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Abstract:

 The goal of this study was to analyze the impact of agriculture on the spatial and temporal variability of flow rate change indices from 1930 to 2008. The two indices used are the coefficient of immoderation (CI) and the coefficient of variation (CV). Values of these two indices are higher for the L’Assomption River agricultural watershed than for the Matawin River forested watershed due to higher runoff in the former than in the latter. The difference in these values between the two watersheds is greater for winter, but it is lower for summer, when the difference in runoff between the two watersheds is strongly attenuated by the presence of crops. Regarding the temporal variability, a difference between the two watersheds is observed in the fall. For the agricultural watershed, mean values of neither index show a break in slope, while a break is observed for the forested watershed. In both watersheds, both indices are positively correlated with maximum temperature and total rainfall in winter, but only to this latter climate variable in the fall. In springtime, the two indices are negatively correlated with minimum temperature in the forested watershed, but only CV is correlated, positively, with this same climate variable in the agricultural watershed.
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1. Introduction

According to the ecological natural flow regime concept, the flow regime of a river comprises five fundamental components [1,2]: magnitude, duration, timing, frequency and flow rate change. Many fluvial ecology studies have demonstrated the influence of flow rate change on the dynamics and evolution of aquatic and semi-aquatic organisms [3,4,5,6,7,8,9,10,11] both in natural and in regulated rivers. Indeed, flow rate change affects the composition, structure and abundance of macrophytes and riparian vegetation. It also affects habitat volumes and the availability of food for aquatic and semi-aquatic animals, as well as transfers between the low-flow channel and adjacent alluvial plain. From a morphological standpoint, flow rate change affects the evolution of banks and their sensitivity to erosion through humectation-desiccation and freeze-thaw processes, as well as the evolution of meanders and other landforms [12]. It also determines whether streamflow is permanent or intermittent [13,14].

Unlike the other four components, however, flow rate change remains little studied in hydrology despite its role in fluvial ecosystem function and evolution [15,16,17]. As a result, the watershed climate and physiographic factors that affect the spatial and temporal variability of this component of the flow regime remain unknown, as do human factors. In Quebec, although several studies have analyzed the hydrologic impacts of deforestation and agriculture on various components of flow [18,19,20,21,22], none has looked at the impacts of these two human activities on flow rate change. The goal of the present study is to fill this gap. To do so, the following two major points are addressed:


	-

	An analysis of the impacts of agriculture on the spatial and temporal variability of flow rate change indices. This objective is based on the following hypothesis: flow rate change in an agricultural watershed is much greater than in a forested watershed due to high runoff;



	-

	An analysis of the impacts of agriculture on the relationship between climate variables (temperature and precipitation) and flow rate change indices, the underlying assumption being that agriculture changes the relationship between climate variables and flow rate change indices.





This study is carried out as part of a vast research program aimed at constraining the influence of agriculture on the spatial and temporal variability of the five components of the flow regime and its implications for the morphological and ecological evolution of fluvial ecosystems in Quebec. The ultimate goal of this research program is to develop flow management practices for restoring and conserving the ecological integrity of these ecosystems.



2. Methods


2.1. Description of Watershed

The choice of watersheds to study was based on the following criteria:


	-

	The existence of continuous flow and climate data measured over at least 50 years;



	-

	Similar geological, physiographic and climate characteristics in the selected watersheds in order to constrain better the impacts of land use on flow rate change indices;



	-

	Two selected watersheds with differing land uses.





Two watersheds met these three criteria, namely the adjacent L’Assomption River and Matawin River watersheds. These watersheds have already been described in detail in some of our previous work [18,22]. The Matawin River watershed is fully contained within the Canadian Shield. It is covered entirely by forest and no farming takes place within it. This forested area, which also extends to the L’Assomption River watershed, comprises essentially sugar maple-yellow birch stands. For the Matawin River, the watershed upstream from the Saint-Michel-des-Saints station covers 1390 km2 (Figure 1). Flows have been measured continuously at the Saint-Michel-Des-Saints station since 1931. This station was not affected by the dam built further downstream in 1930 because it is located far from the impounded lake that makes up the Taureau reservoir. With regard to the L’Assomption River watershed, two thirds (approximately 66%) of it is located within the Canadian Shield and one third (approximately 33%) in the St. Lawrence Lowlands, where intensive agriculture (mostly grains and fodder crops) is practiced. At the Joliette station, the geographic area of the L’Assomption River watershed is 1340 km2. Flows have been measured there on an ongoing basis since 1925. For both watersheds, flow data as well as temperature and precipitation data were taken from the Environment Canada websites [23]. However, unlike for flow data, temperatures and precipitation were measured fairly regularly until 2008 for both watersheds, and then only intermittently afterwards.

Figure 1. Location of stations. 1, Saint-Michel-des-Saints station on Matawin river. 2, Joliette station on L’Assomption River.
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2.2. Definition of Flow Rate Change Indices and Statistical Analysis

The index that is commonly used to characterize flow rate change in the literature is the number of phases of increasing and decreasing flow [1]. Although this approach is precise, it is cumbersome and long because it requires detailed analysis of flow hydrographs. To streamline these processing steps, we propose the use of two indices to characterize flow rate change. The first index is the coefficient of variation (CV) of flows, which is in fact the ratio of the standard deviation and the mean value calculated for a series of daily flows. It is expressed as a percentage. This index measures between-day flow variations at the annual and seasonal scales. Higher values of CV indicate stronger flow variations from one day to the next. The second index is the coefficient of immoderation (CI), which is the ratio of the highest daily flow (maximum daily flow) and the lowest daily flow (minimum daily flow) measured during a given year or season [24]. It is also expressed as a percentage. CI is a measure of the maximum amplitude of flow fluctuations at the annual or seasonal scale. Higher CI values indicate a greater difference between the maximum and minimum daily flows. We calculated the two indices using daily flows for each of the following four seasons: winter (January–March), spring (April–June), summer (July–September) and fall (October–December).

For the statistical analysis, the mean values of these two indices were compared using the paired t test to analyze the impacts of differing land uses in the two watersheds on the spatial variability of the two indices. The use of the paired t test is warranted by the normal distribution and the lack of autocorrelation in the CI and CV series for both watersheds. For its part, the temporal variability of the two indices was compared using the Lombard test [25,26]. The choice of this method is warranted by its general nature, it being the only method that can detect both sharp and gradual breaks in mean values of a statistical series, unlike other statistical tests commonly used in hydrology (e.g. test de Pettitt). The mathematical development of the Lombard test was presented by [25] and [26] and will not be addressed further. It should be noted, however, that a break in mean values of a statistical series is statistically significant at the 95% confidence level when the Sn value (score) calculated for the series of observations is greater than 0.0403, which is the Lombard test theoretical value.

Finally, to test the second hypothesis, we correlated the two flow rate change indices (CI and CV) with climate variables using the linear correlation method. The climate variables that were correlated with the two indices include:


	-

	The series of mean daily maximum temperatures (TMAX);



	-

	The series of mean daily minimum temperatures (Tmin);



	-

	The series of daily mean temperatures (Tme);



	-

	The series of total snowfall (TSF);



	-

	The series of total rainfall (TRN);



	-

	The series of total precipitation (rain and snow) (TP).





These series were assembled for each of the four seasons (except for snowfall in summer) over the period from 1930 to 2008.




3. Results and Discussion


3.1. Comparison of the Mean Values of Flow Rate Change Indices between the Two Watersheds

Mean values of CI and CV, the flow rate change indices, are shown in Table 1, from which it can be seen that the mean values of both indices are higher for the L’Assomption River agricultural watershed than for the Matawin River forested watershed. For CI, the difference between the two watersheds is much greater for winter than for other seasons and much lower for summer. For CV, the difference between the two watersheds is greater for winter and spring, and is low for summer.


Table 1. Comparison of mean values of coefficient of immoderation (CI) and the coefficient of variation (CV) using the paired t test (1930–2008).



	
Seasons

	
CI

	
CV




	
L’Assomption Watershed

	
Matawin Watershed

	
p-Values

	
L’Assomption Watershed

	
Matawin Watershed

	
p-Values






	
Winter

	
55.3

	
3.5

	
0.000

	
57.4

	
32.6

	
0.000




	
Spring

	
19.7

	
10.7

	
0.000

	
81.5

	
61.9

	
0.000




	
Summer

	
9.3

	
7.0

	
0.000

	
57.0

	
52.2

	
0.000




	
Fall

	
9.6

	
5.0

	
0.000

	
53.7

	
39.9

	
0.000











These results show that streamflow varies considerably in the agricultural watershed compared to the forested watershed due to higher runoff in the former than in the latter [18]. However, in summer, when the fields are covered by crops, the difference between the two watersheds is lower due to reduced runoff in the agricultural watershed, accounting for the small difference in values of the two indices between the watersheds in summer. During the other seasons, soil cover is generally limited in the agricultural watershed, a situation which favors higher runoff than in the forested watershed, resulting in greater flow variations in the agricultural watershed than in the forested watershed. It follows that differences in morphological and physiographic characteristics between the two watersheds cannot account for the seasonal differences in CI and CV values observed between the two watersheds, because, unlike plant cover, these morphological and physiographic characteristics do not vary according to the season. In addition, it should be recalled that, in the agricultural area, ground slopes are nearly zero (ancient seafloor), which should have produced lower streamflow variability in the agricultural watershed than in the forested watershed.



3.2. Comparison of the Temporal Variability of Flow Rate Change Indices between the Two Watersheds

Results of the Lombard analysis are shown in Table 2. For CI, breaks in mean values are observed for winter and summer in both watersheds. For summer, the timing of this break is the same for the two watersheds (1993–1994), while for winter, the break in mean values took place roughly 30 years later in the agricultural watershed than in the forested watershed. In this latter watershed, aside from breaks for winter and summer, another break in mean values is observed for fall in 1983–1985. All breaks in means values are sharp for both watersheds. CI values are significantly larger in both watersheds after these breaks (Figure 2).

Figure 2. Temporal variability of the CI index in the Matawin River forested watershed (a) and the L’Assomption River agricultural watershed; (b) for the four seasons. Winter: blue curve; Spring: pink curve; Summer: green curve; fall: red curve.
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Table 2. Analysis of the temporal variability of two flow indices in the two watersheds using the Lombard test (1930–2008).



	
Seasons

	
CI

	
CV




	
L’Assomption Watershed

	
Matawin Watershed

	
L’Assomption Watershed

	
Matawin Watershed




	
Sn

	
T1/T2

	
Sn

	
T1/T2

	
Sn

	
T1/T2

	
Sn

	
T1/T2






	
Winter

	
0.0601

	
1970/71

	
0.0613

	
1945/46

	
0.0499

	
1972/73

	
0.0248

	
-




	
Spring

	
0.0386

	
-

	
0.0211

	
-

	
0.0065

	
-

	
0.0400

	
-




	
Summer

	
0.0633

	
1993/94

	
0.0620

	
1993/94

	
0.1019

	
1993/94

	
0.0620

	
1993/94




	
Fall

	
0.0116

	
-

	
0.0833

	
1983/85

	
0.0044

	
-

	
0.0419

	
1984/85






Sn, Lombard test statistic. Statistically significant Sn values at the 5% levels are shown in bold. T1 and T2, dates of start and end, respectively, of shift in mean.








The same trend as for CI is observed for CV values, with breaks in mean values of CV observed for the same seasons as for CI in both watersheds, except for winter in the forested watershed. Moreover, the timing of these breaks is nearly the same as that for breaks in CI values. These breaks are sharp and CV values increase significantly after the breaks (Figure 3).

Figure 3. Temporal variability of the CV index in the Matawin River forested watershed (a) and the L’Assomption River agricultural watershed; (b) for the four seasons. Winter: blue curve; Spring: pink curve; Summer: green curve; fall: red curve.
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These results generally support the previous conclusions regarding the spatial variability of the two indices. Thus, for summer, the two watersheds behave similarly, reflecting the synchronous nature of the breaks in mean values. Differences between the two watersheds are observed for fall and winter, two seasons that show a large difference in runoff between the two watersheds as a result of soil being exposed in the agricultural watershed. In any case, CV and CI values increase significantly after the breaks in both watersheds. In other words, variations in streamflow increase significantly over time in both watersheds. In the agricultural watershed, this increase may be related to increasing rainfall [18,22], while in the forested watershed, only summer rainfall has increased significantly. In addition, minimum temperatures have also increased significantly in the four seasons [18].



3.3. Relationship between Climate Variables and Flow Rate Change Indices

Coefficient of correlation values are shown in Table 3. In winter, the indices for both watersheds are positively correlated to maximum temperature and total rainfall, two factors that influence runoff during that season. In the Matawin River forested watershed, CV is also correlated with minimum temperature. For springtime, the CI index for the agricultural watershed is not correlated with any climate variable, whereas CV is positively correlated with maximum and minimum temperatures. In the forested watershed, the two indices are negatively correlated with minimum temperature. For summer, neither index is correlated with any climate variable in either watershed. For fall, the two indices are positively correlated with total rainfall in both watersheds, and are also positively correlated with total precipitation, but only in the forested watershed. It is quite likely that snow cover in the agricultural watershed does not stay on the ground very long in the fall as a result of higher temperatures than in the forested watershed. In addition, [18] have shown that fall temperatures are much more strongly affected by site-specific conditions.


Table 3. Coefficients of correlation calculated between climate variables and seasonal daily flow variability indices.



	
Variables

	
Winter

	
Springs

	
Summer

	
Fall




	
L’Assomption

	
Matawin

	
L’Assomption

	
Matawin

	
L’Assomption

	
Matawin

	
L’Assomption

	
Matawin




	
CI

	
CV

	
CI

	
CV

	
CI

	
CV

	
CI

	
CV

	
CI

	
CV

	
CI

	
CV

	
CI

	
CV

	
CI

	
CV






	
Tmax

	
0.304

	
0.270

	
0.367

	
0.364

	
0.194

	
0.276

	
−0.099

	
−0.130

	
0.052

	
0.105

	
0.125

	
0.070

	
0.030

	
−0.064

	
−0.025

	
0.031




	
Tmin

	
0.72

	
0.160

	
0.205

	
0.272

	
0.205

	
0.292

	
−0.287

	
−0.338

	
0.129

	
0.204

	
0.0.023

	
0.018

	
−0.051

	
−0.046

	
0.008

	
0.007




	
Tme

	
0.222

	
0.200

	
0.313

	
0.294

	
0.255

	
0.345

	
−0.099

	
−0.130

	
0.124

	
0.169

	
0.084

	
0.048

	
−0.044

	
−0.060

	
−0.038

	
−0.040




	
TSF

	
−0.158

	
−0.158

	
−0.171

	
−0.191

	
0.152

	
0.072

	
0.024

	
0.200

	
-

	
-

	
-

	
-

	
−0.080

	
−0.183

	
0.034

	
−0.082




	
TRN

	
0.533

	
0.533

	
0.413

	
0.546

	
−0.218

	
−0.199

	
−0.038

	
−0.161

	
0.160

	
0.160

	
0.134

	
0.063

	
0.243

	
0.319

	
0.416

	
0.295




	
TP

	
0.219

	
0.219

	
0.101

	
15.4

	
0.183

	
0.175

	
−0.032

	
−0.107

	
0.160

	
0.160

	
0.134

	
0.063

	
0.155

	
0.160

	
0.353

	
0.232






Statistically significant coefficient of correlation values at the 5% level are shown in bold.




This analysis indicates that the difference between the two watersheds is observed in the spring, when the watersheds show opposite correlations. No climate variable can account for these opposite correlations because, in both watersheds, daily minimum temperatures increase significantly over time. The difference in land use between the two watersheds seems to be the factor that accounts for these opposite correlations. In the forested watershed, an increase in spring minimum temperature is related to a decrease in flow variations (lower values of the two flow rate change indices), due to sustained snowmelt promoting sustained runoff. This results in a decrease in flow variations between days. This processes is thought to be dampened in the agricultural watershed, likely as a result of the rapid and transient nature of snowmelt-generated runoff.




4. Conclusions

Flow rate change is a major component of the flow regime due to its effect on fluvial ecosystem function and evolution. Few studies have looked at the natural and human factors that affect its spatial and temporal variability, however. In this study, we compared the values of two indices (the coefficient of variation and the coefficient of immoderation) in an agricultural and a forested watershed. The influence of agriculture produces higher values of the two indices in the agricultural watershed than in the forested watershed due to higher runoff in the former than in the latter. The difference in index values between the two watersheds is greater for winter and lower for summer. As far as the temporal variability of these two indices is concerned, the Lombard analysis revealed breaks in mean values for winter and summer in both watersheds. The timing of these breaks is nearly similar for summer only. Breaks in mean values are also observed for fall in the forested watershed. Values of both indices increase significantly after these breaks. It follows that flow variations increase over time in both watersheds, likely as a result of higher rainfall and temperature. Finally, in both watersheds, the two flow rate change indices are correlated with the same climate variables. However, for springtime, the sign of this correlation is opposite for the two watersheds. This study shows that agriculture increases flow variations in all four seasons, but its impact is dampened in summer as a result of the presence of crops, which slow runoff.
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