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ABSTRACT 

Water resources of the southwestern Canadian Prairies are limited and sensitive to 

changes in climate and land cover.  An increasing demand for water resources has 

increased vulnerability to hydrological drought.  Because few instrumental records 

exceed 100 years, climate proxies are used to extend the historical record of natural 

variability.  Understanding the frequency, magnitude, and duration of past climate 

extremes allows researchers to better forecast the probability of future extreme 

hydrological events.     

Through standard dendrochronological methods, fifteen moisture sensitive tree-

ring chronologies (Pinus albicaulis, Pinus ponderosa, Pinus contorta, Picea glauca, and 

Pseudotsuga menziesii) were collected and updated from the Sweet Grass Hills and Bears 

Paw Mountains (Montana, USA), and the Cypress Hills (Alberta and Saskatchewan, 

Canada).  Correlation analysis was used to identify significant relationships between tree-

ring chronologies (annual, earlywood, and latewood) and streamflow data, and multiple 

linear regression techniques were used to create robust multi-proxy reconstructions of 

mean summer (June – August) and average water-year (October – September) 

streamflow of the Frenchman River, Battle Creek, and Swift Current Creek in 

southwestern Saskatchewan, Canada, back to the late 1600s.  Reconstructions developed 

for southwestern Saskatchewan explain approximately 40-55% of the instrumental 

variance for summer, and water-year streamflow.  Hydrological extremes (droughts and 

floods) were quantified, classified and ranked on their severity (25th and 75th percentiles 

respectively; periods of critical hydrologic drought were defined by the lowest 10th 
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percentile), and periods of extreme low flow were identified for the early 1700s, mid 

1700s, early 1800s, mid to late 1800s, early 1900s, and late 1900s.  Spectral analyses 

(Multi-taper and Wavelet) of the reconstructed streamflow revealed common cycles of 

variability at the inter-annual (~2-6 year) and multi-decadal (~20-30 year) scales of 

ocean-atmosphere oscillations, specifically the El Niño Southern Oscillation (ENSO) and 

Pacific Decadal Oscillation (PDO).  The level of uncertainty for each reconstruction was 

assessed, and results were compared to other dendroclimatological reconstructions for the 

western regions of Canada and the USA.  Results show the large natural variability of 

prairie water levels, with cycles of decades with high flow followed by decades of low 

flow, and more extreme flows than in the instrumental records. 
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CHAPTER 1: INTRODUCTION 

1.1 Background 

This study aids the University of Regina based research project, Rural 

Community Adaptation to Drought (RCAD Research Report, 2012), in which a group of 

physical and social researchers were interested in completing a drought-based assessment 

of the vulnerabilities and adaptive capacities of rural communities (Figure 1.1) within 

southwestern Saskatchewan.  The objective was to develop a comprehensive 

understanding of the processes that shape the impacts of drought on rural communities 

and livelihoods, and the present and future conditions and strategies that enhance or 

constrain adaptive capacities to water shortages, with a focus on the multi-year drought of 

2001-2002.  The project had three main goals: the identification of the social 

characteristics of the 2001-2002 droughts (i.e. their impacts on the rural communities and 

the potential characteristics of droughts in these areas under future climate conditions); to 

examine the different forms of exposure to drought of local residents, producers, and 

organizations; and to examine the capacity, assessments, and expectations of existing 

drought risk-reducing programs and policies, based on both short-term and long-term 

time scales, in the context of past and future droughts.  My research would put long-term 

climatic extremes from southwestern Saskatchewan into current perspective, estimating 

how the processes of climate change may affect drought in this study area, and these 

results were provided to the communities by other social researchers from/ the project.    

Water is a natural resource that integrates geographic regions through the social, 

economic, and ecological sectors.  Water resources of the southwestern Canadian Prairies 

are limited and sensitive to changes in climate and land cover, and an increasing demand  
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Figure 1.1: RCAD Research Project Study Area; Source: RCAD Summary 
Report, 2012 (original in colour). 
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for surface water resources has increased vulnerability to hydrological drought (Wheaton 

et al., 2008) which will likely intensify as populations grow.  Other factors that will affect 

the availability of water resources in the Canadian Prairies include: changes in the 

amount and timing of precipitation and streamflow, increasing temperatures that cause 

snow dominated basins of the high latitudes to lose cold winters which create abundant 

sources of spring and summer runoff (Axelson et al., 2009), as well as mid-winter melts 

and rain-on-snow events, all of which are influenced by climate oscillations such as the 

Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation (ENSO) (Chapter 6; 

Lapp et al., 2012).  Low and variable precipitation within the Prairie region creates a high 

dependence on streamflow for consumptive and non-consumptive water uses (McKay et 

al., 1989), and water supply shortfalls occur will likely be worsened with greater 

hydrological variability and a changing climate.  Therefore, the need to protect and 

properly manage the water resources of the Canadian Prairies is extremely important.  

Southwestern Saskatchewan is an area encompassed by the Palliser Triangle, a 

roughly triangular area in the driest part of the Canadian Prairies (Figure 1.2).  It was 

described in the early 1850s by Captain John Palliser, who thought the region 

(characterized by aridity and annual water deficits) would be poorly suited for farming 

practices, and would never be settled by Europeans.  For part of the Palliser Triangle, the 

lower amounts of precipitation are essentially the result of the Prairie’s location in the lee 

of the Rocky Mountains and their distance from large moisture sources (Shabbar et al., 

1997).  This region over the years has experienced problems associated with inadequate 

water supplies, affecting the social and economic wellbeing.  Therefore limited water 

resources (quantity and quality) must be managed properly to serve the uses of 
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environmental, agricultural, domestic, industrial, and recreational needs, especially those 

of rural communities that are vulnerable to the extreme hydroclimatic variability because 

of their dependence upon the climate.  Thus, southwestern Saskatchewan is an important 

region for study and investigation in regards to water resources and their associated 

implications as there is a great need to understand the vulnerability of this region to 

climate change and therefore, mitigation and adaptation strategies.  Increased knowledge 

of the relationship of drought intensity, duration, and spatial extent to the large scale 

ocean-atmospheric forcings is also necessary for forecasting extreme climatic severity 

and associated impacts and vulnerabilities associated with a changing climate (Shabbar 

and Skinner, 2004).  It is therefore sensible to examine features of our climate and 

hydrology, the anticipated impacts of climate change on our water resources, and what 

water management options are available or should be considered in order to minimize the 

risk caused by climate change (Sauchyn et al., 2009).  

The climate of the Canadian Prairies is extremely variable, both spatially and 

temporally, between seasons, decades, and years.  However, while climate extremes are 

of great interest to long-range planning and forecasting for agriculture practices and water 

resources, gauged instrumental data and historical records for the Prairie region do not 

capture long-term drought history further back in time than the late 1880s (Stockton and 

Meko, 1983), and so cannot represent multi-century fluctuations due to climate 

variability, should such fluctuations exist (Meko and Woodhouse, 2010).  Ultimately, 

short-term data from instrumental gauge records underestimates the potential intensity 

and duration of climate extremes: decades of observation provide a limited perspective on 

the assessment of hydrological variability (Zhang, 2001; Burn and Hag Elnur,   
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Figure 1.2: Major Saskatchewan watersheds and outline of the Palliser 
Triangle; Source: RCAD Summary Report, 2012 (original in colour). 
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2002; Sauchyn et al., 2006; St. George, 2010).  Therefore, high resolution natural proxy 

records (i.e. tree-rings) are a method for capturing the full range of climatic extreme 

intensity and duration, placing present instrumental records into a longer-term context 

and extending the variable regional drought history, and providing references for future 

changes (Luckman, 1996; St. George et al., 1999).  Since considerable uncertainty exists 

with respect to future precipitation and temperature (on a regional and intra-seasonal 

basis), and furthermore, relatively little is known about changes to large-scale circulation 

patterns which have a significant effect on climate variables over Canada, a knowledge 

gap remains (Bonsal et al., 2010).  However, tree-ring networks can also be applied to 

study climate from the perspective of atmospheric circulation (Speer, 2010), furthering 

reconstructions of precipitation, streamflow, and temperature, exploring correlations with 

other variables and strengthening our understanding of the connectivity of the global 

atmospheric circulation system (Chapter 6; Fritts et al., 1971; Fritts, 1976; Barber et al., 

2004; Girardin et al., 2006).   

Hydrologic systems act as spatial and temporal integrators of precipitation, 

temperature, and evapotranspirtion over a specific region.  The use of tree-rings to 

reconstruct streamflow is based on the assumptions that both trees and river systems 

integrate the effects of point source precipitation into a larger spatial unit representing 

regional hydroclimate, and that tree-growth is a reflection of streamflow conditions 

(Axelson, 2007).  Hydrological variations lasting decades or longer essentially have the 

potential to greatly surpass short-term variations, aiding in adequate water control for the 

future.  Although streamflow reconstructions are statistical estimates of what the flow 

might have been in any given temporal and spatial unit, streamflow is a complex but 
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important indicator of hydrologic variability (Lawford and Harder, 2010), providing a 

visible manifestation of the degree of wet or dry in an area.  Low streamflows are the 

result of reduced precipitation and/or high temperatures that increase evaporation, and 

constitute an important component of hydroclimate extremes, as reduced flows can affect 

various economic and environmental activities.  In response to this, scientific interest has 

been expressed regarding climate change impacts on the future frequency, duration, 

severity and spatial extent of climate extremes (Bonsal and Shabbar, 2008).    

Studying past climatic change places current trends into perspective, revealing the 

mechanisms that govern the global climate system, providing data to evaluate forecasting 

models, and evaluating the impact of a changing climate on biological and geographical 

systems and processes (St. George et al., 1999).  The detection and acknowledgement of 

past trends, changes, and variability in climatic variables is essential for the 

understanding of potential future changes.  Ecosystems act as recorders of important 

environmental events and can provide natural archived data enabling the reconstruction 

of past climate variability on seasonal, yearly, and century long time scales, providing an 

understanding of mechanisms that control the climate presently.  While there have been 

significant advancements in dendroclimatic research, long-high resolution records of 

climate change in the Canadian Prairies are relatively few.  Therefore, it is critical to add 

to this climate proxy data and further our understanding of hydrological history and the 

large-scale controls at a regional scale for the Canadian Prairies.  Dendrochronology has 

presented a natural response to the societal need for information on past and expected 

future response to environmental change, examining the timing and characteristics of 

changes in the relationships of tree-growth to physical climate over time.    
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Proxy environmental records extend into the last millennium and show that 

Prairie drought has been a recurring theme, and tree-ring records suggest that some 

droughts in the last millennium have exceeded in severity any in the instrumental record 

(Sauchyn and Beaudoin, 1998).  Century long tree-ring reconstructions, developed from 

trees growing under moisture limited conditions, have captured hydroclimatic variability 

at annual to multi-decadal scales throughout western Canada (Case and MacDonald, 

2003; Watson and Luckman, 2002, 2005; Beriault and Sauchyn, 2006; Axelson, 2007; St. 

George et al., 2009; Vanstone, 2012) and the USA (Stockton and Jacoby, 1976; Meko et 

al., 1995; Stahle et al., 2000; Gedalof et al., 2004; and Woodhouse and Lukas, 2006), 

allowing for the interpretation of anthropological, ecological, and natural physical 

phenomena.  These moisture sensitive tree-rings capture the inter-annual to multi-decadal 

variability in seasonal and annual moisture and thus the periodicity in known large-scale 

drivers of climatic variability.   Tree-ring variability is connected to climate oscillation 

variability by soil moisture recharge which is dependent upon snowpack accumulation, 

snowmelt and spring rainfall, setting up antecedent conditions for warm season growth 

(Lapp et al., 2012).  

1.1.1 Drought 

Thresholds of intensity (i.e. precipitation shortfall and severity of impacts), 

duration (i.e. initiation and termination of multiyear events), and spatial extent (i.e. 

synchronicity among multiple basins) characterize droughts.  Their impacts in turn 

depend on a region’s vulnerability, its exposure to climate risk, sensitivity, and ability to 

adapt (Wheaton et al., 2008).  In regards to this research, drought is defined in terms of a 

continuum.  Beginning with a short-term precipitation deficit (meteorological drought), 
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when this extends for more than one growing season, agricultural drought will follow, as 

plant growth draws the remaining water storage reserves from the soil profile.  A 

hydrologic drought then develops when surface and subsurface water bodies and 

reservoirs are depleted below the long-term mean (Timilsena et al., 2007).   

Prolonged, large area droughts are unpredictable in their frequency, duration and 

magnitude.  Because they are costly and disruptive to a wide range of sectors (i.e. 

forestry, agriculture, municipalities, ecosystems, and recreation), they are one of the 

world’s most significant natural hazards (Wheaton et al., 2008).  They frequently stress 

water availability by depleting soil moisture, reducing stream flows, lowering lake and 

reservoir levels, and diminishing groundwater supplies, all of which contribute to reduced 

water quality, wetland loss, soil erosion and degradation, and habitat destruction.  

Prolonged periods of drought occur when large-scale anomalies in atmospheric 

circulation patterns persist for multiple months, seasons (warm or cold), or years.  

Teleconnections, the recurring large-scale patterns of pressure and circulation anomalies 

that span vast geographical areas, have been identified between western Canadian climate 

and the large-scale oscillations of ocean temperature and pressure (i.e. PDO and ENSO; 

Chapter 6).  Anomalies in the atmospheric circulation patterns and the feedback process 

that produce drought tend to be particularly persistent in the North American Great Plains 

(Bonsal and Shabbar, 2011).   

 Large area, multi-year droughts pose great threats to the southern Canadian 

Prairies, as this region is more susceptible to these climatic extremes given the highly 

variable precipitation, both spatially and temporally (Bonsal and Wheaton, 2005; 

Hanesiak et al., 2011), and the predominance of agricultural land use, representing more 
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than 80% of Canada’s agricultural land.  The recurrence of drought is nearly certain, 

because this is a climatological characteristic of most environments (Bonsal et al. 2010), 

and as climate changes, so do the frequency, severity and geographic distribution of 

drought, therefore intensifying ecological and socioeconomic consequences.  From 

instrumental observations, multi-year droughts have been identified for the Prairie region 

in the 1890s, 1910s, 1930s, 1960s, 1980s, and most recently 1999-2005 (Bonsal et al., 

2011; Hanesiak et al., 2011).  The 1999-2005 drought is of particular interest as it was 

one of the worst we have seen since the 1930s (Sauchyn et al., 2009), creating significant 

unprecedented drought impacts nationwide - especially in regards to the agricultural and 

water sectors (Wheaton et al., 2008), causing warmer average winter temperatures and 

therefore snowpack deficits, soil moisture depletion, and a decrease in streamflow and 

lake levels (Hanesiak et al. 2011).  Multi-year droughts are significant because these 

prolonged periods lower the resistance of ecosystems and soil landscapes to disturbance 

from hydroclimatic events, such that thresholds of landscape change are exceeded and the 

recovery of natural systems can take decades or centuries (Sauchyn and Skinner, 2001). 

1.2 Research Objectives 

Climate extremes, such as droughts and floods, play an important role in the 

economy, society, and environment of the Canadian Prairies.  Assessment of the long-

term hydroclimatic variability of southwestern Saskatchewan is important from both 

management and adaptation perspectives, as hydrological droughts, water supply and 

demand, and mitigation and adaptation planning become increasingly important in the 

face of reduced water resources.  This research aims to create a better understanding of 

southwestern Saskatchewan’s vulnerability and adaptation to a changing climate.  This 
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study will examine hydroclimatic variability in the watersheds of the Frenchman River, 

Battle Creek, and Swift Current Creek, using dendroclimatic reconstructions of 

streamflow for southwestern Saskatchewan, aiming to provide information between 

watersheds and over time, concerning the frequency, severity and synchrony of 

hydrological extremes.  Relationships between tree-rings (both annual and sub-annual 

resolutions), historical climate, streamflow instrumental records, as well as atmospheric 

and sea surface temperature (SST) forcings thought to be possible drivers of fluctuations 

in streamflow, will be used to investigate the hydroclimatic variability within 

southwestern Saskatchewan. 

The objective of this study is to develop a network of moisture-sensitive tree-ring 

chronologies used to compute reconstructions of historical streamflow for southwestern 

Saskatchewan, enabling the identification of spatial and temporal trends.  By developing 

a systematic and comprehensive understanding of the characteristics of various moisture 

sensitive tree-ring chronologies from the Prairie region, a much longer perspective 

(compared to instrumental records) on streamflow variability and extreme hydroclimatic 

events (i.e. droughts and floods) will be provided.  Hydrological extremes will also be 

quantified and identified (single and multi-year events) in each reconstruction.  In 

addition, seasonal growth resolution (early- and latewood chronologies) of proxy data 

will be included in the reconstructions to serve as multi-proxies of streamflow, providing 

more reliable information at both annual and sub-annual time scales.  In the end, a 

complete detailed study of the recent paleoclimate of southwestern Saskatchewan will be 

conducted in order to comprehend the aspects of climate extremes and possible forcings.   
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1.3 Description of Study Area 

1.3.1 Geography and Climate 

The geography and climatic diversity of this study area can be characterized 

through ecological land classification.  The study area of interest is located in the Prairie 

Ecozone, and is further described at a finer scale of detail by the Mixed Grassland and 

Cypress Upland Ecoregions of Saskatchewan (Figure 1.3).   

The climate within the Prairie Ecozone ranges from semi-arid to humid-

continental with short but hot summers and long-cold winters.  Precipitation throughout 

this region is highly variable, ranging from 250-600 mm per year (Environment Canada, 

2010) and while precipitation is low, there is a general increase from south to north and 

from west to east.  Average annual temperatures range from 3-5 °C (Environment 

Canada, 2010), and are highest at low elevations in the south, progressively decreasing 

with increasing altitude and latitude.  A late summer moisture deficit is common, caused 

by low precipitation and high evapotranspiration, as well as periods of extensive drought 

(Acton et al., 1998).  While the Canadian Prairies receive the majority of their 

precipitation during the spring and early summer, there is considerable inter-annual 

variability throughout these spatial and temporal patterns (Hare and Thomas, 1974; 

Philips, 1990; Shabbar et al., 1997).  

The Mixed Grassland Ecoregion (Figure 1.3) consists of a broad plain that is 

interrupted by deep, scenic valleys and hilly uplands, where elevations vary from 50 

meters to 1000 meters above the surrounding plain.  While most of the region has a cover 

of glacial drift, there are bedrock landscapes that exist (i.e. the Frenchman River Valley).  

Brown Chernozemic soils are dominant, and vegetation consists of wheatgrasses, 
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  Figure 1.3: Ecozones and Ecoregions of Saskatchewan. Source: Saskatchewan 
Ministry of Environment, 2012  (original in colour). 
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speargrasses, blue gamma grass, and shrubs.  Wetlands are extensive throughout the 

ecoregion.  The climate of the Mixed Grassland Ecoregion is semi-arid and is 

characterized by a mean annual temperature of 4 °C, with a mean summer temperature of 

18.9 °C, and mean winter temperature of -12.6 °C.  The mean precipitation is 352 mm.  

The main sources of economic activity include agriculture (pasture, rangeland, and 

cropland) and the oil and gas industry.  This region is also known as the Northwestern 

Glaciated Plains in the North American ecoregions classification system (Figure 3.1).   

The Cypress Upland Ecoregion (Figure 1.3) is a dissected plateau, with broad 

valleys and steep slopes, where elevations extend greater than 600 m above the 

surrounding plain.  The forested plateau is separated into three distinct blocks (west, 

center, and east), which extend for approximately 130 km, and occupy an area 

approximately 1600 km², rising to approximately 1460 meters above sea level (Jungerius, 

1966; McPherson and Rannie, 1969; Richea, 2005).  With the rise in elevation, there is a 

change in vegetation from mixed grassland to a submontane fescue prairie, and at upper 

elevations, a mix of lodgepole pine (high elevation, dry sites), white spruce (wet lands, 

springs), and aspen (wet/moist areas) combined with fescue prairie (Manitoba maple, 

balsam poplar, cotton wood, grasses, shrubs, herbs).  The Cypress Upland Ecoregion is 

dominated by dark brown, black, and dark gray soils.  Characterized by a sub-humid to 

humid-continental climate, the mean annual temperature is 2.7 °C, with mean summer 

temperatures of 16.0 °C, and a mean winter temperature of -12.1 °C.  Mean annual 

precipitation is 450 mm.  Agricultural practices dominate land use throughout the region 

with free-range livestock grazing, rangeland and pastureland, while a smaller amount of 

cereal crop production exists.  This region is also known as the Northwestern Forested 
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Mountains in the North American ecoregions classification system (Figure 3.1).    

1.3.2 Hydrology – Surface Water Flows  

Selecting smaller streams for study throughout southwestern Saskatchewan was 

an important part of this research, as these particular streams are of great interest, 

providing critical aquatic and riparian habitats, and in some instances serving as the only 

source of surface water for many kilometers.  Ultimately, these water networks are 

essential for drinking water, water supply, irrigation, livestock production, and recreation.  

As well, because these streams are located within the semi-arid Palliser Triangle, low 

annual flow and dry summer conditions are normal, however their flow is highly 

variable.  Therefore, due to these conditions, diversions and damming for agricultural 

producers, ranchers and rural municipalities can affect annual flow and influence trend 

analyses (Richea, 2005).    

 Hydrological basin scale investigations allow for the identification of climate 

variation indices, global change signals, determination of regional impacts, and 

assessment of the risk of extreme climate conditions can be developed (Garbrecht, 2004; 

Jain et al., 2002).  For example, small basins tend to respond more quickly to drought 

than larger basins, suggesting that streamflow in these basins is more susceptible 

(Lawford and Harder, 2010; Hanesiak et al. 2011).  Throughout the selected study region, 

there are three streams of particular interest: the Frenchman River, Battle Creek and Swift 

Current Creek.  As a result, the study area is not delimited to a single continental river 

basin, but rather Battle Creek and the Frenchman River contribute to the 

Milk/Missouri/Mississippi River drainage systems (Figure 1.4), while Swift Current 

Creek makes a small tributary contribution to the South Saskatchewan/Nelson River   
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Figure 1.4: Study area and hydrological drainage basins. Source: Natural Resources 
Canada, 2012 (original in colour). 
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drainage systems (Figure 1.4).  These three streams all originate in the Cypress Hills from 

snowmelt, rainfall and springs. 

 Approximately 341 km in length, the Frenchman River extends from Cypress 

Lake, which is fed by several small tributaries flowing from the southern flanks of the 

Cypress Hills.  The stream continues to flow east across southwestern Saskatchewan, and 

turns south into the Milk River, eventually draining into the Gulf of Mexico.  Battle 

Creek is approximately 203 km in length.  This stream originates in the Cypress Hills 

uplands of southeastern Alberta and flows west through Saskatchewan, where it turns 

south and flows into the Milk/Missouri River drainage systems, eventually flowing into 

the Gulf of Mexico.  Swift Current Creek has a main channel length of approximately 

302 km.  Swift Current Creek begins northeast of Eastend, Saskatchewan at the foot of 

the Cypress Hills, and empties into the South Saskatchewan River north of Stewart 

Valley, Saskatchewan.    

1.4 Overview of Chapters  

 This thesis is divided into seven chapters.  Chapter 1 introduces the research 

project, objective, and study area.  Chapter 2 provides an overview of dendroclimatology 

and the underlying philosophy and theoretical foundations, together with significant 

dendroclimatic literature reviews of North America.  The data sets as well as exploratory 

analysis are discussed in Chapter 3.  Chapter 4 includes the methods and statistical basis 

for streamflow reconstruction and Chapter 5 provides the results and discussion for final 

streamflow reconstructions.  In Chapter 6 there is an overview of teleconnections, 

spectral and wavelet analysis, while Chapter 7 is a summary of major findings as well as 

future research suggestions.  A reference list and appendices follow. 
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CHAPTER 2: THEORETICAL FOUNDATIONS OF DENDROCHRONOLOGY 

2.1 Dendrochronology 

Dendrochronology examines events through time that are recorded in the annual 

wood growth of the tree-ring structure.  Principally, the tree is an instrument for 

environmental monitoring and it serves as a long-term bioindicator, acting both as a 

proxy for climate and chronological control (Fritts, 1976; Hughes, 2002; Speer, 2010).  

The science is based on the principle that trees create annual rings, characterized by 

periods of rapid growth during the spring and early summer (producing earlywood), 

followed by a period of reduced growth in late summer and autumn (the latewood), 

thereby forming visible annual rings (Fritts, 1976).  In regards to this study, the two 

relevant subfields of dendrochronology are dendroclimatology, the utilization of tree-

rings to reconstruct and study past and present climate, and dendrohydrology, the 

utilization of dated tree-rings to study hydrologic variables such as streamflow (Fritts, 

1976).  Because of their vast geographical distribution, high temporal resolution, and 

climatic sensitivity, tree rings as proxy data allow researchers to create robust 

reconstructions to study environmental variability over past centuries, extending records 

of climatic extremes, at local and regional scales; thus enabling the interpretation of 

anthropological, ecological, and natural physical phenomena.   

2.2 Philosophical and Theoretical Foundations 

2.2.1 Principles of Dendrochronology 

 Conducting scientific research requires a framework that brings order and method 

together.  The theoretical framework that informs dendrochronology is a positivist 

scientific approach, using deductive and inductive probabilistic reasoning (Axelson, 
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2007).  Underlying the science of dendrochronology, there is strong emphasis on 

quantitative analysis with a mechanistic and statistical basis (Hughes, 2002), where 

inferential statistics are used to understand the relationship between the environment and 

tree rings (Fritts, 1976; Cook and Kairiukstis, 1990).  Every scientific field accumulates a 

body of knowledge from which generalizations can be made, and these generalizations 

are based upon repeated observations and experience and can be described as the 

principles that embody the fundamental truths of science (Fritts, 1976; Speer, 2010).  

Therefore, the principles of dendrochronology are a foundation from which scientific 

theory transforms into scientific practice. 

Uniformitarianism is the underlying principle of dendrochronology, from which 

all other principles follow.  It implies that earth processes (biological and physical) 

occurring in the present were the same in the past, and therefore will be the processes that 

operate in the future.  Ultimately, this principle assumes that the processes that determine 

tree growth remain the same throughout time, enabling estimates of the rate of change of 

natural systems.  The same kinds of conditions have affected the same kinds of processes 

throughout time, allowing scientists to establish relationships between variations in tree 

growth and present day climate and inferring from past rings the nature of past climate 

(Fritts, 1976).   

Based on the uniformitarian principle, the same limiting conditions affect tree 

growth (i.e. precipitation, temperature, nutrients, etc.) presently as in the past.  Only the 

frequencies, intensities and localities of these limiting conditions may have changed, thus 

leading to the principle of limiting factors.  This principle states that the most limiting 

environmental factor controls the growth of the tree, however the degree and duration of 
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limiting factors varies year to year affecting the rates at which trees can grow (Fritts, 

1976; Speer, 2010).  During a year of optimal growing conditions (i.e. precipitation and 

temperature are adequate); growth will be limited by another factor such as sunlight 

availability, soil nutrients, or species competition.  This is known as the principle of 

aggregate tree growth, which states that trees record everything that affects their growth 

(both human and natural) and provides a conceptual model for how to envision these 

effects.  Overall, annual ring-width is dependent upon a complex array of variables that 

contribute to the tree growth structure (Fritts, 1976; Speer, 2010).   

The principle of ecological amplitude is expressed as patterns of vegetation 

controlled by the range of climate variables to which individual species responds (Fritts, 

1976; Lomolino et al., 2006; Speer, 2010).  This response is modified by topography 

(slope and aspect).  A tree species should be less stressed at the center of its range and 

more stressed near the edge of its range (Speer, 2010).  This is an important notion 

because trees that are most useful to dendrochronological reconstructions are commonly 

found at sites near the margins of their natural range defined both geographically and 

topographically.  In such situations, variations in climate conditions (i.e. changes in 

precipitation or temperature) will influence annual tree-growth.  Following this principle, 

the concept of site selection emphasizes the importance of collecting samples that are 

similarly affected by a set of growth limiting factors.  Therefore sampling is non-random 

maximizing the signal recorded in the trees (Fritts, 1976).  Thus, trees should be sampled 

where they are likely to be stressed by the variable of interest (i.e. trees growing at the 

driest sites will have annual ring-widths most likely to have been limited by drought).   

The notion of cross-dating is one of the most important principles of 
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dendrochronology.  Cross-dating allows the determination of the exact year of growth of 

every annual ring by pattern recognition and matching, allowing for correlation among all 

samples at a given site.  Cross-dating is possible because similar environmental 

conditions have limited tree growth, and hence the width of individual tree-rings in a 

large number of trees, producing synchronous variation in ring-width structure.  That the 

ring-width series at a site cross-date provides evidence that there is some climatic or 

environmental information common to all trees, where at least one limiting factor must 

persist over a long enough period and act over a large enough geographical area to cause 

ring widths to vary the same way in a number of trees.  The degree of ring-width 

variation from year to year is referred to as sensitivity.  Sensitivity can be quantified at a 

site, where fluctuations in ring-width can be expressed by the relative differences in 

width between adjacent rings, a statistic referred to as mean sensitivity (Fritts, 1976).  In 

order to maximize the environmental signal being investigated and minimize the 

influence of environmental factors not of interest, the principle of replication is applied, 

by sampling more than one core per tree, and more than one tree per site (Grissino-

Mayer, 2006).  Multiple samples are used to develop an accurate stand-level chronology, 

and good sample depth throughout the chronology will create valid cross-dating, 

contributing to the robustness of environmental reconstructions (Fritts, 1976; Speer, 

2010).   

2.2.2 Uncertainties and Limitations of Dendrochronology 

 Trees, natural archives, are imperfect recorders of climate, and there are ongoing 

biological processes that make the study of trees in a climatic context complex.  

However, within the many fields of science, there are always degrees of uncertainty, yet 
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valid inferences are made from what is understood.  While dendroclimatic research can 

document the natural climate variability from periods prior to evident human impact 

(Esper et al., 2007), dendrochronological studies have many strengths, but also 

uncertainties and limitations.  This must not be viewed negatively though, as scientific 

truth is probabilistic and is always associated with some degree of uncertainty (Cook and 

Pederson, 2011), which will vary from study to study.  And this does not mean that 

dendrochronologists cannot make useful a priori and a posteriori inferences about the 

environmental signal in tree species, however, such inferences are nothing more than 

educated guesses that must be modeled and verified in a justifiable way, and we could 

still be wrong (Fritts, 1976; Snee, 1977; Cook and Pederson, 2011).   

Some of the greatest strengths of dendrochronology include the ability to 

absolutely date, with a high degree of confidence, tree-rings to the calendar years in 

which they were produced, the ease of collection and replication, and the preservation of 

low and high frequency variations (Meko et al., 1995).  Another promising strength of 

dendrochronological studies is the use of multiple climate proxies: ring-widths (annual 

and intra-annual), latewood density, isotopic ratios, wood chemistry, and specific 

anatomical features.  However, the biological systems in which climatic information (i.e. 

precipitation and temperature) is transformed into ring-width variations is much more 

poorly understood, but the direction of the relationships is predictable for certain species 

and site types.  Nonetheless, while there is incomplete understanding of how climate 

influences tree-ring growth, many analyses of the correlation between tree growth and 

climate have demonstrated consistent predictable results (Speer, 2010).   

Dendrochronologists must consider the spatial and temporal domains of the 
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environmental component of interest in order to link tree-ring width and environmental 

variations, and to choose sites best representative of this variability.  Relating to the 

principle of uniformitarianism, every physical phenomenon will occur across a certain 

area and last for a particular duration, and thus certain entities will be affected similarly 

by phenomena occurring over a range of spatial and temporal scales.  Effective scale 

detection requires that the scale of the analysis be of equal extent with the scale of the 

phenomenon under study.  Ultimately, climate variability, as expressed in tree rings, and 

the response of tree rings to climate, varies over a range of scales, and several tree-ring 

studies with varying spatial and temporal scales contribute to our knowledge of the 

history of climatic extremes.   

The development of well-dated tree-ring chronologies for the reconstruction of 

environmental variables is restricted by the location of sensitive tree-ring series (Fritts, 

1976), relating to the principle of site selection and ecological amplitude.  Throughout 

the Canadian Prairies, long-lived tree-stands are sparse and scattered (i.e. island forests).  

Where drought is the particular environmental variable of study, tree-ring sampling 

involves collecting tree rings from dry sites such as south facing slopes, and other areas 

known to be water limited (Fritts, 1976).  Dendrochronology is also geographically 

limited to areas where local paired climate or ecological data (i.e. meteorological station 

records) exist for calibration of the trees’ response (Speer, 2008).  Where tree-ring 

reconstructions capture a low percentage of the variance of the chosen instrumental 

variable, this could be due to the scarcity and discontinuity of climate stations and 

records.   

Ultimately, significant uncertainty in dendrochronological studies exists due to 
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our incomplete mechanistic understanding of radial growth of most tree species in nature, 

where environmental effects are unobserved, uncontrolled, and steadily changing over 

time (Cook and Pederson, 2011).  Difficulty arises even though statistical uncertainty 

may be well constrained in theory.  We must therefore take great care in applying the 

many well-developed statistical methods of dendrochronology, through model 

verification, to reduce the probability of making false inferences.  While uncertainty is 

characteristic of any type of reconstruction, methods like multiple linear regression yield 

an estimate of the uncertainty in terms of the error variance, which reflects the goodness 

of fit of the model, and is critical to the interpretation of the reconstructed statistics 

(Meko and Woodhouse, 2011).  Additional uncertainty can be accredited to the time-

varying makeup of predictors used to create reconstructions, such that some series may 

entirely pre-date the calibration period.  However, using methods, such as principal 

component analysis, chronologies can be extended back in time while retaining a 

common signal.   

The critical challenge for the dendrochronologist is to establish the best 

representation of the past variability of the particular environmental factor under study, 

and this should therefore involve providing realistic estimates of uncertainty, given that 

many factors can act together to produce the changing patterns of tree growth that are 

measured.  A distinctive characteristic of natural proxy data is that the quality of the 

chronology is not stable over time, with greater uncertainties typically occurring further 

back in time, and furthermore the climatic sensitivity also varies throughout time (Esper 

et al., 2007).  Dendrochronologists also have to take into account the bias that might be 

introduced into chronologies by the temporal distribution of data drawn from different 
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aged trees (Briffa et al., 2004).  Statistical techniques of de-trending have been developed 

to remove such trends from the tree-ring time series, and can be applied to remove 

features (i.e. age-related and anthropogenic effects) that are thought to distort the growth 

relationship of interest, retaining as much variance as possible in low frequencies.   

While uncertainty in any reconstruction can never be completely eliminated, it 

may be greatly diminished by incorporating information from tree-ring variables other 

than ring-width into the reconstruction model (Meko and Woodhouse, 2011).  It is 

suggested that multi-proxy data are the key to the understanding past climatic variations, 

and comparison of several independent sources and their combination, is desirable to 

develop robust reconstructions of past climatic variability (Esper et al., 2007).  However 

lengths and resolutions of proxy sources differ (i.e. where tree-ring series are of yearly 

resolution, the resolution and precisions of other proxy sources (i.e. lake sediments) is 

generally lower although they tend to produce longer records).  In the end, understanding 

natural historical environmental variability, beyond the length of instrumental records can 

be obtained from tree-ring reconstructions, aiding in the identification of major climatic 

forcings that influence climate on different spatial and temporal scales.   

2.3 Multi-proxy Approach 

The measure of the tree wood structure most commonly used as a proxy of past 

climate conditions is annual ring-width, which incorporates radial growth responses to 

environmental conditions throughout the entire growing season.  The two distinct zones 

of growth within an annual tree-ring, the earlywood and latewood, describe wood of 

different densities formed during early and late parts of the growing season (Meko and 

Baisan, 2001).  Earlywood, the first-formed portion of the annual growth-ring, is 
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characterized by large cells with lower density wood.  Latewood, the later-formed portion 

of the annual growth-ring, is characterized by smaller cells with higher density wood.  

The transition between earlywood and latewood is readily recognizable in most 

coniferous species, due to a distinct visual change from lighter to darker wood 

(Kozlowski and Pallardy, 1997).   

Patterns within the tree wood structure suggest that climate influences the size and 

density of the cells within the ring, either by acting as a limiting factor for growth or 

through alteration of the wood structure to environmental factors (Domec and Gartner, 

2002; Eckstein, 2004; Fonti et al., 2009).  The intra-ring variation within the annual 

growth ring is due to differences between cell structure and formation of earlywood and 

latewood (Koubaa et al., 2002).  When one or more of these parameters co-vary 

consistently with a single environmental factor, it may be used as a proxy for that factor 

(Kirdyanov et al., 2007).  However, using intra-ring features as potential proxies for 

dendrochronological studies depends on their capacity to provide distinct signals or to 

increase the signal strength of tree-ring variables.  Furthermore, technological advances 

in computer, microscope, and digital imaging analysis have aided in such.   

Many investigations have proven that intra-annual ring-width parameters contain 

climatic information, and that their signals vary among species, regions, site conditions 

and anatomical features.  For example, some research indicates that pine latewood and 

spruce earlywood are dependent upon temperature fluctuations throughout the growing 

season (Briffa et al., 1988; Briffa et al., 1990; Miina, 2000).  Other studies (e.g., Stahle et 

al., 1998; Meko and Baisan, 2001; Watson and Luckman, 2002) have demonstrated that 

measurements of the earlywood and latewood portions of annual tree-rings from 
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Douglas-fir and ponderosa pine contain different climatic signals related to differences in 

the timing of cell formation, indicating positive relationships between latewood and 

precipitation.  While it is evident that intra-annual ring-widths have the potential for 

studying hydrologic variability on annual and seasonal time scales, unfortunately this 

application has been limited to only a few tree-ring chronologies (Meko and Baisan, 

2001). 

2.4 Hydrological Considerations  

 Hydrology is concerned with the continental phase of the water cycle, the flow of 

surface water, and the relationship between water and living organisms (Loaiciga et al., 

1993).  The hydrological cycle is the main conceptual framework for hydrology, 

describing the processes of flow, and the loss and recharge of water within the 

environment.  Variability in streamflow reflects the seasonal and inter-annual variability 

in the amount and timing of runoff as influenced by both climatic (i.e. precipitation and 

temperature) and non-climatic factors (i.e. soil and vegetation conditions) (Ward and 

Robinson, 2000).   

 The main sources of streamflow in southwestern Saskatchewan are predominantly 

in the form of snow and rainfall.  While peak streamflow during spring and early summer 

runoff supplied by snowmelt and groundwater from saturated soils contributes to mean 

annual discharge, localized summer convective activity is less of a factor.  Spring 

snowmelt ultimately increases soil moisture recharge, run-off, groundwater recharge and 

streamflow.  Melt-water issuing from island forests is a significant proportion of the 

downstream flow of the Frenchman River, Battle Creek and Swift Current Creek, but 

these streams are also supplied by small tributaries and springs which are sensitive to 
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precipitation events.  The island forests in southwestern Saskatchewan are located within 

the rain-shadow of the Rocky Mountains; however, the elevated plateaus are subject to 

more precipitation and cooler temperatures resulting in an oasis in the semi-arid southern 

plains (McPherson and Rannie, 1969).  This region can also experience warm Chinook 

winds, which contribute to an early spring melt, sometimes causing significant spring 

flooding as the ground can still be frozen.   

2.5 The connection between Tree-growth and Streamflow  

 As the best possible estimates of extreme hydrological conditions are required for 

water resource planning, reconstructions of past streamflow events are of great interest to 

water resource planners, policy makers, and government agencies (Bonin and Burn, 

2005).  Because long-term instrumental gauge records (most average 50 to 100 years), 

proxy data have played a major role accurately capturing all modes of variability 

important in planning for adaptation to climatic fluctuations (Meko and Woodhouse, 

2011).  Dendroclimatic research has therefore contributed greatly to the lengthening of 

instrumental hydrological records (i.e. precipitation and streamflow), as the use of tree-

ring chronologies has proven very valuable in the analysis of long-term hydroclimatic 

phenomena across a large regional scale (Stockton and Meko, 1975; Fritts, 1976; 

Michaelsen et al., 1987; Briffa et al., 1990; Loaiciga et al., 1992).   

 Dendrohydrology is the study of past, long-term, hydrologic phenomena based on 

tree-growth reconstructions (Loaiciga et al. 1993).  It requires an understanding of the 

relationships among hydrologic variables of interest (i.e. precipitation, runoff, soil 

moisture, evapotranspiration, etc.); and how the biological response of trees to climate is 

affected by those hydrological variables (Loaiciga et al., 1993).  Tree-ring widths have a 
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strong association with hydrologic variables, as runoff and precipitation have the most 

direct connection to surface water availability, representing the integrated basin response 

to climatic inputs.  Ultimately, it is the consistent seasonal response to hydrologic forcing 

during or prior to growing seasons of certain species of trees under appropriate 

environmental conditions that makes tree-rings so well suited for year-to-year hydrologic 

reconstructions (Loaiciga et al., 1993).   

The response of the tree is recorded primarily in the widths of wood growth 

structure (annual, early- and latewood), and reflects the environmental conditions 

experienced during each year of growth (Fritts, 1976; Cleaveland et al., 1993; Bonin and 

Burn, 2005; Campbell et al., 2007, 2011).  For example, climatic conditions that result in 

decreased snowmelt runoff, such as low precipitation and high evapotranspiration, are 

expressed as low water potential within trees.  And thus, tree growth at dry sites is 

particularly sensitive to moisture availability, a growth-limiting factor that can be 

accurately discerned from properly selected tree-ring data correlated over a large area, 

reflecting the regional variable hydroclimatic signal (Stockton and Jacoby, 1976; 

Loaiciga et al., 1993).  Reconstructions developed from the statistical relationship of tree-

ring chronologies and streamflow have been used for multi-century reconstructions of 

streamflow for many basins throughout the world, permitting the assessment of 

hydrologic variations on yearly to multi-decadal periods, and documenting the 

occurrence of extreme hydroclimatic events (Akkemik et al., 2004; Gou et al., 2007; 

D'Arrigo et al., 2009; Liu et al., 2010; Meko et al., 2010). 

 Beginning in the 1930s, dendrohydrological studies (Hardman and Reil, 1936; 

Hawley, 1937; Keen, 1937) explored the relationships between tree growth and 
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streamflow, as well as the possible uses of tree-ring records for extending gauge records 

(Meko and Woodhouse, 2011).  By the 1940s, Schulman (1945) compared variations in 

ring-widths and annual runoff along the Pacific coast, in the Colorado River Basin, the 

Missouri River, and several southern California rivers.  In the 1960s, dendrohydrological 

research documented the recurrence of droughts.  Tree-ring based analyses to this point 

consisted of comparisons of ring-widths and annual runoff, which were quantified using 

correlation coefficients (Meko and Woodhouse, 2011).  In the 1970s, Stockton (1975) 

used multivariate statistical analysis for evaluating the climatic signal in tree-ring records 

and for reconstructing climate, as well standardized protocol for field sampling and tree-

ring chronology development (Stokes and Smiley, 1968; Fritts, 1976).  These methods 

were quickly incorporated for streamflow reconstructions of the Gila and Colorado 

Rivers (Stockton, 1975).  After this, streamflow reconstructions in the United States 

represented much of the dendrohydrological research in North America; however, with 

some recent reconstructions for many rivers in the Pacific Northwest (Gedalof et al., 

2004), Canadian Prairies (Case and MacDonald, 2003; Beriault and Sauchyn, 2006; 

Axelson et al., 2009; Vanstone, 2012), and the southern Canadian Cordillera (Watson and 

Luckman, 2005), specifically addressing water management and decision making issues 

within these important basins. 

Hydrologic droughts are commonly the focus of streamflow reconstructions, as 

manifested by unusually low streamflow over some time interval.  Low flow duration 

(number of consecutive years below the mean), magnitude (average water deficiency), 

and severity (cumulative water deficiency) (Dracup et al., 1980), and the effects and 

impacts of drought events, can be studied through streamflow reconstruction.  
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Throughout the western USA and Canada, parameters such as precipitation, the Palmer 

Drought Severity Index (PDSI), snow water equivalent (SWE), temperature, and 

streamflow have been reconstructed using the methods of dendroclimatology to measure 

the intensity, duration, and spatial extent of drought.  By reviewing previous 

dendroclimatic research throughout the western USA and Canada, common methods and 

results (i.e. low-flow years) beyond instrumental gauge records are identified by other 

researchers throughout an important and vulnerable drought prone region.   

2.6 Previous Studies 

2.6.1 USA 

Streamflow has been reconstructed for many major rivers within the northwestern 

and central continental USA; the Upper Colorado River (Stockton and Jacoby, 1976; 

Meko et al., 1995; Woodhouse et al., 2006; Woodhouse and Lukas, 2006); Upper Gila 

River (Meko and Graybill, 1995); Sacramento River (Meko et al., 2001; Meko and 

Woodhouse, 2004); Blue River (Meko and Woodhouse, 2004); Gunnison River 

(Woodhouse, 2003); Colombia River (Gedalof et al., 2004); the South Platte River 

(Woodhouse and Lukas, 2006); Wind River (Watson et al., 2009); and the Upper Green 

River (Barnett et al., 2011).  PDSI and precipitation (Cook et al., 1999; Stahle et al., 

2000) have also been reconstructed.  The following paragraphs will review these 

reconstructions and provide a record of low-flow events.   

The Upper Colorado River Basin (UCRB) is an important river basin that is heavily 

apportioned between several U.S. states and Mexico.  A classic study of this basin, 

reconstructing total annual streamflow from 1512-1961, was first produced by Stockton 

and Jacoby (1976).  The Colorado River at Lees Ferry was the first tree-ring based 
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quantitative reconstruction of streamflow.  This reconstruction contained several 

important findings, including that the highest sustained flows in the entire record 

occurred in the first part of the 20th century, while the most persistent and severe drought 

occurred in the late 16th century (1564-1600) and another long duration low flow period 

identified for 1868-1892.  Thirty years later, Woodhouse et al. (2006) updated this 

reconstruction to place the 2000-2004 multi-year drought into long term context with an 

additional 30 years of instrumental data, more gauge reconstructions, and a more 

extensive network of tree-ring chronologies.  The reconstructions explain 72-81% of the 

variance in the gauge records, and the new reconstruction suggests a slightly higher long-

term mean than Stockton and Jacoby’s (1976) data, but confirms the earlier findings that 

Colorado River allocations were based on one of the wettest periods in the past five 

centuries, while droughts more severe than any 20th – 21st century event have occurred in 

the past.  In addition, five-year droughts similar to the drought of 2000-2004 (in terms of 

average flow) appear to have occurred as many an eight times in the past five centuries.  

While the general timing of high and low flows was consistent between Stockton and 

Jacoby (1976) and Woodhouse et al. (2006), disagreement occurred on the magnitude of 

some flow anomalies, but the authors suggest that these differences arise due to different 

sets of predictors and streamflow gauges used between the studies, as well as 

reconstruction methodologies.  Spectral analysis showed significant variability in the 

three to seven year band associated with the El Niño Southern Oscillation (ENSO).   

Subsequent to Stockton and Jacoby’s 1976 reconstructions, several studies within 

the Upper Colorado River Basin (Meko et al., 1995) reconstructed severe sustained 

drought across the southwestern United States, using a 121 site-network of moisture 
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sensitive chronologies.  They tabulated drought-related properties of the data by runs 

analysis, grouping the sites into 2º x 3º latitude/longitude grid cells, and they used the 

departures of growth themselves as indicators of dendroclimatological drought (Meko et 

al., 1995).  Drought was defined as the lowest 0.2 quantile over n years, and severe 

droughts were identified in 1581-1605, 1667-1670, and 1843-1848 (Meko et al., 1995). 

 Meko and Graybill (1995) studied the Upper Gila River Basin, reconstructing 

streamflow for the region, which was characterized by large low frequency variations.  

Based on multiple linear regression techniques, severe low flows, which recur at irregular 

intervals averaging around 20 years, were found in the 1580s-1620s, 1670s, and 1830s-

1850s.  These low flow periods are synchronous with the southern part of the Upper 

Colorado River Basin (Meko and Graybill, 1995).      

Developing and using a 154-point gridded network from 388 tree-ring 

chronologies, Cook et al. (1999) reconstructed summer PDSI for the continental USA.  

The drought metric used is the Palmer Drought Severity Index (PDSI), which is 

calculated based on precipitation and temperature data, as well as local available water 

content of the soil.  From these inputs, evapotranspiration, soil recharge, runoff and 

moisture loss from the surface layer can be determined.  The drought reconstructions 

show that the 1930s “Dust Bowl” drought was the most severe, sustained and widespread 

event to strike the United States since 1700, with the most extreme years in 1934 and 

1936 and again in the 1950s.  Droughts during the 1750s, 1820s, and 1850s–1860s 

estimated from tree rings were similar to the 1950s drought in terms of magnitude, 

persistence, and spatial coverage, but these earlier episodes do not appear to have 

surpassed the severity or extent of the Dust Bowl drought (Cook et al., 1999).  This 
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research was since expanded to include 834 tree-ring chronologies (Cook et al., 2004), 

however using the Drought Area Index (DAI) to summarize the number of grid point 

reconstructions that exceeded the given PDSI threshold for western North America.  The 

four driest years (936, 1034, 1150, and 1253) occur in an earlier period of elevated aridity 

and epic drought in AD 900 to 1300, an interval broadly consistent with the Medieval 

Warm Period.  These results indicated that western North America can experience far 

worse droughts than any found in the 20th century instrumental climate.  However, using 

longer tree-ring reconstructions of PDSI for the United States and precipitation for 

northwestern Mexico and western Canada, Stahle et al. (2000) demonstrated that the 

“mega-drought” of the 16th century far exceeded any drought of the 20th century, and is 

considered to be the most severe prolonged drought over much of North America for at 

least the last 500 years (Meko et al., 1995). 

Woodhouse (2003) reconstructed 430 years of April snow water equivalent (SWE) 

for the Gunnison River Basin (the headwaters if the Colorado River) in western 

Colorado.  This SWE reconstruction is important because snow pack is a major source of 

surface water supply in Colorado.  A linear neural network and bootstrapping techniques 

were used to create the reconstruction, which explains 63% of the variance in the 

instrumental record.  The reconstruction indicates periods of widespread 16th century 

drought, as well as dryness around 1820 and the late 1840s, 1909, 1934, and the 1960s 

(Woodhouse, 2003).  The reconstruction also accounts for regional hydroclimatic 

differences between east and west of the continental divide.   

Using a network of 32 drought sensitive tree-ring chronologies, Gedalof et al. 

(2004) reconstructed mean water-year streamflow for the Columbia River from 1750 
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finding more severe droughts than those of the 20th century during the 1840s and 1890s, 

and the 1930s and the period from 1950 to 1987 is anomalous in the context of this 

record for having no notable multiyear drought events.   Through bootstrapping, stepwise 

linear regression and cross validation techniques, the reconstruction accounted for 

approximately 30% of the instrumental variance, with a large portion of unexplained 

variance caused by underestimates of the most severe low flow events.  A comparison of 

the flow reconstruction to the Pacific Decadal Oscillation (PDO) and El Niño/Southern 

Oscillation (ENSO) support a strong 20th century link between large scale circulation and 

streamflow, but suggests that this link is very weak in prior centuries (Gedalof et al., 

2004). 

Earle (1993) reconstructed streamflow for the Sacramento River, California, and 

identified the 1930s to have the lowest flows, while 1574-1584, 1614-1631, 1676-1691, 

1775-1788, and 1838-1853 were also periods of low flow.  Using 17 tree-ring 

chronologies, their record indicated a number of asynchronous drought or wet years and 

no reconstruction had a significant correlation with ENSO events.  Meko et al. (2001) 

also reconstructed annual streamflow for the Sacramento River, California.  Through a 

Monte Carlo analysis of reconstructed n-year running means, the gauged record contains 

examples of drought extremes for average periods of 6-10 years, accounting for 64- 81% 

of the variance.  Severe drought periods were identified in the 1580s, 1920s -1930s, and 

the 1990s (Meko et al., 2001). Further, a 217 tree-ring chronology reconstruction of the 

annual flow for the Sacramento River in California and the Blue River in western 

Colorado, revealed temporal and spatial variability of widespread drought affecting both 

basins was assessed over the previous five centuries (Meko and Woodhouse, 2004).   A 
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joint drought year was defined as a year when both rivers were below a defined threshold 

(0.2 quantile) for a 20-year running mean.  The reconstruction model accounted for 62-

67% of the variance in annual flows.  Drought years were identified in the 1580s, 1650s, 

1730s-1770s, 1840s, 1959, 1961, and 1977 (Meko and Woodhouse, 2004).  The late 

1500s period of drought is not characterized as a decades-long unbroken drought, but as a 

series of drought impulses broken by wet years, with widespread moisture deficits in joint 

dry years. Periods of high inter-basin correlation in reconstructed flow are characterized 

by coherency at frequencies within the ENSO band, however, joint droughts in 

instrumental gauge records do not display any consistent relationship with ENSO or the 

Pacific Decadal Oscillation (PDO), and so it is difficult to infer that either was a causal 

mechanism for joint droughts in the past. 

Woodhouse and Lukas (2006) derived, from moisture-sensitive trees, a network of 

14 annual streamflow reconstructions for relatively short gauges of the smaller tributaries 

in the Upper Colorado and South Platte River Basins.  Through the use of stepwise 

regression, the leave-n-out method of cross validation, and bootstrapping, the 

reconstruction models explain 63–76% of the variance in the gauge records and capture 

low flows particularly well.  Analyses of the reconstructions indicate that the 20th century 

gauge record does not fully represent the range of streamflow characteristics seen in prior 

centuries, as multi-year drought events more severe than the 1950s drought occurred in 

the 19th century.   Drought years (in the lowest 10th percentile) were identified for the 

1580s, 1650s, 1680s, 1880s, 1930s, 1950s, 1977, 2002, however, discrepancies existed 

between regions, indicating that the 20th and 21st century gauge records may not be an 

adequate representation of the range of flow characteristics over previous centuries, and 
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time-varying divergences may reflect the differential influence of climatic features 

operating in the western US (Woodhouse and Lukas, 2006).   

Watson et al. (2009) applied dendrohydrological techniques to small tributaries in 

the Wind River drainage system in central Wyoming, USA.  Through the use of forward 

and backward stepwise regression, their reconstructions accounted for 40% and 64% of 

instrumental variance, showing pronounced inter-annual variability in streamflow, and 

these proxy records included prevalent severe sustained drought.  The 20th century was 

relatively wet in comparison to previous centuries, with relatively multiple dry years (25 

percentile or lower) in the late 1500s, early 1700s, late 1800s, and 1950s.  Further 

analysis showed how small tributary reconstructions can be heavily influenced by the 

length and quality of calibration records, but a spatially extensive network of tree-ring 

sites can improve the quality of these types of reconstructions.  Spectral analysis revealed 

that switching between predominantly wet/dry years is couched in significant decadal to 

multi-decadal variability.   

Barnett et al. (2011) reconstructed streamflow for nine smaller tributaries and 

shorter gauge records in the Upper Green River Basin, USA.  Using stepwise multiple 

linear regression and validation statistics, the reconstructions accounted for 44% to 65% 

of the observed record, and showed that there is strong regional coherency in inter-annual 

flow variability and that multi-year to decadal flow regimes are consistent features of the 

pre-instrumental period.  Unusual wetness in the 20th century is prominent, while multi-

year droughts were identified for the mid-17th century, late 16th century, and the late 19th 

century.  ENSO and PDO were confirmed to be significant climate drivers in the region, 

supporting the role of large scale forcing over the past four to five centuries.   
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2.6.2 Canada  

Streamflow has been reconstructed using tree-rings for the major river basins in 

western and northern Canada; the Athabasca (Stockton and Fritts, 1973; Bonin and Burn, 

2005), Churchill (Beriault and Sauchyn, 2006); Bow (Watson and Luckman, 2005), 

Saskatchewan (Case and MacDonald, 2003; Axelson, 2007; Sauchyn et al., 2011); and 

Souris (Vanstone, 2012).  Precipitation (Case and MacDonald, 1995; Watson and 

Luckman, 2002) and drought (Sauchyn and Skinner, 2001; Sauchyn et al., 2003; St. 

George et al., 2009; Vanstone and Sauchyn, 2010; Lapp et al., 2012; Vanstone, 2012) 

have also been reconstructed.  Rather than being controlled by temperature, tree species 

in the Canadian Prairies and northern Great Plains regions are limited by moisture 

variability and are sensitive to drought.  However, using tree-ring reconstructions to 

examine hydroclimate variability throughout Canada is still in its infancy, and more 

studies are needed to examine past climate variability and what drives regional variability 

(Watson and Luckman, 2006).  The following paragraphs will review these 

reconstructions and provide a record of low-flow events.   

Historical levels of Lake Athabasca were reconstructed by Stockton and Fritts 

(1973), extending the record of lake level changes to 158-years using white spruce 

growing along levees of the channels of the Athabasca delta.  The authors proposed that 

tree growth on poorly drained sites was inhibited by high water levels, but was favoured 

by low levels, and the opposite for well-drained sites.  Reconstructed lake levels 

identified low levels for 1845, 1868, 1887, 1918, 1930 and 1945.  Long-term trends were 

also identified, with decreasing lake levels for 1900-1940, and increasing levels for 1940-

1967 (Stockton and Fritts, 1973).  Annual streamflow for the Athabasca River was 
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reconstructed by Bonin and Burn (2005), which accounted for 49.5% of the instrumental 

variance.  Extreme drought, based on severity, was identified for 1929, and in terms of 

magnitude, was identified for 1859.   

Sauchyn and Skinner (2001) examined the statistical relationships between PDSI 

data from the southwestern Canadian Plains and standardized tree-ring widths from 

nearby sites (Cypress Hills, Saskatchewan and the Bears Paw Mountains, Montana).  A 

reconstruction of PDSI prior to settlement and instrumental data collection accounted for 

about 50% of the instrumental variance, and the proxy PDSI results indicate that while 

1937 was the worst single drought year, the 20th century lacked the prolonged droughts 

of the 18th and 19th centuries, when there were decades with July PDSI consistently 

below zero (Sauchyn and Skinner, 2001).  Clusters of drought years were present in the 

proxy records for the early and late 1600s, mid to late 1700s, 1800s, and 1900s, however 

mild droughts between the two sites differed despite the fact that they are only 250 km 

apart, providing distinct perspective on drought timing in the western Great Plains 

(Sauchyn and Skinner, 2001).  In another study using the same chronologies, using split-

sample cross validation in multiple linear regression, Sauchyn et al. (2003) reconstructed 

precipitation on the western Great Plains to examine the severity of the 1999-2001 

droughts within a longer-term context.  The annual tree-ring widths accounted for 

approximately 25-30% of the variance in precipitation, and the lowest 10th and 20th 

percentiles in the reconstruction were defined as periods of drought (Sauchyn et al., 

2003).  While the 20th century was dominated by positive anomalies, the 1850s to 1860s 

preceded with unusual low precipitation.  Drought frequency was relatively consistent 

over the past three centuries, and drought years were identified in the mid 1750s, 1760s, 
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and 1790s, which were described as the result of decades of negative departures from 

median precipitation (Sauchyn et al., 2003).  

Annual (August-July) precipitation was reconstructed at two sites in the western 

Canadian Prairies by Case and MacDonald (1995).  Their precipitation reconstruction 

captured approximately 45% of the instrumental variance.  Drought was defined as any 

year when total precipitation was at least one standard deviation below the instrumental 

mean, and they found that droughts cluster at intervals of ~30-50 years.  35 droughts 

were identified over the 487-year record.  The most severe drought period was from 

1791-1800, and from the 20th century, 1916-1925 was the driest.  Synchronized regional 

drought throughout the Great Plains occurred in the late 1690s, 1717, 1790s, 1815-1816, 

1847, and the 1860s (Case and MacDonald, 1995).   

In another dendroclimatological investigation, St. George and Nielsen (2002) used 

stepwise regression and the leave-one out procedure to reconstruct annual precipitation in 

the Red River Basin.  Using a 591-year tree-ring record, the reconstruction model 

explained approximately 40% of the variance in the instrumental precipitation record.  

Two periods (1820s and the 1850s) of above average precipitation (7 and 9 years 

respectively) stand out in the 19th century as the most prolonged wet periods in the last 

330 years, coinciding with the last two largest floods in the Red River valley.  Prior to 

1790 precipitation was more persistent and variable, and the most prolonged dry period 

was identified for 1670-1675.  The 16th century was also extreme with 5 of the 6 wettest 

years and 2 of the 3 driest years in the entirety of the reconstructed record.  The authors 

concluded that there are considerable east-west differences in hydroclimate trends, as in 

the eastern prairies are more susceptible to multi-decadal shifts in regional hydroclimate 
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than regions further west (St. George and Nielsen, 2002).  

In the southern Canadian Cordillera, Watson and Luckman (2002) examined the 

relationships between tree-ring chronologies and monthly, seasonal, and annualized 

climatic parameters (precipitation, temperature, and PDSI), indicating that tree growth at 

particular sites is most strongly related to precipitation for the prior year and early 

summer, as well as current year and late summer precipitation.  Correlations with 

available PDSI records were comparable with those from precipitation variables.  

Earlywood and latewood widths were also examined to find that earlywood is strongly 

correlated with precipitation in the previous summer, and latewood is more strongly 

related to precipitation in the current summer (Watson and Luckman, 2002).     

Case and MacDonald (2003) reconstructed the flow of the Saskatchewan River 

Basin and its North and South branches.  The models capture well the inter-annual 

variability in streamflow; however, they are generally better at capturing the magnitude 

of the lows than the peaks.  Using lagged Arstan chronologies, instrumental variance is 

explained up to 48.6% by the reconstruction.  Periods of hydrologic drought were 

identified when streamflows were below the long-term median flow for three or more 

consecutive years, and critical droughts were defined as any period of at least two years 

when reconstructed flows were less than 50% of the annual median flow (Case and 

MacDonald, 2003).  They concluded that the 20th century had above average flows.  For 

all rivers, single year droughts occurred in 1816, 1844, 1941, and 1961, while on the 

North and South Saskatchewan Rivers, droughts occurred in 1580, 1631, 1720, and 1759, 

and on the South Saskatchewan River, critical droughts occurred from 1717-1718, 1720-

1721, and 1843-1844 (Case and MacDonald, 2003).  Axelson (2007) provided an 
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improved record of historical streamflow on the South Saskatchewan River using 

reconstruction models with more predictive skill and statistical validity.  Using 14 

moisture sensitive chronologies from sites with a range of moisture conditions, standard 

chronologies with lagged predictors of ±2 or +3 years were used.  The reconstructions 

account for ~38 to 51% of the instrumental variance.  Extensive periods of below average 

flow were identified in the 1650s, early 1700s, 1750s to 1760s, 1800s, 1860s to early 

1870s, 1930s, 1980s and 2000 to 2001.   

Watson and Luckman (2005) reconstructed 300-years of summer streamflow 

(April-August) in the Bow River Basin using multiple linear regression and the leave-

one-out method of validation, explaining approximately 40% of the instrumental 

variance.  In the Bow River, streamflow variability is affected by both precipitation and 

glacier melt.  Winter precipitation is the most important control on streamflow variability 

in the Bow River Basin, and glacial wastage is not reflected in low-frequency variability 

of either instrumental or reconstructed streamflow records (Watson and Luckman, 2005).  

Quantifying low flow years with the lower 20th percentile, drought periods were 1628-

1662, 1710-1723, 1738-1742, 1757-1761, 1793-1799, 1835-1845, 1866-1873, 1886-

1895, 1915-1942, and 1975-1990 (Watson and Luckman, 2005).     

Beriault and Sauchyn (2006) used residual and Arstan tree-ring chronologies to 

reconstruct streamflow in the Churchill River Basin, using lagged predictors to simulate 

the serial autocorrelation in the streamflow data.  Cross validation was used to assess the 

predictive skill of the reconstruction for models that met the multiple linear regression 

assumptions.  This reconstruction explained between 40-53% of the total variance in 

annual flow, and reconstructed flows track multi-year trends but underestimated high 
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flows.  Periods of below average mean streamflow were identified for 1840-1852, 1883-

1893, 1905-1921, 1937-1945, and 1980-1997 (Beriault and Sauchyn, 2006).   

St. George et al. (2009) used standard tree-ring chronologies to reconstruct Palmer 

Drought Severity Index (PDSI) and precipitation across the Canadian Prairies, 

demonstrating that ring-width chronologies from the Canadian Prairies contain regionally 

coherent signals and that these signals are associated with summer moisture or drought 

conditions.  Explaining approximately 40% of the instrumental variance, drought years 

were identified in the 1720s, mid 1800s, and mid-1900s (St. George et al., 2009).     

Vanstone and Sauchyn (2010) assessed the potential of bur oak to provide multiple 

dendroclimatic proxies for the Canadian Prairies by investigating growth responses of 

earlywood, latewood, and annual ring-widths to regional climate variability (temperature, 

precipitation, and PDSI) through multiple linear regression models.  Results indicated 

that annual, early- and latewood width chronologies from south-eastern Saskatchewan 

capture signals related to regional moisture and drought conditions, while regional 

latewood widths were the most significant ring-width indices as predictors for examining 

Prairie drought, explaining 35.3% of the instrumental variance and successfully 

reconstructing the peaks and lows of inter-annual variations, as well as timing and 

magnitude of severe 20th century summer droughts (Vanstone and Sauchyn, 2010).  

Vanstone (2012) reconstructed annual and summer streamflow for the Souris River 

Basin, extending the historical record for a total of 280 years.  Using multiple linear 

regression and lagged predictors of up to ± 2 years, multi-proxy (residual annual, early- 

and latewood width chronologies) reconstruction models account for ~38 to 76% of the 

instrumental variance.  The most extreme low flow events (defined by the lowest 10th 
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percentile) were identified for the late 1810s, mid 1830s, 1860s, late 1890s to early 

1900s, and again in the mid-1950s.   

Parameters of intra-annual and annual ring-widths hold potential for studying 

hydrological variability across temporal and spatial scales, as is evident from the 

literature above.  Considering that only a few intra-annual chronologies have been 

developed and analyzed for these purposes, this research for the southwestern Canadian 

Prairies is necessary to provide more of an in-depth understanding of the hydroclimatic 

variability and possible drivers of such for the region.   
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CHAPTER 3: TREE-RING AND HYDROLOGICAL DATASETS 

Data required for this study included tree-ring chronology statistics developed 

from tree sites growing near their ecological range, as well as instrumental records of 

streamflow and climatological (temperature and precipitation) data.  In order to produce 

accurate climate reconstructions, the hydroclimatic variables will be compared against 

individual ring-width (annual, earlywood, and latewood) site chronologies as well as the 

regional summary series.  Given the lack of current tree-ring chronologies in extreme 

southwestern Saskatchewan, the existing network was therefore updated and 

supplemented.  All data sets obtained and used are described in this chapter.   

3.1 Tree-ring Data  
 
3.1.1 Site Selection and Sampling Methodology 
 
Site Selection 
 

For this research, it was important to create a representative network of tree-ring 

chronologies around the Frenchman River and Battle Creek (part of the Milk, 

Mississippi, and Missouri River drainage systems) and the Swift Current Creek (which 

contributes to the South Saskatchewan and Nelson River drainage systems) in order to 

investigate the climatic signals affecting streamflow within the basins (Figure 1.4).  

Careful attention to site selection enabled me to infer the climatic and environmental 

conditions reflected in annual and sub-annual ring-width variation.  At the site level, soil 

moisture, site homogeneity, and stand development (Schweingruber et al., 1990) are all 

important considerations, and in dry climates, precipitation is the dominant 

environmental growth-limiting factor for annual ring-width variation.  Sampling sites 

were therefore chosen primarily on south-facing slopes where precipitation has a 
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maximum influence of tree-ring growth (Fritts, 1976), in stands comprised of dead and 

living trees, and with evidence of limited disturbance.  As well, since one of my research 

objectives was to extend the streamflow record for the Frenchman River, Battle Creek, 

and Swift Current Creek as far into the past as possible, in addition to the above 

mentioned physical characteristics, old growth stands and trees were also deemed 

important. 

Locating old growth and moisture sensitive sites within the study area was limited 

by distribution of conifer species confined mostly to upland (island forest) areas.  The 

Cypress Hills (Alberta and Saskatchewan, Canada) was an ideal starting location, 

however, in order to increase sample depth and the age of the tree stands, the Sweet Grass 

Hills and Bears Paw Mountains (Montana, USA) were also sampled.  As illustrated in 

Figure 1.2, the downstream reaches of the Frenchman River and Battle Creek are in 

Montana, although the study area and gauges of interest are in Saskatchewan.  Finding 

suitable sites within the watersheds of the Frenchman River, Battle Creek, and Swift 

Current Creek required correspondence with provincial park managers, the Bureau of 

Land Management (BLM), private land owners, and species recognition while driving 

and hiking many back roads and trails throughout Saskatchewan, Alberta, and Montana.  

This process revealed that lodgepole pine, ponderosa pine, white spruce, and Douglas fir 

were highly suitable for generating moisture-sensitive tree-ring chronologies, as they are 

widespread at sites throughout the upland study areas.  In addition to their relative 

abundance in the upland study areas, these species tend to grow at homogeneous sites; 

where aspect, slope, and elevation are similar throughout a site, are near the edge of their 

natural range, and have open canopies where all species have dominant status.  For 
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example, Douglas fir has a diverse native range in North America and can be found 

growing in shallow soils on steep slopes, and can live to be over 1,000 years old 

(Schweingruber, 1992).  

In total, 15 moisture sensitive tree-ring chronologies were collected and updated 

(Figure 3.1) for the purpose of this research.  Full site names and characteristics of each 

sampling location are given in Table 3.1, however, for the remainder of the study, site 

codes will be referred to when discussing the chronologies.  Five sites were collected 

from southwestern Saskatchewan, three from southeastern Alberta, and seven from 

northern Montana (Figure 3.1).  Sweet Grass Hills, Bears Paw Mountains and Cypress 

Hills, with their well-drained soils and long lived coniferous trees made this an ideal area 

for dendroclimatology.  And thus, all locations were selected to exploit the concepts of 

limiting factors and site specificity.   

Of the sites located in the Cypress Hills (Saskatchewan) two (CHD and CHP) 

were located on provincial parkland, where both cores and discs were collected.  Three 

sites (CVV, NMM, PYB) were located on private ranch land, where only discs were 

collected from previously fallen trees or old log buildings.  Sites were dominated by 

lodgepole pine and white spruce, with the presence of trembling aspen and balsam 

poplar, with a dense understory of shrub-brush and native grasses.  The sites in the 

Cypress Hills (Alberta; CPH, MVP, and SPC) were located on provincial parkland.  Sites 

were again dominated by lodgepole pine, especially at MVP, where high elevations 

create a montane-like physical environment.  Samples of white spruce were found in the 

more cool and moist areas.   

In the Sweet Grass Hills, all samples (WBT, WBS, EBT) are on BLM-managed 
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  Figure 3.1: Location of site chronologies and selected streamflow gauges. Inset A: Cypress 

Hills tree-ring chronologies; Inset B: Sweet Grass Hills tree-ring chronologies; Inset C: Bears 
Paw Mountains tree-ring chronologies. Source: Natural Resources Canada, 2012 (original in 
colour). 
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Table 3.1 Tree-ring Site Information 

Site Name Site Code Province/State Species* Latitude Longitude Elevation 
(m.asl) 

Boyce Ranch 1 BOY Montana Psme 48°9'4'' 109°31'48'' 1484 
Boyce Ranch 2 BBR Montana Pipo 48°9'18'' 109°32'32'' 1488 
Boyce Ranch 3 BBC Montana Pipo 48°9'47'' 109°30'53'' 1403 
Beaver Creek Road BCR Montana Psme/Pipo 48°19'5'' 109°37'1'' 1245 
West Butte Summit WBS Montana Piab 48°55'59'' 111°32'2'' 1904 
West Butte   WBT Montana Psme 48°56'17'' 111°33'22'' 1588 
East Butte EBT Montana Pcgl 48°51'28'' 111°9'4'' 1758 
Mountain View Point MVP Alberta Pico 49°37'12'' 110°21'37'' 1425 
Spruce Coulee SPC Alberta Pico/Pcgl 49°40'48'' 110°11'24'' 1309 
Cypress Dead Wood 1 PYB Saskatchewan Pico 49°40'38'' 109°59'36'' 1194 
Cypress Dead Wood 2 CVV Saskatchewan Pico 49°36'10'' 109°58'1'' 1267 
Cypress Dead Wood 3 NMM Saskatchewan Pico 49°37'44'' 109°58'52'' 1196 
Cypress Hills Discs CHD Saskatchewan Pico 49°42'1'' 110°0'1'' 1108 
Cypress Hills 
Composite 1 CPH Alberta Pcgl 49°38'27'' 110°2'14'' 1334 
Cypress Hills 
Composite 2 CHP Saskatchewan Pico 49°42'1'' 110°0'1'' 1108 
* Species coded as follows: Psme (Pseudotsuge menziesii): Douglas Fir; Pico (Pinus contorta):  
Lodgepole Pine; Pipo (Pinus ponderosa): Ponderosa Pine; Pcgl (Picea glauca): White Spruce.  Note 
that sites with more than one species were coded with the same site name. 
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lands.  Sites WBS and WBT, on the West Butte of the Sweet Grass Hills, were chosen 

based on previous sampling (Sauchyn and Skinner, 2001; Sauchyn et al., 2003).  The site 

WBS is dominated by white bark pine, while both Douglas fir and lodgepole pine 

dominate WBT.  The site EBT was a white spruce sampling location, since this site in 

particular was more moist and cool, with a considerable slope and many ravines.  In the 

Bears Paw Mountains, sites were again chosen based on previous sampling in the area 

(Sauchyn and Skinner, 2001; Sauchyn et al., 2003).  The sites on the privately owned 

Boyce Ranch (BBC, BBR, BOY), are dominated by Douglas fir and ponderosa pine.  

Some of the oldest tree rings came from Boyce Ranch.  The last site (BCR) is on BLM-

managed land and was dominated by old growth stands of ponderosa pine and Douglas 

fir, with mixed grassland understory vegetation.   

Sampling Methodology 

 In the summers of 2010 and 2011, samples from five species (Picea glauca (white 

spruce), Pinus contorta (lodgepole pine), Pinus albicaulis (white bark pine), Pinus 

ponderosa (ponderosa pine), and Pseudotsuga menziesii (Douglas fir)) were collected in 

the form of cores and cross-sectional discs (Table 3.2).  On average, 20-30 trees were 

sampled per site in a non-random fashion to exploit the site characteristics and age 

classes.  If all the trees at the site are similarly dependent upon a growth-limiting factor, a 

reliable tree-ring chronology can be constructed from as few as five to seven trees 

(Schweingruber et al., 1990).  Using a 5.1mm Haglof increment borer, two core samples 

were removed from each tree approximately 90° radially apart from one another, 

ensuring that the pith of the tree was captured within the core sample. Core samples were 

also collected at breast height well below the first set of branches in order to avoid 



51 

 

compression wood, which grows thicker in the impacted area of the tree to compensate 

for leaning and results in non-circum uniformity, which can confound cross-dating errors 

(Schweingruber, 1992).  As well, trees with evidence of wounds, disease, or leaning 

trunks were not sampled, as their ring patterns are likely to be distorted.  When the cores 

were removed from sampled trees, they were placed into labelled plastic straws and 

stored there for protection during transportation to the lab.  Cross-sectional discs were 

collected from fallen dead trees using a chain saw, either cutting a full disc or wedge, in 

order to increase sample depth and help identify growth anomalies not evident in the core 

samples.  All cores and discs for each sampling location were stored together until ready 

for processing in the lab.   

Standard dendrochronology procedures as described by Stokes and Smiley (1968) 

and Fritts (1976) were followed in preparing the wood samples for analyses.  Cores were 

air dried and glued to wooden mounts, ensuring that cells were vertically oriented in 

order for the ring boundaries to be detected.  The mounted wood was given time to dry 

and both cores and cross sectional discs were sanded using a belt sander from 120-400 

grit, and then manually with 600 grit, to allow for clear distinction of annual and sub-

annual rings.  Samples were then scanned using an Epson® Expression 10000 flatbed 

scanner at a resolution of 1200 dpi, which was sufficient for distinguishing the narrowest 

rings within periods of suppressed growth in the oldest tree samples.  Dating, measuring 

and visual cross-dating of annual, early- and latewood ring widths were then carried out 

using the computer program WinDendro™ Density (2009b version).  In some instances, 

the early- and latewood boundaries had to be adjusted manually to correct errors in the 

automatic detection process.  COFECHA, a statistical quality control computer program, 
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was used to verify the cross-dating and provide chronology statistics describing the 

strength of inter-correlation between tree-ring samples at each site (Holmes, 1983; Speer, 

2010).  COFECHA provides a statistical match between segments of each core sample 

and the master chronology that is made of the measurements that are already entered into 

the program (Speer, 2010), and uses segmented time series correlation techniques to 

assess cross-dating accuracy, detecting outlier/false rings that contribute to poor dating of 

the chronology (Grissino-Mayer, 2001). 

3.1.2 Chronology Development and Properties 

Creating Index Chronologies 

Site chronologies are sets of absolutely dated individual ring-width time series.  

The information contained in annual tree-rings is a valuable resource for studying 

environmental change, however, the extraction of the desired signal from unwanted noise 

can be difficult and uncertain, as annual growth is related to a number of variables as 

illustrated by Cook (1990) using the following equation: Rt =At +Ct +δD1t +δD2t+Et 

where:  

• Rt = the aggregate growth in year t; 
• At = the age or size related growth trend due to normal physiological 

processes; 
• Ct = the climatically related environmental signal; 
• D1t = the presence or absence of a disturbance pulse caused by a local 

endogenous disturbance; 
• D2t = the presence or absence of a disturbance pulse caused by stand-wide 

exogenous disturbance; and  
• Et = the largely unexplained year-to-year variability unrelated to the other 

factors. 

The climatically related environmental signal (Ct) is of interest, as the At, D1t, and D2t 

can be described collectively as non-climatic variance or noise.  The process of selective 

removal of the unwanted variance in a raw measurement series is known as 
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standardization, which creates a stationary time-series suitable for studying past climate 

(Cook, 1981; Briffa, 1999).   

The software ARSTAN (Cook, 1985) was used to standardize the tree-ring widths 

producing stationary, relative tree-ring indices that have a defined mean of 1.0 and a 

relatively constant variance (Cook et al., 1990).  Detrending methods use a combination 

of deterministic and stochastic approaches.  The deterministic approach fits the series 

with a negative exponential curve, retaining a high degree of the low frequency variation 

of the time-series, while the stochastic approach used a 67% cubic smoothing spline 

when the negative exponential curve resulted in a negative slope.  The program fits a 

curve to the measurements from each tree core sample, divides the ring-width by the 

modeled curve value, averages the cores from each tree, and then averages the tree 

indices to develop a stand level chronology (Cook 1985; Speer, 2010).  These two 

approaches were applied to the tree-ring series to remove juvenile biological growth 

trends (Fritts, 1976), as well as non-climatic variation associated with ecological events 

such as suppression and release within the stand (Vanstone and Sauchyn, 2010).  

Detrending removes non-climatic trends from the annual and sub-annual ring-widths, 

retaining as much variance as possible at low frequencies (Speer, 2010).  However, an 

unfortunate result of standardization is that some of the low frequency variability (which 

may be attributable to climate) is lost.   

For each site, there are three index chronologies: standard, a detrended index 

chronology, residual, a pre-whitened index chronology where autocorrelation is removed 

using autoregressive modeling, and Arstan, where the common autocorrelation 

component is modeled back into the residual series (Fritts, 1976; Cook, 1985).  Because 
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the residual chronologies have no significant serial autocorrelation, they were chosen for 

the entirety of the analyses, as they present the best predictors for accurately modeling 

streamflow (which also was determined to have no significant serial autocorrelation using 

the Lilliefors statistic, described in Chapter 4) for the Frenchman River, Battle Creek, and 

Swift Current Creek.   

Thus, tree-ring data for this study consists of measurements of earlywood, 

latewood, and annual ring-widths of both cores and cross sectional discs, derived from 

five species at 15 sites.  While sites were first individually cross-dated by species and 

site, they have also been combined to produce a regional chronology, which includes all 

sites and species across the regional sampling area.  

Site Statistics  

 Table 3.2 lists the site statistics for the residual tree-ring chronologies.  These 

particular site chronologies cover a period of 458 years, from 1552 to 2010.  

Unfortunately, the number of samples decreases as the span of time increases, illustrating 

that there is a scarcity of trees living before the 1550s, and therefore since there are such 

few samples, statistically significant reconstructions are unlikely to be produced 

extending back to the 1500s from these chronologies.  Chronology inter-series correlation 

ranges from .348 to .748 for annual, early and latewood chronologies, which exceeds the 

critical (p < 0.05, n = 8-88) inter-series correlation of 0.321. High inter-series correlation 

suggests that the chronologies have a strong signal and are good candidates for 

examining the relationship between tree-growth and climate.  The mean sensitivity 

statistic is also another measure of signal strength.   
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* Type coded as follows: RW (annual width); EW (earlywood width); LW (latewood width) 
 

Table 3.2: Properties of Tree-ring Chronologies 
   

Site 
Code Years 

No. of 
Dated 
Series 

Type* Series 
Intercorrelation 

Mean 
Sensitivity 

Year 
EPS 

>0.85 
BOY 1580 - 2010 62 RW 0.748 0.414 1670 

   
EW 0.741 0.445 1710 

      LW 0.610 0.475 1730 
BBR 1668 - 2002 12 RW 0.644 0.411 1770 

   
EW 0.620 0.454 1770 

      LW 0.500 0.476 1870 
BBC 1572 - 2002 8 RW 0.613 0.336 1800 

   
EW 0.579 0.369 - 

      LW 0.404 0.416 1800 
BCR 1723 - 2010 60 RW 0.692 0.337 1770 

   
EW 0.661 0.363 1770 

      LW 0.584 0.425 1790 
WBS 1691 - 2010 33 RW 0.575 0.262 1760 

   
EW 0.442 0.329 1800 

      LW 0.358 0.435 1900 
WBT 1552 - 2010 38 RW 0.599 0.302 1740 

   
EW 0.547 0.346 1740 

      LW 0.434 0.397 1900 
EBT 1857 - 2010 29 RW 0.582 0.247 1900 

   
EW 0.543 0.276 1900 

      LW 0.348 0.361 - 
MVP 1870 -2009 16 RW 0.611 0.233 1940 

   
EW 0.521 0.250 1960 

      LW 0.508 0.411 1960 
SPC 1881 - 2009 38 RW 0.622 0.248 1930 

   
EW 0.559 0.269 1940 

      LW 0.517 0.404 1930 
PYB 1780 - 1971 19 RW 0.668 0.214 1800 

   
EW 0.584 0.234 1800 

      LW 0.515 0.334 1800 
CVV 1764 - 1991 23 RW 0.618 0.215 1784 

   
EW 0.557 0.228 1784 

      LW 0.477 0.344 1784 
NMM 1759 - 1930 8 RW 0.510 0.361 1800 

   
EW 0.502 0.227 1800 

      LW 0.361 0.340 - 
CHD 1759-1991 48 RW 0.563 0.202 1800 

   
EW 0.471 0.247 1800 

      LW 0.414 0.331 1800 
CPH 1843 - 1997 88 RW 0.596 0.331 1890 

   
EW 0.572 0.368 1890 

      LW 0.450 0.401 1890 
CHP 1860 -2001 54 RW 0.569 0.241 1910 

   
EW 0.521 0.259 1910 

      LW 0.385 0.377 1910 
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This statistic measures ring-width variation (which is largely determined by how much 

tree-growth is limited by environmental factors) from year-to-year.  Mean sensitivity for 

all 15 sites exceeds 0.200 (Table 3.2), indicating that the measured variability is sensitive 

enough for climate reconstructions (Speer, 2010).  Site chronologies with higher 

sensitivity and inter-correlation (e.g. BOY) have a greater likelihood of containing 

environmental information, as common ring-width variability suggests that growth is 

responding to a single external factor.  It should also be noted that based on the statistical 

parameters of series inter-correlation and mean sensitivity, it appears that earlywood 

chronologies are more responsive than latewood chronologies a greater likelihood of 

recording climate influence on tree growth (Vanstone and Sauchyn, 2010).   

Dimensionless tree-ring index chronologies produced by ARSTAN theoretically 

contain maximum signal and minimum noise.  The expressed population signal (EPS; 

Briffa, 1984; Wigley et al., 1984) was determined to assess the statistical quality and 

signal strength contained within a mean chronology and the degree to which it represents 

the noise-free index (Briffa, 1990).  The EPS is a measure of the common variability in a 

chronology as a function of sample depth given by the following equation: EPSt = [(t * rbt 

)/ (t * rbt + (1-rbt))], where t is the average number of tree-ring series using one core per 

tree and rbt is the mean between-tree correlation (Briffa and Jones, 1990).  An EPS cut-

off of 0.85 (Wigley et al., 1984; Briffa and Jones, 1990) has been suggested to minimize 

inflation of variance due to decreasing sample size, where the chronology becomes 

dominated by the individual tree-level rather than a coherent stand-level signal (Speer, 

2010).  Applying the EPS 0.85 critical threshold provides the first year after which there 

can be a high degree of confidence in each index chronology (Table 3.2).For further 

regression analyses, a user-written MATLAB function* was used to calculate the mean 
                                                           
*Meko, D. 2005: GEOS 595, University of Arizona. 
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and standard deviation, and implement the non-parametric Lilliefors test for Normality 

(Table 3.3; Lilliefors, 1967).  For the residual tree-ring chronologies, the standard 

deviation from the mean compares well with the mean sensitivity for each chronology.  

The standardization procedure in ARSTAN was therefore effective as there is very little 

deviation from the theoretical mean.  Also, the Lilliefors statistic indicates that all indices 

are below critical threshold levels for rejecting the null hypothesis, and therefore each 

chronology comes from a normal distribution with unspecified mean and variance.  Thus 

the index data can be used as is, without need for transformation for regression analyses 

(Conover, 1980). 

3.2 Hydrological and Instrumental Data 

 Instrumental Climate Data 

Monthly climate data from Environment Canada’s Adjusted and Homogenized 

Canadian Climate Data (AHCCD; 2010) data set were used to investigate whether 

precipitation and temperature could be considered predictors of tree growth.  

Temperature and precipitation data for stations in the study area (Table 3.4) were 

aggregated to annual and seasonal (DJF, MAM, JJA, SON) means and totals.   At first, 

five stations were selected for analysis, however due to incomplete records and record 

length; only three were selected for further analysis.  Instrumental climatological records 

are sparse and discontinuous throughout the study area, causing problems for scientific 

research.   

Instrumental Streamflow Data 

Streamflow data were obtained from Environment Canada’s National HYDAT 

water data archive (2010) for the Frenchman River, Battle Creek, and Swift Current 

Creek (Table 3.5).  Ideal gauge stations for the three streams were selected based on   
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Table 3.3: Statistical Properties of Index Chronologies 
  Site Type Mean Standard Deviation Lilliefors Statistic Lcritical Normal 

BOY RW 0.983 0.328 0.051 0.054 Yes 

 
EW 0.978 0.334 0.050 0.052 Yes 

  LW 0.945 0.349 0.066 0.073 Yes 
BBR RW 0.981 0.297 0.034 0.059 Yes 

 
EW 0.981 0.299 0.060 0.059 Yes 

  LW 0.982 0.345 0.077 0.081 Yes 
BBC RW 0.995 0.246 0.048 0.063 Yes 

  LW 0.946 0.243 0.061 0.063 Yes 
BCR RW 0.980 0.229 0.039 0.058 Yes 

 
EW 0.972 0.231 0.051 0.058 Yes 

  LW 0.957 0.266 0.055 0.060 Yes 
WBS RW 0.982 0.167 0.055 0.057 Yes 

 
EW 0.969 0.166 0.052 0.062 Yes 

  LW 0.960 0.179 0.073 0.085 Yes 
WBT RW 0.984 0.203 0.038 0.065 Yes 

 
EW 0.978 0.219 0.057 0.065 Yes 

  LW 0.975 0.209 0.076 0.085 Yes 
EBT RW 0.973 0.165 0.042 0.085 Yes 

  EW 0.976 0.167 0.032 0.085 Yes 
MVP RW 0.989 0.162 0.048 0.106 Yes 

 
EW 0.998 0.188 0.096 0.125 Yes 

  LW 0.974 0.238 0.065 0.125 Yes 
SPC RW 0.986 0.167 0.049 0.099 Yes 

 
EW 0.989 0.168 0.087 0.106 Yes 

  LW 0.966 0.208 0.054 0.099 Yes 
PYB RW 0.992 0.152 0.034 0.068 Yes 

 
EW 0.992 0.161 0.039 0.068 Yes 

  LW 0.979 0.214 0.030 0.068 Yes 
CVV RW 0.992 0.166 0.038 0.062 Yes 

 
EW 0.987 0.180 0.042 0.062 Yes 

  LW 0.999 0.227 0.038 0.062 Yes 
NMM RW 1.002 0.170 0.074 0.078 Yes 

  EW 0.996 0.189 0.077 0.078 Yes 
CHD RW 0.977 0.151 0.038 0.065 Yes 

 
EW 0.972 0.161 0.035 0.065 Yes 

  LW 0.972 0.183 0.052 0.065 Yes 
CPH RW 0.971 0.201 0.054 0.086 Yes 

 
EW 0.963 0.211 0.067 0.086 Yes 

  LW 0.956 0.180 0.058 0.086 Yes 
CHP RW 0.992 0.154 0.048 0.093 Yes 

 
EW 0.991 0.144 0.071 0.093 Yes 

  LW 0.985 0.212 0.088 0.122 Yes 
* Type coded as follows: RW (annual width); EW (earlywood width); LW (latewood width) 
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Table 3.4: Climate Station Information 
    Station Name Station 

Number 
Length of 

Record Latitude Longitude Elevation 
(m) 

Klintonel, SK 4024080 1911-1994 49°41’00 N 108°55’00 W 1074 
      Swift Current, SK 4028060 1886-2011 50°18’00 N 107°41’00 W 825 
      Medicine Hat, AB 3034480 1886-2006 50°01’08 N 110°43’15 W 717 

 

 

Table 3.5: Properties of Selected Streamflow Gauges 
Hydrometric 
Station No. 

Hydrometric Station 
Name 

Length of 
Record 

No. of 
Years 

Gross 
Drainage 

Area (km²) 
Latitude Longitude 

11AB027 
Battle Creek at 

International Boundary 1916-2010 94 2580 49°0'7'' 109°25'18'' 

05HD036 
Swift Current Creek 
below Rock Creek 1955 - 2010 55 1430 49°50'40'' 108°28'46'' 

11AC041 
Frenchman River at 

International Boundary 1917 - 2010 93 5510 49°0'0'' 107°18'8'' 
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being actively in use, not moved from its original position, and length (minimum of 30 

consecutive years).  The status of the flow (regulated vs. naturalized) recorded at each 

station was also noted.  Hydrometric stations that are located below reservoirs large 

enough to have regional impact on water flows are considered regulated, whereas stations 

where flow is unaffected by reservoirs are considered natural (Environment Canada, 

1991).  Preliminary efforts yielded a total of four (Frenchman River), nine (Battle Creek), 

and four (Swift Current Creek) stations with sufficient length of record to calibrate tree-

ring reconstructions, and where either naturalized flow records were available or gauges 

met criteria for unimpaired flows.  However for further analysis, single gauges were 

selected for the Frenchman River (at the International Boundary, FRIB), Battle Creek (at 

the International Boundary, BCIB), and Swift Current Creek (below Rock Creek, 

SCbRC).  See Appendix A for all stream gauge information.  Station abbreviations will 

be used throughout the remainder of the thesis.  The Frenchman River and Battle Creek 

gauges are considered regulated, while the station at Swift Current Creek is considered to 

be capturing naturalized flow.  Most contributing basins have significant water volume 

diversions for rural and agricultural use, and natural streamflow is subject to storage and 

diversions that result in inter-annual hydrologic variability (McGee et al., 2012).  

Therefore because climate, basin size and storage have an effect on flow, each gauge 

selected for study will be tested for normality.  

Table 3.6 gives descriptive statistics for mean summer flow: June through August 

(_SUM) and water-year: October of previous year through September of current year 

(_WY) where gauge station records were complete for the entirety of the year.  

Unfortunately, these data were only available for Swift Current Creek.  Similar to  
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Table 3.6: Statistical Properties of Selected Streamflow Gauges 
   

Site Type
¹ Mean Standard 

Deviation Range N Lilliefors 
Statistic Lcritical Normal 

ACF² 
@ 

p<0.05 

BCIB JJA 0.5499 0.6396 3.61 84 0.1969 0.2597 Yes 0 

FRIB JJA 1.4216 1.6914 10.295 94 0.1917 0.2347 Yes 0 

SCbRC WY 0.8836 0.4043 1.6028 31 0.0991 0.1541 Yes 0 

  JJA 0.4742 0.4479 2.567 55 0.1179 0.2130 Yes 0 

¹: WY is the water year flow (October through September); JJA is the summer flow (June through 
August) 
²: ACF is the autocorrelation function; 0 = no significant first-order autocorrelation  
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preliminary investigations of tree-ring chronologies, a user-written MATLAB* function 

was used to calculate the mean, range, and standard deviation, and to test whether each 

streamflow record comes from a random sample of normal distribution, by implementing 

the non-parametric Lilliefors test for Normality (Table 3.6; Lilliefors, 1967).  The test for 

normality indicated that the stations were below critical threshold levels, and therefore 

the use of regulated flow for the selected gauges is deemed useful in this investigation 

(Meko, 2005).  

The Lilliefor’s test statistics for all stations, annually (water-year) and seasonally 

(summer), are below the critical threshold level, indicating that streamflow at all gauges 

selected come from a normal distribution.  Average flow (m³/s) is given by the mean, 

while the standard deviation and range represent the amount of variability and dispersion 

for average flows at each of the stations.  In addition to these statistics, autocorrelation 

functions (ACFs) were calculated for all gauge records using a user-written MATLAB* 

function.  

3.3 Exploratory Analysis 

Using tree-rings to reconstruct streamflow is based on the assumptions that trees 

and river systems both integrate the effects of point source precipitation into a larger 

spatial unit representing regional hydroclimate and that tree-growth is a reflection of 

watershed moisture conditions that affect streamflow.  Verification that these 

assumptions are met requires quantification of the controls on tree growth and surface 

discharge, and the relationship between tree-ring indices and streamflow variables.   

Understanding the relationship that trees and river systems both integrate the effect of 

                                                           
* Meko, D. 2005: GEOS 595, University of Arizona. 
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point source precipitation and temperature into a larger spatial unit representing regional 

hydroclimate (Axelson, 2007), ultimately implies that tree-growth is a reflection of 

streamflow conditions.  Therefore, in order to accurately model streamflow variability 

within southwestern Saskatchewan, it is important to understand the linear relationship 

between streamflow, tree-ring growth and factors such as precipitation and temperature 

that influence these variables.   

3.3.1 The Relationship between Streamflow and Climate 

Annual (water-year: WY) and seasonal (DJF, MAM, JJA, SON) streamflow data 

were examined for correlations with precipitation and temperature data from the three 

climate stations.  Streamflow was positively correlated with precipitation and negatively 

correlated with temperature.  Significant correlations (p < 0.05) were found between 

streamflow and summer precipitation and spring temperature.  Early spring and summer 

increases in temperature (i.e. snow melt) contribute to the runoff, and increasingly 

warmer temperatures and in turn high evapotranspiration lead to decreasing flows 

throughout the season.  Results for correlation analysis between streamflow and climate 

variables are provided in Appendix A.1.   

3.3.2 The Relationship between Tree-growth and Climate 

In order to investigate whether precipitation and/or temperature could be 

considered predictors of tree growth, climatological data were obtained from 

Environment Canada’s Adjusted and Homogenized Canadian Climate Data (AHCCD; 

2010).  These data were aggregated to annual and seasonal means and totals for 

temperature and precipitation for three climate stations (Table 3.4).  Correlation analysis 

was implemented to investigate the growth response of annual, earlywood and latewood 
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widths to precipitation and temperature variability.  For the most part, the tree-ring 

chronologies are positively correlated with current spring and summer precipitation, and 

negatively correlated with current spring and summer temperature.  Current year 

conditions tend to be more significant (p < 0.05) predictors of growth.  Thus precipitation 

is a good predictor for tree-growth in the current year where moist spring and summer 

conditions encourage tree-growth.  The negative correlation with temperature emphasizes 

the moisture sensitivity validating the selection of sampling sites.  If the assumption that 

both trees and surface discharge integrate precipitation into a regional signal has any 

physical basis in reality, then it follows that precipitation would be a good predictor both 

for tree-growth and annual streamflow.  The results of this analysis confirm that both 

tree-growth and streamflow are controlled primarily through precipitation and limited by 

temperature, satisfying the assumption that tree-growth and streamflow (including 

variations) are controlled by hydroclimate.  Results for correlation analysis between tree-

growth (RW, EW, and LW) and climate variables are provided in Appendix A.2.  

3.3.3 The Relationship between Tree-rings and Streamflow 

All tree-ring width chronologies (EW, LW, and RW at each site) were examined 

for correlation with streamflow data to restrict the pool of potential predictors to those 

with a statistical relationship to hydrologic variability at annual and seasonal resolutions.  

The highest correlations at each site for all residual proxy chronologies (EW, LW, RW) 

were with present annual and summer streamflow (p < 0.05; Tables 3.7 – 3.9).  In almost 

all cases, annual ring-width and earlywood chronologies demonstrated the most 

significant correlations with both annual and intra-annual streamflow at all three stations.  

Significant but lower correlations were between the latewood ring-width chronologies 
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and streamflow data.  Where individual chronologies were used as predictors of 

streamflow, in the following analyses, the pool of potential predictors was limited to the 

most significant chronologies (RW, EW, or LW) in terms of correlations with the 

predictand (streamflow gauge record), to create the optimal tree-ring model of historical 

streamflow.  The decision to use one chronology over another is therefore based on the 

results of this exploratory data analysis.  Results for correlation analysis between all tree-

ring (RW, EW, and LW) chronologies and streamflow are provided in Appendix A.3.   
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TABLE 3.7: Correlation Analyses for BCIB tree-ring chronologies.  Significant correlations (p<0.05) are 
highlighted in blue. 
RW PYB SPC CHPd BBC NNM EBT CVV CPH BOY BBR CHP WBS BCR MVP WBT 
JJA 0.199 -0.006 0.225 0.207 0.900 0.075 0.248 0.422 0.364 0.320 0.254 0.138 0.369 0.262 0.140 

                EW PYB SPC CHPd NMM EBT CVV CPH BOY BBR CHP WBS BCR MVP WBT   
JJA 0.273 -0.030 0.217 0.529 0.110 0.251 0.459 0.352 0.314 0.261 0.128 0.369 0.199 0.134   

                LW PYB SPC CHPd BBC CVV CPH BOY BBR CHP WBS BCR MVP WBT     
JJA 0.091 -0.002 0.109 0.172 0.115 0.327 0.295 0.227 0.235 0.158 0.329 0.144 0.184     
 
 
 
 
 
 
TABLE 3.8: Correlation Analyses for FRIB and tree-ring chronologies.  Significant correlations (p<0.05) are 
highlighted in blue. 
RW PYB SPC CHPd BBC NNM EBT CVV CPH BOY BBR CHP WBS BCR MVP WBT 
JJA 0.212 0.061 0.232 0.049 0.038 0.057 0.150 0.407 0.229 0.175 0.329 0.135 0.219 0.272 0.107 

                EW PYB SPC CHPd NMM EBT CVV CPH BOY BBR CHP WBS BCR MVP WBT   
JJA 0.212 0.038 0.246 0.164 0.066 0.156 0.412 0.191 0.187 0.340 0.169 0.188 0.129 0.089   

                LW PYB SPC CHPd BBC CVV CPH BOY BBR CHP WBS BCR MVP WBT     
JJA 0.100 0.160 0.084 0.074 -0.008 0.365 0.267 0.028 0.236 0.093 0.262 0.247 0.143     
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TABLE 3.9: Correlation Analyses for SCbRC and tree-ring chronologies.  Significant correlations (p<0.05) are 
highlighted in blue. 
RW PYB SPC CHPd BBC NNM EBT CVV CPH BOY BBR CHP WBS BCR MVP WBT 
JJA 0.241 0.150 0.338 0.150 - 0.116 0.045 0.447 0.224 0.250 0.359 0.335 0.339 0.277 0.316 
WY - 0.096 0.245 0.066 - 0.182 0.125 0.656 0.441 0.456 0.150 0.369 0.436 0.110 0.315 

                EW PYB SPC CHPd NMM EBT CVV CPH BOY BBR CHP WBS BCR MVP WBT   
JJA 0.233 0.099 0.353 - 0.054 -0.031 0.451 0.186 0.262 0.351 0.218 0.253 0.180 0.253 

 WY - 0.023 0.369 - 0.134 -0.036 0.635 0.444 0.509 0.038 0.111 0.382 0.048 0.248   

                LW PYB SPC CHPd BBC CVV CPH BOY BBR CHP WBS BCR MVP WBT     
JJA 0.234 0.334 0.163 0.242 0.075 0.444 0.294 0.164 0.272 0.407 0.529 0.291 0.511 

  WY - 0.199 -0.147 0.093 0.387 0.675 0.335 0.171 0.093 0.475 0.435 0.242 0.474     
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CHAPTER 4: STREAMFLOW RECONSTRUCTION METHODOLOGY 

4.1 Reconstruction Techniques 

In dendroclimatology (Fritts, 1976), once the climatic parameters that correspond 

to variation in tree-ring widths have been identified, a statistical function to infer 

variations in past climate from variations in past tree-growth can be developed 

(Schulman, 1956; Hughes et al., 1982).  It is rare to use a single predictor to estimate past 

climatic variation, in a regression model in which the predictand is the variable of interest 

(i.e. precipitation, temperature, streamflow, etc.), and the predictors are the tree-ring site 

chronologies (i.e. annual and/or early-latewood width, or a multi-proxy approach) 

(Loaiciga et al., 1993; Meko and Woodhouse, 2011).  Multiple linear regression models 

have long been used in dendroclimatology for reconstructing climate/hydroclimate 

variables from tree-rings (e.g. Fritts, 1976; Cleaveland and Stahle, 1989; Loaiciga et al., 

1993; and others).  This statistical methodology adds independent predictors to the model 

according to the degree to which they account for variance in the predictand that is not 

explained by other predictor chronologies.  The model is fit such that the sum of squares 

of differences of observed and predicted values is minimized (Meko and Woodhouse, 

2011), and the model is fit to a calibration period, in which climatic and tree-ring data 

overlap.  Therefore, multiple linear regression models will be used for the purpose of this 

research to reconstruct historical streamflow variability for three Prairie streams within 

southwestern Saskatchewan – the Frenchman River, Battle Creek, and Swift Current 

Creek.  

 In the previous chapter, the relationship between the tree-ring chronologies (ring-

width, early- and latewood indices) and streamflow (average water-year: October through 
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September; spring: March through May; and summer: June through August) were 

investigated via correlation analyses to determine which predictors had the highest 

correlations for each predictand, and also the temporal scale at which tree-growth 

exhibits the best response.  These results identified average water-year and summer 

streamflow as the optimal predictands for analyses.  To limit the number of predictors 

and reduce the chance of over-fitting, for each model, the pool of potential predictors was 

then formed from the most significant chronologies in terms of correlations with each of 

the predictands.   

The multiple linear regression models take the following form, expressing the 

value of a predictand variable as a linear function of one or more predictor variables and 

an error term: Yi = a + b1Xi,1 + b2Xi,2 +...+ bkXi,k + ei, where Yi is the estimated value (i.e. 

the predictand; streamflow), a is the regression constant, X1...Xik are the independent 

variables (i.e. the predictands; tree-ring chronologies), bk, the regression coefficients, and 

ei is the error of the regression (Ostrom, 1990).   Multiple linear regression models are 

also based on several assumptions, and when these assumptions are satisfied, the 

regression estimators are unbiased, efficient and consistent.  As outlined by Ostrom 

(1990), the assumptions that underlie multiple linear regression include: 

1) Linearity: linear relationship between the predictors (X) and the predictand (Y); 
2) Non-stochastic X: E[eiXi,k] = 0: errors are uncorrelated with the individual 

predictors; 
3) Zero mean: E[ei] = 0: the expected value of the residuals is zero; 
4) Constant variance: E[ei

2] = σ2: the variance of the residuals is constant; 
5) Non-autoregression: E[eiei-m] = 0, (m ≠ 0): residuals are random/uncorrelated in 

time; 
6) Normality: the error term is normally distributed; 
7) Non-multicollinearity: inter-correlation of variables is not too high, causing the 

variance of the regression to become inflated. 
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Multiple linear regression models were developed by a user-written MATLAB* 

function to estimate streamflow from a set of tree-ring (annual, early- and latewood 

widths) predictors through a forward stepwise procedure with a cross-validation stopping 

rule.  Forward and negative lags up to two years allowed the model to accommodate 

relationships between streamflow and tree-growth response in the prior, current, and 

following growth years (Fritts, 1976).  Including time lags of the original tree-ring 

chronologies essentially adds predictors to the regression model.  However, if the 

regression model was run with all of the predictors a calibration equation would be 

produced that nearly perfectly estimates the instrumental data, but violates the 

assumptions of multiple linear regression.   

Cross-validation of the calibration model uses data from outside the period used to 

fit the equation (Briffa, 1999), and was carried out using the leave-n-out method, where a 

series of regression models are fit, each time sequentially deleting a different observation 

from the calibration set and using the model to predict the predictand for the deleted 

observation through the length of the dependent data allowing the data to be tested to its 

maximum extent.  This validation methodology is effective for relatively short predictand 

series, as the whole calibration period is used, thus allowing the data to be tested to its 

maximum extent (Hughes et al., 1983). 

There is a disadvantage to this methodology however.  Because only a few 

observations are omitted at a time, the ability of the model to reconstruct low frequency 

fluctuations is poorly tested (Meko, 2005).  The other cross-validation method that is 

commonly used in dendroclimatology is a split sample methodology, where the 

                                                           
* Meko, D. 2005: GEOS 595, University of Arizona. 
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dependent data are split into two halves and the model is calibrated with the first half and 

verified with the second half and vice versa (Meko, 2005).  The main advantage of this 

validation method is that all of the predictand data is available for the final reconstruction 

models, while a disadvantage is that the model that is validated is different than the 

model actually used for the long-term reconstruction (Meko, 2005).  This method is 

usually used when streamflow records are longer (greater than 50 years), and therefore 

was not used in this research. 

Evaluating the performance of the model using data withheld from calibration at 

every step of the stepwise procedure allows the number of predictors above which the 

model is over-fit to be estimated, minimizing the calibration and verification RMSE 

errors, and maximizing the R² and RE statistics (Meko, 2005).  Regression equations 

were calibrated on the period of instrumental record for annual water year and summer 

streamflow at each gauge, ranging from 31 - 94 years.  The tree-ring data from before the 

calibration period are then substituted into the regression equation to generate estimates 

of the predictand variable outside the period used to fit the data (Meko, 2005). 

A nested reconstruction technique (Figure 4.1) was used to account for the 

varying chronology lengths from the tree-ring samples collected, while exploiting the 

potential of the network of tree-ring chronologies to capture the long-term hydroclimate 

(Touchan et al., 2008) of southwestern Saskatchewan.  This procedure ultimately 

estimated past streamflow from the stepwise regression models for the period covered by 

all of the individual site chronologies, as statistical models were developed for longer 

periods by successively removing the shortest chronologies from the pool of potential 

predictors, corresponding to significant changes with declining sample depth (Touchan et   
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Figure 4.1: Nested Reconstruction Representation (original in colour). 
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al., 2008).  Individual reconstructions for each nest are then joined into a single long 

reconstruction, with the maximum sample depth.  While this procedure allows for a 

maximum length reconstruction, the earliest part of the record usually has reduced 

robustness due to fewer chronologies (Touchan et al., 2008).  Therefore, the skill of the 

drought reconstruction can be estimated as a function of the changing set of available 

predictor data.   

4.2 Statistics and Validation 

The MATLAB* script builds the multiple linear regression equation from a pool of 

potential predictors, and a number of goodness-of-fit statistics are calculated to assess the 

quality and statistical validity of each model.  These include:  

a) Coefficient of determination (R²) and Adjusted R² (R²adj): The R² value expresses the 

explanatory power of the regression, indicating the proportion of variance being 

accounted for by the regression model.  This statistic can become inflated as more 

predictors are added to the model, and the R²adj statistic therefore compensates for the 

artificial increase in accuracy.  While the addition of predictors increases the gap 

between R² and R²adj, the R²adj depends on sample size (calibration period) and the 

number of predictors in the model (Fritts, 1976).   

b) The reduction of error (RE): The RE is a test on the independent data to measure the 

association between a series of actual values and their estimates, a measure of the 

skill or predictive capacity of the regression model.  The values of this statistic range 

from a maximum of +1 (perfect estimation) to -∞, and any positive value indicates 

the model has some predictive capacity (Fritts, 1976; Fritts et al., 1990), while a 
                                                           
* Meko, D. 2005: GEOS 595, University of Arizona. 
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similarity between the values of R² and RE indicate the model is well verified, testing 

whether the reconstruction is satisfactory (Meko, 2005).   

c) F ratio (F): The F ratio estimates the statistical significance of the regression equation 

by incorporating sample size and the number of predictors in an assessment of 

significance of the relationship between the predictors and the predictand.    

d) Standard error of the estimate (SE) and the root mean square error of validation 

(RMSEv): The SE and RMSEv statistics are measures of uncertainty in the predicted 

values over the calibration and validation periods and are used as a measure of 

uncertainty in the regression estimates (Meko, 2005).  The SE is the sample estimate 

of the variance of the regression residuals, while the RMSEv is a measure of the 

average size of the prediction error for the validation period.  The difference between 

the SE and RMSEv is a practical measure of accuracy of the model, and if the 

difference is small the model is validated.     

e) Durbin-Watson (DW) and Portmanteau (Q) statistics: The DW and Q statistics are 

run to test for autocorrelation in the residuals.  The DW statistic is used for testing the 

null hypothesis (H₀) that there is no first order autocorrelation present in the residuals 

(Ostrom, 1990), while the Q test is used to determine whether residuals are purely 

random or white noise, testing for any level of autocorrelation, not just first-order.  A 

high Q value indicates significant autocorrelation in the residuals (Meko, 2005).  In 

addition to running these tests, the MATLAB* script plots the regression residuals as 

the full length time series, scatter plot, histogram, autocorrelation function (ACF), 

and a lag-1 scatterplot for visual interpretation.   

                                                           
* Meko, D. 2005: GEOS 595, University of Arizona. 
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f) Variance Inflation Factor (VIF): The VIF statistic is used to detect multicollinearity 

within the models, by how much the explained variance is inflated with the addition 

of predictors that are correlated with one another.  Mullticollinearity becomes an 

issue when the VIF of one or more predictors becomes too large.  There is a critical 

threshold of 5 (Haan, 2002), before the null hypothesis can be rejected, indicating 

multicollinearity exists among the predictors, and therefore the validity of the model 

should be interpreted carefully.   
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CHAPTER 5: STREAMFLOW RECONSTRUCTIONS 

5.1 Results and Discussion 

 Summer streamflow was modeled for the Frenchman River, Battle Creek, and 

Swift Current Creek at three streamflow gauges (FRIB, BCIB, SCbRC), using proxies of 

annual, early- and latewood tree-ring widths, as well as a multi-proxy approach where the 

three types of chronologies were combined.  Water-year streamflow was also modeled 

for Swift Current Creek.  This approach captures the hydroclimatic variability at annual 

and sub-annual resolutions for southwestern Saskatchewan.  Single representative stream 

gauges were selected for the three major streams in southwestern Saskatchewan.  All 

streamflow reconstructions for each gauge meet the statistical requirements of multiple 

linear regression (Tables 5.1 – 5.2), and expanded the instrumental record by more than 

300 years, providing a better understanding of historical variability affecting streamflow 

throughout southwestern Saskatchewan.  The process of finding optimal and best 

reconstruction models of streamflow at each gauge included creating and running 

numerous models (not reported), consisting of different predictors, number of predictors, 

as well a positive and negative lags of up to two years, accounting for tree growth 

responses to streamflow in the growth year and up to two years prior and following.  In 

general, models could run three to five steps without having serially correlated residuals. 

5.1.1 Calibration Periods and Full Reconstructions 

 Examining the relationships between the estimated and observed streamflow data 

over the instrumental period allows for the assessment of statistical validity and accuracy 

of the tree-ring models of historical streamflow.  Calibration and verification statistics of 

the regression models indicate skilful reconstructions for average water-year and summer 



77 

 

flow at all gauges (Tables 5.1 – 5.2) and the Durbin-Watson test statistic shows that 

residuals from the models were uncorrelated (Draper and Smith, 1981).  Through a 

verification process, reconstructions proved to be significant and the positive values for 

the reduction of error (RE) statistic indicate that the models have significant predictive 

capabilities (Fritts, 1976).  All types of reconstructions were able to replicate water-year 

and summer flow streamflow at each of the gauges, however, models using ring-width, 

early-wood, and late-wood combined yielded significant amounts of explained variance, 

in comparison to using one type of proxy.  The multi-proxy predictors also exhibited 

higher RE values, indicating that their superior predictive capacity for modeling 

streamflow.  Therefore these results indicate that using a combination of proxies captures 

the full dynamics of the growing season, and the models are able to incorporate the ideal 

temporal response of tree-growth. 

The four reconstructions (ring-width, earlywood, latewood, and a combination of 

all proxy types) at each gauge are plotted over the calibration period for average water-

year and summer streamflow in Figure 5.1.  Calibration models capture the instrumental 

variability in streamflow generally well, however, are better at capturing the magnitude 

of low flows, while underestimating the high flows.  Underestimation of peak flows is a 

common feature of dendroclimatic reconstructions, which likely occurs because there is a 

biological limit to the response of tree growth to high precipitation and low 

evapotranspiration during wet years (Fritts, 1976).   
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TABLE 5.1: Summer Flow (June through August) and Water-year (October through September) Reconstructions - Calibration and 
Verification Statistics 

Gauge Model⁺ Nest Period Predictors* R² R² adj RE DW VIF 
BCIB RW 1 1941-2010 CHD(RW)L-2 + MVP(RW)L0 + MVP(RW)L-1 0.358 0.330 0.050 H₀ 1.123 

(Summer) 
 

2 1892-2010 CPH(RW)L0 + CPH(RW)L-2 + CPH(RW)L-1 + CHD(RW)L-2 + CHD(RW)L-1 0.362 0.318 0.170 H₀ 1.391 

  
3 1802-2010 CHD(RW)L-2 + BOY(RW)L0 + BBR(RW)L-1 0.284 0.260 0.140 H₀ 1.412 

    4 1672-2010 BOY(RW)L0 + BOY(RW)L-2 0.149 0.138 0.030 H₀ 1.034 

 
EW 1 1908-2010 CPH(EW)L0 + CPH(EW)L-2 + CPH(EW)L-1 + CHP(EW)L+2 0.375 0.343 0.210 H₀ 1.031 

  
2 1892-2010 CPH(EW)L0 + CPH(EW)L-2 + CPH(EW)L-1 + BOY(EW)L0 + BCR(EW)L+1 0.456 0.418 0.250 H₀ 1.405 

    3 1772-2010 BCR(EW)L0 + BCR(EW)L-2 0.173 0.161 0.060 H₀ 1.064 

 
LW 1 1920-2010 CPH(LW)L0 + CPH(LW)L-2 + CHP(LW)L0 + BOY(LW)L0 + WBT(LW)L0 0.262 0.216 0.070 H₀ 1.698 

  
2 1892-2010 CPH(LW)L0 + CPH(LW)L-2 + CPH(LW)L-1 + BOY(LW)L0 + BOY(LW)L+1 0.258 0.212 0.030 H₀ 1.218 

    3 1730-2010 BOY(LW)L0 + BOY(LW)L+1 0.194 0.182 0.010 H₀ 1.000 

 
MP 1 1892-2010 CPH(EW)L0 + CPH(EW)L-2 + CPH(EW)L-1 + CHD(RW)L-1 + CHD(RW)L-2 0.588 0.550 0.370 H₀ 1.358 

  
2 1892-2010 CPH(EW)L0 + CPH(EW)L-2 + BBR(RW)L-1 + BCR(EW)L-1 + CHD(RW)L-2 0.446 0.408 0.208 H₀ 1.678 

  
3 1802-2010 CHD(RW)L-2 + BOY(RW)L0 + BBR(RW) L-1 0.284 0.260 0.140 H₀ 1.412 

    4 1672-2010 BOY(RW)L0 + BOY(RW)L-2 0.149 0.138 0.030 H₀ 1.034 
 

FRIB RW 1 1912-2010 CPH(RW)L0 + CHP(RW)L-2 + CHD(RW)L-2 + BOY(RW)L-1 + CPH(RW)L+1 0.295 0.254 0.210 H₀ 1.411 
(Summer) 

 
2 1908-2010 CPH(RW)L0 + CPH(RW) L+1 + CHD(RW)L-2 + CHP(RW)L+2 +MVP(RW)L+2 0.274 0.243 0.190 H₀ 1.121 

  
3 1890-2010 CPH(RW)L0 + CPH(RW)L+1 + CHD(RW)L-2 0.256 0.235 0.170 H₀ 1.034 

    4 1671-2010 BOY(RW)L0 + BOY(RW)L-1 0.160 0.150 0.100 H₀ 1.005 

 
EW 1 1910-2010 CPH(EW)L0 + BCR(EW)L+1 + CHP(EW)L0 + BBR(EW)L0 + CHD(EW)L-2 0.297 0.255 0.080 H₀ 1.541 

  
2 1890-2010 CPH(EW)L0 + CPH(EW)L+1 + CHD(EW)L-2 + CPH(EW)L+2 0.248 0.216 0.150 H₀ 1.086 

    3 1802-2010 CHD(EW)L-2 + BBR(EW)L0 0.154 0.140 0.050 H₀ 1.008 

 
LW 1 1910-2010 CHP(LW)L+1 + BCR(LW)L0 + BOY(LW)L0 + BOY(LW)L-2 0.282 0.226 0.090 H₀ 1.898 

  
2 1890-2010 CHP(LW)L+1 + CPH(LW)L0 +MVP(LW)L-2 0.278 0.232 0.050 H₀ 1.418 

    3 1732-2010 BOY(LW)L0 + BOY(LW)L-2 0.179 0.169 0.100 H₀ 1.005 

 
MP 1 1938-2010 CPH(EW)L0 + CPH(EW)L-2 + BOY(LW)L+2 + BOY(LW)L-2 + MVP(RW)L+2 0.567 0.527 0.230 H₀ 1.573 

  
2 1908-2010 CPH(EW)L0 + CPH(EW)L+1 + CHP(RW)L+2 + CHD(EW)L-2 0.257 0.224 0.160 H₀ 1.131 

  
3 1890-2010 CPH(EW)L0 + CPH(EW)L+1 + CHD(EW) L-2 + CPH(EW)L+2 0.248 0.216 0.150 H₀ 1.086 

    4 1671-2010 BOY(RW)L0 + BOY(RW)L-1 0.160 0.150 0.100 H₀ 1.005 

DW: Durbin-Watson Statistic: H₀ indicates no first order autocorrelation in residuals 
     */⁺  subscripts indicate forward (+) and negative (-) lags, and annual (RW), earlywood (EW), latewood (LW), and multi-proxy 

(MP) chronologies  
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TABLE 5.2: Summer Flow (June through August) and Water-year (October through September) Reconstructions - Calibration 
and Verification Statistics 

Guage Model⁺ Nest Period Predictors* R² R² adj RE  DW VIF 
SWCbRC RW 1 1942-2010 CPH(RW)L0 + WBT(RW)L-1 + CPH(RW)L+1 + MVP(RW) L-1 0.542 0.498 0.290 H₀ 1.214 
(Summer) 

 
2 1891-2010 CPH(RW)L0 + CHD(RW)L-1 + CHD(RW)L+2 + CPH(RW)L+1 + CPH(RW)L-1 0.535 0.473 0.220 H₀ 1.443 

  
3 1772-2010 BOY(RW)L0 + WBT(RW)L-2 + WBS(RW)L+2 + BBR(RW)L-1 + WBS(RW) L-2 0.528 0.411 0.340 H₀ 1.854 

    4 1670-2010 BOY(RW)L0 + BOY(RW)L+1 0.119 0.102 0.100 H₀ 1.034 

 
EW 1 1890-2010 CPH(EW)L0 + CHD(EW)L-1 + CPH(EW)L+1 + WBT(EW)L-1 0.519 0.473 0.240 H₀ 1.540 

  
2 1890-2010 CPH(EW)L0 + CHD(EW)L-1 + CPH(EW)L+1 + CHD(EW) L+1 + BCR(EW)L+2 0.590 0.536 0.240 H₀ 1.619 

    3 1770-2010 BCR(EW)L0 + BCR(EW)L+1 0.208 0.191 0.100 H₀ 1.016 

 
LW 1 1958-2010 BOY(LW)L0 + CHP(LW)L-1 + SPC(LW)L-1 + MVP(LW)L+2 0.577 0.535 0.240 H₀ 1.976 

  
2 1921-2010 CHP(LW)L-1 + CPH(LW)L0 + BOY(LW)L0 0.477 0.449 0.270 H₀ 1.462 

  
3 1902-2010 BOY(LW)L0 + WBS(LW)L+1 + WBT(LW)L-2 + BOY(LW)L-2 0.371 0.327 0.200 H₀ 1.662 

    4 1730-2010 BOY(LW)L0 + BOY(LW)L+1 0.189 0.173 0.060 H₀ 1.053 

 
MP 1 1912-2010 CPH(EW)L0 + CHD(EW)L-1 + CPH(EW)L+1 + CHP(RW)L-2 0.524 0.477 0.210 H₀ 1.213 

  
2 1912-2010 BOY(LW)L0 + CHP(RW)L-2 + CHP(RW)L-1 + CHD(EW)L-2 0.556 0.501 0.190 H₀ 1.810 

  
3 1790-2010 BCR(LW)L0 + WBT(RW)L+2 0.272 0.258 0.040 H₀ 1.023 

    4 1670-2010 BOY(RW)L0 + BOY(RW)L+1 0.119 0.102 0.100 H₀ 1.034 

SWCbRC RW 1 1890-2010 CPH(RW)L0  + BOY(RW)L0 + BOY(RW)L-2 + BCR(RW)L+2 + WBT(RW)L+2 0.473 0.412 0.210 H₀ 1.133 
(Water-year) 

 
2 1771-2010 BOY(RW)L0 + BBR(RW)L-1 + WBT(RW)L+2 0.431 0.371 0.020 H₀ 1.130 

  
3 1738-2010 BOY(RW)L0 + BOY(RW)L-2 + WBT(RW)L+2 0.414 0.371 0.310 H₀ 1.126 

    4 1670-2010 BOY(RW)L0 + BOY(RW)L-2   0.340 0.317 0.250 H₀ 1.046 

 
EW 1 1771-2010 BOY(EW)L0 + BBR(EW)L-1 + BOY(EW)L+2 + BCR(EW)L+2 0.565 0.492 0.220 H₀ 1.246 

    2 1710-2010 BOY(EW)L0 + BOY(EW)L+1 0.300 0.275 0.220 H₀ 1.050 

 
LW 1 1901-2010 WBS(LW)L0 + BCR(LW)L-2 + WBS(LW)L-1 + WBT(LW)L-1 + WBT(LW)L+2 0.383 0.284 0.210 H₀ 1.663 

  
2 1890-2010 CPH(RW)L0 + BOY(LW)L0 + BOY(LW)L-2 + BOY(LW)L+2 + BCR(LW)L0 0.463 0.402 0.140 H₀ 1.156 

    3 1732-2010 BOY(LW)L0 + BOY(LW)L-2   0.401 0.380 0.250 H₀ 1.011 

 
MP 1 1902-2010 BOY(EW)L0 + WBT(LW)L-2 + BOY(EW)L+1 + WBT(LW)L+1 0.458 0.395 0.100 H₀ 1.406 

  
2 1890-2010 CPH(RW)L0 + BOY(EW)L0 + WBT(LW)L-2 + BOY(EW)L+1 0.370 0.324 0.190 H₀ 1.057 

  
3 1769-2010 BOY(EW)L0 + BOY(EW)L+1 + BCR(RW)L+1 0.340 0.291 0.280 H₀ 1.051 

  
4 1710-2010 BOY(EW)L0 + BOY(EW)L+1 + BBR(RW)L-1 0.343 0.310 0.230 H₀ 1.011 

    5 1670-2010 BOY(RW)L0 + BOY(RW)L-2   0.340 0.317 0.250 H₀ 1.046 

DW: Durbin-Watson Statistic: H₀ indicates no first order autocorrelation in residuals 
     */⁺  subscripts indicate forward (+) and negative (-) lags, and annual (RW), earlywood (EW), latewood (LW), and multi-proxy 

(MP) chronologies 
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MP - R²adj: 0.55 

RW - R²adj: 0.33 

EW - R²adj: 0.42 

 

LW - R²adj: 0.22 
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RW - R²adj: 0.41 

 

MP - R²adj: 0..53 

 

 

RW - R²adj: 0..25 

 

EW - R²adj: 0.26 

 

 

LW - R²adj: 0.23 
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Figure 5.1: Observed and reconstructed average water-year (October – September) and summer 
(June – August) streamflow for the calibration periods: SCbRC(water-year) 1979-2009; SCbRC 
(summer) 1955-2009; BCIB 1927-2010; FRIB 1917-2010. (RW: annual ring-width; EW: early-
wood; LW: late-wood; and MP: multi-proxy) (original in colour). 
 

EW - R²adj: 0.50 

 

LW - R²adj: 0.40 

 

MP - R²adj: 0.50 

 

RW - R²adj: 0.50 

 

EW - R²adj: 0.54 

 

LW - R²adj: 0.54 
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5.1.2 Multi-proxy Comparison 

 While all regressions were successful in reconstructing average water-year and 

summer streamflow, models that incorporated multiple proxies (combinations of annual, 

early-and latewood widths) were able to account for more (~40% and ~31% - 43% 

respectively) of the instrumental variance than annual ring-width alone (~36% and ~25% 

– 39% respectively), and had significant skill when subjected to cross validation (Figure 

5.1 and Tables 5.1 – 5.2).  Therefore, based on these findings, reconstructions comprised 

of multi-proxy predictors are used for the subsequent analyses and discussion.  In general 

most models could run three to five steps without having serially correlated residuals and 

did not result in a VIF greater than 5 (see Tables 5.1 – 5.2).  The mean VIF is therefore 

below the critical threshold for reconstruction purposes (Haan, 2002), suggesting that 

with the addition of each predictor into the regression models, multicollinearity is not a 

concern, and the models can be considered valid.  Models comprised of a combination of 

proxies were likely able to account for more variance because they incorporate periods of 

growth that were limited to specific durations throughout the year when moisture most 

influences growth, and did not just incorporate the cumulative annual growth that 

integrates moisture conditions throughout the year.   

5.1.3 Comparing Instrumental and Reconstructed Streamflow 

 Dendrohydrological reconstructions do however have inherent limitations.  While 

the calibration period enables a comparison between estimated and observed streamflow 

over the instrumental record, on the one hand, it should be noted that the portion of the 

chronology that is used for the calibration and validation of the regression equation is 

assumed to be representative of the entire chronology.  Also, there is a relative limited 
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amount of observed variance that is captured by the streamflow reconstructions, as there 

is up to ~ 60% variance unexplained by these reconstructions.  However, the unexplained 

variance likely corresponds to the underestimation of high flows and the differences in 

years between them and moisture recorded at the tree-ring sites, as well as the amount of 

precipitation and runoff in the entire watershed above the gauge.   

A comparison of descriptive statistics (Table 5.3) between the gauged flow and 

entire length of the reconstructed flow provides an opportunity to examine the 

characteristics of the reconstruction over longer time periods, and look at possible 

sources of unexplained variability. In all models, except reconstructed summer and 

water-year flows at SCbRC, the mean is slightly higher than the period of observed 

flows, and for all instances the standard deviations are lower than reported for the 

instrumental period.  Reconstructions for average water-year and summer streamflow 

revealed lower minimum and maximum flows for the instrumental data, which reflects 

the conservative measures of the regression models, and therefore there is limited 

variance about the mean.  Lower streamflow values found during the pre-instrumental 

period suggests that more extreme dry climatic events have occurred, ultimately 

producing lower flow events than experienced recently (i.e. 20th/21st centuries) and 

recorded instrumentally. 

Average water-year and summer flow models are plotted for the full 

reconstruction periods and as departures from the reconstructed mean, for each of the 

streamflow gauges (Figures 5.2 – 5.5).  Reconstruction lengths differ for each gauge, and   
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Table 5.3: Comparison between reconstructed and instrumental descriptive statistics   

Site Type¹ Mean Standard 
Deviation Minimum Maximum Range N 

SCbRC water-year 0.884 0.404 0.276 1.878 1.603 31 

  
water-year 

reconstructed 0.844 0.243 0.233 1.493 1.260 338 
SCbRC summer 0.474 0.448 0.061 2.628 2.567 55 

 

summer 
reconstructed 0.458 0.225 -0.250 1.327 1.577 340 

BCIB summer 0.550 0.640 0.000 3.610 3.610 84 

  
summer 

reconstructed 0.598 0.371 -0.172 2.186 2.358 339 
FRIB summer  1.422 1.691 0.118 10.413 10.295 94 

  
summer 

reconstructed 1.437 0.650 -0.189 4.539 4.728 340 
¹: water-year = water-year flows (October through September); summer = summer flows (June 
through August) 

 

5.1.4 Frenchman River at the International Boundary 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.2: Full length multi-proxy reconstructions of summer (June – August) streamflow for the 
Frenchman River at the International Boundary (1671-2010).  The vertical bars represent 
departures from the mean flow; horizontal lines indicate the reconstruction mean, 10th and 25th 
percentiles (original in colour). 
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5.1.5 Battle Creek at the International Boundary 

 

 

 

 

 

 

 

 

Figure 5.3: Full length multi-proxy reconstructions of summer (June – August) streamflow for 
Battle Creek at the International Boundary (1672-2010).  The vertical bars represent departures 
from the mean flow; horizontal lines indicate the reconstruction mean, 10th and 25th percentiles 
(original in colour). 
 
5.1.6 Swift Current Creek below Rock Creek 

 

 

 

 

 

 

 

 

Figure 5.4: Full length multi-proxy reconstructions of summer (June – August) streamflow for 
Swift Current Creek below Rock Creek (1670-2009).  The vertical bars represent departures from 
the mean flow; horizontal lines indicate the reconstruction mean, 10th and 25th percentiles 
(original in colour). 
 

R²adj: 0.14-0.56 

R²adj: 0.17-0.50 
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Figure 5.5: Full length multi-proxy reconstructions of average water-year (October – September) 
streamflow for Swift Current Creek below Rock Creek (1672-2009).  The vertical bars represent 
departures from the mean flow; horizontal lines indicate the reconstruction mean, 10th and 25th 
percentiles (original in colour). 
  

R²adj: 0.28-0.40 
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between average water-year and summer streamflow, due to the predictors used in each 

reconstruction.  The pool of potential predictors was restricted to specific residual index 

chronologies that indicated a strong statistical relationship with the stream gauge record.  

The length of each reconstruction was further defined using the 0.85 EPS threshold.  

Reconstructions at all gauges show clear inter-decadal variability, while departures from 

the mean flows further illustrate the models capturing persistent flows above and below 

the mean throughout southwestern Saskatchewan.  Average water-year and summer 

streamflow reconstructions provide the hydrological variability for the Frenchman River, 

Battle Creek, and Swift Current Creek over a period of 340 years total.   

5.2 Interpretation of Results 

 Each streamflow reconstruction is plotted over the calibration period, the full 

reconstruction period, and as departures from the reconstruction mean (Figures 5.1 – 5.5).  

Periods of hydrological drought (discharge < 25th percentile) for the entire reconstruction 

length are also given in tables 5.4 – 5.7, while the top 10 most severe hydrological 

droughts (discharge < 10th percentile) are identified in table 5.8.    

Frenchman River, International Boundary, 11AC041 

Over the calibration period, the summer streamflow reconstruction for the 

Frenchman River (International Boundary) fits the instrumental data reasonably well 

(Figure 5.1), explaining 53% of the instrumental variance.  Unexplained variance may be 

due to a number of factors, but the high flow years are in excess of values predicted by 

the tree-rings.  The full reconstruction, 1671-2010 (Figure 5.2) has an average summer 

flow of 1.4 m³/s.  The greatest amounts of departures occur below the mean.  Table 5.5 

indicates that severe hydrological droughts occurred from 1795-1798, 1935-1939, and 
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1958-1964.  Sustained low departures are prominent during the last half of the 20th 

century and 19th century (late 1840s – late 1870s).   

Battle Creek, International Boundary, 11AB027 

The reconstruction of summer streamflow at Battle Creek (International 

Boundary) captures much of the inter-annual variability of the instrumental data, 

explaining 55% of the instrumental variance.  The plot of the calibration period shows the 

correspondence of low flows and narrow tree-rings, and to a lesser extent mid-range 

flows.  High flow years are in excess of values predicted by the tree-rings, which 

ultimately contributes towards the unexplained variance, and is an example of the 

conservative estimates derived from tree-rings during higher flow events.  The full 

reconstruction, 1672-2010, has an average summer flow of 0.6 m³/s.  Figure 5.3 

illustrates that there is a greater amount of departures below the mean, and an inter-

annual and inter-decadal pattern.  Hydrological droughts are identified in table 5.4.  There 

are sustained periods of severe drought, from 1718-1722, 1816-1820, and 1960-1964.  

Departures from the mean show that the 20th century is quite wet in comparison to the 

other reconstructions, with many periods of positive departures while lower departures 

are quite evident in the 18th and 19th (1850s – 1870s) centuries, and the last half of the 

20th century.   

Swift Current Creek, below Rock Creek, 05HD036 

The calibration period for the summer flow reconstruction of Swift Current Creek 

(below Rock Creek) indicates that the inter-annual variability of the instrumental data is 

well represented by predicted values, where the model explains 50% of the instrumental 

variance.  Again, the unexplained variance is most likely the result of the conservative 
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nature of streamflow prediction during high flow periods, as growth is limited by factors 

other than moisture.  The full reconstruction for summer flow, 1670-2009, has an average 

flow of 0.5 m³/s, and figure 5.4 indicates that there is a greater amount of departures 

below the mean, and that flows alternate between inter-annual to decadal departures.  

Severe sustained hydrological droughts occurred from 1795-1798, 1935-1939, and 1958-

1964 (Table 5.6).  Sustained low departures are evident in the 2nd half of the 20th century 

and in the 19th century (1850s – 1870s).   

 The calibration period for average water-year flow reconstructions of Swift 

Current Creek (below Rock Creek) indicate that the inter-annual variability of the 

instrumental data is well represented by predicted values, where the model explains 40% 

of the instrumental variance.  The reconstructed flows tend to underestimate the high 

flows, which likely accounts for some of the unexplained variability.  The full 

reconstruction, 1672-2009 (Figure 5.5), has an average water-year flow of 0.8 m³/s.  

Departures from the reconstruction mean show inter-annual and inter-decadal pattern, 

with evident low flow years between the late 1790s-early 1800s and the late 1840s-1890s.  

Severe sustained hydrological droughts occurred from 1794-1798, 1816-1821, and 1854-

1860 (Table 5.7).   

There is strong agreement between all gauge reconstructions, on periods of high 

and low flows (Figures 5.6 - 5.7).  Because each of the reconstructions is based on a 

common pool of predictors, therefore similarities between the reconstructions reflect the 

relative contribution of the integrated hydroclimatic signal of southwestern 

Saskatchewan.   

Similarities and differences in low frequency variation between the three summer 
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stream reconstructions are illustrated by applying a 15-year running average to smooth 

the data (Figures 5.6 – 5.7).  It is evident that similarities rather than divergences 

dominate the reconstructions.  For all streams, low summer flows occur in the early 

1700s, 1750s, late 1780s to early 1800s, late 1840s to late 1870s, the 1930s and 1980s, 

while high summer flows occur in the 1720s, 1820s, 1890s to early 1900s and the 1960s.  

The early 1900s represent the most sustained high flows, while the 1840s – 1870s have 

the lowest sustained flows.  Each summer stream reconstruction follows the trend of the 

other very well.  

5.2.1 Identification of Hydrologic Events 

In order to estimate the variability, magnitude and synchrony of high and low 

flows throughout southwestern Saskatchewan, hydrological extremes were quantified and 

classified as above normal (wet) years in the 75th percentile (results not shown) and dry 

years in the lowest 25th percentile and severe drought in the lowest 10th percentile.  

Periods of low flow were compared amongst all reconstructed gauge records to determine 

if significant drought events were spatially isolated or occurred on a regional scale, 

allowing the magnitude of historic droughts to be placed within a long term context.  It 

should be noted that similarities among reconstructions could simply reflect the fact that 

the same predictors were used to reconstruct the flow at different gauges, but sources of 

validation suggest otherwise (see section 5.2.2).  This system of classification allowed for 

the identification of single, multi (more than two, but less than five consecutive years), 

and prolonged (five or more consecutive years) droughts at each gauge station for 

average water-year and summer streamflow for the full length of each reconstruction   
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Figure 5.6: Multi-proxy summer streamflow reconstructions for the Battle Creek (International 
Boundary), Frenchman River (International Boundary), and Swift Current Creek (below Rock 
Creek) (1670-2010). 15 year running averages in black (original in colour). 
 

Figure 5.7: Multi-proxy summer streamflow reconstructions for Battle Creek (International 
Boundary), Frenchman River (International Boundary), and Swift Current Creek (below Rock 
Creek) (1670-2010) – Comparison of 15 year running averages (original in colour). 
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(Tables 5.4 – 5.7).  While single year extremes of drought and excess moisture are 

damaging, they are not necessarily the best indicator of cumulative environmental and 

societal impacts.  Therefore the critical indicator is duration, as the recovery from multi-

year events is more challenging (Lapp et al., 2012).  This is significant as many severe 

large spatial scale North American droughts over the past century have had a tendency to 

be clustered in successive years (i.e. 1930s, 1950s, late 1980s, early 2000s) and are likely 

related to ocean-atmospheric variability on similar time scales (Hoerling and Kumar, 

2003).  While low flow/drought events occurred in each century, a majority occurred in 

the 19th and 20th centuries.  Tables 5.4 – 5.7 indicate that the three reconstructions show 

similarity (± 1 to 2 years) in the occurrence of the most extreme single year droughts, 

indicating common coherent signal in timing of events throughout the region.  The top 10 

lowest flows in the 10th percentile were ranked to compare severe drought years among 

the reconstructions (Table 5.8).  The shared years of low flow are 1770, 1817-1819, 

1961, and 1988.    

5.2.2 Validation 

 Drought synchrony across a large geographical area such as southwestern 

Saskatchewan reflects the large atmospheric scale forcings of hydroclimatic variability of 

the Canadian Prairies.  When compared to other natural proxy records of past climatic 

variability, intervals of persistent low flows identified in streamflow reconstructions 

generally correspond to independently derived periods of prolonged drought (Gedalof et 

al., 2004).  A number of hydrologic droughts identified within this study coincide with 

low flows and below average precipitation in other reconstructions from western North 

America, including Canada’s western interior, from the late 1690s to present.  The mid-   
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Table 5.4: Hydrological droughts (< 25th percentile) with severe droughts (< 10th 
percentile) indicated in bold, for summer flows at Battle Creek, International Boundary 
(1672-2010).  Red indicates 5 or more consecutive years of low flow events. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Table 5.5: Hydrological droughts (< 25th percentile) with severe droughts (< 10th 
percentile) indicated in bold, for summer flows at the Frenchman River, International 
Boundary (1671-2010).  Red indicates 5 or more consecutive years.  
 

Single year event     2 or more consecutive year events 

1671, 1678, 1695, 1697           
1713, 1733, 1735, 1737, 1743, 1745,  

 
1718, 1719, 1757, 1758, 1760, 1761,  

1749, 1753, 1763, 1784     1795, 1796, 1797, 1798   
1803, 1813, 1816, 1823, 1832, 1834, 

 
1818, 1819, 1820, 1862, 1863 

1843, 1845, 1848, 1854, 1856, 1865, 
   

  
1869, 1886, 1896           
1900, 1905, 1919, 1931, 1941, 1944, 

 
1935, 1936, 1937, 1938, 1939, 1948, 

1946, 1951, 1956, 1973 
  

1949, 1958, 1959, 1960, 1961, 1962, 
  

   
1963, 1964, 1967, 1968, 1976, 1977, 

  
   

 1979, 1980, 1984, 1985, 1987, 1988,  
        1990, 1991,1992   
2001, 2003, 2005, 2008           

 
  

Single year event   2 or more consecutive year events 
1683, 1685, 1695, 1697   1680, 1681   
1713, 1733, 1735, 1737, 1749, 1753, 

 
1718, 1719, 1720, 1721, 1722 

1757, 1761, 1770, 1781, 1784, 1786,  
  

  
1794, 1797         
1801, 1803, 1824, 1841, 1845, 1859,  

 
1816, 1817, 1818, 1819, 1820, 1849, 

1861, 1867, 1874, 1884, 1890, 1892 
 

1850, 1854, 1855, 1856, 1864, 1865,  
      1895, 1896, 1897, 1898 
1907, 1910, 1912, 1919, 1931, 1958,  

 
1921, 1922, 1936, 1937, 1938, 1945, 

1974, 1977, 1982, 1992, 1997 
 

1946, 1947, 1960, 1961, 1962, 1963, 
  

  
1964, 1968, 1969, 1984, 1985, 1987 

      1988   
2001, 2003, 2008       
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Table 5.6: Hydrological droughts (< 25th percentile) with severe droughts (< 10th 
percentile) indicated in bold, for summer flows at Swift Current Creek, below Rock 
Creek (1670-2009).  Red indicates 5 or more consecutive years.  
 

Single year event     2 or more consecutive year events 

1681, 1692, 1695, 1697           
1713, 1722, 1731, 1733, 1735, 1737, 

 
1757, 1758 

 
  

1743, 1745, 1749, 1753, 1761, 1763, 
   

  
1770, 1781, 1784, 1792           
1816, 1818, 1820, 1828, 1832, 1843,  

 
1848, 1849, 1853, 1854, 1855, 1862,  

1857, 1865, 1867, 1872, 1874, 1884,  
 

1863, 1869, 1870,    
1890, 1892, 1896           
1900, 1908, 1913, 1921, 1925, 1940, 

 
1917, 1918, 1919, 1930, 1931, 1932, 

1942, 1955, 1957, 1962, 1964, 1977, 
 

1934, 1935, 1936, 1944, 1945, 1949, 

1984, 1988, 1992,1997 
  

1950, 1967, 1968, 1971, 1972, 1973, 

        1999     
2003, 2006       2000, 2001     

 

 
Table 5.7: Hydrological droughts (< 25th percentile) with severe droughts (< 10th 
percentile) indicated in bold, for average water-year flows at Swift Current Creek, below 
Rock Creek (1670-2009). Red indicates 5 or more consecutive years.   

 
 
 

 

 

 

 

 

  

Single year event 
  

2 or more consecutive year events 
1672, 1678, 1695           
1713, 1722, 1737, 1749, 1753, 1761, 

 
1784, 1785, 1786, 1796, 1797, 1798 

1767, 1770, 1773, 1781, 1792, 1794         
1801, 1806, 1809, 1824, 1835, 1867, 

 
1803, 1804, 1816, 1817, 1818, 1819, 

1874, 1884, 1886, 1890, 1894 
 

1820, 1821, 1841, 1842, 1844, 1845, 
  

   
1848, 1849, 1850, 1851, 1854, 1855, 

  
   

1856, 1857, 1858, 1859, 1860, 1862, 
  

   
1863, 1864, 1865, 1870, 1871, 1896, 

        1897     
1900, 1905, 1913, 1923, 1926, 1936,  

   
  

1944, 1948, 1952, 1956, 1958, 1961, 
   

  
1964, 1980, 1985, 1988, 1992, 1995, 

   
  

1998             
2008       2000, 2001     



96 

 

Table 5.8: Rank of years with lowest streamflow (10th percentile) for each summer and 
average water-year flow reconstruction. 

Battle Creek at International Boundary 
(1672-2010): Summer 

 

Frenchman River at International 
Boundary (1671-2010): Summer 

Rank Single year 
 

Rank Single year 
1 1697 

 
1 1990 

2 1938 
 

2 1936 
3 1988 

 
3 1980 

4 1992 
 

4 1944 
5 1817 

 
5 1963 

6 1961 
 

6 1919 
7 1936 

 
7 1977 

8 1937 
 

8 1949 
9 1974 

 
9 1961 

10 1977 
 

10 1973 

     Swift Current Creek below Rock 
Creek (1670-2009): Summer 

 

Swift Current Creek below Rock Creek 
(1672-2009): Water-year 

Rank Single year 
 

Rank Single year 
1 1818 

 
1 1884 

2 1917 
 

2 1819 
3 1992 

 
3 1785 

4 1918 
 

4 1695 
5 1945 

 
5 1817 

6 1770 
 

6 1890 
7 1908 

 
7 1809 

8 1950 
 

8 1863 
9 1988 

 
9 1995 

10 1967 
 

10 1770 
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20th century was a time of prolonged wet conditions, with some of the most sustained 

high flows on record.  Reconstructions also indicate that one of the worst recorded 

drought periods for western Canada, the 1930s, also is evident.  Streamflow fluctuated 

through a series of above/below normal flows throughout the late 1950s to early 1960s, 

and the late 1970s to the 1990s.  The major droughts of 1961, 1988, and 2001 are also 

present in the reconstructions (Tables 5.4 – 5.7).    

Droughts of the last century were of lesser magnitude and were shorter in duration 

as compared to some of the multi/mega-drought episodes earlier in the record.  Over the 

past 500 years, from a dendroclimatic perspective, the 20th century was quite wet 

regardless of the devastating events such as the 1930s and the late 1950s to 1960s (Stahle 

and Dean, 2011).  The 19th century had some prolonged droughts that were known to 

have significant socioeconomic and environmental impacts (Stahle and Dean, 2011).  

Several sustained periods of low flows in the 19th century, evident within the tree-ring 

reconstructions, are verified through other sources of proxy data and historical records 

(Table 5.9).  The late 1880s to 1890s were also a period of significant lows.  All 

reconstructions emphasize the sustained period of drought during the mid-19th century.  

This intense, long lasting tree-ring reconstructed drought is well documented as occurring 

from 1841 through 1865 throughout the western United States, Canada, and Mexico 

(Hardman and Reil, 1936; Fritts, 1965, 1983; Stockton and Meko, 1975, 1983; Stahle et 

al., 1985; Stahle and Cleaveland, 1988; Woodhouse et al., 2002; Stahle and Dean, 2011), 

which had very little relief with a few scattered wet years for the entire period.  During 

the late 1700s and early 1800s, below normal flows are evident with a few scattered wet 

years.  Tree-ring reconstructions of precipitation in the Great Plains (Stockton and Meko, 
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1983) and June PDSI (Stahle and Cleaveland, 1988) also describe corresponding drought 

episodes for the late 1780s, 1790s and early 1800s.  An extensive tree-ring chronology of 

climatic change in western North America (Fritts, 1965) also indicates below average dry 

conditions during 1786-1805 in the Pacific Northwest, including the Rocky Mountains.  

The early to mid-1700s was also a period of prolonged drought throughout southwestern 

Saskatchewan.  This is well documented by several climatic investigations of western 

North America (Fritts, 1965; Stockton and Meko, 1983; Laird et al., 1998; Woodhouse 

and Overpeck, 1998; Cook et al., 1999).  While the severity of the 1750s drought varies 

throughout western North America, nonetheless much of the western United States and 

Prairies was drought stricken, resulting in a decrease or lack of precipitation, streamflow 

discharge, and increased temperatures.  
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Table 5.9: Validation of recorded and inferred droughts from proxy data and historical observation 
Years Observation 
1660s - 1690s • Sacramento River (SR): sustained period of low streamflow reconstructed (Earle, 1993; Meko et al., 2001) 

 
• Upper Colorado River Basin (UCRB): 1667-1670, severe low streamflow (Meko et al., 1995; Woodhouse & Lukas, 2006) 

 

• SW Canadian Plains: 1690s, reconstructed July PDSI (Sauchyn & Skinner, 2001) and precipitation (Case & MacDonald, 1995; 
Sauchyn et al., 2003) values indicating severe drought 

 
• Red River Basin: sustained period of low precipitation (St. George & Nielsen, 2002) 

 
• South Platte River Basin (SPRB): 1680s, severe period of low streamflow (Woodhouse &Lukas, 2006) 

 
• Upper Green River Basin: severe sustained period of low streamflow (Barnett et al., 2011) 

1700s - 1730s • SW Canadian Prairies: 1717, extremely low precipitation event (Case &MacDonald, 1995) 
 • SW Canadian Plains: 1720s, reconstructed July PDSI signify severe drought (Sauchyn & Skinner, 2001; Sauchyn et al., 2003) 
 • Saskatchewan River Basin (SRB): 1717-1721, low streamflow (Case &MacDonald, 2003; Axelson, 2007; Axelson et al., 2009) 
 • Southern Canadian Cordillera: 1710-1723, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 
 • Southern Canadian Prairies: 1720s, PDSI and precipitation extremely low (St. George et al., 2009) 
 • Wind River: sustained period of low streamflow (Watson et al., 2009) 
1750s - 1760s • Western North America: negative PDSI values (Cook et al., 1999) 
 • SW Canadian Plains: reconstructed July PDSI values indicating severe drought (Sauchyn & Skinner, 2001; Sauchyn et al., 2003) 

 
• SRB: sustained period of low streamflow (Case & MacDonald, 2003; Axelson, 2007; Axelson et al., 2009) 

 
• SR and Blue River: 1730s - 1770s, severe periods of reconstructed streamflow (Meko &Woodhouse, 2004) 

 
• Southern Canadian Cordillera: 1757-1761, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 

 
• SE Canadian Prairies: severe period of low streamflow (Vanstone, 2012) 

1770s - 1780s • SR: 1775-1788, sustained period of low streamflow reconstructed (Earle, 1993; Meko et al., 2001) 
1790s • SW Canadian Prairies: low values of reconstructed precipitation (Case & MacDonald, 1995) 
  • SW Canadian Plains: reconstructed July PDSI values indicating severe drought (Sauchyn & Skinner, 2001; Sauchyn et al., 2003)  
  • Southern Canadian Cordillera: 1793-1799, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 
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1800s - 1840s • Athabasca River Basin (ARB): 1845, low lake levels reconstructed (Stockton & Fritts, 1973) 
  • SR: 1838-1852, sustained period of low streamflow reconstructed (Earle, 1993; Meko et al., 2001) 
  • SW Canadian Prairies: 1815-1816 and 1847, low values of reconstructed precipitation (Case & MacDonald, 1995) 
  • Upper Gila River Basin (UGRB): 1830s-1850, severe sustained low streamflow (Meko & Graybill, 1995) 
  • UCRB: 1843 - 1848, severe low streamflow (Meko et al., 1995) 
  • Western North America: 1820s, negative PDSI values (Cook et al., 1999) 
  • SW Canadian Plains: 1820s, reconstructed July PDSI values indicating severe drought (Sauchyn & Skinner, 2001) 
  • SRB: sustained period of low streamflow (Case & MacDonald, 2003; Axelson, 2007) 
  • Gunnison River Basin: 1820s, 1840s, SWE reconstructions of streamflow signify severe sustained drought (Woodhouse, 2003) 
  • Columbia River: 1840s, severe sustained low streamflow (Gedalof et al., 2004) 
  • SR and Blue River: 1840s, severe period of reconstructed streamflow (Meko & Woodhouse, 2004) 
  • Southern Canadian Cordillera: 1835-1845, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 
  • Churchill River Basin (CRB): 1840-1852, sustained period of low streamflow (Beriault & Sauchyn, 2006) 
  • SE Canadian Prairies: late 1810s-1830s, low PDSI, precipitation and streamflow (Vanstone & Sauchyn, 2010; Vanstone, 2012) 
1850s - 1870s • ARB: 1868, low lake levels reconstructed (Stockton & Fritts, 1973); and 1859, severely low streamflow (Bonin & Burn, 2005) 
  • Severe drought in the Canadian Prairies described by John Palliser exploration: 1857-1859 (Nemanishen, 1988) 
  • SW Canadian Prairies: 1860s, sustained low reconstructed precipitation (Case & MacDonald, 1995, Sauchyn et al., 2003) 
  • Western North America: 1850s-1860s, negative PDSI values (Cook et al., 1999) 
  • Southern Canadian Cordillera: 1866-1873, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 
  • CRB: sustained period of low streamflow (Beriault & Sauchyn, 2006) 
  • SRB: 1860s-1870s, sustained period of low streamflow (Axelson, 2007; Axelson et al., 2009) 
  • Canadian Prairies: reconstructed PDSI and precipitation values extremely low (St. George et al., 2009) 
 1880s – 1890s • Multi-year drought in southern Prairies: late 1880s and early 1890s (Bonsal et al., 2004) 
  • Columbia River: 1890s, severe sustained low streamflow (Gedalof et al., 2004) 
  • Southern Canadian Cordillera: 1886-1895, severe sustained low streamflow and dry period (Woodhouse & Luckman, 2005) 
  • CRB: 1883-1893, sustained period of low streamflow (Beriault &Sauchyn, 2006) 
  • UCRB and SPRB: 1880s, severe period of low streamflow (Woodhouse & Lukas, 2006) 
  • Wind River, sustained period of low streamflow (Watson et al., 2009) 
  • SE Canadian Prairies: late 1890s, extremely low PDSI, precipitation + streamflow (Vanstone & Sauchyn, 2010; Vanstone, 2012) 
  • Upper Green River Basin: severe sustained period of low streamflow (Barnett et al., 2011) 
1900s - 1940s • ARB: 1918, 1930s, 1945 low lake levels reconstructed (Stockton & Fritts, 1973); low streamflow (Bonin and Burn, 2005) 
  • Extensive agricultural drought across the Canadian Prairies: 1936-1938 (Nemanishen, 1988) 
  • Severe drought in the Palliser Triangle: 1929-1937 (Nemanishen, 1988) 
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  • Spring and summer rainfall at Medicine Hat <100 mm/year: 1917-1926 (Nemanishen, 1988) 
  • SR: 1930s, sustained period of low streamflow reconstructed (Earle, 1993; Meko et al., 2001) 
  • SW Canadian Prairies: 1916-1925, severe sustained low reconstructed precipitation values (Case & MacDonald, 1995) 
  • Steady decline in lake levels throughout the southern Canadian Prairies (Vance &Wolfe, 1996) 
  • Western North America: 1930s, 1934 and 1936, negative values of PDSI (Cook et al., 1999) 
  • SW Canadian Plains: reconstructed July PDSI values signify severe drought (Sauchyn & Skinner, 2001; Sauchyn et al., 2003) 
  • SRB: 1930s-1940s, sustained period of low streamflow (Case & MacDonald, 2003; Axelson, 2007) 
  • GRB: 1909 and 1934, snow water equivalent reconstructions of streamflow indicate severe drought years (Woodhouse, 2003) 
  • Columbia River: 1930s, severe sustained low streamflow (Gedalof et al., 2004) 
  • Southern Canadian Cordillera: 1915-1942, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 
  • CRB: 1905-1921 and 1937-1945, severe sustained low streamflow (Beriault & Sauchyn, 2006) 
  • UCRB and SPRB: 1930s, severe period of low streamflow (Woodhouse & Lukas, 2006) 
1950s - 1960s • Extensive agricultural drought across the Canadian Prairies: 1961 (Bonsal et al., 1999), 1964 and 1967-1968 (Jones, 1991) 
  • Western North America: 1950s, negative values of PDSI (Cook et al., 1999) 
  • SRB: 1961, severe event of low streamflow (Case & MacDonald, 2003) 
  • GRB: snow water equivalent reconstructions of streamflow indicate a severe sustained period of drought (Woodhouse, 2003) 
  • Columbia River: severe sustained low streamflow (Gedalof et al., 2004) 
  • SR and Blue River: 1959 and 1961, severe period of reconstructed streamflow (Meko & Woodhouse, 2004) 
  • UCRB and SPRB: 1950s, severe period of low streamflow (Woodhouse & Lukas, 2006) 
  • Canadian Prairies: 1950s, reconstructed precipitation and PDSI values extremely low (St. George et al., 2009) 
  • Wind River: 1950s, sustained period of low streamflow (Watson et al., 2009) 
  • SE Canadian Prairies: 1950s, low PDSI, precipitation and streamflow values (Vanstone & Sauchyn, 2010; Vanstone, 2012) 
1970s - 1990s • Extensive agricultural and hydrological drought across the Canadian Prairies: 1977-1978, 1980-1981, 1984, 1988-1989 

(Nemanishen, 1988; Jones, 1991; Wheaton et al., 1992) 
  • SR and Blue River: 1977, severe event of low streamflow (Meko & Woodhouse, 2004) 
  • Southern Canadian Cordillera: 1975-1990, severe sustained low streamflow and dry period (Watson & Luckman, 2005) 
  • CRB: 1980-1997, sustained period of low streamflow (Beriault & Sauchyn, 2006) 
  • UCRB and SPRB: 1977, severe period of low streamflow (Woodhouse & Lukas, 2006) 
  • SRB: 1980s, sustained period of low streamflow (Axelson, 2007; Axelson et al., 2009) 
2000s • SRB: 2000-2004, sustained period of low streamflow (Axelson, 2007) 
  • UCRB and SPRB: 2002, low streamflow event (Woodhouse & Lukas, 2006) 
  • Severe drought with vast spatial extent: 2001-2002 (Wheaton et al., 2008) 
  • Southeastern Saskatchewan: sustained period of low streamflow (Vanstone, 2012) 
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CHAPTER 6: TELECONNECTIONS AND POST-RECONSTRUCTION 
ANALYSIS 

6.1 Teleconnections 

Possible causes and durations of droughts at inter-decadal to multi-decadal times 

scales may be associated with modes of variability in the ocean-atmospheric climate 

system, and many external and internal forcings influencing temperature, precipitation 

and streamflow over regions of North America (Fye et al., 2006).  These internal forcings 

include sea surface temperature (SST) anomaly patterns that reoccur on a regular basis.  

There are two that are important to the climate of the Canadian Prairies: the El Niño-

Southern Oscillation (ENSO; Rasmussen and Carpenter, 1982; Shabbar et al., 1997; 

Case, 2000) and the Pacific Decadal Oscillation (PDO; Mantua et al., 1997; Minobe, 

1997; MacDonald and Case, 2005).  The PDO and the ENSO have been linked with 

variations in the 20th century hydroclimate (Shabbar and Khandekar, 1996; Shabbar et al., 

1997; Bonsal et al., 2001; Mantua and Hare, 2002; MacDonald and Case, 2005; Bonsal et 

al., 2006; Nyenzi and Lefale, 2006; Ault and St. George, 2010; St. Jacques et al., 2010; 

Lapp et al., 2012).  Through associating ocean-atmospheric modes of variability and 

patterns of hydroclimatic extremes, drought episodes and their duration over North 

America may be modeled (Fye et al., 2006). 

There has been increased interest in oscillation patterns in the global climate 

system that may lead to climate forecasting and a better understanding of the marine-

terrestrial system.  In western Canada, there is a higher frequency of low flow events in 

association with warmer/drier conditions during El Nino and positive phases of the PDO, 

although spatial and temporal aspects of these relationships are associated with individual 

watersheds (Bonsal and Shabbar, 2008).  The strongest links are during the cold season 
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and are generally less robust in the summer.  Drought may be attributed to regional 

pressure and circulation systems; however, physical understanding must include large-

scale atmospheric teleconnections and interactions between the atmosphere and 

abnormalities at its lower boundary, such as variation in sea surface temperatures, snow 

and ice cover, and the character of soil and its moisture content (Namais, 1983).  Coupled 

sea surface temperatures and atmospheric oscillations (in-phase) may lead to more 

prolonged and possibly higher magnitude extremes; and therefore teleconnections have 

less influence on the hydrologic variability on their own, or when they are out of phase, 

with relatively modest effects.  

 The El Niño-Southern Oscillation (ENSO) is a cyclical but irregular 3-7 year SST 

oscillation in the tropical Pacific Ocean, consisting of a warm (El Niño) phase, during 

which SSTs in the tropical eastern Pacific are irregularly warm, and a cool (La Niña) 

phase associated with cool SSTs in the eastern Pacific (Rasmussen and Carpenter, 1982; 

Case, 2000).  A change in weather patterns over the Pacific Ocean causes the reverse in 

the east-west flow of ocean currents.  Typical El Niño and La Niña events tend to 

develop during summer to early autumn, mature during winter, and terminate during the 

following spring (Rasmusson and Carpenter, 1982; Kiladis and Diaz, 1989).  While 

Prairie precipitation is less affected by ENSO than temperature, winter precipitation 

during El Niño is significantly lower than normal and higher during La Niña events 

(Shabbar et al., 1997).  This is quite significant as extreme dry winter conditions often 

have adverse effects on runoff and soil moisture recharge during the following spring.   

 The Pacific Decadal Oscillation (PDO) is a large-scale pattern of SST variability 

characterized by a gradient between irregularly cool SSTs in the east-central North 
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Pacific Ocean and irregularly warm SSTs of the central west coast of North America 

(Case, 2000; Mantua et al., 1997; Minobe, 1997).  The PDO has positive (warm) and 

negative (cool) phases that persist for two to three decades.  The positive phase results in 

a long-term negative precipitation anomaly on the prairies (Knox and Lawford, 1990).  

Positive (warm) PDO phases have been associated with warm winter and spring 

temperatures in northwest North America, and dry conditions in central western North 

America between 1925-1946 and 1977-1998 (Mantua et al., 1997; Fagre et al., 2003; St. 

Jacques et al., 2010; Bonsal et al., 2011).  Negative (cool) PDO phases have been 

associated with cool winter and spring temperatures over western North America 

between 1900-1924 and 1947-1976, as well as wet conditions in the Pacific Northwest, 

northern Rockies and central Prairies (Mantua et al., 1997; St. Jacques et al., 2010; 

Bonsal et al., 2011).  A warm ENSO (El Niño) typically has the same association with 

winter climate in northwestern North America as the positive phase of the PDO; a similar 

relationship is found between a cold La Niña and the negative phase of the PDO (Cayan 

et al., 1999; St. Jacques et al., 2010; Bonsal et al., 2011; Lapp et al., 2012).  These ENSO 

events can be further intensified by the PDO: typically there are more occurrences of El 

Niño (La Nina) during the positive (negative) phase of the PDO (Kiem et al., 2003; 

Bonsal et al., 2011; Lapp et al., 2012).    

6.2 Spectral and Wavelet Analysis 

 Geophysical climatic/hydroclimatic time series are often generated by intricate 

physical systems that we know little about (Grinstead et al., 2004).  A climatic event is 

represented by a series of local parameters, which characterize frequency, intensity, time 

position and duration, and these characteristics provide local and global information 
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describing the average temporal states of these events over some time period, 

representing a true climatic signal (Lau and Weng, 1995).  Wavelet analysis has become 

a common tool in dendroclimatology for analyzing localized variations of power within a 

time series, by decomposing a climatic/hydroclimatic time series into time-frequency 

space, and determining the dominant modes of variability throughout time (Torrence and 

Compo, 1998).  For further post reconstruction analysis, the main oscillatory modes of 

variability were identified via the use of the multi-taper method (MTM, Mann and Lees, 

1996) of singular spectrum analyses and by continuous wavelet analysis (CWT, 

Grinstead et al., 2004) for each stream gauge (FRIB, BCIB, and SCbRC).   

6.2.1 Singular Spectrum Analysis – Multi-taper Method (SSA-MTM) 

 Singular spectrum analysis (SSA) is a principal components methodology used 

within the time domain that ultimately extracts information from short and noisy time 

series without prior knowledge of the dynamics affecting the time series (Vautard and 

Ghil, 1989; Dettinger et al., 1995; Shoellhamer, 2001).  The nonparametric multi-taper 

method of spectral analysis minimizes spectral leakage due to the finite length of the time 

series, while also reducing the variance of spectral estimates by using orthogonal tapers 

rather than the unique data taper or spectral window used by other methods (Thomson, 

1982; Percival and Walden, 1993; Ghil et al., 2002).  A set of independent estimates of 

the power spectrum is computed (Ghil et al., 2002).  The tapers are functional 

eigenvectors, which are a discrete set of eigenfunctions that solve the variational problem 

of minimizing leakage outside particular frequency bands (Thomson, 1982; Percival and 

Walden, 1993; Ghil et al., 2002).  Tapers are computed for a chosen frequency 

bandwidth, and the total power spectrum can be estimated by averaging the individual 
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spectra given by each tapered version of the data set with low variance.  Oscillatory 

components are then presented as peaks of bumps within the spectra.  All peaks are tested 

for significance relative to the null hypothesis of a red noise background (Mann and Lees, 

1996), which is important in climatic studies where the system under investigation 

contains longer time-scales than those of immediate interest, leading to greater power at 

lower frequencies and therefore greater likelihood of prominent peaks in the spectrum 

(Thomson, 1990; Ghil et al., 2002). 

To identify the frequencies of dominant climatic oscillations for each of the time 

series, multi-taper method-spectral analyses of all streamflow reconstructions at each 

gauge (FRIB, BCIB, SCbRC) were implemented using the SSA-MTM Toolkit, available 

for download at http://www.atmos.ucla.edu/tcd/ssa/.  However, due to the relatively short 

length of the tree-ring record, the lower frequency results outside the cone of influence 

should be interpreted with caution (Pederson et al., 2001).   

6.2.2 Continuous Wavelet Analysis (CWT) 

Because climatic/hydroclimatic time series are generated by complex systems and 

thus all driving factors are not known, the predictable behaviour of such systems, such as 

trends and periodicities is of great interest to scientific research.  Within dendroclimatic 

research, a methodology known as wavelet transforms is used to expand the time series 

into time-frequency-space, providing both the dominant modes of variability and how 

those modes vary in power through time (Torrence and Compo, 1998).  Continuous 

wavelet analyses (CWT, Torrence and Compo, 1998; Grinstead et al., 2004) were applied 

using a MATLAB package (Torrence and Compo, 1998) available at 

http://atoc.colorado.edu/research/wavelets/, for each streamflow reconstruction for the 

http://www.atmos.ucla.edu/tcd/ssa/
http://atoc.colorado.edu/research/wavelets/
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FRIB, BCIB, and SCbRC.  Statistical significance of the wavelet produced is estimated 

against a red noise background at 95% confidence.  The data used for analyses are 

bounded within time, and therefore the wavelet transform is affected by edge effects, and 

errors will occur at the beginning and end of the wavelet power spectrum (Torrence and 

Compo, 1998; Jevrejeva et al., 2003).  Because of this edge effect, the MATLAB 

function creates what is known as a cone of influence that delimits a region of the 

wavelet spectrum beyond which edge effects become important and the power could be 

supressed (Torrence and Compo, 1998; Jevrejeva et al., 2003; Grinstead et al., 2004; 

Gobena and Gan, 2009; Vanstone, 2012).  Thus, the spectral power outside the cone of 

influence should be interpreted with caution.   

6.3 Post-Reconstruction Analysis  

Spectral analyses (SSA-MTM and wavelet) were applied to the reconstructed 

average water-year and summer flows for the Frenchman River (FRIB), Battle Creek 

(BCIB), and Swift Current Creek (SCbRC).  The singular spectrum analysis (SSA) was 

used to separate significant oscillation modes detected by the MTM analysis.  Results of 

the MTM analyses (Figure 6.1) show highly significant components of variability at 

inter-annual (2-6 years) and multi-decadal (20-30 years) time scales.  When examining 

the hydroclimatic streamflow variability within southwestern Saskatchewan, it is evident 

that is dominated by the high-frequency mode oscillation, and furthermore influenced by 

the multi-decadal frequency band.   

The wavelet power spectrum reflects the results of the MTM analysis, but also 

includes the additional underlying perspective of the time and frequency domains (Figure 

6.2).  Multi-proxy reconstructions of water-year and summer streamflow capture both 
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high and low frequency forcings, demonstrating the importance of incorporating 

maximum responses of tree-growth to climatic variability at sub-annual time scales (i.e. 

ring-width, early- and latewood) when possible, as growth response and drivers differ 

between annual and seasonal frequencies.   
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Figure 6.1: Results of the single-spectrum MTM analyses for reconstructions of average water-
year and summer flows.  Significant spectral peaks and the frequency are labeled (original in 
colour).   
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Figure 6.2: Wavelet power spectrums for water year and summer flow reconstructions.  The thick 
black contour line in the wavelet spectrum indicates significance at the 95% level (original in 
colour).  

Battle Creek at International Boundary – Summer flow 

Frenchman River at International Boundary – Summer flow 

Swift Current Creek below Rock Creek – Summer flow 

Swift Current Creek below Rock Creek – Water-year flow 
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In multi-proxy reconstructions of average water-year and summer streamflow, a 

strong multidecadal (~20-30 years) component is evident in the wavelet spectrum during 

much of the late 18th, and the mid to late 19th and 20th centuries.  These are periods of 

sustained drought in the average water-year and summer streamflow reconstructions, as 

well as other studies listed previously (Chapters 2 and 5).  The 20-30 year frequency band 

has been associated with the PDO sea surface temperature forcing (Mantua et al., 1997; 

Minobe, 1997), where shifts in warm or cool phases are marked by widespread variations 

in the North American climate.  PDO-related climatic anomalies have been strongly 

linked to snowpack and streamflow variations, especially in western North America 

(Cayan, 1996; Mantua et al., 1997; Bitz and Battisti, 1999; Lapp et al., 2012).  Above 

average temperatures and below average precipitation tend to occur in the Northwest 

interior region during positive (warm) phases with reversed climate anomaly patterns 

during a negative (cool) phase.  Differences in low-frequency oscillations between 

streamflow stations may be an indication of the limitations due to short instrumental 

records for calibrating reconstructions.   

No significant inter-decadal oscillations (~7 - ~11 years) were found within the 

summer and average water-year reconstructions.  However, significant inter-annual 

climate variability within the 2-6 year band of the El Nino-Southern Oscillation (ENSO; 

Shabbar and Skinner, 2004; Gobena and Gan, 2006) band is evident throughout much of 

the entire length of the average water-year and summer streamflow reconstructions for 

the Frenchman River, Battle Creek, and Swift Current Creek.  ENSO-related climatic 

anomalies have also been linked to streamflow variations within western North America 

(Meko and Woodhouse, 2004; Gedalof et al., 2004; Axelson et al., 2009; Barnett et al., 
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2011; Lapp et al., 2012; Vanstone, 2012).  Major drought years throughout the early to 

mid-20th century coincide with both the positive phases of ENSO and PDO, and when El 

Niño (La Niña) events coincide with extreme positive (negative) values of the PDO, they 

seem to have a negative (positive) effect on streamflow for southwestern Saskatchewan.   
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CHAPTER 7: CONCLUSIONS 

7.1 Summary of Research 

Investigating the long-term hydroclimate variability of three Prairie streams 

throughout southwestern Saskatchewan through reconstructions of streamflow from a 

network of moisture sensitive tree-ring chronologies was the objective of this research.  

This network of tree-ring chronologies was collected from a large area resulting in 

streamflow reconstructions at a range of spatial and temporal scales.  The inclusion of 

early- and latewood chronologies allowed seasonal growth responses to be accounted for, 

providing more reliable information at annual and sub-annual time scales than flow 

reconstructions derived from chronologies of annual ring width alone.  Statistically 

meaningful multi-proxy reconstructions have been inferred for three stream gauges 

within southwestern Saskatchewan.  The tree-ring models account for 40% to 55% of the 

instrumental variance and add approximately 250 years of estimated streamflow data to 

the gauge records, enabling examination of long-term hydroclimatic variability.  In 

addition, relationships with atmospheric and sea-surface temperature forcings were 

analyzed with the aim of identifying plausible drivers of annual and sub-annual 

streamflow variability within southwestern Saskatchewan.    

 Streamflow reconstructions for the Frenchman River, Battle Creek, and Swift 

Current Creek indicate major periods of high and low flows.  Reconstructions at each of 

the gauges show similar agreement (± 1 or 2 years) in the occurrence of the most extreme 

single year droughts, indicating a common coherent signal in timing of events throughout 

the region.  Hydrological extremes were quantified and classified as abnormally wet 

years in the 75th percentile, irregularly dry in the 25th percentile, and extreme 
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hydrological drought defined by the 10th percentile.  Because much of the unexplained 

variance in the calibration period can be attributed to the underestimation of high flows, 

more confidence can be applied to the interpretation of low flows, which consistently 

correspond to narrow tree-rings, capturing the timing and duration of drought.  For both 

water-year and summer streamflow, the late 18th century and mid 19th and 20th centuries 

represents some of the lowest and sustained flows among all reconstructions.  Ultimately 

these reconstructions were successful in capturing severe single year droughts as well as 

capturing the timing and magnitude of persistent low flow events documented by other 

sources of proxy data (i.e. tree-ring reconstructions).   

 Spectral analyses provided evidence that streamflow variability within 

southwestern Saskatchewan is driven by a combination of inter-annual (~2-6 year) and 

multi-decadal (~20-30 year) ocean-atmosphere oscillations, corresponding to the 

dominant frequencies in indices of the ENSO and PDO.  Using multi-proxy 

reconstructions, in both water-year and summer streamflow, to fully capture the high and 

low frequency forcings, demonstrates the importance of incorporating responses of tree-

growth to climatic variability at sub-annual time scales, suggesting that there is a 

temporal dependence in response to different drivers at different frequencies.  When 

these sea-surface/atmospheric oscillations are coupled, and in-phase with each other, 

there may be more prolonged and higher magnitude extremes than when climate 

anomalies are out of phases, resulting in a relatively modest influence of streamflow 

variability.   

Overall, the 20th century is representative of drought frequency over the long-

term, but not representative of the severity and duration of droughts found in the 
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historical record (i.e. less magnitude and shorter duration compared to multi-year 

droughts earlier in the record).  Understanding when and where the next climatic extreme 

will take place and its severity would greatly aid community members and policy makers 

of southwestern Saskatchewan for the development of strategic plans and mitigation to 

reduce the impact from such extremities.  As climate continues to vary and change 

throughout the coming years, more communication between paleoclimatic scientists and 

water managers is important, as results from proxy hydrometric research could be readily 

available and useful for water resource management and planning. 

7.2 Future Research 

 This study has completed and updated an important network of tree-ring 

chronologies for southwestern Saskatchewan, and is the first to generate water-year and 

summer streamflow reconstructions to investigate hydroclimatic variability within the 

watersheds of the Frenchman River, Battle Creek, and Swift Current Creek.  These 

chronologies aid in understanding hydroclimate in one of the most variable climate 

regions of the Canada.  Streamflow reconstructions are important scientific research for 

water managers and policy makers, revealing extended periods of high and low flows 

compared to those recorded in short instrumental records.  Advancing and understanding 

the consequences of a changing climate in terms of regional variability and extremes 

addresses a communication gap between the science, water management, policy, and 

residents of rural communities, and supports the application of this knowledge to 

adaptation planning.  One of the biggest challenges related to this study is making 

scientific data relevant, useful and usable to communities that face water challenges.  

Another significant challenge includes the production of valued outcomes from the 
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perspective of southwestern Saskatchewan communities and their members.   

These chronologies could be further used for other dendroclimatic reconstructions 

of streamflow for other streamflow gauges not addressed in this study, and other tree-ring 

proxies such as isotope analysis or densitometry may provide key information not 

addressed by tree-ring width alone for this study region.  To associate plausible drivers of 

streamflow variability, modes of significant frequencies could be extracted from average 

water-year and summer streamflow reconstructions and correlated with oscillations 

associated with sea surface temperature forcings, specifically ENSO and PDO for further 

investigation, creating the ability to investigate the phase difference between the 

components of the two time series during high periods of high common power and 

significant coherence.   
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APPENDIX A 

List of Streamflow Gauges 

Frenchman River - Gauge Stations               

Station Name Station ID Province Station Abbreviation Latitude Longitude 
Drainage 
(km2) Flow Years 

Below Eastend Reservoir 11AC001 SK FRbER_SPR/FRbER_SUM/FRbER_SPSU 49˚30'54" 108˚49'54" 1600.00 1909 - 1994 
Huff's Ranch 11AC010 SK 

 
49˚21'47" 107˚51'30" 

 
1910 - 1911 

Ravenscrag 11AC017 SK 
 

49˚29'30" 109˚5'19" 1207.00 1913 - 1936 
Above Eastend Reservoir 11AC018 SK FRaER_SPR/FRaER_SUM/FRaER_SPSU 49°29'25"  109°0'0"  1500.00 1912 - 1966 
Near Belanger 11AC022 SK 

 
49°29'0"    109°21'0" 554.00 1916 - 1917 

50 Mile 11AC023 SK 
 

49°24'37"    108°0'45" 3080.00 1914 - 1992 
Buzzard's Ranch 11AC027 SK 

 
49°6'0"   107°24'0" 5180.00 1914 - 1915 

Walker's 11AC029 SK 
 

49°3'5"    107°21'14" 5390.00 1916 - 1969 
Drury's Ranch 11AC040 SK 

 
49°29'52"    109°19'18" 565.00 1917 - 1928 

International Boundary 11AC041 SK FRIB_SPR/FRIB_SUM/FRIB_SPSU 49°0'0"   107°18'8"  5510.00 1917 - 2010 
Below Val Marie 11AC051 SK 

 
49°11'40"    107°41'12" 4470.00 1937 - 1992 

Below Eastend Irrigation Project 11AC057 SK 
 

49°24'34"    108°36'5" 2140.00 1937 - 1975 
Below Newton Lake 11AC062 SK FRbNL_SUM 49°18'7"    107°48'20" 3490.00 1939 - 1995 
Highway No. 37 11AC067 SK 

 
49°20'5"   108°24'56"  2350.00 1963 - 1969 

Near Rosefield 11AC070 SK 
 

49°9'10"    107°31'50" 4660.00 1965 - 1969 
Below Mule Creek 11AC071 SK   49°24'55"   108°12'21"  2870.00 1964 - 1969 

 
Swift Current Creek - Gauge Stations               

Station Name Station ID Province Station Abbreviation Latitude Longitude 
Drainage 
(km2) Flow Years 

Pollock's Ranch 05HD001 SK 
 

49°34'20"    108°46'20" 57.20 1908 - 1916 
Sinclair's Ranch (Upper Station) 05HD004 SK 

 
49°48'56"    108°33'14" 372.00 1909 - 1917 

Sinclair's Ranch (Lower Station) 05HD005 SK 
 

49°49'2"   108°33'13"  815.00 1910 - 1936 
Near Swift Current (Lower Station) 05HD006 SK 

 
50°15'50"   107°47'15" 3230.00 1913 - 1918 

At Swift Current 05HD007 SK SCaSC_SPR/SCaSC_SUM/SCaSC_SPSU 50°16'50"   107°46'40" 3280.00 1910 - 1974 
Below Pelletier Creek 05HD030 SK SCbPC_SPR/SCbPC_SUM/SCbPC_SPSU 50°9'53"   107°53'47" 2910.00 1944 - 1974 
Above Duncairn Reservoir 05HD031 SK 

 
49°57'30"   108°11'0" 1920.00 1944 - 1956 

Below Rock Creek 05HD036 SK /SCbRC_SUM/SCbRC_WY 49°50'40"   108°28'46" 1430.00 1955 - 2010 
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Near the Mouth 05HD037 SK 
 

50°36'6"   107°43'22" 3910.00 1965 - 1972 
Near Swift Current   05HD038 SK 

 
50°14'30"   107°48'0" 3160.00 1914 - 1926 

Near Leinan 05HD039 SK SCnL_SPR/SCnL_SUM/SCnL_SPSU 50°29'38"   107°39'31" 3730.00 1973 - 2010 
Below Reid Lake 05HD041 SK   50°4'51"   108°2'40" 2470.00 1975 - 1992 

 
Battle Creek - Gauge Stations               

Station Name 
Station 
ID Province Station Abbreviation Latitude Longitude 

Drainage 
(km2) Flow Years 

Above Gaff Ditch 11AB003 SK BCaGD_SUM 49°25'53"   109°50'44" 520.00 1909 - 1976 
Nash's Ranch 11AB010 SK 

 
49°11'15"   109°33'20" 2120.00 1909 - 1944 

Wilson's Ranch 11AB011 SK 
 

49°26'30"   109°40'0" 663.00 1910 - 1940 
Lindner Bros. Ditch 11AB012 SK 

 
49°27'24"   109°50'24" 

 
1910 - 1931 

Below Diversion Canal 11AB015 SK 
 

49°26'11"   109°35'10" 764.00 1912 - 1939 
Gaff Ditch 11AB019 SK 

 
49°24'40"   109°47'35" 

 
1912 - 1931 

Shepherd Bros East Ditch 11AB022 SK 
 

49°25'50"   109°41'50" 
 

1915 - 1931 
International Boundary 11AB027 SK BCIB_SPR/BCIB_SUM/BCIB_SPSU 49°0'7"   109°25'18" 2580.00 1916 - 2010 
Marshall and Gaff Ditch 11AB043 SK 

 
49°25'19"   109°49'24" 

 
1911 - 1931 

Parsonage Ditch 11AB053 SK 
 

49°31'30"   109°51'0" 
 

1915 - 1915 
Patterson Ditch 11AB054 SK 

 
49°26'0"   109°50'30" 

 
1919 - 1931 

Wilson Ditch 11AB065 SK 
 

49°25'49"   109°41'31" 
 

1919 - 1923 
Below Wilke's Ranch 11AB073 SK 

 
49°26'0"   109°35'0"  787.00 1928 - 1930 

Above Cypress Lake West Inflow Canal 11AB076 SK BCaCLW_SPR/BCaCLW_SUM/BCaCLW_SPSU 49°25'44"   109°41'2" 658.00 1939 - 1966 
Ranger Station 11AB081 SK BCRS_SUM 49°36'4"   109°55'21" 205.00 1951 - 1974 
Middle Creek 11AB087 SK 

 
49°24'20"   109°52'22" 414.00 1960 - 1971 

Near Consul 11AB096 SK BCnC_SUM 49°17'12"   109°31'22" 1850.00 1963 - 2010 
Above Cypress Lake West Outflow Canal 11AB100 SK 

 
49°27'53"  109°36'4" 756.00 1964 - 1980 

Below Nashlyn Project 11AB101 SK BCbNP_SUM 49°9'52"   109°27'52" 2210.00 1964 - 2010 
East Fork Near International Boundary 11AB107 AB BCEF_SPR/BCEF_SUM/BCEF_SPSU 48°58'0"   109°8'0" 182.00 1927 - 1976 
Below Gaff Ditch 11AB112 SK 

 
49°24'43"   109°44'35" 603.00 1923 - 1976 

At Alberta Boundary 11AB117 SK BCAB_SPR/BCAB_SUM/BCAB_SPSU 49°38'55"    110°0'18" 111.00 1975 - 2010 
Below Wilson's Weir 11AB118 SK BCbWW_SPR/BCbWW_SUM/BCbWW_SPSU 49°27'1"   109°38'39"  681.00 1980 - 2010 

 
List of streamflow gauges for the Frenchman River, Battle Creek, and Swift Current Creek.  Station Abbreviations are coded as follows: _SPR (spring streamflow); 
_SUM (summer streamflow); and SPSU (spring and summer streamflow). 
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A.  Exploratory Analysis 
 
A.1 Streamflow and Climate 

A.1.1 Streamflow and Precipitation 

 

Table A.1.1a: Seasonal correlation (p < 0.05) between precipitation and streamflow gauges for Battle Creek (DJF: December-February; MAM: March-May; JJA: June-
August; SON: September-October; prev: previous season precipitation; SUM: JJA; SPR: MAM; SPSU: March-August).  See List of Streamflow Gauges for station 
abbreviations.   

BCaGD_
SUM

BCIB_
SPR

BCIB_
SUM

BCIB_
SPSU

BCaCLW
_SPR

BCaCLW_
SUM

BCaCLW_
SPSU

BCRS_
SUM

BCnC_
SUM

BCbNP_
SUM

BCEF_
SPR

BCEF_
SUM

BCEF_
SPSU

BCAB_
SPR

BCAB_
SUM

BCAB_
SPSU

BCbWW_
SPR

BCbWW_
SUM

BCbWW_
SPSU

MEDHATP_DJF 0.2062 0.0717 0.0627 0.0764 0.2427 0.0410 0.2075 0.0267 0.3896 0.3613 -0.0019 -0.0071 -0.0035 0.0220 0.0971 0.0709 0.1779 0.0600 0.1851
MHPREV_DJF 0.0161 0.1500 0.0616 0.1444 0.3279 0.1506 0.3125 0.1220 0.2071 0.2164 0.0496 -0.0106 0.0419 0.1379 -0.0761 0.0595 0.0389 0.1848 0.1485
MEDHATP_MAM 0.3011 0.2742 0.5803 0.3675 0.3548 0.6923 0.5163 0.7163 0.4626 0.4329 0.2158 0.2750 0.2652 0.3385 0.3984 0.4760 -0.0950 0.0224 -0.0642
MHPREV_MAM 0.1745 0.1992 0.2291 0.2244 0.3329 0.4111 0.4042 0.4107 0.1318 0.1434 0.2162 0.2701 0.2643 0.2831 -0.0707 0.1702 -0.0850 -0.3119 -0.2640
MEDHATP_JJA 0.5883 0.1130 0.3621 0.1788 0.1866 0.3439 0.2647 0.2484 0.3368 0.3288 0.1614 -0.0058 0.1436 -0.0771 0.7111 0.3425 0.2886 -0.0681 0.1961
MHPREV_JJA 0.3418 0.2879 0.0626 0.2648 0.5186 0.1242 0.4558 0.1847 -0.1889 -0.2440 0.2853 0.0887 0.2795 0.0575 -0.1629 -0.0489 0.0794 -0.1040 0.0003
MEDHATP_SON -0.2136 -0.0692 -0.0635 -0.0744 -0.0714 -0.0761 -0.0827 -0.2085 0.1375 0.1173 -0.0526 -0.0525 -0.0609 0.1849 0.0774 0.1807 0.2523 0.0127 0.2169
MHPREV_SON 0.2297 0.2071 -0.0715 0.1647 0.2265 -0.0528 0.1630 -0.0339 -0.0183 0.0201 0.2141 0.0103 0.1952 0.4554 -0.0609 0.3037 -0.0651 -0.0903 -0.1108
SWIFTP_DJF 0.4778 -0.0184 0.0460 -0.0059 -0.1518 0.0444 -0.1063 -0.0208 0.1108 0.1233 -0.2187 -0.0718 -0.2152 0.0527 -0.1132 -0.0245 0.0429 -0.0984 -0.0264
SCPREV_DJF 0.1752 0.0733 -0.0364 0.0558 0.0523 -0.1044 0.0066 -0.1209 0.2451 0.2865 -0.0474 -0.2017 -0.0948 0.0814 -0.1505 -0.0241 -0.0916 0.1552 0.0218
SWIFTP_MAM 0.4086 0.3639 0.5634 0.4418 0.4396 0.6779 0.5792 0.5442 0.2291 0.2298 0.3395 0.2545 0.3711 0.2254 0.0554 0.1985 -0.4087 -0.2956 -0.5176
SCPREV_MAM 0.2324 0.1237 0.1933 0.1506 0.1921 0.1851 0.2157 0.4020 0.0041 -0.0023 0.0995 0.1494 0.1281 -0.1358 -0.0675 -0.1389 0.0721 -0.3045 -0.1300
SWIFTP_JJA 0.5157 0.0391 0.1798 0.0738 0.1489 0.2939 0.2178 0.1611 0.2157 0.2529 0.1532 0.1736 0.1827 -0.0942 0.5030 0.2140 0.2892 -0.0169 0.2260
SCPREV_JJA -0.0661 0.2843 0.1870 0.2892 0.5434 0.3191 0.5412 0.3696 -0.0072 -0.0286 0.1586 0.2064 0.1960 0.0453 -0.0867 -0.0153 0.1453 0.1362 0.2033
SWIFTP_SON -0.1094 0.1119 0.2296 0.1483 -0.0146 0.2795 0.0824 0.2302 0.3248 0.3195 0.0552 0.0568 0.0644 0.2441 0.2060 0.2974 0.2728 0.0372 0.2461
SCPREV_SON 0.0916 0.3282 0.1033 0.3089 0.5111 0.1496 0.4584 0.3627 -0.0030 0.0157 0.2057 0.1886 0.2338 0.3770 -0.1318 0.2054 -0.1339 0.0074 -0.1050
KLINTP_DJF 0.4275 0.0207 0.1803 0.0585 -0.0326 0.1038 0.0089 0.0072 0.3926 0.3413 -0.1045 -0.0658 -0.1110 -0.1448 0.2802 0.0285 -0.2423 0.1858 -0.0994
KPREV_DJF -0.0124 -0.0290 0.0082 -0.0233 -0.0097 -0.0853 -0.0365 -0.1618 0.2126 0.2362 -0.0347 -0.2312 -0.0910 0.2488 0.1524 0.2426 -0.0573 0.2366 0.0930
KLINTP_MAM 0.1836 0.2533 0.6281 0.3614 0.4707 0.7237 0.6194 0.6812 0.6979 0.6820 0.2305 0.2278 0.2662 0.4316 0.6963 0.6325 -0.1887 0.3862 0.1114
KPREV_MAM 0.0901 0.0815 0.2482 0.1267 0.2607 0.4085 0.3456 0.3567 0.3732 0.3215 0.0833 0.1200 0.1060 0.2424 0.3506 0.3361 0.2292 -0.1441 0.0924
KLINTP_JJA 0.3174 0.0824 0.2465 0.1271 0.2049 0.3582 0.2841 0.0868 0.3950 0.4373 0.0890 0.1434 0.1171 0.0743 0.5817 0.3272 -0.3569 0.1868 -0.1701
KPREV_JJA 0.1536 0.3345 0.2380 0.3436 0.5596 0.3559 0.5666 0.5108 0.1206 0.0992 0.2623 0.1679 0.2793 -0.1532 0.1811 -0.0221 0.3494 0.3427 0.5346
KLINTP_SON -0.0073 0.0807 0.1595 0.1058 0.0648 0.1746 0.1105 0.0104 0.3159 0.3247 0.0117 0.0132 0.0139 0.2550 0.0977 0.2217 -0.1601 0.1700 -0.0371
KPREV_SON 0.5046 0.3535 0.0862 0.3257 0.5319 0.0242 0.4328 0.1131 0.0549 0.0641 0.3782 0.0930 0.3642 0.3407 0.1470 0.3039 -0.3109 -0.0604 -0.3082
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Table A.1.1b: Seasonal correlation (p < 0.05) between precipitation and streamflow gauges for Swift Current Creek (DJF: December-February; MAM: March-May; JJA: 
June-August; SON: September-October; prev: previous season precipitation; SUM: JJA; SPR: MAM; SPSU: March-August).  See List of Streamflow Gauges for station 
abbreviations.   

SCaSC_
SPR

SCaSC_
SUM

SCaSC_
SPSU

SCbPC_
SPR

SCbPC_
SUM

SCbPC_
SPSU

SCbRC_
SPR

SCbRC_
SUM

SCbRC_
SPSU

SCbRC_
WY

SCnL_
SPR

SCnL_
SUM

SCnL_
SPSU

SCnL_
WY

MEDHATP_DJF 0.2999 0.0882 0.2774 0.3328 0.2054 0.3264 0.4060 -0.0960 0.3599 0.0687 0.1165 0.1226 0.1272 0.1268
MHPREV_DJF 0.1565 0.0496 0.1448 0.2693 0.2726 0.2791 0.1975 -0.1605 0.1488 0.0664 0.1604 0.1721 0.1756 0.3324
MEDHATP_MAM 0.2612 0.3168 0.2798 0.2380 0.1589 0.2351 0.3548 0.3039 0.4038 0.3387 -0.0537 0.4068 0.0084 -0.0373
MHPREV_MAM 0.1104 0.3220 0.1453 0.1091 0.2013 0.1259 0.2310 0.0751 0.2345 0.2425 0.1749 0.3383 0.2132 0.2509
MEDHATP_JJA 0.2531 0.2215 0.2588 0.1399 0.0044 0.1256 -0.1068 0.4071 -0.0063 0.0714 -0.2566 0.1997 -0.2122 -0.2212
MHPREV_JJA 0.4920 0.3063 0.4819 0.4619 0.2949 0.4544 0.1865 -0.1090 0.1503 0.1503 0.2516 0.0832 0.2484 0.2507
MEDHATP_SON -0.0755 -0.1030 -0.0895 -0.0738 -0.0429 -0.0720 -0.0885 -0.1273 -0.1128 0.0673 -0.1503 -0.2874 -0.1827 -0.1924
MHPREV_SON 0.3952 0.2113 0.3794 0.3631 0.0280 0.3284 0.2715 0.0731 0.2725 0.5311 0.3094 0.0477 0.2975 0.2981
SWIFTP_DJF -0.1249 -0.0070 -0.1152 -0.0599 0.1049 -0.0387 0.2637 -0.0234 0.2428 0.1146 0.0420 0.0313 0.0440 0.0622
SCPREV_DJF -0.1494 -0.0344 -0.1429 -0.0641 0.1994 -0.0292 0.0229 -0.1425 -0.0114 0.0146 0.1341 0.0677 0.1358 0.1951
SWIFTP_MAM 0.2708 0.2729 0.2882 0.1987 0.0235 0.1809 0.4132 0.3424 0.4681 0.5535 0.2687 0.4688 0.3202 0.3159
SCPREV_MAM 0.0779 0.2443 0.1111 -0.0064 0.1502 0.0155 -0.0896 -0.0004 -0.0844 -0.2768 -0.0234 0.0412 -0.0160 0.0018
SWIFTP_JJA 0.1521 0.2128 0.1669 0.0538 0.0263 0.0518 -0.0604 0.5346 0.0667 -0.0316 -0.1229 0.4876 -0.0449 -0.1025
SCPREV_JJA 0.5517 0.4472 0.5569 0.5160 0.3637 0.5125 0.2929 -0.0184 0.2715 0.1425 0.3367 0.2077 0.3463 0.3575
SWIFTP_SON 0.1283 -0.0732 0.1019 0.0945 -0.0766 0.0736 0.1773 0.0485 0.1781 0.1148 0.0664 -0.1747 0.0371 0.0266
SCPREV_SON 0.3889 0.4302 0.4114 0.2698 0.2173 0.2718 0.4781 -0.1331 0.4193 0.5611 0.7121 0.0259 0.6727 0.6807
KLINTP_DJF 0.0205 -0.1136 -0.0051 0.1408 0.0761 0.1366 0.3510 0.0291 0.3284 0.1430 0.4513 0.2045 0.4255 0.3822
KPREV_DJF -0.3039 -0.2205 -0.3101 -0.1291 0.0350 -0.1105 -0.1133 -0.3465 -0.1822 -0.1049 0.3426 -0.0400 0.2599 0.4337
KLINTP_MAM 0.2426 0.3063 0.2622 0.2631 0.1907 0.2620 0.4322 0.4153 0.4591 0.4947 0.5748 0.6266 0.6017 0.5829
KPREV_MAM 0.0509 0.1017 0.0597 0.0629 0.0762 0.0670 0.1555 0.1999 0.1727 0.1924 0.5879 0.6636 0.6211 0.7329
KLINTP_JJA 0.1454 0.1804 0.1584 0.0701 -0.0074 0.0616 -0.0242 0.4069 0.0385 0.1649 0.3465 0.5009 0.3936 0.4905
KPREV_JJA 0.5917 0.4461 0.5932 0.5158 0.3374 0.5086 0.3463 0.2803 0.3600 -0.1172 0.4895 0.6027 0.5298 0.6163
KLINTP_SON 0.2442 -0.0283 0.2097 0.2654 0.0670 0.2466 0.3101 -0.1393 0.2527 0.1465 -0.1231 -0.2378 -0.1748 -0.2019
KPREV_SON 0.4332 0.3428 0.4347 0.4054 0.2105 0.3921 0.1463 0.0745 0.1509 0.5316 0.1556 -0.0624 0.1037 0.1470
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Table A.1.1c: Seasonal correlation (p < 0.05) between precipitation and streamflow gauges for the Frenchman River (DJF: December-February; MAM: March-May; 
JJA: June-August; SON: September-October; prev: previous season precipitation; SUM: JJA; SPR: MAM; SPSU: March-August).  See List of Streamflow Gauges for 
station abbreviations.   

  

FRbER_
SPR

FRbER_
SUM

FRbER_
SPSU

FRaER
_SPR

FRaER_
SUM

FRaER_
SPSU

FRIB_
SPR

FRIB_
SUM

FRIB_
SPSU

FRbNL_
SUM

MEDHATP_DJF 0.2730 0.2128 0.2828 0.4221 0.2486 0.4267 0.0622 -0.0105 0.0497 -0.1084
MHPREV_DJF 0.3392 0.0971 0.3286 0.1665 0.1624 0.1756 0.1503 -0.0547 0.1272 -0.1166
MEDHATP_MAM 0.1780 0.5340 0.2416 -0.0874 0.0591 -0.0737 0.1522 0.2779 0.2066 0.3215
MHPREV_MAM 0.1487 0.2699 0.1743 0.2329 0.0807 0.2279 0.1348 0.1285 0.1496 -0.1024
MEDHATP_JJA 0.1582 0.2029 0.1763 -0.1377 0.1770 -0.1028 0.1531 0.3775 0.2281 0.1331
MHPREV_JJA 0.2533 0.2149 0.2674 0.1924 0.0365 0.1836 0.2585 0.0094 0.2376 -0.0941
MEDHATP_SON -0.0489 -0.1549 -0.0663 0.0459 0.0167 0.0434 -0.0636 -0.1402 -0.0917 -0.1498
MHPREV_SON 0.2750 -0.1504 0.2348 0.1569 0.1600 0.1674 0.2966 -0.0262 0.2639 -0.0706
SWIFTP_DJF 0.0757 0.0151 0.0747 0.3986 0.3573 0.4187 -0.0778 -0.1148 -0.1005 0.0655
SCPREV_DJF 0.0932 -0.0417 0.0810 0.4006 0.3275 0.4167 0.0970 -0.0856 0.0656 -0.1271
SWIFTP_MAM 0.2537 0.5323 0.3140 -0.0645 -0.1040 -0.0737 0.3347 0.3147 0.3805 0.4482
SCPREV_MAM 0.0335 0.1501 0.0509 0.0950 0.0145 0.0915 0.0801 0.1209 0.0997 -0.1632
SWIFTP_JJA 0.0959 0.3390 0.1356 0.0365 0.2971 0.0744 0.0755 0.4321 0.1697 0.4329
SCPREV_JJA 0.3027 0.2956 0.3285 0.4783 0.0604 0.4552 0.2319 0.0649 0.2240 0.0618
SWIFTP_SON 0.1642 0.0821 0.1678 -0.0530 -0.1865 -0.0781 0.0970 -0.0412 0.0795 -0.1098
SCPREV_SON 0.4785 0.0234 0.4535 -0.0012 -0.0541 -0.0096 0.4587 -0.1270 0.3873 -0.3125
KLINTP_DJF -0.0681 0.0927 -0.0489 0.3107 0.3018 0.3292 -0.0486 0.0521 -0.0359 0.0017
KPREV_DJF -0.0758 -0.0700 -0.0809 0.0748 0.0363 0.0732 -0.0208 -0.0953 -0.0436 -0.2987
KLINTP_MAM 0.2001 0.4751 0.2510 0.0016 0.0805 0.0107 0.2451 0.3073 0.2958 0.3775
KPREV_MAM 0.0612 0.2834 0.0949 0.0640 0.0839 0.0709 0.0784 0.1444 0.1035 0.0090
KLINTP_JJA 0.1187 0.4363 0.1688 -0.1286 0.0488 -0.1128 0.1511 0.4603 0.2413 0.2922
KPREV_JJA 0.3759 0.3591 0.4013 0.2327 0.0686 0.2263 0.3236 0.2318 0.3430 0.2591
KLINTP_SON 0.1975 -0.0106 0.1857 0.0553 -0.0249 0.0458 0.1004 -0.1231 0.0615 -0.1790
KPREV_SON 0.4388 -0.0221 0.4065 0.0749 0.2759 0.1061 0.4742 0.0173 0.4310 -0.2513
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A.1.2 Streamflow and Temperature 

 

Table A.1.2a: Seasonal correlation (p < 0.05) between temperature and streamflow gauges for Battle Creek (DJF: December-February; MAM: March-May; JJA: June-
August; SON: September-October; prev: previous season temperature; SUM: JJA; SPR: MAM; SPSU: March-August).  See List of Streamflow Gauges for station 
abbreviations.   

BCaGD_
SUM

BCIB_
SPR

BCIB_
SUM

BCIB_
SPSU

BCaCLW_
SPR

BCaCLW_
SUM

BCaCLW_
SPSU

BCRS_
SUM

BCnC_
SUM

BCbNP_
SUM

BCEF_
SPR

BCEF_
SUM

BCEF_
SPSU

BCAB_
SPR

BCAB_
SUM

BCAB_
SPSU

BCbWW_
SPR

BCbWW_
SUM

BCbWW_
SPSU

MEDHATT_DJF 0.0165 -0.1788 0.0432 -0.1463 -0.1424 0.2338 -0.0350 0.1220 -0.2379 -0.2119 -0.1106 0.2317 -0.0395 -0.1882 -0.1815 -0.2164 -0.0301 -0.2116 -0.1416
MHTPREV_DJF 0.0016 -0.0485 0.0000 -0.0423 -0.0860 -0.0597 -0.0888 0.1011 -0.1185 -0.0841 0.0102 0.1570 0.0498 -0.0470 -0.1585 -0.1259 0.0398 -0.0245 0.0126
MEDHATT_MAM 0.3243 -0.2796 -0.1344 -0.2741 -0.5040 -0.1873 -0.4654 -0.3523 -0.1191 -0.1176 -0.1143 -0.1836 -0.1502 -0.2046 -0.0481 -0.1405 0.1411 -0.0319 0.0761
MHTPREV_MAM 0.1604 -0.1131 -0.0863 -0.1180 -0.0557 -0.1426 -0.0925 -0.1761 0.0460 0.0688 -0.0646 -0.0837 -0.0797 0.2095 -0.0588 0.0752 0.0654 -0.1629 -0.0498
MEDHATT_JJA -0.3363 -0.3837 -0.2619 -0.3934 -0.6265 -0.2556 -0.5862 -0.4201 -0.0864 -0.0647 -0.3633 -0.1210 -0.3580 -0.3092 -0.1279 -0.2473 -0.0645 -0.1469 -0.1275
MHTPREV_JJA 0.1340 -0.1746 -0.2131 -0.2001 -0.1463 -0.2691 -0.2074 -0.4321 0.0036 0.0104 -0.1420 0.0114 -0.1248 -0.0754 -0.0154 -0.0503 -0.0997 0.0142 -0.0586
MEDHATT_SON 0.0068 -0.2625 0.0545 -0.2168 -0.1223 0.1701 -0.0404 0.2102 -0.0088 -0.0001 -0.0875 0.2103 -0.0243 -0.2809 0.2306 -0.0045 0.2088 0.1700 0.2373
MHTPREV_SON 0.1060 -0.0786 0.0053 -0.0674 0.1892 0.2364 0.2306 0.2179 -0.1062 -0.0646 0.1317 0.3013 0.1964 -0.0225 -0.0384 -0.0365 -0.0869 0.1278 0.0152
SWIFTT_DJF 0.0468 -0.1460 0.0880 -0.1077 -0.1542 0.2362 -0.0436 0.2130 -0.1302 -0.1228 -0.0976 0.2293 -0.0285 -0.1748 -0.0823 -0.1462 -0.0131 -0.1832 -0.1139
SCTPREV_DJF 0.1186 -0.0619 -0.0014 -0.0543 -0.1976 -0.1103 -0.1949 0.0373 -0.0922 -0.0704 -0.0279 0.1254 0.0073 -0.0270 -0.1359 -0.1008 -0.0572 -0.0953 -0.0930
SWIFTT_MAM 0.2945 -0.2667 -0.1727 -0.2713 -0.5209 -0.2142 -0.4880 -0.3368 -0.1537 -0.1375 -0.0851 -0.1945 -0.1268 -0.2233 -0.0494 -0.1513 0.1180 0.0546 0.1103
SCTPREV_MAM 0.1183 -0.1689 -0.1220 -0.1747 -0.2328 -0.2429 -0.2676 -0.2674 0.0478 0.0636 -0.1405 -0.1306 -0.1601 0.1829 0.0145 0.1074 0.1135 -0.1497 -0.0100
SWIFTT_JJA -0.4490 -0.3532 -0.2712 -0.3688 -0.6390 -0.2918 -0.6084 -0.4538 -0.1397 -0.1116 -0.3814 -0.1303 -0.3767 -0.2221 -0.1314 -0.2027 0.0087 -0.1866 -0.1013
SCTPREV_JJA 0.0198 -0.1697 -0.1991 -0.1926 -0.2234 -0.2757 -0.2711 -0.4185 0.0293 0.0441 -0.1965 -0.0010 -0.1770 -0.0909 0.0092 -0.0430 -0.4067 -0.1187 -0.3402
SWIFTT_SON -0.0681 -0.2942 0.0258 -0.2508 -0.2585 0.0862 -0.1773 0.1713 0.0318 0.0410 -0.1689 0.1819 -0.1048 -0.2217 0.3132 0.0798 0.1677 0.2217 0.2394
SCTPREV_SON 0.0033 -0.0648 -0.0163 -0.0602 0.1439 0.1457 0.1640 0.1699 -0.0262 0.0184 0.1211 0.2687 0.1784 -0.0228 0.0067 -0.0080 -0.0463 0.1366 0.0475
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Table A.1.2b: Seasonal correlation (p < 0.05) between temperature and streamflow gauges for Swift Current Creek (DJF: December-February; MAM: March-May; JJA: 
June-August; SON: September-October; prev: previous season temperature; SUM: JJA; SPR: MAM; SPSU: March-August).  See List of Streamflow Gauges for station 
abbreviations.   
 
 
 

SCaSC
_SPR

SCaSC_
SUM

SCaSC_
SPSU

SCbPC_
SPR

SCbPC_
SUM

SCbPC_
SPSU

SCbRC_
SPR

SCbRC_
SUM

SCbRC_
SPSU

SCbRC_
WY

SCnL_
SPR

SCnL_
SUM

SCnL_
SPSU

SCnL_
WY

MEDHATT_DJF -0.0758 -0.1065 -0.0818 -0.1044 -0.3113 -0.1372 -0.3310 0.0352 -0.2949 -0.1510 -0.2902 -0.0206 -0.2756 -0.2752
MHTPREV_DJF -0.3260 -0.1586 -0.3120 -0.3502 -0.3634 -0.3642 -0.2240 0.0103 -0.2035 -0.1977 -0.3513 -0.1535 -0.3522 -0.4458
MEDHATT_MAM -0.3693 -0.2838 -0.3732 -0.3098 -0.0981 -0.2907 -0.5659 -0.2005 -0.5814 -0.3559 -0.2397 -0.3861 -0.2811 -0.2552
MHTPREV_MAM -0.3310 -0.3967 -0.3543 -0.2992 -0.3823 -0.3213 -0.2945 0.0560 -0.2550 -0.1687 -0.3428 -0.2554 -0.3590 -0.4175
MEDHATT_JJA -0.3023 -0.2175 -0.3026 -0.2258 -0.1128 -0.2177 0.0491 -0.2863 -0.0395 -0.0988 0.1306 -0.1109 0.1067 0.1108
MHTPREV_JJA -0.5816 -0.4627 -0.5876 -0.4943 -0.3194 -0.4868 -0.2787 -0.1196 -0.2925 -0.2450 -0.3190 -0.1253 -0.3178 -0.3454
MEDHATT_SON -0.0897 -0.1708 -0.1068 -0.0861 -0.2136 -0.1071 -0.2338 -0.0963 -0.2442 -0.2850 -0.0126 0.0270 -0.0079 -0.0236
MHTPREV_SON -0.2330 0.0517 -0.1959 -0.1821 0.0923 -0.1498 -0.1588 0.2774 -0.0643 -0.2044 -0.3052 0.1709 -0.2620 -0.2848
SWIFTT_DJF -0.0483 -0.1238 -0.0586 -0.1037 -0.3202 -0.1379 -0.3760 0.0735 -0.3250 -0.1926 -0.3244 -0.0690 -0.3147 -0.2980
SCTPREV_DJF -0.2743 -0.1176 -0.2589 -0.3364 -0.3475 -0.3497 -0.1147 0.0928 -0.0783 -0.0322 -0.2271 0.0207 -0.2103 -0.3057
SWIFTT_MAM -0.3643 -0.3618 -0.3805 -0.2886 -0.1555 -0.2799 -0.5915 -0.1522 -0.5907 -0.3638 -0.3175 -0.3925 -0.3551 -0.3277
SCTPREV_MAM -0.3702 -0.4319 -0.3934 -0.3526 -0.4152 -0.3737 -0.3031 0.0800 -0.2559 -0.1374 -0.3578 -0.2555 -0.3731 -0.4263
SWIFTT_JJA -0.3839 -0.3213 -0.3900 -0.3001 -0.2089 -0.2977 -0.0214 -0.1997 -0.0789 -0.1242 0.1064 -0.1000 0.0855 0.0941
SCTPREV_JJA -0.6472 -0.5722 -0.6598 -0.5964 -0.4222 -0.5925 -0.1681 -0.1550 -0.2010 -0.1115 -0.0947 -0.1170 -0.1059 -0.1409
SWIFTT_SON -0.1369 -0.1876 -0.1495 -0.1615 -0.2414 -0.1783 -0.1957 -0.0438 -0.1935 -0.1900 0.0404 -0.0156 0.0357 0.0195
SCTPREV_SON -0.3214 -0.0304 -0.2860 -0.2739 0.0408 -0.2390 -0.1795 0.3508 -0.0616 -0.1980 -0.3342 0.1464 -0.2928 -0.3207
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Table A.1.2c: Seasonal correlation (p < 0.05) between temperature and streamflow gauges for the Frenchman River (DJF: December-February; MAM: March-May;  
JJA: June-August; SON: September-October; prev: previous season temperature; SUM: JJA; SPR: MAM; SPSU: March-August).  See List of Streamflow Gauges for 
station abbreviations.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FRbER_
SPR

FRbER_
SUM

FRbER_
SPSU

FRaER_
SPR

FRaER_
SUM

FRaER_
SPSU

FRIB_
SPR

FRIB_
SUM

FRIB_
SPSU

FRbNL_
SUM

MEDHATT_DJF -0.1579 -0.0429 -0.1541 -0.4348 -0.3078 -0.4473 -0.1162 0.0376 -0.0940 0.1680
MHTPREV_DJF -0.2808 0.0101 -0.2614 -0.1166 -0.1315 -0.1255 -0.2188 -0.0071 -0.2013 0.0859
MEDHATT_MAM -0.4275 -0.3961 -0.4550 -0.0324 0.0904 -0.0196 -0.2704 -0.2816 -0.3141 -0.1655
MHTPREV_MAM -0.3913 -0.1887 -0.3927 -0.2369 0.1068 -0.2090 -0.2767 -0.0165 -0.2575 0.2566
MEDHATT_JJA -0.1696 -0.2378 -0.1907 0.2264 -0.0456 0.2061 -0.2356 -0.2023 -0.2617 0.0723
MHTPREV_JJA -0.4487 -0.2407 -0.4537 -0.1768 0.0400 -0.1612 -0.4060 -0.0494 -0.3830 0.0537
MEDHATT_SON -0.1557 0.0712 -0.1380 0.2037 0.1063 0.2058 -0.0901 0.0484 -0.0761 -0.0621
MHTPREV_SON -0.1780 0.3092 -0.1256 -0.1874 -0.0018 -0.1751 -0.2995 0.1499 -0.2375 0.3198
SWIFTT_DJF -0.1399 -0.0536 -0.1395 -0.4736 -0.3441 -0.4881 -0.0850 0.0300 -0.0668 0.1675
SCTPREV_DJF -0.2390 0.1229 -0.2070 -0.0972 -0.1204 -0.1069 -0.1635 0.0250 -0.1430 0.2334
SWIFTT_MAM -0.4360 -0.4011 -0.4643 -0.1264 -0.0475 -0.1253 -0.2826 -0.2789 -0.3231 -0.1321
SCTPREV_MAM -0.3861 -0.2368 -0.3951 -0.2056 0.1224 -0.1778 -0.2888 -0.0212 -0.2690 0.2459
SWIFTT_JJA -0.2032 -0.3077 -0.2310 0.0533 -0.2382 0.0172 -0.2208 -0.1969 -0.2456 0.0676
SCTPREV_JJA -0.4397 -0.2609 -0.4491 -0.3011 -0.1867 -0.3080 -0.3704 -0.1076 -0.3638 -0.0143
SWIFTT_SON -0.1393 0.0369 -0.1274 0.0874 -0.0266 0.0783 -0.0840 0.0645 -0.0666 -0.1282
SCTPREV_SON -0.2042 0.2086 -0.1653 -0.2891 -0.0563 -0.2769 -0.3351 0.1795 -0.2631 0.3483
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A.2 Tree-growth Response to Climate 

A.2.1 Tree-growth and Temperature 

 

PYBRW PYBEW PYBLW CVVRW CVVEW CVVLW CHPRW CHPEW CHPLW SPCRW SPCEW SPCLW CPHRW CPHEW CPHLW MVPRW MVPEW MVPLW NNMRW NMMEW
MEDHATT_DJF -0.0070 -0.0251 -0.0085 -0.0850 -0.0843 0.0243 0.1731 0.1819 0.0519 0.2468 0.2701 0.2068 -0.0209 -0.0163 -0.0273 0.0611 -0.0086 0.0188 -0.1920 -0.0784
MHTPREV_DJF 0.1607 0.1256 0.1443 -0.0807 -0.0915 0.0589 0.0981 0.1836 -0.0451 0.2204 0.2609 0.1023 -0.0063 -0.0158 0.0703 0.1325 0.0789 0.0765 0.1449 0.0515
MEDHATT_MAM 0.0424 0.1210 -0.0501 -0.0138 0.0499 -0.0779 0.0115 0.0164 -0.0725 0.2047 0.2200 0.1813 -0.1553 -0.1684 -0.1036 0.0864 0.1393 0.1675 0.1127 0.1937
MHTPREV_MAM -0.1025 -0.0644 -0.1414 -0.0685 -0.0468 -0.0408 0.0238 0.0582 -0.1677 0.0703 0.1525 0.0264 -0.0327 -0.0558 0.0209 -0.0227 0.0336 0.0598 0.2144 0.2011
MEDHATT_JJA -0.1513 -0.1244 -0.2133 -0.0643 -0.0293 -0.0033 -0.1972 -0.2109 0.0251 -0.0761 -0.0661 -0.1207 -0.1927 -0.1588 -0.3729 -0.2108 -0.2541 -0.2884 -0.0094 0.0575
MHTPREV_JJA 0.0395 0.0296 -0.0859 0.0189 0.0829 -0.0733 -0.1461 -0.2028 -0.0396 -0.2180 -0.2195 -0.1750 -0.2436 -0.2554 -0.0964 -0.4062 -0.4549 -0.2589 0.2939 0.3323
MEDHATT_SON 0.1226 0.0802 0.1171 -0.0526 -0.1145 0.1618 -0.0552 -0.0611 0.1012 0.0285 0.0643 0.0223 0.0845 0.1055 0.0462 0.0827 0.0388 -0.0574 0.3236 0.2375
MHTPREV_SON -0.0620 0.0056 -0.1536 -0.1016 -0.0457 -0.0901 -0.0496 -0.0243 -0.1039 -0.0427 -0.0129 -0.0912 -0.0174 0.0102 -0.0414 -0.0299 -0.0619 -0.1262 0.0869 0.1565
SWIFTT_DJF -0.0339 -0.0553 -0.0176 -0.0624 -0.0625 0.0269 0.1841 0.1859 0.1278 0.2765 0.3257 0.2323 -0.0011 -0.0002 0.0067 0.0818 0.0381 0.0540 -0.1957 -0.0796
SCTPREV_DJF 0.1368 0.1067 0.1331 -0.0893 -0.0730 -0.0051 0.0969 0.1772 -0.0448 0.1773 0.2167 0.0712 -0.0078 -0.0126 0.0397 0.0421 -0.0147 0.0227 0.0980 -0.0140
SWIFTT_MAM 0.0263 0.0957 -0.0421 -0.0657 0.0009 -0.1293 0.0424 0.0498 -0.0433 0.2239 0.2365 0.2018 -0.1720 -0.1861 -0.1292 0.0739 0.1198 0.1013 -0.0401 0.0872
SCTPREV_MAM -0.0730 -0.0538 -0.0858 -0.0703 -0.0602 -0.0439 0.0562 0.1017 -0.1249 0.0937 0.1785 0.0563 -0.0721 -0.0975 -0.0025 -0.0659 -0.0193 0.0485 0.1366 0.1053
SWIFTT_JJA -0.1157 -0.0922 -0.1359 -0.0534 -0.0093 -0.0368 -0.1441 -0.1599 0.0954 -0.0472 -0.0374 -0.0801 -0.2765 -0.2470 -0.4717 -0.1531 -0.1776 -0.2809 -0.1019 0.0142
SCTPREV_JJA -0.0216 -0.0424 -0.0712 -0.0957 -0.0495 -0.1598 -0.1148 -0.1692 -0.0521 -0.1777 -0.2019 -0.1273 -0.3196 -0.3429 -0.1443 -0.3783 -0.4037 -0.2801 0.1567 0.1962
SWIFTT_SON 0.0862 0.0328 0.1034 -0.1103 -0.1682 0.0984 0.0095 0.0076 0.1779 0.0654 0.0978 0.0830 0.0550 0.0686 0.0320 0.0386 -0.0086 -0.0660 0.2567 0.1380
SCTPREV_SON -0.0778 -0.0261 -0.1442 -0.1267 -0.0596 -0.1355 -0.0052 0.0324 -0.0829 -0.0503 -0.0193 -0.0725 -0.0511 -0.0264 -0.0489 -0.0578 -0.0590 -0.1644 0.1670 0.2115
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Table A.2.1: Seasonal correlation (p < 0.05) between temperature and tree ring-width indices (EW: earlywood; LW: latewood; RW: ringwidth) (DJF: December-
February; MAM: March-May; JJA: June-August; SON: September-October; prev: previous season temperature). 

  

CHPdRW CHPdEW CHPdLW BOYRW BOYEW BOYLW BCRRW BCREW BCRLW BBCRW BBCLW BBRRW BBREW BBRLW WBSRW WBSEW WBSLW WBTRW WBTEW WBTLW EBTRW EBTEW
MEDHATT_DJF -0.0833 -0.0783 -0.0907 -0.1906 -0.1810 -0.1581 -0.0969 -0.0816 -0.0825 0.1184 0.0849 -0.0196 -0.0410 0.0245 -0.2113 -0.2410 -0.1319 -0.0976 -0.1018 -0.1122 0.0503 0.0500
MHTPREV_DJF -0.0443 -0.1221 0.0870 0.0086 0.0123 -0.0456 0.0152 0.0615 -0.0415 0.1339 0.1112 0.0037 -0.0133 0.0187 -0.0804 -0.0810 -0.0042 0.0339 0.0379 0.0238 0.2389 0.2039
MEDHATT_MAM -0.0331 0.0315 -0.0674 -0.1976 -0.1907 -0.1392 -0.1534 -0.1525 -0.0715 -0.0112 0.0561 -0.1358 -0.1779 0.0173 -0.1768 -0.1175 -0.2134 -0.0927 -0.0939 -0.0912 0.0822 0.0544
MHTPREV_MAM -0.0449 -0.0483 -0.0277 0.1569 0.1409 0.1371 0.0784 0.0363 0.1501 0.0264 0.0714 0.0583 0.0525 0.0925 0.0047 -0.0043 0.0421 0.0312 0.0417 -0.0485 0.2890 0.2602
MEDHATT_JJA -0.2400 -0.2000 -0.1952 -0.3851 -0.3610 -0.4117 -0.3091 -0.2720 -0.3327 -0.2447 -0.1584 -0.2334 -0.2406 -0.1998 -0.2686 -0.2962 -0.0865 -0.3178 -0.3004 -0.3792 -0.0493 -0.0945
MHTPREV_JJA -0.1527 -0.1083 -0.2651 -0.2328 -0.2863 -0.1263 -0.1880 -0.1992 -0.1105 -0.1091 -0.1233 -0.1358 -0.1239 -0.0822 -0.1230 -0.1085 -0.1959 -0.2120 -0.2103 -0.2630 -0.1115 -0.1554
MEDHATT_SON 0.0323 -0.0047 0.1128 -0.0758 -0.0665 -0.0966 -0.0570 -0.0388 -0.0588 -0.0307 0.0673 -0.1264 -0.1432 -0.0238 -0.0500 -0.0591 -0.0284 -0.0262 -0.0181 -0.0522 0.0374 0.0153
MHTPREV_SON -0.0429 -0.0163 0.0438 -0.1512 -0.1200 -0.2402 -0.1495 -0.1271 -0.1249 -0.0784 -0.0464 -0.1894 -0.1886 -0.1421 -0.1548 -0.1897 -0.0070 -0.0947 -0.1003 -0.0375 -0.0066 -0.0323
SWIFTT_DJF -0.0058 -0.0177 0.0150 -0.1704 -0.1664 -0.1335 -0.0802 -0.0672 -0.0764 0.1519 0.1013 0.0088 -0.0238 0.0853 -0.1752 -0.2009 -0.1187 -0.0468 -0.0510 -0.0697 0.0459 0.0541
SCTPREV_DJF -0.0458 -0.0991 0.0784 0.0314 0.0224 0.0119 0.0162 0.0428 -0.0153 0.1348 0.1168 0.0136 -0.0042 0.0232 -0.0594 -0.0552 -0.0256 0.0331 0.0376 0.0171 0.2111 0.1811
SWIFTT_MAM -0.0068 0.0480 -0.0464 -0.2282 -0.2351 -0.1268 -0.1715 -0.1802 -0.0715 -0.0165 0.0321 -0.1218 -0.1666 0.0348 -0.1833 -0.1102 -0.2101 -0.0915 -0.0912 -0.0942 0.0564 0.0453
SCTPREV_MAM 0.0202 0.0217 0.0100 0.1825 0.1565 0.1814 0.1141 0.0688 0.1868 0.0635 0.0936 0.0749 0.0663 0.1122 0.0577 0.0705 0.0363 0.0623 0.0668 -0.0156 0.2821 0.2563
SWIFTT_JJA -0.1259 -0.0848 -0.1158 -0.3652 -0.3620 -0.3198 -0.3563 -0.3442 -0.3297 -0.2940 -0.1915 -0.2077 -0.2080 -0.1853 -0.1569 -0.1501 -0.0343 -0.2731 -0.2601 -0.2875 -0.0853 -0.0960
SCTPREV_JJA -0.1786 -0.1365 -0.2505 -0.2134 -0.2753 -0.0797 -0.2107 -0.2345 -0.1265 -0.1148 -0.1486 -0.0974 -0.0845 -0.0512 -0.0468 -0.0278 -0.2031 -0.2018 -0.2005 -0.2488 -0.1825 -0.2023
SWIFTT_SON 0.0204 -0.0141 0.0903 -0.0756 -0.0712 -0.0761 -0.0369 -0.0268 -0.0253 -0.0093 0.0720 -0.1143 -0.1359 -0.0123 -0.0176 -0.0245 0.0168 -0.0408 -0.0370 -0.0316 0.0101 0.0055
SCTPREV_SON 0.0083 0.0142 0.1081 -0.1167 -0.0909 -0.1886 -0.1248 -0.1078 -0.0897 -0.0668 -0.0501 -0.1722 -0.1814 -0.1247 -0.0924 -0.1163 0.0127 -0.0520 -0.0586 -0.0060 -0.0377 -0.0501
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A.2.2 Tree-growth and Precipitation 

 

PYBRW PYBEW PYBLW CVVRW CVVEW CVVLW CHPRW CHPEW CHPLW SPCRW SPCEW SPCLW CPHRW CPHEW CPHLW MVPRW MVPEW MVPLW NNMRW NMMEW
MEDHATP_DJF -0.1514 -0.0925 -0.1797 -0.1114 -0.1360 -0.0378 -0.1820 -0.2108 0.0091 -0.2339 -0.2161 -0.1570 0.0726 0.1062 -0.0366 0.1058 0.1201 -0.0294 -0.1779 -0.1427
MHPREV_DJF -0.2321 -0.1391 -0.3240 0.0046 0.0497 -0.0351 -0.0396 -0.1036 0.0110 -0.1472 -0.1256 -0.1548 0.0028 0.0042 0.0859 -0.0558 -0.0659 -0.1371 0.0568 0.0726
MEDHATP_MAM 0.1411 0.1782 0.0914 0.0982 0.1151 0.0020 0.1301 0.0980 0.1564 0.0357 0.0547 -0.0145 0.2537 0.2685 0.2141 0.2604 0.2012 0.0903 -0.2334 -0.2367
MHPREV_MAM -0.0118 -0.0223 0.0793 -0.0383 -0.0650 -0.0209 0.0311 0.0122 0.0970 -0.0587 -0.0369 -0.0899 0.0741 0.0936 0.0779 0.2420 0.3060 0.1386 -0.1116 -0.1583
MEDHATP_JJA 0.2466 0.2707 0.1642 0.2349 0.2562 0.0609 0.4102 0.3830 0.2657 0.2563 0.2174 0.3511 0.2927 0.2705 0.4163 0.2181 0.2263 0.5530 -0.0755 -0.0340
MHPREV_JJA 0.1480 0.1166 0.2335 0.0072 -0.0905 0.1495 0.0411 0.0942 -0.0251 0.0797 0.0520 0.1074 0.2051 0.2328 0.0591 0.2132 0.1624 0.0374 -0.0264 -0.1014
MEDHATP_SON 0.1447 0.1169 0.0790 0.2235 0.2682 0.0378 0.1033 0.1106 0.0678 0.1618 0.1728 0.0864 0.0421 0.0164 0.1364 -0.0106 0.0839 0.1742 -0.1825 -0.1616
MHPREV_SON 0.0271 -0.0306 0.1476 0.0741 0.0038 0.2032 0.1862 0.1348 0.1159 0.1681 0.1574 0.2645 0.2237 0.2082 0.2496 0.1105 0.0765 0.2972 -0.1154 -0.1203
SWIFTP_DJF -0.0997 -0.0697 -0.1295 -0.0690 -0.0573 -0.0790 -0.0723 -0.0848 -0.0359 -0.0969 -0.1012 -0.0377 -0.1350 -0.1260 -0.1636 -0.0489 -0.1002 -0.1958 -0.0497 -0.1407
SCPREV_DJF -0.2173 -0.2046 -0.2048 -0.0903 -0.0814 -0.0727 -0.1252 -0.1412 0.0512 -0.1210 -0.1006 -0.1349 -0.0829 -0.0826 -0.1233 0.0027 -0.0535 0.0099 -0.1114 -0.0517
SWIFTP_MAM -0.0066 0.0231 -0.0057 -0.0229 -0.0497 0.0473 0.1585 0.1543 0.0667 0.1168 0.0870 0.1103 0.2646 0.2719 0.1975 0.2615 0.1568 0.2312 -0.0987 -0.1561
SCPREV_MAM -0.1104 -0.0889 -0.0938 -0.2027 -0.1818 -0.1692 -0.1086 -0.0565 -0.0911 -0.1476 -0.1234 -0.1885 -0.0151 0.0101 -0.1189 0.0998 0.1323 -0.0641 -0.0490 -0.0520
SWIFTP_JJA 0.1579 0.1594 0.1668 0.1049 0.0641 0.0711 0.2830 0.3013 0.1668 0.0987 0.0675 0.1787 0.3025 0.2782 0.3969 0.1133 0.1362 0.3181 0.1882 0.2234
SCPREV_JJA 0.0186 0.0168 0.1162 0.0293 -0.0362 0.1081 -0.0095 0.0470 0.1242 -0.0028 -0.0247 0.0905 0.2236 0.2551 0.0908 0.1116 0.0556 -0.0165 -0.0902 -0.2280
SWIFTP_SON 0.0934 0.1011 0.0107 0.1539 0.1994 -0.0139 -0.0210 0.0084 0.0115 0.0712 0.1125 -0.0257 0.0196 0.0111 0.0435 0.0736 0.1711 0.1018 0.0241 0.0409
SCPREV_SON 0.0153 -0.0103 0.1094 0.1055 0.0463 0.1519 0.2507 0.1757 0.2015 0.0694 0.0126 0.1614 0.3097 0.2910 0.2945 -0.0812 -0.1803 -0.0353 0.0495 0.0099
KLINTP_DJF 0.1091 0.1908 -0.0624 -0.1501 -0.1968 -0.0029 -0.1418 -0.1481 -0.1100 -0.1625 -0.2040 -0.1552 0.0487 0.0604 -0.0666 0.1286 -0.0083 -0.2648 -0.4356 -0.5048
KPREV_DJF -0.1215 -0.0494 -0.1643 -0.1480 -0.1484 -0.0884 -0.0730 -0.1045 -0.1103 -0.0128 -0.0579 -0.0922 -0.1082 -0.1137 -0.0274 0.0755 0.0483 -0.1245 -0.1466 -0.0571
KLINTP_MAM -0.0966 -0.0889 -0.1341 -0.1176 -0.1417 -0.0395 0.0670 0.0131 0.1468 -0.0080 0.0088 -0.0305 0.3325 0.3383 0.2174 0.3356 0.1946 -0.0051 0.0237 -0.1300
KPREV_MAM -0.0905 -0.1228 -0.0094 -0.1476 -0.1810 -0.0740 0.0717 0.0412 0.1315 -0.0300 -0.0567 -0.0441 0.1005 0.1124 0.0590 0.3173 0.3296 0.0879 -0.2010 -0.1869
KLINTP_JJA 0.1381 0.0964 0.1861 0.1510 0.1032 0.1045 0.3592 0.3537 0.2953 0.2117 0.1878 0.3071 0.4544 0.4261 0.5603 0.1434 0.1861 0.3588 0.3442 0.2784
KPREV_JJA 0.0918 0.0859 0.1582 -0.0129 -0.0636 0.1028 0.1613 0.2325 0.1535 0.0440 0.0180 0.1296 0.3453 0.3924 0.1491 0.2034 0.1912 0.0116 0.3291 0.0499
KLINTP_SON -0.0044 -0.0041 -0.0409 0.1945 0.2241 0.0464 0.1185 0.1071 0.0067 0.0805 0.0942 -0.0163 0.1187 0.0985 0.1733 -0.0288 0.0289 0.0149 0.2536 0.0256
KPREV_SON 0.0009 -0.0394 0.0827 0.0972 0.0013 0.2437 0.2766 0.2273 0.1274 0.2267 0.1405 0.3534 0.3306 0.3093 0.3874 0.2738 0.2602 0.3602 -0.0244 -0.1135
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Table A.2.1: Seasonal correlation (p < 0.05) between precipitation and tree ring-width indices (EW: earlywood; LW: latewood; RW: ringwidth) (DJF: December-
February; MAM: March-May; JJA: June-August; SON: September-October; prev: previous season precipitation). 

 

 

 

CHPdRW CHPdEW CHPdLW BOYRW BOYEW BOYLW BCRRW BCREW BCRLW BBCRW BBCLW BBRRW BBREW BBRLW WBSRW WBSEW WBSLW WBTRW WBTEW WBTLW EBTRW EBTEW
MEDHATP_DJF -0.1224 -0.1542 -0.0083 -0.1276 -0.1108 -0.1657 -0.1579 -0.1482 -0.1725 -0.2562 -0.2302 -0.1602 -0.1325 -0.2270 0.0710 0.0447 0.0436 -0.0127 -0.0091 0.0158 -0.1206 -0.1303
MHPREV_DJF -0.0011 0.0849 -0.0922 -0.1516 -0.1404 -0.1833 -0.0612 -0.0664 -0.0567 -0.1191 -0.1461 -0.0969 -0.0911 -0.1225 -0.1020 -0.0751 -0.0747 -0.0056 -0.0028 0.0378 -0.2251 -0.1995
MEDHATP_MAM 0.1166 0.1028 0.0686 0.1853 0.1721 0.1419 0.1244 0.1304 0.0885 0.1527 -0.0160 0.2542 0.2820 0.1223 0.0910 0.0938 0.0809 0.2077 0.2159 0.1240 0.0753 0.0831
MHPREV_MAM -0.0004 0.0205 -0.0045 -0.0068 -0.0006 0.0339 0.0571 0.0572 0.0624 0.0308 0.0676 -0.0780 -0.0945 -0.0185 -0.0747 -0.0713 -0.0464 0.0247 0.0024 0.1594 -0.0315 -0.0800
MEDHATP_JJA 0.2878 0.3073 0.1340 0.2651 0.2217 0.3257 0.2285 0.2014 0.2527 0.2194 0.2798 0.2632 0.2703 0.2083 0.2320 0.2491 0.0915 0.2756 0.2320 0.3195 0.2561 0.2731
MHPREV_JJA 0.0741 -0.0180 0.2752 0.1908 0.2422 0.0794 0.0913 0.1155 0.0198 0.1119 0.1542 0.1196 0.0939 0.1039 0.1795 0.1265 0.2255 0.1838 0.1934 0.1401 0.1469 0.1185
MEDHATP_SON 0.0948 0.1112 -0.0985 0.0482 0.0429 0.0377 0.1015 0.1158 0.0444 0.1477 0.0202 0.1829 0.1914 0.1314 0.0869 0.1440 0.0300 0.1115 0.1067 0.0196 0.1986 0.2072
MHPREV_SON 0.0991 0.0567 0.1651 0.1320 0.1049 0.2061 0.1268 0.0959 0.1640 0.1877 0.2210 0.1520 0.1279 0.2159 0.1045 0.0336 0.0576 0.2056 0.1748 0.1750 0.2798 0.2472
SWIFTP_DJF -0.0821 -0.1092 -0.0176 0.0570 0.0526 0.0394 -0.0359 -0.0483 -0.0049 -0.1112 -0.0662 -0.0047 0.0183 -0.0538 0.1583 0.1558 0.1096 0.0595 0.0731 0.0433 0.0121 -0.0078
SCPREV_DJF -0.1143 -0.0566 -0.1856 -0.0986 -0.0803 -0.0994 -0.1274 -0.1303 -0.1331 -0.2686 -0.2728 -0.0987 -0.0486 -0.2160 0.0162 0.0493 -0.0052 -0.1175 -0.1313 0.0464 -0.2517 -0.2776
SWIFTP_MAM -0.0013 -0.0009 -0.0382 0.2464 0.2630 0.1287 0.1426 0.1767 0.0718 0.0977 0.0358 0.1840 0.1989 0.1152 0.0370 -0.0590 0.1455 0.0679 0.0696 0.0947 0.0653 0.0758
SCPREV_MAM -0.1561 -0.1202 -0.1812 -0.0300 -0.0487 0.0886 -0.0175 -0.0541 0.0552 -0.0884 -0.0404 -0.1380 -0.1475 -0.0932 -0.1263 -0.0659 -0.1631 -0.1317 -0.1224 -0.0403 -0.1861 -0.2045
SWIFTP_JJA 0.2500 0.2519 0.1531 0.2643 0.2041 0.3393 0.3019 0.2431 0.3725 0.3240 0.2872 0.2422 0.2351 0.1992 0.2142 0.2197 0.1098 0.2363 0.2195 0.3028 0.1640 0.1700
SCPREV_JJA 0.0449 -0.0180 0.1496 0.0974 0.1730 -0.0896 0.1235 0.1954 -0.0526 0.0583 0.0195 0.0660 0.0925 -0.0162 0.1198 0.0545 0.1698 0.0922 0.1007 0.0921 0.0354 0.0273
SWIFTP_SON 0.1125 0.0977 0.0072 0.1077 0.0825 0.1314 0.0720 0.0624 0.0853 0.0788 -0.0073 0.1605 0.1597 0.1053 0.0800 0.1282 0.0749 0.0585 0.0821 0.0255 0.1445 0.1685
SCPREV_SON 0.0775 0.0519 0.1123 0.1308 0.1242 0.1214 0.1601 0.1570 0.1341 0.2292 0.2828 0.2158 0.1803 0.2894 0.0838 0.0195 0.0163 0.1484 0.1229 0.2258 0.1147 0.1253
KLINTP_DJF -0.1156 -0.1158 -0.0621 0.0934 0.1064 0.0686 -0.0836 -0.0854 -0.0849 -0.2451 -0.0561 -0.0243 -0.0151 -0.1233 0.0620 0.0780 0.0726 -0.0459 -0.0173 -0.0500 -0.1163 -0.1203
KPREV_DJF -0.1566 -0.0637 -0.1445 -0.0492 -0.0130 -0.1039 -0.0518 -0.0454 -0.0627 -0.0752 -0.0422 -0.0124 -0.0064 -0.0402 -0.0404 -0.0053 -0.0648 -0.0872 -0.0820 -0.0208 -0.1765 -0.1865
KLINTP_MAM -0.1145 -0.1434 -0.0694 0.2723 0.2482 0.2501 0.1640 0.1445 0.1658 0.0207 -0.0745 0.2273 0.2357 0.1316 0.1093 0.0783 0.1169 0.1675 0.1852 0.0697 -0.0321 0.0255
KPREV_MAM -0.1473 -0.1314 -0.1796 0.0742 0.0759 0.1251 0.1286 0.1078 0.1408 0.0964 0.0978 0.1088 0.0875 0.0817 -0.0606 -0.0062 -0.0966 -0.0040 -0.0069 0.0412 -0.1730 -0.1845
KLINTP_JJA 0.2093 0.1905 0.1266 0.2587 0.2225 0.2614 0.3498 0.3249 0.3480 0.3251 0.2420 0.3180 0.3367 0.2023 0.2444 0.2645 0.1294 0.2338 0.2084 0.2666 0.3108 0.3349
KPREV_JJA 0.0713 0.0038 0.2065 0.1598 0.2165 -0.0171 0.2070 0.2510 0.0760 0.1092 0.0653 0.0590 0.0730 -0.0161 0.2126 0.1261 0.2637 0.1739 0.1868 0.1117 0.1979 0.1702
KLINTP_SON 0.1070 0.0955 -0.0745 0.2896 0.2746 0.2619 0.2863 0.2768 0.2537 0.1687 0.0630 0.2944 0.2927 0.2445 0.0487 0.0670 0.0154 0.1375 0.1461 -0.0147 0.0877 0.1617
KPREV_SON 0.1389 0.1546 0.0969 0.2536 0.2359 0.3118 0.2994 0.2704 0.3419 0.2951 0.4062 0.2388 0.2271 0.3088 0.0315 0.0038 0.0160 0.1442 0.0990 0.1996 0.2266 0.2355
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A.3 Tree-rings and Streamflow 

 

Station/Site PYBRW PYBEW PYBLW SPCRW SPCEW SPCLW CHPdRW CHPdEW CHPdLW BBCRW BBCLW NNMRW NMMEW EBTRW EBTEW
BCaGD_SUM 0.237 0.253 0.142 0.958 - 0.989 0.187 0.159 0.186 0.097 0.488 0.144 -0.046 0.462 0.414
BCIB_SPR 0.160 0.189 0.118 -0.094 -0.118 -0.090 0.206 0.198 0.182 0.025 0.048 0.864 0.768 -0.035 0.015
BCIB_SUM 0.199 0.273 0.091 -0.006 -0.030 -0.002 0.225 0.217 0.109 0.207 0.172 0.900 0.529 0.075 0.110
BCIB_SPSU 0.183 0.225 0.122 -0.086 -0.113 -0.082 0.230 0.221 0.182 0.068 0.080 0.883 0.712 -0.014 0.038
BCaCLW_SPR 0.166 0.172 0.295 0.070 0.033 0.152 0.341 0.353 0.455 0.153 0.069 - - 0.212 0.243
BCaCLW_SUM 0.175 0.230 0.212 0.291 0.274 0.249 0.366 0.373 0.278 0.311 0.154 - - 0.358 0.389
BCaCLW_SPSU 0.191 0.215 0.307 0.154 0.119 0.205 0.395 0.407 0.457 0.227 0.106 - - 0.290 0.325
BCRS_SUM 0.046 0.122 0.026 0.115 0.135 0.113 0.301 0.333 0.241 0.289 0.160 - - 0.117 0.122
BCnC_SUM 0.067 0.090 0.206 -0.121 -0.086 -0.093 -0.112 -0.092 -0.147 0.121 0.044 - - -0.088 -0.078
BCbNP_SUM 0.003 -0.001 0.202 -0.067 -0.026 -0.059 -0.041 -0.030 -0.076 0.145 0.069 - - -0.089 -0.073
BCEF_SPR 0.083 0.073 0.080 -0.026 -0.045 -0.060 0.085 0.113 0.095 0.006 0.021 0.527 0.992 -0.045 -0.015
BCEF_SUM 0.171 0.152 0.124 -0.089 -0.129 -0.012 0.271 0.246 0.184 0.222 0.153 0.845 -0.103 0.196 0.163
BCEF_SPSU 0.120 0.105 0.105 -0.047 -0.076 -0.057 0.147 0.165 0.133 0.063 0.058 0.552 0.988 0.010 0.029
BCAB_SPR - #DIV/0! - -0.107 -0.104 -0.096 -0.213 -0.276 -0.057 0.177 -0.014 - - -0.047 -0.074
BCAB_SUM - #DIV/0! - 0.086 0.065 0.189 -0.083 -0.032 -0.179 0.281 0.346 - - -0.010 0.009
BCAB_SPSU - #DIV/0! - -0.030 -0.040 0.036 -0.189 -0.209 -0.124 0.286 0.181 - - -0.031 -0.034
BCbWW_SPR - #DIV/0! - -0.109 -0.057 -0.091 -0.540 -0.471 -0.361 -0.003 -0.036 - - 0.020 0.024
BCbWW_SUM - #DIV/0! - -0.052 -0.057 -0.012 0.586 0.561 0.422 -0.143 -0.040 - - -0.012 0.044
BCbWW_SPSU - #DIV/0! - -0.103 -0.071 -0.068 -0.063 -0.021 -0.021 -0.091 -0.055 - - 0.006 0.042
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Station/Site CVVRW CVVEW CVVLW CPHRW CPHEW CPHLW BOYRW BOYEW BOYLW BBRRW BBREW BBRLW CHPRW CHPEW CHPLW
BCaGD_SUM 0.156 0.197 -0.015 0.547 0.468 0.430 0.612 0.541 0.685 0.455 0.448 0.376 0.380 0.318 0.271
BCIB_SPR 0.187 0.128 0.157 0.492 0.508 0.416 0.132 0.124 0.123 0.083 0.102 -0.001 0.129 0.127 0.094
BCIB_SUM 0.248 0.251 0.115 0.422 0.459 0.327 0.364 0.352 0.295 0.320 0.314 0.227 0.254 0.261 0.235
BCIB_SPSU 0.218 0.168 0.162 0.522 0.544 0.434 0.196 0.187 0.173 0.143 0.159 0.050 0.168 0.168 0.134
BCaCLW_SPR 0.230 0.048 0.246 0.831 0.837 0.648 0.264 0.277 0.195 0.250 0.249 0.235 0.355 0.363 0.250
BCaCLW_SUM 0.289 0.205 0.155 0.593 0.633 0.398 0.515 0.486 0.519 0.429 0.393 0.449 0.534 0.533 0.550
BCaCLW_SPSU 0.281 0.107 0.248 0.863 0.881 0.651 0.384 0.384 0.331 0.344 0.331 0.339 0.463 0.469 0.385
BCRS_SUM 0.172 0.150 -0.027 0.594 0.656 0.273 0.396 0.413 0.293 0.336 0.299 0.267 0.438 0.450 0.450
BCnC_SUM 0.079 0.073 0.111 0.282 0.304 0.305 0.310 0.311 0.239 0.351 0.392 0.110 0.003 -0.046 0.028
BCbNP_SUM 0.106 0.100 0.130 0.312 0.330 0.344 0.298 0.301 0.216 0.380 0.426 0.111 0.055 0.008 0.076
BCEF_SPR 0.087 0.037 0.060 0.486 0.487 0.389 0.072 0.051 0.152 0.000 0.010 -0.032 0.072 0.065 0.046
BCEF_SUM 0.231 0.166 0.125 0.418 0.436 0.314 0.147 0.148 0.061 0.156 0.127 0.203 0.196 0.181 0.171
BCEF_SPSU 0.138 0.076 0.087 0.545 0.551 0.431 0.103 0.084 0.153 0.040 0.041 0.023 0.116 0.105 0.086
BCAB_SPR 0.094 0.063 0.153 0.216 0.209 0.238 0.338 0.366 0.214 0.428 0.510 0.131 -0.148 -0.234 -0.059
BCAB_SUM 0.095 -0.006 0.228 0.247 0.277 0.327 0.193 0.178 0.195 0.421 0.424 0.383 0.206 0.129 0.228
BCAB_SPSU 0.111 0.042 0.215 0.266 0.275 0.318 0.304 0.310 0.239 0.549 0.611 0.309 -0.010 -0.112 0.067
BCbWW_SPR -0.250 -0.103 -0.390 -0.370 -0.357 -0.274 -0.056 -0.029 -0.131 -0.117 -0.108 -0.065 -0.117 -0.049 -0.314
BCbWW_SUM 0.504 0.536 0.099 0.166 0.164 0.285 -0.100 -0.123 -0.096 -0.143 -0.152 0.047 -0.040 -0.044 0.165
BCbWW_SPSU 0.130 0.280 -0.267 -0.216 -0.206 -0.068 -0.095 -0.090 -0.143 -0.186 -0.184 -0.025 -0.120 -0.068 -0.154
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Table A.3a: Correlation analyses for Battle Creek and tree-ring chronologies (EW: earlywood; LW: latewood: RW: ringwidth). Significant correlations (p < 0.05) are 
bolded and highlighted in blue.   

 

Station/Site WBSRW WBSEW WBSLW BCRRW BCREW BCRLW MVPRW MVPEW MVPLW WBTRW WBTEW WBTLW
BCaGD_SUM 0.344 0.415 0.083 0.364 0.232 0.578 - - - 0.420 0.353 0.360
BCIB_SPR -0.016 -0.051 0.044 0.096 0.106 0.063 0.179 0.100 -0.008 0.031 0.000 0.150
BCIB_SUM 0.138 0.128 0.158 0.369 0.369 0.329 0.262 0.199 0.144 0.140 0.134 0.184
BCIB_SPSU 0.017 -0.015 0.074 0.166 0.175 0.129 0.218 0.137 0.028 0.058 0.030 0.172
BCaCLW_SPR 0.119 0.115 0.127 0.258 0.266 0.238 0.635 0.734 0.637 0.218 0.192 0.380
BCaCLW_SUM 0.145 0.182 0.190 0.531 0.523 0.535 0.630 0.733 0.680 0.192 0.231 0.151
BCaCLW_SPSU 0.144 0.153 0.165 0.385 0.388 0.370 0.720 0.770 0.685 0.238 0.231 0.354
BCRS_SUM 0.198 0.238 0.234 0.412 0.430 0.366 0.534 0.590 0.292 0.218 0.241 0.188
BCnC_SUM 0.180 0.083 0.262 0.334 0.295 0.388 0.144 0.133 0.138 0.147 0.113 0.266
BCbNP_SUM 0.196 0.091 0.287 0.342 0.302 0.401 0.142 0.126 0.140 0.127 0.092 0.242
BCEF_SPR -0.068 -0.061 -0.059 0.034 0.004 0.104 0.259 0.269 0.036 -0.005 -0.047 0.111
BCEF_SUM 0.030 0.031 0.037 0.165 0.168 0.129 0.238 0.029 -0.130 0.227 0.226 0.226
BCEF_SPSU -0.054 -0.047 -0.044 0.073 0.047 0.127 0.296 0.270 0.033 0.054 0.016 0.158
BCAB_SPR 0.235 0.064 0.297 0.385 0.346 0.414 0.039 0.050 0.064 0.279 0.250 0.341
BCAB_SUM 0.368 0.219 0.375 0.370 0.276 0.586 0.124 0.083 0.240 0.352 0.293 0.524
BCAB_SPSU 0.360 0.173 0.398 0.442 0.361 0.594 0.099 0.084 0.183 0.373 0.320 0.516
BCbWW_SPR -0.071 -0.009 -0.172 -0.122 -0.104 -0.095 -0.035 -0.017 0.001 0.007 0.038 -0.027
BCbWW_SUM -0.024 0.153 -0.112 -0.089 -0.074 -0.076 -0.192 -0.205 -0.201 0.128 0.143 0.050
BCbWW_SPSU -0.061 0.081 -0.179 -0.132 -0.112 -0.108 -0.133 -0.129 -0.115 0.078 0.108 0.011



145 

 

 

 

Station/Site PYBRW PYBEW PYBLW SPCRW SPCEW SPCLW CHPdRW CHPdEW CHPdLW BBCRW BBCLW NNMRW NMMEW EBTRW EBTEW
SCaSC_SPR 0.042 0.088 0.002 0.000 0.003 0.034 0.168 0.182 0.237 0.049 -0.001 - - -0.025 0.013
SCaSC_SUM 0.174 0.183 0.139 0.080 0.064 0.129 0.353 0.341 0.322 0.141 0.111 - - 0.122 0.128
SCaSC_SPSU 0.060 0.102 0.019 0.012 0.014 0.049 0.201 0.211 0.257 0.066 0.016 - - -0.005 0.029
SCbPC_SPR 0.099 0.169 0.008 -0.046 -0.049 -0.020 0.160 0.167 0.214 -0.062 -0.083 - - -0.056 -0.010
SCbPC_SUM 0.084 0.183 -0.091 -0.027 -0.034 -0.008 0.146 0.199 0.086 -0.061 -0.029 - - -0.091 -0.085
SCbPC_SPSU 0.101 0.177 -0.005 -0.045 -0.049 -0.019 0.163 0.177 0.203 -0.064 -0.078 - - -0.063 -0.021
SCbRC_SPR -0.040 0.057 -0.061 -0.136 -0.167 -0.087 0.102 0.120 0.090 0.125 0.097 - - 0.053 0.051
SCbRC_SUM 0.241 0.233 0.234 0.150 0.099 0.334 0.338 0.353 0.163 0.150 0.242 - - 0.116 0.054
SCbRC_SPSU -0.006 0.083 -0.026 -0.094 -0.135 -0.004 0.171 0.191 0.120 0.152 0.147 - - 0.083 0.063
SCbRC_WY - - - 0.096 0.023 0.199 0.245 0.369 -0.147 0.066 0.093 - - 0.182 0.134
SCnL_SPR - - - -0.019 -0.057 0.023 -0.132 -0.040 -0.289 -0.096 -0.042 - - 0.255 0.185
SCnL_SUM - - - 0.146 0.092 0.262 0.265 0.343 -0.064 0.127 0.168 - - 0.257 0.132
SCnL_SPSU - - - 0.004 -0.040 0.059 -0.017 0.080 -0.249 -0.072 -0.016 - - 0.276 0.193
SCnL_WY - - - 0.013 -0.035 0.070 0.108 0.195 -0.189 -0.023 -0.005 - - 0.271 0.207

Station/Site CVVRW CVVEW CVVLW CPHRW CPHEW CPHLW BOYRW BOYEW BOYLW BBRRW BBREW BBRLW CHPRW CHPEW CHPLW
SCaSC_SPR 0.154 0.074 0.040 0.680 0.691 0.518 0.091 0.121 0.021 0.083 0.113 0.000 0.123 0.137 0.101
SCaSC_SUM 0.362 0.266 0.129 0.739 0.748 0.559 0.224 0.237 0.168 0.159 0.150 0.177 0.329 0.342 0.290
SCaSC_SPSU 0.190 0.107 0.054 0.713 0.725 0.543 0.113 0.142 0.042 0.097 0.122 0.026 0.157 0.171 0.132
SCbPC_SPR 0.146 0.034 0.110 0.644 0.653 0.488 0.059 0.084 -0.018 0.032 0.059 -0.038 0.089 0.089 0.060
SCbPC_SUM 0.167 0.104 -0.044 0.504 0.500 0.429 0.137 0.136 0.122 0.035 0.024 0.045 0.181 0.175 0.091
SCbPC_SPSU 0.154 0.045 0.092 0.647 0.654 0.496 0.072 0.095 0.001 0.034 0.056 -0.027 0.105 0.104 0.067
SCbRC_SPR 0.116 0.056 0.153 0.492 0.523 0.319 0.260 0.272 0.156 0.206 0.207 0.062 0.168 0.111 0.196
SCbRC_SUM 0.045 -0.031 0.075 0.447 0.451 0.444 0.224 0.186 0.294 0.250 0.262 0.164 0.359 0.351 0.272
SCbRC_SPSU 0.116 0.044 0.157 0.555 0.584 0.393 0.306 0.306 0.231 0.251 0.254 0.096 0.235 0.180 0.242
SCbRC_WY 0.125 -0.036 0.387 0.656 0.635 0.675 0.441 0.444 0.335 0.456 0.509 0.171 0.150 0.038 0.093
SCnL_SPR -0.127 -0.225 0.231 0.671 0.642 0.484 0.125 0.181 -0.051 0.237 0.224 0.058 0.076 -0.054 0.056
SCnL_SUM -0.063 -0.149 0.166 0.531 0.537 0.500 0.347 0.304 0.416 0.239 0.268 0.016 0.289 0.246 0.215
SCnL_SPSU -0.121 -0.226 0.236 0.709 0.683 0.529 0.168 0.214 0.013 0.257 0.249 0.057 0.114 -0.015 0.084
SCnL_WY 0.024 -0.081 0.356 0.685 0.660 0.512 0.156 0.207 -0.012 0.268 0.257 0.084 0.127 -0.004 0.099
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Table A.3b: Correlation analyses for Swift Current Creek and tree-ring chronologies (EW: earlywood; LW: latewood: RW: ringwidth). Significant correlations  
(p < 0.05) are bolded and highlighted in blue.   

 

 

 

 

 

Station/Site WBSRW WBSEW WBSLW BCRRW BCREW BCRLW MVPRW MVPEW MVPLW WBTRW WBTEW WBTLW
SCaSC_SPR 0.099 0.023 0.185 0.067 0.084 0.052 0.339 0.273 -0.054 0.119 0.081 0.276
SCaSC_SUM 0.263 0.224 0.258 0.190 0.202 0.179 0.291 -0.030 -0.102 0.386 0.339 0.560
SCaSC_SPSU 0.127 0.053 0.202 0.086 0.103 0.071 0.343 0.260 -0.063 0.164 0.122 0.331
SCbPC_SPR 0.035 -0.040 0.127 -0.012 0.000 -0.020 0.335 0.181 -0.223 0.086 0.066 0.208
SCbPC_SUM 0.196 0.153 0.182 0.066 0.054 0.116 0.233 0.019 -0.352 0.313 0.279 0.454
SCbPC_SPSU 0.059 -0.014 0.139 -0.002 0.007 -0.001 0.333 0.172 -0.266 0.121 0.098 0.250
SCbRC_SPR 0.093 -0.067 0.271 0.233 0.232 0.190 0.132 0.066 0.034 0.110 0.081 0.164
SCbRC_SUM 0.335 0.218 0.407 0.339 0.253 0.529 0.277 0.180 0.291 0.316 0.253 0.511
SCbRC_SPSU 0.185 0.003 0.371 0.315 0.289 0.332 0.190 0.110 0.106 0.195 0.149 0.303
SCbRC_WY 0.369 0.111 0.475 0.436 0.382 0.435 0.110 0.048 0.242 0.315 0.248 0.474
SCnL_SPR -0.035 -0.168 0.056 0.045 0.039 -0.004 -0.041 -0.045 -0.160 0.050 0.005 0.191
SCnL_SUM 0.238 0.112 0.480 0.347 0.297 0.455 0.279 0.211 0.270 0.308 0.264 0.477
SCnL_SPSU 0.001 -0.141 0.122 0.092 0.080 0.062 0.001 -0.012 -0.111 0.092 0.043 0.248
SCnL_WY 0.048 -0.093 0.139 0.111 0.108 0.048 0.015 0.004 -0.112 0.092 0.047 0.235
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Station/Site PYBRW PYBEW PYBLW SPCRW SPCEW SPCLW CHPdRW CHPdEW CHPdLW BBCRW BBCLW NNMRW NMMEW EBTRW EBTEW
FRbER_SPR 0.037 0.068 0.056 -0.053 -0.075 0.035 0.185 0.156 0.238 0.138 0.070 - - -0.053 0.001
FRbER_SUM -0.016 -0.021 0.080 -0.112 -0.106 -0.055 0.133 0.142 0.112 0.022 -0.063 - - 0.077 0.069
FRbER_SPSU 0.036 0.064 0.065 -0.064 -0.085 0.025 0.193 0.167 0.239 0.135 0.059 - - -0.038 0.011
FRaER_SPR -0.190 -0.199 -0.019 -0.177 -0.104 -0.011 -0.289 -0.302 -0.150 -0.222 -0.110 -0.413 -0.650 -0.174 -0.290
FRaER_SUM 0.058 0.129 -0.051 -0.316 0.162 -0.306 -0.084 -0.026 -0.060 -0.186 -0.074 -0.177 -0.256 0.138 0.060
FRaER_SPSU -0.170 -0.168 -0.026 -0.202 -0.074 -0.043 -0.282 -0.286 -0.148 -0.232 -0.113 -0.409 -0.636 -0.144 -0.263
FRIB_SPR 0.015 0.032 0.011 0.020 -0.005 0.025 0.124 0.120 0.128 0.050 0.084 -0.026 0.020 0.006 0.056
FRIB_SUM 0.212 0.212 0.100 0.061 0.038 0.160 0.232 0.246 0.084 0.049 0.074 0.038 0.164 0.057 0.066
FRIB_SPSU 0.063 0.079 0.030 0.031 0.002 0.055 0.170 0.169 0.135 0.057 0.093 -0.036 0.109 0.020 0.069
FRbNL_SUM -0.158 -0.243 -0.086 0.092 0.055 0.226 0.235 0.253 0.097 -0.133 -0.090 - - 0.152 -0.003

Station/Site CVVRW CVVEW CVVLW CPHRW CPHEW CPHLW BOYRW BOYEW BOYLW BBRRW BBREW BBRLW CHPRW CHPEW CHPLW
FRbER_SPR 0.186 0.111 0.178 0.510 0.531 0.437 0.108 0.124 0.016 0.094 0.115 0.005 0.197 0.200 0.169
FRbER_SUM 0.096 0.027 0.061 0.459 0.501 0.324 0.164 0.150 0.166 0.004 0.012 -0.059 0.089 0.075 0.206
FRbER_SPSU 0.190 0.109 0.176 0.540 0.565 0.453 0.124 0.137 0.039 0.092 0.112 -0.001 0.197 0.198 0.187
FRaER_SPR -0.193 -0.222 -0.032 -0.119 -0.085 -0.232 -0.023 0.021 -0.052 -0.114 -0.103 -0.082 -0.350 -0.361 0.067
FRaER_SUM -0.046 -0.019 -0.177 0.064 0.050 0.021 0.033 0.003 0.148 0.030 0.018 0.014 -0.003 -0.085 0.047
FRaER_SPSU -0.186 -0.210 -0.053 -0.101 -0.071 -0.214 -0.018 0.020 -0.030 -0.103 -0.094 -0.074 -0.328 -0.348 0.070
FRIB_SPR 0.133 0.078 0.172 0.541 0.545 0.468 0.143 0.144 0.120 0.058 0.082 -0.044 0.136 0.114 0.093
FRIB_SUM 0.150 0.156 -0.008 0.407 0.412 0.365 0.229 0.191 0.267 0.175 0.187 0.028 0.329 0.340 0.236
FRIB_SPSU 0.159 0.111 0.153 0.588 0.593 0.514 0.185 0.176 0.173 0.095 0.119 -0.034 0.204 0.188 0.139
FRbNL_SUM -0.084 -0.150 -0.025 0.257 0.241 0.199 0.143 0.068 0.346 0.046 0.108 -0.139 0.127 0.099 0.178
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Table A.3c: Correlation analyses for the Frenchman River and tree-ring chronologies (EW: earlywood; LW: latewood: RW: ringwidth). Significant  
correlations (p < 0.05) are bolded and highlighted in blue.   

Station/Site WBSRW WBSEW WBSLW BCRRW BCREW BCRLW MVPRW MVPEW MVPLW WBTRW WBTEW WBTLW
FRbER_SPR 0.016 -0.066 0.148 0.151 0.169 0.124 0.145 0.033 0.080 0.080 0.046 0.211
FRbER_SUM -0.063 -0.061 -0.005 0.159 0.157 0.172 0.226 0.068 0.184 -0.057 -0.052 0.043
FRbER_SPSU 0.007 -0.070 0.138 0.165 0.181 0.140 0.167 0.042 0.106 0.068 0.037 0.205
FRaER_SPR 0.129 0.154 -0.121 -0.037 -0.012 -0.087 -0.154 - - 0.075 0.063 0.044
FRaER_SUM 0.033 0.168 -0.228 -0.130 -0.210 0.089 0.348 - - 0.101 0.103 -0.014
FRaER_SPSU 0.122 0.163 -0.146 -0.052 -0.038 -0.070 -0.096 - - 0.081 0.070 0.037
FRIB_SPR -0.017 -0.097 0.070 0.102 0.101 0.085 0.130 0.049 0.073 0.025 -0.013 0.175
FRIB_SUM 0.135 0.169 0.093 0.219 0.188 0.262 0.272 0.129 0.247 0.107 0.089 0.143
FRIB_SPSU 0.015 -0.050 0.087 0.144 0.135 0.140 0.171 0.081 0.136 0.047 0.007 0.194
FRbNL_SUM 0.085 0.035 0.193 0.076 0.008 0.231 0.088 0.037 0.118 0.121 0.092 0.245
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