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1 GENERAL INTRODUCTION 

1.1 Climate change in the Arctic and Subarctic 

A wide variety of human activities, including land development, deforestation, and burning 

fossil fuels, have rapidly altered global systems. Among these changes is surface warming 

through the release of greenhouse gases. Warming effects are amplified in the polar regions, 

with the Arctic experiencing a temperature increase nearly four times the global average 

(Rantanen et al., 2022). By the end of this century, the total temperature increase in the Arctic 

is predicted to be between 2.2 and 8.3°C (Collins et al., 2013). Multiple mechanisms contribute 

to the polar amplification of warming, the most prominent driver being the surface albedo 

feedback. As snow and ice cover melt away, they reflect less solar radiation (Rantanen et al., 

2022). Furthermore, ocean heat transport and atmospheric moisture transport increase with 

warming (Beer et al., 2020; Ferna ndez-Alvarez et al., 2023). Other processes implicated in 

rapid warming at the poles include changes in cloud cover and the lapse-rate feedback 

(Stuecker et al., 2018). Both air and soil warming are occurring faster at the poles, but models 

predict that soil warming will lag behind air warming in polar regions. This lag results from 

snow and ice cover impairing heat transfer from air to soil (Soong et al., 2020). 

Warming in Arctic and Subarctic regions will have wide-reaching effects. Locally, the impacts 

can already be observed, including widespread greening, shrubification, and browning (Arndt 

et al., 2019; “Polar Regions,” 2023). Melting ice sheets lead to sea level rise and flooding in 

coastal regions around the world. Subarctic soils are also important carbon stores, with the 

Arctic and Subarctic estimated to contain about 40% of the world’s near-surface labile soil 

carbon (McGuire et al., 2009). Release of this carbon could exacerbate the greenhouse gas 

effect and act as a positive feedback to warming. However, there is great uncertainty about the 

net effect of various Arctic feedbacks. For one, regional impacts can vary widely due to both 

natural and anthropogenic influences, such as water availability, temperature, and land use. 

Furthermore, some effects, such as greening and changes to the tree line, can increase the 

amount of carbon that is assimilated from the atmosphere (“Polar Regions,” 2023). 

Historically, these soils have functioned as carbon sinks. Low temperatures reduce microbial 

activity and the amount of carbon which is returned to the atmosphere (Lundin et al., 2016). 

Air temperatures are often higher than soil temperatures, providing an advantage to the 

producers, which carry out photosynthesis in this warmer above-ground environment 

(Swanson et al., 2000). However, recent studies suggest that at least some Subarctic soils have 
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begun to function as carbon sources due to warming (Lundin et al., 2016). Arctic soils also 

contain large stores of organic carbon frozen in permafrost, which might be released as 

methane, a more powerful high greenhouse gas than CO2 (Zimov et al., 2006). 

1.2 The ForHot site 

This study uses soils collected from the ForHot site, a site in Iceland containing geothermal 

hotspots. The site is divided into three areas: “Grassland New” (GN),  “Forest New” (FN), and 

“Grassland Old.” The GN and FN sites have been warmed since 2008, when a major earthquake 

shifted geothermal systems and opened new geothermal bedrock channels below previously 

unwarmed areas. However, the GO site, which is the focus of this research, has been heated 

for at least decades. A geothermal survey completed in 1963-1965 recorded hotspots at the 

site. Historical evidence suggests that the site has been geothermally active for much longer: 

the GO site is in Grændalur (green valley), a name that refers to the green patches which 

persist over the warmest hotspots during winter, and which first appears in historical records 

in 1708. Since the appearance of hotspots, activity may have fluctuated due to seismic activity, 

as observed in other parts of the site after the 2008 earthquake. Permanent study transects 

are established along temperature gradients at the geothermally active sites, with 

temperature monitoring at six points along each gradient (Sigurdsson et al., 2016). 

This site offers many advantages for studying warming. These hotspots have already been 

warmed for at least 60 years, much longer than most experimental warming setups. The 

hottest parts of the temperature gradient are much warmer than can be achieved with 

artificial warming methods, which include heat-resistance cables, infrared lamps, and open-

top chambers (Aronson & McNulty, 2009). Thus, the gradient spans a wide range of future 

Subarctic temperature scenarios, and even far exceeds the level of warming predicted by 2100. 

Although geothermally warmed water can be enriched in many minerals, including boron and 

arsenic (Bundschuh et al., 2013; Guo et al., 2008; Navarro et al., 2011; Wetang’ula & Snorrason, 

2005), which could have ecotoxic effects and confound interpretations of geothermal 

warming, studies of soil water chemistry at the ForHot site have revealed no such 

contamination. Furthermore, the warmed plots undergo seasonal variations in temperature, 

as they would under future global warming (Sigurdsson et al., 2016). Taken together, the 

ForHot site realistically mimics soil warming due to climate change. 

However, there are some differences between the ForHot site and likely climate change 

scenarios. Geothermal warming occurs suddenly following seismic activity, unlike the gradual 

warming as greenhouse gases are continuously released into the atmosphere. This difference 
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can have meaningful impacts, illustrated by long-term studies that fail to replicate more 

extreme, short-lived changes induced by stepwise changes(De Boeck et al., 2015);  notably, 

this is also a problem for experimental manipulation studies, and may be mitigated by the 

long period of warming at this site. Furthermore, a geothermal warming gradient does not 

involve changes in precipitation patterns which will occur under climate change. There is no 

CO2 fertilization at the site, although under actual future climate scenarios, CO2 level rise might 

increase plants’ carbon inputs to soil (Rogers et al., 1994). The lack of precipitation and CO2 

changes might limit the site’s realism as a simulation of a future climate, but the isolation of 

warming and warming-caused effects can also be useful in a research context, allowing us to 

consider the influence of a few factors without many competing explanations. 

Aside from precipitation, climate change can increase soil drying through evaporation and 

transpiration (Romero-Olivares et al., 2017). The geothermally warmed soils should be 

subject to increased evaporation, but the effect of transpiration may be lower than in an actual 

future climate scenario, where higher air temperatures might lead to greater water loss from 

aboveground vegetation. In addition, the effects of warming on vegetation present at the 

ForHot site may be somewhat constrained in comparison to other Subarctic areas because 

Iceland is an island with a smaller species pool (Meynzer et al., 2016). While diverse flora and 

fauna have been expanding to higher elevations and latitudes response to warming (Chen et 

al., 2011; Hickling et al., 2006), Iceland is isolated from many species which might otherwise 

move poleward (Meynzer et al., 2016). 

1.3 Soils under warming 

Soil is the largest terrestrial carbon store, exceeding vegetation and atmospheric carbon 

combined (Schlesinger & Andrews, 2000). As such, the exchange of carbon between soil and 

atmosphere is a major control for the greenhouse gas effect (Figure 1.1). As soil experiences 

global changes such as warming and rainfall increases, this balance may shift. Yet both the size 

and direction of this carbon feedback are uncertain. Previously, most modelling studies 

assumed that warming would lead to large-scale soil carbon losses as soil respiration (Rs) 

increases following warming. However, empirical studies have found that this increase in Rs 

is typically only short-term, with Rs eventually returning to pre-warming levels (Luo et al., 

2001; Melillo et al., 2002; Oechel et al., 2000; Romero-Olivares et al., 2019; Walker et al., 2018). 

Two main hypotheses explain the short-term nature of thermal respiration increases. One is 

that the supply of labile carbon or other nutrients drops with increased microbial activity and 

becomes a limiting factor (Eliasson et al., 2005; Kirschbaum, 2004; Knorr et al., 2005; 
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Schindlbacher et al., 2011; Walker et al., 2018). The other hypothesis is thermal adaptation, 

with the physiology of microbes in soil changing to improve fitness under the new 

environmental conditions. Climate models can produce varying results depending on which 

mechanism modelers use (Bradford, 2013). The current body of literature is inconclusive, 

with evidence in support of both hypotheses. 

 

Figure 1.1 Key processes controlling the fate of terrestrial carbon. 

Enzymes are intrinsically temperature sensitive. At lower temperatures, molecules undergo 

fewer conformational changes. Enzymes which are more flexible have an advantage, being 

more likely to assume binding conformations and to change shape to release the product. At 

higher temperatures, however, this flexibility can be a disadvantage, with the molecule 

changing shape more rapidly and spending less time in binding conformations (C. Liu et al., 

2022; Wallenstein et al., 2010). This creates an evolutionary tradeoff between flexibility and 

stability, with selection pressure for a particular microbe to produce enzymes well-suited to 

the temperatures it experiences. The temperature at which an enzyme functions most rapidly 

is referred to as the temperature optimum, 𝑇opt . In assays of catalytic rate at different 

temperatures, 𝑇opt is visible as the point where catalytic rate peaks. 

Temperature sensitivity can be assayed by measurements of a microbial process during 

incubation at different temperatures. It is most often described with the metric 𝑄10, the factor 

of difference in the rate of a microbial process accompanying a 10°C change in temperature 

(Kirschbaum, 1995). 
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Different isoenzymes – enzymes with different structures that perform the same function – 

can vary in optimum temperature. Soil may contain a wide variety of isoenzymes, produced 

by the same or different microbes. The combined action of the isoenzymes present produces 

a soil-wide 𝑇opt  . Donhauser et al. (2020) propose that a soil’s 𝑇opt  for bacterial growth is 

typically at or even 5-15°C above the local maximum annual temperature. 

1.3.1 Thermal adaptation 

As soils experience warming, one might expect the exact enzymes produced by soil microbes 

to shift, so that the temperature optimum moves upward along with the mean and maximum 

annual temperature. Such a shift is described in the literature as thermal acclimation or 

thermal adaptation. The two terms are often used interchangeably, although this work will 

use them as distinct terms as laid out by Bradford (2013). Thermal acclimation refers to 

physiological changes within organisms on a timescale of days to weeks following warming. 

A change in gene expression, for example, would be a form of thermal acclimation. 

Thermal acclimation is one form of adaptation. However, thermal adaptation also 

encompasses a wider variety of changes to soil microbes’ physiology. These changes may 

occur over many generations, as the alteration in soil temperature and the indirect effects of 

warming create different selection pressures. This can include selection between pre-existing 

variation within a species, selection for de novo mutations, and selection for entirely different 

species and functional groups of microbes (Barrett & Schluter, 2008). This sort of genetic 

turnover would likely be an important form of adaptation in the case of long-term warming 

(Bradford, 2013).  

 

Figure 1.2 The theoretical forms of adaptation in temperature response outlined by 
Bradford (2013) describe changes along the entire temperature response curve; the 
exact range tested by a particular experiment influences the appearance of adaptation. 
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Thermal adaptation can be divided into different categories based on the changes observed 

in temperature sensitivity, optimum temperature, and baseline catalytic rate (Figure 1.2). In 

Type I adaptation, temperature sensitivity decreases such that the 𝑇opt increases. In Type II 

adaptation, the entire temperature response curve is shifted rightward without a change in 

temperature sensitivity (Bradford, 2013). Type III describes a combination of both, such that 

the shape of the temperature response curve can appear very different in the range of 

temperatures assayed (Bradford et al., 2008). All three of these theoretical forms of 

adaptation should be detectable as a reduction in activity when the rate is measured at an 

intermediate temperature, although measurement at multiple temperatures is needed to 

calculate a sensitivity across a certain range.    

1.3.2 Substrate limitation and drying 

In addition to the intrinsic temperature sensitivity of enzymes, warming has a variety of other 

effects which can indirectly impact microbial activity in soils. If soil enzymes’ temperature 

sensitivity drives a short-term increase in respiration, this burst of activity may deplete 

carbon stocks and other nutrients in soil. Substrate availability might then begin to limit 

microbial activity, even if the microbial community composition and the temperature 

sensitivity and 𝑇opt of the enzymes present remains the same. 

Substrate depletion can create the appearance of thermal adaptation without actual 

adaptation or acclimation. To clarify whether microbial physiology has changed, we can 

calculate a mass-specific respiration rate, 𝑅mass , and other mass-specific microbial activity 

rates (Bradford, 2013; Walker et al., 2018). Rather than evaluating respiration per unit of dry 

soil, respiration is calculated per unit of microbial biomass carbon, Cmic. If some microbes 

have died following substrate depletion while the remaining organisms have continued to 

produce enzymes with an unchanged temperature response, then mass-specific 

measurements of activity will remain the same even as activity per unit of dry soil drops. 

 Soil warming tends to be joined by another physical change that often inhibits soil microbes: 

drying. Drought can inhibit microbial activity, partially offsetting the effect of warming on CO2 

efflux (Muhr et al., 2010; Schindlbacher et al., 2012; Z. Zhang et al., 2022). Drought’s negative 

effect on microbial activity is mediated not just by osmotic stress and lack of water per se, but 

by reduced diffusion of carbon and other nutrients, as well as the microbes’ own extracellular 

enzymes, throughout the soil (Muhr et al., 2010; Schimel et al., 2007). Because soil warming 

and drying go hand-in-hand, teasing apart their effects can prevent a challenge in some 

experimental setups. Bao et al. (2016), for example, report a decrease in soil respiration in 
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warmed soils which they attribute to soil moisture effects rather than substrate depletion or 

adapted temperature response. 

While drying per se might reduce heterotrophic respiration, this does not show us the full 

effect of drying on soil carbon stocks. A related phenomenon, the Birch effect, can lead to soil 

C depletion when the drying-rewetting cycle intensifies (Bailey et al., 2019). The Birch effect 

describes a pulse of elevated respiration when dried soil is rewetted (Birch, 1958). In some 

systems, Birch effect pulses may account for as much as two-thirds of total annual respiration 

(Fan et al., 2015). The Birch effect results from a combination of micro-scale biological and 

physical factors induced by drought, although the relative contribution of each factor is the 

subject of some debate (Evans et al., 2016; Schimel, 2018; Singh et al., 2023). During drought, 

resource diffusion throughout the soil is limited. Microbes, although inhibited, may continue 

to produce extracellular enzymes. Microbes also experience drying stress, possibly leading to 

cell death. During rewetting, water destabilizes soil aggregates and transports the unequally 

distributed enzymes and substrates (Schaeffer et al., 2017; Warren, 2016); there may be a 

spike in available organic matter from drought-induced cell death. Altogether, these micro-

scale responses to drought and precipitation lead to a burst of respiration with significant 

implications for the global carbon balance (Bailey et al., 2019; Evans et al., 2016).      

Rewetting events are likely to increase because of global warming. In high latitudes, drying is 

exacerbated by changes in snow cover. Earlier summer snow melt allows for more intense 

heating of the dark soil surface and greater evaporation (Callaghan et al., 2011). Furthermore, 

global warming causes changes in precipitation patterns. In the Arctic, precipitation has 

increased (McBean et al., 2005). However, the Arctic has also undergone soil drying (Oechel 

et al., 2000).  Increased precipitation does not necessarily result in consistently higher 

moisture levels. Rather, global warming has led to an intensification of the water cycle, with 

more frequent periods of drought followed by more extreme precipitation (Dore, 2005). This 

in turn might increase carbon losses. 

1.3.3 Plant-microbe interactions 

Although warming can indirectly cause substrate depletion, it also might have the opposite 

effect. Elevated atmospheric CO2 concentrations, extended growing seasons, and increased 

precipitation might allow for an increase in primary production, including in models of 

temperate grasslands (Hunt et al., 1991). This increase in growth might be diminished by 

nitrogen limitation. However, human activities can also have an impact on nitrogen availability. 

CO2 fertilization itself can lead to greater carbon allocation to N-fixing root symbionts and 
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thereby stimulate N fixation in legume/bacterial root nodules (Rogers et al., 1994). 

Furthermore, fuel combustion has led to substantially increased N deposition, albeit mostly 

limited to developed areas and away from highly productive, N-limited forests (Schlesinger & 

Andrews, 2000).  

Plant productivity and microbial activity are linked, with both roots and aboveground litter 

exerting an influence on microbes (Legay et al., 2014; Paterson, 2003; Y. Zhang et al., 2020). 

Plants are estimated to allocate between 11 and 17% of net fixed C to rhizodeposition (F. A. 

Dijkstra et al., 2013), and roots have important effects on microbial community and carbon 

storage. Rhizodeposition includes both release of soluble exudates and cell sloughing from 

abrasion and root death. Both the scale of root deposition by plants and the effects of this 

deposition vary widely, and are affected by plant species and age as well as abiotic factors. 

Most often, it results in a positive rhizosphere priming effect (RPE), where planted soil has 

higher respiration than unplanted soil (F. A. Dijkstra et al., 2013). A positive priming effect 

likely results from a release of extracellular enzymes that remain active and increase the rate 

of SOM decomposition even after the rhizodeposited substrate has been exhausted (Kuzyakov, 

2010). As a result, even an increase in primary production could stimulate SOM 

decomposition and act as a positive feedback for carbon loss (Hopkins et al., 2014). 

Rhizosphere priming has been found to increase the temperature sensitivity of soil 

respiration (Zhu & Cheng, 2011). However, studies of soil respiration under warming typically 

do not examine the role of the RPE. Field studies make no distinction between the rhizosphere 

and the rest of the soil, while laboratory studies, including the one presented here, typically 

exclude roots and thus implicitly ignore any effects specific to the rhizosphere (J. Zhou et al., 

2024). 

Among the most significant of plant-microbe interactions are mycorrhizal symbioses between 

plant roots and fungi. Mycorrhizal symbioses are speculated to have facilitated vascular plants’ 

colonization of terrestrial environments. These relationships vary substantially with regard 

to morphology, evolution, and function. Mycorrhizal relationships can be broadly grouped 

into two categories, ectomycorrhizal and endomycorrhizal, based on the location where 

carbon and nutrient exchange take place. Ectomycorrhizal (EcM) fungi are polyphyletic, and 

include representatives of Basidiomycota, Ascomycota, and Zygomycota. EcM fungi are 

estimated to colonize only 2% of plant species, but are the dominant partners for trees in 

boreal and temperate forests, which make up an estimated 21% of aboveground biomass 

(Soudzilovskaia et al., 2019). In addition to their function in nutrient acquisition, the thick 

sheath which EcM form around plant roots provides protection to the plant against pathogens 
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(Zengpu et al., 1994). EcM fungi are not particularly relevant to our research site, a grassland 

dominated by herbaceous species. The dominant species of plants at the long-term warmed 

grassland instead form associations with the ancient, monophyletic clade Glomeromycotina, 

also known as arbuscular mycorrhizal (AM) fungi because of their arbuscules: tree-shaped 

structures in the plant’s root cells where nutrient exchange occurs. Around 80% of extant 

vascular plant species form AM associations (Wang & Qiu, 2006). Both ericaceous plants and 

orchids form distinctive mycorrhizal relationships with a variety of fungal partners (Perotto 

et al., 2002; Yukawa et al., 2009). Orchid mycorrhizae demonstrate another function of 

mycorrhizal fungi. These mycorrhizae are characterized by the transfer of C from fungus to 

plant, at least in young seedlings. Without the fungus’ contribution, orchids’ tiny seeds would 

contain insufficient nutrients (Jansa & Treseder, 2017). In the case of C flow to plants, it is 

sometimes unclear how – or if – the fungus benefits, with some authors suggesting that plants 

can function as a sort of storage unit protected from fungal-feeding predators (Bonfante & 

Anca, 2009; Lekberg et al., 2010). There are examples of complex symbioses between plants 

and bacteria, as well, such as the actinorhizal symbiosis, which facilitates a large portion of 

terrestrial N inputs (Lambers et al., 2009). 

Given the significance of producers for microbial activity, the specific plants at our research 

site demand some attention. At the long-term warmed grassland site, the three most 

dominant species of vascular plants include a grass, Agrostis capillaris, and two 

dicotyledonous herbs, Ranunculus acris and Galium boreale (Sigurdsson et al., 2016). The 

dominant vascular plant species are consistent across the temperature gradient (Gargallo-

Garriga et al., 2017). Equisetum pratense and Equisetum arvense are also dominant vascular 

species at the site (Van Loock, 2017). Their presence is notable from a microbiology 

perspective because equiseta are typically considered non-mycorrhizal, more commonly 

forming associations with endorhizal fungi (Giesemann et al., 2020; Hodson et al., 2009). 

Although the dominant species have remained the same, there is evidence of some warming-

related changes. Leblans et al. (2017) found a linear increase in the growing season across 

plots warmed up to +10°C, while others report an earlier start to the growing season 

mitigated by early senescence (Meeran et al., 2023). In addition, a study of the metabolomes 

of A. capillaris and R. acris showed indicators of stress beyond a +5°C warming threshold 

(Gargallo-Garriga et al., 2017). 

In addition to the vascular plant species, over 60% of the area of GO plots is covered by moss 

(Sigurdsson et al., 2016). In addition to making up a substantial part of plant biomass, mosses 

are responsible for a large portion of N fixation in the Subarctic (Permin et al., 2022). 
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Simulations suggest that moss coverage will increase in the Arctic (Epstein et al., 2000). 

Mosses tend to produce litter with carbon that is decomposed more slowly by microbes, 

which could have major implications for carbon cycling (Lindo et al., 2013). At our research 

site, the ratio of mosses to vascular plants increases with warming (Fang et al., 2023). 

However, studies of natural and experimental gradients indicate that mosses’ responses to 

warming might vary considerably across species, and that many species respond negatively 

(Deane-Coe et al., 2015; Lang et al., 2012; Norby et al., 2019). Mosses are vulnerable to 

increased shading by shrubs, and when growing conditions are suitable for vascular plants, 

mosses may fail to compete (Norby et al., 2019). Because they lack the ability to regulate their 

water content, mosses are especially responsive to changes in moisture; drier mosses have 

reduced growth (Elmendorf et al., 2012). The directionality of the response to warming might 

also vary seasonally (Osaki & Nakatsubo, 2021). Many mosses’ growth seasonality differs 

from that of vascular plants, growing primarily in the shoulder seasons, shortly before and 

after the growing season for vascular plants (Deane-Coe et al., 2015).  

Besides changes in growth and species composition, climate change is likely to modify N 

fixation rates in bryophytes (Lett et al., 2024; Permin et al., 2022; Rzepczynska et al., 2022). N 

fixation in bryophytes is also dependent on moisture (Lett et al., 2024). In a study of two 

species of Subarctic feather mosses in northern Sweden, both showed a negative effect of 

warming, but sensitivity was different between species (Permin et al., 2022). Other studies 

confirm that responses are species-specific, and suggest that precipitation changes can 

counter a negative effect of warming on N fixation (Lett et al., 2024; Rzepczynska et al., 2022).  

1.4 Studying community composition and function 

Terrestrial microbial communities are complex: an estimated 59% of Earth’s species inhabit 

the soil (Anthony et al., 2021). The actors in this system are a diverse bunch of both eukaryotes 

and prokaryotes, interacting with each other in various forms of competition, predation, and 

symbiosis. Different actors may fix or mineralize C or N, protect or attack plants, and grow or 

respire with varying degrees of efficiency. Accordingly, ecologists employ a wide variety of 

techniques to study these organisms’ presence and function, methods which all present 

different tradeoffs. 

To know exactly which organisms are present in a sample, we turn to DNA sequencing. Next-

generation sequencing allows for DNA metabarcoding, in which a short DNA region present 

in many species is sequenced. In soil science, the most common selections are the 16S 

ribosomal RNA gene for prokaryotes and the fungal internal transcribed spacer (ITS) 
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(Bellemain et al., 2010; Lewe et al., 2021). Because these methods provide an exact sequence, 

they also allow researchers to reconstruct evolutionary relationships, although the genes 

most suited to phylogenetic studies may differ from the regions used for characterizing 

diversity in a soil sample. Among fungi, for example, some protein-coding genes are more 

conserved than the ITS region, which undergoes relatively frequent insertion and deletion 

mutations that pose problems for sequence alignment (Bruns & Shefferson, 2004). Studies 

using metabarcoding show that climate-change related disturbance is likely to alter species 

composition of the soil and its response to events such as drying-rewetting (Evans & 

Wallenstein, 2014). Furthermore, metabarcoding has shown warming-related community 

shifts (Bradford et al., 2010; DeAngelis et al., 2015; Donhauser et al., 2020), and demonstrated 

that phylogeny is poorly predictive of temperature response (Oliverio et al., 2017). Of course, 

metabarcoding has limitations. DNA in dead organisms can be preserved for years, and many 

of the taxa identified by metabarcoding are not active (Carini et al., 2016; Metze et al., 2024). 

Metabarcoding is subject to many possible sources of bias, such as cells that are more or less 

prone to lysis and amplification biases during the polymerase-chain reaction (PCR) (Lewe et 

al., 2021). Precise quantification of relative sequence abundances can be improved by the 

addition of an internal standard, known as a “spike-in,” with a sequence distinct from species 

in the sample microbial community. Depending on when such a standard is added, it can 

provide information about amplification and sequencing biases or extraction efficiency 

(Alteio et al., 2021). 

Even if relative quantification is correct, it only produces a relative abundance for a particular 

gene. Absolute quantification can be achieved with techniques such as real-time quantitative 

PCR (qPCR), digital PCR (dPCR), or droplet digital PCR (ddPCR)(Bouchez et al., 2016; Quan et 

al., 2018; D. Wang et al., 2022) . In the case of qPCR, target DNA is quantified using a 

fluorescent marker for double-stranded DNA (dsDNA) at the end of each PCR cycle. This can 

be used to estimate the number of copies present prior to amplification (Bouchez et al., 2016). 

dPCR and ddPCR, in contrast, function by dividing the PCR mixture into thousands of smaller 

reactions, referred to as partitions or droplets, respectively. After PCR amplification, 

fluorescence of the dsDNA marker provides binary information about the presence of the 

target sequence within each partition. The absolute copy number in the entire sample can 

then be calculated using a Poisson distribution (Quan et al., 2018; D. Wang et al., 2022).   

Metabarcoding with 16S and ITS can provide information about the members present in a 

microbial community. However, other genetic data can provide information about their 

physiology. The taxa present can provide some information about potential ecological 
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functions, as sequenced genomes may contain genes with known functions in decomposition 

and nutrient cycling (Baldrian & Lo pez-Monde jar, 2014). Transcriptomic data provides a 

clearer picture of which genes are actually being expressed, although extracting sufficiently 

high quantities of easily degraded messenger RNA can present a methodological challenge 

(Poursalavati et al., 2023; Wellington et al., 2003). Some transcriptomics studies indicate 

warming-induced functional changes which might allow communities to use more 

recalcitrant C sources (Choudoir et al., 2014; Jun Liu et al., 2024; Pold et al., 2016; Roy 

Chowdhury et al., 2021). Romero-Olivares et al. (2019) report greater investment in cell 

maintenance activities, in line with the idea that higher temperatures could increase 

maintenance costs and decrease carbon use efficiency (Frey et al., 2013). However, not all 

results of transcriptomics studies are universal; at least one study shows an increase in lignin-

degrading transcripts and decrease in cellulose-degrading transcripts (Jun Liu et al., 2024), 

while another warming study shows responses in the opposite direction (C. Luo et al., 2014). 

Some differences might be related to soil fraction or timeline: mineral soil, for example, may 

receive more partially-degraded carbon sources following warming, while carbon in the 

organic layer becomes increasingly scarce (Pold et al., 2016). In addition to changes in genes 

expressed, warming might have impacts on how genetic information is stored, such as 

changes in codon usage bias (Choudoir et al., 2014) and increase in G+C content (C. Luo et al., 

2014). 

Not all community composition data relies on DNA or RNA. A variety of other molecules can 

function as less specific biomarkers for bio- and necromass of various origins. These include 

amino sugars (Glaser et al., 2004; Salas et al., 2024), neutral sugars (Gunina & Kuzyakov, 2015; 

Salas et al., 2024), and ergosterols (Montgomery et al., 2000). This study makes use of two 

sets of fatty acid biomarkers, phospholipid fatty acids (PLFAs) and neutral lipid fatty acids 

(NLFAs). 

PLFAs make up the bulk of cell membranes, while NLFAs are significant as storage compounds 

(Gorka et al., 2023). Unlike DNA, PLFAs are rapidly degraded after cell death, so they provide 

a better idea of the groups currently active in a community (Y. Zhang et al., 2019). PLFAs also 

provide an accurate estimate of microbial biomass, which is essential for calculating Rmass 

(Caro et al., 2023). Culture studies have identified certain PLFA biomarkers for broad 

categories of microbes, such as fungi, gram-positive bacteria, and gram-negative bacteria; 

however, many species produce the same membrane lipids, which makes this technique 

inappropriate for studying taxonomic diversity  (Frostega rd et al., 2011). Both PLFAs and 

NLFAs can be extracted concurrently and fractionated by origin (Gorka et al., 2023). This is 



19 
 
 

 

advantageous as different groups of fatty acids can vary in their specificity as biomarkers. 

Arbuscular mycorrhizal fungi can be reliably detected using NLFA 16:1ω5 NLFA, but PLFA 

analysis alone is insufficient, as certain bacteria can also produce PLFA 16:1ω5 (Lekberg et 

al., 2022; van Aarle & Axel, 2003; Olsson & Lekberg, 2022). However, linking shifts in PLFA 

composition to community shifts is complicated by the fact that microbes may alter their 

membrane lipids in response to environmental conditions. This includes the response to 

temperature, which may trigger changes in fatty acid saturation or branching in order to 

maintain membrane fluidity (Wixon & Balser, 2013).  Microbes’ ability to dynamically 

resynthesize membrane lipids may be impacted by their nutritional status, with starved cells 

being less able to respond to changing environmental conditions (Petersen & Klug, 1994). We 

can apply different strategies to handle the interacting effects of community composition and 

physiological challenges. PLFAs can be assigned to categories constructed to include related 

molecules produced by the same organisms; gram-negative bacteria, for example, should be 

represented not just by PLFAs cy17:0 and cy19:0, but also by their precursors 16:1ω7 and 

18:1ω7. We can also calculate physiological metrics, like degree of unsaturation, ratio of iso- 

to anteiso-branched fatty acids, and cis/trans ratios (Wixon & Balser, 2013). However, these 

metrics can still be ambiguous. Membrane unsaturation, for example, has an effect on 

membrane fluidity, and can thus be influenced by temperature, but has also been used as an 

indicator of starvation and physiological stress (Schu tz et al., 2009). 

A variety of study designs combine PLFA analysis with stable isotope probing. Zheng, et al. 

(2021), for example, use 13C -labelled Escherichia coli biomass to trace the decomposition of 

the E. coli cells and uptake by other organisms. 13C enrichment was initially highest in fungal 

PLFA biomarkers, demonstrating that they decomposed and utilized the bacterial biomass C 

source before other groups. At later time points, other microbes began to use 13C derived from 

fungal biomass, and the relative levels of 13C enrichment between groups stabilized. Kramer 

& Gleixner (2008), too, used 13C to study carbon transformation – in this case exploiting a 

vegetation change from C3 to C4 plants and the differing isotopic signatures of the C3 and C4 

photosynthetic pathways. Gram-negative bacteria tended to prefer plant-derived carbon, 

while gram-positive bacteria used more older, SOM-derived carbon.  At the ForHot site, a 13C 

pulse labeling experiment found increased uptake of plant-derived C by AM fungi and gram-

positive bacteria at warmed plots (Verbrigghe et al., 2022). 

In this study, we use a different stable isotope method involving the addition of deuterated 

water (2H2O). Because there is a high relative mass difference between deuterium (2H) and 

1H2O, biological processes discriminate heavily between the two isotopes, and 1H2O is 
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typically quite depleted in naturally occurring membrane lipids (Wegener et al., 2016). All 

organisms incorporate hydrogen atoms derived from water molecules into their membrane 

lipids; 2H2O is also not a source of nutrition and should not select for specific taxa (Caro et al., 

2023). In our soils, collected from a site that is not vulnerable to drought, 2H2O was added 

directly. However, 2H2O can also be added via water vapor equilibration to avoid rewetting 

effects (Canarini et al., 2024). 

1.5 The state of literature on adaptation and substrate depletion 

Researchers have examined thermal adaptation in a variety of soil ecosystems, with 

conflicting results. In a study of experimentally warmed soil microcosms, Bradford et al. (2010) 

observed a drop in Rmass. In another other microcosm study, alpine soils incubated above their 

temperature optimum demonstrated both a shift in the temperature range for growth and an 

increase in heat-adapted and stress-resistant OTUs (Donhauser et al., 2020). And naturally 

occurring temperature gradients suggest that, at least over a long enough timespan, soil 

communities’ growth and respiration rate adapt in a way that matches expectations. Both 

within drylands (Dacal et al., 2019) and across different biomes, higher mean annual 

temperature (MAT) is associated with lower mass-specific respiration at a given temperature 

(Bradford et al., 2019), as well as with higher carbon use efficiency (Ye et al., 2019). 

However, other studies support substrate depletion as the limiting factor. In one study, 

respiration rates of intact soil cores were lower in soils that had been subject to three years 

of experimental +3°C in situ warming. This difference was smaller in sieved soils, possibly 

because sieving can make physically protected C available and alleviate substrate limitations. 

Similar effects were observed in shaded plots, which likely experienced a drop in primary 

productivity without any temperature effects (I. Hartley et al., 2007). Another research group 

examined respiration rates by transferring soil microbes between warmed and unwarmed 

soils. Warmed soils had depressed respiration rates compared to control soil, even when the 

soils were sterilized and inoculated with microbes from the control soil. The difference was 

alleviated by N supplementation, suggesting an N limitation on microbial activity in the 

warmed soils (He et al., 2023). 

If microbial adaptation does occur, it is unclear on what sort of timeline this would take place, 

and evidence conflicts. While microcosm studies have demonstrated evidence of adaptation 

within a few months (Bradford, 2013; Donhauser et al., 2020), an in situ experimental 

warming study conducted in Iceland found evidence of adaptation only after 15 years (Rinnan 

et al., 2007, 2009). Similarly, a study of 5-, 8-, and 20-year +5°C-warmed forest soils at a forest 
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site showed a significant change in bacterial community only in the 20-year warmed samples 

(DeAngelis et al., 2015). 

Both adaptation and substrate depletion could contribute to the long-term pattern of soil 

microbial respiration. However, in addition to evidence supporting substrate depletion, there 

is some evidence which explicitly refutes the adaptation hypothesis. In an experimental 

warming study, Schindlbacher et al. (2011) repeatedly measured respiration and microbial 

biomass at an alpine Austrian spruce forest. Warming during the snow-free season had begun 

four years prior, and measurements were taken over the course of two years. The group also 

assessed microbial community composition by PLFA analysis and rRNA qPCR. Biomass-

specific respiration and microbial metabolic activity was elevated, but there was no significant 

difference in microbial community composition. Again, timeline poses an issue: perhaps four 

years is simply not long enough for this adaptation to take place. In this respect, the timescale 

of the ForHot site, with over fifty years of warming, is advantageous. 

Studies thus far at the site have found mixed evidence of microbial adaptation in either the 

short- or long-term. Walker et al. (2018) collected ambient soils not subject to geothermal 

heating and incubated the samples for six weeks at +3°C or +6°C relative to ambient 

temperature. In addition, long-term heated soils were collected and incubated at their field 

temperatures. Mass-specific microbial growth and respiration remained accelerated after six 

weeks or decades of warming. Furthermore, the authors were able to replicate these results 

in a microbial-scale model using rates of microbial activity that were slightly but permanently 

elevated in response to warming. 

In contrast to this, more recent studies of microbial community composition and temperature 

sensitivity at the ForHot site have indeed found evidence of adaptation – b not within the 

range of +6°C warming. Weedon et al. (2023) studied both forest and grassland temperature 

gradients at the site, investigating plots warmed as much as 40°C above the ambient 

temperature. They found that microbial communities varied between sites, but the threshold 

at which this change occurred was between +6°C and +9°C of warming, for both forest and 

grassland plots. Above this threshold, alpha diversity of bacterial communities decreased. 

Furthermore, the same threshold was observed for growth rate temperature sensitivity in 

soils from both vegetation types. The fact that a similar temperature threshold existed in both 

grassland and forest, which have vastly different starting carbon inputs, suggests that the 

community and temperature sensitivity shift resulted from adaptation to the temperature, 

rather than a response to indirect substrate effects. 
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1.6 Research aims 

This work will shed further light on the microbial response to long-term soil warming using 

soils collected from across the temperature gradient at the ForHot site. First, I present mass-

specific respiration measured for each soil during three separate incubation experiments. In 

the first of these experiments, soil at warmed sites was incubated at temperatures similar to 

their field temperatures. In a second experiment, soil from an unwarmed area of the ForHot 

site was incubated at the same elevated temperatures. In a third, soil from the warmed sites 

were incubated at a lower temperature similar to the unwarmed parts of the site. These data 

allow us to see changes in mass-specific respiration, which could be evidence of acclimation, 

following long-term warming ranging from 0 to +15°C. Second, I will analyze PLFA and NLFA 

composition, through which we can observe certain community shifts, as well as the growth 

rates of different microbial groups measured by deuterium incorporation into PLFAs. I will 

integrate these results into a broader understanding of shifts in microbial communities and 

traits during long-term warming.  
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2 MANUSCRIPT 

2.1 Introduction 

Soils are the largest terrestrial reservoir of carbon, containing more carbon than vegetation 

and the atmosphere combined (Swift, 2001). Soil microbes play a crucial role in the carbon 

cycle and the fate of these carbon stocks; carbon fixed by plants enters the soil through root 

exudates or as leaf and root litter, and bacteria, fungi and archaea use carbon for growth and 

release carbon dioxide into the atmosphere through respiration(Schlesinger & Andrews, 

2000). However, there is a great deal of uncertainty around how temperature-sensitive 

biological processes will change and impact greenhouse gas fluxes as global temperatures 

continue to rise (Y. Liu et al., 2018). A better understanding of soil microbes’ responses to 

long-term warming will help to predict the global implications of soil warming (Wieder et al., 

2013).  

Microbial respiratory enzymes function fastest at an optimal temperature, 𝑇opt , which is 

typically higher than the maximum annual temperature experienced by a particular soil 

(Donhauser et al., 2020; Liu et al., 2018). Thus, short-term warming leads to an increase in 

respiration and carbon loss. However, rates of respiration and carbon loss do not usually 

remain elevated when warming continues long-term (Luo et al., 2001; Melillo et al., 2002; 

Oechel et al., 2000; Romero-Olivares et al., 2019; Walker et al., 2018). Throughout this paper, 

we refer to this reduction in soil respiration under long-term warming as apparent thermal 

adaptation, a term which is agnostic as to the mechanism behind this phenomenon  (Bradford, 

2013). In some cases, total respiration may be no different from that of unwarmed soils (Y. 

Luo et al., 2001; Walker et al., 2018), while in others respiration remains elevated, but with a 

muted temperature response in comparison to unwarmed soil (Stro mgren, 2001).  There are 

multiple mechanisms which could explain apparent thermal adaptation, and they are not 

mutually exclusive. One hypothesis is substrate depletion: increased respiration of soil 

organic matter eventually limits the available C substrate, decreasing microbial biomass and 

leading to a drop in respiration simply because of the smaller population of microbes 

(Eliasson et al., 2005; Kirschbaum, 2004; Knorr et al., 2005; Schindlbacher et al., 2011; Walker 

et al., 2018). Similarly, warming can lead to soil drying, which places additional stress on 

microbes, reduces the diffusion of nutrients, and limits microbial growth  (Allison & Treseder, 

2008; Bao et al., 2016; Bradford, 2013). 

However, microbes may also undergo physiological changes, leading to a decrease in 

respiration rate independent of changes in microbial biomass. These changes might be 
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described as acclimation, community shifts, or adaptation. Acclimation describes changes 

within an individual, such as altered gene expression, in response to environmental changes 

(Bradford, 2013; Schimel et al., 2007).  A community shift, on the other hand, would result 

from population changes over multiple generations, as temperature affects the fitness of 

entire taxa within the soil. Adaptation is a broad concept, which is used here as an umbrella 

term describing both acclimation and community shifts. It also includes other genetic changes, 

such as selection for de novo mutations within a species (Barrett & Schluter, 2008).  

Adaptation and substrate depletion are not mutually exclusive, but the contribution of each is 

meaningful: Earth systems models that incorporate adaptation produce different predictions 

of how much carbon dioxide will be released from soils in the future (Wieder et al., 2013). 

Because substrate depletion and adaptation both lead to changes in total respiration rates, we 

need a metric which distinguishes between these mechanisms. One solution is to measure a 

soil’s microbial biomass concentration and calculate respiration per unit of microbial biomass, 

which is referred to as the mass-specific respiration rate (Rmass) (Bradford, 2013; Walker et al., 

2018).  Rmass should reflect changes in microbial physiology and not shifts which are purely 

the result of a larger or smaller microbial population.  

Adaptation encompasses a variety of responses to temperature. We can distinguish between 

a “compensation response,” in which microbial adaptation leads to lower mass-specific 

microbial activity under long-term warming, and an “enhancement response,” in which 

adaptation leads to higher mass-specific activity (Bradford et al., 2019). A compensation 

response would dampen carbon losses, while an enhancement response would increase 

carbon losses (Alster, 2019). 

There is already a substantial body of literature examining these two hypotheses with a 

variety of experimental methods, but the results of these studies conflict. Rmass has been 

observed to decrease following months of warming in multiple soil microcosm studies 

(Bradford et al., 2010; Donhauser et al., 2020), and higher mean annual temperature (MAT) is 

associated with higher carbon use efficiency (Ye et al., 2019) and lower temperature 

sensitivity of respiration (Bradford et al., 2019). While these results support compensatory 

adaptation, others contradict them. He et al. (2023), for example, found that inoculating 6-

year warmed soils with microbes from an unwarmed control did not alleviate apparent 

adaptation, and Hartley et al. (2007) report apparent thermal adaptation alleviated by sieving, 

which can release physically protected C. 
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The research site presented here is a grassland in Iceland subject to at least 50 years of 

geothermal warming. High-latitude soils store a disproportionately large amount of carbon 

due to low rates of decomposition at cooler temperatures (Lundin et al., 2016; McGuire et al., 

2009). However, these stores are particularly threatened by global warming. The Subarctic 

has experienced faster warming due to the ice-albedo feedback, ocean and moisture heat 

transport, and the uneven effects of the Planck feedback (Beer et al., 2020; Ferna ndez-Alvarez 

et al., 2023; Rantanen et al., 2022); Stuecker et al., 2018). It is expected that Arctic and 

Subarctic areas will have warmed between 2.2 and 8.3°C by the year 2100 (Collins et al., 2013). 

The long-term warmed geothermal site is an intriguing model for these imperiled soils. 

Despite the source of warming, mineral-rich geothermal water has not contaminated the soil 

(Sigurdsson et al., 2016). The long time frame covers many generations of microbes which 

could have adapted to the warmed conditions, a process which some studies suggest might 

take years or decades (Rinnan et al., 2007, 2009).  

There are some studies investigating apparent thermal adaptation at this site. Walker et al. 

(2018) collected unheated soils from the grassland and soils heated as much as 6°C by the 

geothermal hotspots. Although soil C was found to be depleted by up to 40%, respiration rates 

calculated per gram of dry soil were not significantly different after decades of warming. 

However, 𝑅mass remained significantly higher in warmed soils. This was interpreted as a lack 

of adaptation and evidence that the apparent thermal adaptation was in fact explained by 

substrate depletion. 

A more recent study at the site found evidence of adaptation at a threshold temperature 

outside the range of the previous experiment. Between 6 and 9°C of warming, there was an 

abrupt shift in community composition as measured by 16S sequencing and temperature 

sensitivity, SI, of microbial growth (Weedon et al., 2023). The same thresholds were observed 

in soils from a nearby spruce forest which also contains geothermal hotspots. Because there 

was a similar dynamic in two ecosystems with vastly different carbon inputs, the authors 

concluded that temperature, and not substrate effects, likely drove the shifts in microbial 

growth and community (Weedon et al., 2023). Notably, +6 to +9°C is in the upper range of 

mainstream climate models’ predictions for (Sub)arctic warming this century (Collins et al., 

2013); even if temperature leads to adaptation, this feedback may not occur under actual 

climate change conditions. 

In this experiment, we pair measurements of mass-specific respiration with measurements of 

microbial growth measured by deuterium incorporation into phospholipid (PLFA) and 
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neutral fatty acids (NLFA) (Canarini et al., 2024). This method provides insight into 

physiological changes in soil microorganisms. PLFAs can act as biomarkers for specific taxa, 

such as fungi or gram-positive bacteria (Frostega rd et al., 2011; Garcia et al., 2020). NLFAs 

exhibit similar variation (Gorka et al., 2023), including a notable biomarker for arbuscular 

mycorrhizal (AM) fungi (Lekberg et al., 2022; van Aarle & Axel, 2003; Olsson, 1999; Olsson & 

Lekberg, 2022; Sharma & Buyer, 2015) . Fatty acids provide less granular information about 

soil microbial community in comparison to genotypic methods, such as 16S and ITS 

metabarcoding. However, they do have certain advantages over DNA methods: PLFA turnover 

is relatively fast (Y. Zhang et al., 2019), and the lack of amplification step makes it possible to 

more quantitatively compare groups identified by fatty acid analysis (Ramsey et al., 2006). 

Fatty acid analysis ultimately provides information about phenotypes in a community, not 

genotype, which can make it difficult to separate acclimation from community shifts (Garcia 

et al., 2020). Phospholipid membrane function is affected by temperature, and microbes can 

respond to warming by resynthesizing membrane lipids -- such as more saturated, less fluid 

fatty acids at higher temperatures (Garcia et al., 2020; Wixon & Balser, 2013).Thus, not all 

shifts in PLFA abundances represent a shift in taxonomic groups present. However, we can 

measure changes in multiple PLFAs specific to particular taxonomic groups in order to infer 

community shifts. 

The study presented here includes three combinations of soils and treatments: soils sampled 

along a long-term warming gradient and incubated in the laboratory at temperature close to 

their field temperatures (the “field warming” group); the same, long-term warmed soils 

incubated at a near-ambient temperature (the “intermediate acclimation” group); and 

samples from an unwarmed area of the site incubated across the field-like temperature range 

(the “short-term warming” group). We had three hypotheses related to thermal adaptation. 

(H1) We expected to see apparent thermal adaptation, with total soil respiration and growth 

lower in warmed samples than ambient temperature samples at the same temperature. (H2) 

We also anticipated compensatory adaptation in growth and respiration. This would be 

demonstrated at both field warming and an intermediate temperature by lower Rmass and 

Growthmass in long-term warmed samples than in ambient temperature samples incubated at 

the same temperature (Figure 2.1). (H3) And we expected this adaptation to occur only at a 

higher warming threshold; thus, mass-specific activity would be unchanged between 

unwarmed and ambient soils at lower levels of warming. This would account for previous 

findings that there is no acclimation in respiration at +6°C (Walker et al., 2018), yet changes 

in community composition and growth temperature sensitivity at a +6-9°C warming 
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threshold (Weedon et al., 2023), and is also informed by non-linear temperature responses of 

soil organic carbon (SOC) pools at this site (Poeplau et al., 2020). In addition to our hypotheses 

around growth, we wanted to examine if and what ways growth rates varied between 

microbial groups.  

 

Figure 2.1 Compensatory thermal adaptation would lead to decreased mass-specific 
respiration and/or growth rates in warm-adapted soil. Rates could differ from 
unwarmed soils (a) across a wide range of temperatures. (b) Measured at a constant 
temperature, as in the “intermediate acclimation” experiment, this would appear as a 
decreasing Rmass with increasing levels of field warming. (c) When activity is measured 
at soils’ warmed temperatures, as in the “field warming” experiment, compensatory 
adaptation would cause Rmass to remain constant with increasing temperature, or at 
least diminished in comparison to ambient temperature soils newly exposed to the 
same elevated temperatures. 

2.2 Methods 

2.2.1 Sampling 

Soils were collected from plots in the grassland old (GO) section of the ForHot site in southern 

Iceland (64°00'01"N, 21°11'09"W) in August 2023. The GO site has been subject to natural 

geothermal warming for at least >50 years, and transects have been established across the 

warming gradient (Sigurdsson et al., 2016). Warmed soils were collected from the GO2 and 

GO3 transects. In total, 32 warmed soils were collected, with 16 points from each gradient. 

Temperature at each sampling site was measured twice daily, in morning and afternoon, for 

four days prior to sampling; field temperatures reported here are the mean of these eight 
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measurements. Temperatures ranged between 11.5°C (+0°C field warming) and 28.7°C 

(+17.2°C field warming). In addition, four soils were collected from an area of the site that 

does not experience geothermal warming. 

The first 10 cm of soil were sampled after removing litter and cutting away the root layer. Soils 

were sieved with 2 mm sieves and placed into incubators 3 days after sampling.  

2.2.2 Soil pH, C and content, and moisture 

pH was measured in soil slurries prepared with 2 g of fresh soil and 10 mL of 10 mM CaCl2. 

Water content was determined gravimetrically after drying 5 g aliquots of fresh, sieved soil 

for 24 hours at 105°C.  

Dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) were extracted from 2 

g aliquots of each soil in 1M KCl and measured using a TOC/TN analyzer (TOC-V CPH 

E200V/TNM-122V; Shimadzu, Vienna, Austria). In addition, 2 g aliquots of each soil were 

fumigated in chloroform for 24 hours prior to extraction with 1M KCl and measurement. DOC 

and DON measurements were subtracted from measurements of chloroform-fumigation 

extracted soils to calculate microbial carbon (Cmic; mg g-1 dry soil weight) and microbial 

nitrogen (Nmic; mg g-1 dry soil weight), and divided by their respective calibration coefficients, 

𝑘EC and 𝑘EN (Jenkinson et al., 2004). 

Cmic =
DOCfum−DOCcon

𝑘EC
   𝑘EC = 0.45 

Nmic =
TDNfum−TDNcon

𝑘EN
 𝑘EN = 0.45 

Aliquots of dried soil were milled to homogenize. 5 mg of each homogenized soil was weighed 

into tin capsules and total C and N were measured by elemental analyzer (EA 1110, CE 

Instruments, Italy) coupled to isotope ratio mass spectrometer (IRMS; Finnigan MAT Delta 

Plus IRMS, Thermo Fisher Scientific, USA). 

2.2.3 Incubation experiments and respiration measurements 

After sieving, soils were incubated in three experiments with similar designs: field warming, 

short-term warming, and intermediate acclimation. For each experiment, 6 grams of wet soil 

were weighed and added to 50 mL Greiner tubes. Soil source and incubation temperature 

varied between the four experiments. 
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In the field warming experiment, soils were incubated at temperatures mimicking their 

respective temperatures at the sampling site; due to space limitations, these temperatures are 

not identical to the field warming, but rather each soil was placed into one of eight incubation 

temperature groups (12.3, 13.1, 13.8, 15.3, 16.7, 18.3, 21.2, and 27°C). In the acclimation 

experiment, soils from these same plots were instead incubated at a single temperature, 

15.3°C. In the short-term warming experiment, each of four control soils were incubated at 

ten temperatures: the eight field temperatures between 12.1 and 27°C, and two additional 

intermediate temperatures, 19.7 and 24.2°C.  

At the start of each experiment, each soil was labelled with heavy water, 2H2O, to achieve a 

target concentration of 4% 2H content in soil water. The volume of 2H2O added was adjusted 

based on soil weight and water content, and varied between 110 and 680 µL. In addition, a 

duplicate set of natural deuterium abundance soils were incubated; H2O was added to these 

samples instead of 2H2O. Vials were capped and incubated at their respective temperatures 

for 48 hours. Immediately after 2H2O addition, and again after 48 hours, the concentration CO2 

in the vial headspace was measured using an infrared gas analyzer (EGM4, PP Systems, USA). 

The difference between timepoints was used to calculate microbial respiration. After the 

incubation, sample tubes were flash-frozen and stored at -20°C prior to freeze drying and 

PLFA extraction. 

To calculate respiration rate, CO2 concentration measurements were converted to absolute 

grams of carbon within the syringe and tube headspace. The amount of carbon removed 

during the initial measurement was added to the final carbon amount to correct for this loss, 

and the amount of carbon added in the synthetic air was subtracted. Initial carbon was 

subtracted from final carbon and divided by time elapsed and dry weight of soil to calculate 

soil respiration rate (𝑅s; mg C g-1 dry soil weight h-1). 𝑅s was divided by the total mass of PLFA 

carbon to produce biomass-specific respiration (𝑅mass; mg C g-1 PLFA C h-1).  

2.2.4 Fatty acid extraction and analysis 

All deuterium-labelled soil samples were freeze dried for 48 hours and returned to storage at 

-20°C. One unlabeled replicate of each treatment was also freeze dried and processed further 

in order to calculate deuterium enrichment in comparison to a natural abundance control. 

For PLFA analysis, all glassware used was muffled at 500°C for >4 hours to avoid 

contamination with organic material. Lids and lid septa, which could not be muffled, were 

washed and rinsed with ethanol and acetone. 
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To extract PLFAs, 1.5 g of freeze-dried soil was weighed into 10mL glass vials. Lipids were 

extracted in 3.0 mL of a mixture of chloroform, methanol, and citrate buffer (CMB; v:v:v = 

1:2:0.8, citrate buffer pH 0 4.0). Soil-CMB slurries were vortexed and allowed to settle 

overnight and then centrifuged for 10 minutes at 3000 rpm. The supernatant was collected 

using a Pasteur pipette. 2.6 mL of CMB was again added to each sample and vortexed, and 

supernatants were collected.  

Following CMB extraction, 1.5 mL chloroform and 1.5 mL citrate buffer were added to each 

vial of CMB extracts. The mixtures were vortexed and allowed to separate overnight. The 

organic fractions from each vial were pipetted into flat-bottomed vials with known weights. 

Filled vials were weighed again to calculate yield from the organic phase. The solutions were 

then dried under N2 and stored at -20°C until lipid fractionation, at most 6 weeks. 

Lipid fractionation was carried out using 96-well plates with 50 mg silica per well 

(Phenomenex, Strata SI-1 Silica, 55 μm, 70 A), washed 3 times with 1.5 mL methanol and 3 

times with 1.5 mL chloroform. 1.5 mL (1 mL and then 0.5 mL) chloroform:ethanol mixture 

(v:v 98:2) were added to each flat-bottomed vial, then transferred to a silica column and 

collected in 1.5 mL glass vials. The glycolipid fatty acid (GLFA) fraction was eluted second in 

1.5 mL acetone and discarded. The third, PLFA fraction was eluted with 1.5 mL methanol-

chloroform-water (v:v:v 5:5:1). Both NLFA and PLFA tubes were dried under N2 and stored 

overnight at -20°C. 

Prior to transesterification, 100 µL of 0.1 mg/mL methyl nonadecanoate in methanol-toluene 

(v:v 1:1) was added to each tube of both NLFAs and PLFAs to account for losses in the next 

steps. A transesterification reagent of approximately 0.07M KOH in methanol was added to 

each NLFA vial and placed in a 37°C chamber for 25 minutes. After 25 minutes, 

transesterification was stopped by addition of 0.4 mL 0.075M acetic acid. The same steps were 

repeated with the PLFA vials. 

0.4 mL chloroform was added to each sample, samples were shaken, and 0.3 mL from the 

bottom phase was transferred to another 1.5 mL vial. Chloroform addition and phase 

separation was repeated, this time collecting 0.4 mL lower phase. Samples were dried under 

N2 and stored at -20°C until gas chromatography measurements. 

Dried fatty acids were resuspended in 60 or 80 µL GC-grade iso-octane and transferred to 

clear screw-top autosampler vials with 100 µL micro-inserts. NLFAs of field samples were 

identified and quantified using a gas chromatograph coupled to a time-of-flight mass 
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spectrometer (TOF-GCMS; GC 7890 B Agilent Technologies, USA; Pegasus BT, LECO, St. Joseph, 

USA). Peaks were identified in ChromaTOF (LECO) using mixtures of bacterial and fungal 

FAMEs (Bacterial Acid Methyl Ester CP Mixture, Matreya LLC, State College, USA; 37 

Component FAME MIX; Supelco, Bellefonte, USA). NLFA areas, measured only in the field 

warming samples, were also quantified in ChromaTOF. 

PLFAs and 2H incorporation were measured for all samples using a GC-Isolink coupled to a 

Delta V Advantage Mass Spectrometer (ThermoFisher Scientific). Peak areas were quantified 

in Isodat 2.0 (ThermoFisher) and peaks were assigned manually by cross-referencing with 

the GC-IRMS chromatographs. Measured values of isotope ratios were corrected against a 

standard row with known isotopic values, prepared using mixtures of icosanoic acid methyl 

ester ranging from δ2HVSMOW -183.9‰ to 384.3% (USGS70 and USGS72, Arndt Schimmelmann, 

Indiana University, USA). 

Absolute quantity of each fatty acid was determined by dividing peak area by the area of the 

internal standard in the sample and multiplying by the amount of standard (640 nmol) added 

prior to transesterification. These quantities were corrected for losses during the first step of 

extraction by dividing by the organic phase yield. The amounts of fatty acids identified in each 

sample’s respective blanks were subtracted from amounts measured in samples. 

Low-abundance fatty acids – those that made up less than 0.5% of the PLFA or NLFA carbon 

in a given sample -- were excluded from analysis. 

The PLFAs 14:1ω5, 15:1ω5, 16:0-2-OH, 16:1ω5, 16:1ω6i, 16:1ω7, 16:1ω9, cy17:0, 17:1ω8, 

18:1ω5, 18:1ω7, 18:1ω9-trans, cy19:0, and 19:1ω9 were used to represent gram-negative 

bacterial biomass. 14:0i, 15:0a, 15:0i, 16:0i, 17:0a, 17:0i, and 18:0i were taken to represent 

Firmicute bacterial biomass. 10Me17:0 and 10Me18:0 were taken to represent 

Actinobacterial biomass. Total bacterial biomass was calculated as the sum of these biomasses 

and of additional general bacterial PLFAs: 14:0, 15:0, 16:0Me, 17:0, and 17:0Me. The sum of 

PLFAs 18:1ω9-cis, 18:2ω6,9 and 18:3ω6,9,12 was used to represent fungal biomass. Absolute 

biomasses (ng PLFA C g-1 soil dry weight) were divided by the sum of all PLFAs to calculate a 

relative biomass for each taxon; taxa relative biomasses sum to less than 1 because of the 

inclusion of general PLFAs not assigned to any taxon in the denominator. 

Total carbon atoms and chain length were added manually in Excel based on structure of the 

identified fatty acid. 
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Fatty acid saturation was calculated as the fraction of bonds in the fatty acid chains which 

were single bonds, such that a set of fatty acids containing no double bonds would have a 

value of 1:  

Saturation =   1 −
𝑑̅

𝑙 ̅ −  1
 

where 𝑑̅ is the mean number of double bonds in a sample’s fatty acids, and 𝑙 ̅is the mean chain 

length of the sample’s fatty acids. 

𝑑̅ and 𝑙 ̅were weighted to account for the biomass contribution of each different fatty acid, and 

calculated as follows:  

  

𝑑̅ =   
∑(PLFA𝑑  ×  𝑑)

PLFAtotal
 

𝑙 ̅ =   
∑(PLFA𝑙  ×  𝑙)

PLFAtotal
 

where  𝑑  is the number of double bonds in a fatty acid, 𝑃𝐿𝐹𝐴𝑑  is the moles of PLFAs 

containing  𝑑 double bonds, 𝑙 is the length of a fatty acid’s main chain, PLFA𝑙  is the moles of 

PLFAs of chain length 𝑙, and PLFAtotal is the total moles of PLFAs in a particular soil. 

2.2.5 Growth 

For each experiment (field warming, short-term warming, and acclimation) isotope ratios 

were measured in at least 8 unlabeled samples. The mean natural abundance of deuterium in 

each fatty acid in each experiment ( H2  at%nat ab) was calculated from these samples. 

The difference between the deuterium abundance in the labelled and unlabeled samples’ fatty 

acids was divided by the maximum theoretical incorporation of deuterium into PLFAs (𝑎w ; 

0.71) and the calculated deuterium abundance in the labelled sample ( H2  at%soil water; target 

0.04). This represents the fraction of the PLFA which was produced during the incubation 

period (Fraction Cprod,   PLFA ; g PLFA C produced g-1 PLFA C). 

Fraction Cprod,   PLFA =
H2  at%lab − H2  at%nat ab

𝑎w × H2  at%soil water

 

We divided this by the incubation time (h) to calculate a mass-specific growth rate for each 

PLFA (Growthmass,   PLFA; g PLFA C produced g-1 PLFA C h-1).   
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Growthmass,   PLFA = Fraction Cprod,   PLFA/ time 

We multiplied each PLFA’s  Growthmass by an individual PLFA’s biomass (CPLFA; ng PLFA C g-

1 dry soil) to calculate that PLFA’s growth rate, and sum them up to calculate total soil 

microbial growth, Growths (ng PLFA C produced g-1 dry soil h-1).   

Growths = Σ (Growthmass,   PLFA  ×  CPLFA) 

In addition, the absolute growth of individual taxa (Growthtaxon) was calculated using only 

PLFAs specific to that taxon, as assigned to the groups described above.  

Growths was divided by total PLFA biomass (ng PLFA C g-1 soil dry weight) to yield an overall 

Growthmass ; note that this step and the previous step essentially produce an average 

Growthmass,   PLFA weighted by the contribution of each individual PLFA to total PLFA biomass. 

Growthmass =
Growths

ΣCPLFA
 

Mass-specific rates of growth were also calculated for each taxon. This metric is necessary 

because, as for total microbial respiration, we expect higher absolute growth among more 

abundant taxa, and need mass-specific growth in order to separate the effects of biomass 

changes from physiological changes. 

Growthmass,   taxon =
Growthtaxon

C taxon
 

Another metric, relative growth, was also calculated for each taxon. Relative growth describes 

the share of total microbial growth which is accounted for by a particular taxon:  

Growthrelative,   taxon =
Growth taxon

Growths
 

Taxon-specific relative growth rates sum to less than 1 because Growths  also includes the 

production of PLFAs not assigned to any taxon. 

For the purpose of calculating CUE, we also calculated total microbial growth using another 

method, multiplying Growthmass by the CFE-based Cmic to yield CFE based Growths (ng C g-1 

dry soil h-1). This estimate of microbial growth, based on a more comprehensive measurement 

of biomass than PLFA C alone, is on a scale that is more comparable to respiration (Canarini 

et al., 2024). 
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CFE based Growths =  Growthmass × Cmic 

Growth and respiration for Total growth and total respiration were used to calculate a carbon 

use efficiency (CUE): 

CUE =
CFE based Growths

CFE based Growths + 𝑅s
 

2.2.6 Statistics 

Statistical analyses were carried out in R. The packages “dplyr,” “ggplot2,” “ggfortify,” 

“cowplot,” “viridis,” and “ggrepel” were used for handling data and generating graphics. 

The threshold for significance was 0.05. 

Correlations between field temperature and selected soil properties (C, N, pH, moisture, PLFA 

biomass, AMF NLFA biomarker relative biomass) at the long-term site were tested using 

Pearson’s product-moment correlations. 

Principle component analysis (PCA) was performed using the prcomp() function, including 

for scaling and centering. PCA was carried out on soil properties in long-term warmed soils; 

on the relative biomasses of all PLFAs across all three warming experiments; and on mass-

specific growth of all PLFAs across all three warming experiments. 

Differences in activity rates between long- and short-term warmed soils at specific incubation 

temperatures were tested using Mann-Whitney U tests. 

To test the effect of long-term warming on mass-specific growth in the short- and long-term 

warming experiments, a null model was constructed where Growthmass was and incubation 

temperature was a predictor. Other models including incubation temperature as well as field 

warming level, or presence or absence of field warming, were also tested. Model parsimony 

was compared by BIC.  To test the effect on respiration, the null model and all models tested 

used Rs as the dependent variable and additionally included total PLFA biomass as a predictor, 

to avoid using a calculated ratio as the dependent variable. 

To evaluate potential effects of microbial community composition on respiration, linear 

models were built where Rs was the dependent variable and the independent variables were 

incubation temperature and PLFA biomass of each taxon (Fungi, Gm- bacteria, Firmicutes, and 

Actinobacteria), including interactions between temperature and taxa. In addition, a null 
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model was created where temperature and total PLFA biomass were used as independent 

variables, and model parsimony was compared by BIC. 

2.3 Results 

2.3.1 Response of soil properties to long-term warming 

Long-term warmed soils show carbon, nitrogen, and biomass losses, as well as an increase in 

pH (Figure 2.2, Figure 2.3, Table 2.1). However, if the two highest warming groups of soils are 

excluded, there is no significant correlation between temperature and C or N. In addition, 

there is depletion in 13C, indicating a change in the soil’s recycling status perhaps linked to the 

overall losses in soil carbon.  

A PCA biplot of these soil properties also shows that most of these properties are closely 

linked, with highly-warmed samples separated along the first principal component (Figure 

2.4). However, it also highlights the separate behavior of 13C, which is depleted relative to 12C 

even at lower levels of warming. 

Table 2.1 Summary of Pearson’s product-moment correlations between field warming 
and key soil properties. Degrees of freedom = 30. Significance codes: * p < 0.05 , 
**p<0.005, ***p<0.001. 

 

 
Metric r 

C -0.658*** 

Cmic -0.285 

PLFA C -0.618*** 

δ13C -0.687*** 

N -0.690*** 

pH 0.671*** 

soil moisture -0.576*** 

relative NLFA AMF 
biomarker 

0.344 
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Figure 2.2 (a) C, (b) microbial C, (c) PLFA C, and (d) 13C content across the field warming 
gradient.  
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Figure 2.3 (a) N, (b)  pH, (c) soil moisture, (d) and relative biomass of the AM fungal 
biomarker NLFA C16:1ω5 across the field warming gradient. 
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Figure 2.4 PCA of soil properties (C, N, pH, moisture, PLFA biomass, AMF NLFA 
biomarker relative biomass), including arrows representing loadings, in long-term 
warmed soils. 
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2.3.2 Apparent thermal adaptation in total activity rates  

 
Figure 2.5 (a) Total soil respiration, Rs and (b) total growth, Growths, of long- and short-
term warmed soils across a range of temperatures. Lines represent LOESS regressions 
with shading representing 95% confidence interval.  Significance codes: * p < 0.05 , 
**p<0.005, ***p<0.001, Mann-Whitney U test between field and short-term warming 
groups. 

Long-term warmed soils demonstrate apparent thermal adaptation, as expected, with both Rs 

and Growths being significantly higher in ambient soils at the highest level of warming (H1, 

Figure 2.5). However, this effect is not apparent at lower levels of warming. Particularly 

noteworthy is that Rs is significantly positively correlated with field warming (r(22) = 0.592, 

p = 0.0023) and incubator temperature (r(22) = 0.0038) for soils at field warming levels up 

to +6℃, indicating long-term elevated respiration even without subsequent C losses. Rs and 

Growths increase with temperature at similar rates for both short- and long-term warmed 
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soils. This high threshold for apparent thermal adaptation corresponds to the observed drop 

in carbon and biomass only at higher temperatures (Figure 2.2).  

 

Figure 2.6 Total growth of  PLFAs associated with (a) gram-positive bacteria, (b) 
Firmicutes, (c) fungi, and (d) Actinobacteria in long- and short-term warmed soils 
across a range of temperatures. Lines represent LOESS regressions with shading 
representing 95% confidence interval.  Significance codes: * p < 0.05 , **p<0.005, 
***p<0.001, Mann-Whitney U test between field and short-term warming groups. 

The pattern is similar but less pronounced in total growth of individual taxa, with total growth 

increasing across the temperature range in short-term warmed soils, but highest at 

intermediate levels of warming in long-term warmed soils (Figure 2.6). Actinobacteria and 

fungi, in particular, have higher total growth rates at intermediate long-term warming than in 

short-term warming, where they show very little increase in growth rates with temperature.  
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2.3.3 Responses of mass-specific activity rates to short- and long-term warming 

 

Figure 2.7 (a) Mass-specific soil respiration, Rs and (b) mass-specific microbial growth, 
Growthmass, of long- and short-term warmed soils across a range of temperatures. Lines 
represent LOESS regressions with shading representing 95% confidence interval.  
Significance codes: * p < 0.05 , **p<0.005, ***p<0.001, Mann-Whitney U test between 
field and short-term warming groups. 
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Figure 2.8 Mass-specific growth rates of PLFA biomarkers for (a) gram-negative 
bacteria, (b) Firmicutes, (c) Fungi, and (d) Actinobacteria in long- and short-term 
warmed soils incubated across a range of temperatures. Lines represent LOESS 
regressions, shading represents 95% confidence intervals. Significance codes: * p < 
0.05 , **p<0.005, ***p<0.001, Mann-Whitney U test between field and short-term 
warming groups. 

𝑅s  showed a strong and positive response to incubation temperature (p<0.001) and PLFA 

biomass (p<0.001) when both included as predictors terms in a linear model (adjusted r2 = 

0.645) (Figure 2.7). However, there was no significant effect of field warming level or whether 

soil had been warmed long-term, and model parsimony decreased when either of these terms 

was included – counteracting the idea of compensatory thermal adaptation (H2). Growthmass, 

in contrast, showed a significant positive response to both to incubation temperature 

(p<0.001) and field warming level (p<0.001), included together in a model (adjusted r2 = 
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0.727); inclusion of field warming improved model parsimony. This, too, suggests a lack of 

compensatory thermal adaptation (H2), but it further points to an enhancement response in 

growth. This enhancement response also appears to be diminished at the highest incubation 

temperature, suggesting that the adaptation of microbial activity to temperature may vary 

with warming intensity (H3). It also varies between taxa, with Firmicutes notably showing a 

greater short-term response than other taxa and no significance differences in growth rate 

between short- and long-term warmed soils (Figure 2.8). 

2.3.4 Activity rates of long-term warmed soils incubated at the same temperature 

 
 

Figure 2.9 Mass-specific growth of field warmed soils incubated at 15.3°C (+3.2°C 
warming), plotted against field warming. For comparison, the line indicates the mean 
Growthmass of ambient soils incubated at the same temperature. 

The intermediate acclimation experiment also provides no evidence of a compensation 

response to long-term warming. There was no significant relationship between field 

temperature and mass-specific growth at +3°C (Figure 2.9). Furthermore, we see that total 

respiration is highly correlated with C (r(67) = 0.782, p<0.001, Figure 2.10); including field 

warming level on its own or with C in a linear model worsens the model’s fit. Thus, substrate 

losses, and not adaptation, appear to explain changes in total activity at an intermediate 

temperature (H2). 
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Figure 2.10 Total soil respiration plotted against soil C content for long-term warmed 
soils incubated at +3°C. Line represents a simple linear regression and shading 
represents 95% confidence interval. 
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2.3.5 Carbon use efficiency (CUE) 

 

Figure 2.11 Carbon use efficiency of field and short-term warming samples across 
different incubation temperatures. Lines represent simple linear regressions and 
shading represents their 95% confidence intervals. 

Among the ambient soils, carbon use efficiency can be seen to decrease in a linear fashion 

with increasing incubation temperature, while there is high variability and no significant 

relationship to temperature among long-term warmed samples. 

 

 



46 
 
 

 

2.3.6 Relative growth rates of microbial groups 

 

 

Figure 2.12 Relative growth rates of PLFA biomarkers for (a) gram-negative bacteria, 
(b) Firmicutes, (c) Fungi, and (d) Actinobacteria, plotted against incubation warming, 
for short-term and field warmed samples. Lines represent simple linear regressions. 

We see that the relative growth rates of individual taxa follow similar trends under both long- 

and short-term warming, with Firmicutes making up a larger share of growth and both fungi 

and gram-positive bacteria seemingly at a disadvantage  

The exception is Actinobacteria, which have higher relative growth under long-term warming, 

but show no change under short-term warming. In addition, these changes in relative growth 

rate occur along the entire temperature range, both as a result of short-term warming and 
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along the long-term gradient, rather than following the observed step changes in C and N 

(Figure 2.2, Figure 2.3). 

 

 
Figure 2.13 Relative growth rates of PLFA biomarkers for (a) gram-negative bacteria, 
(b) Firmicutes, (c) Fungi, and (d) Actinobacteria, plotted against incubation warming, 
during incubation of long-term warmed soils at either field-like temperatures or +3°C. 
Lines represent simple linear regressions. 

Similarly, the relative growth rates of taxa begin to diverge when long-term warmed soils are 

incubated at different temperatures, most notably with an increase in the relative growth rate 

of gram-negative bacteria (Figure 2.13). Even after decades of warming, temperature itself 

can lead to different growth responses among different taxa, which might eventually shift 

community composition. 
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2.3.7 Response of microbial community composition to changes in temperature 

 

 
Figure 2.14 Share of PLFA biomass made up of biomarkers for (a) gram-negative 
bacteria, (b) Firmicutes, (c) Fungi, and (d) Actinobacteria in long-term warmed soils, 
plotted against field warming.  

Across the long-term warming gradient, we observed not just decreasing overall biomass with 

temperature, but also a drop in biomass with increasing temperature in Firmicutes (r(30) = -

0.53, p =0.002), gram-negative bacteria (r(30) = -0.65, p <0.001), and fungi (r(30) = -0.57, p 

<0.001). The abundances of these taxa relative to total PLFA biomass changed across the 

temperature gradient: gram-negative bacteria (r(30) = --0.52, p =0.0022) and fungi (r(30) = -

0.43, p = 0.0134) made up a smaller portion of biomass with increasing long-term warming, 

while Firmicutes (r(30) = 0.697, p <0.001) and Actinobacteria (r(30) = 0.514 , p =0.0026) 

increased in relative biomass.  
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Temperature was better than total carbon for predicting relative biomass of gram-positive 

bacteria, gram-negative bacteria, and Actinobacteria. For these groups, carbon content was 

not significant and produced a less parsimonious model when included alongside 

temperature as a dependent variable in a linear fixed-effects model. For fungi, however, there 

was a stronger correlation with total carbon, which was positively related to fungal relative 

biomass (r(39) = 0.49, p = 0.0045).  

Relative biomass of specific taxa, when included in linear models of mass-specific respiration, 

were not significant and produced less parsimonious models. 

 

 
Figure 2.15 PCA of relative biomasses of all PLFAs across all three experiments. Ellipses 
represent 95% confidence intervals. 
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Figure 2.16 PCA of mass-specific growth rates of all PLFAs across all three experiments. 
Ellipses represent 95% confidence intervals. 

Changes in PLFA composition appear to reflect long-term community shifts and acclimation, 

and not a response to warming during the 48-hour incubation. In a PCA of relative biomass of 

all PLFAs measured in the field warming and short-term warming samples (Figure 2.15), the 

first principal component is more closely correlated with C (r(97) = 0.432, p<0.001) than with 

temperature, suggesting substrate availability and composition are key for driving long-term 

changes in community composition at the gradient. The second principal component is more 

closely correlated with field temperature (r(98) = 0.343, p<0.001), and neither PC1 nor PC2 

are significantly correlated with incubation temperature.  

In contrast, the growth rates of specific PLFAs respond rapidly to the experimental 

temperature change.  In a PCA of relative growth rates (Figure 2.16) both PC1 (r(98) = -0.272, 

p=0.006)  and PC2 were more closely correlated with incubation temperature (r(98) = -0.428, 

p<0.001) than field temperature, and neither was significantly correlated with C. 
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2.3.8 Membrane fluidity 

 

Figure 2.17 Membrane fluidity metrics such as (a) average saturation of newly 
produced PLFAs, (b) average saturation of new Gm- PLFAs, and (c) average chain length 
of new Firmicute PLFAs plotted against incubation warming. Lines represent simple 
linear regressions. 

Samples show temperature-related changes in PLFA saturation and chain length which likely 

indicate lipid membrane resynthesis. Among the short-term and field warming samples, 

newly-produced PLFAs were more saturated as incubation temperature increased (r(69) = 

0.586, p < 0.001). Average PLFA main C chain length and PLFA saturation—both associated 

with decreasing fluidity – were significantly negatively correlated (r(70) = -0.637, p < 0.001). 

Within taxon-specific marker PLFAs, there were significant relationships between incubation 

temperature and membrane fluidity metrics of newly-produced PLFAs, summarized in Table 

2.2. 
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Table 2.2 Relationships between incubation temperature and the membrane fluidity 
metrics of newly-produced taxon-specific PLFAs. 

Taxon Warming Metric r p 

Firmicute short-term new PLFA average 
saturation 

0.914 <0.001 

 field new PLFA average 
saturation 

0.452 0.009 

 short-term new PLFA average 
chain length 

0.705 <0.001 

 field new PLFA average 
chain length 

0.722 <0.001 

Gm- bacteria short-term new PLFA average 
chain length 

0.669 <0.001 

 field new PLFA average 
chain length 

0.390 0.027 

 

2.4 Discussion 

2.4.1 Apparent thermal adaptation explained by C and biomass losses 

Both our ambient and long-term warmed soils showed strong increases in respiration rate 

under warming, while more more intensely warmed decadal warming soils show apparent 

thermal adaptation (H1). For short-term warmed samples, the temperature response appears 

to be linear across the entire range of incubation temperatures, 12-27°C, with no plateau or 

drop in temperatures beyond a certain level of warming (Figure 2.5). This suggests that the 

soil-wide  𝑇opt of respiration is higher than our highest incubation temperature. Although our 

incubation temperatures do not exceed the soil-wide  𝑇opt  for respiration, individual taxa 

likely have a variety of different respiration rates (Bradford, 2013; Donhauser et al., 2020), 

and warming is known to affect microbial communities not just by altering the function of 

community members which are already active, but also by activating dormant species that 

may function best in other temperature ranges (Metze et al., 2024). 

We expected that, at least at the highest temperatures, we would see a decrease in Rmass 

following long-term warming (H2). Across biomes, soil respiration at a given temperature 

tends to decrease with increasing MAT (Bradford et al., 2019). This is in line with evolutionary 

theory around temperature trade-offs: at higher temperatures, flexible enzymes that can 

function efficiently at lower temperatures become a liability, and more stable enzymes that 

spend more time in particular binding configurations confer an advantage (Bradford, 2013). 

However, we find no evidence that microbial respiration has adapted to long-term warming 

The apparent thermal adaptation observed at the highest warming appears to be explained 



53 
 
 

 

entirely by the reduction in microbial biomass and C, and we see no difference – or even a 

slight enhancement response – when we look at mass-specific respiration rather than total 

respiration  (Figure 2.7). 

2.4.2 Enhanced mass-specific growth following long-term warming 

As with respiration, microbial growth rate does not appear to be less temperature-sensitive 

in long-term warmed samples (H2). In fact, long-term warmed samples have higher 

Growthmass than the ambient soils (Figure 2.7b, Figure 2.9). Similarly, carbon use efficiency 

decreases with increasing incubation temperature among the ambient soils, but is unrelated 

to temperature – albeit highly variable – among the field-warmed soils (Figure 2.11). Other 

studies have found CUE to increase with MAT within and across different biomes, which might 

indicate that higher temperatures select for higher CUE (Sinsabaugh et al., 2017; Takriti et al., 

2018; Ye et al., 2019).  

Temperature sensitivity of cellular machinery might enable microbes in long-term warmed 

soils to enhance their growth. Soil microbes exposed to long-term warming soils have been 

observed to downregulate energy metabolism and protein biosynthesis pathways, including 

a reduced number of ribosomes and lower ribosomal RNA copy number (DeAngelis et al., 

2015; So llinger et al., 2022, 2024). As warming accelerates biochemical processes, cells can 

invest less energy and materials in molecules that carry out those processes without a 

reduction in activity, and can instead allocate resources towards growth. This acceleration is 

also known to occur in extracellular enzymes that degrade microbes’ energy sources. Crucially, 

temperature sensitivity varies between enzymes (J. Chen et al., 2018). Even if cellular 

machinery begins to work faster immediately after warming, certain processes may lag 

behind others, such that a newly-warmed microbe is overly invested in some tasks and can 

grow less efficiently. 

While downregulation and reallocation of cellular machinery might explain the growth 

enhancement effect observed here and by Walker (2018), it is surprising that long-term 

warmed soils from the upper end of the gradient do not have lower Growthmass when 

incubated at a much lower level of warming, +3°C (Figure 2.9). At lower temperatures, 

downregulation of this machinery should impede cell function. Perhaps we do not observe 

such an impact because the experiment was carried out in summer, and incubation 

temperatures were relatively high: even the most warmed soils are likely to experience the 

temperature from the acclimation experiment over the course of a year (Sigurdsson et al., 
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2016). It might be that our long-term warmed soils do experience a tradeoff, but their activity 

rates only drop below those of ambient soils at lower temperatures than those tested. 

While accelerated reaction rates could provide some benefits to species, warming is coupled 

with C and N losses. Labile carbon losses can make catabolism less efficient (Frey et al., 2013). 

This could act as a counterweight to efficiency benefits from elevated temperature, and 

explain why the highest temperature long-term warming samples show diminished growth 

enhancement along with a sudden drop in C and N. 

The observed drop in CUE, and its attenuation in the field-warmed samples, might also result 

from short-term stress and species coming out of dormancy. Both initiation of dormancy and 

resuscitation are energy-intensive processes, requiring microbes to break down spores and 

release resuscitation-promoting factors (C. Wang & Kuzyakov, 2023). Investment in these 

could result in a lag in growth and a lower CUE relative to the long-term warmed soils, where 

the pool of actively growing species should be unchanged during the incubation period. Even 

aside from a change in actively growing species, the sudden change in temperature might 

require other forms of acclimation, such as the production of different isoenzymes, which 

require energy but do not contribute to the cell’s growth. 

2.4.3 Reconciling elevated respiration with stable carbon stocks 

As expected, the carbon content of the soils studied decreased with warming. However, the 

threshold at which carbon loss occurs is surprising. No carbon or nitrogen loss was observed 

in the first +6°C of warming (Figure 2.2, Figure 2.3). In contrast, Verbrigghe et al. (2022) 

studied both the GO site, where our samples are from, and the grassland new (GN) area at the 

ForHot site, which has been warmed since 2008, when an earthquake led to the development 

of new geothermal hotspots. They found that SOC stocks in topsoil decreased linearly with 

warming and stabilized within five years of the start of warming. This SOC decrease was 

observed even within a lower temperature range, where our data show no change in total soil 

carbon or biomass in our samples. They do note, however, that SOC stock estimates were 

highly variable, owing to both measurement errors and heterogeneity in the soil. 

This difference from previous research findings might simply be a result of variability 

between transects, but the lack of C loss is also puzzling in combination with our respiration 

data, where we saw elevated respiration rates comparable to those of ambient soils under 

short-term warming. If temperature is elevated long-term without any change in temperature 

response, then we would anticipate carbon losses. However, in our first five warming bins, we 
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see no such thing. This suggests that there may be other simultaneous changes to carbon flux 

which have prevented net carbon loss at least at some plots. 

These changes could include higher carbon inputs from primary production. Increases in 

biomass, sometimes exceeding increased ecosystem respiration, have been observed in some 

grassland warming experiments (Kreyling et al., 2019; Luo et al., 2009; Sheik et al., 2011; 

Wang et al., 2019). Other studies finding negative effects on net primary production (NPP) 

often link this to drought stress, which is less likely to play a role in relatively moist Iceland 

(De Boeck et al., 2015; Sheik et al., 2011; Wu et al., 2021). Perhaps the simplest explanation 

for such an increase would be an extension of the growing season, which has been observed 

in other cold climate grasslands (Richardson et al., 2013). However, exceptions occur, with 

other environmental factors, including daylight and precipitation, acting as possible 

constraints on the growing season (Leblans et al., 2017) 

Increasingly productive plants could explain some of our data, but studies of plant biomass 

and growing season already conducted at the ForHot site are ambiguous. In a study measuring 

normalized difference vegetation index (NDVI) at plots up to +10°C, Leblans et al.  (2017) 

found a linear increase in the growing season by 2.1 days per °C soil warming. Meeran et al. 

(2023) also observed an earlier start to the growing season but found that the extension of 

the growing season was mitigated by plants’ early senescence, a phenomenon also seen in 

other cold climate grasslands (Khorsand Rosa et al., 2015). Early senescence was alleviated 

by N addition, suggesting that N limitation led to the early end of the growing season. Fang et 

al. (2023), reporting a decrease in aboveground biomass with warming, also point to N 

limitation affecting plant growth. They also found an increase in moss:vascular plant ratio, 

which might influence C loss: moss-derived carbon sources are typically less labile and 

decomposed more slowly than vascular plant litter (Fang et al., 2023; Lindo et al., 2013). 

However, a lack of labile carbon seems unlikely to explain our data, as microbial biomass and 

total remain stable within the same range, whereas we might expect microbial biomass and 

SOC stocks to diverge if microbes were limited by falling carbon quality. 

Aside from increasing carbon inputs, a reduction in other forms of carbon loss could also lead 

to the lack of net carbon loss that we observe. Our study only involved sieved soil, and thus 

only offers information about microbial respiration, but plant respiration could also exhibit 

adaptation or acclimation in temperature response. However, 𝑇opt of respiration appears to 

often be higher than that of photosynthesis, with plant respiration – like microbial respiration 

– likely being substrate limited, rather than exhibiting acclimation, under long-term warming 
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(Smith & Dukes, 2013). There are a few processes other than microbial and plant respiration 

which can remove carbon from terrestrial systems. These include erosion, fire, insect damage, 

and agricultural harvest. There is no reason to believe that any of these carbon loss 

mechanisms would be greater at lower temperatures and explain the lack of net carbon loss; 

thus, a change in input is more likely to explain our observed pattern of C loss. 

While carbon stocks are stable at low warming levels, there is a clear, linear decrease in δ13C 

with temperature, including at lower levels of warming (Figure 2.2d). Like our respiration 

data, this indicates temperature-sensitive changes in C cycling processes. The direction of this 

effect is initially surprising: older, more decomposed SOM is typically, though inconsistently, 

enriched in 13C (P. Dijkstra et al., 2006). A study of isotope ratios in respired CO2 and microbial 

biomass following C3-C4 vegetation change found that old C contributed only 20% of microbial 

biomass, but the majority of CO2. This suggests that older C sources may be used catabolically 

while newer C is preferentially used for growth (Blagodatskaya et al., 2011).  Thus, while 

microbes respire 12C slightly faster (Werth & Kuzyakov, 2010), leaving behind a recalcitrant, 

13C-enriched SOM pool, increasing energy demands may result in microbes preferentially 

respiring this older pool and incorporating fresher, 13C-depleted compounds into SOM. The 

disruption of aggregates and subsequent availability of older, more recycled carbon sources 

could also contribute to this effect (Poeplau et al., 2020). 

In addition to microbial processes, changes in plant community composition can cause 

changes in δ13C. C3-C4 vegetation shifts are the focus of much study: C3 plants produce litter 

with a mean δ13C of -27%, while C4 plants are 13C-depleted to a mean δ13C of -13% (Pessenda 

et al., 1996).  We can rule out a C3-C4 vegetation shift based on simple species distribution 

patterns: Iceland likely has no C4 or CAM plants, which are instead characteristic of tropical 

and subtropical regions (X. Luo et al., 2024; Osborne et al., 2014; Y. Wang & Wooller, 2006). In 

the unlikely event of C4 invasion at the ForHot site, we would expect it to produce the opposite 

pattern – inherently cold-intolerant, more drought-resistant C4 plants would have a better 

chance at the most warmed plots, where their isotope preferences would lead to less negative 

13C values (X. Luo et al., 2024). Even if a C3-C4 shift is implausible, other community 

composition changes could affect carbon isotope ratios. δ13C values of plant communities and 

even of individual plant species have been observed to vary across ecological gradients (S. 

Chen et al., 2007; Cooper et al., 2023; Stewart et al., 1995; Y. C. Zhou et al., 2013). The 13C 

content of mosses, in particular, is known to be heavily dependent on cell water content and 

the presence of water films, although the range of 13C signatures in mosses is similar to that 
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of vascular C3 plants (Bramley-Alves et al., 2015; Brooks et al., 1997; Dong et al., 2019; 

Skrzypek et al., 2007). 

2.4.4 Chewing the fat: PLFA and NLFA insights 

While most taxa identified by PLFA biomarkers decreased in absolute biomass across the 

warming gradient, not all groups were impacted to the same degree (Supplementary 

Materials, Figure 2.20). Gram-positive (Gm+) bacteria including Actinobacteria became 

relatively more abundant (Figure 2.13). This is in line with previous research finding the 

promotion of Actinobacteria and Firmicutes at elevated temperatures and decreases in many 

gram-negative (Gm−) phyla (Deslippe et al., 2012; Waghmode et al., 2018; Zhao et al., 2024). 

This shift might not be a direct response to temperature, but rather to indirect effects of 

carbon limitation. Gm+:Gm− ratio has been proposed as an indicator of low carbon availability, 

increasing down the soil profile or after plant removal (Fanin et al., 2022; Zheng et al., 2021). 

Gm− bacteria exhibit a preference for newer plant-derived carbon, while Gm+ bacteria are 

more likely to use older SOM carbon sources (Kramer & Gleixner, 2008). However, the share 

of biomass made up of gram-negative bacteria was significantly and negatively correlated 

with temperature even between 0 and +6°C warming, where there was no statistically 

significant effect of temperature on soil carbon stocks. If anything, these less warmed soils 

might be expected to have more labile carbon, as warming could increase annual plant growth 

and speed up carbon turnover. This suggests that the temperature itself may put the gram-

negative bacteria at a relative fitness disadvantage. 

Our taxon-specific growth rates, calculated from the deuterium labelling experiment, also 

support this conclusion. The short-term warming soils show changes in relative growth rates 

which are similar to changes across the long-term warming gradient, although there is no 

major substrate depletion during the 48-hour incubation (Figure 2.12). Conversely, the taxon-

specific growth rates diverged between the long-term warming and intermediate acclimation 

experiments. As soon as warmed soils were incubated at a lower temperature, Gm- bacteria 

began to account for a larger portion of growth, even though carbon remained depleted.  

Competitive differences between taxa extend beyond carbon source. For example, gram-

positive bacteria are also thought to be inherently resistant to some other stresses, in 

particular drought and rewetting, as a result of their thick cell walls, which impose production 

costs that might reduce fitness in less dry conditions (Schimel et al., 2007). Geothermal 

warming can induce new forms of stress, but it also might alleviate other stressors; for 

example, long-term monitoring indicates that the grassland plots at the site warmed above 
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+1.7°C typically do not experiencing freezing temperatures (Sigurdsson et al., 2016); freezing 

can destroy cells through ice crystal formation and cell membrane freezing, as well as 

interfering with diffusion and nutrient availability (Schimel et al., 2007).  

One fatty acid of interest is 16:1ω5 NLFA, which is a reliable biomarker for arbuscular 

mycorrhizal fungi. Most vascular plant species form arbuscular mycorrhizal relationships; 

this symbiosis is even more dominant in a grassland ecosystem, given that the second most 

common mycorrhizal symbiosis, the ectomycorrhizal symbiosis, is primarily formed with 

forest trees (Nehls et al., 2010; Read & Perez-Moreno, 2003). Most dominant vascular species 

at the site have AM symbioses, although Equisetum species, which are also present, typically 

do not (Giesemann et al., 2020; Hodson et al., 2009; Van Loock, 2017). In a grassland warming 

experiment, increases in AMF root colonization and hyphal length were observed in response 

to warming, even without changes in root mass or length (Rillig et al., 2002); the majority of 

studies investigating AMF response to increased temperature have found increased AMF 

colonization and hyphal length, although results vary considerably in different systems 

(Compant et al., 2010). We might expect to see positive effects in our soils, with more AMF 

biomarker in warmed soils. Furthermore, AM fungi have limited catabolic abilities and seem 

to contribute relatively little to the rhizosphere priming effect (Read & Perez-Moreno, 2003; 

Shahzad et al., 2015)  Thus, increased C fixation and allocation to AM fungi could have offered 

a reasonable explanation for stable C stocks despite elevated respiration. However, we 

observed no significant relationship between temperature and relative or absolute 

abundance of NLFA 16:1ω5 (Figure 2.3d, Table 2.1). If primary production has increased in 

the low range of long-term warming, it does not seem to have benefitted the AM fungi. 

Increasing carbon input would not necessarily feed increasing AM fungal biomass – that 

carbon could also be allocated toward aboveground plant biomass and litter, root exudates, or 

bryophyte productivity – although some of these inputs might also stimulate priming effects 

and net C losses. 

Higher relative abundance of AMF biomarker was in fact negatively correlated with soils’ total 

carbon content (Supplementary Materials, Figure 2.19). This is seemingly at odds with the 

finding that AM fungi enhance carbon sequestration by increasing aggregation and 

translocating soil C away from hotspots of microbial activity (Wilson et al., 2009; Yang et al., 

2011). But it is also reasonable that AM fungi could become more dominant when there is less 

carbon available in the soil. While free-living microbes, more reliant on their saprotrophic 

abilities, are likely to starve, the AMF receive as much as 20% of their symbiont’s carbon 

directly from its roots (Willis et al., 2013). They could effectively bypass competition for a 
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carbon pool that is rapidly depleted under elevated temperatures and respiration. This might 

be true even in areas of the site where plant biomass has decreased, as AM fungi can form 

larger networks at some distance from their associated plants. Single genets of AM fungi have 

been found to cover areas up 10 m in diameter and facilitate P transport between plants at a 

distance of 0.5m (Chiariello et al., 1982; Lekberg et al., 2010; Rosendahl & Stukenbrock, 2004). 

An AM fungus could transport carbon across its hyphae to forage and compete successfully at 

some distance from its plant symbiont. 

PLFAs showed a decrease in unsaturation under long-term warming (Figure 2.17), which is 

consistent with our expectation that microbes resynthesize membrane lipids as a response to 

temperature changes (Wixon & Balser, 2013). At least some taxa exhibit acclimation in 

membrane composition. In the absence of any acclimation mechanism, increasing 

temperatures would cause lipid membranes to become both more fluid and more permeable 

(Marr & Ingraham, 1962). This has implications for the basic integrity of the cell and the 

organism’s ability to contain or exclude various chemicals. Stable membrane permeability is 

key for generation of an electrochemical gradient during respiration, where proton leakage 

would lead to a reduction in respiratory efficiency. However, the membranes of bacteria and 

archaea with a wide range of optimal growth temperatures exhibit similar proton 

permeability at their respective growth temperature (Van De Vossenberg et al., 1995). 

Furthermore, pure cultures of bacteria grown at different temperatures display structural 

changes which result in nearly constant proton permeability at the growth temperature (Van 

De Vossenberg et al., 1999). Despite the significance of these acclimation mechanisms, it is 

also possible for a change in saturation to occur coincidentally as a result of a change in 

community composition; for example, an increased abundance of fungi, whose marker PLFAs 

all contain one or more double bonds, would affect this metric. However, the trend is also 

consistent within taxa: newly-produced Gm- marker PLFAs had fewer double bonds at higher 

incubation temperatures (Table 2.2). 

PLFAs can undergo other warming-related structural changes besides increasing saturation, 

such as increasing fatty acid chain length and increasing ratio of iso- to anteiso-branching 

(Sohlenkamp & Geiger, 2015; Van De Vossenberg et al., 1999). Mechanisms for regulating 

membrane fluidity are known to vary among taxa. The ratio of unsaturated fatty acids to 

saturated fatty acids is the most important modification in gram-negative bacteria, while 

gram-positive bacteria are more likely to alter fatty acid chain length (Yoon et al., 2015). This 

modification, too, is visible in our data: the average length of newly-produced Firmicute PLFAs 
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increases with incubation temperature in both the field- and short-term warmed samples 

(Table 2.2). 

Some authors have calculated ratios comparing the amount of a particular fatty acid in the 

NLFA fraction to its counterpart in the PLFA fraction, using this as an indicator for 

environmental conditions and microbes’ responses to them. For example, the fungal NLFA 

18:1ω9 might increase after glucose addition without a corresponding increase in PLFA 

18:1ω9, such that a high NLFA:PLFA ratio might indicate high availability of labile carbon 

(Ba a th, 2003). However, we see no pattern of changes in NLFA:PLFA ratios either across all 

fatty acids, within fatty acids associated to a particular taxonomic group, or within individual 

fatty acids  

2.4.5 Conclusion 

Our soils show no evidence of compensatory adaptation in activity rates following long-term 

warming. Furthermore, we find enhancement of growth in long-term warmed soils, reflecting 

that some microbes can capitalize on the effects of soil warming, which accelerate biological 

reactions and disrupt soil structure. At lower warming intensities, we find no carbon losses 

despite elevated. This suggests changes in carbon input and vegetation, even in the absence 

of air warming. Vegetation changes might also relate to changes in microbial community 

composition, and could be explored further. 

Deuterium labelling allowed us to measure not only biomass, but also growth of specific 

microbial taxa using PLFAs. We show that PLFAs respond rapidly to warming, reflecting 

changes in taxon-specific growth as well as acclimation to preserve constant membrane 

fluidity. Long-term warming biomass data reflects similar trends, such as reduced Gm- 

bacterial biomass. However, biomass changes also appear linked to the indirect effects of 

warming via substrate losses, with a notable increase in Actinobacteria. Further research 

might attempt to link the taxa we studied, and even the growth responses of individual species 

to warming, with traits implicated in thermal adaptation, such as regulation mechanisms for 

or inherent differences in protein synthesis machinery. 

The patterns we observe in long-term responses to warming provide insights for conceptual 

and mathematical models of biogeochemical cycling in a warming world. The differences we 

observe among taxa, across time scales, and between respiration and growth also highlight 

the complexity of microbial feedbacks to warming and the necessity of studying microbial 

processes to make predictions about global change.  
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2.5 Supplementary Material 

 
Figure 2.18 Total N against total C in field warming soils. 

 

 

 

Figure 2.19 AMF NLFA biomarker in the field-warmed soils plotted against total carbon 
content. 
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Figure 2.20 Total biomass of PLFA biomarkers for (a) gram-negative bacteria, (b) 
Firmicutes, (c) Fungi, and (d) Actinobacteria, plotted against field. Lines represent 
simple linear regressions for those taxa whose absolute abundance was significantly 
correlated with warming. 
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Figure 2.21 Mass-specific growth rates of PLFA biomarkers for (a) gram-negative 
bacteria, (b) Firmicutes, (c) Fungi, and (d) Actinobacteria, plotted against field 
warming, for long-term warmed samples incubated at either field-like temperatures or 
+3°C. Lines represent LOESS regressions, shading represents 95% confidence intervals. 
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SUMMARIES 

2.6 Summary 

Soil is the largest terrestrial carbon store, exceeding vegetation and atmospheric carbon 

combined. As such, the exchange of carbon between soil and atmosphere is a major control 

for the greenhouse gas effect. Warming is expected to cause large-scale soil carbon losses as 

soil respiration increases following warming. However, studies have found that this increase 

in respiration is typically only short-term, with respiration rate eventually returning to pre-

warming levels. Two main hypotheses explain the short-term nature of thermal respiration 

increases: (i) The supply of labile carbon declines following increased microbial activity and 

becomes a limiting factor, or (ii) thermal adaptation, in which soil microbes exposed to long-

term warming have lower mass-specific growth and respiration rates than microbes in soils 

at ambient temperatures. The current body of literature is inconclusive, with evidence in 

support of both hypotheses.  

This study examined microbial respiration and growth rates at a long-term geothermal 

warming site in Iceland. Total respiration rate was higher in long-term warmed soils than in 

ambient soils incubated at the same temperature. However, mass-specific respiration rate was 

similar between ambient and warmed soils, suggesting that carbon losses, and not thermal 

adaptation, were responsible for long-term reduction in total respiration. Furthermore, mass-

specific growth rates were higher in long-term warmed soils than ambient soils, suggesting 

adaptations which allowed for enhanced microbial activity. Warmed soils exhibited changes 

in microbial communities, including decreasing relative biomass of gram-negative bacteria. 

Differences between the growth responses of specific taxonomic groups, as measured by 

deuterium incorporation into phospholipid fatty acids, indicate that temperature has a direct 

and immediate effect on community composition and growth. These results contribute to our 

understanding of warming’s impacts on soil microbial communities across timescales and 

highlight the complexity of this climate feedback. 
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2.7 Zusammenfassung 

Bo den sind der gro ßte terrestrische Kohlenstoffspeicher und enthalten mehr Kohlenstoff als 

Vegetation und die Atmospha re zusammen. Dementsprechend hat der Austausch von 

Kohlenstoff zwischen Boden und Atmospha re einen wichtigen Einfluss auf den 

Treibhauseffekt. Es wird erwartet, dass die Klimaerwa rmung zu massiven Verlusten von 

Kohlenstoff aus dem Boden fu hren wird, da die mikrobielle Respiration mit steigenden 

Temperaturen zunimmt. Studien zeigen jedoch, dass diese Steigerung typischerweise nur 

kurzfristig anha lt, und die Respiration schließlich auf das vorherige Niveau zuru ckkehrt. Zwei 

fu hrende Hypothesen erkla ren den kurzfristigen Charakter der durch Erwa rmung 

gesteigerten Respiration: (i) Beschleunigte mikrobielle Aktivita t fu hrt zu einem schnelleren 

Verbrauch des verfu gbaren Kohlenstoffes, was  die mikrobielle Aktivita t einschra nkt, oder (ii) 

Anpassung an die Temperatur, wobei die biomassespezifische Respiration und das 

biomassespezifische Wachstum bei Mikroben in langfristig erwa rmten Bo den gesenkt sind. 

Die aktuelle Forschungslage ist uneindeutig, und verschiedene Studien liefern Nachweise fu r 

beide Hypothesen.  

Diese Studie untersuchte Respiration und Wachstum bei einem langfristig geothermisch 

erwa rmten Forschungsstandort in Island. Die Gesamtrespirationsrate war in langfristig 

erwa rmten Bo den ho her als in nicht erwa rmten Bo den, die bei der gleichen Temperatur 

inkubiert wurden. Im Gegensatz dazu war die massespezifische Respiration a hnlich zwischen 

erwa rmten und nicht erwa rmten Bo den. Dieses Ergebnis deutet darauf hin, dass 

Kohlenstoffverluste -- und nicht thermische Anpassung -- die verminderte Gesamtrespiration 

verursachen. Zudem war das massespezifische Wachstum ho her in langfristig erwa rmten 

Bo den als in nicht erwa rmten Bo den, was auf Anpassungen hinweist, die die mikrobielle 

Aktivita t steigern. Erwa rmte Bo den weisen auch vera nderte mikrobielle Gemeinschaften auf, 

beispielsweise eine verringerte relative Biomasse gramnegativer Bakterien. Unterschiede 

zwischen den Wachstumsreaktionen verschiedener Taxa, gemessen durch den Deuterium-

Einbau in Phospholipid-Fettsa uren, deuten darauf hin, dass die Temperatur eine direkte und 

unmittelbare Auswirkung auf die Zusammensetzung und das Wachstum der mikrobiellen 

Gemeinschaft hat. Diese Ergebnisse bieten Einblicke in die Auswirkung erho hter 

Temperaturen auf Bo den u ber verschieden Zeitskalen hinweg und verdeutlichen die 

Komplexita t dieser Klimaru ckkopplung. 
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