Table 1. Characteristics of the eight sampling sites from the Parc national de la Gaspésie (PNG).

Site Species Location Elevation
West Sainte-Anne (WSA) Thuja occidentalis 48.946275 N 66.126176 W 200 m
East Sainte-Anne (ESA) Thuja occidentalis 48.952816 N 66.128976 W 200 m
North of Centre de Découverte (NCD) Thuja occidentalis 48.947806 N 66.119583 W 200 m
Island in Sainte-Anne River (RSA) Thuja occidentalis 48.987361 N 66.948306 W 195 m
0Ol1d Growth Grove (OGG) Thuja occidentalis 48.946371 N 66.126260 W 205 m
South Hog's Back (SHB) Picea mariana 48.848624 N 66.106088 W 615m
West Hog's Back (WHB) Picea mariana 48.850056 N 66.108389 W 695 m
Mont Logan Summit (MLS) Picea glauca 48.891460 N 66.644171 W 1075 m

Figure 2. (a) The old growth cedar grove (OGG), and (b) the dry scree slopes of South Hog’s Back

(SHB).

At each of the eight sites, live trees were sampled according to standard dendroclimatological

methods using Pressler increment borers to take two 0.5 cm diameter cores, at cross-slope position when
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needed (Speer, 2010). Dead wood lying on the ground at each site was sampled as 10 cm cross-sections
with handsaws or electric reciprocating saws. Increment borer samples were mounted and all samples,
including cross sections, were progressively sanded using 120, 220, 360, 480, 600 and 800 grit
sandpaper. Samples were scanned at 2400 dpi resolution and annual ring-widths were measured using
WinDendro®. On dead wood cross-sections, two transects were measured if possible. Samples were
cross-dated with the aid of COFECHA (Holmes, 1983), which was also used to calculate series
intercorrelation, mean sensitivity and first order autocorrelation for each site chronology.

After measurement and cross-dating, each tree-ring width series was standardized to remove the
non-climatic effects of growth and forest dynamics using ARSTAN (Cook & Holmes, 1990). A
conservative flexible cubic smoothing spline of 50 years with a 50% frequency cutoff was used on all
series (Tardif and Bergeron, 1997; Tardif et al., 2001). For each site, standardized and residual
chronologies were made by averaging all the standardized and residual ring-width series, respectively,
from the location using the biweight robust mean (Appendix C) (Cook & Holmes, 1999). The variance
in the mean chronologies was stabilized using methods described by Osborn et al. (1997), as well. An
expressed population signal (EPS) of 0.85 was used to truncate the chronologies (Figure 5), ensuring
that sample depth was sufficiently high so as to contain a stand-level signal (Wigley, 1984).

To better understand the relationship between tree-ring growth and local streamflow and climate,
we calculated bootstrapped correlation coefficients between the residual chronologies from ARSTAN
and the mean monthly streamflow and temperature and precipitation data using TreeClim (Zang &
Biondi, 2015). These residual chronologies were used from all sites because the mean annual flows of
the target river and other climate variables do not contain any autocorrelation. The instrumental record
that was most consistently significantly correlated to the tree-ring chronologies was chosen for

reconstruction.
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Forward stepwise multiple linear regression (MLR) was used to model the relationship between
the predictand (the instrumental data) and the chronologies (the predictors) using the GEOSA package in
Matlab® (Dr. David Meko, Laboratory of Tree Ring Research, University of Arizona). As predictors ,
we explored prewhitening either the individual series and then averaging these series to form a residual
chronology (the usual ARSTAN approach; Cook, 1985) or taking the averaged standardized
chronologies from ARSTAN and then prewhitening them (Meko et al., 1993; Meko & Graybill, 1995).
Predictors were lagged + 2 years. Because of the short length of the available instrumental data, the
validity of the MLR models was evaluated with leave-five-out cross-validation (Michaelsen, 1987). We
used the F-statistic, R?, R?.4;, root-mean-square-errors of calibration (RMSE,) and validation (RMSE,),
reduction of error (RE) and residual plots to evaluate the similarity between the models and the
calibration period instrumental data. To guide the selection of skillful and parsimonious MLR models,
we used the minimization of RMSE, (equivalent to the maximization of RE) as the stopping rule for the
number of predictors. To guard against overfitting, we ensured that the distance between RMSE. and
RMSE, was minimal for each model (Wilks, 2006). For each model, we guarded against
multicollinearity by checking that the variance inflation factor (VIF) was less than 10.

To extend the length of the reconstruction, we then nested successive “best” fit models backward
in time. This was done by successively dropping any chronologies from the predictor pool that did not
extend further back in time than the predicted values of the current fitted model. This longer set of
chronologies was then used to extend the next model further backward in time. This procedure of
nesting successively longer reconstructions by fitting the best model and then removing any
reconstruction length-limiting chronologies was repeated until R?.4< 0.35, which we used as our
threshold of model skill.

Because a regression reconstruction inherently underestimates the variability of the past due to a

certain amount of unexplained variance in each regression model, we adapted the standard approach

20



(Lutz et al., 2012; McCarroll et al., 2015; Martin et al., 2019) of restoring variance in a nested
reconstruction by scaling the mean and variance of each progressively longer and less skillful model to
match that of the best model over the period common to the two. We then similarly scaled the fully
nested reconstruction to the target streamflow record over the calibration period of the best model. This
approach maximized the length of record over which variance loss in progressively weaker models
could be assessed and scaled the full nested reconstruction to the target record using the estimates of the

best reconstruction model.

4.3.2 Instrumental streamflow and climate data

Instrumental streamflow and climate data from the study region are needed to determine which
instrumental variables are suitable for reconstruction using the tree-ring chronologies. Data for the
region is relatively limited because of the closure of several provincial streamflow gauges and several
national weather stations since the 1960s, as well as significant portions of missing data in the records
available (Fortin & Hétu, 2013). We retrieved instrumental records from two main sources: (1) mean
monthly and annual streamflow (m?/s) for the Sainte-Anne River, a major river in the PNG, and (2)
temperature (°C) and precipitation (mm) records from Murdochville, Québec (Figure 1) (Fortin et al.,
2017).

The Sainte-Anne River gauges (# 021405 and # 021407) have a combined period from 1968 to
present (Centre d’expertise hydrique du Québec, 2020). Gauge # 021407 is active and its record spans
1971 to 2018. Gauge # 021405 is closed, spans 1968-1975 and is located 1.3 km downstream of Gauge
021407. The flow of # 021405 for 1969-1970 was scaled by basin area and added to that of # 021407,
extending that record. This gave a continuous water year record from 1969-2018, covering 49 years.
Both gauges are located in a relatively undisturbed area outside of the PNG. Murdochville is a former

copper mining town with an elevation of 574 m located 40 km east of the park limits and is one of the
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few interior communities and the only interior climate station. The meteorological records span from

1952 to 2017 (Environment Canada, 2020c; Fortin et al., 2017; Info-Climat, 2020).
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Figure 3. Mean monthly values of streamflow (m?/s) for the Sainte-Anne River 1969-2018, and mean
monthly temperature (°C) and precipitation, partitioned into total snow (cm) and total rain (mm) for the
Murdochville station for 1953-2018.
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Figure 4. Plots of the (a) Sainte-Anne River mean annual water year flows (m>/s), (b) Murdochville
mean annual temperatures (°C), and (¢) Murdochville precipitation (mm) records. The dotted lines show
ordinary-least-squares trend lines together with their significance level.
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4.4 RESULTS AND DISCUSSION

The majority of streamflow is the result of spring snowmelt between March and June,
supplemented by important snowfall in March (Figure 3). The peak month of precipitation is in July.
The monthly averaged temperature and precipitation records are consistent with the seasonal patterns of
the climate normals available from coastal stations in the region, with a slightly colder range of
temperatures, and higher precipitation (Environment Canada, 2020c). The streamflow and climate
records available for the study region show non-significant annual trends. This may be a consequence of
their short time span, in particular for the Sainte-Anne streamflow record (Figure 4); however Fortin and
Hétu (2010; 2013) note a surprising lack of long-term trends in the region. The annual mean values of
the climate data show no significant first order autocorrelation in one-tailed autocorrelation function
tests.

The chronologies separate into two groups: the lowland eastern white cedar valley chronologies
and the spruce alpine chronologies (Tables 1 and 2). All the five eastern cedar chronologies are in close
proximity to the Sainte-Anne River, at an elevation of approximately 200 m (Table 1, Figure 1). The
longest cedar chronologies are ESA and OGG, with a total length of 456 and 430 years, respectively. At
OGG, the samples have the highest mean sample length, 215 years, of all the sites. As a result, all but
the earliest 62 years demonstrated enough replication to be included in the reconstruction (Figure 5).
The long timespan of ESA (1560-2017) is due to two cliff samples that were anomalies at the site. Here,
the mean sample length of 149 is not substantially higher than the inter-site mean length of 122 years.
Similarly, the three other river valley cedar sites have mean length values close to the inter-site mean
(Table 2), with low replication before AD 1800-1850 (Figure 5). The mean series intercorrelation across
all sites is 0.459. The series intercorrelation is reasonably consistent from site to site, with the exceptions
of the highest value at OGG and the lower values at the two exposed Mont Hog’s Back sites which

contained difficult to cross-date krummbholz (Table 2). The alpine sites are distinguished from the valley
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sites by their shorter mean sample lengths and higher mean sensitivities. White spruce at MLS have

much more homogenous growing conditions than the black spruce at SHB and WHB, as shown by a

lack of EPS cut-off (Figure 5) and higher series intercorrelation (Table 2). The descriptive statistics at

these sites are similar to those of other studies involving boreal tree species in northeastern North

America (Au & Tardif, 2011; Hofgaard et al., 1999; Tardif et al., 2001).
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Figure 5. Residual tree-ring chronologies from ARSTAN from the eight sites from the Parc national de

la Gaspésie (PNG) and its environs. Shown in color are the chronologies after the 85% EPS-cutoff.

Shown in grey are the chronologies prior to the EPS-cutoff. Site codes following Table 1.

24



Table 2. Descriptive statistics from COFECHA’s standardized chronology. Series intercorrelation

statistics are based on overlapping 50-year segments. Mean length denotes mean sample length in the

chronology.
Site Number of Span Series Mean 15-order Standard Mean
cores intercorrelation | sensitivity | autocorrelation deviation length
WSA 99 1677-2018 0.453 0.176 0.57 0.378 155
ESA 46 1560-2017 0.435 0.179 0.35 0.403 149
NCD 85 1806-2017 0.473 0.194 0.48 0.474 109
RSA 70 1602-2018 0.514 0.189 0.23 1.678 133
OGG 368 1588-2017 0.533 0.171 0.33 0.226 215
SHB 73 1751-2017 0.409 0.282 0.67 0.258 96
WHB 79 1780-2017 0.375 0.284 0.57 0.246 78
MLS 79 1804-2018 0.477 0.297 0.57 0.249 95

The chronologies contain an effective moisture signal integrated over the watersheds of the PNG,
as shown in Table 3. For six of the eight residual chronologies, TreeClim shows significant negative
correlations between the residual tree-ring chronologies and June Sainte-Anne River flows (Table 3a).
One of the two exceptions, SHB, shows instead a negative correlation between tree-ring widths and May
Sainte-Anne River flows. The remaining exception, ESA, shows a high non-significant negative
correlation between tree-ring width and June Sainte-Anne River flows (results not shown). There are
scattered significant positive correlations between tree-ring width and August and September Sainte-
Anne River flows for ESA, WSA, NCD, RSA and SHB.

Hence, when the Sainte-Anne River flow is high during the peak annual flow from snowmelt,
annual tree-ring widths are narrower. When the Sainte-Anne River has relatively lower spring meltwater
floods, the annual tree-ring widths are wider. The Cascapedia River, which drains the southern part of
the Gaspé Peninsula, has a very similar pattern of correlations between its monthly flows and the
residual tree-ring chronologies (Appendix A), particularly the significant negative correlations in June.

The discontinued Cap Seize precipitation record (1935-1985) on the coast north of the PNG also has a
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related pattern of correlations between its monthly summed precipitation and the Sainte-Anne River
Valley residual tree-ring chronologies: significative negative correlations with April precipitation
(Appendix A). We interpret all of this as the trees capturing a snowpack volume signal: when snowpack
is higher and remains on the ground longer, the Sainte-Anne June monthly flow coinciding with
snowmelt will tend to be higher, as will the Cap Seize April snowfall (Figure 3). When snowpack is
higher and remains on the landscape longer, it shortens the initial part of the growing season which
determines tree-ring width (Brubaker, 1980; Deslauriers et al., 2010; Duchesne et al., 2012; Gedalof et
al., 2004; Huang et al., 2010; Kirdyanov & Hughes, 2003; Lutz et al., 2012; Peterson & Peterson, 2001;
Sanmiguel-Vallelado et al., 2019). Tree-ring growth can be negatively impacted by the delay of warm
soil temperature since the soil warms only after snowpack is melted (Kirdyanov et al., 2003; Vaganov et
al., 1999; Watson & Luckman, 2016). Several conifer species initiate growth of leaves and roots only
after snow cover has melted (Hansen-Bristow, 1986; Worrall, 1983). Eastern white cedar can initiate
growth as late as early June in mid-western Québec (Denneler et al., 2010). Depending on the season
and moisture conditions, the snowpack-growth relationship varies. Snow accumulation too early in the
autumn may negatively affect the next year’s growth by inhibiting carbohydrate storage (Camarero et
al., 2015; Carlson et al., 2017 Helama et al., 2013), explaining the negative relationship between tree-
ring growth and streamflow in the previous year’s October for RSA and WSA. It is true that in some
cases a positive spring snowpack growth relationship can be observed such as in drought prone stands in
western North America (Woodhouse, 2003; Pederson et al., 2011; St George, 2014). However, in the
moist Gaspésie, the relationship appears negative.

The inconsistent late summer significant positive correlations between the Sainte-Anne River’s
(and Cascapedia River’s) monthly flows and the chronologies suggest that even this relatively wet
environment in the PNG can become water-stressed at the end of the summer (Table 3a and Appendix

A). Here trees are showing increased tree-ring widths in response to late summer precipitation, which
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the monthly streamflows are reflecting with a short temporal lag. However, this response is much
weaker and scattered and occurring at the time of year when streamflows are lower. Therefore, even
though this relationship counteracts the strong negative relationship between tree-rings and May-June
river flows, because flow in May-June forms such an important percentage (54%) of the total annual
Sainte-Anne flow in this snow-melt dominated hydrological system, the chronologies adequately capture
total annual flow with their negative relationship.

Table 3. (a) Summary of Sainte-Anne streamflow correlations with the residual chronologies. (b)

Summary of Murdochville, Québec, temperature correlations with the residual chronologies.
Correlations done in R with TreeClim and a 0.05 significance level. Note: (p) denotes previous year.

a) b)
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Unlike the correlations between May-June Sainte-Anne River flows and the chronologies which
demonstrate a consistent common moisture signal across a broad geographic area, correlations between
tree-ring widths and Murdochville mean monthly temperatures does not show such a common pattern
for temperature response (Table 3b). There is a pattern of negative correlations between tree-ring widths
and winter mean temperature in the valley of the Sainte-Anne River and Mont Logan, potentially due to
the loss of protective snowpack since insufficient snowpack in the winter season may cause premature

damage to conifers (Fritts, 1976; Frey, 1983; Wood & Smith, 2013). This also corresponds with the

27



negative relationship between late winter streamflow and tree-ring width for MLS as higher flows at this
time could be due to snowmelt from warmth, causing damaging exposure to the tree’s roots. It also
corresponds with the positive correlations between the Sainte-Anne River Valley chronologies and
February and March Cap Seize precipitation, with more precipitation meaning more protective
snowpack (Appendix A). There are positive correlations with August mean temperature at the low
elevation sites in the Sainte-Anne River Valley (WSA, NCD, and RSA, which are all close together).
But this pattern does not extend to the equally close by ESA and OGG sites, nor to the mid- or high-
elevation sites (SHB, WHB and MLS). This leads us to conclude that our chronologies are primarily
responding to late winter-early spring snowpack quantity, and not temperature. Of course, spring
temperature will affect snowpack melt. However, if spring temperature was important in this system, we
would expect to see positive correlations between tree-ring widths and April, May and June monthly
temperatures. But we do not (with the exception of OGG), hence we conclude that the most important
factor is snowpack quantity, which directly translates into river water in this cold, low-evaporation
climate. Therefore, these chronologies are suitable for reconstructing the flow of the Sainte-Anne River
(Figure 6).

We are assuming that temperatures at mid-elevation Murdochville can adequately represent
temperature in the PNG 40 km away, but temperature is a broad climate field similar over a wide
geographical area, so this is a reasonable assumption. Correlations between tree-rings widths and
Murdochville monthly precipitation showed no consistent patterns and are not considered further
(Appendix A). This could be since precipitation is a highly variable, local field, particularly in the
mountains. However, the Sainte-Anne streamflow gauge produces a better-integrated and more local

measure of precipitation and evapotranspiration for our sites.
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Figure 6. Calibration plot for the first nested reconstruction of the Sainte-Anne River mean annual water
year flow. Shown are the 47 years of observed instrumental data from the Centre d'expertise hydrique du
Québec gauges # 021405 and # 021407 and the tree-ring based reconstruction over their common
interval 1969-2015. Variance scaling has not yet been applied to the reconstruction. See Table 4 for the
reconstruction statistics.

Table 4. Statistics of the three nested reconstructions for the Sainte-Anne River water year mean annual
streamflow spanning 1805-2015. *Subscript P# denotes a positive lag of length #, and subscript N#
denotes a negative lag of length #.

Nested Predictors* R’ | R%j | RMSE. | RMSE, | RE | Time | F-stat. &
Recon # span | (p-level)
1 MLS, WSA, NCDni1, ESAN2, | 0.61 | 0.52 | 2.296 2.612 | 0.36 | 1896- 6.43
RSAx2, WHBp1, MLSp, 2015 | (0.00002)
OGGp2, RSAp
2 MLS, WSA, NCDn1, ESAn2, | 0.56 | 0.46 | 2.413 2913 |0.20 | 1855- 5.98
RSAN2, MLSp2, OGGp2, 2015 | (0.000006)
WSAp2
3 MLS, WSA, WSAnN1, OGGn2, | 0.48 | 0.37 | 2.615 3.060 |0.12 | 1805- 4.38
WSAx2, MLSp2, OGGpa, 2015 | (0.00081)
WSAp>

We explored various reconstruction methods, selecting among them by maximizing R’.;; and RE
and by minimizing RMSE. and RMSE, and their difference in order to optimize our models. Because the
target mean annual stream flows contained no autocorrelation, we used prewhitened or residual

chronologies as predictors. We explored as predictors prewhitening either the individual series and then
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averaging these series to form a residual chronology (the usual ARSTAN approach; Cook, 1985) or
taking the averaged standardized chronologies from ARSTAN and prewhitening them (Meko et al.,
1993; Meko & Graybill, 1995). We also explored using an untransformed versus a /log;y transformed
predictand. We found that prewhitened standardized predictors with an untransformed predictand
worked best, producing the longest reconstructions with the highest R? and R.4. Three progressively
longer nested reconstructions with successively declining performance were fitted in this way (Table 4).
The first nested reconstruction used nine predictors, spanned 1896-2015, and explained more than half
of the observed variance in the instrumental data with R’ = 0.61 (Figure 7). The second nested
reconstruction used eight predictors, spanned 1855-2015, and explained more than half of the observed
variance with R’ = 0.56. The third nested reconstruction also used eight predictors, spanned 1805-2015,
and explained a slightly less than half of the observed variance with R’ = 0.48. All three models

are skillful with RE = 0.36, 0.20 and 0.12, respectively. Although it is relatively distant to the Sainte
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Figure 7. The nested high-frequency Sainte-Anne River, Gaspésie, water year mean annual streamflow
reconstruction (m>/s) (black) for 1805-2015, together with the instrumental flow record (red) and the
95% confidence intervals from the RMSEv (grey). Dashed vertical lines denote the changes from one
nested reconstruction to the next. The thin black horizontal line shows the reconstruction mean.
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Anne watershed, the Mont Logan site (MLS) is a prominent predictor in all nested reconstructions. It
seems to be a sensitive site to snowpack quantity. Arid WHB is another highly sensitive site, but
unfortunately, it is of short length. Although the number of predictors used is relatively high, it is not
uncommon (Meko et al., 1980; Meko & Graybill, 1995; Martin et al., 2019) and we controlled for
overfitting by ensuring that RMSE, is not much greater than RMSE. (Wilks, 2006). Lastly, as the final
step in producing the full Sainte-Anne reconstruction, we scaled the nested reconstruction variance and
mean to be the same as those from the instrumental data over the calibration interval 1969-2015, as the
raw reconstruction does not produce the full range of observed data, as is typical of regression-based
approaches (Figure 7) (Lutz et al., 2012; McCarroll et al., 2015; Martin et al., 2019).

The completed Sainte-Anne River reconstruction spans 1805-2015 (Figure 7). The reconstruction
demonstrates that the short instrumental record for 1969-2018 does not capture the full range of natural
variability of this river system. The minimum recorded mean annual water year low flow was 15.8 m%/s
in 1987. Our tree-ring reconstruction shows that streamflow has been lower on seven occasions: in 1847,
1854, 1875, 1878, 1884, 1896 and 1961. The maximum recorded mean annual water year high flow of
33.6 m*/s in 2011 has been exceeded once in 1907, although it is known that tree-ring based river
reconstructions have difficulty in capturing high flows (Fritts, 1978), but perhaps not in all cases
(Pederson et al., 2013). The instrumental record of 49 years shows only one occasion when streamflow
has remained below the instrumental mean of 22.6 m>/s for four or more successive years: 1985-1988.
This gives a false impression of how long the Sainte-Anne River can have below-mean flows for
successive years. Our 211-year reconstruction shows six periods of below-instrumental-mean flows for
four or more successive years (the longest below-instrumental-mean flow period in the instrumental
record): 1818-1823 (6 years), 1844-1848 (5 years), 1889-1892 (4 years), 1894-1897 (4 years), 1917-
1920 (4 years), 1942-1947 (5 years) and 1959-1963 (5 years). Hence, having the longer perspective of

the tree-ring-based reconstruction shows that the Sainte-Anne River is more susceptible to prolonged
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periods of below-mean flows than previously appreciated, based upon the short instrumental gauge
record. Although reconstructing pluvial periods is more challenging using tree-rings, our reconstruction
shows six periods of above-instrumental-mean flows for four or more successive years: 1824-1828 (5
years), 1870-1873 (4 years), 1905-1908 (4 years), 1924-1928 (5 years), 1955-1958 (4 years) and 1977-
1982 (6 years).

The reconstruction shows the high-frequency changes in the river flow only. Because we had to
use such a conservative detrending method to remove stand dynamics, we were unable to reconstruct
low-frequency variability (Tardif et al., 2001). Hence there may well be low-frequency variability
present in the streamflow that we are unable to detect. A phase shift in interannual variability occurred at
1908. Prior to this time, 1805-1907, interannual variability was much higher, particularly for 1860-1907,
relative to 1908-1973 (F-statistic = 2.02, df = 102, 65, p = 0.001; F-statistic = 2.75, df =47, 65, p = 8.8
x 107), respectively. Post 1908, interannual variability tended to be lower, particularly for 1908-1935.
Starting circa 1974, interannual variability increased again. This later variability change is barely
insignificant relative to 1908-1973 (F-statistic = 1.53, df = 41, 65, p = 0.06).

Our 211-year reconstruction is of comparable length to the only other annual streamflow
reconstruction from Québec (Nicault et al., 2014). However, the two reconstructions are not simple to
compare since the Nicault et al. (2014) reconstruction was expressly constructed to contain as much
low-frequency variability as possible, whereas our reconstruction was by necessity a high-frequency
one. That said, although only ~600 km separates the two study regions, the two reconstructions do not
have much in common. Their reconstruction has low flows during the 1820s, 1850s, 1920-1950 and
early 1960s; and high flows during the 1810s, 1840s, 1870-1890 and 1910s. The only commonalities
between the extreme periods of the two reconstructions are the Sainte-Anne River low flows in 1942-
1947 and 1959-1965, and its high flows of 1870-1873. Nicault et al. (2014) found that streamflow in the

Caniapiscau region is strongly affected by the Arctic Oscillation.
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Despite the greater geographical distance, our reconstruction from the Gaspésie in southern
Québec shows more common hydroclimatic conditions when compared to the moisture reconstructions
from the northeastern United States along the Atlantic Seaboard. One event captured in reconstructions
from both regions is the mega-drought of 1962-1966 (Cook & Jacoby, 1977, Hudson River; 1983,
Potomac River; Devineni et al., 2013, Delaware River; Pederson et al., 2013, Hudson River) which
appears in our record as a period of below-mean flows for 1959-1965 (with a brief hiatus of mean flow
for 1964). This 1960s period of low flow is noted as highly abnormal in the northeastern United States,
and was unprecedented in at least the last 180 years (Cook & Jacoby, 1983; Pederson et al., 2013). Our
reconstruction contains five periods before the 1960s of multi-year low flows which are common
periods of low moisture availability in the northeast United States: 1818-1823 (in the Potomac,
Delaware and Hudson Rivers), 1844-1848 (Delaware and Hudson Rivers), 1889-1892 (Delaware River),
1894-1897 (Potomac and Hudson Rivers), 1917-1920 (Hudson River), 1942-1947 (Potomac, Delaware
and Hudson Rivers). Hence, the long-term perspective of dendroclimatology shows that the mechanisms
for prolonged drought in northeastern North America act on a broad geographical scale. Our
reconstruction also shows five periods of multi-year high flows which are also common periods of high
moisture availability in the northeast United States: 1824-1828 (in the Potomac, Delaware and Hudson
Rivers), 1905-1908 (Potomac, Delaware and Hudson Rivers), 1924-1928 (Potomac River), 1955-1958
(Delaware and Hudson Rivers) and 1977-1982 (Potomac River). However, with pluvials the
commonality over the wider geographic region is not as broad as with droughts, reflecting the
importance of local factors in generating precipitation. There is an unfortunate lack of hydroclimate
reconstructions from New England proper which makes these comparisons more challenging.

Previous researchers have hypothesised that the eastern white cedars of the Sainte-Anne River
Valley that were sampled by E. Cook (1994a) contain a temperature signal, without calibrating against

actual instrumental climate data which are unavailable for their chronology given its end date (D’ Arrigo
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et al., 2006). If their site is the same as our OGG (likely given the high correlation R = 0.9 between the
two chronologies for their common interval of 1696-1982), then our results suggest that this site
contains more of a moisture than temperature signal.

In northeastern North American forests, the climate-tree-growth relationship is varied and multi-
faceted (Tardif et al., 2001) which makes dendroclimatology in this region challenging (but rewarding).
This is made evident by studies eastern white cedar that have shown a positive growth response to July
and August streamflow of the previous year in western Québec at Lac Duparquet (Tardif & Bergeron,
1997), to summer precipitation in southern Ontario on the Niagara Escarpment (Buckley et al., 2004), to
July temperature northern Manitoba (Tardif & Stevenson, 1997) and to the late-fall temperature of
previous year (Au and Tardif, 2012). The response of the cedars in our study do not match those
observed in the species elsewhere (Archambault & Bergeron, 1991; Pearl et al., 2017; Tardif &
Stevenson, 1997). Other Québec studies using black spruce krumholtz (Arseneault & Payette, 1997;
Payette et al., 1985) are located near the limit of the northern treeline and contain a temperature record
spanning the past two millennia, rather than a hydroclimate signal like ours did.

Our two-century long Sainte-Anne River reconstruction can serve as a resource for the
management of the PNG. The PNG is part of a provincial network of protected areas committed to
conserve notable ecosystems and their cultural significance across Québec. Our Sainte-Anne streamflow
reconstruction gives a history of past high-frequency changes in flows, to which winter snowpack is
closely linked. This provides a longer-term context of water variability than the short instrumental
record, giving a pre-industrial baseline of moisture conditions. The Sainte-Anne River is an important
Atlantic salmon spawning ground, the recreational fishery of which provides a significant part of the
PNG’s services and revenue. The occurrence of high and low flows in spawning rivers detrimentally
affects salmon habitat availability and breeding success, as well as modifying sediment budget,

increasing water turbidity and disturbing river beds (Armstrong et al., 2002; Heggenes et al., 1996). The
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context given by the streamflow reconstruction may allow for better modeling of streamflow projections
and better assessments of the impacts of global warming on the local salmon fisheries. The mountains of
the interior Gaspésie are also the last refuge south of the Saint Lawrence River for the critically
endangered caribou population. Our reconstruction gives insight on past snow pack conditions, which
have important implications on caribou feeding habits and calf survival, especially in the face of global
warming (Bergerud & Page, 1986; Festa-Bianchet et al., 2009; Mosnier et al., 2003). Predators are
expected to be a greater threat for these Gaspésie caribou as snow pack is expected to decline by the end
of the 21* century (Bates et al., 2008), thus permitting predators to reach breeding grounds earlier in the

season (Martin Hughes-Saint-Laurent, personal communication, May 2020; Ouellet et al., 1996).
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S. CONCLUSIONS

The intensity and patterns of moisture change over the next century in northeastern North
America are uncertain, especially in mountainous areas. Our 211-year reconstruction of the Sainte-Anne
River gives a baseline to the region’s hydroclimatic conditions, a potentially useful tool for assessments
of future ecosystemic response, natural hazard risks and resource planning, in the context of climate
change. Our reconstruction joins the short list of hydroclimatic reconstructions in northeastern North
America. It is confirmation that the forests of the Gaspésie mountains, at all altitudes, can show a
common growth response to moisture and are indeed viable for reconstructing past hydroclimate
conditions. The reconstruction presented here reveals multiple periods of prolonged low flow and high
flow in the Sainte-Anne River over the past two centuries, of which only a single period of low flow
(1985-1988) and high flow (1977-1982) were captured in the instrumental records. These results show
that the relatively stable hydroclimatic variability recorded over past 49 years by the Sainte-Anne River
streamflow gauge is not representative of the long-term variability in the region.

There are many future considerations for the tree-ring chronologies and sample sites presented
here, beyond the scope of this thesis. Although similarities between the Sainte-Anne River
reconstruction and the more northern reconstruction of Nicault et al. (2014) are limited, their study
found significant correlations between tree-ring growth and both the North Atlantic Oscillation and the
Arctic Oscillation. Thus, the relationship between our tree-ring chronologies and atmospheric pressure
systems is worth exploring, especially given the significance of large teleconnection patterns to
snowpack in the region (Fortin and Hétu, 2014). Regional temperature or precipitation indexes such as
those developed by Fortin et al. (2017), can be used to further study the growth-climate relationships of
these chronologies. This may reveal the potential for our chronologies to infer conditions over a wider
geographical area than reconstructed in this study. We have evaluated correlation analyses between our

tree-rings and two other instrumental datasets available in the region, and they show patterns consistent

37



D’Arrigo, R., Wilson, R., Liepert, B. & Cherubini, P. (2008). On the ‘divergence problem’ in northern
forests: A review of the tree-ring evidence and possible causes. Global and Planetary Change,
60(3—4), 289-305. https://doi.org/10.1016/j.gloplacha.2007.03.004.

Delwaide, A. & Filion, L. (1999). Dendroséries du pin blanc (Pinus strobus L.) et de la pruche de I’Est
(Tsuga canadensis L. [Carr.]) dans la région de Québec. Géographie physique et Quaternaire,
53(2), 265. https://doi.org/10.7202/004853ar.

Denneler, B., Bergeron, Y. & Bégin, Y. (2010). Flooding effects on tree-ring formation of riparian
eastern white-cedar (Thuja occidentalis L.), Northwestern Quebec, Canada. Tree-Ring Research,
66(1), 3-17.

Deslauriers, A., Rossi, S., Morin, H. & Krause, C. (2010). Analyse du développement intraannuel des
cernes de croissance. In: La Dendroécologie (S. Payette and L. Filion, ed.), pp. 61-92. Presses de
I’Université Laval.

Devineni, N., Lall, U., Pederson, N. & Cook, E. (2013). A tree-ring-based reconstruction of Delaware
River Basin streamflow using hierarchical Bayesian regression. Journal of Climate, 26(12),
4357-4374. https://doi.org/10.1175/JCLI-D-11-00675.1.

Dionne, M., Cauchon, V. & Direction générale de I’expertise sur la faune et ses habitats. (2015).
Ecologie et évolution des populations témoins de saumon atlantique au Québec: Rapport de
recherche 2014.
http://proxy.cm.umoncton.ca/login?url=http://139.103.17.24/owncloud/index.php/s/9WrOHvtko
ZY AMSI.

Duchesne, L., Houle, D. & D’Orangeville, L. (2012). Influence of climate on seasonal patterns of stem
increment of balsam fir in a boreal forest of Québec, Canada. Agricultural and Forest
Meteorology, 162—163, 108—114. https://doi.org/10.1016/j.agrformet.2012.04.016.

Environment Canada. (2020a). Canadian Climate Normals, 1971-2000 period. Cap-Madeleine and Cap-
Chat Stations. Accessed online: April 24, 2020.

Environment Canada. (2020b). Daily Data Report, 1953-1995 period. Murdochville Station. Accessed
online: February 12, 2020.

Environment Canada. (2020c). Canadian Climate Normals, 1971-2000 period. Gaspé Station. Accessed
online: April 24, 2020.

Esper, J., Cook, E. R. & Schweingruber, F. H. (2002). Low-frequency signals in long tree-ring
chronologies for reconstructing past temperature variability. Science, 295(5563), 2250-2253.
https://doi.org/10.1126/science.1066208.

Fan, H. & He, D. (2015). Temperature and precipitation variability and its effects on streamflow in the
upstream regions of the Lancang—Mekong and Nu—Salween Rivers. Journal of
Hydrometeorology, 16(5), 2248-2263. https://doi.org/10.1175/JHM-D-14-0238.1.

Ferguson, C.W. (1968). Bristlecone pine: Science and esthetics. Science, 159(3817), 839.
https://doi.org/10.1126/science.159.3817.839.

42



Festa-Bianchet, M., Ray, J.C., Boutin, S., Coté, S.D. & Gunn, A. (2011). Conservation of caribou
(Rangifer tarandus) in Canada: An uncertain future. Canadian Journal of Zoology, 89(5), 419—
434, https://doi.org/10.1139/211-025.

Filion, L., Payette, S., Gauthier, L. & Boutin, Y. (1986). Light rings in subarctic conifers as a
dendrochronological tool. Quaternary Research, 26(02), 272-279. https://doi.org/10.1016/0033-
5894(86)90111-0.

Fortin, G. & Hétu, B. (2009). Les extrémes météorologiques hivernaux et leurs impacts sur la couverture
neigeuse dans les monts Chic-Choc, Gaspésie, Québec. Geographia Technica, numéro spécial, p.
181-186.

Fortin G. & Hétu B. (2012). Changements de la proportion de neige recue durant la saison hivernale en
Gaspésie depuis 1970. Actes du colloque de I’Association Internationale de Climatologie,
Grenoble, France, September 5-8 2012, 297-302.

Fortin, G. & Hétu, B. (2014). Estimating winter trends in climatic variables in the Chic-Choc Mountains,
Canada (1970-2009). International Journal of Climatology, 34(10), 3078-3088.
https://doi.org/10.1002/joc.3895.

Fortin, G., Acquaotta, F. & Fratianni, S. (2017). The evolution of temperature extremes in the Gaspé
Peninsula, Québec, Canada (1974-2013). Theoretical and Applied Climatology, 130(1-2), 163—
172. https://doi.org/10.1007/s00704-016-1859-x.

Frank, D., Esper, J., Zorita, E. & Wilson, R. (2010). A noodle, hockey stick, and spaghetti plate: a
perspective on high-resolution paleoclimatology. Wiley Interdisciplinary Reviews.: Climate
Change, 1(4), 507-516. https://doi.org/10.1002/wcc.53.

Franke, J., Frank, D., Raible, C.C., Esper, J. & Bronnimann, S. (2013). Spectral biases in tree-ring
climate proxies. Nature Climate Change, 3(4), 360-364. https://doi.org/10.1038/nclimate1816.

Frey, W. (1983). The influence of snow on growth and survival of planted trees. Arctic and Alpine
Research, 15(2), 241-251. https://doi.org/10.2307/1550925.

Fritts, H. (1976). Tree-rings and Climate. New York, USA: Academic Press Inc.

Gagnon, R.M. (1970). Climat des Chic-Choc. Ministere des Richesses Naturelles, Service de la
Météorologie, Gouvernement du Québec No. 36.

Gaspésie Woodland Caribou Recovery Plan (2002-2012). (2006). Retrieved from
https://www.registrelep-
sararegistry.gc.ca/virtual sara/files/plans/rs_gasp%C3%A9sie_woodland caribou 0207 e.pdf
Accessed: September 11, 2019.

Gedalof, Z., Peterson, D.L. & Mantua, N.J. (2004). Columbia River flow and drought since 1750.
Journal of American Water Resources Association, 40(60), 1579-1592.

43


https://doi.org/10.1139/z11-025
https://doi.org/10.1016/0033-5894(86)90111-0.
https://doi.org/10.1016/0033-5894(86)90111-0.
https://doi.org/10.1002/joc.3895.
https://doi.org/10.1007/s00704-016-1859-x.
https://doi.org/10.1002/wcc.53.
https://doi.org/10.1038/nclimate1816
https://doi.org/10.2307/1550925
https://www.registrelep-sararegistry.gc.ca/virtual_sara/files/plans/rs_gasp%C3%A9sie_woodland_caribou_0207_e.pdf
https://www.registrelep-sararegistry.gc.ca/virtual_sara/files/plans/rs_gasp%C3%A9sie_woodland_caribou_0207_e.pdf

Germain, D., Filion, L. & Hétu, B. (2009). Snow avalanche regime and climatic conditions in the Chic-
Choc Range, eastern Canada. Climatic Change, 92(1-2), 141-167.
https://doi.org/10.1007/s10584-008-9439-4.

Germain, D. & Martin, J.P. (2011). The vulnerability of northern cities to weather-related hazards: case
studies from the province of Québec, eastern Canada. In: Advances in Environmental Research.
22 Nova Science. http://site.ebrary.com/id/10676715.

Glaz, P.N., Nozais, C. & Arseneault, D. (2009). Macroinvertebrates on coarse woody debris in the
littoral zone of a boreal lake. Marine and Freshwater Research, 60(9), 960-970.
https://doi.org/10.1071/MF08260.

Grandtner, M.M. (1966). La vegétation forestiere du Québec méridional. Québec, Canada. Presses Univ.
Laval.

Graumlich, L.J. (1993). A 1000-year record of temperature and precipitation in the Sierra Nevada.
Quaternary Research, 39(2), 249-255. https://doi.org/10.1006/qres.1993.1029.

Gray, J., Godin, E., Masse, J. & Fortier, D. (2009). Trois décennies d’observation des fluctuations du
régime thermique du pergélisol dans le Parc national de la Gaspésie. Le Naturaliste Canadien,
133(3), 69-77.

Grissino-Mayer, H.D. (2001). Evaluating Crossdating Accuracy: A Manual and Tutorial for the
Computer Program COFECHA. Tree-Ring Research, 57(2), 205-221.

Groisman, P., & Ivanov, S. (Eds.). (2009). Regional aspects of climate-terrestrial-hydrologic
interactions in non-boreal Eastern Europe. Springer Science & Business Media.

Gottfried, M., Pauli, H., Futschik, A., Akhalkatsi, M., Baranc¢ok, P., Alonso, J.L.B., Coldea, G., Dick, J.,
& Erschbamer, B. (2012). Continent-wide response of mountain vegetation to climate
change. Nature Climate Change, 2(2), 111-115. 10.1038/nclimate1329.

Government of Canada, E.C. (2012). Species at Risk Public Registry—Information Summary for the
Consultation on Adding Five Atlantic Salmon Populations to the List of Wildlife Species at Risk
under the Species at Risk Act. https://www.registrelep-
sararegistry.gc.ca/default.asp?lang=En&n=15D3510A-1.

Hansen-Bristow, K. (1986). Influence of increasing elevation on growth characteristics at timberline.
Canadian Journal of Botany, 64(11), 2517-2523. https://doi.org/10.1139/b86-334.

Heggenes, J. (1990). Habitat utilization and preferences in juvenile Atlantic salmon (Sa/mo salar) in
streams. Regulated Rivers: Research & Management, 5(4), 341-354.

Helama, S., Mielikainen, K., Timonen, M., Herva, H., Tuomenvirta, H. & Venalainen, A. (2013).

Regional climatic signals in Scots pine growth with insights into snow and soil associations.
Dendrobiology, (2013)70, 27-34. https://doi.org/10.12657/denbio.070.003.

44


https://doi.org/10.1007/s10584-008-9439-4
http://site.ebrary.com/id/10676715
https://doi.org/10.1071/MF08260
https://doi.org/10.1006/qres.1993.1029
https://doi.org/10.1038%2Fnclimate1329
https://www.registrelep-sararegistry.gc.ca/default.asp?lang=En&n=15D3510A-1
https://www.registrelep-sararegistry.gc.ca/default.asp?lang=En&n=15D3510A-1
https://doi.org/10.1139/b86-334
https://doi.org/10.12657/denbio.070.003

Hétu, B. & Vandelac, P. (1989). La dynamique des éboulis schisteux au cours de I’hiver, Gaspésie
septentrionale, Québec. Géographie physique et Quaternaire, 43(3). 389—406.

Hétu, B. & Gray, J.T. (2000). Effects of environmental change on scree slope development throughout
the postglacial period in the Chic-Choc Mountains in the northern Gaspé Peninsula, Québec.
Geomorphology, 32(3—4), 335-355. https://doi.org/10.1016/S0169-555X(99)00103-8.

Holmes, R.L. (1983). Computer-assisted quality control in tree-ring dating and measurement. Tree-Ring
Bulletin, 43, 69-78.

Hofgaard, A., Tardif, J. & Bergeron, Y. (1999). Dendroclimatic response of Picea mariana and Pinus
banksiana along a latitudinal gradient in the eastern Canadian boreal forest. Canadian Journal of
Forest Research, 29(9), 1333-1346.

Huang, J., Tardif, J.C., Bergeron, Y., Denneler, B., Berninger, F. & Girardin, M.P. (2010). Radial
growth response of four dominant boreal tree species to climate along a latitudinal gradient in the
eastern Canadian boreal forest. Global Change Biology, 16(2), 711-731.
https://doi.org/10.1111/j.1365-2486.2009.01990.x.

Hughes, M.K. & Graumlich, L.J. (1996). Multimillennial dendroclimatic studies from the western
United States. In Climatic Variations and Forcing Mechanisms of the Last 2000 Years (pp. 109-
124). Springer, Berlin, Heidelberg.

Hughes, M K. (2002). Dendrochronology in climatology — the state of the art. Dendrochronologia,
20(1-2), 95-116. https://doi.org/10.1078/1125-7865-00011.

Huntington, T.G. (2006). Evidence for intensification of the global water cycle: Review and synthesis.
Journal of Hydrology, 319(1-4), 83-95. https://doi.org/10.1016/j.jhydrol.2005.07.003.

Jones, P.D., Briffa, K.R., Osborn, T.J., Lough, J.M., van Ommen, T.D., Vinther, B.M. & Xoplaki, E.
(2009). High-resolution palacoclimatology of the last millennium: a review of current status and
future prospects. Holocene, 19(1), 3—49. https://doi.org/10.1177/0959683608098952.

Juday, G.P., Alix, C. & Grant, T.A. (2015). Spatial coherence and change of opposite white spruce
temperature sensitivities on floodplains in Alaska confirms early-stage boreal biome shift. Forest
Ecology and Management, 350, 46—61. https://doi.org/10.1016/j.foreco.2015.04.016.

Kelly, P.E., Cook, E.R. & Larson, D.W. (1994). A 1397-year tree-ring chronology of Thuja occidentalis
from cliff faces of the Niagara Escarpment, southern Ontario, Canada. Canadian Journal of
Forest Research, 24(5), 1049—1057. https://doi.org/10.1139/x94-137.

Kirdyanov, A., Hughes, M., Vaganov, E., Schweingruber, F. & Silkin, P. (2003). The importance of
early summer temperature and date of snow melt for tree growth in the Siberian Subarctic. Trees,
17, 61-69.

Le Houérou, H.N. (1996). Climate change, drought and desertification. Journal of Arid Environments,
34(2), 133—185. https://doi.org/10.1006/jare.1996.0099.

45


https://doi.org/10.1016/S0169-555X(99)00103-8
https://doi.org/10.1111/j.1365-2486.2009.01990.x
https://doi.org/10.1078/1125-7865-00011
https://doi.org/10.1016/j.jhydrol.2005.07.003
https://doi.org/10.1177/0959683608098952
https://doi.org/10.1016/j.foreco.2015.04.016
https://doi.org/10.1139/x94-137.
https://doi.org/10.1006/jare.1996.0099

Lenoir, J., Gegout, J.C., Marquet, P.A., de Ruffray, P. & Brisse, H. (2008). A Significant upward shift in
plant species optimum elevation during the 20" century. Science, 320(5884), 1768—1771.
https://doi.org/10.1126/science.1156831.

Loaiciga, H.A., Haston, L. & Michaelsen, J. (1993). Dendrohydrology and long-term hydrologic
phenomena. Reviews of Geophysics, 31(2), 151-171. https://doi.org/10.1029/93RG00056.

Lutz, E.R., Hamlet, A.F. & Littell, J.S. (2012). Paleoreconstruction of cool season precipitation and
warm season streamflow in the Pacific Northwest with applications to climate change
assessments. Water Resources Research, 48(1).

MacDonald, M. (n.e.). Chic-Choc Backcountry Touring Guidebook, 1*' edition. Avalanches Québec. pp
129.

Malanson, G.P., Rose, J.P., Schroeder, P.J. & Fagre, D.B. (2011). Contexts for change in alpine
tundra. Physical Geography, 32(2), 97-113. https://doi.org/10.2747/0272-3646.32.2.97.

Mann, M.E., Bradley, R.S. & Hughes, M.K. (1999). Northern hemisphere temperatures during the past
millennium: Inferences, uncertainties, and limitations. Geophysical Research Letters, 26(6),
759-762. https://doi.org/10.1029/1999GL900070.

Martin, J.T., Pederson, G.T., Woodhouse, C.A., Cook, E.R., McCabe, G.J., Wise, EK. ... & Chase, K.
(2019). 1200 years of Upper Missouri River streamflow reconstructed from tree rings.
Quaternary Science Reviews 224: 105971.

Masson-Delmotte,V., Schulz, M., Abe-Ouchi, A., Beer, J., Ganopolski, A., Gonzalez Rouco, J.F. ... &
Timmermann, A. (2013). Information from paleoclimate archives. In: Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor,
S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex & P.M. Midgley (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 383—464,
https://doi.org/10.1017/CB0O9781107415324.013.

Maxwell, R.S., Hessl, A.E., Cook, E.R. & Pederson, N. (2011). A multispecies tree-ring reconstruction
of Potomac River streamflow (950-2001). Water Resources Research, 47(5).
https://doi.org/10.1029/2010WR010019.

McCarroll, D., Young, G.H.F. & Loader, N.J. (2015). Measuring the skill of variance-scaled climate
reconstructions and a test for the capture of extremes. Holocene, 25(4), 618-626.

Meko, D., Stockton, C.W. & Boggess, W.R. (1980). A tree-ring reconstruction of drought
in southern California. Water Resources Bulletin, 16(4), 594-600.

Meko, D.M., Therrell, M.D., Baisan, C.H. & Hughes, M.K. (2001). Sacramento river flow reconstructed
to AD 869 from tree rings. JAWRA Journal of the American Water Resources Association, 37(4),
1029-1039. https://doi.org/10.1111/7.1752-1688.2001.tb05530.x.

Meko, D. & Graybill, D.A. (1995). Tree-ring reconstruction of Upper Gila River discharge. Water
Resources Research, 31, 605-616.

46


https://doi.org/10.1126/science.1156831
https://doi.org/10.1029/93RG00056
https://doi.org/10.2747%2F0272-3646.32.2.97
https://doi.org/10.1029/1999GL900070
https://doi.org/10.1017/CBO9781107415324.013
https://doi.org/10.1029/2010WR010019.
https://doi.org/10.1111/j.1752-1688.2001.tb05530.x

Meko, D., Cook, E.R., Stahle, D.W., Stockton, C.W. & Hughes, M.K. (1993). Spatial patterns of tree-
growth anomalies in the United States and southeastern Canada. Journal of Climate, 6(9), 1773—
1786. https://doi.org/10.1175/1520-0442(1993)006<1773:SPOTGA>2.0.CO;2.

Meko, D.M. & Woodhouse, C.A. (2011). Application of streamflow reconstruction to water resources
management. In M. K. Hughes, T. W. Swetnam, & H. F. Diaz (Eds.), Dendroclimatology:
Progress and Prospects (pp 231-261). Dordrecht: Springer Netherlands.
https://doi.org/10.1007/978-1-4020-5725-0_8.

Michaelsen, J. (1987). Cross-validation in statistical climate forecast models. Journal of Climate and
Applied Meteorology, 26(11), 1589-1600. https://doi.org/10.1175/1520-
0450(1987)026<1589:CVISCF>2.0.CO;2.

Mosnier, A., Ouellet, J.-P., Sirois, L. & Fournier, N. (2003). Habitat selection and home-range dynamics
of the Gaspé caribou: A hierarchical analysis. Canadian Journal of Zoology, 81(7), 1174—1184.
https://doi.org/10.1139/z03-065.

Nicault, A., Boucher, E., Bégin, C., Guiot, J., Marion, J., Perreault, L. & Bégin, Y. (2014). Hydrological
reconstruction from tree-ring multi-proxies over the last two centuries at the Caniapiscau
Reservoir, northern Québec, Canada. Journal of Hydrology, 513, 435—-445.
https://doi.org/10.1016/j.jhydrol.2014.03.054.

Osborn, T.J., Biffa, K.R. & Jones, P.D. (1997). Adjusting variance for sample-size in tree-ring
chronologies and other regional-mean timeseries. Dendrochronologia, 15, 89-99.

Ouellet, J.P., Ferron, J. & Sirois, L. (1996). Space and habitat use by the threatened Gaspé caribou in
southeastern. Quebec. Canadian Journal of Zoology, 74(10), 1922—-1933.
https://doi.org/10.1139/296217.

Parrish, D.L., Behnke, R.J., Gephard, S.R., McCormick, S. D. & Reeves, G. H. (1998). Why aren’t there
more Atlantic salmon (Salmo salar)? Canadian Journal of Fisheries and Aquatic Sciences,
55(S1), 281-287.

Pauli, H., Gottfried, M., Reiter, K., Klettner, C. & Grabherr, G. (2007). Signals of range expansions and
contractions of vascular plants in the high Alps: observations (1994-2004) at the GLORIA
master site Schrankogel, Tyrol, Austria. Global Change Biology, 13(1) 147-
156. https://doi.org/10.1111%2Fj.1365-2486.2006.01282.x.

Payette, S., Filion, L., Gauthier, L. & Boutin, Y. (1985). Secular climate change in old-growth tree-line
vegetation of northern Quebec. Nature, 315(6015), 135-138.

Payette, S., Morneau, C., Sirois, L. & Desponts, M. (1989). Recent fire history of the northern Québec
biomes. Ecology, 70(3), 656—673. https://doi.org/10.2307/1940217.

Payette, S. & Delwaide, A. (2004). Dynamics of subarctic wetland forests over the past 1500 years.
Ecological Monographs, 74(3), 373-391. https://doi.org/10.1890/03-4033.

Payette, S. & Filion, L. (2010). La dendroécologie. Principes, méthodes et applications. Québec,
47


https://doi.org/10.1175/1520-0442(1993)006%3c1773:SPOTGA%3e2.0.CO;2
https://doi.org/10.1007/978-1-4020-5725-0_8
https://doi.org/10.1175/1520-0450(1987)026%3c1589:CVISCF%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1987)026%3c1589:CVISCF%3e2.0.CO;2
https://doi.org/10.1139/z03-065
https://doi.org/10.1016/j.jhydrol.2014.03.054
https://doi.org/10.1139/z96217
https://doi.org/10.1111%2Fj.1365-2486.2006.01282.x
https://doi.org/10.2307/1940217
https://doi.org/10.1890/03-4033

Canada: Presses de I’Université Laval.

Pearl, J.K., Anchukaitis, K.J., Pederson, N. & Donnelly, J.P. (2017). Reconstructing northeastern United
States temperatures using Atlantic white cedar tree rings. Environmental Research Letters,
12(11), 11412. https://doi.org/10.1088/1748-9326/aa8f1b.

Pederson, N., Cook, E.R., Jacoby, G.C., Peteet, D.M. & Griffin, K.L. (2004). The influence of winter
temperatures on the annual radial growth of six northern range margin tree species.
Dendrochronologia, 22(1), 7-29. https://doi.org/10.1016/j.dendro.2004.09.005.

Pederson, G.T., Gray, S.T., Woodhouse, C.A., Betancourt, J.L., Fagre, D.B., Littell, J.S., Watson, E.,
Luckman, B.H. & Graumlich, L.J. (2011). The unusual nature of recent snowpack declines in the
North American Cordillera. Science, 333(6040), 332—-335.
https://doi.org/10.1126/science.1201570.

Pederson, N., Bell, A.R., Cook, E.R., Lall, U., Devineni N., Seager, R., Eggleston, K. & Vranes, K.P.
(2013). Is an epic pluvial masking the water insecurity of the Greater New York City region?
Journal of Climate, 26(4), 1339-1354.

Phipps, R.L. (1982). Comments on interpretation of climatic information from tree rings, eastern North
America. Tree-Ring Bulletin, 42,11-22.

Peterson, D.W. & Peterson, D.L. (2001). Mountain hemlock growth responds to climatic variability at
annual and decadal time scales. Ecology, 82(12), 3330-3345. https://doi.org/10.1890/0012-
9658(2001)082[3330:MHGRTC]2.0.CO;2.

Querrec, L., Filion, L., Auger, R. & Arseneault, D. (2009). Tree-ring analysis of white cedar (Thuja
occidentalis L.) archaeological and historical wood in Québec City (Québec, Canada).
Dendrochronologia, 27(3), 199-212. https://doi.org/10.1016/j.dendro.2009.05.004.

Sauchyn, D., Vanstone, J., St. Jacques, J.-M. & Sauchyn, R. (2015). Dendrohydrology in Canada’s
western interior and applications to water resource management. Journal of Hydrology, 529,
548-558. https://doi.org/10.1016/j.jhydrol.2014.11.049.

Sanmiguel-Vallelado, A., Camarero, J.J., Gazol, A., Moran-Tejeda, E., Sangiiesa-Barreda, G., Alonso-
Gonzilez, E., Gutiérrez, E., Alla, A.Q., Galvan, J.D. & Lopez-Moreno, J.I. (2019). Detecting
snow-related signals in radial growth of Pinus uncinata mountain forests. Dendrochronologia,
57,125622. https://doi.org/10.1016/j.dendro.2019.125622.

Seidel T.M., Weihrauch D.M., Kimball K.D., Pszenny A.A., Soboleski R., Crete, E. & Murray, G.
(2009). Evidence of climate change declines with elevation based on temperature and snow
records from 1930s to 2006 on Mount Washington, New Hampshire, USA. Arctic, Antarctic and
Alpine Research, 41(3), 362-372.

Szeicz, .M. & MacDonald, G.M. (1996). A 930-year ring-width chronology from moisture-sensitive
white spruce (Picea glauca Moench) in northwestern Canada. The Holocene, 6(3), 345-351.
https://doi.org/10.1177/095968369600600309.

Solomon, S. & the Intergovernmental Panel on Climate Change (Eds.). (2007). Climate Change 2007 :
48


https://doi.org/10.1088/1748-9326/aa8f1b
https://doi.org/10.1016/j.dendro.2004.09.005
https://doi.org/10.1126/science.1201570
https://doi.org/10.1890/0012-9658(2001)082%5b3330:MHGRTC%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5b3330:MHGRTC%5d2.0.CO;2
https://doi.org/10.1016/j.dendro.2009.05.004
https://doi.org/10.1016/j.jhydrol.2014.11.049
https://doi.org/10.1016/j.dendro.2019.125622
https://doi.org/10.1177/095968369600600309

the physical science basis: contribution of Working Group I to the Fourth Assessment Report of
the Intergovernmental Panel on Climate Change. Cambridge, New York: Cambridge University
Press.

Speer, J.H. (2010). Fundamentals of Tree-ring Research. University of Arizona Press.

St. George, S. (2014). An overview of tree-ring width records across the Northern Hemisphere.
Quaternary Science Reviews, 95, 132—150. https://doi.org/10.1016/j.quascirev.2014.04.029.

Tardif, J. & Bergeron, Y. (1997). Ice-flood history reconstructed with tree- rings from the southern
boreal forest limit, western Québec. The Holocene, 7(3), 291-300.
https://doi.org/10.1177/095968369700700305.

Tardif, J. & Stevenson, D. (1997). Radial growth-climate association of Thuja occidentalis L. at the
northwestern limit of its distribution, Manitoba, Canada. Dendrochronologia,
19(2), 179-187.

Tardif, J., Brisson, J. & Bergeron, Y. (2001). Dendroclimatic analysis of Acer saccharum, Fagus
grandifolia, and Tsuga canadensis from an old-growth forest, southwestern Quebec. Canadian
Journal of Forest Research, 31(9), 1491-1501. https://doi.org/10.1139/cjfr-31-9-1491.

Trenberth, K. E., Jones, P. D., Ambenje, P., Bojariu, R., Easterling, D., Tank, A. K., ... & Soden, B.
(2007). Observations: surface and atmospheric climate change. Chapter 3. Climate change, 235-
336.

Trenberth, K. (2011). Changes in precipitation with climate change. Climate Research, 47(1),123—138.
https://doi.org/10.3354/cr00953.

Vaganov, E.A., Hughes, M.K., Kirdyanov, A.V., Schweingruber, F.H. & Silkin, P.P. (1999).
Influence of snowfall and melt timing on tree growth in subarctic Eurasia. Nature, 400, 149—151.
https://doi.org/10.1038/22087.

Watson, Z.M. (1997). The Regional Impacts of Climate Change (Special Report). Retrieved from
http://www.ipcc.ch/ipccreports/sres/regional/index.php?idp=0. Last accessed: May 19" 2018.

Watson, E. & Luckman, B.H. (2006). Long Hydroclimate records from tree-rings in Western Canada:
Potential, problems and prospects. Canadian Water Resources Journal, 31(4), 205-228.
https://doi.org/10.4296/cwrj3104205.

Watson, E. & Luckman, B.H. (2016). An investigation of the snowpack signal in moisture sensitive trees
from the Southern Canadian Cordillera. Dendrochronologia, 38, 118—130.
https://doi.org/10.1016/j.dendro.2016.03.008.

Wigley, T.M.L., Briffa, K.R. & Jones, P.D. (1984). On the average value of correlated time series, with
applications in dendroclimatology and hydrometeorology. Journal of Climate and Applied
Meteorology, 23(2), 201-213. https://doi.org/10.1175/1520-
0450(1984)023<0201:0TAVOC>2.0.CO;2.

Wilks, D.S. (2006). Statistical Methods in the Atmospheric Sciences, 2™ ed. Academic Press.
49


https://doi.org/10.1016/j.quascirev.2014.04.029
https://doi.org/10.1177/095968369700700305
https://doi.org/10.1139/cjfr-31-9-1491
https://doi.org/10.3354/cr00953
https://doi.org/10.1038/22087
http://www.ipcc.ch/ipccreports/sres/regional/index.php?idp=0
https://doi.org/10.4296/cwrj3104205
https://doi.org/10.1016/j.dendro.2016.03.008.
https://doi.org/10.1175/1520-0450(1984)023%3c0201:OTAVOC%3e2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023%3c0201:OTAVOC%3e2.0.CO;2

Wood, L.J. & Smith, D.J. (2013). Climate and glacier mass balance trends from AD 1780 to present in
the Columbia Mountains British Columbia, Canada. Holocene 23, 739-748.

Woodhouse, C.A. (2003). A 431-Yr Reconstruction of western Colorado snowpack from tree rings.
Journal of Climate, 16, 11.

Woodhouse, C.A., Gray, S.T. & Meko, D.M. (2006). Updated streamflow reconstructions for the Upper
Colorado River Basin. Water Resources Research, 42(5), W05415.
https://doi.org/10.1029/2005WR004455.

Worrall, J.J., Parmeter Jr, J.R. & Cobb Jr, F.W. (1983). Host specialization of Heterobasidion annosum.
Phytopathology, 73(2), 304-307.

Yang, D., Goodison, B.E., Metcalfe, J.R., Louie, P., Leavesley, G., Emerson, D., Hanson, C.L.,
Golubev, V.S., Elomaa, E., Gunther, T., Pangburn, T., Kang, E. & Milkovic, J. (1999).
Quantification of precipitation measurement discontinuity induced by wind shields on national
gauges. Water Resources Research, 35(2), 491-508. https://doi.org/10.1029/1998WR900042.

Zahner, R. (1968). Water deficits and growth of trees. In: T.T. Kozlowski (Ed.), Water Deficits and
Plant Growth, vol. II. Academic Press, New York, USA. pp 191-254.

Zang, C. & Biondi, F. (2015). TreeClim: an R package for the numerical calibration of proxy-climate
relationships. Ecography, 38. 431-436.

Zhang, X., Vincent, L., Hogg W.D. & Niitsoo, A. (2000). Temperature and precipitation trends in
Canada during the 20th century. Atmosphere and Ocean, 38. 395-429.

50


https://doi.org/10.1029/2005WR004455
https://doi.org/10.1029/1998WR900042

APPENDIX A

Tables showing TreeClim correlations between the ARSTAN residual tree-ring chronologies and (a)

Cascapedia River streamflow gauge # 011001+ # 011003 (1967 to 2016), (b) Cap Seize mean monthly

precipitation (1935-1985) Environment Canada station # 7051175 and (¢) Murdochville, Québec, mean

monthly precipitation (1953-2018). The Cascapedia River gauge captures a very large river network

south of the park (1480 km?), a watershed larger than that of the Sainte-Anne station (720 km?), but the

river system is less prominent in the PNG and drains the south of the peninsula rather than the north.

Cap Seize is a station just outside the northern edge of the PNG, much closer to the sites than

Murdochville (Figure 1). Only precipitation data is available from it.

a) b)

WS ESA | NCD | RSA | OGG SHB | WHB | MLS WSA | ESA | NCD | RSA | OGG | SHB | WHB | MLS
pAPR pAPR + +
pMAY pMAY - +
pJUN + pJUN + + +
pJUL pJUL +
pAUG + pAUG
pSEPT pSEPT + -
pOCT - pOCT
pNOV pNOV
pDEC + pDEC
JAN JAN
FEB - FEB + +
MAR - MAR
APR APR - - - -
MAY MAY
JUN - - - - - - JUN
JUL JUL + + +
AUG + + AUG

SEPT

SEPT
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c)

WSA

ESA

NCD

RSA

0GG

SHB

WHB

MLS

pAPR

pMAY

pJUN

pJUL

pAUG

PSEPT

pOCT

pNOV

pDEC

JAN

FEB

MAR

APR

MAY

JUN

JUL

AUG

SEPT
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APPENDIX B

The TreeClim correlation coefficients of the relationship between the balsam fir (4bies

balsamea) Mont Albert residual chronology and monthly mean Murdochville temperature over the
period of 1953 to 2017. The relationship of tree-ring widths to the same year and prior of the growth

year are compared to detect any lagged response. Unbroken and bolded lines are significant (p < 0.05)

and 95% confidence interval is shown. A significant response to warm July and October temperatures is

possibly a signal of the longer growing season at this high alpine site (1068 m).

Coefficients

ep Oct Mov Dec JAN FEB MAR AFR MAY JUN JUL AUG SEF OCT

varname
X3

significant
* FALSE
= TRUE
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APPENDIX C

For each sample site, the individual ring-width series and the site chronologies are shown. First
are raw measurements of individual samples as spaghetti plots, with the sample name on the vertical axis
and the years on the horizontal axis. After the spaghetti plots, four versions of the site chronology are
shown. The first is the raw chronology (raw) from ARSTAN, the result of a bi-weight robust mean of
the samples from a site. The second is the standardized chronology from ARSTAN (std), the result of
the bi-weight robust mean of all the sample ring widths from a site modified by a flexible cubic
smoothing spline of 50 years with a 50% frequency cut-off to remove the effect of a tree’s age on the
ring-widths. The third is the residual chronology from ARSTAN (Ares), the result of the bi-weight
robust mean of all the individual sample ring widths with the same modifications as the standardized
chronology in addition to having autocorrelation removed. The fourth chronology is the residual
chronology Dr. Meko’s Matlab® code (Mres) (Dr. David Meko, Laboratory of Tree Ring Research,
University of Arizona), a pre-whitened version of the standardized chronology (std) where

autocorrelation is removed. The Mres chronologies are those used for the final reconstruction.
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