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Abstract

:

Acid mine drainage is an important environmental risk linked to the surface storage of reactive mine tailings. To manage this problem, a cover with a capillary barrier effect (CCBE) can be used. This oxygen barrier cover relies on maintaining a fine-grained material layer (moisture-retaining layer, MRL) with a high degree of saturation. CCBEs can be colonized by surrounding plants. Plant roots pump water and could impact CCBE’s performance. This performance is predicted with unsaturated water flow numerical models in which vegetation parameters can be included. Vegetation parameters may be specific in a CCBE environment. Therefore, analyzing and quantifying the vegetation that colonizes this type of cover is necessary. Plant colonization was investigated through cover and density surveys on 12 transects on a 17-year-old CCBE in the mixed forest of Quebec, Canada. Then, aboveground vegetation and root colonization intensity at three depths in the MRL were characterized on 25 plots of five dominant vegetation types (Salix, Populus, Alnus, Picea sp., and herbaceous species). The mean root length density under plots dominated by Salix sp. was higher than in the other plots. Root colonization of the MRL was concentrated in the first 10 cm and occurred under all woody and herbaceous species as well. This work quantitatively describes, for the first time, the vegetation colonizing a CCBE both at the above- and belowground levels. These data will be useful to better predict the long-term performance of this engineered reclamation cover.
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1. Introduction


Several reclamation methods have been developed to control the production of acid mine drainage (AMD), one of the main environmental problems associated with the storage of mine wastes. In humid climates such as northern Quebec, one method is the use of an engineered cover, like a cover with a capillary barrier effect (CCBE) [1,2,3,4,5,6,7,8,9,10,11,12,13]. CCBEs aim at limiting oxygen ingress to reactive tailings because oxygen is one of the necessary ingredients in the formation of AMD [14]. In brief, CCBEs are covers with at least three layers: the top protection layer (PL), the middle moisture-retaining layer (MRL), and the bottom capillary break layer (CBL). The PL, made of coarse-grained material, reduces evaporation and limits vegetation influence on the MRL. The latter, made from fine-grained material, is the layer on which the CCBE’s performance is based and keeps oxygen away from the tailings by maintaining a high degree of saturation (Sr = volume of water/volume of voids). The third layer, the CBL, is also made of coarse-grained material and helps to create capillary barrier effects necessary to maintain a high degree of saturation in the MRL. More information on CCBE configuration and functioning can be found in [5,10].



The main concern with vegetation colonizing a CCBE is the presence of roots in the MRL which has been shown to happens [15]. The PL is meant to protect the MRL from bio-intrusion, including roots. With the PL in place, woody species would be the most likely to negatively impact the CCBE due to their generally deeper root system compared to herbaceous species [16]. Tree roots could negatively impact the MRL by pumping soil water [17], which would reduce its Sr and allow the oxygen to migrate through the CCBE and reach the reactive tailings. They could also create preferential pathways for oxygen and water migration through root biopores [18]. Biopore formation can affect the hydrogeological properties of the MRL materials, including the water retention curve [19] and the saturated hydraulic conductivity [20]. These modifications, in turn, can impact the CCBE performance. The intensity of root colonization is usually expressed through parameters such as root length density (RLD) [21,22], root volume density (RVD) [23], or root mass density (RMD) [24]. Proteau et al. [25] have worked on establishing links between root parameters and a CCBE’s performance and showed that a higher RLD could increase the reactivity coefficient (Kr) of the CCBE because of root’s oxygen consumption while decreasing the degree of saturation (Sr) of the MRL. However, studies on root colonization of cover materials remain sparse [15,26,27,28,29,30], especially quantitative studies measuring root traits. Reference values of vegetation parameters come primarily from agricultural or forestry contexts [31], although plant root development and associated water pumping may be specific in the context of multilayered cover systems like CCBEs (e.g., due to textural discontinuity) [32].



Different plant species have different rooting types and traits that could have different impacts [33,34]. For example, herbaceous plant species usually have a shallower depth of root colonization (from 20 to 30 cm) compared to trees, which can reach 7 m deep [16], but herbaceous species also have a higher root mass density or root length density at shallow depth [35]. A higher density of roots generally implies higher water pumping [36] and could be problematic for the CCBE. In a forested biome such as the temperate and boreal forest biomes, woody species-dominated vegetation is to be expected. Literature tells us that normally, the root colonization maximum depth should be around 150 cm in a boreal forest as well as in a temperate forest setting [37,38], which could reach the MRL depending on the PL thickness. Some authors have observed roots of woody species reaching depths greater than 2 m (Populus tremuloides on Canadian sandy substrate) or 3 m (Pinus contorta in southern Canada) [16]. However, all agree that roots are concentrated in the top 30 to 50 cm of soil where approximately 80% of root biomass is found [16,37,38]. Interestingly, roots are rarely seen growing deeper than the water table location [39] due to the lack of oxygen in saturated soil, which means that, in the case of the CCBE, roots could stop at the MRL if the degree of saturation is high. That being said, Salix sp., a woody species that usually has rooting systems deep enough to reach the MRL [40] and root tolerance to anoxic conditions [41] could colonize the MRL.



Root studies are known to be time consuming [25,42,43,44] and imply soil excavations that could negatively affect the integrity of an engineered cover. Since some below- and aboveground parameters of vegetation can be correlated, it could be possible to predict the degree of root colonization present in the MRL and the possible threat to the CCBE’s performance from measurements on aboveground vegetation. For example, shoot diameter and coarse root biomass [45], aboveground biomass and belowground biomass [46], or aboveground biomass and maximal depth of roots colonization [47] seem to be positively linearly correlated. However, these relationships can vary depending on species and growth environment [48].



In human-made environments, like the top of the PL, woody species usually colonize promptly and are part of the primary vegetation succession [49,50,51]. Vegetation colonization may happen even if the PL, with its low water content and nutrient concentration, is not favorable to plant growth [15]. Indeed, natural vegetation colonization has been observed on covers made of coarse-grained materials, which present constraints to plant establishment such as a low water retention capacity [52] and low N concentrations [53]. Vegetation can also be seen on engineered covers, including a geosynthetic liner aimed at stopping water infiltration [54,55]. The conceptual framework of the primary vegetation succession can help predict which main species will colonize a new mine substrate [50,56], including the PL of a CCBE.



The main objective of this study is to characterize the vegetation colonizing a 17-year-old CCBE in a boreal mixed forest environment both at the above- and belowground levels. The focus is especially put on measuring root parameters (like RLD, RMD and RVD as well as root diameter to compare fine and coarse roots) in the MRL of the CCBE, which acts as the oxygen barrier layer, through root coring at several depths. First, the aboveground vegetation cover and density are evaluated, following the work of Smirnova et al. on the same site, to identify the dominant woody species whose roots may reach the MRL. Second, above- and belowground parameters of vegetation are measured in plots (five replicates) under four dominant woody species or herbaceous species. The data collected here will help build the tools and feed the models that will further our understanding of root impact on this reclamation method. This paper considers three hypotheses: (1) herbaceous roots will not reach the MRL; (2) woody species roots will reach the MRL at 30 cm depth from the soil surface but should not go through it; (3) correlation between aboveground and belowground vegetation parameters should limit the need for direct sampling to quantify root colonization intensity in the MRL.




2. Materials and Methods


2.1. Experimental Site and Its CCBE


The Lorraine mine site is located in the Témiscamingue region of Quebec, Canada (47°21′39″ N, 78°56′35″ W), in the township municipality of Latulipe-et-Gaboury. From 1964 to 1968, gold, silver, copper, and nickel were extracted from the mine. Then, after four years of operation, the mine was abandoned, leaving behind 15.5 ha of acid-generating tailings that represent approximately 600,000 tons of material [57,58]. In 1999, Qubec’s Ministry of Energy and Natural Resources decided to reclaim the site by reshaping the tailings storage facility, installing limestone drains to passively treat acidic effluents [59,60], building a CCBE over the tailings, and implementing a monitoring program [57]. No effort of revegetation was done, and the site was allowed to naturally regenerate. The main design objective for the CCBE was to decrease oxygen fluxes reaching the tailings to below 20 to 40 g/m2/ year by maintaining a minimum Sr of 85% in the MRL [57].



The CCBE on which the analyses were performed is made of three layers. The bottom layer, the CBL, is approximately 30 cm thick and made of sand. The middle layer is the MRL, a 50 cm thick silt layer. The porosity (n) of the CBL is about 0.38 [57]. It has a high saturated hydraulic conductivity of approximately 10−3 cm/s, which is 102 to 103 times higher than the silt used in the middle layer. In comparison, the n of the MRL is on average 0.34, with a high degree of saturation (≈0.93) [25]. Finally, the top layer of the Lorraine site CCBE is the protection layer (PL), which is about 30 cm thick and made of sand and gravel (n > 0.39). The sand used for the construction has a D10, or grain diameter at 10% (in dry mass) passing, between 0.06 and 0.15 mm, and a coefficient of uniformity CU, corresponding to the ratio of D60 by D10, between 2.5 and 3.3. The silt has a D10 of approximately 0.0015 mm and a CU of 6.1 [25].



Since 1999, native vegetation has been growing on the site, which has returned to a semi-natural state. The site is surrounded by a mixed forest in the balsam fir-yellow birch domain [61], close to a mature jack pine plantation [22]. Colonization of the CCBE by native vegetation was studied from 2003 to 2008 [15]. It was shown that CCBEs, e.g., open space with a water saturated layer of substrate, are attractive ecological conditions for Salix sp. and Alnus sp. colonization. Populus spp. were also present but showed a lower vegetation cover value than Alnus and Salix sp. The average daily temperature ranges between −15 °C in January and 18 °C in July with monthly precipitation ranging between 36 mm (February) and 96 mm (August) [62]. The water table can reach 2 m deep in the southern portion of the CCBE but is close to the surface in the northern part of it [63].




2.2. Experimental Design


Data gathering was performed in 2015 and 2016, during which dominant plant species as well as their cover and density levels were investigated. In 2015, twelve north–south transects of 50 m (4 transects in high water table zone, 4 transects in intermediate water table zone, and 4 transects in low water table zone) were done on site in July (Figure 1 and Figure 2A), at the maximum aboveground development of the vegetation.



In July 2016, five square monitoring zones (50 by 50 m) were randomly selected in the southern portion of the CCBE where the water table is low (deeper than 70 cm) (Figure 1 and Figure 2E). They were numbered from 1 to 5, and in each zone, five plots corresponding to five different vegetation types were randomly selected (Figure 2F). The five vegetation types corresponded to one of the four selected dominant woody species [Populus balsamifera (P plots), Alnus rugosa (A plots), Salix sp. (S plots), and Picea mariana (E plots for the French name of Picea mariana, “épinette”)] or to dominant herbaceous vegetation (H plots). All plots dominated by a woody species needed to have at least one individual of the selected species with a minimum age of five years. This individual was considered the plot’s main individual. Other species could also be found on each plot, but the targeted species were clearly dominant (>50%) in terms of aboveground biomass. The plots were centered on the main individual and were 2 m × 2 m in size. This 4 m2 surface contained at least all the aboveground biomass of the main individual whatever the considered species.




2.3. Measurements, Sampling, and Analyses


2.3.1. Aboveground Vegetation


During July 2015, vegetation cover was measured using the point intercept method [64] with one point each 10 cm (500 measurements by transect) (Figure 2B). The contribution of each plant species or functional group to the total cover on a transect was calculated as:


     Number   of   contacts   by   specie   of   interest     ∑   Contacts   of   each   species     



(1)




Furthermore, 6 m2 circular plots were placed every 5 m along the transects (10 plots per transect for a total of 120 plots) (Figure 2C). These plots were used to calculate the density (number of individuals/m2) and the contribution (%) of each woody species to the density (Equation (2)).


     Number   of   individuals   of   specie   of   interest     ∑   Nomber   of   individuals   of   each   species     



(2)




For four woody species (Picea mariana, Populus balsamifera, Populus tremuloides, and Salix sp.), two individuals of mean representative height were randomly sampled on each transect. By counting the annual growth rings on crosscuts, the age of the main shoot (just above the hypocotyl) and the root system (first roots under the hypocotyl) was determined (Figure 2D).



In 2016, all aboveground vegetation was harvested by hand in the 25 plots that were established that year (5 by vegetation type in each zone) and separated into woody and herbaceous categories (Figure 2G). The herbaceous species were sorted by species, dried at 65 °C for 48 h, and weighed. For the woody species, the shoot maximal height (cm) and diameter (mm) at the base of each individual were measured on site and then the plant was harvested. Leaves and needles were then removed. Leaves were analyzed using a LI-3100C Area Meter (LI-COR, Lincoln, NE, USA) to measure total leaf area (m2). Then, leaves and needles were dried at 65 °C for 48 h and weighed. The woody mass and herbaceous mass were then divided by the area of the plot to get the mass (g) per m2.




2.3.2. Belowground Vegetation


On each 2 m × 2 m plot, after the aboveground vegetation was harvested, the PL was removed using an excavator to give access to the MRL (Figure 2H). Three locations were selected for core sampling: one directly in the center of the plot (under the main individual) and two on the opposite sides of the first sampling hole, at a distance of 50 cm from its center (Figure 2I). These samples were harvested using a core sampler, producing samples of 8 cm in diameter and 10 cm in height. At each location, three samples were taken at different depths, one at the top of the MRL (0–10 cm sample), one at a depth of 20 cm, and one at a depth of 35 cm (20–30 cm samples and 35–45 cm samples, respectively). Due to the degree of compaction and degree of saturation of the deeper part of the MRL, some samples were difficult to obtain and are missing. Three to 9 cores per plot were sampled, for a total of 145 samples. Samples were washed and sieved to collect the roots, which were then scanned (Figure 2J). The produced images were analyzed using WinRHIZO (regular version, Regent Instruments Inc., Sainte-Foy, QC, Canada). This software provides a variety of root parameters such as the root volume density, RVD (total root volume/volume of soil sample), root length density, RLD (total root length/volume of soil sample), and mean root diameter. Roots were then oven-dried for 48 h at 65 °C to measure the dry root mass of the samples and calculate the root mass density, RMD (total root mass/volume of soil sample). Finally, to better understand the relation between aboveground and belowground vegetation parameters, a ratio of aboveground to belowground vegetation was used. Total aboveground vegetation was transformed in g/m2 for each plot and divided by the mean RMD in the MRL (combined sampling depths and locations) (g/m3) to get this aboveground to belowground vegetation ratio (Av/Bv). This calculation was used because the more commonly used “root to shoot ratio” was not available since the PL was not sampled, and thus part of the root system was absent from the analysis.





2.4. Statistical Analyses


Belowground and aboveground plant data were statistically analyzed using the OriginPro 2019 software (OriginLab, Northampton, MA, USA). Linear correlations and regressions were done to assess the relationships between the different parameters, specifically analyzing belowground parameters (RLD, RVD, RMD, average root diameter) with aboveground parameters (woody biomass, herbaceous biomass, height, leaf area, leaf biomass). The Pearson test was used to discriminate the significant relationships using a signification threshold of 0.05. To deepen the analysis, ANOVAs were also performed. Aboveground parameter data showed normality and variance homogeneity and did not need to be transformed. However, root parameters were normalized to allow for ANOVA testing. Two way ANOVAs were performed on RLD, RVD, RMD, average root diameter, woody species biomass, herbaceous species biomass, total biomass, total leaf area, and Av/Bv using zone as the random factor and plot type (A, E, H, P and S) as the fixed factor. A three-way ANOVA was used to study the effect of sampling depth and plant type (fixed factors) with zone as the random factor, on the root parameters. In all cases, means comparisons were done using Fisher’s test with an α of 0.05.





3. Results


3.1. Vegetation Colonization


Fifteen different woody species were present on site (Salix sp., Abies balsamea L. (Mill.), Larix laricina (Du Roi) K. Koch, Alnus rugosa (Du Roi) Spreng, Populus balsamifera L., Pinus banksiana Lamb., Pinus resinosa Aiton, Populus tremuloides Michx, Betula papyrifera Marshall, Picea mariana (Mill.) Britton, Prunus pensylvanica L. f., Pinus strobus L., Comptonia peregrina L., Vaccinium sp., Kalmia sp.). The woody plants were the most represented on the CCBE with a total contribution to plant cover of 51 to 75% (Table 1). Five different woody species dominated the site: Populus balsamifera, Alnus rugosa, Populus tremuloides, Salix sp., and Picea mariana, each contributing more than 10% to density (Figure 3). Four of these species were selected for the continuation of this study, including one per genus. Populus balsamifera was selected over tremuloides due to a higher density of individuals on site.



The woody species mean density reached five to eight individuals per square meters and, except for Picea mariana, conifers were less represented than broadleaved species, since broadleaved accounted for 86 to 88% of the woody individuals (Table 1). Total vegetation cover varied between 38% and 67%, depending on the water table depth (Table 1). Total vegetation cover included herbaceous cover, shrubs (Salix sp. and Alnus rugosa were considered shrubs), and trees (including Populus balsamifera and Picea mariana). The low value of vegetation cover does not seem to be attributable to the young age of the woody species. Indeed, it was shown that the woody species had time to colonize and grow on the PL with the mean age of woody species being greater than 6 years and some individuals being as old as the CCBE (Table 2). This means that some trees present on site had started growing some 15 years before the present measurement and a higher vegetation cover could have been expected.




3.2. Aboveground Parameters


Of the four main plant species, the aboveground development of 12 to 35 different individuals were characterised, depending on the specie (Table 3). However, the species did not statistically influence the aboveground parameters measured. Aboveground parameters showed a high variability across plots (Table 4). On all plots, the main woody individual represented more than 31% (with a mean of 66%, S.E. = 6%) of the total woody biomass. The only exception was the S4 plot, where a particularly massive Alnus sp. was found, bringing Salix sp. specific woody biomass to 8% of the woody biomass on this plot. The four herbaceous plots had woody species present, but all were small. Woody biomass on those plots was either low (H1 = 10 g/m2, H3 and H5 = 1 g/m2) or in the mid-range for H2 at 34 g/m2. On all plots, the measured herbaceous biomass and woody biomass showed similar variations (Table 4).



Table 4 shows a high variability in aboveground parameters from one plot to another, especially in view of the high standard error around the means. Some standard errors were bigger than the mean of the parameter. However, some plot types still statistically differed from others. The first statistical observation was that the mean aboveground biomass of woody species was at least five times higher in plots dominated by Alnus and Salix compared to plots dominated by Picea and herbaceous species (p = 0.02, Figure 4). Other aboveground vegetation parameters [main individual’s aboveground biomass, herbaceous biomass, total biomass (Figure 4), and total leaf area and biomass] were not significantly affected by the plot’s dominant species.




3.3. Belowground Parameters


Like aboveground parameters, belowground parameters varied greatly across plots, which is illustrated by high S.E. around means (Table 5). Minimum RLD, RVD, and RMD were 8.2 m/m3, 0.2 cm3/m3, and 0.2 g/m3, respectively. Maximum RLD, RVD, and RMD were 5301 m/m3, 1383 cm3/m3, and 239.1 g/m3, respectively, and were all encountered at the 0 to 10 cm sampling depth (Table 5). Both RLD and RMD spanned across values differing by two orders of magnitude (maximums being an average of 450 times bigger than their respective minimums), but RVD had the largest range with the highest value point being more than 2000 times larger than the minimum value. However, plot type and sampling depth could explain some of the variability.



The root colonization intensity in terms of mean RLD, RVD, and RMD were, respectively, eleven, nine, and seven times higher in the top 10 cm of the MRL (all p < 0.001, Figure 5) compared to deeper sampling depths for all plot types and zones. That is, there was no significant interaction between sampling depth and plot type or zone. Since the deeper parts of the MRL were sparsely colonized, the analyses of the plot type effect were performed using the top samples (0–10 cm). Thus, all further results shown here present data from the 0 to 10 cm depth samples.



The mean RLD was two times higher in plots dominated by Salix compared to plots dominated by Alnus, herbaceous plants, and Picea (p = 0.04, Figure 6), while the mean RVD and RMD did not differ at the 0.05 level across plot types (Figure 6). For all plot types, the variability across sampling locations was high (except for E plots) and in the same range as across sampling zones (Figure 7). For example, in the S1 plot, the RLD values were 1074 m/m3, 1491 m/m3, and 5301 m/m3 at locations 50 cm from each other. Finally, the root average diameters were not impacted by plot type or sampling depth (p > 0.05). To deepen the analysis, the data were separated into two categories: roots with diameters over 1 mm (coarse roots), and roots with diameters under 1 mm (fine roots) (Figure 6). Coarse roots length represented 15% (S.E. = 1.6%) of total length of roots and was not impacted by plot type or sampling depth (p > 0.05). The same lack of impact was observed on the coarse roots’ length density.




3.4. Aboveground and Belowground Interactions


The mean Av/Bv of Alnus-dominated plots was ten times higher than the Picea mariana, Populus balsamifera, and Salix Sp. plots (p = 0.04, Figure 8). Most linear regression tests between aboveground and belowground parameters were not statistically significant due to the high variability found in the data, as shown in Figure 7. However, the aboveground woody biomass had a slight positive linear relationship with the RVD in the MRL with a Pearson correlation factor of 0.45 (p-value = 0.03). Moreover, by removing Alnus plots from the previous analysis, the relationship became stronger with a Pearson correlation factor of 0.76 (p-value < 0.001). Some weaker relations could be found using an α threshold of 0.10 and are presented in Table 6.





4. Discussion


4.1. Vegetation Colonization on the CCBE


The main species of trees found on the CCBE were Populus balsamifera (26% contribution), Alnus sp. (20% contribution), Populus Tremuloides (17% contribution), Picea mariana (14% contribution) and Salix sp. (13% contribution). Together, they account for about 90% of all trees on site. The results showed that Alnus sp.-dominated and Salix sp.-dominated plots both presented a higher degree of aboveground woody biomass production on the CCBE. Their ability to fix nitrogen (Alnus sp.) and their resistance to low nutrient environment (Salix sp.) could also explain their increased growth. However, P. mariana is also included in the pioneer species for this CCBE, but presents a low level of biomass, which could be explained by the fact that P. mariana is a slow-growing species [65,66] and was not expected to grow significantly, even if it was one of the first species to colonize the CCBE. These observations are in line with other works describing natural colonization over mining soil in boreal forest climate [15,49,50]. It is also interesting to notice the similitude between the vegetation present on the CCBE and the vegetation reported by other works made on glacier retreat sites [67].



Because it leaves coarse soils on which primary vegetation succession occurs [68,69], glacier retreat in Alaska could be a good analogue of an installed CCBE in the boreal or mixed forest zone. Indeed, the soil left by glacier retreat presents similar constraints to plant establishment, including a low water retention capacity [70,71] and low N and C concentrations [72]. Since the soil left by the retreat of a glacier has low nutrient concentrations, it is usually colonized by species with low nitrogen demand like Salix sp. [73] and associated with N-fixing bacteria such as Alnus sp. [69,74]. Further away from the glacier, at a location that represents a slightly later stage of succession, the nutrient concentrations of the soil increase. Species requiring more nutrients, such as Populus sp., are usually more represented there [73]. However, since the main water source (the glacier) is further away and the soil is made of coarse material, water is scarcer. In that case, water-stress-resistant species, such as Picea mariana, can also be seen [49]. As the CCBE ages, the same evolution from low nutrient to higher nutrient concentrations is likely to be observed.



It was also observed that the total vegetation cover was still low (from 38 to 67%), despite some woody individuals being older than 10 years. Since the density of woody species was high (five to eight individuals/m2), a higher degree of vegetation cover would have been expected. The low vegetation cover might be due, in part, to low water content in the PL for shallow-rooted plants, and to restricted seedling growth by nutrient limitations, especially nitrogen [75]. Indeed, the low level of soil N would limit the extension growth of vegetation [76]. Furthermore, if light is not a limiting factor such as on the present cover, N will limit plant growth but not survivability [77], producing low levels of vegetation cover for a relatively high level of woody species density. All these findings align well with previous work on vegetation succession after glacier retreat in a boreal or temperate mixed forest environment.



The main difference between the natural glacier retreat vegetation succession and what was observed here is the higher vegetation cover and the high density of Populus spp. In succession following a glacier retreat, the expected vegetation cover after 17 years is about 25% [67] which is under the 38 to 67% observed here.



The colonization success might be due to the proximity of mature forests to the CCBE, which would help garner seeds on the PL. Indeed, Picea mariana [78] and Alnus sp. [79] both have an estimated maximum seed dispersion distance of around 100 m. However, it is understood that the bulk of the seeds will fall at a shorter range of about 20 to 30 m [80] and that almost no individuals will be found further away. Therefore, some woody species’ colonization on a glacier retreat may be restricted to the area close to the remaining vegetation, including seed bearers. Whereas human-made disturbances occur on smaller areas and plant recolonization may less suffer from the distance from seed bearers.




4.2. Species Root Depth Colonization


Regarding the depth of root colonization, the results observed on the CCBE were opposite to what was predicted in the first hypothesis. Indeed, roots were found in the MRL under both woody- and herbaceous-dominated plots, which was not expected. When compared to other plot types, herbaceous-dominated plots were not statistically different in term of root colonization (RLD, RVD, and RMD). Even if herbaceous species usually have shallower rooting depth than woody species [16], colonization by herbaceous species roots as deep as 80 cm in natural soil [81] and up to 50 cm in mine tailings [82] has been observed. Moreover, tree roots could also be present in the MRL under herbaceous-dominated plots thanks to a greater horizontal growth of woody roots when reaching the interface of the water table [83,84]. The results did however follow what was predicted in the second hypothesis. The roots were able to reach the MRL, and root colonization sharply decreased with depth.



The top 10 cm of the MRL is well colonized by roots for all root parameters (RLD, RVD, RMD). However, the roots leave the deeper parts of the MRL only lightly colonized. When considering the impact those roots could have on the performance of the CCBE, the fact that the roots almost exclusively colonize the top 10 cm of the MRL could leave the CCBE’s performance nearly intact. However, this might not hold true in the long term. One of the genera that could present a problem in the long run seems to be Salix sp. for three main reasons. First, plots dominated by Salix sp. presented a statistically higher RLD than the other species. Second, Salix sp. is known to have a high degree of water uptake [85], which could drain the MRL’s water. Third, Salix sp. roots are able to survive in anoxic environments such as water-saturated MRL [41]. This could perhaps bring down the saturation level of the MRL and, given that the water in that layer both limits oxygen migration and root growth, could have severe consequences. On the other hand, as near-surface soils develop water holding capacity, water scarcity in the PL could be expected to decrease, possibly reducing rooting pressure on the MRL. Follow-up in the longer term may thus be needed.




4.3. Correlation between Aboveground and Underground Vegetation


The main finding is that aboveground vegetation parameters are not a good indicator of root colonization in the MRL. The relative lack of correlation between the aboveground and belowground levels could be explained by the previously mentioned root horizontal growth, which could create relatively homogenous root colonization across the site. However, some linear correlation with a low level of significance was found between RVD at the 0 to 10 cm depth of the MRL and the aboveground woody biomass. In this case, the interesting part of this relation is the rise of the correlation value if Alnus sp. is removed from the analysis. This increase in correlation shows a different dynamic between aboveground vegetation and MRL belowground vegetation specifically in Alnus sp.-dominated plots. Those plots were shown to have a very different ratio of aboveground vegetation to belowground vegetation. Alnus sp. presented high aboveground biomass and average (if not below average) belowground biomass in the MRL. This high level of aboveground biomass is explained by the fact that Alnus sp. can fix nitrogen, and thus was not limited in its growth by the lack of soil nitrogen. However, it is important to realize that Alnus sp. roots mainly colonize the top 30 cm of soil [86,87,88]. Since that top 30 cm represents the PL of the CCBE, it is quite possible that most of Alnus sp. root biomass was concentrated in the PL and thus did not appear in the present analysis.





5. Conclusions


This research studied the vegetation colonizing a 17-year-old CCBE, in the boreal mixed forest both at the above- and belowground levels. A better understanding of vegetation (especially root) colonization on an engineered cover such as this one is crucial to predict the long-term performance of the CCBE. It was found that vegetation succession on a CCBE in a mixed boreal forest biome resembles the succession pattern after a glacier retreat in the same biome. The main difference being that after 17 years, Populus sp. dominated the vegetation in terms of cover, but the overall cover of the vegetation remained low (mean cover 38–67%). The root colonization of the MRL occurred under all types of vegetation tested, including herbaceous plants, but it was concentrated in the first 10 cm, which may limit vegetation effect on the performance of the CCBE 17 years after its construction. Amongst the species that were analyzed, Salix sp. seemed to be of particular concern. Under Salix sp.-dominated plots, RLD was higher than under plots dominated by other woody species. Since Salix sp. can survive in an anoxic environment such as the saturated MRL, this could imply that, with time, an increase of RLD could be seen. This augmentation in the root colonization intensity could desaturate the top of the MRL, creating more favorable conditions (less anoxic) for roots of other species to colonize the MRL. Finally, it could be difficult to predict root colonization of the MRL based on aboveground vegetation development because above- and belowground (in the MRL) vegetation parameters did not appear well correlated. Therefore, further analysis of the impact of roots on a CCBE or other engineered cover should include sampling and analyses of root colonization of functional layers.
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Figure 1. Position of monitoring transect (A) and zones and plots (B) on the Lorraine capillary barrier effect (CCBE) where the sampling was performed (image from Google, edited by authors). 
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Figure 2. Methodological diagram showing the sequence of work and the measured parameters at each step that were done on the Lorraine mine site. (A) Transect setting (B) Plant cover measurement on transect (C) Plant density measurement on transect (D) Sampling of trees to determine plant age (E) Random selection of study zones (F) Selection of species plots (G) Harvesting of aboveground vegetation (H) Removing of the protection layer of the CCBE (I) Sampling of the moisture retention layer using a core sampler (J) Plant root analysis in lab. 
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Figure 3. Average contribution of different woody species to the total density of woody species (%) occurring in July 2015 on the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. 
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Figure 4. Aboveground biomass (A) from herbaceous species, (B) from woody species and (C) total plant biomass for each plot type [Alnus rugosa (A), Picea mariana (E), Herbaceous (H), Populus balsamifera (P), and Salix Sp. (S)] and Zone (1 to 5). Crosses represent specific plot points with a color for each zone. Boxplots represent the aggregated results for each plot type (n = 5). On the aggregated results bars, means that do not differ at the 0.05 level are noted with the same letter (a < b) 
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Figure 5. (A) Root length density (RLD), (B) root volume density (RVD), and (C) root mass density (RMD) for the different plots grouped by sampling depth. Mean (n ≥ 33). Bars denote SE. Means that do not differ at the 0.05 level are noted with the same letter (a < b). 
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Figure 6. (A) Root length density (RLD); (B) RLD divided into fine root length density (fine dotted bars) and coarse root length density (coarse dotted bars); (C) root volume density; and (D) root mass density (RMD) at 0–10 cm depth for each plot type [Alnus rugosa (A), Picea mariana (E), Herbaceous (H), Populus balsamifera (P) and Salix Sp. (S)].Mean (n ≥ 12). Bars denote S.E. Means that do not differ at the 0.05 level are noted with the same letter (a < b) 






Figure 6. (A) Root length density (RLD); (B) RLD divided into fine root length density (fine dotted bars) and coarse root length density (coarse dotted bars); (C) root volume density; and (D) root mass density (RMD) at 0–10 cm depth for each plot type [Alnus rugosa (A), Picea mariana (E), Herbaceous (H), Populus balsamifera (P) and Salix Sp. (S)].Mean (n ≥ 12). Bars denote S.E. Means that do not differ at the 0.05 level are noted with the same letter (a < b)
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Figure 7. Root length density (RLD) at 0–10 cm depth of MRL for each plot type [Alnus rugosa (A), Picea mariana (E), Herbaceous (H), Populus balsamifera (P) and Salix Sp. (S)] and each Zone (1, 2, 3, 4, and 5). Lines represent plots with one data point. Box without middle dot represent plots with two data points. Box with dots represent plots with all three data points. The green boxes are the aggregated RLD values for all plots of the presented type, n ≥ 11. 






Figure 7. Root length density (RLD) at 0–10 cm depth of MRL for each plot type [Alnus rugosa (A), Picea mariana (E), Herbaceous (H), Populus balsamifera (P) and Salix Sp. (S)] and each Zone (1, 2, 3, 4, and 5). Lines represent plots with one data point. Box without middle dot represent plots with two data points. Box with dots represent plots with all three data points. The green boxes are the aggregated RLD values for all plots of the presented type, n ≥ 11.



[image: Minerals 10 00704 g007]







[image: Minerals 10 00704 g008 550] 





Figure 8. Aboveground vegetation on belowground vegetation ratio (Av/Bv) for each plot types [Alnus rugosa (A), Picea mariana (E), Herbaceous (H), Populus balsamifera (P), and Salix Sp. (S)]. Means (n = 5). Bars denote S.E.# Means that do not differ at the 0.05 level are noted with the same letter (a < b). 
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Table 1. Vegetation cover (%), density (Number of individuals by m2), and contribution to cover and density (%) in July 2015 among zones of differing water table level (high, intermediate, low) on the CCBE constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 4.






Table 1. Vegetation cover (%), density (Number of individuals by m2), and contribution to cover and density (%) in July 2015 among zones of differing water table level (high, intermediate, low) on the CCBE constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 4.





	
Parameter

	
Unit

	
High

	
Interm.

	
Low






	
Total vegetation cover

	
%

	
67 (4.9)

	
48 (6.5)

	
38 (4.9)




	
Contributions by vegetation type




	
Tree contribution to total vegetation cover

	
%

	
16 (2.1)

	
31 (4.2)

	
18 (3.9)




	
Shrub contribution to total vegetation cover

	
%

	
35 (4.4)

	
38 (7.1)

	
47 (10.2)




	
Herbaceous species contribution to total vegetation cover

	
%

	
49 (7.3)

	
31 (8.1)

	
35 (8.5)




	
Woody species density




	
Total density

	
Nb.m−2

	
6 (1.3)

	
8 (2.1)

	
5 (1.8)




	
Broadleaved contribution to woody species density

	
%

	
86 (2.1)

	
86 (1.6)

	
88 (2.0)




	
Coniferous contribution to woody species density

	
%

	
14 (2.1)

	
14 (1.6)

	
12 (2.0)
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Table 2. Mean and maximal ages of the shoot of four woody species occurring in July 2015 on the CCBE constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 24. Means that do not differ at the 0.05 level are noted with the same letter.






Table 2. Mean and maximal ages of the shoot of four woody species occurring in July 2015 on the CCBE constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 24. Means that do not differ at the 0.05 level are noted with the same letter.





	Species
	Maximal Age of the Shoots in 2015 (Year)
	Mean Age of the Shoots in 2015 (Year)





	Salix sp.
	14
	7.3 (0.6) a



	Populus balsamifera
	11
	5.6 (0.7) a



	Populus tremuloides
	13
	6.8 (0.5) a



	Picea mariana
	16
	10.7 (0.6) b
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Table 3. Minimal, mean, and maximal height, leaf biomass, leaf area and biomass of every sampled individual of the four main studied species on the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. Mean (S.E.). P. mariana has no leaf area presented because leaf area was only measured for broadleaved species.






Table 3. Minimal, mean, and maximal height, leaf biomass, leaf area and biomass of every sampled individual of the four main studied species on the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. Mean (S.E.). P. mariana has no leaf area presented because leaf area was only measured for broadleaved species.





	
Parameter

	
Number of Individuals

	
Minimum

	
Mean

	
Maximum






	
Height (cm)




	
Alnus sp.

	
n = 25

	
10.2

	
96.7 (16.3)

	
255.5




	
P. mariana

	
n = 20

	
8.9

	
29.8 (4.3)

	
78.7




	
Populus sp.

	
n = 35

	
10.0

	
61.8 (10.8)

	
234.0




	
Salix sp.

	
n = 12

	
22.0

	
101.7 (27.3)

	
261.6




	
Leaf biomass (g)




	
Alnus sp.

	
n = 25

	
0.3

	
76.8 (19)

	
371.6




	
P. mariana

	
n = 20

	
0.1

	
36.9 (11.1)

	
175.0




	
Populus sp.

	
n = 35

	
0.1

	
42.5 (14.6)

	
400.0




	
Salix sp.

	
n = 12

	
0.6

	
46.9 (23.5)

	
280.0




	
Leaf area (m2)




	
Alnus sp.

	
n = 25

	
0.002

	
1.02 (0.27)

	
5.36




	
P. mariana

	
n = 20

	
N.A.

	
N.A.

	
N.A.




	
Populus sp.

	
n =35

	
0.002

	
0.60 (0.21)

	
6.32




	
Salix sp.

	
n = 12

	
0.004

	
0.58 (0.26)

	
2.80




	
Biomass (g)




	
Alnus sp.

	
n = 25

	
0.36

	
98.2 (22.7)

	
408




	
P. mariana

	
n = 20

	
0.13

	
39.9 (11.1)

	
176




	
Populus sp.

	
n = 35

	
0.11

	
57 (17.5)

	
442




	
Salix sp.

	
n = 12

	
2.44

	
72.3 (32.3)

	
359








Note: N.A.: not applicable.
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Table 4. Minimal, mean, and maximal woody, herbaceous and total biomass on the 25 different plots on the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 25.






Table 4. Minimal, mean, and maximal woody, herbaceous and total biomass on the 25 different plots on the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 25.





	Parameter
	Unit
	Minimum
	Mean
	Maximum





	Woody biomass
	g/m2
	0
	66 (14)
	263



	Herbaceous biomass
	g/m2
	0.7
	41 (12)
	160



	Total biomass
	g/m2
	1.4
	101 (15)
	284
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Table 5. Minimal, mean, and maximal root length density (RLD), root volume density (RVD), and root mass density (RMD) aggregated by sampling depths under the 25 plots of the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 64 for 0–10 depth, n = 47 for 20–30 depth, n = 33 for 35–45 depth.






Table 5. Minimal, mean, and maximal root length density (RLD), root volume density (RVD), and root mass density (RMD) aggregated by sampling depths under the 25 plots of the cover with capillary barrier effect constructed on the Lorraine abandoned mine site. Mean (S.E.), n = 64 for 0–10 depth, n = 47 for 20–30 depth, n = 33 for 35–45 depth.





	
Depth

	
Parameter

	
Unit

	
Minimum

	
Mean

	
Maximum






	
0–10 cm

	
RLD

	
m/m3

	
17

	
1489 (184)

	
5301




	
RVD

	
cm3/m3

	
0.6

	
195 (35)

	
1383




	
RMD

	
g/m3

	
0.2

	
31 (5)

	
239.1




	
20–30 cm

	
RLD

	
m/m3

	
8.2

	
130 (20)

	
610




	
RVD

	
cm3/m3

	
0.2

	
21 (6)

	
231




	
RMD

	
g/m3

	
0.2

	
4.1 (1)

	
29




	
35–45 cm

	
RLD

	
m/m3

	
17

	
97 (18)

	
512




	
RVD

	
cm3/m3

	
0.6

	
12 (3)

	
79




	
RMD

	
g/m3

	
0.2

	
4.6 (1)

	
30
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Table 6. Relations between aboveground and belowground parameters that are significant if using α = 0.10.






Table 6. Relations between aboveground and belowground parameters that are significant if using α = 0.10.





	
1st Parameter

	
2nd Parameter

	
n

	
Correlation Statistics






	
Aboveground Woody Biomass (g/m2)

	
Mean RMD (g/m3)

	
25

	
Pearson r

	
0.34




	
p-value

	
0.09




	
Mean Woody leaf area (cm2)

	
Log mean RLD (m/m3)

	
25

	
Pearson r

	
0.50




	
p-value

	
0.06




	
Aboveground Woody Biomass (g/m2)

	
Mean RVD (cm3/m3)

	
25

	
Pearson r

	
0.45




	
p-value

	
0.03
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