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Particulate OM in the Nelson River System

Abstract

The Nelson River, a subarctic river in north-central Manitoba, is the largest river dis-
charging to Hudson Bay and its watershed has seen extensive land-modification in the upper
reaches, permafrost thaw in the lower reaches, and hydroelectric development throughout.
To characterize sources of sediment and particulate organic matter (OM) in the Nelson
River system, and to identify processes influencing its transport to Hudson Bay, water
quality parameters, Compound-Specific Stable Isotope (CSSI) fingerprinting, and Bayesian
unmixing models were employed on terrestrial and instream samples. Distinct regional, lon-
gitudinal, and temporal differences in water quality parameters and particulate OM sources
were observed among all three regions of the Nelson River system (upper Nelson River,
Rat-Burntwood River, lower Nelson River). The application of CSSI fingerprinting and un-
mixing models showed that the dominant sources of OM to suspended sediment in the lower
reaches of the Nelson River are proximally derived and comprise soils, upstream suspended

sediment, river bed sediment, and tributary suspended sediment.
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Particulate OM in the Nelson River System 1. General Introduction

Chapter 1

General Introduction

1.1 Preamble

Rivers are important transporters of mineral sediment and terrestrial organic matter
(OM) (Battin et al., 2008; Aufdenkampe et al., 2011; Bianchi, 2011) and deliver an estimated
0.4 Gt of total organic carbon (OC) to oceans each year (Hedges et al., 1997; Schlesinger
& Melack, 2016). The fate of terrestrial OC (in dissolved and particulate form) delivered
from rivers as it cycles through the coastal carbon cycle can be envisioned as in Figure
1.1. In the coastal zone, terrestrial OC can undergo burial and thereafter be preserved or
mineralized to dissolved inorganic carbon by microorganisms. If terrestrial OC remains in
surface waters, it can be mineralized by microorganisms or photo-oxidized. Changes to the
sources and chemical composition of OM affect its degradability. Modifying the quantity
of OC mineralized to dissolved inorganic carbon could affect the pH and trophic status of
coastal waters and ultimately how the coastal ocean behaves as a sink for COy or as a
source of COs to the atmosphere. Estuarine zones and continental shelves have been shown

to be new sources of CO2 to the atmosphere (Cole et al., 2007; Cai, 2011), although Arctic
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Ocean waters are still generally considered a sink with disproportionally high OC burial

rates when compared to the whole ocean worldwide (Stein & Macdonald, 2004).

Winter | Spring | Summer | Fall

Air Sunlight
Temperatura
-30

Low confidence

Moderate confidence

Air

(o) (oo
& N

(co)
\_/

Sea lee [(ca ¢ spetem
cycle

Sea

Sediments

Fig. 1.1: Schematic showing the annual cycle of carbon transport and transformation processes in the
coastal zone (Tim Papakyriakou, personal communication, April 28, 2017). FW: fresh water, OC: organic
carbon; IC: inorganic carbon; DIC: dissolved organic carbon; POC: particulate organic carbon

Terrestrial OM in fluvial systems comprises dissolved and particulate fractions of carbon-
based compounds (Hedges et al., 1997). It is often associated with or bound to the silt and
clay particle fraction (<63 pum); therefore the transport and storage of mineral sediment
and OM in riverine systems are closely linked (McConnachie & Petticrew, 2006). Flu-
vial sediment delivery from continental land masses to the coastal zone is controlled by
the tectonic setting, bedrock geology, geomorphology, climate, and hydrology of drainage
basins, and also by anthropogenic activities occurring there within (Syvitski & Milliman,
2007). A number of factors simultaneously affect the quantity and characteristics of mineral
sediment and terrestrial OM transported within drainage basins. Activities such as agricul-
ture, deforestation, and mining intensify the rate of soil erosion which in turn increases the
amount of sediment available for transport, whereas processes such as channel bank hard-

ening, water diversion, and hydroelectric reservoir storage limit the amount of sediment
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transport to coastal zones (Syvitski, Vorosmarty, Kettner, & Green, 2005). These activi-
ties and processes can also affect the storage, release and total quantities of OC exported,
and the elemental, isotopic, and molecular composition of OM mobilized within drainage

basins.

Subarctic river basins have typically sequestered OC over millennia in extensive peat-
lands. Increasing temperatures in subarctic drainage basins (Arctic Climate Impact Assess-
ment, 2005) and altered hydrology due to consequent thawing and erosion of permafrost
(Romanovsky et al., 2017) could mobilize previously stored OC associated with soil organic
matter (SOM) into rivers (Guo et al., 2007; Gustafsson et al., 2011; Vonk et al., 2013; Vonk
& Gustafsson, 2013) and increase amounts of OC transferred to the coastal carbon cycle

(Figure 1.1).

The Nelson River is a subarctic river of Canada and the single largest river discharging
to Hudson Bay, with a mean annual rate (1987-2017) of 110km3yr—! (Environment and
Climate Change Canada, 2018d, 2018e, 2018f). Its drainage basin comprises a diverse mix
of cropland, grassland, wetland, and forest, and covers four ecozones that vary in climate,
precipitation, and permafrost cover. The Nelson River supplies over 40% (895 Gg yr—!)
of the total terrestrial OC delivered from all rivers draining into Hudson Bay, of which
53Gg yr ! are in the particulate phase (Godin et al., 2017). The Nelson River basin has
seen extensive land-modification in its upper reaches, possible permafrost thaw in its lower

reaches, and hydroelectric development throughout.

Bulk quantities and fluxes of terrestrial OC from the Nelson River into Hudson Bay
have been estimated (Godin et al., 2017), and the concentration of OC (total and dissolved)
is regularly measured at various instream locations by the Coordinated Aquatic Monitor-
ing Program (CAMP). However, little work has been done to characterize the sources of

sediment and associated particulate OM within the Nelson River system or to identify the
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processes influencing their transport to the coast of Hudson Bay.

This study focuses on the particulate fraction of terrigenous OM, which is often thought
to be non-labile (or recalcitrant). However, recent work shows that particulate terrigenous
OM is more degradable in the coastal system than previously thought, and hence may
be available for biogeochemical cycling (Sanchez-Garcia et al., 2007; Vonk et al., 2008).
The pan-Arctic tundra and taiga region contains about 50 % of the reported global OC
pool in soils or shallow permafrost (Tarnocai et al., 2009). Particulate OC is a major
component of thaw-released permafrost carbon in fluvial systems (Guo & Macdonald, 2006;
Guo et al., 2007) and therefore is of interest since changes to climate and hydrological
conditions in these regions make the below-ground OC pool vulnerable to re-enter the
modern carbon cycle (Gustafsson et al., 2011). The relative ease with which large volumes
of particulate matter can be collected allows detailed geochemical analysis and is helpful in
characterizing source particulate matter in suspension that can ultimately be transported
through the watershed into the coastal zone (Ittekkot & Laane, 1991; Hedges et al., 1997).
By investigating particulate OM sources in the Nelson River system, insight will be gained
into natural and anthropogenic watershed processes that may affect the quantity and quality
of OC transported to the coastal zone. These findings will contribute to the Hudson Bay
System Study (BaySys) project, a collaborative effort of university researchers and Manitoba
Hydro, which is investigating the relative impacts of hydroelectric activity and climate

change on the freshwater-marine coupling in Hudson Bay (Barber, 2015).

1.1.1 Organic matter sources and transport in large fluvial systems

Large river systems, like the Nelson River, exhibit longitudinal complexity as waters
flow through river channels, flood plain areas, and lake basins. Morphological differences

between waterbodies affect both OM composition itself and processes acting on OM. Main-
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stem rivers also receive OM from subcatchments in the watershed via tributary rivers and
streams that could be compositionally distinct, presenting a potentially complex mixture

of OM sources within the river system.

When investigating OM transport by rivers, it is important to consider the entire partic-
ulate fraction (both mineral sediment and organic matter operationally defined in this study
as material >1.0 pm) because a large fraction of OM in fluvial systems is typically associated
with or bound to the silt and clay particle fraction (McConnachie & Petticrew, 2006). Par-
ticulate OM in rivers and lakes is typically classifed as being derived from allochthonous OM
sources (e.g. soil organic matter and plant debris) or autochthonous sources (e.g. instream
production of macrophytes, benthic algae, and phytoplankton). It may also be produced
in-situ by physico-chemical and biological processes acting on dissolved OM (Ittekkot &
Laane, 1991). In rivers, Allochthonous sources typically dominate (Kendall, Silva, & Kelly,
2001), with OM either bound to inorganic particles (as biofilms or through ion exchange)

or present as independent suspended particles.

Soil organic matter is primarily contributed to watersheds by erosive processes and is
a primary source of particulate OC in suspension within river systems and in lacustrine
sediments. Floodplains of rivers can act as sites of active OM transformation and store
sediment within drainage basins, but can also act as sources of OC by processes such as

floodplain drainage and channel bank erosion (Goi et al., 2014).

In lacustrine environments, OM is supplied by a similar combination of autochthonous
primary production and allochthonous loading of OM from the watershed; the dominance
of either process varies depending on factors such as lake size, water residence time, algal
productivity, and concentration of suspended matter (Cole et al., 2002). In watersheds, lake
basins are sites of carbon transformation and can facilitate processes such as heterotrophic

decomposition by bacteria and remineralization of OM during sedimentation (Meyers &
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Ishiwatari, 1993), both of which decrease the transport of OM downstream.

1.1.2 Effects of hydroelectric development on fluvial systems

Hydroelectric development in the form of cross-watershed diversion or reservoir creation
causes large areas of previously unflooded land to be impounded by water, changing water-
body morphology (Egré & Milewski, 2002). Impoundments as a result of dam construction
convert waterbodies from riverine to lacustrine systems, imparting changes to water res-
idence times, autochthonous primary production, shoreline erosion, sediment transport,
sedimentation, hydraulic regime seasonality, and biogeochemical cycles (Friedl & Wuest,
2002). In boreal river systems, impoundments result in an influx of terrestrial OM into the
flooded system since adjacent lands are typically forested or comprised of organic-rich wet-
lands (Rosenberg et al., 1997). Dams also affect the transport of sediment and particulate
matter in river systems by disrupting longitudinal continuity. Reservoirs reduce the water
velocity and competence of a river by expanding the cross-sectional area available for flow,
promoting sediment deposition. This stored water, when released from the dam, has higher
energy, a comparatively low sediment load, and the ability to cause enhanced downstream

erosion when compared to river water unaffected by damming (Kondolf, 1997).

1.1.3 Characterizing particulate organic matter

Sources of terrestrial OM in watersheds can be characterized by their unique biochemical
properties which can be used to trace the extent of downstream transport. Waterborne
particulate OC (i.e. suspended sediment), soil, river bank material, and lake sediment can
be analyzed to determine the ”bulk” composition of OM as elemental (C, N) amounts,
and molar C/N ratios and stable carbon isotope signal (§'3C). These samples can also

be analyzed for ”biomarkers” such as fatty acids that are more specific tracers of OM
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classes.

Bulk organic matter composition Molar C/N ratios can define sources of particulate
OM in fluvial systems fairly easily through the collection of relatively small water samples
and measurement of standard chemical water quality parameters (particulate OC and par-
ticulate N concentrations). Molar C/N ratios calculated from these measurements identify
OM composition by comparison to typical ratio ranges of OM in terrestrial sources. Ratio
ranges for OM composition are well documented in the literature for lacustrine algae (4 -
10), soil organic matter (8 - 15), and plant matter from terrestrial land plants (15 - >40)
(Meyers & Ishiwatari, 1993; Meyers, 1994; Meyers & Teranes, 2001; Kendall et al., 2001;
McConnachie & Petticrew, 2006). These ranges have been used to characterize sources to

OM suspended in river, lake and tributary waters (Figure 1.2).

Stable carbon isotope ratios of OC can provide bulk isotopic compositions of OM in
riverine systems. Carbon isotopic composition within plant and algal tissue is primarily af-
fected by isotope fractionation during CO2 uptake, and depends on the type of environment
(terrestrial vs. aquatic) in which it occurs (O’Leary, 1988; Chikaraishi, 2014). Carbon iso-
topic signatures (613C in %) are calculated for natural organic materials using Equation 1.1
where R is the ratio of 13CO/12C0O5 measured on a mass spectrometer for both the sample
and V-PDB standard (carbon dioxide from the Pee Dee Formation Belemnite limestone)

(Coplen, 1994).
R(sample)

13~ _
070 = R(standard)

— 1| x 1000 (1.1)

Over 90% of plant species use the Calvin-Benson (C3) photosynthetic pathway including
trees, shrubs, and cool climate grasses; C4 plants (using the Hatch-Slack pathway) encom-
pass most of the remaining 10% of plant species including agricultural crops such as corn
(Glaser, 2005; Mackenzie & Lerman, 2006). The isotopic signatures (§'3C) of Cs plants

range between —32 %o and —22 %o; 6'3C values of Cy4 plants typically range between —20 %o
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and —9 %o, and lacustrine algae exhibit §'3C values between —35 %o and —24 %o (Figure
1.2) (Badeck et al., 2005). Elemental and isotopic parameters can be used in conjunction
with one another to characterize and classify terrestrial OM and distinguish between al-
lochthonous and autochthonous sources (Figure 1.2). However, these methods only inform
upon bulk OM composition, and therefore do not provide definitive source information for

OM mixtures.

C4 Land Plants

Corn

< Soil Organic Matter
& 204
6] |— Macrophytes
"o
X
>
o (o}
ISphagi
j B C; Land Plants o
plar
O-Birch
e O'Black Spruce
354 Lacustrine Algae
10 20 30 40 50 60 70 80
C/N (molar)

Fig. 1.2: Typical elemental and carbon isotopic compositions of lacustrine algae, soil organic matter,
C3 plants, C4 plants, and macrophytes determined by Meyers and Ishiwatari (1993) and summarized by
Kendall et al. (2001). Typical values for plants present in the study area are shown by labeled white
circles or horizontal lines (Meyers, 1994; Meyers et al., 1995; Chikaraishi & Naraoka, 2003; Moingt et
al., 2016).

Biomarkers as tracers and CSSI organic matter fingerprinting Fatty acids (FA)
are chain-structure lipids synthesized by marine and terrestrial plants that contain a varying
number of carbon atoms (Sikes et al., 2009), and can be used as biomarkers. Long FA chain
lengths (Cg5-Css) are typically found in epicuticular waxes in higher plants (Eglinton &
Hamilton, 1967), whereas shorter chain FAs typically originate from energy storage in algae

or phytoplankton (Meyers & Ishiwatari, 1993). Compound Specific Stable Isotope (CSSI)
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analysis is an emerging method that utilizes §'3C values of individual FA chain lengths to
differentiate between types of OM contributed to river systems (Figure 1.3) (Gibbs, 2008;
Blake et al., 2012; Hancock & Revill, 2012, 2012; Upadhayay, Smith, et al., 2018). Workers
employing CSSI analysis of FAs as sediment fingerprints typically sample upstream terres-
trial ”source” material, and downstream ”"mixtures” of suspended sediment (Reiffarth et al.,
2016). As a biochemical tracer, CSSIs of FAs are robust because carbon skeletons of long
chain FAs persist in soil and remain intact during diagenetic processes (Meyers & Teranes,
2001). CSSI fingerprinting draws on the principles defined by sediment fingerprinting in
general whereby a set of properties is chosen to distinguish between sources contributing to
downstream suspended sediment. Unique properties, comprising the fingerprint, are then
measured in both source and sediment materials to estimate the contribution of sediment
from each source to a downstream suspended sediment mixture (Koiter et al., 2013). De-
tailed descriptions of the sediment fingerprinting concept are reported by Gellis and Walling
(2011), Walling (2013), and Koiter et al. (2013).

Bayesian statistical unmixing models, such as those created using the open-source R
package MixSTAR, can then be used to determine the relative proportional contribution of
a particular source to downstream suspended sediment (Reiffarth et al., 2016; Blake et al.,
2018). Bayesian unmixing models offer advantages over linear mixing models because they
allow for representation of inherent variability in source and mixture tracer data caused
by environmental processes; they also allow for ”prior” probability distributions based on
existing knowledge to be combined with tracer data (Blake et al., 2018). This modelling
method has successfully differentiated between vegetation types and estimated the propor-
tions of source contribution downstream in small river systems (Alewell et al., 2016). A list
of recent studies that have applied CSSI analysis and fingerprinting to OM in river systems
is provided in Table B.1 and reviews of CSSI applications and methodologies are outlined

by Reiffarth et al. (2016) and Upadhayay et al. (2017).
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Fig. 1.3: Organic matter fingerprinting concept using CSSI analysis on fatty acids as tracers. Used with
permission from Upadhayay et al. (2017).

1.2 Study Area

1.2.1 Location, hydrology and topography

The Nelson River watershed north of Lake Winnipeg extends over 91000 km? in north
central Manitoba to the southwest of Hudson Bay, and its >1000000km? drainage basin
ranges as far as Minnesota and South Dakota in the south, Alberta in the west, and Ontario

in the east (Figure 1.4).

Due to the extensive history of hydrological regulation for hydroelectric power de-
velopment, the lower Nelson River (LNR) between Split Lake and Hudson Bay receives
water primarily from two catchments, each with distinct physical characteristics. The Rat-
Burntwood River (RBR) system transports diverted Churchill River waters at Southern
Indian Lake and supplies ~25% of the total flow to the LNR from the primarily Pre-
cambrian Shield landscape of the Churchill River Drainage Basin (Figure 1.4 and 1.5). The

upper Nelson River (UNR), which flows between Lake Winnipeg and Split Lake, contributes
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Hudson
Bay

- Nelson River Drainage Basin
- Churchill River Drainage Basin

- Study Area

T I

Fig. 1.4: Map showing the extent of the Nelson and Churchill River Drainage Basins in central Canada
and northern United States. Study area water bodies are outlined in black.

~T75% of the total flow to the LNR and drains the predominantly agriculturally-developed
prairie landscape upstream of Lake Winnipeg (Figure 1.5). The study area encompasses
all three of these regions (UNR, RBR, and LNR) and a select number of their associated

sub-basins and tributaries (Figure 1.5).

Relief in the study area ranges from 0 —350 m above sea level and generally decreases to
the northeast. Topographic highs consist of outcropping bedrock ridges, and incised Qua-
ternary sediments. Topographic lows include coastal lowlands and poorly drained wetlands.
River gradient in the study area is generally shallow; water levels range from 217 m elevation
at the Lake Winnipeg outlet and 257m in the South Bay diversion channel (at Southern
Indian Lake), to 166 m in Split Lake. River channels in the Nelson system incise glacial
cover or are bound by bedrock and expand to flow through a complex series of lakes. A
mix of natural and controlled lakes occur in the UNR and RBR but the largest waterbodies

present downstream of Split Lake in the LNR are hydroelectric reservoirs.
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1.2.2 Geological setting

Precambrian bedrock underlies the majority of the study area and is comprised of
Archean granites and gneisses of the Superior Province in the southeast and Proterozoic
granites and gneisses of the Trans-Hudson Orogen in the northwest (Figure 1.6a) (GIS Map
Gallery, 2006). In two regions of the study area, Precambrian rocks are overlain by two
Phanerozoic sedimentary basins: the Western Canadian Sedimentary Basin in the southwest
and the Hudson Bay Basin in the northeast (Corkery, 1996). The last glaciation event in
northern Manitoba that caused advancement of the Laurentide ice sheet ended ~8,000 years
ago. The retreat of the glacial ice margin developed Lake Agassiz, a large proglacial lake
(Teller & Yang, 2015). The study area is thus blanketed by glacial till that is overlain by
post-glacial alluvial deposits and Lake Agassiz clays; Tyrrell Sea marine waters inundated
the isostatically depressed surface of the Hudson Bay Plain following deglaciation, capping
the northeastern part of the study area with marine sediments (Figure 1.6b) (GIS Map
Gallery, 2006).

Post glacial isostatic adjustment in the study area occurs more rapidly in areas subjected
to thicker ice cover. Because ice was thickest at the lower end of the watershed, landscape

1 are observed near

gradient is shallowing over time. Present day uplift rates of ~1cm yr~
Hudson Bay with rates decreasing with distance from Hudson Bay to 0.6 cm yr—! upstream
at Lake Winnipeg, and to 0.7 cm yr—! upstream at Southern Indian Lake (Sella et al., 2007;

Simon et al., 2017).

1.2.3 Climate and vegetation

Climate in the study area includes wide variation in temperatures between summer and
winter seasons and exhibits a south-to-north cooling gradient. Environment Canada climate

normals (1981-2010) from four stations in the study area indicate that the average daily
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Fig. 1.6: Geological and geographical environment of the study area. 1.6a: Simplified bedrock geology.
1.6b: Surficial geology. 1.6c: Ecozones. 1.6d: Permafrost. UNR: upper Nelson River, LNR: lower
Nelson River, RBR: Rat-Burntwood River (GIS Map Gallery, 2006).
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Fig. 1.6: Geological and geographical environment of the study area. 1.6a: Simplified bedrock geology.
1.6b: Surficial geology (GIS Map Gallery, 2006). 1.6¢c: Ecozones. 1.6d: Permafrost. UNR: upper
Nelson River, LNR: lower Nelson River, RBR: Rat-Burntwood River (GIS Map Gallery, 2006).
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temperature and average yearly precipitation range from —24.3°C in January to 17.6°C

in July, and from 477.9mm to 532.3 mm respectively (Environment and Climate Change

Canada, 2017).

Four terrestrial ecozones intersect at the study area: Boreal Plain, Boreal Shield, Hud-
son Plain, and Taiga Shield. They are distinguished by different soil, vegetation, wetland,
and permafrost types. Although variation occurs between ecozones, dominant forest species
throughout the study area consist of black spruce, jack pine, aspen, sphagnum, and wil-
lows (Rosenberg et al., 2005) (Figure 1.6¢c). Permafrost in the study area ranges from
non-existent in the southwest, to continuous in the northeast (Figure 1.6d), and under-
lies peatlands classified as bogs, which have low surface water temperatures (Halsey et al.,
1997), or wetlands and upland forests covered sufficient overburden. In the UNR, wooded-
to-forested permafrost bogs (peat plateaus) cover between 0.1 —10% of the land surface,
whereas in the RBR this increases to 20 —30% (Halsey et al., 1997). In the LNR, peat
plateaus cover between 20 —80 % of the landscape whereas open permafrost bogs dominate
the landscape north of the Nelson River near the western coast of Hudson Bay (Halsey et

al., 1997).

1.2.4 Land use and ecological change

Landscape and land use in the study area differ dramatically between the two catch-
ments supplying water to the LNR, and are described in detail by Rosenberg et al. (2005).
Key features are summarized in this section. The portion of Churchill River that is diverted
to the LNR through the RBR system, drains a 281300km? catchment and flows mainly
through Precambrian Shield with Boreal Forest/Taiga habitats in northern Saskatchewan
and Manitoba (Figure 1.4 and 1.6). Instream water use dominates in this catchment where

activities such as subsistence hunting, fishing, and trapping are widely pursued. Waters
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contributing to the RBR system flow through bedrock and shallow soils in heavily forested

regions which efficiently uptake and store nitrogen and phosphorus.

The UNR originates at the outlet of Lake Winnipeg, which collects water from the
predominantly Grasslands/Savanna/Shrub habitats of the Saskatchewan, Red-Assiniboine,
and Winnipeg River subcatchments that comprise ~50% agricultural lands (Figure 1.4
and 1.6). Offstream water use for irrigation, municipal water supplies, and industrial use
is prevalent in these subcatchments but instream use such as commercial fishing is also
prevalent in Lakes Winnipeg, Manitoba, and Winnipegosis. Waters contributing to the
UNR become increasingly rich in nitrogen and phosphorus due to nutrient input from
naturally fertile soils and anthropogenic sources such as agricultural fertilizer application,

municipal wastewater discharge, and industrial activities.

Key issues concerning ecological change in the study area differ between regions. In
the UNR, the large land drainage to lake surface area ratio of Lake Winnipeg makes the
lake susceptible to loading of nutrients, contaminants, and sediments at levels far above the
lake’s natural processing capacity (Lake Winnipeg Stewardship Board, 2007). An increase
in both water discharge and anthropogenic loading (specifically associated with waste water
discharge, agricultural development and animal husbandry) over time has caused a doubling
of total phosphorus and plankton biomass in Lake Winnipeg and a shift to a cyanobacteria-

dominated plankton population since the late-1990s (McCullough et al., 2012).

Permafrost degradation is an issue for all regions of the study area, but especially
in the northern, subarctic reaches of the RBR and in tributary catchments of the LNR.
Thawing of permafrost peatlands has been occurring across north-central Manitoba due to
increases in temperature and precipitation in the last century (Umbanhowar et al., 2013;
Vitt & Halsey, 1994). Continued warming (based on the ~0.4°C per decade modelled

trend in the Arctic) will affect the carbon storage and wetland drainage control provided
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by peat plateaus as these are degraded through thawing, subsidence, and collapse, and
subsequently converted to fens (Arctic Climate Impact Assessment, 2005; Dyke & Sladen,
2010). The presence of permafrost in shoreline substrates also has implications for the
potential increase in erosional processes if banks are exposed to increased water level or
wave activity. Permafrost degradation of shoreline materials has been observed in the study
area at Southern Indian Lake (SIL) where shoreline erosion has been hastened by the cyclic
process of melting, undercutting/fracturing, and shoreline failure/removal, a process that

has been ongoing for the for more than 40 years (Newbury & McCullough, 1984).

Hydroelectric power development has affected land use and imparted significant physical
and ecological changes within the study area, and is described in detail in the following

section.

1.2.5 Hydroelectric development

Hydroelectric power development in the study area began in 1958 and is ongoing. Four
diversion channels and two control structures regulate flow through six hydroelectric gener-
ating stations along the Nelson and Rat-Burntwood River systems with the total capacity
of 4181 MW, and produce daily and seasonal fluctuations in discharge rates and water
levels (Manitoba Hydro, 2015). Brief descriptions and timelines of all major projects are
outlined in Table 1.1. Three of these in the study area, Lake Winnipeg Regulation (LWR),
Churchill River Diversion (CRD), and the Kettle Generating Station (GS), are of special
consideration to this research due to their significant impact on the morphology, hydrology

and suspended sediment regime of affected waterbodies.
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Table 1.1: History of hydroelectric power development in the study area summarized from Manitoba
Hydro (2015). Year(s) indicate construction time periods. (GS: Generating Station, CS: Control Struc-
ture)

Year(s) Hydroelectric Development Description

1958-1961 Kelsey Generating Station Constructed on the upper Nelson River, up-
stream of Split Lake.

1966-1974 Kettle Generating Station Constructed on the lower Nelson River, down-
stream of Stephens Lake.

1970-1976 Lake Winnipeg Regulation Construction of the Jenpeg GS and CS was
completed to regulate water levels in Lake
Winnipeg through the western channel of the
upper Nelson River. Three diversion channels
(2-mile channel, 8-mile channel, and the Omi-
nawin bypass channel), a control structure at
Kiskitto Lake, and a weir at Cross Lake were
constructed to increase outflow capacity, mini-
mize backwater effects, and reduce water level
ranges, respectively.

1973-1976  Churchill River Diversion Waters from the Churchill River were diverted
through Southern Indian Lake (SIL) into the
Rat-Burntwood River system by construction
of the Missi Falls Control Structure at the
northeast outflow of SIL, the South Bay Di-
version Channel between SIL and Isset Lake,
and the Notigi CS at the outflow of Notigi
Lake.

1971-1979 Long Spruce Generating Station Constructed on lower Nelson River down-
stream of Kettle GS.

1976-1992 Limestone Generating Station Constructed on the lower Nelson River down-
stream of Long Spruce GS, upstream of the
Limestone River.

1990-2014 Conwapa Generation Project Planned to be constructed on the lower Nelson
River, downstream of Limestone GS. Follow-
ing a series of feasibility studies, it was ulti-
mately terminated.

2006-2012 Wuskwatim Generating Station  Developed as a partnership between the
Nisichawayasihk Cree Nation and Manitoba
Hydro. Constructed on the Burntwood River
system between Nelson House and Thompson.

continued ...
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...continued
Year(s) Hydroelectric Development Description
2012-2019 Keeyask Generation Project Currently under development, and is being

constructed on the lower Nelson River above
the inflow to Stephens Lake.

Kettle GS construction and the Stephens Lake reservoir The Kettle GS in the
lower Nelson River began operation in December of 1970 (Figure 1.5). Prior to construction,
waterbody morphology upstream of the Kettle GS site comprised the riverine channel of the
LNR and a lake known to local Cree as Moose Nose Lake (Split Lake Cree and Manitoba
Hydro, 1996). Damming at Kettle GS flooded over 220 km? of land and created the reservoir
now known as Stephens Lake with water levels ~31.5m higher than natural conditions

(North/South Consultants Inc., 2012).

Lake Winnipeg Regulation (LWR) Lake Winnipeg Regulation works were completed
between 1970 and 1976 and primarily affected the outlet lakes region! of the UNR. A
number of hydrological control structures (described in Table 1.1) were constructed to
regulate levels and store water in Lake Winnipeg, and supply larger water volumes during
the winter peak demand period to the newly constructed Jenpeg GS (Manitoba Hydro,
2015). Post-regulation, water levels in Lake Winnipeg are maintained between 216.7 m and
218.5m above sea level; in the outlet lakes region, total lake area increased by 78 km? from
natural conditions and altogether 64km? of land was flooded (Environment Canada and

Department of Fisheries and Oceans, 1992a).

Churchill River Diversion (CRD) In 1973, Manitoba Hydro began development of the

Churchill River Diversion project that involved diverting 75% of flow from the Churchill

1Qutlet Lakes Region Waterbodies: Playgreen Lake, Little Playgreen Lake, Kiskittogisu Lake, Kiskitto
Lake, and the Nelson River above Jenpeg GS
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River into the RBR system to augment flows to hydroelectric generating stations con-
structed on the lower Nelson River (Environment Canada and Department of Fisheries and
Oceans, 1992a). This large-scale watershed diversion was accomplished by damming the nat-
ural outlet of Southern Indian Lake (SIL), constructing a diversion channel in the southern-
most region of SIL across the natural drainage divide of the Churchill and Nelson river
basins, and constructing a control structure at the outflow of Notigi Lake (Newbury et al.,
1984). Post-impoundment, water level in SIL was raised by ~3 m and lake area increased in
SIL and other affected downstream lakes by 295 km? (Environment Canada and Department
of Fisheries and Oceans, 1992a). The Notigi CS and the Burntwood River in Thompson
saw mean discharge rates of 825 m?s~! and 888 m?s~! in the following decade, compared to
estimated natural flow rates of 31m®s~! and 93 m3s~! respectively (Environment Canada
and Department of Fisheries and Oceans, 1992a). The widespread presence of permafrost
in the uplands and lack of bedrock-bound shoreline post-impoundment left SIL susceptible
to severe erosion of backshore deposits and created a longstanding period of shoreline in-
stability (Newbury et al., 1984). Although 90 % of the eroded material remained in SIL,
the majority of suspended load produced by the abrasion of erosion-generated clay aggre-
gates is transported out of the lake downstream to the RBR system (Hecky & McCullough,
1984).

1.3 Previous Work

Since the inception of hydroelectric power development in Manitoba, efforts in various
fields have monitored, investigated, and researched the Nelson River system to further
our understanding of the impacts of hydroelectric power development on hydrology, water
quality and contaminants, fisheries, erosion and sedimentation, and local communities. Due

to the immense body of work conducted by government organizations, industry, consultants,
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and academic institutions, only key programs and research pertaining directly to the study

area and to the goals of this M.Sc. thesis will be highlighted in this section.

1.3.1 Monitoring programs

Following LWR and CRD, two notable government-partnered aquatic monitoring pro-
grams have occurred in the study area: the Federal Ecological Monitoring Program (FEMP)
between 1985 and 1989, and the Coordinated Aquatic Monitoring Program (CAMP) from

2008 to present.

FEMP The Federal Ecological Monitoring Program began in 1985 as a result of a le-
gal challenge by the Northern Flood Committee to contractual obligations of Manitoba
Hydro and the governments of Canada and Manitoba pertaining to the 1977 Northern
Flood Agreement (Environment Canada and Department of Fisheries and Oceans, 1992c¢).
FEMP’s mandate, outlined fully in a report by Environment Canada and Department of
Fisheries and Oceans (1992c), was to determine the environmental impacts of LWR, CRD
and the construction of dams on the lower Nelson River as evidenced by impacts to wa-
ter quantity and quality, sediment and shoreline morphology, mercury levels, fisheries and
aquatic life, waterfowl, and resource harvesting. Full results, conclusions and recommenda-
tions from FEMP are outlined in Environment Canada and Department of Fisheries and

Oceans (1992a, 1992b, 1992c¢).

CAMP The Coordinated Aquatic Monitoring Program, initiated by a coordinated effort
between the Government of Manitoba and Manitoba Hydro, began as a pilot program in
2008 to implement long-term aquatic monitoring in Manitoba’s hydroelectric power system
(Coordinated Aquatic Monitoring Program, 2014). Modelled on existing monitoring pro-

grams in Manitoba and Canada, CAMP monitors the following components of the aquatic
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environment: hydrometrics, aquatic habitat, water quality, sediment quality, phytoplank-
ton, benthic microinvertebrates, fish communities, and mercury levels in fish. Full details of
the monitoring plan, study areas, and results from each component are given in Coordinated

Aquatic Monitoring Program (2014).

1.3.2 Industry investigations

A vast amount of work and reporting has been conducted in the study area by private
consultants since the inception of hydroelectric development in the late 1950s including but
not limited to: environmental assessments, dam feasibility studies, hydraulic monitoring and
modelling, water quality monitoring, and erosion/sedimentation studies. For the purposes
of this Master’s research, only work pertaining to the goals of this study will be described

in this section.

A four-year monitoring program funded under the Federal Ecological Monitoring Pro-
gram was designed and executed by North/South Consultants Inc. between 1986 and 1989
to determine the effects of hydroelectric development on the water quality of the Nelson
River system (Strange, 1990). This work is of special consideration to the goals of this
thesis since it is one of the only water quality monitoring programs conducted in the study
area that sampled riverine sites and included raw data in the report appendix; these data

are utilized in Chapter 2 of this thesis.

During the same time period as FEMP, the Manitoba Department of Natural Resources
Fisheries Branch began a similar ecological monitoring program in the Rat-Burntwood River
and Nelson River systems, colloquially referred to in consultant literature as the Manitoba
Ecological Monitoring Program (MEMP) (Green, 1990). Predominantly lacustrine sites
were chosen in this program, but, of special interest to this thesis, biweekly water sam-

ples were collected between 1985 and 1989 at riverine sites in each region of the study
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area including the Thompson Water Treatment plant, Jenpeg GS, Kelsey GS, and Kettle
GS.

A comprehensive synthesis of all data collected and reported during all Limestone GS
monitoring programs was completed by North/South Consultants Inc. (2012). This work
compiled results from over 80 consultant reports (some of which include data sets used in this
thesis) with the goal of understanding the long-term effects of the Limestone GS on the LNR.
Sedimentary processes in the Nelson River estuary are described by RSW-Environment
Mlimite Inc. (2014) with results obtained from an oceanographic monitoring program that
occurred between 2005 and 2009. Although the main focus of RSW-Environment Illimite
Inc. (2014) was on the estuarine environment, their investigations aid this Master’s research
by presenting information on particulate matter concentrations and fluxes at the Nelson

River mouth.

Recently, Manitoba Hydro (2015) described the effects of previous and current hydro-
electric development on environmental and socioeconomic change over time in the whole of

Manitoba Hydro’s hydroelectric power system.

1.3.3 Academic research

Research in various disciplines related to this Master’s work has been pursued in the

study area both prior to and following major hydroelectric development projects.

In a series of publications, workers from the Freshwater Institute of the Department of
Fisheries and Oceans outlined their work in the late 1970s during which they described the
SIL impoundment and CRD hydroelectric development project and conducted a series of
pre- and post-impoundment studies to monitor the effects of the changing hydraulic regime
in SIL. Newbury et al. (1984) gave a comprehensive summary of the physical environment

of SIL and other affected waterbodies both pre- and post-impoundment and diversion.
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Subsequent work by Newbury and McCullough (1984) and Hecky and McCullough (1984)
looked at changes to physical processes such as erosion, sedimentation and sediment budgets

in the affected waterbodies.

Many of the investigations into carbon delivery to Hudson Bay from the Nelson River
(in particulate and dissolved phases) were based on samples collected at the river mouth.
However, exports of dissolved organic carbon (2003-2006) from the Nelson River calculated
by Kirk and St. Louis (2009) were based on water sampled at the Limestone GS, ~120km
from the river mouth. Suspended particulate matter properties from the Nelson River were
studied by Kuzyk et al. (2009) as part of the construction of a preliminary sediment and
OC budget for Hudson Bay; samples collected primarily in 2005 yielded molar C/N ratios
of suspended particulate matter ranging between 16.3 in October and 24.1 in July whereas
§13C composition of particulate OC ranged between —27.65 %o in October and —28.15 %o in
July. Godin et al. (2017) investigated the concentration, fluxes, and isotopic properties of
dissolved and particulate OC in the Nelson River from water and sediment samples collected
~35km upstream of the river mouth and reported total suspended solids (TSS), particulate
OC, dissolved OC and total OC concentrations of 39mgL~!, 0.56mgL~!, 8.95mgL~!,
and 9.5mgL~! respectively. Particulate, dissolved and total OC fluxes were calculated
using discharge data averaged from 1964-2000 yielding rates of 53 Gg yr—', 842Gg yr !

and 895 Gg yr ! respectively (Godin, 2014).

Déry et al. (2005) and Duboc et al. (2017) reported on the effects of damming by ex-
ploring the changes to river discharge over time and to hydrology and sedimentary regimes,
respectively. Déry et al. (2005) studied trends and characteristics of river discharge into
Hudson Bay between 1964 and 2000 and determined that the Nelson River contributes up-
wards of 34 % of the daily freshwater discharge for the entire Hudson Bay system during
winter months, but this amount decreases during the spring and summer. The influence of

damming on the sedimentary regime and hydrology of the Nelson River was investigated
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by Duboc et al. (2017) using physical and chemical analyses on gravity cores sampled at
the Nelson River mouth. Dam construction in the 1960s may have changed downstream
sediment dynamics by controlling floods produced by ice-jamming during the spring freshet,
which reduces downstream transport of ice and related hyperpycnal flows that would occur

under natural river conditions (Duboc et al., 2017).

Sediment fingerprinting has not been widely used in the Nelson River system, but
Theroux (2017) applied Cs-137 and colour property reflectance spectra sediment finger-
printing, along with Bayesian statistical modelling using MixSIAR, an open-source R pack-
age, to suspended sediment samples in the UNR to investigate and differentiate the sources
of sediment to the Jack River, the drinking water source for the Norway House Cree Na-

tion.

Although many of these studies inform upon important processes occurring in the Nel-
son River system that relate to this Master’s research, significant gaps exist with respect to
identifying particulate matter sources within the watershed and determining the extent of

their transport throughout the Nelson River system.

1.4 Research objectives and anticipated significance

To investigate the source contributions and transport of terrestrial OM within the

Nelson River system, the specific research objectives of this M.Sc. thesis were to:

1. Examine historical and newly collected summer-season physical and chemical water
quality data from riverine stations in the Nelson River system to characterize partic-
ulate sources (organic matter and mineral sediment) in each region of the study area

and investigate longitudinal and temporal changes to this particulate matter.

2. Utilize biochemical tracers, Compound-Specific Stable Isotope (CSSI) fingerprinting
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techniques, and Bayesian statistical unmixing models to identify and characterize ter-
restrial OM sources in the Nelson River system, and quantify the relative contributions

of these sources to terrestrial OM in downstream suspended sediments.

This work contributes to the broader goals of the BaySys project by identifying and
characterizing the sources of particulate matter and terrestrial OM in the largest river
system contributing to Hudson Bay. It is also the first application of CSSI fingerprinting to
waterbodies within the Nelson River watershed and will aid in determining the extent to
which sources of particulate matter and terrestrial OM can be traced as they are transported

and transformed throughout the Nelson River system.

1.5 Thesis structure

Fieldwork was completed over two summer seasons (2016 and 2017) during which water,
soil, and sediment samples were collected to produce two independent data sets that each
relate to specific research objectives of this study. Following the general introduction in
this chapter, each objective will be described and expanded upon in ”sandwich thesis” style
in its own chapter that includes sections on introduction, methods, results, discussion and
conclusions. Chapter 2 will elaborate on Objective 1 by utilizing physical and chemical data
from surface water samples to investigate particulate matter sources in the Nelson River
system. Chapter 3 will build upon the findings of Chapter 2 by employing more sophisticated
compositional and biochemical tracer analysis to soil and sediment samples and Bayesian
statistical unmixing models to quantify the relative contributions of spatial- and substrate-
related sources to downstream suspended sediment. The last chapter will synthesize the
previous chapters, review significant findings in the data, and offer recommendations for
future work in the Nelson River system. References for all chapters are listed following the

final synthesis.

Tassia M. Stainton -270f 152 - February 25, 2019



Particulate OM in the Nelson River System 2. Particulate matter in the Nelson River system

Chapter 2

Sources and characteristics of
particulate matter in the Nelson

River system

2.1 Introduction

Rivers are important transporters of sediment and organic matter (OM) from the con-
tinental land mass to the coastal zone (Battin et al., 2008; Aufdenkampe et al., 2011;
Bianchi, 2011). In rivers, particulate OM is derived from allochthonous OM sources (e.g.
soil organic matter (SOM) and plant debris) and autochthonous in-stream OM sources
(e.g. macrophytes, algae, and phytoplankton), or produced in-situ by physio-chemical and
biological processes acting on dissolved OM (Ittekkot & Laane, 1991). Carbon is a major
constituent of OM and the quantity and form of organic carbon (OC) discharged by rivers
can influence its fate in coastal waters. In the coastal zone, OC can undergo burial or be

mineralized to dissolved inorganic carbon, affecting the pH and trophic status of coastal
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waters and whether the coastal ocean as a whole behaves as a sink for CO5 or as a source
of COs3 to the atmosphere. Since estuarine zones and continental shelves have been shown
to be new sources of COz to the atmosphere (Cole et al., 2007; Cai, 2011), it is prudent
to study OM sources in the watersheds that contribute terrestrial OC to the coastal zone
as well as watershed processes that may affect the form and magnitude in which OC is

delivered to the ocean.

Subarctic river basins have typically sequestered OC in permafrost and areas of exten-
sive peatlands and are particularly susceptible to processes that alter delivery of OC to the
coastal ocean. Increasing temperatures in subarctic drainage basins (Arctic Climate Im-
pact Assessment, 2005) and the resultant thawing and erosion of permafrost will mobilize
previously stored OC associated with SOM into rivers (Guo et al., 2007; Gustafsson et al.,
2011; Vonk et al., 2013; Vonk & Gustafsson, 2013) and therefore increase loading of OC to

the coastal carbon cycle.

The Nelson River in Manitoba, Canada is a subarctic river with an expansive watershed
and is the largest river flowing to Hudson Bay (Figure 2.1). It is a major source of both
dissolved and particulate terrestrial OC to the coastal zone (Godin et al., 2017) and its
watershed contains physically distinct subcatchments that are all affected by hydroelectric
development as well as other anthropogenic impacts including climatic change. The main-
stem of the river exhibits longitudinal complexity as waters flow through river channels,

lake basins, and hydroelectric reservoirs.

The Nelson River system has been studied extensively by monitoring programs lead by
industry, government agencies, and academic institutions since the inception of hydroelectric
development in the region (Newbury et al., 1984; Newbury & McCullough, 1984; Hecky &
McCullough, 1984; Strange, 1990; Green, 1990; Environment Canada and Department of
Fisheries and Oceans, 1992a, 1992c, 1992b; Split Lake Cree and Manitoba Hydro, 1996;
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Hudson
Bay

- Nelson River Drainage Basin
- Churchill River Drainage Basin

- Study Area

{ I

Fig. 2.1: Map showing the extent of the Nelson and Churchill River Drainage Basins in central Canada
and northern United States. Study area water bodies are outlined in black.

Déry et al., 2005; Kirk & St. Louis, 2009; Kuzyk et al., 2009; North/South Consultants
Inc., 2012; Coordinated Aquatic Monitoring Program, 2014; RSW-Environment Illimite
Inc., 2014; Manitoba Hydro, 2015; Theroux, 2017; Duboc et al., 2017; Godin et al., 2017).
Although particular focus was paid to physical and chemical water quality, many of these
programs measured parameters related to particulate matter (both organic and mineral)
within the Nelson River system, and workers like Godin (2014) and RSW-Environment
Mlimite Inc. (2014) have calculated particulate flux contributions from the Nelson River
to Hudson Bay. Little work, however, has been done to explore particulate matter sources
within the watershed as well as processes in the watershed that may affect the extent of

their downstream transport.

In this work, physical and chemical water quality data are used to characterize partic-

ulate sources in each region of the Nelson River system and investigate longitudinal and
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temporal changes to the sources of particulate matter (organic matter and mineral sedi-
ment). Particulate water quality data obtained in 2016-2017 and previously collected water
quality data sets are used to explore distributions of sources and sinks, and shifts (both spa-
tial and temporal) in the contributions of allochthonous and autochthonous OM in relation
to morphological variation and erosional processes. Spanning three decades, the results also
provide insight into the persistence of effects of river modification and natural hydrologic

variability.

2.1.1 Study area description

The Nelson River in Manitoba is the single largest river discharging to Hudson Bay at a
mean annual rate (1987-2017) of 110km3yr~! (Environment and Climate Change Canada,
2018d, 2018e, 2018f). Its watershed extends over 91000km? in north central Manitoba
to the southwest of Hudson Bay, and its >1000000km? drainage basin ranges as far as
Minnesota and South Dakota in the south, the Alberta in the west, and Ontario near Lake

Superior in the east (Figure 2.1).

As a result of hydrological alteration for hydroelectric power development, the lower
Nelson River (LNR) between Split Lake and Hudson Bay receives water primarily from
two physically distinct catchments: 1) the upper Nelson River (UNR), which is the natural
upstream portion of the Nelson River and 2) the Rat-Burntwood River (RBR) system, where
discharge has been augmented by cross-watershed diversion. The study area encompasses
the main stem waterbodies of these three regions and four associated tributaries (Figure
2.2). Since the inception of the Churchill River Diversion (CRD) project in the 1970s, the
RBR system (from Southern Indian Lake to Split Lake) transports diverted Churchill River
waters supplying ~25% of total flow to the LNR, an approximate 10-fold increase from pre-

development levels. The remaining ~75% of total flow to the LNR is supplied by the UNR
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between the outflow of Lake Winnipeg and Split Lake. These catchments differ in their
physical characteristics: the RBR being a predominantly Precambrian Shield landscape
whereas the UNR drains the vast, agriculturally-developed prairie landscape of the Lake
Winnipeg watershed. River channels in all regions are either bounded by bedrock or incised
into glacial cover. In the UNR and RBR, river channels expand to flow through several
natural and controlled lakes whereas in the LNR, the largest reservoirs downstream of Split
Lake (Stephens Lake and generating station forebays) occur as a result of hydroelectric

development.

Four terrestrial ecozones intersect in the study area: Boreal Plain, Boreal Shield, Hud-
son Plain, and Taiga Shield. They are distinguished by different soil, vegetation, wetland,
and permafrost types. Although variation occurs between ecozones, forest species through-
out the study area primarily consists of black spruce, jack pine, aspen, sphagnum, and
willows (Rosenberg et al., 2005). Permafrost in the study area underlies wetlands and up-
land forest with sufficient overburden and becomes more prevalent towards Hudson Bay. In
the UNR, peat plateaus cover between 0.1 —10 % of the land surface whereas in the RBR
this range increases to between 20 —30 %; in the LNR peat plateaus cover between 20 —80 %
of the landscape whereas permafrost-dominated open permafrost bogs dominate the land-
scape north of the Nelson River in the LNR near the western coast of Hudson Bay (Halsey
et al., 1997).
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2.2 Methods

2.2.1 Sample collection and data compilation

Water samples were collected for this project during field work in July and August
of 2016 and 2017 as part of the Hudson Bay System Study (BaySys) (hereon known as
the BaySys data set). Particulate data from ongoing and historical water quality sampling
programs supplemented the BaySys data set to improve site density along the run of the
river and provide perspective on the parameters of interest in the Nelson River system
over time. Supplementary data was selected based on the use of the same sampling and
analytical methods as the BaySys program. Duration, analytical methods, and water quality
parameters of interest from each monitoring program are summarized in Table 2.1. Data

collection methods for all sampling programs are described in this section.

2.2.1.1 Hudson Bay System Study (BaySys)

Eighteen sampling sites were selected based on their accessibility by truck, and their
proximity to either pre-existing water quality sites or Water Survey of Canada hydrometric
stations. Surface water samples (< 0.5 m depth) were collected from shoreline or bridges in
late July or early August of 2016 and 2017. At shoreline sites, water samples were collected
by wading as far as possible into flowing water and hand-dipping 1 L amber Nalgene bottles.
At bridge sites, samples were collected by lowering a weighted bridge sampler equipped with
a 2L amber Nalgene bottle into surface water. All Nalgene bottles were pre-washed with
10 % HCI, rinsed Milli-Q water, and rinsed three times with sample water in the field prior
to collection. Sample sites were predominantly riverine, but samples were also collected
from lakes proximal to the shoreline when channels in the area were not accessible by truck.
To test whether shoreline water samples represented particulate conditions at each site, a

water sample and CTD (conductivity, temperature, and depth measurement instrument)
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Table 2.1: Duration, relevant water quality parameters, and analytical methods used by monitoring
programs in the study area between 1987 and 2017. (TSS: total suspended solids, SuspOC: suspended
organic carbon, SuspC: suspended carbon, SuspN: suspended nitrogen, DFO: Department of Fisheries
and Oceans, ALS: ALS Environmental Laboratory)

Data Source Year(s) Water Quality Parameter(s)  Analytical
Method
BaySys! 2016 to 2017  TSS, SuspOC, SuspN DFO
CAMP? 2008 to 2017  TSS ALS
ArcticNet? 2005 to 2007 TSS, SuspOC, SuspN DFO
DFO* 1990 to 1993  TSS, SuspC; SuspN DFO
Baker® 1989 TSS, SuspC, SuspN DFO
FEMPS 1985 to 1989 TSS, SuspOC, SuspN DFO
MEMP7 1985 to 1989  TSS, SuspC; SuspN DFO

* Converted to SuspOC using area-specific conversion factor

! Hudson Bay System Study (BaySys)

2 Coordinated Aquatic Monitoring Program (Coordinated Aquatic Monitoring Program, 2014)

3

[ I BN

Oceans, 1992b), (Strange, 1990)

" Manitoba Ecological Monitoring Program (Green, 1990)

ArcticNet Nelson River estuary study (Greg McCullough, personal communication, February 2018)
Department of Fisheries and Oceans archive (Michael Stainton, personal communication, June 2017)
Nelson River estuary study (Baker, 1989)
Federal Ecological Monitoring Program (Environment Canada and Department of Fisheries and
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transect was completed at the Kichi Sipi bridge over the Nelson River (site NR7) upstream

from the community of Cross Lake (described in Section 2.2.4).

Water samples were kept cold in coolers until each field survey was complete and de-
livered to the Department of Fisheries and Oceans (DFO) Water Chemistry Laboratory in

Winnipeg, Manitoba for filtration and analysis.

2.2.1.2 Other monitoring programs (1987-2017)

Supplementary data sets used in conjunction with BaySys data are listed in Table 2.1
and include data from monitoring programs in which water was sampled from both lake
and river sites throughout the study area. A brief background description of each of these

programs and their sampling methods is outlined below.

The Coordinated Aquatic Monitoring Program (CAMP) began in 2008 as a long-
term aquatic monitoring program centred on Manitoba’s hydroelectric power waterways
(Coordinated Aquatic Monitoring Program, 2014). As a coordinated effort between the
Government of Manitoba and Manitoba Hydro, CAMP investigates many components of
the aquatic environment of both on- and off-system waterbodies. Multi-seasonal water qual-
ity sampling is performed by CAMP on river and lake sites within the study area. Near-
surface (< 30 cm) water samples are hand-dipped and stored in coolers prior to analysis at
ALS Environmental Laboratory in Winnipeg, Manitoba (Coordinated Aquatic Monitoring
Program, 2014).

Opportunistic sampling in the lower reaches of the Nelson River was undertaken as part
of the ArcticNet Nelson River estuary study during the summer and fall seasons between

2005 and 2007 (Greg McCullough, personal communication, February 2018).

Unpublished analytical results for samples collected from generating stations between
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1990 and 1993 were acquired from the DFO Freshwater Institute Water Chemistry Labora-
tory archive (Michael Stainton, personal communication, June 2017). Water samples were
collected from a raw river water intake tap within each of the generating stations, stored in

coolers, and shipped to DFO for analysis.

Water quality samples were collected by Baker (1989) near the Nelson River mouth
as part of a study to collect baseline information on the physical and biological environ-
ment of the Nelson River estuary following the construction of the Limestone Generating
Station (GS). Surface water samples were hand-dipped into bottles and refrigerated until

analyzed.

The Federal Ecological Monitoring Program (FEMP) was a 5-year federally run mon-
itoring program that began in 1986 to assess the environmental impacts of the CRD and
Lake Winnipeg Regulation (LWR) on the Nelson River system (Environment Canada and
Department of Fisheries and Oceans, 1992a, 1992b). Although this program encompassed
a variety of scientific investigations to meet these assessment goals, of specific interest to
this thesis is a sampling program funded by FEMP that aimed to assess the effects of hy-
droelectric development on water quality in the region. Strange (1990) collected monthly
water samples from 11 riverine sites in the UNR, RBR, and Split Lake regions between 1986
and 1989. Sites were accessed by helicopter, float plane or boat (depending on the season).
Samples were collected by either hand dipping bottles or by weighted sampler, stored in

coolers, and filtered on site in a mobile field lab.

The Manitoba Ecological Monitoring Program (MEMP) was a monitoring program run
by the Manitoba Department of Natural Resources Fisheries Branch in the study area from
1985 to 1989 with the goal of evaluating the impacts of hydroelectric development on water
quality in the area as a result of the CRD and LWR (Green, 1990). Although its goals were

similar to those of FEMP, this monitoring program focused on sampling water from lake
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sites, Generating Stations, and the city of Thompson water treatment plant. Lake surface
water samples were collected into bottles by hand. Samples were collected from the raw
water supply intake line at generating stations, and from the aqueduct in the treatment
plant station house in Thompson. All samples were stored refrigerated and shipped for

analysis at the DFO Water Chemistry Laboratory.

2.2.2 Laboratory analysis
2.2.2.1 Total suspended solids (TSS)

Water samples collected for this thesis were analyzed for TSS concentration (in mg L 1)
at the DFO Water Chemistry Laboratory using standard methods and procedures developed
by Stainton et al. (1977). Water samples were agitated by hand and vacuum filtered through
pre-weighed, 1.2 pm nominal pore size, 4.25 cm wide Whatman GF/C filters that were pre-
combusted at 500°C. At least 100mL of water was filtered for each sample, but exact
volumes were recorded. Filters were then dried at 104 °C for one hour and the filter plus
particulate material was re-weighed multiple times to demonstrate accurate tare and final

weight.

All other monitoring programs selected for inclusion in this thesis used either the same
laboratory facility or one using the same methodology and filter pore size to measure TSS

concentration in fresh water.

2.2.2.2 Suspended organic carbon (SuspOC) and suspended nitrogen (SuspN)

Water samples collected for this study were analyzed for suspended carbon, nitrogen,
and OC concentrations (in pg L™!) at the DFO Water Chemistry Laboratory as per methods

and procedures described by Stainton et al. (1977). Water samples were agitated by hand
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and vacuum filtered through pre-weighed, 1.2 pym nominal pore size, 4.25 cm wide Whatman
GF/C filters that were pre-combusted at 550 °C for 16 hours. Using a CE-440 Elemental
Analyzer (Exeter Analytical, Inc.), particulate material was combusted to measure total
carbon and nitrogen. Particulate OC was measured by the same instrument but filters
containing suspended carbon sample were pre-treated with 10 mL of 1.2mol HCI until no
effervescence was observed, rinsed with 50 mL of Milli-Q water, and desiccated prior to

combustion.

All other monitoring programs selected for inclusion in this thesis used the same labo-
ratory facility or one using the same methodology to measure suspended carbon, nitrogen,
and organic carbon concentrations, except the CAMP program that used ALS laboratories.
Particulate carbon and nitrogen concentrations from CAMP could not be utilized by this
thesis because the methods used by ALS to measure these parameters differ too greatly
from the DFO lab method!, and therefore results are not considered by the author to be

comparable.

2.2.3 Data analysis

All statistical analysis described in this section, as well as graphical methods used to
produce plots, were undertaken using R software (version 3.3.2, R Core Team, 2016) using
the following packages in the library: tidyverse (Wickham, 2017), gridextra (Auguie, 2017),
and ggplot2 (Wickham, 2016).

Statistical tests were performed using the built-in R stats package in R software (R Core

Team, 2013). Shapiro-Wilks normality tests were performed using the shapiro.test() func-

!The filter nominal pore size used by ALS to measure particulate carbon, OC, and nitrogen is smaller
than that used to measure TSS (0.45 pm versus 1.2 pm), so they are effectively measuring different particle
fractions. Particulate organic carbon concentration at ALS Laboratory is also determined by measuring
total and dissolved carbon and calculating the difference whereas the DFO method measures particulate
carbon concentration directly.
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tion, analysis of variance (ANOVA) was calculated using the aov() function, and Tukey’s
HSD (Honest Significant Difference) test was performed using the TukeyHSD() func-

tion.

2.2.3.1 Hudson Bay System Study (BaySys)

Statistical analysis in R (R Core Team, 2013) was performed on the BaySys data set
to test for normal data distributions for each measured water quality parameter. The
Shapiro-Wilk normality test and graphical tests such as histograms, and the ggnorm/()
and qqline() functions showed that not all parameters exhibit a normal data distribution.
Due to the overall size of the data set, number of samples collected per site, and the fact that
outliers could inform upon processes occurring within the region from which samples were
collected, no outliers were trimmed from the data set and therefore all data visualizations

are shown using medians and quartile ranges.

The proportion of SuspOC of TSS (% SuspOC of TSS) and molar carbon to nitrogen

ratios (C/N) were calculated from measured concentrations.

2.2.3.2 Compiled data set (1987-2017)

All supplementary monitoring program data sets were cleaned and subjected to a series
of statistical tests prior to the creation of the compiled data set. Stations sampled during
the BaySys program, the bulk of which are within main-stem channels of the Nelson River
system, were collected during the summer months. Therefore, all other data sets were
filtered to include only riverine sites sampled from June to August. Obvious outliers and
non-detect concentrations were removed from each data set. As a results of these steps,
all individual monitoring program data sets except ArcticNet (Greg McCullough, personal

communication, February 2018) and Baker (1989) exhibited a normal distribution for each
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measured and calculated parameter when tested using the Shapiro-Wilk normality test and

graphical tests such as histograms, and the qgnorm() and qqline() functions.

Three monitoring programs (MEMP, Baker, and DFO) used analytical methods de-
scribed in Section 2.2.2; but limited their sample analysis to total suspended carbon (SuspC),
and did not proceed to analyze for suspended organic carbon (SuspOC). To include these
programs into the compiled data set, SuspC concentrations were converted to SuspOC using
regional conversion factors. A Tukey HSD test performed on the BaySys data set revealed
a statistically significant difference in the proportion of SuspOC in SuspC concentrations
between the UNR and each other region (p <0.001, n = 46), but no significant difference
was observed between the LNR and RBR (p = 0.14, n = 38). Therefore, a conversion factor
of 0.89 was calculated using the mean of SuspOC in SuspC in all UNR samples. The same
method was applied for remaining samples in the RBR and LNR yielding a conversion fac-
tor of 0.71 (Figure 2.3a and 2.3b). Total SuspC measurements were converted to SuspOC

for each region using Equations 2.1, 2.2, and 2.3.

SuspOC(UNR) = SUSPC(UNR) x 0.89 (2.1)
SUSPOC(RBR) = SUSPC(RBR) x 0.71 (22)
S’LLS]OOC(LNR) = SUSPC(LNR) x 0.71 (23)

Prior to merging all data sets, water quality parameters from each monitoring program were
first standardized using Equation 2.4 where x; is the parameter value, ;4 and o are the mean
and standard deviation of each parameter in the whole data set, and z; is the standardized

value.

_ (@i—p) (2.4)

This was done so water quality parameters from all monitoring programs could be evaluated
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Fig. 2.3: BaySys SuspOC conversion factors. 2.3a: % SuspOC of SuspC in each region of the study
area. Vertical line represents location of Split Lake. 2.3b: Mean % SuspOC of SuspC by region of the
study area.

longitudinally even though sampling was conducted over the period of many years under
different climatic and discharge conditions. The compiled data set exhibited a normal
distribution for each measured and calculated parameter when tested using the Shapiro-

Wilk normality test (p < 0.05, n = 282) and graphical tests such as histograms, and the

qgnorm() and gqline() functions.

2.2.4 Water sampling method evaluation

A water sampling and CTD transect was preformed at site NR7 (Figure 2.2) in the
UNR to evaluate the validity of shoreline sampling in riverine systems. Water was collected
from the Kichi Sipi bridge by lowering a weighted 2 L. amber Nalgene bottle at each point
into surface water (<0.5m). A continuous transect was collected between points NR7-
e and NR7-a by walking the rope-suspended CTD north across the bridge (Figure 2.4).

Between transect points, lab-based TSS concentrations range from 7mgL~! to 9mgL™!.
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The laboratory method for measuring TSS concentration estimates a precision error of
+0.5mg L' (Stainton et al., 1977). Nearshore samples indicate median cross-section values
+1mgL~! (i.e. the uncertainty is about two times the lab uncertainty of £0.5mgL~1).
Turbidity measurements also support this since most measurements across the channel

show uniform values (<50 NTU).

Fig. 2.4: Map showing water sampling and CTD transect across the Nelson River at the Kichi Sipi
Bridge south of the community of Cross Lake. Blue bars indicate point TSS concentration at sample
points and inset plot shows continuous turbidity (in NTU) measured by CTD between sites NR7-e and
NR7-a. Satellite image sourced from Google Earth on August 18, 2018.

2.3 Results

In this section, water quality results from all sites sampled during the BaySys will first
be presented alone in Section 2.3.1, and then alongside data from other monitoring programs

as a part of the compiled data set in Section 2.3.2.

2.3.1 Hudson Bay System Study (BaySys)

To evaluate the characteristics and distribution of each water quality parameter and

OM source in each region, results from the BaySys program (Table 2.2) are displayed
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longitudinally in this section. For ease of data visualization, each upstream region (UNR and
RBR) and the LNR is treated as a separate continuous river system (Figures 2.5a and 2.6a)
and water quality parameters are displayed longitudinally by station distance in kilometres
from Hudson Bay (Figure 2.5b and 2.6b) for each corresponding river region.

Table 2.2: Water quality results from the BaySys study. " Site km"” column indicates distance upstream

from Hudson Bay. Water quality results are listed as median values with interquartile range (25-75
percentile) in brackets.

Region  Site km Site  n  TSS (mgL~1) % SuspOC C/N (molar)
UNR  540.9 NR7 6 80 (7.3-88) 9.4 (9.0-9.7) 0 (7.7-8.1)
587.6 NR8 1 15.0 (n/a) 17.3 (n/a) 5 (n/a)
RBR 3121 BRI 2  27.0 (23.0-31.0) 25 (2.2-2.8) 5 (7.5 - 7.6)
331.6 BR2 2 265 (22.8-30.3) 3.0 (2.5-3.4) 6 (7.4-17.8)
332.3 ORI 2 20.0 (27.5-30.5) 2.8 (2.8-2.9) 5 (8.3 - 8.7)
423.0 BR3 7 24.0 (23.0 - 25.0) 4 (2.3-2.4) 4 (7.4-9.9)
480.1 BR4 2 26.5(23.3-29.8) 24 (2.3-2.5) 8 (7.3 - 8.4)
480.4 BR5 2  19.0 (185-19.5) 2.8 (2.8-2.8) 5 (7.1-7.9)
566.9 BR6 2 5 (7.3 - 9.8) 3 (4.6 - 6.1) 3(9.1-9.6)
LNR  107.0 NRL 2 22.0(20.5-235) 3.3 (3.0-3.6) 7(6.2-7.1)
135.6 LRI 2 3.5 (3.3-38) 15.6 (14.6 - 16.5) 9.9 (9.7-10.2)
135.8 NR2 2 21.0(20.0-220) 3.3 (3.1-3.5) 3 (7.3-7.4)
157.6 NR3 2 145 (9.3-19.8) 7.6 (5.2-9.9) 8 (8.3-9.2)
171.1 KR1 2 6.5 (6.3-6.8) 11.2 (10.8- 11.7) 9.0 (8.9-9.2)
176.5 NR4 2 19.0 (19.0-315) 3.3 (3.3-4.1) 9 (6.9-9.0)
206.0 NRS 2 155 (15.3-15.8) 3.3 (3.3-3.4) 5 (8.1-8.9)
213.4 NR6 2 37.0 (32.5-41.5) 2.5 (2.4-2.7) 5(7.9-9.1)
260.8 ARl 2 9.0 (85-9.5) 8 (7.2 - 8.5) 3 (8.2-8.4)

2.3.1.1 Upper Nelson River - lower Nelson River

Total suspended solids concentration at sites in the UNR between the outflow of Lake
Winnipeg and Jenpeg GS is low compared to other regions with median (interquartile

range) values between 8mgL~! (7.3mgL~! to 8.8 mgL~!) and 15mgL~! (Figure 2.5b top
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Fig. 2.5: 2.5a: Map showing distance (km) on x-axis in Figure 2.5b; tributary watersheds shown in green.
2.5b: TSS (mgL~!), % SuspOC of TSS and molar C/N ratios in the UNR and LNR from the BaySys
program arranged longitudinally. Key hydraulic features labeled. Box and whisker plots show median as
line and open circle, upper and lower hinges are 75% and 25% quartile, upper and lower whiskers are
ymin and ymax, and black dots are outliers. LW: Lake Winnipeg, JGS: Jenpeg GS, KGS: Kelsey GS,
SpL: Split Lake, StL: Stephens Lake, KtGS: Kettle GS, LsGS: Long Spruce GS, LstGS: Limestone GS
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Fig. 2.6: 2.6a: Map showing distance (km) on x-axis in Figure 2.6b; tributary watersheds shown in
green. 2.6b: TSS (mgL~1), % SuspOC of TSS and molar C/N ratios in the RBR and LNR from the

BaySys program arranged longitudinally. Key hydraulic features are labeled. NL: Notigi Lake, NCS:
Notigi CS, WGS: Wuskwatim GS, SpL: Split Lake, StL: Stephens Lake, KtGS: Kettle GS, LsGS: Long
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panel). In the LNR, site NR6 upstream of Stephens Lake has a median TSS concentration
of 37mgL~! (32.5mgL~"! to 41.5mgL~!). Downstream of the inflow to Stephens Lake, me-
dian TSS concentrations at sites on the main stem Nelson River range between 14.5 mgL~!
(9.3mgL~!t019.8mgL~!) and 22.0mgL~! (20.5 mgL~! to 23.5mgL~!). Tributaries flow-
ing into the LNR, such as the Assean River (AR1), the Kettle River (KR1), and the Lime-

stone River (LR1), all have median TSS concentrations below 10 mg L.

The proportion of SuspOC in total suspended solids (% SuspOC of TSS) at sites in the
UNR between the outflow of Lake Winnipeg and Jenpeg GS is generally high compared to
other regions with median values between 9.4 % (9.0 % to 9.7%) and 17.3% (Figure 2.5b
middle panel). In the LNR, % SuspOC of T'SS at main stem Nelson River sites downstream
of Split Lake ranges between 2.5 % (2.4 % to 2.7%) and 7.6 % (5.2 % to 9.9 %). Tributaries
in the LNR region show a higher proportion of % SuspOC in TSS than main stem Nelson
River sites with median values of 7.8 % (7.2 % to 8.5 %) in the Assean River, 11.2% (10.8 %
to 11.7%) in the Kettle River and 15.6 % (14.6 % to 16.5 %) in the Limestone River.

In the UNR, molar C/N ratios fall within the lacustrine algae source range (4 - 10)
(Meyers & Ishiwatari, 1993; Meyers, 1994; Meyers & Teranes, 2001; Kendall et al., 2001;
McConnachie & Petticrew, 2006) with median ratios of 5.5 at site NR8 and 8.0 (7.7 to
8.1) at site NR7 (Figure 2.5b bottom panel). In the LNR, molar C/N ratios lay within
lacustrine algae source range at sites NR4, NR2, and NR1 with median ratios of 6.9 (6.9 to
9.0), 7.3 (7.3 to 7.4), and 6.7 (6.2 to 7.1) respectively. Median molar C/N ratios of 8.5 (7.9
to 9.1) at site NR6, 8.5 (8.1 to 8.9) at site NR5, and 8.8 (8.3 to 9.2) at site NR3 fall within
the source ranges of both SOM (8 - 15) and lacustrine algae (Meyers & Ishiwatari, 1993;
Meyers, 1994; Meyers & Teranes, 2001; Kendall et al., 2001; McConnachie & Petticrew,
2006). Tributaries flowing into the LNR exhibit C/N ratios that fall within the SOM source
range with median ratios at sites AR1, KR1, and LR1 of 8.3 (8.2 to 8.4), 9.0 (8.9 to 9.2),

and 9.9 (9.7 to 10.2) respectively.
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2.3.1.2 Rat-Burntwood River

In the RBR, TSS is low upstream of the Notigi CS at site BR6 with a median (in-
terquartile range) concentration of 8.5mgL™! (7.3mgL~! to 9.8 mgL~!) (Figure 2.6b top
panel). However, T'SS concentration downstream of the Wuskwatim GS to the inflow of
Split Lake is high compared to other regions with median values between 19.0mgL~!
(18.5mgL~! to 19.5mgL™") and 27.0mgL~! (23.0mgL~" to 31.0mgL~"). The Odei
River, a tributary flowing into the RBR, also exhibits high TSS with a median concen-

tration of 29.0mgL~!.

Percent SuspOC of TSS in the upper reaches of the RBR is high in relation to down-
stream sites that exhibit some of the lowest proportions of SuspOC in the study area (Figure
2.6b middle panel). At site BR6, upstream of the Notigi CS, median % SuspOC of TSS
is 5.3% (4.6 % to 6.1%). From Wuskwatim GS to the inflow of Split Lake, median val-
ues range between 2.4 % (2.3 % to 2.4%) and 3.0% (2.5% to 3.4%). The Odei River also
exhibits low % SuspOC of TSS with a median value of 2.8 %.

Molar C/N ratios in the RBR lie within both the lacustrine algae source range (4 - 10)
and the SOM source range (8 - 15) (Figure 2.6b bottom panel). Sites BR5, BR2, and BR1
show C/N ratios within the lacustrine algae source range with median ratios of 7.5 (7.1 to
7.9), 7.6 (7.4 to 7.8), and 7.5 (7.5 to 7.6) respectively. Soil organic matter sources dominate
sites BR6, BR4, and BR3 with median C/N ratios of 9.3 (9.1 to 9.6), 7.8 (7.3 to 8.4), and
8.5 (8.3 to 8.7) respectively. A median molar C/N ratio of 8.5 (8.3 to 8.7) at RBR tributary
site OR1 falls within the SOM range.
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2.3.1.3 Regional analysis

The LNR shows variation in water quality parameter characteristics where the natu-
ral river channel is dammed by several hydroelectric generating stations creating flooded
reservoirs and forebays. However, marked regional and longitudinal differences are observed

between the UNR and RBR when compared to each other and the LNR.

Comparing each parameter by region, median (interquartile range) TSS concentration
is highest in the RBR at 23.0mgL~! (19.5mgL~! to 28.5mgL~!) and lowest in the UNR
at 8.5mgL~! (7.8 mgL~"! to 11.3mgL~!) (Figure 2.7a). Median TSS concentration in the
LNR is 19.0mg L=t (7.5mgL~! to 24.0mgL~!), and is much more variable depending on
location within the region. An ANOVA test was used to determine statistical significance of
differences in T'SS concentration between regions and revealed that the TSS concentration in
the UNR is significantly lower (p < 0.05, n = 27) than in the RBR, and nearly significantly
different (p = 0.12, n = 27) from the LNR. No statistical difference was observed in TSS

concentration between the RBR and LNR regions.

The UNR shows the highest median % SuspOC of TSS compared to other regions at
9.7% (9.1% to 12.1 %) whereas the RBR region has the lowest at 2.4% (2.3% to 2.9%)
(Figure 2.7b). Similar to T'SS concentration, the LNR shows variation in % SuspOC of T'SS
but median values are generally low at 3.7% (3.1 % to 9.7%). An ANOVA test showed a
statistically significant difference (p < 0.05, n = 27) in % SuspOC of TSS between the UNR,
and the other two regions, but as with TSS, no significant difference was observed between

the RBR and LNR.

Molar C/N ratios are lowest in the UNR with a median value of 7.71 (6.4 to 8.1), and
fall within the lacustrine algae source range (Figure 2.7¢). Molar C/N ratios in the RBR and
LNR border both lacustrine algae and SOM source ranges with median values of 8.0 (7.4 to

9.1) and 8.1 (7.4 to 9.4) respectively. No significant difference was observed between C/N
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Fig. 2.7: Regional median and quartile summary boxplots of water quality parameters sampled during
the BaySys program. 2.7a: TSS concentration (mg L 1) by study area region. 2.7b: % SuspOC of TSS
by study area region. 2.7c: Molar C/N ratios by study area region.
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ratios in the RBR and LNR. An ANOVA showed a near-statistically significant difference (p

< 0.15, n = 27) between of C/N ratios between the UNR and the other two regions.

Along with the regional comparison of particulate water quality parameters, investi-
gation of relationships between water quality parameters themselves is warranted. The
following relationships were explored within each region using the Im() function in R soft-
ware to calculate linear model regression: TSS versus SuspOC, SuspN versus SuspOC, and
N/C ratios versus SuspOC. No significant relationship is observed between TSS and Sus-
pOC in either the RBR or LNR (R? <0.5, p > 0.05, n = 19), but a linear model regression
indicates a significant relationship between these parameters in the UNR (R? = 0.79, p
= 0.01, n = 6) (Figure 2.8a). Molar concentrations of SuspOC and SuspN were plotted
and a linear model regression line was calculated, indicating a positive correlation between
these two parameters (R? = 0.70, p < 0.05, n = 46)(Figure 2.8b). The slope of this linear
relationship (5.05) represents the average C/N ratio for all regions. A positive SuspOC
intercept when SuspN is zero indicates the likelihood of a high carbon, nitrogen-depleted
source of particulate OM in the system such as woody plants that have C/N ratios from
40 to >200 (Meyers & Ishiwatari, 1993). No significant relationship was observed between
SuspOC and N/C ratios in the RBR and LNR (Figure 2.8c). A near-significant correla-
tion exists between these parameters in the UNR (R? = 0.3, p = 0.14, n = 6) and when
compared to other regions, both N/C ratios and SuspOC concentrations are higher in the

UNR.
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Fig. 2.8: BaySys water quality parameter relationships.
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2.3.2 Monitoring programs (1987-2017)

Results from the BaySys program were supplemented by water quality data from six
other monitoring programs (Table 2.1). All water quality results included in the compiled
data set were measured from riverine sites and are summarized from raw data in Table 2.3,
but in order to compare visually results between monitoring programs while accounting
for variation in discharge and climate over the time span of all programs, water quality
parameter measurements within each data set were standardized using Formula 2.4. As
in Section 2.3.1, water quality parameters (standardized TSS, standardized % SuspOC of
TSS, and molar C/N ratios) from riverine sites sampled in the summer season are displayed
longitudinally by station distance in kilometres from Hudson Bay with corresponding river
regions (Figure 2.9a and 2.10a). The standardized data displayed in Figures 2.9b and 2.10b
no longer represent physical measurements, and therefore will be described as longitudinal

increases or decreases in each parameter.

2.3.2.1 Upper Nelson River - lower Nelson River

When compared to the BaySys results in Section 2.3.1.1, the compiled data set also
shows low median T'SS concentration between the outflow of Lake Winnipeg and Jenpeg GS
in the UNR compared to other regions (Figure 2.9b top panel). Sites in the lower reaches
of the UNR show slightly elevated T'SS concentration upstream of Kelsey GS compared to
the upstream portion of this region. In the LNR, TSS concentration is higher upstream of
Stephens Lake, and is lower between Stephens Lake and Limestone GS, where all generating
stations in the LNR are located. A slight step-wise increase in TSS occurs downstream of
Limestone GS and the confluence of the Angling River, a tributary ~100km upstream of
the Nelson River mouth. The lower reaches of the LNR show another step-wise increase in

TSS concentration in the length of river ~60 km upstream of the Nelson River mouth.
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Particulate OM in the Nelson River System 2.3 Results

As observed in BaySys results, the compiled data set shows a high proportion of SuspOC
in TSS in the UNR between the outflow of Lake Winnipeg and Jenpeg GS (Figure 2.9b
middle panel). Sites near Kelsey GS in the lower reaches of the UNR also exhibit high %
SuspOC of TSS. In the LNR, % SuspOC of TSS is generally low and only increases at point
locations near the Limestone GS and in the lower reaches within the length of river ~60 km

upstream of the Nelson River mouth.

When compared to BaySys results, the compiled data set also shows molar C/N ra-
tios in the UNR predominantly in the lacustrine algae source range (4 - 10) (Figure 2.9b
bottom panel). Median (interquartile range) ratios range between 5.5 and 8.1 (7.4 to 8.6)
at sites except Kelsey GS, at which C/N values fall within the SOM range with a median
(interquartile range) ratio of 10.8 (9.3 to 11.8). In the LNR, molar C/N ratios at most sites
are within the lacustrine algae source range. Point locations upstream of Stephens Lake,
downstream of the Limestone GS, and in the lower reaches of the Nelson River exhibit

molar C/N ratios typical of both SOM and lacustrine algae source ranges.

2.3.2.2 Rat-Burntwood River

Similar to BaySys results in the Section 2.3.1.2, TSS concentration is low in the RBR
between Notigi Lake and Wuskwatim GS (Figure 2.10b top panel). The compiled data
set also shows a large step-wise increase in T'SS between Wuskwatim GS and the inflow of
Split Lake, with concentrations comparatively higher than all other regions of the study

area.

The compiled data set shows a higher % SuspOC of TSS in the upper reaches of the
RBR compared to the length of river between Wuskwatim GS and the inflow of Split Lake
(Figure 2.10b middle panel). These step-wise changes are also observed in the BaySys

data.
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In the RBR, molar C/N ratios are within both the lacustrine algae source (4 - 10)
and SOM source (8 - 15) ranges (Figure 2.10b bottom panel). Upstream and immediately
downstream of Wuskwatim GS, median (interquartile range) ratios range between 7.5 (7.1
to 7.9) and 7.8 (7.2 to 8.5), indicative of lacustrine algae sources. Between the city of
Thompson and the inflow to Split Lake, most sites fall within the SOM source range with
median ratios range between 9.4 (7.4 to 9.9) and 11.4 (10.5 to 12.4).

2.3.2.3 Regional analysis

Results from the BaySys program show a distinct regional and longitudinal difference in
water quality parameters and particulate OM sources among the three regions of the Nelson
River system. Sample site density is greatly improved with addition of results from other
monitoring programs, and therefore a comparison is made in this section using the compiled
data set to see if results observed from the BaySys program are supported by the addition
of data from other monitoring programs. Because each program occurred over the course
of many years under different climatic and discharge conditions, regional analysis of the
compiled data set will only include standardized values of each water quality parameter.
Therefore, differences or similarities between or within regions are based on visual plots
instead of quantitative values. To address the time span over which of monitoring programs
operated in the study area, the temporal analysis of water quality parameters is explored

in Section 2.4.2.

When comparing each parameter by region using the compiled data set, the results
are similar to those from the BaySys program. TSS concentration is highest in the RBR,
lowest in the UNR, and at a mid range between the two contributing catchments in the LNR
(Figure 2.11a). The UNR exhibits the highest % SuspOC of TSS compared to all other

regions, whereas the % SuspOC of TSS is lowest in the RBR. Similar to TSS concentration,
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the LNR varies in % SuspOC of TSS with values at a mid-range between the upstream
catchments. Molar C/N ratios in each region are similar to those defined in the BaySys
program but have shifted slightly due to the addition of key sites that show variation in
OM sources compared to the rest of the region. Particulate OM in the UNR is dominantly
sourced from lacustrine algae with a median (interquartile range) regional ratio of 8.09
(7.43 t0 9.92). However, molar C/N ratios in the BaySys results are lower that those from
the compiled data set in the UNR due to the addition of samples from the Kelsey GS,
which contained OM sourced from SOM (Figure 2.10b bottom panel). The RBR exhibits
a median molar C/N ratio of 8.79 (7.42 to 10.83), indicating a dominant SOM source.
Notably lower C/N ratios are observed in the LNR with a regional C/N ratio of 7.39 (6.49
to 8.50) indicative of a dominantly lacustrine algae source. This region exhibits outliers
with much higher ratios (in the range of SOM and terrestrial land plants) and since many
of the samples from the LNR in the compiled data set were collected at generating stations
using reservoir water from intake lines, it is likely these samples contain OM sourced from

algal activity in the reservoir, lowering the median regional C/N ratio.
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Fig. 2.11: Regional median and quartile summary boxplots of water quality parameters for all monitoring
programs. 2.11a: Standardized TSS concentration in mg L ~! by study area region. 2.11b: Standardized
% SuspOC of TSS by study area region. 2.11c: Molar C/N ratios by study area region.
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2.4 Discussion

2.4.1 Drivers of longitudinal variability in the Nelson River system

Results from the BaySys program, supplemented by compiled results from other mon-
itoring programs, show distinct regional and longitudinal differences in water quality pa-
rameters and particulate OM sources between all three regions of the Nelson River system.
These can be explained by past or ongoing physical and chemical processes occurring within

each region of the study area.

2.4.1.1 Upper Nelson River

Among the three regions examined, the UNR stands out as having the lowest TSS
concentration, highest proportion of SuspOC in TSS, and C/N ratios within the lacustrine
algae source range (Figure 2.5b). Based on this bulk characterization and the location
of BaySys sites, it is likely that particulate OM in sampled riverine waters of the UNR
is heavily influenced by algal activity in Lake Winnipeg (~150km upstream), which has
seen increased algal productivity in the lake as a whole since the 1990s (McCullough et
al., 2012; Lake Winnipeg Stewardship Board, 2007). The upper reaches of the UNR has
also seen increased bank instability, slumping, and erosion in the outlet lakes region® of
Lake Winnipeg (e.g. on the north shore of Lake Winnipeg, in the newly constructed outlet
channels, and in Playgreen Lake). This comes as a result of Lake Winnipeg Regulation
from 1970-1976 (Baker & Davies, 1989, 1991; Environment Canada and Department of
Fisheries and Oceans, 1992c¢). Although banks in these regions are still actively contributing
suspended sediment to the system, a recent sediment fingerprinting study investigating

water quality at Norway House determined that most of the total suspended sediment in

2Qutlet Lakes Region Waterbodies: Playgreen Lake, Little Playgreen Lake, Kiskittogisu Lake, Kiskitto
Lake, and the Nelson River above Jenpeg GS
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the main-stem Nelson River downstream of Lake Winnipeg is sourced from the natural
outlet (Theroux, 2017). The relatively low TSS concentrations, as well as high % SuspOC
of TSS and C/N ratios that lie within the lacustrine algae range at BaySys UNR sites, align
well with these findings and suggest that suspended sediment generated by erosive processes

in the outlet lakes region of the UNR is deposited relatively proximal to its source.

Samples from other monitoring programs provide improved coverage of various lengths
of the UNR, particularly at and just upstream of the Kelsey GS. These sites show low TSS
concentration and high % SuspOC of TSS similar to the BaySys sites, but higher C/N
ratios (in the SOM source range) compared to the upper reaches of the UNR where ratios

are dominantly in the lacustrine algae source range.

2.4.1.2 Rat-Burntwood River

Within areas of the RBR sampled during the BaySys program, the influence of several
sources and processes is observed. In the upper reaches of the RBR at Notigi Lake (site
BR6), TSS concentration is low, % SuspOC in TSS is high, and C/N ratios are typical
of SOM sources (Figure 2.6b). Conditions in this section of the RBR are very different
from those downstream. Notigi Lake was transformed into a hydroelectric reservoir and
major sediment sink for diverted Churchill River waters from Southern Indian Lake in 1976
(Northwest Hydraulic Consultants Ltd., 1987). The construction of the Notigi CS expanded
the lake from 15.1 km? to 584 km? and in the process flooded upstream wetlands (Newbury et
al., 1984; Environment Canada and Department of Fisheries and Oceans, 1992b). Based on
water quality results and wave-driven shoreline erosion observed during field investigations
in 2016, Notigi Lake acts as a sink for sediments. T'SS concentrations are low, and, based
on % SuspOC and C/N ratios, the lake is subjected to the ongoing addition of terrestrial

OM sources since the reservoir was created.
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Between Wuskwatim GS and Split Lake, TSS concentration is high whereas % Sus-
pOC in TSS is low and nearly the same at all sites. Therefore, it is likely any change to
TSS concentration in this portion of the RBR is due to an increased input of mineral sed-
iment. As a result of the Churchill River Diversion, increased discharge (10 times natural
discharge rates) to the RBR had a generally destabilizing effect on lake shores and river
banks in the region as a whole (Northwest Hydraulic Consultants Ltd., 1988). Kellerhals
Engineering Services Ltd. (1987), Kellerhals Engineering Services Ltd. (1988), Northwest
Hydraulic Consultants Ltd. (1988), and Manitoba Hydro (1991) all reported numerous
sites of increased bank erosion in the RBR between Thompson and Split Lake, especially at
bedrock-bound rapids. Recent air photo and erosion monitoring studies also indicate that
shoreline erosion continues to persist throughout the region (Manitoba Hydro, 2015). At
First Rapids on the RBR, upstream of the confluence of the Odei River, river banks have
been eroded due to ongoing permafrost degradation (Manitoba Hydro, 1991). Although
this section of river was not visited during 2016/2017 field investigations or sampled during
this study, bank erosion in some capacity (sloughing, slumping, wave action, or complete
bank failure) was observed at all other RBR sites (Figure 2.12a and 2.12b). Based on TSS
concentration in this section of the RBR, it is reasonable to conclude that river bank ero-
sion is an ongoing issue. The high suspended sediment load in the RBR is notably different
from that of the UNR, and is easily visible in aerial images (Figure 2.13a) where a light
brown-coloured plume extends from the RBR mouth along the northern margins of Split
Lake. Furthermore, C/N ratios in this section of the RBR predominantly fall within the
SOM source range. This aligns well with processes such as bank slumping or failure that
would allow for the addition of SOM which were observed both during field investigations in
2016/2017, and reported on by workers (Kellerhals Engineering Services Ltd., 1987, 1988;

Northwest Hydraulic Consultants Ltd., 1988; Manitoba Hydro, 1991).

Destabilization of banks due to permafrost degradation has been observed in many
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(b)

(c)

Fig. 2.12: Field images of river bank morphology in the RBR and LNR. 2.12a: Scalloped erosion of fine
sand- to silt/clay-sized overbank deposits at site BR1. 2.12b: Erosion (sloughing and bank failure) of
river bank comprised of vegetated till deposits on top of bedrock at Site BR2. 2.12¢: South bank of the
LNR at site NR1 showing terrestrial material falling from the top of ~25 m high bluffs (incised glacial
deposits). Erosion site locations are shown in Figure 2.2.
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P \.\\ )
Odei River Kettle River

(b)

Fig. 2.13: Aerial images (sourced from Google Earth on September 15, 2018) from the study area showing
contrasts in suspended load between water bodies. 2.13a: Aerial image showing the convergence of the
RBR and UNR into Split Lake. Turbid water from the RBR is light brown, whereas water from the UNR
is light green-blue. 2.13b: Confluence of the Odei River into the RBR. 2.13c: Kettle River flowing into
the LNR.
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localities in the RBR (Greg McCullough, personal communication, September 2018). Due to
the prevalence of permafrost-affected glacial till surrounding many waterbodies in the Nelson
River system, shorelines of waterbodies altered by hydroelectric development can take years
to restabilize (Newbury & McCullough, 1984). Workers have observed visible lenses of ice
in clay banks at both Southern Indian Lake and Wuskwatim Lake that form soupy, readily
erodible material at their margins (Greg McCullough, personal communication, September
2018). Tributaries flowing to this region, such as the Odei River, notably exhibit high
particulate loads with dominantly SOM sources compared to tributaries in the LNR. This
suggests that permafrost degradation also affects water bodies unaffected by hydrological
alteration in the region, and therefore is likely exacerbated by processes related to both
anthropogenic and climatic changes to the river system, working in a positive feedback

loop.

Increased site density from the compiled data set confirms BaySys results throughout
the RBR in general, where TSS is high, % SuspOC of TSS is low, and molar C/N ratios

mainly in the SOM source range (Figure 2.10b).

2.4.1.3 Lower Nelson River

In the LNR, TSS concentration is very high upstream of Stephens Lake at site NR6
compared to the rest of the region (Figure 2.5b). Low % SuspOC in TSS, and a C/N ratio
typical of SOM at this site indicates that higher T'SS concentration upstream of Stephens
Lake is due to either increased upstream or local mineral sediment sources. This could be
linked to several natural rapids that are present in this stretch of the river, since as seen in

the RBR, these sites are particularly susceptible to bank destabilization.

Downstream of the inflow of Stephens Lake, TSS concentration and % SuspOC in TSS

remain relatively uniform, but sources of carbon vary in composition in relation to water-
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body morphology. This section of the LNR contains three hydroelectric dams separated
by an expansive reservoir, and lengths of river that have been impounded into dam fore-
bays. Natural river banks are present downstream of the Limestone GS. In Stephens Lake,
the range in molar C/N ratios can be explained by its current and historical morphol-
ogy. Stephens Lake was created by flooding over 220km? of land upstream of the Kettle
GS to form a hydroelectric power reservoir with water levels ~31.5m higher than natu-
ral conditions (North/South Consultants Inc., 2012). Particulate OM in Stephens Lake is
sourced from both lacustrine algae and SOM. As a large reservoir, it supports algal growth
and activity but due to its history as an impounded waterbody, it also receives terrestrial
OM as a result of shoreline erosion and peatland disintegration. Cosford et al. (2013) and
J.D. Mollard and Associated (2010) Limited (2009) characterized nearshore sedimentation
processes in Stephens Lake since its impoundment and described a complex sedimentation
history that typically occurs in three phases: 1) erosion and deposition of poorly sorted
detrital organic material such as peat, soil, and forest floor, 2) erosion and deposition of
both organic- and mineral-rich sediment, and 3) erosion and deposition of predominantly
mineral sediment. Although slowed, many of these processes still occur at Stephens Lake.
Banks on the south shore of Stephens Lake containing buried layers of organic soil were
seen slumping and sloughing into the water during 2016,/2017 fieldwork, transferring both

mineral sediment and organic material from the banks into the waterbody.

Downstream of Stephens Lake, particulate matter at all sites exhibits near uniform
characteristics, except site NR3, which is similar to tributaries flowing into the LNR. Sam-
ples at NR3 were collected on the Nelson River downstream of a tributary confluence, and
are evidently influenced by tributary waters based on TSS concentration, % SuspOC and
C/N ratio. C/N ratios at sites NR2 and NR1 are lower than what would be expected for
riverine sites, but could be explained by increased algal productivity in the Limestone GS

forebay.
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The compiled data set from previous programs adds many sites in the lower reaches of
the LNR, downstream of BaySys sites. In the lower ~100km of the LNR, water quality
parameter characteristics are variable. TSS concentration and % SuspOC of TSS fluctuate
depending on the site. These parameters were explored as part of a Nelson River estuary
study by Baker et al. (1993) which determined that TSS concentration showed a step-wise
increase to Port Nelson, whereas particulate carbon generally decreased over the same area.
This aligns somewhat with the results of the compiled data set since TSS in this portion
of the river is generally higher than near the generating stations. Variation in % SuspOC
of TSS within this region could be correlated either to changes to SuspOC concentration
or to the mineral component of suspended sediment at these sites. Which one it is remains
unclear since this region was not sampled during this study. High bluffs (up to ~ 30m)
of glacial material were observed in the lower reaches of the LNR (Figure 2.12c), therefore
changes to particulate concentrations and C/N ratios could result from slumping or failure
of banks comprised of large volumes of inorganic sediment, or those associated with peatland
degradation. Relict OC sources from glaciomarine sediments are another potential source
in this region. Molar C/N ratios in the lower reaches of the LNR fall within the SOM source
range, which could be linked to tributaries flowing from peatlands in the LNR catchment.
Proximal to the river mouth, particulate matter shows algal source ratios that could be

influenced by algal productivity in the Nelson River estuary.

2.4.1.4 Tributaries

Particulate matter characteristics in tributaries in the study area vary depending on
the region through which they flow. The Odei River in the RBR has much higher TSS and
much lower % SuspOC of TSS than tributaries flowing into the LNR (Figure 2.6b, 2.13b,
2.13c¢). Since all tributaries have molar C/N ratios typical of SOM sources, it is likely that

low % SuspOC of TSS observed in the Odei River is not due to a lack of particulate OC
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but instead a surplus of suspended mineral sediment (Figure 2.13b); potential causes of
this surplus in particulate matter are discussed in Section 2.4.1.2. The Assean, Kettle, and
Limestone rivers in the LNR region all have low TSS concentration and high % SuspOC of

TSS, probably because they drain vast areas of peatlands (Figure 2.13c).

2.4.2 Temporal analysis of suspended particulate matter in the Nelson

River system

Although longitudinal changes to water quality parameters exist and particulate OM
sources can be distinguished between regions of the study area, sampling programs included
in the compiled data set span ~30 years and therefore provide an opportunity to investigate
temporal changes within the study area. Over this time period, there have been significant
changes in mean annual discharge in the some regions (Figure 2.14a). In the UNR and LNR,
there is a distinct change in the range of annual discharge rate from ~1200 —3000m?s~! in
the mid 1990s to ~2300 —5000m?s~! in the early 2000s (Environment and Climate Change
Canada, 2018e, 2018d). The RBR in contrast has had a near constant discharge rate,
around 1000 m?s~! since the Churchill River Diversion in the late 1970s (Environment and
Climate Change Canada, 2018f). Mean annual temperature in all regions is low (—2.66 °C)
in the time period during which FEMP, MEMP and the Baker monitoring programs were
implemented (1987 to 1993), and relatively higher (—1.72°C) in the time period of the

remaining monitoring programs (2005 to 2017) (Figure 2.14b) (Environment and Climate
Change Canada, 2018a, 2018b, 2018c¢).

Even though discharge typically affects fluxes and transport of particulate matter, lin-
ear regression models between daily mean discharge and instantaneous T'SS and SuspOC
concentration at each hydrometric station are not significantly correlated (Figures 2.15a

and 2.15b). No statistical relationship exists between these parameters that can be used
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Fig. 2.14: Annual mean discharge and temperature by region of the study area and time periods of each
sampling program (Kelsey: UNR, Thompson: RBR, Long Spruce: LNR). 2.14a: Annual mean discharge
since 1961 (Environment and Climate Change Canada, 2018d, 2018e, 2018f). 2.14b: Annual mean
temperature since 1975 (Environment and Climate Change Canada, 2018a, 2018b, 2018c).

to adjust for the influence of discharge on parameter concentrations over the sampling pe-

riod. Therefore, the effect of discharge on concentration will only be discussed from the

perspective of other processes associated with higher or lower discharge rates.

To investigate and summarize temporal variability using raw data from the compiled
data set, ”dry/cool” (1987 to 1993) and ”wet/warm” (2005 to 2017) time periods were
designated and compared for all three regions (UNR, RBR, and LNR). Data from the UNR
and LNR are graphically summarized by climate period. Parameters from the RBR were
plotted year by year because there were generally fewer samples collected between climate
periods and discharge in this region varies less compared to the UNR and LNR. ANOVA
tests were applied to a log-normalized version of the compiled data set to see if statistically

significant differences between each parameter arise between climate periods.
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Fig. 2.15: Relationship between discharge and water quality parameters, lines show general trends for
each station, but are not statistically significant relationships. 2.15a: Relationship between the natural
log of mean monthly discharge (m?®s~!) and TSS concentration (mgL~!). 2.15b: Relationship between
the natural log of mean monthly discharge (m3s~!) and SuspOC concentration (mgL~1).

2.4.2.1 Temporal changes to particulate matter in all regions

All regions varied in mean summer discharge rates between climate periods, but some
changes in discharge are considerably larger than others. In the UNR and LNR, median dis-
charge approximately doubled between the dry/cool and wet/warm time periods increasing
from 1190 m?®s™! to 3410m3s~! and from 2280m?s~! to 4440 m3s~! respectively (Figure
2.16a). Mean summer discharge in the RBR generally decreased over time within a range
between 548 m3s~! and 1090 m?3s~! but did not change as drastically as in the UNR and

LNR (Figure 2.17a).
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Fig. 2.16: Median and quartile boxplots summarizing discharge and water quality parameters from all
sampling programs in the UNR and LNR between climate periods. 2.16a: Mean summer season discharge
(m3s™1). 2.16b: TSS concentration (mgL~'). 2.16¢: % SuspOC of TSS. 2.16d: Molar C/N.
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Fig. 2.17: Median and quartile boxplots summarizing water quality parameters from all sampling pro-
grams in the RBR between 1986 and 2017. Note the break in time between the late 1990s and early
2000s defined by the vertical black line. 2.17a: Mean summer season discharge (m?®s~1!). 2.17b: TSS
(mgL™1). 2.17c: SuspOC concentration (mgL~!). 2.17d: Molar C/N.

Statistically significant differences between time periods were observed in water quality
parameters in each region (Figure 2.16 and 2.17). TSS concentration increased significantly
in the RBR and LNR, whereas the proportion of SuspOC in TSS dropped in both the RBR
and LNR, but rose significantly in the UNR. SuspOC concentration in the RBR increased

significantly even though % SuspOC of TSS decreased between time periods. Molar C/N
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ratios only saw significant differences in the UNR, where they decreased between time

periods.

Median TSS concentration in the RBR was ~17.0 mg L™! between 1987-1989, but shows
more variation between 2009-2017 with median (interquartile range) values ranging from
11.6mgL~! (10.2mg L' to 13.0mgL~!) to 23.0mg L~! (20.5mgL~! to 24.0mgL~!) (Fig-
ure 2.17b). Figure 2.15a shows a negative relationship between discharge and TSS con-
centration although it is not statistically significant. An ANOVA test revealed TSS con-
centration is significantly higher (f = 17.9, p <0.05, n = 95) in later years (2016-2017)
even though discharge is generally lower. Since the same length of the RBR was sampled
during both time periods, and the analytical methods used to measure TSS concentration
are the same for all programs, it is reasonable to infer that median T'SS concentration has
in fact increased over time in the RBR in spite of an apparent decrease in annual discharge.
The high concentration of suspended solids in river waters of the RBR is therefore likely
linked, as previously postulated, to erosive processes that do not depend on river discharge
or reservoir water level but rather to independent environmental variables such as bank

slumping/sloughing/failure and permafrost degradation.

A significant (f = 24.17, p <0.05, n = 170) increase in TSS concentration is observed
between time periods in the LNR with median concentrations rising from 10.0mgL~!
(9.0mgL~! to 12.0mgL™!) to 14.25mgL~! (11.0mgL~! to 19.6 mgL~!) (Figure 2.16b).
Since no significant change to T'SS concentration was observed in the UNR, it stands to rea-
son that the increase in T'SS can be linked to either added input from the RBR system that
has seen rising T'SS concentration over time, or proximal processes in the LNR providing

more particulate matter input to this region.

A significant change between climate periods in the UNR is observed in the proportion

of SuspOC in TSS. A statistically significant (f = 26.21, p <0.05, n = 80) rise from 6.0 %
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(4.5% to 7.2%) to 10.1% (9.3 % to 17.3 %) can possibly be linked to the increase in algal
productivity in Lake Winnipeg as a whole during the late 1990s (McCullough et al., 2012)
(Figure 2.16¢). In the RBR, % SuspOC of TSS shows a statistically significant (f = 5.295,
p = 0.02, n = 93) decrease from ~3% to less than 3 %. SuspOC concentration, however,
increased between time periods (Figure 2.17¢), therefore a decrease in % SuspOC of TSS
indicates that TSS includes a higher proportion of mineral sediment in the later time pe-
riod. In the LNR, the median % SuspOC of TSS is significantly different (f = 21.83, p
<0.05, n = 109) between between climatic periods, dropping from 4.6 % (3.9 % to 5.5 %) to
2.8% (2.4% to 3.4%) (Figure 2.16¢). Although % SuspOC is lower during the wet/warm
(2005-2017) time period, TSS concentration increased, indicating that the decrease in %
SuspOC is likely linked to an addition of mineral sediment, not necessarily by a decrease
in organic loading. Median SuspOC concentration in the RBR is below 0.5mgL~! in the
dry/cool time period, but is higher in wet/warm time period with median values up to
0.6mgL™! (0.5mgL~! to 0.7mgL~!) (Figure 2.17c). Like TSS, Figure 2.15b shows an
apparent, although not statistically significant, relationship between instantaneous SuspOC
concentration and discharge. This relationship appears to occur over time in the RBR as
well. An ANOVA test revealed that SuspOC concentration is significantly higher (f = 11.4,
p <0.05, n = 93) in later years even though discharge is generally lower. As with TSS, the
increase in SuspOC concentration could also be linked to erosive processes independent of

discharge and water level that deliver terrestrial OM into river waters of the RBR.

Median molar C/N ratios in the UNR decrease significantly (f = 10.64, p <0.05, n =
80) from 8.3 (7.5 to 10.4) in 1987-1993 to 7.2 (5.5 to 8.0) in 2005-2017 (Figure 2.16d). This,
paired with the increase in % SuspOC between climatic periods, indicates an increasing
dominance of lacustrine algae source of particulate OM in the UNR as a result of algal
productivity in Lake Winnipeg. No statistically significant difference in C/N ratios exists

between time periods in the RBR and LNR indicating that sources to particulate OM in
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these regions have not changed significantly over time (Figure 2.16d and 2.17d).

In summary, the UNR saw an increase in discharge between climatic periods and sta-
tistically significant changes to % SuspOC of TSS and C/N ratios. The dominant source
of particulate OM in the UNR was lacustrine algae in both climate periods. This is sup-
ported by an increase in algal productivity in Lake Winnipeg in the late 1990s that lowered
C/N ratios. TSS concentration did not significantly change between climate periods. A
relative decrease in discharge over time coupled with an increase in TSS and SuspOC con-
centration, and decrease in % SuspOC of TSS over time indicates that particulate matter
is likely entering the RBR system by erosive processes that occur independent of discharge
and water level fluctuations. Similar observations were made during BaySys field seasons
when active shoreline erosion was observed at sites BR1 and BR2 in the lower reaches
of the Rat-Burntwood River (Figure 2.12). Fine-grained (fine sand to silt and clay-sized)
overbank deposits are scalloped and slumping into the RBR immediately upstream of Split
Lake (Figure 2.12a) and farther upstream, surficial materials capped with vegetation were
observed cutting back toward the shoreline after being removed from bedrock shorelines
(Figure 2.12b). Molar C/N ratios remain nearly uniform over time, indicating that the
SOM source has not changed between sampling periods. Along with an increase in dis-
charge between dry/cool and wet/warm time periods in the LNR, a significant increase in
TSS concentration and decrease in % SuspOC of TSS occurred. It is tempting to relate an
increase in T'SS to the increase in discharge observed between time periods, but since these
parameters are not directly correlated, it is likely that higher concentrations of particulate
parameters are linked to higher erosion rates in both the RBR and LNR. Molar C/N ratios,
on the border of both SOM and lacustrine algae sources, are similar in both climate periods

indicating that source types in the LNR have not changed over time.
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2.4.2.2 Implication for sediment and organic matter supply to Hudson Bay

Mean summer season fluxes were calculated at Longspruce GS in the LNR using con-
centrations of TSS and SuspOC. Due to the lack of new data collected in the LNR, a
comparison can only be made between flux calculations in the dry/cool (1987-1993) time
period from this study and other particulate fluxes calculated at the Nelson River mouth in
recent years. Mean summer fluxes of TSS and SuspOC between 1987-1993 were 870 Gg yr—!
(n=10, se=96.6) and 39 Ggyr—! (n=10, se=4.9) respectively. RSW-Environment Illimite
Inc. (2014) calculated a TSS flux of ~1800Ggyr~!, whereas Godin (2014) reported an

annual SuspOC flux of 53 Ggyr—1.

Although it is not possible to directly compare mean
summer and annual fluxes, fluxes calculated with the compiled data set can inform upon
seasonal delivery of each particulate parameter. These flux rates indicate a likelihood that
the bulk of SuspOC is delivered from the Nelson River to Hudson Bay during the summer
months. TSS concentration, however, does not vary much between seasons indicating that

although in natural systems TSS concentration would be lower during winter months, this

does not appear to be the case in the Nelson River.

In the LNR, OM is derived from both lacustrine algae and SOM sources. The river
delivers OM to the coastal carbon cycle in Hudson Bay that is both labile and recalcitrant,
allowing for both the immediate and prolonged breakdown of terrestrial OM in the coastal

zone.

2.5 Conclusions

There are different controls on the amount and composition of particulate OM con-

tributing to the lower Nelson River from its upstream catchments.

The UNR represents a dominantly lacustrine source that has fairly low concentration of
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TSS with a high proportion of SuspOC that has increased over time as a result of increased
algal productivity in Lake Winnipeg. The RBR contributes dominantly mineral sediment
and OM associated with soils, as exemplified by high TSS concentration in the region that
have increased between sampling periods. The proportion of SuspOC in TSS is generally
low in the RBR even though there are abundant lakes on the river system. In the LNR,
the signals from the RBR and UNR become less distinct since the reservoirs around dams

dominate the trends associated with each contributing catchment.

Although the UNR delivers 75% of the flow to the LNR, lacustrine OM sourced from this
region does not persist downstream to the LNR. There are limitations to using compositional
tracers such as C/N ratios because they only deliver a bulk source representation and do
not account for mixed source signals. This makes it difficult to distinguish sources in the
LNR, however, the increase in TSS and increase in % SuspOC of TSS in the RBR over
time is represented by similar changes in the LNR. Further delineating the proportional
contributions of particulate OM from each system is the goal of the second objective of this

Masters thesis and will be explored further in Chapter 3.
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Chapter 3

Compound-Specific Stable Isotope
(CSSI) fingerprinting of particulate
organic matter in the Nelson River

system

3.1 Introduction

Rivers play a key role in the transport of sediment and organic matter (OM) from
the continental land mass to the world’s coastal zones (Battin et al., 2008; Aufdenkampe
et al., 2011; Bianchi, 2011). Particulate OM in rivers is sourced from allochthonous OM
(e.g. soil organic matter (SOM) and plant debris) and autochthonous in-stream OM (e.g.
macrophytes, algae, and phytoplankton) (Ittekkot & Laane, 1991). It can also be produced
in-situ by physico-chemical and biological processes acting on dissolved OM (Ittekkot &

Laane, 1991). Carbon is a major constituent of OM and the quantity and form of organic
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carbon (OC) derived from OM discharged by rivers influences its fate in coastal waters.
Organic carbon can undergo burial or be mineralized to dissolved inorganic carbon in the
coastal zone, which affects the pH and trophic status of coastal waters and how the coastal
ocean as a whole behaves as either a sink for CO» or as a source of CO4 to the atmosphere.
It is prudent to study OM sources in watersheds that contribute terrestrial OC to the
coastal zone as well as watershed processes that may affect the form and magnitude in
which OC is delivered to the ocean because estuarine zones and continental shelves have
recently been shown to be significant sources of CO3 to the atmosphere (Cole et al., 2007;

Cai, 2011).

Subarctic river basins typically sequester OC in perennially frozen soils and areas of
extensive peatlands and are particularly susceptible to processes that alter delivery of OC
to the coastal ocean. Increasing temperatures in subarctic drainage basins (Arctic Climate
Impact Assessment, 2005) and altered hydrology due to erosion and thawing of permafrost
(Romanovsky et al., 2017) could result in the mobilization of previously stored OC associ-
ated with SOM and peatlands into rivers (Guo et al., 2007; Gustafsson et al., 2011; Vonk
et al., 2013; Vonk & Gustafsson, 2013), and therefore contribute more OC to the coastal

carbon cycle.

The Nelson River is a subarctic river in Manitoba, Canada with a watershed exceeding
>1000000 km? and is the largest river discharging to Hudson Bay (Figure 3.1). It is a major
source of terrestrial OC to the costal zone (Godin et al., 2017) and its watershed comprises
physically distinct subcatchments that are all impacted by hydroelectric development as well
as anthropogenic-driven climatic change. Waters in the Nelson River system flow through
river channels, lake basins, and hydroelectric reservoirs, therefore, the mainstem of the river

exhibits longitudinal complexity.

The Nelson River system has been studied extensively by industry, government agen-
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Hudson
Bay

- Nelson River Drainage Basin
- Churchill River Drainage Basin

- Study Area

{ I

Fig. 3.1: Map showing the extent of the Nelson and Churchill River Drainage Basins in central Canada
and northern United States. Study area water bodies are outlined in black.

cies, and academic institutions since the beginning of hydroelectric development in the
region (Newbury et al., 1984; Newbury & McCullough, 1984; Hecky & McCullough, 1984;
Strange, 1990; Green, 1990; Environment Canada and Department of Fisheries and Oceans,
1992a, 1992¢, 1992b; Split Lake Cree and Manitoba Hydro, 1996; Déry et al., 2005; Kirk
& St. Louis, 2009; Kuzyk et al., 2009; North/South Consultants Inc., 2012; Coordinated
Aquatic Monitoring Program, 2014; RSW-Environment Illimite Inc., 2014; Manitoba Hy-
dro, 2015; Theroux, 2017; Duboc et al., 2017; Godin et al., 2017). Although many of these
programs measured parameters related to OM within the Nelson River system, and workers
like Godin et al. (2017) have calculated OC flux contributions from the Nelson River to
Hudson Bay, little work has been done to investigate terrestrial and in-stream OM sources
using compositional, biochemical, and isotopic tracers or to determine the extent that OM

sources from the watershed are transported downstream.
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In this work, Compound-Specific Stable Isotope (CSSI) analysis of fatty acids is used
on terrestrial and in-stream samples collected in 2016-2017 to identify and characterize OM
sources and quantify their relative contributions to downstream total suspended sediment
that ultimately enters into Hudson Bay. The biochemical and isotopic composition of OM
in the Nelson River system shows variation between region and substrate type, and these
characteristics are utilized to create Bayesian statistical unmixing model frameworks for use
in MixSTAR, an open-source R package. By using CSSI fingerprinting techniques that define
sources in downstream suspended sediment mixtures, and employing unmixing models to
determine the dominant sources of OM to downstream suspended sediment, we can obtain
insight into regions that may contribute more OM downstream to the coastal zone of Hudson

Bay and help define regions for future study.

3.1.1 Study area description

The Nelson River in Manitoba is the single largest river discharging to Hudson Bay, at a
mean annual rate (1987-2017) of 110km3yr—! (Environment and Climate Change Canada,
2018d, 2018e, 2018f). Its local watershed extends over 91 000 km? in north central Manitoba
to the southwest of Hudson Bay, and its >1000000km? drainage basin ranges as far as
Minnesota and South Dakota in the south, the Alberta in the west, and Ontario near Lake

Superior in the east (Figure 3.1).

As a result of hydrological alteration for hydroelectric power development, the lower
Nelson River (LNR) between Split Lake and Hudson Bay receives water primarily from
two physically distinct catchments: 1) the upper Nelson River (UNR), which is the natural
upstream portion of the Nelson River and 2) the Rat-Burntwood River (RBR) system,
which exhibits discharge considerably augmented from natural conditions due to cross-

watershed diversion. The study area encompasses the main stem waterbodies of these
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three regions, four associated tributaries, and the north basin of Lake Winnipeg (Figure
3.2). Since the inception of the Churchill River Diversion (CRD) project in the 1970s, the
RBR system (from Southern Indian Lake to Split Lake) transports diverted Churchill River
waters and supplies ~25% of total flow to the LNR, an approximate 10-fold increase from
pre-development levels. The remaining ~75% of total flow to the LNR is supplied by the
UNR between the outflow of Lake Winnipeg and Split Lake. These catchments differ in their
physical characteristics: the RBR drains the predominantly Precambrian Shield landscape
of the Churchill River basin, whereas the UNR drains the vast, agriculturally-developed
prairie landscape of the Lake Winnipeg watershed. River channels in all regions are either
bounded by bedrock or incised into glacial deposits. In the UNR and RBR, river channels
expand to flow through several natural lakes whereas in the LNR, the largest reservoirs
downstream of Split Lake (Stephens Lake and generating station forebays) occur as a result

of hydroelectric development.

Four terrestrial ecozones intersect at the study area: Boreal Plain, Boreal Shield, Hud-
son Plain, and Taiga Shield are distinguished by different types of soil, vegetation, wetland,
and permafrost. Although variation occurs between ecozones, vegetation throughout the
study area primarily consists of black spruce, jack pine, aspen, sphagnum, and willows
(Rosenberg et al., 2005). Permafrost in the study area underlies wetlands and upland forest
with sufficient overburden and becomes more prevalent towards Hudson Bay. In the UNR,
peat plateaus cover between 0.1 —10 % of the land surface whereas in the RBR this range
increases to between 20 —30 %; in the LNR peat plateaus cover between 20 —80 % of the
landscape whereas permafrost-dominated open permafrost bogs dominate the landscape
north of the Nelson River in the LNR near the western coast of Hudson Bay (Halsey et al.,
1997).
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3.2 Methods

3.2.1 Data collection

3.2.1.1 Sampling design and site characteristics

A total of 43 samples were collected from 21 sites in the study area during field work
completed in late July and early August of 2016 and 2017 (Figure 3.2). A combination
of terrestrial source and instream suspended sediment samples were collected at each site,
described in Table 3.1. Site coordinates are listed in Table B.2. Sites were selected based on
their accessibility by truck to accommodate generator-run pump and filtration equipment
used in collecting bulk suspended sediment samples, and to provide maximum site density
along the run of the river in each catchment. Sampling gaps exist in regions where the
main river channel is not accessible by truck, especially in the lower half of the UNR, lower

reaches of the LNR, and the Grass River catchment.

Previous studies involving CSSI fingerprinting typically linked potential sources of
downstream suspended sediment to differences in land-use and focused on farming ver-
sus naturally vegetated areas (Alewell et al., 2016; Upadhayay et al., 2017). In this study,
sources are distinguished either by geophysical differences between each catchment con-
tributing to downstream mixtures in the LNR or by differences in substrates that are as-
sociated with types of OM or OM transformation processes. Source samples were collected
from areas proximal to river channels and represent materials that could enter the system
under natural hydrological or erosional conditions. This study also utilizes upstream sus-
pended sediment samples as potential sources due to the many large lakes along the river
system. Suspended sediment samples (both those used as sources and downstream mix-
tures) in this study are operationally defined as suspended particulate matter, >1.0 pm in

size, in flowing channel waters or in lake water.
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Table 3.1: CSSI fingerprinting sample site characteristics for all catchments. UNR: upper Nelson River,
RBR: Rat-Burntwood River, LNR: lower Nelson River, P: peat, S: soil, Ba: river bank, Ss: suspended

sediment, Be: river bed sediment and T: tributary suspended sediment, GS: Generating Station.

Catchment  Site Sample(s) Site Description Vegetation
UNR NR7 Ss Site on north side of Nelson River Black spruce, poplar,
under Kichi Sipi Bridge, south of the sedge
Cross Lake townsite.
NRS S Site on west side of Nelson River at Black spruce, alder,
the Nelson House ferry crossing. sedge
22 Ss Site in the north basin of Lake Win- NA
nipeg, upstream of natural outflow.
2-mile Ss Site at outlet of 2-Mile Channel, en- NA
gineered outflow of Lake Winnipeg.
N809 P, Ba Site on north bank of Lake Win- Peat
nipeg north basin, north west of 2-
mile channel.
N850 P, Ba Site on north bank of Lake Win- Peat
nipeg north basin, north west of site
N809.
RBR BR1 Ba, Ss Site on north bank of the Burntwood Black spruce, poplar,
River just upstream of Split Lake. juniper, sphagnum
moss
BR2 Ba, Ss Located at boat launch on north Poplar, grasses, alder
bank of Burntwood River, south of
provincial road 280, downstream of
confluence of Odei and Burntwood
Rivers.
BR3 S, Ba, Site on north bank of Burntwood Black spruce, poplar,
Ss River beneath bridge in Thompson grasses, willow
on provincial road 391.
BR5 S, Ba, Located on north bank of Burnt- Black spruce, poplar,
Ss wood River downstream of Wuskwa-  juniper, sphagnum
tim GS. Special permission required moss
from Manitoba Hydro as site is ac-
cessed through private road.
BR6 Ss Site on south east shore of Notigi Birch, poplar, spruce

Lake at boat launch north west of
provincial road 391.

saplings, sphagnum
moss, labrador tea

continued ...
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... continued
Catchment  Site Sample(s) Site Description Vegetation

OR1 T Located on east bank of Odei River Black spruce, poplar,
upstream of large steel bridge on grasses, willow
provincial road 280, upstream on
confluence with Burntwood River.

LNR NR1 S, Ss, Be  Site on north side of Nelson River Alder, willow, grasses,
at Conawapa boat launch, 107km wildflowers
from river mouth. Special permis-
sion required from Manitoba Hydro
as site is accessed through Keewati-
nohk Converter Station work site.

NR2 Ss Located on north side of Nelson Black spruce, alder,
River near boat launch downstream sphagnum moss
of Limestone GS

NR3 Ss Site on south side of Nelson River Aspen, willow, alder,
downstream of Long Spruce GS at sapling spruce, grasses,
bridge over inflowing tributary. wildflowers

NR4 S, Ss Located on the south shore of Alder, willow, grasses
Stephens Lake upstream of Kettle
GS, accessed via Kettle work camp.

NR6 Ss Site on south side of Nelson River Black spruce, poplar,
upstream of Stephens Lake, across alder, sphagnum moss,
the river from the Keeyask GS con- labrador tea
struction site.

SpLl  Be Sediment core collection site 0.5km NA
southwest of the Split Lake townsite.

AR1 T Site on east bank of Assean River di- Black spruce, pine
rectly below steel bridge on provin- saplings, sphagnum
cial road 280 upstream on conflu- moss, labrador tea
ence with Burntwood River.

KR1 T Sampled from west culvert on north Black spruce, larch,
side of bridge over Kettle River on poplar, willow, sphag-
provincial road 280 ~3 km upstream  num moss, labrador
of LNR. tea

LR1 T Located on west bank of Limestone Black spruce, poplar,

River downstream of culvert bridge
on provincial road 290 ~1km up-
stream of LNR.

alder, sphagnum moss
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3.2.1.2 Sampling methods

Source materials collected for this study comprise peat, soils, river bank sediment, river
bed sediment, and upstream suspended sediment (sediment collection methods described
below). Peat, bank samples and bed sediment were collected by trowel or shovel into Whirl-
Pak® bags (Figure 3.3a). Soil samples were collected by digging test pits to ensure proper
separation between soil horizons and sampled by trowel or by hand into Whirl-Pak bags
(Figure 3.3b). Soil test pits are described in Table B.3. All source samples were kept cold
in coolers during field investigations and stored in refrigerators at the Centre for Earth

Observation Science at the University of Manitoba prior to sample preparation.

Bulk suspended sediment samples were collected with generator-powered submersible
pumps from <1.0m depth. Water was then filtered using a M512 centrifuge, which collects
particles >1.0 pm, or Pentek bag filter housings lined with 1.0 pm nominal pore size Pentair
BP-420-1 filter bags (Figure 3.3c and 3.3d). Pumps were installed in river and tributary
channels as far from the shoreline as allowed by safety protocols, typically between 1m
and 15m from shore, and raised off the river bed using cinder blocks to ensure consistent
sampling depth between sites. Lake Winnipeg suspended sediment samples at sites 22 and
2-mile Channel were collected by Ph.D candidate Masoud Goharrokhi in June of 2016 and

2017 aboard the MV Namao as a part of the Create-HoO program.

3.2.1.3 Sample preparation

Source samples were manually cleaned of larger organic and inorganic fragments (e.g.
wood, leaves, roots, and gravel-sized clasts), weighed, and frozen. Samples were then
dried using a Labconco® bench top freeze dry system and weighed again to determine
soil moisture percentage (Table B.4). Dried samples were hand ground by mortar and pes-

tle, passed through a 850 pm sieve to limit maximum particle size, and transferred into
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(d)

Fig. 3.3: Source and suspended sediment sampling in the Nelson River system. 3.3a: River bank
sediment at site BR1. Trowel for scale is ~ 25 cm long. 3.3b: Soil pit (~65 cm deep) at site NR4
showing buried soil horizon (between 40-50 cm). 3.3c: Submersible pump installation at site NR4. 3.3d:
Pentek bag filter housings connected to a generator-run submersible pump at site BR2.
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50 mL polypropylene Falcon® tubes sealed with Parafilm to exclude moisture.

Sediment was washed from 1.0 pm Pentair BPHE filter bags with deionized water into a
collection container and allowed to settle for 7-10 days. Water was incrementally siphoned
to achieve a volume of sediment and water less than 500 mL. and subsequently frozen and
freeze dried using a Labconco bench top freeze dry system. Centrifuge sediment samples
were also frozen and freeze dried. All suspended sediment samples were transferred into
50 mL polypropylene Falcon tubes and sealed with Parafilm to avoid moisture accumulation.
Samples were stored frozen until shipped to the University of Northern British Columbia

for analysis.

3.2.2 Laboratory analysis

Following sample preparation at the University of Manitoba, all laboratory analysis
for Compound-Specific Stable Isotope fingerprinting was completed at the University of
Northern British Columbia’s Northern Analytical Laboratory Services (NALS) in Prince

George, British Columbia by Ph.D. candidate Dominic Reiffarth.

3.2.2.1 Total organic carbon and bulk carbon isotope analysis

Freeze dried and sieved samples were pre-treated with HCI until no effervescence was
observed to remove inorganic carbon, dried, measured into tin capsules, and loaded into an
auto-sampler. Total percent OC and bulk carbon isotope ratios were measured using an
elemental analyzer coupled to an isotope ratio mass spectrometer (EA-IRMS). The standard
deviation for triplicate analyses of total OC ranged between 0.20 % and 1.71 %. Bulk stable
carbon isotope ratios were expressed as 62C values in per mil relative to the Vienna Pee

Dee Belemnite (VPDB) reference standard.
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3.2.2.2 Fatty acid extraction and carbon isotope measurement

Laboratory methods for fatty acid (FA) extraction and carbon isotope measurement of
individual FA chain lengths are outlined in detail by Reiffarth et al. (2018). A summary of

these methods is given below.

Freeze dried and sieved samples were sonicated using a Misonix S-4000 sonicator to
homogenize each sample. A 4:1 ratio of solvent to sample mass was used with a solvent
mixture that combined dichloromethane, hexanes, and methanol in a 9:7:1 ratio (solvent A).
Extraction of fatty acids using solvent A was performed using an automated Biichi E-916
pressurized solvent extractor or by soxhlet if samples were high in biofilms. A low-pressure
liquid chromatography pump was used with Michel-Miller filter columns with three types
of silica (basic, neutral, and acidic). Crude extracts were loaded after columns were con-
ditioned with 60% by volume dichloromethane and hexanes (solvent B) and subsequently
pumped though the system with solvent B. Fatty acids were remobilized using a mixture of
1% formic acid in solvent A with the fatty-acid-containing effluent then being evaporated to
dryness. Samples were derivitized to fatty acid methyl esters (FAME) using diazomethane
(CH3N32) as the methylating agent. Purified residue was combined in a vial with 0.5 mL to
1mL of CH3Nsg, swirled until homogenous, allowed to sit for at least 20 minutes, and then
evaporated to dryness using No. The level of detection and standard deviation for indi-
vidual chain lengths ranged between 2.21 ppm and 31.11 ppm, and 0.74 ppm and 20.37 ppm

respectively. The RSD for all chain lengths was <2 %.

Derivitized sample FAMESs were analyzed on a Varian GC-3800 with CP-8400 autosam-
pler equipped with a flame ionization detector to detect and quantify fatty acid concentra-
tion. Samples were analyzed for carbon isotope ratios (relative to VPDB) using a Delta
V Advantage continuous flow IRMS interfaced with a ConFlo IV, GCC(III) combustion

unit, and Agilent 6890A with A200S autosampler. Results were evaluated using methyl
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icosanoate standards purchased from Arndt Schimmelmann at Indiana University, USA as

well as standards produced in-lab.

3.2.3 Data processing

Following CSSI analysis, a tracer set comprising §'3C values of long-chain saturated
fatty acids (Cao-Cs2) was selected based on graphical/statistical tests and recommendations
from previous literature (Alewell et al., 2016; Reiffarth et al., 2016; Upadhayay, Smith, et al.,
2018). Bulk properties of samples in the CSSI data set was explored and used to designate
source and suspended sediment sediment samples and construct mixing model frameworks
for use in MixSIAR. The ability of each tracer to discriminate between sources in each model
framework were explored with a series of statistical tests and biplot analysis. All statistical
analysis and un-mixing modelling described in this section, as well as graphical methods
used to produce plots, were undertaken using R software (version 3.3.2, R Core Team, 2016)
using the following packages in the library: tidyverse (Wickham, 2017), gridextra (Auguie,
2017), klaR (Weihs, Ligges, Luebke, & Raabe, 2005), MASS (Venables & Ripley, 2002),
broom (Robinson et al., 2018), ggplot2 (Wickham, 2016), and MixSIAR (Stock & Semmens,
2016). All raw data are listed in Section B.4 (Tables B.4, B.5, B.6, and B.7).

MixSIAR is a flexible Bayesian statistics-based model framework created as an open-
source package for use in R software that uses mixing models and biotracer data to estimate
the proportions of source contributions to a mixture (Stock et al., 2018). It was originally
used by ecologists to study diet composition and animal movement (Stock & Semmens,
2016), but this "prey” and ”consumer” model framework can also be applied to upstream
sources (prey) to downstream suspended sediment (consumer) in watersheds by ”unmixing”
sources using biotracers present in the natural environment. Models are fit hierarchically in

the Bayesian framework of MixSTAR using a Markov Chain Monte Carlo (MCMC) method
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and can be modified to account for fixed and random effects, and uncertainty in sources
such as prior information and concentration dependency of isotope ratios (Parnell et al.,

2013; Stock & Semmens, 2016).

3.2.3.1 Biplot analysis

Biplots are often used in sediment fingerprinting as a preliminary visual technique to
ensure that each tracer can classify mixture data within the error range of each source type.
Two-dimensional scatter plots are created for each combination of tracers, and in the case
of CSSI fingerprinting, 62C values of sediment samples are plotted versus the mean + 1
standard deviation of each source group. This helps to constrain the most effective tracers
in the tracer group by eliminating biotracers that do not behave conservatively and/or

identifying sediments influenced by an unsampled source.

3.2.3.2 Statistical tests

Statistical tests were performed using the built-in R stats package in R software (R Core
Team, 2013) to explore the ability of each tracer to differentiate between sources. Shapiro-
Wilks normality tests were performed using the shapiro.test() fuction. Analysis of variance
(ANOVA) was calculated using the aov() function and Tukey’s HSD (Honest Significant
Difference) test was performed using the TukeyHSD() function. Principal component
analysis (PCA) was explored for each pooled model framework using the prcomp() function
and source loadings within each PCA were calculated using the tidy() function from the

broom package (Robinson et al., 2018).
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3.3 Results

3.3.1 Compound-Specific Stable Isotope (CSSI) analysis

Prior to the construction of mixing models, biochemical compositions and isotopic char-
acteristics of OM from all samples were visually /graphically explored based on properties of
individual fatty acids (FA weight % and §'3C values for tracers Cao-C3z) and bulk properties
(% OC and bulk §'3C) to determine major compositional differences. By investigating the
properties of individual FAs for all samples on the coarsest scale, only general FA charac-
teristics can be described. Even-numbered fatty acid chain lengths (Cag, Ca4, Cog, Cag, and
Csp) exhibit the highest weight % in each sample (Figure 3.4a), whereas the odd-numbered
FA lengths individually make up <5% of all samples by weight. Individual FAs show vari-
ation in their median 6'3C values for all samples, but cannot be readily distinguished from
each other with median 6'3C of ~—35%¢ (Figure 3.4b). More information can be gleaned

from the data set by categorizing samples.
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Fig. 3.4: Quantitative results from CSSI analysis on individual fatty acids from all samples. 3.4a:
Median and quartile values of fatty acid concentration (weight % in sample). 3.4b: Median and quartile
values of carbon isotope ratios (§13C (%) relative to VPDB). Box and whisker plots show median as line
and open circle, upper and lower hinges represent 75% and 25% quartile, upper and lower whiskers are
ymin and ymax, and black dots are outliers.
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3.3.1.1 Bulk properties and fatty acid composition

Compositional differences in both bulk properties and individual FAs are best high-
lighted by categorizing samples in the data set (Figure 3.5 and 3.6). To determine if there
are compositional differences between the various subcatchments delivering particulate OM
to downstream suspended sediment in the LNR, source samples were grouped spatially into
each subcatchment (UNR, RBR, and LNR) and tributaries. To further elucidate compo-
sitional variations within each region, source samples were also grouped by substrate type
that includes: peat, soil, river bank material, mainstem riverine and lacustrine suspended
sediment (here on referred to as suspended sediment), river bed material, and tributary
suspended sediment. Both regional and substrate categories were compared to suspended
sediment samples in the lower reaches of the LNR (downstream of Stephens Lake) that

represent the downstream mixture.

Examining bulk source properties, median % OC is highest in the UNR and lowest in
the RBR with mid-range values seen in tributaries, the LNR, and the suspended sediment
mixture (Figure 3.5a). With regard to substrate types in the whole study area, peat samples
contain the highest median proportion of OC whereas remaining substrate types contain
<10% OC with the most variation in % OC seen within soils (Figure 3.5¢). Tributaries
exhibit the lowest bulk §'3C values with a median value of —29.52 %o, whereas median
bulk §'3C values from samples in the UNR, RBR, LNR are all above —28.00 %0 (Figure
3.5b). A distinction between substrates was also observed where suspended sediment and
tributary suspended sediment show lower bulk §'3C signatures than all other substrates

(Figure 3.5d).

Samples from the UNR comprise peat, river bank material, soil, and suspended sedi-
ment samples and exhibit a median (interquartile range) of 5.65 % (3.14 % to 12.61 %) OC.

Variation in % OC in the UNR is attributed to the characteristics of each substrate. Peat
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Fig. 3.5: Bulk composition of all terrestrial and suspended sediment samples grouped both spatially and
by substrate. 3.5a: % OC by spatial region. 3.5b: Bulk 6'3C by spatial region. 3.5¢c: % OC by substrate
type. 3.5d: Bulk 6'3C by substrate type. Typical bulk §'3C ranges for soil OM, C3 land plants, and
lacustrine algae are shown in the background of Figures 3.5b and 3.5d. Note that soil OM and C3 land
plants are split in plot because these ranges overlap with one another. P: peat, S: soil, Ba: river bank,
Ss: suspended sediment, Be: river bed sediment, T: tributary suspended sediment, Ss-Mix: suspended
sediment downstream of Stephens Lake.
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samples in the UNR contain a much higher proportion of OC (up to 33 % OC) whereas soils,
bank material, and suspended sediment exhibit lower proportions (Figure 3.5¢). Median
bulk 613C in the UNR is —26.93 %o (Figure 3.5b) and most of the variation in this region is
explained by suspended sediment samples that show bulk 6'3C as low as —32.45 %o (Figure
3.5d).

From the RBR region, samples comprising soil, bank material and suspended sedi-
ment contain a median (interquartile range) of 2.66 % (0.58 % to 5.43 %) OC (Figure 3.5a).
Although median values are low, soil C-horizons and suspended sediment sources in this
region contain up to 14.10 % and 12.43 % OC respectively (Figure 3.5¢). Median bulk §'2C
of samples from the RBR is —26.83 %o (Figure 3.5b), but some samples such as suspended
sediment show bulk 6'3C as low as —30.33 %o (Figure 3.5d).

Tributary suspended sediment samples have a median (interquartile range) of 5.12%
(3.77% to 6.14 %) OC (Figure 3.5a). Suspended sediment from tributaries flowing into the
LNR (Assean River, Kettle River, and Limestone River) contain a higher proportion of OC
(between 4.11 % and 6.16 %) than the sole tributary sampled in the RBR system, the Odei
River (4.11%) (Figure 3.5¢). Median bulk §'3C in tributary samples is —29.52 %o (Figure
3.5b). The Limestone River exhibits the lowest bulk §'3C of —30.59 %0, however tributaries

do not show as much variation as other regions (Figure 3.5b).

Samples from the LNR comprise soil, suspended sediment, and river bed material sam-
ples and have a median (interquartile range) of 3.41 % (1.11 % to 22.00 %) OC (Figure 3.5a).
A large variation in % OC in the LNR is attributed to a high proportion of OC in both
A and C soil horizons (between 14.57 % to 42.62% OC) and suspended sediment (up to
38.25% OC) (Figure 3.5¢). Other soil horizons and bed material, however, contain a lower
proportion of OC. Median bulk §'3C of samples from the LNR is —27.38 %o (Figure 3.5b)

and although little variation is observed in this region, soil sources exhibit slightly higher
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bulk §3C (up to —28.72 %) (Figure 3.5d).

Suspended sediment samples assigned as the downstream mixture were collected from
three sites (NR1, NR2, and NR3) in the LNR and have a median (interquartile range)
of 6.78% (5.46% to 6.94%) OC (Figure 3.5a and 3.5c). Median bulk §'3C of mixture
samples is —27.15 %o with an interquartile range from —28.97 %o to —26.59 %o (Figure 3.5b
and 3.5d).

Individual FA lengths from all samples were also categorized by region and substrate to
evaluate their proportion within samples and their isotopic composition (Figure 3.6). When
grouped both by region and substrate, even chain length FAs (Cag, Cayg, Cag, Cag, and Csp)

comprise the highest proportion of sample weight.

When grouped by region, samples from the UNR contain higher concentrations of Cas,
Cay, Cog, and Cag FA chain lengths (medians 6.32 wt% to 9.46 wt%) compared to other FA
chain lengths, which contribute less than 5wt% (Figure 3.6a). Median 6'3C of individual
FAs in the UNR range from —34.90% to —33.12 %0 except for Cos, Co7, Cog, and Cso
that exhibit 6'3C values below —35.0 %0 (Figure 3.6c). RBR samples also contain higher
concentrations of Cag, Cayg, Cag, and Cog FA chain lengths (medians 6.73 wt% to 11.04 wt%)
compared to other FA chain lengths, which contribute less than 5 wt% (Figure 3.6a). Median
§13C of individual FAs range from —34.92 %o to —33.15 %0 except for Ca7, Cag, and Csg
that exhibit 6'3C values below —35.0 %0 (Figure 3.6c). Tributary samples contain higher
concentrations of Cag, Cog, Cag, Cag, and Csyp FA chain lengths (medians 5.68 wt% to
12.70 wt%) compared to other FA chain lengths, which contribute less than 5wt% (Figure
3.6a). Median §'3C of individual FAs are lower than other source regions and range from
—37.06 %0 to —35.04 %o except for Coy and Cag which exhibit ¢'3C values above —35.0 %o
(Figure 3.6c). LNR samples also contain higher concentrations of Cag, Cag, Cag, Cag, and

Cso FA chain lengths (medians 5.38 wt% to 13.61 wt%) compared to other FA chain lengths,
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Fig. 3.6: Median and quartile values for bulk concentration and composition of terrestrial and suspended
sediment samples for each fatty acid tracer grouped both spatially and by substrate. 3.6a: Fatty acid
concentration (weight % in sample) by spatial region. 3.6b: Fatty acid concentration (weight % in
sample) by substrate. 3.6c: Carbon isotope ratios (6'3C in permil) by spatial region. 3.6d: Carbon
isotope ratios (§13C in permil) by substrate. P: peat, S: soil, Ba: river bank, Ss: suspended sediment,
Be: river bed sediment, T: tributary suspended sediment, SS-Mix: suspended sediment downstream of
Stephens Lake.
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Fig. 3.6: Median and quartile values for bulk concentration and composition of terrestrial and suspended
sediment samples for each fatty acid tracer grouped both spatially and by substrate. 3.6a: Fatty acid
concentration (weight % in sample) by spatial region. 3.6b: Fatty acid concentration (weight % in
sample) by substrate. 3.6c: Carbon isotope ratios (6'3C in permil) by spatial region. 3.6d: Carbon
isotope ratios (§13C in permil) by substrate. P: peat, S: soil, Ba: river bank, Ss: suspended sediment,
Be: river bed sediment, T: tributary suspended sediment, SS-Mix: suspended sediment downstream of
Stephens Lake.
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which contribute less than 5 wt% (Figure 3.6a). Median 6'3C of individual FAs range from
—34.95 %o to —32.56 %o except for Cos which exhibits §13C values below —35.0 %0 (Figure
3.6¢). Sediment mixtures contain higher concentrations of Cag, Cayq, Cag, and Cgp FA
chain lengths (medians 2.17 wt% to 6.97 wt%) compared to other FA chain lengths, which
contribute less than 2wt% (Figure 3.6a and 3.6b). For individual FAs Cag, Ca3, Cay, Cog,
and Csz, median 6'3C values range from —34.20 %o to —32.32 %0 and the remaining FAs
exhibit 6'3C values below —35 %0 with a range from —36.43 %o to —35.24 %o (Figure 3.6c
and 3.6d).

When grouped by substrate, peat sources contain substantially higher concentrations
of Cgg and Cgq FA chain lengths (medians 20.19 wt% and 18.60 wt% respectively) compared
to other FA chain lengths, which contribute less than 8wt% (Figure 3.6b). Median 6'3C
of individual FAs range from —33.69 %o to —30.72 %o except for Coy that exhibits a median
§13C value of —29.93 %o (Figure 3.6d). Soils contain a higher proportion of Cag, Cag, Cag,
and Cgg FA chain lengths (medians 8.41 wt% to 15.27 wt%) compared to other FA chain
lengths, which contribute less than 7wt% (Figure 3.6b). Median 6'3C of individual FAs
range from —34.84 %o to —32.01 %o except for Cas, Ca7, and Cag which are lower with §'3C
values below —35.00 %0 (Figure 3.6d). Bank samples contain higher proportions of Cag,
Cayg, Cag, Cos and Cgp FA chain lengths (medians 8.34 wt% to 10.27 wt%) compared to
other FA chain lengths, which contribute less than 4 wt% (Figure 3.6b). Median §'3C of
individual FAs range from —34.85 %o to —30.43 %o except for Cag and Coy with §'3C values
above —30.00 %o (Figure 3.6d). Compared to other substrates, suspended sediment samples
contain lower concentrations of long chain fatty acids, but still show elevated concentrations
of Cag, Ca4, and Cyg FAs (medians 5.30 wt% to 5.86 wt%) compared to other FA chain
lengths, which contribute less than 5wt% (Figure 3.6b). Median 6'3C of individual FAs
range from —36.32%0 to —35.30 %o except for Cag, Cay, Cog, and Cog which have §'3C

values above —35.00 %o (Figure 3.6d). Bed material contains higher proportions of Caa,
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Ca, and Cog FAs (medians 13.17wt% to 13.46 wt%) compared to other FA chain lengths,
which contributed less than 7 wt% (Figure 3.6b). Median §'3C of individual FAs range from
—34.40 %o to —31.26 %o (Figure 3.6d). Tributary suspended sediment substrate samples are

described previously in this section.

3.3.2 MixSIAR model design and setup

Mixing models were designed for this study to estimate the proportional contribution
of both spatial- and substrate-based OM sources to downstream suspended sediment in
the LNR. To achieve this, two different concentration-dependent MixSIAR model frame-
work methods were used: the pooled method (Pooled-MixSIAR) and the deconvolutional
method (D-MixSIAR) (Blake et al., 2018). Using the pooled method, all designated source
samples from each subcatchment are pooled and unmixed against the sediment mixture
node at the downstream-most point; the deconvolutional method allows for unmixing of
sub-catchment-specific sources against proximal, in-catchment sediment mixture nodes, fol-
lowed by the unmixing of these sub-catchment sources against the sediment mixture node
at the downstream-most point (Blake et al., 2018). Mixture nodes are instream suspended
sediments (ideally the combination of three or more samples) that represent a mixture in

relation to all upstream sources from that point (Blake et al., 2018).

Using both of these methods, three isotope mixing model frameworks were constructed
for the Nelson River watershed: 1) pooled-spatial, 2) pooled-substrate, and 3) deconvolutional-
substrate (Table 3.2 and Figure 3.7). Since CSSI analysis measures §'3C values of long-chain
saturated FAs and their concentration in each sample, all mixing models are concentration-
dependent to best quantify sediment source contributions (Upadhayay, Bodé, et al., 2018).
The remaining model settings are consistent between all three models, using a no prior in-

formation, no source factors, and a residual error term, which accounts for unknown sources
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of variability in the sediment mixtures (Upadhayay et al., 2017). Each model was run using
a chain length of 300,000 and a burn-in of 200,000 ("long” setting). Mixing model conver-
gence was evaluated using the Gelman-Rubin and Geweke diagnostics (Stock & Semmens,

2016).

Pooled-spatial model In this model framework, to distinguish spatially defined OM
source contributions from each catchment and associated tributaries to downstream sedi-
ment at mixture node Mg, source and upstream sediment samples were pooled into four
categories: upper Nelson River (UNR), Rat-Burntwood River (RBR), lower Nelson River
(LNR), and tributaries (Figure 3.7a and Table 3.2). Pooled categories incorporate all sample
types from each catchment to represent a complete package of organic signatures from the
spatially distinct UNR, RBR, and LNR. Tributary sources are pooled suspended sediment

samples from the Odei River, Assean River, Kettle River and Limestone River.

Pooled-substrate model To determine the proportional contributions of various source
substrates in all catchments to downstream sediment and mixture node Mg, source samples
in the substrate-based model framework were pooled into six categories: peat (P), soil (S),
river bank material (Ba), river bed sediment (Be), tributary suspended sediment (T'), and
suspended sediment (Ss) (Figure 3.7a and Table 3.2). Source apportionment in this model
is determined solely by source substate type, independent of location within the study

area.

Deconvolutional-substrate model A deconvolutional MixSIAR model framework was
created to allow for the unmixing of subcatchment source substrates against mixture nodes
M; and M, in the UNR and RBR respectively (Figure 3.7b). Substrate sources contributing

to M; in the UNR comprise peat (P1), soil (S;), river bank material (Ba;), and suspended
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Table 3.2: Mixture samples and sources used in each MixSIAR model framework. Mixture nodes are
defined by grouping suspended sediment samples in each region. Sources for all model designs are
abbreviated where UNR: upper Nelson River, RBR: Rat-Burntwood River, LNR: lower Nelson River, Trib:
tributary, P: peat, S: soil, Ba: river bank, Ss: suspended sediment, Be: river bed sediment and T:
tributary suspended sediment. Sample sites listed in footnote are described in Table 3.1

Model Framework Mixture Node Source(s)
Pooled-Spatial Ms? UNR, RBR, LNR, Tributary
Pooled-Substrate M;? P, S, Ba, Ss, Be, T
Deconvolutional-Substrate ~ M;P P1, S1, Baj, Ss;p

Mo© So, Bag, Sso

M;* M, M S3, Sss, Bes, T3

# Suspended sediment samples from sites NR1, NR2, and NR3

> Suspended sediment samples from sites 22 and NR7

¢ Suspended sediment samples from sites BR1 and BR2

4 Results from M; and My mixing models act as sources to M3 in partial deconvolutional model
sediment (Ss;)!. In the RBR, sources to M consist of soils (S2), river bank material (Bag),
and upstream suspended sediment (Ssz)?. The proportional contributions of sources are
determined against each subcatchment’s mixture node. A merge node function developed by
Blake et al. (2018) (Listing B.2) is used to incorporate the mixture nodes from each upstream
subcatchment as sources against mixture node Mgz alongside local sources comprising soils
(S3), river bed sediment (Bes), upstream suspended sediment (Ss3), and tributary suspended
sediment (T3) in the LNR. A complete description of the deconvolutional MixSIAR method

is outlined in Blake et al. (2018). Source, sediment and discrimination data, as well as R

code, are shown in Appendix B (Table B.11 and Listing B.1 respectively).

Note that due to a low number of samples, suspended sediment samples in the UNR were used as both
upstream sources (Ss1) and sediment mixtures (My).

2(882) include upstream suspended sediment samples from the mainstem RBR and a tributary suspended
sediment sample from the Odei River.
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3.3.3 Source discrimination

Tracers for source discrimination were selected initially based on literature review and
previous studies, but then evaluated to determine appropriate tracer properties to include in
the mixing models. Graphical/visual and statistical tests were performed for each model to
assess the ability of each tracer to differentiate between sediment sources. Biplot analysis,
Shapiro-Wilk, ANOVA, and TukeyHSD tests were completed on all models, but principal
component analysis was only done on the pooled models due to an insufficient number
of samples in each subcatchment of the deconvolutional model. Results of Shapiro-Wilk,
ANOVA, and TukeyHSD statistical tests are listed in Tables B.8, B.9, and B.10 respec-

tively.

3.3.3.1 Biplot analysis

Biplot analysis was used for each model framework as a visual test to ensure each FA
tracer could classify mixture node samples within the range (mean + 1 standard deviation)
of each source’s isotopic composition. This method was used to compare every combination
of tracers, but due to the large number of tracers used in this study, only a subset of biplots
are shown in this section. For all models, biplot analysis helped to constrain FA tracers
used by eliminating short chain fatty acids (Ci6-Ca1) since they were not able to classify

sediment mixtures within their isotopic compositional range.

Pooled mixing model frameworks used the same source and mixture samples, but varied
in the classification of sources (Table 3.2 and Figure 3.7a). In the pooled-spatial mixing
model framework, all tracers effectively classify the downstream mixtures within source
group ranges except for Coz and Ca7. For these FA tracers, 6'3C values of sediment from
site NR2 are much more lower (nearing —40.00 %o) than the remaining samples comprising

mixture node M3 (Figure 3.8a). The same results occur in the pooled-Substrate model
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framework (Figure 3.8b) with the addition of FA tracer Csg, which for sediment from site

NR2 also lies just outside source ranges.

In the deconvolutional-substrate mixing model framework, biplots were constructed for
all subcatchments (Table 3.2 and Figure 3.7b) and their respective sources and mixture
nodes (Figure 3.9). For mixture node My, all tracers effectively classify downstream mix-
tures within one standard deviation of the mean (Figure 3.9a). For mixture node Ma,
sediment mixture BR1 fall within source ranges for all FA tracers except for Co7 and Cog
(Figure 3.9b). Sediment sample BR2 however is not effectively classified by many of the
FA tracers, falling outside of the source range. For mixture node Mg, each tracer effectively
classifies all sediment mixtures except for NR2 which does not fall within the range of source

composition for FA lengths Ca3, Co7, and Csp (Figure 3.9¢).

3.3.3.2 Statistical tests

Shapiro-Wilk, ANOVA and TukeyHSD tests were performed using R software to de-
termine whether the FA tracer data are normally distributed, whether there are statistical
differences between each source type in all models, and how effective each tracer is at differ-
entiating between sources in each model framework. A principal component analysis (PCA)

was also completed for each pooled mixing model framework.

Shapiro-Wilk tests were used to test for normality of individual tracers for all model
frameworks. Tracers Ca3, Caq, Cos, Cog, and Cgg show high p-values (p >0.05, n =
39); therefore not all fatty acid chain lengths selected as tracers display normal distri-

butions.

Using an ANOVA test, all FA tracers fail to distinguish a statistical difference between
source means in the pooled-spatial model. In the pooled-substrate model, all FA lengths

show statistical distinction between source means (p <0.05, n = 39) except Cag, Cq9, and
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Fig. 3.8: Mixing polygons for pooled mixing models. (error bars represent +1 standard deviation) 3.8a:
Pooled-spatial model. 3.8b: Pooled-substrate model.
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Fig. 3.9: Mixing polygons for deconvolutional mixing model. (error bars represent +1 standard deviation)
3.9a: Sources to mixture node M1. 3.9b: Sources to mixture node M2. 3.9¢c: Sources to mixture node
M3.

Cso. In the deconvolutional model, source subsets to each mixture node were tested sepa-
rately. Source means to mixture node M; are statistically different (p <0.05, n = 9) for all
FA tracers except for Cyo and Css. For mixture node My, no FA tracers show a statistical
difference in source means (p <0.05, n = 13), although Css and Csy yield p-values <0.1.

Proximal sources to mixture node M3 are only distinguished by FA tracers Cas, Co4, and

Cos (p <0.05, n = 14).

Whereas ANOVAs will determine if there are significant differences between source
groups, Tukey HSD tests aim to show where exactly the differences in means exist and
pinpoint the source combinations that are significantly different from each other. For the
pooled-spatial model, all source combinations have high p-values (p >0.05, n = 39) with a
minimum p-value of 0.127, which indicates that there is no statistically significant differ-
ence between means of each source type. In the pooled-substrate model, some FA tracers

distinguish statistical differences (p <0.05, n = 39) between certain source combinations.
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For Cay4, suspended sediment differs from peat sources, soils, and bank material; tributary
suspended sediment is also distinguishable from bank material. Tracers Co5-Co7 and Csg
effectively differentiate between suspended sediment and bank material, as does Cag which
also shows statistical significance between tributary suspended sediment and bank material.
For sources to mixture node My, statistical differences between soil and bank material exist
using FA tracers Coy, Cos, Cog, Ca7, Cog, and Cs3p. Suspended sediment and bank material
are shown to be significantly different by tracers Co4-Co7 and Cgzg. FA tracers Coyq, Cos,
and Cog also shows statistical differences between respective source combinations of peat
and other sources (soil and suspended sediment), bank material and peat, and peat paired
with both bank material and suspended sediment. No statistical differences were observed
between combinations of sources to mixture node My and only FA tracers Coo and Cog
shows differentiation between tributary suspended sediment and bed material of proximal

sources to mixture node Ms.

Principal component analysis (PCA) was completed for each pooled model framework
to determine the underlying structure and directions with the most variance, or principal
components, within the data. PCA based on isotopic FA tracers shows that the two di-
mensions, principal component 1 (PC1) and principal component 2 (PC2) accounted for
76.06 % of the variance (PC1 = 65.09%, PC2 = 10.96%; Figure 3.10). Ellipses denoting
each source group in both PCAs were calculated at 95 % confidence level. In both PCAs,
isotopic tracer loadings show that all FA lengths are negatively correlated to PC1, whereas
PC2 shows positive correlation with Cgo-Coy and Cgs and negative correlation with Cos-Cgg.
In the pooled-spatial model, most of the variance for UNR, RBR, and tributary sources is
accounted for by PC1, whereas the largest variance for proximal LNR sources occurs on
PC2 (Figure 3.10a). In the pooled-substrate model, bank material shows a large range of
variation on both PC1 and PC2 (Figure 3.10b). Soils and suspended sediments see most

variance on PC2 and tributary suspended sediments show most on PC1 (Figure 3.10b).
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Since only 76.06 % of the variability is explained by these PCAs, not all sources in each

model are necessarily distinguishable from one another.

Spatial Sources Substrate Sources
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Fig. 3.10: Principal component analysis (PCA) with proportion of variance in parenthesis for Pooled
mixing models. 3.10a: Pooled-spatial model. 3.10b: Pooled-substrate model.

MixSTAR unmixing models assume that each isotopic tracer exhibits a normal data
distribution; when tested this was not the case for some tracers. Due to the limited size of
the data set, no outliers were removed as this would effectively eliminate either important
source material or reduce the number of sediment samples to a point where the mixing
model could no longer calculate means and standard deviation. Eliminating tracers that do
not show a normal distribution might also overlook unique features of sources or sediment
mixtures that should be considered. As an initial investigation into using this method in the
Nelson River system, it is thought to be more important to include all samples and tracers
so that no potentially important sources are missed, especially if they represent material

that has been proven to enter the river system through observations in the field.
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3.3.4 MixSIAR modelling

Proportional source contributions to downstream suspended sediment in the lower Nel-
son River (mixture node Ms; Figure 3.7) were estimated by constructing three mixing model

frameworks using both pooled-MixSIAR and deconvolutional-MixSIAR model styles.

Pooled models used catchment-wide source groups that are pooled to compare spatial-
and substrate-based grouping of sources. The deconvolutional model accounted for sub-
catchment specific sources to their respective proximal mixture nodes together with other
downstream sources, before unmixing all of these sources against the final downstream-most

mixture node.

3.3.4.1 Pooled MixSIAR models

Spatial sources Using fatty acid chain lengths Cg9-Css as tracers, sources in the pooled-
spatial model were grouped into four regions of the study area: the UNR, the RBR, tribu-
taries, and the LNR (Figure 3.7a). Pooled-MixSTAR results for this model are summarized
in Table 3.3 (means £+ SD) and Figure 3.11a (means + SD; median and quartiles). The
estimated mean relative contributions of each spatial source to sediment at mixture node
Mj3 indicate that dominant sources are tributaries (48.8% + 12.7%) and proximal LNR
sources (30.1% + 15.0%). Both UNR and RBR sources reflect less of a contribution at
11.1% + 8.6% and 10.0% + 8.3% respectively. The proportional contribution of tribu-
taries compared to upstream catchments are notable since the discharge of each tributary

is far less than that of the RBR and UNR (<10 % and <3 % respectively).

The Gelman-Rubin Diagnostic test reported that 0of 5variables are above expected
values of 1.05 The Geweke Diagnostic test is a standard z-score and reported only 1 variable

on MCMC Chain 2 outside of the expected £+ 1.96 range. Results of these diagnostic tests
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Table 3.3: Proportional contributions to M3 suspended sediment using pooled MixSIAR model frame-
works. Sources for all model designs are abbreviated where UNR: upper Nelson River, RBR: Rat-
Burntwood River, LNR: lower Nelson River, P: Peat, S: Soil, Ba: Bank, Be: Bed sediment, T: Tributary
suspended sediment, Ss: upstream suspended sediment. Mean =+ standard deviation.

Model Framework Source n Contribution (%)

Pooled (Spatial) UNR 10 11.1 £ 8.6
RBR 14 10.0 £ 8.3
Tributary 4 48.8 £ 12.7
LNR 11 30.1 £ 15.0

Pooled (Substrate) P 2 1.2 +£ 1.0
S 16 19.0 £ 10.5
Ba ) 16.0 + 13.6
Be 2 15.1 £ 12.8
T 3 32.7 £ 129
Ss 8 16.0 £ 12.9

indicate that the model achieved convergence and that the estimated posterior distributions

of each spatial region source type are accurate (Stock & Semmens, 2016).

Substrate sources Using FA chain lengths Co9-Css as tracers, sources in the pooled-
substrate model were grouped into six groups: peat, soil, bank material, bed sediment,
tributary suspended sediment, and upstream suspended sediment (Figure 3.7a). Pooled-
MixSIAR results for this model are summarized in Table 3.3 (means + SD) and Figure
3.11b (means £ SD; median and quartiles). The estimated mean relative contributions
of each source to sediment at mixture node Mgz indicate that dominant sources are tribu-
taries (32.7% £ 12.9%) and soils (19.0 % £ 10.5%), with near equal contributions of bank
(16.0% =+ 13.6%), suspended sediment (16.0 % =+ 12.9%) and bed sediment sources (15.1 %
+ 12.8%). Peat sources are negligible at 1.2% + 1.0%.

Results of the Gelman-Rubin Diagnostic test indicate that 0of 7variables are above

expected values of 1.05 The Geweke Diagnostic test reported only 2 variables on MCMC
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Chain 3 outside of the expected £ 1.96 range. Results of these diagnostic tests indicate
that the model achieved convergence and that the estimated posterior distributions of each

substrate source type are accurate.

Spatial Sources Substrate Sources
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Fig. 3.11: Proportional contributions to M3 suspended sediment using Pooled mixing model framework.
3.11a: Pooled spatial model. 3.11b: Pooled substrate model. Median values shown by middle bars,
upper and lower hinges represent 75th and 25th quantile, upper and lower whiskers are the y and x
minimums, white circles are means + 1 standard deviation. (UNR: upper Nelson River, RBR: Rat-
Burntwood River, LNR: lower Nelson River, P: Peat, S: Soil, Ba: Bank, Be: Bed sediment, T: Tributary
suspended sediment, Ss: upstream suspended sediment)

3.3.4.2 Deconvolutional MixSIAR model

Fatty acid chain lengths Cs9-C3o were used as tracers in this deconvolutional MixSIAR
model. Since D-MixSTAR uses a step-wise approach to unmixing in watersheds with sub-
catchments, the estimated mean relative contributions to each upstream mixture node will

be outlined separately prior to listing results from the final unmixing against mixture node

Ms.

Sources to the M; mixture node are divided into four categories: peat (P;), soil (S1),

bank material (Ba;), and suspended sediment (Ss;) (Figure 3.7b). D-MixSIAR results for
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Table 3.4: Proportional contributions to M3 suspended sediment using deconvolutional MixSIAR model
framework. Sources for all model designs are abbreviated where P: peat, S: soil, Ba: bank, Ss: suspended
sediment, Be: bed sediment and T: tributary suspended sediment. Mean + standard deviation.

Model Framework Mixture Node Source n Contribution (%)
Deconvolutional M; Py 2 0.6 £ 0.5
Ba; 2 19.6 £ 15.3
S1 3 17.3 + 11.7
Ss1 2 62.5 + 16.1
Ma Bas 3 209 £17.0
Sa 6 3.1+£29
Sso 4 76.0 £+ 16.6
M; M; 2 9.0 £ 8.0
M, 2 7.7+£6.3
Ss 7 28.4 £ 12.3
Bes 2 19.1 + 15.7
T3 3 15.8 £ 10.7
Ss3 2 20.0 + 13.9

this model are summarized in Table 3.4 (means + SD) and Figure 3.12 (means £+ SD; median
and quartiles). The estimated mean relative contributions of each source to sediment at
mixture node M; indicate that the dominant source is upstream suspended sediment (62.5 %
+ 16.1%) with near equal contributions of bank (19.6 % + 15.3%) and soil (17.3 % + 11.7%).

Peat sources are negligible at 0.6 % =+ 0.5%.

Sources to the My mixture node are divided into four categories: soil (S2), bank material
(Bag), and suspended sediment (Ssz) (Figure 3.7b). The estimated mean relative contri-
butions of each source to sediment at mixture node My indicate that the dominant source
is upstream suspended sediment (76.0 % + 16.6%) followed by bank (20.9% + 17.0%) and
soil (3.1% % 2.9%).

Using a statistical function in R software developed by Blake et al. (2018) (Listing B.1),

the results from each subcatchment are taken into account as sources to the final unmixing
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against mixture node Ms. Sources to M3 comprise M, My, as well as proximal sources
in the LNR that consist of soil (S3), bed sediment (Bes), tributary suspended sediment
(T3), and upstream suspended sediment (Ss3) (Figure 3.7b). The estimated mean relative
contributions of each source to sediment at mixture node M3 indicate that the dominant
source is proximal soils (28.4 % + 12.3%) followed by upstream suspended sediment in the
LNR (20.0% + 13.9%), LNR bed sediment (19.1% =+ 15.7%), and proximal tributaries
(15.8% =+ 10.7%). Sources from each subcatchment yield lower estimated contribution

proportions with 9.0 % + 8.0% (M;) and 7.7 % =+ 6.3% (Ma).

Results of the Gelman-Rubin Diagnostic test for the final unmixing against M3 indicate
that 0 of 7 variables are above expected values of 1.05 The Geweke Diagnostic test reported
one variable on MCMC Chain 1 and one variable on MCMC Chain 2 outside of the +
1.96 range. Results of these diagnostic tests indicate that the model achieved convergence
and that the estimated posterior distributions of each source type are accurate (Stock &

Semmens, 2016).
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Fig. 3.12: Proportional contributions to M3 suspended sediment using deconvolutional MixSIAR model
framework. Sources for deconvolutional model design are abbreviated where P: peat, S: soil, Ba: bank,
Ss: suspended sediment, Be: bed sediment and T: tributary suspended sediment. Black circles represent
all mixture nodes. In inset plots, median values shown by middle bars, upper and lower hinges represent

75th and 25th quantile, upper and lower whiskers are the y and x minimums, white circles are means +
standard deviation.
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3.4 Discussion

Previous work in the study area concerning OM in the Nelson River system predomi-
nantly focused on OM delivery to Hudson Bay and involved the calculation of dissolved OC
exports to Hudson Bay (Kirk & St. Louis, 2009), bulk characterization of particulate OM
at the river mouth (using atomic C/N ratios and bulk §'3C composition) as part of carbon
budgeting to Hudson Bay (Kuzyk et al., 2009), and the investigation of OM physical and
chemical properties (particulate OC concentration and bulk §'2C composition) alongside
the calculation of particulate carbon fluxes to Hudson Bay (Godin et al., 2017). To date,
work within the watershed to yield information on particulate OM has been undertaken
by Manitoba Hydro (or hired consultants on their behalf) that reported bulk sediment
properties such as concentration of particulate OC in water, % OC in suspended or lake
sediments (Baker, 1989; Green, 1990; Strange, 1990; Environment Canada and Department
of Fisheries and Oceans, 1992b; Coordinated Aquatic Monitoring Program, 2014). A gap
is left by these investigations to discover the dominant sources delivering particulate OM

to the Nelson River system, and the extent of their transport downstream.

The MixSIAR modelling exercise seeks to test the findings determined from bulk prop-
erties (SuspOC and C/N) concerning OM sources and their longitudinal variation within
this system. This work has attempted to shed light on OM sources within the watershed
through the application of CSSI analysis of particulate organic matter in the Nelson River
system. This is the first study to use CSSI fingerprinting and sophisticated mixing models
to estimate the relative proportion of OM sources from each major subcatchment and from
proximal sources to downstream suspended sediment in the lower Nelson River. Sediment
fingerprinting using unmixing models and MixSIAR applied to inorganic properties have
previously been employed within the study area (Theroux, 2017). The results discussed

in this section represent an initial investigation using CSSI fingerprinting methods which
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have been applied in previous work to small watersheds containing both Cs and C4 land
plants and used to differentiate between land use sources (Gibbs, 2008; Blake et al., 2012;
Hancock & Revill, 2012; Alewell et al., 2016; Upadhayay, Smith, et al., 2018). Since Cs
and Cy4 plants use different photosynthetic pathways, typical §3C values are readily distin-
guishable from one another with ranges between —32.0 %0-—22.0 %0 and —16.0 %o-—9.0 %o
respectively. This study area contains no Cy4 plants, and therefore presents a challenge for
the distinction of OM sources with overlapping §'3C value ranges (e.g. Cs land plants,
macrophytes, SOM, and lacustrine algae). In view of the large size and complexity of the
Nelson River system and the relatively uniformity of its vegetation, the results should be

thought of as a preliminary evaluation of particulate OM sources to the LNR.

3.4.1 Mixing model framework evaluation and comparison

Prior to discussing the sources of particulate OM to the LNR, an evaluation and com-
parison of each mixing model framework must be made. Diagnostic and statistical tests are
important in the assessment of each model framework, but physical and chemical processes

occurring within the riverine and lacustrine environment must also be considered.

All model frameworks in this study are concentration-dependent, which accounts for the
difference in relative fatty acid concentrations in each source during the unmixing process.
Previous CSSI studies, such as Alewell et al. (2016) and Gibbs (2008), used concentration-
independent, linear stable isotope mixing models that corrected for concentration after
unmixing. More recent work recommended a concentration-dependent model that more
realistically estimates source contributions (Upadhayay et al., 2017; Upadhayay, Smith, et
al., 2018). Individual fatty acid chain lengths for some sources show vastly different §'3C
values than others and if the concentration of the respective FA is not considered, it may

skew the importance of that tracer in either source or sediment samples. Concentration-
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dependency also helps to put into perspective the importance of some sources that show
very high concentrations of FAs in source samples. For example, UNR peat sources in the
pooled-substrate model show high median concentrations of FAs Cay (20.19 wt%) and Cay
(18.60 wt%) and high proportions of OC (32.34 %), but due to deposition or degredation,

contribute a negligible amount to downstream sediment at mixture node Ms.

Using study area regions as source groups, the pooled-spatial model estimates that the
dominant OM sources contributing to sediment at mixture node M3 come from tributaries
(48.8% =+ 12.7%) and proximal LNR sources (30.1% =+ 15.0%). Lesser input is received
from the upstream UNR (11.1% =+ 8.6%) and RBR (10.0% =+ 8.3%) systems. This model
was constructed as an experiment to see if each individual catchment has its own spatially
distinct OM signature, but based on statistical tests, this is not the case. Neither the
ANOVA nor the Tukey HSD test shows statistically significant differences between regional
source types for any of the FA tracers. Principal component analysis determined that the
variance of all four source groups overlap (Figure 3.10a). This model framework combines
multiple source substrates to define regional source groups, which is logical to a point since
it divides the two catchments flowing to the LNR that each exhibit different geophysical
characteristics. However, this model does not determine the proportion of OM source
substrate types that contribute the most to sediment downstream, and lacks the ability to

define where within each region OM sources are derived.

In the pooled-substrate model, the highest estimated mean relative OM source contri-
butions are from tributaries (32.7% =+ 12.9%) and soils (19.0% =+ 10.5%) whereas bank,
suspended sediment, and bed sources exhibit near equal proportions of around 16.0 %. Peat
sources are negligible at 1.2 % =+ 1.0%. This model adheres to the conventional application
of MixSTAR that pools and categorizes OM sources by substrate-type and shows statistical
distinction between sources for all but three of the ten FA tracers. In this model, a Tukey

HSD test reveals that tracers can only reliably differentiate between suspended sediment
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and terrestrial sources. If sources are grouped as such, the combined terrestrial contribution
outweighs that of suspended sediment in this model. Similar to the pooled-spatial model,
principal component analysis determined that the variance of all four source groups over-
laps (Figure 3.10b). Although this model accounts for all possible source substrates, it does
not allow for differentiation of sources from each region of the study area, which makes
interpretation of localized source contribution results more difficult and less meaningful. If
the goal is to determine sources of OM that contribute most to downstream sediment, it is

also just as important to determine where these sources originate.

The deconvolutional model estimates that upstream suspended sediment OM sources
dominate suspended composition at both mixture nodes M; (62.5% =+ 16.1%) and My
(76.0% =+ 16.6%) and bank material in both subcatchments contributes ~20.0%. Most
tracers statistically differentiate sources to M;, whereas none do for sources to M. In the
UNR, this is likely due to the large spectrum of distinct OM sources (e.g. algae in sus-
pended samples from Lake Winnipeg, peat, and bank material rich in mineral sediment),
but also due to the fact that key suspended sediment samples had to be used as both sources
and mixtures. Tukey HSD tests distinguished between bank material and soils/suspended
sediments for some FA tracers in M; sources, but no source combinations are statistically
different for Mo sources. The lack of statistically significant differences between sources
to Ms in the RBR could indicate homogeneity in OM composition between sources, which
is seen in similar % OC, bulk §'3C, and 6'3C of individual FA results outlined in Section
3.3.1.1. The ultimate sources of OM in the RBR, therefore, are similar regardless of their
proximity to the downstream mixture node. Clay-rich banks and their associated soils and
vegetation, along with wide-spread bank erosion observed in the field could explain the gen-
eral homogeneity between suspended sediment and terrestrial OM sources. Total suspended
solids in the RBR system are dominantly comprised of silt- to clay-sized mineral sediment,

attributed by many studies to an influx of eroded bank material into the system caused by
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the Churchill River Diversion (Hecky & McCullough, 1984; Newbury & McCullough, 1984;
Newbury et al., 1984).

Using the newly developed deconvolutional MixSIAR function (Blake et al., 2018),
the estimated mean relative contributions of each source to sediment at mixture node Mg
indicate that the dominant source is proximal soils (28.4 % + 12.3%) followed by upstream
suspended sediment in the LNR (20.0% + 13.9%), LNR bed sediment (19.1% + 15.7%),
and proximal tributaries (15.8 % £ 10.7%). Sources from each upstream subcatchment show
much lower proportions (<10 %). Proximal sources to M3 were only distinguished by three
FA tracers, and only a statistical distinction between tributary and bed sediment source
means could be made. Shortcomings aside, based on field observations and subcatchment
characteristics, this model illustrates the most intuitively reasonable breakdown of sources

contributing to each mixture node and will be explained further in the next section.

Although all models achieved convergence in MixSIAR, they are all limited in some
way by tracer effectiveness, non-normal distributions of some data subsets, and a lack
of significant differences between some sources. Based on the above, it was determined
that the deconvolutional model best estimates the sources to sediment at mixture node
Mj and therefore will be the main topic of the remaining sections. The study area size
and budget of this M.Sc. project did not allow for more in-depth sampling and sample
analysis. Interpretation of sources presented in subsequent sections should be read with the
realization that this is an initial study of OM sources in the Nelson River system, and that

more work should be done to improve upon mixing model results.

3.4.2 Sources of sediment to the lower Nelson River

As previously discussed, the dominant OM sources contributing to downstream sus-

pended sediment (Ms) are proximally derived soils (S3), upstream suspended sediment
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(Ss3), bed sediment (Bes), tributary suspended sediment (T3), and upstream subcatchment

sources (M; and Ma).

Organic matter (and mineral sediment) from soils enter waterbodies in the LNR by
natural bank or bluff erosion where rivers incise the glacial sediments in this region. This
erosion is perhaps more prevalent since construction of the CRD and the reservoir im-
poundment upstream of Kettle GS that produced Stephens Lake. Cosford et al. (2013)
reported that most of the sediment accumulating in the lake is derived from bank or bluff
erosion, which delivers both mineral sediment and abundant OM from peat. Shoreline soils
at Stephens Lake contain buried peat layers (Figure 3.3b) representing the pre-flooded sur-
face and were observed at site NR4 where shorelines were scalloped and actively slumping
from wave action. Bank or bluff slumping was observed at all sampling sites in the LNR
and appear to be related to water level fluctuations, common in the entire hydroelectric
system. This provides a likely explanation for the abundance of soil sources contributing to

downstream suspended sediment.

In general, bed sediment is resuspended when water velocity increases. Altered flow
regimes in LNR waterbodies and fluctuations in discharge rates due to daily fluctuations in
hydroelectric power needs could explain the observed upstream bed sediment contributions

to downstream suspended sediment.

Approximately 35 % of OM at M3 was sourced from upstream (Ssz) and tributary (T3)
suspended sediment sources indicating that suspended particulate OM from both the main
stem LNR and tributaries persists in suspension as river waters flow through Stephens Lake
and three hydroelectric dams (Kettle GS, Long Spruce GS, and Limestone GS), in spite
of the fact that reservoirs are thought to act as sinks removing sediment from suspension
(Fryirs, 2013). When bulk §'3C properties of these sources are compared using typical com-

positional ranges of particulate OM, most source samples comprise OM signatures analogous
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with SOM or Cj terrestrial plants (Figure 3.5d).

Minor OM source signatures from the UNR (M;) and RBR (M3) each contribute 9 %
and 7.7 % to downstream suspended sediment at Mg, respectively. This is notable because
discharge from the UNR (75%) and RBR (25%) to the LNR vary considerably. Both
the UNR and RBR mixture nodes comprise mostly upstream suspended sediment sources
when unmixed against their respective in-catchment sources. In the UNR, the lack of
suspended sediment source samples required samples to be grouped from different sources.
If more samples were collected from each compositionally distinct source (lacustrine algae
vs. SOM), more information could be gained from the relative contribution of each of these

upstream suspended sediment sources to the LNR mixture.

To summarize, OM in downstream suspended sediment in the LNR is predominantly
derived from sources within the LNR or associated tributaries. Although soils dominate,
suspended sediment that contains OM classified within the SOM range contributes an esti-
mated combined proportion of ~35 %, and minor sources from subcatchments also show the
same SOM compositional signature. Therefore, erosional processes in the LNR that deliver
soils and OM derived from soils are important drivers of the input of OC to the LNR and

downstream to Hudson Bay.

3.4.3 CSSI fingerprinting effectiveness and utility in the Nelson River

system

Based on model diagnostics, the deconvolutional MixSIAR model achieved convergence
and estimated posterior source distributions are accurate. However, the effectiveness of mix-
ing model results using MixSIAR depends on the quality of data and therefore completeness

of investigations in the field to yield robust results.

Although the lack of statistically significant differences between sources and lack of
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normally distributed data for certain tracers are attributed mainly to the small size of
the CSSI data set, another major shortcoming that may hinder the effectiveness of this
fingerprinting method can be illustrated by biplot analysis. Sediment compositions in the
deconvolutional model do not fall within the range of source compositions for some tracer
combinations (Figure 3.9), potentially due to a missed source. Other sediment compositions
are too well defined as a result of how each subcatchment’s model was constructed due to
sample availability. In the UNR, sediment isotopic composition falls within source ranges in
M, because suspended sediment in the UNR was used as both a source and a downstream
mixture due to lack of samples (Figure 3.9a). The lack of data in this catchment is due
to the difficulty and cost of access. Since bulk properties (SuspOC and C/N) indicate
a dominantly lacustrine algae signature is present in particulate OM in the UNR, it was
decided that suspended organic sediment from Lake Winnipeg is likely a notable source.
Since there were only two suspended sediment samples analyzed from the UNR, and the
deconvolutional model requires mean values for sediment mixture input, these samples had
to be grouped, yielding an overly simplistic relationship to source and sediment composition
in mixing polygon biplots. In the RBR, sediment from site BR2 falls outside the source
isotopic range for many tracer combinations (Figure 3.9b). This indicates that either one (or
more) main sources were missed from sampling, or that not enough samples were collected
from each major source type to account for variation in isotopic composition. As site
BR2 is just downstream of a small tributary that drains low-lying wetlands, perhaps small
tributaries contribute OM compositionally different than the larger tributary sampled in
the RBR. In the LNR, a similar issue arose with sediment from site NR2 that falls outside
source isotopic ranges for some tracer combinations (Figure 3.9c), indicating that either a
key source was missed or duplicates of NR2 should have been collected to ensure the isotopic

composition at this site was properly represented.

It is worth emphasizing that only the particulate fraction of OM was studied in the Nel-
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son River system, and information is missing on sources supplied by the dissolved fraction.
Also, no samples were collected from the Grass River watershed, a tributary draining into
the UNR (Figure 3.2). All in all, it is possible that some significant sources were missed,
the number of samples was insufficient to cover variation within source types, or sediment
samples that do not fall within isotopic source ranges are anomalous. Collection of more

sediment samples would help to address these issues.

3.4.4 Modelling limitations and recommendations for future work

The author recognizes that CSSI tracers yielded results on source contributions consis-
tent with previous literature and field observations, but also realizes that these results could
be improved by addressing some of the limitations of this study and implementing a number
of recommendations, to be discussed in this section. The most significant limitations faced
by this study were the size and remoteness of the study area, and the high cost of both
fieldwork and CSSI analysis.

Waterbodies (river channels and lakes) in the study area flow over a combined length of
~900 km through remote areas with few roads making access and equal sampling coverage
in each region a significant challenge. Since all field work was completed by truck, sample
collection was limited to truck-accessible sites during the summer season. The results of
this study are only applicable to summer conditions, and do not describe sources in any
other season. The size of the study area and length of time required to collect bulk samples
(at least 3h per site) also limited the number of sites visited during field investigations.
Temporal variance in OM sources could be addressed through the collection of samples
from dated sediment cores. Specifically, the use of CSSI fingerprinting on sediment cores
could be used to investigate changes to OM sources in the Nelson River system before and

after major hydroelectric power development projects.
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Analytical costs incurred by CSSI fingerprinting are very high. The entire cost per
sample, including bulk analysis (such as FA quantification, % OC and bulk §'3C) and CSSI
analysis, was ~$320 Considering the size of the study area, it would be difficult to fund a
program that included enough samples to run a more effective model and gain more robust

results.

All in all, the author’s recommendations for future work include: increased site density,
increased number of samples collected at each site (including sediment duplicates), sample
collection in the Grass River watershed, and sample collection in regions of the upper
Nelson River not covered by this study. Other possible means of sample analysis could
include stable nitrogen isotope ratios (6'°N) to better characterize and distinguish between
terrestrial and algal sources, and '*C dating of soils and bank material to determine whether
comparatively "old” or "new” OC is contributed to the Nelson River system. It is also
recommended, if most OM in suspended sediment mixtures in the LNR are sourced locally,
that a more detailed study on proximal sources in the LNR using this CSSI tracer set could
be implemented. All of the above are especially important considering planned reservoir

flooding of peatlands associated with the current construction of the Keeyask GS upstream

of Stephens Lake (ECOSTEM Ltd., 2011).

3.5 Conclusions

Through the use of CSSI analysis and the 6'3C of individual FA chain lengths as tracers,
mixing models were constructed using MixSIAR, a flexible Bayesian statistics-based model
framework. Although three models were tested, it is likely that the new deconvolutional
MixSTAR method best estimates source proportions to downstream suspended sediment in
the LNR because it accounts for the complexity of the river system by including results

from nested subcatchments. Based on this model, dominant OM sources comprise soils,
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upstream suspended sediment, bed sediment, and tributary suspended sediment proximally
derived from the LNR region, whereas OM from subcatchments (UNR and RBR) contribute

the least to downstream suspended sediment.

Though the small sample size limited the power of this method, it is apparent that
proximal OM sources dominate downstream suspended sediment mixtures in the LNR.
Sources contributing OM to the downstream-most reaches of the LNR visited in this study
are indicators of OM sources delivered to Hudson Bay and therefore the LNR warrants

further study.

This work represent the first application of CSSI fingerprinting using MixSIAR in the
Nelson River system, and demonstrates its potential for more detailed study of the sources

and transport of particulate OM in the Nelson River system.
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Chapter 4

Final synthesis and conclusions

4.1 Summary of conclusions and research significance

The general goal of this thesis was to assess the sources of suspended sediment and
particulate organic matter (OM) within the Nelson River watershed and the extent of their
transport downstream. To achieve this goal, the specific research objectives were to: 1)
examine historical and newly collected summer-season physical and chemical water quality
data from riverine stations to identify the characteristics and distribution of particulate mat-
ter sources in the Nelson River system, and 2) use compositional and biochemical tracers,
Compound-Specific Stable Isotope (CSSI) fingerprinting techniques, and Bayesian statis-
tical unmixing models to quantify the relative source contributions to particulate OM in

downstream suspended sediments.

Previous work concerning particulate matter (both OM and mineral sediment) in the
Nelson River system include programs conducted by industry, provincially- and federally-
funded monitoring programs, and academic institutions (Section 1.3). Although the Nelson

River system has been extensively studied, and many of these programs measured param-
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eters related to particulate matter, little work has been done to explore particulate matter
sources and processes that may affect their downstream transport in all regions of the wa-
tershed, or to determine what OM sources ultimately contribute the highest proportions to

downstream suspended sediment and ultimately to Hudson Bay.

To meet Objective 1, physical and chemical water quality data were used to charac-
terize particulate OM sources in each region of the Nelson River system and investigate
longitudinal and temporal changes to the sources of particulate matter (OM and mineral
sediment) in the study area as a whole. Water quality parameters examined in this thesis
include the measured concentration of total suspended solids (T'SS), suspended organic car-
bon (SuspOC) and total suspended nitrogen (SuspN) from surface water samples, as well as
calculated parameters derived from these concentrations such as % SuspOC of TSS and mo-
lar C/N ratios. Particulate water quality data for this thesis were collected from the study
area via new field investigations and water sample analysis, and through the compilation of

existing water quality data sets from historical and ongoing monitoring programs.

Distinct regional, longitudinal, and temporal differences in water quality parameters
and particulate OM sources were observed among all three regions of the Nelson River
system. Particulate matter concentration in the UNR was generally low, and included a
high proportion of suspended SuspOC derived from a dominantly lacustrine source that
has increased over time due to increased algal productivity in Lake Winnipeg. The RBR
mainly contributes mineral sediment and OM associated with soils with generally high TSS
and low SuspOC concentrations. Suspended sediment concentrations in the RBR have
also increased over time. Although concentrations of particulate matter are high due to
abundant erosional sites advanced by permafrost degradation, the proportion of SuspOC
in TSS is low (and has decreased over time) since the bulk of bank material comprises
silt-clay sized mineral sediment from glacial deposits. The LNR shows variation in water

quality parameter concentrations and particulate OM derived from both lacustrine algae
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and soil OM sources. Over time, TSS concentration has increased and the proportion of
SuspOC has decreased, likely due to an increased input of particulate matter from the RBR
or local shoreline/bank destabilization. The distinct OM compositional signatures of the
LNR’s upstream catchments do not persist throughout the length of the LNR as waters

flow through a series of reservoirs and hydroelectric dams.

Using results from this thesis, bulk properties of OM (6'3C and C/N) can be compared
to average compositional ranges of particulate OM reported in the literature, and in doing so
it is evident that most OM in suspended sediment samples have a soil organic matter (SOM)
signature (Figure 4.1). In the UNR, OM composition consists of a mixture of lacustrine algae
and SOM, whereas in the RBR, OM in suspended sediment sources is derived predominantly
from SOM, but also classifies near the same composition as sphagnum. Organic matter in
suspended sediment from the LNR and all tributaries is also derived from SOM. Thus, bulk
OM properties demonstrate that there are weak regional differences in OM composition
that relate to source differences and that SOM is a significant OM source. Particulate OM
at paired sites in both the UNR (NR8 and NR7) and RBR (BR5 and BR3), show a decrease
in nitrogen and increase in §'3C between the lacustrine environment and the downstream
river channel (Figure 4.1, inset panel). This suggests that either labile, autochthonous OM
sources from lakes are broken down in the riverine system, changing the composition of OM
within the watershed, or that the river is picking up material with less nitrogen from river

banks or the river bottom.

To meet Objective 2 and further tease apart source contributions to downstream sus-
pended sediment, CSSI fingerprinting using unmixing models and MixSIAR were employed
to estimate the proportional contribution of OM sources to downstream suspended sediment.
In addition to bulk properties (% organic carbon (OC) and bulk §'3C), CSSI analysis on
newly collected terrestrial and in-stream material yielded biochemical and isotopic composi-

tions of OM based on individual fatty acid (FA) chain lengths (FA weight % and §'3C values
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Fig. 4.1: Mean molar C/N ratios plotted versus bulk §13C ratios of suspended sediment samples collected
from all regions of the study area compared to ranges of lacustrine algae, SOM, C3 plants, C4 plants,
and macrophytes determined by Meyers and Ishiwatari (1993) and summarized by Kendall et al. (2001).
Typical values for plants present in the study area are shown by white circles (Meyers, 1994; Meyers et
al., 1995; Chikaraishi & Naraoka, 2003; Moingt et al., 2016). Inset panel shows selected sites (labeled)
from the UNR and RBR where a change in the OM characteristics occurs downstream from lacustrine
to soil source. Locations of labeled sites are shown in Figures 2.2 and 3.2.

for tracers Co2-C3z). These parameters were used to create spatial- and substrate-specific

unmixing models.

The 6'3C values for FAs Cay-Cso were used as tracers in the construction of unmixing
models using MixSIAR, a flexible Bayesian statistics-based model framework. The deconvo-
lutional MixSIAR method best accounts for the complexity of the Nelson River watershed
by including results from nested subcatchments (Blake et al., 2018) in the estimation of
proportional source contributions to downstream suspended sediment in the LNR. Based
on this model, dominant OM sources comprise soils, upstream suspended sediment, bed
sediment, and tributary suspended sediment (listed in rank order) that are proximally de-
rived from the LNR region, whereas OM from subcatchments (UNR and RBR) contributes

the least to downstream suspended sediment. However, the data from two years of sampling
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do not meet the needs of the deconvolutional model. Furthermore, the CSSIs of FAs were

limited in their ability to differentiate regional sources.

Although OM composition and particulate concentration vary longitudinally and over
time, as outlined in both Chapter 2 and 3, processes that promote river bank and shoreline
erosion (e.g. permafrost degradation, water level fluctuation, current and wave action)
persist in all regions of the study area. Agricultural land use dominates upstream of the
UNR, but neither water quality parameters nor CSSI fingerprinting directly identify OM
associated with crop vegetation in the study area. Indirect effects of agricultural activities
however, such as eutrophication in Lake Winnipeg, was clearly seen using both techniques.
Both the bulk properties and CSSI of FAs of suspended sediment in all regions reveal that
OM is dominantly derived from SOM, via watershed processes that promote the addition of
soils (and associated OM) into suspension. Proximal OM sources dominate the composition
of downstream suspended sediment in the LNR and most of these sources comprise either
soil material itself or upstream suspended sediment containing OM with the same bulk

properties as SOM.

The Nelson River conforms to the general scheme established for dammed river systems
and shows discontinuity in sediment transport (Kondolf, 1997; Syvitski et al., 2005; Fryirs,
2013) and changes to water body morphologies, hydraulic regimes, and geochemical cycles
throughout the watershed (Rosenberg et al., 1997; Friedl & Wuest, 2002). The Nelson
River delivers particulate OC to Hudson Bay at an estimated annual rate of 53 Gg yr—!
(Godin et al., 2017), and based on results from this thesis, most of this particulate OC is
locally sourced from OM in the LNR. The lower reach of the LNR is underlain by extensive
discontinuous or continuous permafrost, and its landscape is dominated by peat plateaus
and open permafrost bogs (Halsey et al., 1997). Changes to climate and hydrological

conditions in subarctic regions like the LNR makes the below-ground OC pool present in

soils or shallow permafrost vulnerable to re-enter the modern carbon cycle (Tarnocai et al.,
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2009; Gustafsson et al., 2011). Since particulate OC is a major component of thaw-released
permafrost carbon in fluvial systems (Guo & Macdonald, 2006; Guo et al., 2007), processes
in the LNR that deliver soils and OM derived from soils into suspension in river waters are
important to consider with regard to the input of OC to the lower reaches of the LNR and

ultimately Hudson Bay.

4.2 Focus for future research

This research was conducted as part of the Hudson Bay System Study (BaySys) project,
which, in collaboration with six academic institutions and Manitoba Hydro, is investigating
the relative impacts of hydroelectric activity and climate change on the freshwater-marine

coupling in Hudson Bay (Barber, 2015).

Due to the expansive size of the study area and expense associated with conducting
field work in the region, a number of recommendations can be made for future work in
the Nelson River system. Results from this thesis represent conditions during the summer
months over the course of two field seasons and only provide a snapshot in seasonality for
all parameters from 2016-2017. Although the hydrograph of the Nelson River system is
affected by hydroelectric power production, a multi-seasonal approach over multiple years
to water and suspended sediment sampling would inform as to how these results may differ
between seasons and year over year. This could be achieved by the installation of sediment

traps at key sites in the study area.

Although limited by budgetary constraints, this work would have benefited from the
addition of more sampling sites, especially in the lower reaches of both the UNR and LNR.
No new samples were collected in these areas since they are inaccessible by road. Of
particular interest in the LNR is the region between site NR1 and the river mouth (Figures

2.2 and 3.2). Annual particulate OC fluxes estimated by Godin et al. (2017) were calculated
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using samples from the Nelson River mouth, ~100km downstream of NR1. Since OM in
downstream suspended sediment is dominantly sourced from the LNR, increased sample
density in this section of the LNR would be beneficial. All samples for this work were
collected from the shoreline. Although nearshore samples were tested for and found to be
free of bias (in one limited test), it is recommended that in future programs either mid-
channel or full channel transects by boat are completed to collect suspended sediment and
water samples. To investigate OM sources over time, sediment core collection in on-system
waterbodies is recommended. An attempt was made to collect sediment cores for this
purpose, but more work is needed to locate sampling sites with undisturbed sedimentation
records that are datable as coring sites selected did not yield usable results. All in all,
a more comprehensive, multidisciplinary, long term study on the Nelson River system is

recommended.

In the LNR, a study investigating the relative ages of OC sources that contribute to
downstream suspended sediment using radiocarbon dating would be of interest. A signif-
icant portion of the LNR was once submerged beneath waters of the Tyrrell Sea, leaving
expansive glaciomarine sediment deposits. Peatlands also sequester OC over time, and
therefore it would be interesting to study the relative ages of OC entering the Nelson River
system to determine if long-term mechanisms of carbon storage on the landscape are be-
ing degraded and contributing ancient carbon downstream to Hudson Bay. An increasing
number of studies are linking the liberation of old OC in soils and permafrost and its mobi-
lization by rivers from the landscape to an increase in release of CO4 to the atmosphere as
it is processed by the coastal zone carbon cycle. As the largest subarctic river discharging
to Hudson Bay with extensive peatlands that is undergoing permafrost degradation and
exhibiting pervasive shoreline/bank erosion, the Nelson River is an ideal system in which

to apply similar research.
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Appendix A

Supplementary information to
Chapter 2: particulate matter in

the Nelson River system

A.1 BaySys sample list and water quality data

Water samples collected as part of the BaySys program are listed in this section in
Table A.1 that includes site coordinates, sample collection years, and data for all measured

and calculated water quality parameters.
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A.2 DMonitoring program water quality sample list

Table A.2: Site names and coordinates for summer season surface water samples collected during
supplementary water quality monitoring programs. GS: Generating Station. Program name abbreviations
described in Table 2.1.

Program  Region Site Waterbody UTM Zone Easting Northing
CAMP UNR UFS017 Nelson River 14V 654222 6212271
UBS010 Lake Winnipeg outlet 14 U 577455 5985383
at Warren’s Landing
RBR TGS015 Burntwood River 14V 650313 6224470
TGS014 Apussigamasi Lake 14 U 587919 6190398
LNR NR-8 Nelson River 15V 512157 6309449
NR-7 Nelson River 15V 491015 6309699
NR-6 Nelson River 15V 460068 6288792
UHS002 Nelson River 15V 458766 6288038
NR-5 Nelson River 15V 451043 6282812
UHS003 Nelson River 15V 437420 6266330
NR-4 Limestone GS Forebay 15V 431503 6262075
UHS004 Limestone GS Forebay 15V 431387 6261078
NR-3 Long Spruce GS Fore- 15V 415415 6251278
bay
MEMP UNR Kelsey GS Nelson River 14V 653306 6213292
Jenpeg GS Nelson River 14 U 562863 6044419
RBR Thompson Burntwood River 14 U 573195 6178782
LNR Kettle GS Nelson River 15V 399042 6250027
FEMP UNR UF0005 Nelson River 14V 653185 6215650
UB0006 Nelson River 14U 592088 6011436
UB0013 Jack River 14 U 570747 5976903
RBR TG0003 Burntwood River 14V 645226 6224405
TG0001 Burntwood River 14 U 572691 6179229
TF0004 Burntwood River 14U 509934 6170653
TF0001 Rat River 14 U 493568 6172286
ArcticNet LNR B5 Nelson River 15V 530475 6326098
B4 Nelson River 15V 527178 6322265
DFO LNR Conwapa Nelson River 15V 451094 6282833
Limestone Nelson River 15V 431855 6263055
Long Spruce Nelson River 15V 415435 6251491
Kettle Nelson River 15V 399042 6250027
continued ...
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A.2 Monitoring program water quality sample list

... continued
Program  Region Site Waterbody UTM Zone Easting Northing
Baker LNR 4 Nelson River 15V 517204 6311144
3 Nelson River 15V 511968 6309889
2 Nelson River 15V 512477 6309396
1 Nelson River 15V 505344 6307618
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Appendix B

Supplementary information to
Chapter 3: CSSI analysis and
MixSIAR

B.1 Recent applications of CSSI analysis

Recent publications that have used CSSI fingerprinting and carbon isotope unmixing

models to estimate proportional source contributions to suspended sediment are listed in
Table B.1.
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B.2 CSSI fingerprinting sample list

B.2 CSSI fingerprinting sample list

Table B.2: Sample ID codes, substrate types, and site coordinates for terrestrial and suspended sediment
samples collected for CSSI analysis and used in MixSIAR unmixing models. P: peat, S: soil, Ba: bank,
Ss: suspended sediment, Be: bed sediment and T: tributary suspended sediment

Catchment  Site Sample ID  Type UTM Zone Easting Northing
UNR NR7 NR7-06 Ss 14U 581189 6046758
NRS8 NR8-02-02 S 14U 591807 6011654

NR8-02-03 S 14U 591807 6011654

NR8-02-04 S 14U 591807 6011654

22 22 Ss 14U 568332 5941372

2-mile  2-mile Ss 14U 560744 5956100

N809 N809-P P 14U 559848 5956990

N809-Ba Ba 14U 559848 5956990

N850 N850-P P 14U 532730 5967097

N850-Ba Ba 14U 532730 5967097

RBR BR1 BR1-06 Ss 14V 648649 6224492
BR1-08 Ba 14V 648649 6224492

BR2 BR2-06 Ss 14V 630848 6219519

BR2-08 Ba 14V 630924 6219577

BR3 BR3-02-02 S 14U 572710 6179375

BR3-02-03 S 14U 572710 6179375

BR3-02-04 S 14U 572710 6179375

BR3-06 Ss 14U 572723 6179289

BR5 BR5-02-02 S 14U 532620 6154869

BR5-02-03 S 14U 532620 6154869

BR5-02-04 S 14U 532620 6154869

BR5-06 Ss 14U 532599 6154843

BR5-08 Ba 14U 532630 6154857

BR6 BR6-06 Ss 14U 478960 6191495

OR1 OR1-06 T 14U 602453 6206716

LNR NR1 NR1-02-02 S 15V 451088 6282905
NR1-02-03 S 15V 451088 6282905

NR1-02-04 S 15V 451088 6282905

NR1-06 Ss 15V 451094 6282833

NR1-07 Be 15V 451138 6282910

continued ...
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B.3 Soil test pit descriptions

... continued
Catchment  Site Sample ID  Type UTM Zone Easting Northing
NR2 NR2-06 Ss 15V 431454 6263982
NR3 NR3-06 Ss 15V 416536 6250951
NR4 NR4-02-01 S 15V 398408 6249283
NR4-02-02 S 15V 398408 6249283
NR4-02-03 S 15V 398408 6249283
NR4-02-04 S 15V 398408 6249283
NR4-02-05 S 15V 398408 6249283
NR4-05 Ss 15V 398420 6249281
NR6 NR6-06 Ss 15V 363173 6245225
SpL.1 SpL-01 Be 14V 678487 6236828
AR1 ARI1-06 T 14V 684777 6249782
KR1 KR1-06 T 15V 401151 6247112
LR1 LR1-06 T 15V 430142 6264165

B.3 Soil test pit descriptions

Descriptions of soil horizons from test pits sampled during field work are listed Table

B.3. Site coordinates of each test pit are listed in Table B.2.
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Particulate OM in the Nelson River System
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B.4 CSSI data

B.4 CSSI data

Table B.4: Bulk properties of source and suspended sediment samples collected for CSSI fingerprinting
and used in MixSIAR unmixing models. P: peat, S: soil, Ba: bank, Ss: suspended sediment, Be: bed
sediment and T: tributary suspended sediment.

Site Sample ID Type Sample % Moisture % OC FA Mass Bulk
Mass (g) (ng) 313C

NR7 NR7-06 Ss 7.63 8.3 18754.56  -28.1
NRS NRS8-02-02 S 2.06 57.6 28.1 857.59 -26.8
NRS8-02-03 S 56.90 9.0 0.4 510.96 -25.9
NRS8-02-04 S 55.88 17.3 0.3 425.13 -25.8

22 22-2016 Ss 5.28 12.6 2608.87  -32.5
22-2017 Ss 1.96 4.8 463.20 -29.6

2-mile  2-mile Ss 9.13 3.1 3509.35 -28.3
N809  NB809-P P 3.54 66.2 33.0 408.74 -26.5
N809-Ba Ba 39.45 8.0 0.5 31.81 -26.8

N850  N850-P P 4.86 50.3 31.7 532.43 -26.4
N850-Ba Ba 36.25 15.1 5.6 129.30 -26.9

BR1 BR1-06 Ss 2.52 5.7 708.64 -29.2
BR1-08 Ba 66.31 19.2 0.4 371.81 -25.8

BR2 BR2-06 Ss 3.02 5.4 876.64 -30.3
BR2-08 Ba 67.84 16.8 0.6 376.99 -25.4

BR3 BR3-02-02 S 10.87 44.4 0.5 1228.83  -28.6
BR3-02-03 S 32.37 21.0 3.1 91.45 -27.1
BR3-02-04 S 34.56 16.0 14.1 20.67 -26.5

BR3-06 Ss 12.24 12.4 98.78 -28.0

BR5 BR5-02-02 S 13.18 40.3 1.6 672.34 -26.2
BR5-02-03 S 33.52 19.2 0.4 72.44 -25.8
BR5-02-04 S 32.56 26.8 2.7 25.45 -26.4

BR5-06 Ss 3.11 3.0 300.38 -29.9

BR5-08 Ba 32.30 9.0 1.7 312.29 -25.8

BR6 BR6-06 Ss 11.13 2.6 574.40 -27.9
OR1 OR1-06 T 14.63 2.7 974.00 -29.0
NR1 NR1-02-02 S 33.66 19.5 14.6 1200.01  -27.4
NR1-02-03 S 28.43 34.4 0.5 1957.28  -27.2
NR1-02-04 S 37.53 21.7 1.2 291.18 -27.9
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... continued

Site Sample ID Type Sample % Moisture % OC FA Mass Bulk
Mass (g) (ng) §iC

NR1-06 Ss 10.83 5.5 606.91 -26.6

NR1-07 Be 47.89 15.5 3.4 233.18 -27.5

NR2 NR2-06 Ss 10.33 6.9 4519.91 -27.2
NR3 NR3-06 Ss 2.19 6.8 792.24 -29.0
NR4 NR4-02-01 S 19.17 43.58 42.6 933.62 -28.7
NR4-02-02 S 50.30 3.597 31.5 28.52 -26.9
NR4-02-03 S 4.98 70.99 3.4 275.09 -27.1
NR4-02-04 S 2.34 84.78 0.4 1196.01 -27.3
NR4-02-05 S 4.96 75.42 18.9 726.13 -26.3

NR4-05 Ss 15.75 38.3 2850.81 -28.1

NR6 NR6-06 Ss 15.22 1.4 551.35 -27.9
SpL1 SpL-01 Be 28.71 93.33 1.0 277.40 -27.2
AR1 ARI1-06 T 2.46 6.2 232.32 -29.4
KR1 KR1-06 T 3.01 6.1 642.26 -29.6
LR1 LR1-06 T 24.84 4.1 724.79 -30.6
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B.5 Statistical test results

Table B.8: Shapiro-Wilks test results for carbon isotope ratios (63C) of fatty acid tracer lengths Cp,-Cs;.
* p <0.05, ** p <0.01, *** p <0.001, statistically significant.

Analyte Tracer W p-value
§13C Ca2 0.938 0.03 *
Cas 0.957 0.14
Coy 0.965 0.27
Cas 0.919 0.008 **
Cag 0.977 0.60
Car 0.866 0.0003 ***
Cog 0.955 0.12
Cag 0.967 0.31
Cso 0.880 0.0006 ***
Csa 0.941 0.04 *

Table B.9: ANOVA (analysis of variance) test results between sources using carbon isotope ratios (63C)
of fatty acids as tracers C-Cs; in all unmixing model frameworks. * p <0.05, ** p <0.01, *** p <0.001,
statistically significant.

Unmixing Model Tracer F-value p-value
Pooled-spatial Coa 2.041 0.126

Cos 1.971 0.136

Coy 1.055 0.381

Cos 1.108 0.359

Cog 0.504 0.682

Cor 1.073 0.373

Cog 1.723 0.180

Cag 0.827 0.488

Cao 0.631 0.600

Cso 0.695 0.561
Pooled-substrate Cos 2.900 0.03 *

Cos 0.656 0.66

Coy 6.149 0.0004 ***

Cos 3.856 0.007 **

Cas 3.895 0.007 **

Cor 2.555 0.04 *

Cog 3.777 0.008 **

Cog 1.209 0.33

continued ...
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... continued

Unmixing Model Tracer F-value p-value
Cso 3.056 0.02 *
Cso 1.243 0.31

Deconvolutional-substrate: M; Cog 2.563 0.17
Cos 1.896 0.25
Coy 23.430 0.002 **
Cos 19.580 0.003 **
Cog 28.460 0.001 **
Cor 13.680 0.008 **
Cog 4.221 0.08
Ca9 15.010 0.006 **
Cso 14.400 0.007 **
Cso 4.629 0.07

Deconvolutional-substrate: My Cog 3.510 0.05
Cos 1.934 0.58
Cos 1.122 0.86
Cos 2.022 0.45
Cog 1.091 0.45
Cor 0.872 0.37
Cog 0.798 0.18
Cog 0.155 0.36
Cso 0.585 0.20
Csa 4.094 0.07

Deconvolutional-substrate: M3z  Coag 5.579 0.02 *
Cos 1.649 0.24
Coy 3.688 0.05
Cos 2.005 0.18
Cog 2.224 0.15
Cor 1.325 0.32
Cog 4.358 0.03 *
Ca9 1.490 0.28
Cso 2.600 0.11
Cso 0.564 0.65
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Table B.10: Tukey HSD test results between source combinations using carbon isotope ratios (§13C) of
fatty acids as tracers Cx-Cs, in all unmixing model frameworks. * p <0.05, ** p <0.01, *** p <0.001,
statistically significant. UNR: upper Nelson River, RBR: Rat-Burntwood River, LNR: lower Nelson River,
P: peat, S: soil, Ba: river bank, Ss: suspended sediment, Be: river bed sediment, T: tributary suspended
sediment.

Unmixing Model Tracer Source Combination p-value

Pooled-spatial Cog RBR - UNR 0.63
Tributary - UNR 0.26

LNR - UNR 0.99

Tributary - RBR 0.70

LNR - RBR 0.40

LNR - Tributary 0.16

Cos RBR - UNR 0.35
Tributary - UNR 0.48

LNR - UNR 0.99

Tributary - RBR 0.99

LNR - RBR 0.23

LNR - Tributary 0.39

Cay RBR - UNR 0.63
Tributary - UNR 0.35

LNR - UNR 0.89

Tributary - RBR 0.82

LNR - RBR 0.97

LNR - Tributary 0.66

Cos RBR - UNR 0.99
Tributary - UNR 0.49

LNR - UNR 0.65

Tributary - RBR 0.51

LNR - RBR 0.67

LNR - Tributary 0.94

Cag RBR - UNR 0.99
Tributary - UNR 0.71

LNR - UNR 0.94

Tributary - RBR 0.70

LNR - RBR 0.93

LNR - Tributary 0.92

Car RBR - UNR 0.86
Tributary - UNR 0.66

LNR - UNR 0.99

continued ...
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... continued
Unmixing Model Tracer Source Combination p-value

Tributary - RBR 0.30

LNR - RBR 0.86

LNR - Tributary 0.64

Cog RBR - UNR 0.95
Tributary - UNR 0.30

LNR - UNR 0.99

Tributary - RBR 0.13

LNR - RBR 0.87

LNR - Tributary 0.36

Cag RBR - UNR 0.92
Tributary - UNR 0.76

LNR - UNR 0.99

Tributary - RBR 0.45

LNR - RBR 0.77

LNR - Tributary 0.86

Cso RBR - UNR 0.99
Tributary - UNR 0.57

LNR - UNR 0.99

Tributary - RBR 0.63

LNR - RBR 0.99

LNR - Tributary 0.61

Csa RBR - UNR 0.99
Tributary - UNR 0.92

LNR - UNR 0.81

Tributary - RBR 0.92

LNR - RBR 0.75

LNR - Tributary 0.56
Pooled-substrate Cog S-P 0.97
Ba-P 1.00

Be-P 0.97

Ss-P 0.37

T-P 0.31

Ba-S 0.94

Be-S 1.00

Ss - S 0.16

T-S 0.24

Be - Ba 0.96

continued ...
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... continued
Unmixing Model Tracer Source Combination p-value

Ss - Ba 0.11
T - Ba 0.13
Ss - Be 0.93
T - Be 0.84
T - Ss 0.96

Cos S-P 0.99
Ba-P 0.99
Be-P 0.96
Ss-P 0.84
T-P 0.74
Ba-S 1.00
Be - S 0.99
Ss-S 0.90
T-S 0.82
Be - Ba 0.99
Ss - Ba 0.97
T - Ba 0.90
Ss - Be 1.00
T - Be 0.99
T - Ss 0.99

Coy S-P 0.36
Ba-P 0.99
Be-P 0.97
Ss-P 0.01 *
T-P 0.07
Ba-S 0.32
Be-S 0.92
Ss-S 0.03 *
T-S 0.51
Be - Ba 0.99
Ss - Ba 0.002 **
T - Ba 0.04 *
Ss - Be 0.13
T - Be 0.37
T - Ss 0.99

Cos S-P 0.99
Ba-P 0.96
Be-P 0.99

continued ...
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B.5 Statistical test results

... continued
Unmixing Model Tracer Source Combination p-value

Ss-P 0.44
T-P 0.67
Ba-S 0.21
Be-S 1.00
Ss- S 0.17
T-S 0.69
Be - Ba 0.80
Ss - Ba 0.004 **
T - Ba 0.05
Ss - Be 0.71
T - Be 0.88
T - Ss 1.00

Cog S-P 0.95
Ba-P 0.97
Be-P 0.99
Ss-P 0.49
T-P 0.72
Ba-S 0.15
Be - S 0.52
Ss- S 0.47
T-S 0.91
Be - Ba 1.00
Ss - Ba 0.009 **
T - Ba 0.09
Ss - Be 0.12
T - Be 0.28
T - Ss 1.00

Cor S-P 0.98
Ba-P 0.99
Be-P 0.99
Ss-P 0.64
T-P 0.58
Ba-S 0.45
Be - S 1.00
Ss-8S 0.53
T-S 0.59
Be - Ba 0.59
Ss - Ba 0.05

continued ...
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B.5 Statistical test results

... continued

Unmixing Model Tracer Source Combination p-value
T - Ba 0.09
Ss - Be 0.87
T - Be 0.80
T - Ss 0.99
Cog S-P 0.99
Ba-P 0.99
Be-P 0.99
Ss-P 0.59
T-P 0.40
Ba-S 0.51
Be-S 0.92
Ss-S 0.25
T-S 0.21
Be - Ba 1.00

Ss - Ba 0.03 **

T - Ba 0.03 **
Ss - Be 0.31
T - Be 0.20
T - Ss 0.98
Cag S-P 0.98
Ba-P 1.00
Be-P 0.99
Ss-P 0.95
T-P 0.83
Ba- S 0.75
Be- S 0.75
Ss-S 1.00
T-S 0.94
Be - Ba 0.99
Ss - Ba 0.66
T - Ba 0.48
Ss - Be 0.67
T - Be 0.50
T - Ss 0.97
Cao S-P 0.89
Ba-P 1.00
Be-P 0.99
Ss-P 0.33

continued ...
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B.5 Statistical test results

... continued
Unmixing Model Tracer Source Combination p-value
T-P 0.41
Ba - S 0.38
Be-S 1.00
Ss-S 0.38
T-S 0.65
Be - Ba 0.91
Ss - Ba 0.03 **
T - Ba 0.09
Ss - Be 0.83
T - Be 0.85
T - Ss 1.00
Cso S-P 1.00
Ba-P 0.99
Be-P 0.99
Ss-P 0.94
T-P 0.98
Ba-S 0.99
Be-S 0.99
Ss-S 0.43
T-S 0.85
Be - Ba 1.00
Ss - Ba 0.44
T - Ba 0.75
Ss - Be 0.76
T - Be 0.88
T - Ss 1.00
Deconvolutional-substrate: M; Cog Ba; - Py 0.804
S1-Pq 0.425
SSl - Pl 0.876
S1 - Ba1 0.147
SSl - Bal 0.433
SS1 - Sl 0.829
ng Ba1 - P1 0.754
S1-Py 0.704
SSl - P1 0.829
Sy - Bap 0.241
SSl - Ba1 0.350
SSl - Sl 0.998
continued ...
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B.5 Statistical test results

... continued
Unmixing Model Tracer Source Combination p-value
C24 Ba1 - P1 0.40
S1-Py 0.03 *
SSl - P1 0.01 *
Sl - Ba1 0.006 *ok
SSl - Ba1 0.003 *ok
SSl - S1 0.42
025 Ba1 - P1 0.04 *
S;-Py 0.23
SSl - Pl 0.11
Sl - Ba1 0.005 *ok
SSl - Ba1 0.004 **
SSl - Sl 0.77
CQG Ba1 - P1 0.03 *
S1-Py 0.09
SSl - P1 0.04 *
Sl - Ba1 0.002 Hok
SSl - Ba1 0.002 *ok
SSl - Sl 0.61
027 Ba1 - P1 0.28
S1-Py 0.11
SSl - P1 0.06
Sl - Ba1 0.01 *
SSl - Ba1 0.01 *
SSl - Sl 0.82
ng Bal - P1 0.51
S1-Pyg 0.59
SSl - Pl 0.41
Sl - Ba1 0.11
881 - Ba1 0.08
SSl - Sl 0.94
ng Ba1 - P1 0.20
S1-Py 0.05
SSl - P1 0.19
Sl - Bal 0.006 Hok
SSl - Ba1 0.02 *
Ssy - S1 0.77
continued ...
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B.5 Statistical test results

...continued
Unmixing Model Tracer Source Combination p-value
Cso Ba; - Py 0.27
Si1-Py 0.06
SSl - P1 0.11
Sl - Ba1 0.008 *ok
SSl - Ba1 0.01 *
SSl - Sl 0.99
Cs2 Ba; - Py 0.32
Si-Py 0.59
SSl - P1 0.71
Sl - Ba1 0.06
SSl - Ba1 0.09
SSl - Sl 0.99
Deconvolutional-substrate: My Cog So - Bag 0.90
SSQ - Ba2 0.23
SS2 - SQ 0.06
Coas3 So - Bag 0.32
882 - Ba2 0.99
SSQ - 82 0.25
024 SQ - Bag 0.99
SSQ - Bag 0.52
SSQ - SQ 0.37
Cas So - Bag 0.93
SSQ - Bag 0.41
SSQ - SQ 0.17
Coae S, - Bag 1.00
SSQ - Ba2 0.49
SSQ - SQ 0.39
Cory Ss - Bag 1.00
SS2 - Ba2 0.57
SSQ - SQ 0.46
Cag S2 - Bag 0.96
SSQ - Bag 0.71
SSQ - Sg 0.45
ng SQ - Ba2 0.85
SSQ - Ba2 0.96
continued ...
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... continued
Unmixing Model Tracer Source Combination p-value

SSQ - SQ 0.96
Cso Sy - Bag 0.99
SS2 - Ba2 0.66
SSQ - SQ 0.60
Cs2 So - Bag 0.18
SSQ - Bag 0.89
SSQ - SQ 0.06
Deconvolutional-substrate: M3 Cagg Bes - S3 0.63
SSg - Sg 0.17

T3 - Ss 0.01 *
SSg - Be3 0.83
T3 - Beg 0.30
T3 - SSg 0.79
Cas Bes - S3 0.91
SSg - 83 0.75
Tg - S3 0.43
SSg - Be3 0.56
T3 - Be3 0.93
T3 - SSg 0.22
024 Beg - Sg 0.53
SSg - Sg 0.41
T3 - S3 0.19
SSg - B63 0.14
T3 - Beg 0.07
T3 - SS3 0.99
Cas Bes - S3 0.88
SSg - 83 0.28
T3 - S3 0.66
SSg - Be3 0.21
T3 - Beg 0.46
T3 - SSg 0.85
Cog Bes - S3 0.20
SS3 - Sg 0.99
Tg - S3 0.87
SSg - Beg 0.32
T3 - Be3 0.12

continued ...
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... continued
Unmixing Model Tracer Source Combination p-value

T3 - SSg 0.96

027 Beg - Sg 0.90
SSg - Sg 1.00
Ts - S3 0.42
SSg - Beg 0.96
T3 - Bes 0.32
T3 - SSg 0.60

CQS Beg - Sg 0.48
SSg - Sg 0.39
Ts - S3 0.12
SSg - Be3 0.12
T3 - Be3 0.04 *
T3 - SSg 0.97

ng B63 - Sg 0.35
SSg - 83 0.99
T3-S 3 0.89
SSg - Beg 0.61
Tg - Be3 0.23
T3 - SSg 0.90

ng Beg - S3 0.99
SSg - 83 0.58
Ts - S3 0.11
SSg —Beg 0.66
T3 - Beg 0.24
T3 - SSg 0.87

C32 Beg - Sg 0.99
SS3 - Sg 0.99
T3 - S3 0.69
SSg - Be3 0.99
T3 - Be3 0.71
T3 - SSg 0.78

B.6 Deconvolutional MixSIAR model data sets

Source, sediment and discrimination data used in the deconvolutional-substrate MixSIAR
model is listed in Table B.11.
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B.7 R code

B.7.1 Deconvolutional-substrate MixSIAR model R code

Listing B.1: R code for deconvolutional-substrate MixSIAR model.

1| library (MixSIAR)

2| library (dplyr)

3| setwd("/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/mix_model_decon")

4| #

5| # Part 1: Deconvolutional MixSIAR

6| # la. Load mixture data

7|mix.1 <- load_mix_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/mix_
model_decon/data/mix.1.csv",

8 iso_names=c("dC22","dC23","dC24","dC25","dC26","dC27","dC28","dC29","dC30","dC32"),

9 factors= NULL, # in my model this has to be site (I think...)

10 fac_random=NULL,

11 fac_nested=NULL,

12 cont_effects=NULL)

13| mix.2 <- load_mix_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/mix_

model _decon/data/mix.2.csv",

14 iso_names=c("dC22","dC23","dC24","dC256","dC26","dC27","dC28","dC29","dC30","dC32"),
15 factors= NULL,

16 fac_random=NULL,

17 fac_nested=NULL,

18 cont_effects=NULL)

19| mix.3 <- load_mix_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/mix_

model_decon/data/mix.3.csv",

20 iso_names=c("dC22","dC23","dC24","dC25","dC26","dC27","dC28","dC29","dC30","dC32"),
21 factors= NULL,

22 fac_random=NULL,

23 fac_nested=NULL,

24 cont_effects=NULL)

25

26| # 1b. Load source data
27| source.1 <- load_source_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/

mix_model_decon/data/source.ml.csv",

28 source_factors=NULL,
29 conc_dep=TRUE,

30 data_type="means",
31 mix.1)

32| source.2<- load_source_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/

mix_model_decon/data/source.m2.csv",

33 source_factors=NULL,
34 conc_dep=TRUE,

35 data_type="means",
36 mix.2)

37| source.3 <- load_source_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/

mix_model_decon/data/source.m3.csv",

38 source_factors=NULL,
39 conc_dep=TRUE,

40 data_type="means",
41 mix.3)

42

43| # 1c. Load discrimination

44| discr.1 <- load_discr_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/
mix_model_decon/data/discr.ml.csv", mix.1)

45| discr .2 <- load_discr_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/
mix_model_decon/data/discr.m2.csv", mix.2)

46| discr.3 <- load_discr_data(filename="/Users/tassiastainton/Documents/MixSIAR-master/projects/nelson_cssi/
mix_model_decon/data/discr.m3.csv", mix.3)

47
48| # 1d. Define model structure and write JAGS model file
49| m1.filename <- "MixSIAR_model_mil.txt"
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50| m1.resid.err <- TRUE

51| m1.process.err <- FALSE

52| write_JAGS _model(ml.filename, ml.resid.err, ml.process.err, mix.1l, source.l)
53
54| m2.filename <- "MixSIAR_model_m2.txt"

55| m2.resid.err <- TRUE

56| m2.process.err <- FALSE

57| write_JAGS _model(m2.filename, m2.resid.err, m2.process.err, mix.2, source.2)
58
59| m3.filename <- "MixSIAR_model_m3.txt"

60| m3.resid.err <- TRUE

61| m3.process.err <- FALSE

62| write_JAGS_model (m3.filename, m3.resid.err, m3.process.err, mix.3, source.3)
63
64| # le. Run the JAGS model (advice: run="test" first to check files loaded correctly, then use a longer run
to reach convergence)

65| jags.m1 <- run_model(run="test", mix.1, source.l, discr.1l, mil.filename, alpha.prior=1, ml.resid.err, mil.
process.err)

66| jags.m2 <- run_model(run="test", mix.2, source.2, discr.2, m2.filename, alpha.prior=1, m2.resid.err, m2.
process.err)

67| jags.m3 <- run_model(run="test", mix.3, source.3, discr.3, m3.filename, alpha.prior=1, m3.resid.err, m3.
process.err)

68
69| # Runtime start 2:50pm end

70| jags.ml <- run_model(run="long", mix.l1, source.l, discr.1l, ml.filename, alpha.prior=1, ml.resid.err, ml.
process.err)

71| jags.m2 <- run_model(run="long", mix.2, source.2, discr.2, m2.filename, alpha.prior=1, m2.resid.err, m2.
process.err)

72| jags.m3 <- run_model (run="long", mix.3, source.3, discr.3, m3.filename, alpha.prior=1, m3.resid.err, m3.

process.err)

73

74| output_options <- list(summary_save = TRUE,

75 summary_name = "summary_statistics",
76 sup_post = FALSE,

77 plot_post_save_pdf = TRUE,

78 plot_post_name = "posterior_density",
79 sup_pairs = FALSE,

80 plot_pairs_save_pdf = TRUE,

81 plot_pairs_name = "pairs_plot",
82 sup_xy = FALSE,

83 plot_xy_save_pdf = TRUE,

84 plot_xy_name = "xy_plot",

85 gelman = TRUE,

86 heidel = FALSE,

87 geweke = TRUE,

88 diag_save = TRUE,

89 diag_name = "diagnostics",

90 indiv_effect = FALSE,

91 plot_post_save_png = TRUE,

92 plot_pairs_save_png = TRUE,

93 plot_xy_save_png = TRUE)

94

95| # 1f. Process diagnostics, summary stats, and posterior plots

96| output _JAGS(jags.ml, mix.1, source.l, output_options) #don’t forget to add in the other plots here

97| output _JAGS(jags.m2, mix.2, source.2, output_options)

98| output _JAGS(jags.m3, mix.3, source.3, output_options)

99
100| # 1g. Combine MixSIAR objects frome each node/model into lists (must use mix=, source=, and jags=)
101| modell <- list(mix=mix.1, source=source.l, jags=jags.ml)
102| model2 <- list(mix=mix.2, source=source.2, jags=jags.m2)
103| model3 <- list(mix=mix.3, source=source.3, jags=jags.m3)

104
105 # Combine models into a single list

106 | models <- list(modell, model2, model3)

107| # Load merging functions: ’merge_nodes’, ’plot_nodes’, ’summary_nodes’

108| #source ("/home/brian/Documents/Isotopes/Hari_soil _Nepal/data_imixsed_mixsiar/merge_nodes.R")
109
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110( # Use merging functions

111| merged <- merge_nodes (models)

112 #library (dplyr)

113| plot_nodes (merged, save_pdf=F, save_png=T)

114| res.hierarch <- summary_nodes(merged, save_txt=TRUE, filename="summary_hierarchical.csv")
115( # Save workspace

116| save.image ("hierarchical.RData")

117 #

118 # Merge results from mixing models run above and below river junction

119
120| # 1. Run mixing models on each subcatchment.

121 # If Model X mixture (mix.X) is used downstream as a source in Model Y, include mix.X as a source in
the source.Y file

122| # 2. Save mix, source, and jags objects for each model as a list, e.g. modell = list(mix=mix.1,source=
source.1l, jags=jags.1).

123| # 3. Downstream mixtures can use upstream mixtures as sources, e.g. source.3 includes mix.1 and mix.2

124 # 4. Save all models together in one list, like: models = list(modell, model2, model3)

125 # Either a) no fixed/random effects or b) the same fixed/random effect at all nodes

126
127| #### This code below is repeated from the above code given in the original document ####
128
129( # combine objects from each model into lists (must use mix=, source=, and jags=)
130| model0 <- list(mix=mix.1,source=source.l,jags=jags.mix1)

131| model2 <- list(mix=mix.2,source=source.3,jags=jags.mix3)

132| model3 <- list(mix=mix.3,source=source.4, jags=jags.mix4)

133
134
135| # combine models into a single list
136| modelsl <- list(modelO,model2,model3 )
137
138 # load merging functions: ’merge_nodes’, ’plot_nodes’, ’summary_nodes’

139| #source ("C:/Users/HariRam/Documents/subcatchment/Output/merge_nodes_010816.R") ### you can run the merged_
node here or from separte file (function below)

140
141| # use merging functions

142| merged <- merge_nodes (models1)

143| plot _nodes (merged, save _pdf=FALSE, save_png=TRUE)

144| res <- summary_nodes (merged,save_txt=TRUE,filename="summary_nodes_3.csv")

B.7.2 Merge Nodes function

Listing B.2: R code for merge nodes function from Blake et al. (2018).

1| merge_nodes <- function(models){

2 # Number of models

3 n.models <- length(models)

4

5 # # Check each model has mix, source, and jags lists

6 # for(m in 1:n.models){

7 # if ('identical (names (models [[m]]),c("mix","source","jags"))){

8 # stop(paste ("#** Error: model ",m," does not contain ’mix’, ’source’ and ’jags’ ***",sep=""))}

9 # if (tidentical (names (models [[m]]$mix),c("data","data_iso","n.iso","n.re","n.ce","FAC","CE","CE_orig","
CE_center","CE_scale","cont_effects","MU_names","SIG_names","iso_names","N","n.fe","n.effects","
factors","fac_random","fac_nested","fere"))){

10 # stop(paste ("***x Error: mix object in model ",m," does not contain correct entries **#*",sep=""))}

11 # if ('identical (names (models [[m]]$source),c("n.sources","source_names","S_MU","S_SIG","S_factorl","S_
factor_levels","conc","MU_array","SIG2_array","n_array","SOURCE_array","n.rep","by_factor","data_
type","conc_dep"))){

12 # stop(paste ("***x Error: source object in model ",m," does not contain correct entries ***",6sep=""))}

13 # if (tidentical (class (models[[m]]$jags) ,"rjags")){

14 # stop(paste ("*** Error: model ",m," does not contain ’mix’, ’source’ and ’jags’ ***", K sep=""))}

15 # )

16
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17 # Get ALL source names (incl mix/nodes), and ORIG source names (no mix/nodes)

18 source.names.all <- NULL

19 for(m in 1:n.models) source.names.all <- c(source.names.all,models[[m]]$source$source_names)

20 source.names.all <- unique(source.names.all)

21 n.sources.all <- length(source.names.all)

22 # remove <- paste0("mix.",l:n.models)

23 remove <- pasteO("node",l:n.models)

24 source.names.orig <- setdiff (source.names.all, remove)

25 n.sources.orig <- length(source.names.orig)

26 models [[1]1]$source.names <- source.names.orig

27

28 # Get indices of source.names.orig for each model

29 for(m in 1:n.models) models[[m]]$ind <- match(source.names.orig,models[[m]]l$source$source_names)

30

31 # Get node matrix (mix as source to other mix)

32 node.mat <- array(NA,dim=c(n.models,n.models))

33 for(m in 1:n.models) node.mat[m,] <- remove %in% models[[m]]$source$source_names

34

35 # check if we have fixed/random effect or not

36 effect <- ifelse(models[[1]]$mix$n.effects==1,TRUE,FALSE)

37

38 if (teffect){ # if no fixed/random effect

39 for(m in 1:n.models){

40 # p.merged indexed same as p.global: [draws,source], but ALL sources in system

41 n.draws <- dim(models[[m]]$jags$BUGSoutput$sims.list$p.global) [1]

42 models [[m]]$p.merged <- array(0,dim=c(n.draws,n.sources.orig))

43 for(src in 1:n.sources.orig){

44 for(src.sub in 1:models[[m]]$source$n.sources){

45 # do we have a mix node?

46 if (length(grep("mix", models[[m]]l$source$source_names[src.subl))==1){

47 node <- TRUE

48 mix.no <- as.numeric(gsub("mix.", "", models[[m]]l$source$source_names[src.subl))

49 } else { node <- FALSE }

50 # if (length(grep("node", models[[m]]$source$source_names[src.subl))==1){

51 # node <- TRUE

52 # mix.no <- as.numeric(gsub("node", "", models[[m]]l$source$source_names[src.subl))

53 # } else { node <- FALSE }

54

55 if ('node){

56 # if (src==models[[m]]$ind[src.sub]) models[[m]]$p.merged[,src] <- models[[m]]$p.merged[,src] +
models [[m]]$jags$BUGSoutput$sims.list$p.global [,models[[m]]$ind[src]]

57 if ('is.na(models [[m]]1$ind[srcl)) {if(src.sub==models[[m]l$ind[src]) models[[m]l$p.mergedl[,srcl
<- models[[m]]$p.merged[,src] + models[[m]]$jags$BUGSoutput$sims.list$p.globall[,src.subl}

58 }

59 if (node){

60 # tmp <- models[[m]]$jags$BUGSoutput$sims.list$p.global[,src.sub] * models[[mix.noll$jags$
BUGSoutput$sims.list$p.global[,models [[mix.noll$ind[src]]

61 # models[[m]]$p.merged[,src] <- models[[m]]l$p.merged[,src] + tmp

62 tmp <- models[[m]]$jags$BUGSoutput$sims.list$p.global[,src.sub] * models[[mix.noll$p.mergedl[,
src]

63 models [[m]]$p.merged[,src] <- models[[m]]$p.merged[,src] + tmp

64 }

65 }

66 }

67 ¥

68 s

69

70 if (effect){

71 # ASSUMES same fixed effects for ALL nodes, with same levels for all

72 # need to write test for this...

73

74 # # test the fixed effect is the same for nodes 1 and 2

75 # if (lidentical(mix.1$factors,mix.28factors)){

76 # stop(paste ("***x Error: Factors from node 1 and node 2 are not the same #***",sep=""))}

77

78 # # confirm the indices for each FE/RE level are the same for nodes 1 and 2 (e.g. season = EW, LW, MW)

79 # if (identical (mix.1$FAC[[1]]1$labels ,mix.2$FACL[[1]]1$1labels)){
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80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

107
108
109

110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

134
135
136

137
138
139

seasons <- mix.1$FAC[[1]]$labels
n.seasons <- length(seasons)
} else {

stop(paste ("***x ERROR: fixed/random effect levels not the same for nodes 1 and 2 ***x",6sep=""))

EE N I

models [[1]]$seasons <- models[[1]]1$mix$FAC[[1]]$1labels
n.seasons <- length(models[[1]]$seasons)
for(m in 1:n.models){
# p.merged indexed same as p.facl: [draws,season,source], but ALL sources in system
n.draws <- dim(models[[m]]$jags$BUGSoutput$sims.list$p.fac1) [1]
models [[m]]$p.merged <- array(0,dim=c(n.draws,n.seasons,n.sources.orig))
for(i in 1:n.seasons){
for(src in 1:n.sources.orig){
for(src.sub in 1:models[[m]]$source$n.sources){
# do we have a mix node?
if (length(grep("mix", models[[m]]$source$source_names[src.subl))==1){
node <- TRUE
mix.no <- as.numeric(gsub("mix.", "", models[[m]]l$source$source_names[src.subl))
} else { node <- FALSE }
#if (length (grep ("node", models[[m]]$source$source_names[src.subl))==1){
# node <- TRUE

i

# mix.no <- as.numeric(gsub("node", models [[m]]$source$source_names[src.subl))

#} else { node <- FALSE }

if (!node){
if (!is.na(models [[m]]$ind[src])) {if(src.sub==models[[m]l$ind[src]) models[[m]l$p.mergedl[,i,
src] <- models[[m]]$p.merged[,i,src] + models[[m]]$jags$BUGSoutput$sims.list$p.facll[,i,
src.subl}
s
if (node){
# tmp <- models[[m]]$jags$BUGSoutput$sims.list$p.facl[,i,src.sub]l * models[[mix.noll$jags$
BUGSoutput$sims.list$p.facli[,i,models [[mix.noll$ind[src]]
tmp <- models[[m]]$jags$BUGSoutput$sims.list$p.facl[,i,src.sub]l * models[[mix.noll$p.mergedl[,
i,src]
models [[m]]$p.merged[,i,src] <- models[[m]]l$p.merged[,i,src]l + tmp
}

¥
} # end season
} # end models
} # end if (effect)

return(models)

# ’merged’ is result of ’merge_nodes’ function

plot_nodes <- function(merged,save_pdf=FALSE,save_png=TRUE){
n.models <- length(merged)
effect <- ifelse(merged[[1]]$mix$n.effects==1,TRUE,FALSE)

if (leffect){ # if no fixed/random effect
n.sources <- dim(merged[[1]]$p.merged) [2]
n.draws <- dim(merged[[1]1]$p.merged) [1]
col=RColorBrewer::brewer.pal(n.sources,"Setl")
for(m in 1:n.models){
dev.new ()
df <- data.frame(sources=rep(NA,n.draws*n.sources), x=rep(NA,n.draws*n.sources)) # create empty data
frame
for(src in 1:n.sources){
df$x[seq(l+n.draws*(src-1),src*n.draws)] <- as.matrix(merged[[m]]l$p.merged[,src]) # fill in the p.
global values
df$sources [seq(1+n.draws*(src-1) ,src*n.draws)] <- rep(merged[[1]]$source.names[src],n.draws) #

fill in the source names

# handle case where a source is not present in this node
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140 df [df == 0] <- NA
141 y <- df %>% group_by(sources) %>} summarize(mean=mean(x)) mutate(n=1:n.sources) %>% filter (mean
>0) %>% select(n)

142

143 my.title <- pasteO("Node ",m)

144 print (ggplot2::ggplot(df, ggplot2::aes(x=x, fill=sources, colour=sources)) +

145 ggplot2::geom_density(alpha=.3, ggplot2::aes(y=..scaled..)) +

146 ggplot2 1im(0,1) +

147 ggplot2 heme_bw () +

148 ggplot2::xlab("Proportion of Diet") +

149 ggplot2 lab("Scaled Posterior Density") +

150 ggplot2::labs(title = my.title) +

151 ggplot2::scale_fill_manual (values=col[y$n]) +

152 ggplot2::scale_colour_manual (values=col[y$n]) +

153 ggplot2::theme(legend.position=c(1,1), legend.justification=c(1,1), legend.title=ggplot2::

element_blank ()))

154

155 # Save plot as PDF

156 if (save_pdf){

157 mypath <- pasteO("p.node",m,".pdf") # svalue(plot_post_name),

158 dev.copy2pdf (file=mypath)

159 }

160

161 # Save plot as PNG

162 if (save_png){

163 mypath <- pasteO("p.node",m,".png") # svalue(plot_post_name),

164 dev.copy (png,mypath)

165 }

166 } # end loop over nodes/models

167 } # end p.global posterior plots

168

169 if (effect){ # if we have a fixed/random effect

170 n.seasons <- dim(merged[[1]]$p.merged) [2]

171 n.sources <- dim(merged[[1]]1$p.merged) [3]

172 n.draws <- dim(merged[[1]]$p.merged) [1]

173

174 # get colors in advance to keep consistent even when a source is not present for a given node

175 col=RColorBrewer::brewer.pal(n.sources,"Setl")

176

177 for(m in 1:n.models){

178 for(f1 in 1:n.seasons){

179 dev.new ()

180 df <- data.frame(sources=rep(NA,n.draws*n.sources), x=rep(NA,n.draws#*n.sources)) # create empty

data frame

181 for(src in 1:n.sources){

182 df$x[seq(1+n.draws*(src-1),src*n.draws)] <- as.matrix(merged[[m]]l$p.merged[,f1,src]l) # fill in
the p.faci[f1] values

183 df$sources[seq(l+n.draws*(src-1),src*n.draws)] <- rep(merged[[1]]$source.names[src]l,n.draws) #
fill in the source names

184 ¥

185

186 # handle case where a source is not present in this node

187 df [df == 0] <- NA

188 y <- df %>% group_by(sources) ¥%>% summarize(mean=mean(x)) %>% mutate(n=1:n.sources) %>} filter (mean

>0) %>% select(n)

189

190 my.title <- pasteO("Node ",m,": ",merged[[1]]$seasons[f1]) # formerly factorl_names

191 print (ggplot2::ggplot (df, ggplot2::aes(x=x, fill=sources, colour=sources)) +

192 ggplot2::geom_density(alpha=.3, ggplot2::aes(y=..scaled..)) +

193 ggplot2::x1im(0,1) +

194 ggplot2::theme_bw() +

195 ggplot2::xlab("Proportion of Diet") +

196 ggplot2::ylab("Scaled Posterior Density") +

197 ggplot2::labs(title = my.title) +

198 ggplot2::scale_fill_manual(values=col[y$n]) +

199 ggplot2::scale_colour_manual(values=col[y$n]) +
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ggplot2::theme (legend.position=c(1,1), legend.justification=c(1,1), legend.title=ggplot2::
element _blank()))

# Save plot as PDF
if (save_pdf){
mypath <- pasteO("p.node",m,".",merged[[1]]$seasons[f1],".pdf") # svalue(plot_post_name),
factorl_names

dev.copy2pdf (file=mypath)

# Save plot as PNG
if (save_png){
mypath <- pasteO("p.node",m,".",merged[[1]]1$seasons[f1],".png") # svalue(plot_post_name),
factorl_names
dev.copy (png,mypath)
}
} # end p.facl posterior plots

} # end loop over models

# ’merged’ is result of ’merge_nodes’ function

summary_nodes <- function(merged,save_txt=TRUE,filename="summary_nodes.txt“){
n.models <- length(merged)
res <- vector("list",n.models)
effect <- ifelse(merged[[1]]$mix$n.effects==1,TRUE,FALSE)

# open file
cat ("
Summary Statistics
",sep="", file=filename, append=FALSE)

if (leffect){
for(m in 1:n.models){
# calculate stats
res[[m]]$quantiles <- round(apply(merged[[m]]$p.merged,2,function(x) quantile(x,c(.025,.05,.95,.975))
),3)

res[[m]]$medians <- round(apply(merged[[m]]$p.merged,2,median) ,3)
res[[m]]$means <- round(apply(merged[[m]]$p.merged,2,mean) ,3)
res[[m]]$sds <- round(apply(merged[[m]]$p.merged,2,sd),3)

# combine stats

res[[m]]$stats <- rbind(res[[m]]$quantiles,res[[m]]$medians,res[[m]]$means,res[[m]]$sd)
rownames (res [[m]]$stats) <- c(0.025,0.05,0.95,0.975, "median","mean","SD")

colnames (res[[m]]$stats) <- merged[[1]]$source.names

out <- capture.output(res[[m]]l$stats)

# print to screen

cat ("

", sep="")
cat (out ,sep="\n")

# print to file
cat ("

",sep="",file=filename, append=TRUE)
cat (out ,sep="\n",file=filename, append=TRUE)
} # end model
} # end if no effect

if (effect){
n.seasons <- dim(merged[[1]]1$p.merged) [2]
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for(m in 1:n.models){
for(i in 1:n.seasons){
# calculate stats
res[[m]]$quantiles [[merged [[1]]$seasons[i]]] <- round(apply(merged[[m]]$p.merged[,i,],2,function(x)
quantile(x,c(.025,.05,.95,.975))),3)

res[[m]]$medians [[merged [[1]]$seasons[i]]] <- round(apply(merged[[m]]$p.merged[,i,],2,median),3)
res[[m]]$means [[merged[[1]]$seasons[i]]] <- round(apply(merged[[m]]$p.merged[,i,],2,mean) ,3)
res[[m]]$sds[[merged[[1]]$seasons[i]]] <- round(apply(merged[[m]]$p.merged[,i,],2,sd),3)

# combine stats

res[[m]]$stats [[merged [[1]]$seasons[i]]] <- rbind(res[[m]]$quantiles[[i]],res[[m]]$medians[[i]l],res
[[m]]$means [[i]],res[[m]1$sd[[il])

rownames (res [[m]]$stats[[i]]) <- ¢(0.025,0.05,0.95,0.975, "median","mean","SD")

colnames (res[[m]]$stats[[i]]) <- merged[[1]]$source.names

out <- capture.output(res[[m]]l$stats[[i]])

# print to screen
cat ("

" sep="")
cat (out ,sep="\n")

# print to file
cat ("

",sep="",file=filename, append=TRUE)
cat (out ,sep="\n",file=filename, append=TRUE)
} # end season
} # end model
} # end if (effect)
return(res)

}
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