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Abstract

Few records of spring paleoclimate are available for boreal Canada, as biologi-

cal proxies recording the beginning of the warm season are uncommon. Given

the spring warming observed during the last decades, and its impact on snow-

melt and hydrological processes, searching for spring climate proxies is receiv-

ing increasing attention. Tree-ring anatomical features and intra-annual

widths were used to reconstruct the regional March to May mean air tempera-

ture from 1770 to 2016 in eastern boreal Canada. Nested principal component

regressions calibrated on 116 years of gridded temperature data were devel-

oped from one Fraxinus nigra and 10 Pinus banksiana sites. The reconstruction

indicated three distinct phases in spring temperature variability since 1770.

Ample phases of multi-decadal warm and cold springs persisted until the end

of the Little Ice Age (1850–1870 CE) and were gradually replaced since the

1940s by decadal to interannual variability associated with an increase in the

frequency and magnitude of warm springs. Significant correlations with other

paleotemperature records, gridded snow cover extent and runoff support that

historical high flooding were associated with late, cold springs with heavy

snow cover. Most of the high magnitude spring floods reconstructed for the

nearby Harricana River also coincided with the lowest reconstructed spring

temperature per decade. However, the last 40 years of observed and

reconstructed mean spring temperature showed a reduction in the number of

extreme cold springs contrasting with the last few decades of extreme flooding

in the eastern Canadian boreal region. This result indicates that warmer late

spring mean temperatures on average may contribute, among other factors, to

advance the spring break-up and to likely shift the contribution of snow to rain

in spring flooding processes.
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1 | INTRODUCTION

Boreal territories are prone to the impacts of climate
warming given the importance of snow accumulation and
snowmelt in their hydrological cycle (Buttle et al., 2016;
Aygün et al., 2019). In northern Canada, and particularly
since 1948, annual average temperature has increased
three times faster (+2.3�C) than the Earth's global rate
(Bush and Lemmen, 2019). The greatest observed
warming occurred in winter and spring months resulting
in a significant decrease in the length of the ice season
(Bush and Lemmen, 2019). Spring snowmelt and ice
break-up have occurred earlier since the beginning of the
20th century and this trend has been consistent across
Canada (Zhang et al., 2001a; Burn and Elnur, 2002; Pro-
wse and Bonsal, 2004; Duguay et al., 2006; Cunderlik and
Ouarda, 2009; Déry et al., 2009; Fu and Yao, 2015; Jones
et al., 2015; Vincent et al., 2015; Aygün et al., 2019; Chen
and She, 2020). Similarly, and since the 1950s, monthly
mean discharge across Canada has shown significant
increases in March and April, and significant decreases in
May (Zhang et al., 2001a). The timing of river and lake ice
break-up has also been found to be significantly and nega-
tively correlated with spring air temperature across
Canada (Duguay et al., 2006; Fu and Yao, 2015; Chen and
She, 2020). As a result, snow cover extent and duration
declined and particularly in the eastern part of the coun-
try (Brown, 2010; Mudryk et al., 2018; Aygün et al., 2019).
Snow water equivalent (SWE) has generally declined in
Canada since the 1950s except in northern and central
Québec where it has increased (Brown, 2010; Aygün
et al., 2019). In this region, increased mid-winter thaw,
winter rainfall instead of snow, and rain-on-snow events
(Brown, 2010; Jeong and Sushama, 2018; Vincent
et al., 2018) may also contribute to increase the SWE by
ice layering, and thus the water available for spring runoff
from snowmelt. Increasing air temperatures increase the
rate of evaporation and atmospheric humidity, which is
particularly noticeable in winter at high latitudes because
total precipitation (snow and rain) is normally limited by
below-freezing temperatures and low atmospheric humid-
ity (Davis et al., 1999; Zhang et al., 2000). The warming of
northern and eastern Canada since 1900 was then associ-
ated with an increase in the number of heavy rainfall
events in spring and in the number of heavy snowfall
events in autumn and winter (Zhang et al., 2001b). Warm
extremes are also becoming warmer and more frequent,
while cold extremes are becoming less cold and less fre-
quent, particularly in northern Canada and since the
1950s (Vincent et al., 2018; Wan et al., 2019).

Trend analyses in flood frequency and magnitude in
northeastern Canada consequently demonstrated that
spring flooding has increased during the 20th and 21st

centuries (Burn and Whitfield, 2016, 2017; Buttle
et al., 2016; Bush and Lemmen, 2019; Nolin et al., 2021b).
In the Lake Duparquet area (northwestern Québec) the
frequency and magnitude of spring flooding increased
since 1850–1870 (Tardif and Bergeron, 1997; Nolin
et al., 2021b) which correspond to the end of the
Little Ice Age in northeastern Canada (Viau and
Gajewski, 2009). Particularly since the last century
(1900–2016), high spring discharges therein have been
positively associated to cold and early winter and to cold
and late spring with a persistent snowpack (Nolin
et al., 2021b). However, an increase in the rainfall-to-
total-precipitation ratio during the spring–summer sea-
son in the Arctic (1979–2015; Han et al., 2018) suggests
that the increase in snowfall currently observed in north-
eastern Canada might be transitory. Climate change sce-
narios for northern Canada project a 2–17% increase in
total precipitation by 2100, with a shift from snow to rain
in the spring and fall (Bush and Lemmen, 2019).

Future climate projections for Canada consider multi-
ple possible regional changes in mean air temperature,
with low emissions scenarios projecting a +2.0�C
increase and high emissions scenarios projecting a
+6.0�C increase by 2100 (Bush and Lemmen, 2019). Cli-
mate change scenarios indicate an increase in flood risk
over northern Canada and a decrease in flood risk over
northeastern Québec (Gaur et al., 2018). Snow cover pro-
jections point towards a general decrease in snow accu-
mulation in winter (Mudryk et al., 2018) and towards a
quicker spring snowmelt over the next hundred years
(Minville et al., 2008). Regional climate model projections
for northern Québec and Ontario consequently indicate
that rain may contribute more to seasonal discharge in
winter by 2050 compared to the 20th century (Guay
et al., 2015; Wang et al., 2015; Clavet-Gaumont
et al., 2017).

The 20th century warming trend associated with
anthropogenic activities (Bush and Lemmen, 2019) is
now superimposed to the natural internal climate vari-
ability (Vincent et al., 2015; Wan et al., 2019). Knowledge
of this natural variability remains dependent on instru-
mental and observational data, but the availability of cli-
mate and hydrological data is poor in northeastern
Canada, with very few records predating the 1950s
(Mortsch et al., 2015; Bush and Lemmen, 2019; Nolin
et al., 2021a). Analyses of past variability in spring flood
risk and projected hydroclimatic changes remain limited
(Mortsch et al., 2015; Buttle et al., 2016; Gaur et al., 2018;
Nolin et al., 2021b). In addition, given that most of
Canada's electricity generation relies on hydropower
plants located in the north (Cherry et al., 2017), under-
standing natural hydroclimatic variability and
placing ongoing hydroclimatic changes in a historical
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context is crucial for flood risk management (Ashmore
and Church, 2001; Boucher et al., 2011; Bush and
Lemmen, 2019).

Tree rings have proven to be one of the most versatile
proxy for studying climate variations on the scale of the
last centuries to millennia and various tree-ring records
have been developed to reconstruct precipitation (Griffin
et al., 2013), temperature (Jacoby et al., 1988; Girardin
et al., 2009; Tardif et al., 2011), snowpack (Mood
et al., 2020; Shamir et al., 2020; Touchan et al., 2021), or
extreme events such as droughts (Girardin et al., 2006;
Hoffer and Tardif, 2009) and floods (Boucher et al., 2011;
Ballesteros-C�anovas et al., 2020; Nolin et al., 2021b).
Across northern North America, temperature reconstruc-
tions have been successfully derived from annual
tree-ring widths (Jacoby and D'Arrigo, 1989) and/or
maximum latewood density data (Briffa et al., 1994; 2001;
Davi et al., 2003; Youngblut and Luckman, 2008;
Anchukaitis et al., 2013; Gennaretti et al., 2014) as well as
its surrogate blue intensity (Wilson et al., 2014) or in use
with combination of stable isotopes (Barber et al., 2004;
Gennaretti et al., 2017). Light rings were also successfully
used to reconstruct summer temperatures in Interior
North America (Girardin et al., 2009; Tardif et al., 2011).
In the boreal region, tree-ring records are obviously
biased towards the active growing season and most of the
reconstructions (Alaska and Yukon: Davi et al., 2003;
Barber et al., 2004; Youngblut and Luckman, 2008;
Anchukaitis et al., 2013; northern North America: Briffa
et al., 1994; Interior North America: Girardin et al., 2009;
Tardif et al., 2011; northern Québec: Jacoby et al., 1988;
Gennaretti et al., 2014; 2017; Fennoscandinavia: Briffa
et al., 1988) have focused on the maximum temperature
of the warm season or summer temperature with very
few attempts to reconstruct spring or winter temperature
variability from tree rings (Guiot, 1987).

As the largest temperature changes reported by
instrumental records since the early 20th century in
northern Canada occur during the ice season (Aygün
et al., 2019; Bush and Lemmen, 2019), it is important to
develop temperature reconstructions for winter and
spring. Chronologies developed from intra-annual tree-
ring widths may contain such climate signals compared
to those of annual tree-rings. Total tree-ring widths inte-
grate climate signals over several months during the pre-
ceding and current growing seasons, while earlywood
(EW) and latewood (LW) width may integrate climate
during the season of their formation (Tardif, 1996; Meko
and Baisan, 2001; Therrell et al., 2002; Stahle et al., 2009).
In coniferous tree species and across the Northern Hemi-
sphere, the EW tends to correlate with climate during the
months prior to or during the beginning of the growing
season (late winter to early spring) while the LW tends to

correlate with climate during the late growing season
(late spring to summer; Fritts, 1976; Meko and
Baisan, 2001; Therrell et al., 2002; Stahle et al., 2009;
Hoffer and Tardif, 2009; Griffin et al., 2013). Functional
dependencies between the formation of EW and LW tis-
sues are also involved. The formation of EW depends on
carbohydrates synthesized during the previous growing
season and accounts for most of the ring width and
hydraulic conductivity, while the formation of LW
depends on photoassimilates synthesized during the cur-
rent growing season (Kozlowski and Pallardy, 1997; Rossi
et al., 2013). The inter-correlation between EW and LW
can be assessed by removing the linear dependency of the
LW width on the preceding EW width using simple lin-
ear regression (Meko and Baisan, 2001; Therrell
et al., 2002; Griffin et al., 2011) or allometric equation
based on the number of tracheids formed during the
growing season (Camarero et al., 2021). Seasonal climate
forcing on EW and LW production may, nonetheless, be
site and species specific. For example, in boreal Sweden
EW and LW growth of Scots pine (Pinus sylvestris L.)
responded positively to spring temperature, although
there was a higher correlation between EW width and
May temperature (Miina, 2000). Therrell et al. (2002)
showed that LW chronologies of Douglas fir (Pseudotsuga
menziesii Franco.) from northern New Mexico responded
positively to summer precipitation while LW chronolo-
gies from southern New Mexico responded positively to
spring precipitation. In central Canada, only the LW
chronology responded positively to mean temperature
from April to May in jack pine (Pinus banksiana Lamb.)
while the EW and LW chronologies of black spruce
(Picea mariana Mill.) responded negatively to early sum-
mer temperature (July and July–August respectively;
Hoffer and Tardif, 2009).

Dendroclimatic analyses of black ash (Fraxinus nigra
Marsh.) and jack pine (P. banksiana Lamb.) trees con-
ducted over eastern and central boreal Canada demon-
strated consistent growth responses to spring climate
(Hofgaard et al., 1999; Tardif and Bergeron, 1999; Tardif
et al., 2001; Girardin and Tardif, 2005; Girardin
et al., 2006; Huang et al., 2010; Genries et al., 2012;
Kames et al., 2016). At Lake Duparquet, a warm begin-
ning of the growing season (March–April) negatively
affected the number of EW vessels of floodplain F. nigra
and positively influenced their mean cross-sectional area
(Kames et al., 2016), while a warm early summer (May–
June) negatively affected radial growth (Tardif
et al., 2001). Warm and early spring (March–April) tem-
peratures also favoured the radial growth of P. banksiana
(Hofgaard et al., 1999; Tardif et al., 2001; Girardin
and Tardif, 2005; Girardin et al., 2006; Hoffer and
Tardif, 2009; Huang et al., 2010; Genries et al., 2012).
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The formation of light-coloured latewood (so called “light
ring”) in P. banksiana was moreover correlated to the
effect of late winter snowfall and cool early springs
delaying the onset of cambial activity at the beginning of
the growing season (Girardin et al., 2009; Tardif
et al., 2011). It can thus be hypothesized that chronolo-
gies of intra-annual tree-ring widths of P. banksiana and
of EW vessels of F. nigra trees may contain specific cli-
matic signals related to spring temperature variability,
making them suitable candidate tree species for spring
temperature reconstruction.

The objectives of this study were threefold: (a) to
develop a network of spring-temperature sensitive tree-
ring chronologies in eastern boreal Canada from
P. banksiana and F. nigra trees; (b) to reconstruct and
assess the variability of spring temperatures for the last
250 years; and (c) to investigate the associations between
variations in spring temperature and the recent trends
in regional spring flooding since the end of the Little
Ice Age.

2 | MATERIAL AND METHODS

2.1 | Study area

The study area encompasses a longitudinal gradient
within the northern clay belt of Québec and Ontario near
Lake Duparquet, and at the southern fringe of the
boreal forest (Figure 1). The region is defined by the

glaciolacustrine flat sediment deposits composing its soils
and resulting from the drainage of the proglacial lakes
Barlow and Ojibway during the last deglaciation
(Daubois et al., 2015). The sub-boreal climate of the area
is characterized by a near freezing mean annual air tem-
perature (0.7�C), a high summer humidity (mean annual
precipitation of 890 mm), and a considerable amount of
snowfall in fall to spring (mean annual snowfall of
250 mm) as indicated for the period 1971–2000 by climate
normals from ‘La Sarre’ weather station (48�480N,
79�10W; Canadian Climate Normals, http://climate.
weather.gc.ca/climate_normals; Figure 1).

Fire is the main natural disturbance in the study area.
Post-fire forests are dominated by P. banksiana on
nutrient-poor and sandy soils, or in associations with
paper birch (Betula papyrifera Marsh.) and trembling
aspen (Populus tremuloides Michx.) in more mesic condi-
tions (Bergeron and Dansereau, 1993). After 80–100 years
after a fire, forest stands transit towards an association of
balsam fir (Abies balsamea (L.) Mill.), black spruce, and
white spruce (Picea glauca (Moench) Voss) (Cayford and
McRae, 1983; Bergeron, 2000). Old-growth F. nigra for-
ests grow on the lowland floodplains and in association
with trembling aspen and eastern white cedar (Thuja
occidentalis L.) (Tardif and Bergeron, 1992; Denneler
et al., 1999). The oldest living F. nigra specimens at Lake
Duparquet have been dated to 1750–1770 (Tardif and -
Bergeron, 1999). P. banksiana is less long-lived
(<100 year on average; Cayford and McRae, 1983;
Rudolph and Laidly, 1990; Hofgaard et al., 1999), and in

FIGURE 1 Map of the study

area. Pinus banksiana (black

triangles) and Fraxinus nigra (green

triangle) sampling sites at the border

between Ontario and Québec. River

basin extents are provided for base

map, and site codes are listed in

Table 1 [Colour figure can be viewed

at wileyonlinelibrary.com]
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the absence of prolonged fire disturbance, the species is
replaced by late successional ones (Cayford and
McRae, 1983; Desponts and Payette, 1992). P. banksiana
chronologies can, however, be extended by using charred
snags which are highly resistant to falling and decompo-
sition compared to Picea and Abies spp. (Dansereau and
Bergeron, 1993; Angers et al., 2010). Standing dead trees
charred during one or several fires can remain under the
canopy for several hundred years and thus reflect the
growing conditions of one or more generations of trees
prior to fire (Dansereau and Bergeron, 1993; Angers
et al., 2010).

2.2 | Tree-ring data

During summer 2018, 722 samples were collected from
345 P. banksiana trees at 10 sites (Figure 1; Table 1) and
including 45 samples (22 trees) from Dansereau and
Bergeron (1993). Samples were prepared according to
standard dendrochronological procedures (Cook and
Kairiukstis, 1990) and crossdated using previous multi-
century chronologies developed for P. banksiana
(Bergeron and Dansereau, 1993; Hofgaard et al., 1999;
Girardin et al., 2006). EW, LW, and total ring-width (RW)
were measured using CooRecorder (v 9.6;
Larsson, 2003a) and validated using both CDendro (v 9.6;
Larsson, 2003b) and COFECHA (Holmes, 1983). Further
dendrochronological details about the preparation of
samples, pre-processing of chronologies to avoid biases
from the influence of past fires on tree growth, as well as
a climate-growth sensitivity analysis can be found in the
Supporting Information Material S1.

Additionally, F. nigra anatomical and RW series
developed in the floodplain of Lake Duparquet by Nolin
et al. (2021b) were included in the tree-ring dataset and
comprised an additional 62 series from 43 trees. F. nigra
series were constituted of 12 variables including four RW
variables (RW, EW, LW, and EW/RW proportion) and
eight anatomical variables derived from the analysis of
EW vessels (mean lumen cross-sectional area of the total,
25% largest, and 25% smallest vessels; total lumen cross-
sectional area; number of vessels; porosity within the
EW; density of vessels; and hydraulic conductivity diame-
ter). Further details about these series are given in Nolin
et al. (2021b).

2.3 | Climate data

Because few weather stations in our study area predate
the 1950s (Girardin et al., 2011) climate data were
extracted from the KNMI Climate Explorer (https://
climexp.knmi.nl; Trouet and Van Oldenborgh, 2013).
Monthly mean gridded CRU TS4.04 (Harris et al., 2020)
temperature data were extracted from 1901 to 2019 and
from a coordinate polygon corresponding to the spatial
extent of the 11 sampling sites (48�N; −78�E–49�N;
−81.5�E; Figure 1). From the same coordinate polygon,
average land spring (March–May) temperatures from the
Gridded Berkeley Earth Surface Temperature Anomaly
Field (1750–2019; Rohde et al., 2013) and the 20th Century
Reanalysis V3 (1836–2015; Slivinski et al., 2019) were
downloaded as independent verification datasets for the
reconstruction diagnostic. The Berkeley spring tempera-
ture is based on interpolation of an enhanced set of

TABLE 1 Tree-ring chronologies provenance

Species Site Code
Latitude/
longitude N trees N series Period

Average series
length (years)

PIBA Blue Lake BLL 48�340N; 81�440W 19 39 1855–2017 105

PIBA Lake Duparquet DPL 48�280N; 79�270W 45 91 1776–2017 108

FRNI Lake Duparquet DPL 48�280N; 79�160W 43 62 1770–2016 64

PIBA Esker Lake ESL 48�200N; 79�500W 35 76 1833–2017 75

PIBA Frederick House Lake FHL 48�410N; 81�010W 40 80 1874–2017 103

PIBA Footprint Lake FOL 48�400N;81�390W 45 93 1746–2017 86

PIBA Jack Pine Lake JPL 49�100N; 80�390W 29 65 1809–2017 90

PIBA Launay LAU 48�390N; 78�300W 18 40 1867–2017 125

PIBA Magusi hills MAH 48�290N; 79�410W 26 58 1777–2017 89

PIBA Mistango Lakes MIL 49�080N; 80�260W 25 53 1766–2017 113

PIBA Peter Long Lake PLL 48�090N; 81�240W 63 127 1723–2017 79

Note: Species are Pinus banksiana (PIBA) and Fraxinus nigra (FRNI). Code refers to Figure 1. (Period is the period after truncation to n > 3 samples to account

for post-fire regeneration gaps in each site chronologies, cf. Supporting Information Material S1).
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weather stations data and given as anomalies relative to
January 1951–December 1980 (Rohde et al., 2013). For the
study area, the earliest climate observation of the Berkeley
data corresponded to the spring of 1897 (Abitibi Post), and
within a 500-km radius, the spring of 1866 (location
[s] unknown). The Hudson's Bay Company fur trading
post on Lake Abitibi (Abitibi Post, 48�430N; 79�220W;
Figure 1) is the oldest local source of monthly tempera-
tures with data recovered from 1897 to 1935 (years 1900,
1901, 1917, and 1922 missing; https://climatedata.ca/) and
significantly correlating with Berkeley spring temperatures
(r = .96, p < .001). Berkeley temperatures for the earlier
period (1750–1866) are the results of interpolation of data
from climate stations further away than 500 km (locations
unknown; http://berkeleyearth.lbl.gov/locations/49.03N-
78.37W). The 20th-Century Reanalysis, on the other hand,
assimilates surface pressure observations and an ensemble
of ocean–atmosphere circulation models to generate esti-
mates of historical weather data (Slivinski et al., 2019).
This dataset provides a reliable historical context of sur-
face temperature fields from synoptic to climatic time
scale (Slivinski et al., 2021).

To investigate the relationship between spring
(March–May) temperature and regional to large-scale
spring discharge, both instrumental (1915–2020; Water
Survey of Canada, https://wateroffice.ec.gc.ca) and
reconstructed Harricana River spring discharge (15
April–30 June; 1771–2016; Nolin et al., 2021b), NOAA/
NCDC Rutgers Snow Cover (March–May; 1967–2016;
Estilow et al., 2015), and monthly GRUN global gridded
runoff (March–May; 1902–2014; Ghiggi et al., 2019) were
used. The reconstruction of the Harricana River spring
discharge is derived from EW vessel cross-sectional area
and ring width of F. nigra trees growing along the shores
of Lake Duparquet, and periodically flooded in spring.
The reconstruction captured 69% of the variance over a
102-year calibration period (1915–2016) and showed high
coherency with regional flood-ring frequencies (Nolin
et al., 2021a) and various hydrological paleorecords from
subarctic Québec (Nolin et al., 2021b). Rutgers snow
cover is a mapping of Northern Hemisphere snow extent,
based on digitizing hand-drawn maps from shortwave
satellite imagery (1967–1972; resolution �4 km) and very
high-resolution radiometer satellite imagery (after Octo-
ber 1972, resolution �1 km; Estilow et al., 2015). GRUN
runoff is a multi-model ensemble of hydrological simula-
tions trained with observational discharge data and cli-
mate data from a downscaled and corrected version of
the 20th-Century Atmospheric Reanalysis and provided
at a 5� × 5� spatial scale (Ghiggi et al., 2019). The associa-
tion with Lake Duparquet spring ice break-up water level
reconstructed from maximum ice-scar heights (Tardif
and Bergeron, 1997) was also determined, as well as with

observational ice break-up dates (site DPL;
Mongrain, 2014; Mongrain, personal communication
2018). To detect and characterize linear trends in
observed hydrological and climatic time series, nonpara-
metric Mann–Kendall trend statistic was used (Burn and
Elnur, 2002; Monk et al., 2011; Mortsch et al., 2015).

2.4 | Reconstruction of temperatures

A composite temperature reconstruction was developed
from nested principal component regression models (Cook
et al., 2003; Frank and Esper, 2005; Girardin et al., 2006) to
maximize both spatial and temporal coverage of the predic-
tor chronologies constituted of 30 P. banksiana (10 sites × 3
variables) and 12 F. nigra (1 site × 12 variables) chronolo-
gies. This method involves splicing the total time span of
the tree-ring data into sub-periods of common intervals to
maximize the number of tree-ring predictors in sub-
periods. Principal components analysis (PCA) was per-
formed on each sub-period from a correlation matrix to
transform the standard chronologies into a reduced num-
ber of linear combinations of the original chronologies with
reduced multicollinearity (Meko and Graybill, 1995;
Hidalgo et al., 2000). Eigenvectors with an eigenvalue >1
were retained as potential predictors following the Kaiser–
Guttman rule in each model (Hidalgo et al., 2000; Frank
and Esper, 2005). Since tree growth can be influenced by
temperature from the previous year, principal components
lagged forward by 1 year (t + 1) were also included in the
predictors set to reconstruct temperature for the current
year (t) (Fritts, 1976; Briffa et al., 1988).

Generalized additive mixed models (GAMMs;
Wood, 2017) were used for the calibration of transfer
function models needed for the spring temperature
reconstruction. A GAMM is like a generalized linear
mixed model, except that smooth terms are incorporated,
which allows for a rich collection of the nonlinear rela-
tionships, including multiple forms of spline functions.
First, a screening of PCA-reduced standard chronologies
(t and t + 1) was done using stepwise multiple linear
regression analysis (p-value to enter = .05; p-value to
remove = .01). The model took the form:

Ti:t=β itht:t+1
� �

+εi:t ð1Þ

where T is the spring temperature, ith represents nth prin-
cipal components, t represents the year, and ε the resid-
ual error of each model. The preselected candidate
predictors were then entered in a GAMM corresponding
to each sub-period. Each GAMM model included
nonlinear predictors (tree-ring data) to predictand
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(temperature data) relationships. The GAMM equations
took the form:

Ti:t= f itht:t+1
� �

+νi+εi:t ð2Þ

where νi is an error term with an AR1 (p = 1, q = 0) cor-
relation structure. Smoothing function (ƒ) of the GAMM
were cubic regression splines with a degree of smooth-
ness determined using a built-in cross-validation fitting
process (Wood, 2003). The significance of predictors was
re-evaluated within the GAMM models (p < .10) to avoid
variance inflation in the final regression equations. The
variables for which the smoothing terms were not signifi-
cant in this first iteration were passed in a second GAMM
iteration, this time in a linear form:

Ti:j:t= f itht:t+1
� �

+β jtht:t+1

� �
+νi:j+εi:j:t ð3Þ

where jth represents nth principal components represented
using a linear function (β). Predictors that did not satisfy
the p< .10 requirement were removed. GAMM iterations
were repeated until only significant predictors were
included in the models. Fitted coefficients per periods
(transfer functions) were then extracted from each GAMM
model and applied to their respective PCs to get estimates
of spring temperature over the period not covered by the
instrumental data. Models' assumptions were validated
using a standard analysis of the residuals, and each model
was individually cross-calibrated and validated using the
maximum period of overlap with instrumental data
(116 years) split in half (1901–1958/1959–2016; 58 years).
Final models were calibrated over the entire period of avail-
able temperature data (1901–2016). GAMM modelling was
performed using the ‘mgcv’ package v.1.8–36 (Wood, 2021).
Reconstruction efficiency and stability was assessed from
the adjusted explained variance (AdjR2) and Fisher's
F statistic as well as from standard dendrochronological sta-
tistics reduction of error (RE, Briffa et al., 1988) and coeffi-
cient of efficiency (CE, Cook and Kairiukstis, 1990),
product-mean test (PMT), sign test, and mean absolute
error (MAE, Cook et al., 1999). All statistical procedures
were conducted in R v.4.0.3 (R Core Team, 2021).

3 | RESULTS

3.1 | Reconstruction of spring
temperatures

Twelve transfer functions were developed from the prin-
cipal components of the tree-ring intra-annual width and

anatomical chronologies and constituted 12 regression
models covering 12 sub-periods and spanning at most
1723–2016 and at least 1947–2016 (Figures 2a,b and S1;
Table S1). Stepwise regressions selected the current year
PC1 as the main predictor in each model. The first model
(1954–2016) explained 54% of the variance in the
observed data with five predictors selected. It also per-
formed similarly in the split calibration-verification pro-
cedure (Table S1). Calibration R2 and verification
statistics of the following models decreased with the
decline of the number of potential predictors (Figure 2c;
Table S1). Positive RE and CE, and RE > CE indicated
that 9 of the 12 models covering the period 1770–2016
had predictive skill and that they could be merged in a
composite reconstruction of mean spring temperature
(Table S1). The four remaining models extending to the
year 1723 were excluded from the following analyses
(Table S1). The mean inter-correlation between the nine
selected models also demonstrated a high consistency in
the reconstructed regional temperature signal, with a
mean Pearson r = .83 ± .08 std (Figure S1). Overall, the
reconstruction demonstrated good skill to track inter-
annual variability and to reproduce the low-frequency
patterns found in the instrumental spring temperature
data with a slightly higher accuracy to capture mean neg-
ative (mean departure from instrumental data for nega-
tive values, x ̄ = −0.48 ± 0.89 std) than mean positive
spring temperatures (mean departure from instrumental
data for positive values, x ̄ = 0.95 ± 0.77 std) over the cali-
bration period (1901–2016; Figure 2; Table S1). The accu-
racy of the reconstruction to capture extreme spring
mean high and low temperatures, however, indicated a
lower accuracy in capturing extreme low temperatures at
the beginning of the century (1912, 1917, 1923, 1926,
1943, and 1950) and then a lower accuracy to capture
extreme high temperatures at the end of the century
(1977, 1986, 1987, and 2010; Figures 2 and S1). The aver-
age residuals for the 10 years of highest and lowest spring
temperatures remained comparable between the two
half-calibration periods but also evidenced the better
reconstruction of lowest spring temperatures at the end
of the century (1901–1958, average residuals for the
10 warmest springs 1.21 ± 0.85 std, and the coldest
−1.38 ± 0.80 std; 1959–2016, average residuals for the
10 warmest springs 1.38 ± 0.83 std and the coldest
−0.51 ± 0.83 std). The reconstructed mean spring temper-
ature was significantly correlated with the Berkeley mean
spring temperature record during the entire
reconstructed period (r = .49, p < .001, 1770–2015;
Figure 3c) and consistently across much of central-to-
northeastern Canada (Figures 4a and 5a). Comparison
with the mean spring temperature from the 20th-Century
Reanalysis also indicated a consistent correlation with
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our spring temperature reconstruction (r = .42, p < .001,
1836–2015) and across a comparable spatial extent
(Figure 5). To test the temporal and spatial stability of
the associations between the reconstructed mean spring
temperature over Canada, the Berkeley averaged spring
temperature anomalies, and the spring mean tempera-
ture of the 20th-Century Reanalysis, 50-year Pearson cor-
relation' windows lagged backward by 25 years were used
(Figure 5). The results showed temporally consistent cor-
relations centred on the study area, with the exception of
the 1892–1941 interval where the spatial association
decreased in the Great Lakes region in both datasets. The
highest and most significant spatial correlations (r > .60;
p < .001) with both datasets were found for the recent
period and extending back to the beginning of the 19th
century. The lower spatial correlation for the late 18th
and early 19th centuries reflects the interpolation that
has been done from climate stations located more than
500 km from the study area in the Berkeley record and
revealing associations being significantly higher with
northcentral USA than central Canada (Figure 5).

Three different periods can be distinguished in the
reconstruction (Figures 2a and 3a). A first period
lasting from 1770 to �1875 was marked by persistent
multidecadal cold and warm phases of comparable

amplitudes. This period lasted until the end of the Little
Ice Age. From �1875 to 1940, the amplitude in the
decadal variability was reduced as highlighted by the
10-year smoothing spline (Figures 2a and 3a). After
�1940, both the mean spring air temperature reconstruc-
tion and observational data were marked with a warm
period contrasting with the last 250 years and a higher
frequency of extreme warm spring temperatures. This
third period (1940–2016) was also marked by the absence
of multidecadal cold phase, and by the persistence of a
warm phase lasting �25 years (Figures 2a and 3a). The
cold phase that lasted from the end of the Little Ice Age
until the 1900s and the warming enhancement post the
1950s were more marked and persistent in the Berkeley
record, albeit the two records (reconstruction and Berke-
ley) remained coherent at low frequency across those two
periods (Figure 3).

Given that the mean monthly and seasonal CRU, and
Berkeley temperature timeseries showed no AR (1) auto-
correlation, Mann–Kendall linear trend investigation was
conducted. Significant (p < .05) linear warming trend
were indicated in the month of May and overall spring
from 1901 to 2019 in observed CRU temperature
(τMAR = 0.10, p = .110; τAPR = 0.10, p = .116;
τMAY = 0.17, p = .007; and τSPRING = 0.17, p = .007) and

FIGURE 2 Characteristics of the composite temperature reconstruction. (a) Reconstruction of spring (March–May) temperature from

1770 to 2016 with two-standard-error confidence interval (grey) and decadal variation highlighted by a 10-year smoothing spline (black).

Observed temperature data are illustrated by the dashed red line. A horizontal line delineates the reconstructed temperature mean at 0.41�C.
(b) Sample depth of Fraxinus nigra (FRNI, dark grey) and Pinus banksiana (PIBA, light grey). (c) Adjusted multiple correlation coefficient

(R2) for each model periods and for the calibration (green), verification (blue), and full model (black) equations [Colour figure can be viewed

at wileyonlinelibrary.com]
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Berkeley records (τMAR = 0.13, p = .044; τAPR = 0.08,
p = .175; τMAY = 0.18, p = .005; and τSPRING = 0.18,
p = .004). The Berkeley records also showed a significant
warming trend in March, which was not detected in the
CRU dataset. As for the mean spring temperature recon-
struction, it showed a modest linear warming trend over
a comparable period (τ = 0.14, p = .022, 1901–2016).

Over the three periods (1770–1875, 1875–1940, 1940–
2016) standard deviation in reconstructed mean spring
temperature increased particularly since �1940 in both
positive (respectively, std = 0.57, 0.47, 0.74) and negative
values (respectively, std = 0.43, 0.57, 0.64; Figures 2a and
3a). Compared to the Berkeley record, which only
showed a steady increase in mean spring temperature,
the calibration data and the reconstruction showed par-
ticularly low peaks of mean spring temperatures and
especially after the 1930s (Figures 2a and 3). The last
40 years also showed less occurrence of extreme low
spring temperature in each record (reconstruction, cali-
bration data, Berkeley; Figures 2a and 3). For instance,
over the period 1901–2019, observed spring mean tempera-
ture values below the mean minus 1.5SD threshold
(−1.85�C) occurred in years 1917, 1923, 1926, 1939, 1943,
1947, 1950, and 1956, with the coldest temperature recorded
being the spring of 1926 (−2.87�C). In comparison, during

the last 40 years (1980–2019) the coldest recorded tempera-
ture was −1.66�C in 1996.

3.2 | Relationship to spring flooding

The reconstructed spring mean temperature showed
high coherency with spring paleoflood evidence from
Lake Duparquet. The reconstruction was negatively
and significantly correlated with the Harricana River
spring (15 April–30 June) mean discharge in both
reconstructed (r = −.52; p < .001; 1771–2016) and instru-
mental (r = −.55; p < .001; 1915–2016) dataset. Correla-
tions with instrumental monthly mean and maximum
discharge of the Harricana River (1915–2016) also
showed that the reconstructed mean spring temperature
was more strongly associated to late spring stage (rmean

MAY = −.61; rmax MAY = −.54; rmean JUN = −.58; rmax

JUN = −.62; all p < .001) than to early spring stage of the
river (rmean MAR = .23; p = .019; rmax MAR = .29; p = .003;
rmean APR = .33; p = .001; rmax APR = .11; p = .271). Cor-
relations with averaged spring discharge (March–May)
further demonstrated that the reconstructed mean
spring temperature was more strongly associated to the
spring maximum (r = −.50; p < .001) than to spring

FIGURE 3 Comparison from

1770 to 2016 between

(a) reconstructed mean spring air

temperature and (b) Berkeley mean

spring air temperature. Warm and

cold phases are illustrated

respectively by red and blue areas

and supported by a 10-year spline

highlighting the decadal variability.

Note that the two series are

presented with a different y-axis

range. Vertical dashed lines indicate

the three periods (1770–1875, 1875–
1940, 1940–2016) distinguished in

the reconstruction. (c) Scatterplot of

the two time-series showing the

dispersion of their respective values

(blue circles). Years highlighted by

red circles indicate the ones with

the highest discharge values in the

reconstructed spring mean

discharge of the Harricana River

since 1770 (discharge higher than

151.3 m3.s-1; Nolin et al., 2021a,

2021b) [Colour figure can be viewed

at wileyonlinelibrary.com]
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mean discharge (r = −.22; p = .030). In the Harricana
River, maximum discharge occurred on average on
8 May and ranged between 14 April and 29 May (1915–
2020). The mean spring temperature reconstruction was
also negatively and significantly correlated with
observed ice break-up date (r = −.54; p < .001; 1968–
2016) and spring lake water levels reconstructed from a
maximum ice-scar height chronology (r = −.25; p <
.001; 1770–1990) for Lake Duparquet. The ice break-up
at Lake Duparquet over the period 1968–2016 occurred
on average on 9 May and ranged between 20 April and
24 May. No significant linear trend towards earlier ice
break-up was found in annual ice break-up dates for
Lake Duparquet (Mann–Kendall τ = −0.14; p = .162;
1968–2018).

In the spring temperature reconstruction, most years
with the lowest mean spring temperature calculated per
decade (1771–1779, 1780–1789, …, 2000–2009, 2010–2016;

Table 2) corresponded to the most severe spring flood
years reconstructed for the last 250 years (1771–2016). A
total of 14 years of minimum spring temperature (1797,
1861, 1876, 1880, 1888, 1890, 1917, 1922, 1947, 1960, 1967,
1989, 2013, 2014, and 2019 also but outside of the calibra-
tion period) matched 14 of the 18 years of highest spring
discharge reconstructed since 1771 (the 1819, 1885, 1928,
and 1979 floods did not match; Table 2). Similar results
were obtained using the instrumental Harricana River
spring discharge over the 1920–2016 period (1922, 1947,
1960, 1967, 1989, 2013, 2019 also but outside the calibra-
tion period), at the exception of year 2014 (127.21 m3�s−1;
Table 2). While most of the minimum mean temperatures
per decade were below zero, no apparent threshold
at which the temperature corresponds to a high spring
flood discharge was discernible (Table 2). The coldest
reconstructed spring years also did not always correspond
to the highest spring discharge (Table 2).

FIGURE 4 Spatial correlation maps (p < .10) between reconstructed spring mean air temperature and March–May. (a) Berkeley average

temperature anomalies (1770–2016); (b) NOAA Rutgers snow cover (1967–2016); and (c) GRUN runoff (1902–2014). Correlation coefficients

range from positive (red) to negative (blue). Spatial correlations were done using the KNMI Climate Explorer engine (https://climexp.knmi.

nl; Trouet and Van Oldenborgh, 2013). Green square symbol indicates the study area [Colour figure can be viewed at

wileyonlinelibrary.com]
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Significant and negative association was found
between the reconstructed mean spring temperature
and the last day with snow on the ground over the
study area, calculated from daily Rutgers Snow Cover
values as the first day with a value < 0.1 in spring
(r = −.42, p < .001; 1967–2016). Investigating spatial
field correlations indicated strong and negative associa-
tions between reconstructed spring mean temperature
and spring snow cover extent across much of central
to northeastern boreal Canada (Figure 4b). Associa-
tions were strongest in late spring (April, May) and

particularly in May with the highest correlations found
over the study area and extending to the James Bay
and the Great Lakes (Figure 4b). Used for validation
purposes, spatial correlations of the reconstructed
mean spring temperature with GRUN runoff indicated
positive associations in March–April across much of
northern Canada switching to negative associations in
May over our study area (Figure 4c), which is in line
with the change in the sign of correlation found in the
correlation with instrumental Harricana River mean
and maximum discharge.

FIGURE 5 Spatial correlation maps (p < .10) between reconstructed mean spring air temperature and (a) Berkeley spring average

temperature anomalies, and (b) 20th-Century Reanalysis average spring temperature. Correlations are given for 50-year moving windows

lagged backward by 25 years and were done using the KNMI Climate Explorer Engine (https://climexp.knmi.nl; Trouet and Van

Oldenborgh, 2013). Green square symbol indicates the study area [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

The reconstructed spring mean air temperature demon-
strated evidence of a warming phase over the last century
compared to the successive warm and cold persistent
decadal phases observed up to the end of the Little Ice
Age (1850–1870 CE). The coldest interval reconstructed
that is, for the period �1815–1855, is in line with tree-
ring reconstruction of summer temperature published in
sub-arctic Québec (Jacoby et al., 1988; Briffa et al., 1994;
Gennaretti et al., 2014; 2017) depicting this period as
the coldest in the last millennium. The �1815–1865
cold phases in northern Québec coincide with low solar

activity (Guiot, 1987) and active volcanic decades (nota-
bly the April 1815 eruption of Mount Tembora,
Indonesia; Jacoby et al., 1988; Briffa et al., 1994; Gen-
naretti et al., 2014; 2017). Both the observed CRU temper-
ature and Berkeley records demonstrated significant
warming of May and overall, of spring over the 1901–
2019 period and the greatest reconstructed warming in
spring mean air temperature has been detected starting
since about 1940.

Observed maximum discharge of the Harricana River
(1915–2020) and ice break-up dates for Lake Duparquet
(1968–2018) also indicated that the onset of spring
flooding over the 20th century occurred on average in

TABLE 2 Comparison of reconstructed mean spring (March–May) temperature minimums and of reconstructed and instrumental mean

spring (15 April–30 June) discharge maximums

Decade

REC temperature REC discharge HAR discharge

First min Second min First max Second max First max Second max

1771–1779 1770 (−0.60) 1776 (−0.32) 1771 (121.75) 1773 (118.24) / /

1780–1789 1789 (−0.38) 1783 (−0.09) 1789 (147.36) 1787 (146.60) / /

1790–1799 1792 (−0.90) 1797 (−0.82) 1797 (161.00) 1792 (143.92) / /

1800–1809 1809 (0.23) 1808 (0.54) 1808 (139.16) 1802 (122.11) / /

1810–1819 1818 (−0.07) 1816 (0.11) 1819 (157.43) 1818 (148.66) / /

1820–1829 1821 (−1.64) 1823 (−0.45) 1822 (150.29) 1826 (148.88) / /

1830–1839 1837 (−1.44) 1838 (−0.21) 1937 (145.53) 1838 (125.09) / /

1840–1849 1840 (−1.55) 1849 (−1.18) 1840 (150.69) 1845 (135.12) / /

1850–1859 1857 (−0.76) 1851 (−0.72) 1857 (146.67) 1853 (132.10) / /

1860–1869 1869 (−0.81) 1861 (0.19) 1861 (153.64) 1867 (132.11) / /

1870–1879 1876 (−2.02) 1874 (−0.51) 1876 (171.29) 1873 (147.39) / /

1880–1889 1880 (−0.32) 1888 (−0.19) 1888 (164.57) 1880 (160.10) / /

1890–1899 1890 (−1.51) 1895 (0.09) 1890 (170.25) 1899 (133.51) / /

1900–1909 1909 (−0.85) 1907 (−0.74) 1907 (151.05) 1909 (149.43) / /

1910–1919 1919 (−0.69) 1917 (−0.53) 1917 (159.52) 1919 (140.75) / /

1920–1929 1922 (−1.24) 1926 (−0.75) 1928 (175.57) 1922 (173.66) 1928 (191.15) 1922 (165.27)

1930–1939 1934 (−1.61) 1939 (−1.48) 1939 (137.34) 1930 (132.86) 1933 (160.68) 1939 (151.64)

1940–1949 1947 (−1.32) 1940 (−1.17) 1947 (177.34) 1949 (133.73) 1947 (189.79) 1949 (143.99)

1950–1959 1956 (−2.04) 1950 (−0.77) 1950 (134.24) 1956 (125.02) 1952 (128.15) 1956 (128.02)

1960–1969 1967 (−1.73) 1960 (−0.7) 1960 (179.95) 1967 (163.59) 1960 (196.10) 1967 (171.12)

1970–1979 1974 (−2.06) 1976 (−0.41) 1979 (184.86) 1974 (147.05) 1974 (179.85) 1979 (167.19)

1980–1989 1989 (−0.48) 1985 (−0.42) 1989 (161.72) 1983 (144.61) 1986 (152.84) 1989 (149.16)

1990–1999 1996 (−0.74) 1992 (−0.63) 1996 (144.31) 1995 (125.07) 1997 (131.21) 1990 (125.91)

2000–2009 2004 (0.27) 2003 (0.66) 2009 (138.62) 2008 (133.51) 2004 (141.97) 2009 (141.58)

2010–2016 2014 (−1.65) 2013 (−0.86) 2013 (170.90) 2014 (160.52) 2013 (156.90) 2017 (152.35)

Note: Values are compared by decade and for the last 247 years. ‘REC discharge’ is the reconstructed mean spring discharge of the Harricana River (1771–2016)
and is taken from Nolin et al. (2021b). ‘HAR discharge’ is the instrumental mean Harricana River spring discharge (1915–2020). Both mean spring discharges
are average from 15 April to 30 June daily discharge data, while temperature reconstruction is average March–May. Years in bold highlight the years that has
been part of the highest mean spring discharge years since 1771. Grey cells highlight the years for which, per decade, the minimum spring temperature
corresponds to the maximum spring discharge. The first (1771–1779) and last (2010–2016) periods used for comparisons are not complete decades.
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late April and early May. This suggests that air tempera-
ture in March and April may have had a greater influ-
ence on flood initiation than air temperature in May.
While across Canada, minimum, mean, and maximum
spring temperatures have generally warmed since 1950
(Zhang et al., 2001a), the projected mid-century (2030–
2059) monthly temperature changes of the Great Lakes
Basin also suggest that future increases in maximum tem-
peratures are likely to be higher from May to October
than in any other months, and with the smallest increase
found in April (Zhang et al., 2018). The influence of the
warming phase of spring temperatures reconstructed
since �1940 must therefore be put into perspective when
analysing the relationship between spring temperature
and flooding since significant linear warming trend in
observed data was mostly found in May.

Independent regional studies already identified the
1850–1870s and 1930–1950s as breakpoints in the
regional hydroclimate history. For instance, ice-scar fre-
quencies and lake level changes for Lake Duparquet (Tar-
dif and Bergeron, 1997) and other lakes from high-boreal
Québec (Lemay and Begin, 2008; Boucher et al., 2011)
pointed towards an increase in the magnitude and fre-
quency of flooding since the end of the Little Ice Age and
increasing since the 1930–1950s. Reconstruction of spring
discharge in the Harricana River associated recent
increases in flood frequency and magnitude with cold,
snowy winters, and late springs. Late spring snowmelt
under the combined effect of spring precipitation and
cold spring temperature marked the highest discharges of
the century (Nolin et al., 2021b). High spatial coherency
was found in this study between spring mean air temper-
ature, the snow cover extent, and the GRUN runoff. This
result demonstrates the consistent control of spring tem-
perature over snowmelt and runoff over central to north-
eastern Canada and particularly in late spring. The
change in the sign of correlation between temperature,
instrumental Harricana River discharge, and GRUN run-
off suggests that discharge in March and April was associ-
ated to warm and early springs (positive correlation), and
that discharge in May (and June) was associated to cold
and late springs (negative correlation) with a persistent
and thick snowpack. However, no significant linear trend
was found in annual ice break-up dates for Lake
Duparquet to support a trend towards earlier spring
flooding. Indeed, per decade, much of the late and cold
spring years were associated with the highest spring dis-
charge years reconstructed for the Harricana River over
the last 250 years (except for the years 1819, 1885), which
was also supported by instrumental discharge data
(except for year 2014). The years 1819 and 1885 represent
regional contrasts in spring flooding with moderate
flood-ring relative frequencies recorded in regional rivers

contrasting with high flood-ring frequencies and EW ves-
sel records in Harricana River and Lake Duparquet
(Nolin et al., 2021a; 2021b).

It should be noted that the F. nigra series from Lake
Duparquet (43 trees) were used to reconstruct the mean
spring discharge of the Harricana River. The present
reconstruction of mean spring temperature contains
these same 43 series (11% of the trees used), reduced in
PC components with 345 other P. banksiana tree series
(Table 1). The detrending of F. nigra series was also not
the same in both studies (smoothing spline with a 50%
frequency of response at 60 years in Nolin et al., 2021b;
generalized negative exponential model detrending in
this study; cf. Supporting Information Material S1). The
use of the same proxies (43 trees) in both the Harricana
River mean spring discharge and regional mean spring
temperature reconstructions may influence the correla-
tion between the two reconstructions. The decadal com-
parison between mean spring temperature and Harricana
River mean spring discharge (1920–2016; Table 2), how-
ever, showed that results between instrumental and
reconstructed Harricana River mean spring discharge
were similar.

The variance explained by the present reconstruction
(23–54%) is somewhat in the range of summer temperature
reconstructions conducted over northeastern Canada using
total RW of coniferous trees (Jacoby et al., 1988; Gennaretti
et al., 2014) or multiproxy tree-ring approaches (Jacoby
et al., 1988; Briffa et al., 1994). The present reconstruction
underestimates extreme cold spring temperatures at the
beginning of the century, and extreme high temperatures
at the end of the century. Possible reasons include (a) the
difficulty to capture a spring climate signal at the beginning
of the growing season using dendrochronological proxies
(Schweingruber, 1996; Rossi et al., 2013); (b) the spatial
and temporal heterogeneity of historical data in the early
calibration period (Girardin et al., 2011); (c) the diminution
of tree-ring predictors going back in time; and (d) spring
temperature variability and extremes that are not captured
by tree ring proxies as tree-growth is never 100% explained
by climate factors (McCarroll et al., 2015). Indeed, the initi-
ation of the tree-ring growth remain difficult to defined cli-
matically (Schweingruber, 1996; Rossi et al., 2013) and
some of the variance in early spring temperatures might
not be fully captured by P. banksiana trees if warm temper-
atures arise when trees have not yet begun their cambial
activity. For example, in this reconstruction, the springs
1987 and 2010 showed the largest underestimation of
extreme high spring temperature observed during the cali-
bration period. The years 1987 and 2010 are among the
three earliest breakups recorded at Lake Duparquet since
1968, along with the year 1998 (1987: 23 April; 1998: 23
April; and 2010: 22 April; 1968–2018 average being 9 May).
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Observed CRU mean April temperature since 1901 were
also highest in years 1955, 1984, 1987, and 2010 with values
ranging from 4.84 to 5.25�C, as compared to a mean April
temperature of 0.77�C over the 1901–2019 period.

Increases in the magnitude of both extreme warm
and extreme cold reconstructed spring mean tempera-
tures during the 1930s–1970s contrast with those
reconstructed over the 1770–2016 period. These extremes
also contrast with the Berkeley record but are consistent
with our calibration data set. During the early stages of
global warming (1930s), it is likely that the increase in
near-freezing temperatures instead of below-freezing
temperatures in winter and spring favoured precipitation
(snow and/or rain) and quicker melting (Davis
et al., 1999; Zhang et al., 2000; 2001b). One hypothesis
could be that the occurrence of both cold (late spring,
long-lasting snow cover) and warm extremes (early
spring, quicker snowmelt) increased the frequency and
magnitude of flooding observed in the region since 1930–
1950 (Tardif and Bergeron, 1997; Nolin et al., 2021a;
2021b) although this hypothesis still requires to be con-
firmed. Tardif and Bergeron (1997) had hypothesized that
earlier spring melt with heavy rainfall could increase the
risk of ice-breakup at a time the ice cover is thick, thus
increasing the magnitude of flooding. The reduction in
the number of cold springs in the last 40 years of the
reconstructed and observed spring mean temperature
would also contrasts with the assumption that spring
floods are for the most part due to snowmelt during cold
and late springs. This result indicates that warmer late
spring mean temperatures on average may contribute,
among other factors, to advance the spring break-up and
to likely shift the contribution of snow to rain in spring
flooding processes. Such change in flooding processes
have already been reported in Canada since about the
1950s (Burn and Whitfield, 2016; Aygün et al., 2019; Bush
and Lemmen, 2019) and similar trends are projected by
most hydrological simulations across Canada and for
Québec (Guay et al., 2015; Gaur et al., 2018; Bush and
Lemmen, 2019). Warmer winter temperatures in north-
ern Canada are expected to reduce snow accumulation
and promote mid-winter melt, which should contribute
to a decrease in SWE, while warmer spring temperatures
are expected to accelerate snowmelt (Aygün et al., 2019;
Bush and Lemmen, 2019). Warmer spring temperature in
northern Canada should also increase the likelihood of
rain-on-snow events as well as the spring rainfall to
snowfall ratio in future years (Zhang et al., 2000; Ash-
more and Church, 2001; Bush and Lemmen, 2019). Snow
water equivalent had however increased in northern and
central Québec since 1950 (Brown, 2010; Aygün
et al., 2019). In terms of timing, earlier freeze-up and
break-up trends have been observed in south-central

Ontario since the 1900s (Fu and Yao, 2015), but not at
Lake Duparquet. Using a cluster analysis of the
Harricana River daily hydrographs, Nolin et al. (2021b)
also noted that early spring break-ups with minimal to
intermediate discharge dominated between 1998 and
2012 when compared to the period 1914–2020. Our pre-
sent results further showed an inverse relationship
between the reconstructed mean spring temperature and
the last day with snow on the ground over our study area
and for the 1967–2016 period.

Climate model simulations for the whole Québec pro-
ject a +10% to +15% increase in precipitation (from south
to north) by 2050 with a net change in winter and spring
precipitation forms, contributing to a 0–5% increase
(again from south to north) in the contribution of winter
months to annual streamflow, and an increase in average
spring flood volume of about 5% (Guay et al., 2015). The
frequency of extremes and their maximum magnitudes
are also expected to increase by up to +20% for Québec
by 2070 led by rain instead of snow (Clavet-Gaumont
et al., 2017). At this point, it remains hazardous to clearly
dissociate a snowmelt-driven flood from a rainfall-driven
flood in our study area, and it remains to be determined
how the increase in spring temperatures, the reduction in
snow cover, and the increase in rainfall will interact with
the flood regime in snowmelt driven river basins. For
instance, the years 1989 and 1999 in the Harricana River
were characterized by two peaks triggered by the snow-
melt in late spring, and by heavy precipitation event in
early summer (not shown).

Future research could aim at a reconstruction of pre-
cipitation or of snow parameters (e.g., snow cover extent,
snow depth, or snow water equivalent) to further investi-
gate the relationship between precipitation, snowmelt,
and flooding and allow to predict consistent hydro-
climatic trajectories under various climate change scenar-
ios. For instance, Mood et al. (2020) developed a
reconstruction of the snowpack variability from annual
RWs of high-elevation Pacific Silver Fir (Abies amabilis
Douglas ex. J. Forbes) in British Columbia. Similar recon-
structions also come from areas where tree growth is
more water limited. For instance, Touchan et al. (2021)
reconstructed multi-millennial variability on 1st April
SWE from EW and LW width chronologies of Giant
Sequoia (Sequoiadendron giganteum J. Buchh. ex Lindl.)
in California and Colorado, USA. The studies of Mood
et al., 2020 and Touchan et al., 2021 benefited from man-
ual snow records since the 1950s to calibrate the tree-ring
predictors. In the same way, Shamir et al. (2020) used
principal components analysis of snowpack-related cli-
matic variables, derived from a high-resolution hydrolog-
ical model, to explain respectively 48 and 35% of the
variance in EW and latewood width chronologies of four
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coniferous tree species growing in mountains of central
Sierra Nevada, USA. Overall, these results suggest that
tree species responding to climate parameters of the early
growing season, such as P. banksiana and F. nigra might
be suitable candidates to reconstruct snow variability and
further investigate the relationships between spring snow
cover, temperature and flooding.

5 | CONCLUSION

This study presents a new P. banksiana tree-ring network
and a well-verified reconstruction of regional spring mean
air temperature consistent across much of central-to-
northeastern Canada and since year 1770. The 12 transfer
functions calculated explained 23–54% of the observed
spring mean temperature variability over the last 247 years
with a decreasing efficiency back in time which corre-
spond mainly to the decrease in the number of available
tree-ring data in the early years of the reconstruction. The
end of the Little Ice Age was characterized by cooler than
average springs and multidecadal cold and warm phases
before transitioning towards a warming of late spring
(May) temperature, and particularly after the 1940s and in
the last 40 years. Most of the highest spring flooding
reconstructed in the nearby Harricana River matched with
the decadal variability reconstructed in low spring temper-
ature. The coherency found with the snow cover extent
and the gridded runoff across much of central-to-
northeastern Canada also support that high historical
spring flooding were mainly triggered by long lasting snow
cover in late spring. However, over the last 40 years of the
reconstruction, the reduction in the number of cold
springs may suggest that spring flooding may now be
related less to the persistence of late spring snow cover,
but rather to earlier snowmelt and increased precipitation
contribution to discharge. These changes in boreal hydrol-
ogy and flooding appear to be a likely consequence of the
recent warming trend observed in mean spring tempera-
tures. Further research is needed to understand whether
changes have occurred in the distinct contributions of cur-
rent snow and precipitation to spring flooding to allow for
reliable regional hydroclimatic trajectory projections.
Among other things, it will be necessary to determine
whether or not future changes in spring temperature will
lead to changes in the relative supply of rain and snow to
the spring flood dynamics in eastern boreal Canada.
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