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Abstract


Reconciling carbon (C) sequestration with biodiversity conservation remains a key challenge for sustainable forest management, as C–biodiversity relationships vary across taxa and contexts. We evaluated how botanical composition, forest structure, C pools, and land use predict species richness of insects, birds, and bats across mature temperate forests in southern Québec, Canada. Generalized linear models were fitted for insects and birds, while bat data were analyzed descriptively due to low and uneven richness. Botanical composition and forest structure were the most consistent predictors across groups. Insects responded strongly to vegetation structure and C allocation, with richness decreasing with shrub density and mineral soil C but increasing with the soil:above-ground C ratio and distance from infrastructure. Bird richness increased with herbaceous cover and wetland area, emphasizing the value of open and moist habitats. Across taxa, C pools acted as secondary but complementary predictors. Based on observational analyses, our results show that C–biodiversity relationships are compartment-specific and taxon-sensitive, and suggest that maintaining structural complexity, diverse vegetation strata, wetland habitats, and soil C pools may help align biodiversity conservation with C sequestration objectives in temperate forests.
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1. Introduction


Preserving biodiversity and mitigating climate change are two major ecological challenges, and forests play a dual role as both biodiversity reservoirs and carbon (C) sinks [1,2]. Quantifying forest C pools is therefore critical not only for evaluating the sequestration potential of forest ecosystems, but also for understanding how C storage relates to species richness across multiple taxonomic groups [3]. Because forest C pools covary with fundamental attributes of ecosystem structure such as vegetation maturity, vertical complexity, and biomass, they can provide integrative information on habitat conditions and the availability of ecological niches [4,5]. In this sense, C pools may serve as useful proxies for environmental features that shape species richness patterns, particularly in structurally complex forest ecosystems.



Understanding biodiversity–C relationships, however, requires considering multiple complementary dimensions of forest ecosystems. Botanical composition provides insight into resource availability, plant functional traits, and trophic pathways, whereas land cover and land-use patterns reflect anthropogenic pressures, habitat configuration, and landscape connectivity [6,7]. Together, these variables capture important drivers of species distributions at different spatial scales. Nevertheless, both botanical and land-use variables often exert effects that are taxon-specific or scale-dependent, limiting their generalizability across taxa and landscapes [8,9]. Integrating these dimensions with C pool assessments therefore offers a more holistic framework for identifying the main determinants of species richness diversity in heterogeneous forested landscapes.



At broad spatial extents, many global studies have generally reported positive relationships between forest C pools and species richness, particularly in relatively intact and mature forest ecosystems [10,11]. These findings have often been interpreted as evidence that C-rich forests provide favorable conditions for diverse biological communities. However, such relationships often weaken, vary in direction, or become highly context-dependent at regional scales, where forest ecosystems are shaped by a combination of stand development, management legacies, soil properties, and landscape configuration [4,12]. At these finer scales, human influences, including land-use change, habitat fragmentation, infrastructure development, and historical forest management, can substantially modify habitat structure, resource availability, and species distributions [6,13].



As a result, C pools are unlikely to act as universal drivers of biodiversity at regional scales. Rather, they tend to reflect underlying structural, edaphic, and moisture-related conditions that differentially influence species richness across taxonomic groups. Empirical work has shown that both the strength and the direction of biodiversity–C relationships depend strongly on the taxa considered and on the specific C compartments examined [14,15]. In forest ecosystems, above-ground and soil C stocks often covary with stand structure, forest age, soil properties and development, and land-use history, which together shape habitat complexity and niche availability for different organism groups [16]. In some cases, local trade-offs emerge, such as reduced understory diversity in high biomass stands [17]. Consequently, observed correlations between C pools and biodiversity are more likely to arise from indirect associations mediated by shared environmental gradients than from direct causal effects of C storage per se. A recent synthesis study further supports this interpretation by showing that biodiversity–C relationships vary across dimensions of biodiversity and C compartments, reinforcing their context-dependent nature [18]. Such nuances underscore the importance of fine-scale, regionally grounded studies to inform effective and locally adapted conservation strategies.



In this study, we hypothesized that, within the studied regional context, variation in forest C pools explains species richness patterns across taxonomic groups (i.e., insects, birds, and bats) after accounting for botanical composition and forest structure as well as land-use characteristics. This hypothesis is based on the premise that C pools integrate key structural and edaphic attributes of forest ecosystems (e.g., vegetation maturity, vertical stratification, and biomass) that underpin habitat complexity and the availability of ecological niches [14,15]. While botanical composition and forest structure provide detailed information on plant diversity and functional traits, and land use reflects spatial occupation and anthropogenic pressure, these variables are often expected to exert more localized or taxon-specific effects [19,20]. In contrast, C pools may function as integrative ecological proxies that capture multiple dimensions of habitat quality relevant across trophic levels. Our objectives were therefore to (i) quantify forest ecosystem C pools in a region of southern Quebec, Canada, and (ii) test the proposed hypothesis by simultaneously integrating C pools, botanical composition, forest structure, and landscape characteristics at the regional scale, a scale commonly used for sustainable development and conservation planning. By explicitly accounting for regional ecological contingencies, this approach aims to clarify how C storage relates to biodiversity patterns across taxa and to identify potential synergies and limits between C sequestration and biodiversity conservation in mature forest landscapes.




2. Materials and Methods


2.1. Study Sites and Plots


We examined the relationship between C pools, forest botanical composition and forest structure, and land use as predictors of species richness for three taxonomic groups (i.e., insects, birds, and bats) across 10 protected forest sites of the Lanaudière Ecosystem Conservation Trust (Fiducie de conservation des écosystèmes de Lanaudière; FICEL) in the northeast region of Montréal, Québec, Canada (Figure 1). The protected forest sites encompass mature and old-growth stands dominated by maple spp. (>80 years), birch spp. (40–80 years), and balsam fir (>60 years) established on organic to mineral soils. The selected taxonomic groups serve as widely used indicators of forest ecosystem integrity and ecological quality. Insects contribute to pollination, decomposition, and nutrient cycling [21], birds regulate insect populations and disperse seeds [22], and bats represent a functionally important group in temperate forest ecosystems through nocturnal insect predation and their sensitivity to forest structure and landscape configuration. In this study, bats were not intended to represent mammalian biodiversity as a whole, but rather to provide complementary information on habitat use by a mobile, nocturnal insectivorous taxon [23,24,25]. Together, these groups capture key trophic functions whose variation can reflect ecosystem health. As a whole, the study sites encompassed a total of 33 sampling plots of 400 m2 (radius = 11.28 m) in which C and bird surveys were conducted. Insect and bat surveys were performed in 27 and 31 of these plots, respectively. These sample sizes reflect taxon-specific survey feasibility and logistical constraints, and were accounted for in all subsequent analyses.




2.2. Carbon Pools


Carbon pools were quantified in each plot during the summers of 2023 and 2024, following the protocol of Thiffault et al. [26]. All mature trees (diameter at breast height, dbh > 9 cm) were counted within each 400 m2 plot, with species identification, individual tree mapping, and measurement of dbh. Smaller trees (dbh < 9 cm) were surveyed in a 50 m2 subplot (radius = 3.99 m) using the same procedure. This diameter threshold corresponds to standard forest inventory protocols commonly used in forest ecosystems in Canada, including eastern temperate forests, and allows consistent characterization of stand structure, whereas subplots were selected to represent the dominant forest types within each plot. Coarse woody debris (diameter > 3 cm) were recorded along four 10 m transects radiating from the plot center, while fine woody debris (1.1–3 cm) were sampled along the 5–10 m segments of these same transects, noting size and decomposition class.



Above-ground biomass was estimated considering tree species and dbh using the R package allodb (version 0.0.1.9000) [27], which is designed for extratropical forests. The get_biomass() function automatically computes individual tree biomass from allometric equations that integrates dbh, genus, species, and spatial coordinates. Root biomass was estimated as a proportion of stem biomass, based on equations from [28]. Wood debris biomass was calculated following the National Forest Inventory of Canada [29] protocol. This approach involves determining the volume of woody of recorded debris, then calculating biomass using wood density coefficient (in kg cm−3) adjusted by decomposition class. For large debris, the relative proportion of hardwood and softwood trees per plot to derive a weighted density coefficient that reflects species composition.



Carbon concentrations in above-ground biomass, roots, and woody debris were estimated using conversion factors from Lamlom and Savidge [30]. Specifically, C concentrations in large trees (dbh > 9 cm) and woody debris were set at 48% (hardwoods) and 51% (conifers) of biomass, respectively, while roots and small trees (dbh < 9 cm) were assigned a C concentration of 50%.



Soil samples were taken at three locations per plot. In the first location, a 30 cm-deep pedon was excavated at the plot center, and a 20 cm × 20 cm template was used to collect plant litter (PL), fine woody debris (FWD), and forest floor layers, with their thickness recorded. Two horizontal cores were taken from each of the main two B horizons (four samples per pedon) using a 1.905 cm-diameter metal corer, noting their depth and Munsell color. A fifth vertical sample was extracted from the BC/C horizon (~50 cm depth) to represent deeper mineral soil. Two additional locations were sampled following a similar procedure, i.e., FWD, PL, and forest floor layers were collected using the template, but only the surface mineral soil was sampled vertically with the corer. Each additional location provided four samples (two forest floors and two mineral soils). Soil stoniness was visually assessed using the Munsell booklet schematics, and soil groups and forest floor types (i.e., mull, moder, and mor) were classified following the Canadian Soil Classification System [31].



Bulk density was determined from undisturbed soil cores. Samples were oven-dried (65 °C for 72 h) to obtain dry mass. Bulk density (g cm−3) was calculated as the ratio of dry mass to core volume. Subsamples were sieved (<2 mm) and ground (<60 μm) for C analysis by combustion (1040 °C, infrared detection with the EA1108 CHNS–O Analyzer, Carlo Erba Instruments/Thermo–Fisher, Milan, Italy). Soil C pools (Mg C ha−1) were then computed from C concentration, bulk density, soil depth, and stoniness corrections.




2.3. Insects, Birds, and Bats Inventories


Insect, bird, and bat surveys were conducted using taxon-specific standardized protocols that differed in timing and frequency among groups. Insects were sampled in 2019, birds in 2018 and 2023, and bats in 2024. Insects were sampled in summer using Luminoc® traps (Luminoc, Angers, France) following Hébert et al. [32], with three consecutive nights of trapping per plot. Specimens attracted by light fell into containers filled with a water (45%), vinegar (5%) and denatured ethyl alcohol (50%) solution. Captured insects were then preserved in 80% ethanol for identification. Due to logistical constraints, 27 of the 33 plots were sampled. Insect richness estimates reflect the subset of taxa effectively sampled by light traps and should be interpreted as a standardized, comparable index across plots rather than an exhaustive inventory of local insect diversity. Birds were surveyed using the point-count method [33,34] with 10 min listening periods and three concentric distance bands per plot (i.e., 0–30 m, 30–75 m, and 75+ m). Surveys occurred in May–June, with two consecutive days of sampling in each plot. Bats were recorded following Fabianek’s methodology [35]. We used Anabat Express detectors (Titley Scientific, Brendale, Australia) between June 19 and July 22. Recordings were conducted three times in each of the 31 plots, yielding 93 samplings in total. These different protocols were designed to maximize detection within each taxonomic group while ensuring comparability across plots within each dataset. Although sampling effort differed among taxa, survey designs were sufficient to capture relative differences in species richness among plots, even though observed richness represents only a subset of the regional species pool.




2.4. Vegetation Inventories and Characterization of Land Use


A detailed vegetation inventory was completed in a 10 m × 20 m quadrat within each plot during July and August 2023, describing species composition and cover for the tree (dbh > 9 cm), shrub, herbaceous, and bryophyte (muscine) strata. Standing dead trees and coarse woody debris were also recorded, along with decomposition stage [26]. Land use was mapped using Google Earth Pro (version 7.3.3) and L’Atlas des Basses-Terres du Saint-Laurent [36] within a 1 km radius around each plot, distinguishing mature forests, shrublands, wetlands (swamps, marshes, and bogs), water bodies and anthropogenic features (roads, agriculture, residential area, industries, and other infrastructures). Distance in meters to linear infrastructures (main, secondary, and tertiary roads, high-voltage powerlines, and all-terrain vehicle trails were measured for each plot.




2.5. Statistical Analysis


2.5.1. Horizon-Level Soil Carbon Pools Among Pedogenic Environments


We conducted one-way ANOVAs to test whether total C pools differed among the main three soil types (groups) observed in the field with distinct genetic pathways and C dynamics. These included poorly drained Gleysols, well-drained podzolized soils (i.e., Podzols and Eluviated Dystric Brunisols) and Brunisols (Sombric and Melanic) with Mull-type forest floors. The comparison was performed using the aov() function in the base stats package in R both for total C pools across the entire soil profile and separately for individual genetic horizons to capture vertical variation in C distribution. It provided an initial assessment of soil-type contrasts and informed the interpretation of C pool variation included in subsequent modeling steps. Regosols and organic soils were not included in the comparison due to n = 1 for each soil type.




2.5.2. Species Richness Models for Insects, Birds, and Bats


We used a multivariate modeling framework to examine the effects of forest botanical composition and forest structure, land use, and C pools on species richness for insects, birds, and bats (see predictor variables in Supplementary Material Table S1). Analyses were conducted separately for each taxonomic group to account for differences in sampling design, richness distributions, and ecological responses. All statistical analyses were performed in R (version 4.5.2) [37] using the ggplot2 (4.0.1) [38], MASS (7.3-65) [39], ggcorrplot (0.1.4.1) [40], car (version 3.1-3) [41], pedometrics (0.12.1) [42], pscl (1.5.9) [43], and dplyr (1.1.4) [44] packages.



Prior to modeling, we conducted a screening of explanatory variables within each predictor group (botanical composition and forest structure, land use, and C pools; Supplementary Material Table S2). Pearson correlation matrices were computed and visualized using correlograms. When pairs of predictors were highly correlated (r > 0.7), we retained the variable that was ecologically more interpretable or less redundant [45,46]. Multicollinearity among retained predictors was further assessed using variance inflation factors (VIF), and predictors with VIF values exceeding 3 were removed iteratively.



Species richness of insects and birds was analyzed using generalized linear models (GLMs) with a Poisson error distribution and fitted at the plot level. Given the limited number of protected sites and uneven numbers of plots per site, we did not explicitly model area-level random effects. For each fitted model, dispersion was evaluated using the Pearson χ2/df ratio and associated p values. For insect richness, there was no indication of overdispersion (χ2/df = 1.05, p = 0.40). A negative binomial model was additionally fitted as a diagnostic step to assess potential overdispersion. Dispersion estimates were close to zero and model coefficients were virtually identical to those obtained from Poisson models, further indicating negligible overdispersion. Accordingly, Poisson GLMs were retained for inference. For bird richness, dispersion diagnostics indicated no overdispersion (χ2/df = 0.61, p = 0.94), and Poisson GLMs were therefore considered appropriate. Model selection for insects and birds was conducted using stepwise backward selection based on Akaike’s Information Criterion (AIC) [47] to obtain the most parsimonious models. Model performance was evaluated using AIC and McFadden’s pseudo-R2.



Bat species richness was characterized by very low values and a strong predominance of zero counts across plots. Although zero-inflated or hurdle-type count models could in principle be considered for such data, the limited variation in richness and modest sample size would result in unstable and poorly parameterized models. Consequently, formal statistical modeling of bat richness was not pursued, and bat data were instead analyzed descriptively to provide ecological context and identify potential patterns for future investigation. Accordingly, cross-taxa comparisons are based only on insect and bird responses.



To identify predictors shared across taxa, we conducted a cross-taxa synthesis restricted to plots where both insects and birds were surveyed (n = 27). For each of these plots, we calculated a combined richness response as the sum of insect and bird species richness. We then fitted a Poisson GLM using the pooled set of predictors retained in the final insect and bird models, following the same collinearity screening, backward selection, and model evaluation procedures described above. This synthesis was intended to identify predictors consistently associated with richness across the two modeled taxa (insects and birds), and bats were not included due to sparse/zero-inflated richness.






3. Results


3.1. Variation in Carbon Pools Between Plots and Ecosystem Compartments


Large differences in total ecosystem C pools were observed among plots (Figure 2). Plots SC3 and NDM4 contained more than 300 Mg C ha−1, whereas SC1, SC2, SEE2, SEE11 and CHER2 ranged between 250 and 300 Mg C ha−1. Two plots, SLL2 and ST, had less than 100 Mg C ha−1. Plots SC1, SC2, and NDM4 were characterized by a high proportion of large tree C pools, exceeding 50% of total ecosystem C. Conversely, large tree C pools represented only <1%, 12% and 21% of total pools at ST, CHER2 and CHER3. Most other plots showed a more balanced distribution between above- and below-ground compartments. Belowground pools, governed mainly by soil C, followed by root C, generally accounted for 50–70% of total ecosystem C. Small trees and woody debris were minor components (<2%), although at some plots (e.g., ASSO2, MDM3, MDM5, SD1, SEE1, and SEE5), small trees contributed more than 5% of total ecosystem C (Figure 2; see Supplementary Material Table S3 for details on C pools by compartment).



In addition to variation among sites/plots, differences in soil genesis were associated with modest but ecologically meaningful shifts in below-ground C pools (Figure 3). Although total soil C stocks did not differ significantly among the three soil types, Melanic and Sombric Brunisols tended to exhibit higher mean C pools than Podzols and Eluviated Dystric Brunisols or Gleysols. These differences among soil types were similar whether C pools were examined at the whole-profile scale or separately for individual horizons. The mineral soil horizons contributed to 80–82% of total C pools in all three soil groups, with organic surface horizons (i.e., mull, moder, and mor) contributing the rest (Figure 3).




3.2. Species Richness of Taxonomic Groups


Species richness varied among taxa (Figure 4). Mean species richness per plot was highest for insects, and lowest for bats. Insects exhibited greater among-plot variability (10–30 species per plot), whereas bird richness spanned a narrower range (10–25 species). Bats were the least diverse group, with 0–4 species per plot (Figure 4), a range too narrow to support meaningful statistical analysis as explained in Section 2.5.2. Insect assemblages were largely composed of microlepidoptera (36%), while the most frequently observed bird species were Catharus fuscescens (9%), Vireo olivaceus (7%), and Corvus brachyrhynchos (7%). Bat communities were dominated by Lasionycterys noctivagans (43%), Lasiurus cinereus (21%), and Myotis lucifugus (11%) (see Supplementary Material Table S1 for detailed species information).




3.3. Environmental Predictors of Species Richness


Insect species richness was significantly influenced by several variables (Table 1, Figure 5), including negative effects of dense shrub stands and mineral soil C pools, and positive effects of the soil C/above-ground C ratio and distance to linear infrastructure. This model explained 91% of variance, suggesting a strong influence of vegetation structure and soil–vegetation C distribution on insect diversity. Bird species richness increased with herbaceous cover and the presence of wetlands, indicating the importance of open and wet habitats. The model explained 38% of variance (Table 1, Figure 5).




3.4. Comparison of Predictors Across Taxonomic Groups


Although diversity in species richness varied considerably among taxonomic groups, C storage emerged as the second most consistent predictor across results, after botanical composition and forest structure. Insect species richness was well explained by both vegetation structure and C pools, whereas bird species richness showed stronger relationships with habitat features such as herbaceous cover and wetland presence. For insect species richness, predictors based on botanical composition and forest structure, C storage and land use, respectively, explained 77%, 73%, and 59% of variation in richness (Table 2). For birds, botanical composition and forest structure remained the main driver (33% of variation in richness), followed by land use (25%) and C storage (15%) (Table 2).



Species richness models also revealed consistent and taxon-specific predictors across taxonomic groups (Table 2). For birds, species richness increased with herbaceous cover and wetland presence in the landscape, but decreased with C pools in FH horizons. For insects, richness declined with higher C in mineral soil, drainage, tree abundance, shrubs and woody plants abundance, and tree species richness, but increased with small tree abundance, a greater soil C/above-ground C ratio, and distance to linear infrastructure (Table 2). Integrating all predictor groups enhanced model performance for both taxa. For insects, the combined model increases from R2 = 0.77 (botanical only) to R2 = 0.91 (all predictors) (Table 1 and Table 2). A similar, although smaller, improvement was observed for birds (R2 = 0.33 to 0.38).





4. Discussion


4.1. General Findings


Our results highlight context-dependent relationships among C pools, forest botanical composition and forest structure, landscape characteristics, and species richness diversity at the regional scale, contributing additional perspective to ongoing discussions on the synergies between C sequestration and biodiversity conservation [51]. The variability of responses across taxa and C compartments underscores the role of site-specific conditions [52]. Moreover, models integrating multiple predictor domains highlight the complementarity roles of vegetation structure, land use, and C storage in shaping species richness patterns. Collectively, these findings indicate that species richness patterns are best interpreted using taxon-specific approaches rather than a single generalized framework.




4.2. Forest Carbon Pools: Comparison with Literature Values


The average above-ground C pools (small and large trees combined) across our plots was 84.4 Mg C ha−1, more than twice the mean value reported for Québec forests by Duchesne et al. [53], who also documented higher C storage in hardwoods than boreal stands, consistent with our results. Total ecosystem C pools in our plots (mean = 175 Mg C ha−1) were comparable to estimates for eastern Boreal Shield forests and managed Canadian forests (~190–193 C ha−1) [49], with several plots exceeding 200 Mg C ha−1, and a few surpassing 300 Mg C ha−1, values that fall at or above the upper range in Kurz et al. [49] and Duchesne et al. [53].



Remote sensing-based estimates of tree C pools for temperate broadleaf/mixed and coniferous forests reported by Thurner et al. [54] (54.2–64.2 Mg C ha−1) were notably lower than those in our study (Figure 6). Such discrepancies likely reflect methodological differences among studies as well as differences in forest composition, stand age, and disturbance history. Overall, these comparisons suggest that the protected mature and old-growth forests examined in our study store relatively high amounts of C compared to regional and continental benchmarks.




4.3. Forest Carbon Pools: Compartmental and Vertical Distribution


Across sites, soils and trees contributed roughly equally to total ecosystem C pools. However, soils consistently represented the largest single compartment, followed by large trees, roots, small trees, and finally woody debris. Upper mineral horizons contained most of the soil C, followed by the forest floor and lower mineral horizons. These patterns are consistent with previous studies showing that mineral soils in Canadian temperate forests can store as much, and often more, C than above-ground biomass [49,55]. Only a few stands (e.g., SC1, SC2, and NDM4) exhibited clearly higher tree-than-soil C, as in Smyth et al. [56] using a modeling approach. Unlike Kurz et al. [49], we found that roots exceeded debris as a C pool, with debris representing only a minor share of total C.



The vertical distribution of soil C reflected variation in stand structure, species composition, and soil properties, as well as factors such as litter inputs, rooting depth, parent material, and drainage [57,58]. Although forest floors contain concentrated organic matter, a substantial proportion of soil C was stored in the underlying mineral horizons, highlighting the importance of including these layers in ecosystem-level C accounting [55]. In our study, mineral horizons accounted for 80–82% of whole-profile soil C, consistent with observations from Podzols and Brunisols in northern temperate and boreal systems where a large fraction of soil organic C resides below the organic horizons [59,60]. These results emphasize that restricting sampling to forest floors or shallow mineral layers can substantially underestimate total ecosystem C storage, particularly in deciduous stand where forest floors may be thin due to rapid decomposition [58].



Importantly, differences among soil types were similar whether C pools were assessed at the whole-profile scale or by individual genetic horizons, indicating broadly comparable patterns of vertical C partitioning across soil-forming pathways. Overall, within the studied region, variation in ecosystem-level C storage appears more strongly associated with stand structure, tree-size distributions, and site-specific conditions than with differences in soil development alone.




4.4. Dominance of Botanical Composition and Forest Structure: A Robust but Taxon-Dependent Pattern


Our results indicate that variables related to botanical composition and forest structure were the strongest predictors of species richness, although their explanatory strength varied among taxonomic groups. For insect species richness, botanical composition and forest structure had the highest predictive value (R2 = 0.77), followed closely by C pools (R2 = 0.73). For bird species richness, botanical composition and forest structure remained the best predictor (R2 = 0.33), although the relationship was weaker.



For bird species richness, the marked influence of botanical composition and forest structure corroborates earlier findings emphasizing the role of vegetation strata and structural complexity in shaping avian diversity [61]. Our results further suggest that bird diversity is positively associated with the presence of wetlands and herbaceous strata, which provide key foraging and nesting habitats. However, for bats, the very low species richness observed (0–4 species per site) and the absence of suitable data for modeling suggest that their diversity depends on ecological factors not captured in our dataset. This interpretation aligns with previous studies highlighting the strong dependence of bats on specific microhabitats such as roosts and foraging structures [62,63].



Forest composition and structure, reflecting vegetation complexity, remains a cornerstone of species richness diversity prediction because it increases habitat heterogeneity and niche availability [2]. Dead wood, senescent trees, and stumps further enhance this complexity by providing essential microhabitats for various taxa [64]. Consistent with Barbaro et al. [65], our findings suggest that bird and bat diversities are best explained when biotic, climatic, and structural variables are integrated. However, in Barbaro et al. [65], tree functional diversity was the primary driver of bird diversity, while bats responded more strongly to understory structure and microhabitat features.




4.5. Contrasting Role of Carbon Pools in Community Structure


Carbon pools emerged as secondary but informative predictors of species richness, exerting a strong influence on insects and a weaker, sometimes negative, effect on birds. These mixed responses contrast with the generally positive biodiversity–C relationships reported in some global syntheses, but are consistent with evidence that such relationships weaken and become context dependent at regional scales and across taxa [4,15].



For insects, C-related variables were retained in the best-supported models, indicating sensitivity to C distribution within the ecosystem. In contrast, bird species richness was more strongly associated with habitat variables such as herbaceous cover and wetland extent, and C pools explained a smaller proportion of variation. These patterns suggest that C pools influence biodiversity largely through indirect associations with habitat structure and environmental conditions rather than through direct trophic mechanisms.



The negative relationship between soil C and bird richness observed in our models likely reflects broader site characteristics linked to soil C accumulation. Soil C pools integrate information on parent material, drainage, biological activity, topography, vegetation, climate, and land use, which together shape habitat suitability for different taxa [66,67]. In the study region, soils with high C pools are often associated with poor drainage (Organic order) or acidic parent materials (Podzolic order with thick forest floors), but well-drained and less acidic conditions can also favor high earthworm and microbial communities, leading to rapid litter decomposition, a thin leaf litter layer with little surface debris, and highly humified organic matter contents within the mineral soil (Brunisol order with Mull-type forest floors) [31,68]. These latter soils could be associated with conditions that may constrain foraging opportunities for some bird species. As such, the observed relationships are best interpreted as emerging from the combined effects of soil genesis, hydrology, and vegetation structure rather than from a direct effect of soil C per se.



These relationships should be interpreted cautiously. The correlative nature of our analyses precludes causal inference, and sample sizes were necessarily limited by the field-intensive design. Nonetheless, our results highlight that different C compartments capture distinct environmental dimensions [10], with soil C reflecting edaphic and microbial processes and above-ground C linked more directly to vegetation structure. Although less predictive overall than botanical composition and forest structure, C pools remain a valuable complementary indicator, particularly for insects, as they capture aspects of habitat variation not fully represented by vegetation variables alone.




4.6. Insects as a Reliable Bioindicator: Strengths and Limitations


Insects proved to be highly responsive to environmental gradients, confirming their value as bioindicators [69]. The strong performance of the insect model (R2 = 0.91) is consistent with previous studies showing high sensitivity of insect assemblages to microhabitat conditions, vegetation structure, and anthropogenic disturbances [69,70,71]. In our study, insect richness declined with increasing mineral soil C, soil moisture, and shrub density, suggesting that high soil C levels do not necessarily coincide with higher insect diversity. Conversely, richness increased with the soil/above-ground C ratio, indicating that the distribution of C among ecosystem compartments plays an important role in shaping insect communities. These results highlight that interactions between C sequestration and insect diversity are driven by specific ecological contexts [72].



These patterns highlight the close coupling among botanical composition, forest structure, C distribution, and microclimatic conditions. Although botanical composition and forest structure outweighed C pools as predictors of insect richness, C variables remained informative, capturing environmental dimensions not fully represented by vegetation metrics. Similar ambiguity in C–insect relationships has been reported elsewhere. For example, Schuldt et al. [73] found positive associations between total C pools and multitrophic diversity, whereas Van De Perre et al. [74] showed that increased C storage can coincide with greater differentiation rather than uniformly higher insect richness. Together, these findings underscore the need for integrative approaches when interpreting C–biodiversity relationships involving insect communities.




4.7. Limited Insight into Bat Richness: Missing Ecological Variables


Bat detections were sparse and uneven among plots, precluding robust statistical modeling of species richness. Nonetheless, the observed patterns, i.e., low richness and dominance of a few widespread species, are consistent with previous studies indicating that bat communities in temperate forests are strongly shaped by factors not fully captured in our dataset. Roost availability, prey abundance, and fine-scale forest structure, including canopy gaps, standing snags, and trees with cavities or exfoliating bark, are known to play a central role in determining bat occurrence and activity [63,72,75,76].



Landscape composition and configuration may further modulate these patterns, as forest amount, edge density, and matrix composition have been shown to influence insectivorous bat richness in forested landscapes [77]. In addition, acoustic surveys in northern environments are subject to detection biases that can limit species identification [78,79]. Together, these constraints suggest that bat richness in the study area is likely governed by a combination of microhabitat availability and landscape context, emphasizing the need for complementary monitoring approaches and targeted variables in future studies.





5. Implications for Sustainable Management and Conclusion


Because our analyses are based on observational and correlational models, with plots nested within a limited number of protected sites and uneven sampling among sites, the management implications discussed below should be interpreted as indicative associations rather than evidence of direct causal relationships or broadly generalizable effects. Our study demonstrates that the relationships between C pools, botanical composition and forest structure, landscape characteristics and species richness are highly taxonomic group dependent, underscoring the need for group-specific approaches in both ecological research and forest management. Botanical composition and forest structure emerged as the strongest predictors of species richness, particularly for insects, while birds showed more moderate responses and bat patterns were limited to descriptive interpretation due to low detectability, reinforcing the central role of vertical complexity, senescent trees, and dead wood in sustaining multi-taxonomic diversity in temperate forests. Carbon pools acted as secondary but complementary predictors, with effects varying among taxonomic groups and C pool compartments. Insect species richness increased with higher ratios of soil to above-ground C, whereas bird species richness was negatively associated with C stored in organic soil horizons, indicating contrasting, taxon-specific responses to different C pools. The strong response of insect species richness further confirms their value as a bioindicator sensitive to environmental gradients and botanical composition and forest structure.



From a management perspective, our findings emphasize the importance of maintaining structural complexity and diverse vegetation strata as central components of biodiversity conservation in mature and old-growth forests. Carbon pools, particularly in soils, appear to be closely associated with these structural attributes and can therefore provide complementary information relevant to climate mitigation objectives. However, strategies focused exclusively on maximizing C storage may not uniformly benefit all taxa and may have unintended consequences in certain ecological contexts. Management approaches should therefore prioritize habitat heterogeneity and structural features while considering C sequestration as one of several interacting ecosystem attributes. Within this framework, mature and old-growth forests remain critical for conserving multi-taxonomic diversity due to their structural complexity, rather than C storage alone.



Finally, because our study was conducted exclusively in protected mature and old-growth stands, caution is warranted when extrapolating these results to younger or intensively managed forests. In addition, the temporal mismatch among sampling years (insects in 2019, birds in 2018 and 2023, and bats in 2024) may have introduced minor variability associated with interannual climatic conditions or community turnover. However, such effects are likely limited given the relative stability of mature forest communities. Together, these limitations open promising avenues for future research, including the examination of C–biodiversity relationships across successional gradients, the evaluation of alternative silvicultural practices, and the development of integrative models incorporating landscape connectivity, functional diversity, and temporal dynamics. Such approaches are essential to reconcile carbon sequestration and biodiversity conservation within a unified framework for sustainable forest management.
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Figure 1. Geographic location and spatial distribution of the 10 protected forest sites and 33 sampling plots included in the study. SLL is Saint-Lin–Laurentides, SC is Saint-Calixte, ASSO is L’Assomption, SL is Saint-Liguori, SD is Saint-Damien, SEE is Sainte-Émilie-de-l’Énergie, NDM is Notre-Dame-de-la-Merci, ST is Saint-Thomas, SJM: Saint-Jean-de-Matha, and CHER is Chertsey. 
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Figure 2. Carbon pools by compartment for each plot, with colored/dashed lines representing total ecosystem carbon pools reported for similar forest ecosystems (purple is [48], blue is [49], green is [50], and red is the mean from our study plots). See Figure 1 for plot details. “Mull, Moder, or Mor” encompasses all forest floor types. 
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Figure 3. Whole-profile and horizon-level soil carbon pools in contrasting pedogenic environments across all study plots. Error bars represent the standard error of the mean of total soil carbon pools. ‘Mull, Moder, or Mor’ encompasses all forest floor types. 
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Figure 4. Distribution of species richness across plots for each taxonomic group (i.e., insects, birds, and bats). Boxplots show the median (central line), interquartile range (IQR; box), and values within 1.5 × IQR (whiskers), with individual points representing observed richness values for each plot. 
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Figure 5. Species richness models for insects (R2 = 0.91) and birds (R2 = 0.38). Residuals were fitted using a Poisson distribution. See Table 1 for detailed statistics. 
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Figure 6. Tree carbon pools estimated for all 10 study sites compared to those estimated by Thurner et al. [54] for temperate broadleaf and mixed forests (gray area, mean 54.2 ± 21.4 Mg C ha−1) as well as temperate coniferous forests (pink area, mean 64.2 ± 20.7 Mg C ha−1). The red dashed line represents the mean tree carbon pool across our study sites (87.86 ± 15.83 Mg C ha−1). Error bars represent the standard error of the mean of total soil carbon pools at each site. See Figure 1 for site details and number of plots per site. 
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Table 1. Best models for species richness of insects and birds. Residuals were fitted using a Poisson distribution. All predictors are significant at p < 0.05). AIC: Akaike’s Information Criterion.
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Taxonomic Group

	
Model

	
Estimate (β)

	
p Value

	
AIC

	
R2






	
Insects

	
Y ~ Shrubs and woody plants binary variable at 25%

	
−0.4560

	
0.0002

	
152.70

	
0.91




	
Humid 1, Dry 0, Mesic 0.5

	
−0.4750

	
0.0043




	
Carbon in mineral soil horizons

	
−0.0245

	
0.0021




	
Soil carbon/above-ground carbon ratio

	
+0.0703

	
0.0067




	
Logarithm of distance to linear infrastructure

	
+0.4437

	
0.0041




	
Birds

	
Y ~ Herbaceous

	
+0.0103

	
0.0150

	
149.91

	
0.38




	
Total wetlands

	
+0.0099

	
0.0203











 





Table 2. Comparison of species richness models for insects and birds based on botanical composition and forest structure, carbon storage, and land use predictors. Residuals were fitted using a Poisson distribution. All predictors are significant at p < 0.05, except a few marginally significant ones (p < 0.1) shown in italics. AIC: Akaike’s Information Criterion.
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Taxonomic Group

	
Model

	
Estimate (β)

	
p Value

	
AIC

	
R2






	
Botanical composition




	
Insects

	
Y ~ Trees variable number at 25%

	
−0.1856

	
0.0307

	
176.50

	
0.77




	
Shrubs and woody plants binary variable at 25%

	
−0.4843

	
0.0002




	
Specific tree species richness

	
−0.1474

	
0.0007




	
Specific herbaceous, forage, and lycopod species richness

	
−0.0229

	
0.0876




	
Humid 1, Dry 0, Mesic 0.5

	
−0.4845

	
0.0005




	
Birds

	
Y ~ Herbaceous

	
+0.0103

	
0.0062

	
165.36

	
0.33




	
Tree/shrub ratio

	
−0.0323

	
0.0766




	
Carbon storage




	
Insects

	
Y ~ Carbon in mineral soil horizons

	
−0.0204

	
0.0046

	
177.18

	
0.73




	
Small trees

	
+0.0310

	
0.0142




	
Soil carbon/above-ground carbon ratio

	
+0.1265

	
<0.0001




	
Birds

	
Y ~ Carbon in forest floors

	
−0.0106

	
0.0209

	
170.94

	
0.15




	
Land use




	
Insects

	
Y ~ Logarithm of distance to linear infrastructure

	
+0.6771

	
<0.0001

	
184.63

	
0.59




	
Birds

	
Y ~ Total wetlands

	
+0.0123

	
0.0030

	
153.45

	
0.25
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