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The hydrology of southwestern British Columbia is influenced by the region’s
mountainous topography and climate oscillations generated from the Pacific Ocean.
While much of the region is characterized as a temperate rainforest, recent summers are
defined by record-breaking droughts that focus attention on the threat to regional water
supply security likely to accompany future climate changes.

The limited length and distribution of hydrological records in southwestern
British Columbia provide poor context for resource managers tasked with developing
policy and water management strategies. The purpose of the dissertation was to describe
long-term variability in several key hydroclimatic variables and hydroecological
interactions that may be used in updated water resource policy and management
strategies. Specifically, the research focused on developing long-term proxy records of
April 1 snow water equivalent (SWE), summer streamflow, spring lake levels, and
salmon abundance from tree ring records. A secondary goal of the dissertation was to
identify the role and influence of several key climate oscillations on regional long-term
hydroclimatic and ecological variability.

Freshet contributions from melting snow are critical for sustained summer
streamflow in southwestern British Columbia. Even so, few manual snow survey stations
exist within the region are of sufficient length to understand the full range of natural
SWE variability. Long-term April 1 SWE records were constructed by establishing
statistical relationships with the radial growth of high-elevation trees and April 1 SWE
records. Explaining 51% and 73% of the total variance in the instrumental SWE records
in coastal and continental settings, the reconstructions provide high-resolution
descriptions of April 1 SWE over the past three centuries and help position the remainder
of the dissertation. Negative phases of the Pacific Decadal Oscillation (PDO) and El
Nifio-Southern Oscillation (ENSO) were shown to strongly influence April 1 SWE totals.
Both reconstructions illustrate repeated step-changes in April 1 SWE during the last 300
years and show that coastal areas may be more sensitive to annual variability than
snowpack that accumulates in more continental locations.

Water shortages in the Metro VVancouver area in recent summers are linked to low
total winter snowpack and early spring melt. Dendrohydrological analysis of dry-season



streamflow was conducted to determine if the instrumental range has been
underestimated over the past several centuries. A regionalized record of July-August
streamflow for the Capilano and Seymour watersheds, which supply the Metro
Vancouver area, was modelled from present to 1711using tree-rings. Explaining 54% of
total variance over the instrumental period, the models show that below-average
streamflow events are becoming more frequent. When compared to those characterizing
the past 300 years, streamflow totals from 1977 to present have consistently fallen well-
below the average long-term discharge. Further analyses indicated that negative ENSO
and PDO conditions strongly influenced July-August runoff trends since 1711, as have
climate regimes related to the Pacific North American pattern (PNA).

The increased frequency in recent years of reduced summer runoff in
southwestern British Columbia has led many communities to rely on natural and dammed
reservoirs to supplement their water needs. Where communities rely on natural lakes, this
dependence may have socioeconomic consequences if lake levels fall below those
necessary to supply built infrastructure. Unfortunately, there are few lake level records in
southwestern British Columbia and none of sufficient duration to understand the full
range of variability in natural lake systems. Harrison Lake is the only natural lake with a
lake level record exceeding 50 years. Using the average April water level dataset, a
dendrohydrological model was constructed that explained 49.5% of total variance. The
model was used to reconstruct a proxy record of April water levels spanning the interval
from 1711 to 1980. Averaging 9.37 m in depth, lake levels in Harrison Lake ranged from
8.9 to 10.0 m over the past 300 years. These variations were shown to be statistically
associated with negative and positive phases of ENSO and positive phases of PDO. April
water levels in Harrison Lake have been, on average, 0.13 m lower since the mid-1930s
compared to the previous 200 years. This reduction in storage capacity amounts to a loss
of almost 300-million litres of stored water since the start of instrumental records.

Salmon play a vital economic, cultural, and social role in many southwestern
British Columbia communities. There is concern that salmon populations in the region
are under threat, as changing climates alter and impact their spawning habitat. While
various lines of research have sought to determine the response of salmon to these
changing conditions, population records that extend only to 1951 hinder a complete
understanding of the impacts. Two dendroecological models were constructed to provide
a longer-term perspective of regional salmon-climate relationships. Explaining 48.2%
and 48.9% of variance in observed Chinook and Coho salmon abundance since 1951, the
models were used to construct proxy escapement records extending to the 1700s.
Spectral analysis revealed that the reconstructions account for generational life histories
and that low-frequency climate variability was associated with fluctuations in abundance.
Both the Chinook and the Coho reconstructions show phase dependent relationships to
climate oscillations generated from the Pacific Ocean. The Coho record is strongly linked
to negative winter and spring ENSO, while the Chinook record was shown to be
associated with negative PDO conditions. The identified relationships to teleconnections
generated in the Pacific Ocean to our record indicates that both species are sensitive to
oceanic interactions prior to entering natal habitats. Taken together, the reconstructions
illustrate that the observational record encompasses a period of lower-than-average



abundance and that neither accounts for the full range of variability in annual abundance
when considered over the past three centuries.

The proxy tree-ring records presented in this dissertation provide new information
about climate-water resource relationships in southwestern British Columbia. Significant
phase-dependent associations, especially to negative phases of the PDO and ENSO, were
shown to exert long-term influences on the state of several critical hydroclimatic
variables over the last 300 years. Additionally, the research illustrates that over the
instrumental period, both streamflow and lake volumes in the region have consistently
remained below those characterizing the previous two to three centuries. These findings
are of direct use to resource managers tasked with developing new policy and strategies
under present and future climate change, in that they offer singular insights into the full
range of natural hydroclimatic variability in southwestern British Columbia.
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Chapter 1: Introduction

1.1 Hydrology of southwestern British Columbia

The hydrologic regime of southwestern British Columbia (BC) is influenced by
its dynamic topography and climate oscillations originating in the Pacific Ocean
(Rodenhuis et al., 2009; Church and Ryder, 2010; Mote et al., 2018). Positioned adjacent
to the Pacific Ocean and characterized by the Pacific Ranges of the BC Coast Mountains,
moisture is delivered to the region primarily through orographic processes during the
winter months (Church and Ryder, 2010). While much of the region is a temperate
rainforest, recent summers were characterized by record-breaking, severe, drought
conditions (River Forecast Centre, 2017). Attempts to understand the dynamics of these
events in southwestern BC and to forecast the likelihood of future events are hindered by
a relatively sparse network of instrumental records that rarely extend beyond 50 years
(Coulthard et al., 2016). Limited records provide poor context for resource managers
tasked with developing sound policy and management strategies for the region’s water
supply.

Elsewhere in western North America, proxy reconstructions of critical
hydrological variables and their association to climate oscillations is an area of focused
research (e.g., Meko et al., 2001; Pederson et al., 2011; Ballinger et al., 2018; Pathak et
al., 2018; Welsh et al., 2019). The collective findings of this research illustrate that
instrumental records underestimate worst-case scenario drought conditions and that
current conditions are increasingly outside the range of observed variability (Belmechari

et al., 2015; Coulthard et al., 2016). Of particular consequence, these studies reinforce the



strong regional hydroclimatic teleconnection to sea surface temperature variability in the
Pacific Ocean (Rodenhuis et al., 2009; Ballinger et al., 2018; Pathak et al., 2018). While

research has shown that related climate oscillations influence the hydroclimatic character
of southwestern BC (Rodenhuis et al., 2009; Spry et al., 2014), directed research focused
on examining and expanding upon the nature of these relationships over the long-term is

sparse (e.g., Coulthard et al., 2016).

1.2 Hydroclimate relationships

Over the last 50 years, climate oscillations originating in the Pacific Ocean have
been repeatedly linked to hydrological variability in southwestern BC (Bonsal and
Shabbar, 2008; Rodenhuis et al., 2009). While research shows large-scale teleconnections
are responsible for upwards of 30% of the annual hydroclimate variability in snowpack
accumulation, there is only limited appreciation for how these relationships influence
regional hydrology. In western North America, recent research highlights the role of non-
stationary relationships between hydrological variability and climate oscillations that
have yet to be documented in southwestern BC (Marcinkowski et al., 2013; Coulthard et
al., 2016; Mote et al., 2018; Litzow et al., 2018). What is appreciated is that three large-
scale climate oscillations play a part in defining regional hydroclimate dynamics: (1) the
El Nifio-Southern Oscillation (ENSO); (2) the Pacific Decadal Oscillation (PDO), and;
(3) the Pacific North American pattern (PNA) (McCabe et al., 2004; Rodenhuis et al.,
2009; Abatzoglou, 2011; Starheim et al., 2013a; Coulthard et al., 2016; Mote et al.,

2018).



ENSO is characterized by temperature and pressure fluctuations in the equatorial
ocean surface off the western coast of South America that lead to ‘seesaw’ interactions
with the southeastern tropical Pacific and Australian-Indonesian region (McCabe et al.,
2004; Bridgman and Oliver, 2006;). During warm (positive; EI Nifio) ENSO events, the
jet stream splits producing both high and low latitude storm tracks that rarely influence
southwestern BC (Shabbar et al., 1997). The Pacific storm track migrates equatorward
and downstream during El Nifio events in response to local enhancement of the Hadley
circulation off the coast of western North America (Chang et al., 2002). Winters that
follow the onset of EI Nifio conditions during the previous spring, tend to be warmer and
drier than normal (Stahl et al., 2006). In contrast, during La Nifia (cool, negative ENSO)
years winters tend to be cooler in response to a northward shift in the Pacific jet stream
that brings wetter conditions to southwestern BC and the Pacific Northwest (Stahl et al.,
2006).

The PDO is a long-lived ENSO-like pattern of Pacific climate variability defined
by sea surface temperatures (SST) (Mantua et al., 1997; Bridgman and Oliver, 2006). The
PDO describes a forced response from the North Pacific to atmospheric variability
associated with the Aleutian Low (AL) (Newman et al., 2003). While its behaviour is
similar to ENSO, PDO tends to persist for decades rather than months with dominant
periodicities at 15-25 and 50-70 years (Minobe, 1997; Mantua and Hare, 2002). Warm
(positive) phases of PDO are associated with negative SST anomalies in the southwest
Pacific that lead to positive winter temperature anomalies and higher-than-average
precipitation totals in southwestern British Columbia and the Pacific Northwest. Cool

PDO phases are associated with lower-than-average rainfall totals during the winter
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months (Mantua et al., 1997; Chang et al., 2002; Bonsal and Shabbar, 2008; Abatzoglou,
2011).

The PNA pattern is an internal mode of atmospheric variability with alternating
pressure patterns in the central Pacific Ocean and centres of action over western Canada
and the southeastern United States (Latif and Barnett, 1994). It is characterized by out-of-
phase atmospheric flows between the west coast of North America and eastern
Pacific/southeastern USA (Yu and Zwiers, 2007). Its development is associated with
episodes of atmospheric blocking introduced by high-pressure ridges in the eastern
Pacific Ocean (Wallace and Gutzler, 1981; Bridgeman and Oliver, 2006). Along with the
North Atlantic Oscillation (NAO), the PNA plays a crucial role in setting up winter
temperatures in Pacific North America by creating strong pressure gradients off the coast
of British Columbia (Wallace and Gutzler, 1981). Positive phases of the PNA are
characterized by a strong AL, with southerly airflow along the west coast of North
America and a high-pressure ridge over the Rocky Mountain cordillera (Wise et al.,
2015). Negative phases of the PNA are associated with a weak AL with westerly zonal
flows. While the Pacific storm track shifts southward during positive PNA phases, it
shifts northward shifts during weaker phases (Yu and Zwiers, 2007).

There are clear relationships between climate oscillations and moisture delivery to
southwestern British Columbia but our current understanding does not extend beyond the
mid-20" century (Rodenhuis et al., 2009). While research highlights general changes
between positive (warm) and negative (cool) phases of climate oscillations, most records
are too short to understand how hydrological variables change over time and across

phases. Longer-term understanding of spatial and temporal relationships between
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dominant variables and hydroclimate are essential for the development of realistic policy

and management strategies.

1.3 Research motivation

Present and future climate change poses a significant challenge for water resource
management in western North America (Doll et al., 2015). Recent events in California
offer an illustration of the economic, social, and ecological impacts of sustained droughts
(Cook, 2019). Following five years of drought, reservoir storage in California decreased
by upwards of 60% and many regions were left without running water (Cook, 2019).
Hydroelectric power generation capacity was significantly reduced, necessitating an
increased reliance on fossil fuels to supplement energy needs (Cook, 2019). Over 100-
million trees died following drought-induced stress (Howitt et al., 2015), leading to a
state-wide mortality event that continues to impact regional carbon and water cycles.
While many ecosystem-services were also adversely affected, the related social impacts
were psychological in nature and continue to be expressed by lingering health issues
(Cochrane et al., 2004; Ding et al., 2011; Padhy et al., 2015; Kjellstrom et al., 2016).

While ongoing research focuses on past, present, and future trends of snowpack
and streamflow in the western United States, there is only a limited understanding of the
long-term hydroclimate state of southwestern BC. In a region where the water supply of
many communities is reliant upon snowpack meltwater released during the spring and
summer months, water shortages are certain if the winter snowpack is low or melts earlier
in the year (Cayan et al., 2001; McCabe et al., 2004; Moore et al., 2010; Belmechari et

al., 2015; Mote et al., 2018).



The downstream consequences of record low snowpack totals in 2014 and 2015
heightened water supply concerns in southwestern BC (River Forecast Centre, 2017).
Uncertainty surrounds our understanding of how future climate change will impact the
region’s water supply, especially with expected reductions in annual snowpack totals
(Mote et al., 2018). Developing an informed understanding of how the regional
hydroclimate has varied in the past will provide the insights water resource managers
require to improve current strategies and policies.

The purpose of this dissertation was first to examine how southwestern BC’s
hydroclimate varied prior to the instrumental record. Secondly, the research was intended
to assess the long-term influence of low-frequency climate oscillations on that variability.
The research objectives were to:

1. Develop multi-century reconstructions of snowpack and other hydroclimate-
related variables in southwestern BC and determine their natural variability over
the past few centuries;

2. Determine spatial and temporal relationships, synchrony, and variability of
snowpack across southwestern BC, and;

3. Determine relationships between hydroclimate-related variables and climate
oscillations generated from the Pacific Ocean and place our present understanding

in a longer-term context.

1.4 Organization of dissertation

Following this chapter, Chapters 2, 3, 4, and 5 present the primary results of the

dissertation. They are presented as individual manuscripts written and formatted for
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refereed journal submission. Chapter 2 presents reconstructions of April 1 SWE over the
past 300 years for continental and coastal regions experiencing different hydroclimate
regimes in southwestern BC. Chapter 3 presents a regional 300-year dry-season (July-
August) streamflow reconstruction for the Capilano and Seymour watersheds that provide
66% of the water supply for the 2.6-million residents of Greater Vancouver Regional
District. Chapter 4 presents a long-term model of pre-instrumental April water level
fluctuations in Harrison Lake over the past 300 years. Chapter 5 presents a regional-scale
300-year paleorecord of Chinook and Coho salmon escapement history within the Lower
Fraser River watershed, and associates their associations to low-frequency Pacific Ocean
teleconnections. The dissertation concludes with Chapter 6, where the main contributions
and linkages between the different elements of the dissertation research are summarized,

and ends with suggestions for future research.



Chapter 2: Snow Water Equivalent Variability Over Last 300 Years in
Southwestern British Columbia Driven by Teleconnections

2.1 Article Information

Chapter 2 consists of a manuscript prepared for submission. The text and figures
from the manuscript have been renumbered and reformatted for consistency within the
dissertation.

2.1.1 Author names and affiliations
Bryan J. Mood!" and Dan J. Smith?,

University of Victoria Tree-Ring Laboratory, Department of Geography, University of
Victoria, British Columbia V8W 3R4, Canada.

*Corresponding Author Email: bjmood@uvic.ca

2.1.2 Author contributions

Mood developed the study, hypothesis, conducted and led field and laboratory
work, statistical testing, wrote the manuscript, and produced all tables and figures. Smith
provided funding for the research, provided guidance in formatting the study design,

reviewed and edited the manuscript.

2.2 Abstract

Freshet contributions from melting seasonal snowpack are critical during hot, dry
summer months for streamflow supply in southwestern British Columbia (BC), Canada.
Recent below-average winter snow totals have generated cascading socioeconomic and
ecological impacts that draw attention to the impending consequences of ongoing climate

change. Within this region, knowledge of the year-to-year winter snowfall variability is
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largely derived from a sparse network of short-duration (<50 year) snow survey stations.
In this paper, two long-term April 1 snow water equivalent (SWE) records were
developed from living tree-ring chronologies. The dendrohydrological models accurately
reconstruct April 1 SWE for coastal and continental regions to AD 1710 and 1725. The
models demonstrate annual April 1 SWE dynamics in this region are strongly associated
with negative (cold) phases of the Pacific Decadal Oscillation and the EI Nifio-Southern
Oscillation, and show that coastal SWE dynamics demonstrate more year-to-year
variability than in more continental settings. Continental SWE is also shown to be
strongly associated with positive phases of the Pacific North American Oscillation while
coastal SWE is not. The coastal SWE reconstruction identifies eleven significant step
changes and continental SWE record illustrates eight step chances since the early 1700s.
Both reconstructions contain generally synchronous step changes in the scale of annual
SWE magnitudes. Two periods, between 1804-1821 and 1887-1927, suggest that coastal
regions are more sensitive to minor changes in SWE when compared to continental areas
on the leeward side of the BC Coast Mountains. The two models provide the first high-
resolution description of April 1 SWE over the past 300 years in southwestern BC and

offer significant insights for water resource policy makers and planners.

2.2 Introduction

Seasonal snowpack is a critical input to regional hydrologic dynamics in many
regions of western North America. Storing winter precipitation that is released as
meltwater during the spring and early summer freshet, these contributions provide runoff

supplements at a time when the ecological, social, and industrial demands are highest
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(Mote al., 2005, 2018; Rodenhuis et al., 2009). Snow is, however, vulnerable to changes
in climate that influence both cover and depth (Abatzoglou, 2011; Mote et al., 2018).
There is growing concern that the recent declines in April 1 SWE in the British Columbia
(BC) Coast Mountains, Canada, are an outcome of shifting climates that are likely to
persist (Rodenhuis et al. 2007; Déry et al. 2009, 2012; Mote et al., 2018).

In southwestern BC the water supply for many communities is dependent upon
direct snowmelt contributions to streamflow and reservoir storage, as well as indirectly
through contributions to groundwater recharge and throughflow (Eaton and Moore, 2010;
Beaulieu et al., 2012; Olmstead, 2014; Koop et al., 2017). Record low April 1 SWE
values in 2014 and 2015 contributed to summer-long water shortages in the Metro
Vancouver area and emphasize the substantial water management challenges that
potentially lie ahead for many communities in southwestern BC. With further reductions
in mountain snowpack certain to result in increasingly severe and frequent summer
streamflow droughts, focused research is required to describe the full range of natural
variability in April 1 SWE and to understand the underlying relationships to long-term
climate oscillations generated from the Pacific Ocean.

The instrumental record of winter snowfall variability in southwestern BC is
derived from a sparse network of short-duration (<50 year) snow survey stations
(Rodenhuis et al., 2009; Mote et al., 2018). As short instrumental records provide only
limited insight into long-term April 1 SWE variability, attempting to forecast future
trends from these data for water supply management purposes is problematic (Rodenhuis
et al., 2009). Short records lead to challenges in understanding whether recent low April

1 SWE values are ‘extreme’ relative to what has occurred in the past and whether the
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assumed climatic relationships are stable over time. Most watersheds in the region have
limited storage capacity and variability in their annual runoff depends primarily on broad-
scale climate oscillations (Yu and Zwiers, 2007; Bonsal and Shabbar, 2008; Abatzoglou,
2011). Together several distinct climate oscillations act to enhance or diminish snow
delivery during the winter (Rodenhuis et al., 2009) and influence snow availability into
the summer.

In this chapter, April 1 SWE records extending over several centuries are
reconstructed for southwestern BC from snow-sensitive Pacific silver fir (Abies amabilis
Douglas ex J. Forbes) tree-ring chronologies. | use April 1 SWE records from coastal and
continental regions to assess the influence of large-scale climate oscillations originating
in the Pacific Ocean. The reconstructions provide the first high resolution descriptions of
April 1 SWE over the past 300 years in southwestern BC, and are of immediate use to
water resource managers charged with developing the strategies and policies required for

adaptation to changing mountain snowpack.

2.3 Study Area and Research Background

The study area includes the Metro VVancouver area and the southern Pacific
Ranges extending from Joffre Lakes to the Lower Fraser River within the southwestern
BC Coast Mountains (Figure 2.1). Coastal settings in this region are moderated by
proximity to the Pacific Ocean and experience short, cool summers and long, wet winters.
Average air temperatures above 1000 m above sea level (asl) remain below 0°C for 0 to 5
months of the year and above 10°C for 1 to 3 months of the year (Pojar et al., 1991;

Kottek et al., 1996). The study area includes BC’s wettest ecological zone, where
11
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precipitation totals range between 1700 to 5000 mm/yr and 70% falls as snow and/or rain
during the winter months (Pojar et al., 1991; Spry et al., 2014) (Figure 2.2A). Most
precipitation falls as a result of orographic interactions on the windward slopes of the
Pacific Ranges. Precipitation totals decrease substantially on the eastern slopes, where
persistent rain shadow conditions prevail (Pojar et al., 1991; Kottek et al., 2006; Church
and Ryder, 2010; Moore et al., 2010) (Figures 2.2A and 2.2B).

The impact of decreased winter snow delivery and storage in southwestern BC is
demonstrated by below-average April 1 SWE totals in recent years. In 2015, the 2014-
2015 winter snowpack in the region was 49% of normal in January and reached a record
low of 0% by June 1% (River Forecast Centre, 2017). Low April 1 SWE resulted in a
severe summer streamflow drought and led to depleted water supplies necessitating use
restrictions for the 2.6-million people residing in Metro Vancouver. Highlighting the
importance of mountain snowpack for sustaining summer streamflow, the depleted runoff
had cascading socioeconomic and ecological consequences that drew attention to the
impending consequences of ongoing climatic changes in this region (Cook et al., 2018,
2019; Lledo et al., 2018).

Previous research within the study area identified a causal relationship between
inter-annual/-decadal climate variability generated by atmosphere-ocean interactions
originating in the Pacific Ocean and April 1 SWE variability (Sellars et al., 2008; Spry et
al., 2014). These interactions include those characterized by the Pacific Decadal
Oscillation (PDO), the El Nifio-Southern Oscillation (ENSO), and the Pacific North
American (PNA) pattern (Rodenhuis et al., 2009; Abatzoglou, 2011; Mote et al., 2018).

Warm/cool phase relationships between April 1 SWE and ENSO show that an average
13
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variability of greater than 30% characterized the interval between 1951 and 2007
(Rodenhuis et al., 2009).

Relationships between April 1 SWE and PDO variability are less pronounced
over the instrumental period, with only a 15% change in snowpack noted between
warm/cool phases (Rodenhuis et al., 2009). The PDO is a large-scale climate system that
influences the surface climate and hydrology of western North America (Whitfield et al.,
2010). Phase changes in the PDO have a significant influence on the overall hydroclimate
of southwestern BC (Moore and McKendry, 1996; Rodenhuis et al., 2009). The PDO is
typically coupled with ENSO when describing changes in temperature and precipitation
regimes associated with their variability (Whitfield et al., 2010). Temperature
fluctuations are readily apparent between warm and cool phases of the PDO (Kiffney et
al., 2002; Whitfield et al., 2010), and the PDO shift in 1976-1977 resulted in an abrupt
change in average winter temperatures (Hartman and Wendler, 2005) throughout BC
(Stahl et al., 2006; Fleming and Whitefield, 2010). In the BC South Coast region,
precipitation is greater during cool phases of PDO and less during warm phases (Kiffney
et al., 2002; Stahl et al., 2006). In southwestern BC, April 1 SWE is also greatly
influenced by PDO (Moore and McKendry, 1996; McCabe and Dettinger, 2002). During
cold phases of PDO the greatest seasonal SWE values are characteristically recorded on
April 1%, while during warm phases lower than average SWE values are common (Moore
and McKendry, 1996).

No statistical relationships between April 1 SWE and PNA are confirmed in the
BC Coast Mountains, although it has been associated with the seasonal snow line

elevation (Abatzoglou, 2011). The PNA does affect the overall hydroclimate of
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southwestern BC through changes in winter storm intensity and frequency (Rodenhuis et
al., 2009). Positive PNA results in anomalously high freezing levels and reduced snow
coverage (Abatzoglou, 2011). April 1 SWE values are lower in continental regions when
compared to coastal settings. | associate the different values with orographic precipitation
patterns between coastal (windward; higher overall precipitation) and continental
(leeward; rain shadow region) regions. This association suggests that continental
locations experience more significant influences from the PNA, as snowfalls in these

locations are more reliant on freezing level relationships than are coastal settings.

2.4 Methods

Pacific silver fir (PSF) is a conifer tree common to maritime climate regions in
Pacific North America (Crawford and Oliver, 1990). Normally found at sites with deep,
well-drained soils, stands of PSF are often found in association with other high-elevation
tree species including western hemlock (Tsuga heterophylla (Raf.) Sarg.), mountain
hemlock (Tsuga mertensiana (Bong.) Carr.), yellow-cedar (Chamaecyparis nootkatensis
D. Don), and western red cedar (Thuja plicata Donn ex D. Don) (Pojar et al., 1991).

Snowpacks that persist into the summer months truncate the growing season of
many tree species located close to the altitudinal treeline (Ettinger et al., 2011). At high
elevation sites, PSF tends to be found where precipitation totals range from 750 to over
6500 mm/yr (Crawford and Oliver, 1990). Near the upper limit of its altitudinal range,
the radial growth of PSF is dependent upon soil moisture derived from melting seasonal
snow (Crawford and Oliver, 1990), and is also known to be limited by late-lying

snowpack that persist into the growing season (Ettinger et al., 2011). Mountain hemlock
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trees shares similar environmental requirements and, due to their strong, negative
relationship to April 1 SWE, were previously used to reconstruct SWE dynamics in
Pacific North America (e.g., Peterson and Peterson, 2001; Pederson et al., 2011,
Coulthard et al., 2016; Welsh et al., 2019). By comparison, PSF has seen limited use as
an environmental proxy, although it demonstrates strong statistical relationships to April
1 SWE at high elevation in the area (Ettinger et al., 2011).

2.4.1 Tree-ring data

PSF tree ring samples were collected with 5.2-mm increment borers at high-
elevation sites in southwestern BC in the summer of 2016 using standard
dendrochronological techniques (Fritts, 1976; Speer, 2010). After air drying and
processing, the annual ring widths were measured at the University of Victoria Tree-Ring
Laboratory (UVTRL) using a WinDendro™ digital measurement system (v. 2016a; Guay
et al., 1992). Supplementary PSF tree-ring chronologies were downloaded from the
International Tree-Ring Data Bank (ITRDB; NOAA, 2017). Site-specific tree-ring
chronologies were constructed by converting the ring width measurements to
standardised indices using the R package dpIR to remove growth related trends (Bunn,
2008) with a 50-year cubic smoothing spline. The site-specific chronologies were
subsequently combined with the supplementary chronologies using the bi-weight robust
mean method to create a regional PSF chronology (Briffa and Melvin, 2011).

2.4.2 Snow water equivalent data

April 1 SWE data from manual snow survey stations were accessed using the
online portal managed by the BC River Forecast Centre (River Forecast Centre, 2017).

April 1 SWE data exceeding 45 years in length were downloaded and quality checked.
17



Where missing data was identified, the long-term mean was used to replace the null
value. Data were separated into coastal and continental SWE based geographic location
and linear associations between snow survey sites. Individual coastal and continental
SWE sites were combined using a principal component analysis (PCA), with only
principal components loadings >10% used for further analysis, to extract the underlying
regional variance (Table 2.1). Coastal SWEpc only used the first component for analysis,
and successfully explained 89% of the variance in the time series. Continental SWEpc
was similar, using the first component of the analysis which explained 69% of the
underlying variance (Table 2.1). The data could not be combined into a larger PCA
because the two groups were not linearly associated.

2.4.3 Climate oscillation data

Proxy PDO and PNA records were downloaded from the NOAA Paleoclimate
website (NOAA, 2017). The datasets were developed from tree-ring records that have
repeatedly been linked to winter hydroclimate variability in western North America
(D’ Arrigo and Wilson, 2006; Trouet and Taylor, 2009; Asong et al., 2018). The PDO
reconstruction provides an estimate of the Asian expression of the phenomenon, while
the PNA reconstruction provides a winter period record (D’ Arrigo and Wilson, 2006;
Trouet and Taylor, 2009). While the Asian expression of the PDO is similar to observed
trends in Pacific North America, it has different ENSO-related modulating
characteristics.

2.4.4 Model estimation

Coastal and continental April 1 SWE records (coastal and continental SWEpc)

were correlated to the tree-ring data and climate indices using Pearson’s correlations to
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Table 2.1: Descriptive information of manual snow survey stations used in this study.
Records were collected from the River Forecast Centre (2017) website. Two regions were
targeted for reconstruction: (1) continental and (2) coastal. Continental locations are
located east of the Pacific Ranges and characterized by lower average snowpack. Coastal
stations are located in the Pacific Ranges and characterized by much greater snowpack
averages (229 vs. 1367 SWE). Station ID is associated with River Forecast Centre
designations; coordinates (latitude and longitude) are in decimal degrees; elevation is
rounded to the nearest 10 m above sea level; mean April 1 SWE is calculated across the
whole time series; span is the length of continuous April 1 SWE measurements from each
station; length is the total number of years available for analysis; PCA loading represents
the explanatory power of the first principal component from analysis.

Station  Latitude Longitude Elevation Mean April  Span (years Length

ID (OD)  (OD)  (masl)  1SWE AD)  (yearsy  "CAlLoading
Continental
1C05 50.70 -122.62 1720 609 1952-2014 62
1C06 50.91 -121.82 1214 44 1955-2014 59
1C09A 50.50 -120.98 1550 98 1958-2014 56
1C14 50.78 -122.79 1400 167 1963-2014 51
1C19 50.46 -121.05 1640 123 1967-2014 47
2G06 49.50 -120.80 1490 334 1960-2014 54
Continental SWEpc 89%
Coastal
1D08 49.58 -122.32 1195 1529 1968-2014 46
1D10 49.83 -122.06 1555 1360 1968-2014 46
3A01 49.38 -122.08 1130 1231 1936-2014 78
3A09 49.46 -123.03 880 1479 1946-2014 68
3A10 49.37 -122.96 1010 1235 1945-2014 69
Coastal SWEpc 68%
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determine initial relationships between the variables. A pool of predictors was developed
for the both coastal and continental April 1 SWE records and input through a multiple
linear regression to provide a best-fit model. Model selection was based on adjusted R?,
multicollinearity (variance inflation factor or VIF), autocorrelation at lag 1 (Durbin-
Watson or DW), and cross-validation statistics (Reduction of Error or RE).

2.4.5 Analysis of the reconstruction

The coastal and continental SWEpc models selected for reconstruction were
compared to measured winter ENSO, PDO, and PNA climate oscillations (October of the
previous year to March) to reveal low-frequency influences on snowpack over the
reconstructed and instrumental periods. A difference-of-correlations test was conducted
on both the measured coastal and continental SWEpc records, as well as on the
reconstructed values, against positive and negative phases of the selected climate
oscillations. Where only one phase illustrates a statistical relationship with the models, it
indicates non-stationary (alterations in significance over time) responses to the specific
oscillation.

A Morlet wavelet analysis using the R-package WaveletComp (Roesch and
Schmidbauer, 2015) was used to illustrate fluctuations in power over the length of the full
reconstruction period and to determine the average variability. An intervention analysis
was conducted to determine significant long-term changes in reconstructed averages. The
intervention analysis used a 30-year moving window to highlight where significant
differences occurred between the preceding and proceeding 15 years of year t using a
two-sample t-test. Periods of change in the long-term mean were calculated as departures

from the average SWEpc value over the full reconstruction.
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2.5 Results

Five PSF chronologies were selected for use as coastal and continental SWEpc
proxies (Table 2.2). All the chronologies were significantly correlated to each other and
were combined into a single index using regional curve standardisation (PSFR).
Consolidating the site-level tree-ring records enhanced the explanatory power and
possible reconstruction period to the interval from 1710-2015. The indices had RBARS
ranging from 0.350 to 0.491 and were significantly correlated to coastal and continental
SWE-Rc (Table 2.3). The selected climate oscillation reconstructions (PDO and PNA)
span from 1565-1988 and 1725-1999, respectively (D’ Arrigo and Wilson, 2006; Trouet
and Taylor, 2009). The PDO reconstruction was significantly correlated with coastal
SWEprc while both PDO and PNA reconstructions were related to continental SWEpc
(Table 2.3).

Two models were developed from the coastal and continental SWEpc records.
The first principal component for coastal and continental SWEpc were identified for

reconstruction and used PSFgr, PDO, and PNA as predictors:

Coastal SWEpc = -1.75*PSFr + -0.34*PDO + 1.67

Continental SWEpc = -2.41*PSFr + -0.59*PDO + 0.22*PNA + 2.56

where coastal SWEpc is the first component April 1 SWE from coastal manual snow
survey stations; PSFr is the regional Pacific silver fir tree-ring width chronology; PDO is
a Pacific Decadal Oscillation reconstruction from D’Arrigo and Wilson (2006);

continental SWEgc is the first component April 1 SWE from continental manual snow
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survey stations; and PNA is a Pacific-North American pattern tree-ring reconstruction
from Trouet and Taylor (2009).

The Coastal SWEpc reconstruction extends from 1710 to 1988 and explains
50.7% of variance, accounting for lost degrees of freedom, in the first principal
component. The model has a DW statistic of 1.86, VIF of 1.62, and F-Ratio of 13.3
(Table 2.4). It was successfully cross-validated using the LOO method (RE = 0.41)
indicating the model is robust. Regression and cross-validation statistics are shown in
Table 2.4 and a time plot of the actual, modelled, and cross-validated coastal SWEpc is
shown in Figure 2.3A. The full reconstruction is illustrated in Figure 2.4A.

The continental SWEpc reconstruction extends from 1725 to 1988 and explains
73.1% of variance, accounting for lost degrees of freedom, in the first principal
component. The continental SWEpc model has a DW statistic of 2.27, VIF of 1.095, and
F-Ratio of 23.63 (Table 2.4). The model was successfully cross-validated using the LOO
method (RE = 0.57) suggesting that the model is robust. Regression and cross-validation
statistics are shown in Table 2.4 and a time plot of the actual, modelled, and cross-
validated continental SWEpc are shown in Figure 2.3B. The full reconstruction is shown
in Figure 2.4B.

Both reconstruction models and calculated SWEpc were tested against large-scale
climate teleconnections originating in the Pacific Ocean. A difference-of-correlations test
between ENSO, PDO, and PNA reveal significant relationships between Continental
SWE-prc and negative ENSO, positive PDO, and positive PNA while Coastal SWEpc was

only associated with negative phases of PDO (Table 2.5).
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Table 2.2: Times series information. Species/type are bold and italics represents time
series used as predictors in the reconstruction. Tree-ring site numbers in brackets are
ITRDB codes. The Pacific silver rir regional index (PSFr) was developed by combining
the five site-level chronologies used a bi-weight robust mean method (Briffa and Melvin,
2011). Climate oscillation indices were collected from NOAA (2017) for teleconnections
that are known to influence the overall hydroclimate of western North America. RBAR is
the average value across whole index; length is the span of years used for reconstruction.
For tree-ring series, the length used for reconstruction is used only for where EPS > 0.85.

Lat Lon Elev.
Study Site (Site No.) Source (DD) (DD) (masl) RBAR Length
Pacific Silver Fir
Deek’s Lake This study 4952 -123.21 1050 0.350 1696-2015
Callaghan Lake This study 50.18 -123.13 975 0.360 1696-2015
Dobry et al.
Seymour (CANA107) (1996) 4952 -123.07 1000 0.491 1686-1992
Schweingruber
Hurricane Ridge (WA081) etal. (1991) 46.15 -122.15 1200 0.372 1698-1983
Schweingruber
Mt. St. Helens (WAQ82) etal. (1991) 4798 -123.47 1200 0.437 1648-1980
Pacific Silver Fir Regional (PSFg) 0.540 1648-2015
Teleconnections
Pacific Decadal Oscillation
(PDOpw) D'Arrigo and Wilson (2006) 1565-1988
Pacific-North American
(PNATT) Trouet and Taylor (2009) 1725-1999
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Table 2.3: Pearson correlations between model parameters used in the reconstruction. All
values shown are significant (p<0.01).

Time Series Coastal SWEpc  Continental SWEpc
Pacific Silver Fir Regional (PSFg) -0.67 -0.68
Pacific Decadal Oscillation (PDOpw) -0.67 -0.78
Pacific North American (PNA1T) -0.66

Table 2.4: Reconstruction, cross-validation, and descriptive statistics. D-W = Durbin-
Watson Statistic; VIF = variance inflation factor; SE = standard error; RE = reduction of
error; RMSE = root mean squared error; CV = coefficient of variance.

Reconstruction R? Adj. R? D-W VIF SE F-Ratio
Coastal 0.55 0.51 1.87 1.57 0.70 13.30
Continental 0.76 0.73 2.27 1.10 0.59 23.60

Cross Validation RE RMSE
Coastal 0.41 0.66
Continental 0.57 0.54
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Figure 2.3: Time plot of calculated April 1 SWE principal components (thin black line),

modelled (thick black line), and cross-validated (thick grey line) records of (A) coastal
and (B) continental.
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Figure 2.4: Time plot of reconstructed (A) coastal and (B) continental SWE plotted as
departures from average (z-scores; thin black line) with a 5-year running mean (thick
black line) and error (grey area) calculated from the cross-validation RMSE. Black-filled
areas illustrate long-term changes in the mean value as identified by intervention
analysis. Black-filled areas above 0 indicate long-term above average conditions while
below indicate below average conditions. Step changes were detected using a two-
sample t-test on the previous and future 15 years for year t. Long-term averages were
calculated as the mean value between intervention years.
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Table 2.5: Difference-of-correlations test results for Coastal and Continental SWEpc.
Climate oscillation indices were grouped into negative and positive values then correlated
to both the calculated and modeled Coastal and Continental SWEpc. Values shown are
p<0.05 while bold values indicate p<0.01. Where only one of two teleconnection phases
have a significant relationship, it illustrates the possibility of a non-stationary response.

Modeled . Modeled
Coastal | Continental . |
SWEsc Coasta SWEpc Continenta
SWEpc SWEpc
Negative PDO (13) -0.62 -0.63 -0.65 -0.74
Positive PDO (13)
Negative ENSO (12) -0.80 -0.65 -0.58
Positive ENSO (14)
Negative PNA (12)
Positive PNA (14) -0.65* -0.66
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Figure 2.5: Morlet wavelet power spectrums of the coastal (A) and continental (B)
SWE-pc reconstructions. The y-axis represents Fourier periods while the x-axis represents
time. White enclosed areas represent a 95% confidence interval where significant
wavelengths in the series are detected. Black lines represent power spectrum ridges and
highlight nonstationary, significant frequencies across the time series. The lower contrast,
or faded, areas on the left and right extremes of each figure represent areas outside of the
analysis that is susceptible to zero padding effects. Note that A and B figures have
different x-axes due to differing reconstruction lengths between the coastal and
continental models.
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Intervention analysis highlights periodic step-changes in the long-term average
over time. Coastal PCswe was below average from 1746-1761, 1771-1786, 1853-1907,
and 1923-1943 and above from 1710-1745, 1762-1770, 1787-1852, 1908-1942, and
1945-1992 (Figure 2.4). Continental PCswe was below average from 1725-1754, 1770-
1787, and 1854-1949, and above average from 1755-1769, 1788-1853, and 1950-1992
(Figure 2.4). Morlet wavelet analyses highlight low-frequency decadal variability over

the length of both records between 8 and 12 years (Figure 2.5).

2.6 Discussion

2.6.1 Model summary

The reconstruction models accurately estimate the first principal component of
April 1 SWE for coastal and continental regions of southwestern BC. As is the case
elsewhere in western North America (Mote et al., 2018), the findings highlight that April
1 SWE is associated with: (1) total winter precipitation; (2) winter temperature; (3) spring
temperature, and; (4) climate oscillation phases. The model predictors indirectly account
for these variables.

PSFr variability constructed using regional curve estimation serves as a proxy for
April 1 SWE. Deep or late-lying snowpacks typically result in a truncated growing
season that leads to narrow growth rings (Ettinger et al., 2011). While many high-
elevation reconstructions in western North America use mountain hemlock as a proxy for
snowpack and/or summer streamflow (e.g., Pederson et al., 2011; Wood et al., 2011;
Coulthard et al., 2016), PSF are more climatically-sensitive, retain a stronger climatic

signal, and demonstrate coherent growth synchrony across populations at a broader range
29



of high-elevations (Ettinger et al., 2011). The robustness of PSF in this reconstruction
serves to highlight its potential as an April 1 SWE proxy, thereby providing an
independent record for validating reconstructions in the study region that currently rely
solely upon mountain hemlock tree-ring records.

The analyses identify similar PDO influences on both SWEpc reconstructions.
Specifically, cool PDO phases have a strong effect on both coastal and continental
SWEpc. While this is likely influenced by the use of PDO as a predictor in our model, no
significant relationships to positive/warm PDO phases were detected (Table 2.5). Cool
PDO phases typically result in above average snowfall and lower than normal winter
temperatures in this region (Rodenhuis et al., 2009). These impacts are consistent with
equivalent streamflow regime-shifts associated with PDO phase changes in western
Canada (Whitfield et al., 2010). Streamflow reconstructions derived from snow-sensitive
trees on Vancouver Island, BC, serve to further emphasize importance of PDO-generated
phase changes to regional hydroclimate regimes (Coulthard et al., 2016). These
conditions allow the winter snowpack to persist into the growing season and reduce the
annual radial growth increment of Pacific silver fir.

Positive PNA has a strong, negative relationship with regional SWEpc records,
but is a significant only in the continental SWEpc reconstruction. PNA is known to
influence freezing-levels in the study region and the association to the continental
reconstruction is assumed related to the location and elevation of the stations included in
our analyses. On average, the stations were 350 m higher than coastal stations (average of
1502 and 1154 m asl, respectively). This finding suggests that the overall effect of

freezing level elevations on snowpack is an important indicator of overall supply and that
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the importance of this relationship may have been underestimated in previous studies as
many focus on PDO and ENSO (e.g., Rodenhuis et al., 2009; Fleming et al., 2016;
Bevington et al., 2019).

2.6.2 Description of the reconstructed records and comparison

Both the coastal and continental SWEpc reconstructions reflect similar intervals of
high and low values. While there is general agreement between the two reconstructions,
two intervals of below and above average values in coastal SWEpc highlight important
differences. During the interval from 1804-1821, continental SWEpc had a negative trend
but remained above the 300-year average. Following this, continental SWEpc values
remained close to the long-term average from 1887-1927, while coastal SWEpc displayed
an interval of above-average values from 1887-1896 and 1905-1927 (Figure 2.3).

While similar long-term trends of below and above average intervals are apparent
in the reconstructions, the amplitude between the two series differs and is likely
associated with the higher degree of variability associated with coastal manual snow
survey stations. Average coastal April 1 SWE ranges from 1231 to 1529 SWE, while
continental SWE values range from 44 to 609 SWE. The difference in the principal
component SWE analyses are believed representative of natural variability in the two
geographically distinct locations.

The intervention analysis shows that both SWEpc reconstructions display
comparable intervals of regional-scale variability over the duration of the reconstruction,
with coastal SWEpc exhibiting more statistically significant changes in the long-term
average than continental SWEpc (Figure 2.4). Notably, both reconstructions demonstrate

synchronous above average values from 1788-1853. Following this interval, values
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remained below the long-term average until 1908 and 1949 within the coastal and
continental SWEpc reconstructions, respectively.

Coastal SWEpc displays a greater number of shifts away from the long-term
average during early portions of the reconstruction. Reconstructed values were above the
long-term mean until 1746, when below average values persisted from 1747-1761.
Following this, above average SWE occurred from 1763-1771 until 1772-1787, when
lower than average SWE conditions prevailed. Continental SWEpc displays similar
trends, with below average values until 1754 after which the SWE was above the mean
from 1755-1769, after which SWE values remained below the long-term average until
1853.

2.6.4 Teleconnection influences

Both SWEpc reconstructions illustrate significant relationships to Pacific Ocean
teleconnections. While both use PDO as a predictor and continental SWEpc uses PNA,
there are notable differences between the observed and reconstructed records and phases
of ENSO, PDO, and PNA. A significant relationship was identified between negative
ENSO (La Nifia) and both SWEpc reconstructions that is likely caused by negative
temperature and positive precipitation anomalies through the region (Stahl et al., 2006).

All the reconstructed and observed SWE records are significantly associated with
negative phases of PDO (Table 2.5). Similar to ENSO variability, negative PDO typically
results in negative temperature trends and to minor changes in precipitation totals in the
study region (Stahl et al., 2006). Continental SWEpc was significantly associated to
positive phases of the PNA (Table 2.5). During the winter months, PNA influences

overall precipitation delivery to the study region. Nonetheless, it’s most important
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attribute is the documented influence on freezing-level elevation (Abatzoglou, 2011).
Changes to the freezing-level elevation have a substantial impact on snowpack totals and,
thus, the potential end-of-winter snowpack storage. Small changes to the freezing-level
elevation may have substantial impacts on the total snow available for melt during the
hot, dry summer months where it is needed to sustain baseflow for regions downstream
(Bealieu et al., 2002).

2.6.5 Usefulness in water policy and management

Winter snowpack contributes to streamflow runoff and water supply in
southwestern BC during dry summer months (Moore et al., 2010). April 1 SWE
contributes to the overall summer supply for many of the streams in the region (Bealieu
et al., 2002). Developing an understanding of the underlying climate drivers is essential
for water managers and my reconstructions provide a long-term perspective on April 1
SWE variability that highlights the underlying cyclical variability. Coastal SWEpc
displays more variability than continental SWEpc and appears more sensitive to annual
changes in winter precipitation and temperature. While continental regions may
experience little change to SWE totals, small changes to either precipitation or
temperature may have dramatic effects on end-of-season SWE in coastal regions.

These proxy records provide a better understanding of both the frequency and
magnitude of low- and high-April 1 SWE over the last 300 years, changing the context of
low SWE events in 2014 and 2015 by illustrating that average April 1 SWE levels in both
regions have been lower than those we are experiencing today. | expect that predictive
models incorporating these longer-term findings will enable water managers to anticipate

the probability of future April 1 SWE and freshet dynamics. While additional variables
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are needed in order to robustly forecast nival streamflow dynamics (e.g., spring and
summer temperature), the long-term relationships revealed by this research should assist
water managers charged with planning for future water shortages.

While rising temperatures are sure to impact April 1 SWE and overall water
supply in southwestern BC, other impacts should be considered. | demonstrate that
teleconnection influences are significantly associated with coastal and continental SWEpc
variability and should be taken into account for water management purposes. This
association has been documented previously (Rodenhuis et al., 2009), with these findings
emphasizing that this relationship is stable over time and is teleconnection phase
dependent. This discovery provides information useful for proposing future water

management and policy strategies.

2.7 Conclusions

| provide a 300-year perspective of April 1 SWE variability in southwestern BC,
where my analyses show that SWE has varied more in coastal settings than in continental
areas. Coastal SWEpc was shown to alternate between above- and below-average values
more frequently than continental SWEpc. My reconstructions demonstrate that there are
important differences associated with region-level climate paleorecords. Coastal SWEpc
was much more variable than continental SWEpc, with the two additional intervals
between 1804-1821 and 1887-1927 highlighting that the coastal regions may be more
prone to changes in snowpack compared to continental areas on the leeward side of the

BC Coast Mountains.
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Climate oscillations generated from the Pacific Ocean region significantly
influence long-term April 1 SWE variability throughout southwestern BC. La Nifia, PDO,
and PNA demonstrate significant relationships to continental SWEpc, with only the PDO
was found to be associated with coastal SWEpc. ENSO and PDO play a vital role in the
amount of snow delivered during the winter months, while PNA influences freezing-level
elevation and, therefore, the amount of snow that can be stored at high altitudes.

Although I document periodic SWEpc changes in both coastal and continental
regions, climate change impacts on the seasonal snowpack are evident for southwestern
BC. Highlighted by zero-percent-of-normal June 1 SWE and subsequent drought in 2015,
even small changes to total snowpack in the BC Coast Mountains will have substantial
impacts on the overall water supply for a region that supply is struggling to meet demand.
The two 300-year records of the first principal component of April 1 SWE for
southwestern BC provide a long-term perspective of natural snowpack variability and

offer insights essential for water resource managers in this region.
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Chapter 3: Post-1976 shortages in Greater Vancouver Regional District
water supply unprecedented in past 300 years
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3.2 Abstract

Recent summer water shortages in Metro Vancouver necessitated use restrictions.
Likely resulting from recent alterations in the regional snowmelt timing and rising
summer temperatures, the persistence of these conditions over the next century poses a
significant challenge for water supply management decisions. To understand the

magnitude of recent drought events in the context of those that happened in the past, a
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dendrohydrological reconstruction of regionalised July-August streamflow to 1711 for
Metro Vancouver’s Capilano and Seymour watersheds. July-August streamflow in these
watersheds relies on snowmelt released by winter snowpack. I used the annual ring
widths of mountain hemlock (Tsuga mertensiana (Bong.) Carr.) and Pacific silver fir
(Abies amabilis Douglas ex J.Forbes) trees exhibiting a relationship to the seasonal
snowpack as proxies for streamflow in a regression model. The model indicates that more
multi-year, below-average, streamflow departures occurred during the instrumental
record than over the 300 years modeled by the reconstruction. EI Nifio-Southern
Oscillation (ENSO) was strongly associated with both reconstructed and measured
streamflow for the study region. Similarly, the Pacific Decadal Oscillation (PDO)
demonstrated strong statistical relationships with measured streamflow in the region.
Over the duration of the reconstruction, significant decadal and multi-decadal
periodicities were observed and may be linked to PDO. The research places the Metro
Vancouver water supply in a longer-term context than was previously possible and
provides a basis for advancing water supply planning decisions in the context of a rapidly

changing climate.

3.3 Introduction

Summer streamflow droughts in 2014, 2015, and 2017 highlight the potential
hydrological impacts of future climate changes on the Metro VVancouver area (Cohen et
al., 2011). There is growing recognition of the need to understand the natural variability
of basins contributing to the Metro VVancouver water supply (Milly et al., 2008;

Olmstead, 2014; Koop et al., 2017). While hydrological modelling based on historic
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instrumental records provides Metro VVancouver resource managers with some awareness
of the possible range of streamflow variability (Rodenhuis et al., 2009), developing long-
term strategies for the basins draining the Metro VVancouver watersheds is challenging
(Poff et al., 2016). The relatively short instrumental records that exist may not capture the
full range of natural streamflow variability (Metro VVancouver, 2011; 2017) and the high
relief of the Metro VVancouver water supply basins render them susceptible to changes in
timing and magnitude of the annual spring freshet (Murphy et al., 2015).

Dendrohydrology uses tree rings as a proxy for streamflow and can provide
robust, annually-resolved records that extend hydrological information back centuries
(Meko and Woodhouse, 2010). Most studies focus on large watersheds and typically
target reconstruction of annual and seasonal streamflow records (Meko and Woodhouse,
2010; Margolis et al., 2011; Sauchyn et al., 2014; Sauchyn and llich, 2017; Stagge et al.,
2018). The findings of these studies have been incorporated into water management
strategies developed in the southwestern United States (Meko et al., 2001; Woodhouse
and Lukas, 2006), western interior Canada (Sauchyn et al., 2014), and internationally
(Pederson et al., 2011). Increasing attention is, however, being given to the reconstruction
of monthly hydroclimatic data and its presentation in formats useful for water resource
managers (Coulthard et al., 2016; Stagge et al., 2018).

Most dendrohydrological reconstructions focus on resolving streamflow records
within arid and semi-arid regions where moisture sensitive tree species provide a ready
proxy for annual changes in water availability (Meko and Woodhouse, 2010). In British
Columbia (BC), recent tree-ring investigations expand upon climate-growth relationships

to reconstruct streamflow records for watersheds susceptible to summer drought (Hart et
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al., 2010; Starheim et al., 2013a; Coulthard and Smith, 2015; Coulthard et al., 2016).
While these studies collectively provide a perspective on streamflow variability in BC
that extends centuries into the past, they focus exclusively on watersheds where summer
streamflow is sustained by snowmelt and/or glacier meltwater contributions. In contrast,
the watersheds contributing to the Metro Vancouver water supply contain hybrid streams
where only snowmelt and rainfall combine to make significant contributions to the annual
streamflow regime (Eaton and Moore, 2010). Small changes in the seasonal snowpack,
timing of the spring freshet, or alterations to the seasonal temperature regime may have
significant impacts on summer streamflow within these watersheds (Mote et al., 2005;
Stewart et al., 2005; Rodenhuis et al., 2009).

In this paper, | develop a reconstruction model of July-August streamflow for
watersheds supplying Metro Vancouver using snowpack-sensitive mountain hemlock
(Tsuga mertensiana (Bong.) Carr.) and Pacific silver fir (Abies amabilis Douglas ex J.
Forbes) tree-ring chronologies. Based on statistical relationships established between the
chronologies and instrumental records, | reconstruct 300-years of July-August streamflow
history for the Capilano and Seymour rivers supplying 66% of the water to the Metro
Vancouver area y. These dendrohydrological findings augment the instrumental records
and provide information critical to developing an understanding of long-term streamflow

variability within the Metro Vancouver water supply area.

3.4 Study Area

The Metro Vancouver water supply area is located on the windward side of the

Pacific Ranges, BC Coast Mountains. The Capilano, Coquitlam, and Seymour watersheds
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are the primary water supply source and are located in the North Shore Mountain range
overlooking Metro Vancouver (Figure 3.1). The headwaters of all three watersheds are
located in steep mountain basins, with runoff descending into U-shaped valleys and
flowing into Georgia Strait. The Capilano River watershed originates at 1650 m asl on
Capilano Mountain and covers a 196 km? area (Table 3.1). The river joins with 11
tributary streams before draining into the Capilano Reservoir at 160 m asl (Table 3.1).
The Seymour River watershed originates at 1668 m asl on Obelisk Peak and flows
through a long, narrow valley covering an area of 124 km?, before draining into Seymour
Reservoir (Table 3.1). The Coquitlam River watershed is located directly north of the
City of Coquitlam and is the largest of the three Metro Vancouver watersheds. It covers
an area 205 km? and contains Coquitlam Lake, a large naturally occurring lake that spans
most of the north-south length of the Coquitlam watershed (Figure 3.1).

Metro Vancouver’s water supply area is regulated by the Metro VVancouver
Drinking Water Management Plan (DWMP) and serves as the source of municipal
drinking water for the region, as well as for providing water used for fisheries habitat,
recreation, culture and heritage, and power generation (Metro Vancouver, 2011). The
DWMP is committed to using water more efficiently, “so that the supply stretches out
into the future even as the region’s population continues to grow” (Metro Vancouver,
2011:1). In 1905, the BC Government obtained a lease on the Capilano Watershed for
water supply purposes (Metro Vancouver, 2017). Similar leases for the Seymour and
Coquitlam watersheds were established in 1906 and 1942, respectively. The watersheds
have experienced only minimal logging and road building activity associated with

infrastructure access and development. While the water supplied by the watersheds is
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Figure 3.1: Study site map showing the location of the Capilano, Seymour and
Coquitlam watersheds. Squares with X’s indicate locations of hydrometric stations;
circles represent Pacific silver fir tree-ring chronology locations; triangles represent
mountain hemlock tree-ring chronology locations.
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Table 3.1: Instrumental data information. Streamflow data was collected from the Water
Survey of Canada (2017); climate information was collected from Environment and
Climate Change Canada (2017), and; snow survey information was collected from River
Forecast Centre (2017).

Coordinates Drainage Area
Type Location Station ID Span (Decimal above gauge (km?) /
Degrees) Elevation (m asl)
S”éi’:;'eow Capilano 08GA010 1914-2018  49.40, -123.14 173 km?
Seymour 08GA030 1928-2018 49.40, -122.98 179 km?
Climate  Grouse 1105658 1971-2018  49.38, -123.08 1100 m asl
Station Mountain
Snow Grouse 3A01 1936-2018  49.38, -123.08 1130 m asl
Survey Mountain
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expected to meet the region’s needs until approximately 2050 (Metro Vancouver, 2011),
the consequences of anticipated climate changes pose significant long-term challenges to
managing these water resources (Rodenhuis et al., 2009). A temperate, fully-humid,
climate characterises the Metro Vancouver watershed area (mean annual temperature
5.2°C, 1981-2010 normal; ECCC, 2017) (Kottek et al., 2006) (Figure 3.2A), with the
majority of annual precipitation resulting from orographic interactions and storms
generated in the Pacific Ocean during the winter months (Berkelhammer and Stott, 2008;
Spry et al., 2014). Typical of regional precipitation regimes, precipitation totals on the
windward mountain slopes range from 1300 mm/year near the ocean to over 4000
mm/year at summit elevations (Jacob and Weatherly, 2003; Church and Ryder, 2010).
Nearly 75% of this precipitation falls during the winter months (November to March)
primarily as a result of low-pressure systems that bring snow to higher altitudes (>800 m
asl) and rain to lower elevations (<300 m asl). Mid-elevation locations (300-800 m asl)
are susceptible to rain-on-snow events throughout the winter (Abatzoglou, 2011; Spry et
al., 2014). In contrast, most summers are dry and characterised by limited precipitation
(Loukas et al., 1996).

The high relief and mixed (rain and snow) precipitation regime characterising the
watersheds results in high monthly streamflow totals in November to January from
rainfall and in April to June from snowmelt, with summer streamflow declining until
October (Figures 3.2A and 3.2C). The instrumental records emphasise that the timing and
magnitude of the annual freshet displays considerable year-to-year variability (Moore et

al., 2010). Following the spring freshet, a significant proportion of the summer baseflow
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Figure 3.2: (A) Climate normal (1981-2010) for Grouse Mountain (Station ID:
1105658); monthly streamflow averages for the (B) Capilano (08GA010) and (C)
Seymour (08GAO013) watersheds; and, (D) combined July-August streamflow record of
the Capilano and Seymour watersheds (Sources: ECCC, 2017; WSC, 2017).
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is tied to the emergence of shallow groundwater sourced to melting snow. Snow-derived
summer streamflow is typically lowest in July and August (Figure 3.2B and 3.2C) when
it averages 7.5 m3s! for the Capilano and Seymour watersheds with a relatively high
variance (16.0 m3s™?) over the length of the common period (1958-2017) (Figure 3.2B).
Over the instrumental period, minimum July-August streamflow occurred in 1944 (2.1
m3s) and the maximum recorded streamflow occurred in 1974 (19.7 m3s™) (Figure
3.2D). These hydroclimatic conditions suggest that summer streamflow droughts in the
Metro Vancouver area are directly associated with shallow spring snow and early spring
freshets (Moore et al., 2010).

The hydroclimatic character of the Metro Vancouver watersheds is influenced by
inter-annual and -decadal climate variability generated by atmospheric-ocean interactions
in the Pacific Ocean (Sellars et al., 2008; Spry et al., 2014). The most significant of these
interactions include those described by the EI Nifio-Southern Oscillation (ENSO), the
Pacific Decadal Oscillation (PDO), and the Pacific North American (PNA) pattern. Their
inherent variability is known to influence temperatures, as well as the timing and
magnitude of precipitation events, throughout southwestern BC during the winter months
(Bonsal and Shabbar, 2008; Abatzoglou, 2011).

ENSO is a naturally occurring phenomena of ocean temperature variability
centered in the equatorial Pacific Ocean that displays phase changes every six to 18
months (Bridgman and Oliver, 2006). Alternating between two phases (positive/El Nifio
and negative/La Nifia), it has an impact on winter precipitation patterns across the Pacific

Ranges (Rodenhuis et al., 2009).
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The PDO is a large-scale climate system that influences the surface climate and
hydrology of western North America (Whitfield et al., 2010). It is often characterised as a
long-lived ENSO-like pattern of Pacific climate variability derived from sea surface
temperature interactions with the atmosphere (Mantua et al., 1997). Similar to ENSO,
phase changes in the PDO have substantial impacts on moisture delivery and winter
snowpacks in south coastal BC (Moore and McKendry, 1996; Rodenhuis et al., 2009).
During positive (warm) or negative (cold) phases of the PDO, winter snowpack totals are
impacted significantly, resulting respectively in increases or decreases in snowmelt
contributions to summer baseflow (Rodenhuis et al., 2009). Negative (cold) phases of
PDO are associated with below-average temperature and positive precipitation anomalies
during the winter months, with positive phases correlated to above-average temperatures
and negative precipitation regimes (Mantua et al., 1997; Moore et al., 2009). The
relationship between the PDO and streamflow is complex, as it relies specifically on the
hydrologic regime of a given watershed (Mote, 2003; Hamlet et al., 2005; Whitfield et
al., 2010). In this study, | examine hybrid watersheds that typically have higher-than-
average flows in May-August during cool phases of the PDO due to increased snowpack
and below-average temperatures (Fleming et al., 2007).

The PNA is a quadripolar pattern associated with alternating pressure systems in
the Pacific Ocean, as well as to centres of action over western Canada and the
southwestern United States (Wallace and Gutzler, 1981; Latif and Barnett, 1994). While
lacking a well-defined periodicity, the PNA is influenced by both the PDO and ENSO,
and has impacts on freezing level elevations across the Pacific Northwest (Yu and

Zwiers, 2007; Abatzoglou, 2011).
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3.5 Methods

Dendrohydrological reconstructions have been successful in dry, continental
environments where the annual radial growth of a tree can be directly associated with
seasonal moisture deficits (Fritts, 1976; Belcmecheri et al., 2015). In BC, these moisture-
deficit settings are primarily restricted to the interior of the province (Moore et al., 2010),
where tree rings have been used to reconstruct summer (July-August) flow records
extending back over 300 years for the Atnarko, Chilko, and Skeena rivers (Hart et al.,
2010; Starheim et al., 2013a).

Small, temperate, conifer rainforest dominated watersheds, such as those
characterising windward slopes in coastal BC, are problematic for dendrohydrological
analysis due to the absence of moisture-limited tree species. Despite this difficulty,
research on Vancouver Island and in the Pacific Northwest identified the snowpack
sensitivity of high elevation stands of mountain hemlock and Pacific silver fir trees
(Smith and Laroque, 1998; Gedalof and Smith, 2001; Ettinger et al., 2011). While the
relationship between the radial growth of mountain hemlock trees and snowpack is well
documented (Smith and Laroque 1998; Marcinkowski et al., 2015; Coulthard et al.,
2016), the association of Pacific silver fir growth to April 1 SWE is limited to
observations describing the initiation of cambial growth following snowmelt at high
elevation locations (Hansen-Bristow, 1986; Ettinger et al., 2011). Coulthard and Smith
(2015) and Coulthard et al. (2016) were able to develop proxy streamflow records for
rivers on Vancouver Island using climate-growth relationships of mountain hemlock

trees.
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3.5.1 Tree-ring data

In Pacific North America, the radial growth of trees located close to treeline is
most often restricted by cool air temperatures that inhibit photosynthetic production
during the growing season (Fritts, 1976; Smith and Laroque, 1998; Ettinger et al., 2011),
and/or by cold soil temperatures that impedes soil nutrient uptake during the early months
of cambial expansion (Delucia, 1986; Peterson and Peterson, 2001; Marcinkowski et al.,
2015). However, the radial growth of some subalpine tree species is also physically
limited by late-lying snow, which delays the initiation of the growing season (Smith and
Laroque, 1998; Coulthard et al., 2016). In addition, the rapid melting of late-lying
mountain snow typically leads to greater overland flow and less soil moisture recharge
resulting in overall poor conditions for primary and secondary tree growth (Fritts, 1976).

In this paper, | capitalise on the annual growth records of mountain hemlock and
Pacific silver fir trees exhibiting April 1 SWE-related growth responses. | developed a
regional network of tree-ring chronologies from high-elevation mountain hemlock and
Pacific silver fir records archived in the International Tree-Ring Data Bank (ITRDB).
Age-related growth trends were removed using the R package dpIR to allow inferences to
be made on climate-related radial growth variability (Bunn, 2008). The site chronologies
were detrended using a cubic smoothing spline with a 50-year wavelength in order to
remove age-related growth trends and low-frequency variability. For many trees,
environmental conditions in the previous year predetermine radial growth in the
following year (Fritts, 1976). This physiological response was removed by using
‘residual’ detrended series that had zero-autocorrelation and are statistically compatible

to the streamflow records targeted for reconstruction.
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Each residual series was first examined for a relationship to the seasonal
snowpack using a Pearson’s correlation to April 1 SWE recorded by a local manual snow
survey station (Table 3.1). April 1 SWE records were used in the analyses, as data from
the other winter months were sporadic or of considerably shorter duration. It is also
considered an accurate estimate for winter-season total precipitation (Bohr and Aguado,
2001). Based on identified relationships between the selected series and April 1 SWE,
several approaches were considered for reconstruction. First, individual series were
examined to isolate specific climate-growth relationships. Second, regional series were
developed by combining individual tree-ring series into a single series using the bi-
weight robust mean method (Fritts, 1976). Finally, individual site series were used in a
principal component analysis to extract the underlying variability between study sites
where 5 or more site-level chronologies existed. Only components accounting for >10%
of the underlying variability were used for this study.

3.5.2 PDO data

The PDO is the leading principal component of sea surface temperature in the
North Pacific Ocean (20°N and northward) and used to infer decadal trends of
temperature and precipitation (Mantua et al., 1997; Rodenhuis et al., 2009; Whitfield et
al., 2010). Reconstructed winter PDO values were retrieved from the NOAA National
Climatic Data Center website (D’Arrigo and Wilson, 2006). While developed for the
eastern North Pacific Ocean, the record demonstrates significant correspondence with

teleconnection indices in Pacific North America (D’Arrigo and Wilson, 2006).
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3.5.3 Hydrological data

Mean monthly streamflow records for the Metro VVancouver watersheds were
retrieved from the Water Survey of Canada website (WSC, 2017). Following Coulthard
et al. (2016), the records were seasonalized by summing July and August data (m3s™) to
obtain total discharge at the presumed end of the nival-based flow season. Pre- and post-
regulated records for both basins were tested for significant differences although prior
engagement with Metro Vancouver Water Services indicated records representative of
natural variability (Mayer, personal communication). Following this, streamflow records
from the Capilano (1914-2018) and Seymour (1929-2018) were normalized for basin
area, and were then combined to obtain an average July-August record extending from
1929 to present (Q;a). The Coquitlam Watershed streamflow record was not used in
further analysis because of insufficient length (1982-2018) and gauged data accounted for
a small component of the drainage area. September was excluded from our analysis as
variability is primarily derived from rain rather than snow.

3.5.4 Climate analysis

Climate variables influencing summer streamflow were determined through
correlation of Qa to monthly and seasonal climate records. To assess the relationship
between snowmelt and streamflow, | tested relationships of Quato current year April 1
SWE records. Similarly, correlations between April 1 SWE and the tree-ring data were
examined to reveal shared relationships.

3.5.5 Reconstruction model

A dendrohydrological reconstruction model was developed using a multiple linear

regression of Q,a data in year t on candidate predictors in year t and t-1. Lagged
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predictors were entered to allow for tree-ring information of previous years to inform
climate conditions in a given year. Several streamflow models were developed based on
different predictors, with each evaluated based on its explanatory power (adjusted R?),
autocorrelation (Durbin-Watson; DW), multicollinearity (variance inflation factor; VIF),
uncertainty (standard error of the estimate; SE), the significance of the regression
equation (F-ratio), and cross-validation success (reduction of error; RE). | targeted Qja as
it has the overall lowest flow values during dominantly nival contribution months of
streamflow.

3.5.6 Analysis of model

The statistical properties of the overlap interval in the instrumental and
reconstructed records were compared with one another, as well as to measured
streamflow. This procedure allowed for an assessment of the model capacity to
approximate the gauged streamflow record. Extreme high- and low-streamflow years
were derived from the 95™- and 5™-percentile thresholds as calculated from the full
reconstruction period.

Associations between the reconstruction and ENSO, PDO, and PNA were also
investigated. A difference-of-correlations test was used to determine whether negative or
positive phases of the teleconnections were statistically associated with the measured and
reconstructed values. Second, the R-package WaveletComp was used to conduct a
wavelet power spectrum analysis of the reconstructed streamflow record to illustrate
fluctuations in power modes over time (Roesch and Schmidbauer, 2015). Finally, an
intervention analysis over the full reconstruction period was completed to detect any

long-term changes in mean Qua. Intervention years were selected by using a 30-year
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moving window to identify periods where there was a significant difference between the
first and last 15 years using a two-sample t-test. Periods of step change were calculated as

a significant departure from the reconstructed mean.

3.6 Results

3.6.1 Data

Five mountain hemlock (MH) and three Pacific silver fir (PSF) tree-ring
chronologies were selected for use (Table 3.2). While only one of these tree-ring
chronology sites was located within the Metro VVancouver water supply area, both tree
species are known to be sensitive to regional-scale climate (Gedalof and Smith, 2001;
Speer, 2010). The mountain hemlock chronologies were all significantly correlated and
were combined using a principal component analysis (PCA) representative of underlying
radial growth variability. Only the first component was used from the PCA (PCwmn) in this
study. Consolidating the five chronologies enhanced the explanatory power of the model
but restricted the reconstruction period to 1711-1992 (Table 3.2). The three PSF
chronologies were similarly significantly correlated to one another and were combined
using a bi-weight robust mean into a single regional series extending from 1648 — 1992
(Table 3.2). The PSF chronologies were not used in a PCA due to the limited number of
available chronologies (<5).

The five MH chronologies used for the PCA had RBARs ranging from 0.313 to
0.428, while the three PSF series RBARs range from 0.372 to 0.491 (Table 3.2). All the

chronologies were significantly correlated to April 1 SWE (p<0.01) from the closest

52



Table 3.2: Times series information. Species/type are italicized and bold represents time
series used as predictors in the reconstruction. Mountain hemlock PC (PCwn) was
developed by conducting a principal component analysis (PCA) on the five site-level
chronologies listed. Pacific silver fir did not have a sufficient number of sites to conduct
PCA (<5) and site-level chronologies were combined into regional chronologies using a
bi-weight robust mean method (Briffa and Melvin, 2011). Climate oscillation indices
were collected from NOAA (2017) for teleconnections that are known to influence the
overall hydroclimate of western North America. 2 = correlations among tree-ring series
collected from each site; ® = only the length of the tree-ring index where the expressed
population signal (EPS) was >0.85 is documented; * = RBAR is the average value across
whole index where EPS was >0.85 and PC loading is the total explained variance from
PCA analysis.

Coordinates

Time Series Name (Code) clonrtrirljt?:nessa gjecimal E(Ifr:/ggllc))n Length ® T_E:d?ézg
egrees)

Mountain hemlock
Oakes Peak (WA051MH)! 0.520 48.63, -121.37 1140 1610 - 1992 0.313
Thornton Lakes (WA093MH)? 0.602 48.67,-121.33 1370 1706 - 1992 0.379
Heather Meadows (WA134MH)3 0.492 48.87,-121.68 1310 1685 — 2006 0.313
Joffre Lake (JLMH)* 0.607 50.34,-122.48 1550 1711 - 2012 0.428
Mount Cheam (MCMH)?® 0.593 49.17,-121.69 1390 1637 - 2000 0.384
Mountain Hemlock PC (PCwmr) 1711 - 1992 69.3%
Pacific silver fir
Mt. St. Helens (WAO081)® 0.645 46.16, -122.15 1200 1648 — 1980 0.437
Seymour Watershed (CANA107)7 0.662 49.52,-123.04 1000 1686 — 1992 0.491
Hurricane Ridge (WA082)8 0.618 47.93,-123.41 1560 1698 — 1983 0.372
Regional Pacific Silver Fir (PSF) 0.651 1648 — 1992 0.402
Climate Reconstruction
Pacific Decadal Oscillation (PDOpw)® 1700 — 1980

L Graumlich and Brubaker (1986); 2 Peterson and Peterson (2001); * Bunn (2012); * Wood et al. (2011); 5 Johnson
and Smith (2010); ® Schweingruber et al. (1991); 7 Dobryand Klinka (1996); 8 D’ Arrigo and Wilson (2006)

Table 3.3: Correlations between series used in the reconstruction model and snow water
equivalent (SWE) from the closest proximity station and regionalised streamflow. All
values are significant (p<0.01)

Time Series April 1 SWE  July-August Streamflow
Mountain hemlock Principal Component (PCwmn) -0.48 -0.45
Pacific Decadal Oscillation (PDO) -0.19 -0.55
Pacific silver fir (PSF) -0.51 -0.47
July-August Streamflow (Qja) 0.35
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proximity manual snow survey station and composite Q;a record (Table 3.3). The
selected PDO reconstruction (PDOpw) was also significantly correlated to both April 1
SWE and Q;a (Table 3.3).

3.6.2 Reconstruction model

The following model was identified for reconstruction:

Qua= 1.73 + (-0.20*PCwp) + (-1.51*PSF) + (0.33*PDOpuw)

where: Qua is the normalized average of July-August streamflow for the Capilano and
Seymour watersheds; PCwH is the first principal component of the combined mountain
hemlock tree-ring index network for southwestern British Columbia and PSF is the
regional record of Pacific silver fir growth in the region, and; PDOpw is a reconstruction
of PDO by D’Arrigo and Wilson (2006).

The reconstruction spans the period from 1711 to 1992 and explains 47% of Qia
variance, accounting for lost degrees of freedom (Table 3.4). The reconstruction model
has a DW statistic of 1.84, VIF of 1.091, and F-Ratio of 19.58 (Table 3.4). Regression,
descriptive, and cross-validation statistics are shown in Table 3.4. The model was
successfully cross-validated using the LOO method (RE = 0.09). A time plot of actual,
modelled, and cross-validated Qua is shown in Figure 3.3. July-August streamflow was
hindcast over the length of the tree-ring records following successful identification and

cross-validation of the model (Figure 3.4).
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Table 3.4: Reconstruction, cross-validation, and descriptive statistics. D-W = Durbin-
Watson Statistic; VIF = variance inflation factor; SE = standard error; RE = reduction of
error; RMSE = root mean squared error.

Reconstruction R? Adj.R? D-W VIF SE  F-ratio
0.49 0.47 1.84 1091 0.67 19.58
Cross-Validation RE RMSE
0.09 0.65

Table 3.5: Difference-of-correlations tests for measured ENSO, PDO, PNA values
against measured and reconstructed regional streamflow. Bold values indicate p<0.05;
Bold, underlined indicates p<0.01. Where only one teleconnection phase is significantly
related to Qsa, it illustrates the possibility of a non-stationary response.

Reconstructed Q;a Measured Q;a
Teleconnection
Phase
Season Sample Size ENSO PDO PNA ENSO PDO PNA
DJF Positive 0.31 0.60 -0.35
n 57 47 47
Negative 0.54 -0.40
n 45 37
MAM Positive 0.45 0.44
n 58 20
Negative 0.26 -0.55 -0.33
n 64 30 39
JA Positive 0.72
n 45
Negative 0.65 -0.53 -0.40 -0.43
n 47 21 35 43
SON Positive 0.53
n 42
Negative 0.30 0.50 -0.39 -0.48
n 63 50 34 48
Annual Positive 0.39 0.85
n 58 46
Negative 0.29 0.82 0.48 -0.56 -0.48
n 64 46 22 36 45
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Figure 3.3: Time plot of the measured (blue), reconstructed (thick black), and validation
(thin black) Qua records from the model calibration.
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Figure 3.4: Time plot of reconstructed regional streamflow (z-scores; thin black line)
with a 10-year running mean (thick black line) and gauged data (blue line). Error
associated with the reconstruction is presented as the grey area surrounding the data and
calculated using RMSE from the validation. The black histograms (top) represent 5%-
percentile Q;a for the reconstruction. The grey-filled area below the reconstruction
represents changes in the long-term mean. Grey-filled (bottom) areas above 0 indicate
long-term above average conditions while below indicate below average conditions. Step
changes from one long-term mean to another are where significant intervention years
were detected using a two-sample t-test between the previous and future 15-years at year
t. Intervention averages were calculated as the mean value between intervention years.
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Figure 3.5: (A) Wavelet power spectrum of the proxy streamflow record. The vertical
axis shows Fourier periods while the horizontal axis are years. White-enclosed regions
along the time series where significant frequencies are detected. The faded regions on the
left and right of the image represent areas where sample depth is too low to describe low-
frequency variability and susceptible to zero-padding effects. (B) Average wavelet power
as represented by the average power value of rows, or Fourier periods, in (A). Blue and
red points represent statistically significant wavelet power averages (p<0.10).
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3.6.3 Validation and analysis of reconstruction

Both measured and reconstructed normalized Q.a were tested against the PNA,
PDO and ENSO teleconnection indices. A difference-of-correlations test revealed
associations with both positive and negative phases of the PNA (positive spring [MAM];
negative summer [JJA], and; positive annual values); an interaction with
negative PDO (both phases during winter [DJF] and summer [JJA], positive autumn
[SON]; and positive annual values), and; a link with ENSO (positive winter [DJF]; both
phases of spring [MAM]; negative autumn [SON]; and positive annual values) (Table
3.5).

Wavelet power spectrum analysis showed multiple significant periodicities over
the full reconstruction (Figure 3.5A). At the decadal scale, there was an 8-16- and 16-32-
year periodicity (Figure 3.5B). Significant multi-decadal periodicities were also detected
(Figure 3.5B). The intervention analysis identified 13 punctuated shifts in streamflow
average over the combined instrumental and reconstruction periods, with several large
departures from the long-term average (0) in 1711-1745 (+0.23), 1761-1768 (+0.58),
1785-1801 (+0.36), 1909-1921 (+0.45), 1949-1976 (+0.65), and 1977-present (-0.15)

(Figure 3.4).

3.7 Discussion

3.7.1 Model Summary
The proxy model of Q,a estimates variability in the Capilano and Seymour
watersheds (Figure 3.4). Comparison of this record to previous research highlights that

Qua variability in the Metro Vancouver water supply area is dependent upon: (1) winter
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snowpack; (2) spring/summer air temperatures; and, (3) summer precipitation. The model
predictors account for these climate variables. The regional mountain hemlock PCA and
Pacific silver fir records were shown to serve as a robust proxy for April 1 SWE. It
should be noted that the streamflow gauge located in the Seymour Watershed is down
river from the Seymour Reservoir and dam, and is regulated. However, monthly flow
rates are similar to that of the Capilano streamflow gauge which is located up river from
the Capilano Reservoir and Cleveland Dam, and provides a record of natural discharge.
Additionally, no significant difference was detected in flow values per- and post-
regulation (or damming). This was also corroborated by Metro Vancouver Water
Services (Mayer, personal communication). While I am confident in my reconstruction’s
ability to capture July-August discharge rates for both watersheds, artifacts of flow
regulation may be present in the model.

3.7.2 The reconstructed record

The reconstructed Metro Vancouver streamflow record describes an increased
frequency of low-flow events over the combined instrumental record (1929-2018) that is
highlighted by consecutive years below the normalized mean (0) (Table 3.6). While from
1929-2018 eight multi-year, below-average Q.a events were documented, prior to 1929
only 10 multi-year, below-average Q.a were identified over more than double the length
of time (89 vs. 218 years). Prior to the instrumental record, consecutive years of below-
average flow were detected from 1720-1723 (3 years; -0.33 departure), 1746-1751 (5; -
0.43), 1755-1761 (6; -0.06), 1779-1785 (6; -0.22), 1790-1795 (5; -0.05), 1832-1836 (4; -
0.25), 1850-1861 (11; -0.30), 1870-1875 (5, -0.22), 1876-1881 (5; -0.05), 1882-1886 (4; -

0.11). During the observed period, consecutive years of below-average flow occurred
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from 1927-1931 (4 years; -0.08 departure), 1939-1942 (3;-0.69), 1976-1981 (5; -0.30),
1982-1987 (5; -0.55), 1991-1996 (5; -0.68), 2000-2006 (6; -0.49), 2008-2010 (2; -0.49),
and 2012-2018 (6; -0.68) (Figure 3.7). While 1850-1861 represented the longest period of
consecutive years below-average Qia, multi-year below average flows are
characteristically higher magnitude than those documented in my reconstruction. Further,
six of eight consecutive years of below-average flow occur after 1976. The greatest
magnitude single-year below average Qua values also typically occur during the
instrumental period. Thirteen of the fifteen worst single-year, low-flow events occur
during the instrumental record with eleven occurring after 1976 and only two prior to the
pre-instrumental record based on my proxy reconstruction (Table 3.6).

Wavelet analysis revealed significant decadal and multi-decadal periodicity over
the duration of the reconstruction. This variability was most prevalent from the mid-17"
to early-18™" century, and after 1950 (Figure 3.6). Similar to other regional paleoclimate
records, little or only sporadically significant decadal streamflow variability was revealed
from the early 18" to the 19" century (e.g., Gedalof and Smith, 2001; Hart et al., 2010;
Starheim et al., 2013a; Coulthard et al., 2016). This interval is often associated with a
weakening of the PDO (Gedalof and Smith, 2001) and its influence may be amplified by
the use of it as a predictor in the model.

Highlighted by the intervention analysis, the 1976/77 PDO shift marks an extreme
step change in the reconstruction, where normalized July-August streamflow from 1945-
1976 was +0.65 of the reconstructed average but from 1977-2018 the average fell to -0.15
(Figure 3.4). This change represents an overall step of 0.80 when compared to the

average long-term normalized July-August streamflow. The reconstruction identifies
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Table 3.6: Fifth- and ninety-fifth percentile flows from the reconstructed Qa record.
Bold represent flows during the instrumental record. Z-scores are the calculated average
for both reconstructed basins.

Fifth-Percentile Ninety-fifth Percentile
Year Z-score Year Z-score
1941 -1.10 1999 2.77
2003 -0.95 2011 1.60
2015 -0.93 1972 1.50
1987 -0.92 1956 1.48
2018 -0.91 1991 1.41
1940 -0.89 1974 1.35
1996 -0.86 1971 1.29
2014 -0.84 1921 1.24
2004 -0.80 1976 1.24
1860 -0.80 1969 1.11
1993 -0.79 1730 1.07
1992 -0.78 1916 1.07
1984 -0.78 2007 1.04
1713 -0.77 1964 1.06
2009 -0.74 1764 1.01
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Figure 3.6: Scatterplot of consecutive year July-August below-average streamflow
defined as recurring discharge values below the full-reconstructed mean (0) over greater
than one year. Values lower in the y-axis indicate higher severity lower-than-average
streamflow during July and August while longer duration values along the x-axis
illustrate prolonged intervals of sustained below-average flows. Grey circles represent
values based on the reconstructed proxy record prior to the instrumental record. Grey
circles with black borders represent consecutive-year below-average July-August
streamflow within the instrumental period (1929-2018).
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similar punctuated step changes that led to period shifts in mean flow levels throughout
the record (Figure 3.4) but none of these demonstrates as great a shift as the 1976/77
change.

While the long-term results corroborate previous instrumental analyses in
southwestern BC (Rodenhuis et al., 2009), the reconstruction does suggest that
streamflow within the Metro Vancouver watersheds was characteristically more variable
over the instrumental period when compared to conditions over the past three centuries.
Of particular note was the discovery that greatest step change in July-August streamflow
variability in the last 300 years occurred within the instrumental period (Figure 3.4). If
substantiated by further study, this finding offers the possibility that current water
management strategies are founded on gauged records that incorporate the extreme range
of streamflow variability likely to be experienced within the Metro VVancouver
watersheds.

3.7.3 Influence of synoptic-scale climate variability

Significant relationships were detected with ENSO, and both modelled and
measured normalized Q;a over the reconstruction period. Rodenhuis et al. (2009)
describe changes in the annual snowpack that exceed more than 30% between warm and
cool phases of ENSO and noted that hybrid streams in this region may shift to pluvial
regimes during El Nifio years (Rodenhuis et al., 2009). | observe a significant relationship
with the reconstruction model and positive ENSO at annual and seasonal (winter and
spring) timescales.

The difference-of-correlations analysis showed that Q,a is significantly related to

PDO at annual and seasonal timesteps. Intital analysis corroborated this, as | used PDO as
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a predictor in the reconstruction model. However, the difference-of-correlations test
results associated with PDO are likely biased and not representative of actual phase-
dependent relationships. PDOpw artifacts likely exist in the proxy record and are acting to
amplify the apparent relationships seen in Table 3.5.

The PNA appears to have a significant relationship to reconstructed, but not
calculated, Qia. Changes in the PNA pattern typically result in changes to the amount of
snow retained until the dry season at higher elevations in the Coast Mountains
(Rodenhuis et al., 2009; Abatzoglou, 2011). Decreases in the persistence of late-lying
snowpack until the late spring were expected to result in reductions to the groundwater
recharge component, followed by decreased streamflow totals during the following
summer months. This relationship is important, as it emphasises that the PNA is a critical
variable influencing snowpack storage in southwestern BC. The relationship between Q;a
and PNA is likely the result of PDO’s use in the reconstruction and it’s modulating effect
on PNA (Yu and Zwiers, 2007). While prior studies in this region have identified a
relationship between streamflow variability and the PNA (Starheim et al., 2013a), its
impact on streamflow within the Metro VVancouver watersheds remains poorly understood
(Rodenhuis et al., 2009).

3.7.4 Other records

| compared these findings to previous streamflow reconstructions from mainland
BC (Figure 3.7) and Vancouver Island (Coulthard et al., 2016). My record contains 10
intervals where July-August streamflow was below average for five or more consecutive
years: from 1720-, 1746-1751, 1755-1761, 1779-1785, 1790-1795, 1832-1836, 1850-

1861, 1870-1875, 1876-1881, 1882-1886, 1927-1931, 1939-1942, 1976-1981, 1982-
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1987, 1991-1996, 2000-2006, 2008-2010, and 2012-2018 (Figure 3.4). While several of
these low-flow intervals were synchronous with reduced flows in the Skeena (54,400
km?), Atnarko (2,400 km?), and Chilko (6,900 km?) rivers (Hart et al., 2010; Starheim et
al., 2013a), most of the low-flow events in this reconstruction are not regionally
represented. For example, there are numerous periods when streamflow was either
average or above in the Skeena, Atnarko, and Chilko rivers, while the Metro VVancouver
watersheds were experiencing below-average July-August streamflow (Figure 3.7). The
lack of correspondence between Metro Vancouver streamflow trends and these disparate
watersheds is likely related to the larger size of the latter (Hart et al., 2010; Starheim et
al., 2013a). Additionally, June-July streamflow records were reconstructed for Chilko
River while all others modelled July-August. Corroborating these findings, streamflow
records for watersheds of similar size (48 to 355 km?) on Vancouver Island display
similar intervals of below-average July-August streamflow over the length of the
reconstructed record (Coulthard et al., 2016).

Streamflow sources and topography highlight further distinctions between the
streamflow reconstructions. The Skeena, Atnarko, and Chilko rivers headwaters are all
located on the leeward side of the Coast Mountains, where the hydroclimatic regime is
markedly different than that experienced by the Metro Vancouver (Moore et al., 2010).
The Chilko River reconstruction was derived from a hydrometric station located
immediately downstream of Chilko Lake, while my model uses instrumental records
from streamflow gauges located upstream of natural/manmade reservoirs (Hart et al.,

2010). The Skeena, Chilko, and Atnarko rivers are also partly glacierized (Hart et al.,
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2010; Starheim et al., 2013a), whereas glaciers are absent in the Metro Vancouver of the
rivers on Vancouver Island is attributed to their low relief and to prevalent rain-shadow
effects along the eastern slopes of the Vancouver Island Insular Mountains (Coulthard et

al., 2016).

3.8 Conclusions

In combination with the instrumental records of normalized regional July-August
streamflow, the proxy runoff records presented in this chapter provide long-term insight
into rivers contributing to the Metro VVancouver water supply. The proxy Q;a record
extends from 1711 to 1992 and shows that these rivers have experienced periodic
changes in average discharge over the long-term. For example, from 1711-1745 (+0.23),
1761-1768 (+0.58), 1785-1801 (+0.35), 1909-1921 (+0.45), and 1945-1976 (+0.66) Qja
was likely well-above average during summer months that were targeted for
reconstruction.

An important outcome of the research was the discovery of significant step
changes in Qua. While the findings have implications for future water management
strategies, | also report that the duration of the July-August streamflow step change
initiated in 1977 and still continuing, if I include measured records, (41 years) is likely
unprecedented in duration when compared to the long-term Q,a average. While changes
to streamflow behavior between 1976 and 1977 in southwestern BC are often associated
with the PDO (e.g., Sellars et al., 2008; Whitfield et al., 2010), this relationship is not
stable over the length of either the instrumental or reconstructed record within the Metro

Vancouver water supply area. Instability is highlighted by the calculated Q;a record’s
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correlations with negative PDO across both seasonal and annual scales as well as wavelet
analysis which reveals fluctuations is power frequency over time.

Consecutive years of below average Qa are increasingly frequent over the length
of the instrumental record and especially following 1977. Of the lowest 5""-percentile Q;a
years, 87% occur during the instrumental record and 73% after 1976. Further, low-flow
events leading to streamflow droughts in the summers of 2013-2018 may be related to a
punctuated regime shift initiated in 1976/77 which was the last identified period change
in mean streamflow values. This shift appears to have resulted in persistent and
unprecedented changes to the streamflow characteristics of both Capilano and Seymour
watersheds. The research presented within this chapter places the Metro Vancouver water
supply in a longer-term context than the instrumental record and provides a basis for
advancing future water supply planning decisions related to climate induced-changes to

the spring freshet.
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Chapter 4: Tree-ring reconstruction of Harrison Lake dynamics to
1711, southwestern British Columbia, Canada

4.1 Article Information

Chapter 4 consists of a manuscript prepared for journal submission. The text and
figures from the manuscript have been renumbered and reformatted for consistency
within the dissertation.
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Bryan J. Mood™ and Dan J. Smith
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Victoria, British Columbia V8W 3R4, Canada

*Corresponding Author Email: bjmood@uvic.ca

4.1.2 Author contributions

Mood developed the study, hypothesis, conducted and led field and laboratory
work, statistical testing, wrote the manuscript and produced all tables and figures. Smith
provided funding for the research, provided guidance in formatting the study design,

reviewed and edited the manuscript.

4.2 Abstract

Water resources in western North America are increasingly threatened as
streamflow and ecological droughts associated with changing winter precipitation and
temperature regimes become commonplace. In southwestern British Columbia (BC),
natural lakes and manmade reservoirs in mountainous areas supplied by rainwater and

melting snow provide the domestic water supply for millions of residents in the South
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Coast region. Annual fluctuations in lake and reservoir levels can have widespread social,
ecological, and economic consequence. Their full range of variability, however, is rarely
fully represented by short or, in some cases, non-existent historical records. Using shared
environmental relationships between the radial growth of high-elevation trees and spring
lake levels, I extend the record of April lake levels at Harrison Lake, the largest lake in
the southwestern BC, using regional tree-ring chronologies and supplementary climate
oscillation reconstructions. The proxy model developed in this study successfully uses a
regional mountain hemlock tree-ring series, a Pacific Decadal Oscillation reconstruction,
and El Nifio-Southern Oscillation reconstruction to extend the record of April lake levels
for Harrison Lake back to 1711, explaining 49.5% of variability. The reconstruction
highlights that lake levels during the modelled period averaged 9.37 m, a value that is
0.13 m high than the instrumental mean. This modest drop in water level represents a
long-term volumetric change of -283,400 + 4050 m® for Harrison Lake during the month
of April. The full reconstruction highlights several intervals where the 10-year average
water level was below the reconstruction mean from 1722-1743, 1760-1772, 1787-1802,
1887-1894, 1908-1924, and 1946-present. Tests revealed significant relationships
between positive PDO and both phases of ENSO. No significant relationships between
PNA and the reconstruction were identified. The reconstruction provides the first long-
term, annually resolvable perspective of lake level variability from tree-rings in BC, and
will be of immediate use for reservoir and water supply planning for communities in the

region.
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4.3 Introduction

Water resources in western North America are increasingly threatened by present
and future climate changes (Dettinger et al., 2015; Musselman et al., 2017; Seager and
Ting, 2017; Mote et al., 2018). Streamflow droughts resulting from changing winter
precipitation patterns and temperature regimes are becoming commonplace, leaving
many communities more reliant on natural lakes and reservoirs as their primary water
supply source (Moore et al., 2010; Turner and Galelli, 2016; Bhave et al., 2018). In
recent years, however, many of these water bodies have fallen to historic low water levels
as freshet contributions from melting winter snowpacks are reduced (Christensen and
Lettenmaier, 2006; Eaton and Moore, 2010; Castle et al., 2014),

In southwestern British Columbia (BC), Canada, lakes and reservoirs in mountain
drainages support the domestic water supply needs of millions in Vancouver and the
surrounding area. While planning forecasts suggest the region has a sufficient supply to
sustain current and anticipated population and economic activities (Metro Vancouver,
2011), recent water use restrictions and shortages emphasize that historic trends may not
describe the full range of natural variability in supply and storage capacity (c.f.,
Rodenhuis et al., 2009; WSC, 2017). Providing longer-term insights into the storage
capacity of natural lakes, and documenting any relationships to natural climate
variability, would provide water resource managers with information essential for
planning for and mitigating the effects of droughts.

Annual fluctuations in the volume of water retained by natural lakes reflect
seasonal moisture variability and year-to-year water balance changes (van der Maaten et

al., 2015). Historic lake level records provide a robust representation of the
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accompanying volumetric changes and can be employed to describe the underlying
hydroclimate relationships (Medellin-Azuara et al., 2008). Extending lake level records
beyond the instrumental period is, however, problematic (van der Maaten et al., 2015),
and to my knowledge there are no annually-resolved paleolake level records in
southwestern BC.

Long-term records of lake level fluctuation have been reconstructed in other
settings using tree-rings (e.g., Holzhauser et al., 2005; Gillies et al., 2015; van der
Maaten, 2015), where the focus was on closed-basins or large lakes located in lowland
areas (Meko, 2006; DeRose et al., 2014). In this paper, | investigate dendrohydrological
associations between the radial growth of mountain hemlock trees (Tsuga mertensiana
(Bong.) Carr.) and fluctuations in the lake level of Harrison Lake in southwestern BC.

Dendrohydrological methodologies are typically employed to develop annually-
resolved proxy reconstructions of hydroclimatological conditions that extend decades to
centuries before the instrumental period (Meko and Woodhouse, 2010). Most
applications focus on developing streamflow records in regions where moisture sensitive
tree species record a relationship to year-to-year moisture variability (Meko and
Woodhouse, 2010). Recent applications in BC demonstrate that high-elevation tree
species located at sites characterized by late-lying snowpacks also provide a proxy of
summer runoff from nival- (snow) and hybrid-regime (snow and rain) watersheds (Hart et
al., 2010; Coulthard et al., 2016). While these studies provide robust records of annual
dry-season streamflow, they do not account for storage variability in downstream lakes
that buffer runoff during periods of extended below-average streamflow (Gillies et al.,

2015; van der Maaten et al., 2015).
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The instrumental record of Harrison Lake water levels extends from 1933 to 2018
and provides an opportunity to explore lake level-tree growth relationships in a snow-
dominated mountain watershed. In this chapter, | describe associations between mountain
hemlock trees found growing at high elevation to late-lying snowpack and Harrison Lake,
an alpine lake supplied by freshet runoff from seasonal snowpacks. The objectives of the
study were to: (1) develop a record of Harrison Lake’s average April lake level (HLLA)
variability; (2) use the reconstruction to characterize lake-level changes over the length of
the tree-ring record; (3) determine the hydroclimatic influences on overall variability;
and, (4) highlight the importance of developing long-term lake level variability records
for water resource managers. April lake levels were targeted because they represent water

stored in Harrison Lake prior to contributions from the spring freshet.

4.4 Study Area

Harrison Lake is situated in a deglaciated U-shaped valley positioned close to the
southern extent of the Pacific Ranges in the BC Coast Mountains (Monger, 1989;
Desloges and Gilbert, 1991) (Figure 4.1). Located close to the outlet of the Lillooet River
into the Fraser River, the lake is 62 km in length and covers an area of 218 km?. Its
maximum depth is 279 m and it contains approximately 3.3-trillion litres of water. The
Harrison Lake watershed is 7870 km?, with most of the water flowing into the lake
originating from upstream sections of the Lillooet River (8% glacier cover) (Slaymaker et
al., 2017). Lillooet Lake located 50 km upstream buffers the glacier-related input to
Harrison Lake and most of the annual variability in the watershed is associated with local

snowpack, groundwater, and other components of the hydrological cycle (Desloges and
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Figure 4.1: Study site map showing the location of Harrison Lake. Circles with X’s
indicate tree-ring chronology locations; the square with X at Agassiz indicates the
location of the climate station used in this study, the black circle with white outline at
Harrison Mills indicates the location of the water level station on Harrison Lake; the
triangles with a black circle indicates the location of the manual snow survey stations
used in the study (Source: WSC, 2017).
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Figure 4.2: (A) Climate normals (1981-2010) for Agassiz climate station (Station
ID: 1100120) where the grey bars represent monthly precipitation totals and the
black line with squares indicate average monthly temperatures. (B) Harrison Lake
average water levels (08BMG012; 1933-2016) for each month of the year.
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Gilbert, 1991).

Average monthly air temperatures in the vicinity of Harrison Lake range from 3.2
to 18.7°C (Figure 4.2A). Annual precipitation totals at Harrison Lake average 1750 mm
(1981-2010 Climate Normal; Station 1D: 1100120) (ECCC, 2017). The lake is supplied
by water originating from rainfall at lower elevations during the winter and
snowmelt/rainfall contributions during the spring and summer months.

Water levels in Harrison Lake vary over the course of a year. Based on the
instrumental record (station ID: 08MG012; 1933-2018), they are typically lowest from
January to February when the water supplying the lake is stored as winter snowpack at
higher elevations (Figure 4.2B). From May to August, lake levels are at their highest —
peaking in June (Figure 4.2B). The highest recorded lake level on record (13.3 m)
occurred in June 1948, while the lowest level was recorded in February 1979 (8.21 m).
This paper focuses on reconstructing average monthly April water levels in Harrison
Lake (average 9.25 £ 0.23 m), at a time of year when the lowest lake level (8.72 m)
occurred in 2008 (Figure 4.2B).

Harrison Lake is located at the southernmost extent of the Pacific Ranges of the
BC Coast Mountains (Figure 4.1). Its hydroclimatic character is affected by inter-annual
and -decadal climate variability generated from the Pacific Ocean (Moore et al., 2010).
The dominant atmosphere-ocean interactions influencing the basin include those
characterised by the EI Nifio-Southern Oscillation (ENSO), Pacific Decadal Oscillation
(PDO), and Pacific North American (PNA) pattern. The inherent variability ascribed to
these teleconnections are known to influence the timing and magnitude of precipitation

falling during the winter months (Bonsal and Shabbar, 2008; Abatzoglou, 2011).
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ENSO is a naturally occurring phenomenon of ocean temperature variability in
the equatorial Pacific that experiences phase changes every six to 18 months (Bridgman
and Oliver, 2006). Alternating between two phases (positive/El Nifio and negative/La
Nifa), it has an impact on winter precipitation patterns across the Pacific Ranges
(Rodenhuis et al., 2009). The PDO is often characterised as a long-lived ENSO-like
pattern of Pacific climate variability derived from sea surface temperature variability
(Mantua et al., 1997). Similar to ENSO, phase changes in the PDO can have substantial
impacts on moisture delivery to the southern BC Coast Mountains (Rodenhuis et al.,
2009). The PNA is a low-frequency, quadripolar, teleconnection associated with
alternating pressure patterns between the Pacific Ocean and centres of action over
western Canada and the southwestern United States (Wallace and Gutzler, 1981; Latif
and Barnett, 1994). While lacking a well-defined periodicity, it is influenced by both the
PDO and ENSO and has impacts on freezing level elevations across the Pacific

Northwest (Yu and Zwiers, 2007; Abatzoglou, 2011).

4.5 Methods

Dendrohydrological reconstructions have been completed within several regions
of coastal BC and Washington State (Gedalof and Smith, 2001; Peterson and Peterson,
2001; Marcinkowski et al., 2015). Prior research identified ecophysiological relationships
between April 1 snow water equivalent (SWE) and the radial growth increment of high
elevation trees (Graumlich and Brubaker, 1986; Smith and Laroque, 1998), and utilized
those associations to reconstruct a variety of preinstrumental snowpack and

teleconnection characteristics (e.g., Gedalof and Smith, 2001; Pederson et al., 2011).
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More recently, identification of similar hydroclimate relationships allowed for the
construction of dry-season streamflow records for nival regime watersheds on Vancouver
Island (Coulthard et al., 2016).

Pre-instrumental lake level records constructed from tree-ring indices depend
upon the identification of similar radial growth-hydroclimatic relationships (e.g.,
Stockton and Fritts, 1973). In western North America, documentation of these
associations enabled the reconstruction of long-term lake-level records for Lake
Athabasca, Alberta and Saskatchewan (1801-1999; Meko, 2006) and Great Salt Lake,
Utah (1429-2005; DeRose et al., 2014). In this application, tree ring records from snow-
sensitive high-elevation mountain hemlock trees are used to model the April lake level at
Harrison Lake.

4.5.1 Hydrometric and climate data

Harrison Lake was selected for study as its instrumental lake level exceeds 50
years, more than twice that of Lillooet Lake (80 vs 36 years). While Harrison Lake is
positioned downstream of Lillooet Lake, the water level of the latter is more directly
impacted by glacial meltwater released from the Lillooet Icefield (Desloges and Gilbert,
1991; Heideman et al., 2017; Slaymaker et al., 2017). Lake level data were retrieved from
the Harrison Hot Springs station (ID: 08MGO012; WSC, 2018) (Table 4.1) located at the
southern extent of the lake.

Climate data from the closest proximity station to Harrison Lake at Agassiz, BC,
(Station ID: 1100120) (Table 4.1) was retrieved from Environment and Climate Change
Canada (ECCC, 2017). Monthly temperature and precipitation records were also

downloaded using ClimateBC v.5.50 (Wang et al., 2012). The program downscales
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PRISM monthly 2.5*2.5 arc min data based on the 1961-2000 reference period.
Snowpack data was obtained from the River Forecast Centre website for the Stave Lake
(ID: 1D08) and Nahatlatch Lake (ID: 1D10) stations (River Forecast Centre, 2017). April
1 SWE values were used in the analysis, as they typically exhibit a robust relationship to
maximum annual snowpack depths in the region (Bohr and Aguado, 2001; Winkler et al.,
2010; Pederson et al., 2011) (Table 4.1).

Both ENSO and PDO have a substantial influence on the winter hydroclimatic
dynamics in southwestern BC (McCabe and Dettinger, 1999; Flemming and Quilty,
2006; Stahl et al., 2006; Fleming and Whitfield, 2010; Moore et al., 2010). ENSO and
PDO teleconnection paleorecords were downloaded from the National Oceanic and
Atmospheric Administration (NOAA) website (D’ Arrigo and Wilson, 2006; Li et al.,
2011; NOAA, 2017).

4.5.2 Tree-ring data

The annual radial growth increment of coniferous trees located at high elevation
in Pacific North America is generally impacted by energy limitations (Ettinger et al.,
2011). In some instances, the radial growth is restricted by growing season temperatures
that inhibit photosynthetic production (Fritts, 1976). In other situations, late-lying
snowpacks reduce the length of the growing season and the opportunity for cambial
development (Smith and Laroque, 1998; Ettinger et al., 2011; Coulthard et al., 2016).
Late-lying snowpacks are believed to restrict cambial expansion (e.g., Smith and
Laroque, 1998) and/or to prolong cold soil temperature regimes that reduce the ability of
tree roots to uptake nutrients during the early months of radial growth (Marcinkowski et

al., 2013; Peterson and Peterson, 2001). In this chapter, | hypothesized that the same
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snowpack characteristics that influence the radial growth of mountain hemlock trees were
reflected, inversely, by the lake levels of Harrison Lake during April. I capitalised on this
association to reconstruct April lake level variability beyond the instrumental record.

For this study, | developed a network of high-elevation mountain hemlock tree-
ring chronologies from tree-ring series previously collected by researchers associated
with the University of Victoria Tree-Ring Laboratory (UVTRL) and/or those archived in
the International Tree-Ring Data Bank (ITRDB). Age-related growth trends were
removed using the R package dplR to allow for inferences to be made on climate-related
radial growth variability (Bunn, 2008). The tree-ring chronologies were detrended using a
cubic smoothing spline with a 50-year wavelength. Growth from the previous year often
influences growth of the current year and this effect was removed by using ‘residual’
detrended series that have zero-autocorrelation to correspond with the lake level records
targeted for reconstruction.

4.5.3 Climate analysis

Initially, relationships between the tree-ring, climate, and teleconnection indices,
snowpack, and lake-level records were examined using Pearson’s correlation. A pool of
predictors was established based on the significant relationships documented in the
outputs. Several approaches were considered for modelling robust reconstruction
variables. First, individual series were combined into a regional-level chronology using
regional curve standardisation methods (Briffa and Melvin, 2011). Second, species with
>5 site-level series were combined into a principal component analysis (PCA) to discern
the underlying variability between study sites. Only components accounting for >10% of

the total variability were considered for use in this study.
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Table 4.1: Instrumental data information retrieved from Environmental and Climate
Change Canada (2017), Water Survey of Canada (2017), and River Forecast Centre

(2017).
Lat Lon Elevation . .
ID Name (DD) (DD) (m asl) Variable Duration
Climate Station
1100120 Agassiz 4924  -121.76 15 TeF':”p?r?t”r‘? and 15892007
recipitation
Water Level Station
0sMmGo12 HarrisonLakeNear g4, 459 97 15 Lake Level 1933-2016
Harrison Hot Springs
Snow Survey Stations
1D08 Stave Lake 4958 -122.32 1195 April 1 SWE 1968-2014
1D10 Natalatch Lake 49.83 -122.06 1555 April 1 SWE 1968-2014
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4.5.4 Model development and analysis

A reconstruction model was developed that used statistically significant
relationships between the pool of predictors (mountain hemlock tree-ring series and
climate index reconstructions) in a multiple linear regression for Harrison Lake April lake
level (HLLA). The output model was validated using multiple diagnostic statistics: (1)
adjusted R?, a descriptor of the overall explanatory power of the model; (2) a Durbin-
Watson statistic (DW) which describes the influence of t-1 on t or autocorrelation, (3)
multicollinearity, using variance inflation factor (VIF), which measures artificial inflation
of predictors on the predictand; and, (4) cross-validation, using reduction of error (RE),
which is a measure of overall model performance and evaluation. The HLLA
reconstruction was compared to regional climate records to reveal the underlying drivers
of April lake level variability. Specifically, measurements of climate oscillations
generated from the Pacific Ocean (PDO, ENSO, and PNA) were examined against the

reconstructed and measured HLLa using a difference-of-correlations test.

4.6 Results

4.6.1 Data

Five mountain hemlock chronologies were selected for use as predictors (Table
4.2). The chronologies were significantly correlated to one another and were combined
using a principal component analysis (PCA). The resulting chronology was representative
of underlying regional radial growth trends and explained 69% of annual variability.

Only the first component was used from the PCA (PCwmn). Consolidating the five
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Table 4.2: Time series information. Species/type area italicized and bold represents time
series used as predictors in the reconstruction. Mountain hemlock PC1 was developed by
conducting a principal component analysis (PCA) on the five site-level chronologies
listed. Climate oscillation indices were collected from NOAA (2017) for teleconnections
that are known to influence the overall hydroclimate of western North America. & =
correlations among tree-ring series collected from each site; ® = only the length of the
tree-ring index where the expressed population signal (EPS) was >0.85 is documented; °
= RBAR is the average value across whole index where EPS was >0.85 and PC loading
indicates the variance explained by the first component of the PCA.

Coordinates

Time Series Name (Code) ;grtfg;:ggﬁ:a gjecimal E(Iﬁ:/giilc))n Length® RL%Q\dI?éZS
egrees)

Mountain hemlock
Oakes Peak (WA051MH)! 0.520 48.63, -121.37 1140 1610 - 1992 0.313
Thornton Lakes (WAQ93MH)? 0.602 48.67,-121.33 1370 1706 - 1992 0.379
Heather Meadows (WA134MH)3 0.492 48.87,-121.68 1310 1685 — 2006 0.313
Joffre Lake (JLMH)* 0.607 50.34,-122.48 1550 1711 - 2012 0.428
Mount Cheam (MCMH)? 0.593 49.17,-121.69 1390 1637 - 2000 0.384
Mountain Hemlock PC (PCwmr) 1711 - 1992 69.30%
Paleorecords
Pacific Decadal Oscillation (PDOpw)® 1565 — 2004

900 — 2002

El Nino-Southern Oscillation (ENSOL)’

1 Graumlich and Brubaker (1986); 2 Peterson and Peterson (2001); 3 Bunn (2012); 4 Wood et al. (2011); ® Johnson
and Smith (2010); ® D’ Arrigo and Wilson (2006); 7 Li et al. (2011).
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chronologies into a regional network enhanced the explanatory power, but restricted the
reconstruction period to 1711-1980. The regional chronology was significantly correlated
to both April 1 SWE and HLLA.

Previously generated ENSO and PDO reconstructions were incorporated into the
HLLAa reconstruction model, as April water levels will vary depending upon springtime
freshet contributions. Both teleconnections significantly influence on moisture delivery
and air temperatures during the winter months (Moore et al., 2010). During warm and
cool phases of ENSO, the regional snowpack changes by an average of -11% to +21%,
respectively (Rodenhuis et al., 2009). Similar, but lower magnitude snowpack trends are
associated with the PDO, ranging from changes of -1% and +14% during positive and
negative phases, respectively (Rodenhuis et al., 2009). In this study, the ENSO and PDO
indices were significantly associated with April 1 SWE over the instrumental period
(Table 4.3).

4.6.2 Model development and diagnostics

April water levels at Harrison lake were modelled as follows:

HLLa =9.37 + (-0.07PCwmn) + (0.17PDO) + (-0.11ENSO)

where: HLLa is the April lake level of Harrison Lake; PCwn is the first principal
component of the regional mountain hemlock tree-ring index network; PDO is a Pacific
Decadal Oscillation tree-ring reconstruction presented by D’Arrigo and Wilson (2006);

and, ENSO is a El Nifio-Southern Oscillation reconstruction compiled by Li et al. (2011).
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Analysis of HLLa highlighted the strong association between April 1st SWE and
April lake levels, and the selected model predictors account for this. The reconstruction
spans the 1711-1980 interval and explains 49.5% of HLLA (Table 4.4). The model has a
DW of 1.8, VIF of 1.12, F-ratio of 14.7, and RE value of 0.14 (Table 4.4). A time plot
comparing measured, reconstructed, and cross-validation HLLa is shown in Figure 4.3.

The full reconstruction of lake level changes from 1711-1980 is shown in Figure
4.4. The long-term HLLAa average over this interval was 9.37 £ 0.20 m, a value that is
0.12 m higher than that recorded during the instrumental period, and represents a
volumetric change of -2.834 + 0.004 million litres during instrumental period for April

lake levels.

4.7 Discussion

4.7.1 Model evaluation

The reconstruction accurately models HLLa and extends the lake level record to
1711. The reconstruction shows that over the period of record there were several intervals
where the 10-year average was below the long-term mean (9.37 m) from 1722-1743 (-
0.03m), 1760-1772 (-0.11m), 1787-1802 (-0.07m), 1887-1894 (-0.04m), 1908-1924 (-
0.05m), and 1946-present (-0.15m) (Figure 4.4).

The HLLAa record was compared to those large-scale climate oscillations known to
significantly influence the regional hydroclimate (Moore et al., 2010). A difference-of-
correlations test demonstrated a significant relationship (p<0.05) to PDO and ENSO

(Table 4.5). Positive PDO phases were positively correlated with HLL, while both
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Table 4.3: Correlations between model parameters, April Harrison Lake water levels,
and local snow survey stations (April 1 SWE values). Bold-underlined indicates p<0.01.

April Harrison Nahalatch Lake Stave Lake (1D08)

Lake Levels (1D10)
Mountain Hemlock PC1 -0.01 -0.75 -0.72
Pacific Decadal
Oscillation (PDOpu) 0.42 0.82 0.8
El Nino-Southern -0.42 -0.15 0411

Oscillation (ENSO,)

Table 4.4: Reconstruction, cross-validation, and descriptive statistics for modelled April
levels of Harrison Lake. D-W = Durbin-Watson Statistic; VIF = variance inflation factor;
SE = standard error; RE = reduction of error; RMSE = root mean squared error.

Reconstruction R? Adj. R? D-W VIF SE F-ratio
0.53 0.49 1.80 1.12 0.20 14.70
Cross-Validation RE RMSE
0.13 0.19
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Figure 4.3: Time plot of measured, modelled, and cross-validated records from the
model calibration.
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Figure 4.4: Time plot of reconstructed April Harrison Lake water level (thin black line)
with a 10-year running mean (thick black line) and gauged data (dashed line). Straight
dashed line indicates the modelled mean lake level; solid black line indicates the
measured mean value of April lake level. Error associated with the reconstruction is
represented as the grey area surrounding the model. The thin horizontal dashed line
represents the 300-year reconstructed mean April lake level while the thicker solid
horizontal line from 1933-2018 represents the gauged record mean.
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Table 4.5: Difference-of-correlations tests for measured ENSO, PDO, PNA values
against modelled and measured April Harrison Lake Level. Bold indicates p<0.05.
Where only one of the two teleconnection phases is significant, it illustrates a possible
non-stationary response.

Modelled Measured

Climate Oscillation Lake Level Lake Level
Positive PDO (39) 0.21 0.33
Negative PDO (41) 0.23 -0.02
Negative PNA (19) -0.08 0.03
Positive PNA (13) 0.48 0.34
Positive ENSO (15) -0.55 0.06
Negative ENSO (16) -0.52 -0.35
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ENSO phases were negatively correlated with HLLa (Table 4.5). No significant
relationship was documented between PNA and HLLa. These findings indicate that
HLLa has a definitive relationship to positive PDO (Table 4.5) when winter temperatures
are above average and precipitation is below normal. Similarly, the reconstruction was
shown to be significantly associated to both positive and negative phases of ENSO (Table
4.5).

While HLLA was successfully reconstructed, we attempted to model other lake
level properties that may have been of more significance to water resource managers. We
unsuccessfully tried to model annual, maximum, minimum, and seasonal lake level
values. This is likely a result of the strong relationships that April lake levels have with
winter precipitation and March temperatures that are strongly associated with the tree-
ring chronologies we use in this study (Marcinkowski et al., 2013).

4.7.2 Implications

Although the volumetric changes highlighted in this research equate to <1% of the
total lake’s volume, the research findings emphasize that even small water level
variations may be significant. In smaller lakes, a similar loss in water levels may have a
more substantial impact in overall water volume. The reconstruction demonstrates that
April lake levels at Harrison Lake were on average 12 cm lower (equivalent to nearly
300-million litres of water) over the instrumental period when compared to levels typical
of the past 300 years. While Harrison Lake is not presently used as a source for drinking
water or for large-scale industrial purposes, the results should be of interest to Metro
Vancouver resource managers responsible for long-term water storage planning within

Capilano, Seymour, and Coquitlam lakes (Metro VVancouver, 2011).
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4.8 Conclusions

The findings of this study indicate that the April water level of Harrison Lake was
generally much lower over the instrumental period when compared to the proxy record
from 1711-1980. These findings have implications for future water management
strategies in adjacent regions and provide useful insights into the natural range of
variability for other natural or manmade reservoirs in the region. The reconstruction
indicates that there were several intervals where the 10-year average was below the full
reconstructed mean from 1722-1743, 1760-1772, 1787-1802, 1887-1894, 1908-1924, and
1946-present. An important finding of the research was that lake levels since 1946 have
remained below the 300-year average, and that the only comparable decrease in average
lake levels took place from 1760-1772 over a much shorter interval. Both measured and
reconstructed HLLa are associated with climate oscillations generated from the Pacific
Ocean. PDO and ENSO appear to have a significant influence on lake level variability

resultant from changes in moisture delivery and temperature during the winter months.
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Chapter 5: Cyclic Chinook and Coho salmon abundance over the last
300 years, southwestern British Columbia, Canada

5.1 Article information

Chapter 5 consists of a manuscript prepared for journal submission. The text and
figures have been renumbered and reformatted for consistency with the dissertation.
5.1.1 Author names and affiliations
Bryan J Mood*, Cedar Welsh, and Dan J Smith
University of Victoria Tree-Ring Laboratory, Department of Geography, University of
Victoria, British Columbia V8W 3R4, Canada

*Corresponding Author Email: bjmood@uvic.ca

5.1.2 Author contributions

Mood developed the study, presented the hypothesis, conducted and led the field
and laboratory work, the statistical testing, wrote the manuscript, and produced the tables
and figures. Welsh conducted and provided a description for the MTM and wavelet
spectral analysis, and produced the related figures presented in the manuscript. Smith
provided funding for the research, guidance in formatting the study design, and reviewed

and edited the manuscript.

5.2 Abstract

Salmon play a vital economic, cultural, and social role in many southwestern
British Columbia (BC) communities. There is mounting concern regarding their future in
the region, especially as the negative impact of ongoing climate change on salmon

populations is increasingly apparent. These concerns underscore the need to develop
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longer-term perspectives of salmon-climate relationships. This research capitalizes on
hydroclimate relationships shared between the radial growth of high-elevation trees and
salmon populations in southwestern BC to extend proxy abundance records to the early
1700s. Two models of regional Coho and Chinook salmon escapement were developed
from tree-ring records that explain 48.9% and 48.2%, respectively, of historical
abundance variability. The records illustrate repeated salmon escapement collapses over
the last three centuries in streams draining to the Pacific Ocean in southwestern BC, and
ascribe these collapses to large-scale ocean-atmosphere climate oscillations. The records
account for salmon life history as documented by wavelet and multi-taper spectral
analysis, and illustrate unstable, inter-decadal, 25-year variability. Persistent below-
average intervals of reduced abundance were documented at 1782-1837 and 1952-1992
in the Chinook records, and between 1757-1859 and 1958-1987 in Coho escapement.
Both records reveal significant, relatively synchronous, relationships to climate
oscillations generated from the Pacific Ocean. While Coho escapement was negatively
associated with winter and spring cool phases of the El Nifio-Southern Oscillation,
Chinook abundance was positively correlated to cool phases of the Pacific Decadal
Oscillation. The identified relationships to teleconnections generated in the Pacific Ocean
to our record indicates that both species are sensitive to oceanic interactions prior to
entering natal habitats. The Pacific North American pattern was negatively linked to
Coho escapement. Both reconstructions provide for a better understanding of the long-
term role of climate variability on salmon abundance, and offer insights essential for

developing salmon management strategies.
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5.3 Introduction

Pacific salmon (Oncorhynchus spp.) play a key economic, cultural, and social role
in many southwestern British Columba (BC) communities (Lichatowich and
Lichatowich, 2001; Walters et al., 2018). There is mounting concern regarding the future
of salmon in this region, especially as the negative impacts of ongoing climate changes
on salmon populations are increasingly apparent (Munoz et al., 2014, 2015, Mantua et al.,
2015). Recent concerns about declining salmon populations underscore the necessity for
developing longer-term perspectives of salmon-climate relationships in order to develop
comprehensive management strategies.

Observation and historical monitoring of salmon stocks in Pacific North America
over the last century reveals repeated shifts in abundance (Mantua et al., 1997; Rogers et
al., 2013; Mantua et al., 2015; Litzow et al., 2018). Prior to the introduction of large-scale
commercial fishing in southwestern BC, salmon populations in the region
characteristically fluctuated in abundance on a 30- to 80-year cycle (Rogers et al., 2013).
While overfishing and natal habitat degradation contribute significantly to recent changes
in abundance dynamics (Walters et al., 2018), research shows that underlying salmon
population fluctuations in 1947, 1977, and 1989 were linked to low-frequency climate
variability in the North Pacific Ocean (Mantua et al., 1997, 2015; Irvine and Fukuwaka,
2011; Litzow et al., 2018). Specifically, the research attributes variations in salmon
abundance to the strength and position of the Aleutian Low and sea surface temperatures
(Mantua et al., 1997, 2015; Hare et al., 1999; Litzow et al., 2018). Temperature increases
over the last century have added significant physiological and genetic stress to salmon

returning to altered natal habitats, and hindered our understanding of long-term salmon
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populations (Munoz et al., 2014, 2015; Mantua et al., 2015). The complex impact of these
climate and teleconnection dynamics has encouraged research intended to develop a
better understanding of salmon-climate relationships in the Pacific Northwest (e.g.,
Mantua et al., 2015; Litzow et al., 2018).

Dendrochronology provides an opportunity to extend and enhance relatively short
records of salmon abundance. Retaining annually-resolved records of local tree ring
radial growth-climate interactions (Fritts, 1976; Speer, 2010) with well-defined
relationships to broad-scale atmospheric teleconnections (e.g., Gedalof and Smith, 2001;
Palmer et al., 2016; Anchukatis et al., 2017), tree-ring records have previously been used
to reconstruct long-term salmon population dynamics in Pacific North America. Drake et
al. (2002) and Drake and Naiman (2007) established ecosystem-based relationships
between migrating salmon and riparian trees in Alaska, BC, and Oregon, that helped to
identify nutrient-related drivers of salmon escapement success. Starheim et al. (2013b)
documented a hydrological association between annual tree ring growth in several high-
elevation conifer tree species and salmon escapement success for three watersheds in
north and central coastal BC. Despite the potential insights offered by these contributions,
the reconstruction of long-term salmon population dynamics remains largely restricted to
site-specific investigations where descriptive ecosystem variables are required for testing
(Drake et al., 2002). As a result, long-term trends in salmon abundance remain poorly
understood in many regions of Pacific North America.

In this chapter, two annually-resolved salmon proxy abundance models are
presented that offer long-term insights of climate-related salmon population trends in

southwestern BC. While most prior research focused on nutrient-limited riparian trees, |
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employ the approach taken by Starheim et al. (2013b) to target relationships between tree
rings, salmon abundance, and large-scale climate oscillations generated from the Pacific
Ocean. The reconstructions developed in the research provide for a better understanding
of the long-term role of climate variability on salmon abundance, and offer insights

essential for developing sound salmon management strategies.

5.4 Research background

Pacific salmon are anadromous, with variable life histories (Pearcy, 1992). Upon
birth, they spend varying time in freshwater before entering marine ecosystems. While
Pink salmon (Oncorhynchus gorbuscha) spend less than a month in freshwater before
swimming to the ocean, Sockeye salmon (Oncorhynchus nerka) may dwell in freshwater
nurseries for up to three years (Pearcy, 1992). Chum (Oncorhynchus kisutch), Coho
(Oncorhynchus kisutch), Chinook (Oncorhynchus tshawytscha) and Sockeye salmon
spend between two and six years in the ocean, whereas pink salmon typically spend less
than 18 months at sea (Pearcy, 1992). During their time in marine environments, all five
species migrate hundreds to thousands of kilometres from their spawning grounds to feed
(Pearcy, 1992). When approaching the end of their lives, they return to their natal habitat
to spawn and die.

Ocean and atmospheric conditions affect the ability of salmon to grow and
survive while residing in marine environments (Ruff et al., 2017; Cunningham et al.,
2018). Research shows that salmon abundance in the northeast Pacific Ocean and western
North America demonstrate low-frequency relationships to climate oscillations generated

by the Pacific Decadal Oscillation (PDO), El Nifio-Southern Oscillation (ENSO), and
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Pacific North American pattern (PNA) shifts (Mantua et al., 1997; Hare et al., 2002;
Rodenhuis et al., 2009; Mantua et al., 2015; Cunningham et al., 2018; Litzow et al.,
2018). Collectively these oscillations influence hydroclimate and moisture delivery over
the North Pacific and western North America (Mote et al., 2018), with increased
precipitation and temperatures identified as influencing salmon productivity and survival
in marine environments by triggering widespread shifts in sea surface temperatures, water
column stability, nutrients, and zooplankton and phytoplankton production (Burke et al.,
2016; Cunningham et al., 2018).

High-elevation trees also respond to changes in regional hydroclimate and are
associated with low-frequency climate oscillations in Pacific North America (e.g.,
Gedalof and Smith, 2001; Starheim et al., 2013a; Couthard et al., 2016; Harvey and
Smith, 2017; Welsh et al., 2019). Deep winter snowpacks in the area truncates the
duration of the growing season and reduces the annual radial growth increments
(Peterson and Peterson, 2001). Conversely, reduced snowpack totals can result in larger-
than-average annual rings due to a prolonged growth season (Peterson and Peterson,

2001).

5.5 Study area

This research focuses on the lower Fraser River valley region of BC, including its
tributaries up to the Fraser Canyon, as well as the Harrison and Lillooet river watersheds
(Figure 5.1). The climate of coastal settings in this region is moderated by proximity to
the Pacific Ocean, leading to short, cool summers and long, wet winters. Average air

temperatures above 1000 m above sea level (asl) remain below 0°C for 0 to 5 months of
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the year, and above 10°C for 1 to 3 months of the year (Pojar et al., 1991; Kottek et al.,
1996) (Figure 5.2A).

The study area includes BC’s wettest ecological zone, where precipitation totals
range between 1700 to 5000 mm/yr, with 70% falling as snow and/or rain during the
winter months (Pojar et al., 1991; Spry et al., 2014) (Figure 5.2B). Most precipitation
falls as a result of orographic interactions on the windward slopes of the Pacific Ranges.
Precipitation totals decrease substantially on the eastern slopes, where persistent
rainshadow conditions prevail (Pojar et al., 1991; Kottek et al., 2006; Church and Ryder,
2010; Moore et al., 2010) (Figures 5.2A and 5.2B).

Prior research shows that climate variability generated from the Pacific Ocean
plays a critical hydroclimate role in southwestern BC. Interactions include those
characterized by the PDO, ENSO, and the PNA pattern (Rodenhuis et al., 2009;
Abatzoglou, 2011; Mote et al., 2018). Warm/cool phase relationships between the
regional hydroclimate and ENSO show a variability of greater than 30% of precipitation
totals when characterized by the interval between 1951 and 2007 (Rodenhuis et al.,
2009).

The PDO is a large-scale climate system that influences the surface climate and
hydrology of Pacific North America (Whitfield et al., 2010). It is also recognized as
influencing overall salmon abundance throughout the region (Mantua et al., 1997; Hare et
al., 2002; Rogers et al., 2013). The PDO and its fluctuations are typically described as a
long-lived ENSO event when describing variability in temperature and precipitation

changes (Whitfield et al., 2010). Characteristic temperature fluctuations are apparent
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Figure 5.1: Map of study area showing watershed boundaries. White circles with crosses
represent points of interest (e.g., towns or mountains), triangles are tree-ring chronologies
used in this study, and the outlined/faded regions are the three primary watersheds with

salmon escapement information. Please note that the Lower Fraser Watershed was cut off

at Hope, BC.
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between warm and cool PDO phases (Kiffney et al., 2002; Whitfield et al., 2010), as
exemplified by the abrupt 1976-77 shift change in average winter temperatures in BC
(Hartman and Wendler, 2005; Stahl et al., 2006; Fleming and Whitefield, 2010). Phase
changes in the PDO are known to influence the hydroclimate of southwestern British
Columbia (Moore and McKendry, 1996; Rodenhuis et al., 2009). In the study area,
precipitation totals tend to be higher during cool PDO phases and are lower during warm
PDO phases (Kiffney et al., 2002; Stahl et al., 2006). In contrast, shifts in winter
snowpack accumulation are less pronounced between warm- and cool-phases (~15%
change) (Rodenhuis et al., 2009).

The PNA pattern is a quasi-polar climate relationship of semi-persistent pressure
systems over the Pacific Ocean and North America that is influenced by PDO and ENSO
(Latif and Barnett, 1994, 1996). The PNA influences the hydroclimatology of western
North America and impacts salmon abundance in marine environments (Rogers et al.,
2013; Litzow et al., 2018). The Aleutian Low is one of four primary centres of action for
the PNA and is an important factor in climate-salmon relationships (Hare et al., 1999;
Finney et al., 2000; Litzow et al., 2018). In southwestern BC and the Pacific Northwest,
the PNA pattern is associated with freezing level elevations (Abatzoglou, 2011) that
control snowpack distribution and, ultimately, the overall water equivalent storage for

freshet runoff in the spring and summer months.
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5.6 Methods

5.6.1 Tree-ring data

Tree ring samples were collected from mountain hemlock (Tsuga mertensiana
(Bong.) Carr.) (MH), Pacific silver fir (Abies amabilis Douglas ex J. Forbes) (PSF) and
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) (DF) at high-elevation sites in
southwestern BC in the summer of 2016. Sites were selected based on their proximity
and ease-of-access to old growth subalpine forest stands. Only MH and PSF trees located
above 1200 m asl were sampled, and only stands of DF trees located above 800 m asl
were chosen for study. Previous research shows that the radial growth patterns of trees
located above these elevations in this region is characteristically associated with
hydroclimate variability (Peterson and Peterson, 2001; Ettinger et al., 2011).

Standard dendrochronological techniques were employed to collect increment
cores with 5.1-mm increment borers (Fritts, 1976; Speer, 2010). After air drying and
processing, the annual ring widths were measured at the University of Victoria Tree-Ring
Laboratory (UVTRL) using a WinDendro™ digital measurement system (v. 2016a; Guay
et al., 1992). Site-specific tree-ring chronologies were constructed by converting the ring
width measurements to standardised indices using the R-package dpIR to remove growth
related trends (Bunn, 2008) with a 50-year cubic smoothing spline. To enhance the
strength and regional signal of the reconstructions (Cook and Kairiukstis, 1990), archived
tree-ring chronologies were downloaded from the International Tree-Ring Data Bank
(ITRDB; NOAA, 2017). The site-specific chronologies were subsequently combined
with the supplementary chronologies using a bi-weight robust mean method to create

regional radial growth indices for each species (Briffa and Melvin, 2011). The site-level
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series were employed in a principal component analysis (PCA) to develop records
describing the underlying growth trends and to limit the influence of site-specific
environmental controls (Brubaker, 1980). Only components explaining >10% of overall
variability were kept and used in further statistical analysis.

Pacific Ocean climate oscillation records were retrieved from the National Ocean
and Atmosphere Administration (NOAA) website (NOAA, 2017) for use as potential
model inputs. Paleorecords related to hydroclimate of southwestern BC were targeted
(Bonsal and Shabbar, 2002; Rodenhuis et al., 2009), including those describing PDO,
ENSO and PNA (D’Arrigo and Wilson, 2006; Li et al., 2009; Trouet and Taylor, 2009).

5.6.2 Salmon escapement records

Salmon escapement records were retrieved from the New Salmon Escapement
Database System (NUSEDS) (NuSEDS, 1999; Fisheries and Oceans Canada, 2018).
Escapement records represent the number of returning salmon not intercepted by
commercial or recreational fishing activities, and that are able to spawn. The NUSEDS
database contains escapement estimates for over 9800 populations across BC and the
Yukon (NUSEDS, 1999). Species-specific records were extracted where > 35 years of
escapement data was available in the geographic region of southwestern BC. The records
were quality checked for missing information and, where the missing data was >10% in
individual records, series were removed from further analysis. Records were grouped by
species and input into a PCA to normalize the data and create timeseries representative of
salmon escapement variability across the region. Only components explaining >10% of
overall variability were retained and used in further statistical analysis. The PCA

extracted variables of salmon proxy abundance independent of fisheries influences.
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5.6.3 Weather and climate data

Climate oscillation indices were downloaded from NOAA (2017) and the
University of Washington PDO data portal (2017). The Multivariate ENSO index (MEI)
was retrieved for testing with the salmon and tree-ring records. MEI is the first principal
component of six different parameters (sea level pressure, zonal and meridional surface
wind, sea surface temperature, surface air temperature, and cloudiness) compiled using a
bi-monthly sliding method (Wolter and Timlin, 1993, 1998). The PDO index is the
leading principal component of North Pacific monthly sea surface temperatures
(poleward of 20° N; Mantua et al., 1997) and was accessed through the University of
Washington data portal (2017). The PNA oscillation index is determined by anomalies in
geopotential height fields (at 700 and 500 millibars) over the western and eastern United
States (Leathers et al., 1991, 1992) and was downloaded from NOAA (2017). All climate
indices were seasonalized into winter (December-February; DJF), spring (March-May;
MAM), and summer (June-August; JJA) values as well as annual water year (October of
the previous year to September of the current year; and by averaging the targeted months
for each category.

5.6.4 Reconstruction model

The salmon, tree-ring, and climate records were statistically examined to identify
significant relationships between groups using Pearson’s correlations. Salmon
escapement reconstructions were developed using a multiple-linear regression of selected
salmon species records in year t on candidate predictors in year t to t+5. Lagged
predictors were entered to allow for tree-ring information from previous years to inform

climate conditions in a given year. As different salmon species spend varying time in the
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Pacific Ocean before returning to spawning grounds, | account for this by including up to
5 years of lagged predictors (Starheim et al., 2013b).

Salmon escapement models were developed from the assembled predictors. Each
model was evaluated based on its explanatory power (adjusted R?), autocorrelation
(Durbin-Watson; DW), multicollinearity (variance inflation factor; VIF), uncertainty
(standard error of the estimate; SE), the significance of the regression equation (F-ratio),
and cross-validation success using the leave-one-out (LOQO) method (reduction of error;
RE).

5.6.5 Analysis of model

Statistical properties of shared intervals in the instrumental and reconstructed
records were compared, as were salmon escapement records. This appoach allowed for an
assessment of each model’s skill to approximate the recorded salmon escapement value.
Extreme high- and low escapement years were derived from the 5"- and 95"-percentile
thresholds, as calculated from the full reconstruction period.

Associations between the proxy reconstructions and ENSO, PDO, and PNA were
investigated. A difference-of-correlations test was used to understand whether negative or
positive teleconnection phases were strongly linked with the measured or reconstructed
salmon escapement values. An intervention analysis conducted over the full
reconstruction period was used to detect long-term changes in salmon escapement.
Intervention years were selected by employing a 30-year moving window to identify
periods when there were significant differences between the first and last 15 years using a
two-sample t-test. Periods of step change were calculated as a significant departure from

the reconstructed mean.
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Multitaper method (MTM) spectral analysis (Mann and Lees, 1996) was used to
identify dominant frequencies of variability over the length of the reconstructed records.
The MTM spectral analysis was conducted using the MTM-SSA Toolkit with robust
background estimation (Ghil et al., 2002), and yields a more stable spectral estimate
compared with other single-taper methods when examining short, noisy time series. To
complement the MTM, a Morlet wavelet analysis was completed to illustrate the
evolution of signal frequencies over time (Grinsted et al., 2004; Torrence and Compo,
1998). The test was conducted using a Morlet wavelet with a confidence level of 90%

with the R package biwavelet (Gouhier et al., 2016).

5.7 Results

5.7.1 Tree-ring data

Five MH, three PSF, and three DF chronologies were selected for use (Table 5.1).
While relatively few chronologies were constructed from trees located within the study
area, all three tree species are known to be sensitive to regional-scale climate (Gedalof
and Smith, 2001; Speer, 2010). The MH chronologies were all significantly correlated
and were combined using a PCA representative of the underlying radial growth
variability. Only the two components were used from the PCA (PCwni and PCwrz), as all
other components explained <10% of the total variance. Consolidating the five
chronologies enhanced the explanatory power of the model but restricted the

reconstruction period to 1711-1980 (Table 5.1).
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Table 5.1: Times series information. Species/type are italicized and bold represents time
series used as predictors in the reconstruction. Mountain hemlock PC1 and PC2 were
developed by conducting a principal component analysis (PCA) on the five site-level
chronologies listed. Other species did not have a sufficient number of sites to conduct
PCA (<5) and were combined into regional chronologies using a bi-weight robust mean
method. Climate oscillation indices were collected from NOAA (2017) for
teleconnections that are known to influence the overall hydroclimate of western North
America. ® = correlations among tree-ring series collected from each site; ® = only the
length of the tree-ring index where the expressed population signal (EPS) was >0.85 is
documented; ¢ = RBAR is the average value across whole index where EPS was >0.85
and PC loading is the variance explained by PCA.

Time Saris Name (Code) g (SO o leaw oA
Mountain hemlock
Oakes Peak (WA051MH)! 0.520 48.63, -121.37 1140 1610 - 1992 0.313
Thornton Lakes (WA093MH)? 0.602 48.67,-121.33 1370 1706 - 1992 0.379
Heather Meadows (WA134MH)3 0.492 48.87,-121.68 1310 1685 — 2006 0.313
Joffre Lake (JLMH)* 0.607 50.34, -122.48 1550 1711 - 2012 0.428
Mount Cheam (MCMH)? 0.593 49.17,-121.69 1390 1637 - 2000 0.384
Mountain Hemlock PC1 (MH PC1) 1711 - 1992 69.3%
Mountain Hemlock PC2 (MH PC2) 1711 -1992 12.1%
Pacific silver fir
Mt. St. Helens (WAO81AF)8 0.645 46.16, -122.15 1200 1648 — 1980 0.437
Seymour Watershed (CANA107)7 0.662 49.52,-123.04 1000 1686 — 1992 0.491
Hurricane Ridge (WA082)8 0.618 47.93,-123.41 1560 1698 — 1983 0.372
Regional Pacific Silver Fir (PSF) 0.651 1648 — 1992 0.402
Douglas fir
Nooksak Falls (WA019)? 0.541 48.90, -121.80 550 1600 — 1975 0.288
Ross Lake (WA025)? 0.609 48.73,-121.05 612 1640 - 1975 0.451
Nahalatch Lake (DFN6)® 0.608 49.99,-121.71 950 1910 - 2015 0.530
Regional Douglas Fir (DF) 0.477 1600 — 2015 0.289
Climate Reconstructions
Pacific Decadal Oscillation (PDOpw)° 1700 — 1980
Pacific North American Pattern (PNA+T)% 1725 - 1999

1 Graumlich and Brubaker (1986); 2 Peterson and Peterson (2001); 3 Bunn (2012); 4 Wood et al. (2011); ® Johnson and
Smith (2010); & Schweingruber et al. (1991); 7 Dobry et al. (1996); & This Study; °® D’ Arrigo and Wilson (2006); *° Trouet and
Taylor (2006).
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The three PSF chronologies were significantly correlated and were combined
using a bi-weight robust mean into a single regional series extending from 1648 — 1992
(Table 5.1). These chronologies were not used in a PCA due to their limited number.

Three DF chronologies were significantly correlated and were combined using a
bi-weight robust mean to develop a regional series extending from 1675 — 2015 (Table
5.1). The DF chronologies were not incorporated into a PCA due to their limited number.

Five MH chronologies used for the PCA had RBARs ranging from 0.313 to
0.428. The three PSF series RBARs range from 0.372 to 0.491, and the three DF series
RBARs range from 0.205 to 0.530 (Table 5.1).

5.7.2 Salmon escapement data

While all five salmon species were targeted for reconstruction, the length,
quantity, and quality of the relationships to Sockeye, Pink, and Chum salmon were
inadequate for further investigation. In total, 55 Chinook and 13 Coho salmon records
from the NUSEDS database came from monitoring sites located in the study area. Of the
55 Chinook records, 42 were suitable for further analysis (Table 5.2). The excluded
records were removed because of numerous missing values (>10%). Of the 13 Coho
records available, five were suitable for further analysis and the rest were removed due to
high frequency of missing values (Table 5.2).

The record names and coordinates are shown in Table 5.2. Both arrays of data
were input into a PCA to reduce noise associated with site-specific environmental
conditions and fisheries influences, as well as to develop a regional record of escapement
dynamics. For both records, only the first principal component was retained for analysis.

The first principal component of Chinook salmon escapement records (Chinook PC1)
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explains 37.2% of total variance; whereas the first principal component of Coho salmon
escapement (Coho PC1) explains 49.6% of total variance.

5.7.3 Tree-ring and salmon escapement relationships to climate

Collected and processed salmon and tree-ring records were compared to
seasonalized (DJF, MAM, JJA, and annual [A]) PDO, ENSO, and PNA climate
oscillation indices (Table 5.3). Regional tree-ring indices were compared to PDO, ENSO,
and PNA while Chinook PC1 and Coho PC1 were compared up to a five-year lag (Table
5.3). All tree species demonstrate strong, persistent relationships to winter, spring, and
annual PDO values (Table 5.3). Only MH showed persistent associations to winter,
spring, and annual PNA (Table 5.3). DF displayed a strong connection to wintertime
PNA (Table 5.3). Both MH and DF were significantly correlated to winter and annual
ENSO values (Table 5.3). PSF demonstrated a significant relationship to PDO (Table
5.3).

The regionalized salmon abundance records developed in this study show a very
strong relationship to PDO (Table 5.3). Chinook PC1 was strongly correlated to
springtime and annual PDO at all examined lag intervals (Table 5.3). Coho PC1 was less
comprehensive in its association with PDO, demonstrated by significant relationships to
wintertime and annual PDO from lag-1 to lag-3. ENSO-related association were not as
strong but persistent for winter- and spring-time values to Chinook PC1 at lag-2 to lag-4
(Table 5.3). Coho PC1 exhibit similar association at lag-1, lag-3, and lag-4 (Table 5.3).
PNA was only associated to Coho PC1 (Table 5.3). Where annual teleconnection values
are expressed as providing the highest significance, 2 or more seasonal variables are

highly correlated to a salmon record in Table 5.3.
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Table 5.2: Watersheds (bold) and stream location names of Coho and Chinook salmon
escapement records collected from NUSEDS database suitable for use. Coordinates are
not provided for each stream as they were not documented in the NUSEDS database. x =
record used for Coho and/or Chinook principal component analysis.

Waterbody Name  Coho  Chinook

Chilliwack River

Waterbody Name Coho  Chinook

Lower Fraser River

Borden Creek X Alouette River X
Chilliwack River X Blaney Creek X
Dunville Creek X Bouchier Creek X
Elk Creek X Clayburn Creek X
Luckakuck Creek X Coho Creek X
Salwein Creek X Coquitlam River X
Sumas River X Kanaka Creek X
Macintyre Creek X
Harrison River North Alouette River X
Chelhalis Creek X Nathan Creek X
Harrison Creek Silverdale Creek X
Hicks Creek X Stave River X
Inch Creek X Sweltzer Creek X
Lorenzetta Creek X Upper Pitt River X
Norrish Ceek X West Creek X
Pye Creek X Whonnock Creek X
Siddall Creek X Widgeon Creek X
Squakum Creek X Yorkson Creek X
Weaver Creek X
Worth Creek X
Lillooet River
Birkenhead River X Ryan River X
Green River X Salmon River X
Pemberton Creek X Salmon Creek X
Poole Creek X
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5.7.4 Reconstruction model

Two models were identified for reconstruction:

Coho PC1 = -2.92 + (-0.55*MHPC2..1) + (2.86*DF ) + (-0.29*PNA¢2) % 0.71

Chinook PC1 = -1.24 + (0.22*MHPC1¢1) + (0.92*PSF) + (0.86PDO¢s) + 0.54

where: Coho PC1 is the first principal component of collected salmon escapement
records in southwestern British Columbia; MHPC2:.1 is the previous year’s second
principle component of the regional mountain hemlock tree-ring index; DF.4 is the
regional Douglas first tree-ring record value from four years prior; PNA:.; is the Pacific-
North American pattern tree-ring reconstruction value from two years prior (Trouet and
Taylor, 2009); Chinook PC1 is the first principal component of collected salmon
escapement records in southwestern BC; MHPC1¢.1 is the previous year’s first principle
component of the regional mountain hemlock tree-ring index; PSF is the regional Pacific
silver fir tree-ring index of the current year; and PDOvs is a Pacific Decadal Oscillation
reconstruction (D’ Arrigo and Wilson, 2006) from five years prior.

Time plots of the Coho and Chinook reconstructions are shown in Figures 5.3A
and 5.3B, respectively. The Coho reconstruction spans the period the 1727-1987 interval
and uses the first principal component of 42 independent abundance records spanning the
interval from 1951-1987 (Coho PC1). The model selected for use explains 48.9% of
variance in Coho PC1, accounting for lost degrees of freedom (Table 5.4). The model has

a DW statistic of 1.60, VIF of 1.08, and F-ratio of 10.25 (Table 5.4). The model was
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Table 5.3: Correlation values for salmon escapement and tree-ring records to
seasonalized climate oscillation indices. For salmon escapement records, only the most
significant correlation was documented and others may exist (see Appendix A for full list
of salmon correlations). DJF = December (of the previous year), January, and February;
MAM = March, April, and May; JJA = June, July, and August; A = Annual. September,
October, November was excluded from the Table 5.3 as no significant correlations were
documented.

Salmon Escapement Records Tree-Ring Records

Chinook PC1 Coho PC1
ENSO Value Season Value Season Interval MHPCL MHPC2 MH  DF  PSF
lag-0 DJF 0.52 0.38 0.39
lag-1 -0.30 DJF MAM
lag-2 030 DJF JJA
lag-3 033 MAM -039 A A 0.42 0.33 045
lag-4 033 MAM 0.33 MAM
lag-5
PNA
lag-0 DJF 0.32 0.35 0.40
lag-1 MAM 0.31
lag-2 JJA
lag-3 -031 A A 0.33
lag-4
lag-5
PDO
lag-0 048 A DJF 0.66 0.44 047 0.40
lag-1 042 A -0.36 DJF MAM 0.51 041 0.33 043
lag-2 048 A -044 A JIA
lag-3 050 MAM -043 A A 0.54 039 0.36 043
lag-4 047 MAM
lag-5 047 MAM
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successfully cross-validated using the LOO method (RE = 0.16) and a time plot of
calculated, modelled, and cross-validate Coho PC1 are shown in Figure 5.4A. The
Chinook reconstruction uses the first principal component of five independent abundance
records from 1951 to 2017 (Chinook PC1) and spans the interval from 1712 to 1980. The
model selected for use explains 48.2% of variance in Coho PC1, accounting for lost
degrees of freedom (Table 5.4). The model has a DW statistic of 1.60, VIF of 1.08, and
an F-ratio of 10.51 (Table 5.4). The model was successfully cross-validated using the
LOO method (RE = 0.26) and a time plot of calculated, modelled, and cross-validate
Chinook PC1 are shown in Figure 5.4B.

5.7.5 Analysis of reconstructions

The reconstructed and observed Chinook PC1 and Coho PC1 records were
compared to the PNA, PDO, and ENSO teleconnection indices. Difference-of-
correlations tests revealed strong relationships between reconstructed Chinook PC1 and
negative PDO, with the strongest relationships observed during the spring time and over
the length of the water year (March — May and November-October; p< 0.01) (Table 5.5).
Negative spring ENSO and reconstructed Chinook PC1 were also significantly linked
(p<0.05) (Table 5.5). No significant relationships were revealed between the calculated
Chinook PC1 and climate indices. Reconstructed Coho PC1 was significantly related to
negative winter and spring ENSO (p<0.01) (Table 5.5). Calculated Coho PC1 was
significantly related to negative winter ENSO and positive summer PNA (Table 5.5).

Intervention analysis was used over the full reconstruction period for both models

to detect long-term changes or shifts in abundance. A two-sample test identified 17
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Figure 5.3: Full reconstructed record of (A) Chinook PC1 and (B) Coho PC1.The thin-
black line represents actual modeled values, thick-black lines are a 5-year running mean,
and grey areas are error calculated by the cross-validation RMSE. The grey-filled areas
below each reconstruction show changes in the long-term mean. Grey-filled areas above
0 indicate long-term above average conditions while below indicate below average
conditions. Step changes from one long-term mean to another are where significant
intervention years were detected using a two-sample t-test on the previous and future 15
years for year t. long-term averages were calculated as the mean value between
intervention years.
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Table 5.4: Reconstruction, cross-validation, and descriptive statistics. D-W = Durbin-
Watson Statistic; VIF = variance inflation factor; SE = standard error; RE = reduction of

error; RMSE = root mean squared error; CV = coefficient of variance.

Reconstruction
Chinook PC1
Coho PC1

Cross-Validation
Chinook PC1
Coho PC1

R? Adj.R? D-W VIF SE

F-ratio

0.48 0.43 1.60 1.08 055
0.48 0.44 1.60 1.08 0.75

RE  RMSE
0.16 0.54
0.27 0.71

10.25
10.51
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Figure 5.4: Time plot of (A) Coho PC1 and (B) Chinook PC1 calculated (thin black),
reconstructed (thick black), and cross-validated (grey) for the calibration period (1951-
1992).
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Table 5.5: Difference-of-correlations test results for Chinook PC1 and Coho PC1.
Climate oscillation indices were grouped into negative and positive values then correlated
to both the calculated and reconstructed Chinook and Coho PC1 values. Values shown
are p<0.05 while bold values indicate p<0.01. Where only one of two teleconnection
phases is significantly correlated, it illustrates the possibility of a non-stationary response.

Chinook PC1 Coho PC1
Reconstructed Calculated Reconstructed Calculated
Negative Positive  Negative  Positive Negative Positive  Negative Positive
PNA
DJF
MAM
JA -0.47
A
ENSO
DJF -0.39 -0.57
MAM 0.38 -0.42
JA
A
PDO
DJF 0.36
MAM 0.41
JIA 0.29
A 0.41
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significant changes in the Chinook PC1 record and 12 shifts in Coho PC1 over the
reconstruction period (Figure 5.3). Chinook PC1 demonstrates a significant shift every 16
years on average, while Coho PC1 showed significant changes approximately every 21
years. The interval between Chinook PC1 interventions ranged from 37 (1843-1880) and
4 (1807-1811) years, while Coho PC1 ranged from 39 (1820-1859) and 5 (1924-1929)
years (Figure 5.3). The most significant departures in the long-term mean occurred from
1973-1952 (-0.95) and 1928-1912 (+0.57) for Chinook PC1 and 1800-1820 (-0.59) and
1958-1944 (+0.43) for Coho PC1 (Figure 5.3).

The MTM and Morelet wavelet spectral analyses revealed several dominant
frequencies in both the Coho and Chinook reconstructions over time. Analysis of the
Coho PC1 reconstruction revealed significant frequencies of inter-annual variability at
intervals of between 2 and 4 years, as well as inter-decadal fluctuations at 25-year
intervals (Figure 5.5A). Complementary Morelet wavelet analyses corroborated the
presence of these variabilities, but also demonstrated that fluctuations over a 25-year
interval were unstable over time. Specifically, the wavelet analysis illustrates that the 25-
year dominant frequency becomes less pronounced after 1850 within the Coho PC1
reconstruction (Figure 5.5B).

Spectral analysis of Chinook PC1 using the MTM method shows that the inter-
annual variability at between 3 and 6 years was stable over the length of the
reconstruction (Figure 5.5C). While inter-decadal variability was not recognized as
significant over the full length of the Chinook PC1 reconstruction, unstable variability
was detected in the Morelet wavelet spectral analysis from the 1750s to the late 1700s, as

well as from the 1850s to the early 20" century (Figure 5.5D).
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5.8 Discussion

5.8.1 Model summary
The proxy Chinook and Coho abundance models estimate salmon variability in
southwestern BC over the past 300 years. The lowest single-year abundance was
identified in 1787 (z-score = -1.90) for Chinook and in 1856 (-1.51) for Coho. The
highest magnitude, multi-year interval of below-average abundance occurred from 1869-
1872 (average of -1.33) in the Chinook population and from 1931-1932 (average -1.13)
in Coho. Intervention analysis revealed long-term changes in mean abundance
characterized by prolonged below-average periods for both species. Of particular note are
persistent low abundance values from 1782-1837 (55 years) and 1952-1992 (40 years) in
Chinook, and in the Coho escapement reconstruction over the interval 1757-1859 (98
years) and 1958-1987 (29 years).

Both reconstructions indicate that Chinook and Coho experienced significant,
repeated, and quasi-periodic changes in abundance at intervals averaging 16 and 21 years,
respectively. In contrast to a single >10-year interval of proxy abundance in the Coho
reconstruction when the annual values fell below the long-term average, there are six
>10-year periods in the Chinook reconstruction when the annual abundance fell below
the long-term average. The longest interval of consecutive below-average proxy
abundance was 33 years (1949-1983) for Chinook and 10 years (1959-1968) for Coho.

The first principal component of both species that was used for reconstruction
successfully removed fisheries-related influences. This is highlighted by the strong
statistical relationships between Coho PC1 and Chinook PC1 to low frequency climate

variability generated from the Pacific Ocean.
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Figure 5.5: Spectral analysis of Coho (A, C) and Chinook (B, D) PC1 reconstructions: Morlet wavelet power spectrum of the proxy
Coho (A) and Chinook (B) records. Black enclosed areas represent a 95% confidence interval based using a white-noise background
spectrum. The faded areas represent periods and frequencies of the analysis that is susceptible to zero padding effects due to sample
depth. Multitaper method (MTM) spectral analysis of Coho (C) and Chinook (D) proxy records. Red curves represent 90%, 95%, and
99% (bottom-top) significance. Significant (p < 0.10) power exists at labelled frequencies.
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5.8.2 Relationship to teleconnections

It is generally accepted that large-scale salmon population fluctuations in the
eastern Pacific Ocean region are related to the impact of climate oscillations on marine
environments (e.g., Pearcy, 1992; Mantua et al., 1997, 2015; Litzow et al., 2018). In the
case of marine Coho and Chinook populations, prior research indicates that both ENSO
and PDO are strongly linked to escapement success (e.g., Wells et al., 2006). The results
of this study corroborate this relationship in southwestern BC by finding that the return
success of both species shows strong relationships to ENSO and PDO (Table 5.5). While
Chinook PC1 exhibited positive relationships to ENSO and PDO, Coho PC1
demonstrated a negative association to both. Similar relationships have been identified
for salmon across large geographic regions, but not between species returning to the same
natal habitat (Wells et al., 2006). In this instance, the different associations are presumed
related to the north and south ocean gyre transition zones (Hare et al., 1999) that may
correspond with the different migratory pathways used by Coho and Chinook in the
eastern Pacific Ocean (e.g., Quinn and Dittman, 1990; Wells et al., 2006; Litzow et al.,
2018).

Chinook abundance was shown to be significantly associated with PDO at
seasonal and annual scales across multiple years. Similarly, long-term Coho abundance is
correlated with PDO at seasonal and annual scales across multiple years. The association
of Chinook abundance to PDO was strongest during the spring, at a time in the year that
has previously been associated with the species’ overall health in marine environments
(Daly et al., 2017). The long-term reconstructions for both species also demonstrate an

association to spring and winter ENSO conditions. While Chinook demonstrate up to five
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years of lagged relationship to PDO, Coho exhibited associations for only up to four
years with ENSO. Similar relationships are documented elsewhere in Pacific North
America and are presumed related to the shorter life history of Coho when compared to
Chinook (e.g., Wells et al., 2006; Drake et al., 2007; Starheim et al., 2013b).

Phase dependent relationships between salmon abundance and climate
oscillations were examined to reveal whether any non-stationary associations exist as
previously postulated (Litzow et al., 2018). Despite prior findings pointing to salmon
population variability as related to the relative strength of an oscillation rather than its
phase, this analysis revealed the presence of a significant correlation between proxy
abundance trends and negative phases of both ENSO and PDO (Table 5.5). Chinook
proxy abundance was specifically shown to be linked to negative PDO and spring ENSO,
while Coho PC1 was associated to spring and winter negative ENSO.

A significant 25-year abundance cycle was documented in the MTM analysis for
Coho (Figure 5.5). This cycle was interpreted as associated with climate oscillation-
related fluctuations linked to PDO similar to results from Welsh et al. (2019). Mortlet
wavelet analysis also described a dominant 25-year frequency, but suggests this
association was not time-stable before the 1850s, where it was not statistically significant
(Figure 5.5). Similar instabilities reside in the long-term reconstruction of Chinook
abundance, where a dominant 25-year frequency was documented from the 1750s to the
late 1700s, and again from the 1850s to the early 20" century (Figure 5.5). This
relationship was attributed to relative strength of both PDO and ENSO (Mantua et al.,
1997; Hare et al., 2002; Litzow et al., 2018). In both instances, the inter-decadal

variability exists only during certain periods and is not significant across the entire time
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series (Figure 5.5). This finding likely reflects a non-stationary response to the relative
strength of the Aleutian Low over long intervals (Litzow et al., 2018).

5.8.3 Chinook and Coho cohort resonance

Cohort resonance is the sensitivity shown by fish populations to environmental
variability on timescales approximating one generation (Bjornstad et al., 2004; Worden et
al., 2010; Botsford et al., 2014). Spectral analysis of proxy Coho and Chinook abundance
revealed 3-7- and 2-4-year dominant frequencies over the length of the records that was
presumed associated with generational cohort resonance. Identification of cohort
resonance at these frequencies provides evidence of stochastic interactions that may be
shaping the dynamics of both Coho and Chinook populations, respectively (Bjornstad et
al., 2004). Resonance also substantiates climatic variability as a strong component of
population change, rather than behavioral shifts driving population (Bjornstad et al.,
2004, Botsford et al., 2014). Further, it corroborates the findings of recent studies that
show that environmental controls may be a more critical factor of overall abundance than
other known controlling factors (Mantua et al., 2015; Munez et al., 2015, 2016),
discoveries of particular interest to fisheries managers charged with establishing annual
catch quotas (Hilborn and Walkters, 1992).

5.8.4 Comparison to other records

The proxy Chinook and Coho abundance records developed in this research differ
from prior tree ring-based reconstructions of long-term salmon populations in western
North America (Drake et al., 2007; Starheim et al., 2013b). These differences are
attributed to several factors. First, the records developed in this study target climate-

related influences on escapement. This approach differs from that of Drake et al. (2007)
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and Starheim et al. (2013b) who employed ecological and hydrological associations in
the development of their reconstruction models, respectively. My reconstructions cannot
be directly compared to either of these studies as they sought to understand different
components of long-term salmon abundance variability (e.g., Drake et al. (2007) sought
to determine nutrient related variability). Second, my reconstructions focused on
achieving a regional-scale understanding of Chinook and Coho salmon variability, while
Drake et al. (2007) and Starheim et al. (2013b) sought to develop local and basin level
approximations. Third, neither Drake et al. (2007) or Starheim et al. (2013b) were able to
reconstruct proxy escapement records for Coho, and thus their findings are not directly
comparable to this reconstruction because of the varying life histories of it to other
species (Pearcy, 1992). Finally, while Drake et al. (2007) and Starheim et al. (2013b) do
present proxy Chinook escapement records, prior research shows that salmon populations
across large geographical regions are distinct and respond differently to Pacific Ocean
climate oscillations (Hare et al., 1999). For example, population trends in California and
Gulf of Alaska show that salmon respond differently to climate oscillations generated
from the Pacific Ocean (Hare et al., 1999; Wells et al., 2006). When PDO or ENSO are
positive, coastal California experiences decreased surface upwelling, higher sea surface
temperatures, less nutrients and overall reduced primary and salmon production while the
opposite is true in the Gulf of Alaska (Wells et al., 2006). Previous research shows that
this differential response to PDO and ENSO are associated with the residence of salmon
within both the North Pacific and California currents (Kilduff et al., 2015). Both currents
diverge at the approximate latitude of my study area and the contrasting relationships

between proxy records and climate oscillations suggests salmon in southwestern British
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Columbia may migrate with either ocean current once they reach marine environments
(Kilduff et al., 2015). | hypothesize that Chinook populations from southwestern British
Columbia subsist in the Gulf of Alaska region current while Coho thrive in the more

southerly regions associated with the California Current.

5.9 Conclusions

The proxy reconstructions developed in this study suggest that the full range of
escapement variability for Chinook and Coho is underestimated if solely based on
observed population dynamics since 1951. The intervention analysis revealed that
Chinook PC1 has been at below or at normal abundance since 1951 when compared to
the full reconstruction period. In contrast, proxy Coho abundance has been either above
or close to normal levels since 1951, when compared to the full reconstructions. The
Chinook PC1 reconstruction indicates that the longest uninterrupted period of below
average proxy abundance values occurred during the observed period from 1949-1983,
but three other timespans were characterized by larger magnitude escapement numbers.
Similarly, the proxy Coho PCL1 record indicates the longest continuous span of below-
average abundance occurred during the observed period from 1959-1968 but, again, other
intervals experienced greater multi-year collapses. Based upon these discoveries,
fisheries management strategies should be revised to accommodate the discovery of long-
term abundance variability not recorded over the historical observation period.

The findings of the research illustrate the important role of both high- and low-
frequency climate oscillations on salmon populations returning to their natal habitat in

southwestern British Columbia watersheds. The PDO is identified as particularly
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important driver of Chinook abundance, with ENSO appearing as a more dominant
influence on Coho abundance. Interestingly, the abundance of the two species shows
opposing relationships with PDO and ENSO. While Chinook salmon illustrate a positive
relationship to negative PDO, Coho salmon exhibits negative associations to ENSO. |
hypothesize that the contrasting relationships are associated with salmon migration
patterns following entry to marine environments. Coho may migrate southward towards
the California Current while Chinook likely migrate to more northerly areas associated
with the Gulf of Alaska and North Pacific. Increasing intensity of ocean-atmosphere
interactions linked to anthropogenic climate change may cause more extreme fluctuations
in salmon populations in the immediate future. The discovery of phase-specific
relationships suggests further study is necessary to understand the interactions between
non-stationary climate oscillations and species abundance.

An important finding of the research was documentation of the cyclical nature of
salmon population abundance within the Chinook PC1 reconstruction. Coho PC1 also
exhibited marked periodic decreases and long-term changes in mean abundance but
Chinook PC1 changed with a regular frequency over the last 300 years. Both records are
an excellent resource for fisheries managers charged with planning and implementing
safety measures for salmon populations throughout southwestern British Columbia. The
records also provide valuable insights into regional-scale climate-salmon relationships

across the study region rather than providing site-specific information.
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Chapter 6: Conclusion

6.1 Introduction

This dissertation describes the hydroclimate history of southwestern British
Columbia (BC) over the last three centuries and identifies the climate-related factors that
play a role in its variability over time. Specifically, | provide a long-term assessment of
three critical water supply components in southwestern BC: (1) snowpack; (2) lake
levels, and; (3) streamflow. The records of streamflow (Chapter 3) and salmon (Chapter
5) are of immediate use to resource managers because of their direct application to
present and future management strategies and policies. The proxy records of snowpack
(Chapter 2) and lake levels (Chapter 4) serve to advance and augment our understanding
of hydrology and water supply as it relates to historical storage capacity and variability.

While each of the proxy records developed in the dissertation uses different
variables to reconstruct hydroclimate fluctuations beyond the instrumental period, a
common theme arises from each — the historical records of snowpack, streamflow, lake
level and salmon escapement all fail to capture their full range of natural variability.
Further, the mean values associated with the instrumental records all tend to be less than
those reported by the reconstructions. For the Metro Vancouver area, this finding
indicates that present-day streamflow totals in July-August are typically only 77% of the
300-year average. For Harrison Lake, the research shows that the average volume of
water stored in the lake in April has decreased by approximately 283-million litres
between 1933 and present when compared to the past 300 years. Both summer

streamflow and spring lake levels in the region are influenced by snowpack delivered
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during the winter months and the changes documented in the dissertation are a

consequence of both climate change and long-term teleconnection variability.

6.2 Primary research results

The following identifies key findings of this dissertation:

1. Coastal April 1 Snow water equivalent (SWE) was more sensitive to annual
changes when compared to continental zones. While trends between the two
geographic regions demonstrate similar long-term fluctuations over time, the
amplitude of SWE variability in coastal regions was much greater than in
continental areas. In comparison to continental sites in southwestern BC that
experienced eight significant changes in average April 1 SWE values, the
reconstruction suggests coastal settings experience greater SWE variability with
at least 11 distinct step-changes recorded in the long-term average April 1% record.

2. The seasonal snowpack, streamflow, and lake level reconstructions indicate that,
in recent years, annual water supply quantities in southwestern BC are below their
300-year average, and that the instrumental record does not account for the full
range of variability. For instance, since 1977 average July-August streamflow in
the Capilano and Seymour watersheds has been well-below the average value
characterizing the past three centuries. Since 1900, the reconstruction also
indicates an increased frequency of consecutive below-average July-August
streamflow intervals. Similarly, since 1933 the amount of water stored in Harrison

Lake on April 1 represents an average annual volumetric loss of 283-million
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litres. The trend of below-average summer runoff and reduced water storage
should be expected to continue under present and future climate change.

Salmon abundance in the streams and rivers of southwestern BC has undergone
cyclical changes over the past 300 years, and the instrumental record does not
account for the full range of variability in either Chinook or Coho populations.
Both reconstructions were able to account for life histories and illustrated that
Chinook and Coho salmon reside in distinct marine settings following their
freshwater natal stage.

Snowpack was shown to be a primary control of both streamflow and natural lake
level variability over the last 300 years in southwestern BC. Further, April 1 SWE
was shown to be strongly linked to PDO variability. Negative phases of the PDO
were shown to be significantly associated with SWE trends, summer streamflow
characteristics, and salmon abundance. Intervals of positive PDO were correlated
to long-term April lake levels at Harrison Lake.

Previous research demonstrated that the PDO significantly influences
regional hydroclimatic variability (e.g., Belmechari et al., 2015; Coulthard et al.,
2016; Mote et al., 2018; Welsh et al., 2019). This dissertation confirms those
findings and documents phase-dependent associations between negative phases of
PDO and ENSO to snowpack, streamflow, lake level, and proxy salmon

abundance.
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6.3 Application for water resource management

The hydroclimate variables reconstructed in this dissertation will be useful to natural
resource managers charged with developing management plans and policy in
southwestern BC:

1. Both coastal and continental April 1 SWE reconstructions illustrate contrasting
variability and sensitivity to teleconnections and reinforce our current
understanding of regional interactions. They demonstrate that long-term changes
in average snowpack should be considered in management plans and decisions in
southwestern BC.

2. The long-term record of dry-season streamflow of Metro Vancouver’s water
supply confirms that the full range of July-August runoff is likely measured in
the instrumental record. The long-term reconstruction does, however, indicate that
the frequency of low-flow events may be misinterpreted if based on solely on the
instrumental records. The combined Capilano and Seymour watershed July-
August streamflow records, when combined with climate change projections, will
augment new water policy and management strategies by providing a better
overall understanding of variability, trends, and relationships to teleconnections.

3. The Harrison Lake April 1% water level reconstruction identifies a decrease in
lake storage over the past 300 years. While the lake is not a reservoir for Metro
Vancouver, it is the largest lake in southwestern BC and provides water supply for
other areas of the Lower Mainland The information developed in this study may
help local water resource managers understand how the storage of natural,

mountainous lakes in southwestern BC varied over the past three centuries.
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4. Reconstruction of proxy Chinook and Coho abundance returning to streams in
southwestern BC suggests that they have contrasting relationships to long-term
regional climate oscillations. While similar associations have been documented
previously, they were typically observed across broad geographic regions and
were not focused on species-specific relationships. The reconstructions will be of
interest to fisheries managers, as they provide a long-term understanding of
climate-related salmon abundance variability essential for developing sound

policy and management strategies under present and future climate change.

6.4 Research limitations

“All models are wrong but some are useful”’ - Box (1976)

6.4.1 Model accuracy and strength

The goal of this dissertation was to describe hydroclimate variability prior to the
instrumental record using tree radial growth and teleconnection relationships to develop
linear models of important hydrological variables. While all the developed models pass
statistical cross-validation (e.g., RE > 0) and are considered accurate, the outcomes of my
findings should be tempered. Excluding Chapter 4, all the developed models are either
normalized or based on principal component analysis (PCA) and are unable to describe
the full range of variability. This is especially demonstrated in my July-August
streamflow reconstruction of the Capilano and Seymour watersheds (Chapter 3). It is

evident that the instrumental record is much more variable than the reconstructed record.
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This could be accurate but it may also indicate that the model is unable to describe the
full range of variability. The normalization of the records, although necessary, may have
also caused both the instrumental and reconstructed record to underestimate variability as
well.

In both April 1 SWE and salmon escapement population reconstructions (Chapter
2 and 5, respectively) were developed using the first principal component of regional
instrumental records. No component explains 100% of variability that is reconstructed
and explained variance ranges from 37% (Chinook PC1) to 89% (coastal SWEpc).
Regardless of linear model strength, they were unable to account for total variability
although accurately describe general long-term trends in all reconstructed records.
6.4.2 Teleconnection inferences

All the models developed in this dissertation used teleconnection reconstructions
to supplement tree-ring data. As a result, difference-of-correlations analysis outputs for
reconstruction models should be taken with some caution. For example, the July-August
streamflow reconstruction (Chapter 3) has incredibly high correlation values to PDO
(e.g., >0.80 at an annual timestep) that can be attributed to the use of it as a model
predictor. Difference-of-correlation outputs for instrumental records should be given
more weight although sample size is typically much lower. Where similar relationships
are observed between it and the reconstructed records, it serves to illustrate the accuracy
of the model.

Where both the instrumental and reconstructed records illustrate significant
relationships to only positive or negative phases of a given teleconnection, it indicates a

non-stationary response to ENSO, PDO, or PNA. A non-stationary response
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demonstrates that the model may not account for the full range of fluctuations in power
over time. Where significant relationships are identified in both phase of a
teleconnection, it may suggest more the reconstructed record is able to account for a

wider range of possible variability.

6.5 Future research

Following the completion of the dissertation research, | identified several areas for future
research.

1. Prior research focusing on snowpack and other hydroclimate reconstructions
primarily used tree-ring width chronologies as was done in this dissertation.
Moving forward, other underutilized annually-resolved measurements from tree-
rings could be used to enhance and expand on past hydroclimate variability. In
particular, tree-ring isotopes and density properties could prove useful for future
research. Other variables, such as cell-properties could be applied as well. All
these variables are linked to temperature fluctuations and could be used to
augment interpretations of hydroclimate-related variability associated with
fluctuations in temperature.

2. The approach taken to develop a long-term lake level history offers a new water
resource-based focus for future dendrohydrological studies. Where lake level
records are sufficient, they should be reconstructed to develop a better
understanding of water storage in critical basins. Methods could be augmented by
using other complementary proxy measurements including lake sediment records

or tree-ring isotopes. Lake sediment cores may provide a better overall
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understanding of lake level changes over the full season rather than at monthly
scales conducted in this study. Tree-ring isotopes may offer a better understanding
of evaporative rates of large lake bodies through temperature relationships.

3. The research presented in Chapter 4 illustrates the potential to reconstruct long-
term salmon abundance using their common climate relationship to high-elevation
trees. The reconstructions could be enhanced by combining my methods with
those of Drake et al. (2002). This would require the collection of climate-sensitive
tree-ring records in high elevation regions and riparian tree-rings sensitive to

nutrient availability.

6.6 Summary

This dissertation presents six tree-ring based reconstructions of April 1 SWE,
streamflow, lake levels, and salmon abundance. Chapter 2 provides a long-term
understanding of April 1 SWE trends over the last 300 years in southwestern BC. Chapter
3 presents a regionalized July-August streamflow reconstruction of the Capilano and
Seymour watersheds. The record will provide local water supply managers with a greater
understanding of dry-season streamflow variability and long-term trends illustrating that
recent discharge has been well-below the reconstructed average. Chapter 4 presents a
reconstruction of waters levels in Harrison Lake and provides a long-term understanding
of water storage trends in southwestern BC in hybrid-regime systems. Chapter 5 presents
two records of proxy salmon abundance in southwestern BC. The Chinook and Coho
proxy abundance records highlight cyclical fluctuations in population levels which are

linked to negative PDO and ENSO. The records have contrasting relationships to climate
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oscillations. Coho was negatively linked to PDO and ENSO while Chinook was
positively linked to both. Each record independently highlights the importance of
teleconnections generated from the Pacific Ocean especially negative phases of PDO and

ENSO.
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Appendix A: Lagged salmon correlations

Chinook PC1 | Coho PC1 Chinook PC1 | Coho PC1
Lag-0 Lag-3
PNA DJF 0.2063 -0.09651 0.193261 -0.17802
MAM 0.066483 0.07824 0.333931 -0.14594
JJA -0.0865 -0.20779 -0.08335 -0.23639
a (water 0.078006 -0.08906 0.160885 -0.39013
year)
ENSO DJF 0.189349 -0.02058 0.191514 -0.22438
MAM 0.260421 -0.07044 0.276218 -0.30235
JJA 0.143962 -0.24228 0.28186 -0.29639
a (water 0.22657 -0.10966 0.285981 -0.31233
year)
PDO DJF 0.387913 -0.16762 0.296372 -0.37313
MAM 0.453489 -0.2059 0.500494 -0.38045
JJA 0.354408 -0.2172 0.426604 -0.40296
a (water 0.478407 -0.19645 0.471177 -0.42654
year)
Lag-1 Lag-4
PNA DJF 0.215655 -0.30459 0.222929 -0.06744
MAM 0.174867 0.269159 0.331807 0.33316
JJA -0.14826 -0.11788 -0.04275 -0.11208
a (water 0.06512 -0.13375 0.249583 0.059826
year)
ENSO DJF 0.094644 -0.10775 0.125237 0.044042
MAM 0.139024 -0.06549 0.150289 0.026421
JJA 0.166995 0.052799 0.154205 -0.12007
a (water 0.15572 -0.04432 0.171425 -0.03161
year)
PDO DJF 0.264191 -0.35931 0.386665 -0.03967
MAM 0.36971 -0.24153 0.472518 -0.08127
JJA 0.451631 -0.14799 0.299673 -0.13672
a (water 0.415109 -0.29258 0.4652 -0.09065
year)
Lag-2 Lag-5
PNA DJF 0.300565 -0.28999 0.275146 -0.22607
MAM 0.178552 0.12764 0.104591 0.077588
JJA -0.10177 -0.151 -0.12684 0.158101
a (water 0.128823 -0.28108 0.094996 -0.01044
year)
ENSO DJF 0.212671 -0.23178 0.014244 0.117384
MAM 0.204913 -0.29137 0.003452 0.089037
JJA 0.098951 -0.18316 0.0662 0.020007
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a (water 0.203826 -0.27199 0.043241 0.083057
year)

PDO DJF 0.381085 -0.43293 0.312158 -0.01901
MAM 0.452386 -0.40632 0.465589 0.143233
JIA 0.374577 -0.33314 0.337696 0.098693
a (water 0.475924 -0.44059 0.452172 0.088878
year)
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