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Abstract
Pacific salmon has been a staple resource for residents of British Columbia for over
seven thousand years. Archaeological evidence obtained from a shell midden at Namu,
B.C., provides detailed information about the diets of the First Peoples living at Namu
over the past seven thousand years. Pacific salmon was the most prevalent species of fish
uncovered within the midden, excluding herring. Pink, chum and sockeye species were
consumed in the greatest quantities. Pink was particularly favored because of its ability to
store over winter months without spoiling. Evidence from the shell midden also reveals
fluctuations within the pink salmon fishery from ~3800 until 1900 cal year BP. The
paleoenvironmental conditions within Namu Lake during the time of the pink collapse
have never before been explored. There is also little evidence pertaining to what may
have contributed to the collapse of the pink fishery.

Sediment cores collected from Namu Lake, B.C. provide evidence for
paleoenvironmental conditions that may have contributed to fluctuations in the pink
salmon population. Particle size analyses of lake sediment cores indicate changes in river
discharge as well as erosional intensity within the Namu basin. Particle size, coupled with
radiocarbon dating, reveal a transitional period within the basin from ~ 3200 to 2200 cal
year BP. A decrease in elemental ratios/Al, particularly Ca, Na, Ba, and Sr, provides
evidence for a decline in erosional intensity and a relatively drier period within the basin.
The decrease in erosional intensity could be due to consistently drier conditions at Namu.
A resulting reduction in the flow of the Namu River would have caused an increase in

finer particles within the pink salmon spawning grounds. Average C/N ratios for NC1 are
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26.28, indicating that organic matter within the lake is mainly terrestrial in origin. These
results, combined with the particle size and trace metal analysis, reveal that river
discharge and slope wash had declined during this period causing fine material to remain
in the Namu River (outflowing), which is the spawning grounds for the pink salmon,
rather than being transported out into the bay. The results of this study reveal that a shift
in moisture, towards relatively dry conditions, negatively impacted spawning pink salmon
at Namu Lake. This study provides insight into the sensitivity of Pacific salmon to
climate and the effects future climate change may have on the species. The ability of
environmental data to supplement and enhance archaeological information and
interpretations of prehistoric conditions is illustrated throughout this study. The cores
collected at Namu Lake also reveal the need for site specific climatic data in order to

accurately interpret archaeological contexts and conditions.
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Chapter 1

1.1 Introduction

Namu, British Columbia is the longest, continually inhabited site along the northwest
coast of North America. Charcoal radiocarbon-dated from the site dates back 11000 cal
year BP (Carlson 1996). Excavations of the Namu shell midden, mounds containing
shells, fish and animal bones, provide insight into the diet of past peoples at this location
on the central coast of British Columbia (Cannon 1991). Pacific salmon, in particular
sockeye, chum and pink, were revealed to be staple resources for the First Peoples at
Namu from at least 7000 cal year BP (Cannon, 1996). Pink was the preferred species as it
was able to store over the winter months without spoiling due to its low fat content
(Romanoft, 1985). From ~ 5000 to 3800 cal year BP pink is the dominant species of
salmon uncovered within the midden. After ~3800 cal year BP, the percentage of pink
within the midden begins to decline, indicating that pink is no longer the primary species
consumed at Namu. It is not until 1800 year BP that the staple pink salmon fishery begins

to rebound (Cannon and Yang, 2006).

Cannon (1991) speculated that the decline in the pink salmon fishery might have
been due to the siltation of the lower Namu River caused by a rise in sea level. Several
studies have successfully illustrated that an increase in fines (<0.85 mm) in spawning
areas can decrease the survival of eggs by limiting the amount of oxygenated water
available to developing embryos (Lisle and Lewis, 1992; Jensen et al., 2009). In a study
on the effect of fine particles (<0.85 mm; medium sand) on developing salmon embryos,

Jenson et al. (2009) found that a 1% increase in fine material within spawning grounds
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resulted in a 17% reduction in the chance of survival for several species of salmon
embryos. When salmon return to their native streams to spawn they remove a portion of
the fine sediment from these streams while building nests (redds) for the eggs, thus, it is
material deposited after spawning that is detrimental to developing eggs (Chapman, 1988).
Evidence indicates that from 4000 to 2000 years BP there was a shift within the shell
midden at Namu from mussels and barnacles, species that inhabit rocks, to clams, which
prefer silt and sand (Cannon, 1991). There is also an increase in shellfish within the
midden during this period, which indicates that the First Peoples were forced to modify
their diet during the decline of the pink salmon fishery. Signs of other hardships during
the interval ~ 4000 to 2000 years BP include the presence of marginal food sources, such
as ratfish and bone marrow taken from deer phalanges (Cannon 1995; Zita, 1997).
Isotopic analysis of dog remains revealed that after 4000 years BP there was increased
consumption of terrestrial food sources and shellfish among some dogs (Cannon et al.,
1999). However, other dog remains revealed a consistent consumption of marine food
sources, which may indicate that the pink failure was variable and not a permanent
decline (Cannon et al., 1999; 2011). Barta (2007) found that the number of dog
haplotypes also decreased during this period, most likely due to inadequate food supplies

during the fluctuations within the staple pink resource. Although there have been studies
exploring the hardships associated with the fluctuations in the pink salmon fishery, the
causation of this decline has yet to be fully explored. This study represents a novel
opportunity to use lacustrine, sedimentary data to interpret fluctuating salmon populations

at Namu, B.C.

Most species of Pacific salmon (Oncorhynchus spp.) are anadromous, i.e. they
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return to freshwater from the ocean to spawn. Pacific salmon are especially vulnerable to
their freshwater habitats while spawning. Pink and chum typically spawn in rivers and
streams while sockeye spawn in lakes. Disruptions to the spawning bed, such as an
increase in river discharge or an increase in fine sediment, can be devastating to breeding
salmon populations (McNeil and Ahnell, 1964). Spawning salmon bury their eggs in
gravely, coarse sediment which provides both protection from predation as well as a
sufficient supply of oxygen. When spawning beds contain large amounts of silts, clays,
and organics, the proportion of available oxygen for the developing eggs is reduced,
which results in lower numbers of emerging fry (young salmon) (McNeil and Ahnell,
1964). The increase of fines and organics within a spawning bed can be caused by a rise
in erosional intensity within the basin. Eggs and alevin are also vulnerable to the
disruption or removal of gravel by flooding or the movement of other fish (Neave, 1958).
Sea-level rise can similarly cause an increase in sedimentation near the mouth of a river,
resulting in increased fine material and organic matter entering the spawning grounds
(Cannon, 1991). Pink salmon is a particularly vulnerable species compared to the chum
and sockeye because of their fixed two-year lifespan. While chum and sockeye have the
advantage of variable-aged spawning, an unsuccessful spawning season for pink could be
detrimental for generations to come.

Particle size analysis has been used in numerous studies (Desloges and Gilbert,
1994; Campbell, 1998; Menounos, 2002; Parris et al. 2009; Giguet-Covex et al. 2012) as
a reliable indicator of past hydrologic and climatic conditions for watersheds. Paleofloods
and paleostorms can also be identified in the sedimentary record as coarse terrestrial
material found within the lake basin (Campbell, 1998). River and stream discharge are

largely controlled by the size of the catchment and the amount of precipitation received
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(Nesje et al., 2001). Floods occurring on the central coast of British Columbia are caused
by precipitation events (rain or snow), retreating glaciers, snowmelt, or a combination of
these (Menounos, 2002). The ability of a river to erode material within a basin is
proportional to the velocity and the volume of flow, i.e. the greater the flow the greater
erosional capacity of the river (Giguet-Covex et al., 2012; Pidwirny, 2008). Campbell
(1998) also observed clay-poor, coarse sediment being delivered by high stream discharge
during a climatic shift in southern Alberta during the late Holocene. Giguet—Covex et al.
(2012), while conducting a study in the French Alps, found that moderate, frequent
flooding events were typical during cooler periods, while extreme events, i.e. flash floods,

had a higher incidence during warmer intervals.

Another parameter that has been used to reconstruct past environmental conditions
is the analysis of trace elements within lacustrine sediments. One of the first studies to
observe the chemistry of lacustrine sediments was conducted by Mackereth (1966) on the
postglacial lakes of the English Lake District. Mackereth (1966) concluded that the
mineral content of the sediment was a result of the erosional intensity within the basin. In
particular, the concentrations of Ca, Na, and Sr, were directly related to the intensity of
erosion within the lake at the time of sediment deposition (Mackereth, 1966). Since, Ca,
Na, and Sr, are strongly associated with clastic minerals the concentrations of these
metals within sediment is directly proportional to the degree of erosion and weathering
within a watershed (Mackereth, 1966). The increase in certain elements during periods of
intense precipitation is due to the soluble nature of these metals (cations) as they are
eroded and weathered out of silicate minerals from the surrounding geology, and are

transported into rivers and lakes where they eventually settle into the sediment
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(Mackereth, 1966; Felton et al., 2007).

Pacific salmon accumulate most of their biomass (~ 95%) while in the ocean,
which causes the fish to be enriched in 613C and 615N, unlike freshwater fish that have
lower levels of 613C and 815N (Minagawa and Wada, 1984). The lakes in which Pacific
salmon tend to spawn are often oligotrophic with limited nutrient supply. The
productivity of these lakes can be significantly impacted by marine derived nutrients
(MDN), i.e. 815N, that is delivered by the salmon (Naiman et al., 2001). Several studies
have used 315N levels within lake sediments to infer past Pacific salmon abundances
(Finney et al., 1998; 2002; Brahney et al., 2006; Hill et al., 2009). Using sediment
samples from an Alaskan lake, Finney et al. (1998) were able to successfully identify high
levels of 315N in conjunction with elevated salmon populations. Coastal lakes in British
Columbia often have a diluted MDN signal due to increased precipitation, input of
terrestrial organic matter, and high flushing rates, which can mask the MDN signal
(Holtham et al., 2004). While a few studies involving Alaskan lakes (Finney et al., 1998;
2002) have been able to infer historical salmon abundances from sedimentary 615N,
using lakes within coastal British Columbia for this purpose has proved more difficult

(Hobbs and Wolfe, 2007; 2008; MacDuffee and Maclsaac, 2009).

1.2 Research Questions

The goal of this project is to use sedimentary evidence to identify late Holocene climatic
and hydrological conditions at Namu Lake, British Columbia, during the time of the
fluctuating pink salmon fishery from ~3800 to 1800 cal years BP. The overarching goal is

to identify what conditions could have contributed to the significant decline in this staple
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resource. In order to do this I will explore the following questions:

1) What were the prevailing environmental conditions during the
mid- late Holocene at Namu Lake?

2) How do the results correspond with salmon abundances as
measured from the Namu archaeological site?

3) How do the results from Namu compare with other regional
climate studies from coastal British Columbia?

1.3 General Thesis Outline
The structure of this thesis involves one comprehensive study of the project site, Namu
Lake, British Columbia, which addresses the research questions throughout. Chapter 1
provides an overall introduction to the study and its methods. Chapter 2 contains the
extensive analysis of the sedimentary evidence collected from Namu Lake. Results from
the isotopic, particle size and trace metal analysis are contained within Chapter 2 as well
as a discussion of these results. Chapter 3 contains the conclusions of the study and
possible directions of future research.
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Chapter 2
Sedimentary Evidence from Namu Lake, British Columbia of Changing Moisture
Regimes During a Period of Fluctuation in the Staple Pink Salmon Fishery

Alyson L. Brown, Eduard G. Reinhardt, Aubrey Cannon, and Joe 1. Boyce

2.1 Abstract

Pacific salmon has provided nourishment for residents of British Columbia for a period of
at least 7000 years before the time of first European contact. The abundance, preservation
qualities, and nutritive value of this fish made it a staple food source for the prehistoric
settlement of Namu, B.C. Namu began as a settlement over 11,000 years BP with a
microlithic, flaked stone industry (Carlson 1996), but by ca 7000 years BP there is good
evidence that Namu was a permanent village largely reliant on Pacific salmon (Cannon
and Yang 2006). The most prevalent species of salmon consumed at Namu was pink, due
to its ability to store over the winter months without spoiling. However, the staple pink
fishery at Namu began to fluctuate ~ 3800 cal year BP. This study presents a detailed
sedimentary analysis of cores collected from Namu Lake, British Columbia in order to
provide evidence for paleoenvironmental conditions that may have contributed to the
decline of the pink population ~ 3800 cal year BP. Two short sediment cores (57 and 116
cm) were collected from different locations within Namu Lake at depths 28 and 25m
respectively. High-resolution (0.5 cm) particle size analysis was performed on each of the
sediment cores. The first core, NC1, is composed of organic-rich, very fine sand with
several coarser intervals of fine sand. The coarsest interval occurs from 3300 to 3200 cal

year BP with a mean particle size of 163.5 um. The average particle size for the finer
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background material of NC1 is 110.0 um (very fine sand). The second core, NCE, also
contains several coarser intervals that have a mean particle size of 290.7 um (medium
sand). The coarsest interval occurs at the base of NCE with an average particle size of
347 um (medium sand). Several metals, Na, Ca, Ba, and Sr, display peaks in NC1 during
the coarser interval, which may indicate that erosional intensity within the basin was
heightened during this period. Overall, particle size and trace elemental/Al ratios decline
in the period from ~ 3200 cal year towards the present. AMS radiocarbon analysis reveals
that these falls occur during the period of decline for the staple pink fishery as reported in
archaeological literature.

Key Words: particle size analysis, trace elements, lake sediments, prehistoric settlement

2.2 Introduction

Namu is located on the remote central coast between the north Pacific Ocean to the

west and the Coast Mountains in the east (Figure 1A). The First Peoples of the Pacific
coast of North America arrived in this region over eleven thousand years ago and were
equipped with watercraft and well-developed fishing skills (Moss and Cannon, 2011;
Carlson, 1979). Hester (1978) was the first to uncover evidence of a flaked stone industry
at Namu dating back ~ 9000 cal year BP. Since this initial work, Namu has been
extensively excavated and studied (Figure 1; Hester, 1978; Carlson, 1979; Cannon, 1991;
Cannon et al, 1999; Cannon, 2000; Cannon and Yang, 2006). Most of these
archaeological studies were focused on the Namu shell midden, a sediment mound that,

because of excellent preservation of vertebrate and invertebrate faunal remains, provides
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extensive insight into the diet, long-term subsistence patterns, and hardships of the
prehistoric settlement (Cannon, 1995; Cannon et al., 1999; Cannon and Densmore, 2008).
The shell midden portion of the site reveals details of a salmon-based subsistence
economy from ~ 7000 to the time of European contact in the late 18" century. The
storage and preservation of large quantities of Pacific salmon, in particular pink salmon,
is thought to have contributed to the formation of substantial permanent settlements, a
variety of cultural practices, and potential social hierarchy at Namu (Cannon and Yang,
2006).

Cannon and Yang (2006) identified pink salmon as the main focus of the Namu
fishery, but the proportional representation of pink declined in the period after ca. 3800
cal BP. A variety of indicators also show that populations at Namu experienced food
shortages coincident with the decline of the pink fishery. Pink was an important staple
over other species of Pacific salmon because its low fat content permitted long-term
winter storage without spoiling (Romanoff, 1985). It still remains largely unknown why
the pink population began to fluctuate at Namu at ~ 3800 cal year BP. There has been
speculation that the lower river became subject to siltation (Cannon, 1991), which
negatively impacted the pink populations. However, there has been no sedimentary
evidence collected to explore this theory further. Sediment cores collected from
Namu Lake (Figure 1B) provide a unique approach to investigate these fluctuations
within the pink salmon population. Namu Lake has yet to be studied for explanations

regarding the fluctuating staple pink salmon fishery.
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Multiple approaches were combined in this study, including particle size analysis,
chronology, trace metal and stable isotope analyses, to recreate paleoenvironmental
conditions at Namu throughout the late Holocene. Particle size analysis allows for the
examination of sedimentary processes within the lake system and can provide insight into
changes within the basin hydrology (Giguet-Covex et al., 2012; Parris et al., 2009;
Campbell, 1998). Chronology, specifically '*C dating, allows environmental conditions at
certain time periods to be further isolated and explored. Trace metal analysis can indicate
the intensity of erosion and weathering within the basin, wet/dry intervals, and hydrologic
conditions within the system (Felton et al., 2007; Brahney et al., 2007; Mackereth, 1966).
In particular, Mg/Al, Na/Al, Sr/Al, Ba/Al, and Ca/Al can provide further evidence of
terrigenous input (Felton et al., 2007; Warrier and Shanker, 2009). Although complex,
due to the nonlinear relationship between marine derived nutrients (MDN), sedimentary
015N, and nitrogen loading within lakes, there have been a few studies that have
recreated sockeye salmon population estimates by using stable isotope analysis (615N)
(Finney et al., 1998; 2002; Gregory-Eaves et al, 2003; Hill et al., 2009;). While in this
paper, stable isotopes (613C and §15N) will mainly be used to determine sources of
organic material (OM) within the Namu Lake basin, 015N will be assessed to explore the
feasibility of recreating sockeye abundances using this approach (Mackie et al., 2005;
Meyers and Teranes, 2001). C/N ratios will also be used to determine sources of OM
within the basin. Lower C/N ratios, those between 4 and 10, are indicative of aquatic or
algal sources of OM. While higher C/N ratios, >20, are indicative of OM sources from

vascular land plants (Meyers and Teranes, 2001).
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2.3 Background

2.3.1 Geology and Topography at Namu

The geology within the Namu region is primarily composed of silicate and innosillicate
minerals. The Namu Pluton, which dates back to the Late Cretaceous, surrounds Namu
Lake and consists of quartz diorite, tonalite, and granodiorite (NRCAN, 31996).
Southwest of the lake is an Upper Triassic aged suite of rocks, including quartzite,
marble, argillite, biotite schist, greenstone, volcanic breccia, amphibolite and some minor
rhyolite (NRCAN, 1996). Several sills located along the Namu River control the
distribution and flow of water to the surrounding tributaries within the watershed. A sill
located at the outlet of the Namu River mouth, largely regulates the flow of the river into
the Namu Harbor (Figure 1B). The topography surrounding Namu Lake consists of
steep, coniferous-covered hills, which give way to the Coast Mountain Range in the east.
The Namu Range, which forms part of the Coast Mountains, lies to the southeast of the
lake and reaches elevations upwards of 900 m. Further eastward, the often snow-covered
Pacific Range of the Coast Mountains, from which the Namu River flows, reaches

elevations of over 1500 m.

2.3.2 Regional Climate

According to several pollen studies (Mathewes and Heusser, 1981; Heusser et al., 1985;
Clague et al., 1992; Hebda, 1995; Pellatt and Mathewes, 1997) the climate of the Pacific
Northwest underwent three climate shifts throughout the Holocene. The early Holocene

was defined by a dry, warm period that lasted from ~ 10,000 to 7,000 year BP
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(Mathewes and Heusser, 1981; Pellatt and Mathewes, 1997). The mid Holocene was
characterized by generally warm temperatures and an increase in moisture (Hebda, 1995;
Pellatt and Mathewes, 1997). Lastly, the late Holocene, beginning ~ 4000 to 3500 year
BP, is dominated by cool, wet conditions that may have initiated on the coast prior to the
interior of the province (Heusser, 1985; Mathewes, 1985; Hebda, 1995; Pellatt and
Mathewes, 1997).

Today, the climate of British Columbia is largely influenced by the Pacific Ocean
and the mountain chains located throughout the province. The central coast of British
Columbia is the wettest region in the province, with a hypermaritime climate consisting
of mild, year-round temperatures (average temperature for the region is between 3 and 5
degrees Celsius) and heavy rainfall (average rainfall for the region ~ 2000 mm/year)
(Environment Canada, 2014). This region typically receives the greatest amount of
rainfall, and storms, in the autumn and winter months (October - March). Shielded by the
Coast Mountains, the interior of the province experiences a continental climate, which is
hotter and drier than the coast. The same is true for Vancouver Island, where the east side
of the island has milder, drier conditions while the west side is cooler and receives greater
amounts of rainfall.

The El Nino Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO),
the North Pacific High (NPH), and the Aleutian Low (AL) are the main climate controls
in coastal British Columbia (Galloway et al., 2013; Mann et al., 2005; Shen et al.,

2006; Asmerom et al., 2007). The PDO is the main driver of sea surface temperature

(SST) variability within the North Pacific Ocean (Patterson et al., 2004; Mann et al.,
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1995; Ware and Thomson, 2000). A warmer PDO generally translates to cooler SSTs
within the central North Pacific and warmer SSTs along the Pacific coast (Mantua and
Hare, 2002). The PDO typically has a longer, multi-year resolution compared to the
shorter ENSO and AL, which typically last from 6 to 8 months. Occurring over two
main cycles, the PDO typically occurs every 15 to 25 years and again at 50 to 70 years.
During these active periods, warm sea surface temperatures occur off the coast of
North America, causing reduced coastal upwelling and a strong AL (Patterson et

al., 2004). The AL produces counter-clockwise winds in the region during the winter
months, while the NPH is responsible for clockwise winds occurring in the summer
months (Patterson et al., 2007). The AL is strongest from August until January,
increasing wind speeds and levels of precipitation along the coast during these months
(Galloway et al., 2010). For the rest of the year (spring and summer), when the

NPH moves northward, precipitation decreases within the region (Patterson et al., 2007,
Chang and Patterson, 2005; Thomson, 1981). Generally, when the AL is present in the
east (intense), storminess and increased precipitation occurs along the northern coast of
B.C. and southern Alaska. When the AL is in a more westerly position (weaker),
storminess and precipitation occurs along the southern coast of B.C. (Galloway et al.,

2010).

2.3.3 Salmon Ecology
Several species of Pacific salmon, including pink and sockeye, are anadromous, i.e. they

spawn in freshwater yet spend the majority of their adult lives at sea. Lakes are the typical
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spawning grounds for sockeye salmon, while pink spawn in the lower reaches of rivers
and streams. Pink are not great jumpers, and therefore spawn closer to the sea than other
species of Pacific salmon. All species of Pacific salmon; however, spawn in

freshwater. Sockeye typically return to their native freshwater to spawn during late
spring to midsummer (Burgner, 1991). The spawning of pink typically occurs in the
North Pacific from June until September (Neave et al., 1967; Heard, 1991). Sockeye
exhibits variable aged spawning, spawning anywhere from 1 to 4 years, while

pink have a fixed spawning age of two years (Burgner, 1991). In some river systems
pink populations will appear every other year due to their fixed two-year spawning. Pink
and sockeye vary in the amount of time they remain in the freshwater once emerging
from their nests (redds) as young salmon or smolts. Sockeye typically remain in
freshwater from one to two years before migrating to the ocean, while pink may

spend only days or weeks in the freshwater before entering the ocean (Burgner, 1991;
Heard, 1991). Shortly after spawning, both pink and sockeye die in their native

freshwaters, their carcasses providing nutrients to the surrounding ecosystem.

2.3.4 Namu Lake

Namu Lake (UTM coordinates: 359666 5651728) is located directly to the east of the
village of Namu (Figure 1B). The lake is approximately 5 km long and 1 km wide at its
broadest section. Namu is an oligotrophic lake that reaches a depth of >60 meters at its
deepest point. Namu River feeds into the lake, flowing into Namu Lake after it passes
through the Draney Lakes (Figure 1B). There is a small, coarse, sandy delta found at the

base of the Namu River as it enters Namu Lake. The outlet Namu River empties into
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Namu Harbor, which flows into Fitz Hugh Sound and eventually into the North Pacific

Ocean.

2.4 Methods

Two sediment cores NC1 and NCE were collected from Namu Lake in July of 2011 at
depths 28 and 25 m respectively. NC1 (57 cm) was collected using a Glew corer (Glew,
Smol, and Last, 2001). NC1 was taken from the lake north of the inflowing Namu River
(Figure 1B). Core NCE (117 cm) was collected by a fellow researcher from the southern
portion of the lake, near the outflowing Namu River, using a Livingston corer. In the
laboratory, NC1 was sampled using a graduated core extruder and sampled at 0.5 cm
increments while NCE was sampled at 1 cm intervals. During core collection a
bathymetric profile of the lake was conducted using a 200 kHz Knudsen single beam
echosounder. A sub-bottom seismic profile was also collected for the lake using a
Knudsen swept frequency (18-24 kHz) chirp echosounder. Two-way travel times were
converted from depths using an estimated water velocity of 1450 m/s.

Four samples of bulk organic matter (OM), from NCI1 at depths 14.5, 24.5, 34.5,
and 44.5 cm were selected for Accelerated Mass Spectrometry (AMS) radiocarbon dating
at Beta Analytic Radiocarbon Dating Laboratory in Miami, Florida. Radiocarbon dating
for NCE was completed at Cambridge University in Cambridge, United Kingdom. The
bulk OM used for dating was selected from NCE at depths 21, 43, 65, 87, and 109 cm.
All radiocarbon ages were calibrated using IntCall3 (Reimer et al., 2013) and expressed
in year before present (BP). Age- depth models were produced for cores NC1 and NCE in
R (R Core Team, 2012; current version 3.0.1) using the clam package (Blaauw, 2010;

version 2.2); linear interpolation provided the best fit.
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Particle size analysis was conducted on sediment samples from cores NC1 and
NCE using a Beckman—Coulter LS 230 employing the Fraunhofer optical model. Prior to
analysis, samples were mixed with a 1% sodium hexametaphosphate solution and
sonicated to deflocculate particles (Murray 2002). Mean (average particle size), mode
(dominant particle size), and standard deviation (degree of sorting) were computed for
each sampled interval and plotted vs. depth. Particle size distributions (PSDs) were log
transformed to the phi-scale, interpolated using a krigging algorithm, and graphed as a
color surface plot (Beierle et al., 2002; Donato et al., 2009).

Fifty-six samples from NC1 were selected for trace element analysis at Activation
Laboratories Ltd. in Ancaster, Ontario. The procedure followed was similar to those
described in both Hollocher et al., 1995 and Felton et al., 2007. Approximately 0.5 grams
of sediment was oven dried at 60°C for 8 hours. Samples were then sieved through a 150
um sieve with the <150 pm size used for analysis. The digestion of samples involved
using hydrofluoric acid, followed by a mixture of nitric and per chloric acids. Samples
were then heated using precise programmer controlled methods in several ramping and
holding cycles, which allows the samples to reach incipient dryness. After incipient
dryness is attained, samples are brought back into solution using aqua regia. Analysis is
then carried out using a Varian ICP. Digested samples are diluted and analyzed by
Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS.

Principal component analysis (PCA) was performed on the elemental ratios
(element/Al) in order to explore any relationships among changing elemental
concentrations throughout the core. PCA was conducted in R (R Core Team, 2012;

current version 3.0.1) on all elements that were above the detection limit; 46 in total.

Stable isotope (015N and 613C) analysis was conducted on OM in NC1 (56 total)
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and NCE (117 total) at 1 cm intervals. Samples were treated with 1M HCI for 24 hours to
remove carbonates then rinsed three times with deionized water, centrifuged, and oven

dried at 60° C for 24 hours. Dry samples were then ground into powder using an agate
mortar and pestle. Carbon dioxide and nitrogen were cryogenically separated and

analyzed on a VG SIRA 10 mass spectrometer, IAEA and NIST standards (NBS21, ANU
Sucrose) were used. The results were presented in standard delta notation (8) in per mil

(%o0) against Vienna PeeDee Belemnite (VPDB). Total organic carbon (TOC) and C/N

were also calculated using this procedure. The precision of 613C is approximately +0.1%o
and approximately + 0.2%o for 615N.

Twenty samples from NC1 were chosen for mineral analysis through X-ray
powder diffraction (XRD) at depths ranging between 1 to 53 cm. XRD allows the
crystalline phases of a material to be identified within a sample of finely ground
sediment. Prior to analysis samples were oven dried at 70 degrees Celsius and ground into
a powder using a mortar and pestle. The analysis was conducted at the McMaster
Analytical X-Ray Diffraction Facility (MAX), in Hamilton, Ontario. Focussing optics are
used to obtain a sharp CuK,, pattern with either a point or linear detector. Bruker’s
DIFFRAC.EVA software is used for phase analysis and TOPAS is used for phase

refinement, structure refinement, or ab initio structure solution.

2.5 Results

2.5.1 Bathymetry and Seismic Profile

The bathymetry data revealed that Namu is a deep lake (65 m) with rugged basin
topography (Figure 2). The lake is shallowest in the northwest section and grows deeper

towards the southeast, near the outflowing Namu River. The seismic profiles display
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continuous, stratified Holocene sediment overlying possible postglacial sediments
(Figures 3,4). The thickness and geometry of the Holocene sediments appear continuous
throughout the length of the profile, aside from a few locations where the bedrock is

partially exposed.

2.5.2 Chronology
Radiocarbon dates from NC1 (Table 1; Figure 5) reveal that towards the base of the core
(45 cm) the '*C age is ~ 4400 to 4200 cal year BP. The mid-section of the core (35 cm)
has a '*C age of ~ 3400 to 3300 cal year BP. Other dates obtained for NC1 were ~ 2300
to 2200 cal year BP at 25 cm and ~ 1900 to 1700 cal year BP at 15 cm. The average
sedimentation rate for the core is low at 0.01 cm/year. The radiocarbon date obtained for
NC2 (Table 1) was much younger with a '*C age of 800 to 900 cal year BP at 34.5 cm.
The radiocarbon ages obtained for NCE (Table 1; Figure 5) are much younger
than NC1. The base of NCE (110 cm) has a '*C age of ~ 2600 cal year BP. The mid-
section of the core (66 cm) has a '*C age of ~ 2100 cal year BP. The youngest date
obtained for NCE was at 22 cm with a '“C age of 870 cal year BP. The average

sedimentation rate for the core is relatively high at 0.04 cm/year.

2.5.3 Sedimentology

2.5.3i NCI

NC1 was obtained from Namu Lake at a depth of 28 m. The core was initially 58 cm in
length; however, due to compaction upon sampling the final core length was 56.5 cm.
The overall lithology of NC1 (Figure 6) consisted of dark brown, very fine to fine sand

with very little clay content throughout the entire core (<0.2 % volume). Very fine sand
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comprises the overall background sedimentation of the core. Thin layers of fine sand (<1
cm) occur every few centimeters throughout the entire core. The basal unit of the core
(52.5 to 56.5 cm) is dark brown and composed of very fine sand. The mean particle size
for this basal unit is 102.26 pm, the average mode is 70.16 um, and the average standard
deviation is 133.66 um. There are several layers throughout the core consisting of dark
brown, fine sand. The coarsest layers within NC1 occur at depths, 10, 34, and 35 cm. The
mean particle size at these depths are 160.6, 184.2, and 184.8 um, respectively. The
average mode for the coarsest interval, 34 to 35 cm, is 69.7 um and the average standard
deviation is 288.95 um. The mean particle size for the background sedimentation of the
core is 110.20 pm (very fine sand), the mode is 65.64 um, and the standard deviation is

143.81 pum.

2.5.3ii NCE

Core NCE was collected from Namu Lake near the outflowing Namu River, at a depth of
25 m. NCE is 116 cm in length and was sampled at 1 cm intervals. The lithology of the
core (Figure 6) consists of dark brown, fine to medium sand with very low clay content
(<0.7 % volume). The mean particle size for the background sedimentation of NCE is
288.99 um, the mode is 182.94 um, and the standard deviation is 353.77 pm. There are
several finer (fine sand; < 225 pum) layers at depths 30 to 35, 41 to 47, 51 to 61,

and 79 to 84 cm; mean particle size at these depths is 179.57, 233.56, 201.55, and 226.3

pum respectively.

2.5.4 Elemental Results: NC1

A total of 57 elemental concentrations were analyzed for NC1 (Appendix) at 1 cm
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intervals. Elements Te, Ti, Yb, W, Re, Pb, La, and Sb were below the detection limit, and
therefore, these results will not be discussed. All trace elements were normalized against
Al by dividing elemental concentrations by concentration of Al. Elements are routinely
normalized against Al due to the presence of aluminum in alumino-silicates, which carry
abundant trace metal populations (Krezoski, 2008; Felton et al., 2007; Tylmann et al.,
2007; Abraham, 1998; Van Metre and Callender, 1997). Metals Ca, Na, Ba, and Sr
(Figure 7) each display similar trends of elevated elemental ratios/Al and high variability
from ~ 4500 to 3600 cal year BP. These metals (Ca, Na, Ba, and Sr) also spike in
elemental ratios/Al at ~ 3800 cal year BP to 0.2709, 0.2221, 0.0017, and 0.0020
respectively. This spike in several of the trace element/ratios Al may be due to an
eruption that occurred at Glacier Peak (Washington, USA) from ~ 3870 to 4080 cal year
BP (Foit et al., 2004). A tephra layer from this eruption was observed within a lake in
south central British Columbia (Foit et al., 2004). A stepwise decline in the elemental
ratios/Al is observed after ~ 3200 cal year BP. After ~ 2000 cal year BP the elemental
ratios/Al of Ca, Na, Ba, and Sr all decrease and the variability begins to increase with

elemental ratios/Al varying from ~ 0.30 to 0.44 during this interval.

2.5.5 Stable Isotope Results

2.5.5i NCI

The average total organic carbon (TOC) of core NC1 (Figure 7) was 17.28% by weight.
The C/N atomic ratio for NC1 indicates that the organic matter within NC1 is terrestrial
in origin with a minimum ratio of 23.11 and an average ratio of 26.28 for the entire core
(Figure 7). The 815N values for NC1 are quite low and vary only slightly throughout the

core. The 813C values for NC1 are also low and indicate that the sediments are fairly
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depleted in 813C. The maximum 613C value for NC1 is -26.06, while the average for the

core is -26.74.

2.5.5ii NCE

The average TOC for NCE is 15.77% by weight (Figure 8). The average C/N atomic
ratio for NCE is 29.36, indicating that organic matter sources are mainly terrestrial in
origin. The 815N values for NCE are low, with a maximum value of 1.74 for and an

average of 0.92 for the core. The 613C values for the core are also low with a maximum

013C of —26.73 and an average of -26.89.

2.5.6 Principal Components Analysis

Principal components analysis was conducted on 46 elemental ratios/Al using a
correlation matrix (Figure 9). The results of the PCA indicate that the first component
explains 30.38% (eigenvalue=3.7) of the variance within the dataset. Elemental ratios/Al
with strong loadings on the first component includes Mg, Ca, Zn, Na, Ba, and Sr. Each of
these elements have the highest elemental ratios/Al in the mid Holocene and decline after
~ 3200 cal year BP. Each of these elemental ratios/Al also spike at ~ 3800 cal

year BP.

The second principal component explains 21.57% of the variance
(eigenvalue=3.1) within the dataset (Figure 9). Transition metals and elements affected by
redox conditions, such as Mn, Fe, Cs, Co, and Pb, appear to have strong, positive loadings
on the second component. These metals also appear to decrease at ~ 3800 and each

display a drastic increase from ~ 600 cal year BP until the present.
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2.5.7 Mineral Analysis Results: NC1

The mineral signatures detected through XRD were nearly identical throughout the entire
core (NCI1; Appendix). The main mineral phases identified within NC1 include
magnesiohornblende (amphibole), albite (plagioclase feldspar), quartz (silicate),

cronstedite (iron silicate), and clinoclore (chlorite).

2.6 Discussion
2.6.1 Evidence for Changing Precipitation Trends

2.6.1i Particle size and Elemental Ratios

The data contained within the sedimentary cores collected at Namu Lake provide insight
into the fluctuating moisture regimes of the local basin (Figure 10). From ~ 3200 to 5500
cal year BP, multi-modal and low peakedness in the PSD surface plot (NC1), paired with
a relatively high mean particle size (120.59 pm; v. fine sand) and low clay sized (<0.2%),
may be evidence for a relatively wetter but variable period at Namu (Figure 7). Other
studies in the region suggest this period was a time of climate reorganization and the
onset of cool, moist conditions within the Pacific Northwest (Pellat and Mathewes, 1997;
Heusser, 1985; Mathewes, 1985; Hebda, 1995). NC1 does not go back far enough to
capture the Garibaldi Phase of glaciation, which took place from ~ 7000 to 5600 cal year
BP. Koch et al. (2007) found woody evidence (stumps and branches) of the advance of
several glaciers within Garibaldi Park from 4600 to 3000 cal year BP. Several lakes
within the southern Coast Mountains also report an increase in clastic sedimentation
during this period (Osborn et al. 2007; Menounos et al. 2009). The increase in both
variability and mean particle size observed within NC1 may be evidence of cool, moist

conditions within the Coast Mountains. The multi-modal nature of the PSD surface plot
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(NC1) during the mid-Holocene suggests that variable depositional processes

were occurring at Namu Lake during this time (Beirle et al., 2002). Sediment is delivered
by slope surface wash and smaller streams; however, most of the sediment is coming
from the inflowing Namu River, which is primarily fed by both rainfall and snowmelt
(freshet; Figure 10). During wetter conditions the flow and discharge rate of the river are
elevated, increasing the river’s erosional capacity and ability to carry clastic material and
OM particles from the banks and into Namu Lake (Mclaren and Bowles, 1985; Campbell,
1998).

Throughout this relatively wetter period of the mid-Holocene, ~ 3200 to 5200 cal
year BP, elemental ratios (Sr, Ba, Ca, and Na/Al; Figure 7) are also higher. During wetter
conditions, these elements are easily eroded and weathered out of silicate minerals that
are found in the surrounding geology of the Namu pluton, which is comprised of quartz
diorite, tonalite, and granodiorite (Felton et al., 2007; Massey et al., 2005; Engstrom and
Wright, 1984; Mackereth, 1966).

Due to the narrow nature of Namu Lake, and the likely short, mean water
residence time, finer particles (clays) are likely preferentially transported directly into the
outflowing Namu River and eventually the estuary, without ever settling to the lake
bottom; this is especially true during wet, high discharge periods in the basin when the
water level is primarily above the sill (Campbell, 1998; Figure 10). Sediment transported
into the lake, via the inflowing Namu River, is delivered by both hyperpycnal and
hypopycnal flows. When discharge is high and the sediment load of the river is
heightened, the river water becomes denser than the lake water causing it to sink as it
enters the lake basin (Bhattacharya and MacEachern, 2009; Mulder and Alexander, 2001;

Bates, 1953). The denser river water produces a hyperpycnal, or turbidity flow, in which
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fluid turbulence is the primary vehicle for sediment transport (Mulder and Alexander,
2001). When discharge and sediment load of the river are reduced, so that the river water
is less dense than that of the lake, the river water forms a buoyant plume upon entrance
into the lake, that is referred to as a hypopycnal flow (Mulder and Alexander, 2001; Bates,
1953). During this relatively wet period at Namu, sediment is delivered to the lake by
both hyperpycnal and hypopycnal flows, which at times can occur simultaneously
(Bhattacharya and MacEachern, 2009). Although there are other coarser intervals (>130
um) throughout the core (NC1) it is the combination of high minimum particle sizes,
multi-modal and low peakedness within the PSD plot, and the high concentration of
soluble elements/Al that make this period from ~ 3200 to 5200 cal year BP unique
(Figure 7).

After ~ 3200 cal year BP the mean particle size (NC1) generally begins to
decrease while the PSD becomes more peaked and unimodal, perhaps due to a greater
dominance of phytoplankton and diatoms (van Hengstum et al., 2007). The elemental
ratios/Al (NC1) also begin to decrease. The reduction in particle size and elemental
material may be evidence for a transitional period within the Namu basin. Although
subtle, the decreasing trend in particle size observed from ~ 3200 to 2200 cal year BP
could be the result of a reduction in flow of the Namu River with less precipitation and
snowmelt. During this relatively drier period the lake level is also more likely to fall
below the sill (Figure 10). We also observe a slight increase in TOC during this period,
which could be due to both the reduction in clastics entering the system and the
dominance of phytoplankton contributions (Meyers and Verges, 1999). Reduced lake
levels can also cause an increase in the burial of organic matter within deeper portions of

the lake. Finer material, which is eroded from lake margins by wave turbulence during a
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drop in lake level, often carries a higher concentration of organic material compared to
coarser sediments which typically enter the lake during relatively wetter periods (Meyers
and Verges, 1999). Although the reduction in both elemental ratios/Al and particle size
occurs during the period of the Tiedemann Advance within the Coast Mountains, these
signatures could also be a reflection of a cooler climate, during which weathering
conditions may have declined within the basin.

The period from ~ 2200 to 750 cal year BP shows an overall continuous decrease
in particle size with the lowest mean values found within this period (NC1). The PSD
becomes even more peaked during this interval and elemental ratios/Al also continue to
decrease throughout this period, indicating that weathering has reduced the drainage basin
(Figure 10). These results, combined with a slight increase in TOC, which could be due to
less clastics entering the system, with more contributions from phytoplankton and erosion
surrounding the lake basin, indicates that dry conditions, which may be represented in the
cores, likely persisted at Namu throughout this period. Around 700 cal year BP the
particle size becomes more variable and begins to slightly increase. The elemental
ratios/Al also begin to increase during this time. The subtle elevation within these proxies
occurs during the Little Ice Age (LIA), which took place from ~ 1200 to 1900 AD, and is
defined as a period of variable yet generally cool climate when many glaciers reached
their maximum Holocene extent (Luckman et al., 1993). The increase in both particle size
and elemental ratios/Al may be recording this period of glacial advance and the onset of
cool, wet conditions.

Core NCE shows similar particle size trends to those of NC1 (Figure 6). Overall,
NCE displays a decreasing trend in particle size until approximately 700 cal year BP,

after which time the particle size becomes more variable and begins to slightly coarsen,
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which again could be due to the onset of cooler, wetter conditions within the region
during the LIA. The average mean particle size for NCE is 250.36 um (medium sand),
much coarser than the mean particle size for NC1, which is 119 pm (very fine sand). The
coarser particle size of NCE, versus NC1, is due to its location and depth within the lake.
NCE is located in shallow waters, near the outflowing Namu River and along the path of
strong water currents. NC1 is located in the deeper portion of the lake and is situated
away from both strong currents and slope margins. Overall, the similar particle size trends
observed between NC1 and NCE (Figure 6) provide evidence that mechanisms of
sediment delivery were consistent across the lake basin. The age model (Figure 5) also
shows that sedimentation accumulation rates remained relatively constant throughout the
period encompassed by the cores. However, at ~ 2200 cal year BP both NC1 and NCE
display an increase in sedimentation accumulation from 0.009 cm/year to 0.022 cm/year
and 0.043 cm/year to 0.125 cm/year respectively (Figure 6). The sedimentation rate
remains high within each of the cores until ~ 1814 + 80 cal year BP (NC1) and ~ 2064 +
65 cal year BP (NCE) cal year BP. Nederbragt and Thurow (2001) reported an increase in
varve thickness within sedimentary cores collected from Saanich Inlet from ~ 2100 until
1750 cal year BP. Similarly, Campbell (1998) noted an increase in coarse sediment
supply at ~ 2000 cal year BP, which was attributed to a surge in stream flow fueled by
wet conditions, from Pine Lake, Alberta. The increase in sedimentation rate observed in
both NC1 and NCE during this period may be due to a relatively wet period within the
region. The finer particle size (< 500 um) throughout the cores and the lack of slump
features in the chirp profiles (Figures 3,4) suggests that this increase in sediment
accumulation observed in both cores is from climate driven, basin-wide processes rather

than from seismic activity (Parris et al., 2009).
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Extreme or flash flood events appear to be rare at Namu or are not being recorded
within sedimentary cores NC1 and NCE. Flash flood events, due to extreme rainfall or
storms, are identified in the sedimentary record as particle-supported, coarse sand layers
with terrestrial material and reduced organics, often containing a clay cap (Campbell,
1998; Noren et al., 2002; Parris et al., 2009; Giguet-Covex et al., 2012). The absence of
particle-supported, coarse sand and clay rich layers at Namu indicates that cores NC1 and
NCE are recording moderately wet and dry conditions, not extreme flash flood events.
Extreme floods may have occurred throughout the late Holocene at Namu but may not be
recorded due to the location of the cores. Cores collected on stream deltas, near inflowing
streams, are often more sensitive to flash flood deposits while the particle size signal can
be diluted in deeper sections of the lake (Campbell et al., 1998; Brown et al., 2000; Parris

et al., 2009).

2.6.1ii Stable Isotopes

The stable isotope results (Figures 7;8) revealed that sedimentary 815N is quite
low (~ 1.4 %o) within Namu Lake and it does not appear feasible to recreate sockeye
population estimates within this system. Lakes with significant numbers of spawning
salmon typically have 615N values of 4 %o or higher (Naiman et al., 2002; Gregory-Eaves
et al., 2003). High flushing rates, short residence times, nitrogen loading, and high
terrestrial inputs likely prohibit Namu Lake from being a suitable nursery lake for
recreating prehistoric sockeye population estimates from sedimentary 615N (Brahney et
al., 2006; Hobbs and Wolfe, 2007; 2008; MacDuffee and Maclsaac, 2009).

It is also important to note that although the shell midden at Namu contain
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remains of sockeye salmon, the midden evidence is not a record of fluctuating sockeye
populations. Since we know that the First Peoples relied so heavily on pink salmon during
the winter months we can infer that a gap in pink salmon remains likely can be interpreted
as a decline in the overall stock of this species. However, the sockeye remains are only a
representation of what was consumed. We infer a greater abundance of sockeye was

consumed during the pink shortage but not that this reflects the actual sockeye population.

The stable isotope results (615N and §13C) show that the OM within Namu Lake
is mainly derived from terrestrial sources. High C/N ratios, >22, throughout NC1 are
indicative of terrigenous material (Last and Smol, 2001). Low 613C values for NC1,
average -26.7%o, are consistent with Cs land plants, providing further evidence of the
primarily terrestrial sources of OM entering Namu Lake (Last and Smol, 2001). The
organic geochemistry results also provide insight into the shifting wet/dry regimes at
Namu. During relatively wet conditions, which as proposed, occurred at Namu from ~
5200 to 3200 cal year BP, we observe slightly increasing TOC values and decreasing C/N
ratios. Lower C/N ratios, indicative of algal sources, can be attributed to increased inputs

from nutrients during wetter conditions (Last and Smol, 2001).

2.6.2 The Onset of Drier Conditions and Disruption of the Spawning Pink Salmon

The fluctuating pink salmon population at Namu roughly corresponds to the changing
moisture regimes within the basin (Figure 7). During the relatively wet period at Namu
the pink population reaches its peak abundance, representing 76.5% of all salmon remains

uncovered within the shell midden from ~ 5500 to 3950 cal year BP (Cannon and
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Yang, 2006). Conversely, during a relatively dry period, ~ 3200 to 2000 cal year BP, the
pink population declines to representing only 16.1% of all salmon remains uncovered at
Namu (Cannon and Yang, 2006). The population does not appear to rebound until ~ 1950
cal year BP (Cannon and Yang, 2006). Drier conditions at Namu may have proved to be
problematic for the spawning pink salmon. Throughout the relatively dry period, lower
lake levels would have caused reduced flows in the Namu River and retention of finer
particles in the outflowing stream and estuary; the spawning grounds for the pink salmon
(Figure 10). Flocs, aggregates of fine suspended particles, could also have been
problematic for the spawning pink salmon. Ideal conditions for floc development are low
current velocity and high salinities, both of which can occur during drier conditions
(Kasuda et al., 2005). Conversely, during relatively wet periods, high flows in the Namu
River would have caused fines to be transported further out into the bay.

Fluctuating sea level throughout the Holocene may also have impacted the salmon
at Namu. Young salmon (fingerlings) typically spend time feeding within estuaries before
heading to the sea. A rise in sea level of only a few meters could have the potential to
raise water levels within the estuary, lowering water temperatures and increasing the
salinity within these feeding grounds. Roe et al. (2013) noted a small relative seal level
rise (RSL; ~1.5 m) within the SBIC beginning at ~ 8000 cal year BP until ~ 1850 cal year
BP. However, it seems that this rise in RSL is not entirely uniform across the region (Roe
et al., 2013). Several studies in the northern part of the province do not report a rise in
RSL during this time, while studies from Vancouver Island show several periods of RSL

rise throughout the mid-late Holocene (Roe et al., 2013; Hutchinson et al., 2004a;
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Hutchinson, 1992; James et al., 2009a; Clague et al., 1982). A salinity increase observed
within the SBIC from ~ 2400 to 1900 cal year BP may also be indicative of a small rise in
RSL (Roe et al., 2013). Namu has been identified as an areca where sea level has remained
relatively stable for the past ~ 15,000 years; termed a sea level hinge (McLaren, 2013).
Although Namu has experienced several shifts in RSL throughout the Holocene, evidence
suggests that these are on the magnitude of a few meters, which is considered stable when
compared to both the inner mainland coast and outer coastal areas which have
experienced changes in RSL on the order of > 100 m (McLaren et al. 2013).

Developing salmon eggs rely on coarser particles like gravel to facilitate the flow
of oxygen rich waters and to provide relief from predators (Heard, 1991). Young salmon
are particularly sensitive to their environments as they emerge from their gravel
nests (redds) in spring (Heard, 1991). The delivery and retention of fines and organics in
the spawning grounds would have reduced the amount of oxygen available to the
developing eggs (Lisle and Lewis, 1992; Jensen et al., 2009). Another factor which may
have contributed to the disruption of the spawning pink salmon is the reduction in
snowpack during drier periods. A loss in snowpack depth reduces the volume of streams,
which results in warmer spawning waters (Crozier, 2015). When stream temperatures
rise above 18°C salmonoid survival decreases due to the increased presence of pathogens
and parasites within the stream (Crozier, 2015). A drop in stream levels can also lead to
the overcrowding of spawning grounds. When streams become too crowded, spawning
salmon are pushed into areas in which they would not typically spawn; areas that are

often less successful due to poorer conditions (Crozier, 2015). The supply of oxygen is
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also greatly reduced in streams with decaying salmon remains and lower water levels
(Williams et al.) In a meta-study exploring the relationship between embryos and fines,
Jensen et al. (2009) found that only a 1% increase in finer material (<0.85 mm) within
spawning grounds led to a 17% reduction in the survival of eggs for several salmon
species. The particle size and trace element record (NC1) show that low flow conditions
may have persisted at Namu for ~ 2000 years.

Evidence from the Namu shell midden suggest that the pink population began to
drastically decline at ~ 3950 yr BP, which corresponds to the transitional moisture period
(wet to dry) observed from the sedimentary data collected at Namu Lake. Cannon and
Yang (2006) document a significant rebound within the pink population at ~ 1950 cal
year BP. Although there does not appear to be a shift within the sedimentary data around
this time there may be other factors, such as the stability of the marine system, that are
affecting the productivity of the pink salmon. There may also have been a shift to cooler
conditions at Namu during this time, which is difficult to discern from the cores;
however, this would have improved the success of spawning for the pink salmon as they
require cool, stream temperatures for spawning (between 5°C and 9°C). Understanding
fluctuations in salmon stocks is complex as there can be multiple factors at play (Quinn,
2011; Meuter et al., 2002; Finney et al., 2000). Although we do see a strong shift within
the particle size data between the wet and dry periods, we cannot rule out the role that the

marine system likely had on the spawning salmon.
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2.6.3 Evidence for Regional Climate Shifts

Throughout the Holocene the Pacific Northwest underwent three major shifts in climate,
which were largely synchronous across the region. The precise timing of these shifts;
however, varied slightly across the area (Mathewes and Heusser, 1981; Heusser et al.,
1985; Clague et al., 1992; Hebda, 1995; Pellatt and Mathewes, 1997). It also appears that
different parts of the region were littered with unique wet/dry intervals that were not
necessarily uniform across the terrain. Evidence from cores NC1 and NCE suggest that
Namu experienced wet conditions from ~ 5200 until 3200 cal year BP. The surge in
certain elemental ratios/Al within NC1 provides further evidence of wetter conditions and

an increase in erosion within the basin during this time.

The onset of a transitional period at Namu, evidenced by a shift in particle size
and elemental ratios/Al, begins around 3200 cal year BP. The period following, from
~ 2000 to present, may have been a relatively dry interval at Namu. Other climate studies
conducted along the central coast of B.C. (Figure 8; Nederbragt and Thurow, 2001;
Patterson et al., 2007; Galloway et al., 2013) also interpret periods of the late Holocene to
be relatively dry in south-coastal British Columbia. These dry conditions are interpreted
from sedimentological evidence of a reduction in varve thickness (Nederbragt and
Thurow, 2001), a reduction in particle size size, an increase in lamina preservation
(Patterson et al., 2007), and a shift in diatom species (Galloway et al., 2013) at Saanich
Inlet, Alison Sound, and Frederick Sound, respectively. Drier conditions along coastal
B.C. are a result of the westward positioning of the Aleutian Low (Galloway et al., 2013).
The westerly positioned Aleutian Low is thought to have reduced precipitation and

storminess within the SBIC, which is located 125 kms southeast of Namu (Galloway et al.,
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2013). Cores from Alison Sound, located within the SBIC, revealed an increase

in foraminifera from ~ 2860 to 1385 cal year BP, indicating that there may have been a
reduction in precipitation and freshwater inputs during this period (Babalola, 2009). The
unique climate interpretations for this region are likely the result of the different locations
and microclimates of the study sites mentioned above. Distance to coast, orographic
rainfall, elevation, and supply of erodible material can all affect the climate signals
recorded in lake sediments (Melone, 1985; Menounos, 2002; Noren et al., 2002; Parris et
al., 2009). The location of Namu Lake provides a site-specific opportunity to recreate late
Holocene climatic conditions and examine the interrelationship between human
populations and climate change from the midden deposits. However, the complexity of
the controls on salmon stocks still creates uncertainty, making it difficult to develop

definitive conclusions.

2.7 Conclusion

Evidence from particle size analysis and elemental ratios/Al shows that Namu

underwent four shifts in moisture throughout the mid to late Holocene. Coarser particle
sizes and an increase in elemental ratio/Al shows relatively wet conditions persisted in the
Namu basin from about 5200 to 3200 cal year BP. After ~ 3200 until 1900 cal year BP
the basin underwent a period of transition as the moisture regime began to shift.
Coincidently, this is the period of significant decline within the pink salmon remains
found in the shell midden at Namu (Cannon and Yang, 2006). The retention and delivery
of finer material (clastics and organics) into both Namu Lake and its outlet stream, which
is the spawning ground for the pink salmon, is fueled by a decrease in flow of the Namu

River. After ~ 1900 cal year BP conditions appear to have become increasingly drier
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within the Namu basin. Particle size and elemental ratios/Al continue to decline. This
period of increasing dryness continues until present although conditions may have
become slightly wetter towards present day.

The particle size results indicate that Namu Lake is sensitive to moderate flooding
events. Additional cores collected on or near the inlet delta at Namu Lake could
potentially provide evidence for flash flood events. The correspondence between particle
size and trace element ratios with changes in salmon abundance from the shell midden
indicates that moisture and flow intensities may be affecting salmon beds. However,
multiple causative factors are likely contributing to the abundance of salmon available to
the First Peoples spanning the occupation of Namu. Further research is needed to isolate

these factors and their interactions.
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2.9 Tables
Table 1: Calibrated and conventional radiocarbon ages from Namu Lake for cores NC1
and NCE.
Calibrated years
Index | Lab . ) BP (2o
No. No. Core | Core Interval Material Conventional "*C age 3"C (%0) confidence
interval)
1 320087 NCI 145-15cm | bulk organics 1860 = 30 -26.8 1678 to 1833
2 320088 NCI 245-25cm | bulk organics 2260 £ 30 -26.0 2152 to 2320
3 320089| NCI 345-35cm | bulk organics 3110 £ 30 -25.9 3196 to 3343
4 320090| NCI 445-45cm | bulk organics 3900 £ 30 -26.1 4205 to 4376
5 33045 | NCE 21-22cm bulk organics 874 +/- 31 -27.6 686 to 860
6 33046 | NCE 43-44cm bulk organics 1503 +/- 27 -29.3 1308 to 1475
7 33047 | NCE 65-66 cm | bulk organics 2090 +- 27 -29.4 1971 to 2096
8 33048 | NCE 87-88 cm  |[bulk organics 2237 +/- 28 -29.2 2155 to 2322
9 33049 | NCE 109 - 110 cm__ | bulk organics 2614 +/- 32 -29.3 2697 to 2725
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