant 

effects on these DOC fluxes both for HB and for the wider Arctic.  

 

2.5 CONCLUSIONS 

Analysis of the 17 HBRs indicate that the majority of OC is coming from the 



 41 

southwest region, especially the Nelson River DOC, which contributes 41% of the total 

annual OC inputs into the Hudson Bay. The southwestern extent of the Hudson Bay 

Drainage Basin, the strong influence of the extensive peatlands of the Hudson Bay 

Lowlands and the increased vegetative biomass of the south are making this region a 

dominant OC source for the Bay. There is also a significant correlation between S/V and 

C/V ratios and latitude in DOM that reflects the regional vegetative sources of OC from 

boreal forest in the south to tundra in the north providing a necessary step in 

interpreting the influence of vegetation on the OC influx into the Hudson Bay. S/V and 

C/V ratios, when combined with [Ad/Al] ratios and 14C ages, inform us of the state of 

degradation and the release of old SOC, formerly locked in permafrost. The mobilization 

of terrestrial ancient carbon is underway in some of the HBRs as is reflected in the 14C 

ages of the Nastapoka and Churchill Rivers, indicating that the degradation of 

permafrost is beginning to release old SOC, although the lower [Ad/Al] ratios suggest 

that the OM is “fresher” than expected and is being preserved by the permafrost. 

Climate modeling in this region predicts as much as a 7 to 8 °C warming by the 

end of the 21st century resulting in an estimated loss of 53 to 66 percent in near surface 

permafrost areal extent (Schuur et al, 2011). This warming will enhance surface runoff 

and, coupled with active layer thickening, increases the potential for DOC and POC 

export into the HB. As permafrost shifts from continuous to discontinuous we may see a 

shift in not only the 14C ages of DOM but also the S/V and C/V ratios reflecting the 

changes associated with regional warming and permafrost degradation. It may be 

complicated to calculate this shift in the release of older SOC due to it being 

underestimated and masked by the subsequent increase in the transport of young 
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surface OC associated with enhanced river runoff (Feng et al., 2013). In this study, we 

find that the quantities and composition of lignin in both the POM and DOM of HBRs is 

pertinent information to understanding the transport of OC into the HB, especially in 

terms of permafrost degradation which influences the mobilization of SOC, and any 

potential changes to the vegetative sources of OC. 
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Chapter 3: Hudson Bay soil profiles and the potential linkages of permafrost 
degradation and lignin biomarkers on the OC cycle of Hudson Bay 

3.1 INTRODUCTION 

Longer growing seasons, due to changes in soil thermal dynamics, have 

enhanced the sequestration of carbon in high latitude environments such as the Hudson 

Bay (Ping et al., 2008). The southern margins of Hudson Bay’s drainage basins, located 

in discontinuous and sporadic zones of permafrost, are most susceptible to thermal and 

physical degradation due to their being within 1 or 2 degrees of thawing temperature 

(Woo, 1986; IPCC, 2007; Schuur et al., 2013). This degradation has now been 

documented in the discontinuous permafrost in the boreal peatlands of northern 

Manitoba and the east coast of HB in northern Quebec (Camill, 2005; Payette, et al., 

2004). The increase in summer temperatures and precipitation in northern latitudes 

(Arndt et al., 2010; Wu et al., 2005) has resulted in permafrost degradation manifested 

as thermokarst development, a thickening of the active layer, and increased percolation 

of OM down the soil profile potentially increasing the release of deep, older SOC 

(Jorgenson et al, 2006; Gubin and Lupachev, 2008). Wetter and warmer soils will alter 

hydrologic flow paths and water storage causing the movement of groundwater into 

deeper soil horizons potentially influencing SOC storage and seasonal discharge of 

SOC to coastal shelves like Hudson Bay (McClelland et al., 2004; Iijima et al., 2010; 

Jorgenson et al., 2013). Upon thaw, sorption processes and microbial decomposition 

will further alter the storage and release of SOC (Schuur et al., 2013). 

SOC pools in Arctic soils have been underestimated in past studies (Rodionov et 

al., 2007) and based on 139 frozen soils of the North American Arctic, 38% of the SOC 

is below the permafrost table (Ping et al., 2008; Tarnocai, 2009). The location of SOC in 
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the soil profile may prove useful in understanding the consequences of active layer (AL) 

thickening, including increased cryoturbation and altered hydrology of the landscape 

with permafrost thaw (Ping et al., 2008). The type of soil determines the variability and 

sensitivity to active layer thickness due to its response to surface temperatures and 

moisture (Woo et al, 2008; Smith et al, 2009). There have been few measurements of 

lignin composition in Arctic soils until recently and no soils have previously been 

measured for OC and lignin in the HB region. This chapter will discuss the composition 

of lignin and OC down the profile of six sampled permafrost soils collected from the 

Hudson Bay coastal lands and consider the impacts of permafrost degradation and 

active layer thickening on the distribution and potential release of SOC. We consider the 

influences of soil type, moisture content, vegetation and the potential for degradation of 

these soils using lignin reaction products and their ratios to make inferences about the 

potential release of SOC with future warming.  

 

3.2 METHODS 

3.2.1 Site Description 

All samples were collected from the Hudson Bay region using the Canadian 

Coast Guard Ship Amundsen as a base while accessing sites by helicopter during Leg 

1a of the 2010 expedition (July-August). Six sites in different vegetation and permafrost 

zones were selected and sampled from around the Hudson Bay watershed based on 

the CCGS Amundsen cruise track (Figure 3.1; Table 3.1, Appendix B). Weather and 

time constraints did not allow for sampling to occur on the southwest coast of HB. 
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Figure 3.1: Site map for the soil sampling locations and permafrost 
zonation; Continuous (C), Extensive Discontinuous (E), Sporadic (S) and 
Isolated Patches (I). Adapted from Natural Resources Canada, 1995. 

 
 

The Josephine River (63.13°N, -90.98°W), in the northwest coast of the HB, is 

located in the barren, low arctic ecoclimate of the Southern Arctic ecozone, with 

continuous permafrost and a landscape dominated by granitic tills and hummocky 

bedrock (Ecological Stratification Working Group, 1995). Mean annual temperature 

ranges from between -8°C to -11°C with a mean summer average of 6°C. Vegetation on 

site was typical of the Maguse River Upland ecoregion with sparse and low-lying shrub 

tundra, mainly herbaceous species (70%), with a small percent of lichen (3%), moss 
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(17%), and exposed rock (10%). Soil samples were taken from a site located 

approximately 20 km inland from the Josephine River mouth, 560 m from the riverbank 

at an altitude of 103 m above sea level (ASL). Soil was a Gleysolic Static Cryosol with a 

high percentage of clay and high pore ice content with a shallow AL within 6 cm of the 

surface. Permafrost table was not reached during the time period allotted for sampling. 

The Thlewiaza River (60.52°N, -95.01°W) is located on the western coast of 

Hudson Bay and runs through the Southern Arctic ecozone near the coast to the Taiga 

Shield further inland. Mean annual temperature is approximately -8°C with a mean 

annual summer temperature between 6°C to 8°C, and the ecoclimate ranges from low 

arctic near the coast to high subarctic inland. Vegetation conforms to the Kazan River 

Upland ecoregion consisting of shrub tundra dominated by herbaceous cover (70%), 

including arctic willow, bilberry and Labrador tea, sphagnum moss (29%) and 

sedge/grass (1%). The soil sample was collected from the center of a polygon 

development approximately 0.7 m high from the fen edge located approximately 70 m 

from the riverbank and 7 km from the river mouth at about 40 m ASL.  Permafrost is 

continuous in the region with hummocky bedrock, granitic tills, and polygon 

development. Soil consisted of Regosolic Cryosol with organic rich upper soil horizons 

and a 20 cm AL. 

The Great Whale River (55.28°N, -77.76°W) is located in the southeast corner of 

HB in the Taiga Shield ecozone in the La Grande Hills ecoregion. The mean annual 

temperature is -4°C with a summer mean of 8.5°C and the region is considered to have 

a low subarctic ecoclimate. The vegetation consisted of forest tundra with open 

coniferous forests and/or tree islands transitioning to tundra shrub vegetation to the 
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north. This site was located in an upland region with no trees and an extremely high 

percent of moss (90%), mainly sphagnum, with only 7% herb and 3% grass. Soil was 

sampled approximately 1.1 km from riverbank at a distance of 2 km from the river mouth 

at an altitude of 9 m ASL. The soil was a Humic podzol: no ice found within the top 

meter of the surface, the depth sampled within the time allotted for sampling.  

The Little Whale River (56.01°N, -76.54°W) is located on the southeastern 

shoreline of the HB in the Taiga Shield ecozone. It borders the region between low 

arctic to high subarctic ecoclimate with a mean annual temperature ranging from -4°C to 

-6°C. Average summer temperatures range from 6°C to 8.5°C. The sampling site was 

located in a forest tundra landscape between the La Grande Hills and the Southern 

Ungava Peninsula ecoregions, within a glacially scoured valley consisting of flagged 

spruce tree islands and polygonal peat plateaus. Vegetation was distributed between 

moss (50%), herbaceous cover (49%) and one small dwarf birch. Soil samples were 

collected from the center of a large palsa development approximately 7 km from 

riverbank and approximately 14 km from the river mouth at an altitude of 37 m ASL. The 

soil was an organic cryosol with a very high peat and OC content visible throughout the 

profile and a 29 cm AL. 

The Innuksuac River (58.46°N, -78.02°W) is located on the northeastern 

shoreline of HB in the Southern Arctic ecozone. This region is considered a low arctic 

ecoclimate with a mean annual temperature of -7°C with a summer mean of 3.5°C. The 

site was consistent with its location within the Central Ungava Peninsula ecoregion 

consisting of low arctic shrub tundra with almost entirely herbaceous cover (90%) of 

Labrador tea, Dryas spp. with some moss (7%) and grass (3%). Soil sample was 
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collected 2.4 km from the riverbank approximately 4.5 km from the river mouth at an 

elevation of 49 m ASL. The soil was a regosolic static cryosol with high organic content 

in the upper soil horizon decreasing with an increasing sand content. The depth of the 

AL was only 15 cm to the permafrost table. 

The Povungnituk River (60.05°N, -77.22°W) is located on the northeast coast of 

HB in the Southern Arctic bordering on the Northern Arctic ecozone. Vegetation was 

consistent with its location in the low arctic ecoclimate with shrub tundra consisting of 

mostly herbaceous cover (60%) followed by moss (37%) and grass (3%). The river itself 

also runs through the nearby Northern and Central Ungava Peninsula ecoregions. Mean 

annual temperature averages at -7°C with a summer mean of 3.5°C. Post-glacial marine 

beach deposits dominate the region, which was evident in the high sand content of the 

soil. The soil, which was sampled from the middle of a palsa development, was a static 

cryosol with high sand content in the lower soil horizons and the AL was 26 cm to the 

permafrost table.  

 

3.2.2 Permafrost and soil samples 

 Soil sites were selected in relative proximity to the river sampling sites. Due to 

terrain and issues with landing, some sites were farther from the water-sampling site but 

within the same drainage system. We tested the top meter of the soil for the permafrost 

table using a 1.5 m metal rod. Soil pits were dug to classify soil type and determine 

active layer thickness when ice was present. Soil was sub-sampled from each soil 

horizon for further lab analysis. Either the entire active layer or in the case of soil, the 

profile, was sampled at 1 cm intervals and bagged for analysis. This was done by 
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cutting soil into a square of approximately 7 cm by 7 cm using a stainless steel saw 

knife and slicing each centimeter starting at the top and working down to bottom of 

profile or until permafrost table was reached. Once the permafrost table was reached, 

samples were collected with a coring auger with a Stihl 4308 model powerhead and a 

7.6 cm diameter stainless steel core barrel that was supplied by the Geological Survey 

of Canada. Samples were then stored in ziploc bags and frozen until they were brought 

back to the laboratory on the Amundsen for slicing. Permafrost cores were sliced while 

frozen using a sawsall at 1 cm intervals but switching to 2 cm intervals further down the 

profile and then stored for analysis. 

 Vegetative analysis was completed at each site by randomly selecting a 10 m by 

10 m vegetative plot close to the soil-sampling pit. A photograph was taken and 

percentage of ground cover between herb, moss, lichen, tree and grass was determined 

by bird’s-eye view. Only one site had a dwarf tree (Little Whale) but, due to time 

constraints, the vegetative plot was not increased. Basic site characteristics were 

recorded with no time for samples and/or genus and species identification. All soil 

samples, except for the Great Whale, were taken from on top of a palsa or polygon 

development.  

 

3.2.3 Laboratory Analyses 

Soil and permafrost samples were shipped to the College of Earth, Ocean, and 

Atmospheric Sciences laboratory at Oregon State University (OSU) for chemical 

analysis. Every second sample was selected for analysis starting from the top layer and 

also those samples located above and below a soil horizon interface were selected. 
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These samples were analyzed for Total Organic Carbon (%TOC) and Total Nitrogen 

(TN) using a NC2500 Elemental Analyzer, and for lignin-derived phenols and non-lignin 

byproducts such as 3,5-dihydroxybenzoic acid using the alkaline CuO oxidation method 

to microwave digest samples. A complete description of these methods may be found in 

Chapter 2. In order to obtain OC content down the soil profile including cumulative OC, 

bulk density was calculated for each sample (g sediment/cm3) and then converted to 

grams OC per cm2 using OC% and then finally to gOC/m2 per cm depth (Table 3.2, 

Appendix B). Cumulative OC content (gOC/m2) was calculated for the entire soil profile 

depth of each soil and averaged into gOC/m2 per cm depth. 

Eight reaction products derived from lignin were measured; the Vanillyl (V-series) 

phenols, (vanillin, acetovanillone, vanillic acid), syringyl (S-series) phenols 

(syringaldehyde, acetosyringone, syringic acid), and cinnamyl (C-series) phenols (p-

coumaric acid, ferulic acid). Lignin yields were obtained in units of ng of compound in 

total extract and then converted to C-normalized values in mg of compound/100mgOC 

based on the OC content and further converted to mg/m2 per cm of depth (Table 3.2). 

Cumulative lignin content (mg/m2) was calculated for the entire soil profile depth of each 

soil and averaged into mg/m2 per cm depth. Lignin compositional ratios were calculated 

using syringyl to vanillyl (S/V), cinnamyl to vanillyl (C/V). Acid to Aldehyde ratios were 

calculated using the acidic to aldehydic functional groups for vanillyl ([Ad/Al]v) and 

syringyl ([Ad/Al]s) reaction products (Refer to methods in Chapter 2).   

Stable and radiocarbon isotopic analysis was performed on the top layer of the 

six soil samples representing an even distribution across permafrost and vegetation 

zones on both east and west sides of Hudson Bay. Samples were pre-acidified and 
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analyzed for both Δ14C (uncalibrated ages) and δ13C at the National Ocean Science 

Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole Oceanographic 

Institution (WHOI). 

 

3.3 RESULTS  

3.3.1 Organic carbon and physical soil properties 

Soil profiles depths ranged from 30 cm in the Innuksuac to 57 cm in the Little 

Whale (Figure 3.2). The Great Whale is the only soil where the permafrost table was not 

reached and therefore was not considered in the calculation of AL depths. The 

Josephine soil had ice in the pores starting at 6 cm but was not considered as part of 

the permafrost table as it was partially thawed. AL depths ranged from 15 cm in the  
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Figure 3.2: Six soil profiles of the HB with profile and horizon information on OC%, Total 
Lignin (mg/100mgOC), S/V and C/V ratios and [Ad/Al] ratios. Shaded horizon indicates 
the frozen layer (Cz) with the top being the permafrost table. 
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Innuksuac to 34 cm in the Josephine with an average of 19 cm for all six soils.  

The average organic carbon content of soil by weight is 21% with each soil 

profile ranging from an average of 2.2% at the Josephine to 48% at the Little Whale 

(Table 3.1, Appendix B). All soils have high OC in the upper LFH and A horizons and 

decreased with depth, with the exception of the Little Whale soil profile that has high OC 

down the entire profile, and the Thlewiaza that has high OC down to the permafrost 

table (Figure 3.2). All soils, on average, have almost double the OC in the AL compared 

to the frozen Cz horizon although 30% of OC in all six soils is in the Cz horizon.  

 

 
 
 
 
 

 
 
 

 

 

 
 

Figure 3.3: Relationship between organic carbon (OC%) 
and moisture content (MC%) for all samples collected 
from six soils, and the distribution of all six soils and their 
samples in relation to OC% and MC%. Color-coded by 
site ranging from blue in the north, then green, orange 
and red in the south. 

 

Variation in OC down each soil profile (%RSD) ranged from 24% to as much as 241% in 

the Innuksuac, which has 29 times the OC in the LFH horizon compared to the bottom 
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of the Cz horizon. OC% is not well correlated to individual lignin reaction products and 

ratios. The strongest relationship, which was, nevertheless, weak, is found between 

OC% and total lignin, ∧8 (r2 = 0.48, p < 0.0001). OC% is well correlated with % moisture 

content (MC%, Figure 3.3, r2 = 0.71, p ≤ 0.0001) with the Great Whale having the lowest 

OC% and MC% and the Little Whale having the highest.  

On average, OC storage per cm depth in all six soils is 0.7 gOC/m2 ranging from 

a profile average per cm of 0.30 gOC/m2 for the Josephine to 1.27 gOC/m2 for the Little 

Whale (Table 3.2, Appendix B). Cumulative OC content down each soil profile ranged 

from 7.5 gOC/m2 in the Josephine (44 cm depth) to 52.2 gOC/m2 in the Little Whale (57 

cm depth). All soils, on average, have slightly higher OC content in the Cz horizon (0.8 

gOC/m2 per cm) compared to the AL (0.7 gOC/m2 per cm). The average OC content in 

the Cz horizon is skewed by the high OC content in the Cz horizon of the Little Whale 

soil (1.5 gOC/m2/cm), and if we exclude this sample, the average is only 0.5 gOC/m2 

per cm. Cumulative OC content in the AL averaged 10.6 gOC/m2 with an average AL 

depth of 19 cm and ranged from 6.0 gOC/m2 in the Josephine (34 cm AL depth) to 28.7 

gOC/m2 in the Little Whale (29 cm AL depth).  

 

3.3.2 Lignin Yields of Soil Profiles 

Total OC-normalized lignin yields (∧8) ranged from 0.59 to 9.10 mg/100mgOC 

(Table 3.2). The highest lignin concentrations were found in the Little Whale soil profile 

with an average of 6.63 mg/100mgOC and the highest value of 9.1 mg/100mgOC at 49 

cm in the Cz horizon. The lowest concentrations were in the Josephine soil samples 

with an average of 1.1 mg/100mgOC. Variation in lignin concentrations down each soil 
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profile (%RSD) ranged from 22% to 56%: for example, the Josephine had 3 times the 

lignin in the LFH horizon compared to the Cz horizon. All frozen soils, excluding the 

Josephine samples, had an increase in lignin yields with depth with the highest values 

in the Cz horizon representing 52% of total lignin on average. The Great Whale had a 

high yield in both the LFH and the C horizon. The organic cryosol at Little Whale, and 

the regosolic static cryosols at Thlewiaza and Innuksuac, ranged from 33% to 49% 

lower lignin concentrations in the LFH compared to the average for each profile with the 

majority of lignin occurring at greater depths (Table 3.2, Figure 3.2). Lignin values 

correlated to %Nitrogen (r2 = 0.62, p ≤ 0.0001) and also to moisture content % (r2 = 

0.35, p ≤ 0.0001).  

Total lignin content per cm depth within all six soils averaged 39.2 mg/m2 ranging 

from 8.58 mg/m2 in the Josephine to 103 mg/m2 in the Little Whale (Table 3.2). 

Cumulative lignin content down each soil profile ranged from as low as 112 mg/m2 at 

the Josephine (44 cm depth) to 2871 mg/m2 for the Little Whale (57 cm depth). All soils, 

on average, have slightly higher lignin content in the AL (39.0 mg/m2 per cm) compared 

to the Cz horizon (31.9 mg/m2 per cm), although the average does not reflect the high 

lignin content in the Cz horizon of the Little Whale (116 mg/m2 per cm). Cumulative 

lignin content in the AL, of all six soils, averaged 396 mg/m2 with an average of 19 cm 

depth and ranged from 98.6 mg/m2 in the Josephine (34 cm AL depth) soil profile to 

1245 mg/m2 in the Little Whale soil profile (29 cm depth).  



 

 65 

 
Figure 3.4: S/V and C/V ratios for the six soil profiles with A) circles representing the 
ranges of S/V and C/V ratios and coinciding vegetative properties and, B) the soil 
profiles in relation to previous ratios described by Amon et al., 2012 and Spencer et 
al., 2008). AT (alpine tundra), AL (angiosperm leaves), AW (woody angiosperm), BS 
(boreal soils), Borg (boreal organic soil), BIn (boreal inorganic soil), GN (gymnosperm 
needle), GW (woody gymnosperm), M (mosses), PN (picea needles), PT (peat), SM 
(sphagnum moss). 

 

3.3.3 Lignin Composition 

 Four lignin product reaction ratios were calculated for this study: Syringyl to 

Vanillyl (S/V), Cinnamyl to Vanillyl (C/V), acid to aldehydic ratios for Vanillyl ([Ad/Al]v) 

and Syringyl ([Ad/Al]s). All ratios are shown down the entire soil profile (Table 3.2, 

Figure 3.2). S/V ratios ranged from 0.21 to 1.09 and C/V ratios ranged from 0.09 to 

0.65. For both the S/V and C/V ratios, the soil profile average was the highest for the 

Little Whale (0.87, 0.49) and lowest for the Great Whale (0.31, 0.20). All soils S/V and 

C/V ratios were indicative of a non-woody angiosperm signal (high S/V and C/V, >0.4) 

with some samples having a small woody gymnosperm influence, with the exception of 

the Great Whale, which had a strong woody gymnosperm signal of low S/V ratios (Table 

3.2, Figure 3.4). The S/V ratios of the Great Whale, which ranged from 0.2 to 0.4, lay 

between angiosperm and gymnosperm. Furthermore, the C/V ratio indicates non-woody 
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OC in the LFH but mainly woody OC (>0.25) as depth increases (Figure 3.2). When 

comparing the AL horizons to the Cz horizon, S/V ratios were on average higher in the 

Cz horizon of all soils except for the Josephine and Thlewiaza. The average C/V ratios 

are higher in the Cz horizon than the AL horizons for all six soil samples. 

Acid to aldehyde ratios for Vanillyl ([Ad/Al]v) ranged from 0.48 to 5.87 and 

Syringyl ([Ad/Al]s) from 0.27 to 2.79. The highest average ([Ad/Al] ratios were for the 

Great Whale (2.24, 1.27) with the lowest average [Ad/Al]v at Little Whale (1.0) and the 

lowest average ([Ad/Al]s at the Josephine (0.82). Most soils were mild to moderately 

degraded with [Ad/Al] ratios >0.5 with some samples being moderately to highly 

degraded throughout the soil profile. The highest [Ad/Al] ratios and most degraded 

samples occurred at the 20cm and 38cm depths of the Thlewiaza (5.37, 5.87). All soils, 

except the Pavungnituk, had higher average [Ad/Al] ratios in the deeper, frozen Cz 

horizons compared to the AL mainly due to a few very highly degraded samples (>2.5). 

 

3.4 DISCUSSION 

3.4.1 Active layer thickening and soil response to OC and Lignin 

These six soils contain a total inventory of 80 gOC/m2 and 2.1 g/m2 total lignin in 

the AL (average 19 cm), which undergoes seasonal freeze/thaw dynamics as surface 

temperatures warm in the spring and summer. The soils were sampled in July so the 

peak AL depth had not yet been reached. An increase in AL depth in these soils would 

result in the Cz horizon being exposed to thermal changes and thaw in summer months 

increasing their potential to release SOC. The Cz horizon in the sampled soils, on 

average, contains 0.8 gOC/m2 and 32 mg/m2 of lignin per cm of depth. Mineral soils, 
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such as the humic podzol found at the Great Whale, have an average of only 0.3 

gOC/m2/cm below the LFH horizon (below 5cm depth) where the potential for 

adsorption increases and therefore they are not as likely to increase their release of OC 

with AL thickening as implied by the findings of Carey (2003) and Petrone et al. (2006). 

It is more likely that the organic cryosols, such as the Little Whale, will become OC 

sources with future permafrost degradation and thermokarst development with the 

potential release of as much as 1.5 gOC/m2 per cm increase in AL depth. While the 

peat provides insulation, the increase in moisture and temperature eventually will cause 

the undecomposed Cz horizon to undergo rapid remobilization of SOC (Routh et al., 

2014).  

Soil moisture is an important component to permafrost sensitivity and AL depth 

with wetter sites being more susceptible to warming (Fan et al., 2011). Soil moisture is 

well correlated to OC% in all six soil samples (Figure 3.3) as was found in Baumann et 

al. (2009) suggesting that the organic carbon content of permafrost soils is influenced 

by soil moisture regimes, local topography, drainage and AL depth. Of the six soils, the 

Little Whale contains the highest OC content with an average of 1.3 gOC/m2 per cm and 

72% moisture content (Table 3.2) due to organic soils having a higher capillary capacity 

for water compared to mineral soils (Charman et al., 1998). The Little Whale, Thlewiaza 

and Innuksuac soils contain the highest average moisture content and are the only 

mineral soils that do not significantly decrease in moisture or lignin content with depth. 

The Thlewiaza and Innuksuac are both regosolic static cryosols with a lack of horizon 

development, which may explain the highly variable MC and OC values within the soil 

profiles. In fact, the Thlewiaza and the Innuksuac were the only mineral soils, where the 
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lignin content averaged greater than 10 mg/m2 per cm depth in the Cz horizon (Table 

3.2). While moisture content may facilitate heat penetration into the soil, soil type plays 

a role on how deeply OC is stored and whether it will be released by deepening 

hydrological flow. 

 

3.4.2 Organic Carbon Storage within the Soil Horizons 

The potential for permafrost soils to become a source of CO2 instead of a sink 

with future warming scenarios has been modeled in several studies resulting in, for 

example, increased soil CO2 efflux to the atmosphere from increased microbial activity 

due to warming and snow temperatures (Euskirchen et al., 2006) and the release of 

older SOC from peat soils into rivers such as the Yukon (Aiken et al., 2014). Microbial 

decomposition and thawing of deeper permafrost soil horizons both increase the 

probability of permafrost becoming an OC source compared to other scenarios 

(Schaphoff et al, 2013). With continued surface warming and newly exposed aerobic 

conditions, these previously undecomposed Cz horizons, would undergo increased 

microbial activity and thermal decay leading to organic decomposition and the 

mobilization of OC (Routh et al., 2014; Smith et al., 2009).  

The Cz horizon has been shown to be vulnerable to the effects of AL thickening 

and thermokarst development due to a higher mineralization potential resulting in 

increased lability of OC (Gillespie et al, 2014). The Little Whale River is significant in 

that it is an organic, peat-rich cryosol with preserved deep SOC pools containing on 

average 1.5 gOC/m2 per cm depth in the Cz horizon, double that of the average of all 

six soils. The Little Whale contains 41% of the total inventory of OC and 67% of the total 
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lignin of all six soils combined, with five times the OC and 10 times the lignin compared 

to mineral soils like the Povungnituk, Innuksuac and Josephine. It also contains the 

most OC and lignin in the Cz horizon (below permafrost table) compared to all other 

sites (Figure 3.2; Table 3.2).  Therefore, the Little Whale soil has the greatest potential 

for release of OC with thermokarst development and AL thickening. 

Mineral soils, like the ones found in this study, excluding the Little Whale, are 

also potential OC sinks with AL thickening as a result of increased exposure to deeper 

mineral horizons and the increased potential for abiotic adsorption of DOC (Parham et 

al., 2013). The potential release of SOC is influenced by the selective preservation of 

lignin phenols, the molecular complexity of the organic compounds found in the soil, and 

freeze/thaw dynamics all of which are controlled by permafrost dynamics such as 

thermokarst expansion, soil type and drainage (Routh et al, 2014). The soils in this 

study have a shallow AL containing a cumulative total of 79.7 gOC/m2 and as the AL 

thickens and permafrost warms, there are two potential outcomes for OC as it is 

redistributed deeper within the soil horizons. A mineral soil with high clay content, such 

as the Josephine, may adsorb OC into the mineral soil matrix due to its high capacity to 

hold water or a well-drained sandy soil may percolate OC into much deeper soil 

horizons that may be stored until permafrost degradation allows for drainage of the site. 

The mineral soils in this study do not contain large amounts of OC in deeper soil 

horizons and are therefore not a potentially large OC source but rather may become a 

future storage site for OC as permafrost releases more OC into these mineral horizons. 
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3.4.3 Vegetative influence on soil profiles and carbon sources 

The vegetative influence from the soil surface is reflected in the composition of 

lignin, in particular the S/V and C/V ratios, which vary among the six soils (Figure 3.4A). 

The S/V ratios of all six soils indicate angiosperm vegetation sources, although the 

Great Whale has the strongest indication of gymnosperm sources as reflected by low 

S/V ratios (<0.5). In their C/V ratios all six soils mainly reflect non-woody sources, 

although there were a number of individual samples containing lignins from woody 

sources in the Povungnituk, Thlewiaza and Innuksuac soils (Figure 3.2). Again the 

Great Whale was distinct from the other soils, exhibiting a wide range of C/V ratios 

spanning woody and non-woody sources, likely due to its southern location within the 

forest tundra ecotone and the boreal forest influence of the region. The vegetative 

composition and S/V and C/V ratios of these soils closely follow the ratios assigned to 

specific plant species and soils in other studies (Figure 3.4B; Spencer et al., 2008; 

Amon et al, 2012). The northernmost soils, Josephine and Povungnituk, exhibit alpine 

tundra ratios, the Thlewiaza and Innuksuac exhibit mixed boreal forest and tundra 

ratios, and the Great Whale exhibits a strong boreal forest ratio.  

The Great Whale soil is a humic podzol, whereas the Little Whale soil is an 

organic cryosol. The humic podzol of the Great Whale contains the strongest indication 

of gymnosperm lignins (low S/V) of all the soils, likely due to the boreal forest setting  

(see, for example, Amon et al., 2012), whereas the organic cryosols of the Little Whale 

contain the strongest indication of angiosperms/peat  (high S/V). Furthermore, the Little 

Whale soils exhibit the smallest range of C/V ratios indicating a tightly controlled source 

from non-woody vegetation. In contrast, the Great Whale exhibits a large range of C/V 
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ratios indicating varied contributions from woody and non-woody sources.. Both sites 

are in the forest tundra ecotone, but have few or no trees at the sampling site. Great 

Whale soil, with the highest average [Ad/Al] ratios, is highly degraded, which is typical 

for a podzol undergoing decomposition, vertical transport and the development of the 

Ae horizon due to leaching.  

 

3.4.4 Biological alteration and sorption impact on OC composition 

Phenolic compounds are found in much greater quantities at high latitudes due to 

preservation by cold temperatures and reduced microbial activity and decomposition 

(Roth et al, 2013). Vanillyl is also much more persistent than other phenols. Low S/V 

and C/V ratios can indicate microbial decomposition (Opsahl and Benner, 1998) and 

high [Ad/Al] ratios show highly oxidized and degraded OM. There is evidence to support 

sorption and other processes altering the lignin phenols and their ratios within these soil 

profiles. The Innuksuac site for example, has one spike of highly degraded sample with 

an [Ad/Al] ratios > 2.6 in the Cz horizon (Figure 3.2) coupled with very high amounts of 

Vanillic Acid (Vd) resulting in a decrease in S/V and C/V ratios. Other spikes occur in 

both the Little Whale and Thlewiaza sites within the Cz horizon. These spikes may be 

explained by selective sorption or degradation of Syringyl and Cinnamyl, which are 

more labile, leading to lowered ratios (Hernes et al, 2007; Woods et al, 2011). 

The Thlewiaza has the highest [Ad/Al] ratios and therefore most degraded 

samples located in the C and Cz horizons. Ratios of 4.0 are considered the highest 

degraded samples according to Opsahl and Benner (1998) and other high ratios have 

been found in lake sediments (Pautler et al., 2010) and Melville Island watersheds 
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(Woods et al., 2011). The Thlewiaza has [Ad/Al] ratios over 5.5, which would make 

them the highest found to date in the Arctic. The Innuksuac, Thlewiaza and Little Whale 

sites all have peaks in the Cz that may represent a previous AL depth from previous 

years (Figure 3.2). Our sampling period did not coincide with peak summer 

temperatures and maximum AL depth that would have occurred somewhere around the 

end of August. AL depth becomes important when we consider the high mineralization 

potential of the Cz horizon and its susceptibility to decomposition with a drop in the 

permafrost table (Gillespie et al, 2014). 

 

3.5 CONCLUSIONS 

This study shows that soil type and the distribution of SOC within the soil profile 

are important factors determining whether soils are a potential sink or source of OC with 

future warming and increased precipitation. The sensitivity of permafrost soils in Hudson 

Bay to thermal and physical changes is moderate to high, especially in organic soils 

such as the Little Whale, with Cz horizons that have been preserved and contain as 

much as 1.5 gOC/m2 per cm depth. Mineral soils, on the other hand, have the potential 

to rearrange the distribution of SOC as it percolates further down the soil profile, 

becoming buried or adsorbed into the mineral soil matrix. S/V and C/V ratios average 

0.58 and 0.35, respectively, indicating non-woody angiosperm sources, typical of 

tundra. The Great Whale site has the only soil that reflects a strong boreal signal with 

low S/V ratios indicative of woody gymnosperm influences from the forest tundra 

ecozone of the southern coast of HB. With increased thermokarst development and 

migration of the treeline farther north, the surrounding vegetation shifts to a more fen 



 

 73 

and an increase in woody gymnosperm species causing a decrease in S/V and C/V 

ratios in the active layer. Acid to aldehyde ratios, [Ad/Al]v and [Ad/Al]s, in some of these 

soils greater than 4.0 show very highly degraded SOC in deeper horizons and indicate 

the maximum thaw depth. With thickening of the AL, these ratios will increase in deeper 

soil horizons indicating an increase in degradation and potential for SOC release. The 

decomposition of deep soil OM may occur as much as 70 years after the initial period of 

warming and may become irreversible once initiated due to the additional heat from 

microbial activity (Khvorostyanov et al., 2008).  

This is a first glimpse into OC and lignin profiles of permafrost soils spanning 

different ecozones and permafrost zones in the Hudson Bay region. This study provides 

an important baseline of carbon storage, including that of individual biomarkers found in 

the permafrost soils of HB.  With permafrost thaw, the soils of the Hudson Bay have the 

potential to either increase the terrestrial inputs of SOC into rivers, with the exposure of 

deep SOC especially in organic rich cryosols, or to allow percolation and burial of OC 

deeper down the soil profile. Lignin biomarkers have provided important information of 

the vegetative sources of OC and shifts in their ratios will not only show us vegetation 

changes within the drainage basin but will indicate increases in decomposition as the 

soils are exposed to thermal and physical changes. The comparison of this OC and 

lignin inventory along with composition will prove useful in looking at riverine OC and 

lignin to ascertain if the rivers of Hudson Bay are reflecting the changes occurring in 

permafrost soils. This will have important relevance on future studies looking at river-

dominated shelves in terms of OC sources and lignin composition and the terrestrial 

influence on shelf sediments. 
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Chapter 4: Conclusions and closing remarks 

4.1 INTRODUCTION 

Recent changes to the hydrological regime of the Arctic, including Hudson Bay 

(HB), have made us question the influence of permafrost degradation as a mechanism 

for altered stream flow and organic carbon (OC) flux (Dery et al., 2009; McClelland et 

al., 2004). The interactions at the terrestrial marine interface provide us with valuable 

information in terms of the influx of OC from rivers into the HB. Little is understood in the 

specifics of sources of both dissolved and particulate OC (DOC, POC) entering the 

Hudson Bay marine environment and the vegetative composition of the OM carried by 

rivers and hence the potential inputs from permafrost. This chapter summarizes the 

major findings of the previous chapters and then uses this information to determine the 

potential linkages between permafrost soil, river DOC and POC, and their overall impact 

on HB sediments and the OC cycle of HB. PCA analysis using lignin reaction products 

is used to compare the composition of both dissolved and particulate organic matter 

(DOM, POM) of Hudson Bay Rivers (HBRs) with permafrost soils. 

 

4.2 SUMMARY OF FINDINGS 

4.2.1 The major contributors of OC and lignin in Hudson Bay 

 Considering all measured parameters (TSS, TDS, POC, DOC and lignin phenols) 

for all samples, the five southwest HBRs account for ~70% of the total annual discharge 

of all the sampled rivers combined and have total dissolved and particulate solid 

concentrations 2.5-fold higher than the mean. In fact, the five southwest HBRs 

contribute 89% of the total annual flux of OC and lignin into the Bay with 46% coming 
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from the Nelson River, which is consistent with other studies (Granskog et al., 2007). 

This high influx is due to the fact that 47% of the Hudson Bay basin drains from the 

prairies and northwestern Ontario and represents a significant component of the overall 

discharge into Hudson Bay (Prinsenberg et al, 1987; Dery et al, 2005).  

The dominant flux of OC and lignin into the southwest HBRs is due to a 

combination of the southern extent of the watershed, the influence of upstream 

vegetation and increased access to carbon pools, permafrost distribution along the 

coast that decreases farther inland, and increased temperatures and moisture. This 

region of the HB drainage has more diverse influence from vegetation including mixed 

boreal forest and prairies from the south, and the treeline extends northward almost to 

the coast. Also, extensive peatlands and bogs are part of the Hudson Bay Lowland 

Ecoregion, which influences the influx of OC and lignin into these five southwest HBRs. 

A small, continuous band of permafrost is located along the coastline but this quickly 

deteriorates to discontinuous and sporadic permafrost inland due to the reduced cooling 

effect of the Hudson Bay and an increase in temperatures caused by southern air 

masses. The overwhelming dominance of the southwest therefore has a major impact in 

the Hudson Bay on OC cycling and the distribution of lignin and OC within HB ocean 

sediments, at least in the southern reaches of the Bay. 

DOC dominates the concentration (88%) and annual flux (93%) of OC entering 

the HB from these rivers. The Nelson River DOC contributions alone represent 41% of 

the total OC annual flux for all HBRs that further validates the importance of the 

southwest region in terms of OC contributions. A similar DOC concentration contributing 

82% of TOC has also been reported for Russian Arctic rivers showing the importance of 
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the dissolved phase in OC terrestrial inputs (Lobbes et al, 2000). Of all the HBRs, only 

the Josephine River has a particulate phase dominating the dissolved in terms of 

concentration and annual flux. This may be explained by the low vegetation cover, 

which has reduced potential OM sources, coupled with the clay-rich mineral soil and its 

increased capacity for retaining water. The clay-rich soil in this region of continuous 

permafrost along with the slow degradation of plant detritus likely limits the production 

and export of DOC. It has also been shown that rivers of the northeast HB, draining 

from continuous permafrost, have low DOC concentrations most likely due to the 

restrictions of continuous permafrost which limit active layer depth and soil moisture 

resulting in reduced hydrologic flow and the release of DOM into rivers (Granskog et al., 

2007; Margesin, 2009).  

 

4.2.2 Organic Cryosols a potential source of OC with a warming climate 

Permafrost soils of the Hudson Bay Drainage Basin presently store large 

amounts of OC, averaging 0.7 g OC/m2 per cm depth in the active layer and as much as 

1.5 g OC/m2 per cm in deeper Cz horizons of organic cryosols, like the Little Whale. 

When we consider the size of the Little Whale River drainage basin (11,700 km2, Table 

2.1), and its location within the sporadic/discontinuous permafrost zone, it contains a 

substantial OC reservoir vulnerable to release with permafrost thaw. As permafrost 

thaws and water shifts down the soil profile, the AL deepens and with every cm increase 

in depth results in an increased risk of deeper soil horizons releasing SOC due to 

microbial decomposition (Frey and McClelland, 2009). What becomes a concern for 

DOC inputs into the Hudson Bay, is whether permafrost degradation will lead to an 
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increase or decrease in DOC transport by HBRs. With warming, organic-rich cryosols, 

such as the Little Whale, are more likely to become OC sources due to their lack of a 

mineral horizon reducing the potential for sorption and burial of OC. 

Mineral soils, like the Povungnituk static cryosol, are more likely to become an 

OC sink due not only to their low OC content (average 0.5 gOC/m2 per cm depth) but 

also soil texture which will determine their potential response to active layer thickening 

and OC storage or export. Increased percolation adds moisture to deeper soils, which 

facilitates decomposition of OM and depending on permafrost hydrology and OC 

storage will influence DOC burial or export. In well drained soils with a high sand 

content, a deeper active layer would likely release less DOC into rivers and store more 

OC in deeper mineral soil horizons due to downward percolation (Aiken et al., 2014; 

Parham et al., 2013). In clay-rich mineral soils, a deepening of the AL as a result of 

warming will result in the leaching of OC down the profile increasing the potential for 

mineralization and sorption of DOC (Carey, 2003; Petrone et al., 2006). This may lead 

to permafrost-degraded soils remaining a sink for OC as SOC is stored in deeper layers 

over time. However, the increase in soil-water storage capacity over longer periods of 

time coupled with increased precipitation and warming, will increase subsurface flow to 

rivers and may expose deeper horizons to DOC export. Increased AL thaw depths over 

longer periods of time will further increase the potential lability of OC within all soils of 

the study region resulting in increased potential for OC in upper horizons to be released 

into rivers. 
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4.2.3 S/V and C/V ratios reflect regional vegetation in both rivers and soil 

The clearest trend in river lignin composition is the increase in S/V and C/V ratios 

from south to north in both DOM and POM. This trend reflects vegetation, which goes 

from a transitional mixed forest-tundra environment in the south to a more barren, 

sparsely vegetated tundra in the north. The higher S/V and C/V ratios on moving 

northward reflect the shift from woody gymnosperms to non-woody angiosperms typical 

of tundra vegetation (e.g., see Kuzyk et al, 2008). The particulate phase is dominated 

by lower C/V ratios representing woody vegetation and S/V ratios that do not correlate 

with latitude. Selective fractionation of lignin phenols resulting in the sorption of 

leachates back into the soils such as the selective sorption of Vanillyl may be reflected 

in the variability in S/V ratios for POM (Hernes et al., 2007; Woods et al., 2011). 

The S/V and C/V ratios in the soil profiles reflect either a tundra-dominated 

landscape or boreal influences from the Forest-Tundra Ecotone. Two soils, the 

Thlewiaza and Innuksuak, had peaks of woody lignin (low C/V) within the soil profile 

suggesting some influence from Boreal Forest ecozones nearby while the Povungnituk 

showed only one such peak in the surface OM horizon (LFH), which may have been a 

woody plant or possibly a root (Chapter 3, Figure 3.2). The Great Whale soils, which 

had the strongest gymnosperm (low S/V) signal of all six soils, was located in an 

ecoregion with closed stands of boreal forest and a transition to open stands and 

tundra. The Little Whale has a high OC and lignin content with some of the highest S/V 

ratios (>1.0) indicating a dominance of low shrub tundra with little influence from woody 

species. While the soils were different types, neither exhibited cryoturbation or 

significant changes to vegetative sources within the soil profile. The Great Whale is a 
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typical humic podzol with evidence of leaching down the profile, for which we would 

expect highly variable S/V and C/V ratios reflecting sorption or degradation processes. 

Instead, the lignin ratios, especially for S/V, remained constant down the entire profile. 

These two soils seem to reflect the vegetative influence of the surrounding area rather 

than soil type or permafrost distribution. 

 

4.2.4 14C ages and [Ad/Al] ratios show release of old, preserved SOC 

 The 14C ages of the DOM in HBRs, when coupled with [Ad/Al] ratios, give insight 

into the complex nature of permafrost hydrology and how freshness of samples does 

not always indicate young in terms of OC sources. Young DOM found in HBRs, had 

high [Ad/Al] ratios indicative of high decomposition, possibly microbial, indicating that 

permafrost soils are not yet releasing older deep Cz horizon OM, with the exception of 

the Churchill and the Nastapoka Rivers. The Churchill and Nastapoka Rivers were older 

than the other HBRs (2840 YBP), containing lower [Ad/Al] ratios, which are consistent 

with fresher plant material, signifying that OM preservation within the Cz horizons is 

most likely keeping SOM fresh. The Churchill River had a very high lignin content in 

DOM (µg/L), contrary to the relationship found by Amon et al., (2012) that Arctic rivers 

with higher lignin concentrations generally have modern DOM. The Churchill River has 

undergone modification from hydroelectric development with the creation of the 

Churchill Diversion that may be influencing riverbank erosion resulting in alteration of 

DOM 14C ages, composition and level of degradation. 

The older 14C ages of DOM coupled with the lower than expected [Ad/Al] ratios of 

DOM in the Churchill and Nastapoka Rivers may indicate that the terrain is undergoing 
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erosion releasing older and deeper materials to the rivers. Looked at this way, the 

freshness of the lignins would be due to preservation within permafrost, which is now 

thawing and releasing them, a phenomenon also shown for Russian Arctic rivers 

(Gustaffson et al, 2011; Vonk et al, 2010). With warming, the increased release of older 

SOC may be masked by the simultaneous increase in young surface SOC entering 

HBRs altering 14C ages of riverine OC (Feng et al., 2013). The 14C ages of DOM is 

expected to increase with a decrease in soil moisture content as groundwater drains 

with permafrost thaw and deeper soil horizons become an increasingly more important 

source of OC (Aiken et al., 2014; Benner et al., 2004). The use of lignin reaction 

products and 14C ages in determining OC sources in the Arctic show promising results 

when deciphering the complexity of the terrestrial OC inputs into HB. 

 

4.2.5 Sorption and other soil processes shown by [Ad/Al] ratios 

 The acid to aldehyde ratios, [Ad/Al]v and [Ad/Al]s, reflected the level of 

degradation of OC sources in not only HBRs, but also within the soil profiles. The 

location of peaks in both [Ad/Al] ratios are important indicators reflecting the maximum 

active layer depth and a historical record of soil OM degradation processes. There were 

high peaks in [Ad/Al] ratios of the Little Whale, Thlewiaza and Povungnituk soils 

showing an increase in decomposition at specific depths. In particular, the Cz horizon of 

the Thlewiaza soil showed very high [Ad/Al] ratios (>5.0) at the 16 cm and 37 cm 

depths. The [Ad/Al] ratio peaks within the Cz horizon may be a historical record showing 

periods of years when decomposition rates were higher and over time these former 

surface OM layers were buried and today constitutes part of the Cz horizon. They may 
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also represent a previous year thawing depth which would indicate that the maximum 

active layer depth for the 2010 summer season may not have been reached during the 

sampling period. Warmer temperatures resulting in increased thermokarst development, 

AL thickening and moisture content will increase microbial activity and mineralization 

resulting in higher [Ad/Al] ratios in the Cz horizon, a possible indicator of OC sorption or 

export of older DOC into HBRs (Kawahigashi et al., 2004; Aiken et al., 2014). 

 

4.3 INTERCONNECTIONS BETWEEN PERMAFROST AND RIVERS 

PCA analysis was conducted on six soil sites with a total of 110 individual soil 

samples and 17 river samples of both DOM and POM (Figure 4.1 and 4.2). The analysis 

was conducted in Systat using a correlation matrix. The eight lignin phenols are 

expressed as % contribution to measured total lignin. The first principal component 

(PC1) explains 39% of variance, PC2 explains 23%, and PC3 explains 13% (thus total 

variance explained by first 3 components = 75%). Syringyl aldehyde (Sl) has a strong 

positive loading on PC1 and Vanillyl aldehyde (Vl) has a strong negative loading on 

PC2 (Figure 4.1A). PC1 also has strong negative loadings of Vanillyl ketones and acids 

(Vn and Vd) while PC2 has strong positive loadings of Cinnamyl (Fd, PCd) acids and 

Syringyl (Sd) acids. PC3 has not so strong loadings with a negative Vanillyl acid (Vd) 

and a positive Syringyl ketone (Sn) (Figure 4.2A). 
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Figure 4.1: PCA analysis on DOM, POM and permafrost soils using lignin reaction 
products (phenols). Lignin phenols expressed as % of total lignin (∧8). PC1 explains 
39% of variance, PC2 explains 23% (Total variance explained 62%). Labelled samples 
represent the surface layer of each soil. 

 
 

Figure 4.2: PCA analysis on DOM, POM and permafrost soils using lignin reaction 
products (phenols). Lignin phenols expressed as % of total lignin (V8). PC1 explains 
39% of variance, PC3 explains 13% (Total variance explained 52%). Labelled 
samples represent the surface layer of each soil. 
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4.3.1 Lignin composition between DOM and POM 

Some of the variance in PC1 and PC2 relates to the sample matrix (Figure 4.1A). 

From the PCA analysis we can see that the DOM and the permafrost soils have similar 

scores on both PC1 and PC2 but both matrices have significantly lower scores on PC1 

and higher scores on PC2 compared to POM (ANOVA, p<0.05). The lower scores on 

PC1 and higher scores on PC2 for DOM and soil reflect much lower Syringyl and 

Vanillyl aldehydes (Sl and Vl) in these matrices compared to POM. POM has higher 

proportions of aldehydes (both Sl and Vl) and if we compare this to [Ad/Al] ratios we see 

that POM has significantly lower [Ad/Al]v (p<0.001) and [Ad/Al]s (p=0.039). This 

suggests that POM is less degraded comparatively to DOM and permafrost soils, which 

have more Vanillyl acids (Vd) and a higher [Ad/Al]v ratio. This further indicates the 

important differences between POC and DOC fluxes and their sources in terms of 

environmental controls and drainage basin characteristics. POC fluxes, consisting of 

unconsolidated materials, undergo mechanical weathering and erosion based on 

lithology and basin drainage as opposed to DOC fluxes which are more influenced by 

chemical weathering, vegetation cover and the carbon content of soils (Syvitski and 

Millman, 2007; Ludwig et al., 1996). 

 The relationship between DOM and permafrost soils is apparent in the lignin 

composition as is reflected by the PCA analysis. They have more Vanillyl acids and 

ketones (Vd, Vn) and more Syringyl ketones (Sn) compared to POM. DOM and soil are 

more influenced by Vd than is POM, as shown by PC1 and PC3 (Figure 4.2A). POM, 

unlike DOM and SOM, is more influenced by Syringyl (Sd) and Cinnamyl (PCd) acids.  

PCA analysis shows the linkages between DOM and SOM in permafrost with increased 
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Vanillyl acids (Vd) contributing to the higher [Ad/Al]v ratios resulting in more degraded 

material compared to POM. This may also indicate a solubilization effect from plant litter 

to leachate associated with an increase in [Ad/Al]v ratios. Similarities in lignin 

composition between DOM and permafrost soils and their differences to POM make the 

study of riverine OM an important part of connecting permafrost degradation and 

hydrological changes to the OC sources in HB.  

 

4.3.2 Lignin composition reflects variation among permafrost soils  

 While DOM and permafrost soils are not significantly different in terms of lignin 

composition, the permafrost soils are much more variable and seem to be pulled apart 

from the DOM especially in terms of PC1 scores (Figure 4.1A, 4.2A). Permafrost soils 

are mainly dominated by Syringyl aldehydes (Sl) resulting in a strong positive loading in 

PC1 with the top layer of soil being fresh with higher Vanillyl aldehydes (Vl) compared to 

acids (Figure 4.1B, 4.2B). The remaining samples have highly variable lignin phenol 

compositions except for the Great Whale. The Great Whale has relatively low PC1 

scores in the deeper horizons of the soil profile below 9 cm caused by a downward shift 

in the C/V ratio (i.e., more woody) with more Vanillyl acids and ketones (Vd, Vn) in 

deeper horizons. This supports the low S/V and C/V ratios of the Great Whale soil, 

which had the strongest influence from gymnosperm and woody sources of all six HB 

soils. The Little Whale, along with some of the Povungnituk and Thlewiaza samples, 

have more Syringyl and Cinnamyl acids (Fd, Sd, PCd, Figure 4.1B) compared to the 

other soils and when coupled with their high [Ad/Al] ratios (Chapter 3, Figure 3.2), 

further confirms that these samples are more degraded than the other soils of this 
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study.  

 Soils appear to be discriminated in PC3, especially the Thlewiaza and the Little 

Whale, due to the strong positive loadings of Sl and negative loadings of Vd (Figure 

4.2B).  These soils have highly variable S/V ratios (Figure 3.2, Chapter 3), indicating a 

lower Sl and/or higher Vd compared to other samples in the profile. These soils also 

had the highest [Ad/Al] ratios with highly degraded soil layers coinciding with the lowest 

S/V and C/V ratios. The high Vd and low Sl of these degraded samples indicate that 

preferential degradation or sorption of Syringyl aldehydes is most likely affecting the 

ratios. The Little Whale soil is the most degraded sample indicative of high [Ad/Al] 

ratios, especially at the 37-39 cm and 49-51 cm depths, which plausibly derive from 

previously exposed surface layers to decomposition. Alternatively, these layers could be 

hydraulic conduits where the transport of moisture promotes microbial decomposition 

(Feng et al., 2013). In fact the Thlewiaza has the second highest degraded soil sample 

at 38-39 cm depth, coupled with lower than average S/V ratios, that suggests a similar 

decomposition is occurring. 

 

4.4 CONCLUSIONS 

For the first time, we have examined rivers and soils distributed widely in the HB 

for lignin products, total organic carbon and 14C age.  This region is unique in its 

latitudinal span, which encompasses ecosystems from prairies to northern boreal to 

tundra making it important to create a baseline and to monitor changes in terms of OC 

sources from vegetation and permafrost degradation. Already, permafrost is thawing 

and hydrology is changing, both due to the cryospheric changes and due to human 
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interventions (i.e., dams and reservoirs for hydropower). We have verified the 

differences in terms of OC and lignin concentrations between the dissolved and 

particulate phase of 17 HBRs, concluding that the dissolved phase dominates in terms 

of OC and lignin contributions (93%), is more degraded with higher [Ad/Al] ratios, and is 

well correlated in terms of latitude and the vegetative sources of OC shown by S/V and 

C/V ratios. Our findings also show that the five southwest HBRs are the dominant 

source of OC (89%), especially the Nelson River that contributes high volumes of DOC 

into the HB annually. 

Organic carbon, and in particular, organic biomarkers, have a better potential to 

identify changes within the Hudson Bay OC cycle than does water flow by itself. The 

composition of DOM (lignin content, S/V and C/V ratios, 14C ages) in HBRs provides 

evidence of the sources of this OC, which then permits an evaluation of vulnerability to 

change in the cryosophere due to warming and anthropogenic influences. PCA analysis 

has confirmed how lignin phenol composition of DOM and permafrost soils are closely 

related in terms of vegetative sources compared to POM. Both permafrost soils and 

DOM reflect the vegetation of their drainage basins, although only DOM is highly 

correlated to latitude, as is shown by S/V and C/V ratios. Our southernmost location, the 

Great Whale, is influenced by boreal forest vegetation, as is indicated by its low S/V and 

C/V ratios in both the soil and DOM, and is an excellent example of how to gauge future 

vegetative change in the southern HB region.  

In summary, this study has been able to address our main objectives and confirm 

that there are major differences in terms of the quantities and composition of OC and 

lignin in both the dissolved and particulate phases of HBRs, and within the different soils 



 

 99 

sampled in this study. We have also verified the importance of permafrost soils as OC 

sources, especially the organic cryosols, that have the potential to release as much as 

1.5 g OC/m2 for every cm increase in AL thickness. The transport or burial of OC within 

the Hudson Bay Drainage Basin is complex as has been shown by the [Ad/Al] ratios 

showing there are multiple processes at work and interpreting lignin biomarkers may 

require more understanding of degradation processes within the soil as well as in 

transport through HBRs. The variations of lignin reaction products and their ratios 

among HBRs and soils confirm that the use of lignin biomarkers and 14C ages will help 

in the determination of not only the sources of OC entering the HB but also the 

processes involved in the release and mobilization of OC in the Hudson Bay terrestrial 

marine interface.  

 

4.4.1 Future Studies 

This study has only begun to address the complexity of organic carbon stored in 

permafrost of the Hudson Bay Drainage Basin, and links it with OC transported by rivers 

and sequestered in HB sediments. A continued analysis of the HBRs would be effective 

in monitoring change in Hudson Bay especially if sampling occurred before, during, and 

after freshet to reflect seasonality and it may be beneficial to study HBRs impacted by 

hydroelectric development separately. Using the PARTNERS sampling parameters 

found in other lignin analytical studies (Raymond et al, 2007; Holmes et al, 2012; Amon 

et al, 2012), the future study of the HB region would result in more long term and 

accurate comparisons between these Arctic basins. Radiocarbon dating of both DOM 

and POM samples in future studies may reveal more information by using ages and 
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[Ad/Al] ratios to reflect the terrestrial OC sources whether they are from recent 

vegetation or due to degradation of ancient plant material preserved in permafrost. 

Lastly, as the climate changes, the monitoring of changes of riverine and permafrost 

lignin composition will be a useful tool when trying to model the complex HB 

environment as changes occur in biodiversity, hydrology and permafrost degradation.  
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