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ABSTRACT
Changing hydroclimatic conditions are the primary source of risk to hydroelectric power
generation. The research described in this dissertation investigates hydrological and
drought variability in the Winnipeg River basin, Canada, during the last several hundred
years using instrumental hydroclimate data and paleoclimatic records derived from tree
rings.

The basin drains parts of northwestern Ontario, northern Minnesota and

southeastern Manitoba, and is the most important component of the hydrological system
used to generate power in Manitoba. Extreme low annual flows in the Winnipeg River
are associated with enhanced meridional flow across western Canada during summer and
autumn, which suppresses precipitation over the watershed and reduces runoff from
spring snowmelt. In contrast to the declining flows observed for other regional rivers,
mean annual discharge in the Winnipeg River basin has increased substantially since the
early 1920s. For a longer perspective, fifty-four ringwidth chronologies (mainly Pinus
resinosa and P. strobus) were used to assess changes in summer climate in the Winnipeg
River region since AD 1783.

Tree growth in this region is significantly, but weakly,

correlated with both temperature and precipitation during summer. Synthetic tree-ring
records produced by the Vaganov-Shashkin model of tree-ring formation are consistent
with these relationships with climate, and suggest that the primary factor limiting tree
growth switches from temperature to moisture in mid-summer. The Winnipeg River treering record indicates that summer droughts were more persistent in the 19th and late 18th
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century than during the last 100 years, but there is no evidence that drought was more
extreme prior to the onset of direct monitoring.
This dissertation also examines past changes in summer drought over the broader
region using 138 ringwidth records from the Canadian Prairies provinces and adjacent
areas. Regional ringwidth signals are primarily related to summer moisture and drought
conditions. These summer-sensitive records are not linearly related to major modes of
climate variability, including ENSO and the PDO, which mainly affect the climate of
western Canada during winter.

Extended drought records inferred from regional tree-

ring series indicate that drought on the Canadian Prairies has exhibited considerable
spatial heterogeneity over the last several centuries.
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CHAPTER 1 – INTRODUCTION
1.1 Statement of the problem
Canada produces more energy from water than any other nation.

Canadian

hydroelectricity accounts for roughly 13 percent of global production, and supplies
almost two-thirds of the country’s electricity (Natural Resources Canada, 2007). Several
provinces, notably Québec, Newfoundland and Labrador, British Columbia, and
Manitoba, rely heavily on hydroelectric energy, and generate substantial revenue from
the sale of electricity to other provinces and the United States. Because of its renewable
nature and modest greenhouse gas emissions (relative to coal and gas-fired power plants),
hydropower has become a central tenet of climate change strategies developed by several
provinces (e.g., Government of Québec, 2006; Government of Manitoba, 2007).
Manitoba is almost exclusively a hydropower province, with hydroelectric power
providing nearly 99 percent of total electrical production (Manitoba Hydro, 2007). In
2006-2007, hydroelectricity generated in Manitoba had a commercial value of roughly
$1.8B (Canadian dollars; CAD; Manitoba Hydro, 2007). As with most hydropower
operations, the amount of energy produced at hydroelectric generation facilities (and
consequently, net income at Manitoba Hydro) is principally influenced by hydrological
conditions (B. Girling, personal communication, 2006). When large parts of the Prairie
Provinces and northwestern Ontario were affected by drought in 2003, total energy
produced by hydropower in Manitoba diminished by more than one-third and Manitoba
Hydro experienced a net loss of $436M CAD (Fig. 1.1).
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For most hydropower applications, future river flows and reservoir levels are
estimated from direct measurements of hydrological variability in the generating system
(Harrison and Whittington, 2002). One of the principal goals of long-term planning at
Manitoba Hydro is to ensure that their generating system can satisfy forecast energy
demands under conditions equivalent to the lowest reservoir inflows observed in the
instrumental record (Turanli, 1999; Rangarajan et al., 1999). Planning exercises typically
estimate energy supplies and demand 10 to 40 years in the future; the lower limit is
constrained by the length of time necessary to build new generating facilities, while the
upper limit reflects the farthest projection of load forecasts (B. Girling, personal
communication, 2007).
The period of lowest observed flows in the Manitoba Hydro system is described
as the ‘critical period’, and is currently defined as the interval from 1939 to 1941
(Rangarajan et al., 1999). Estimates of system-wide inflows derived from direct gauge
measurements are only available since 1907 (B. Girling, personal communication, 2007).
For many parts of the watershed, particularly in northern Manitoba, record-keeping began
much more recently. Because instrumental hydrological records are relatively short, it is
not known how the 1939-41 event compares to droughts that occurred prior to the
initiation of direct monitoring. If earlier droughts were either more intense or persistent,
it may be prudent for Manitoba Hydro to re-evaluate its estimates of the risk of future low
flows, and examine the reliability of its system under alternative worst-case scenarios.
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Over the past decade, Manitoba Hydro has supported a number of independent
research projects that have used natural archives to describe past drought and
hydrological conditions within their generating system. On 20 September 2007, a group
of scientists and engineers met in Winnipeg, Canada to review the progress of
paleoclimate research sponsored by Manitoba Hydro and discuss current practices related
to long-term planning for hydropower. Engineers from Manitoba Hydro identified four
main priorities for paleoenviromental research. First, they want extended records of river
discharge (prior to 1907) across their entire generating system. These extended records
should preferably have annual resolution and should be ‘high quality’, as measured by
their similarity to instrumental streamflow records. Second, Manitoba Hydro emphasized
that understanding the causes of past droughts is critical to assess the likelihood that
similar droughts might occur in the future. Third, even relatively short (20th century
only) paleohydrological estimates for rivers in northern Manitoba would be helpful.
Direct measurements of streamflow for many northern rivers are only available since the
1970s or 1980s; prior to that, discharge is estimated from longer gauges on other rivers.
Finally, hydropower planners suggested that the research community work together to
synthesize the current state of knowledge of past drought in the region, and stressed that
both scientists and practitioners should have free access to primary data and hydrological
reconstructions.
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1.2 Background
1.2.1

Hydroelectric power generation in Manitoba

Hydroelectric power generated in Manitoba is produced from water flowing through the
Nelson and Churchill rivers (Fig. 1.2). The third largest watershed in North America, the
Nelson-Churchill system captures runoff from four Canadian Provinces and three
American states and drains more than 1.4 million km2 between the Canadian Rockies and
Lake Superior (Shiklomanov and Rodda, 2003). Since 1977, the Nelson River has been
supplemented by a portion of the Churchill River (up to 850 m3/s) through a diversion
through Southern Indian Lake in northern Manitoba. The Nelson-Churchill system can
be divided into four major sub-basins: the Churchill River (which mainly drains territory
in north-central Saskatchewan), the Saskatchewan River (southern Alberta and central
Saskatchewan), the Red River (southern Manitoba, southeastern Saskatchewan and parts
of Minnesota and the Dakotas), and the Winnipeg River (northwestern Ontario). The
Winnipeg River provides the largest fraction of total flow in the system (with a median
annual discharge of 988 m3/s; 1965 – 2006), followed by the Churchill River diversion
(up to 850 m3/s), the Saskatchewan River (542 m3/s) and the Red River (229 m3/s). The
Saskatchewan, Red and Winnipeg rivers all flow into Lake Winnipeg, which retains the
equivalent of 60 percent of the system’s mean annual energy in its storage (Rangarajan et
al., 1999). Lake Winnipeg acts as the largest reservoir in the Manitoba Hydro system,
and has been regulated by a dam at its outlet at the northern end of the lake since 1976.
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Outflow from Lake Winnipeg is routed through the Nelson River and ultimately flows
into Hudson Bay.
Manitoba Hydro operates 14 hydroelectric generating facilities, with stations on
the Nelson River (5 stations), the Winnipeg River (6), the Saskatchewan River (1), and
the Laurie River (2). The three largest stations (Limestone, Kettle and Long Spruce) are
located on the Nelson River in northern Manitoba; each has a generating capacity greater
than 1,000 megawatts. The six hydroelectric generating stations on the Winnipeg River
collectively produce 585 megawatts of electricity (roughly 14% of total provincial
production). Despite its small size, the Winnipeg River basin has a disproportionately
large influence on overall energy production, contributing 29% of the water and 40% of
the energy in the Manitoba Hydro system. Widespread drought affecting most of the
Winnipeg River basin was cited as the main factor responsible for reducing energy
production and sales during the 2003 – 2004 fiscal year (Manitoba Hydro, 2004).
Conversely, a return to wetter conditions in 2004 and 2005 was credited with greatly
improved hydroelectric conditions in Manitoba (Manitoba Hydro, 2005).

1.2.2

Hydrological variability in the Canadian Prairies

Canada is rightly regarded as a water-rich nation; it is ranked third amongst all countries
in available fresh water, and is first (among major nations) in per capita water resources
(Shiklomanov and Rodda, 2003). Despite its abundance, a number of studies have
concluded that surface water resources in Canada have declined during the last 50 to 100
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years. In a comprehensive review of 243 streamflow records from rivers across Canada,
Zhang et al. (2001) found that annual mean streamflow generally decreased since 1950,
with the largest decreases occurring in the southern part of the country. Similar studies at
the regional scale have largely come to the same conclusion; declining flows have been
reported for rivers in the Canadian Rockies (Rood et al., 2005), the Hudson Bay basin
(Déry and Wood, 2005) and the Canadian Prairies (Westmacott and Burn, 1997; Yulianti
and Burn, 1998). In a recent review focusing on the western Prairie Provinces (Alberta
and Saskatchewan), Shindler and Donahue (2006) wrote that, if river flows continue to
decline, “the combination of climate warming, increases in human populations and
industry, and historic drought is likely to cause an unprecedented [regional] water crisis”.

1.2.3

Prior studies of regional tree-ring drought records

Tree-ring records have been used to address questions related to hydroclimatic or
hydrological variability on the Canadian Prairies for less than 15 years, but in that time a
rapidly growing literature has demonstrated that ringwidth records from Prairies trees can
be used to develop annually-resolved drought records that extend back several hundred
years.

Since Case and MacDonald (1995) developed the first tree-ring based

precipitation reconstruction from the Alberta foothills, ringwidth data have been used
elsewhere in the Prairies to estimate past variability in seasonal or annual precipitation
(Watson and Luckman, 2001; Watson and Luckman, 2002; St. George and Nielsen, 2002;
Sauchyn et al., 2003, Pederson et al., 2006), the Palmer Drought Severity Index (Sauchyn
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and Skinner, 2001), the Canadian Drought Code index (Girardin et al., 2006) and
streamflow (Case and MacDonald, 2003; Beriault and Sauchyn, 2006; Watson and
Luckman, 2006).
Although most researchers have concluded that earlier droughts exceed the
intensity and duration of droughts observed during the 20th century, the restricted spatial
scale of Prairie tree-ring data makes it difficult to assess the geographic scope of these
past droughts. There has been a steady increase in the number of moisture-sensitive treering records from the region, but to this point, dendroclimatic studies of past drought on
the Prairies have been based on either single records from individual locations or multiple
records from a relatively small area (100 – 200 km transects). This approach makes it
difficult to differentiate signals created by region-wide droughts from influences related
to site-specific conditions, such as micro-climate or local disturbances. To a degree,
these issues were addressed by the recent expansion of the North American Drought
Atlas (Cook and Krusic, 2004), which uses a continental network of tree-ring records to
describe past variability in summer drought, into southern Canada. However, the broad
geographic scope of the Atlas means that its reconstruction target (July PDSI) cannot be
changed to account for regional differences in the seasonality of climate signals, and in
some cases, local drought conditions are estimated from distant tree-ring sites.

In

addition, since the latest version of the Drought Atlas was released, the number of treering chronologies from the Prairies has roughly doubled, which allows spatial variability
in tree growth and inferred drought history to be examined in greater detail. In Canada,
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attempts to extract regional signals from networks of moisture-sensitive trees have either
focused primarily on drought in regions adjacent to (and, in some cases, overlapping
with) the Canadian Prairie provinces (Watson and Luckman, 2004; Watson and
Luckman, 2005; Girardin et al., 2006), or have targeted other environmental variables
(e.g., area burned; Girardin, 2007).
The first ringwidth records in the Winnipeg River basin were developed by Hal
Fritts and his collaborators in the early 1970s, while working in the Boundary Waters
Canoe Area Wilderness in northern Minnesota.

The Boundary Waters were also the

home to Miron Heinselman’s pioneering work on the use of fire scars to reconstruct past
fire history and stand dynamics (Heinselman, 1973). A small number of sites were
collected (or re-collected) from the Winnipeg River region during the 1980s, including
two sites that were part of Fritz Schweingruber’s North American ringwidth and density
network (Schweingruber et al., 1993), but the first major collection of ringwidth data in
the region was initiated by Martin Girardin in the early 2000s. These data were part of a
larger dataset of records from the boreal forest of central and eastern Canada, and were
used to reconstruct the behaviour of the Canadian Drought Code (Girardin et al., 2004,
Girardin et al., 2006). This collection included fifteen sites from the Winnipeg River
basin in northwestern Ontario, primarily from the areas around Lac Seul or Lake of the
Woods.
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1.3 Explanation of the dissertation format
This dissertation consists of a published paper that appears as Appendix A and two
prepublication manuscripts, which appear as Appendices B and C.
The manuscript in Appendix A is entitled “Streamflow in the Winnipeg River basin,
Canada: trends, extremes and climate linkages” and was published in the January 2007
issue of the Journal of Hydrology (St. George, 2007). This study uses a network of longterm discharge gauges to examine how river flow in the Winnipeg River basin, Canada
has behaved during the last one hundred years. For this project, I analyzed recent
hydrological trends, characterized the sequence of climatological events that lead to
extreme low flows, and wrote the manuscript.
The next manuscript (Appendix B) is entitled “Regional tree growth and inferred
summer climate in the Winnipeg River basin, Canada since AD 1783” and describes the
climate signals recorded by a network of ringwidth records from northwestern Ontario,
southeastern Manitoba and northern Minnesota.

This manuscript was submitted to the

journal Quaternary Research in March 2007. I collected the tree-ring samples, measured
and processed the ringwidth data, conducted the analyses and wrote the manuscript. My
co-authors on this manuscript are David Meko, my dissertation supervisor, and Michael
Evans, who directed me in the use of the Vaganov-Shaskin model of tree-ring formation
and the interpretation of the empirical orthogonal function results.
The final manuscript (Appendix C) is entitled “The tree-ring record of drought on
the Canadian Prairies” and is prepared for submission to the Journal of Climate. This
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study uses 138 ringwidth records from the Canadian Prairies to estimate regional drought
severity during the past several hundred years. As part of this research, I assembled the
dataset of regional tree-ring data, conducted all analyses, and wrote the manuscript. My
co-authors on this manuscript are David Meko, my dissertation supervisor, and MartinPhilippe Girardin, Erik Nielsen, Gregory Pederson, David Sauchyn, Jacques Tardif and
Emma Watson, who graciously provided tree-ring data from their collections in the
Canadian Prairies.
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Figure 1.1 Total energy supplied by hydroelectric power generation in Manitoba (bars)
and net income at Manitoba Hydro (line). Data were abstracted from the annual reports
of the Manitoba Hydro-Electric Board, available on-line at http://www.hydro.mb.ca.
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Figure 1.2 The Nelson-Churchill river system, subdivided into major sub-basins: the
Saskatchewan River (green), the Churchill River (purple), the Red River (red), the
Winnipeg River (orange), and the Nelson River and Lake Winnipeg (yellow).
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CHAPTER 2 - PRESENT STUDY
The following text summarizes the major tasks completed during my dissertation
research and my main findings. Complete descriptions of the data, methods and research
results are presented in the three manuscripts appended to this dissertation.

2.1 Observed hydrological changes in the Winnipeg River basin
I used a network of long-term discharge gauges to examine how river flow in the
Winnipeg River basin has behaved during the last one hundred years.

I examined the

sequence of climatic conditions that typically precede low flows, and found that the most
extreme low flows are caused primarily by marked reductions in runoff from spring
snowmelt. These conditions typically follow dry weather across much of the watershed
during the previous summer and autumn, and are associated with enhanced meridional
transport across western Canada. I found that the winter index of the Pacific/North
American (PNA) pattern was an important control on Winnipeg River at both interannual
and decadal time scales, but its influence may be modulated by conditions in eastern
North America or the North Atlantic. In contrast to recent trends observed on other
Prairie rivers, Winnipeg River streamflow has increased substantially since the early 20th
century, primarily because of large increases in winter discharge.

Because I found

similar trends on both regulated and unregulated rivers in the Winnipeg River basin, I
concluded that these increases are forced by changes in summer and autumn
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precipitation, and are not simply artefacts caused by direct anthropogenic interference in
the hydrological system.

2.2 Climate signals within a new tree-ring network for northwestern Ontario
Under the second component of this project, I collected tree-ring samples at 25 sites
within the Winnipeg River basin in the summers of 2004 and 2005. I combined these
new data with records collected previously by other researchers to develop a regional
network of fifty-four ringwidth chronologies. Most chronologies were developed from
red and white pine, with a limited number of collections made from eastern white cedar,
white spruce and jack pine. I used empirical orthogonal function (EOF) analysis to
recover the dominant pattern of regional tree growth, and used an iterative procedure to
determine how the quality of the regional signal was affected by the number of sites in
the network or my choice of standardization techniques. I found that regional tree growth
is significantly, but weakly, correlated with both temperature and precipitation during
summer.

I used the Vaganov-Shaskin (VS) model to produce simulated ringwidth

chronologies at nine climate stations in the Winnipeg River basin. The VS model is a
forward model that calculates tree-ring growth and the internal characteristics (density,
cell sizes) of annual rings based on equations relating daily temperature, precipitation and
sunlight to the kinetics of secondary xylem development.

The simulated ringwidth

chronologies were significantly correlated with real tree-ring data, and exhibited similar
relationships with summer climate variables. Model results also suggest that tree growth
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is principally limited by temperature until the end of June, but afterward trees become
moisture-limited as access to soil water diminishes under the heat of summer.
Because the correspondence between ringwidth and climate was not strong
enough to develop a traditional, regression-based dendroclimatic reconstruction, I
focused my paleoclimatic interpretation on the general association between high and low
tree growth and either cool/wet or warm/dry summers. In order to confirm that this
relationship was stable over time, I compared the regional tree-ring record with archival
records from early 19th century fur-trading posts and found that my classification scheme
matched six of seven summers identified as “wet” in Hudson’s Bay Company documents.
The drought record inferred from regional tree-ring data record indicates that summer
droughts were more persistent in the 19th and late 18th century than during the last 100
years, with several instances of warm and dry conditions lasting for three consecutive
years. I did not find any evidence that any droughts since AD 1783 were more extreme
than those observed since the onset of direct monitoring.

2.3 The tree-ring record of drought in the Canadian Prairies
Building upon my assessment of climate signals preserved in trees growing in the
Winnipeg River region, I expanded my analysis to examine the tree-ring record of
drought over the entire Canadian Prairies.

I assembled a regional dataset of 138

ringwidth records, and divided the network into five groups based on geography, tree
species and length of record: the eastern Rockies; northern Saskatchewan; central
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Manitoba; southern Manitoba; and northwestern Ontario. As with the prior study, EOF
analysis or simple averaging was used to emphasize signals common to many or all
records within each region.

I demonstrated that large-scale ringwidth signals are

primarily related to summer moisture and drought conditions, and found that only a few
sites in the eastern Rockies are influenced by precipitation during the prior autumn or
winter.

Although tree-ring data from the Prairies have been used previously to

reconstruct the Pacific Decadal Oscillation, my results indicated that these summersensitive ringwidth records are not linearly related to major modes of climate variability,
including the PDO, which primarily affect the climate of western Canada during winter.
Although the drought signal preserved in Prairie tree-rings is not as strong as that found
elsewhere in North America and principally tracks changes at lower frequencies (five
years and greater), tree-ring records still provide valuable insights into the long-term
variability of summer drought in this part of Canada. I developed a suite of regional
drought records that spanned the last 150 to 500 years, and found that drought on the
Canadian Prairies has exhibited considerable spatial heterogeneity over the last several
centuries.

For northern Saskatchewan and northwestern Ontario, the 20th century

included more prolonged wet or dry periods and more extreme single years than the 18th
or 19th centuries. In contrast, longer records from southern Alberta suggest that the 1720s
was the most intense dry spell in that area during the last 500 years. At the eastern side
of the Prairies, the most prolonged dry event is centered around 1700 and may coincide
with low lake stands in Manitoba, Minnesota and North Dakota. Although the Canadian
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Prairies were dry at times during the 1500s, there is no regional analogue to the 16th
century ‘megadroughts’ that affected much of the western United States and northern
Mexico.

2.4 Major conclusions
2.4.1

Prairie tree rings as a proxy for past drought

The analyses presented in this dissertation show that moisture-sensitive ringwidth records
from the Canadian Prairies describe a somewhat different climatic signal than is
possessed by similar records from most other parts of North America. Although a few
sites in the eastern Rockies contain an apparent winter precipitation signal, tree-ring data
from the Canadian Prairies primarily describe moisture and drought conditions during
summer. The seasonality of this signal is a product of the importance of summer rainfall
to the annual water budget of the region: summer is the wettest season, and summer is
more variable than precipitation during the other seasons (Borchert, 1950; Bonsal et al.,
1999). Effectively, because summer rainfall has such high power relative to other aspects
of Prairie climate, it operates as the most important and most variable constraint to tree
growth from one year to the next. As a consequence, regional tree-ring data can serve as
an effective proxy for summer precipitation or drought conditions, especially as a
measure of long-term changes that occur over several years. Certain characteristics of
summer precipitation – most notably, its high spatial heterogeneity – create similar
structure within the regional tree-ring network. Moreover, the seasonality of the moisture
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signal in Prairie tree rings (i) limits their connection to major climate modes, (ii) reduces
their sensitivity to droughts created by deficits in winter precipitation, and (iii) creates a
statistical association between tree-ring width and total annual precipitation.
It is also important to recognize that conventional tree-ring records from the
Canadian Prairies are somewhat limited in their application as proxies for past
hydroclimatic conditions. Despite the addition of several dozen new chronologies from
the Prairies, the regional tree-ring series are still a relatively poor basis for developing
quantitative estimates of precipitation or drought severity, at least in comparison to treering records from other parts of North America. In some regions, simply adding more
ringwidth records might produce better results, but it might be more productive to
supplement the existing ringwidth network with records of other tree-ring parameters,
such as wood density or isotopic composition.

Additionally, because there are not

enough long chronologies to describe large-scale variability in any region prior to circa
AD 1500, it is not yet possible to use tree-ring records to determine if the epic droughts
associated with the ‘Medieval Climate Anomaly’ (roughly AD 900 to 1300) in the United
States (Cook et al., 2004; Meko et al., 2007) extended into the Canadian Prairies.

2.4.2

Ringwidth as a proxy for river discharge

Although Manitoba Hydro has identified the development of extended discharge records
across their generating system as a research priority, ringwidth by itself does not appear
to be sufficient to estimate past changes in streamflow within the Winnipeg River basin.
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Tree-ring records from the Winnipeg River region are generally uncorrelated with
monthly, seasonal or annual streamflow at gauges across the watershed. This lack of a
relationship may be related, in part, to anthropogenic interference with the regional
hydrological system, which would serve to muddle the connection between the basin’s
water budget and system outflows. It is more likely though, that this discrepancy is
caused by trees and rivers integrating moisture conditions over different seasonal
‘windows’. Regional tree growth is most closely tied to summer precipitation or drought
conditions, but summer has only a moderate influence on runoff in the Winnipeg River
system.

Annual discharge in the Winnipeg River is more strongly correlated with

precipitation during winter and the prior autumn (St. George, 2007), and even at the
monthly scale, rainfall during June and July has only a modest correlation with river
flow. In order to develop robust estimates of past changes in regional hydrology, it
appears necessary to supplement existing ringwidth-based estimates of summer rainfall
with records of cold-season precipitation derived from other proxies (e.g., additional treering parameters or information obtained from other natural archives).

2.4.3

Hydrological and paleo-drought variability in the Winnipeg River basin, Canada,
and the Canadian Prairies

Hydrological trends in the Winnipeg River basin during the 20th century do not mirror
those reported for rivers elsewhere in the Canadian Prairies. Gauge records show that the
discharge of the Winnipeg River increased markedly between 1920 and 1960 and has
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held relatively steady over the last four decades. The trend towards greater runoff
corresponds with a moderate decrease in drought severity observed over northwestern
Ontario during the 20th century (Dai et al., 2004). Some of the apparent increase in the
early part of the Winnipeg River discharge record may be an artefact of methodological
changes used to measure river flow (E. Teklemariam, personal communication, 2007).
Work underway at Manitoba Hydro to develop naturalized flow records for the Winnipeg
River basin should help researchers discriminate among (i) false changes created by
measurement errors, (ii) real changes created by non-climatic causes (e.g., diversions)
and (iii) real changes forced by climate factors. In any case, the absence of any long-term
trends in the level of Lake Winnipeg hints that declining flows in the western Prairie
Provinces (Schindler and Donahue, 2006) are being offset by increasing runoff elsewhere
in the Lake Winnipeg watershed.
Climate model results suggest that the observed trend to greater flows in the
Winnipeg River basin will continue through the end of the current century. Simulations
of climate at 2080 – 2099 (IPCC, 2007) show consistent projections of increased winter
precipitation over northwestern Ontario (around +10%) but report a much smaller
increase for summer rainfall (with more models disagreeing on the sign of the change).
An earlier review of results that focused on hydrological changes projected that runoff in
the Winnipeg River region and northern and central Manitoba will increase 20% – 30%
by the middle of the 21st century (Milly et al., 2005).
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The regional drought histories developed in this study may differ from earlier
tree-ring reconstructions in some of the details, but the overall message remains largely
the same. Tree-ring evidence indicates that parts of the Canadian Prairies have, relatively
recently, been affected by summer droughts that were more intense and more long-lasting
that those observed in instrumental records. If similar droughts occurred in the future, it
is not clear what impacts they would have on activities that rely heavily on inputs from
summer moisture, such as agriculture, hydropower or consumptive supplies, but it may
be prudent to examine the resilience of these systems to alternate worst-case scenarios.
This exercise may be particular important for the dryland areas of the western Prairie
Provinces, which in the last few decades has experienced rapid population growth and
agricultural expansion and concomitant increases in regional water demand (Schindler
and Donahue, 2006).
However, tree-ring evidence suggests that the drought on the Canadian Prairies
has exhibited considerable spatial heterogeneity over the last 500 years, and it is rarely
appropriate to describe the entire region as being either wet or dry. It is possible to point
to several examples where three or more sub-basins experienced drought (four sub-basins
– 1933; three sub-basins - 1843-44, 1863-64, 1875, 1921, 1934), but regional drought
conditions are, at most, weakly connected. Although the two longest inferred drought
records (the eastern Rockies and southern Manitoba) are significantly correlated (r = 0.2,
p = 0.00001), there are several examples when one region was in drought and the other
was not. The 1720s drought, which was extremely intense in the western Prairies, does
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not appear to have affected the eastern Prairies, which was itself just recovering from a
prolonged drought circa 1700 that went unrecorded in the west. Most parts of the Prairies
were dry at some time during the 1850s and 1860s, but this mid-19th century drought
lasted the longest in southern Alberta and northern Montana. Limnological records
indicate that the 1700 drought in southern Manitoba coincided with low lake stands in
Minnesota and North Dakota (St. George and Nielsen, 2002), and limited geomorphic
evidence (Nielsen, 19998) suggests that this event may have lowered the level of Lake
Winnipeg by roughly one metre.

Unfortunately, tree-ring records in northwestern

Ontario are not currently long enough to determine if this drought extended eastward to
affect the Winnipeg River, and more work is needed to resolve its impact on the
hydrological budget of Lake Winnipeg.
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A.1 Abstract
This study uses a network of long-term discharge gauges to examine how river flow in
the Winnipeg River basin, Canada has behaved during the last one hundred years. The
Winnipeg River influences the production of over 4600 megawatts of hydroelectricity,
and is the most important component of the hydrological system used to generate power
in Manitoba. Extreme low annual flows are caused by severe reductions in runoff from
spring snowmelt, and follow dry weather during the previous summer and autumn over
much of the basin. These conditions are associated with enhanced meridional flow across
western Canada, and geopotential height anomalies during the previous autumn and
winter that are very similar to the positive phase of the Pacific/North American (PNA)
pattern. The winter PNA index appears to be an important control on streamflow in the
Winnipeg River at both interannual and decadal time-scales, but may be modulated by
conditions in the North Atlantic sector. Mean annual flows have increased by 58% since
1924, primarily because of large increases in winter discharge. Because similar trends
are observed for both regulated and unregulated rivers, these increases are not artefacts
caused by direct anthropogenic interference in the hydrological system.

Increasing

summer and autumn precipitation is the most probable cause of the changes in
streamflow. The observed trends toward higher flows, combined with recent model
projections, suggest that the potential threats to water supply faced by the Canadian
Prairie provinces over the next few decades will not include decreasing streamflow in the
Winnipeg River basin.

A.2 Introduction
A substantial body of evidence suggests that river flow in Canada declined significantly
during the 20th century. In a comprehensive study of 243 streamflow records from rivers
across Canada, Zhang et al. (2001) found that annual mean streamflow generally
decreased during the past 30 – 50 years, with the largest decreases occurring in the
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southern part of the country. At the regional scale, trends toward declining flows have
also been reported for rivers in the Canadian Rockies (Rood et al., 2005), the Hudson
Bay basin (Déry and Wood, 2005) and the Canadian Prairies (Westmacott and Burn,
1997; Yulianti and Burn, 1998).
Decreasing river flows are a particular concern because Canada is the world’s
foremost producer of hydroelectric power, accounting for roughly 13% of global output
(Natural Resources Canada, 2005).

Several Canadian provinces rely heavily on

hydroelectric energy, and generate substantial revenue from the sale of electricity to other
provinces and the United States. In Manitoba, hydropower provides nearly 95% of total
electricity production (Manitoba Hydro, 2005). Although most of its watershed is in
Ontario, the Winnipeg River (Fig. A.1) is the most important component of the
hydrological system used to generate power in Manitoba.

The river supports six

hydroelectric generating stations in the province, which collectively produce 585
megawatts of electricity (roughly 14% of total provincial production). Furthermore, the
river provides nearly half (45%) of the flow into Lake Winnipeg and the Nelson River
(despite comprising only 12% of the Nelson River watershed), and has an important
influence on the production of nearly 4000 megawatts at downstream stations on the
Nelson River. Widespread drought affecting most of the Winnipeg River basin was cited
as the main factor responsible for reducing energy production and sales during the 2003 –
2004 fiscal year (Manitoba Hydro, 2004). Conversely, a return to wetter conditions in
2004 and 2005 was credited with greatly improved hydroelectric conditions in Manitoba
(Manitoba Hydro, 2005).
This study uses a network of long-term discharge gauges to assess how river flow
in the Winnipeg River basin has behaved during the last one hundred years. Whereas
most prior research in Canada has used streamflow records as indicators for the purpose
of climate change detection (Burn, 1994; Westmacott and Burn, 1997; Yulianti and Burn,
1998; Zhang et al., 2001), this study examines the hydrological record to provide
information that may be relevant to the management of water resources within this
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important watershed.

Its main goals are to (1) describe the mean hydrology and

hydroclimate of the Winnipeg River basin; (2) evaluate if river flow increased or
decreased during the period of record, and investigate the potential causes of such
changes; (3) determine if extreme high or low flows are associated with particular
configurations of the synoptic climatology; and (4) describe the relative importance of
decadal-scale variability in streamflow.

A.3 Study area
Most of the Winnipeg River basin is located at the eastern edge of the Canadian Shield in
northwestern Ontario, and can be described as a rugged wilderness area with low, rolling
terrain and many large lakes. The Winnipeg River, which also drains a small portion of
northern Minnesota, flows westward into Manitoba and empties into the south basin of
Lake Winnipeg. The basin has an area of approximately 150,000 km2, and supports more
than 100 major lakes (including Lake of the Woods) that occupy more than 11,400 km2
(Lake of the Woods Control Board, 2002). The basin is largely forested, and serves as a
transition zone between the mixed forests of the northern United States and the boreal
forest of northern Canada.
The WRB can be divided into two major sub-basins. The English River basin
comprises the northeastern half of the WRB, and drains an area of roughly 55,000 km2.
The English River system also includes contributions from Lac Seul and (through a
diversion) Lake St. Joseph. The Lake of the Woods/Rainy River system drains 70,000
km2, and includes most of the area between Lake Superior and the Red River valley.
Several protected areas are located in the Lake of the Woods/Rainy River basin,
including the Boundary Waters Canoe Area and Voyageurs National Park in Minnesota,
and Quetico Provincial Park in Ontario.
Water flow in the Winnipeg River basin has been controlled since the 1880s,
when small dams were constructed to aid navigation on Lake of the Woods (Lake of the
Woods Control Board, 2002). The first hydroelectric dam in the basin was built on the
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eastern outlet of Lake of the Woods in 1892, which was followed by a dam on the lake’s
western outlet in 1925 (Lake of the Woods Control Board, 2002). The Pinewa Dam,
located on the Winnipeg River, went into operation in 1906 with an initial generating
capacity of eight megawatts. By 1954, seven additional dams had been built in Manitoba
and Ontario, bringing total power production on the river to more than 650 megawatts.
Dams on the Winnipeg River are run-of-river systems, and have limited storage capacity.
The only major diversion within the basin transfers water from Lake St. Joseph, which is
part of the Albany River basin, into Lac Seul. This channel, built in 1935, adds 80 m3/s
of discharge on average into the Winnipeg River system (Lake of the Woods Control
Board, 2002).

A.4 Data
Daily and monthly streamflow data were obtained from the Water Survey of Canada’s
HYDAT

data

archive

(Water

http://www.wsc.ec.gc.ca/hydat/H2O/).

Survey

of

Canada,

2005,

Gauges within the Winnipeg River watershed

were selected for analysis if they had more than 50 years of record, and were still
operating at the end of 2003. Nine gauge records satisfied these criteria, with the longest
record (Winnipeg River below Lake of the Woods) beginning in 1892 (Fig.A.2; Table
A.1). The gauge record for the Winnipeg River at Slave Falls was augmented by data for
2004 obtained from Manitoba Hydro (B. Girling, personal communication, 2005). As it
is the gauging station closest to the endpoint of the basin, the Slave Falls record provides
the best indication of flow within the entire watershed, and will be used as a focus for
much of the subsequent analysis. The integrity of these nine gauge records is excellent,
with very few (~0.7%) values missing from the monthly series. Missing monthly values
were replaced by estimates obtained using multiple regression models developed from
other gauges in the set. As no gauges are currently operating on the English River near
its confluence with the Winnipeg, a proxy record of English River flow was created by
taking the difference in monthly discharge on the Winnipeg River between the Slave
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Falls gauge and the gauge directly below Lake of the Woods. The four downstream
gauges (and the English River proxy) measure flows that are influenced by a series of
control structures, while the other five are located within unregulated watersheds.
Precipitation and temperature data for selected stations within the Winnipeg River
region was downloaded from the Adjusted Historical Canadian Climate Data
(Environment Canada, 2005, http://www.cccma.bc.ec.gc.ca/hccd). This data set consists
of rehabilitated and homogenized climate records that have been corrected for
inhomogeneities and missing data (Vincent and Gullett, 1999; Mekis and Hogg, 1999).
This study also uses a subset of the gridded precipitation dataset produced by New et al.
(1999, 2000) that spans the 1901 – 1998 period. Major advantages offered by this dataset
include a lack of missing values, a higher spatial resolution than previous global
precipitation compilations, and a method of construction that was intended to minimize
interpolation errors due to topographic variability or absence of data. The subset used in
this study (45° to 60° N, 80° to 120°W) covers all of northwestern Ontario and the
Canadian Prairie Provinces, and parts of adjacent American states.
Synoptic climatology maps were produced using the National Centers for
Environmental Prediction/National Center for Atmospheric Research Reanalysis (Kistler
et al., 2001). The Reanalysis provides more than 50 years of global atmospheric fields
over a 2.5° by 2.5° gridded network (equivalent to a horizontal resolution of 210 km).
Geopotential height and air temperature are considered “type A” variables in the
Reanalysis, which are influenced strongly by observations and are therefore reliable
products (Kalnay et al., 1996).

A.5 Methods
Medians and percentiles were calculated for streamflow over the period of record for
each gauging station. Mean precipitation fields were averaged over the 1901 – 1998
period, with anomaly maps produced by subtracting the grid point mean from each
observation.

Composite precipitation anomaly maps were created by averaging the
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anomaly fields for several years, with seasonal maps showing aggregate anomalies for
different three-month periods.
The procedure described by Yue et al. (2002) was used to determine if streamflow
and precipitation time series contained significant linear trends.

Despite the earlier

beginning for some gauges, trend analysis was restricted to the 1924 – 2003 period to
allow comparisons between gauges using a common interval (with the exception of the
gauge on the Rainy River at Manitou Rapids, which begins in 1929). The streamflow
record for the Whitemouth River was excluded from trend analysis because year-round
measurements are not available from this gauge until 1956 – 57. For each monthly and
annual (October to September) streamflow series, the slope of its trend was determined
using the robust estimator described by Hirsch et al. (1982), and the series was detrended.
The first-order autocorrelation was then removed, and the prewhitened series was recombined with the estimated trend.

The Mann-Kendal test was performed on the

prewhitened, ‘trend-added’ series to determine if the trend was statistically significant.
Hydrological storage, either at the surface (e.g., wetlands, lakes and reservoirs) or
as groundwater, delays the passage of water through the hydrological system, and can
cause streamflow series to have large autocorrelation values, sometimes at lags for
several years afterward (Salas, 1992).

Strong autocorrelation (also described as

persistence or memory) leads to current observations being influenced by prior
conditions, and can obscure relationships between climatic forcings and hydrological
‘outputs’. The degree of year-to-year persistence was determined by examining the
autocorrelation and partial autocorrelation functions for each monthly and annual (mean
October to September) flow series. Subsequently, persistence within each streamflow
series was removed using either an autoregressive (AR) or autoregressive moving
average (ARMA) model. These ‘prewhitened’ series are not influenced by condition of
streamflow in prior years, and should allow more reliable comparisons between
hydrological variability and climatic conditions. Prewhitened hydrological series were
used for most of the following analyses.
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Monthly streamflow series were correlated against fields of monthly precipitation
(with precipitation leading streamflow by zero to 11 months), and mapped to display
spatial patterns. Identified lag times between precipitation within the basin and the
hydrological response were used to direct the comparisons between streamflow and
synoptic climate conditions.

Two complimentary approaches were used to relate

streamflow variability to the state of atmospheric circulation, as represented by monthly
fields of geopotential heights at the 500 mb level. Monthly flow series were correlated
against the northern North American sector of the geopotential height field (40º to 90º N,
0º to 180º W). Anomaly height maps were produced through compositing years of
extreme (high and low) flows in the Winnipeg River basin, and by examining the height
fields for each year included in the composite.
Patterns of longer-term variability were investigated by filtering the annual
streamflow records to emphasize variance at decadal and greater timescales. Low-pass
filtered versions of streamflow series were produced using a 9-point Gaussian filter
designed to preserve 50% of the amplitude response at frequencies of 10 years. Nearly
identical results were obtained using either a binomial or Hamming filter.

A.6 Results and discussion
A.6.1 Mean hydrological and climatic characteristics
Due to the basin’s location in the interior of North America, its climate is strongly
continental, with the difference between maximum and minimum monthly temperatures
at Kenora, Ontario being more than 36ºC (Fig. A.3). From November to March, nearly all
(89%) precipitation falls as snow. Snowstorms do occur in October and April and, very
rarely, in September and May. The basin receives most of its precipitation between May
and September, with July being the wettest month.
Compared with regions to its west, the Winnipeg River region has a relatively
moist climate. Precipitation increases from west to east across the basin, with mean
annual totals ranging from 500 mm/yr in southeastern Manitoba to 725 mm/yr directly
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west of Lake Superior.

Wetter conditions within the basin are caused mainly by

increased summer and autumn precipitation over northwestern Ontario and northern
Minnesota. This part of the basin receives between 240 and 280 mm of precipitation in
June, July, and August, roughly 40 to 100 mm more than falls in the southern Canadian
Prairies. Total precipitation in autumn is less, but the east-west moisture gradient is of
similar magnitude.
Peak flow at the downstream end of the Winnipeg River usually occurs during
June and July, with mean daily flows at Slave Falls on the order of 875 m3/s (Fig. A.3).
Flow usually starts to decline by the beginning of August and reaches minimum values
around 650 m3/s in mid-October.

Discharge increases throughout autumn and is

relatively stable from January to March. May is characterised by an upsurge in flow
(typically ~ 120 m3/s) associated with passage of the spring snowmelt pulse through the
Winnipeg River system. The levels of Lake of the Woods and Lac Seul are regulated,
which undoubtedly has an effect on the timing of peak flows in the Winnipeg River
downstream and may reduce the seasonal variation in flows at Slave Falls. Unfortunately,
because Lake of the Woods was dammed several decades before the initiation of
discharge measurements on the Winnipeg River, it is not possible to estimate the
magnitude of the effects of regulation using hydrological records. Hydrographs for
smaller, unregulated basins in the upstream reaches show earlier peak flows (mid-April to
mid-May), suggesting that the seasonal rhythm of flow for these rivers is more strongly
influenced by inputs from local snowmelt. At these upstream gauges, the steady decline
in flow after the snowmelt peak is often interrupted by a brief return to higher flows in
June and July that reflects the impact of convective rainstorms on local runoff.

A.6.2 Trend analysis
Trend analysis indicates that mean annual flows of the Winnipeg River have increased
substantially since 1924 (Fig. A.4).

At the Slave Falls gauge, annual flows have

increased by 4.8 cubic metres/second/year; relative to mean flows at the beginning of the
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record, this cumulative change corresponds to an increase of 58%.

Results for the

monthly flow series suggest that the shift to higher annual flows has been driven by large
increases in discharge during the winter. Statistically significant (p = 0.05) increases are
observed for flows from November to April, ranging between +60 to +110%. There are
no significant changes in discharge during the summer months.
The tendency toward higher winter flows is repeated throughout the watershed at
gauges upstream from Slave Falls. All significant trends are positive, with nearly all (37
out of 40) occurring between November to April (Table A.2). For the Turtle River,
significant positive trends in monthly discharge from November to March led to a 46%
increase in annual flow. Increasing winter and spring flows were also observed on the
Basswood River and the English River at Umfreville, indicating that these seasonal
changes occurred over a wide geographic area. However, in the case of the Basswood
and English rivers, these seasonal increases were not large enough to cause a significant
rise in annual discharge. The trend analysis results also suggest that the English River
basin has experienced larger increases in winter flows than have rivers in the Lake of the
Woods-Rainy River watershed. The proxy flow record for the English River has greater
proportional increases in discharge than any other gauge in the system, with changes in
monthly flow of up to 160% (March).
Annual and winter discharge also increased on the Big Fork, Sturgeon and Roseau
rivers in northern Minnesota after 1960, indicating that trends in the WRB are not
artefacts caused by changes in techniques used by Canadian agencies to measure
discharge. Although some increases are observed on rivers that are affected by regulation
and diversion, the presence of similar trends at upstream gauges demonstrates that direct
anthropogenic interference in the hydrological system is not the primary cause of these
changes.

However, the possibility that some fraction of the trends in flow at the

downstream gauges is due to regulation effects cannot be excluded.
Rising winter discharge across the basin has coincided with increasing annual and
seasonal precipitation. Total annual (October to September) precipitation at Kenora
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increased by approximately 108 mm (15.5%) since 1924. This change largely reflects
increases in summer (May to July) and autumn (August to October) precipitation, as no
significant trends were observed for winter (November to January) precipitation, and
precipitation during spring (February to April) decreased by 25%. No significant trends
were identified in annual, monthly or seasonalised temperature records from Kenora.
The changes observed at Kenora are part of a general increase in precipitation
across much of northwestern Ontario (Fig. A.5). Summer precipitation has risen from
between 20% to 60% in the eastern sector of the English River basin, the north end of
Lake of the Woods, and in the Whitemouth basin of southeastern Manitoba. Autumn
precipitation has increased over a much more extensive area, with changes of +40 to
+60% occurring over most of the north-central and north-eastern part of the Winnipeg
River basin. This area coincides with the upper portion of the English River basin, which
may explain why that basin has shown the largest increases in wintertime flows. Over
this period, autumn precipitation has increased by similar proportions over much of the
northern Prairie Provinces.
In a recent study, Déry and Wood (2005) demonstrated that annual flow into the
western Hudson Bay basin (including the Nelson River) declined by 13% from 1964 to
2000. Repeating the analysis for the Winnipeg River using only data between 1964 and
2000 produces a declining (but non-significant) trend in annual flows. Although the
Winnipeg River provides only a portion of the total flow into the western Hudson Bay
basin, it seems plausible that some of the apparent decrease in flows reported by Déry
and Wood is due to anomalously high flows during the 1960s and early 1970s, rather than
being caused by more recent flows being abnormally low. However, this suggestion
should be evaluated using longer flow records from other rivers within the western
Hudson Bay catchment. In any case, these comparisons provide a reminder that the
results of any trend tests depend strongly on the interval used for analysis. For a specific
application (e.g., evaluating the impact of changing flow levels on a hydroelectric
generating facility), it would probably be more useful to tie the analysis to specific
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intervals used for planning (such as expressing changes relative to the period used
originally to determine the range of expected flows).
These results indicate that the Winnipeg River behaved very differently than most
rivers in Canada during the 20th century, with flows increasing rather than following the
national trend towards lower flows. Moreover, these increases are 4 to 5x greater than
changes reported in other analyses of Canadian streamflow (Déry and Wood, 2005; Rood
et al., 2005). Increasing flows have also been reported for rivers in the coterminous
United States (McCabe and Wolock, 2002), which suggest that the Winnipeg River may
be more closely related to factors that influence streamflow in the northern US than it is
to processes affecting other rivers in western Canada.

A.6.3 Autocorrelation structure
For the entire basin, roughly 11% of the total variability in annual streamflow is
contributed by flow conditions during the prior year. This persistence largely reflects the
influence of cold season conditions; monthly flows from November to April have
significant autocorrelation at lags from one to three years (Fig. A.6). The fraction of
variance contributed by autocorrelation varies between 8% (November) and 42%
(February) for this interval.

In contrast, there is no significant autocorrelation for

discharge during the warm season (May to October). Autocorrelation is generally less
important for gauges situated on lower-order streams. For example, the Turtle River does
not show significant autocorrelation in its annual flow record, and only weak
autocorrelation (2 – 8% of the variance) for flows in March, May and August. Similarly,
the gauge records from the Basswood River and the English River at Umfreville do not
have significant persistence at the annual timescale, and have only scattered significant
(and weaker) autocorrelation for individual months.
Autocorrelation in seasonal and annual flow series is high at gauges that are
downstream of the largest lakes in the basin, and low at gauges located on upstream
tributaries.

This pattern implies that a large portion of the autocorrelation observed at
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the downstream gauges is caused primarily by the influence of hydrological storage, and
is not produced by persistence in the climate system. Furthermore, the autocorrelation
function for Slave Falls indicates that strong positive or negative flow anomalies can
affect water levels (in winter) for up to three years afterward.
The variance contributed by autocorrelation was removed from the monthly and
annualized flow series using a combination of AR1 and ARMA(1,1) models (Box and
Jenkins, 1976).

These prewhitened series were used in subsequent analysis to remove

the possible confounding effects of hydrological persistence from streamflowprecipitation correlations and on the ranking of years based on flow magnitude.

A.6.4 Correlations between streamflow and precipitation
Correlation maps (not shown) suggest that variations in the flow of the Winnipeg River
lag regional precipitation by several months, and that lags vary between zero and six
months throughout the year. Summer flows (June, July and August) at Slave Falls are
significantly correlated with precipitation in April, May and June. August is the only
month during the year with significant correlation between flow and precipitation in the
current month. Streamflow between October and March is most strongly related to
precipitation between August and October, with significant relationships observed using
lags up to 6 months. Cold-season flows are most strongly correlated with September
precipitation for an extensive area over northwestern Ontario and northern Minnesota.
Spring flows (March, April and May) are also significantly correlated with precipitation
during November.

Precipitation during May and September are more frequently

correlated with streamflow than is precipitation in any other months.

A.6.5 Extreme years
Years with extremely high or low streamflow are listed in Table A.3, with rankings
provided for both the observed and prewhitened flow series for the Winnipeg River at
Slave Falls. The observed flows describe the amount of water actually measured at the
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Slave Falls gauge, while the prewhitened flows reflect the mean discharge that would
have been observed if hydrological conditions in prior years did not have any influence.
Prewhitening the flow data enhances the importance of years when extreme flows
occurred subsequent to opposite conditions in the prior year. For example, 2003 is the
fifth lowest flow in the observed record, but is ranked as the lowest flow year in the
prewhitened series because above-average flows occurred in 2002.

Conversely,

prewhitening diminishes the importance of years were anomalously high or low flows
follow one or more years with similar conditions, such as the early 1940s.
The daily hydrological records for the three lowest-flow years (in the prewhitened
dataset) show that these events are characterized by severe reductions in runoff received
from spring snowmelt. In each case, discharge begins to decrease in April and continues
to fall until the end of July, instead of increasing throughout May and June, as is typical
(Fig. A.7). In 2003, flows continued to decline until the middle of August. Flows during
these three years were also relatively low at the beginning of the hydrological year in
October, and remained at or below the 10th percentile of daily flow.

Discharge

measurements during the spring and summer of 1977 are the lowest ever recorded on the
Winnipeg River, including a report of 51 m3/s at Slave Falls on June 12. The daily series
for 1931 is notable for its near absence of seasonal variability, with the exception of a
brief interval of higher flows in April. Extreme low flow was observed for most of the
1910/1911 winter, until increasing discharge in the spring and summer gradually returned
flows to close to average by the end of summer.
Extremely low flows are typically preceded by widespread reductions in the
amount of precipitation received by the Winnipeg River basin in year prior1 (Fig. A.8).
Dry conditions become established over northwestern Ontario in summer, and by autumn
expand to affect southern Manitoba and northern Minnesota as well. The largest negative
precipitation anomalies are centered over the Rainy River basin.
1

Winter snow is also

2003 is not included in the low flow composites because the New et al. (1999, 2000)
dataset ends in 1998.

55

reduced, with most of the basin receiving about 20 mm (~25%) less than average. Spring
and summer conditions appears to be less critical to the development of low flows, as
mean precipitation anomalies over the basin are close to average during spring, and
slightly above-average in summer.

The lowest flows in the smaller, unregulated

watersheds (the Basswood, English, Namakan, and Turtle river gauges) also follow large
reductions in precipitation during the prior autumn (not shown), but dry conditions are
typically restricted to those individual sub-basins, rather than extending over the entire
WRB.
Years with exceptionally high flows are associated with nearly the opposite
pattern of precipitation anomalies (Fig. A.9). Over the entire Winnipeg River watershed,
precipitation during the previous autumn is between 40 and 60 mm (20 – 30%) above the
mean. The unparalleled high flows in 1974 followed an unusually wet autumn that saw
northwestern Ontario receive between 50 – 125 mm (25 – 70%) more precipitation than
average. In general, smaller positive anomalies occur over most of the basin in winter.
Although precipitation is close to average during spring, high flow years are also linked
to a second ‘pulse’ of above-average precipitation in May, June and July.
Maps of correlation between annual streamflow at Slave Falls and seasonal
precipitation (not shown) have patterns similar to the high- and low-flow composites,
with the map for prior autumn precipitation describing the largest positive correlations
over northwestern Ontario.
Low flow years are associated with enhanced meridional flow during the prior
autumn and winter months. Circulation patterns during autumn are characterised by a
strengthened ridge over British Columbia and a deepened trough over eastern North
America (Fig. A.10). This pattern intensifies through the winter, with the centre of the
ridge moving eastward to occupy a position above the northern Rocky Mountains. The
ridge’s eastward shift is particularly evident prior to the occurrence of low flows in 1977
and 2003. These height anomalies are very similar to those associated with the positive
phase of the Pacific/North American Pattern (Wallace and Gutzler, 1981), except that
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anomalously low heights extend north over Atlantic Canada and the North Atlantic.
These conditions also coincide with an enhanced Aleutian low, and a slight weakening of
the Icelandic low. As noted above, precipitation from February to July is not unusually
low, but anomalously warm temperatures suggest that increased evaporation during
spring and summer acts to reduce runoff and streamflow toward the end of the wateryear. Spring and summer temperatures across the basin (not shown) are roughly 2º to 3º
C warmer in low flow years as compared to high flow years.
During winter, northwestern Ontario is affected by low pressure systems that
originate from cyclogenesis regions in Colorado and northern Alberta (Steward et al.,
1995). The presence of an enhanced ridge over western Canada may inhibit cyclogenesis
or redirect systems along these storm tracks and suppress vertical movement in the
atmosphere, thereby reducing the amount of precipitation delivered to northwestern
Ontario by winter snowstorms. This scenario is consistent with Angel and Isard (1998)’s
observations that winter cyclones in the Great Lakes region are less frequent when the
PNA index is positive (i.e., when circulation above western North America is more
meridional).
At the other extreme, high flow years coincide with increased zonal circulation,
driven by a reduced Rocky Mountain ridge and a muted trough in the east. Rogers and
Coleman (2003) identified a similar association between zonal conditions and high
stream levels for the Tennessee and Ohio rivers. This configuration produces more direct
movement of air eastward across western Canada, and may allow moisture-laden air
masses from the Gulf of Mexico to penetrate more easily into northwestern Ontario.

A.6.6 Decadal variability
Between 15 and 25% of the total variance of flow records in the basin is contributed by
variability at decadal timescales and greater. At the Slave Falls gauge, the proportion of
decadal-scale variance exhibited by seasonal flow series ranges between 13.6 and 15.6%,
indicating that longer-term changes in flow are of equal importance throughout the year.
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The decadally-filtered version of the Slave Falls record (Fig. A.11) shows three major
periods of persistently anomalous flow in the Winnipeg River basin. With the exception
of 4 years, Winnipeg River flow was below the 1908 -2004 mean for the entire period
between 1908 and 1941. This interval includes the lowest 10-year average flows in the
record centred around 1930. At the opposite extreme, river flows were at their highest in
the 1960s and early 1970s, during which time average discharge was 200 – 250 m3/s
above average. This interval matches the period of highest flows observed in the Little
Fork River, Minnesota (Mauget, 2004), which is one of the Winnipeg River’s American
tributaries. The climate record at Kenora indicates that high river flow during the 1960s
coincided with above-average precipitation in all seasons, with the largest increases
occurring in spring and autumn. The mean geopotential height field for 1962 – 75 shows
that, on average, winter circulation during this period was characterized by a weakening
of the ridge over western Canada, and of the Aleutian and Icelandic lows.

This

configuration suggests that (1) the processes that control interannual changes in
streamflow also control longer-term shifts in the hydrological regime and (2) the 1960s
wet ‘pulse’ was caused by a persistent shift to a winter circulation that favoured increased
precipitation and river flows in northwestern Ontario.
Although long-term discharge has been above the mean since 1991, recent flows
have not been as high as those observed during the 1960s and 70s. This change has
coincided with wetter conditions driven solely by increases in summer and autumn
rainfall, as there have been no apparent changes in precipitation during winter and spring
at Kenora during the last two decades.

A.6.7 Potential connections to the Pacific/North American pattern
As noted, extreme low flows in the Winnipeg River are associated with a winter
circulation pattern than resembles the Pacific/North American (PNA) pattern. Many of
the lowest flows in the Winnipeg River (1961, 1977, 1981, 1988, 1998 and 2003)
followed years when the winter (DJF) PNA index was strongly positive (above 0.8). The
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winter PNA is also significantly (p = 0.01) correlated with annual (r = -0.36) and spring
(r = -0.46) flow at Slave Falls. These results suggest that the state of the wintertime PNA
may act as an important control on streamflow in the Winnipeg River basin. The index
was negative during most of the 1960s and early 1970s, which indicates that this mode
may also have contributed to persistently high flows during this period. However, the
winter PNA index was also positive prior to high flows in 1970 and 2001.

The

geopotential height fields for these two years shows the typical PNA pattern over western
North America, but also includes regions of anomalous high pressure centered over
northern Quebec, the Labrador Sea and southern Greenland. These patterns suggest that
the apparent relationship between the PNA and streamflow in the Winnipeg River basin
may be modulated by conditions in the North Atlantic sector.

A.7 Conclusion
Long-term gauge records indicate that streamflow in the Winnipeg River basin increased
significantly during last 80 years, with winter streamflow going up by 60 to 110% over
the entire basin. Changes in annual and winter streamflow are observed in records from
both regulated and unregulated portions of the watershed, which point to an underlying
cause related to climate. Comparisons with long-term meteorological records suggest
that the basin hydrology has served to amplify coincident, but smaller, increases in
precipitation during summer and autumn.
Extreme low flows in the Winnipeg River are the product of a series of unusual
hydroclimatic conditions within the watershed, principally widespread reductions in
precipitation during the previous summer and autumn, warm temperatures in spring and
summer, and very little runoff delivered by spring snowmelt. These conditions are
typically associated with the circulation similar to the positive mode of the Pacific North
American pattern, which may act to inhibit the formation of cyclones in western North
America, and reduce the amount of precipitation received by northwestern Ontario. A
strong, positive PNA-like pattern during autumn and winter appears to be required in
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order for extreme low flows to occur, but positive PNA anomalies do not always lead to
low flows. The apparent relationship between streamflow in the Winnipeg River basin
and the PNA may be influenced by other competing or complimentary factors, and these
interactions should be investigated in future work.
Reports of declining flow for many rivers in the adjacent Canadian prairies
(Westmacott and Burn, 1997; Yulianti and Burn, 1998; Rood et al., 2005; Déry and
Wood, 2005) have led to serious questions about the future reliability of water supplies,
especially because surface water is the primary source of irrigation for local agriculture
(Gan, 2000). These concerns have been exacerbated by suggestions that a doubling of
atmospheric CO2 could increase the severity and frequency of droughts in the region
(Burn, 1994). The results of this study show that hydrological trends in the Winnipeg
River basin during the 20th century are different from those observed on other Canadian
rivers, and imply that projections made for the rivers in the Canadian prairies may not be
valid for this watershed. A recent review of results from an ensemble of climate models
projects that runoff in the Winnipeg River region and northern and central Manitoba will
increase 20% – 30% by the middle of the 21st century (Milly et al., 2005). Because of
these projections, and the observed trends toward higher flows, it seems likely that the
potential threats to water supply faced by the Canadian Prairie provinces over the next
few decades will not include decreasing streamflow in the Winnipeg River basin.
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Span

Regulated/
Unregulated

1907 - 2004

R

Code

Latitude

Longitude

05PF063

Winnipeg River at Slave Falls

WRS

50° 13' 30" N

95° 34' 15" W

05PE020

Winnipeg River below Lake of the Woods

WRB

49° 47' 00" N

94° 30' 50" W

70,400

436.0

1892 - 2003

R

05PC018

Rainy River at Manitou Rapids

RRM

48° 38' 04" N

93° 54' 47" W

50,200

376.7

1928 - 2003

R

125,000

868.6

05PC019

Rainy River at Fort Frances

RRF

48° 36' 30" N

93° 24' 00" W

38,600

281.8

1905 - 2003

R

05PA006

Namakan River at outlet of Lac La Croix

NAM

48° 23' 00" N

92° 10' 40" W

13,400

112.0

1921 - 2003

U

05QA002

English River at Umfreville

ENG

49° 52' 30" N

91° 27' 30" W

6,230

56.3

1921 - 2003

U

05PA012

Basswood River near Winton

BAS

48° 04' 55" N

91° 39' 10" W

4,510

38.3

1924 - 2003

U

05PB014

Turtle River near Mine Centre

TUR

48° 51' 00" N

92° 43' 30" W

4,870

37.5

1914 - 2003

U

05PH003

Whitemouth River

WHI

49° 56' 20" N

95° 57' 20" W

3,750

11.8

1942 - 2003

U

1

Water Survey of Canada station number
Median annual flows are calculated for the period 1929 - 2003, with the exception of the Whitemouth River
record, which is calculated for the 1957 - 2003 period.

2

Table A.1 Streamflow gauges used in this study.

Median
Drainage area
annual flow
2
(km )
(m3/s)2

Station No.1 Name
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Parameter

WRS

WRB

1

Annual

Jan

Kendal's tau
2
Slope
3
Pct. change

0.24
4.8
+58%

0.41
0.44
0.38
0.23
7.1
7.0
6.7
4.5
+110% +103% +101% +61%

Kendal's tau
Slope
Pct. change

0.18
2.2
+52%

0.34
0.35
3.3
3.2
+105% +95%

WRS-WRB Kendal's tau
Slope
Pct. change

0.23
2.4
+58%

0.41
0.46
0.47
0.31
4.0
4.0
4.4
3.6
+128% +123% +163% +116%

4

RRM

Kendal's tau
Slope
Pct. change

0.19
1.3
+50.3%

RRF

Kendal's tau
Slope
Pct. change

0.17
1.0
+44%

NAM

Kendal's tau
Slope
Pct. change

ENG

Kendal's tau
Slope
Pct. change

BAS

Kendal's tau
Slope
Pct. change

TUR

Kendal's tau
Slope
Pct. change

1

Feb

Mar

Apr

May

Jun

Jul

0.21
2.3
+60%

Aug

Sep

Oct

0.16
2.0
+62%
0.16
1.8
+48%
0.16
3.4
+78.3%

Dec

0.24
5.3
+74%

0.34
6.7
+99%

0.19
2.1
+63%

0.28
2.6
+82%

0.25
3.2
+88%

0.35
3.8
+102%

0.18
0.22
2.1
1.9
+83.9% +71.3%
0.15
1.2
+53%

0.19
3.4
+53%
0.22
0.19
+60%

0.15
0.16
+46%

0.20
0.12
+78%

0.24
0.15
+54%

0.18
0.09
+59%

0.25
0.12
+48%

0.23
0.21
+65%

0.16
0.27
+59%

0.16
0.05
+31%

0.15
0.19
+70%

0.15
0.15
+79%

0.22
0.08
+55%

Values are not shown for months without trends that are significant at the 0.05 level.
Slopes are expressed in units of m3 s-1 y-1.
3
Percent change is relative to the beginning of the trend line in 1924.
4
The period of analysis for the Rainy River at Manitou Rapids gauge begins in 1929.

2

Nov

0.17
0.22
+53%

0.18
0.19
0.20
0.15
+107% +86%

Table A.2 Trend analysis results for gauges in the Winnipeg River basin, by month.

Code
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Table A.3 Years with extreme high and low annual (October to September) streamflow
at the Winnipeg River at Slave Falls gauge, showing results for both prewhitened (A) and
observed (B) streamflow.

(A) Prewhitened streamflow
Highest flows

Lowest flows

Year

Mean
annual flow
3
(m /s)

1974
1927
1950
1969
1978
2001
1966
1965
1992
1985

1,610
1,554
1,489
1,398
1,390
1,380
1,351
1,313
1,262
1,215

Pct. of
median
flow

Year

Mean
annual flow
3
(m /s)

Pct. of
median
flow

195%
188%
180%
169%
168%
167%
163%
159%
153%
147%

2003
1977
1988
1931
1911
1987
1998
1930
1939
1981

367
395
445
476
484
500
517
533
557
564

44%
48%
54%
58%
59%
60%
62%
64%
67%
68%

Mean
annual flow
3
(m /s)

Pct. of
median
flow

347
359
368
437
471
477
480
484
496
509

42%
43%
44%
53%
57%
58%
58%
59%
60%
62%

(B) Observed streamflow
Highest flows

Lowest flows

Year

Mean
annual flow
3
(m /s)

Pct. of
median
flow

1974
1966
2001
1927
1969
1950
1970
1965
1971
1997

1,563
1,507
1,472
1,471
1,440
1,415
1,383
1,347
1,264
1,248

189%
182%
178%
178%
174%
171%
167%
163%
153%
151%

Year

1977
1931
1988
1932
1940
2003
1911
1941
1930
1981
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Figure A.1 Map of the Winnipeg River basin.
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Figure A.2 Mean annual flows for the nine long-term gauge records used in this study.
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Figure A.3 Average hydroclimatic conditions within the Winnipeg River basin.
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Figure A.4 Linear trends in monthly streamflow for the Winnipeg River at Slave Falls
from 1924 to 2003.
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Figure A.5 Patterns of significant trends in (a) summer (May to July) and (b) autumn
(August to October) precipitation from 1924 to 1998.
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Figure A.6 Partial autocorrelation coefficients at one, two and three-year lags for
monthly flows at Slave Falls.
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Figure A.7 Daily hydrographs showing discharge in the Winnipeg River at Slave Falls
for those years with the five lowest mean annual flows.
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Figure A.8 Composite maps of seasonal precipitation anomalies for the 5 lowest-flow
years.
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Figure A.9 As Figure 8, but showing composite precipitation anomalies for the 5
highest-flow years.
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Figure A.10 Comparisons between Winnipeg River streamflow and geopotential heights
at the 500 mb level.
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Figure A.11 Mean annual (October to September) streamflow in the Winnipeg River at
Slave Falls.
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A.10 Figure Captions
Figure A.1. Map of the Winnipeg River basin showing the locations of the climate
station and stream gauges used in this analysis. Base map provided by the Lake of the
Woods Control Board.

Figure A.2. Mean annual flows for the nine long-term gauge records used in this study.
Gauge codes are presented in Table A.1. The grey bars mark every two decades.

Figure A.3. Average hydroclimatic conditions within the Winnipeg River basin. The
upper chart shows median and percentiles of daily streamflow for the Winnipeg River at
Slave Falls, calculated over the 1907 – 2004 interval.

The lower chart shows the

climograph for Kenora, Ontario. Vertical bars shaded grey and white indicate the amount
of precipitation that falls as rain or snow respectively.

Figure A.4. Linear trends in monthly streamflow for the Winnipeg River at Slave Falls
from 1924 to 2003. Statistically significant increases in flow are highlighted with a
heavy line. Total and percent changes are expressed relative to the beginning of the trend
line. Annual discharge is expressed in m3/s.

Figure A.5. Patterns of significant trends in (a) summer (May to July) and (b) autumn
(August to October) precipitation from 1924 to 1998.

Contours represent percent

changes in seasonal total precipitation relative to the beginning of the trend line at each
grid point.

Figure A.6.

Partial autocorrelation coefficients at one, two and three-year lags for

monthly flows at Slave Falls. The dashed lines mark the 95% confidence limits.
Coefficients that exceed the confidence limits are shaded black.
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Figure A.7. Daily hydrographs showing discharge in the Winnipeg River at Slave Falls
for those years with the five lowest mean annual flows: (a) 2003; (b) 1977; (c) 1988; (d)
1931; and (e) 1911. The upper and lower bound of the gray region represents the median
and 10th percentile of flow for each Julian day.

Figure A.8. Composite maps of seasonal precipitation anomalies for the 5 lowest-flow
years (1977, 1988, 1931, 1911, 1987) in the Winnipeg River basin.

Precipitation

anomalies are expressed in millimetres.

Figure A.9. As Figure 8, but showing composite precipitation anomalies for the 5
highest-flow years (1974, 1927, 1950, 1969, 1978).

Figure A.10. Comparisons between Winnipeg River streamflow and geopotential heights
at the 500 mb level. In (a) and (c), anomalies (in metres) are calculated by subtracting
the height anomalies for the five highest flow years from the five lowest flow years.
Gridpoints where r is greater than 0.26 have correlations that are significant at the 0.05
level.

Figure A.11. Mean annual (October to September) streamflow in the Winnipeg River at
Slave Falls.

The series has been prewhitened, and transformed to anomalies by

subtracting the 1908 – 2004 mean. The heavy line illustrates variability at timescales
above 10 years.
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APPENDIX B - REGIONAL TREE GROWTH AND INFERRED SUMMER
CLIMATE IN THE WINNIPEG RIVER BASIN, CANADA SINCE AD 1783

Scott St. George, David M. Meko and Michael N. Evans
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B.1 Abstract
This study uses a network of fifty-four ringwidth chronologies to estimate changes in
summer climate within the Winnipeg River basin, Canada since AD 1783. The basin
drains parts of northwestern Ontario, northern Minnesota and southeastern Manitoba, and
is a key area for hydroelectric power production. Most chronologies were developed from

Pinus resinosa and P. strobus, with a limited number of collections made from Thuja
occidentalis, Picea glauca and Pinus banksiana. The dominant pattern of regional tree
growth can be recovered using only the nine longest chronologies, and is not affected by
the method used to remove variability related to age or stand dynamics from individual
trees. Tree growth is significantly, but weakly, correlated with both temperature
(negatively) and precipitation (positively) during summer.

Simulated ringwidth

chronologies produced by a process model of tree-ring growth exhibit similar
relationships with summer climate variables. High and low growth across the region is
associated with cool/wet and warm/dry summers respectively; this relationship is
supported by comparisons with archival records from early 19th century fur-trading posts.
The tree-ring record indicates that summer droughts were more persistent in the 19th and
late 18th century, but there is no evidence that drought was more extreme prior to the
onset of direct monitoring.

B.2 Introduction
The principle of site selection is one of the main tenets of dendroclimatology, and states
that tree-ring samples should be collected from sites with characteristics that are likely to
maximize the desired environmental signal (Fritts, 1976; Schweingruber et al., 1990).
Researchers have demonstrated repeatedly that tree-ring records from sites near the limits
of the ecological range of a species can be strongly related to a single climate factor. The
most prominent examples of this phenomenon are the relationship between trees at the
altitudinal or latitudinal treeline and surface temperature during the growing season (e.g.,
Jacoby et al., 1996; Luckman and Wilson, 2005) and the strong moisture signal recovered
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from trees in semi-arid environments (e.g., Cook and Krusic, 2004; Woodhouse et al.,
2006). In contrast, ringwidth records obtained from trees growing near the center of their
range usually exhibit a more complex relationship with climate (Hughes, 2002). This
complexity does not mitigate the need to obtain information about past climate conditions
in these areas.
The Winnipeg River in south-central Canada is the largest single source of water
used to generate hydroelectricity in the Canadian Prairies.

Water managers have

expressed an interest in understanding how the hydrology of this and other watersheds in
the region has behaved during the last millennium, and have supported a number of
independent research projects using several types of environmental proxies (Beriault and
Sauchyn, 2006; Laird and Cumming, accepted). This study uses a multi-species network
of trees at sites within the Winnipeg River region to examine the nature of the
environmental signals recorded in regional tree-ring data. A combination of principal
component and response function analyses, and forward modelling are used to determine:
(1) if trees growing in this cool, moist environment retain a climate signal within their
annual growth increment; (2) what factors might be responsible for creating that signal;
and (3) if this information can be used to make inferences about climatic conditions prior
to the onset of instrumental monitoring.

This project is part of a larger study

investigating the frequency and causes of hydrological drought in the Winnipeg River
basin (St. George, 2007).
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B.3 Study area
The Winnipeg River region is immediately west of Lake Superior, and occupies the
western edge of the Superior Province of the Canadian Shield. The region can be
described generally as heavily forested, with little local relief, frequent bedrock outcrops,
and many large lakes. Where they are present, surficial deposits are mainly sandy tills
derived from the surrounding Shield (Dredge and Cowan, 1989). Glaciolacustrine clays
deposited in glacial Lake Agassiz are also present in the westernmost sector of the region,
including the Lake of the Woods area. The Winnipeg River is a bedrock-channel river
that begins at the northern end of Lake of the Woods and terminates in the south basin of
Lake Winnipeg. The river is the single largest source of water to Lake Winnipeg, and
influences the production of over 4600 megawatts of hydroelectricity (St. George, 2007).
Trees in this area are a combination of tree species drawn from the mixed forests
of the northern United States and the Canadian boreal forest. In the south, jack pine
(Pinus banksiana Lamb.), eastern white pine (Pinus strobus L.), red pine (Pinus resinosa
Ait.) are quite common, although logging of red and white pines in the 20th century has
encouraged the expansion of jack pine. White spruce (Picea glauca (Moench) Voss),
balsam fir (Abies balsamea (L.) Mill.) and paper birch (Betula papyrifera Marsh.) are
also present but are primarily found on adequately drained lowland soils. Stands of
eastern white cedar (Thuja occidentalis L.) occupy boggy lowlands and lakeshore sites.
Boreal forest trees become more common toward the north-east, and dry sites are usually
occupied by white spruce, jack pine, balsam fir, quaking aspen (Populus tremuloides
Michx.) and paper birch. In both southern and northern regions, poorly drained lowland
areas are colonized by black spruce (Picea mariana (Mill.) BSP) and tamarack (Larix

laricina (Du Roi) K. Koch). Stand maps for forests in northwestern Ontario show that
trees are usually between 40 and 100 years old, and that stands older than 140 years are
extremely uncommon due to the prevalence of stand-replacing forest fires (Suffling,
1992).
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B.3 Data

B3.1 Tree-ring network
Sampling concentrated on the three longest-lived tree species in the Winnipeg River
region — eastern white pine, red pine, and eastern white cedar. Stand-age maps provided
by Abitibi Consolidated and the Ontario Ministry of Natural Resources were used as a
guide to identify stands of older trees as targets for collection. In addition to their longer
lifespan, the ecological optima for these species (the pines favouring dry sites with thin or
sandy soils, and the cedars growing in wet bogs) may create ringwidth signals related to
moisture availability, as tree growth may limited by either too much or too little water.
We attempted to sample trees growing on steep slopes (thereby further strengthening
potential moisture signals), but these opportunities were limited by the region’s
predominantly low terrain (local relief is usually less than 60 to 90 metres; Dredge and
Cowan, 1989). Tree-ring samples were collected at twenty-four sites during July and
August in 2004 and 2005 (Table B1). At two sites (Moose Lake and Turtle Lake),
samples were taken from both red and white pine, bringing the total number of new treering collections to twenty-six. Increment borers were used to sample between ten and
forty-five trees at each site, with at least two cores taken from most trees.
This collection was supplemented by ringwidth data obtained from the
International Tree-Ring Databank (http://www.ncdc.noaa.gov/paleo/treering.html) for
sites located within the greater Winnipeg River region (47º- 52ºN, 90º - 96ºW). This
search area encompassed four sites in Minnesota collected by researchers affiliated with
the Laboratory of Tree-Ring Research, and two that were part of Fritz Schweingruber’s
North American ringwidth and density network (Schweingruber et al., 1993). Data from
an additional fifteen sites was provided by Martin Girardin (personal communication,
2006). These data are part of a larger dataset that has been used to reconstruct the
behaviour of the Canadian Drought Code across the boreal forest of central and eastern
Canada (Girardin et al., 2004, Girardin et al., 2006a).
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The combined network is made up of fifty-four ringwidth records from forty-four
sites in the Winnipeg River area (Fig. B1; Table B1). The dataset includes measurements
of nearly 2,000 radii from almost 1,000 trees. Most collections are developed from red
pine (24 records) and white pine (21), with a limited number made from cedar (3), jack
pine (3), white spruce (2) and bur oak (1). The majority of sites are located in the central
part of the watershed in northwestern Ontario. There is only a single site in southeastern
Manitoba and none in northwestern Minnesota, largely because of the increasing
prevalence of grassland ecosystems in the western and southern part of the region.

B3.2 Climate data
Regional precipitation and temperature data were extracted from the CRU TS 2.1 gridded
(0.5° resolution) dataset of monthly climate observations (Mitchell and Jones, 2005).
Monthly climate records for gridpoints within the greater Winnipeg River region (47.5º 51ºN, 90º - 96.5ºW) were averaged to produce summary time series describing
temperature and precipitation over the region, and expressed as anomalies relative to the
1901 – 2002 mean. Several analyses were repeated using station data downloaded from
the Adjusted Historical Canadian Climate Data (AHCCD) website (Environment Canada,
2005, http://www.cccma.bc.ec.gc.ca/hccd). This data set consists of rehabilitated and
homogenized climate records that have been corrected for inhomogeneities and missing
data (Vincent and Gullett, 1999; Mekis and Hogg, 1999). Daily climate data were
downloaded from the National Climate Archive (Environment Canada, 2006,
http://www.climate.weatheroffice.ec.gc.ca/climateData). Daily and monthly streamflow
data within the Winnipeg River watershed were obtained from the Water Survey of
Canada’s

HYDAT

data

archive

http://www.wsc.ec.gc.ca/hydat/H2O/).

(Water

Survey

of

Canada,

2005,

Gauges were selected for analysis if they had

more than 50 years of record, and were still operating at the end of 2003 (See St. George,
2007, for a list of streamflow records). Time series describing the Canadian Drought
Code (CDC) over the ‘Lac Seul region’ (the boreal forest of northwestern Ontario,
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including the Winnipeg River region) were provided by Martin Girardin (personal
communication, 2006). The CDC is a soil-moisture index that is one of the inputs used
by management agencies to monitor forest fire risk across Canada (Girardin et al.,
2006b).

B.4 Methods
Samples

were

prepared,

cross-dated

and

measured

dendrochronological techniques (Stokes and Smiley, 1968).

following

standard

Principal components

analysis (PCA; North et al., 1982; Wilks, 2005) was used to identify the dominant modes
of variability present in the ringwidth network. The PCA was repeated several times to
determine the sensitivity of the final results to the choice of (1) detrending method, (2)
the interval used for analysis (and associated spatial coverage of the tree-ring network),
and (3) the application of the PCA technique.
A ringwidth series from an individual tree represents a mixture of climatic and
non-climatic signals; the latter nearly always includes an age- or size-related trend and
often includes transient influences of endogenous or exogenous disturbances (Cook,
1990). Because it is not possible to determine a priori what portion of the variability in
ringwidth is controlled by climate and what portion is due to other factors, a number of
data-adaptive techniques have been developed to reduce non-climatic noise in ringwidth
series, especially at longer timescales. To address this issue, individual ringwidth series
were converted to unitless indices by fitting a smooth curve to the ringwidth data and
calculating the ratio of the observed ringwidth to the curve in each year.

The smooth

curves were derived using a spline with 50 percent response wavelength equal to a
prescribed percentage of the length of each ringwidth series (Cook et al., 1990). The
same spline parameters were used to remove any trend in variance in each time series.
Experiments were conducted using a range of reasonable spline parameters to determine
if using more or less flexible splines affected the signals recovered from the ringwidth
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network. In each experiment, the same spline parameters were used to detrend the
ringwidth series at all sites, which ensured uniform treatment of the entire dataset.
The detrended ringwidth indices were combined to compute site chronologies that
represent annual tree growth at each location. Short series (less than 80 years) were
excluded to preserve lower-frequency variability in the final chronology. Autoregressive
modeling was used to remove persistence from each ringwidth series, producing
prewhitened ‘residual’ indices (Cook, 1985, Cook et al., 1990). These residual ringwidth
indices were scaled to equal variance and averaged to produce the site chronologies.
Variance stabilization (Osborne et al., 1997) was applied to adjust for changes in
variance associated with declining sample size (number of trees) over time. The ability of
each chronology to represent the ideal population signal was assessed using the mean
between-tree correlation and the expressed population signal (EPS) statistic (Wigley et

al., 1984). Because fewer trees contribute to the site chronology at the earlier part of the
record, the chronology becomes increasingly noisy back in time and eventually provides
an inadequate estimate of the true signal. To eliminate uncertain portions of its record,
each chronology was truncated at the point where the subsample signal strength (SSS;
Wigley et al., 1984) falls below 0.85; years prior to this cutoff are excluded from the final
chronology.
The spatial coverage of ringwidth data across the region is best during the most
recent period (roughly the last 100 years), but becomes progressively poorer back in time
as shorter chronologies developed from younger trees are eliminated. Therefore, it is
necessary to test whether a reduced network of ringwidth chronologies can provide an
accurate estimate of the spatiotemporal modes of variability that are resolved from the
full network. The stability of the PCA results over time was investigated by repeating the
analysis using four overlapping time intervals (each with the same end year but a
different beginning year). For each repetition, chronologies were used as inputs in the
analysis if they had observations covering more than eighty-five percent of the interval.
Experiments were also conducted using either the covariance and correlation matrices of
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the ringwidth network, and non-rotated and varimax-rotated components.

The

significance of the resulting eigenvectors was assessed using the Rule N test and a null
hypothesis of random white noise (Overland and Preisendorfer, 1982).
Potential relationships between annual tree growth and climate variables were
assessed using correlation and response functions (Fritts, 1976) generated using
DENDROCLIM2002 (Biondi and Waikul, 2004).

In this program, bootstrapped

confidence intervals are determined by shuffling the matrix of climate data 1000 times
and calculating the ninety-fifth percentile range of the coefficients obtained from the
randomized data.
We used the Vaganov-Shashkin (VS) model of tree-ring formation (Vaganov et

al., 2006) to simulate tree growth in the Winnipeg River region.

The VS model is a

forward model that calculates tree-ring growth and the internal characteristics (density,
cell sizes) of annual rings based on equations relating daily temperature, precipitation and
sunlight to the kinetics of secondary xylem development. The VS model does not
explicitly include photosynthesis, and does not account for other environmental forcings
that might impact tree growth, such as CO2 fertilization, natural and anthropogenic
disturbance, or nutrient availability (Evans et al., 2006). The model has recently been
applied to simulate tree-ring widths from nearly 200 sites in North American and Russia
(Evans et al., 2006) and to detect and attribute changes in climate/ringwidth response in
the southeastern United States (Anchukaitis et al., 2006). Model parameters are not
tuned for specific tree taxa, but Evans et al. (2006) reported that the model is most
effective at simulating the growth of pines, firs and junipers.

Tree-ring width was

simulated at nine climate stations in the Winnipeg River region; each have more than
fifty years of daily climate data. Model parameters were the same as used by Evans et

al. (2006), with two exceptions.

First, the minimum temperature for growth was

increased (to 13°C) so that the modelled growth season matched local observations of the
timing of wood formation (Bowling, C., personal communication, 2006).

Second, the

soil drainage coefficient was raised (to 0.009) to account for the more rapid movement of
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water through the dry soils preferred by red and white pine (Sims et al., 1996). Principal
components analysis was applied to the resulting nine ‘model’ ringwidth chronologies to
produce a summary time series that represents simulated tree-growth over the region
(after Anchukaitis et al., 2006).

B.5 Results

B.5.1 Chronology characteristics
Most ringwidth chronologies in the Winnipeg River region are between 100 and 170
years long (Table B1). The median length of record recovered from a single tree is
roughly 155 years. The oldest tree in the network is a 353-yr red pine collected by Hal
Fritts at the Seagull Lake site in the Boundary Waters Canoe Area in 1971; if this tree is
still alive, it is nearly 400 years old. The oldest tree in the Canadian portion of the
Winnipeg River region is a 334-yr red pine sampled by Martin Girardin at Sowden Lake
in 2001. Only four sites have median tree ages greater than 200 years, and all are
developed from red pines: Clay Lake and Sowden Lake in Ontario, and Seagull Lake and
Saganaga Lake in Minnesota. The lesser ages of white pine stands are at least partially
due to that species’ tendency to exhibit heart-rot, as the inner-most rings of white pines
were often rotten and could not be sampled with an increment borer. Consequently, the
ages shown here should be interpreted as minimum estimates of tree age only, especially
for white pines.
At nearly all sites, signal strength statistics indicate that trees share a strong
ringwidth signal that reflects synchronized growth across the entire stand (Table 22).
Most chronologies have between-tree correlations (Rbar; Briffa and Jones, 1990) above
0.4; nine chronologies have Rbar values greater than 0.55. The EPS, which is a function
of sample size and the between-tree correlation, exceeds 0.85 at nearly all sites (at

2

Note that the number of trees reported for some chronologies in Table B2 does not match the values given
in Table B1. This discrepancy reflects the exclusion of short series (less than 80 years) during the
chronology-building procedure.
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maximum sample size) and 0.9 at most sites. The only chronologies with EPS values
below 0.85 (Lake Packwash-Jack pine, Expulsion Bluff, Snail Lake, Sioux Lookout,
Stormy Lake) are developed from few (less than 10) trees and most exhibit a relatively
weak shared signal (Rbar values of 0.32 or lower). There are no apparent differences in
the quality of chronologies developed from red or white pine. The SSS, which measures
a chronology’s ability to resolve its maximum-sample-size signal with fewer trees
contributing to the earlier part of its record, indicates that most records are reliable back
to the early- to mid-1800s. Ten chronologies retain an adequate signal prior to 1800. By
1776, only four chronologies remain, and the final Canadian chronology (Sowden Lake)
is eliminated in 1748.

B.5.2 Principal component analysis
The PCA produces two patterns that can be distinguished from random noise. For the
period 1900 – 2004, two-fifths (41%) of the total variance in the ringwidth network is
described by the first principal component (PC1). Applying rotation to the eigenvectors
changes the spatial loading patterns of PC1, but regardless of the choice of rotation (no
rotation or varimax) or matrix (correlation or covariance), the resultant component is
nearly identical (the minimum correlation between any pair of time series is 0.994). The
leading PC is also almost indistinguishable from a simple average of all chronologies in
the network. Under varimax rotation, the chronology loadings (Fig. B2a; Table B2)
indicate that all records load on the EOF1 with the same sign, but the pattern gives more
weight to sites in the Lake of the Woods region (the southwestern sector). Mapping the
correlation between individual ringwidth records and PC1 does not show this
southwestern bias; with the exception of sites on the periphery of the network, the
correlation between the leading pattern and individual sites is between 0.6 and 0.75.
From these observations, we conclude that it is reasonable to interpret this pattern as a
measure of tree growth across the entire region.

90

The second eigenvector (PC2) describes roughly 10% of the total variance, and
appears to reflect differences in growth between the network’s two main species of pine
(loadings are opposite for red and white pine chronologies, with only a few exceptions).
Choices in the application of the PCA technique has a greater effect on this pattern, but
still produce time series that are highly correlated (0.9 and above). In all cases, PC2 is
dominated by a single year (1966) where growth at red pine sites is much greater than at
white pine sites. If data from 1966 is excluded from the analysis, this pattern cannot be
resolved from white noise. We therefore conclude that the variability described by PC2
reflects the influence of this unique event and does not represent a consistent difference
in growth between these two species. Although this mode describes a relatively large
fraction of the variance in regional ringwidth, we do not include it in our subsequent
analyses.
The choice of spline used to detrend the raw ringwidth data did not affect the
patterns recovered by PCA. Detrending with splines varying from 50 to 200% of the
length of each ringwidth series produced nearly identical principal components (with the
same proportion of variance in PC1).
The PCA results are also largely insensitive to changes in the period of analysis or
the number of chronologies used as inputs. We assume that the best estimate of the true
regional signal is obtained by conducting the analysis over the most recent period (1900 –
2004), when the number of input chronologies is greatest. If the same patterns are
identified using a reduced subset of longer chronologies, the reduced network is also
likely to be able to resolve those patterns accurately in earlier periods. The leading
component is largely unchanged if the analysis is repeated using longer time intervals and
fewer chronologies (Fig. B2b). For example, conducting the analysis using only those
chronologies that cover most of the 1800 – 2004 interval (n = 37) produces a principal
component that is nearly identical to that generated using the full network (r = 0.972).
Beginning the analysis in 1800 and 1783 also makes very little difference to PC1.
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Further restricting the analysis using only the nine chronologies that extend completely
back to 1783 (not shown) also yields a very similar component (r = 0.93).
Most of our subsequent analyses were (1) conducted on a ringwidth matrix
detrended using spines with a 50 percent response wavelength equal to 70 percent of the
length of each ringwidth series and (2) were derived from PCA using the covariance
matrix and a varimax rotation. The first principal component produced for the 1783 –
2004 period shows persistently low tree growth across the Winnipeg River region during
the early 1840s, the 1860s and around 1910 (Fig. B2c). High growth periods include the
1850s, the late 1890s, and the 1950s and 1960s. The most recent part of the record is
notable for having high growth over three consecutive years (1999 – 2001). The last
century also includes both the lowest (1910) and highest (1965) growth year in the record
(Table 3). The first component is quite similar (r = 0.67) to the reconstructed Canadian
Drought Code record for the Lac Seul region produced by Girardin et al. (2006), which
was based on a subset of the chronologies in the Winnipeg River network.

These

records are most alike with respect to long-term changes (20 years or greater), but give
different emphasis to single-year extremes. The Lac Seul CDC record identifies several
years with severe drought conditions, while the Winnipeg River PC shows that regional
tree growth was much lower in 1910 than during any other year since the late 1700s.

B.5.3 Climate-ringwidth relationships
In this section, we describe comparisons between ringwidth and the regional climate
series derived from the CRU TS 2.1 gridded dataset. Very similar results were obtained
using regional climate data produced by averaging the AHCCD station data. Correlation
and response function analyses (Fig. B3) suggest that tree growth in the Winnipeg River
region (as represented by PC1) is primarily influenced by summer moisture stress and
growing-season length. Ringwidth has a positive relationship with precipitation in early
summer (May to July) and is negatively related to June temperature. These results
indicate that trees grow best when summers are cool and wet, presumably due to
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increased soil moisture and reduced evaporative losses.

Ringwidth has a strongly

negative response to the Canadian Drought Code in July and August (not shown), which
provides further evidence that summer moisture stress is a key factor influencing tree
growth. Significant positive relationships are observed for temperature in spring (April
and May) and late summer (August). Temperatures during these months may be acting
as proxies for total growing-season length, so that tree growth is enhanced in years with
warm springs, long summers and extended growth seasons. Warm weather near the end
of the growing season has a negative influence on ringwidth in the following year,
possibly by reducing food stores and limiting the subsequent development of needles,
buds and roots (Fritts, 1976). Although statistically significant, the correlations between
tree growth and any single climate parameter are relatively modest.

Significant

correlation coefficients range between 0.2 and 0.4, and are not increased by aggregating
monthly observations over longer intervals (2 – 12 month averages).
There is some indication that trees in this region respond differently to summer
(June-July) temperature and precipitation conditions depending on the state of the other
variable (Fig. B4).

For example, regional tree growth is more strongly influenced by

summer precipitation when summer temperatures are warm (in the upper tercile of its
distribution).

The correlation between precipitation and ringwidth is highest during

warm summers, lower when summer temperatures are moderate, and non-significant for
cool summers.

Similarly, ringwidth has a significant negative correlation with

temperature only when summer precipitation is low (‘DRY’) and is not significantly
correlated when precipitation is either moderate or high.

However, the correlation

coefficients from the WARM and COLD cases are not significantly different from each
other, and the coefficients for the DRY and WET cases are significantly different only at
the p = 0.08 level.
Box plots confirm that high tree growth across the region is associated with cool,
wet summers, and that low growth typically occurs during years with warm temperatures
and low rainfall (Fig. B5a). Using t-tests to evaluate differences in the mean of each
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subset indicates that (1) summer precipitation is higher in high-growth years than in
moderate- or low-growth years (p-values = 0.00002 and 0.001, respectively); and (2)
summer temperature is higher in low-growth years than in moderate- or high-growth
years (p-value = 0.007 for both cases). With only four exceptions, all low-growth years
occurred when mean June-July temperatures were above 16.5º C (shown in black; Fig.
B5b). Although low-growth years are observed when summer precipitation was aboveaverage, nearly all high-growth years have summer precipitation greater than 80 mm.
Finally, the year with the lowest regional tree-growth (1910) was coincident with the
least summer precipitation in the instrumental record (June/July precipitation = 37.4
mm).
Correlations between PC1 and monthly or seasonalised streamflow at gauges
across the Winnipeg River watershed (not shown) were generally not significant.
Although regional tree growth appears to be most closely tied to summer climate,
summer has only a moderate influence on runoff in the Winnipeg River system. Annual
discharge in the Winnipeg River is more strongly correlated with precipitation during
winter and the prior autumn (St. George, 2007), and even at the monthly scale, rainfall
during June and July has only a modest correlation with river flow. Because regional
ringwidth is only weakly correlated with summer precipitation, and summer precipitation
itself has only a moderate influence on summer or annual discharge, the absence of a
robust association between tree growth and streamflow is perhaps not surprising.

B.5.4 Vaganov-Shashkin model results
In general, the synthetic ringwidth data produced by the Vaganov-Shashkin model is
more similar to chronologies developed from red and white pine than records developed
from jack pine or other tree species. Maximum correlations between modelled and real
ringwidth records range between 0.3 and 0.55. Because climate data is one of the
primary inputs used to drive the VS model, the synthetic chronologies should be expected
to have some correlation with temperature and precipitation. It is notable, however, that
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the model PC exhibits similar correlation and response functions as the real data (not
shown), with significant negative correlations with July temperature and significant
positive correlations with summer precipitation. The simulated ringwidth series produced
by the VS model is significantly correlated (r = 0.42, p = 0.00003) with PC1 of the real
Winnipeg River ringwidth network (Fig. B6a).

The simulated ringwidth does not

duplicate the significant positive correlation between the real ringwidth data and April
and May temperatures. However, as with the real data, correlations between synthetic
ringwidth and climate variables are relatively weak, with none above 0.36. The terciles
of the simulated ringwidth show the same relationships with summer climate as the real
data, with low growth being associated with warm and dry conditions and high growth
with cool and wet summers (Fig. B6b). The model also duplicates the general pattern of
ringwidth anomalies with respect to temperature and precipitation, with nearly all high
growth occurring in years where June-July precipitation is greater than 80 mm, and most
low-growth years coinciding with summer temperatures above roughly 16.5ºC (Fig. B6c).
The seasonal dynamics of modeled growth rates indicate that trees in this area
should be sensitive to a mixture of temperature and moisture signals during the growth
season. The VS model calculates the daily growth rate (G) as the product of the growth
rate due to solar radiation (Ge) and the minimum of the growth rate due to either surface
air temperature (Gt) or soil moisture (Gw). Model results suggest that temperature is the
principal factor that triggers the beginning of growth season (Fig. B7), as water from
snowmelt keeps soil moisture levels high through the spring and early summer. Tree
growth continues to be constrained by temperature until the end of June; at that point,
decreasing soil water in the heat of summer causes growth to switch to being moisturelimited.
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B.6 Discussion
Ringwidth records from across the Winnipeg River region share a common signal that is
present in more than 50 chronologies developed from six different tree species. This
signal is coherent over an area of more than 160,000 km2, and is strong enough that it can
be resolved from only the nine longest chronologies. These characteristics lead us to
interpret this signal, as represented by the first PC, as a robust measure of regional tree
growth. A second signal can also be identified that relates to differences between white
and red pine, but this pattern seems to reflect a single case of extremely high red pine
growth relative to white pine growth.
Although macro-scale climate variability is the most likely cause of the dominant
regional growth pattern, trees in the Winnipeg River region are influenced by several
different climatic factors and, as a consequence, the relationship between regional tree
growth and any single climate variable is relatively weak. High growth is associated with
long growth seasons and cool, wet summers, but the correlations between ringwidth and
temperature or precipitation are not high enough to develop a traditional, regressionbased dendroclimatic reconstruction (Fritts, 1976, Bradley, 1999).

Moreover, the

Vaganov-Shashkin model predicts that a weak, multivariate climate signal should be
expected for trees in this region, as simulated ringwidth chronologies show the same
relationships with summer climate variables as do the real chronologies.

Because of

these limitations, we focus our interpretation on the general relationship between summer
climate conditions and the terciles of tree growth. As shown previously, high growth is
commonly associated with cool temperatures and high rainfall, while low growth usually
coincides with hot, dry summers. Therefore, we argue that the first principal component
of ringwidth can be interpreted as a proxy record of past summer climate conditions in
the Winnipeg River region, and classify years as either warm and dry (bottom tercile of
ringwidth), cool and wet (upper tercile) or indeterminate (middle tercile).
This classification scheme provides some indication that summer drought may
have been more persistent in the Winnipeg River region during the 19th century (Fig.
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B8a).

The 20th century has only one case (1946-48) where the region was in the

‘Warm/Dry’ state for three consecutive years. This condition is more common in the
earlier part of the record, as it happened four times in the 1800s (1829-31, 1839-41, 186264, and 1888-90) and once near the beginning of the record (1790-93). Persistent cool
and wet conditions occur much less frequently, with only two cases in the entire record
(1951-53 and 1999-2001). Applying the same classification to PC1 after filtering to
emphasize variations at decadal time-scales indicates that the 1880s and 1890s had the
longest run of warm, dry summers in the last 220 years (Fig. B8b). This dry interval falls
within an extended period of frequent forest fires from the 1870s to the 1920s identified
by Suffling and Speller (1998) from the Hudson’s Bay Company journal at Osnaburgh
House (located immediately northeast of the Winnipeg River basin).

The 1950s and

1960s had the longest-lasting period of cool and wet summers, with similarly persistent
conditions observed in the 1850s. Determining the magnitude of climatic extremes in the
pre-instrumental period is difficult because of the weakness of the relationship between
tree growth and summer climate. However, because the years of both highest (1965) and
lowest (1910) growth since AD 1783 occurred during the 20th century, we conclude that
there is no evidence that summer climate was more extreme in the 19th or late 18th
century.
In general, archival evidence from northwestern Ontario corroborates the tree-ring
based classification of summer climate conditions during the early 19th century (Rannie,
2006; Table 4). The Lac la Pluie post (near present-day Fort Frances, Ontario) was
established by the North West Company in 1791, but its archives do not contain any
entries that mention climate conditions until after the post was taken over by the
Hudson’s Bay Company in 1821. Although the post remained in operation until 1903, its
archives were not maintained after 1841. Rannie (2006) identified seven ‘wet summers”
within that twenty-year period based on entries from the Lac la Pluie journal: 1824, 1825,
1827, 1828, 1830, 1832 and 1834. With one exception (1830), these years are classified
as “cool/wet” based on the regional tree-ring record. The historical and tree-ring records
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also agree that there were no notably cool/wet summers between 1835 and 1841.
However, there are no historical accounts that support the inference based on tree rings
that the summers of 1822 or 1833 were cool and wet.

B.7 Conclusion
Although the cool, moist climate of the Winnipeg River area make it an important
generating region for runoff, these same characteristics cause regional tree-ring records to
contain a relatively weak, multivariate climate signal. As predicted by the VaganovShashkin model, ringwidth data for this region contain a mixture of (sometimes
competing) influences of temperature and precipitation during the growth season.
However, the absence of a strong linear correlation with a single climate variable does
not mean that tree-growth in this region is not sensitive to climate. Instead, the climatic
factors that limit growth are multivariate and likely change in importance from year-toyear. A common climatic influence remains the most likely factor responsible for the
strong coherence in tree growth in multiple tree species across the region since the late
18th century.

High and low growth across the region is associated with significantly

different summer weather during the instrumental period, and this general relationship is
supported by comparisons with archival records from early 19th century fur-trading posts.
Therefore, even given the above limitations, this data set still provides useful information
about summer climate in this area since AD 1783.
The tree-ring record suggests that summer droughts were more persistent in the
19th and late 18th century, with several instances of warm and dry conditions lasting for
three consecutive years. Variability over longer timescales is also more prominent in the
19th century, with the longest interval of warm, dry summers in the last 220 years
occurring in the 1880s and early 1890s. Estimating the magnitude of droughts inferred
from the tree-ring record is more difficult, but because regional tree growth was at its
lowest in 1910, we conclude that there is no evidence that drought was more extreme
prior to the onset of direct monitoring.
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Table B. 1 Site locations and characteristics of the Winnipeg River region tree-ring
network.
Site

Latitude Longitude Elevation
1 No. of
Species
(°N)
(°W)
(m)
trees

Bruno Lake
Red Lake
Snail Lake
Lake Packwash

51.62
51.08
50.87
50.77

95.83
93.82
93.38
93.43

285
354
408
359

Camping Lake
Highway 105
Onaway Lodge
High Stone Lake
Maynard Lake
Ball Lake
Lac Seul south

50.58
50.45
50.43
50.40
50.38
50.32
50.27

93.37
93.12
93.10
91.45
93.88
94.00
92.28

352
377
396
398
321
319
361

Sioux Lookout

50.07

91.92

369

Clay Lake
Kenora
Gordon Lake
Eagle Lake

50.06
49.92
49.89
49.77

93.51
94.12
93.75
93.33

376
385
396
374

Longbow Lake

49.72

94.28

339

Sheila Falls
Granite Lake
Hillock Lake
Teggau Lake
Expulsion Bluff
Sowden Lake
Sowden Lake

49.70
49.69
49.69
49.68
49.67
49.53
49.53

93.79
94.86
93.88
93.67
93.77
91.21
91.17

401
395
413
392
430
450
406

Sandbar Lake

49.45

91.55

431

Sioux Narrows

49.42

94.05

331

PIGL
PIRE
PIBN
PIBN
PIRE
PIST
PIBN
PIRE
PIGL
PIST
PIST
THOC
PIRE
PIST
PIRE
PIRE
PIRE
PIRE
PIST
PIRE
PIST
PIRE
THOC
PIRE
PIRE
PIRE
PIST
PIST
PIST
PIRE
PIST
PIRE
PIRE

12
20
12
5
20
16
21
15
11
17
18
18
19
22
16
23
22
17
18
19
18
21
21
21
10
13
11
18
18
18
21
16
15

No. of
cores
23
41
24
10
37
34
40
30
22
34
36
38
40
40
29
46
38
34
37
39
40
43
37
38
19
27
21
36
36
40
54
35
43

Span
1822 - 1988
1818 - 2001
1847 - 2002
1852 - 2001
1744 - 2002
1827 - 2002
1815 - 2001
1807 - 2004
1813 - 1988
1801 - 2004
1784 - 2004
1762 - 2002
1837 - 2001
1784 - 2002
1766 - 2002
1776 - 2004
1792 - 2001
1759 - 2004
1712 - 2002
1808 - 2001
1789 - 2002
1830 - 2001
1853 - 2003
1775 - 2004
1875 - 2003
1750 - 2003
1885 - 2003
1767 - 2004
1816 - 2002
1640 - 2001
1773 - 2002
1828 - 2000
1772 - 2001

Principal
Contributor
Schweingruber
Girardin
Girardin
Girardin
Girardin
Girardin
Girardin
This study
Schweingruber
This study
This study
Girardin
Girardin
Girardin
Girardin
This study
Girardin
This study
Girardin
Girardin
Girardin
Girardin
This study
This study
This study
This study
This study
This study
Girardin
Girardin
Girardin
Girardin
Girardin
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Table B.1 Continued.
Site

No. of
Latitude Longitude Elevation
Species1
(°W)
(m)
trees
(°N)

Stormy Lake
Turtle River
Moose Lake

49.35
49.25
49.20

92.23
92.22
95.35

413
427
362

Turtle Lake

49.18

94.15

305

Brim Lake
Caliper Lake
Durie Lake
Volcano Bay
Eye Lake Ridge
Perch Lake
Eva Lake
French Lake Portage
Windigostiwan Lake
"The Pines" at Quetico
Greenwood Lake
Mud River
Seagull Lake
Saganaga Lake
Ed Shave Lake

49.12
49.07
48.97
48.93
48.89
48.72
48.71
48.67
48.66
48.65
48.39
48.32
48.12
48.22
48.08

91.13
93.90
91.26
91.81
91.70
91.86
91.17
91.10
91.09
91.21
90.75
95.70
90.92
90.90
91.97

493
339
355
450
440
631
424
465
450
411
503
354
435
435
430

1

PIRE
PIST
PIST
PIRE
PIST
PIRE
PIST
PIRE
PIST
PIST
PIST
PIST
PIST
THOC
PIST
PIRE
PIST
QUMA
PIRE
PIRE
PIRE

16
16
14
11
15
17
10
24
12
11
16
15
16
9
20
38
44
10
15
66
18

No. of
cores
37
34
28
21
30
34
20
49
24
21
32
30
29
18
39
75
85
21
29
139
38

Span
1791 - 2001
1810 - 2001
1897 - 2004
1899 - 2004
1862 - 2004
1854 - 2004
1797 - 2003
1836 - 2004
1846 - 2003
1876 - 2003
1817 - 2003
1897 - 2004
1796 - 2003
1878 - 2003
1791 - 2004
1768 - 2003
1732 - 2004
1715 - 1983
1625 - 1971
1620 - 1988
1700 - 1982

Principal
Investigator
Girardin
Girardin
This study
This study
This study
This study
This study
This study/Girardin
This study
This study
This study
This study
This study
This study
This study
This study
This study
Stockton
Fritts
Fritts/Graumlich
Stockton

Species codes: PIRE (Pinus resinosa), PIST (Pinus strobus), PIBN (Pinus banksiana),
THOC (Thuja occidentalis), PIGL (Picea glauca), QUMA (Quercus macrocarpa)
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Table B. 2 Signal strength statistics and eigenvector loadings.
No. of
trees

Species

EPS

Rbar

SSS >
0.85

PC1

Bruno Lake

12

PCGL

0.91

0.45

1848

0.09

Red Lake

20

PIRE

0.94

0.43

1826

0.11

Snail Lake

9

PIBN

0.77

0.27

1898

0.02

Lake Packwash

5

PIBN

0.61

0.24

1913

0.05

20

PIRE

0.93

0.39

1828

0.09

Camping Lake

14

PIST

0.91

0.42

1851

0.11

Highway 105

20

PIBN

0.92

0.37

1819

0.05

Onaway Lodge

15

PIRE

0.91

0.40

1821

0.12

High Stone Lake

11

PCGL

0.91

0.49

1828

0.07

Maynard Lake

17

PIST

0.96

0.57

1821

0.14

Ball Lake

18

PIST

0.96

0.59

1807

0.23

Lac Seul South

19

PIRE

0.88

0.29

1861

0.08

16

THOC

0.94

0.48

1875

0.11

Sioux Lookout

8

PIRE

0.77

0.29

1814

0.10

15

PIST

0.90

0.38

1848

0.08

Clay Lake

23

PIRE

0.97

0.55

1783

0.16

Kenora

21

PIRE

0.93

0.39

1829

0.19

Gordon Lake

17

PIRE

0.87

0.29

1843

0.07

Eagle Lake

21

PIRE

0.94

0.41

1826

0.19

15

PIST

0.93

0.47

1803

0.14

21

PIRE

0.96

0.54

1838

0.14

18

PIST

0.97

0.61

1844

0.20

Sheila Falls

19

THOC

0.91

0.35

1883

0.09

Granite Lake

22

PIRE

0.96

0.50

1799

0.21

Hillock Lake

9

PIRE

0.88

0.45

1883

0.13

Teggau Lake

13

PIRE

0.87

0.34

1896

0.18

Site

Longbow Lake

Expulsion Bluff

4

PIST

0.76

0.45

1894

0.12

1

18

PIST

0.97

0.61

1783

0.13

2

17

PIST

0.93

0.44

1849

0.07

18

PIRE

0.93

0.43

1748

0.15

Sandbar Lake

16

PIRE

0.93

0.46

1900

0.13

Sandbar Lake

19

PIST

0.91

0.35

1897

0.07

Sowden Lake

Sowden Lake
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Table B.2 Continued.
No. of
trees

Species

EPS

Rbar

SSS >
0.85

PCF1

Sioux Narrows

16

PIRE

0.95

0.56

1817

0.18

Stormy Lake

9

PIRE

0.81

0.32

1815

0.12

Turtle River

12

PIST

0.89

0.41

1843

0.13

Moose Lake

14

PIRE

0.95

0.58

1899

0.18

10

PIST

0.96

0.71

1903

0.21

Site

Turtle Lake

17

PIRE

0.95

0.52

1870

0.18

16

PIST

0.96

0.58

1877

0.22

Brim Lake

10

PIST

0.90

0.46

1846

0.16

Caliper Lake

24

PIRE

0.96

0.53

1846

0.22

Durie Lake

8

PIST

0.85

0.41

1887

0.12

Volcano Bay

9

PIST

0.93

0.61

1881

0.17

Eye Lake Ridge

16

PIST

0.95

0.55

1824

0.17

Perch Lake

13

PIST

0.90

0.41

1909

0.12

Eva Lake

13

PIST

0.88

0.35

1861

0.11

French Lake Portage

9

THOC

0.85

0.39

1901

0.04

Windigostiwan Lake

17

PIST

0.95

0.50

1823

0.10

"The Pines" at Quetico

37

PIRE

0.95

0.32

1777

0.13

Greenwood Lake

44

PIST

0.98

0.50

1778

0.13

Mud River

10

QUMA

0.92

0.54

1763

NA

Saganaga Lake

66

PIRE

0.98

0.47

1675

0.14

Seagull Lake

15

PIRE

0.94

0.51

1684

NA

Ed Shave Lake

18

PIRE

0.95

0.51

1797

NA

Mean

17

0.91

0.45

1838

Percent variance explained

1

3

3
3

41.0

Collected for this study
Collected by M. Girardin
3
This record does not span enough of the 1900 - 2004 period to be included in the
principal component analysis.
2
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Table B. 3 Top ten years of high and low growth in the first principal component of the
Winnipeg River region ringwidth network.
High growth

Low growth

Year

Ringwidth
index

Year

Ringwidth
index

1965
1834
1819
1962
1856
1828
1935
1899
1922
1801

1.00
0.76
0.75
0.71
0.71
0.70
0.68
0.65
0.61
0.59

1910
1804
1821
1886
1936
1839
1862
1829
1820
1907

-1.22
-0.97
-0.79
-0.67
-0.66
-0.64
-0.62
-0.57
-0.54
-0.53
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Table B. 4 Archival accounts of wet summers in northwestern Ontario during the early
19th century.
Year

1

Selected archival accounts1

Tree-ring
classification

1824

David Thompson canoed from Fort William (Thunder Bay, Ontario) and Lake of the
Woods and reported high water throughout the trip. J.D. Cameron reported that the
Winnipeg River was "exceptionally high" and "amazingly high" at Pinewa, Manitoba
(Lac la Plui

Cool/wet

1825

Reports of high and rising water on the Rainy river from August to early December (Lac
la Pluie Journal).

Cool/wet

1827

Heavy rains and high water at Rainy Lake in May (Lac la Pluie Journal).

Cool/wet

1828

"Incessant" summer rains and high waters in the Winnipeg River region, especially in
the Boundary Waters area (Lac la Pluie Journal).

Cool/wet

1830

High water at Rainy Lake in May, with reports of water "higher than the high-water
year" (Lac la Pluie Journal).

Warm/dry

1832

Torrential frequent rain and dangerously high water at Rainy Lake in May and June (Lac
la Pluie Journal).

Cool/wet

1834

"Uncommonly high" water on June 13 and heavy rain at Rainy Lake throughout June
and most of July (Lac la Pluie Journal).

Cool/wet

Archival accounts are abstracted from Rannie (2006).
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Figure B.1 Map of tree-ring sites and climate stations in the Winnipeg River region.
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Figure B.2 Results of principal component analysis (varimax rotated) of the Winnipeg
River region ringwidth network.

111

Figure B.3 Correlation (left) and response (right) functions comparing the first principal
component of ringwidth against monthly (a) temperature and (b) precipitation from the
Winnipeg River region.
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Figure B.4 Scatterplots comparing regional ringwidth with precipitation (left side) and
temperature (right side) during summer.
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Figure B.5 Summer climate over the Winnipeg River area stratified by regional tree
growth.
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Figure B.6 Simulated ringwidth for the Winnipeg River region and its relationships with
regional summer climate.
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Figure B.7 Simulated mean daily tree-growth at Kenora, Ontario for the 1938 – 2006
period.
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Figure B.8 Summer climate conditions in the Winnipeg River region inferred from
regional tree growth, A.D. 1783 to 2004.
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B.10 Figure captions
Figure B.1. Map of tree-ring sites and climate stations in the Winnipeg River region.
Base map provided by the Lake of the Woods Control Board.

Figure B.2. Results of principal component analysis (varimax rotated) of the Winnipeg
River region ringwidth network.

Map (a) showing chronology loadings on the first

eigenvector for the 1900 – 2004 period, with the magnitude of the loading indicated by
the size of the circles and the colour bar. The first principal component since 1900 (b)
calculated over four different time periods and using varying subsets of input
chronologies. The inset matrix shows the correlation between the component derived
using the full suite of input chronologies (1900 – 2004), and those derived using only
those chronologies that span most of the longer interval. The first principal component
(c) calculated over the 1783 – 2004 interval. The heavy line illustrates variability at
timescales above 10 years.

Figure B.3. Correlation (left) and response (right) functions comparing the first principal
component of ringwidth against monthly (a) temperature and (b) precipitation from the
Winnipeg River region. Coefficients that are different from zero (at the 95% significance
level) are plotted with heavy lines. Confidence limits represent the 95% percentile range
of 1000 bootstrapped iterations (Biondi and Waikul, 2004).

Figure B.4. Scatterplots comparing regional ringwidth with precipitation (left side) and
temperature (right side) during summer. In each frame, the observations of ringwidth and
the climate parameter are selected based on the state of the other climate variable. For
example, in the ‘WARM’ case, ringwidth is compared to precipitation using only those
years where summer temperatures were in the top tercile of their distribution. The
‘DRY’ case plots ringwidth and temperature data during years with low summer rainfall
(precipitation in the bottom tercile).
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Figure B.5. Summer climate over the Winnipeg River area stratified by regional tree
growth.

Box plots (a) describe the range of summer temperature and precipitation

observed in years of low (bottom tercile), moderate (middle tercile) and high (upper
tercile) ringwidth. The boxes illustrate the lower quartile, median and upper quartile
values, and the whiskers encompass one-and-a-half times the interquartile range.
Outliers are marked by crosses. The bubble diagram (b) plots ringwidth anomalies in
temperature-precipitation space. Each circle represents one year, and the area of the
circle is proportional to that year’s ringwidth anomaly (i.e., large circles represent years
that have high or low growth, while small circles represent years where growth was close
to the mean). The circles are colour-coded depending on whether they fall within the
bottom (black), middle (white) or upper (grey) tercile of ringwidth. The dashed lines
mark the medians of temperature and precipitation.

Figure B.6. Simulated ringwidth for the Winnipeg River region and its relationships with
regional summer climate. The first principal component (a) of modeled ringwidth (red
line) and real ringwidth (grey line). Box plots (b) illustrating the range of summer
climate observed in years of low, moderate and high modeled ringwidth. The differences
in mean temperature and precipitation in low and high growth years are significant at the
98% level. The bubble diagram (c) plots modeled ringwidth anomalies in temperatureprecipitation space.

Figure B.7. Simulated mean daily tree-growth at Kenora, Ontario for the 1938 – 2006
period. The daily growth rate (G) is calculated as the product of the growth rate due to
solar radiation (Ge) and the minimum of the growth rate due to either surface air
temperature (Gt) or soil moisture (Gw).
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Figure B.8. Summer climate conditions in the Winnipeg River region inferred from
regional tree growth, A.D. 1783 to 2004. Asterisks mark cases where climate is in the
same state for three consecutive years. The lower plot is smoothed to highlight decadal
variability, and is scaled to the proportion of variance in the tree-ring record at those
timescales.
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C.1 Abstract
We use 138 ringwidth records from the Canadian Prairies provinces and adjacent regions
to estimate regional summer drought severity during the past several hundred years. The
network was divided into five regional groups based on geography, tree species and
length of record: the eastern Rockies; northern Saskatchewan; central Manitoba; southern
Manitoba; and northwestern Ontario. Regional ringwidth records are primarily related to
summer moisture and drought conditions, and are less responsive to droughts caused by
deficits in winter precipitation. These summer-sensitive records are not linearly related
to major modes of climate variability, including ENSO and the PDO, which primarily
affect the climate of western Canada during winter. Extended drought records inferred
from regional tree-ring series indicate that drought on the Canadian Prairies has exhibited
considerable spatial heterogeneity over the last several centuries.

For northern

Saskatchewan and northwestern Ontario, the 20th century included more prolonged wet or
dry periods and more extreme single years than the 18th or 19th centuries. Longer records
from southern Alberta suggest that the 1720s was the most intense dry spell in that area
during the last 500 years. At the eastern side of the Prairies, the greatest duration dry
event is centered around 1700 and may coincide with low lake stands in Manitoba,
Minnesota and North Dakota. Although the Canadian Prairies were dry at times during
the 1500s, there is no regional analogue to the 16th century ‘megadroughts’ that affected
much of the western United States and northern Mexico.

C.2 Introduction
Most prior studies using tree-ring data to understand past drought in the Canadian Prairie
provinces have been based on either single records from individual locations (e.g.,
Sauchyn and Beaudion, 1999; Sauchyn et al., 2003) or multiple records from a relatively
small area (100 – 200 km transects; e.g., Case and MacDonald, 1995, St. George and
Nielsen, 2002; Girardin and Tardif, 2005). This work has demonstrated that ringwidth
records from Prairie trees can be an effective proxy for meteorological or hydrological
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drought, and can be used to develop annually-resolved drought records that extend back
several hundred years (Watson and Luckman, 2006, and references therein). Making
inferences about the drought history of the entire Prairies (or even major sub-regions)
from reconstructions based on a limited number of tree-ring records is somewhat risky,
particularly because tree-ring records often contain multiple signals (of varying strengths)
created by different environmental forcings. Synoptic-scale climate is usually a major
influence on ringwidth, but tree growth can also be influenced by disturbance (affecting
both individual trees and the entire stand) or local microclimate (Cook, 1985). Because it
is not possible to separate these influences a priori, even ringwidth records developed
from moisture-sensitive trees can include non-climatic signals. The problem of whether
or not local tree-ring records can be taken as representative for the broader region is
complicated further by the inherent spatial heterogeneity of drought; at a given time,
severe drought conditions may be present over a small area, but it does not necessarily
follow that the entire Prairies must also be affected by drought. Although many tree-ring
records from this region have been incorporated into the North American Drought Atlas
(Cook and Krusic, 2004), attempts to extract regional signals from networks of moisturesensitive trees in Canada have either focused primarily on drought in regions adjacent to
(and, in some cases, overlapping with) the Canadian Prairie provinces (Watson and
Luckman, 2004; Watson and Luckman, 2005; Girardin et al., 2006a), or have targeted
other environmental variables (e.g., area burned; Girardin, 2007).
In this paper, we use 138 ringwidth records from the Canadian Prairie provinces
and adjacent regions (Fig. C1) to estimate changes in regional drought severity since
approximately AD 1500. Most of this area (approximately 47 to 58°N and 90° to
118°W) is part of the Prairies ecozone (Ecological Stratification Working Group, 1996), a
predominantly mixed-grass prairie with a semi-arid climate and very few trees.

The

Prairies ecozone also coincides with the area commonly described as “the Palliser
Triangle”, named after a 19th century British expedition that mapped the territory between
Lake Superior and the Pacific coast and assessed its potential for agriculture, mining and
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settlement (Spry, 1995). Most ringwidth records used in this study are derived from trees
growing along the margins of the Prairies ecozone, including sites from the Montane
cordillera, Boreal plains, and Boreal Shield ecozones (Ecological Stratification Working
Group, 1996). For simplicity, we refer to the broader region (shown in Fig. C1) as the
Canadian Prairies or Prairies. This region also encompasses the drainage for the NelsonChurchill river system, the third largest watershed in North America. Many of these
ringwidth records are relatively new; almost all records have been developed since the
mid-1990s, and nearly half were produced after the publication of the most recent version
of the North American Drought Atlas (Cook and Krusic, 2004). As noted by Cook and
Krusic (2004), the number of moisture-sensitive tree-ring records in Canada has, until
recently, been quite modest, and these new collections fill substantial gaps in the previous
network.
Using an extensive (greater than 2,000,000 km2), relatively dense network of treering records allows us to focus our analysis on signals recorded by many or all records
over large areas. These common signals are more likely to be related to synoptic-scale
influences, including regional drought conditions, and should minimize contributions
from local, non-climatic noise. In this paper, we describe the spatial and temporal
variability of regional tree-ring signals, and examine their potential as proxies for
meteorological drought. We also investigate potential connections between regional tree
growth and a suite of major climate modes and discuss how the “climate window” (Fritts,
1976) of Prairie tree-ring records affects their ability to describe the influence of remote
climate forcings.

Finally, we ask what tree-ring data tell us about the intensity and

persistence of drought during the past several hundred years as compared to drought
observed during the period covered by instrumental records.

C.3 Tree-ring data
We assembled a set of ringwidth data from 138 sites in the Canadian Prairies (Figure 1).
The network can be divided into five regional groups based on geography, tree species
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and length of record: (i) the eastern Rockies (primarily Douglas-fir and limber pine from
lower-elevation sites in Alberta and Montana); (ii) northern Saskatchewan (boreal forest
trees, mainly white spruce and jack pine); (iii) central Manitoba (eastern white cedar and
a mixture of other species); (iv) southern Manitoba (bur oak from riparian forests); and
(v) northwestern Ontario (mainly red and white pine). In total, the network includes
ringwidth measurements for nearly five thousand samples taken from almost three
thousand trees. Because of a number of factors (including scarcity of trees in prairie
ecosystems, frequent fires in the boreal forest, wet conditions that encourage heartrot, and
intensive logging), the network contains relatively few long-lived trees. Although trees
in the foothills of the Rockies can be quite old (the oldest tree, from the Teton River
Valley in Montana, has 846 rings), the median age of trees in the network is only 135
years. Prior studies have demonstrated that ringwidth data from most of these sites
exhibit some type of moisture signal, either related to seasonal or annual precipitation
(Case and MacDonald, 1995; Case, 2000; Watson and Luckman, 2001; Watson and
Luckman, 2002; St. George and Nielsen, 2002; Sauchyn et al., 2003; St. George et al.,
submitted), summer drought (Sauchyn and Skinner, 2001; Girardin and Tardif, 2005;
Girardin et al., 2006a; Pederson et al., 2006), area burned (Girardin et al., 2006b;
Girardin, 2007) or streamflow (Case and MacDonald, 2003; Beriault and Sauchyn, 2006;
Watson and Luckman, 2006).
Ringwidth series were detrended and combined to produce composite time series
representing mean growth within the stand of trees at each location (a site ‘chronology’).
Both ‘standard’ and ‘residual’ (prewhitened) chronologies (Cook, 1985, Cook et al.,
1990) were produced for each site, and were tested for drought sensitivity. We seek to
emphasize ringwidth signals that are common to many or all chronologies within each
region (which are likely related to synoptic-scale influences like regional climate), and
diminish signals that are present at only a few sites (which are probably caused by local
factors like microclimatic differences or ecological disturbances).

We used either

empirical orthogonal function (EOF) analysis (North et al., 1982; Peixoto and Oort,
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1992) or simple averaging to identify the dominant mode of variability present in each
region (i.e., the leading EOF or the regional mean) and construct summary series that
represent regional tree growth. For all five regions, the first eigenvector (Fig. C2)
describes the common regional signals that allow dendrochronologists to match tree-ring
patterns between sites several hundred kilometres apart. Because the set of tree-ring sites
from central Manitoba include a small number of chronologies (10) that are weakly
correlated with each other, we were not able to define a meaningful summary series that
represents tree growth in this region.

C.4 Instrumental climate data
Potential climate signals in regional tree growth were evaluated by comparing individual
ringwidth chronologies and the regional summary series with (i) gridded climate products
and (ii) indices of major modes of climate variability that might plausibly influence the
Canadian Prairies. Precipitation data for the Canadian Prairie region were extracted from
the CRU TS 2.1 gridded (0.5°) dataset of monthly climate observations (Mitchell and
Jones, 2005) and combined into annual (October to September) and seasonal (DJF,
MAM, JJA, SON) totals. We also used gridded Palmer Drought Severity Index (PDSI)
records from the dataset developed by Dai et al. (2004), but truncated these records at
1900 because of the scarcity of climate stations on the Canadian Prairies prior to the 20th
century. Some analyses were repeated using the Cook et al. (2004a) gridded set of
instrumental PDSI data for North America but we did not note any major differences in
our results. All of these gridded products are produced from individual station records,
and because of the lack of high-quality, long-term climate stations in many parts of
northern Canada, it is necessary to be cautious when interpreting potential climate signals
in the northern Prairies.
Ringwidth data were compared to several indices that represent major modes of
climate variability, including the Atlantic Multidecadal Oscillation (AMO), Pacific
Decadal Oscillation (PDO), the cold tongue index (CTI), the Pacific North America
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pattern (PNA) and the northern annular mode (NAM). Climate indices were downloaded
from

the

Joint

Institute

for

the

Study

of

the

Atmosphere

and

Ocean

[http://jisao.washington.edu] and the National Oceanic and Atmospheric Administration
[http://www.cdc.noaa.gov], and averaged to produce either annual (AMO only) or coldseason (October to March) means.

C.5 Analyses and results

C.5.1 Climate signals in Prairie tree rings
In general, tree growth in the Prairies is correlated with summer (JJA) precipitation over
a broad area surrounding the sites used to define each regional pattern (Fig. C3). All
significance tests for correlation were adjusted for the loss of degrees of freedom
associated with autocorrelated time series (Dawdy and Matalas, 1964).

With the

exception of the tree-ring data from northern Saskatchewan, the standard versions of
ringwidth chronologies were more highly correlated with regional precipitation (and
PDSI) than the residual series.

Several regional series (eastern Rockies PC1, southern

Manitoba mean, and northwestern Ontario PC1) are correlated with precipitation records
from gridpoints more than 500 kilometres away from the tree-ring sites. The leading
pattern for northern Saskatchewan shows the weakest connection to summer
precipitation, and instead has higher and more extensive correlations with spring
(primarily May) precipitation in central Saskatchewan. The tree-ring records for southern
Manitoba and the eastern Rockies are also correlated with spring precipitation, but for the
most part, these correlations are weaker and extend over a smaller area than those
obtained using summer precipitation. In all cases, regional ringwidth series are not
significantly correlated with precipitation during the prior autumn or winter.

The

regional series are also correlated with annual precipitation, but this correspondence
likely reflects the importance of summer rainfall on the Prairies rather than a real physical
relationship between ringwidth and total annual precipitation (see the Discussion).
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A small number of individual chronologies in the eastern Rockies (particularly
Pyramid Lake, Lake Annette, Maligne Canyon, Teton River Valley Douglas-fir, and
BearsPaw Mountains Douglas-fir) are significantly correlated with winter precipitation
(not shown), but this behaviour is present at too few sites to be resolved by the EOF
analysis. The apparent sensitivity of these sites to winter precipitation may be attributed
to random chance, but might also reflect a subtle, real signal that is poorly characterized
by the current ringwidth network. Additional sites in the eastern Rockies region might
allow this potential winter signal to be better resolved, and perhaps separated from the
dominant summer-precipitation signal.
The regional ringwidth series are also correlated with July PDSI over large parts
of the Prairies (Fig. C4). Tree growth in southern Manitoba and the eastern Rockies
appears to record the most widespread drought signals, with both series showing
significant correlations over the entire southern Prairies and adjacent American states. In
general, the regional ringwidth series are mostly highly correlated with PDSI records
from nearby gridpoints, which implies that tree growth is directly connected to local
drought conditions.

The regional series for northern Saskatchewan and southern

Manitoba are most highly correlated with drought records one or two gridpoints away;
these apparent offsets are probably artefacts in the gridded climate data created by
interpolation from a sparse network of climate stations.
We identified those gridpoints whose PDSI records have the highest absolute
correlation with regional ringwidth (marked by red squares in Fig. C4), and compared the
PDSI and ringwidth time series (Fig. C5). The PDSI gridpoints are named after nearby
communities: Lethbridge, Alberta; The Pas, Manitoba; Estevan, Saskatchewan; and
Dryden, Ontario. Regional ringwidth tracks PDSI most closely for eastern
Rockies/Lethbridge (r = 0.62) and southern Manitoba/Estevan (r = 0.52). Tracking is
weakest in northern Saskatchewan (r = 0.26), possibly because trees in this region are
less limited by moisture and less sensitive to drought, but it may also reflect problems
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with instrumental PDSI records related to the paucity of long-term climate stations in this
area (New et al., 2000).
Cross-spectral analysis, by Welch’s averaged periodogram method (MathWorks,
2004; Trauth, 2006), suggests that the relationship between PDSI and tree-ring series is
frequency-dependant.

Significance levels for coherence (squared) were computed by a

Monte Carlo procedure: 10,000 series with the same spectral properties as the tree-ring
series were generated by exact simulation (Percival and Constantine, 2006), and were
subjected to cross-spectral analysis with PDSI to establish empirical confidence levels.
Both PDSI and tree-ring series have predominantly low-frequency spectra (Table C1).
Two of the four ringwidth-PDSI pairs (eastern Rockies/Lethbridge; southern
Manitoba/Estevan) show increased coherence at low frequencies (Fig. C6). For the
eastern Rockies (PC1), coherence is significant (0.05 level) at wavelengths longer than
about 5 years. For the southern Manitoba/Estevan pair, the increased coherence longer
then 10 years does not reach statistical significance (0.10 level), but a significant (p =
0.05) emerges at about 3 years. Ringwidth and PDSI records from northwestern Ontario
show a strong peak in coherence around 2-3 years, and a second, less significant peak
around 10 years. Cross-spectral results for northern Saskatchewan are consistent with the
previously described correlation analysis in suggesting a relatively weak PDSI signal.
Peaks in coherence are found near 3 years and 10 years but neither reaches significance at
the 0.05 level.

C.5.2 Associations with major climate modes
Maps of the correlation between individual ringwidth chronologies and major climate
indices indicate that ringwidth across the region is not associated with either the CTI (a
measure of ENSO) or the PNA pattern (Fig. C7). The other three indices have a greater
number of significant correlations, but for the most part they do not show the coherent
spatial fingerprint that would be expected if these modes had a real influence on Prairie
trees. For example, the PDO is significantly correlated with just five chronologies in the
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eastern Rockies, and the sign of the correlation is not consistent among these records
Because trees in the eastern Rockies exhibit a strong regional signal and should respond
similarly to a synoptic-scale climate forcing, it seems likely that these correlations with
the PDO are spurious. Several chronologies from northwestern Ontario are significantly
correlated with the AMO, the PDO, and the NAM, but again, these correlations are not
present at all sites in the region. The apparent correspondence between the AMO and tree
growth in northwestern Ontario is difficult to reconcile with prior analysis of instrumental
records, which has shown that the AMO does not affect drought in this part of Canada
(Shabbar and Skinner, 2004). Finally, none of the regional tree-ring series (the regional
mean and the PCs) are significantly correlated with any of the five climate indices (not
shown).

C.5.3 Tree-ring estimates of past drought
The above results demonstrate that ringwidth chronologies from the Canadian Prairies
contain regionally-coherent signals (with the exception of records from central
Manitoba), and that these signals are associated with summer moisture or drought
conditions. The connection between summer drought and ringwidth is strongest in the
eastern Rockies and southern Manitoba, but a significant drought signal is also present in
northern Saskatchewan and northwestern Ontario. The climate signal encoded in Prairie
ringwidth has the same seasonality as the signal recovered from trees in the eastern boreal
forest of Canada (including some records from Manitoba and northwestern Ontario used
in this study) by Girardin et al. (2006a). We attempted to model the relationship between
the six target PDSI series and the suite of regional tree-ring series with traditional,
regression-based approaches (Fritts, 1976, Bradley, 1999), but found that most models
explained a modest amount of variance in the PDSI series (generally between 20 and
30%, with a maximum explained variance of 40%). In several cases, the PDSI series was
most effectively modeled as a simple linear transformation of its corresponding regional
tree-ring series (from Fig. C5).
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In light of the weak statistical relationships between ringwidth and PDSI, we chose to
interpret the regional ringwidth series as qualitative measures of past drought severity
(Fig. C8).

Each regional series was scaled so that, during the period covered by

instrumental drought records (1900 – 2004), its mean was equal to zero and its standard
deviation was equal to one. This approach is effectively a simplified version of the
Composite-Plus-Scale technique (Jones and Mann, 2004; Esper et al., 2005).

The

regional series were also smoothed with a 5-year Gaussian filter to emphasize longerterm variability that, at least in some regions, is more closely tied to similar behaviour in
the instrumental PDSI records.

Terminology used to describe the inferred drought

records are modeled after Biondi et al. (2002); duration is the number of years the series
remains above or below the instrumental period mean, and intensity is the average
departure from the mean for a given duration.

C.5.3.1 Eastern Rockies
The tree-ring record of drought in southern Alberta and northern Montana suggests that at
least one drought during the last 500 years was more intense than droughts observed in
the instrumental record. The first attempts to derive Prairie drought history from tree
rings were based on a limited number of ringwidth chronologies and suggested that the
1790s was the driest decade in southern Alberta in the last several hundred years (Case
and MacDonald, 1995, Sauchyn and Beaudion, 1999; Wolfe et al., 2001). Our much
larger dataset indicates that tree growth was exceptionally low in the 1790s at only a few
sites (most prominently, the Towers Ridge site near Calgary, Alberta). The regional
network suggests that the most intense drought in southern Alberta since AD 1500
occurred in the early 1720s. The most extreme low-growth year in the eastern Rockies
record (1720) also falls within this interval. The dry spells with the greatest duration
occurred in the early 20th century (1918 – 1942) and the middle of the 19th century (1842
– 1877). The earlier drought coincides with the Palliser expedition of 1858-59, which
reported sparse rains, dry river beds, and arid country throughout southern Alberta and
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Saskatchewan (Spry, 1995; Rannie, 2006). The tree-ring evidence suggests that southern
Alberta had already been dry for a decade and a half at the time of Palliser’s expedition,
and would remain so until the late 1870s. This interval also encompasses the 'Civil War
Drought' (1856 - 1865) identified in the central United States (Herweijer et al., 2006), but
it does not seem that droughts in both regions can be attributed to the same climate
forcing. Herweijer et al. (2006) suggested that the prolonged drought in the US Great
Plains was driven by the La Niña-like tropical Pacific, but because this configuration
generally brings more moisture to western Canada (Shabbar et al., 1997; Bonsal and
Lawford, 1999, this mechanism cannot account for dry summer weather in the eastern
Rockies at the same time. Finally, the first two decades of the 20th century appear to have
been one of most prolonged wet periods in the entire record, lending support to the
argument that first major pulse of Euro-Canadian settlement in the western Prairies
coincided with unusually favourable climate conditions (Sauchyn and Beaudoin, 1999;
Watson and Luckman, 2006). This period also coincided with the early 20th century
pluvial observed in the western United States (Woodhouse et al., 2005; Pederson et al.,
2006), and unusually high flows in the Colorado River (Meko et al., 2007). The early
1800s is the only other wet period of comparable duration; this pluvial included
exceptionally high growth at sites across the region in 1839.

C.5.3.2 Northern Saskatchewan
In northern Saskatchewan and northern Manitoba, persistent dry conditions are identified
in the late 1880s, early 1900s, and circa 1940. The last period is coincident with the
lowest recorded flow in the Churchill River (Beriault and Sauchyn, 2006), which drains a
large portion of northern Manitoba and Saskatchewan. Low growth across northern
Saskatchewan during 1869 coincided with poor growth in the eastern Rockies, southern
Manitoba and the western half of the northwestern Ontario network; several prior studies
have noted that drought was widespread across most of western Canada in this year
(Watson and Luckman, 2005, Cook and Krusic, 2004). As in southern Alberta, this area
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appears to have experienced persistent wet conditions at the beginning of the 20th
century.

C.5.3.3 Southern Manitoba
The most prominent feature of the inferred drought record for southern Manitoba and
southeastern Saskatchewan is a prolonged absence of wet years around 1700. Between
1688 and 1715, growth was above the instrumental period mean only five years out of 28.
An earlier analysis of the southern Manitoba tree-ring record using a different
standardization technique (regional curve standardization) also indicated that this region
was dry for several decades circa 1700 (St. George and Nielsen, 2002). Radiocarbon
dates of drowned trees on the margin of Lake Winnipeg suggest that the lake was lower
by roughly one meter around AD 1650 (Nielsen, 1998).

Given the limitations of

radiocarbon dating within the last 200 or 300 years (Stuiver and Reimer, 1993), it seems
at least possible that lowered lake levels coincided with prolonged drought upstream in
southern Manitoba. A composite flood history for the Red River in southern Manitoba
was developed from gauge records, historical observations and anatomical signatures in
riparian trees and records major floods in 1747, 1762, 1826, 1852, 1862, 1950 and 1997
(St. George and Nielsen, 2003). Except for 1747, these flood years occur during periods
of persistent above-average wet conditions in the inferred drought record.

C.5.3.4 Northwestern Ontario
The regional ringwidth series for northwestern Ontario indicates that the most extreme
and prolonged drought conditions occurred during the 20th century. The duration of
recent dryness (most prominently from 1906 to 1915 and 1974 to 1999) is unmatched in
the earlier part of the record. The extreme low growth exhibited by regional trees in 1910
is well beyond any of the other negative growth anomalies that have occurred since 1783.
Twentieth century wetness is similarly exceptional. Between 1951 and 1972, regional
tree growth was above the mean 20 years out of 23, including the record’s peak growth
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year of 1965. These observations lead us to conclude that recent summer drought in
northwestern Ontario has been more persistent and extreme than during the 19th and late
18th centuries.
The inferred drought record for northwestern Ontario is very similar (r = -0.63, p
< 0.001) to the reconstruction of the Canadian Drought Code (CDC) developed by
Girardin et al. (2006a) for the Lac Seul region. The CDC reconstruction was derived
from a subset of ringwidth records from northwestern Ontario used in this study. The
principle difference between these two records is the significant lag-one autocorrelation
retained in the northwestern Ontario drought record

C.6 Discussion
Fritts (1976) introduced the concept of the ‘climatic window’, whereby certain climatic
‘inputs’ pass through the physiological system of a tree and are converted into a certain
ringwidth ‘output’. Under this framework, the tree can be thought of as a filter that
emphasizes some climatic signals and minimizes others. This idea can be extended to
include the behaviour of the climate system as well: aspects of the climate system that are
highly variable are more likely to create strong signals in tree-ring series than those that
are relatively static.

Our results demonstrate that tree-ring data from the Canadian

Prairies primarily describe signals related to moisture and drought conditions during
summer. In some cases, regional ringwidth records are correlated with summer
precipitation and drought records several hundred kilometres distant. A few sites in the
eastern Rockies contain an apparent winter precipitation signal, but more records are
needed to determine if this association describes a real relationship and to identify the site
characteristics that make trees at the lower-forest border sensitive to winter conditions.
The seasonality (or ‘climate window’) of Prairie tree-ring records has important
implications for their interpretation as drought proxies.

First, the sensitivity of Prairie

ringwidth records to summer moisture serves to limit their connection to major climate
modes. The impact of ENSO and the PDO on precipitation over southern Canada is
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strongest during winter and is dampened out by the following spring (Shabbar et al.,
1997; Mantua and Hare, 2002). Several authors have noted that summer drought on the
Prairies is statistically associated with wintertime ENSO conditions one or two years
prior (Bonsal et al., 1993; Bonsal and Lawford, 1999; Shabbar and Skinner, 2004), but,
although Prairie trees are primarily sensitive to summer drought, there is no apparent
association between regional ringwidth records and either ENSO or the PDO. We infer
that (i) Prairie trees are largely insensitive to the stronger winter precipitation signals
created by either ENSO or the PDO, and (ii) any summertime ENSO signal is too weak
to be detected using tree-ring records.
Second, the absence of a winter moisture signal (at nearly all sites) is the most
likely reason why tree rings do not exhibit a pronounced negative anomaly associated
with the recent 2000/2001 drought, which has been described as the most intense drought
in the western Prairies during the last 100 years (Sauchyn et al., 2003; Liu et al., 2004).
Although the summer was also dry, the 2000/2001 drought was caused primarily by a
deficit in winter precipitation (Liu et al., 2004) which, because of its timing, had a limited
impact on regional tree growth. Trees at sites in the eastern Rockies region formed
narrow rings in 2001 but overall, regional ringwidth was not as low as during other 20th
century droughts, such as 1936-1937 or 1961.
Finally, the importance of summer rainfall to the Canadian Prairies creates an
association between regional tree growth and total annual precipitation. Several prior
studies have used ringwidth records from the Prairies to reconstruct annual precipitation
(e.g., Case and MacDonald, 1995; Sauchyn and Beaudion, 1999; St. George and Nielsen,
2002; Watson and Luckman, 2005). Our results suggest that, at the regional scale, the
correspondence between Prairie ringwidth and annual precipitation may reflect a
statistical association driven by a true causal relationship with summer precipitation.
Although the summary ringwidth series is, for some regions, significantly correlated with
spring precipitation (especially in northern Saskatchewan), regional tree growth is not
related to precipitation during the prior autumn or winter. If these data contained a true
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annual signal integrating precipitation over the entire year, they should respond to
precipitation during all seasons, not just summer. The significant correlation of all four
regional ringwidth series with annual precipitation, this association may derive from the
prominence of summer rainfall in this part of Canada. The precipitation regime of the
Prairies is summer-dominant (Borchert, 1950; Bonsal et al., 1999); that is, summer is the
wettest season, and summer rainfall is more variable and more highly correlated with
annual totals than precipitation during the other seasons. As a consequence, any proxy
record that is strongly influenced by summer rainfall will also track annual precipitation,
even if that record is not sensitive to precipitation anomalies during the other three
seasons. Because summer rainfall and total annual precipitation are so similar, regional
ringwidth records can be used to infer the past variability of either variable; however, it
should be noted that such inferences depend primarily on signals created by summer
conditions.
Tree-ring evidence suggests that the drought on the Canadian Prairies has
exhibited considerable spatial heterogeneity over the last 500 years, and it is rarely
appropriate to describe the entire region as being either wet or dry. Although the two
longest inferred drought records (the eastern Rockies and southern Manitoba) are
significantly correlated (r = 0.2, p = 0.00001), there are several examples when one
region was in drought and the other was not. The 1720s drought, which was extremely
intense in the western Prairies, does not appear to have affected the eastern Prairies,
which was itself just recovering from a prolonged drought circa 1700 that went
unrecorded in the west. Most parts of the Prairies were dry during at some time during
the 1850s and 1860s, but this mid-19th century drought lasted the longest in southern
Alberta and northern Montana. The lack of regional coherence in the tree-ring records is
likely a product of the nature of summer precipitation on the Prairies. Although cyclonic
and frontal activity plays a role in summer precipitation, rainfall is predominately
convective and has high spatial variability (Raddatz, 2005).

Because of precipitation’s

importance to tree-growth, the spatial variability in Prairie climatology creates similarly

136

localized signals in the regional tree-ring network. The examples of contrasting drought
conditions in the eastern and western sectors imply that the mechanisms that control
persistent summer drought in each region are largely independent, at least those that
operate at longer timescales and corroborate Rannie (2006)’s warning against making
general statements about drought on the entire Prairies based on proxy evidence from
only one region.
We make a pair of observations on potential connections between drought in the
Prairies and climate events at the continental or global scale.

First, although the

Canadian Prairies were dry at times during the 1500s, there is no regional analogue to the
16th century ‘megadroughts’ that affected much of the western United States and northern
Mexico (Stahle et al., 2000). Stahle et al. (2000) hypothesized that this widespread
drought may have been caused by persistent cool water (La Niňa conditions) in the
eastern equatorial Pacific. The Canadian Prairies might be expected to be wet under
those conditions, as modern La Niňas are associated with stronger westerlies moving
across the eastern North Pacific and enhanced moisture delivery to western Canada
during winter (Shabbar et al., 1997; Bonsal and Lawford, 1999). Indeed, the eastern
Rockies were wet throughout the 1590s, and although the region was dry for several
years in the mid- to late-1500s (between 1555 and 1585), this episode does not appear as
a prominent drought in this record. The southern Manitoba record also does not show
any notable dry intervals during the 16th century, with the exception of 1595, the year of
lowest growth in that record. Second, the Prairies were not uniformly wet or dry during
the putative ‘Little Ice Age’ (AD 1570 – 1900; Matthews and Briffa, 2005). Tree-ring
drought records exhibit considerable spatial and temporal variability during this period,
and include evidence of both wet and dry intervals.

These data suggest that it is not

appropriate to conceptualize the ‘Little Ice Age’ on the Prairies as a uniform, prolonged
wet (or dry) anomaly extending over the entire region.
Does the instrumental period describe the complete range of drought variability
on the Canadian Prairies during the last few hundred years? The answer to that question
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varies by region, and depends on how far back in time tree-ring records allow us to look.
For the cooler, wetter parts of the Prairies (northern Saskatchewan and northwestern
Ontario), drought histories inferred from tree rings are only available for the last 150 to
200 years. These records, which are relatively short by the standards of most tree-ring
studies, suggest that the drought in the 20th century was more variable than in the 18th or
19th centuries, and included more prolonged wet or dry periods and more extreme single
years (in terms of either very high or very low growth). Therefore, we conclude that the
instrumental record of summer drought provides a reasonable approximation of the range
of summer drought in these regions since circa AD 1800.

The longer perspective

afforded by tree-ring records in southern Manitoba and the eastern Rockies presents a
different picture.

The mid-19th century drought in southern Alberta and northern

Montana had a greater duration than aridity during the early 20th century. The 1720s
drought was not as long lasting, but was the most intense dry spell in the western Prairies
in the last 500 years. At the eastern side of the Prairies, the most notable dry event was
centered around 1700 and persisted for almost three decades. Because of the limitations
of radiocarbon dating, we cannot make unequivocal comparisons between the 1700 dry
period in the eastern Prairies and dry conditions inferred from geological evidence and
most (non-varved) limnological records in the region. Nonetheless, we do note that it is
certainly possible that prolonged drought in southern Manitoba coincided with low stands
in small lakes from Minnesota and North Dakota (St. George and Nielsen, 2002), and low
water levels in Lake Winnipeg (Nielsen, 1998). In at least these two regions then, treering evidence indicates that droughts that occurred within the last 300 years were more
intense and more persistent than those observed during the period covered by
instrumental records.

C.7 Concluding remarks
The regional drought histories developed in this study may differ from earlier tree-ring
reconstructions in some of the details, but the overall message remains largely the same.
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Tree-ring evidence indicates that parts of the Canadian Prairies have, relatively recently,
been affected by summer droughts that were more intense and more long-lasting that
those observed in instrumental records. If similar droughts occurred in the future, it is
not clear what impacts they would have on activities that rely heavily on inputs from
summer moisture, such as agriculture, hydropower or consumptive supplies, but it may
be prudent to examine the resilience of these systems to alternate worst-case scenarios.
This exercise may be particular important for the dryland areas of the western Prairie
Provinces, which in the last few decades has experienced rapid population growth and
agricultural expansion and concomitant increases in regional water demand (Schindler
and Donahue, 2006).
What aspects of the broader climate system have influenced Prairie drought
patterns during the last several centuries? The answer to this question remains uncertain,
particularly because of the regional nature of past drought conditions and because the
Prairies respond inversely to the factors that are believed to cause drought in the United
States. Over the last several centuries, Prairie droughts have exhibited relatively little
regional synchrony; having even two regions under drought at the same time has
occurred infrequently. This apparent spatial heterogeneity suggests that persistent
summer aridity is principally related to regional-scale forcings, rather than being driven
by a single, synoptic-scale control that entrains drought conditions over the entire
Canadian Prairies. Furthermore, although several studies have linked pre-instrumental
droughts in the United States to persistent La Niňa conditions (Stahle et al., 2000;
Herweijer et al., 2006), Prairie droughts cannot be attributed to the same cause because
western Canada occupies the opposite node of the precipitation dipole associated with
ENSO.
It is also important to recognize that conventional tree-ring records from the
Canadian Prairies are somewhat limited in their application as proxies for past
hydroclimatic conditions. Despite the addition of several dozen new chronologies, the
regional tree-ring series are still relatively poor basis for developing quantitative
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estimates of precipitation or drought severity, at least in comparison to tree-ring records
from other parts of North America. In some regions, simply adding more ringwidth
records might produce better results, but it might be more productive to supplement the
existing ringwidth network with records of other tree-ring parameters, such as wood
density or isotopic composition.
There remains a critical need to develop more long chronologies on the Canadian
Prairies, either from old living trees (most promising in the eastern Rockies) or by
extending living-tree records with logs recovered from historical buildings or geological
settings. The current network of tree-ring sites is adequate to describe broad, regional
patterns in ringwidth during the last 100 to 500 years (varying by region), but there are
not enough long chronologies to describe large-scale variability in any region prior to
circa AD 1500. In regions like northern Saskatchewan or northwestern Ontario, the limit
of tree-ring records is much more recent, with few to no trees older than 200 years. A
few earlier studies have used tree rings to make inferences about precipitation or
hydrological variability in the eastern Rockies prior to AD 1500 (Watson and Luckman,
2001; Case and MacDonald, 2003), but our results indicate that these reconstructions
(which are based on select long chronologies) may be more representative of local
hydroclimatic conditions than they are of drought status over the entire region. As a
result, it is not yet possible to use tree-ring records to determine if the epic droughts
associated with the ‘Medieval Climate Anomaly’ (roughly AD 900 to 1300) in the United
States (Cook et al., 2004b; Meko et al., 2007) extended into the Canadian Prairies.
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Table C. 1 Fraction of variance at low frequencies (5 years and greater) in regional
ringwidth and PDSI series. The corresponding fraction for white noise is 0.40 (computed
from relative area under the raw periodogram; Bloomfield, 2000).
Region
Eastern Rockies
Northern Saskatchewan
Southern Manitoba
Northwestern Ontario

Ringwidth

PDSI

0.6931
0.3622
0.4909
0.6493

0.5633
0.9086
0.6023
0.6294
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Figure C.1 Network of ringwidth sites on the Canadian Prairies and the northern Great
Plains.
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Figure C.2 Eigenvector loadings for empirical orthogonal function analysis of regional
ringwidth groups.
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Figure C.3 Correlations between major patterns of regional tree-ring width and gridded
summer (JJA) precipitation, calculated for the 1901 to 2004 interval.
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Figure C.4 Correlations between regional ringwidth indices and gridded July Palmer
Drought Severity Index.
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Figure C.5 Time series for instrumental PDSI (blue lines) and regional ringwidth (green
lines).
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Figure C.6 Coherence between regional ringwidth and PDSI records.
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Figure C.7 Correlations between ringwidth chronologies on the Canadian Prairies and
major climate modes.
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Figure C.8 The tree-ring record of drought in the Canadian Prairies.
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C.10 Figure captions
Figure C.1. Network of ringwidth sites on the Canadian Prairies and the northern Great
Plains.

Symbols correspond to regional groups: eastern Rocky Mountains (circles),

northern Saskatchewan (upward triangles), central Manitoba (diamonds), southern
Manitoba (squares) and the northwestern Ontario (downward triangles). Solid circles
represent communities mentioned in the text.

Figure C.2. Eigenvector loadings for empirical orthogonal function analysis of regional
ringwidth groups: (a) eastern Rocky Mountains EOF1 (standard chronologies), (b)
northern Saskatchewan EOF1 (residual chronologies), (c) central Manitoba EOF1
(standard chronologies), (d) southern Manitoba EOF1 (standard chronologies) and (e)
northwestern Ontario EOF1 (standard chronologies). The values in parenthesis indicate
the amount of variance described by each pattern relative to the total in each regional
network. The period of analysis is 1900 to 2004.

Figure C.3. Correlations between major patterns of regional tree-ring width and gridded
summer (JJA) precipitation, calculated for the 1901 to 2004 interval. Only correlations
that are significant at the 0.05 level are shown. The white circles mark the tree-ring
chronologies used to define each regional pattern.

Figure C.4. Correlations between regional ringwidth indices and gridded July Palmer
Drought Severity Index. Only correlations that are significant at the 0.05 level are
shown.

Red squares mark gridpoints with the highest absolute correlation between

regional ringwidth and PDSI. The period of analysis is 1900 to 2002.

Figure C.5. Time series for instrumental PDSI (blue lines) and regional ringwidth (green
lines). The inset numbers (‘r’) show the inter-series correlations.
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Figure C.6. Coherence between regional ringwidth and PDSI records. The ninety and
ninety-five percent confidence levels are represented by the dashed lines, and were
determined a Monte Carlo approach that generated 10,000 random series with the same
spectral properties as the original time series.

Figure C.7. Correlations between ringwidth chronologies on the Canadian Prairies and
major climate modes. Coloured circles show correlations significant at the 0.05 level,
after the adjustment for temporal autocorrelation.

Figure C.8. The tree-ring record of drought in the Canadian Prairies. Each series is
scaled to have a zero mean and equal variance during the instrumental period (1900 to
2004). The heavy line illustrates variability at timescales greater than 5 years.

