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Boreal peatlands are important ecosystems for carbon cycling because they store 1/3 of the world’s terrestrial carbon in only ∼3% of the global landmass. This high carbon storage capacity makes them a key potential mitigation strategy for increased carbon emissions induced by global climate warming. In high-carbon storage systems like peatlands, soil faunal communities are responsible for secondary decomposition of organic matter and nutrient cycling, which suggests they play an important role in the carbon cycle. Experiments have shown that warming can affect plant and microbial communities in ways that potentially shift peatlands from carbon sinks to sources. Although previous studies have found variable effects of climate change manipulations on soil communities, warming is expected to affect soil community composition mainly through reductions in moisture content, whereas elevated CO2 atmospheric concentrations are expected to only indirectly and weakly do so. In this study we used a large-scale peatland field-based experiment to test how soil microarthropod (oribatid and mesostigmatid mite, and collembolan species abundance, richness and community composition) respond to a range of experimental warming temperatures (between 0°C and +9°C) crossed with elevated CO2 conditions over 4 years in the Spruce and Peatland Responses Under Changing Environments (SPRUCE) experiment. Here we found that warming significantly decreased surface peat moisture, which in turn decreased species microarthropod richness and abundance. Specifically, oribatid and mesostigmatid mite, collembolan, and overall microarthropod richness significantly decreased under lower moisture levels. Also, the abundance of microarthropods increased under higher moisture levels. Neither warming nor elevated [CO2] affected microarthropods when analysed together or separate, except for the richness of mesostigmatids that significantly increased under warming. At the community level, communities varied significantly over time (except collembolans), and moisture was an important driver explaining community species composition. While we expect that the cumulative and interactive effects of the SPRUCE experimental treatments on soil faunal biodiversity will continue to emerge, our results already suggest effects are becoming more observable over time. Taken together, the changes belowground indicate potential changes on carbon and nitrogen cycles, as microarthropods are important players of soil food webs.
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1 INTRODUCTION
Soil biodiversity accounts for an estimate ¼ of all life on Earth and performs important ecosystem-level processes such as decomposition and nutrient cycling that facilitate many ecosystem services such as carbon transformations and storage that help regulate climate (Filser et al., 2016; FAO, 2020). At the same time, there is increasing concern that multiple anthropogenic stressors, including climate warming, are impacting soil biodiversity and function (Geisen et al., 2019; Yang et al., 2022). Global temperatures at northern latitudes are expected to increase between 2°C and 8°C over the next century (IPCC, 2018) alongside concomitant increases in atmospheric CO2 concentrations. Elevated atmospheric CO2 may not have direct effects on soil biodiversity, but can enhance aboveground productivity (Ainsworth and Long, 2005; but see Leuzinger and Hättenschwiler, 2013 for full discussion) leading indirectly to enhanced belowground biomass and microbial activity from increased root exudation (Fenner et al., 2007; Nie et al., 2015). Warming will directly increase metabolic rates of soil organisms, potentially increasing population growth rates and altering community composition that could increase decomposition and nutrient cycling rates (Campbell et al., 2009; Stuble et al., 2019); thus, both warming and elevated CO2 could accelerate decomposition rates and diminish the carbon storage potential of soils. At the same time, warming also indirectly affects soil systems through changes in soil moisture, alongside shifts in precipitation regimes and increased variability of annual precipitation events forecast under climate change. As such it is important to understand how multiple climate change factors will affect soil biodiversity and function (Rillig et al., 2019; Peng et al., 2022).
Previous studies of climate change (warming, elevated CO2, and changes in soil moisture conditions) on belowground communities have yielded mixed results that depend on the taxonomic group examined (Markkula et al., 2019; Meehan et al., 2020; Barreto and Lindo, 2022), the interaction between climate change factors (Kardol et al., 2011; Haimi et al., 2015; Lindo, 2015; Turnbull and Lindo, 2015; Peng et al., 2022), and other context specific environmental variables (Blankinship et al., 2011; Holmstrup et al., 2017; Meehan et al., 2020; Barreto et al., 2021). Both the direct and interacting effects of climate change are difficult to observe at ecosystem-level scales, especially given that changes in soil fauna communities may occur at fine-scale taxonomic resolution (i.e., genus or species-level), and may only emerge over multiple year time scales. Much of the information about the response of soil biodiversity to multiple climate change factors is known from grasslands or agricultural areas (e.g., O’Lear and Blair, 1999; Kardol et al., 2011; Yin et al., 2020) and forest systems (Meehan et al., 2020), with only a recent focus on northern peatlands, despite being high carbon storage systems (but see Barreto et al., 2021).
Peatland biodiversity, both above- and belowground, often contains unique species adapted to very moist, low nutrient, highly acidic environments (Rydin and Jeglum, 2006; Minayeva et al., 2017; Barreto and Lindo, 2021). Although covering a relatively small fraction of the Earth’s area, peatlands are globally important carbon stores (Frolking et al., 2011; Beaulne et al., 2021) that contain at least 550 Gt of carbon in their peat (i.e., partially decomposed plant matter) (Hugelius et al., 2020), which constitutes about 1/3 of the world’s terrestrial C (Limpens et al., 2008). At the same time, these deep accumulations of organic soil horizons provide habitat and food resources for a myriad of soil organisms; among which dominant groups include oribatid mites (Acari: Oribatida), collembolans (Entognatha: Collembola), and mesostigmatid mites (Acari: Mesostigmata). Oribatid mites are commonly the most diverse group of arthropods in terrestrial soils and most species are particle-feeding saprophages and mycophages (Behan-Pelletier and Lindo, 2023). Collembolans are soil and litter dwelling organisms that feed on a variety of resources, but mainly on soil microbes and decomposing organic matter (Bellinger et al., 2023). Mesostigmatid mites, on the other hand, are mostly free-living predators that are at the top of the soil food web (Lindquist et al., 2009).
Mesostigmatid and oribatid mites, and collembolans have been used as indicators of disturbance (Milano et al., 2017; Meehan et al., 2019; Manu et al., 2021), soil pollution (Fiera, 2009; Wierzbicka et al., 2019) and landfill restoration (Ashwood et al., 2022), while both oribatid mites and collembolans respond to warming (Lindo, 2015; Meehan et al., 2020; Barreto et al., 2021). In the case of peatlands, oribatid mites have been shown to negatively respond to disturbance-induced lower moisture levels (Silvan et al., 2000; Lehmitz, 2014). They are considered good predictors of moisture, suggesting these dominant microarthropod groups could form an important multi-taxa approach for climate bioindication in peatland systems (Lehmitz et al., 2020). However, specific responses to climate factors are often correlated or mitigated by other environmental conditions that suggest more permanent shifts in community composition may take longer to emerge.
Here we assessed the biodiversity (species abundance, richness) and composition of three dominant soil microarthropod groups (Oribatida, Mesostigmata, and Collembola) over 4 years across a range of experimental warming temperatures (between 0°C and +9°C) crossed with elevated CO2 conditions in the large-scale peatland experimental system called SPRUCE (Hanson et al., 2017). Established and ongoing multi-measurement approaches of SPRUCE further allows us to examine whether response to experimental treatments interact with other environmental variables (i.e., soil moisture). The novelty of this study lies on the long-term data we present, but more importantly, it is in line with recent calls for multiple and interactive global change factors studies in soils (e.g., Rillig et al., 2019). Following Blankinship et al. (2011), we hypothesize that the experimental treatments will significantly affect the peatland microarthropod communities. While we predict that elevated atmospheric CO2 effects would be generally weak across the three taxonomic groups as any effects are indirect through plant-mediated processes (including through root exudates), we predict that the direct effects of soil warming will increase microarthropod abundances due to increased metabolic rates (Brose et al., 2012), particularly among the small-bodied, parthenogenetic species. At the same time, warming-induced drying of peat-soils will decrease species richness due to losses in peatland-specific taxa while non-peatland specific organisms are restricted from entering the experimental system. We expect that the bi-directional nature of these responses will play out over time, and that these effects would be more observable over time.
2 MATERIALS AND METHODS
2.1 Site description and experimental design
The SPRUCE experiment (Spruce and Peatland Responses Under Changing Environments—https://mnspruce.ornl.gov/) is an unparalleled ecosystem-scale climate manipulation initiated by the US Department of Energy located at an ombrotrophic (Sphagnum-dominated) bog within the U.S. Department of Agriculture Forest Service’s Marcell Experimental Forest (Bog S1, N 47°30.476′; W 93°27.162′) in northern Minnesota, United States. The SPRUCE experiment consists of 10 large-scale (12.8 m diameter × 7 m tall) open-top octagonal enclosures (see Supplementary Figure S1) with belowground warming (to a depth of 2 m) initiated in 2014, followed by aboveground warming (enclosure air temperature) in 2015. Elevated CO2 treatments were initiated in June 2016. Five temperature treatments were obtained in each of two enclosures that range from ambient temperatures for the region to +9°C warming (target temperatures of +0°C, +2.25°C, +4.5°C, +6.75°C, and +9°C). Duplicate enclosures are subjected to either ambient (∼400 ppm) or elevated (∼900 ppm) atmospheric CO2 concentration during daytime hours. See Hanson et al. (2017) for full description of the SPRUCE experimental set-up.
A general description of the site is found elsewhere (e.g., Krassovski et al., 2015; https://mnspruce.ornl.gov/design), however, pertinent to the belowground biodiversity is that the ombrotrophic bog has an average pH of 4.1 (Iversen et al., 2014) and is covered by Sphagnum divinum (formerly S. magellanicum), S. fallax, S. angustifolium, and S. fuscum, Polytrichum sp. and Pleurozium schreberi (Norby et al., 2019) with other vegetation including Picea mariana (black spruce), Larix laricina (tamarack) and select shrub (e.g., Chamaedaphne calyculata (leatherleaf), Rhododendron groenlandicum (Labrador tea), and sedge (Eriophrium). Between 1961 and 2005, the average annual precipitation was 768 mm and the average air temperature was 3.3°C (Sebestyen et al., 2011), which has increased 0.4°C over the last 40 years.
We sampled all ten SPRUCE enclosures every October in the years 2015, 2017, 2018, and 2019. To account for within-chamber variability, three subsamples were collected from the top 10 cm Sphagnum moss layer (∼10 cm3; 88.04 g ± 1.02 g w.w.) of open Sphagnum areas (i.e., not directly under trees) of each chamber and combined into a composite sample; 10 samples were collected per year. Soil invertebrates were collected from the composite samples using dry extraction via portable Berlese extractors within 1 h of collection into 75% EtOH over 72 h. Moisture content of each composite sample was based on gravimetric mass loss of the sample weighed prior to and immediately following fauna extraction and is expressed as a ratio of moisture to dry peat mass.
After extraction, all microarthropods were enumerated and sorted into major taxonomic groups with the dominant taxa (i.e., Oribatida, Mesostigmata, Collembola) being further identified to genus or species level, where possible. Adult oribatid and mesostigmatid mites were identified and enumerated using a dissecting microscope (Nikon SMZ745T) with representative individuals of each morphotype slide mounted in Hoyer’s medium for examination under compound light microscope (Nikon Eclipse Ni-U); genera and species were identified based on the primary taxonomic literature. Oribatid mite species identifications were confirmed with the keys in Behan-Pelletier and Lindo (2023). All collembolan specimens were cleared in Nesbitt’s solution, mounted on glass slides in Hoyer’s medium and identified using a Zeiss Axio Scope A1 microscope; specimens were deposited in the Coleção de Referência de Fauna de Solo (CRFS) at the Universidade Estadual da Paraíba, João Pessoa, PB, Brazil. These three taxonomic groups comprised 89 species (48 spp. Oribatida, 20 spp. Mesostigmata, 21 spp. Collembola) and were >70% of the total microarthropods collected (Supplementary Table S1). The species richness and abundance within Oribatida, Mesostigmata, and Collembola, and species richness and abundance of all microarthropods were standardised by dry weight (dwt) of peat sampled, and are expressed as the number of species and the number of individuals per gram dry weight, respectively.
2.2 Statistical analyses
We assessed the annual response of peat microarthropod communities to warming and elevated atmospheric CO2 concentration using Linear Mixed-Effects models (LMM) in R program version 4.0.1 (R Core Team, 2020). Specifically, we examined the response of the total microarthropod species richness and abundance (including other groups like prostigmatid and astigmatid mites), and individual taxon species richness and abundance using the {lme} function in the “nlme” package (Pinheiro and Bates, 2000) and {Anova} function in the “car” package (Fox and Weiberg, 2019). These models account for the experimental treatment effects (warming and [CO2]) as well as peat moisture content, year of sampling and the specific enclosure sampled. The models we used were built as follows:
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Both warming and elevated CO2 concentration were treated as fixed effects with warming being a numerical variable represented by the average annual (11th October—10th October) peat temperature measured at −10 cm and CO2 being a discrete variable (i.e., “ambient” or “elevated”). Year was also treated as a discrete and fixed variable in the models due to the progression of treatment application (deep peat heating was initiated during summer 2014, whole ecosystem warming was initiated in August 2015, and CO2 treatment started in June 2016). For this reason, the data collected in 2015 were entirely treated as “control” for CO2 treatments. Lastly, enclosures were included in the model as a random effect to account for variability among enclosures and repeated sampling.
To examine overall microarthropod, oribatid and mesostigmatid mite, and collembolan community composition we used the function {adonis2} in R to perform a three-way permutation multivariate Anova (PermAnova) based on Bray-Curtis dissimilarity of composition among samples to determine how [CO2], target temperature (as per experimental design) and year affected communities across all sampling events. Communities were further assessed visually through non-metric multidimensional scaling (Nmds) using the discrete variables [CO2], target temperature and year. To test the relationship between environmental variables with specific species (considering all microarthropods together), we implemented distance-based redundancy analyses (db-RDA) also based on Bray-Curtis dissimilarity of composition among samples (communities) using the {capscale} function in the “vegan” package (Oksanen et al., 2019). Specifically, we tested whether warming (actual temperatures), elevated [CO2], peat moisture content, year and enclosure help explain the variance of the top 50% of species that had the highest axis loadings across all sampling periods. To do that, we used the sum of the absolute value of the axis loadings for each species from the first two (i.e., dominant) axes (CAP1, CAP2) to select 45 species of microarthropods, 24 species of oribatid mites, 10 species of mesostigmatid mites and 10 species of collembolans (for further analysis see Supplementary Table S1). All models were initially written as:
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We used the {ordistep} function to select the components of the models after confirming no collinearity between them using the function {vif.cca}. All analyses used an alpha of 0.05, and final plots were created in R with the packages “ggplot2” (Wickham, 2016) and “ggrepel” (Slowikowski et al., 2021).
3 RESULTS
Neither warming (χ2 = 2.874; p = 0.579), nor elevated [CO2] (χ2 = 3.251, p = 0.516) significantly affected species richness when all microarthropods were analysed together. Total microarthropod abundance was also not significantly affected by warming (χ2 = 5.043, p = 0.282) or elevated [CO2] (χ2 = 6.755, p = 0.149). However, warming significantly decreased peat moisture (χ2 = 6.044, p = 0.048) (Figure 1) and thus indirect effects of warming on species richness and abundance through decreases in peat moisture were detected. In particular, total microarthropod richness was significantly higher under higher levels of moisture (χ2 = 22.781, p < 0.001) (Figure 2A). Peat moisture was also an important factor driving total microarthropod abundance, which also increased with moisture, albeit marginally significant (χ2 = 9.400, p = 0.052).
[image: Figure 1]FIGURE 1 | Relationship between peat moisture (%) and peat temperature (°C) with 10 samples collected per year in 2015, 2017, 2018, and 2019. Peat temperature is the annual average temperature (11th October to 10th October) at −10 cm measured within each enclosure with peat moisture reflects the moisture content of the peat sample based on gravimetric mass loss.
[image: Figure 2]FIGURE 2 | Number of species (richness) standardized per gram of dry weight peat sample in relation to peat moisture content (%). (A) Richness of all microarthropods considered together (oribatid, mesostigmatid, prostigmatid and astigmatid mites, and collembolans). Prostigmatid and astigmatid mites were not morphotyped and thus considered one “species” each. (B) Richness of adult oribatid mites; (C) Richness of adult mesostigmatid mites; (D) Richness of collembolans (juveniles were also identified to species level).
The reduction in peat moisture due to warming increased over time (χ2 = 12.140, p < 0.001), where only in the first year of whole ecosystem warming (i.e., 2015), peat moisture was not influenced by experimental treatment. Year was also a significant driver of microarthropod richness led by high variability in species richness in our model (χ2 = 7.959, p = 0.004) (particularly high in 2019), although similar effects of year are not observed in total microarthropod abundance (χ2 = 0.302, p = 0.582). Not surprisingly, as the dominant group in our samples, oribatid mites showed similar results. Oribatid mite species richness was not significantly related to warming (χ2 = 2.781, p = 0.594), elevated [CO2] (χ2 = 5.782, p = 0.216) or time (χ2 = 2.419, p = 0.119), although it was significantly higher under higher moisture levels (χ2 = 14.231, p = 0.006) (Figure 2B). Oribatid mite abundance (adults and immatures) did not respond significantly to the experimental treatments either (warming: χ2 = 5.182, p = 0.269; elevated [CO2]: χ2 = 4.698, p = 0.319), nor did they significantly change in response to moisture content levels (χ2 = 6.691, p = 0.153) nor time (χ2 = 0.028, p = 0.866). Nonetheless, when analysed separately, adult oribatid mite abundance significantly increased with moisture content levels (χ2 = 10.671, p = 0.030).
Mesostigmatid mite richness significantly increased with both warming (χ2 = 9.876, p = 0.042) and peat moisture level contents (χ2 = 19.836, p < 0.001) (Figure 2C), and it varied across years (χ2 = 2.659, p = 0.100), albeit only marginally; elevated [CO2] (χ2 = 5.264, p = 0.261) was not a significant factor. Mesostigmatid mite abundance did not significantly respond to warming (χ2 = 6.119, p = 0.190), year (χ2 = 0.178, p = 0.672), peat moisture (χ2 = 5.180, p = 0.269) or [CO2] (χ2 = 4.609, p = 0.329). Similarly, for Collembola, peat moisture was an important driver, increasing the richness of collembolans (χ2 = 15.331, p = 0.004) (Figure 2D), while the experimental treatments had no direct effects on collembolan richness (warming: χ2 = 4.136, p = 0.387; [CO2]: χ2 = 0.935, 0.919). Collembola species richness also significantly varied over time (χ2 = 10.209, p = 0.001), with the highest variability in collembolan richness observed in 2019. The abundance of collembolans did not significantly change with any of our variables (warming: χ2 = 1.396, p = 0.844; [CO2]: χ2 = 0.711, p = 0.949; peat moisture: χ2 = 1.219, p = 0.874; year: χ2 = 0.424, p = 0.514).
Further examination into the composition of the entire microarthropod community and all taxonomic groups also suggest that warming-induced peat soil drying affected the composition of microarthropod communities, as well as the variability across experimental treatment years. Community composition of adult microarthropods was significantly different across sampling years (PermAnova: F = 2.165, p = 0.022), and the Nmds plot suggests that variability in communities increased over time (Figure 3). Yet, neither warming (in this case, target temperature: F = 1.155, p = 0.343) nor elevated [CO2] significantly affected microarthropod communities (F = 0.964, p = 0.465) and there were no interactions between these factors (PermAnova: p results >0.05). However, the db-RDA model examining the 45 species that exhibited highest (absolute) axis scores in the preliminary analysis showed that warming (F = 2.042, p = 0.015), and peat moisture (F = 2.677, p = 0.005) were significant factors (Figure 4) (see Supplementary Table S2 for full model summaries). The overall model was significant in explaining the variance in the community (F = 2.101, p = 0.001), with the first axis CAP1 explaining 6.82% of the variance (F = 2.183, p = 0.008).
[image: Figure 3]FIGURE 3 | Compositional similarities of microarthropod communities sampled across 4 years. Forty samples were collected in October of 2015, 2017, 2018, and 2019. Communities are plotted by sampling event. Microarthropod communities are based on standardised abundance of individual species from each enclosure. Stress = 0.201, number of dimensions (k) = 3. The ellipses indicate 95% confidence intervals.
[image: Figure 4]FIGURE 4 | Abiotic factors driving bog microarthropod community composition (2015–2019) in peat soil samples analysed by db-RDA. The top 50% species with the highest axis loadings are plotted and related to peat moisture content and warming. Arrows indicate how the explaining variables are related to ordination space, and dashed lines represent the actual location of species in this multidimensional space. Species in green are Mesostigmata, in blue Collembola, and in dark red Oribatida.
Oribatid mite communities were also significantly different between sampling events (PermAnova: F = 2.838, p = 0.016), with composition generally increasing in variability over time. Likewise, the db-RDA model for oribatid mites showed the final model significantly explained the variance in the communities (F = 2.209, p = 0.001), and variance was explained by warming (F = 2.358, p = 0.005), and peat moisture (F = 2.771, p = 0.005) within the first axis CAP1 (F = 3.091, p = 0.001), which explained 7.46% of the final model results (Supplementary Figure S2).
Mesostigmatid mite communities showed a different pattern from oribatid mites where a significant change in mesostigmatid composition was observed with target temperature (PermAnova: F = 1.728, p = 0.030), with variability generally increasing with warming. Communities were also significantly different over time (PermAnova: F = 3.297, p = 0.001). The db-RDA model for the mesostigmatid mite communities (F = 2.271, p = 0.001) included warming (F = 1.779, p = 0.020) and year (F = 2.279, p = 0.005) as significant factors. The first axis CAP1 significantly explained 8.76% of the variance (F = 3.641, p = 0.001) (Supplementary Figure S3). Analyses at the community level showed that collembolan communities did not respond to any variables in the PermAnova (all p > 0.05), or could be explained by our factors in the db-RDA due to lack of constrained components in the model (Supplementary Table S2).
4 DISCUSSION
Using an unparalleled ecosystem-scale climate experiment with interacting global change factors as treatments (warming and elevated [CO2]) and a long-term dataset that allowed us to investigate their cumulative effects, we observed significant changes in three soil microarthropod taxonomic groups, which we explored as potential climate indicators. We found the strongest driver of changes in species richness across all groups was indirectly related to the experimental (treatment) conditions, specifically warming-induced drying of the peatland surface soils. In line with our prediction, decreases in peat moisture content led to strong reductions in total microarthropod, collembolan, oribatid and mesostigmatid mite richness. Lower moisture content may have created unfavourable conditions to certain species, and this reduction in species richness could be explained by losses in taxa that inhabit wetter microhabitats such as Zetomimus setosus (Banks, 1895), previously collected from wet vegetation at edge of and on ponds, and Mycobates hyaleus (Behan-Pelletier, 1994), known from moss and lichen (Behan-Pelletier and Lindo, 2023) both species that we only collected in control temperature plots. Warming-induced reductions in soil moisture leading to decreased microarthropod richness and abundance have previously been observed (Kardol et al., 2011; Barreto et al., 2021), and in those studies, oribatid mites typically drove the trends. Soil moisture is a known driver of oribatid mite communities across a variety of terrestrial ecosystem types (Tsiafouli et al., 2005; Elo et al., 2018; Jakšová et al., 2020) with most studies showing a positive relationship of richness and abundance with soil moisture. Previous studies have shown that lowered levels of moisture have overall negative effects on peatland oribatid mite richness (Lehmitz, 2014) and proportional abundance (Silvan et al., 2000). Given that warming-induced drying of the experimental enclosures is increasing as the experiment continues, it is likely that the response of peatland microarthropods will continue to become more apparent over time, but consequences at the ecosystem level are yet to be investigated.
Warming and warming-induced drying of peatland systems can drive other biotic changes that can affect microarthropod communities. For instance, Barreto et al. (2021) also observed a reduction in soil moisture associated with experimental warming using both passive (open-top chambers) and active ground heating, and these combined effects led to reductions in Sphagnum moss cover (Lyons et al., 2020) alongside increases in sedge, shrub and tree cover. These trends are also observed at the SPRUCE site; high mortality of Sphagnum has been observed in warmed plots (Iversen et al., 2022) with Sphagnum cover declining from close to 100% of the ground area to <50% of the ground area in the warmest enclosures (Norby et al., 2019). As Sphagnum mosses provide habitat, and buffer changes in soil moisture due to their high water holding capacity (Bengtsson et al., 2020), reductions in Sphagnum cover could mechanistically explain the reductions in microarthropod richness that would potentially face unfavourable drier conditions. Contrary to what we found, Zhang et al. (2023) using open-top chambers (OTCs) in a wetland in China showed that warming did not influence the richness of Collembola under warming-induced drier conditions. We posit that our lower collembolan richness under drier conditions might be explained by migration of species downward, as seen for a blanket bog in Sweden in Krab et al. (2010), who also suggested that the combined effects of higher temperatures and lower moisture levels may cause desiccation stress and strongly influence the vertical stratification of collembolans. Nonetheless, peat moisture has been shown to be the most important driver determining the peatland collembolan communities in other studies (e.g., Sławski et al., 2022). At the same time, Barreto et al. (2021) observed increases in oribatid species richness under warming, which they attributed to the influx of nearby forest species colonizing their peat site. We posit that reductions in species richness are attributed to the warming-induced drying of the peat soils and the loss of peatland-specific taxa, while the experimental enclosures at SPRUCE would restrict dispersal of forest and more xeric species from entering the experimental system.
We predicted that the direct effects of soil warming, which started belowground in 2014, would increase the abundances of microarthropods, particularly among small-bodied and parthenogenetic species, as was observed by Lindo (2015). This is because increases in temperature have been shown to accelerate metabolic rates (Brose et al., 2012). However, we found no evidence that warming, or the indirect effects of peat drying, significantly affected total microarthropod or major taxon abundance. Nonetheless, when investigating species-level responses to warming and lowered moisture conditions, we detect treatment responses. Liochthonius sellnicki (Thor, 1930) and Eniochthonius mahunkai (Norton and Behan-Pelletier, 2007), for instance, both parthenogenetic species, increased in abundance under warming as previously seen (Lindo, 2015; Barreto et al., 2021). However, the most abundant mesostigmatid mite we collected, the sexually reproducing Parazercon radiatus Berlese, 1910, significantly decreased in abundance under warmer and drier conditions, which could be in response to a bottom-up effect caused by their food source, nematodes, known for living within the water film and being abundant under high moisture levels in peatlands (Kamath et al., 2022). Further, two parthenogenetic species of oribatid mites (E. mahunkai and Oppiella nova (Oudemans, 1902)) were associated with soil temperature as a variable in the db-RDA analysis (see Supplementary Table S1 for list of species identified as asexual). Oppiella nova is a cosmopolitan species found in almost all habitats sampled and sometimes associated with disturbance (Melekhina et al., 2021), while E. mahunkai is a peatland specialist (Behan-Pelletier and Lindo, 2023). Markkula et al. (2019) found that year-round warming, as with the SPRUCE experiment, had no effect on total abundance of oribatids, possibly because of contrasting effects of warming in summer versus winter seasons. While warming may create metabolically more favourable conditions over winter months, increases in temperature during summer months, where the field can exceed 37.5°C daytime air temperatures, could have a negative effect on many soil microarthropod species. We found no evidence for metabolic increases in reproduction under warming and observed no shifts in the proportion of juveniles that would infer greater reproduction rate under warming. While two previous studies have found warming significantly increased the abundance of small-bodied, non-sexually (parthenogenetic) reproducing species (Lindo, 2015; Markkula et al., 2019), the response of microarthropod abundance to warming in non-peatland systems have been mixed (Blankinship et al., 2011; Vestergård et al., 2015; Alatalo et al., 2017; Meehan et al., 2020).
Understandably, the effects of elevated atmospheric CO2 on microarthropods were weak as expected effects would be indirect through plant-mediated processes, which is consistent with other studies (Blankinship et al., 2011; Lindo, 2015; Peng et al., 2022) as well with our prediction. However, a few studies have found elevated CO2 affected oribatid and collembolan diversity through changes in litter C:N ratio (Holmstrup et al., 2017) while soil detritivores increased with increased inputs of labile soil carbon under elevated CO2 (Eisenhauer et al., 2012). Similar indirect effects of warming are anticipated, albeit also weakly potentially affecting soil organisms. Warming has strongly increased fine-root growth at the SPRUCE site by over an order of magnitude in the warmest treatment, with stronger responses in shrubs than in trees or graminoids (Malhotra et al., 2020). Growth of fine roots would provide extra labile carbon via root exudates that could help fuel the microbial community with bottom-up effects on soil microarthropods. The majority of oribatid mites and collembolans are expected to be feeding on fungi. Similarly, warming can shift peatland microbial communities of hollows towards communities present in hummocks (Maillard et al., 2021), potentially changing the resource base for microarthropods.
Overall and taxon-specific shifts in soil microarthropods at the SPRUCE site suggest treatment effects are taking time to emerge, and possibly leading to greater heterogeneous communities under warming. At the same time, Roos et al. (2020) found that the negative effects of warming on collembolan and oribatid community composition persisted even after 9 years after the experimental treatment ended, suggesting shifts in microarthropod composition as long-lasting and potentially not reversible. The work presented here is one component of larger results emerging from the SPRUCE experiment that suggest belowground biodiversity and ecosystem function are altered under warming. Specifically, warming has enhanced the degradation of organic matter and greenhouse gas production (Wilson et al., 2021), with linear increases in net carbon loss associated with warming treatments (Hanson et al., 2020), while additional losses in soil carbon are observed through increased methane (CH4) emissions (Hopple et al., 2020). Taken together the changes belowground indicate a loss of carbon storage potential, and changes in members of the soil food web will also alter how carbon and nitrogen are cycled, although this remains largely understudied (but see https://github.com/robertwbuchkowski/soilfoodwebs for an R package developed for soil food webs). While we expect that the cumulative and interactive effects of the SPRUCE experimental treatments on soil biodiversity will continue to emerge, the first 5 years of the experiment already suggest effects are becoming more observable over time. Resultingly, many researchers advocate for longer studies that incorporate multiple factors (Rillig et al., 2019; Barreto and Lindo, 2022), especially given the importance of soil biodiversity in belowground carbon transformations and storage that help regulate climate feedbacks.
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