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Abstract: Quebec has experienced a significant decrease in the amount of snow and an increase
in temperature during the cold season. The objective of this study is to analyze the impacts of
these climate changes on the spatio-temporal variability of the daily maximum flows generated by
snowmelt in winter and spring using several statistical tests of correlation (spatial variability) and
long-term trend (temporal variability). The study is based on the analysis of flows measured in
17 watersheds (1930-2019) grouped into three hydroclimatic regions. Regarding the spatial variability,
the correlation analysis revealed that in winter, the flows are positively correlated with the agricultural
area and the daily maximum winter temperature. In the spring, the flows are positively correlated
with the drainage density and the snowfall but negatively correlated with the area of wetlands and
the daily maximum spring temperature. As for temporal variability (long-term trend), the application
of eight statistical tests revealed a generalized increase in flows in winter due to early snowmelt. In
the spring, despite the decreased snow cover, no negative trend was observed due to the increase in
the spring rainfall, which compensates for the decrease in the snowfall. This temporal evolution of
flows in the spring does not correspond to the predictions of climate models. These predict a decrease
in the magnitude of spring floods due to the decrease in the snowfall in southern Quebec.

Keywords: maximum daily flows; winter; spring; agricultural area; wetlands; temperature; precipitation;
statistical analysis; southern Quebec

1. Introduction

In regions with cold temperate climates (cold, snowy winters and hot, dry summers),
the most significant freshets and associated floods were caused by snowmelt. Due to global
warming, these regions still tend to see less snow in winter, the hydrological impacts of
which lead to decreased freshet flows during spring snowmelt (e.g., [1-6]). Thus, among
others, Bloschl et al. [3] clearly demonstrated that in Eastern Europe, a region characterized
by this type of cold temperate climate, the decrease in the snowfall due to global warming
has caused a significant decrease in the magnitude of spring flood flows generated mainly
by the melting snow.

On the other hand, in these same climatic regions, in winter, warming associated
with more frequent rainfall and early snowmelt should lead to increased winter daily
maximum flows (e.g., [1]). Thus, the decrease in the magnitude of spring flood flows is
partly offset by the increase in that of winter floods, which are becoming more and more
frequent. However, very few studies have attempted to compare the temporal variability
of the magnitude of flood flows generated by snowmelt in spring and winter in these cold
temperate climatic regions to test this hypothesis along with the rising temperature.

In Quebec, a region also characterized by a cold temperate climate, several climate
models have already predicted such an evolution in the magnitude of flood flows generated
mainly by snowmelt in spring and winter in the current context of global warming [7].
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However, there is still no one who has already been interested in verifying this hypothesis,
despite the fact that several studies have already demonstrated the decrease in the amount
of snowfall and the increase in temperature ([8-10]) during the cold season. Most of
the work published on the temporal variability of floods in Quebec and Canada has
focused exclusively on annual daily maximum flows generated mainly by spring snowmelt
(e.g., [11-17]). Nevertheless, Beauchamp et al. (2015) analyzed the temporal variability of
maximum daily flows in winter. The main objective of this study was to determine the
climatic indices which influence the temporal variability of these flows. Thus, the effects of
short (STP)- and long (SLP)-term persistence on the stationarity of the hydrological series
analyzed were not taken into account. The conclusion of this study on the stationarity of
the hydrological series analyzed, thus, deserves to be re-examined in the light of these two
types of robust statistical tests.

In addition, the characteristics of floods are also significantly influenced by phys-
iographic factors and land use, as several studies have already shown. These different
factors can amplify or attenuate the effects of global warming on flood characteristics [6,18].
However, in Quebec, there is still no study on the impacts of these factors on the spatial
variability of the magnitude of flood flows generated by snowmelt in winter and spring.
This aspect is important because it will make it possible to determine the influence of these
factors on the sensitivity of watersheds to changes induced by changes in precipitation and
temperature regimes due to global warming.

In view of these considerations, the general objective of our study is to analyze the
impacts of the decrease in snow cover on floods during the cold season (winter and spring)
on the one hand, and the following specific objectives, on the other hand:

(i) Compare the temporal variability of seasonal daily maximum flows in winter and
spring. This objective is based on the following hypothesis: the rise in temperature at
the origin of the early snowmelt in winter and the significant decrease in the amount of
snowfall in winter and spring have led to a significant increase in the magnitude of the
flows daily maximums in winter to the detriment of that of the maximum daily flows in
spring. There is therefore a negative correlation between the temporal variability of flows
in winter and in spring;

(ii) Compare the factors that influence the spatial variability of the magnitude of daily
maximum flows in winter and spring. The assumption underlying this objective is as
follows: the magnitude of the maximum daily flows in winter and spring is influenced
by the same physiographic and land-use factors because these flows are generated mainly
by snowmelt, the effects of which can be amplified depending on the rainfall, during
both seasons;

(iif) Determine whether these physiographic and land-use factors that influence the
spatial variability of the magnitude of daily maximum flows during the two seasons
amplify or attenuate the effects induced by global warming (temporal variability);

(iv) Finally, determine the impacts of short (STP)- and long (SLP)-term persistence
on the stationarity of the series of the magnitude of the daily maximum flows during the
two seasons.

2. Materials and Methods
2.1. Station Descriptions and Data Sources

We analyzed the flows in 17 watersheds across three hydroclimatic regions, which were
established based on flow, temperature and precipitation patterns in southern Quebec [11]
(Table 1 and Figure 1). The watersheds were chosen because the daily flow measurements
of each spanned more than 85 years with no significant disturbances caused by human
activity. The first southwest hydroclimatic region is located on the north shore and is
characterized by a temperate continental climate. The watersheds in this region lie almost
entirely in the Canadian Shield, which consists mainly of metamorphic and Precambrian
mafic rocks. These rocks are often covered by surficial deposits of glaciofluvial origin (sand
and gravel). The watersheds on the south shore of the St. Lawrence River were grouped into
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two hydroclimatic regions, one located north (maritime temperate climate) and one south
(mixed temperate climate) of 47° N. They drain the Appalachians, an eroded mountain
range consisting of sedimentary rocks, and the St. Lawrence Lowlands, a topographically
flat geological formation consisting mainly of sedimentary rocks, also of marine, river and

glacial origin.

Table 1. Description of the stations studied.

. Drainage Latitude Longitude
Rivers Code ID Area (Km2) N) W)
Southeastern Hydroclimatic Region
Chateaugay SE1 30,905 2492 45°19' 73°45'
Eaton SE2 30,234 646 45°28/ 71°39/
Nicolet SE3 30,101 562 45°47' 71°58’
Etchemin SE4 23,303 1152 46°39’ 71°39’
Beaurivage SE5 23,401 708 46°39/ 71°17'
Du Sud SE6 23,106 821 46°49' 70045’
Eastern Hydroclimatic Region
Ouelle E1 22,704 796 47°22! 67°57'
Du Loup E2 22,513 1042 47°36/ 69°38’
Trois-Pistoles E3 22,301 930 48°05' 69°11
Rimouski E4 22,003 1615 48°24/ 68°33’
Matane E5 21,601 1655 48°46' 67°32’
Blanche E6 21,700 223 48°47’ 67°41’
Southwestern Hydroclimatic Region
Petite Nation SW1 40,406 1331 45°47' 75°05’
Du Nord SW2 40,110 1163 45°31/ 74°20'
L’Assomption SW3 52,219 1286 46°02/ 73°26
Matawin SW4 50,119 1387 46°40' 73°55’
Vermillon SW5 50,144 2662 47°39/ 72057
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Figure 1. Locations of the river stations. SE = Southeastern Hydroclimatic Region; E = Eastern

Hydroclimatic Region; SW = Southwestern Hydroclimatic Region.
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Daily flow data for these 17 rivers were taken from the website of the Ministere
d’Environnement et de Lutte contre les changements climatiques du Québec’s Centre
d’expertise hydrique du Québec (https:/ /www.cehq.gouv.qc.ca/index_en.asp, accessed on
20 February 2020). The physiographic data of the watersheds come from the database of
the Glaciolab laboratory at the University of Quebec at Trois-Rivieres.

They have already been described in detail by [19] in particular. These data were
supplemented by those extracted from the database published by [20] with particular
regard to data on the areas of wetlands. It is important to note that the areas of wetlands
include those of different types of wetlands (ponds, swamps, bogs, peatlands, floodplains,
etc.) and small lakes, as well as those of other bodies of water and depressions that can
contribute water surface runoff. It is important to remember that the objective of our study
is not to determine the influence of each type of wetland or other body of water, but to
determine the influence of the surface area they occupy in a watershed on the magnitude
of the flows. Climate variables were obtained from the Environment Canada website
(https://climat.meteo.gc.ca/climate_normals/index_f.html, accessed on 18 June 2021).
These are the averages of the monthly climatic averages calculated over the following two
periods: 1971-2000 and 1981-2010. The physiographic and climatic data analyzed are
shown in Table 2.

Table 2. Correlation coefficients calculated between physiographic variables and magnitude
(L/s/km?) of winter and spring maximum daily flows from 1930-2019.

Variables Winter Spring
Physiographic Variables
Drainage density (km/km?) —0.022 0.524 **
Mean Slope (m/km) —0.304 —0.043
Forest surface area (%) —0.393 —0.075
Agricultural surface area (%) 0.489 ** 0.452 *
Wetlands surface area (%) —0.321 —0.726 **
Climatic Variables
Winter /Spring total rainfall (mm) 0.383 —0.128
Winter /Spring total snowfall (cm) —0.191 0.625 **
Winter /Spring total precipitations (mm) —0.095 0.458 *
Winter-Spring total rainfall (mm) —0.128
Winter-Spring total snowfall (cm) 0.625 **
Winter—Spring total precipitations (rainfall + snowfall) (mm) 0.458 *
Winter daily maximum temperature (°C) 0.525 **
March daily maximum temperature (°C) 0.369
Spring daily maximum temperature (°C) —0.505 **
April daily maximum temperature (°C) —0.511 **
May daily maximum temperature (°C) —0.488 **
Winter-Spring daily maximum temperature (°C) —0.481 **

** = Statistically significant values at the 5% level; * = statistically significant values at the 10% level.

2.2. Data Analysis
2.2.1. Analysis of Spatial Variability of Seasonal Daily Maximum Flows

For each river, we compiled a series of winter (January to March) and spring (April to
June) daily maximum flows, the highest values measured in both seasons from 1930-2019.
We calculated the arithmetic mean (Qmean) for each series and compared the means
of the 17 rivers using parametric (ANOVA) and non-parametric (Kruskal-Wallis) tests.
Given the varying surface areas of the watersheds, we converted daily flows into specific
flows (L/s/km?), then correlated the means with the seasonal and physiographic climate
variables of the watersheds (see Table 2).
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2.2.2. Analysis of Temporal Variability (Long-Term Trend) of Seasonal Daily
Maximum Flows

We used nine different statistical tests to compare the long-term trend of daily maxi-
mum flow in winter and spring. These tests are described in detail in the scientific literature
(e.g., [21-25]). This temporal variability analysis was carried out in the following steps:

- The original Mann-Kendall (MK) test was applied in the first step. Its mathemati-
cal description and application in hydroclimatology were outlined in detail by [26].
The purpose of this test was to detect the long-term trend of a non-autocorrelated
hydroclimatic series;

- Given that the original MK test did not account for short-term and long-term persis-
tence effects (STP and LTP), two tests were applied in the second step to eliminate the
following short-term persistence effects: the prewhitening method (MMK-PW) tests,
developed by [27], and the trend-free prewhitening method (TFPW) tests described
by [28]. The purpose of both tests was to eliminate autocorrelation in the series data;

- Two tests were applied in the third step to correct the effects of autocorrelation on the
variance; both tests were modified Mann—Kendall tests (MMK) developed by [29,30];

- The long-term persistence (LTP) test was applied in the fourth step to eliminate the
effects of long-term persistence. Developed by [31,32], the test’s application has been
described in detail, notably by [22];

- To detect breaks in the means, two statistical tests were applied at the fifth stage:
Pettitt’s tests as described in [33,34]. The first test exclusively detects abrupt breaks
while the second test considers abrupt and progressive breaks;

- Finally, the regional MK test was applied in the last step to eliminate the spatial
autocorrelation (cross-correlation) effects described by [35,36]. However, the results
of the latter are not presented here because no significant spatial autocorrelation
was observed.

3. Results
3.1. Comparison of Spatial Variability of Winter and Spring Daily Maximum Flows and
Correlation Analysis

Daily means maximum flow (expressed as specific flows) in winter and spring are
shown in Figure 2. In winter, the highest flow values were observed in the southeast
hydroclimatic region (SE1 to SE6) south of 47° N on the south shore. The mean values
of these flows were greater than 80 L/s/km? in this region, but less than 50 L/s/km? in
the other two hydroclimatic regions (E1 to E6 and Sw1 to SW5). In spring, the mean flow
values of rivers in the southwest hydroclimatic region (SW1 to SW5) on the north shore
of the St. Lawrence River were lower than those on the south shore. These means were
all below 179 L/s/km?, but most rivers on the south shore far exceeded this threshold
(Figure 2).

The results of the analysis of the correlation between maximum daily flow means
and physiographic factors (Table 2) showed that in winter, average flow values were only
significantly correlated with agricultural areas in the watersheds. This correlation was
positive. In spring, they were negatively correlated with wetlands (the highest correlation
value) but positively correlated with drainage density and agricultural area. As for climatic
variables, in winter, the daily maximum flows are positively correlated with the winter
daily maximum temperature. In spring, they are positively correlated with the amount
of snowfall but negatively correalted with the daily maximum temperature during the
cold season.
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Figure 2. Comparison of maximum daily flow means in winter (black bars) and spring (grey bars).

3.2. Comparison of Temporal Variability (Stationarity) of Winter and Spring Maximum

Daily Flows

The results of applying six tests regarding long-term trend analysis are shown in
Tables 3 and 4 for winter and spring, respectively. In winter, these results are consistent.
Indeed, these tests clearly show that the hydrological series of 15 of the 17 rivers analyzed
were affected by a significant long-term trend (Table 3 and Figures 3-5). The change was
widespread on both shores of the St. Lawrence River. These changes result in a significant
increase in maximum daily flows over time (positive trend). An example of this increase is

given in Figure 3.

Table 3. Results of the various Mann-Kendall tests applied to daily maximum flow series in winter
from 1930-2019.

Rivers MK MMK-PW TFPW MMKY MMKH LTP
4 p-Value V4 p-Value V4 p-Value V4 p-Value V4 p-Value V4 p-Value
Southeastern Hydroclimatic Region
Chateaugay 3.81 ** 0.000 3.41 ** 0.000 3.78 ** 0.000 8.25 ** 0.000 3.30 ** 0.001 3.81 ** 0.000
Eaton 1.85* 0.064 1.61 0.110 1.61 0.110 3.34 ** 0.001 1.65 0.099 1.57 0.116
Nicolet SW 1.24 0.216 1.27 0.210 1.23 0.220 3.72 ** 0.007 1.24 0.216 1.04 0.298
Etchemin 2.69 ** 0.007 2.91 ** 0.000 2.99 ** 0.000 5.61 ** 0.000 2.65 ** 0.007 3.14 ** 0.002
Beaurivage 4.71 ** 0.000 3.36 ** 0.000 4.80 ** 0.000 5.74 ** 0.000 5.68 ** 0.000 2.56 ** 0.002
Du Sud 3.30 ** 0.001 3.50 ** 0.000 3.53 ** 0.000 8.32 ** 0.000 3.30 ** 0.001 3.14 ** 0.002
Eastern Hydroclimatic Region
Quelle 3.20 ** 0.000 3.99 ** 0.000 4.03 ** 0.000 8.03 ** 0.000 3.99 ** 0.000 3.34 ** 0.001
Du Loup 3.43 ** 0.001 3.69 ** 0.000 3.41 ** 0.000 7.47 ** 0.000 2.92 *#* 0.004 2.85 ** 0.004
Trois-Pistoles 4.07 ** 0.000 4.33 ** 0.000 3.96 ** 0.000 8.48 ** 0.000 4.07 ** 0.000 5.72 ** 0.000
Rimouski 4.69 ** 0.000 4.94 ** 0.000 4.58 ** 0.000 1(1‘*39 0.000 3.78 ** 0.000 3.34 ** 0.001
Matane 4.34 ** 0.000 451 ** 0.000 4.26 ** 0.000 7.02 ** 0.000 4,92 ** 0.000 4.74 ** 0.000
Blanche 3.59 ** 0.000 2.47 ** 0.010 3.06 ** 0.000 4.38 ** 0.000 3.59 ** 0.000 2.33 ** 0.020
Southwestern Hydroclimatic Region

Petite Nation ~ 4.94* 0000  421* 0000 487 0000 1927 0000  526* 0000 429  0.000
Du Nord 3.49 ** 0.000 3.54 ** 0.000 3.35 ** 0.000 6.99 ** 0.000 3.49 ** 0.000 3.06 ** 0.002
L’Assomption ~ 3.18 ** 0.001 3.36 ** 0.000 3.02 ** 0.000 9.00** 0.000 4.72 % 0.000 2.61** 0.009
Matawin 4.49 ** 0.000 4.46 ** 0.000 4.27 ** 0.000 6.36 ** 0.000 5.05 ** 0.000 4.73 ** 0.000
Vermillon 3.06 ** 0.002 3.36 ** 0.000 3.43 ** 0.000 3.76 ** 0.000 3.08 ** 0.002 4.55 ** 0.000

** = Statistically significant values at the 5% level; * = statistically significant values at the 10% level.
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Table 4. Results of the various Mann—Kendall tests applied to daily maximum flow series in spring
from 1930-2019.

Rivers MK MMK-PW TFPW MMKY MMKH LTP
z p-Value z p-Value z p-Value z p-Value z p-Value z p-Value
Southeastern Hydroclimatic Region
Chateaugay 042 0.676 0.48 0.632 0.46 0.642 1.29 0.198 0.786 0.432 0.40 0.691
Eaton -1.22 0.222 -1.52 0.129 —1.55 0.120 —1.37 0.222 -1.22 0.222 —143 0.154
Nicolet SW 0.10 0.919 0.12 0.901 0.14 0.890 0.295 0.768 0.10 0.919 0.08 0.940
Etchemin 1.12 0.266 1.23 0.219 1.56 0.120 0.295 0.768 0.93 0.352 0.54 0.590
Beaurivage 1.87 0.461 1.78* 0.076 2.22** 0.026 2.32** 0.020 0.015 0.96 0.96 0.336
Du Sud 1.91+* 0.057 1.07 0.283 1.35 0.177 3.11** 0.002 0.057 1.16 1.16 0.247
Eastern Hydroclimatic Region

Ouelle 3.59 ** 0.000 2.75** 0.006 3.66 ** 0.000 5.49 ** 0.000 3.02 ** 0.003 2.07 ** 0.038
Du Loup 043 0.671 0.18 0.859 0.28 0.780 1.06 0.290 0.34 0.732 0.26 0.800
Pgt()(; lsejs 1.06 0.291 0.83 0.405 1.08 0.280 3.17** 0.002 0.93 0.355 0.55 0.580
Rimouski —0.98 0.326 —0.68 0.494 —0.76 0.446 —2.52** 0.012 —0.87 0.384 —0.87 0.389
Matane 1.79* 0.074 1.49 0.136 1.83 0.068 413 ** 0.000 2.01** 0.045 1.22 0.224
Blanche 1.44 0.149 0.67 0.502 1.61 0.108 111 0.265 2.16 ** 0.031 0.54 0.589

Southwestern Hydroclimatic Region
Petite Nation ~ 3.64 ** 0.000 2.72%* 0.007 3.53 ** 0.000 8.21** 0.000 3.07 ** 0.002 2.13 0.033

Du Nord 1.41 0.160 1.19 0.236 1.22 0.222 3.49 ** 0.001 212 ** 0.033 1.07 0.286
L'Assomption  1.73 ** 0.084 * 1.82 ** 0.069 1.97 ** 0.049 2.98 ** 0.003 2.17 ** 0.029 1.10 0.272
Matawin 245 ** 0.014 229 0.023 2.54 ** 0.011 5.66 ** 0.000 2.60 ** 0.009 1.77 * 0.078
Vermillon 1.70 ** 0.090 * 1.70 * 0.088 1.72* 0.086 4.000 ** 0.000 1.44 0.150 1.28 0.200

** = Statistically significant values at the 5% level; * = statistically significant values at the 10% level.
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Figure 3. Interannual variability of winter daily maximum specific flows (L/s/ km?) in the South-
eastern hydroclimatic region from 1930 to 2019. Chateaugay River: red curve; Eaton River: yellow
curve; Nicolet River: black curve; Etchemin River: blue curve; Beaurivage River: orange curve; Du
Sud River: grey curve.
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Figure 5. Interannual variability of winter daily maximum specific flows (L/s/km?) in the South-
western hydroclimatic region from 1930 to 2019. Petite Nation River: yellow curve; Du Nord River:
Red curve; L’ Assomption River: grey curve; Matawin River: black curve; Vermillon River: blue curve.

In spring, the test results are no longer consistent. The original MK test and those
that eliminate the effects of short-term persistence revealed a significant positive long-term
trend for the five rivers on the north shore (Figure 6) and seven of the rivers on the south
shore, five of which were located north of 47° N and two south of 47° N (Table 4). It is very
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important to mention that, unlike the north shore, almost all statistically significant trends
on the south shore were detected primarily by a single test (MMKY). However, the test that
eliminates the effects of long-term persistence (LTP) revealed a significant long-term trend
in three rivers only: two on the north shore and one on the south shore (north of 47° N).
Taking into account the effects of the long-term trend (Hurst effect) on the stationarity of
the hydrological series, the change in flows observed, therefore, became less widespread
on the north shore in spring, in contrast with the results of the other tests. The Z values of
all the tests are positive, with the exception of those of the Eaton and Rimouski rivers on
the south shore. These values show an almost generalized upward trend in the magnitude
of the maximum daily flows in spring and winter. This is an important result of this study.

1930 1940 1950 1960 1970 1980 1990 2000 2010

Years

Figure 6. Interannual variability of spring daily maximum specific flows (L/s/km?) in the Southwest-
ern hydroclimatic region from 1930 to 2019. Petite Nation River: black curve; Du Nord River: Red
curve; L’Assomption River: grey curve; Matawin River: orange curve; Vermillon River: blue curve.

The application of two tests (Pettitt and Lombard) to detect the breaks in the averages
highlighted by the previous tests reveals that these breaks are almost abrupt, and all
occurred before 1973 (Table 5). To verify whether winter and spring daily maximum flow
series were affected by a second break in means, the six statistical tests were applied to
analyze the series from 1975-2019. No changes were detected in the long-term trend or in
the break in means (these results are not presented here). Therefore, the wet period of the
2010s, which was characterized by high-intensity freshets, did not significantly affect the
means of the hydrological series.

Finally, the correlation between the maximum daily flows in winter and in spring was
calculated. The results of this analysis are presented in Table 6. They revealed that for the
three periods, we can conclude that in the majority of watersheds, there is no significant
correlation between the magnitude of the maximum daily flows in winter and spring
despite the general increase in this magnitude observed in winter. Nevertheless, some
regional trends are worth highlighting. On the south shore (SE1 to SE6), south of 47° N, all
the signs of correlation coefficients are negative. On the other hand, north of this parallel
(E1 to E6), these signs become globally positive. On the north shore (SW1 to SW5), no
correlation coefficient is statistically significant for the three periods.
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Table 5. Pettitt and Lombard test results applied to maximum daily flow series in winter and spring
from 1930-2019.

Winter Spring
Pettitt Test Lombard Test Pettitt Test Lombard Test
K p-Values T Sn T1-T2 K p-Values T Sn T1-T2
Southeastern Hydroclimatic Region
Chateaugay 1054 * 0.000 1962 0.143 * 1961-1962 288 1.018 0.002
Eaton 613 0.068 - 0.044 * 1958-1959 497 0.233 0.017
Nicolet SW 678 * 0.047 1962 0.027 - 239 1.256 0.000
Etchemin 935 * 0.002 1972 0.095 * 1971-1972 631 0.078 0.016
Beaurivage 1369 * 0.000 1972 0.219 * 1971-1972 603 0.104 0.032
Du Sud 1015 * 0.000 1972 0.119* 1972-1972 679 0.047 0.038
Eastern Hydroclimatic Region

Ouelle 1256 * 0.000 1971 0.186 * 1970-1972 1167 * 0.000 1967 0.176 * 1966-1967
Du Loup 1039 * 0.000 1972 0.130 * 1971-1972 323 0.856 0.002
Trois- 1099*  0.000 1972 0179*  1971-1972 498 0.266 0.010

Pistoles
Rimouski 1216 * 0.000 1972 0.237 * 1942-1978 444 0.402 0.009
Matane 1038 * 0.000 1973 0.189 * 1947-1948 637 0.074 0.038
Blanche 795 * 0.006 1971 0.120 * 1934-2005 556 0.112 0.027
Southwestern Hydroclimatic Region

15222; 1432 * 0.000 1970 0.273 * 1963-1972 1079 * 0.000 1966 0.128 * 1964-1965
Du Nord 1067 * 0.000 1972 0.131* 1971-1972 594 0.103 0.017
L'Assomption 1068 * 0.000 1972 0.114* 1971-1972 743 * 0.022 1969 0.037

Matawin 1042 * 0.000 1968 0.243 * 1971-1972 855 * 0.003 1969 0.064 * 1968-1969
Vermillon 783 * 0.014 1972 0.076 * 1949-1950 696 0.039 1968 0.028

* = significant value at the 5% threshold is shown in red bold; K = computed value of Pettitt’s test statistic; T = year
of the shift mean; Sn = computed value of Lombard’s test statistic; T1-T2 = year before (T1) and after (T2) of
shift mean.

Table 6. Correlation coefficients calculated between the winter and spring daily maximum flows for
three periods.

Rivers 1930-2019 1930-1974 1975-2019
Southeastern Hydroclimatic Region
Chateaugay —0.061 0.102 —0.236
Eaton —0.158 —0.088 —0.163
Nicolet SW —0.266 ** —0.378 ** —0.208
Etchemin 0.019 —0.125 —0.027
Beuarivage —0.181 —0.257 —0.423 **
Du Sud —0.063 —0.232 —0.046
Eastern Hydroclimatic Region
Ouelle 0.218 ** 0.030 0.118
Du Loup —0.007 —0.125 0.058
Trois-Pistoles 0.042 —0.120 0.078
Rimouski 0.047 —0.020 0.143
Matane 0.219 ** —0.444 ** 0.295
Blanche 0.395 ** —0.068 0.357 **
Southwestern Hydroclimatic Region
Du Nord 0.076 —0.245 0.140
Petite Nation 0.202 —0.031 —0.001
L’Assomption 0.001 —0.164 0.032
Matawin 0.096 —0.030 —0.041
Vermillon 0.008 0.097 —0.130

** = Statistically significant values at the 5% level.
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4. Discussion
4.1. Spatial Variability of Winter and Spring Maximum Daily Flows

Analysis of the spatial variability of maximum daily flows in winter and spring from
1930-2019 revealed a regional disparity across Quebec. In winter, rivers south of 47° N
(SE1 to SE6) on the south shore had higher maximum daily flows than the rivers in other
hydroclimatic regions. Maximum daily flow means were all greater than 80 L/s/km? in this
region in winter, but less than 50 L/s/km? elsewhere. In spring, spatial disparity resulted
in lower maximum daily flows on the north shore (SW1 to SW5) of the St. Lawrence River
than on the south shore, where overall flow means were greater than 170 L/s/ km?, but
were less than 170 L/s/km? on the north shore.

The correlation analysis between the flows revealed that many physiographic and
climatic factors can explain this spatial disparity in flows. In winter, agricultural area in
the watersheds and winter daily maximum temperature are the two factors positively
correlated with winter daily maximum flows. Watersheds south of 47° N tended to have
larger agricultural areas (>20%) than those in other hydroclimatic regions in Quebec. The
impacts of agriculture on floods have already been extensively studied, even in Quebec
(e.g., [37-40]). However, all of these studies focused on the impacts of agriculture on flood
flows due to rainfall and sometimes snowmelt in spring. These conditions differ from those
that cause winter floods due to total freezing of the ground and all water bodies. As such,
the effect of evapotranspiration would not come into play in this context. Regardless, it
is well-known that agriculture causes soil sealing, which promotes runoff from snowmelt
in winter. However, soil sealing has also been observed in other regions due to extremely
cold winters in Quebec. However, unlike non-agricultural watersheds, in agricultural
watersheds, fields are plowed in late fall for seeding in spring after the snow melts. Thus,
the soil of the fields remains completely bare (devoid of any plant cover). When snowmelt
runoff occurs in winter, water runs off these bare soils more easily than any other type of
terrain. This explains the higher flood flows in the more agricultural watersheds on the
southern shore, in particular, those located south of 47° N. This melting of snow in winter
results from the rise in temperature which also generates precipitation in liquid form (rain).
This explains the positive correlation observed between winter daily maximum flows and
winter daily maximum temperatures.

In spring, four factors influenced maximum daily flows: wetland area, drainage
density, snowfall and spring daily maximum temperature. The correlation was negative
with the wetlands area and daily maximum temperature but positive with the other two
factors. The north shore watersheds with the largest wetland area (>8%) had the lowest
maximum daily flows. The effects of this factor on the magnitude of freshets have already
been analyzed in the scientific literature (see syntheses provided by [41-43]. These studies
show that these effects varied from one watershed to the next because they depend on
many intrinsic and extrinsic factors: area, topography, antecedent humidity conditions,
water level, soil characteristics, type of plants and vegetation that colonize them, location
in the watershed, seasonality, degree of connectivity with river channels, etc. Depending
on these different factors, wetlands can cause the magnitude of floods to rise or fall. In
Quebec, Blanchette et al. [44] demonstrated that the decrease in the area of wetlands in the
St. Charles River watershed had caused a significant decrease in the magnitude of flood
flows. This significant decrease in the magnitude of flood flows resulted from the well-
known process of the “sponge effect” exerted by wetlands on water runoff and infiltration.
However, in the context of this study, wetlands include other types of water bodies such
as small lakes or other surface depressions present in the watersheds of Quebec due to
the succession of glacial and interglacial periods that have sculpted its landscape. Under
these conditions, we can no longer invoke this “sponge effect” to explain the negative
correlation observed between the magnitude of spring daily maximum flows and the area
of these wetlands. Rather, it is another effect called the “surface water storage effect”. The
different landscape units (wetlands, lakes and other surface depressions) store surface
water first from melting snow and then gradually release it to feed river channels. Thus,
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the magnitude of the flows remains low, but their duration is long, unlike the sponge effect
exerted exclusively by typical wetlands. The surface water storage effect has already been
described by several authors [45-53]. It has just been described in Quebec by [54,55] in four
watersheds on both shores.

In Quebec, our results clearly showed that the larger the wetland area, the smaller
the magnitude of spring freshets in the watershed. In contrast, watersheds with larger
agricultural areas had fewer wetlands, as drainage increased significantly following the
modernization of agricultural practices in Quebec since 1950 [56]. However, their drainage
density networks increased overall, which promoted a relatively rapid concentration of
runoff from snowmelt to the channels. This rapid transfer of runoff increased spring flood
peaks, which were, thus, positively correlated with drainage density and agricultural area
(the correlation between flow rates and agricultural area is significant at the 10% level). It
should be noted that wetlands covered less than 4% of watersheds on the south shore, but
more than 8% on the north shore.

Regarding climatic variables, spring floods were mainly brought on by snowmelt. The
magnitude of their peak, therefore, depended on the accumulation of snow throughout the
cold season, which explained the positive correlation between maximum daily flows and
the amount of snowfall in winter and spring. As for the spring daily maximum temperature,
this climatic variable favors the ablation of snow and the evaporation of water from the
melt, thus contributing to the reduction in spring flood peaks (negative correlation). In
addition, relatively warm springs are generally dry and often follow winters with early
snowmelt in Quebec [17].

4.2. Temporal Variability of Winter and Spring Maximum Daily Flows

Analysis of long-term trends in the maximum daily flows of the series showed a clear
difference between winter and spring in southern Quebec. In fact, eight different statistical
tests showed that in winter, almost all of the rivers (88%) had a significant increase in
maximum daily flows, whereas in spring, only 18% of the rivers analyzed had an increase.
As such, it seems clear that a significant widespread change in maximum daily flows
occurred in winter across southern Quebec. Two hypotheses could be used to explain this
increase in maximum daily flow means in winter.

- The increase in temperatures during the winter in southern Quebec. This increase has
already been observed by several authors [9,10]. This increase would, thus, cause an
early melting of snow which would be at the origin of the increase in the maximum
daily flows in winter. Early snowmelt has been observed in many parts of North
America (e.g., [13,15,57-60]);

- Theincreased frequency of precipitation in the form of rain. Such an increase would
likely have caused the increase in the magnitude of winter maximum daily flows. This
increase was observed in a few watersheds analyzed as part of this study, both on the
south shore and on the north shore (the results are not presented here).

In the spring, the significant decrease in the snowfall during the cold season did
not lead to a decrease in spring daily maximum flows. In fact, long-term trend analysis
has clearly shown that a hydrological series of flows is not affected by a negative trend
in the three hydroclimatic regions. Thus, most of the hydrological series have remained
stationary; others have been affected by a positive trend (increase in flows). This absence
of any negative trend despite the decrease in the amount of snow can be explained by the
increase in the spring rainfall. This rainfall increased in spring in the three hydroclimatic
regions [10]. This increase, thus, compensates for the decrease in the amount of snow.
In addition, rain accelerates snowmelt by increasing the peaks (spring daily maximum
flows) of floods. This increase in the amount of rainfall was observed in some watersheds
analyzed as part of this study, both on the south shore and on the north shore (the results
are not presented here).

Finally, the results reveal that the upward trend in the magnitude of the spring daily
maximum flows seems more generalized on the north shore than on the south shore. This
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can be explained by the fact that the very significant reduction in agricultural area that has
occurred since 1950 in the agricultural watersheds of the south shore favors infiltration to
the detriment of runoff. This argument is based on the fact that the spring daily minimum
flows increase significantly over time in the most agricultural watersheds located south of
47° N (SE1 to SE6) on the south shore, while this increase is totally absent on the north shore
(SW1 to SW5) [59,60]. It follows that changes in land use in the agricultural watersheds of
the southern shore tend to attenuate the effects of warming on the increase in the magnitude
of spring flood flows. On the other hand, in winter, the presence of bare soil in cultivated
fields tends to promote runoff, thereby increasing the magnitude of winter flood flows that
will become more and more frequent in southern Quebec.

5. Conclusions

Winter and spring daily maximum flows are mainly caused by snowmelt in southern
Quebec. Analysis of the spatial variability of their magnitude revealed that the same
physiographic and climatic factors were not at play in both seasons, even though the
freshets were caused by snowmelt. In winter, the magnitude of these flows was influenced
by agricultural area (positive correlation) and winter daily maximum temperature in the
watersheds. As such, the highest flow magnitude values were observed in the agricultural
watersheds of the hydroclimatic region south of 47° N (SE1 to SE6) on the south shore of the
St. Lawrence River. This influence can be explained by agricultural practices which consist
of leaving the soil bare in the fields in winter, thus promoting runoff during snowmelt.
In the context of the rise in temperature and the amount of rain due to warming, these
agricultural practices will amplify the intensity of winter floods, which will become more
and more frequent in southern Quebec. In spring, the magnitude of maximum daily flows
was mainly influenced by wetland areas (negative correlation) and snowfall (positive
correlation). Wetlands store runoff water on the surface and gradually release it (surface
water storage effect) to river channels. This process is slightly different from the classic
sponge effect. The lowest magnitude values for these spring daily maximum flows were
observed in watersheds on the north shore (SW1 to SW5) of the St. Lawrence River, where
wetland areas were larger (>8%) than those on the south shore (<4%).

Analysis of the temporal variability in the magnitude of daily maximum flows using
eight different statistical tests revealed an overall increase in winter across Quebec. This
increase in magnitude was likely due to rising winter temperatures and rainfall. In the
spring, the most significant result is the demonstration of the absence of any negative
long-term trend in the hydrological series despite a significant decrease in the amount of
snow. This decrease in snowfall is compensated by the increase in the rainfall due to the
increase in temperature. The effects of this temperature increase on the temporal variability
of flows seem more marked on the north shore than on the south shore. On the south shore,
the significant reduction in agricultural area since the modernization of agriculture in 1950
has, over time, favored infiltration to the detriment of runoff, thus mitigating the increase
in the intensity of spring floods.

In light of these results, the temporal evolution of the daily maximum flows in spring
does not correspond to that predicted by climate models. These predict their decline in
future decades due to the decrease in the amount of snow. However, these models do not
integrate the increase in spring rainfall in their predictions.

As a general summary, the analysis of the seasonal daily maximum flows in the cold
season (winter and spring) made it possible to draw up a global and precise portrait of their
spatio-temporal variability in southern Quebec. With regard to spatial variability, the main
factor in the variability of these flows is the wetlands area, with the exception of the winter
season. During winter, the variability of flows is mainly influenced by the agricultural area.
As for the temporal variability, it is characterized by a generalized tendency to increase
flows during the four seasons, mainly due to the increase in rainfall in the context of
generalized warming of the climate. However, this upward trend is more marked on the
north shore than on the south shore. Thus, wetlands spatially attenuate the intensity of
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floods but increase their magnitude over time because their surface runoff water storage
capacity does not increase over time as the amount of rainfall increases. Thus, unlike
the minimum daily flows, the generalized decrease in snow cover due to the increase in
temperature does not seem to affect the seasonal daily maximum flows due to the increased
rainfall in southern Quebec.

Finally, the changes observed in the spatio-temporal variability of flows in the different
watersheds will be associated later with the resulting ecological impacts in order to be able
to establish ecological limits of hydrologic alteration (ELOHA) thresholds in order to be
able to monitor their integrity in this context of climate change.
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