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Abstract:

 This study examines the spatial distribution of the organic carbon found in alluvial soils affected by successive floods. In flood zones, very little is known of the processes associated with the development of soils subjected to frequent flooding, in particular with respect to the accumulation of litter and organic carbon concentrations. The aim of this study is to better understand the distribution of organic carbon based on various hydrological gradients associated with flood recurrence. A digital elevation model was developed from LIDAR data to assess the microtopography of the site, and further delineate floodplains and no-flood zones. Various soil properties were considered in addition to organic carbon, such as pH, soil bulk density, litter, drainage, and topographic levels (elevation). The results show that the soils in the frequent-flood zones (FFz, recurrence of 0–20 years) have significantly less total organic carbon than the soils in the no-flood zones (NFz) and the moderate flood zones (MFz, 20–100 years). Average values obtained for the surface horizons (0–20 cm) vary by 1.74% ± 0.85% (FFz), 3.34% ± 1.09% (MFz) and 3.54% ± 1.77% (NFz), respectively. The absence of ground litter in the frequent flood zones helps decrease the input of organic matter in the surface horizons and progressively results in soil depletion.
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1. Introduction


Organic carbon and the other nutrients found in soil play a key role in soil-forming processes, in addition to contributing to soil fertility and quality [1,2,3,4,5]. In fact, organic matter in these various forms (e.g., labile fractions, humus) plays a role in several biogeochemical processes with a direct impact on plant–soil interactions [6,7,8,9]. Furthermore, organic compounds found in soil allow relatively stable reservoirs to be formed that limit CO2 losses to the atmosphere [10,11]. Soil organic carbon content can vary based on edaphic and morphosedimentological conditions, in particular in riverbanks with different hydrological, sedimentological and topographical conditions [12,13,14,15]. Sediment transported by currents during freshets, for instance, can modify soil carbon content and result in soil depletion or enrichment [16,17]. In addition, the remobilization of sediment transported downstream can also alter the carbon flow in riparian soils in the catchment [17]. It is therefore important to determine spatial variability of the organic content on a micro scale, especially in active zones subject to a multitude of hydrological variations and periodic flooding. In frequent flood zones, little is known about the variability of organic carbon content in alluvial soils, in particular in relation to the accumulation or loss of litter, the retention potential of organic carbon in the profile and other properties of the soil subject to frequent floods [18,19]. Furthermore, there are relatively few studies on the soil-forming processes in floodplains subject to periodic flooding [20,21]. The characterization of alluvial soils, the edaphic and microtopographic conditions, along with flood episodes are key elements for analyzing the spatial variability of the soil organic carbon content [21,22], in addition to understanding the dynamics of and changes in the river system [23,24,25].



In zones subject to frequent flooding (e.g., every two to three years), the litter that accrues on the surface of the soil during the growing season may be stripped and carried off by the current during the spring and fall freshets. This loss of litter significantly reduces the contribution of organic carbon and over time causes soil depletion [26,27,28]. This can hinder the main soil-forming processes and biogeochemical cycles, in addition to having an impact on plant–soil interactions and riverside ecosystems [29,30].



The main purpose of this study is to analyze the spatial variability of the total organic carbon content in alluvial soils affected by floods using a hydrological gradient that crosses through two distinctive flood recurrence zones (intervals of 0–20 years and 20–100 years), as well as a no-flood zone. A digital elevation model (DEM) was developed to determine the organic carbon content based on the topographic levels in the frequent-flood zones. The DEM was developed based by surveying several geodesic points (200 points) in the field using a differential GPS and a total station in the frequent-flood zone (interval of 0–20 years). Detailed mapping based on LIDAR images was also done to obtain the microtopography for the entire site for the purpose of assessing as precisely as possible the spatial variability of organic carbon for both alluvial and non-alluvial soils. Besides organic carbon, different soil properties were included in the data analysis such as acidity (pH), textural classes, soil bulk density and soil litter, as well as drainage, groundwater and plant cover measurements. The study area covers the Richmond region (southern Québec), which is characterized by a vast floodplain under a forest cover that is subject to frequent flooding.




2. Materials and Methods


2.1. Selection of Sites and Collection of Soil Samples


The study area is located in a vast floodplain on the left bank of the Saint-François River, which is part of a major water system in southern Québec (Figure 1). In the study area, located between Windsor and Richmond, the Saint-François River crosses through wooded areas, uncultivated and cultivated farmland, interspersed with inhabited areas. The forests and uncultivated farmland are most often found on the low terraces (1–2 m in height) of the river which are covered with fine river deposits, while higher terrain is mainly characterized by reworked till or glacial deposits, glaciolacustrine sediment and rocky outcrops [31], most often under a forest cover. Floodplain riparian stands are mainly characterized by red ash (Fraxinus pennsylvanica Marsh.), silver maple (Acer saccharinum L.), sugar maple (Acer saccharum L.) and balsam fir (Abies balsamea L.), while slopping terrain is characterized by hemlock (Tsuga canadensis L.), white pine (Pinus strobus L.), fir (Abies balsamea L.) and yellow birch (Betula alleghaniensis Britton) [32]. The floodplain soils are part of the Cumulic Regosol (CU.R) and Gleyed Cumulic Regosol (GLCU.R) subgroups in the Canadian System of Soil Classification, whereas the no-flood zones are mainly characterized by brunisolic and podzolic soils [31]. Lastly, this region is known for its cool, damp climate, with annual average temperatures of 4.11 °C and average annual precipitation of 1107 mm (1981–2010) [33] (Station no. 7028124). Table 1 shows the hydrological data of the Saint-François River (middle section) and the study area located between Windsor and Richmond, as well as flood-recurrence data recorded for this study area (1900–2015).


Figure 1. Location of the Richmond site study area in the Saint-François River catchment (southern Québec, Canada).
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Table 1. Hydrological data and flood recurrences in the Saint-François River, southern Québec, Canada.



	
Sector/Saint-François River

	
Location

	
Station

	
Period

	
Mean Annual Discharge (m3/s) a

	
Maximum Discharge (m3/s)

	
Minimum Discharge (m3/s)

	
Number of Recorded Floods (1900–2015) b

	
Return Period c






	
Drummondville

	
45°51′42″ N

	
030203

	
1925–1994

	
205.6

	
2420

	
28.9

	
-

	
-




	
72°27′11″ W




	
Sherbrooke

	
45°24′22″ N

	
030208

	
1919–2015

	
156.1

	
1633

	
12.2

	
63

	
1.82




	
72°53′20″ W




	
Weedon

	
45°93′31″ N

	
030278

	
1977–2015

	
 38.7

	
 361

	
 0.6

	
-

	
-




	
71°28′07″ W




	
Windsor/Melbourne

	
45°33′50″ N

	
030204

	
1935–1973

	
165.2

	
2080

	
18.9

	
39

	
2.94




	
72°00′21″ W




	
Richmond

(Water level)

	
45°39′32″ N

	
030205

	
1915–1974

	
 21.9

	
  28

	
19.6

	
45

	
2.55




	
72°08′35″ W

	
(Wl)

	
(Wl)

	
(Wl) 

	








Notes: a Sources: CEHQ/HYDAT [40]; b CIEQ-UQTR-U. Laval database and compilation by the authors (see also [27,37]); c The return period was calculated according to the number of recorded floods and the number of years of the period analyzed (1900–2015).








The sampling period was held from August to November 2014. The soil sampling sites were located along transects perpendicular to the riverbank within the floodplain that cuts across wooded areas and uncultivated farmland (Figure 2). The layout of transects inside the site took into account the site topography and the cartographic boundaries of the different flood recurrence zones determined with official flood risk maps (scale of 1:10,000) produced by Environment Canada and the Ministère de l’Environnement du Québec [34]. The method used to map flood risk zones is based on the level-discharge relationship using theoretical methods of estimation and mathematical formulas. Flood level data collected in the field can also be used for the mathematical models. These boundaries consists of two flood-risk zones, including the zone with a flood recurrence period of 0–20 years (frequent flood zone (FFz)) and the zone with a flood recurrence period of 20–100 years (moderate flood zone (MFz)). The transects also extend beyond the flood zone boundaries, thus cutting across an area outside the floodplains (no-flood zone (NFz)). Soil samples were collected along the transects from the riverbank to past the floodplain’s outer boundaries (over 700 m in distance).


Figure 2. Transects and soil sampling stations showing the boundaries of the Richmond site flood recurrence zones and the topography of the site using a digital elevation model (MNE) based on LIDAR images.
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The samples were collected every 50 m using an Eijkelkamp hand auger at predetermined depths (0–20, 20–40, 40–60, 60–80 and 80–100 cm). Additional samples were taken on the soil surface (0–20 cm) every 25 m along the transects, for a total of 155 soil samples. A characterization of the soil litter along with a description of the dominant plant species were noted at each sampling station, as well as measurements of the bulk density of the soil surface horizons (0–20 cm), the microtopography, the presence/absence of groundwater, and the surface drainage based on the criteria outlined in the Canadian System of Soil Classification [35] and the Manual on Soil Sampling and Methods of Analysis [36]. Lastly, other soil data (n = 45) from recent studies (2003 and 2006) on the same Richmond site were incorporated into the database in order to compare all the results [27,37,38]. The position of the sampling points along the transects was determined using a GPS (Garmin 60CSx, Kansas, MI, USA), after which the data were exported into mapping software (ArcGIS® 10.2, ESRI, Redlands, CA, USA).



A digital elevation model (DEM) was developed using LIDAR images in order to view the various topographic levels of the site with all sampling points. The LIDAR images come from the Ministère de l’Énergie et des Ressources naturelles [39], databases dated May 2013 (sheet CM54-Lidar-hyd/13). These data are used to view the main topographic variations of the terrain through the processing of images captured by high-resolution laser (altimetric precision of 15 cm). Part of the floodplain found in the 0–20-year flood recurrence zone was also mapped and a 3D digital terrain model (DTM) was developed to view the microtopographic variations of the site associated with the effect of successive flooding [28]. In the latter case, GPS surveying was done along several transects perpendicular to the shoreline at 10-meter intervals, and additional readings were also made at each break in slope so as to represent the site microtopography as precisely as possible. Slightly more than 200 points were taken for the digital terrain model (DTM) of part of the floodplain (40 m × 130 m) included in the 0–20-year flood recurrence zone. Topographic data acquisition was done in the field using a differential GPS (Trimble 5700/5800, Model RTK, Trimble Navigation Limited, Dayton, Ohio, USA) and a total station (Leica TCR705, Leica Geosystems AG, Heerbrug, Switzerland). The 3D visual representation of the site microtopography is shown in Figure 3.


Figure 3. (A) 3D digital terrain model (DTM) created on a portion of the floodplain (40 m × 130 m) in the 0–20-year flood recurrence zone (FFz). The microtopography shows the zones with troughs (light color) and ridges (dark color), which are parallel to the shore. The organic carbon contents are represented as a percentage and the sampling years are in parentheses; (B) Profile with weak differentiation of soil horizons; (C) Typical forest stand in the floodplain is represented (Richmond, left bank, 8 August 2011).
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2.2. Soil Analysis Methods


Soil samples were analyzed to characterize their main physical and chemical properties, mainly consisting of total organic carbon content (TOC), acidity (pH), soil bulk density, litter, soil layer colors (Munsell color system), and texture based on the particle-size classes in the Canadian System of Soil Classification [35]. The samples were dried in the laboratory and then sieved through a wire sieve (<2 mm). To determine the proportion of the various particle sizes (sand, silt and clay), the samples were analyzed using a laser particle sizer (Fritsch “Analysette 22” MicroTec Plus, Fritcsh GmBh, Idar-Oberstein, Germany). Other soil samples collected between 2003 and 2006 were analyzed using the Bouyoucos method (densimetry measurement). This last method is as accurate as the laser method but requires more time and laboratory handling. Results of soil particle size analyzes were converted to percent. The method used to measure the pH was taken from Soil Sampling and Methods of Analysis [36], which uses a CaCl2 solution (0.01 M) at a ratio of 1:2. Soil acidity was measured using an electronic pH meter equipped with a glass electrode.



Total organic carbon content (TOC) was determined using the method developed by Yeomans and Bremner [41], the main steps of which are as follows: (1) the samples are placed in a digestion tube to which 5 mL of potassium dichromate (K2Cr2O7-H2SO4) is added for 30 min. The digestion tube is then heated at 170 °C for 30 min; (2) the sample is cooled and solutions of anthranilic acid (0.3 mL) and sodium carbonate are added; and (3) this is followed by titration with a solution of ammonium ferrous sulfate (0.05 mol L−1). Soil bulk density was measured in the field using the metal cylinder method at depths of 0–20 cm, and the composition and thickness of ground litter were measured in centimeters in each site. The measurements were taken of the surface of the litter layer to the mineral surface (0 cm) with the metallic rule (centimeter units). Soil sample pretreatment and grain size analysis were performed in our laboratories (UQTR) and the chemical analyses were done in the soil laboratory of the Université Laval (Forestry, Geography and Geomatics Department, Québec, Canada).




2.3. Statistical Analyses


Soil properties (pH, total organic carbon content, textural classes (sand, silt and clay), soil bulk density, and soil litter measurements were compiled and analyzed using standard statistical processing. First, data distribution and normality were checked using the Shapiro–Wilk test for variables with a greater disparity (TOC and pH). Next, an analysis of variance (ANOVA) and the Tukey’s test were used to check the values of the resulting averages and the statistically significant thresholds (p-value) compared to different variables and groups that were analyzed based on the different flood recurrence zones (FFz and MFz) and no-flood zone (NFz). All statistical processing was done with a confidence interval of 95% (p = 0.05) using R statistical software (version 3.1.2, DataNet Quality Systems, Southfield, MI, USA).





3. Results


3.1. Textural Variability and Soil Acidity


Soil samples collected in the alluvial zone are made up of fine material, mainly loamy sand and silt loam (Table 2). Little variability was noted in the textural classes between the soil in the flood zones (FFz and MFz) and the soil outside the floodplains (NFz), although the clay content is sometimes greater in the frequent flood zones. Mean values and standard deviations obtained for the clay and silt fractions of the soil in the frequent flood zones (FFz) are roughly 4.6% ± 4.0% and 43.5% ± 17.7% (FFz), respectively. For the moderate flood zones (MFz), the values are 1.9 ± 0.8% for the clay fraction and 47.3% ± 9.7% for the silt fraction. For soils in the no-flood zones (NFz), the resulting values are 2.3% ± 2.1% and 45.6% ± 11.6%, respectively, which are proportions that are comparable to those in the moderate flood zones, although coarser matrices containing gravel and pebbles in the soil profile are often found.



Table 2. Total organic carbon content (TOC) and other properties of surface soil (0–20 cm) at the Richmond site based on the zones analyzed (FFZ, MFZ and NFZ).



	
Zone

	
pH CaCl2

	
TOC (%)

	
Bulk Density (g/cm3) a

	
Clay (%)

	
Silt (%)

	
Sand (%)

	
Texture b

	
Main Color (Munsell) c






	
Frequent Flood zone (FFz) (n = 65 sites)

	

	

	

	

	

	

	

	




	
Mean Standard deviation

	
5.08 ± 0.65

	
1.74 ± 0.85

	
1.00 ± 0.17

	
4.6 ± 4.0

	
43.5 ± 17.7

	
51.9 ± 15.9

	
Sandy loam, silt loam

	
10YR 3/2




	
10YR 4/2




	
10YR 5/2




	
2.5Y 4/3




	
Variation coefficient

	
12.8

	
48.8

	
17.0

	
86.9

	
40.7

	
31.2

	

	




	
Moderate Flood zone (MFz) (n = 33 sites)

	

	

	

	

	

	

	

	




	
Mean Standard deviation

	
4.21 ± 0.80

	
3.34 ± 1.09

	
0.99 ± 0.25

	
1.9 ± 0.8

	
47.3 ± 9.7

	
50.8 ± 10.2

	
Sandy loam, loamy sand, silt loam

	
10YR 3/2




	
10YR 4/1




	
10YR 4/2




	
2.5Y 5/3




	
Variation coefficient

	
19.0

	
32.6

	
25.2

	
40.2

	
20.5

	
20.1

	

	




	
No-Flood zone (NFz) (n = 39 sites)

	

	

	

	

	

	

	

	




	
Mean Standard deviation

	
4.19 ± 0.85

	
3.54 ± 1.77

	
1.08 ± 0.24

	
2.3 ± 2.1

	
45.6 ± 11.6

	
52.1 ± 13.3

	
Sandy loam, loamy sand

	
10YR 3/1.5




	
10YR 3/2




	
10YR 4/2




	
10YR 5/3




	
Variation coefficient

	
20.2

	
50.0

	
22.2

	
91.3

	
25.4

	
25.5

	

	








Notes: a Number of soil samples (n = 86); b Textural classes are based on the Canadian System of Soil Classification [35]; c Soil color (dry samples). 








With respect to soil bulk density, no notable differences were found among the resulting values for the three zones (Table 2). The average density for each zone is 1.00 g/cm3 (FFz), 0.99 g/cm3 (MFz) and 1.08 g/cm3 (NFz), respectively. This is due in part to the low textural variability of the surface soil (0–20 cm), which presents comparable proportions among the different zones. The lowest density (0.39 g/cm3) comes from the no-flood zone (NFz), while the highest value (1.58 g/cm3) was measured in the moderate flood zone. The density of the mineral matrices is often influenced by the high levels of micro or macroaggregates. Lower values can therefore be expected in the NFZ soils, which contain more organic matter and more highly-developed structure.



Lastly, with respect to soil acidity, the pH levels are slightly higher in the FFz floodplains than in the other two zones (MFz and NFz). For these zones, the average resulting values are 4.21 ± 0.80 and 4.19 ± 0.85, respectively (Table 2), compared to 5.08 ± 0.65 for the FFz. The statistical tests that were performed (ANOVA) on the pH levels of the different zones that were studied reveal no significant difference among the three zones, although the resulting value for the surface horizons is close to the statistically significant threshold of 0.05 (p = 0.0657). The coefficients of variation are also provided in Table 2. The highest variations calculated between each zone concern the clay content.




3.2. Surface Soil Litter


With respect to the different flood zones and the zones outside the floodplains, major differences can be noted regarding the accumulation and composition of the soil litter. The zones outside the floodplains (NFz) have significantly thicker litter than the frequent flood zones (FFz), which have often been stripped of it. In calculating the frequency associated with the presence of soil litter for the different zones, a value of 24% is obtained for the frequent-flood zones, while for the two other zones (MFz and NFz), litter is found in 99% of cases (Table 3). For the FFz, the soil litter is virtually absent, for a null median value (0 cm), while for the other zones, the median thickness values are about 1.0 and 2.2 cm. The minimum and maximum thickness values obtained for each zone (FFz, MFz and NFz) are about 0–5.5 cm, 0–11 cm and 0–13 cm, respectively. The no-flood zones are characterized by thicker litter made up of organic debris that is often more diversified and degraded (presence of thin humic layers on the surface).



Table 3. Ground litter based on the two flood zones (intervals of 0–20 years and 20–100 years) and outside the floodplains.



	
Soil Biomass (Litter)

	
Thickness (cm)

	
Description






	
Frequent Flood zone (FFz) (n = 65)

	




	
Frequency (%)

	
24

	
Vegetation cover dominated by hardwoods and by herbs (especially ferns: Matteuccia spp.). Litter rarely present (frequency 24%); litter composition: twigs and grass stems. Absence of Ah horizon and low differentiation of soil layers.




	
Max–Min

	
5.5–0




	
Moderate Flood zone (MFz) (n = 39)

	




	
Frequency (%)

	
99

	
Vegetation cover dominated by hardwoods and shrubs.

Litter present (frequency 99%); litter composition: moss, twigs and leaves.

Presence of Ah horizon (often thin); litter on the ground; root density low to medium.




	
Max–Min

	
11–0




	
No-Flood zone (NFz) (n = 45)

	




	
Frequency (%)

	
99

	
Vegetation cover dominated by hardwoods and some conifers.

Litter present (frequency 99%); litter composition: needles, dead leaves, twigs, moss and herbs, thin humified layers. Presence of Ah horizon (thick or thin); litter on the ground; root density moderate to strong.




	
Max–Min

	
13–0











3.3. Total Organic Carbon Content


The total organic carbon content (TOC) differs significantly based on the different zones analyzed. The average TOC for the surface soil (0–20 cm in depth) in the flood zones is between 1.74% ± 0.85% (FFz) and 3.34% ± 1.09% (MFz), whereas the mean value for the no-flood zones (NFz) is 3.54% ± 1.77%, with minimum and maximum values between 8.75% and 0.85% (Table 2). The analysis of variance (ANOVA) and the Tukey’s test that were conducted on the soil organic carbon content in the different zones that were analyzed show significant differences among zones (Figure 4a,b). The values obtained for the surface horizons (0–20 cm) based on the zones being analyzed are, respectively, p = 0.0008 (FFz and MFz), p = 0.0002 (FFz and NFz), and p = 0.9849 (MFz and NFz) (Figure 4a), while for the statistical values for the entire profile (0–100 cm) are p < 0.001 (FFz and MFz), p < 0.001 (FFz and NFz) and p = 0.99817 (MFz and NFz) (Figure 4b). Comparable values were obtained for the surface horizons covering the soil data from 2003 to 2014 (p < 0.001) [31,37,38]. The TOC for the soils that were analyzed are therefore comparable between the MFz and NFz areas, whereas the soils in the frequent-flood zones stand out through their lower organic carbon content.


Figure 4. Diagrams showing the disparities in the total organic carbon content (%) in the surface horizons (A) (0–20 cm) and all horizons (B) (0–100 cm) among the three zones studied (FFz, MFz, and NFz), with the use of the Tukey’s statistical test.
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3.4. TOC and Other Properties in the Soil Profiles


There are notable differences in the vertical distribution of the organic carbon in the soil profiles among the zones under study (Figure 5). The soils subject to frequent flooding (FFz) show a more linear organic carbon pattern inside the profile than for the soils in the other two zones (MFz and NFz). For the latter cases, the distribution pattern is relatively comparable, with higher levels on the surface and lower levels at the bottom of the profile (Figure 5a). However, the TOC values are higher for the soils in the no-flood zones than in the frequent-flood zones, with respective mean values of 3.54% ± 1.77% (NFz) and 1.96% ± 0.85% (FFz) for the surface horizons (0–20 cm). These differences appear quite normal because the organic matter inputs to these soils in surface layer are greater than for alluvial soils, especially those FFz.


Figure 5. Total organic carbon content (TOC%) and other soil properties (pH, clay%, silt% and sand%) in the soil profiles based on the zones being studied (FFz, MFz and NFz). (A) Percentage of TOC in soil profile (0-100 cm); (B) Soil acidity (pH); (C) Percentage of clay and silt; (D) Percentage of sand.
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With respect to the acidity of the soils inside the profile, notable differences are also found between the FFz soils and soils in the two other zones. The pH values for the NFz soils are generally higher (5.0 on average) than for the MFz and NFz soils (Figure 5b), especially for the surface horizons. The average values obtained on the surface (0–20 cm) are 5.08 ± 0.65 (FFz), 4.21 ± 0.80 (MFz) and 4.19 ± 0.85 (NFz), and the values at the bottom of the profile are 4.71 ± 0.64 (FFz), 5.20 ± 1.49 (MFz) and 5.78 ± 1.96 (NFz), respectively.



Very little difference is found in terms of particle size in the soils in the different zones, although the MFz soils show slightly more variability (Figure 5c,d). Lastly, the proportions of silt and sand are relatively comparable between the soils in the different zones, with respective median values of 47.7% (FFz), 45.4% (MFz) and 43.3% (NFz). However, greater variations in silt and sand content can be found in the lower layers of the profile (40–60 cm) for MFz, which may be associated with the change in current velocity during flood sediment deposition. Lastly, the clay content is very low for all the profiles that were analyzed.




3.5. Spatial Distribution of Organic Carbon with a DEM


The digital elevation model (DEM) developed using LIDAR images allows the topography of the site to be viewed and, as a result, the spatial distribution of the soil organic carbon content to be determined along the transects. The DEM provides minimum and maximum elevations between 114.7 and 155.8 m (a.s.l.). The FFz has a generally flat topography, whereas the NFz follows a gently sloping topography with a few mounds from the MFz to the outer boundary. The MFz separates the other two zones and is characterized by a moderately to steeply sloping topography (Figure 2).



Figure 3 shows a portion of the site located in the 0–20-year flood recurrence zone and allows the spatial distribution of the organic carbon content to be more precisely viewed based on the microtopography. A fairly significant variability is noted in the organic carbon content in this part of the site. The greatest differences are found along the riverbank, with values ranging from 0.55% to 2.61%, and a slight increase in organic carbon content is noted as one moves away from the riverbank, although the variations remain minimal. For this part of the floodplain (FFz), the TOC generally remains fairly low, especially when compared with the values obtained for the other two bordering zones (MFz and NFz), which show differences ranging from 1.09% to 5.98% and 0.85% to 8.75%, respectively (Table 2).





4. Discussions


4.1. Alluvial Soil Properties


The development of the soils that were analyzed is fairly different based on the flood recurrence zones and the no-flood zone. The alluvial soils, in particular in the frequent flood zones (FFz), generally have lower TOC values, both on the surface (0–20 cm) and in the deeper layers (>60 cm). Conversely, a higher organic carbon content is found in the no-flood zones (NFz), in particular in the surface horizons. The resulting TOC values can be compared to the MFz soils in the transition zone characterized by less flooding, but with less marked soil development [37,38].



Conversely, soils outside the floodplains are more developed with the presence of easily visible organo-mineral layers (Ah), with darker coloring and granular or subangular structures (macroaggregates). They are most often found on higher ground or on sloped terrain, which is generally better drained. In fact, these soils can be compared to forest soils [26,42], which are characterized by a higher organic carbon content and more marked soil development. These soils usually contain a higher organic carbon content, especially in the surface layers [4,26].



The TOC measured in the frequent-flood zones (FFz) shows values comparable to those obtained for the alluvial soils from adjacent sites originating from other studies [27,31,38]. For instance, mean and median values of 1.01% ± 0.49% and 1.03% are obtained, with minimum and maximum variations of 0.07 to 2.61% in the frequent flood zone [27], while for the soils not affected by flooding, significantly higher organic carbon contents are obtained with mean and median values of 3.18% ± 1.09% and 3.98% [38].



Lastly, these differences indicate fairly significant spatial variability of organic carbon based on the different flood and no-flood zones, and are an indication of soil depletion in organic carbon in the zones subject to successive floods (Figure 4). With respect to soil acidity, the resulting values are comparable among the MFz and NFz soils (averages of 4.21 ± 0.80 and 4.19 ± 0.85), and slightly higher for the soils in the frequent-flood zones (5.08 ± 0.65). Recall that the soils outside the floodplains contain more litter, which not only provides raw organic matter to the soil, but can contribute to acidifying the soil through the release of organic compounds. During the organic matter breakdown and humidification phases, the acidifying products that are released, such as fulvic or humid acids, may in fact increase soil acidity, in particular in the surface layers [43,44]. The microbial activity that has an effect on the breakdown of organic matter can also play a role in soil acidification through the release of certain enzymes and nitrification [2,45,46].



With respect to soil particle size, the textures are relatively similar between the soils in the floodplains and those outside the floodplains, although the alluvial soils in the frequent-flood zones can have slightly higher clay and silt contents. However, the silt content is greater than the proportion of clay. In fact, a certain consistency can be seen throughout the profile regarding the clay content. The finer matrices (silt and clay) are often typical of floodplain soils, and the silt portion is often the dominant fraction [20,47]. During the recession phase, the fine particles can form sedimentary covers a few centimeters thick (4–5 cm), as observed in some sites of the Saint-François River [28,37]. Lastly, the soils outside the floodplains are sometimes characterized by coarser textures due to the origin of the materials (e.g., reworked till or glacial deposits). The mineral matrices can contain medium to coarse sand with gravel and cobble inside the profile (0–100 cm).




4.2. Surface Litter and Organic Carbon


The type and thickness of the organic debris on the soil surface are highly variable based on the different zones. In the frequent-flood zones, the surface soil is often stripped and the accumulation of litter is infrequent, even under forest cover. Recall that the growing period is at its maximum from June to August and that the maximum accumulation of organic debris occurs from late September to October. For the frequent flood zones, the organic debris and leaves that fall to the ground in the fall rarely accumulate year to year due to successive floods. With the strength of the current, the organic debris on the ground is dislodged and transported further downstream, and only a few branches or dead tree trunks remain, with very little contribution to soil enrichment over the short term . Current velocity during maximum floods can easily attain 2060 to 2080 m3/s, which can cause severe erosion in the surface soils near the riverbank, in addition to dislodging new seedlings and ground litter. Conversely, when the freshet recedes, current velocities decrease considerably (e.g., 140–160 m3/s), allowing the deposition of fine sediment (silt or fine sand) that may reach 4–5 cm in surface thickness [27]. However, the new sediment may hinder the growth of the new seedlings buried beneath it.



Lastly, the soils in the frequent-flood zones show a marked deficiency with respect to the organic carbon content when compared with the no-flood zones. This lower content of organic carbon in alluvial soil to some extent shows a lesser contribution of these major components in the soil [48,49], and therefore alters the soil-forming processes. The absence or virtual absence of litter cannot provide enough soil organic matter and over time creates conditions of organic carbon depletion and affects soil quality. Flood frequency appears to be a factor that limits soil development. Some studies have shown that the soils affected by successive floods result in soil depletion of OC over time [28,50,51]. The reduced contribution of organic matter limits potential sources of organic carbon within the solum and, as a result, affects soil development [24,52]. For instance, the organic carbon values obtained in the studies by Daniels [50], in the Republican River area (NE, USA), range from 0.20% to 1.40%, and comparable values were also obtained in the Ogeechee River area (GA, USA) by Wainright et al. [53], which are close to the values of 0.1%–0.8% for the soils affected by frequent flooding. The input of sediment from floods that is deposited on the soil surface is not necessarily rich in organic matter and may have trouble contributing to soil enrichment. In fact, recent work shows that in catchments dominated by farmland, transported sediment is generally less rich in organic carbon than wooded areas, for instance [17] (p. 181). Authors in fact note that “soil erosion on annual ecosystem carbon C fluxes was highest for agricultural soils due to lower C input and soil C stocks”. For instance, the C stock in the soil surface of agricultural areas is 1214 ± 20 vs. 3646 ± 22 g/m2 for forest areas (period under study: 28 years) [17]. The frequency of successive floods is a key factor to take into account in the determination of the organic carbon content of alluvial soils, although without ignoring other equally important factors such as the proximity of the riverbank, the width of the floodplain, the composition of the vegetation cover, the ground litter, and land uses in a river environment.




4.3. TOC Variation and Modeling of Elevation Levels


Digital elevation models (DEM) and digital terrain models (DTM) show a detailed view of the topography of the entire site affected by flooding (Figure 2 and Figure 3). The site is characterized by relatively flat terrain that progressively rises by a few meters from the riverbank to the end of the terraces, at an altitude of 114.7 to 155.8 m over a distance of 700 m. These floodplains are relatively large in size (±300 m), and the sediment input that affects them originates from the river during flood events. In this area, riverside woodlands are surrounded by farmland, which is still a potential source of sediment (silt and mainly fine sand) that can provide nutrients to the surface soil [17,22]. The digital terrain model shows that the microtopography of the site is characterized by gentle slopes with a succession of ridges and troughs including a large depression that parallel to the riverbank. This model in ridges and troughs is in fact typical of floodplains subject to periodic flooding [19,24]. By examining the spatial distribution of the organic carbon content, fairly significant variability can be noted in the contents. The greatest differences can be seen along the riverbank with values ranging from 0.55% to 2.61%. A certain increase in TOC is noted as one moves away from the riverbank, although the variations are minimal. There is also no significant variability in TOC content near troughs that could affect current velocity during flood events and alter their sediment input, including the contribution in organic matter. These troughs can easily reach 1–1.50 m in depth in this floodplain.



For this portion of the floodplain (FFz), the TOC is generally fairly low, especially when compared to the values obtained for the other two adjacent zones (MFz and NFz) that show differences ranging from 1.08% to 5.98% and 0.85% to 8.75%, respectively. There are also no notable differences in TOC among the ridge and trough areas, nor in the large depression that runs parallel to the riverbank. Lastly, the TOC among the soils collected in 2006 and in 2014 have values that are comparable with the respective maximum contents of 2.61% and 2.30%. The microtopography seems to have fairly little effect on the spatial distribution of the organic carbon, at least in this section of the floodplain. However, the site microtopography (succession of troughs and ridges) shows the site dynamics (erosion and deposition processes) that come into play during floods and flood recessions. In such a case, erosion may be present at the bottom or on the flat part of the riverbank during strong currents, and when the flood recedes, the current is less strong and allows sediment to be deposited. This sediment input has little organic or particulate matter since the TOC content measured in the frequent flood zones is somewhat low (average value of 1.74%). If we examine the data measured upstream and downstream of the sites analyzed by other recent work [27,28,38], it can be noted that the surface soil (0–20 cm) and the deeper layers of soil (20–100 cm) also have little TOC content in the floodplains (i.e., average value of 2.83% compared to 3.18% in the no-flood zones) [38].





5. Conclusions


This study reveals marked differences in the total organic carbon content (TOC) based on the different zones that were studied, in particular for the surface soil (0–20 cm). It was noted that the TOC values are significantly lower in soil subjected to frequent flooding (FFz). The TOC is comparable for soils found in the zones less subject to flooding (MFz) and soils outside the floodplains (NFz). The low TOC values measured in the soils in the frequent-flood zones are largely due to the absence or virtual absence of litter that prevents a constant inflow of organic carbon. This results over time in the depletion of organic carbon in the soil along with reduced soil fertility. Regarding the pH values, it can be noted that the MFz soils and especially the NFz soils are generally more acidic than the FFz soils. This is due to the presence of thicker litter, which contributes to acidifying the surface horizons (0–20 cm). It is known that the degradation and humification of organic matter produces acidifying substances, which in turn causes soil acidification, in particular in the upper horizons. Lastly, regarding the soil texture and soil bulk density, no major difference was noted between the different zones that were studied.
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