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Introduction 
 
Vancouver Island is considered water-rich because it receives enormous quantities of 
rain and snow during winter. However, water scarcity and streamflow drought can 
occur during summer when demand for water is at its highest and stored water is 
most limited (Stephens et al. 1992). Summer streamflow droughts have become 
longer, more severe, and more common on the coast in the last few decades as a 
result of climate warming (Rodenhuis et al. 2007). In 2014 and 2015 many streams 
experienced droughts that were worse than any on record (B.C. Ministry of Forests, 
Lands and Natural Resource Operations 2014; B.C. River Forecast Centre 2015). 
 
Drought impacts to human water use, stream ecology, and the survival of local 
Pacific salmon populations are now recognized by the provincial government as a 
critical environmental management challenge (B.C. Ministry of Environment 2010), 
making up a major component of the province’s new Water Sustainability Act (B.C. 
Water Sustainability Act 2014). Usually, hydrometric data measured in rivers are 
used to understand normal runoff patterns, and to develop drought management and 
water supply strategies. However, these datasets are very short on Vancouver Island 
⎯ a few decades long in most cases. As a result, hydrologists and water managers 
only have a limited snapshot of how serious ‘natural’ droughts (droughts that were 
not caused by human land-use or climate change impacts) have been in the past. In 
many parts of the world, worst-case scenario droughts have not been anticipated 
because of short hydrometric records (Meko and Woodhouse 2011).  

 

Drought research design 
 
Paleohydrologists develop reconstructions, or long historical records, of streamflow 
to give a more accurate picture of how severe natural droughts can be in different 
watersheds (Loaiciga et al. 1993). In a recent study published in the peer-reviewed 
journal Journal of Hydrology (Coulthard et al. 2016; appended to this document) we 
used tree-ring data to model summer runoff in several rivers across Vancouver Island 
back to 1658. Although some rivers, like the Cowichan River, were not directly 
modeled for our study, our results are relevant to any river influenced by winter 
snowmelt and summer rainfall located on Vancouver Island, including Cowichan 
River.  
 
We looked specifically at rivers where summer runoff comes in part from snowmelt, 
and in part from summer rainfall. To build our models, we used two different sets of 
tree-ring width records; in one set, tree-ring widths in each year correspond with 
snow depth, and in the other set tree-ring widths in each year correspond with 
summer dryness. By combining these two types of tree-ring records and comparing 
them mathematically with instrumental snow and summer rainfall data, we could 
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model how much runoff is available from snowmelt and from summer rainfall in 
each summer from 1658-1997 (the age of the trees). The reconstruction that we 
developed is very statistically reliable and the most robust of its kind in the province. 
 
 
Research conclusions 
 
We found that worst-case scenario streamflow droughts in many Vancouver Island 
rivers are very likely underestimated by hydrologists and water managers. Sixteen 
natural staremflow droughts have occurred across Vancouver Island since 1658 that 
were more extreme than any observed in the provincial hydrometric records (Figure 
1). This means the existing benchmark for the worst drought in this type of river is 
likely inaccurate. Further, comparing flow-duration curves from instrumental data 
and reconstructed data shows not only that these severe droughts do happen in 
Vancouver Island rivers, but also that they are more likely to happen than is currently 
thought (Figure 2). 
 
B.C. snowpacks are declining and summers are becoming warmer and drier (B.C. 
Ministry of Environment 2015). It is very important to recognize that our 
reconstruction documents only the most severe natural droughts that have happened 
in the past. A drought of the magnitude that we reconstructed, paired with added 
pressures from climate change, human water use, and human land-use change 
(deforestation, agriculture, urbanization) could reasonably exceed any drought in the 
hydrometric record, and probably any drought in the past ~350 years.  
 
 
Implications for Cowichan River 
 
It is important to understand exactly how our results apply to the Cowichan River, 
since we did not directly reconstruct Cowichan River streamflow. First, we used tree 
ring records that capture regional-scale variations in snow depth and summer dryness 
that similarly impact streams across all of Vancouver Island. This means that the 
reconstruction model itself is ‘regional’ in scale, and represents droughts that are 
synchronous across Vancouver Island. Second, the Cowichan River runoff regime is 
slightly different from the regimes that we studied; a smaller proportion of summer 
runoff comes from snow and a greater proportion comes from summer rainfall. In a 
given year, droughts on Vancouver Island may be caused by lack of snow, by lack of 
summer precipitation, or both, depending on climate conditions and the type of 
streamflow regime. Our models account for both snowmelt and summer dryness. For 
example, of the sixteen most extreme droughts several were caused primarily by low 
summer rainfall. This means that unprecedented drought can be expected not only in 
rivers heavily influenced by snowmelt during the drought season, but also in rivers 
like the Cowichan that rely primarily on summer rainfall during the drought season.  



	 4	

 
We recommend that more conservative drought mitigation measures are needed to 
protect against very severe droughts that occur naturally on Vancouver Island, and 
that are not currently planned for by water managers. These watersheds are relatively 
small, so that modest in-stream flow reductions can have large ecological 
consequences. A major natural drought of the scale that we have reconstructed 
would not only impact human water use, but could be disastrous for local Pacific 
salmon populations that are already threatened by habitat loss, prior droughts, and 
overfishing. 
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Figures 
 
 

	
	
Time plot of regionalized summer streamflow reconstruction, plotted as z-scores 
(black line) with a five-year running mean (heavy black line), and gauged data (blue 
line). The grey envelope represents 95% confidence intervals on the reconstruction. 
The vertical black bars represent sixteen droughts that are more severe than any in 
the gauged record (calculated as bottom fifth percentile flows relative to the 
reconstructed instrumental period mean discharge, and plotted as departures from 
that mean). The bottom fifth percentile flow threshold (z-score<-0.92) is also 
delineated on the time plot with a black-hatched line.  
 
 

            
 
Fig. 7. Flow duration curves of the low flow region only (p > 0.50). In panel A the 
curve from the calibration period hydrometric data (1960–1990; blue line) is 
compared with curves from the calibration period reconstruction (gray line) and the 
full-period reconstruction (black line). In panel B hydrometric data from the full 
available data record (1960–2012; blue line) are compared with the reconstruction 
curves from panel A.  
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s u m m a r y

Recent streamflow droughts in south coastal British Columbia have had major socioeconomic and
ecological impacts. Increasing drought severity under projected climate change poses serious water man-
agement challenges, particularly in the small coastal watersheds that serve as primary water sources for
most communities in the region. A 332-year dendrohydrological record of regionalized mean summer
streamflow for four watersheds is analyzed to place recent drought magnitudes in a long-term perspec-
tive. We present a novel approach for optimizing tree-ring based reconstructions in small watersheds in
temperate environments, combining winter snow depth and summer drought sensitive proxies as model
predictors. The reconstruction model, estimated by regression of observed flows on Tsuga mertensiana
ring-width variables and a tree-ring derived paleorecord of the Palmer Drought Severity Index, explains
64% of the regionalized streamflow variance. The model is particularly accurate at estimating lowest flow
events, and provides the strongest annually resolved paleohydrological record in British Columbia. The
extended record suggests that since 1658 sixteen natural droughts have occurred that were more
extreme than any within the instrumental period. Flow-duration curves show more severe worst-case
scenario droughts and a higher probability of those droughts in the long-term reconstruction than in
the hydrometric data. Such curves also highlight the value of dendrohydrology for probabilistic drought
assessment. Our results suggest current water management strategies based on worst-case scenarios
from historical gauge data likely underestimate the potential magnitudes of natural droughts. If the
low-flow magnitudes anticipated under climate change co-occur with lowest possible natural flows,
streamflow drought severities in small watersheds in south coastal British Columbia could exceed any
of those experienced in the past �350 years.

Crown Copyright � 2016 Published by Elsevier B.V. All rights reserved.

1. Introduction

In 2014 and 2015 many British Columbia (B.C.) watersheds
experienced streamflow droughts that were likely the most severe
since streamflow monitoring began in the mid-20th century.
Record-breaking low snowpacks and historic high summer tem-
peratures took a particular toll on south coastal basins
(Agriculture and Agri-Food Canada, 2014; B.C. River Forecast
Centre, 2015). Despite very wet winters, these small watersheds

can experience streamflow drought during late summer when
snow has melted and weather is warm and dry.

Though they have relatively low storage capacity, small coastal
watersheds serve as the primary water source for most communi-
ties in south coastal B.C. Many of the streams and rivers in these
catchments are also used for hydroelectric power generation, sup-
port industry and agriculture, and are critical to the survival of
local Pacific Salmon populations. Drought presents a major water
management challenge, especially where there is high uncertainty
around potential low flow severities (B.C. Ministry of Environment,
2013; Lill, 2002; Mishra and Coulibaly, 2009).

In western Canada, few hydrometric records extend beyond the
1970s. These short instrumental records translate to less accurate
estimates of potential low flow severities in a river, and less sound
water management strategies (Rodenhuis et al., 2007). Short
hydrometric records also make it difficult to determine if recent
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droughts are extreme relative to those that occurred in the past.
Longer term proxy records of streamflow variability can be esti-
mated from climate-sensitive tree-ring (TR) records by capitalizing
upon the influence of climate on both annual radial growth and
seasonal runoff (Loaiciga et al., 1993). Dendrohydrological recon-
structions can contextualize hydrological changes and inform on
connections between modes of regional climatic variability and
runoff that are not captured in the instrumental record (e.g.,
Earle, 1993). The tree-ring based approach is particularly valuable
since trees are often distributed over a large hydrological ‘sample
landscape’ and, unlike many other paleoenvironmental proxies
(i.e. lake cores, ice cores), information derived from them is annu-
ally to sub-annually resolved.

Dendrohydrological modeling has largely been accomplished in
dry continental settings, where annual radial tree growth is limited
by available soil moisture derived from the same rain and snow
meltwater that supports streamflow (Meko and Woodhouse,
2011). The approach is typically applied in large watersheds where
errors related to evaporation and ‘flashy’ rainfall do not contribute
to model error (Margolis et al., 2011). Long-term perspectives on
hydrological phenomena such as low flows, drought, and long-
term runoff declines, have been incorporated into multi-scale
and multi-agency watershed management strategies in the south-
western United States (Meko et al., 2001; Woodhouse and Lukas,
2006), western interior Canada (Sauchyn et al., 2014), and interna-
tionally (Gou et al., 2010; Norton and Palmer, 1992; Pederson et al.,
2001).

Small, temperate watersheds represent a frontier in dendrohy-
drology due to small basin concentration times, flashy runoff, and
an absence of moisture-sensitive tree species (Biondi and Strachan,
2012). In coastal B.C. the approach is hindered further by complex
hydroclimatology resulting from mountainous terrain and stream-
flow contributions from rainfall–runoff, snowmelt–runoff and
glacier icemelt runoff. This heterogeneity can lead to differences
in seasonal streamflow behavior even in spatially adjacent
watersheds (Eaton and Moore, 2010). Previous efforts to establish
dendrohydrological records in B.C. have focused on snow- and
glacier-melt dominated runoff regimes in continental settings,
using moisture-limited TRs (Gedalof et al., 2004; Hart et al.,
2010; Starheim et al., 2013; Watson and Luckman, 2005).

In this paper we develop a novel approach for dendrohydrolog-
ical modeling in small, temperate watersheds in coastal B.C.
Despite a lack of moisture-limited trees in this area, the radial
growth of some high-elevation conifers is sensitive to annual max-
imum snow depth as a result of its influence on the length of the
growing (energy) season (Peterson and Peterson, 1994). This type
of TR data has rarely been used for dendrohydrology. We combine
TR width records from a snow depth-sensitive tree species (Moun-
tain hemlock; Tsuga mertensiana (Bong.) Carrière; Laroque and
Smith, 1999; Gedalof and Smith, 2001; Peterson and Peterson,
2001; Marcinkowski et al., 2015) with a paleoenvironmental
record of seasonal drought as predictors in a dendrohydrological
model. Our reconstruction targets regionalized summer stream-
flow in small, hybrid (rain- and snowmelt-driven) watersheds,
where summer runoff is driven by a combination of snow meltwa-
ter from the previous winter, and summer air temperature and
summer precipitation variations. We hypothesized that TR vari-
ability and summer discharge in these watersheds are determined
by regional-scale climate fluctuations to the extent that TR records
can be used as proxies for climate in a model of historical stream-
flow. We apply the reconstruction to place droughts in long-term
perspective, and relate streamflow anomalies to El Niño Southern
Oscillation (ENSO; Holton and Dmowska, 1989) events and varia-
tions in the Pacific Decadal Oscillation (PDO; Mantua, 2002). Our
approach presents an opportunity to develop paleohydrological
records for watersheds both smaller in scale and of a different

hydrological regime type than those typically conducive to
dendrohydrology.

2. Hydroclimatic setting

The regional hydroclimatology of south coastal B.C. is affected
by interannual and decadal climate variability driven by ocean–at-
mosphere interactions in the Pacific Basin, including synoptic-scale
modes described by the PDO and ENSO, and to a lesser extent by
the Pacific North America (PNA) pattern (Kiffney et al., 2002).
Winter storms originating in the North Pacific Ocean deliver mois-
ture to the B.C. coast where it is orographically released upon
encountering the Vancouver Island Insular and Coast Mountain
ranges, resulting in large quantities of snow and rain. Persistent
high-pressure systems typically bring stable warm and dry condi-
tions during the summer months (Stahl et al., 2006).

Atmospheric warming and changing rainfall, snowpack and
snowmelt dynamics increasingly moderate these hydroclimate
patterns (Barnett et al., 2004; Bonfils et al., 2008). Characteristi-
cally mild and wet winters have become milder and wetter over
the past 100 years, while summers have become warmer and drier
(Pike et al., 2010). Coast and Coast Mountain areas experienced a
1.4 �C rise in mean winter temperature from 1895 to 1995 and
winter precipitation (rain and snow) totals are expected to increase
by 6% by 2050 (December–February; B.C. Ministry of Water, Land
and Air Protection, 2002; Pike et al., 2010). Milder winters and a
larger proportion of cool-season precipitation falling as rain have
caused widespread snowpack declines; snow water equivalent
(SWE) totals diminished by 6% per decade from 1953 to 2000 (B.
C. Ministry of Water, Land and Air Protection, 2002; Rodenhuis
et al., 2007).

Regional climate trends have altered the seasonal timing and
magnitude of peak and low flows, and these changes are expected
to intensify in all streamflow regime types (Schnorbus et al., 2014;
Stewart et al., 2005). However, hybrid streams are probably most
susceptible to earlier, lower, longer, and more frequent low flows
over the short term since they are strongly influenced by both
warmer and drier summers, and shifting snowpack depth and
snowmelt dynamics (Déry et al., 2009; Eaton and Moore, 2010;
Loukas et al., 2002; Whitfield and Cannon, 2000). Our use of the
term ‘‘drought” refers to streamflow drought, a sustained period
of below-average stream discharge (Van Loon and Laaha, 2015).
Given the low storage capacity of the study catchments, and in
keeping with B.C. government environmental management prac-
tices, below-average runoff over a period of >1 month is considered
streamflow drought (B.C. Ministry of Environment, 2013; Van
Lanen et al., 2013).

2.1. Hybrid streams

Hybrid hydrological regimes predominate in south coastal B.C.
and are typically found in mid- to low elevation coastal and
near-coastal areas. Runoff in these streams is generally highest
during winter (November, December, January) as a result of heavy
rainfall. A secondary peak occurs in spring (April or May) as a result
of snowmelt. Lowest flows occur during summer when inputs from
snowmelt are exhausted and regional warm and dry high-pressure
systems persist (Eaton and Moore, 2010). Snowmelt can
significantly recharge deep flow paths and contribute to summer
baseflow, even where a basin contains only a small snow-fed head-
water (Beaulieu et al., 2012; Wade et al., 2001). The quantity of
discharge in the low-flow season is, therefore, determined by a
combination of previous winter snowpack and snowmelt
dynamics, summer season precipitation, and summer air
temperature.
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The proportion of snowmelt- and rainfall-derived runoff in
hybrid streams varies year to year, so that the annual runoff pat-
tern may fluctuate from a ‘more rainfall-dominated’ regime to a
‘more snowmelt-dominated’ regime (Moore et al., 2007). A high
between-year range in flows from month to month is typical
(Moore et al., 2007). While winter runoff is flashy in hybrid
streams, summer flows are relatively stable due to few rainfall
events. This makes them favorable for tree ring-based reconstruc-
tion since high-magnitude rains are not typically registered by
annual tree growth increments (Meko and Woodhouse, 2011).
Summer streamflow in hybrid regimes usually increases during
cool/wet La Niñas paired with negative phases of the PDO, while
warm/dry El Niño years and positive phases of the PDO usually
coincide with a deepening of the Aleutian low, strengthening of
the Pacific North America pattern, and reduced winter precipita-
tion and summer runoff (Bonsal and Shabbar, 2008; Fleming
et al., 2007; Hamlet and Lettenmaier, 1999). Cool PDO phases exert
a strong influence on spring snowmelt dynamics, typically result-
ing in a later freshet, an increased persistence of meltwater into
summer, and generally enhanced summer runoff (Pike and
Spittlehouse, 2008).

The climatic drivers of drought in hybrid streams are twofold:
(1) less persistence of cool-season moisture into summer as a
result of less snowfall, more rain-on-snow events, and earlier
spring snowmelt; and, (2) an extension and intensification of the
warm dry period between spring and fall rains (Eaton and
Moore, 2010). Annual minimum streamflow has decreased in these
regimes over the last three decades especially during El Niño years,
and low-flow magnitudes are projected to decline by up to 50% by
the end of the century (Mantua et al., 2010; Rodenhuis et al., 2007).
Profound impacts to stream ecosystem health, Pacific salmon habi-
tat and survivorship (Nelitz et al., 2007; Young and Werring, 2006)
and human water use (Barnett et al., 2004; Kay and Blecic, 1996;
Kiffney et al., 2002; Mantua et al., 2010; Mote et al., 2003; Nelitz
et al., 2007) are documented.

3. Study area

The study area encompasses Vancouver Island and the south-
western slopes of the Pacific Ranges within the B.C. Coast
Mountain and islands physiographic region (Valentine et al.,
1978). High elevation areas experience short cool summers and
long, cool and wet winters typical of a maritime montane climate.
Pacific weather systems may deliver greater than 5000 mm of
annual precipitation the majority of which falls as snow above
1000 m asl during winter (Pojar et al., 1991). Warm and dry high-
pressure systems persist during summer (Valentine et al., 1978).

3.1. Study basins

Following the hydrological classification of Eaton and Moore
(2010), we chose four streams susceptible to climate-induced
low flows to represent typical small, coastal hybrid flow regimes
(Fig. 1). Stream classification was based on analysis of the stream
hydrographs (Fig. 2), median and maximum basin elevation, and
mean annual discharge values (Table 1). We avoided watersheds
characterized by major historical land-use and vegetation change,
and those containing natural storage features. Each basin exhibits
unprecedented recent (Chemainus River: Craig, 2004; Kanaka
Creek Regional Park Management Plan, 2004; Tsable River:
Coulthard and Smith, 2015) or predicted (Zeballos River: Déry
et al., 2009) summer streamflow drought. Five species of wild
Pacific salmon use the rivers for spawning and rearing and have
been negatively affected by reduced summer flows (B.C.
Conservation Foundation, 2006; Craig, 2004; Gaboury and
McCulloch, 2002; Poulin, 2005).

Kanaka Creek is located northeast of the city of Vancouver on
the B.C. mainland, where it drains a small area of the Garibaldi
Ranges on the northern margin of the Fraser Valley to the Fraser
River and Strait of Georgia (Fig. 1; Table 1). The lowermost reaches
of the basin are heavily urbanized. The Chemainus River watershed
is located on the east coast of Vancouver Island where it drains
high-elevation areas surrounding Mts Brenton and Whymper
(Fig. 1; Table 1). A band of urban development occupies a small
portion of the watershed at the town of Chemainus, where the
river flows eastward into the Strait of Georgia. The Tsable River
watershed drains the northeastern portion of Beaufort Range on
central Vancouver Island, and contains several small lakes includ-
ing Tsable Lake (�1 km2) (Fig. 1; Table 1). Both Chemainus and
Tsable rivers experience relatively low mean annual discharge rel-
ative to basin size as they are located in the rain shadow of the
Vancouver Island Ranges (Moore et al., 2007). Zeballos River is
located on the northwest coast of Vancouver Island where it drains
the steep western slopes of the Haihte Range to Zeballos Inlet and
the Pacific Ocean (Fig. 1; Table 1). The Zeballos watershed contains
a small lake and run-of-river hydroelectric project.

Lowest mean monthly discharge in the four watersheds occurs
in July and August (Fig. 2). Winter precipitation falls predomi-
nantly as rain in the lower portions of the catchments, and as snow
above 1000 m asl (Eaton and Moore, 2010). Snow remains in
storage until the onset of spring melt, often persisting well into
summer at high elevations (Pojar et al., 1991). Industrial logging
has occurred throughout all of the watersheds, and remains the
dominant human land use in the three Vancouver Island basins.

3.2. Forest stands

The mountain hemlock trees sampled for this study were
located between 900 and 1500 m asl within the Mountain Hemlock
biogeoclimatic zone (Table 2; Klinka et al., 1991). At this elevation
the annual radial growth of mountain hemlock is typically limited
by growing season length, which is in turn controlled by snow
depth and meltout timing (Gedalof and Smith, 2001;
Marcinkowski et al., 2015; Peterson and Peterson, 2001). Seventy
percent of annual precipitation falls as snow and deep late-lying
snowpacks maintain near-freezing soil temperatures that impede
growth often as late as the end of July (Peterson and Peterson,
2001; Pojar et al., 1991). At lower elevations where snow melts
earlier mountain hemlock trees may also be sensitive to summer
temperature fluctuations, in either the year of or the year prior
to growth (Marcinkowski et al., 2015). Climatic growth limitations
may be periodically disturbed, for example by fungal pests
(e.g. Heterobasidion annosum) or hemlock dwarf mistletoe
(Arceuthobium tsugense) (Means, 1990).

4. Data and methods

A network of mountain hemlock annual TR-width records
(chronologies) potentially sensitive to annual maximum snow
depth was constructed from TR records developed specifically for
this study and additional TR chronologies developed by
Coulthard and Smith (2015). These data were combined with an
existing grid point-based reconstruction of summer Palmer
Drought Severity Index (PDSI; Cook et al., 1999, 2004) to
reconstruct summer (July–August) regionalized streamflow for
the target basins.

4.1. Tree-ring data

TR data were derived from tree cores collected in fall 2012 and
from raw (un-crossdated) digital measurements of previously
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collected tree cores archived at the University of Victoria Tree-Ring
(UVTRL; Table 2). The TR samples were not necessarily collected at
sites within the study watersheds. Rather the primary criterion for
site selection was maximization of the sensitivity of annual radial
tree growth to regional-scale maximum snow depth variations
(Smith and Laroque, 1998; Laroque and Smith, 2003). Two cores
were removed from mature trees at standard breast height using
a 5.0 mm increment borer, glued to slotted boards, and sanded to
enhance annual ring boundaries. Ring widths were measured to
an accuracy of 0.001 mm using a Velmex measuring stage system,
and crossdated (pattern-matched) using a visual list method that
was verified statistically using the program COFECHA 3.0
(Grissino-Mayer, 2001; Holmes, 1983).

TR chronologies were developed using the R package dplR
(Bunn, 2008). A long-term age-related growth trend is typically a
feature of TR data that must be removed to make inferences about
climate-related growth variations (Fritts, 1976). TR width series
(measurements from one tree core) were detrended by fitting a
cubic smoothing spline with a 50% frequency response at wave-
length 100 years to each series and dividing the measured width
by the corresponding value of the fitted line (Cook and Peters,
1981). TR growth in the current year is often influenced by condi-
tions in antecedent years (Fritts, 1976). To remove this biological
persistence we fit a low-order autoregressive model (Box and
Jenkins, 1976) to the TR series, with order identified by the Akaike
Information Criterion (AIC). The ‘‘residual” TR series (Cook and

Fig. 1. Map of the study area. Different symbols for TR site chronologies mark members of the four regionalized TR chronologies.

Fig. 2. Above: Annual water-year (October–September) hydrographs of gauged
mean monthly discharge over the length of record used (Table 2) for each study
basin, in standardized flow units (black lines). Gray bars represent standardized
mean monthly discharge averaged across all basins, with the reconstruction season
highlighted with black bars. Below: Annual water-year hydrographs of the study
streams in years with a strong springtime snowmelt-derived discharge component.
The timing of this nival pulse is earlier (April) in the ‘more pluvial’ Chemainus
watershed, a lower-elevation basin where temperatures rise above zero and
snowmelt occurs earlier in the season.

Table 1
Study basin information.

River Station ID Lat/Long Gross drainage area (km2) Mean annual Qa (m3/s) Median/maximum basin elevation (m asl)

Kanaka 08MH076 49.20 48 2.7 230/1050
�122.53

Chemainus 08HA001 48.87 355 18.9 625/1539
�123.70

Tsable 08HB024 49.517 113 7.8 710/1500
�124.84

Zeballos 08HE006 50.01 178 25.9 740/1800
�126.84

a Calculated over the length of record used (1960–1997).
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Holmes, 1986) produced by this procedure have a zero-
autocorrelation structure matching that of the streamflow time
series we reconstruct in this study. Series from individual cores
were combined into single representative regional chronologies
using a bi-weight robust mean (Mosteller and Tukey, 1977). Ade-
quacy of the sample size for capturing the hypothetical population
growth signal was assessed with the expressed population signal
(EPS; Wigley et al., 1984) and chronologies were truncated where
EPS fell slightly below the below the standard value of 0.80. The
hypothetical growth signal is an estimate of the extent that a TR
chronology based on a finite number of trees represents a hypo-
thetically perfect TR chronology based on an infinite number of
trees (Wigley et al., 1984).

4.2. PDSI data

The PDSI is a widely used regional drought index that incorpo-
rates temperature, precipitation, and soil moisture storage into a
single measure of drought severity (Palmer, 1965). Reconstructed
annual values of the PDSI for grid cell 24 were downloaded from
the NOAA National Climatic Data Center website (2.5� by 2.5� grid
cell centered on 50�, �125�; data period used: 1600–1990; http://
www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets;
Fig. 1). The 46 drought-sensitive chronologies used by Cook et al.
(2004) to generate the moderately strong (R2 = 0.37), well-
validated gridpoint-24 PDSI reconstruction are independent from
the chronologies used in this study.

4.3. Hydroclimate data

Mean monthly discharge records were downloaded from the
Water Survey of Canada website (http://www.wsc.ec.gc.ca/

applications/H2O/index-eng.cfm). In addition to fulfilling criteria
described previously the study basins were selected based on the
length of continuous natural flow data, and a uniform absence of
year-to-year statistical persistence during summer months, a
statistical feature typical of small coastal basins (Table 3). We sea-
sonalized (summed) the streamflow data (m3) over July–August for
each stream to target the drought season (Eaton and Moore, 2010;
Table 3). We calculated z-scores of summer streamflow for each
stream over the common data period (1960–2012), created
regionally-representative (‘‘regionalized”) data by averaging the
records, and applied a log10 transformation where the regionalized
data were significantly skewed (Table 3). Regression models were
estimated on transformed flows, but are back-transformed and
presented as z-scores for plotting and analysis.

We estimated records of precipitation-as-snow (PAS) anomalies
on the coordinates of the TR sample sites, and maximum monthly
temperature and total monthly precipitation anomalies on the
coordinates of the streamflow gauge station sites, using the pro-
gram ClimateWNA, ver. 4.83 (Wang et al., 2012), which downscales
PRISM (Daly et al., 2002) monthly data (2.5 � 2.5 arc min) over the
reference period 1961–1990. The PAS data are calculated from
average air temperature and total precipitation estimates at a
given coordinate location and elevation (Wang et al., 2012). Gen-
eral statistical agreement between the monthly PAS data and snow
depth and SWE data from manual snow survey sites, as well as the
insufficient lengths of the instrumental snow records for compar-
ison with the tree-ring data, prompted us to use PAS data for the
subsequent analysis (stations 3B01, 3B02A, 3B23P, 1D16; http://
bcrfc.env.gov.bc.ca/data/survey/). We seasonalized (summed) the
PAS data over the period where values were >0 (October through
April) as an estimate of annual maximum snow depth, the param-
eter that most strongly influences tree growth. Climate data were

Table 2
Tree-ring chronology information. Regional chronologies in italic font.

Chronology name Inter-series ra Latitude, longitude Length (yrs)b Trees, series (#) Mean
r1

c

North Island Regional Chronology
Bulldog Ridged 0.53 50�170 , �127�140 1845–1997 6, 9 0.72
Castle Mtn.d 0.45 50�280 , �127�030 1845–1997 7, 10 0.75
Colonial Creekd 0.43 50�170 , �127�330 1940–1997 5, 7 0.76
Silver Spoond 0.48 49�580 , �126�400 1955–1996 8, 11 0.66
N. Isl. Regionald 0.51 1630–1997 37, 28 0.72

Central Island Regional Chronology
Mt. Washingtond 0.63 49�290 , �125�170 1795–1996 12, 15 0.68
Mt. Appsd 0.54 49�260 , �124�570 1795–1996 22, 40 0.63
Cream Laked 0.61 49�290 , �125�310 1525–1995 18, 29 0.68
Mt. Arrowsmithd 0.63 49�140 , �124�340 1575–1997 8, 11 0.72
C. Isl. Regionald 0.58 1510–1997 61, 95 0.68

South Island Regional Chronology
Mt. Franklyn 0.50 48�540 , �124�110 1880–1996 16, 28 0.79
Mt. Becher 0.55 49�640 , �125�220 1668–1997 18, 32 0.76
Mt. Brenton 0.48 48�540 , �123�500 1726–1996 11, 17 0.77
Pirate Peak 0.54 49�060 , �124�520 1810–1997 20, 33 0.72
Gemini Mtn. 0.56 49�010 , �124�190 1850–1996 17, 26 0.64
Mt. Moriarity 0.61 49�080 , �124�280 1738–1996 20, 36 0.73
Douglas Peak 0.58 49�260 , �124�570 1750–1996 20, 37 0.82
Wapiti Ridge 0.62 48�540 , �124�260 1784–1996 21, 38 0.75
TAD Ridge 0.50 48�410 , �124�160 1720–1996 17, 28 0.75
S. Isl. Regional 0.54 1680–1997 160, 275 0.74

Mainland Regional Chronology
Joffre Lakes 0.61 50�210 , �122�290 1711–2012 15, 28 0.73
Mt. Cheam 0.70 49�100 , �121�400 1592–1999 22, 39 0.80
Brandywine 0.67 50�060 , �123�130 1740–1998 17, 30 0.69
Mainland Reg. 0.57 1658–2012 34, 59 0.57

a Calculated using the program ARSTAN.
b Length truncated where expressed population signal (EPS; Wigley et al., 1984) <0.80.
c Mean first-order autocorrelation of all TR series, calculated using the program COFECHA prior to autoregressive modeling.
d Developed by Coulthard and Smith (2015).
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regionalized by averaging, missing values in both the streamflow
and climate data were filled using a long-term mean (<2% of each
dataset), and records were truncated where >2 consecutive yearly
values were absent.

We used the NOAA Multivariate ENSO Index (MEI) ranks
(http://www.esrl.noaa.gov/psd/enso/mei/) and standardized val-
ues of the PDO index, downloaded from the NOAA Earth System
Research Laboratory website (http://www.esrl.noaa.gov/
psd/data/climate indices/list/) to explore the influence of climate
modes on streamflow within the instrumental period. We only
analyzed values of the PDO index during winter (October through
March) months since year-to-year variability in the index is most
energetic during that season (Mantua, 2002).

4.4. Diagnostic correlation analysis

As a verification of the assumptions underlying our model, the
Pearson correlation coefficient was used to summarize the
strength of linear relationships among the TR, streamflow, and
climate data. An effective sample size (Dawdy and Matalas,
1964) was used as needed to adjust for persistence in testing
correlation for significance.

We first checked whether the individual stream and regional-
ized summer streamflow data are controlled by the expected
climate parameters (annual maximum snow depth, and summer
temperature and precipitation). We tested correlations of the
streamflow data with previous winter PAS and same-year recon-
structed values of the PDSI index, under the assumption that the
PDSI operates primarily as a surrogate for summer temperature
and precipitation variations. Temporal stability of correlations
was tested using a difference-of-correlations test that includes a
Fisher’s Z transformation of correlations (Snedecor and Cochran,
1989).

Following this we verified that reconstructed PDSI is an appro-
priate proxy for summer-season temperature and precipitation
fluctuations in the study basins. These correlation tests were calcu-
lated using the program Seascorr, which summarizes the strength
of relationship of annually resolved time series (e.g. PDSI) with
monthly and seasonally aggregated climate data and assesses sig-
nificance of correlation by a Monte Carlo method (Meko et al.,
2011). We tested monthly and seasonal correlations between
reconstructed PDSI and maximum temperature data for periods
ending in each month of the 14-month period beginning in July
of the previous year and ending in August of the current year. Par-
tial correlations calculated by Seascorr were then used to identify
any influence of seasonal precipitation on the PDSI data indepen-
dent of the temperature influence.

We also used Seascorr to eliminate from further analysis any of
the TR chronologies without significant (p < 0.05) linear, tempo-
rally stable relationships with previous winter PAS. The TR dataset
was reduced further by computing regional TR chronologies
from subsets of trees from highly correlated site chronologies.

Aggregating chronologies in this way can extend the length of
the TR records, and consequently the model prediction period, by
enhancing the number of TR series, and the signal-to-noise ratio
in the early portion of the data (Cook and Kairi�ukštis, 1990). As a
final step, Principal Components Analysis (PCA) was run on the
regional chronologies to derive independent time series that
emphasize common TR variability (Kachigan, 1982). Only the
eigenvectors with eigenvalues statistically greater than 1.0 were
retained (North et al., 1982). The regional chronologies, PCs of
the regional chronologies, and reconstructed PDSI data were eval-
uated as candidate predictors for the dendrohydrological model.

4.5. Reconstruction model

The reconstruction model was estimated by forward stepwise
multiple linear regression of the regionalized July–August stream-
flow in year t on the pool of predictor variables model in years t, t
+ 1, and t + 2. Lagswere included to allow TR information in ensuing
years to inform on climate conditions in the current year (Cook and
Kairi�ukštis, 1990). A suite of streamflow models were developed
based on various predictor groupings, and evaluated based on
explanatorypower (adjustedR2 statistic),modelfit andassumptions
(analysis of themodel residuals, Durbin–Watson and variance infla-
tion factor statistics: DW and VIF), a measure of uncertainty of the
predicted values of themodel calibration (standard error of the esti-
mate: SE), and an estimate of the statistical significance of the
regression equation (F-ratio). Due to the short length of the overall
model calibration period we conducted two validation procedures,
leave-one-out (LOO) cross-validation and split-period validation.
Validation statistics were estimated by comparison of the observed
and predicted values for each procedure (Michaelsen, 1987; Snee,
1977). These included the reduction of error (RE; Fritts, 1990), a
measure of uncertainty of the predicted values over the validation
period (root mean square error of cross-validation; RMSEv), and
the Pearson correlation (r) and R2 of the observed and estimated val-
ues. A sign test provided ameasure of the number of times the direc-
tion of the departures of the annual values from the sample means
agreed and disagreed (Cook and Kairi�ukštis, 1990). The best model
was calibrated on the full period of July–August streamflow data
and used to reconstruct regionalized streamflow over the length of
the shortest predictor dataset. We used correlation analysis and a
previously described difference-of-correlations test to confirm that
the predictors selected for our model are linearly correlated with
reconstruction-season discharge over the full period of the instru-
mental record.

4.6. Analysis of the reconstruction

We compared statistical properties of the gauged and recon-
structed flows to assess their similarity within and outside the
instrumental period. The 0.05 quantile, or fifth percentile, of
single-year reconstructed flows was selected as a threshold defin-
ing a drought event. To put contemporary low-flows in the context
of the instrumental period, we determined the timing and magni-
tudes of drought events relative to the reconstructed instrumental
period mean discharge, and calculated a recurrence interval for
these events following the equation of Mays (2005). We compare
flow duration curves of the reconstructed and gauged streamflow
records to determine if worst-case scenario drought magnitudes
and probabilities would be similarly estimated from observed
and modeled data. The regionalized flow data and the instrumental
period reconstructed record were compared with instrumental
records of ENSO and winter PDO over the common data period
1960–1990 to investigate large-scale climatological influences on
droughts and wet episodes. A test of proportions (Newcombe,
1998) was applied to determine whether the proportion of years

Table 3
Summer streamflow statistics.

River Period of record
used

cva skewb r1
c % missing

values

Kanaka 1960–2011 0.50 2.15⁄ �0.17 0.0
Chemainus 1960–2011 0.68 3.78⁄ 0.05 1.9
Tsable 1960–2009 0.70 2.16⁄ 0.07 1
Zeballos 1960–2011 0.33 2.38⁄ 0.03 1.4

a Coefficient of variation.
b Skewness coefficient; significance at p < 0.05 (*) determined by D’Agostino

normality test (D’Agostino and Pearson, 1973).
c First-order autocorrelation coefficient (none significant (p < 0.05) for lags 1–10;

Venables and Ripley, 2002).
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with below- or above-median runoff during strong El Niño/La Niña
years equals the proportion of years with below- or above-median
runoff during weak- and non-El Niño/La Niña years. The strength of
El Niño/La Niña events was based on MEI ranks (http://www.esrl.
noaa.gov/psd/enso/mei/). For winter PDO, the previously described
test was used to test for significant difference of correlation
(Snedecor and Cochran, 1989) of PDO with streamflow in the cool
(1960–1976) versus warm (1976–1990) phases that occurred
within our record (Mantua, 2002); effective sample size (Dawdy
and Matalas, 1964) was used for this test, as needed, to adjust
for autocorrelation in the individual series. A Morlet wavelet anal-
ysis on the full period of the reconstructed data highlights localized
variations of power over time (Torrence and Compo, 1998).

5. Results

5.1. Tree-ring data

Wedeveloped 19 new site-levelmountain hemlock chronologies
for this study, and also analyzed 10mountain hemlock chronologies
developed by Coulthard and Smith (2015; Table 2). Seven chronolo-
gies were omitted from further analysis as they did not meet mini-
mum requirements (chronology information not presented).
Interseries correlation values of the detrended series used in the
study ranged from r = 0.43 to 0.67, indicating strong synchronicity
among the records. Analysis of the cross-correlation matrix showed
strong statistical agreement among groups of site-level chronolo-
gies developed for this study, providing justification for developing
two regional mountain hemlock chronologies that represent south
Vancouver Island and the south coastal mainland of B.C (Fig. 1).
We also used regional chronologies developed by Coulthard and
Smith (2015) that represent northern and central Vancouver Island
(Fig. 1). The four regional chronologies have series intercorrelation
values ranging from0.50 to0.57andminimum(maximum) chronol-
ogy lengths of 317 (487) years (Table 2). Correlation values among
regional chronologies ranged from r = 0.57 to 0.74 (p < 0.01).

5.2. Diagnostic correlation analysis

Both the individual stream and regionalized summer stream-
flow records exhibit temporally stable significant positive linear
correlations with previous winter PAS and reconstructed values
of the PDSI (Table 4). None of the datasets, including PDSI, exhib-
ited significant autocorrelation at lags <10 years. Results of the
Seascorr analyses indicate that the reconstructed PDSI record is
primarily sensitive to variability in summer temperature and pre-
cipitation, and is also weakly associated with precipitation in the
previous autumn (Fig. 3A and B). The index exhibits strongest
time-stable monthly and seasonal negative correlations with max-
imum temperature during June–July. A positive correlation with
precipitation during June–August is evident (Fig. 3B) from partial
correlations that adjust for the strong negative inter-correlation
between precipitation and temperature during warm-season
months (Fig. 3C). The partial correlations also indicate a strong sea-
sonal pattern in the inter-correlation of monthly precipitation and
temperature in the study area, with positive correlation in winter
and negative correlation in other months (Fig. 3C). Taken together,
these hydroclimate relationships support the interpretation that
the study watersheds and the regionalized data derived from them
represent hybrid annual flow regimes.

5.3. Reconstruction model

Stepwise regression identified reconstructed PDSI and the first
principal component (PC1) of the regional TR chronologies as the

best predictors of regionalized summer streamflow. PC1, with
same-sign weights (0.92–0.73) on the four regional chronologies,
explained 73% of the regional-chronology variance. The final recon-
struction model is shown in Eq. (1):

Q ¼ 0:235� ð0:100 � PC1Þ þ ð0:041 � PDSIÞ ð1Þ
The model explains 64% of the variance (adjusted R2 = 0.64) of

regionalized summer streamflow, Q, in the 31-year (1960–1990)
calibration period. Each model predictor is significantly (p < 0.01)
linearly correlated with the regionalized streamflow data over
the full period of the common record, without the influence of
statistical outliers (Fig. 4). The reconstruction spans the period
1658–1990. Values of the standardized regression coefficients
indicate that PC1 (�0.602) has a larger effect in determining the
dependent regionalized flow values than reconstructed PDSI
(0.370). We checked that PC1 was significantly linearly correlated
with winter PAS (r = �0.66, p < 0.01) and that this relationship was
stable over time (p = 0.62 for the previously described difference-
of-correlations test).

Reconstruction, cross-validation, and split-period validation
statistics are summarized in Table 5 and the reconstruction is plot-
ted in Fig. 5. Collinearity diagnostics indicate that the model pre-
dictors are adequately independent (Table 5), the F-ratio suggests
that the regression equation is statistically significant, and positive
RE values close to the calibration R2 values, similar SE and RMSEv
values, and strong relationships between the observed and pre-
dicted values of the validation periods indicate a well-validated
model (Table 5; Fig. 5). The results of the sign tests indicate the
direction of observed and expected departures from the sample
means agree significantly more often than would be expected by
chance (Table 5).

Analysis of regression residuals revealed no violation of regres-
sion assumptions, and suggested generally symmetric error in the
estimation of high and low instrumental flows. Visual inspection of
the calibration period time plot confirms this, showing over- and
under-predictions throughout the record for both high- and low-
flow years (Fig. 5). The model is unusually effective for estimating
the magnitudes of extreme events, with little compression of the
reconstruction variance relative to the instrumental data despite
an expectation of compressed variance in TR based regression anal-
ysis (Fig. 5; Meko and Graybill, 1995). The magnitudes of lowest
instrumental flow years are particularly accurately estimated; no
major discrepancies between gauged and reconstructed records
occur during those years.

5.4. Analysis of the reconstruction

The basic statistical properties of the regionalized flow data are
preserved in the reconstructed instrumental and pre-instrumental
records (common instrumental data interval only); autocorrelation

Table 4
Hydroclimate correlations and their temporal stability. Analysis period 1960–1990.

Streamflow data (July–August) Winter PASa pb PDSIc pb

Regionalized 0.54 0.31 0.59 0.93
Kanaka 0.34 0.74 0.61 0.85
Chemainus 0.59 0.87 0.65 0.37
Tsable 0.60 0.40 0.42 0.97
Zeballos 0.49 0.06 0.36 0.70

a Correlation of regionalized streamflow with winter precipitation-as-snow; all
correlations significant at 0.01 level.

b p-value for a test of the null hypothesis that the population sample correlations
in preceding column for the first and second halves of the 1960–1990 period are the
same (those split-sample correlations not listed).

c Correlation of regionalized summer streamflow with summer reconstructed
PDSI at gridpoint 24; all correlations significant at 0.01 level.
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is absent at lags <10 years and mean, minimum, and maximum
flows are similar (Table 6). The greatest discrepancy is larger max-
imum flows in the pre-instrumental period. The instrumental per-
iod reconstruction exhibits a similar range of variance to that of the
gauged data, while the coefficient of variation (CV) for the instru-
mental portion of reconstruction is smaller (Table 6). A 5-year run-
ning mean highlights generally regularized interdecadal variability
in the full-period reconstruction (Fig. 6).

Seventeen bottom fifth percentile flows occurred within the
reconstructed record. Remarkably, none of these events occurred
during the instrumental period. The reconstruction suggests
droughts of this magnitude have a 21-year recurrence interval.
The timing and magnitudes of bottom fifth percentile flow years
are plotted in Fig. 6 and listed in Table 7, and the flow threshold
(z-score < �0.93) is delineated with a black-hatched line on the
reconstruction time plot (Fig. 6). Note that for context the hatched
line extends beyond the interval of reconstruction into the contem-
porary period, although these data were not included in the per-
centile or recurrence interval calculations. Our reconstruction
indicates that bottom fifth percentile flows occurred in two con-
secutive years in 1868 and 1869, and that they did not persist for
more than two years at any time. The most extreme single-year
departures occurred in 1674, 1682, and 1958, and the magnitudes
of these departures exceed any within the gauged record, with the
exception of 1985. Flow duration curves (low flow region only,
p > 0.50) are plotted in Fig. 7. Whether compared with the shorter
gauged streamflow record from the calibration period (1960–
1990) or the full gauged streamflow record 1960–2012), the recon-
struction curve (1658–1990) suggests a higher probability of more
severe droughts than the gauge data suggests.

Fig. 3. (A) Monthly and seasonal correlations between reconstructed PDSI and regional maximum temperature (T) data, over 1-, 2-, 3-, and 12-month sliding windows
beginning in the previous July through current August. The strongest correlation is during June–July (r = �0.68, p < 0.01). (B) Monthly and seasonal partial correlations
between reconstructed PDSI and regional total precipitation (P) data, controlling for the influence of T. The strongest independent correlation of reconstructed PDSI with P is
during June–July–August (r = 0.65, p < 0.01). (C) Monthly intercorrelations of T and P. Red-hatched lines represent 95% confidence intervals. All correlations were calculated
using Seascorr. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Scatterplots of the regionalized flow data and PC1 (left) and reconstructed
PDSI (right). Correlations significant at the 99% level.

Table 5
Reconstruction, cross-validation, split-period validation, and sign-test statistics.

Reconstruction R2 Adj. R2 D-Wa VIF SE F-ratio**

0.66 0.64 1.70 1.16 0.09 27.86

LOO validation RE RMSEvb rc R2v
d Sign test (agree/disagree)

0.60 0.096 0.78 0.60 27/31**

Split-period validation RE RMSEvb R2c Sign test (agree/disagree)

1960–1974 0.77 0.101 0.76 14/15**

1975–1990 0.55 0.106 0.53 11/16*

a Durbin–Watson statistic.
b Derived from transformed z-scores of Q.
c Cross-validation r (p < 0.01).
d Cross-validation R2.
* p < 0.05.

** p < 0.01.
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Neither the regionalized or reconstructed flows exhibited a sig-
nificantly different proportion of below- or above-median flows
during strong El Niño/La Niña years relative to weak and non-El
Niño/La Niña years (Table 8). Both regionalized and reconstructed
instrumental period flows were significantly negatively correlated
with values of the PDO index during winter (Table 9). Analysis of
subperiods revealed that, for both records, the influence of the
PDO is stronger during the cool phase of the oscillation, although a
test of the difference in correlations between subperiods was only
significant for the gauged data. The wavelet power spectrum of the
reconstructed flow data identifies significant but intermittent
power in the approximately 4- to 10-year bandwidths, energy at
approximately 16-year periods in the early part of the record, and
an absence of multidecadal variability except in the early 1800s
(Fig. 8).

6. Discussion

6.1. Predictor selection and model estimation

Our model effectively estimates variability in regionally-
synchronous low-flow season stream discharge for the hybrid
watersheds examined in this study. Correlation analyses indicate
that: (1) the flow data are driven by variations in previous winter
PAS, and summer air temperature and total summer precipitation;
and, (2) the selected model predictors serve as proxies for those cli-
mate variables.

TR width variability as captured by PC1 operates as a proxy for
winter PAS; increased PAS results in a shorter growing season and
smaller ring widths, and also promotes greater summer-season
runoff. Marcinkowski et al., (2015) found that prior to 2000, energy
limitation by late-lying snow was the only time-stable control on
the annual growth of mountain hemlock trees in the nearby
Cascade Mountains, which is encouraging for the use of this spe-
cies as a proxy for snowmelt-dominated streams. The authors also
report that some post-2000 mountain hemlock trees exhibit a
weakened relationship to winter precipitation, possibly due to
the increasingly growth-limiting role of climbing spring tempera-
tures, however our reconstruction omits data from that period.

Reconstructed PDSI for gridpoint 24 is sensitive to regional-
scale fluctuations in maximum temperature and total precipitation
during summer (Fig. 3). In years where values of the PDSI are
lower, summer conditions are warmer, evaporation is greater,

Fig. 5. (A) Time plot of the gauged (black line) and estimated (hatched line) records from the model calibration, and (B) time plot of previous December through March PAS
(black line) and reconstructed PDSI (hatched line).

Table 6
Descriptive statistics of gauged and reconstructed flow data, as z-scores.

Flow data type (back-transformed) cva Mean Max Min r1
b

Regionalized gauged 6.4 �0.11 1.41 �1.12 �0.045
Instrumental period reconstructed 5.3 �0.11 1.72 �0.91 �0.160
Pre-instrumental period

reconstructed
3.4 �0.19 2.37 �1.18 �0.110

a Coefficient of variation.
b First-order autocorrelation coefficient (none significant (p < 0.05) for lags 1–10;

Venables and Ripley, 2002).

Fig. 6. Time plot of reconstructed regionalized summer streamflow plotted as z-scores (black line) with a five-year running mean (heavy black line), and gauged data (blue
line). The gray envelope represents 95% confidence intervals calculated from the RMSEv following the equation of Weisberg (1985). The vertical black bars represent bottom
fifth percentile flows relative to the reconstructed instrumental period mean discharge. The bottom fifth percentile flow threshold (z-score < �0.92) is delineated on the time
plot with a black-hatched line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and precipitation and streamflow are reduced. The results of the
correlation analyses are consistent with the assumption that the
reconstructed annual values of the PDSI serve as a proxy for
summer air temperature and to a lesser extent summer precipita-
tion in our reconstruction. Although warmer conditions could

Table 7
Lowest reconstructed and gauged flows, listed in order of severity. (A) Pre-
instrumental period bottom fifth percentile low flows; (B) lowest gauged flows, with
departures calculated from the 1960 to 1990 gauged mean.

Year Departure from mean z-score Score

(A) 1958 �0.99 �1.17
1674 �0.93 �1.11
1682 �0.89 �1.08
1905 �0.84 �1.02
1863 �0.83 �1.02
1868 �0.83 �1.01
1839 �0.82 �1.00
1741 �0.81 �0.99
1869 �0.80 �0.99
1792 �0.78 �0.97
1941 �0.78 �0.97
1704 �0.78 �0.97
1756 �0.78 �0.96
1783 �0.77 �0.96
1823 �0.77 �0.95
1951 �0.75 �0.93
1721 �0.74 �0.93

(B) 1985 �1.01 �1.12
1965 �0.90 �1.01
1992 �0.87 �0.98
1996 �0.80 �0.91
2009 �0.73 �0.84
2003 �0.71 �0.82

Fig. 7. Flow duration curves of the low flow region only (p > 0.50). In panel A the
curve from the calibration period hydrometric data (1960–1990; blue line) is
compared with curves from the calibration period reconstruction (gray line) and the
full-period reconstruction (black line). In panel B hydrometric data from the full
available data record (1960–2012; blue line) are compared with the reconstruction
curves from panel A. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 8
Test of proportions assessing the association of regionalized summer runoff (Q) with
El Niño and La Niña events over the period 1960–1990. Calculated using R function
prop.test. Proportions of years in each streamflow category in parentheses. The null
hypothesis that groups have the same true proportions was true for all tests, p-values
ranged from 0.31 to 0.73.

Streamflow category # El Niño years # weak/non-El Niño years

Regionalized Q (gauged)
Below median 5 (38.5%) 14 (56.0%)
Above median 8 (61.5%) 11 (44.0%)
Total 13 (100%) 25 (100%)

Reconstructed Q
Below median 6 (46.2%) 13 (52.0%)
Above median 7 (53.8%) 12 (48.0%)
Total 13 (100%) 25 (100%)

Streamflow category # La Niña years # weak/non-La Niña years

Regionalized Q (gauged)
Below median 5 (41.7%) 17 (65.4%)
Above median 7 (58.3%) 9 (34.6%)
Total 12 (100%) 26 (100%)

Reconstructed Q
Below median 7 (58.3%) 12 (46.2%)
Above median 5 (41.7%) 14 (53.8%)
Total 12 (100%) 26 (100%)

Table 9
Associations of regionalized and reconstructed flows with PDO variability over the
instrumental period.

Full period Cool
phase

Warm
phase

N1, N2
a pb

Regionalized
streamflow

r = �0.37
(p < 0.05)

�0.67
(p < 0.05)

0.08
(p < 0.05)

17, 21 0.012

Reconstructed
streamflow

�0.35
(p < 0.05)

�0.60
(p < 0.05)

�0.14
(p < 0.05)

17, 21 0.124

a Effective sample sizes for early and late periods.
b p-value for a test of the null hypothesis that the population sample correlations

for the cool and warm phases are the same. Significant where p < 0.05.

Fig. 8. Morlet wavelet power spectrum on the full-period reconstructed streamflow record. Black contours represent a 95% confidence level based on a white-noise
background spectrum. The hatched area represents areas of the spectrum susceptible to the effects of zero padding (Torrence and Compo, 1998).
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theoretically increase flow inputs from snowmelt, most snow
meltwater is likely in the groundwater system by July–August
(Beaulieu et al., 2012).

Because year-to-year streamflow in the small study watersheds
is not autocorrelated, we were able to estimate a paleohydrological
model based on predictors that inform only on single-year flows,
without risking underestimation of an autocorrelated discharge
component. In contrast, dendrohydrological models in large basins
with slow concentration times can rely on complicated regression
models including time-lagged TR variables to capture the depen-
dence of flows in a given year on climatic conditions in previous
years (Loaiciga et al., 1993). Where flashy discharge does not pre-
clude the dendrohydrological approach, small watersheds may
lend themselves to simpler TR-derived streamflow models based
on a smaller number of predictors, as well as a lower probability
of model over fitting. For this study, targeting the low-flow season
enabled us to avoid the flashy winter high-flow period.

6.2. Reconstructed record and drought events

Generally, our reconstruction describes an historical pattern of
intra-decadal high- and low-flow oscillations, with few sustained
periods of very high or very low discharge. This lack of persistence
is typical of a hybrid flow regime, and an important feature of the
flow data for water management. It was critical that the zero-
autocorrelation structure in our small study basins not be distorted
by using TR data that contain biological persistence as model pre-
dictors, in this case through the use of residual chronologies (Meko
and Woodhouse, 2011).

All of the seventeen reconstructed bottom fifth percentile flow
years occurred prior to the hydrometric data period. With the
exception of very low instrumental flows in 1985, sixteen of these
events were more extreme than any in the gauged record (Fig. 6;
Table 6). Our reconstruction suggests that pre-instrumental
droughts were more severe than those in 1992, 1996, 2003, and
2009, when water scarcity throughout south coastal B.C. severely
impacted municipal, hydroelectric, and agricultural water supplies
(B.C. Ministry of Environment, 2010; Puska et al., 2011). The recon-
structed record suggests both more severe worst-case scenario
droughts, and a slightly higher probability of those droughts, than
do the hydrometric data (Fig. 7). An important point in interpreting
these results is that there is unexplained variance in the recon-
struction, and a confidence interval around the low reconstructed
flows, such that the true flows may have been lower. Further,
reconstructed estimates of extremes are conservative due to
expected variance compression, so that a reconstruction flow dura-
tion curve could typically show only less extreme values than a
flow duration curve of observed streamflow values. It is therefore
significant that the reconstruction curve suggests more likely,
more severe droughts than the hydrometric curve. Especially given
the accuracy of the model in estimating lowest flow magnitudes,
our results suggest that: (1) extreme events cannot be reliably pre-
dicted based on the existing hydrometric flow record for hybrid
watersheds in south coastal B.C.; and, (2) water management
strategies based on these data are likely to underestimate worst-
case scenario naturally occurring droughts.

Both mean winter and summer temperatures are projected to
increase by 1.7 �C by 2050, while total summer precipitation is pre-
dicted to decrease by 13% (December–February; B.C. Ministry of
Water, Land and Air Protection, 2002; Pike et al., 2010). It is not
unreasonable to expect that future bottom fifth percentile-type
natural low flows exacerbated by projected climate change-
induced flow reductions could result in drought episodes of a
severity unprecedented in the last �350 years. We could not
account for the extreme 2014 and 2015 droughts due to the

unavailability of hydrometric data (B.C. Ministry of Forests, Lands
and Natural Resource Operations, 2014).

Diagnostic correlation analyses supported the interpretation
that lowest flows generally correspond with diminished snowpack
and/or unusually warm and dry summer conditions. Depending on
the fluctuating seasonal hydrology of hybrid regimes, hydrological
drought may be caused by reduced winter snowpacks, increased
summer temperature and aridity, or both. For example, inspection
of the model predictor values in lowest flow years shows that the
conspicuous droughts in 1682 and 1958 are coincident with large
negative values of the PDSI, while 1674 and 1905 had very large TR
index values expected during a year of reduced PAS.

6.3. Influences of ocean–atmosphere climate variability

The lack of relationship between the timing of high or low run-
off with strong El Niño/La Niña events is surprising since, in the
study region, warm dry El Niños typically reduce snowmelt-
derived summer runoff while La Niñas enhance it (Fleming et al.,
2007). ENSO fluctuations may not strongly determine regionally-
synchronous runoff in the study streams, but it is more likely that
either: (1) the sample size was too small for capturing real long-
term relationships between ENSO and streamflow; or, (2) the influ-
ence of summer climate conditions, expressed by the PDSI, period-
ically ‘overrides’ that of winter conditions in determining summer
runoff quantities. Visual inspection of time plots in Fig. 5 provides
some indication of an overriding effect of summer conditions par-
ticularly during the warm PDO phase. The year-to-year association
of gauged and estimated flows with PDSI during that phase is
stronger than with PAS, including in years of enhanced snowpack
followed by a warm/dry summer (e.g. 1985–1989). In contrast,
the PAS and PDSI records generally ‘‘agree” during the cool phase;
warm/dry conditions and cool/wet conditions persist from winter
to summer (e.g. 1968–1971) so that streamflow is more strongly
linked with PAS fluctuations during this phase. Although we could
not assess these relationships quantitatively, they are consistent
with the stronger—and in the case of the gauged record, signifi-
cantly different—correlation of streamflowwith winter PDO during
the cool versus the warm phase, and with the role of PDO cool
phases in enhancing snowmelt-derived runoff. The wavelet power
spectrum exhibits some ENSO-type interannual variability inter-
mittently throughout the reconstructed record, with loss of energy
across all bandwidths during 1730–1760 and 1880–1910, while
multi-decadal PDO-type variability is significant only during
1800–1850 (Fig. 7). Lower frequency variability may be absent as
a result of detrending applied to the TR data.

6.4. Comparison with other paleorecords

The distinctly coastal nature of our study basins is reinforced by
the general disagreement of our reconstruction with relevant pale-
oenvironmental records from continental western Canada and the
United States, including a large number of streamflow reconstruc-
tions of continental, glacierized basins using precipitation-limited
TRs (Axelson et al., 2009; Beriault and Sauchyn, 2006; Case and
MacDonald, 2003; Gedalof et al., 2004; Sauchyn et al., 2014). Those
records generally correspond with modes of ocean–atmosphere
variability affecting continental environments and are consistent
with historical north American-scale drought episodes (Cook
et al., 2004; Stahle et al., 2007). Nor does our record resemble
two streamflow reconstructions of non-hybrid basins in central-
western B.C. (Hart et al., 2010; Starheim et al., 2013). A TR-
derived reconstruction of May–July precipitation from the south
coast of Vancouver Island presented by Jarett (2008) bears little
resemblance to the streamflow record developed for this study,
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likely due to the limited influence of precipitation during that sea-
son on July–August streamflow in the watersheds analyzed here.

6.5. Sources of unexplained variance

Choices relating to chronology development and regression
model estimation, quality of the streamflow data, length of the cal-
ibration period, the inability of TRs to perfectly record climate fluc-
tuations, and periodic decoupling of TR-climate relationships, may
be responsible for a proportion of unexplained model variance.
Uncertainty in the low-frequency component of streamflow vari-
ability is likely due to the detrending that we applied to the TR
measurements. Sources of uncertainty not captured by the regres-
sion error variance include changes in watershed characteristics,
undetected flow inputs lagged over years due to storage, and unde-
tectable historical changes in the relationship between TR widths
and climate. The model error of the reconstructed PDSI data is
not explicitly accounted for in our regression modeling.

7. Conclusion

Our reconstruction indicates that recent droughts in hybrid
watersheds in south coastal B.C. were not as severe as those that
occurred naturally in the pre-instrumental period. Sixteen
droughts occurred since 1658 that were more extreme than any
in the gauged record. A frequency analysis of the reconstructed
record suggests more severe worst-case scenario droughts and a
slightly higher probability of those droughts than does a frequency
analysis of the hydrometric data. This emphasizes both the useful-
ness of long-term records for probabilistic drought assessment,
and the value of dendrohydrology as a source of long-term records.
We suggest that water management strategies based on lowest
observed flows determined from hydrometric data will underesti-
mate the potential magnitudes of natural drought scenarios in
these watersheds. In addition, if low-flow conditions anticipated
under climate change exacerbate lowest possible natural flows,
drought severities could exceed those in the past �350 years. We
reconstructed mean not minimum discharge values; actual low
flow magnitudes would depart even further from mean flow val-
ues. We could not compare the extreme 2014 and 2015 droughts
with preceding events due to a lack of hydrometric data.

Both gauged and reconstructed regionalized flows were nega-
tively associated with fluctuations in winter PDO, most strongly
during the PDO cool phase. The correlation of the gauged record
with the PDO index was, in fact, significantly different during the
cool versus warm phases, corroborating that summer discharge
in hybrid streams is more strongly influenced by cool- than
warm-phase PDO conditions as a result of increased snowmelt-
derived runoff during cool phases (Fleming et al., 2007). We found
no evidence of a statistical relationship between the timing of high
or low runoff years with strong El Niño/La Niña events. This may
have been due to an inability of the short comparable datasets to
capture extant hydroclimate relationships. Alternatively, visual
comparison of the streamflow data with PAS and PDSI records sug-
gested an overriding influence of summer climate conditions over
snowmelt quantities during the PDO warm phase, which could
account for weak runoff–PDO linkages during that phase. Our
reconstruction is distinctly coastal in flavor. It is incongruous with
paleohydrological records from continental environments or
records of spring precipitation and snowmelt-dominated stream-
flow as a result of the inconsistent year-to-year influence of snow-
melt on hybrid stream discharge.

From a model-development standpoint, we demonstrate that
TR-based reconstruction of small hybrid basins in temperate
environments can be optimized using a combination of PAS and

summer drought sensitive proxies as model predictors. Our model
hindcasts synchronous variability in summer discharge among the
four study streams over the interval 1658–1990, and explains 64%
of the discharge variance over the 1960–1990 model calibration
period. Targeting the low-flow season enabled us to avoid high
and flashy winter flows that cannot not be modeled using TRs in
the study environment, while the lack of year-to-year persistence
in the flow data made these watersheds amenable to a simple pale-
ohydrological model based on a smaller number of predictors and
minimized the probability of model over fitting. This study repre-
sents the first attempt to develop a paleohydrological model of
regionally-synchronous streamflow in B.C., and to our knowledge
provides the strongest annually resolved paleoenvironmental
record of streamflow in the province.
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