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The formation and turnover of soil organic carbon (C), the largest terrestrial C pool, is strongly impacted by the ultimate source of that C: leaves, wood, roots, and root exudates. The quantity and quality of these inputs is determined by the identity of the plants involved. Yet substantial uncertainty surrounds the complex relationships among plant traits and soil C, precluding efforts to maximize whole-ecosystem C uptake in nature-based climate mitigation scenarios. In this study, we leveraged a biodiversity-ecosystem function experiment with trees (IDENT) to explore the effects of interspecific variation in plant traits on soil C dynamics in the very early stages of stand development (9 years since planting). Mineral soil C stocks to 5 cm depth were quantified in monospecific plots of 19 tree species planted on a former agricultural field, and analyzed in relation to tree growth and functional traits. We found that tree species identity affected soil bulk density and, to a lesser extent, the carbon content of the topsoil, and thereby total C pools. Among species and across plots, mineral soil C stocks were positively correlated with rates of tree growth and were significantly larger beneath broadleaf trees with “fast” functional traits vs. conifers with more conservative leaf traits, when comparisons were made over equivalent soil depth increments. Thus, plant functional traits mediate interspecific differences in productivity, which in turn influence the magnitude of belowground C stocks. These results highlight important linkages between above- and belowground carbon cycles in the earliest stages of afforestation.
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Introduction

Ecologists have long observed that plant species can have a strong impact on the chemical properties of the soils below them (Binkley and Giardina, 1998). These plant-soil interactions influence patterns of element cycling (Waring et al., 2015), mediate species coexistence, and ultimately determine how plant communities develop over the course of succession (Kardol et al., 2013; Van der Putten et al., 2013). Recently, however, there has been a surge of interest in plant control over one particular ecosystem process: soil carbon (C) sequestration. Because soils constitute the largest and longest-lived terrestrial reservoir of organic C, even small increases in soil C over large spatial scales might have measurable impacts on atmospheric CO2 concentrations. Soil C stocks can be augmented by increasing soil C inputs (i.e., plant production), decreasing soil C losses (slowing decomposition), or both. Plant traits that vary strongly among species, such as growth rate or litter chemistry, exert direct influence over soil C inputs and outputs. Yet we still lack the ability to identify the species or functional groups which have the strongest positive impacts on soil C stocks, and a single plant may display a constellation of different traits with conflicting impacts on soil C cycling (De Deyn et al., 2008).

This knowledge gap has been thrown into sharp relief in recent years, as “natural climate solutions,” i.e., enhanced C capture in plants, soil and sediments, will likely be a necessary component of global efforts to stabilize the climate. It is well-documented that reforestation and afforestation–among the most promising natural climate solutions (Griscom et al., 2017)–enhance ecosystem C stocks in soils as well as plant biomass, augmenting the CO2 sink capacity of forest ecosystems (Laganière et al., 2010). But which species have the largest positive effect on soil C stocks, and are these the same species that exhibit the greatest capacity to sequester C in wood? Perhaps even more importantly, are there some tree species that trigger soil C losses when planted on former pastures or other forms of highly productive grassland, as some evidence seems to suggest [e.g., (Paul et al., 2002)]? Finally, reforestation projects need to consider interspecific differences in C cycling dynamics not only at stand maturity, but also in the very earliest stages of growth. This is because any CO2 sequestered in biomass and soils over the next three decades will decrease peak warming, assuming anthropogenic emissions are also declining over the same timeframe (Matthews et al., 2022). From this perspective, it is extremely important to minimize soil C losses in the earliest stages of afforestation.

The plant traits which mediate species-specific impacts on soil C cycling fall into three general categories: traits related to plant productivity (C input quantity), tissue chemistry (C input quality), and plant-microbe interactions. First and foremost, the size of the soil C pool is determined by the balance between autotroph-derived C inputs and C losses due to mineralization or leaching. Therefore, all else being equal, increases in plant productivity should enhance soil C stocks, and this assumption is embedded in the ecosystem models that are used to predict terrestrial C cycling. Positive relationships between C inputs and soil C stocks have been empirically observed in many cases (Xu et al., 2013; Lajtha et al., 2014; Cusack et al., 2018), yet in quite a few long-term studies, increasing plant inputs does not translate to gains in soil C (Lajtha et al., 2018). Moreover, at the global scale, elevated CO2 tends to increase plant biomass but decrease soil C, or vice versa (Terrer et al., 2021), implying that higher plant production can actually lead to losses of belowground C.

Changes in C inputs may be decoupled from soil C stocks if chemical traits of plant litter alter microbial metabolism, and thereby the balance between C stabilization and loss (Liang et al., 2017). On the one hand, plant tissue traits which enhance microbial growth efficiency should promote retention of plant-derived C belowground, reducing the respiratory C losses associated with decomposition (Cotrufo et al., 2013). Multiple studies have linked the quality of soil C inputs with the formation of persistent mineral C pools (Bradford et al., 2013; Cotrufo et al., 2015). However, high-quality litter can also stimulate the decomposition of older, more recalcitrant organic matter, a phenomenon known as the “priming effect” (Blagodatskaya and Kuzyakov, 2008). Both empirical (Van Groenigen et al., 2014; Craig et al., 2022) and model-based studies (Guenet et al., 2018) suggest that priming effects can attenuate increases in soil C under higher rates of organic matter input.

Finally, plants may also influence soil C cycling indirectly through their association with root symbionts, such as the ubiquitous mycorrhizal fungi that form associations with most terrestrial plants. Most species associate with either ectomycorrhizal or arbuscular mycorrhizal fungi, two functional groups with strongly divergent evolutionary histories, physiological traits, and life history strategies. The different nutrient acquisition mechanisms of ectomycorrhizal vs. arbuscular mycorrhizal fungi may have implications for soil C cycling: by directly competing with free-living decomposer microorganisms for nutrients, ectomycorrhizae could suppress rates of soil C turnover, leading to accumulation of organic matter (Averill and Hawkes, 2016; Fernandez and Kennedy, 2016). Meanwhile, arbuscular mycorrhizae may actually promote C turnover and loss by releasing exudates that stimulate decomposer activity (Cheng et al., 2012).

To predict tree species impacts on soil C, we must be able to tease apart the effects of productivity, tissue chemistry, and symbiont type on soil C, and assess the relative importance of these drivers. Because edaphic characteristics and plant traits are frequently confounded in natural ecosystems, tree common garden experiments are our best experimental tool to identify such directional relationships between plant traits and soil C stocks. In temperate and boreal forests, the majority of these experiments have shown that tree species identity strongly influences that mass of C held in the forest floor (Vesterdal et al., 2013). However, tree species influence on mineral soil C stocks–which are larger, more persistent, and yet slower to respond to environmental change–is much less certain. Some studies show interspecific differences in mineral soil C stocks (Mareschal et al., 2010; Gurmesa et al., 2013); yet in many comparable experiments, tree species identity does not have statistically significant effects on mineral soil organic matter, even three decades or more after trees were planted (Mueller et al., 2012). However, most tree common garden studies have focused on only a handful of species, strongly limiting statistical power to draw meaningful inference from these investigations. Because more productive tree species often have nutrient rich litter too, it can be difficult to identify the primary driver of soil C responses to afforestation: litter quantity or quality. Moreover, with insufficient cross-species comparisons, it is not possible to assess the generality of biogeochemical patterns within and among plant functional groups (broadleaf vs. conifer, arbuscular mycorrhizal vs. ectomycorrhizal).

Here, we leverage a biodiversity-ecosystem function experiment, the International Diversity Experiment Network with Trees (IDENT), to examine the accumulation of plant-derived C in mineral soils in relation to tree species identity and traits in the earliest stages of afforestation. We focused on the IDENT Montreal site, where nineteen tree species were planted in 2009 on a former agricultural field (Tobner et al., 2014). The species vary widely in their growth rates, leaf and root traits (Tobner et al., 2014; Jewell et al., 2017; Archambault et al., 2019), and mycorrhizal status. We measured soil bulk density and C content across tree species treatments to evaluate two hypotheses regarding the role of plant traits in mediating belowground C pools: Hypothesis (1) Tree species productivity and tissue quality should be positively correlated with soil C accumulation, such that fast-growing broadleaves will be associated with larger soil C stocks than slower-growing conifers. Hypothesis (2) The presence of ectomycorrhizal fungi should slow soil C turnover and allow soil C accumulation in plots dominated by ectomycorrhizal trees.



Materials and methods


Site description

The IDENT Montreal experiment was established in 2009 to examine the effects of taxonomic and functional biodiversity on ecosystem function. The experiment consists of 216 plots (16 m2, 64 trees per plot) randomly assigned to one of four taxonomic richness treatments: 1, 2, 4, or 12 tree species per plot, selected from a pool of 19 species (Table 1). All of our analyses focus on the 76 monospecific plots; these are allocated among four blocks, with one replicate of each of the 19 single-species treatments in each block. All trees were planted on a site (45.5°N, 73.9°W, MAT 6.2°C, MAP 963 mm) formerly managed by McGill University for high-intensity agriculture and crop research, with maize as the dominant crop (alfalfa and soy were planted in some years; M. Samoisette pers. comm.). Soils are coarse-textured, with 91% sand (Archambault et al., 2019), and prior to tree planting, soils had an organic matter content of 4.5% (total C was not directly measured) and a pH of 6.4.


TABLE 1    Tree species planted in the monospecific plots at the Montreal biodiversity ecosystem function experiment with trees (IDENT) experiment.
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Soil sampling and analysis

Soils were sampled from the monospecific plots in August 2017 (i.e., during the 9th growing season) to quantify soil C and N. Eight samples of mineral soil were obtained from each plot in a transect running across the midline, for a total of 608 unique samples, following manual removal of the litter layer (O horizon). Because shallow soil layers are most responsive to reforestation (Richter et al., 1999; Nave et al., 2013), cores were taken to a depth of 5 cm. Samples were immediately shipped to Utah State University where they were analyzed to determine total organic C and N.

To quantify soil C content, soils were sieved to 2 mm and ground prior to removal of inorganic C with sulfurous acid. Because we removed inorganic C from the samples, all of our measurements reflect organic C only; we henceforth use “C stock” interchangeably with “soil organic C stocks.” Samples were analyzed on a Costech 4010 Elemental Analyzer to quantify total organic C and N. We calculated the arithmetic mean of soil C values from the eight separate soil cores within a plot to obtain plot-level organic C content. We converted these C contents to stocks by multiplying by plot-specific soil bulk density, measured in each of the 76 monospecific plots in July 2020. For this we used a volumetric soil corer (volume 338 cm3) and took one core in the center of each plot, which was subsequently dried and weighed to calculate bulk density.

We analyzed soil data in relation to indices of plant productivity and plant tissue traits, measured by other collaborators in the same plots. Basal diameters of each tree in every plot were measured annually and used to calculate aboveground productivity. We determined stem basal area growth rates (cm2 y–1) over the 9-year study for each individual tree, excluding individuals that had died by the 2017 census. The average growth rate of individual stems within a plot was thereafter used as an estimate of aboveground stem growth rates at the plot scale. These rates were positively correlated with aboveground biomass measured in each plot (calculated by summing basal diameters of all living trees censused in 2017) (R2 = 0.425, P < 0.001), suggesting that rates of stem growth capture differences in total aboveground biomass production from planting to the time when soils were sampled in 2017. Leaf functional traits were taken from measurements conducted in the IDENT plots in 2012 by Jewell et al. (2017). These traits were wood density, specific leaf area, leaf lifespan, carbon and nitrogen content of litter (determined with an elemental analyzer), and litter decomposition rate (measured using litterbags deployed in situ for 184 days). Note that these functional trait data were collected only for the 12 native species included in the IDENT experiment (Table 1).



Statistical analyses

We used ANCOVAs to model bulk density, C content, and C stocks (i.e., the product of bulk densities and C content) as a function of species identity, plant functional type (ectomycorrhizal vs. arbuscular mycorrhizal; needle leaf [conifer] vs. broadleaf), and plot-specific stem growth rates. In addition to exploring variation in soil C pools among plots, we were also interested in exploring potential drivers of interspecific variation in C pools. For these species-level analyses, we calculated mean total C stocks for each species across all replicate plots. We used Spearman’s correlations to explore relationships among these species mean values and selected plant traits for the 12 native species: tissue C and N content of leaf litter; decomposition rate of species-specific litter; and specific leaf area, leaf lifespan, and wood density.

Finally, we used path model analysis to explore relationships among plant functional traits, litter traits, tree productivity, and soil C pools among species. To include plant functional traits in these models, we included species’ first principal component scores from a PCA conducted on wood density, specific leaf area, and leaf lifespan. The first principal component of this trait matrix (79.8% of variation) was positively associated with specific leaf area and negatively associated with leaf lifespan, capturing a common life-history trade-off along the leaf economic spectrum. To include litter traits in the path analysis, we conducted a PCA on leaf litter decomposition rate and litter C and N content; the first axis of this ordination (58.8% of variance) was positively correlated with litter C content and negatively correlated with decay rate. The final model included paths to reflect direct impacts of plant functional traits, litter traits, and productivity on soil C stocks, as well as a correlation between functional traits and productivity. All statistical analyses were conducted in R version 3.3.2; path analyses were carried out using the lavaan package (Rosseel, 2012).




Results

Rates of stem growth varied six-fold among species (F18,57 = 15.46, P < 0.001) and were 30% higher among broadleaves vs. conifers (t = 3.05, P = 0.003), while ectomycorrhizal and arbuscular mycorrhizal tree species did not exhibit different rates of growth (t = 0.16, P = 0.872). Soil bulk density varied 40% among species (F16,56 = 1.70, P = 0.075), from 1.43 g cm–3 under Quercus rubra to 1.02 g cm–3 in Picea rubens plots. Mineral soil bulk density was greater under broadleaves vs. conifers (F1,56 = 28.40, P < 0.001) and under arbuscular mycorrhizal vs. ectomycorrhizal trees (F1,56 = 6.90, P = 0.011) (Figures 1A,B). Soil C content also exhibited substantial though non-statistically significant variation among species (F16,56 = 1.18, P = 0.312) (Figure 2), but did not vary between plant functional types (P > 0.05) (Figures 1C,D).
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FIGURE 1
Variation in soil properties (bulk density, carbon content, and carbon stocks) beneath different plant functional groups (Panels A,C,E): broadleaves (N = 32 observations) vs. conifers (N = 44), (Panels B,D,F): arbuscular mycorrhizal trees (N = 16) vs. ectomycorrhizal trees (N = 60). Asterisks indicate significant differences among groups in the ANCOVA models. All soils were sampled to 5 cm depth. Error bars represent ± 1 SD.
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FIGURE 2
(A) Soil C stocks and (B). C content (5 cm depth) beneath the 19 species studied in the Montreal biodiversity ecosystem function experiment with trees (IDENT) experiment. Note that bars are grouped by genus. Error bars represent ± 1 SE (N = 4 plots per species).


Soil C stocks (i.e., the product of bulk density and C content) varied strongly among species, from 1.21 kg m–2 under Pinus strobus to 1.67 kg m–2 under Quercus rubra (Figure 2). Soil C stocks were positively correlated with rates of tree growth (Figure 3; Table 2) and were significantly higher beneath broadleaves vs. conifers (Figure 1E; Table 2), but did not vary between different mycorrhizal types (Figure 1F; Table 2). After controlling for plant leaf type, mycorrhizal association and growth rate, species identity did not have an impact on soil C pools (Table 2).
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FIGURE 3
Relationship between species-mean soil C stocks (to 5 cm depth) and productivity (annual stem basal area increase) across the 19 trees species in the biodiversity ecosystem function experiment with trees (IDENT) Montreal common garden. Error bars (x and y) represent ± 1 SE (N = 4 plots per species).



TABLE 2    Results of a ANCOVA model examining the effect of productivity, tree species identity, and tree functional type on soil C stocks.
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Correlation analysis demonstrated that the tree species which exhibited the fastest rates of growth had functional traits on the “fast” end of the leaf economic spectrum including high specific leaf area, greater wood density and a shorter leaf lifespan (Table 3). However, productivity and leaf economic traits were largely unrelated to the C:N ratio of leaf litter and its rate of decay, indices which capture the chemical quality of organic matter inputs to soil (Table 3). Therefore, across the 12 species for which we had functional trait data, productivity and litter quality were not tightly coupled. Soil C stocks increased with stem growth rate as well as leaf litter decay rate (Table 3). When we explored these relationships using a path model (N = 12 observations, χ2 = 1.938, P = 0.164, CFI = 0.966, RMSEA = 0.292, AIC = 107.3), we found that plant functional traits had no direct impact on soil C stocks, but strongly shaped interspecific variation in productivity (Figure 4). In turn, soil C stocks were positively influenced by productivity and negatively influenced by litter decomposition resistance (in other words, leaf tissue that decomposed more slowly was associated with smaller soil C pools) (Figure 4).


TABLE 3    Spearman’s correlations among species-specific soil C stocks, leaf functional traits, and litter characteristics across the 12 native tree species for which functional trait data were collected.
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FIGURE 4
Path models demonstrating relationships among plant and litter traits, tree productivity, and species-specific soil organic C (SOC) stocks. Significant paths are shown in black, and non-significant paths in gray; dotted lines indicate negative relationships. Numbers beside each line are correlation coefficients.




Discussion

We leveraged a large tree common garden experiment to test two hypotheses regarding plant control over soil C stocks: that faster-growing tree species with high-quality tissues promote mineral C accumulation (Hypothesis 1); and that ectomycorrhizal tree species are associated with larger soil C stocks because they slow decomposition in the topsoil (Hypothesis 2). Below, we discuss the experimental evidence for each of our hypotheses.


Are changes in soil C detectable shortly after canopy closure?

Prior to assessing our hypotheses regarding the effects of species identity on soil C stocks, we must evaluate the power of our experimental design to detect any changes in soil C pools, if present. In a large-scale review of afforestation experiments, Paul et al. (2002) found that mineral soil C stocks frequently decrease in the first decade following planting, reflecting site preparation-induced disturbance; subsequent C gains are not reliably detectable for 30 years (Paul et al., 2002; Nave et al., 2013) or longer (Ashwood et al., 2019). Yet these temporal dynamics vary strongly among previous land uses and different plant functional groups (Paul et al., 2002), suggesting that the specific species chosen may influence our capacity to detect soil C responses to afforestation.

Here, we used a rigorous soil sampling campaign (> 600 cores in total) to identify changes in shallow mineral soil C stocks in young tree stands, and found that C pools varied 37% across 19 different species. These patterns in soil C stocks emerged from strong interspecific differences in soil bulk density and pronounced (although not statistically significant) cross-species variation in soil C content. These two parameters were not correlated with one another (P = 0.434) but exhibited similar magnitudes of interspecific variation, and so contributed jointly to the variation in soil C stocks across the 76 plots we surveyed. However, it is important to note that C stock patterns related to plant functional type (broadleaf vs. conifer) were driven entirely by differences in bulk density rather than C content, which did not vary between groups. Differences in soil bulk density may be due to bioturbation by earthworms (Lang and Russell, 2020), which readily respond to differences in tree species identity (Reich et al., 2005), or due to the effects of growing tree roots on soil pore structure (Helliwell et al., 2017). A previous study at our site found greater root biomass in evergreen vs. deciduous stands (Archambault et al., 2019), which may explain why soils were less dense below conifers. Other studies have also identified large changes in soil bulk density and soil structure among stands of different tree species (Morazzo et al., 2021) or following afforestation of cultivated land (Podrázský et al., 2015). Meanwhile, variation in C content is likely driven by plant litter quantity and quality, as discussed further below. Because we did not quantify total soil depth, vertical variation in mineral soil C content, or any changes in litter mass, we cannot definitively conclude that tree species have altered total belowground C stocks after 9 years. We also do not know whether there were pre-existing differences in soil abiotic properties (e.g., clay content) that may have influenced spatial patterns in soil C. However, our results demonstrate that tree species can influence shallow mineral C pools, even in the first decade of their growth, via effects on bulk density and C content.



Do plant functional traits affect soil C stocks?

We found that differences in soil C stocks were to some extent predictable based on tree traits. To maximize belowground C storage in young forest stands, we must identify the mechanisms that link plant traits and changes in soil C storage, and subsequently the correlations among different plant functional traits within and among species. Theory predicts that the species which exhibit the highest rates of growth are morphologically and physiologically adapted to maximize resource acquisition (Reich, 2014). In other words, the tree species which produce more biomass in a given time interval (larger quantity of soil C inputs) also have nutrient-rich leaves and roots (higher C input quality). If these parameters have opposing impacts on soil C accumulation, then the net impact of a fast-growing tree species on soil C stocks becomes difficult to predict.

We found evidence that faster-growing tree species (as indexed by stem growth rate) are associated with higher mineral soil C stocks in the earliest stages of afforestation, supporting our first hypothesis. This pattern was evident at multiple levels: between plant functional groups (productive broadleaves vs. slow-growing conifers), among species (as shown in the correlation analysis), and even across plots. Specifically, we explored the relationship between plot-specific stem growth rates and soil C stocks, independent of plant species identity, and found a weak but significant correlation (R2 = 0.061, P = 0.018). This finding is striking given that our index of plant growth rate is by no means a perfect metric of soil C inputs. For example, basal area increment may not be tightly linked to the production of fine roots, which are often the primary source of most organic soil C (Jackson et al., 2017). Moreover, since the stands we studied are young, the magnitude of aboveground C inputs may be more related to leaf habit than total aboveground biomass, because only one or a few cohorts of evergreen leaves may have senesced by the time we sampled soils.

Across the 12 tree species for which we had trait data, stem growth and functional traits were tightly correlated. The tree species which grew fastest had a high specific leaf area, dense wood, and a shorter leaf lifespan. The path analysis provides support for a strong indirect influence of plant functional traits on soil C stocks via their control over interspecific variation in productivity. Interestingly, however, leaf and wood economic traits were not tightly correlated with the C:N ratio or decomposition rate of leaf litter, suggesting that plant tissue quality (as perceived by microbial decomposers) is independent of species’ positions on the leaf economic spectrum. This observation is also supported by the path analysis, which found that that aboveground productivity (which was correlated with economic traits) and litter chemistry had equally strong, but opposing effects on soil C stocks. The C pool tended to be higher beneath species with fast-decaying litter, consistent with growing evidence that such litters are more efficiently converted into mineral-associated soil organic matter (Haddix et al., 2016; Sokol et al., 2019), but see Craig et al. (2022). More “decomposable” litter is often associated with greater bioturbation by litter fauna, accelerating organic matter movement into the mineral soil (Mareschal et al., 2010).

In the context of this experiment, we suggest that plant species identity could have influenced mineral soil C via three pathways which operate somewhat independently. First, faster-growing tree species enhance C stocks by increasing organic matter inputs. Second, species with more decomposable litter likely promote the conversion of plant tissue into the microbial by-products that are preferentially stabilized in mineral soils. Third, differences in soil bulk density between broadleaves and conifers contributed to the larger C stocks observed in the former group. We focused specifically on shallow soils because very young trees are not expected to have much impact on soil properties at depth. However, the higher soil C stocks under broadleaves may reflect a redistribution of mass across the soil profile, rather than a true gain in total belowground carbon. Our results are consistent with other reviews showing that broadleaf trees are associated with larger mineral soil C pools than conifers (Laganière et al., 2010; Mayer et al., 2020). Due to the young age of the stands and the high within-species variability in soil C content in mineral topsoils, additional observations will be necessary to confirm whether these patterns persist as the forest matures, and whether they occur over the entire soil profile.



Do plant-microbe interactions impact mineral soil C stocks early in stand development?

At the global scale, the presence of ectomycorrhizal-associated tree species is associated with increases in soil C storage relative to soil N content (Averill et al., 2014). This pattern may be driven by competition between ectomycorrhizal fungi and free-living decomposers, resulting in a suppression of soil C turnover and resulting soil C accumulation–i.e., the “Gadgil effect” (Gadgil and Gadgil, 1971; Fernandez and Kennedy, 2016). However, site-specific and modeling studies suggest that ectomycorrhizal trees may actually enhance soil C turnover via rhizosphere priming, as their exudation rates tend to be higher than those of arbuscular mycorrhizal trees (Brzostek et al., 2015; Sulman et al., 2017).

Contrary to our second hypothesis, we found no evidence that the presence of ectomycorrhizal trees systematically affected soil C pools, at least in the mineral topsoils examined here. It is possible that our sampling strategy failed to capture the influence of tree mycorrhizal type on accumulation of C in the litter layer, where ectomycorrhizal-induced suppression of decomposition may be most pronounced. Studies of mixed stands have shown that mycorrhizal type does not have a strong influence on the total amount of C in the soil profile, but rather its distribution, with more carbon in the topsoil beneath ectomycorrhizal species (Craig et al., 2018). Nonetheless, our data clearly show that variability in mineral C pools within mycorrhizal type is greater than that between groups, suggesting minimal impacts of mycorrhizae on mineral soils.



Strengths and limitations of the experimental design

The IDENT-Montreal tree common garden experiment examines a larger array of plant species than most comparable studies, enhancing our power to detect soil variation within and among plant functional groups, and unravel underlying mechanisms. Our study was intentionally designed to explore patterns in soil C stocks in the mineral soil (which is less responsive to land use change than the litter layer) and in the first decade following tree planting (when ecosystem C dynamics are not at steady state). The interspecific patterns we observed may change through stand development, reflecting both altered biomass allocation in maturing trees and changes in soil biogeochemistry as stands age, e.g., (Lajtha, 2020). Based on the data reported here, it would be premature to conclude that specific species are inherently more suitable for promoting belowground C accumulation. However, our results do show that even young trees can alter soil bulk density and C content. This is highly relevant for natural climate solutions that are intended to have an effect in the next few decades (Matthews et al., 2022), suggesting that changes in C cycling can occur very quickly, but that care must be taken to design sampling schemes which appropriately quantify the impacts on the total belowground C stock.

Although the IDENT-Montreal experiment was established to test specific ecological theories regarding the relationship between biodiversity and ecosystem processes, the plots studied here are quite representative of regenerating temperate and boreal forests. The density of tree seedlings planted (40,000 ha–1) mimics the extremely high proliferation of seedlings in naturally regenerating woodlands at the boreal/temperate forest ecotone [13,000–80,000 stems ha–1; (Brissette, 1996; Brissette et al., 1999; Bose et al., 2016)], and the species planted are all typical of the ecoregion. We do note that plots are relatively small, and movement of litter or fine roots across plot boundaries could weaken our ability to detect treatment effects. The same processes of litter movement must frequently occur in naturally occurring mixed temperate forests. Interestingly, the effects of individual plant species on soil properties is strong in forests worldwide, even in exceedingly diverse tropical forests where dozens of species co-occur at small spatial grains (Waring et al., 2015). At IDENT-Montreal, as in naturally occurring forests, it is likely that the dominant organic matter inputs to soils in any particular sampling location reflect the identity of the tree species immediately above them.




Conclusion

Examining species-specific impacts on soil C across a range of functionally distinct tree species can shed light on the mechanisms that link plant traits with belowground carbon storage. Here we show that faster-growing species, usually broadleaf trees with high-quality litter, are associated with larger soil C stocks in the earliest stages of afforestation. These patterns are driven by changes in bulk density and soil C content, although the latter did not vary significantly among species. Therefore, for the 19 species studied here, the tree species which sequester the most C in wood also tend to have beneficial effects on soil C stocks, at least when soils are compared over equal depths. These patterns are consistent with analyses of soil C dynamics following reforestation/afforestation at global scale, but contradict findings of other tree common garden experiments which fail to identify interspecific differences in soil C stocks or content after several decades. Additional research is urgently needed to confirm the generality of our findings, and assess how plants impact soil biogeochemistry throughout the course of stand development and across all soil horizons.
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