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The rapid climatic and environmental changes observed in the Arctic and across the globe in general call for reliable model projections. In recent years our understanding of ongoing and future changes through ecosystem modelling has increased tremendously. Yet, most ecosystem models do not consider many of the feedback loops at play in natural ecosystems. Particularly those influenced by biota, beyond vegetation and to some extent microbes, are often neglected. As a first step towards a better integration of biotic influences into ecosystem models, we provide a broad overview of the various ways biota may influence feedback loops between the high-latitude biosphere and the atmosphere. We focus specifically on three key feedback loops between tundra and atmosphere (carbon dynamics, albedo and permafrost thaw) and the influences of three key ecosystem compartments (vegetation, decomposers and herbivores) on these. The influences of biota on ecosystem feedback loops are multifaceted and may appear patchy in both space and time. However, biota may still play important roles in modulating ecosystem feedback loops, and by including these dynamics into ecosystem models, magnitude, accuracy and credibility of model projections are likely to improve.
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1 INTRODUCTION
Nowhere else is climate change more apparent than in the Arctic (IPCC, 2021). Because of the long-term and gradual increase in surface air temperatures, loss of snow cover, and permafrost thaw associated with arctic amplification concentrating heat at the poles (Previdi et al., 2021), the arctic biophysical system is now experiencing unprecedented change (Box et al., 2019; Post et al., 2019). In addition to the gradual changes in climate, the Arctic is also experiencing an increase in the intensity, frequency and duration of extreme or erratic events that are directly or indirectly related to weather and climate (Christensen et al., 2021; Descals et al., 2022; Landrum and Holland, 2020; van Beest et al., 2022). The combined impacts of gradual and erratic climate change on the structure and functioning of the biotic components in tundra ecosystems is suspected to have repercussions that extend far beyond the Arctic (Box et al., 2019), not least due to the vast amounts of carbon stored in the circumarctic permafrost region (Palmtag et al., 2022). Over the past few decades, observations and modeling studies have provided compelling evidence that the northernmost regions of the world are experiencing some of the most pronounced and rapid changes in climatic conditions, resulting in pervasive changes to the structure and functioning of the biotic components of the ecosystems. Such changes can in turn influence the magnitude of the feedback loops between the tundra ecosystem and the climate system (Box et al., 2019; Post et al., 2019) that may either amplify or diminish the warming trend. The changes observed in high-latitude ecosystems may therefore have global implications.
Tundra ecosystems are characterized by low productivity, low nutrient availability and low species diversity (Callaghan et al., 2013), yet biotic interactions in the Arctic may still be rather complex (Schmidt et al., 2017). Exposed to the dramatic climatic changes in the northernmost parts of the world, the impacts on tundra ecosystems are numerous, ubiquitous and well-documented, and include changes in phenology (Parmesan, 2007; Roslin et al., 2021; Schmidt et al., 2023), demographic rates (Descamps et al., 2017; Iler et al., 2021; Schmidt et al., 2019) and shifts in distributional ranges (Gilg et al., 2012; Parmesan and Yohe, 2003; van Beest et al., 2023). High-latitude organisms, however, are not only responding to the changing climatic conditions: their physical properties, life histories and behaviors are also influencing processes of importance to the interplay between the tundra ecosystem and the atmosphere. However, compared to other parameters influencing feedback loops, such as the general global warming and changes in precipitation patterns (Bintanja and Andry, 2017; Rantanen et al., 2022), biotic influences are oftentimes patchier in both space and time. Yet, biotic interactions are still key determinants of how ecosystems respond to climate change (Blois et al., 2013; Post et al., 2023).
In this paper, we highlight the importance of biotic processes in amplifying or diminishing feedback loops between tundra ecosystems and the climate system. In doing so, we hope to guide future climate and ecosystem modelling studies in developing more accurate predictions of potential future trajectories of arctic ecosystems, which are currently hampered by our inability to adequately integrate the bidirectional and highly dynamic interplay between biotic and abiotic ecosystem components (Ripple et al., 2023). We synthesize current knowledge on key feedback loops between tundra ecosystems and the climate system operating in high-latitude regions, focusing on how these may be influenced by biotic processes. Specifically, we target three key feedback loops (albedo, carbon dynamics and permafrost thaw), each representing critical components of the high-latitude system and to its overall dynamics of change. In the following sections, we explore how biotic processes may influence each of these key feedback loops, directly as well as indirectly. By providing a broad overview of these processes, we aim to contribute to a better understanding of the key roles biotic interactions play in shaping tundra ecosystem responses to climatic changes, with particular focus on key processes that feed back to the global climate system.
2 BIOTIC PROCESSES RELEVANT TO FEEDBACK LOOPS
The interplay between biota and albedo, carbon dynamics, and permafrost thaw in arctic ecosystems has profound implications for the global climate system. In the Arctic, surface reflectivity (i.e., albedo) is particularly important for this dynamic relationship, as diminishing ice and snow cover, as well as shifts in vegetation types towards taller, darker vegetation, contribute to increased absorption of solar radiation and increasing soil temperature, which in turn accelerates permafrost thaw. As the permafrost thaws, organic carbon sequestered over thousands of years becomes accessible to soil organisms. Organic matter decomposition in cold environments responds exponentially to increasing temperatures, hence driving a very effective conversion of soil organic matter to carbon dioxide (CO2) or methane (CH4), depending on the oxygen availability to the microbes, which is ultimately released to the atmosphere (García-Palacios et al., 2021; Maes et al., 2024). This creates a positive feedback loop that further amplifies warming. Simultaneously, surface reflectance is influenced by vegetation dynamics such as shifts in vegetation composition and plant phenology, which affects the energy balance directly (albedo, exchange of latent and sensible heat) and indirectly through the exchange of carbon across the soil-plant-atmosphere continuum. Hence, it is evident that biotic influences on ecosystem feedback loops are multifaceted and interlinked and that biotic influences may cascade through the ecosystem. Figure 1 summarizes the main interactions between the three main biotic compartments of the tundra ecosystem (decomposers, vegetation and herbivores) and their influences on the three key feedback loops examined in this paper.
[image: Figure 1]FIGURE 1 | Conceptual figure showing the main processes linking the three key biotic components (decomposers, vegetation, herbivores) and the three key feedback loops (carbon dynamics, albedo, permafrost thaw) from the Arctic terrestrial ecosystem to the atmosphere. Full lines indicate direct influences of biota on feedback loops, while dotted lines indicate indirect influences of biota on feedback loops. Main processes include: 1. Vegetation community composition influencing carbon dynamics via photosynthesis and respiration rates; 2. Physical properties of vegetation community composition and structure influencing surface albedo; 3. Vegetation community composition and structure influencing snow-pack insulation capacity regulating soil temperatures and ultimately permafrost thaw; 4. Vegetation community composition influencing litter composition and in turn decomposer community and turn-over rates; 5. Soil community composition and process rates influencing nutrient availability to plants; 6. Decomposer community composition and decomposition rates influencing respiration rates; 7. Decomposer community decomposition rates influencing permafrost thaw; 8. Vegetation community composition influencing herbivore communities; 9. Herbivores influencing vegetation community composition and biomass; 10. Animals influencing surface albedo via trampling, digging and cratering; 11. Animals influencing permafrost thaw via disruption of snow cover and ultimately soil temperatures; 12. Animals influencing nutrient availability to the decomposer community via excretion and carcasses; 13. Herbivores influencing carbon dynamics via enteric methane emissions and respiration.
3 EFFECTS OF VEGETATION ON CLIMATE FEEDBACK LOOPS
Arctic vegetation is characterized by low diversity, low stature and low productivity, owing to the generally harsh climatic conditions, short growing seasons and low availability of nutrients (Callaghan et al., 2004). Still, arctic vegetation plays a key role in the sequestration of carbon and forms a key interface between the ecosystem and the climate system (Epstein et al., 2012; Pearson et al., 2013), acting both as a carbon sink (photosynthesis) and as a carbon source (respiration).
3.1 Vegetation and carbon dynamics
During the growing season, the vegetation absorbs atmospheric carbon dioxide and converts it into organic carbon through the dominance of photosynthesis over respiratory losses (Figure 1: process 1). Arctic vegetation encompasses a diverse array of taxa, including mosses, lichens, shrubs, and graminoids, each exhibiting distinct carbon sequestration capacities and mechanisms (Huemmrich et al., 2013). Mosses and lichens, often forming a substantial part of arctic vegetation communities, both in terms of species richness and cover, have relatively low growth rates and biomass compared to vascular plants, such as shrubs and graminoids. As a result, they typically sequester less carbon from the atmosphere through photosynthesis during the main growing season. However, their ability to photosynthesize even at low ambient temperatures (Barták, 2014) and ability to supply themselves with nitrogen directly from the atmosphere (Rousk et al., 2017), suggests that they contribute significantly to the overall carbon balance in the Arctic (Street et al., 2012). Conversely, with their higher growth rates and biomass compared to mosses and lichens (Mekonnen et al., 2021), shrubs have a higher capacity to take-up carbon during the growing season (Andreu-Hayles et al., 2020). Because of the changing climatic conditions and the concomitant environmental changes (Box et al., 2019), shrubs are currently expanding across the Arctic (Myers-Smith et al., 2011), particularly in the low arctic regions (Elmendorf et al., 2012a) and at the boundary between the low and high Arctic (Myers-Smith et al., 2015), where permafrost thaw is most extensive (IPCC, 2021). The expansion of shrubs is oftentimes at the expense of lichens and mosses as well as bare ground (Elmendorf et al., 2012a; Elmendorf et al., 2012b). This may affect the tundra carbon balance by enhancing ecosystem carbon uptake and altering ecosystem respiration (Figure 1: process 1), but also through complex feedback mechanisms involving snowpack dynamics and root-microbe interactions accelerating permafrost degradation (Mekonnen et al., 2021; Parker et al., 2021) (Figure 1: process 3). Overall, vegetation carbon stock has increased with global warming, and is predicted to increase further over the coming decades as warming continues. The increase, sometimes referred to as arctic greening, is however by no means homogeneous in space and time. In fact, significant portions of the Arctic have seen a browning trend (i.e., decrease in productivity) over the last 2 decades (Myers-Smith et al., 2020).
Vegetation change can also fundamentally reshape soil food webs (Figure 1: process 4). As the gatekeeper of carbon entering the system, vegetation composition determines the amount and composition of plant-derived carbon inputs, both through litter and root-exudates (Elmendorf et al., 2012b). As dead plant material constitutes the major component of the energy-base of the decomposer community, changes in plant litter availability and quality alter soil microbial community composition and decomposition rates (Adamczyk et al., 2020; Cleveland et al., 2014; McLaren et al., 2017; Saunders et al., 2023) (Figure 1: process 4). For example, shrub-expansion can increase carbon flows through the decomposer food web to higher trophic levels. This is sometimes referred to as a ‘browning’ of the soil food web (Manlick et al., 2024), and is partly a consequence of the chemical composition and amounts of litter entering the soil. The mere amount of litter is important for the decomposer community composition and energy flows (Adamczyk et al., 2020). An often-overlooked pathway of plant-soil carbon transfer is root exudation, although it can constitute up to half of the soil respiration in arctic ecosystems during the growing season (Parker et al., 2021), and has been estimated to amplify the soil carbon respiration by 12% from permafrost-affected ecosystems (Keuper et al., 2020). While similar dramatic losses of soil carbon have been found as a response to fertilizer-addition (Mack et al., 2004), arctic ecosystems also possess compensatory mechanisms, and over long timespans the carbon lost in one pool may be gained in others. For instance, a study from the Alaskan tundra showed warming resulted in a restructuring of carbon from the upper soil horizon towards the mineral horizon underneath, resulting in no net loss in soil carbon (Sistla et al., 2013). Seeing these two studies together (Sistla et al., 2013; Mack et al., 2004), highlights the importance of accounting for carbon dynamics below the topsoil horizon to establish reliable long-term ecosystem carbon balances to validate models. Further, they highlight the caution needed when making general inferences about a process with multiple interacting knock-on effects, such as global warming, to its single components, e.g., increased nutrient availability (Mack et al., 2004). While studying the pathways separately is important for our mechanistic understanding, Sistla et al. (2013) clearly show that by doing so, we risk missing some important compensatory long-term feedbacks.
3.2 Vegetation and surface albedo
Vegetation change affects the surface energy budget of arctic landscapes through changing surface reflectance because of vegetation penetrating the snow surface and altered snow characteristics (Loranty and Goetz, 2012) (Figure 1: process 2). As compared to snow, vegetation has a much lower albedo, and tall shrubs protruding the snowpack increase the absorption of solar radiation (Sturm et al., 2005). During the snow-free season, surface albedo depends on the community composition of the vegetation (Riedel et al., 2005), the relative abundance of different vegetation types (Oehri et al., 2022) and their phenology (Williamson et al., 2016). However, the contribution of vegetation changes to summer albedo, and ultimately to arctic summer warming, is limited compared to changes in duration of the snow-covered period (Chapin et al., 2005).
Other biologically induced changes in albedo have received less attention, yet they may still have profound effects on the energy balance. For instance, the presence of pigmented algae on ice and snow reduces the albedo markedly and contributes to enhanced melting rates (Hotaling et al., 2021).
3.3 Vegetation and permafrost thaw
Changes in vegetation structure and composition can affect permafrost thaw (Figure 1: process 3) through their influence on surface thermal regimes via shading in summer (Schuuring et al., 2024) and through snow accumulation in winter (Heijmans et al., 2022). For example, tall shrubs tend to accumulate more snow (Sturm et al., 2001), which in turn alters the temperature regime in the soil (Zhang, 2005) and snow depletion patterns, thereby altering permafrost thaw but also plant phenology (Wilcox et al., 2019). Thawing permafrost in itself can influence tundra vegetation change, with gradual permafrost thaw promoting plant growth through increased soil nutrient availability (Keuper et al., 2012). The development of thermokarsts creates landscape deformations and alters ground surface conditions, like soil temperature and moisture or depth of the active layer, promoting shrub growth (Mekonnen et al., 2021). However, in some cases abrupt permafrost thaw may lead to local plant mortality due to increased draining (Osterkamp et al., 2009).
4 EFFECTS OF DECOMPOSERS ON CLIMATE FEEDBACK LOOPS
The main impacts of the decomposer community on climate feedback loops are on the carbon flux (Figure 1: process 6) and to some extent the permafrost thaw feedback loop (Figure 1: process 7), whereas direct impacts on albedo are absent.
4.1 Decomposers and carbon dynamics
The Arctic holds vast amounts of carbon (Hugelius et al., 2014), but also nutrients such as nitrogen (Palmtag et al., 2022), locked in permafrost. During the growing season the thaw of the uppermost parts of the soil, the active layer, allows for biological processes to unfold, including the mineralization of organic matter by decomposers with resulting respiratory carbon dioxide release to the atmosphere. These processes will only be amplified as warming progresses (Maes et al., 2024). As described above, shrubification may fuel the decomposition of old carbon accumulated over millennia by increased root growth expanding the root zone and associated rhizosphere processes into soil layers that were previously free of or poor in active roots. This boost of the rhizosphere microbes can both drive a reduction in soil carbon (Keuper et al., 2020) or restructuring of soil carbon with no net loss (Sistla et al., 2013), depending on the context. Microbes are also essential for the overall nitrogen cycle through nitrogen fixation (Rousk et al., 2018), as well as nitrification and denitrification processes (Crowther et al., 2015; Wang et al., 2020). Thawing permafrost can also increase the water saturation of soils over varying spatiotemporal scales, which can inhibit immediate mineralization of organic matter, but drive an increase in methane emissions (Rößger et al., 2022). Thus overall, nutrient and water availability and their spatiotemporal distributions are key parameters for predicting the land-atmosphere exchange of greenhouse gases as ecosystems continue to warm (See et al., 2024). This results in a feedback of accelerated decomposition of organic matter and release of greenhouse gases to the atmosphere (Altshuler et al., 2019).
Most of the organic matter assimilated by decomposers is respired back to the atmosphere as carbon dioxide relatively fast (Figure 1: process 6). In cold systems, typically only a small fraction of the assimilated carbon is turned into microbial biomass (Hicks et al., 2022). Nonetheless, over long periods over time, this seemingly small fraction is an important source of carbon ending up in association with mineral particles. Mineral-associated organic carbon covers carbon that is chemically protected against decomposers due to adsorption to secondary minerals, e.g., iron-oxides and clay, and physically protected in soil aggregates leading to effective long-term carbon preservation. As chemical weathering rates are slow in cold regions (Brantley et al., 2023), concentrations of secondary minerals, such as clay and iron-oxides, are typically low. Further, the lack of soil engineering meso- and macrofauna, such as earthworms, across large parts of the Arctic (Blume-Werry et al., 2020) leads to limited formation of protective aggregates (Angst et al., 2023; Angst et al., 2024). Consequently, arctic soils are dominated by particulate organic matter relatively vulnerable to perturbations and changing abiotic conditions (García-Palacios et al., 2024). Thus, the observed warming-induced increase in arctic ecosystem respiration (Maes et al., 2024) and soil respiration (García-Palacios et al., 2021) is attributed to the combination of improved kinetics under warming and increased availability of highly decomposable carbon in thawing permafrost (Trumbore, 2009). Functional limitations of the decomposer community can occur when old organic compounds ‘exotic’ to the present community thaw from the permafrost, yet, the community usually adjusts relatively fast (Monteux et al., 2020). Hence, thawed permafrost carbon is generally quite bioavailable and hence vulnerable to decomposition (García-Palacios et al., 2024; Kuhry et al., 2020).
4.2 Decomposers and permafrost thaw
Decomposer animals and microbes in soils obtain energy by breaking down dead organic matter from, e.g., plant litter (Figure 1: process 4) or animal excreta and carcasses (Figure 1: process 12). Gradually, organic material is broken down into simple organic compounds (e.g., simple sugars, amino acids, etc.) or all the way to inorganic minerals (mineralization). This releases important plant nutrients, including nitrogen, phosphorus, and potassium, to the soil solution, where it is available for plant uptake via roots and/or their symbiotic microbes (Figure 1: process 5). However, the activity of soil microbes produce heat, which in itself may accelerate permafrost degradation further (Hollesen et al., 2015) (Figure 1: process 7), and may even be sufficient to sustain the decomposition process during periods of low ambient temperatures (Khvorostyanov et al., 2008).
5 EFFECTS OF HERBIVORES ON CLIMATE FEEDBACK LOOPS
How interactions between animals, plants and soils shape ecosystem ecology, biogeochemical processes and climate feedback loops have long been a subject of interest and dispute. Generally, animals affect elemental cycling via two direct and one indirect pathway: directly through physical disturbance (e.g., trampling, Tuomi et al., 2021), and deposition of waste products like dung and urine (Van Der Wal et al., 2004), and indirectly by restructuring the vegetation community (e.g., by selective feeding, Post et al., 2023; Post et al., 2022). Herbivores can counteract climate-induced changes in the Arctic, such as the release of nutrients (Petit Bon et al., 2023), changes to plant community composition (Post and Pedersen, 2008), and the expansion of woody species and the advancement of the tree line (Christie et al., 2015; Olofsson et al., 2009; Speed et al., 2010), leading to complex interactions. The indirect effects of herbivores on climate feedback loops through vegetation are well established, for example, the climate-effects of reducing shrub expansion into the tundra (reviewed in Olofsson and Post, 2018), but less attention has been given to the direct pathways.
Herbivores depend on plants as a resource (Figure 1: process 8), and one of the main mechanisms through which herbivores influence climate feedback loops is through the removal or damage of plant material while foraging (Tanentzap and Coomes, 2012). Plant consumption not only impacts the plants themselves but also influences plant traits, such as height, cover, biomass and the composition of plant communities (Figure 1: process 9), which in turn affects the carbon dynamics. By selective foraging and by altering the competitive interactions between plant species, herbivores influence the species composition of plant communities. This is for instance seen as a reduction in the abundance of the most palatable plants (Olofsson et al., 2001), or reduced shrub dominance increasing the plant diversity (Post et al., 2023). Nonetheless, in heavily grazed areas, grazing tends to reduce plant species richness, shifting towards a graminoid-dominated vegetation (Ylänne et al., 2018). Hence, tundra ecosystems appear to follow the general predictions of the intermediate grazing hypothesis predicting the highest plant diversities at intermediate grazing pressure. Yet, a recent meta-analysis suggests that a more climate-specific relationship might better catch differences in the grazing-diversity relationship between dry (decreasing) and wet (hump-shaped) areas (Gao and Carmel, 2020). Further, the effects of herbivores on plant communities are not only determined by the grazing intensity but is highly dependent on the functional traits of the herbivore community (Barbero-Palacios et al., 2024; Lundgren et al., 2024).
Herbivores not only impact the organisms they consume, but they also move around biomass, nutrients, seeds and more (Figure 1: process 12). For instance, when herbivores forage in one area and urinate and defecate in another area, nutrients are redistributed around the landscape. In the nutrient-limited Arctic, such translocation of nutrients can be considerable (Mosbacher et al., 2016) and can, at least at the local scale, impact vegetation composition markedly (Van Der Wal et al., 2004). During the process of decomposing the feces, nutrients become available to both soil microbes and plants (Beard et al., 2023) (Figure 1: process 12). Nutrients in urine on the other hand are directly accessible to both the soil microbes (Barthelemy et al., 2024) and the plants (Barthelemy et al., 2018) (Figure 1: process 12). Depending on the size and ecology of the animal, nutrients may be relocated only locally or across large distances. For example, small animals like lemmings, only move short distances and utilize latrine sites (Klein and Bay, 1991), which creates very localized hotspots of nutrients (Roy et al., 2022). Ultimately, when an herbivore dies, the parts of the carcass that are not consumed by predators or scavengers (Johnson-Bice et al., 2023; Schmidt et al., 2022) are decomposed (Figure 1: process 12). Locally, this results in a substantial release of nutrients (Danell et al., 2002). The impact of larger carcasses may last for several years and may increase the nutrient levels in the soil (Steger, 2023), which in the nutrient-poor arctic tundra leads to increased vegetation surrounding the carcass (Danell et al., 2002) and to changes in the community composition of the vegetation (Steger, 2023). Calving also releases nutrients into the environment and has recently been suggested as an important feedback mechanism for the creation of fertile, revisited calving grounds for reindeer (Ferraro et al., 2024). Nutrient-translocation effects, however, are not limited to herbivores. For instance, the contribution of excreta and prey remains turns Arctic fox den complexes into green islands on the tundra (Johnson-Bice et al., 2023), and marine birds nesting in colonies on land bring in large amounts of “new” nutrients to the terrestrial ecosystem (Otero et al., 2018). The impacts of nutrient additions cascade through the terrestrial food web (González-Bergonzoni et al., 2017), affecting other biotic components (Figure 1: process 12), ultimately influencing climate feedback loops.
Most of our knowledge on the impacts of herbivory in tundra ecosystems refers to vertebrate herbivores, whilst invertebrate herbivory has received far less attention (Barbero-Palacios et al., 2024; Soininen et al., 2021). Invertebrate herbivory at non-outbreak densities, i.e., background herbivory, is widespread across the tundra biome (Barrio et al., 2017; Rheubottom et al., 2019), yet removes only a small proportion of leaf biomass (Kozlov et al., 2015) and its impact on carbon cycling is minor (Kristensen et al., 2020a). However, during population outbreaks invertebrate herbivores can significantly accelerate soil nutrient and carbon cycling resulting in substantial decreases in plant productivity (Kristensen et al., 2020b; Lund et al., 2017). The same is true for, e.g., cyclic populations of small mammals (Roy et al., 2022). Another important aspect to consider regarding the impacts of herbivores on climate feedbacks is that many animals move around and undertake long-distance migrations, carrying along the processes by which they influence the environment (Lundberg and Moberg, 2003; Schmitz et al., 2018). We therefore need a better characterization of the spatial and temporal variability of herbivore impacts to fully understand the changing functional roles of herbivores in arctic ecosystems (Koltz et al., 2022).
5.1 Herbivores and carbon dynamics
The effects of herbivores on vegetation can be substantial (Cahoon et al., 2012; Koltz et al., 2022; Vaisanen et al., 2014) (Figure 1: process 9), ultimately affecting carbon dynamics within the ecosystem through changing carbon stocks and greenhouse gas exchange (Falk et al., 2015; Fischer et al., 2022; Min et al., 2021; Petit Bon et al., 2023) (Figure 1: process 1). However, in addition to the effects mediated by their impacts on other biotic components, herbivores have a direct impact on carbon fluxes through the methane they produce as part of their digestive processes (Clauss et al., 2020). Ruminants, such as reindeer and musk, in particular produce large amounts of methane, thereby releasing carbon directly back to the atmosphere (Figure 1: process 13). In addition, arctic ruminants excrete methane-producing microbes in their feces (Aggerbeck et al., 2022; Andersen-Ranberg et al., 2018; Fritze et al., 2021), which can increase methane production in the soil (Fritze et al., 2021) (Figure 1: process 5).
5.2 Herbivores and surface albedo
Through their impacts on vegetation, herbivores can also contribute to changes in surface albedo (Figure 1: process 10). For example, grazing by reindeer can reduce shrub height and abundance, which increases albedo during the summer (Te Beest et al., 2016). Shorter and sparser vegetation in heavily grazed areas results in delayed snowmelt and increased surface albedo during the snowmelt season (Cohen et al., 2013) (Figure 1: process 2). Higher albedo reduces net energy absorption and the resulting latent and sensible heat fluxes, contributing to a cooling effect. However, herbivore impacts on albedo are mainly detected in areas with high herbivore densities where strong shifts in vegetation from shrub tundra to graminoid tundra have taken place (Te Beest et al., 2016). Heavy grazing by lemmings (Lara et al., 2017) and intense grubbing by geese (Peterson et al., 2013) can lead to the destruction of vegetation cover, exposing bare ground and resulting in lower albedo (Figure 1: process 2) and increased soil temperatures feeding back to enhanced decomposition and permafrost thaw rates.
5.3 Herbivores and permafrost thaw
Herbivores can indirectly influence climate feedback loops in tundra ecosystems through permafrost thaw (Figure 1: process 11). In the snow-covered period, animals may crater through the snowpack to access the vegetation underneath (Beumer et al., 2017; Schaefer and Messier, 1995), thereby reducing snow cover and depth whilst increasing its density (Beer et al., 2020). This reduces the insulative capacity of snow, thereby lowering soil temperatures during the arctic winter (Rixen et al., 2022). Indeed, evidence from Pleistocene Park in Siberia suggests that high densities of herbivores reduce permafrost thaw, by reducing snow depth and keeping soil temperatures low (Beer et al., 2020; Zimov, 2005). During the snow-free season, herbivore-induced changes in plant structure and community composition may also alter the temperature regime in the soil, with direct effects on permafrost thaw (Figure 1: process 3). Most obviously due to the shading-effects of woody vegetation during summers (Kropp et al., 2021), but herbivores can also significantly reduce the depth of the moss layer through trampling (Mosbacher et al., 2019). Both have implications for the temperatures in the soil and microbial activity (Gornall et al., 2007). Trampling can also compact soils, thereby altering the moisture regime in the soil (Tuomi et al., 2021). This in turn may reduce soil respiration and the release of carbon from the soil (Figure 1: process 6). Trampling and digging by animals may in some cases be (locally) pronounced, resulting in the destruction of the vegetation and exposure of bare ground, which in turn may influence several feedback loops. Hence, while animal trampling and digging alone may not directly cause permafrost thaw, they can exacerbate existing environmental factors that lead to thawing soils (Hall and Lamont, 2003).
6 DISCUSSION AND CONCLUDING REMARKS
Given the importance of biotic interactions in shaping ecosystem processes and responses (Barbero-Palacios et al., 2024; Blois et al., 2013; Koltz et al., 2022) and the multifaceted ways by which biota influence ecosystem feedback loops with the climate (this study), accurate predictions of the future trajectories of arctic ecosystems are hampered by our ability to adequately integrate the two-way interplay between biotic and abiotic components into climate and ecosystem models. Over the past decades, significant progress has indeed been made in climate and ecosystem modelling (see, e.g., Eyring et al., 2016; Fisher et al., 2018). Vegetation and microbial communities have long been recognized as an important bridge between the ecosystem and the climate and thus important components in climate and ecosystem models, but other biotic influences on key feedback loops are rarely incorporated into the models (but see Rizzuto et al., 2024). Many of the biotic influences examined in this study may indeed appear patchy in both space and time, yet their role in modulating feedback loops between the tundra ecosystems and the atmosphere can be important, particularly at long timescales. Indeed, the importance of zoogeochemical processes is increasingly documented and recognized (Schmitz et al., 2018), and natural biogeochemical processes are estimated to remove as much as half of anthropogenic carbon emissions across terrestrial and marine ecosystems globally (Schmitz et al., 2023). Inclusion of biotic influences in ecosystem models may therefore improve the accuracy of ecosystem-climate models.
Many of the biotic drivers and processes influencing feedback loops highlighted here can operate on time scales ranging from short (e.g., months or years) to very long (e.g., millennia) and on spatial scales ranging from fine (e.g., km2) to very large (e.g., continental) (Ripple et al., 2024). As an analogue, arctic climate change generates disturbances that can manifest themselves as ‘press driver’ (i.e., disturbances or stressors that operate over large spatial scales and remain in place for a long time, or slowly increase in pressure) and those that act as ‘pulse driver’ (i.e., sudden and short events that often operate on local spatial scales, though their effects may be long lasting). A press driver can be described as extensive, pervasive, or subtle (e.g., rising mean temperature) and a pulse driver as infrequent, sudden event (rain-on-snow or insect outbreaks) (Ratajczak et al., 2017). The impacts and consequences of large-scale press drivers have historically received most scientific focus, yet the accelerating stress levels associated with increasing frequencies of extreme events in the Arctic may suggest that conventional modelling approaches based on incremental changes in a single long-term stress provide poor estimates of the impact of climate on ecosystems. In developing and evaluating climate and ecosystem models of real-world systems, it is imperative to capture complex feedback networks and feedback loops, as well as the effects of multiple drivers of change operating on different spatiotemporal scales. In fact, a multi-scale integration of press and pulse drivers in feedback network analyses can reveal novel insights into antagonistic or synergistic relationships but also provide more realistic trajectories on potential ecosystem tipping points and/or collapse (Willcock et al., 2023).
As a first step towards a better integration into ecosystem models, we have provided here a broad overview of the many ways in which biota may influence key feedback loops between the ecosystem and the climate system. As a necessary next step, we propose to conduct a thorough meta-analysis on biotic influences on feedback loops in high-latitude ecosystems, focusing specifically on the magnitude and direction of the impact. Understanding the intricate interplay between biota and feedback loops between the tundra and the atmosphere is crucial for understanding and predicting the consequences of climate change in the Arctic and beyond.
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