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Abstract 

Soil is arguably the most complex and diverse ecosystem on Earth, inhabited by a plethora of 

different microorganisms. While many of them are dormant or inactive at any given time, it 

is the fraction of active microbes that is driving all biogeochemical processes in soil. They 

control the fate of soil organic carbon and, therefore, play a crucial role in the climate system. 

Global surface temperatures are predicted to reach 2.2°C - 3.5 °C by the end of the century, 

and droughts are expected to become longer, more frequent, and intense. Understanding 

how active soil microbes respond to climate change is fundamental in predicting soil-climate 

feedbacks.  

In this thesis, I investigated how three main global change factors (warming, drought, 

elevated atmospheric CO2), alone or in combination, affected the active community of 

bacteria and archaea by measuring taxon-specific growth rates using quantitative stable 

isotope probing (qSIP). To avoid rewetting of dry soils via direct additions of liquid 18O-water, 

I established vapor-qSIP, a novel technique that uses water vapor equilibration to enrich soil 

water in 18O.  

In montane grassland soils exposed to drought, potential future climate conditions (+ 3 °C 

warming and + 300 ppm atmospheric CO2 over six years), and a combination of both, drought 

caused > 90 % of the bacterial and archaeal taxa active in control soils to stop growing. The 

percentage of active taxa in the total community shrunk from 35 % to 4 %. Bacterial growth 

in drought-affected soils was dominated by specialized members of the Actinobacteriota, 

particularly the genus Streptomyces. Six years of pre-exposure to future climate conditions 

alleviated drought effects on bacterial growth via more drought-tolerant taxa and a larger 

active community (9%).  

In long-term warmed (> 50 years) (Sub)Arctic grassland soils, I found that elevated 

temperatures (+ 6° C) increased the number of growing bacterial taxa, including the size of 

the active community, but did not give rise to generally faster-growing populations. The 

composition of the active community shifted in long-term warmed soils and bacterial growth 

was dominated by distinct taxa. Hence, increased bacterial community growth in long-term 

warmed soils was not driven by faster-dividing populations of taxa also active at ambient 

temperatures but by the activated growth of new taxa. Furthermore, long-term warming 
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changed the direction of root-microbe interactions from positive to neutral based on data 

from in-situ installed root ingrowth and root exclusion cores. While roots promoted higher 

microbial growth rates at ambient conditions, this effect was lost with warming.  

In this thesis, I opened the microbial black box behind community-aggregated measurements, 

providing new insights into which bacteria and archaea are still growing in climate change-

affected soils. The presented taxon-resolved approach allowed us to capture environmental 

effects on the soil microbiome more reliably, helped to characterize microbial traits, and 

improved our understanding of the mechanisms underlying the microbial response to climate 

change which is crucial for more accurate soil carbon projections. 
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Zusammenfassung 

Der Boden ist wohl das komplexeste und vielfältigste Ökosystem auf der Erde und wird von 

tausenden unterschiedlichen Mikroorganismen bevölkert. Die meisten von ihnen sind inaktiv, 

während nur ein kleiner Teil der mikrobiellen Gemeinschaft aktiv wächst und wichtige 

biogeochemische Prozesse im Boden vorantreibt. Bodenmikroorganismen beeinflussen, ob 

organischer Kohlenstoff im Boden verleibt oder als CO2 in die Atmosphäre abgegeben wird. 

Dadurch spielen sie eine entscheidende Rolle für den Klimawandel. Die globalen 

Oberflächentemperaturen könnten bis zum Ende des Jahrhunderts um 2.2 °C bis 3.5 °C 

ansteigen, während Dürren voraussichtlich häufiger, länger und intensiver werden. Es ist 

weitestgehend unbekannt wie aktive Bodenmikroorganismen auf diese veränderten 

Bedingungen reagieren werden und unser bisheriges Verständnis begrenzt sich häufig auf 

Messungen der gesamten mikrobiellen Gemeinschaft, welche die vielfältigen 

Reaktionsmöglichkeiten einzelner Taxa außer Acht lassen. Dieses Wissen ist jedoch essenziell, 

um die Wechselwirkungen zwischen Boden und Klima besser voraussagen zu können  

Im Rahmen dieser Dissertation habe ich den Einfluss von Erwärmung, Dürre, und erhöhten 

CO2-Konzentrationen, sowie deren Zusammenspiel, auf die aktive Gemeinschaft von 

Bakterien und Archaeen untersucht. Hierfür habe ich das Wachstum individueller Taxa mittels 

quantitative stable isotope probing (qSIP) gemessen, einer Methode, die mikrobielles 

Wachstum über den Einbau isotopisch markierten Wassers (18O-H2O) in mikrobielle DNA 

bestimmt. Um die Bodenfeuchte unserer Proben konstant zu halten, habe ich eine neue qSIP-

Methodik namens vapor-qSIP etabliert. Diese nutzt Wasserdampf aus einem externen 

Wasserreservoir, um Bodenwasser mit 18O anzureichern (water vapor equilibration). So muss 

kein 18O-Wasser direkt zugeben werden, was normalerweise die Aussagekraft der Messungen 

- besonders in trockenen Böden – verringert.  

Die erste Studie dieser Dissertation dreht sich um den Effekt von Sommerdürre auf die aktive 

Gemeinschaft von Bakterien und Archaeen. Sommerdürre wurde im Rahmen eines 

multifaktoriellen Klimawandelexperimentes in einem Grünland in Steiermark unter aktuellen 

als auch zukünftigen klimatischen Bedingungen (sechs Jahre + 3 °C Erwärmung und + 300 ppm 

CO2) simuliert. Dürre führte dazu, dass mehr als 90 % der Taxa, die im Normalboden aktiv 

waren, aufhörten zu wachsen. Der Anteil aktiver Taxa von der Gesamtgemeinschaft 
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verringerte sich von 35 % auf 4 %. Das bakterielle Wachstum in den trockenen Böden wurde 

von Mitgliedern des Phylums Actinobacteriota - besonders der Gattung Streptomyces - 

dominiert. Waren die Böden in den sechs vorherigen Jahren einem simulierten Zukunftsklima 

ausgesetzt, milderte das die Auswirkungen der Dürre. Mehr Taxa schienen dürretolerant and 

es waren noch 9 % der bakteriellen Gemeinschaft aktiv.  

Für die zweite Studie habe ich subarktische Wiesenböden, die seit mehr als 50 Jahren 

natürlicher Erwärmung (+ 6 °C) ausgesetzt waren, untersucht. Langzeiterwärmung führte 

dazu, dass die Diversität wachsender Bakterien als auch deren Anteil an der 

Gesamtgemeinschaft größer wurde. Einzelne Bakterienpopulationen schienen hingegen im 

Durchschnitt nicht schneller zu wachsen. Die Zusammensetzung der aktiven Gemeinschaft 

veränderte sich in erwärmten Böden und das Wachstum wurde von anderen Bakterien als in 

den Kontrollböden dominiert. Insgesamt erhöhten steigende Temperaturen das 

Gesamtwachstum der bakteriellen Gemeinschaft. Jedoch konnte dieser Anstieg nicht darauf 

zurückgeführt werden, dass die gleichen Bakterien wie in den Kontrollböden schneller 

wuchsen, sondern dass viele zusätzliche Taxa aktiv wurden und somit die aktive Gemeinschaft 

an sich größer wurde. Darüber hinaus veränderten die mehr als 50 Jahre Erwärmung wie 

Pflanzenwurzeln Bodenmikroorganismen beeinflussten. Die dazugehörigen Daten basierten 

auf einem Experiment innerhalb dessen Wurzeln entweder daran gehindert oder nicht daran 

gehindert wurden in Bodenzylinder einzuwachsen, die im Feld eingesetzt wurden. Während 

Wurzeln unter Normalbedingungen den Bodenmikroorganismen halfen besser zu wachsen, 

ging dieser Effekt mit Erwärmung verloren. 

Im Rahmen dieser Dissertation konnte ich zeigen, welche Bakterien und Archaeen in vom 

Klimawandel betroffenen Böden potenziell noch aktiv sind und wachsen. Dieser Ansatz kann 

dazu beitragen Umwelteinflüsse auf das Bodenmikrobiom zuverlässiger zu bestimmen, 

Eigenschaften einzelner Mikroorganismen leichter zu charakterisieren, und mikrobielle 

Reaktionsmechanismen besser zu verstehen. 
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Microbial life in soil and its role in climate change research  

Microbial life in soil is abundant and diverse but remains a hidden world as it is invisible to 

the naked eye. While tropical forests reveal their opulence through a kaleidoscope of forms, 

colors, and sounds, we need molecular methods and advanced visualization tools to explore 

what is living belowground. Most soil microorganisms are bacteria and fungi but also archaea 

and protozoa, a diverse group of unicellular eukaryotes [1]. Together with plant roots, 

microorganisms constitute a large part of belowground biomass with approximately 21 billion 

tons of carbon (soil fungi = 12 Gt C, soil bacteria = 7 Gt C, soil archaea = 0.5 Gt C, soil protists 

= 1.5 Gt C) [2]. One teaspoon of soil can contain several billion microbial cells [3] and 

populations of tens of thousands of different species. Besides protozoa, there are other 

eukaryotes inhabiting the soil matrix, conventionally divided into soil macro- (e.g., 

earthworm, termites), meso- (e.g., collembola, mites), and microfauna (e.g., nematodes, 

rotifers) [4]. Soils also harbor a large amount and diversity of viruses [5]. Recent estimates 

suggest that soil is the most biodiverse habitat on Earth, being home to 59 % of all species 

including mammals, arthropods, and microorganisms (but excluding viruses) [6].  

Microorganisms are the engines that drive biogeochemical cycles on Earth [7]. Their activities 

directly and indirectly contribute to soil and plant health. They are involved in a wide range 

of ecosystem services such as water purification, nutrient supply for plant growth, or 

prevention of soil erosion [8]. Due to their key role in carbon cycling, soil microorganisms act 

as microscopic climate regulators [9]. Globally, soils store more carbon than the atmosphere 

and vegetation combined [10, 11]. High-latitude soils of the boreal and arctic region harbor 

over half of these carbon stocks [12]. Soil microorganisms control the fate of soil organic 

carbon (SOC) and their activities regulate how much SOC remains stored in soils and how 

much is released into the atmosphere [10, 13, 14]. By degrading SOC, soil microbes produce 

CO2 via heterotrophic respiration. Soil carbon sources can range from old materials preserved 

in permafrost soils to fresh carbon inputs from growing plants such as leaf litter or root 

exudates. The fluxes related to heterotrophic respiration of soil microbes equal ~60 billion 

tons of carbon per year and roughly match the respiration of autotrophic organisms [15]. At 

the same time, soil microbes form biomass and its remnants (necromass) become part of the 

stable soil carbon pool, for instance, via association with minerals [16, 17]. Whether soils act 

as future carbon sinks or carbon sources, will depend equally on how soil microorganisms 
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respond to climate change and how plants perform in a future climate. Rising temperatures 

may accelerate microbial activities including their greenhouse gas production, exacerbating 

the carbon cycle – climate feedback and amplifying climate change [18–20]. This underlines 

the pivotal role of soil microbes in climate change research. Over the past decade, researchers 

have repeatedly highlighted [1, 9, 10, 14, 21] that we need to improve our understanding of 

the soil microbiome under climate change to increase the accuracy of soil carbon projections 

and make better climate predictions [22–27]. However, much uncertainty remains due to the 

complex nature of soil ecosystems. Major gaps include quantitative information about shifts 

in microbial physiology or changes in plant-microbe interactions [1, 9, 14, 21]. Furthermore, 

we know little about the microbe-scale mechanisms that underly broad ecosystem changes 

[1] which requires a more ‘microbe-centric’ approach when investigating the impact of 

climate change [14]. For instance, most of our knowledge about shifts in microbial processes 

such as growth is based on community-aggregated measurements. This approach, however, 

neglects the taxon-specific response patterns from which these shifts emerge and, thus, limits 

our ability to predict them.  

 

The impact of drought, warming, and elevated atmospheric CO2 on the soil microbiome 

Altered precipitation patterns (e.g., drought), warming, and elevated atmospheric CO2 are 

among the top global change factors. The last 20 years were the driest in large areas of the 

world [28]. With climate change drought events are expected to increase in duration, 

frequency, and intensity [29]. Droughts not only pose a threat to human societies, for 

instance, by lowering agricultural yields and putting food security at risk but also affect natural 

ecosystems [30]. They reduce forest survival [31] and lower grassland productivity [32, 33]. 

The European Alps are no exception. Simulations assuming a 3°C rise in temperature predict 

a doubling of drought frequency in the Alps, from 1-2 months to 4 months per year, and an 

increase in the duration of the longest drought event [34]. In 2022, Europe experienced its 

second warmest year and hottest summer ever with broken temperature records from Spain 

to Sweden [35]. Furthermore, 2023 is on track to become the warmest year on record, 

predicted by the Copernicus Climate Change service of the European Commission. Globally, 

surface temperatures have increased by 1.1 °C compared to the years 1850 - 1900 and 

warming might reach + 3.2 °C (2.2 °C - 3.5 °C) by the end of the century without strengthening 
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policies [36]. Europe is one of the fastest warming regions and has already warmed by about 

0.5 °C per decade since 1980 [37]. The Arctic, harboring immense carbon stocks [12], is even 

more climate-sensitive and has warmed four times faster than the global average since 1979 

[38]. Atmospheric CO2 concentrations have increased by 47 % since 1750 due to human 

activities (410 ppm in 2019), reaching their highest levels in 800,000 (very high confidence) or 

even 2 million years (high confidence) [36]. CO2 concentrations rose by more than 2 ppm 

between 2021 and 2022 [37] and might reach up to 1000 ppm by 2100 depending on the 

simulated scenario [39].  

Drought, warming, and elevated atmospheric CO2 affect soil microbes and their complex 

habitat in many ways. As soils dry down, water is retained in corners, crevices, and a thinning 

film around soil particles [40]. The dry-down decreases pore connectivity, increases solute 

concentrations, and restricts diffusion [41]. This limits substrate availability for soil microbes 

and increases osmotic stress [42]. Water as an important solvent, transport medium, and 

resource for microbial growth is becoming scarce in drying soils and necessitates osmotic 

adjustments [42]. Drought declines microbial growth and respiration [43–45] and alters 

microbial community composition [46–49]. Microbial diversity and biomass show less clear 

responses, though, as they may decrease or remain constant [42, 49–52]. Life history 

strategies vary among soil microorganisms [53]. Some possess adaptive traits to endure 

drought events whereas others will become inactive, sporulate, or die. Relevant traits that 

infer drought tolerance include the accumulation of osmolytes (e.g., trehalose, ectoine, etc.) 

to balance the decreasing water potential and maintain turgor [41, 54], production of 

extracellular polymeric substances (EPS) to find protection in biofilms [42], or increased 

investments into resource acquisition [41, 54, 55]. All these strategies are, however, 

energetically expensive [41]. Alternatively, soil microbes may enter dormancy and persist 

until conditions become more favorable [42].  

In contrast to drought, warming is expected to accelerate microbial activities because they 

rely on enzyme-catalyzed reactions that are inherently temperature-sensitive [56, 57]. 

However, complex microbial processes such as growth are rarely only temperature 

controlled, and the full temperature response of a system also depends on the availability of 

its resources. For example, warming may initially increase microbial respiration, driving large 

soil carbon losses, followed by a phase of acclimation when carbon losses subside [20, 58–
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60]. The factors mediating this acclimation range from the depletion of labile carbon sources, 

over a subsequent reduction in microbial biomass, to a re-organization of the microbial 

community [58, 59]. The altered community composition may then favor the decomposition 

of remaining, more recalcitrant carbon sources, potentially causing additional carbon losses 

[58]. On a physiological level, higher temperatures inflate the costs of a soil microbe to 

maintain its metabolism [61]. However, some energy might be saved by downregulating its 

protein synthesis machinery [62]. Substrate depletion may also cause a soil microbe to invest 

more into resource acquisition as compared to growth [55]. Arctic soil microbes are 

particularly temperature-limited and show a pronounced warming response [12, 63]. 

Generalizing findings is difficult though, since warming effects on the soil microbiome are 

dependent on the local environment and may be shaped by biotic factors such as shifts in 

plant performance [21]. Regarding plants, warming can enhance plant productivity and 

increase belowground carbon allocation [64–66]. But depending on the environment, 

warming may also reduce plant productivity, for instance, by decreasing the production and 

biomass of roots [67, 68]. In a warmer climate, plant growth may also be hampered by 

nutrient limitation (e.g., nitrogen), resulting from enhanced competition between plants and 

soil microbes [65]. Factors like these may explain the variability of the microbial response to 

warming across different systems since warming has been reported to either increase [59, 

69–71], decrease [72, 73], or not change microbial growth at all [70].  

Elevated atmospheric CO2 mainly acts on the soil microbiome indirectly via shifts in plant 

performance. Plants release 40 - 60 % of their assimilated carbon belowground [74, 75]. Some 

of this carbon goes to roots while another part can be utilized by soil microbes to grow and 

eventually become part of the stable SOC pool. Rising atmospheric CO2 has been shown to 

increase plant productivity and belowground carbon allocation [76], fueling higher microbial 

growth [77] and, potentially, carbon storage. On the flip side, more root exudation may cause 

soil carbon losses via increased rhizosphere priming [78] or weakening bonds between 

minerals and stabilized SOC, making it available for microbial decomposition [79]. This 

underlines that indirect effects mediated by plants are an important factor in shaping the 

response of the soil microbiome to climate change with repercussions for the carbon cycle. 

Future climate scenarios will be characterized by an interplay of drought, warming, and 

elevated CO2. Nevertheless, our insights into possible nonlinear, interactive effects of climate 
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change factors remain limited, due to the low number of multifactorial climate change 

experiments [21, 80]. Our knowledge of plant-microbe interactions in such multifactorial 

climate change experiments is also limited. Higher CO2 concentrations in the atmosphere, for 

instance, may conserve soil water due to reduced stomatal conductance and transpiration 

[21], potentially alleviating drought stress for soil microbes. Or suppose warming and elevated 

CO2 stimulate plant productivity and increase root exudation rates, the extra carbon may 

counteract the additional respiratory demands of soil microbes at higher temperatures and 

allow them to grow faster. Higher temperatures will also act together with drought and may 

exacerbate drought stress for soil microbes. On the other hand, it may also prime them or 

affect their recovery after a drought event [81]. Investigating such potential interactive effects 

is crucial to making more realistic predictions but the multifactorial experiments needed to 

do so are still scarce.  

 

Growing soil microbes drive biogeochemical transformations in soil  

Soil microorganisms are key agents in almost all biogeochemical cycles. However, not all 

members of the community contribute equally to these processes. A large fraction of the soil 

microbial community is thought to be inactive or dormant at any given time [82]. However, 

recent evidence points to 25 – 70 % of active soil microbes [83], up from only 0.5 – 2 % in 

older studies [84]. Although inactive and dormant soil microbes maintain a minimal 

metabolism, their overall contribution to soil functions is negligible [85]. Active microbes are 

the main drivers of transformation processes in soil. Growth or reproduction is often used as 

a proxy for microbial activity and employed to differentiate dormant microbes from active 

ones [86–88]. I also use the terms ‘activity’ and ‘growth’ interchangeably. In the interest of 

completeness, this definition is not all-inclusive though since some active microbes may not 

replicate but increase in size, accumulate storage compounds, or grow too slowly to be 

detected as active. Current estimates suggest that one growing cell equals the activity of 

1,000 starving cells and 1,000,000 dormant cells [89]. This highlights the ecological relevance 

of growing soil microbes [90] and their importance for soil carbon cycling [91]. Microbial 

growth has been reported to drive SOC decomposition [92] and to be directly related to 

ecosystem-level respiration rates [93]. Hence, investigating how climate change affects 
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microbial growth is crucial to better understanding the mechanisms behind shifts in soil 

carbon fluxes.  

Whether a soil microbe is growing or inactive depends on a complex gene regulation network 

[1]. Fast-growing bacteria with more rRNA operons may be more competitive when resources 

are abundant [94]. Bacteria that have shifted their energy balance towards stress tolerance 

or resource acquisition, away from reproduction, may grow slower, even in favorable 

conditions [91]. In a sand microcosm, for instance, faster-growing Bacillus 

weihenstephanensis outcompetes slower-growing Streptomyces atratus which, in contrast, is 

more competitive under drought [95]. Growth is a central component of a microorganism's 

fitness and an important life history trait [96]. Traits impacting a microorganism’s 

reproduction or survival are called life history traits [97]. If a soil microbe is growing in a 

certain environment, it must possess the adaptations to thrive under these conditions and be 

able to access scarce resources or withstand stress. Investigating the growth response of soil 

microbial taxa under different environmental conditions may enable us to infer the nature of 

some of their life history traits.  

Although growing microbes are the main contributors to biogeochemical processes in soil, we 

still know little about their response to climate change. This is related to the way we study 

soil microbiomes. DNA-based methods such as 16S rRNA amplicon sequencing and 

metagenomics are currently the most popular tools to do so. However, they don’t allow us to 

differentiate between active, inactive, and dead microorganisms since they rely on bulk DNA 

sequencing. This can confound how changes in the environment affect the soil microbiome 

[98]. Especially, considering that up to 40% of soil DNA can be relic DNA from dead 

microorganisms [99] and a large fraction of the soil microbial community is inactive or 

dormant [84]. This may explain why global change factors do not seem to alter microbial 

community composition in many cases, at least not in the short-term [100, 101]. A meta-

analysis reported that global change factors did not significantly affect microbial community 

composition in more than 50% of the included studies (15 out of 26) [102]. RNA-based 

methods usually don’t capture relic DNA but still don’t allow for proper differentiation 

between active and dormant taxa because dormant taxa may also maintain high rRNA levels 

[42, 103]. Stable isotope probing (SIP) might be the most reliable tool to investigate how the 

soil microbiome responds to climate change [42] since it only considers organisms that have 
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incorporated a tracer, often 18O-H2O, into their DNA and are, thus, active and growing. This 

approach is especially insightful when only the active community responds to a shift in 

conditions while the total community does not change. Such patterns are usually overlooked 

using standard DNA-based methods and may lead to incomplete or even wrong conclusions.  

 

A taxon-resolved approach to studying soil microbiome responses 

When microbial activity or physiological parameters are reported, they are often based on 

community-aggregated measurements. These usually yield only one value that summarizes 

the response of thousands of different taxa and populations. Microbial growth estimates 

based on 18O-H2O incubations are a good example [59, 70]. They are calculated using the 

content and 18O-enrichment of DNA [104], aggregating the growth of several groups of soil 

microorganisms including bacteria, fungi, and protists. While these measurements are useful 

for estimating the direction and magnitude of community responses, they do not reveal 

underlying population-level dynamics [105]. For instance, if warming does not change total 

community growth, its impact on microbial physiology may be interpreted as negligible. 

However, the microorganisms contributing to this response might be totally different ones. 

While some taxa could have stopped growing entirely with warming, others might have 

become more active. Soil microorganisms differ in their life history traits, therefore, who is 

growing will likely affect soil functioning with repercussions on SOC dynamics. Bacterial 

growth rates are taxonomically conserved [106] and appear to be directly linked to soil 

respiration [107, 108]. Growing taxa might also differ in their chemical composition, feeding 

back on necromass and, consequently, SOC chemistry [41]. Linking taxonomy and functional 

observations is also not possible by using only community-aggregated metrics [109]. In short, 

taxon-resolved measurements are key to better understanding the microbial mechanisms 

behind community-aggregated traits such as microbial growth or respiration [110].  

Quantitative stable isotope probing (qSIP) [111] is currently one of the few methods [112] 

that allow estimating taxon-specific microbial growth in situ and within complex communities 

but without the need for cultivation. To determine substrate-independent growth, 18O-H2O is 

used as a tracer, and actively replicating taxa incorporate it into their DNA. Incorporating the 

heavy oxygen isotope increases the buoyant density of a growing microbe’s DNA which can 

be separated into several density fractions using ultracentrifugation. Combined with 16S 
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rRNA amplicon sequencing and 16S rRNA gene quantification, we can then calculate density 

shifts between labeled and unlabeled samples and, subsequently, estimate taxon-specific 

growth rates [113]. Studies using qSIP have provided new insights into the contribution of 

single taxa to process rates and helped to characterize their phenotypes [107, 114]. Generally, 

bacterial growth rates under native soil conditions seem to substantially differ from their 

potential growth rates in culture [115]. By distinguishing between actively growing and 

inactive (non-replicating) taxa, qSIP also enables us to investigate shifts in the active 

community composition. This, for instance, revealed the impact of water limitation and its 

interactions with the presence of fungi on the active bacterial community, a pattern masked 

at the total community level [116]. A handful of qSIP studies have examined the effects of 

warming on bacterial growth [69, 71, 73, 117]. However, only one reported data from a long-

term warming experiment [69] or simulated a rise in atmospheric CO2 [118]. How indirect 

warming effects mediated by plants affect taxon-specific growth rates remains mostly elusive.  

One of the shortcomings of qSIP is that soil samples are usually air-dried before heavy water 

is directly added to ensure sufficiently high 18O soil water enrichment. This alters the soil 

moisture and may render growth estimates less representative of in situ conditions. Besides 

these artificial fluctuations in soil moisture, the addition of liquid water represents a big 

challenge for drought studies. Adding liquid water to dry soils drastically changes the 

conditions and simulates a rewetting event. While this can be intentional to study how soil 

microbes respond to rainfalls after a dry spell [108], it confounds microbial growth 

measurements in dry soils. Rewetting stimulates microbial activities (‘birch effect’ [119]) and 

may lead to growth overestimates of up to 250 % [120]. Due to this methodological limitation, 

we don’t know which microbes are growing in drought-affected soils and can withstand the 

challenging conditions. This knowledge is highly relevant though. Active microbes in dry soils 

set the stage for the CO2 emissions after rewetting [52] or may be useful for agriculture to 

alleviate drought stress in plants [121]. To circumvent the shortcomings of liquid water 

additions, soil water can be enriched in 18O via the gas phase from an external water pool. 

This approach is called water vapor equilibration and was recently published by our group 

[120]. It allows us to enrich soil water with heavy water without changing the soil water 

content. So far, the water vapor equilibration method has only been used to measure 

microbial community growth and has not been adapted for qSIP applications yet.   
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Thesis outline and main goals  

Soil microbial communities are arguably the most complex and diverse communities on Earth. 

With their activities, they control the direction of soil carbon fluxes and their response to 

climate change may have global repercussions. However, many aspects of the microbial 

response to climate change are not well understood yet and there remain many open 

questions. Four of the most pressing ones include:  

 

• How does climate change alter the active and, thus, ecologically most relevant fraction 

of the microbial community?  

• How do individual microbial taxa respond to climate change and can we use this 

information to better explain the mechanisms behind community-aggregated 

measurements?   

• How do multiple climate change factors interact and modify microbial responses? 

• What is the role of indirect climate change effects mediated by plants?  

 

These questions represent the foundation of this thesis which aims to investigate how 

drought, warming, and elevated CO2 concentrations, and their combination, affect the active 

communities of soil bacteria and archaea based on the growth response of their individual 

members. This work was divided into two separate studies for which I took advantage of a 

multifactorial climate change experiment situated in Central Austria and a natural long-term 

warming experiment located in Southern Iceland. In Austria, I examined the effects of drought 

and its interactions with higher temperatures and atmospheric CO2. In Iceland, I focused on 

the direct and indirect effects of long-term warming. For both studies, I measured taxon-

specific growth rates using quantitative stable isotope probing (qSIP). To accurately 

determine growth in dry soils, we developed vapor-qSIP by combining the water vapor 

equilibration method with 18O-H2O qSIP. This enabled us to enrich soil water with 18O even in 

dry soil while maintaining its original moisture. I present the outcome of these studies in the 

following chapters (Chapter 2, Chapter 3).  
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Chapter 2 focuses on the impact of a six-week summer drought on the active community of 

soil bacteria and archaea and their taxon-specific growth rates. Drought was simulated under 

ambient as well as potential future climate conditions (higher temperatures and atmospheric 

CO2) in a managed grassland in Central Austria. Using vapor-qSIP, I could determine taxon-

specific microbial growth at in-situ soil moisture. My results demonstrate that microbial 

growth under drought is consolidated into a much smaller and less diverse active community, 

dominated by specific groups of the Actinobacteriota. Previous exposure to future climate 

conditions seemed to prime the active communities and alleviate drought effects.  

In Chapter 3, I investigate the effects of more than 50 years of sustained soil warming (+ 6°C) 

on the active community of soil bacteria and archaea and their taxon-specific growth rates. 

This study was conducted in a Sub(Arctic) grassland with a natural soil temperature gradient 

that formed via geothermal activities. High-latitude soils and their carbon reservoirs may be 

particularly vulnerable to rising temperatures since microbial activities in these soils are likely 

temperature-limited. An acceleration of microbial activities was previously reported at the 

aggregated community level, and I aimed to elucidate which population-specific patterns 

underlie this observation. Indirect warming effects mediated by shifts in plant performance 

were examined with the aid of in situ root ingrowth and root exclusion cores, installed for 10 

months. My results do not indicate that warming generally accelerated the growth rates of 

bacterial populations, as suggested before, but instead showed an increase in the number 

and diversity of active bacteria. Furthermore, roots stopped stimulating higher growth rates 

of associated taxa at warmed conditions. 
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Microbial growth under drought is confined to 

distinct taxa and modified by potential future 
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Supplementary Material  

 

 

 

Supplementary Figure 1: Effect of drought and future climate conditions on the growth 
patterns of bacterial and archaeal communities. Principal component analysis (PCA) of 
taxon-specific relative growth rates (RGR) of the growing fraction of bacterial and archaeal 
communities (n=4 replicates). Statistics from two-way permutation-based multivariate 
analysis of variance (PERMANOVA) testing a full two factorial design (Drought Yes, Drought No, 
Climate Ambient, Climate Future) are provided as inset panels.   
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Supplementary Figure 2: Mean taxon-level relative growth rates of bacterial and archaea 
across treatments including growing and non-growing members. Mean taxon-level relative 
growth rates (RGR) were calculated using relative growth rates from all taxa that passed 
prevalence filtering (6054 amplicon sequencing variants (ASVs)). Non-growing taxa as defined 
per our minimum enrichment threshold (APE 18O > 5 %) were assigned RGR = 0. Asterisks 
depict significant results from two-way ANOVA testing a full two factorial design (Drought Yes, 
Drought No, Climate Ambient, Climate Future). Light-colored dots represent ASV-level relative 
growth rates from all replicates used to calculate means (n=4 means of taxon-specific growth 
rates calculated per replicate) and standard errors (points, error bars).  
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Supplementary Figure 3: Phylum-specific growth differences between treatments. Phylum-
resolved comparison of mean taxon-level relative growth rates of shared ASVs between five 
treatment pairs (a-e). ASVs belonged to the phyla Acidobacteriota, Actinobacteriota, 
Bacteroidota, and Proteobacteria. Light-colored dots represent ASV-level growth rates of all 
replicates used to calculate means and standard errors (points, error bars). P-values of 
pairwise comparisons are given as insert text. When data fulfilled normality and 
homoscedasticity requirements, t-tests were performed. If these criteria were not met, 
Wilcoxon tests were performed. The number of actively growing ASVs across all replicates 
used to calculate mean growth rates (n=4 means of taxon-specific growth rates calculated per 
replicate) is given below. ASVs had to grow in at least two replicates per treatment to be 
included.  
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Supplementary Figure 4: Relative changes in the number of growing taxa per family under 
drought and future drought conditions. a Relative change (0 = no change, 1 = increase by 100 
%) in the number of growing taxa per family comparing Ambient (reference) and Ambient + 
Drought conditions. b Relative change in the number of growing taxa comparing Ambient + 
Drought (reference) and Future Climate + Drought conditions. Points represent mean relative 
changes in the number of growing taxa per family including standard errors (n=4). Two-way 
ANOVA testing a full two factorial design (Drought Yes, Drought No, Climate Ambient, Climate Future) 
was performed on the number of growing amplicon sequence variants (ASVs) across all 
treatments for each family independently that fulfilled normality and homoscedasticity 
requirements. Bold colored points represent significant effects (A: Drought = p < 0.05, B: 
Climate = p < 0.05 or Drought x Climate = p < 0.05), and transparent points non-significant 
ones. Vertical lines depict the means of the respective reference treatment used to calculate 
relative changes.  
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Supplementary Figure 5: Top 200 taxa based on their proportional 18O assimilation in soils 
unaffected by drought, agglomerated at the genus level. Heatmap showing taxa with the 
highest proportional 18O assimilation under ambient precipitation visualized across all 
treatments and individual samples (rectangles, n=4). Taxa were ranked based on their 
proportional 18O assimilation (contribution to the total community’s growth) for each 
drought-unaffected sample (Ambient, Future Climate). The top 50 amplicon sequence 
variants (ASVs) per sample were then selected (total across all samples due to overlap: 200 
ASVS) and visualized. Proportional 18O assimilation ranges from 0 - 1 and estimates how much 
a single taxon contributes to the community's overall growth. It is calculated using re-
computed relative abundances of only growing taxa (sum of growing taxa = 1) and their 
relative growth rates (RGR). ASVs had to be active in at least two samples if detected as 
growing in a treatment. ASV identities were agglomerated at the genus level and sorted in 
descending order based on proportional 18O assimilation. If genus identity could not be 
assigned (NA), we agglomerated taxa at the family or phylum level.   
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Supplementary Figure 6: Top 217 taxa based on their proportional 18O assimilation in 
drought-affected soils, agglomerated at the genus level. Heatmap showing taxa with the 
highest proportional 18O assimilation under drought visualized across all treatments and 
individual samples (rectangles, n=4). Taxa were ranked based on their proportional 18O 
assimilation (contribution to the total community’s growth) for each drought-affected sample 
(Ambient + Drought, Future Climate + Drought). The top 50 amplicon sequence variants 
(ASVs) per sample were then selected (total across all samples due to overlap: 217 ASVS) and 
visualized. Proportional 18O assimilation ranges from 0 - 1 and estimates how much a single 
taxon contributes to the community's overall growth. It is calculated using re-computed 
relative abundances of only growing taxa (sum of growing taxa = 1) and their relative growth 
rates (RGR). ASVs had to be active in at least two samples if detected as growing in a 
treatment. ASV identities were agglomerated at the genus level and sorted in descending 
order based on proportional 18O assimilation. If genus identity could not be assigned (NA), we 
agglomerated taxa at the family or phylum level.   
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Supplementary Figure 7: Contribution of the top five assimilators and a drought-resistant 
taxon of the genus Streptomyces to the overall community growth. Cumulative proportional 
18O assimilation across all samples, calculated as the sum of the proportional 18O assimilation 
of the top five amplicon sequence variants (ASVs) per replicate (a; Drought: F = 7.3, df = 1, p 
= 0.019) and ASV_rmw_7xq_0rh (Genus: Streptomyces; b; Drought: F = 159.9, df = 1, p < 
0.001). Results of two-way ANOVA (n=4 replicates) are given as insert text (factors: Drought 

Yes, Drought No, Climate Ambient, Climate Future).   
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Supplementary Figure 8: Abundance and relative growth of a drought-resistant taxon of the 
genus Streptomyces. a Absolute abundance of ASV_rmw_7xq_0rh (Genus: Streptomyces) 
expressed as 16S rRNA gene copies per gram soil dry weight (Drought: F = 52.4, df = 1, p < 
0.001). b Relative growth rates of ASV_rmw_7xq_0rh (Genus: Streptomyces). Results of two-
way ANOVA (n=4 replicates) are given as insert text (factors: Drought Yes, Drought No, Climate 

Ambient, Climate Future).  
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Supplementary Figure 9: Proportional 18O assimilation and abundance of putative 
predatory bacteria. a Cumulative proportional 18O assimilation across all samples, calculated 
as the sum of the proportional 18O assimilation of putative predatory amplicon sequence 
variants (ASVs) per replicate (Drought: F = 63.4, df = 1, p < 0.001). b Absolute abundance of 
growing putative predatory ASVs expressed as 16S rRNA gene copies per gram soil dry weight 
(Drought: F = 227.9, df = 1, p < 0.001; Climate: F = 8.9, df = 1, p = 0.01). Results of two-way 
ANOVA (n=4 replicates) are given as insert text (factors: Drought Yes, Drought No, Climate 

Ambient, Climate Future).  
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Supplementary Figure 10: Drought-induced changes in the proportional 18O assimilation of 
putative bacterial predators agglomerated at the family level. Heatmap showing the 
proportional 18O assimilation of putatively predatory taxa agglomerated at the family level 
and visualized across all treatments and individual samples (rectangles, n=4 replicates). Taxa 
were classified as putatively predatory if they belonged to the following orders and genera: 
Myxococcales, Bdellovibrionales, Vampirovibrionales, Haliangiales, Polyangiales, Lysobacter, 
Daptobacter, and Vampirococcus. Proportional 18O assimilation ranges from 0 - 1 and 
estimates how much a single taxon contributes to the community's overall growth. It is 
calculated using re-computed relative abundances of only growing taxa (sum of growing taxa 
= 1) and their relative growth rates (RGR). If family identity could not be assigned (NA), phylum 
names were provided.   
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Supplementary Figure 11: Development of 18O soil water enrichment over incubation time. 
Isotopic equilibration between the externally added 18O labeled source water (solid line) and 
soil water (dashed line) over five days for all four treatments. Points represent measured 18O 
atom% values of the added water pool. Data were fitted using a negative exponential model 
(solid line) and used to predict 18O enrichment of the soil water.  
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Abstract 

Soil microorganisms control the fate of soil organic carbon. Warming may accelerate their 

activities putting large carbon stocks at risk of decomposition. Existing knowledge about 

microbial responses to warming is based on community-level measurements, leaving the 

underlying mechanisms unexplored and hindering predictions.  

 

In a long-term soil warming experiment in a Subarctic grassland, we investigated how active 

populations of bacteria and archaea responded to elevated soil temperatures (+6 °C) and 

the influence of plant roots, by measuring taxon-specific growth rates using quantitative 

stable isotope probing and 18O water vapor equilibration.  

 

Contrary to prior assumptions, increased community growth was associated with a greater 

number of active bacterial taxa rather than generally faster-growing populations. We also 

found that root presence enhanced bacterial growth at ambient temperatures but not at 

elevated temperatures, indicating a shift in plant-microbe interactions.  

 

Our results, thus, reveal a mechanism of how soil bacteria respond to warming, that cannot 

be inferred from community-level measurements. 

 

Teaser 

More active taxa, not faster growth rates, drive warming-induced increases in bacterial 

community growth.  
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Introduction 

One major challenge in climate change research is understanding its effects on the soil 

microbiome which is crucial for global climate projections [1–3]. Soil microorganisms are 

important climate regulators, governing carbon fluxes an order of magnitude larger than 

anthropogenic CO2 emissions [4, 5]. Accelerated microbial activities due to warming might 

increase soil carbon losses, and thereby exacerbate climate change. Carbon stocks in high-

latitude soils are particularly vulnerable to microbial decomposition since the microbes 

inhabiting them are often temperature-limited and tend to be more responsive to warming 

[6, 7]. Whether a soil microorganism becomes more active with warming depends on the 

complex interplay of many factors such as its genetic makeup, substrate availability [8, 9], or 

its interactions with plants and predators. Although accounting for microbial responses is 

important for improving predictions of soil carbon dynamics [3], many aspects remain elusive. 

Specifically, we lack an understanding of the physiological response of individual microbial 

taxa to warming and have major knowledge gaps on how warming affects plant-microbe 

interactions [1, 2, 10–13]. 

Growth is the central component of a microorganism’s physiology and is closely linked to soil 

carbon fluxes [14–16]. Growth is restricted to the active part of the soil microbial community. 

Despite constituting only a few percent of the total community [17], the active microbial 

community is the main driver of soil carbon and nutrient cycling [11, 17, 18]. Recent estimates 

suggest that growing microorganisms in soil account for > 95 % of the respiration of the entire 

community with growing cells being 1,000 times more active than starved ones [19]. Rising 

temperatures have a large impact on the physiological processes of soil microbes including 

their growth rates and, therefore, soil carbon fluxes.  

Microbial growth in warmed soils has been predominantly measured at the total community 

level, aggregating over thousands of different populations. Growth responses to warming 

(measured as relative community growth; mass-specific growth) range from positive [9, 20], 

over neutral [9] to negative [20, 21] with seasonal variation. Short-term warming often 

accelerates microbial process rates. Over time, however, many of these rates tend to return 

to their initial state which is thought to be mediated by community shifts, substrate loss, or 

physiological acclimation [22–24]. In a (Sub)Arctic grassland, which is also subject of this 

study, long-term warming has caused significant losses of soil carbon and nitrogen resulting 
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in a reduction of microbial biomass [8]. While this did not affect microbial growth and 

respiration rates per unit of soil mass, rates of relative community growth and respiration per 

unit of microbial biomass (mass-specific) increased with temperature and stayed elevated 

even after more than 50 years of warming. This was interpreted as a persistent acceleration 

of microbial activities without signs of thermal acclimation [8]. In this system, warming caused 

a downregulation of the microbial protein biosynthesis machinery which possibly freed 

energy available for accelerated activity [25]. However, warming was also found to increase 

maintenance and respiratory costs [25, 26]. 

Community-aggregated measurements of growth and respiration are useful to indicate 

directions of warming responses. Nonetheless, they integrate over thousands of microbial 

populations with varying growth and carbon use characteristics [27] which hampers their 

capacity to detect underlying microbial mechanisms. Detecting these mechanisms is crucial 

to comprehend the dynamic processes that underlie microbial warming responses and is 

needed to improve their prediction. Quantitative stable isotope probing (qSIP) using 18O 

water can hereby be a powerful tool since it allows estimating growth rates of individual 

microbial populations based on the incorporation of 18O into microbial DNA [28]. qSIP can be 

used to quantify the growth response of distinct microbial taxa to warming from which shifts 

in ecosystem-scale rates ultimately emerge. A recent improvement of this technique, vapor-

SIP, allows us to label soil water without the addition of liquid water and, thus, enables us to 

estimate taxon-resolved microbial growth near in situ conditions [29]. 

Plants are another important factor impacting and controlling microbial activities by providing 

primary carbon resources through litter production and root exudates. Soil microorganisms 

that live in association with roots consume plant-derived carbon and show higher potential 

growth rates [30, 31]. Climate change alters plant performance, including litter and exudate 

production and litter quality, with potential repercussions for the soil microbiome and the 

carbon cycle [32]. For instance, warming can increase plant productivity, causing greater 

carbon allocation belowground and promoting microbial activities [33]. On the other hand, 

warming can compromise plant performance, reducing rhizodeposition or inducing plant-

microbe competition, for instance, when nitrogen is limiting [34]. The effects of soil warming 

on roots seem to differ between ecosystems. While warming has been found to increase 

either fine root production or biomass in a boreal peatland [35] and a mountainous forest 

[36], it caused a reduction in both in the (Sub)Arctic grassland also examined here [37, 38]. 
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Fine root biomass is particularly important for root-associated taxa since it determines the 

root surface where exudates are released. Warming might also affect root exudate quality 

and seasonality if it causes shifts in the plant community structure. Overall, indirect warming 

effects mediated by plants can have a strong impact on soil microorganisms. In some cases, 

these effects might be stronger than direct warming effects, especially if microbes are 

adapted to live in association with roots. Yet, it remains elusive how climate change shapes 

the direction of plant-microbe interactions [2, 12, 13].  

To better understand the microbial warming response and more accurately predict microbial 

activities in a future climate, we need to look beyond community-aggregated growth 

estimates and acknowledge that these activities emerge from a diverse set of active 

populations, shaped by direct and indirect warming effects. Studying them accordingly will 

allow us to scrutinize interpretations derived from community-aggregated measurements 

and might lead to new insights into how soil microbes respond to warming.  

Here, we investigated the impact of more than 50 years of natural geothermal soil warming 

on the growing populations of bacteria and archaea in a (Sub)Arctic grassland in Iceland. We 

also examined how their responses were shaped by indirect warming effects mediated by 

roots. We used water-vapor equilibration 18O-qSIP (vapor-qSIP) to identify growing (hereafter 

also: active) taxa of bacteria and archaea in soil and quantify their growth rates at ambient 

and elevated soil temperatures (+ 6 °C). Root-ingrowth (1 mm mesh) and root exclusion cores 

(30 µm mesh) were used to elucidate the impact of plants on microbial growth. We installed 

these cores in the field for ten months and extracted them at peak vegetation season, along 

with an undisturbed soil core. Using these three soil core types, we aimed to disentangle 

direct and indirect warming effects. We had three primary objectives. First, we aimed to 

decipher the growth patterns of individual bacterial and archaeal populations following long-

term warming and compare them to community-level estimates. Second, we aimed to 

investigate how the presence of roots impacted their growth patterns and whether plant-

microbe interactions change under long-term warmed conditions, particularly considering 

previously reported decreases in fine root biomass and production. Third, we aimed to 

examine if taxa of the same genus or family showed similar growth responses to warming and 

root presence, possibly elucidating group-specific traits.  
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Results  

Soil carbon and nitrogen are lost with long-term warming while relative community growth 

increases 

We took three different soil cores (undisturbed, root ingrowth, root exclusion) across four 

replicated temperature gradients in a long-term warmed (Sub)Arctic grassland (fig. S1) to 

differentiate between direct warming effects (undisturbed) and indirect warming effects 

mediated by roots (root ingrowth, root exclusion) on soil biogeochemical and microbial 

parameters (Fig. 1 A). Long-term warming (+ 6 °C) and root presence altered soil carbon and 

nitrogen pools, soil water content, extracellular enzyme activities, and relative community 

Figure 1: Experimental design, soil carbon, and relative microbial community growth. (A) 
Soil samples were taken from four replicated temperature gradients (n=4 biological 
replicates) in a (Sub)arctic grassland in Iceland. This grassland experienced at least 50 years 
of soil warming established by natural geothermal activity. Root ingrowth and root 
exclusion cores were installed in situ for 10 months (October 2019 – August 2020) at two 
temperature levels (ambient temperatures, + 6°C above ambient temperatures). We aimed 
to investigate how root presence or absence affects microbial growth under warmed 
conditions. While extracting the in situ installed cores, we also took a fresh soil core 
(hereafter: undisturbed core) to examine warming effects without the disturbances 
associated with core installation (e.g., soil extraction, mixing, and root/ stone removal). 
Squares depict treatment colors used for graphs. (B) Concentrations of soil carbon 
decreased with warming (t= 2.1, df= 18.3, p= 0.049, n= 12) while (C) relative microbial 
community growth (mass-specific) increased (t= -2.5, df= 20.7, p= 0.019, n=12). The median 
is represented by the center line of the box, while the upper and lower quartiles are 
indicated by the box limits. The whiskers represent 1.5 times the interquartile range; any 
outliers are shown as separate points. We utilized two-sided Student’s t-tests to infer 
differences between warming levels.  
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growth rates. Long-term warming reduced the concentrations of soil carbon (Fig. 1 B) and soil 

nitrogen (table S1) by 18 % and 19 %, respectively, and decreased soil moisture by 5 % 

compared to ambient conditions (F= 12.9, p= 0.002). Warming and root presence increased 

exoglucanase (Warming: F= 8.8, p= 0.01; Core root presence/absence: F= 5.7, p= 0.033) and 

exochitinase activities (Warming: F= 21.5, p < 0.001; Core root presence/ absence: F= 4.6, p= 0.05) 

but did not affect phosphatase and protease activities. Measurements of more dynamic pools 

such as dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) did not differ 

between cores and warming levels (table S1). Also, microbial biomass carbon and total 16S 

rRNA gene copy numbers did not significantly differ between warmed and control plots. 

However, relative community growth rates increased with warming (Fig. 1 C), similar to 

previous reports. These microbial community growth rates were determined based on the 

18O enrichment of the unfractionated DNA and, thus, inherently also included other 

microorganisms such as fungi. When averaging relative community growth across cores for 

each warming level, we found it to rise by 53 % with long-term warming of 6 °C.  

 

Root effects on community composition are only captured when differentiating between 

active and inactive taxa 

After 10 months of field incubations, the absence of roots did not affect total community 

composition estimated via amplicon sequencing. However, roots affected which members of 

the total community were active and growing. To compare the composition of total and 

growing communities of bacteria and archaea, we performed a principal component analysis 

(PCA) using Euclidean distances based on ASV absolute abundances (16S rRNA gene copies 

per ASV, centered-log transformed). Hereafter, ‘bacteria’ is used for both bacteria and 

archaea for brevity. 

Long-term warming caused significant shifts in the composition of the total communities 

which also became more variable as compared to ambient conditions (Fig. 2 A). Root 

presence, however, did not affect the composition of the total communities. This changed 

when subsetting total communities for their growing taxa. We found growing communities 

to be distinct in each treatment with roots and warming having significant effects on their 

composition (Fig. 2 B). In contrast to the total communities, core type (= root presence; R2 = 

0.26) and its interaction with warming (R2 = 0.25) had a greater impact on the composition of 

the growing communities than warming alone (R2 = 0.15). The composition of the growing 
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communities that formed in the absence of roots was particularly different from those cores 

where roots were present (undisturbed cores, root ingrowth cores). Overall, this highlights 

that analyses only based on amplicon sequencing data without additional growth information 

were not able to capture root effects.  

Long-term warming does not increase average bacterial growth rates but causes twice as 

many taxa to become active 

To describe the general effects of long-term warming, we focused on samples from the 

undisturbed cores since they were not exposed to any disturbances connected to core 

installation. The number of growing taxa, their contribution to the total community, and their 

relative growth rates served as indicators for microbial shifts in response to long-term 

warming. The number of growing ASVs (Fig. 3 A) almost doubled with warming (ambient: 342 

Figure 2: Root effects are only captured when examining growing communities. Principal 
component analysis (PCA) of total (A) and growing (B) bacterial and archaeal communities 
from fresh undisturbed soil cores (brown), root ingrowth cores (mesh size: 1 mm, green), 
and root exclusion cores (mesh size: 30 µm, pink). PCA was performed using Euclidean 
distances based on centered log-ratio transformed amplicon sequence variant (ASV) 
absolute abundances (digital droplet PCR inferred 16S rRNA gene copies multiplied by 
amplicon sequencing reads). Absolute abundances were aggregated over the density 
fractions of each sample gradient. Statistics from two-way permutation-based multivariate 
analysis of variance (PERMANOVA, n=4 biological replicates) are provided as inset panels 
(factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion).  
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± 32 ASVs, warmed: 797 ± 115 ASVs, mean ± SD), also increasing the percentage of the total 

community that was growing (Fig. 3 B) from on average 1.64 % to 4.75 %. The increase in the 

number of growing taxa was reflected across most major phyla but differed in extent (Fig. 3 

D). While Actinobacteriota, Bacteroidota, and Chloroflexi harbored twice as many growing 

taxa under long-term warming, there were almost three times as many Acidobacteriota and 

Figure 3:  Warming increases the richness of growing taxa and their share of the total 
community but not their mean growth rates. Number of unique growing amplicon 
sequence variants (ASVs) (A), their proportion of the total community expressed as the 
share of 16S rRNA gene copies (B), mean taxon-level growth rates (C), and warming-induced 
relative changes in the number of growing taxa within major phyla (D). Light-colored dots 
in (C) represent ASV-level growth rates from all replicates used to calculate means (n=4 
biological replicates) and standard errors (points, error bars). Points in (D) represent 
relative changes (0 = no change, 1 = increase by 100 %) in the number of growing taxa per 
phylum including standard errors. Bold colored points denote significant shifts (Kruskal-
Wallis test and false detection rate (fdr) correction for multiple comparisons, n= 4) and 
transparent points non-significant ones. The vertical line depicts the mean of the reference 
treatment (Undistributed core at ambient conditions) used to calculate relative changes. 
Asterisks (A,B,C) represent significant differences (n=4) inferred by two-way ANOVA 
(Supplementary Table 1, factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion) 
followed by Tukey post hoc tests.  
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Proteobacteria. We found that many of these shifts were driven by specific families (fig. S2). 

For instance, the Xanthobacteraceae, a family of the Proteobacteria, showed a more than 8 

times higher richness of growing taxa at elevated temperatures (fig. S2). The 

Xanthobacteraceae also contributed to a larger proportion of community growth at higher 

temperatures (fig. S3).  

Despite higher microbial community growth (Fig. 1 C), long-term warming did not accelerate 

average taxon-specific growth rates (Fig. 3 C), so bacterial populations were generally not 

growing faster. This was supported by directly comparing relative growth rates of ASVs active 

at both temperatures which did not increase either (fig. S4 B). If we included non-growing 

taxa (APE 18O = 0) in these calculations, average taxon-specific growth increased slightly but 

not significantly (fig. S4 A). At the level of the whole bacterial community, we observed that 

total and relative growth approximately doubled at higher temperatures (fig. S5 A, B). 

Although this increase was only significant for the relative growth (p = 0.042), these bacterial 

community patterns corresponded to the rise in microbial community growth (Fig. 1 C) and 

the increase in the richness of growing bacterial taxa (Fig. 3 A). Community growth correlated 

with the number of growing bacterial taxa (Fig. S6). This held for the whole microbial 

community (R2 = 0.13, p = 0.082, Fig. S6 A) as well as the bacterial community (R2 = 0.81, p > 

0.001, Fig. S6 A), albeit only significant for the latter. In addition, taxa that became only active 

with elevated temperatures did not grow faster than populations exclusively active in 

ambient soils (Fig. S7 B) 

 

Different bacterial taxa become dominant with long-term warming  

Although average growth rates did not increase, individual taxa showed clear responses to 

warming. Since the contribution of soil microorganisms to biogeochemical processes is not 

only connected to their growth rates but also their abundance, we integrated both by 

calculating proportional 18O assimilation rates. Proportional 18O assimilation (range: 0 - 1) is a 

relative value, expressing how much a single ASV contributes to the total growth of the active 

community. Hence, it can also be considered as the proportion of bacterial growth an ASV is 

responsible for.  

At ambient temperatures, the top 20 ASVs based on their proportional 18O assimilation 

accounted for 36 - 46 % of the community growth (Fig. 4 A). Most of these taxa lost their 

dominant role with long-term warming where they were only responsible for 3 - 11 % of the 
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community growth. Dominant growing taxa at ambient temperatures belonged to the genera 

Collimonas, Flavisolibacter, Granulicella, Kitatospora, Pseudomonas, Puia, Streptoacidiphilus, 

Terracidiphilus, and Undibacterium, showing a high proportion of Bacteroidota. Three ASVs 

remained amongst the top 18O assimilators (Collimonas ASV 2, Kitatospora ASV 5, 

Streptoacidiphilus ASV 10) even after long-term warming (bold ASV names, Fig. 4 B). Their 

contribution to the total community’s growth was lower though and less consistent across 

replicates. Many top assimilatory taxa at elevated temperatures were uncharacterized 

Figure 4: Different taxa become dominant contributors to the total community’s growth 
with long-term warming in undisturbed cores. Heatmap showing taxa (amplicon sequence 
variants, ASVs) with the highest proportional 18O assimilation in undisturbed cores at 
ambient (A) and warmed (B) conditions, visualized across individual samples (boxes n=4 
biological replicates). Proportional 18O assimilation is calculated using re-computed relative 
abundances of only growing taxa (sum: relative abundances growing taxa = 1) and their relative 
growth rates (RGR); it represents the contribution of an ASV to the total community’s 
growth. Hence, it can also be considered as the proportion of bacterial growth an ASV is 
responsible for. ASVs were ranked based on their proportional 18O assimilation per 
replicate. After retaining the top 15 ASVs across all replicates per treatment (total ambient: 
33 ASVs, total warmed: 39 ASVs), we visualized the top 20 ASVs using heatmaps. (A) shows 
the top taxa at ambient temperatures whereas (B) depicts the top taxa under warming. 
Bubbles below each replicate show the cumulative growth summarized over all displayed 
ASVs. ASVs were only considered if they were growing in at least two samples per 
treatment. If genus or family identity could not be assigned (NA), phylum names were 
provided. 
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members of the Acidobacteriota which lacked taxonomic assignment at the order level. Other 

ASVs belonged to the genera Bradyrhizobium, Mucilaginibacter, Puia, and the unclassified 

Acidobacteriota RB41. At higher temperatures, community growth was more evenly 

distributed among a larger number of taxa. The top 20 ASVs accounted for less community 

growth than at ambient conditions with only 13 - 40 %. Under long-term warming, community 

growth generally comprised fewer dominant taxa indicating a larger evenness across active 

taxa. For instance, more than twice as many taxa were required to account for 50 % of the 

community growth in warmed plots (59 ± 25 ASVs (mean ± SD), fig. S8) than at ambient 

temperatures (26 ± 5 ASVs).  

 

Long-term warming alters root effects on bacterial growth  

To disentangle how roots impact the growth of soil bacteria and archaea today and in a 

warmer climate, we installed root in-growth and root exclusion cores in situ for 10 months. 

At ambient conditions, root presence accelerated growth rates on average ~ 2.5 times as 

compared to root-exclusion cores (Fig. 5 A, Two-way ANOVA; Warming: F = 2.4, df = 1, p = 

0.138; Core: F = 8.85, df = 2, p = 0.002; Warming x Core: F = 10.98, df = 2, p = 0.0007). In long-

term warmed soils, however, this effect was lost (Fig. 5 A). In fact, warming significantly 

decreased relative growth rates in root inclusion cores, so they were indistinguishable from 

those estimated from root exclusion cores (Fig. 5 A). Most growing taxa were exclusively 

active in one specific core type, indicating a closer association with either roots or bulk soil 

(fig. S9). We defined putative root-associated and bulk-soil-associated taxa as those 

exclusively growing in either the presence or absence of roots. We found that root-associated 

were growing faster than bulk-soil-associated taxa at ambient temperatures whereas this 

effect was not significant for shared taxa growing in both cores (fig. S7 A). The two functional 

groups also differed in their warming response. Putative root-associated taxa showed a 

negative growth response to warming (fig. S7 B) indicated by a decrease in mean growth rates 

(Fig. 5 B). Putative bulk-soil-associated taxa responded to long-term warming in an opposite 

manner. Their mean growth rates either increased with warming (Fig. 5 C) or remained 

constant (fig. S7 B).  

At ambient conditions, the richness of growing taxa in root ingrowth cores was comparable 

to undisturbed cores (302 ± 106 ASVs, fig. S7) but lower than in root-exclusion cores (968 ± 

88 ASVs). Root ingrowth cores responded to long-term warming with larger and more diverse 
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growing communities, supporting our findings from the undisturbed cores (fig. S10 A, B). In 

contrast, the diversity and size of growing communities in root exclusion cores remained 

unchanged.  

 

Members of the Chitinophagaceae profit from root presence 

The growth of several taxa was influenced by the presence or absence of roots. Based on their 

proportional 18O assimilation, we observed specific ASVs from different genera to be linked 

with the presence roots such as Alkanindiges, Mucilaginibacter, Puia, and Cytophaga (fig. S11 

A). However, most of these taxa stopped growing at higher temperatures. Other taxa showed 

larger contributions to the community’s growth when roots were absent such as unclassified 

members of the Acidobacteriota, Micropepsaceae, and Xanthobacteraceae (fig. S11 B). Few 

root-specific patterns could be observed at the family level (Fig. 6). We found that the top-

18O assimilating families accounted for similar amounts of community growth across both 

Figure 5: Warming alters the effect of roots on bacterial and archaeal growth rates. Mean 
taxon-level relative growth rates of all taxa growing in root ingrowth and root exclusion 
cores at ambient and warmed conditions (A). Mean taxon-level relative growth rates of 
shared growing taxa between ambient and warmed conditions in root ingrowth (B; 
Student's t-test: t= 2.8, df= 4.05, p= 0.046) and root exclusion cores (C; Student's t-test: t= 
-4.9, df= 5.41, p= 0.003). Light-colored dots represent ASV-level growth rates across all 
replicates used to calculate means (n=4 biological replicates) and standard errors (points, 
error bars). Asterisks represent significant differences (n=4) inferred from two-way ANOVA 
(Factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion) followed by Tukey post 
hoc tests (A) or inferred from Student's t-test (B, C).  
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core types and warming levels, ranging between 42 – 72 %. Only Chitinophagaceae and 

Streptomycetaceae members seemed to consistently profit from the presence of roots with 

significantly higher proportional growth as compared to root exclusion cores (Fig. 6). In 

contrast, proportional 18O assimilation of the Nitrosomonadaceae was larger in root exclusion 

cores. Overall, although root association patterns were evident at the ASV level, they were 

not consistent at the family level, except for Chitinophagaceae and Streptomycetaceae. 

  

Figure 6: Chitinophagaceae show a higher contribution to the total community’s growth 
in the presence of roots. Heatmap showing the top 15 families based on their proportional 
18O assimilation across root ingrowth and exclusion cores at ambient (A) and long-term 
warmed conditions (B). Individual boxes represent replicates per treatment (n= 4 biological 
replicates). Proportional 18O assimilation ranges from 0 - 1 and estimates how much a single 
taxon contributes to the community's overall growth. Hence, it can also be considered as 
the proportion of bacterial growth an ASV is responsible for. It was calculated using re-
computed relative abundances of only growing taxa (sum: relative abundances growing taxa = 
1) and their relative growth rates (RGR). ASVs had to be active in at least two samples if 
detected as growing in a treatment. Proportional 18O assimilation was then agglomerated 
at the family level and visualized for the top 15 families. If family identity could not be 
assigned (NA), phylum names were provided. Bubbles below each replicate box show the 
cumulative growth summarized over all displayed families. Asterisks represent significant 
differences between root ingrowth and root exclusion cores agglomerated over both 
temperature regimes based on Wilcoxon rank tests using false detection rate (fdr) 
correction for multiple comparisons (n= 4).  
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Discussion  

 
High-latitude soils contain large carbon stocks that are vulnerable to being lost with warming 

due to accelerated microbial activities. Our understanding of the underlying mechanisms 

remains inadequate though, partly because microbial responses to climate change are often 

measured at an aggregated level, summing over the complexity of an entire community. Here, 

we disentangled the growth response of individual populations of active bacteria and archaea 

(hereafter: summarized as bacteria) to more than 50 years of long-term soil warming (+ 6 °C), 

also accounting for indirect warming effects mediated by roots. Our study demonstrates that 

accelerated community growth with warming is driven by a strong increase in the number of 

growing taxa, rather than by an increase in average bacterial growth rates, providing a 

different mechanistic explanation for the microbial warming response than inferred by 

community-aggregated measurements. We also show that root presence accelerates 

bacterial growth rates at ambient conditions, whereas this growth-promoting root effect was 

lost with long-term warming. Warming even seemed to decrease the growth rates of putative 

root-associated taxa. This indicates that for some microbial groups, indirect warming effects 

may be stronger than direct ones, depending on their life history strategy.  

In the (Sub)Arctic, long-term warming has been shown to persistently increase relative 

microbial community growth and respiration [8]. This was explained by a permanent 

acceleration of microbial activities with no signs of thermal acclimation, defined as the return 

of microbial activities towards pre-warmed rates. We also observed higher microbial 

community growth rates (including fungi) in long-term warmed soils. For archaea and 

bacteria, however, the increase in community growth was not associated with generally 

faster-growing populations. This contrasts the idea that warming just accelerates the growth 

rates of already present populations (Fig. 3 C). Instead, higher bacterial community growth 

(fig. S5 A, B) in warmed soils was driven by a doubling of growing taxa (Fig. 3 A) as well as a 

larger proportion of the total community being active (Fig. 3 B). While warming led many 

bacterial taxa to transition from an inactive to an active state, taxa active at higher 

temperatures were not characterized by higher growth rates. Neither did warming accelerate 

the growth of taxa active at both temperatures (fig. S4 B) or give rise to generally faster-

growing bacteria (fig. S7 B). Hence, long-term warming did not produce or foster faster 
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growing bacterial populations but rather caused more dormant cells to enter a state of 

activity.  

Since taxon-specific growth rates were indistinguishable between temperatures, we cannot 

generally rule out the presence of thermal acclimation at the level of individual populations. 

Thermal acclimation can be evoked by direct and indirect factors such as physiological 

acclimation or substrate depletion. Physiological acclimation, possibly due to higher cellular 

maintenance [39] and respiratory costs [26], seems likely for those taxa that were shared 

between warming levels and did not differ in their growth rates. Most taxa, however, showed 

narrow environmental optima and were growing at either ambient or warmed conditions. 

Although many additional taxa became active at higher temperatures, they grew at average 

rates indistinguishable from ambient conditions. This might have been due to indirect factors 

such as substrate depletion [8, 9] and larger resource acquisition efforts associated with less 

energy allocated to growth [40, 41]. The latter was supported by higher potential extracellular 

enzyme activities involved in cellulose and chitin degradation in long-term warmed plots, 

which also points to a reduced availability of substrates. Overall, we could show that increases 

in bacterial community growth can be driven by a larger number of growing taxa rather than 

generally faster-growing populations, with the potential for thermal acclimation across 

several taxa. This highlights that studying individual microbial populations can reveal 

mechanisms of the soil microbiome’s warming response that are masked at the aggregated 

community level.  

Previous reports of higher relative community growth rates in response to long-term warming 

were inferred by measuring the incorporation of 18O into total microbial DNA [8]. Hence, 

these growth measurements encompassed several groups of microorganisms but mostly 

bacteria, archaea, and fungi. While we observed the same increase in relative community 

growth (Fig. 1 C), we subsequently focused on the contribution of bacteria and archaea and, 

thus, cannot make assumptions about shifts in fungal growth rates. Our results shed light on 

the mechanisms of the bacterial warming response to long-term warming, allowing us to 

disentangle community aggregated measurements. We cannot rule out that fungi responded 

differently than bacteria and contributed to the rise in microbial community growth with 

higher growth rates. Our proposed mechanism, therefore, only applies to the bacterial and 

archaeal part of the microbial community. Nonetheless, we found that microbial community 
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growth also increases with the number of growing bacterial taxa (fig. S6 A) which is not 

surprising since bacteria and archaea constitute a large part of soil microbial communities.  

Many taxa only became active and started growing at higher temperatures. Warming has 

been reported to increase soil microbiome diversity based on amplicon sequencing of the 16S 

rRNA gene [42–45]. Optimal growth temperatures of Artic soil microorganisms can range 

between 23 – 34 °C [46] which by far exceeds regular temperature in high latitude soils. It is 

possible that the + 6 °C (ambient: 10.7 °C; warmed: 16.7 °C) of soil warming studied in our 

experiment crossed a minimum temperature threshold which enabled many additional taxa 

to start growing. Warming-induced losses of nitrogen and carbon might have also decreased 

the competitiveness of taxa adapted to more nutrient-rich environments, as hypothesized for 

plants, allowing for a larger diversity of active bacteria [47]. Mean growth rates remained 

comparable to unwarmed conditions though. Findings from other warming experiments using 

qSIP underline that local biogeochemical conditions have a strong impact on the microbial 

response to climate change. While 29 years of warming increased the mean growth of Tundra 

soil bacteria by more than 150 % [45], 15 years of warming along an elevational gradient in 

Arizona reduced the growth of various groups of bacteria by more than 70 % [48]. The 

diversity of growing taxa in response to warming in these studies either increased or remained 

unchanged. Similar to our results, field warming in the Antarctic doubled the number of active 

taxa [49]. This suggests that shifts in the number of active bacteria may be a fundamental 

component of the microbial warming response, but the strength of this mechanism might 

differ between ecosystems. 

Plant-microbe interactions play an important role in shaping microbial activities but how they 

are affected by warming remains largely unknown. Warming of soil and air can increase plant 

carbon inputs and promote microbial activities [50–52]. On the other hand, it may also 

deplete available nutrients such as nitrogen and enhance competition between plants and 

soil microorganisms [34]. We found that plants promoted higher growth rates at ambient 

temperatures, but that this effect was lost with long-term warming, indicating a shift of plant-

microbe interactions from positive to neutral (Fig. 5). Especially root-associated taxa showed 

lower growth rates in warmed plots. This response may be explained by warming-induced 

losses in fine-root biomass and production, which were reported from the study site [37, 38], 

also suggesting a reduction in belowground plant carbon allocation [53]. Root-associated taxa 

have been found to consume plant-derived carbon and show higher potential growth rates 
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than bulk-soil-associated taxa [30, 31]. Since there are indications from the same 

experimental site that plant carbon inputs did not increase but rather decreased with 

warming [37, 38], root-associated taxa may have been unable to maintain higher growth rates 

in warmed plots due to an insufficient supply of extra carbon, likely aggravated by a 

simultaneous rise in metabolic and respiratory costs [26, 39]. Interestingly, many bulk-soil-

associated taxa showed a positive growth response to warming, indicating that their growth 

was rather limited by temperature than substrate availability. On the other hand, root 

exclusion could have also reduced competition with root-associated taxa or negative 

interactions with larger predatory organisms that could not overcome the small mesh size of 

the root exclusion cores. Root- and bulk-soil-associated taxa likely differ in their life history 

traits. Root-associated taxa are adapted to extra carbon provided by plants as indicated by 

higher potential growth rates and more genes associated with carbon metabolisms [30, 31]. 

Bulk-soil-associated taxa usually don’t have access to root exudates and are adapted to a 

more carbon-limited environment and need to invest more into extracellular enzymes for soil 

organic matter decomposition. Hence, indirect warming effects driven by shifts in plant-

microbe interactions might have had a negligible impact on the growth rates of bulk-soil-

associated taxa. Overall, our study provides evidence that in a (Sub)Arctic grassland, the 

direction of plant-microbe interactions shifts from positive to neutral because of long-term 

warming. This also suggests that root effects on soil bacteria have become smaller with 

warming. The strength of the observed root effect differed between microbial groups, 

possibly due to differences in their life history strategies, since bulk-soil-associated taxa were 

largely unaffected by shifts in root-microbe interactions.  

Do microbial genera or families show similar response patterns to climate change and, if so, 

could this help us to infer something about their traits? These are well-identified, yet open 

questions in  climate change microbiology. We know that growth rates seem to be to 

conserved across taxonomic groups [54]. Whether a certain family performs better under 

warmed conditions remains elusive though. The growth rate of a microorganism is the major 

component of its fitness [55] and by measuring its change across different environmental 

conditions we may infer something about its adaptations and traits. We found that the top 

20 taxa, based on their growth and abundance, accounted for > 30 % of the community 

growth at ambient temperatures. Most of these taxa lost their dominant role with long-term 

warming while other active taxa became dominant contributors to the community’s growth, 
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likely better adapted to the conditions at higher temperatures (Fig. 4). Despite strong 

differences between warmed and control soils at the ASV level, few taxa managed to persist 

amongst the top 18O assimilators (Collimonas, Kitasatospora, Streptacidiphilus) at warmed 

conditions, suggesting physiological plasticity with regards to temperature. It is worth 

mentioning that members of these genera show a wide range of defensive properties 

including the production of various bioactive and antibiotic compounds which might increase 

their competitiveness at both temperature regimes [56–58]. Collimonas is also known to be 

a fungus-eating genus [56].  

The same families accounted for very similar proportions of bacterial growth (> 60 %) at both 

temperature regimes (fig. S3). Hence, we could not identify any family, except the 

Xanthobacteraceae, as particularly warming responsive. However, many ASVs and several 

genera within these families showed a clear warming response. This suggests that the 

temperature niche of several bacterial families was rather broad whereas the niche of the 

individual taxa within these families was considerably smaller.  

Root effects were only visible when examining the actively growing community, highlighting 

the importance of using activity-based techniques such as qSIP to be able to capture indirect 

warming effects mediated by plants. Despite strong taxon-specific response patterns, which 

could be used to categorize ASVs into root- and bulk-soil-associated taxa, broad genus or 

family-specific trends were scarce. Nevertheless, one family, the Chitinophagaceae, 

consistently performed better when roots were present, even at both temperature regimes. 

This indicates that several members of the Chitinophagaceae might be root beneficiaries. 

Members of this family have been identified from root microbiomes before [59–61] and 

potentially protect plants against pathogens such as fungi, harboring enzymes such as 

chitinases that are involved in fungal cell wall degradation [62–64]. Chitinophagaceae may 

also decompose cellulose and could have benefited from the root turnover in the root 

ingrowth cores [65]. Interestingly, we detected higher exochitinase and exoglucanase (the 

latter being involved in cellulose degradation) activities in root ingrowth cores where 

Chitinophagaceae accounted for a substantial part of the bacterial community growth.  

In this study, we demonstrate that more than 50 years of soil warming persistently increased 

microbial growth at the community level. While this has previously been shown and assumed 

to be driven by generally faster-growing taxa, we found this response, at least for bacteria, to 

be caused by a larger body of distinct active taxa, growing at rates indistinguishable from 
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ambient temperatures. This suggests an alternative mechanism behind the warming-induced 

increase in relative community growth which cannot rule out thermal acclimation at the level 

of individual bacterial populations. This pattern, i.e., shifts in the number, diversity, and 

identity of growing taxa, rather than shifts in their individual growth rates might be a central 

mechanism behind changes in bacterial activity due to environmental change. While there 

exists supporting evidence from a drought study in a montane grassland [29], future studies 

need to examine if this is generalizable across ecosystems and disturbances. If yes, this might 

add an additional layer of complexity to predicting the microbial warming response, especially 

in microbial-explicit models. Taxa becoming active under warmed conditions may be 

functionally different from those active at ambient temperatures including their interactions. 

If accelerated microbial activities are not driven by the same active community, only working 

at faster rates, but by a larger active community with a different composition, a more complex 

equation may be necessary to model the microbial warming response. Roots also played an 

important role in shaping bacterial activity, promoting higher growth rates of associated taxa 

at ambient temperatures, but not anymore after long-term warming. For putative root-

associated taxa, indirect warming effects mediated by shifts in root-microbe interactions 

appeared to be even stronger than direct warming effects. The soil microbiome has often 

remained a black box regarding its response to climate change, complicating its incorporation 

into climate models. Our findings shed light on the range of microbial mechanisms underlying 

the warming response of the soil microbiome, opening this black box to improve our 

understanding of the fate of soil carbon in a warmer climate.  
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Materials and Methods 

 

Study site, experimental set-up, and sample collection   

We conducted our study in the frame of the ForHot natural warming experiment located in 

southern Iceland (64° 00′ 01′′ N, 21° 11′ 09′′ W) [66]. The ForHot experiment consists of 

naturally warmed grasslands where a soil temperature gradient established due to 

geothermal activity. Soil temperatures range from ambient conditions (mean annual soil 

temperature at 10 cm depth: 6.3 °C ± 0.3 °C; mean ± standard deviation) to + 20 °C of warming. 

The grassland sites differ in their warming history. Soils for this study were sampled from four 

neighboring fenced transects (fig. S1) located in a long-term warmed valley (LTW). The 

grassland at this site experienced sustained soil warming for > 50 years but probably since 

1706 [66]. The distance between ambient and warmed (+ 6 °C) plots was 24.8  7.2 m (mean 

 standard deviation). Dominant grassland species were Agrostis capillaris, Ranunculus acris, 

and Equisetum pratense that established over Brown Andosols of approximately pH 5.7 [8]. 

The mean annual air temperature and mean annual precipitation recorded at the closest 

synoptic station were 5.2 °C and 1457 mm, respectively.   

In October 2019, we installed stainless steel root-ingrowth (mesh size: 1 mm) and root-

exclusion cores (mesh size: 30 µm) adjacent to each other along the four temperature 

gradients (Fig. 1 A). Soil was extracted and transferred into cores (cylindrical meshed 

compartment, length: 10 cm, diameter: 3.5 cm) in the field after the manual removal of roots 

and stones. Root-exclusion cores likely also prevented the entry of soil fauna > 30 µm, 

including predators such as larger nematodes and protists, while fungi had unhindered access 

to both core types. Cores were retracted after 10 months of in situ incubation at peak 

vegetation season in August 2020. Along with the pre-installed cores, fresh soil samples 

(undisturbed soil cores) were collected from the top 10 cm in an area adjacent to the 

permanently monitored warming plots where metal cores were installed (Fig. 1 A). These 

samples were taken to assess the warming effect on the soil microbiome without previous 

disturbance. For quantitative stable isotope probing, we focused on plots along the gradients 

that experienced on average + 6 °C (n = 4) of warming and their corresponding controls at 

ambient temperatures (n = 4). Overall, this resulted in 24 samples comprising material from 
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two warming levels and three core types (undisturbed, root ingrowth, root exclusion). 

Although warming intensities have been reported stable over time [66], they were subject to 

variation due to fluctuations in geothermal activity. During laboratory incubations, we 

maintained the previously confirmed temperature difference of + 6 °C [8] between ambient 

and selected warmed sites. Based on temperature measurements from control plots during 

field sampling, laboratory incubations were performed at 10.7 °C and 16.7 °C, respectively.  

 

Total and microbial carbon and nitrogen pools  

Four days after sampling and storage at 4 °C, soil was passed through a 2 mm sieve. Soil water 

content was determined gravimetrically by drying 2 g of fresh soil at 105 °C for 24 h. We 

analyzed microbial biomass carbon and microbial biomass nitrogen via the chloroform-

fumigation extraction method (Vance, Brookes, and Jenkinson 1987). One soil sub-sample (2 

g) was chloroform fumigated for 48 h prior to extraction in 15 ml 1 M KCl solution, whereas 

another sub-sample was extracted immediately. After KCl addition, samples were shaken for 

30 minutes, filtered through ash-free filters, and stored at -20 °C. We analyzed both sub-

subsets for extractable organic carbon (EOC) and extractable organic nitrogen (EON) on a 

TOC/N Analyzer (TOC- VCPH/CPNT-NM-1, Shimadzu, Japan). Microbial biomass carbon and 

nitrogen were then calculated as the difference between fumigated and non-fumigated sub-

samples using an extraction coefficient of 0.45 [67]. Total carbon and nitrogen contents were 

determined from dried, weighed, and finely ground soil aliquots by EA-IRMS (EA 1110; CE 

Instruments, Milan, Italy), coupled to a Finnigan MAT Delta Plus IRMS (ThermoFisher 

Scientific, Waltham, MA, USA).  

 

Potential extracellular enzyme activities  

We measured the potential activities of four extracellular enzymes related to the degradation 

of cellulose, chitin, proteins, and organic phosphorus using a modified fluorometric method 

[68] (table S2). In short, 50 ml sodium acetate buffer (50 mM, pH 5.8) was added to 1 g of 

sieved soil and ultrasonicated at approximately 350 J. Fluorogenic methylumbelliferyl (MUF) 

substrates were used to measure enzymatic cleavage of all enzymes except for protease 

assays which required an aminomethylcoumarin (AMC) substrate. We prepared one standard 
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row and four analytical replicates for each sample in a black microtiter plate by combining 

200 µl of mixed sample and 50 µl fluorogenic substrate. Plates were incubated in the dark at 

room temperature and fluorescence was measured after 10 minutes, 60 minutes, and 100 

minutes at an excitation wavelength of 365 nm and an emission wavelength of 450 nm (Tecan 

Infinite M200 fluorimeter, Werfen, Austria). The increase in fluorescence over time was then 

used to calculate potential enzyme activities.  

 

Quantitative stable isotope probing via 18O water vapor equilibration (vapor-qSIP) 

Prior to vapor-qSIP incubations, soil samples were kept at field temperatures for two days 

(10.7 °C and 16.7 °C) to allow microbial communities to acclimate after transportation and 

storage. Samples for qSIP were incubated with 18O-enriched water and water at natural 

abundance using the 18O water vapor equilibration method [69]. In vivo 18O water vapor 

equilibration avoids changes in soil water content by letting labeled water redistribute into 

the soil pore space from a spatially separated source in a closed system. By using this method, 

we could maintain the original moisture of our soil samples while avoiding air-drying and 

rewetting, potentially masking in situ activities [69]. Soil samples were sieved to remove 

rocks, roots, and plant litter. They were weighed in 1.2 ml (~500 mg) cryovials before placing 

them into 27 ml glass headspace vials. We applied 500 µl of heavy water (97 atm %) to the 

bottom of each headspace vial, which was calculated using the initial soil water content and 

the target soil water enrichment of ~70 atom % 18O . The volumetric water content was 34.9 

± 2.9 % (mean ± SD) in warmed and 40.1 ± 3.5 % in ambient soils. Headspace vials were closed 

air-tight with rubber septa after water application and incubated at ambient temperatures 

and at + 6 °C above (ambient = 10.7 °C, warmed= 16.7 °C) for five days. To monitor the 18O 

enrichment of the soil water over time, we prepared an additional 18O-calibration set-up for 

each temperature level using soil samples from one transect. These calibration samples were 

harvested after 3, 6, and 48 hours to collect the remains of liquid water at the bottom of the 

headspace vials. At the end of the 5-day incubation period, the same procedure was 

performed for all other 18O labeled samples. Water samples were analyzed for their 18O 

enrichment through equilibration of 18O in H2O with CO2 by a Gasbench II headspace sampler 

connected to a Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher). These 

served as a proxy for 18O enrichment of soil water over time. We used them to calculate the 
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average 18O enrichment over the course of incubation by fitting a negative exponential 

function and determining its integral according to Canarini et al. 2020. Our samples 

approached the target enrichment (70 atom % 18O) after 48 hours (fig. S12) but did not fully 

reach it. Hence, the average soil water enrichment over the five-day incubations was 32 - 37 

atom% per sample.  

After incubation, soil aliquots were flash-frozen and stored at -80 °C. Following 

manufacturer’s instructions, we isolated DNA from soils using the FastDNATM SPIN Kit for Soil 

(MO Biomedicals). DNA concentrations were quantified fluorometrically using the PicoGreen 

Assay (Quant-iTTM PicoGreen dsDNA Reagent, Life Technologies) on a TECAN Infinite 200 PRO 

plate reader. To determine atom percent excess 18O (APE 18O) of our DNA extracts, we 

analyzed their 18O isotopic composition on a thermochemical elemental analyzer (TC/EA 

ThermoFisher) coupled via a Conflo III open split system (ThermoFisher) to an Isotope Ratio 

Mass Spectrometer (IRMS, Delta V Advantage, ThermoFisher). DNA extracts were separated 

based on their density to detect underlying patterns in 18O isotope incorporation by 

ultracentrifugation in a cesium chloride density gradient [28]. We loaded 2 µg DNA into a 4.7 

mL OptiSeal ultracentrifuge tube (Beckman Coulter) with ~4 ml saturated CsCl solution and 

gradient buffer (100 mM Tris, 100 mM KCl, 1 mM EDTA). Two replicates from the root-

exclusion core experiment incubated at elevated temperatures showed lower DNA yields. 

Hence, only 750 ng of DNA could be loaded into the ultracentrifuge tubes. For comparability 

reasons and downstream calculations, this was considered by multiplying DNA and 16S rRNA 

gene copies by a correction factor of 2.67. DNA Samples were spun in a Beckman Optima 

ultracentrifuge using a Beckman VTi 90 rotor (50,000 rpm at 20°C) for 72 h. We manually 

collected 24 fractions of 250 μl after puncturing the tubes with a cannula (Braun Sterican, 0.9 

x 25 mm) while mineral oil served as a displacement medium. During fractionation, tubes 

were secured with a three-prong clamp attached to a retort stand. We measured the density 

of each fraction with a Krüss DR301-95 digital refractometer. DNA was purified from the CsCl 

solution by glycogen-aided isopropanol precipitation, resuspended in 50 µl nuclease-free 

water, and quantified by PicoGreen fluorescence (see above).   

Sequencing was performed (15-16 fractions per sample) at the Joint Microbiome Facility of 

the Medical University of Vienna and the University of Vienna (JMF project ID: JMF-2107-05). 

Fractions were selected based on DNA content excluding those without detectable DNA. A 
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two-step barcoding approach was used to generate amplicon libraries of archaeal and 

bacterial communities using Illumina MiSeq (V3 Kit) in the 2 x 300 bp configuration [70]. 

Primer sequences (515F–806R) and PCR amplification protocols (30 cycles) were used as 

specified by the Earth Microbiome Project [71] standard protocols 

(https://earthmicrobiome.org/protocols-and-standards/16s/). We used the following cycling 

conditions: initial denaturation at 94°C for 4 min, 7 cycles of 94°C for 30 s, 52°C for 30 s, 72°C 

for 60 s, and final elongation at 72°C for 7 min [70]. Amplicon pools were extracted from the 

raw sequencing data using the FASTQ workflow in BaseSpace (Illumina) with default 

parameters. Demultiplexing was performed with the python package demultiplex (Laros JFJ, 

github.com/jfjlaros/demultiplex) allowing one mismatch for barcodes and two mismatches 

for linkers and primers [70]. Amplicon sequence variants (ASVs) were inferred using the 

DADA2 R package [72] applying the recommended workflow. FASTQ reads 1 and 2 were 

trimmed at 220 nt and 150 nt with allowed expected errors of 2 and 2, respectively. ASV 

sequences were subsequently classified using DADA2 and the SILVA database SSU Ref NR 99 

release 138.1 [73, 74] using a confidence threshold of 0.5. Datasets were deposited in the 

NCBI Sequence Read Archive under BioProject accession number PRJNA1013122.  

We measured the concentration of total 16S rRNA gene copies per fraction on the Bio-Rad 

QX200 digital droplet PCR (ddPCR) system using the same primers used for sequencing but 

without adapters. Individual PCR reactions comprised the following components: 11 µl 1× 

EvaGreen Droplet Generation Mix (Bio-Rad), 0.2 µl forward primer (10 µM), 0.2 µl reverse 

primer (10 µM), 8.6 µl nuclease-free water, and 2µl diluted DNA template. Prior to ddPCR 

quantification, DNA samples were diluted to 0.05 ng/µl as 0.1 ng of total DNA per reaction 

was found optimal for the separation of negative and positive droplets. The following cycling 

conditions were used for ddPCR: 95°C for 5 min, 5 cycles of 95°C for 30 s, 57°C for 2.5 min (-1 

°C each step), followed by 35 cycles of 95 °C for 30 s, 52 °C for 2.5 min, followed by 4 °C for 5 

min, and 90 °C for 5 min. Droplets were stored at 4 °C for a least one hour before reading. We 

used QuantaSoft software (Bio-Rad) to calculate 16S rRNA gene copies. 
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Microbial community growth 

We used the 18O enrichment of our DNA samples before ultracentrifugation together with the 

estimates of microbial biomass carbon (Cmic) and the DNA content to calculate microbial 

community growth – including other microorganisms such as fungi - as described before [8, 

20, 75]. In short, we determined DNA production (DNA produced) using the difference in 18O 

abundance between labeled and natural abundance samples using a factor of 31.21 

(proportional mass of O (%) in an average DNA molecule). Microbial community growth (G, 

expressed as µg carbon per hour per gram of dry soil) was then calculated by multiplying DNA 

production with the quotient of microbial biomass carbon and DNA content (G = DNA produced 

* (Cmic / Total DNA). We determined microbial community growth per unit of microbial 

biomass (Gm, relative community growth or mass-specific growth, expressed as µg carbon 

per hour per gram of microbial biomass carbon) using: Gm = G / Cmic .  

 

qSIP and statistical analyses 

All analyses were performed in R 4.1.1 [76]. Amplicon sequencing data was manipulated using 

the phyloseq package [77]. We removed ASVs without taxonomic assignment at the phylum 

level or classified eukaryotes, mitochondria, or chloroplasts (2553 ASVs). In addition, we 

removed contaminant ASVs identified by decontam 1.6.0 [78] using the prevalence method 

and a threshold setting of 0.01. Negative controls from DNA extraction and dilution steps 

served as input data (number of negative controls = 6). Only samples with > 2000 reads were 

retained for further analyses. Post-filtering, we yielded a feature table with 19,092 ASVs and 

10,139,236 reads. 

We determined weighted average densities (WADs) at the sample level, as explained in 

Hungate et al. 2015. Previous reports suggest that variations in CsCl gradients between 

independent ultracentrifugation runs affect WAD estimates [54, 79]. Thus, we used direct 

IRMS measurements of the 18O composition of our unfractionated DNA to calibrate WADs as 

described in Papp et al. (2018) [80]. The calibration was based on a previously described [28] 

relationship between density and APE18O of DNA: Expected WAD = 0.0644* APE18O of DNA + 

1.6946. The intercept represents the density of E. coli DNA at natural abundance. Since 

density measurements can vary considerably between labs, we replaced this term with the 
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density estimates of our unlabeled control samples. A correction factor was determined by 

subtracting the measured WADs from the expected WADs and then applied to the measured 

WADs. One sample pair (control, labeled) from the root-ingrowth treatment at ambient 

temperatures was spun in a slightly less concentrated CsCl gradient, resulting in overall lower 

WADs. To account for this, we calculated the mean offset in WAD from the control samples 

of the remaining replicates of the same treatment and added it to the density estimates.  

Taxon-specific 18O enrichment (APE 18O), a proxy for microbial growth, was determined based 

on the relationships between 18O incorporation, DNA density, GC-content, and DNA molecular 

weight as described in Hungate et al. 2015. We used publicly available code to perform qSIP 

calculations (https://bitbucket.org/QuantitativeSIP/qsip_repo, https://github.com/brams- 

tone/qsip, https://doi.org/10.5281/zenodo.8109566 [81]). A presence-absence filtering step 

was applied prior to qSIP analysis to exclude infrequent taxa [14]. Taxa had to occur in at least 

four fractions and two replicates per treatment, yielding 7601 ASVs and accounting for 85% 

of all sequence reads. We calculated taxon-specific APE 18O values, first, at the treatment level 

by bootstrap resampling of replicates and, second, at the replicate level without bootstrap 

resampling. Bootstrap testing allowed us to estimate whether taxon-specific density shifts via 

18O incorporation were consistent across replicates, resulting in a single enrichment value 

(bootstrap mean or median) for each taxon [28]. To also harness growth variations between 

replicates, we merged both approaches by first identifying consistently growing taxa at the 

treatment level using bootstrap resampling and then determining their individual growth 

rates at the replicate level. Hence, we considered a taxon to be actively growing if its 

bootstrapped and non-bootstrapped APE 18O values were > 0. Taxon-level relative growth 

rates per day (RGR) were calculated as follows assuming linear growth: RGR = AFE 18Otaxon / 

(Average AFE 18Osoil water * days of incubation) [48, 82]. For this, APE 18O percent values were 

converted into decimals also called 18O atom fraction excess (AFE 18O), and commonly used 

in qSIP studies. 

Absolute abundances (16S rRNA gene copies per ASV per g of dry soil) were calculated for 

each ASV individually by multiplying their sequencing-inferred relative abundances by the 

total amount of 16S rRNA gene copies of each fraction before summing over all fractions of a 

sample. To determine the size, or percentage, of the actively growing community, we 

summed the absolute abundances of all growing taxa and divided it by the sum of the 
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absolute abundances of all taxa. Prior to summing the absolute abundances of the growing 

taxa, we multiplied them by their AFE 18O values. By doing so, we aimed to estimate how 

many 16S rRNA gene copies were labeled within the population of a growing taxon (= size of 

growing subpopulation). We accounted for this because qSIP targets populations and not cells 

and it is possible that only a subfraction of a taxon’s population was growing. By multiplying 

the absolute abundance of a growing taxon by its AFE 18O, we assumed that the enrichment 

of a taxon represents its abundance of fully labeled 16S rRNA gene copies. Although this is a 

conservative approach since there are probably also partially labeled 16S rRNA gene copies, 

it avoids overestimating the size of the growing community.  

Since microbial community growth estimates (G, Gm), as described above, inherently included 

other microorganisms such as fungi, we additionally calculated total and relative growth rates 

of the bacterial community. Total bacterial growth, expressed as the amount of produced 16S 

rRNA gene copies per gram of dry soil per day, was determined by summing the total growth 

across all growing taxa per day (∑ RGRASV * 16S rRNA gene copies per gram dry soil ASV) [49]. 

Relative bacterial community growth was then calculated by dividing total growth by the size 

of the total bacterial community (16S rRNA gene copies per gram of dry soil). 

We compared the effects of long-term warming on carbon and nitrogen pools (total and 

microbial), 16S rRNA gene copies, soil moisture, and extracellular enzymes activities using 

two-way ANOVA (factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion) or two-

sided Student's t-tests when testing for overarching effects. When parametric testing was 

performed, we examined if normality (Shapiro–Wilk test) and homoscedasticity (Levene's 

test) requirements were fulfilled and applied log transformation if necessary. To focus on the 

impact of root presence on extracellular enzyme activities we also used two-way ANOVA but 

excluded the undisturbed cores.  

To assess community shifts of the total and active community (subset based on growth), we 

computed Euclidean distances based on ASV absolute abundances followed by two-way 

PERMANOVA tests with the “adonis” function [83]. Absolute abundances were summed over 

all fractions per sample (only labeled) and, according to a new quantitative sequencing 

framework [84], centered-log transformed (clr) before performing a principal component 

analysis (PCA).  
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We compared RGRs, ASV richness, and active population sizes across treatments using two-

way ANOVA (factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion) followed by 

Tukey post hoc tests. To avoid pseudo-replication (multiple taxon-specific growth estimates 

per sample), we calculated mean relative growth rates for each sample before testing. For 

pairwise comparisons of RGRs of taxa shared between warming levels, we employed two-

sided Student’s t-tests. In addition, we used three-way ANOVA, (factors: Warming ambient/ +6°C, 

Core root ingrowth/ root exclusion, Experiment undisturbed cores, in situ cores) to compare mean RGRs of taxa 

that were active in either distinct or multiple treatments (exclusive/ shared) to infer if taxa 

associated with warming or root presence show different response levels.  

We calculated how the number of growing taxa within major phyla and families shifted with 

long-term warming in the undisturbed cores as an indicator of their taxonomic response. We 

tested for significant shifts using separate nonparametric Kruskal–Wallis rank sum tests and 

corrected for multiple comparisons using false detection rate. Shifts in the number of growing 

taxa were visualized across families and phyla using relative changes between ambient and 

warmed conditions (0 = no change, 1 = increase by 100 %). Relative changes were calculated 

using the following equation: (Growing ASV richness Warmed /Mean growing ASV richness Ambient 

) -1.  

Although some taxa might be growing faster than others, their contribution to the overall 

community-level growth will also depend on their abundance. Therefore, we estimated 

proportional 18O-assimilation, or proportion of growth, for each growing ASV by re-calculating 

their relative abundances (sum of relative abundances of growing taxa = 1) and multiplying 

them by their relative growth rate (RGR). These weighted enrichment values were then 

divided by their sum, producing a proportional 18O-assimilation value ranging between 0 - 1. 

We ranked ASVs that were growing in at least two replicates based on their proportional 18O-

assimilation to identify the top 15 18O assimilating taxa per sample, the top 15 18O assimilating 

families per treatment, and how many taxa accounted for 50% of the total community’s 

growth. We visualized changes in proportional 18O-assimilation with heatmaps using 

functions from the ampvis2 package [85]. To test for significant differences in proportional 

18O-assimilation between warming levels or root in-growth and root exclusion cores at the 

family level, we used pairwise Wilcoxon signed-rank tests using false detection rate correction 

for multiple comparisons. 
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Supplementary Material 

 

 

Table S1: Soil parameters, potential extracellular enzyme activities, 18O enrichment of DNA, 

and total 16S rRNA gene copies across core types and warming levels (means ± SD)  

       

  
  

Ambient 

Undisturbed Ambient Roots Ambient No roots Ambient

Mean ± SD (n=4) Mean ± SD (n=4) Mean ± SD (n=4)

DOC (mgC/g dry soil) 0,03 0,01 0,03 0,01 0,03 0,02

TDN (mgN/g dry soil) 0 0 0,01 0 0,01 0,01

Cmic (mgC/g dry soil) 0,37 0,12 0,47 0,1 0,54 0,16

Nmic (mgN/g dry soil) 0,04 0,01 0,07 0,02 0,09 0,02

Exoglucanase (nmol/ h / g dry soil/ mg Cmic) 460,73 133,14 362,21 179,12 201,08 98,47

Exochitinase (nmol/ h / g dry soil/ mg Cmic) 1518,44 408,81 574,87 165,16 432,44 238,04

Phosphatase (nmol/ h / g dry soil/ mg Cmic) 7306,6 1727,18 3931,25 703,59 3202,74 1318,93

Protease (nmol/ h / g dry soil/ mg Cmic) 108,83 47,63 93,43 55,07 90,13 16,87

Total N (mgN/g dry soil) 0,29 0,03 0,37 0,08 0,34 0,03

Total C (mgC/g dry soil) 3,07 0,47 3,7 0,64 3,67 0,27

Soil water content (% /g fresh soil) 38,02 2,63 41,75 2,35 43,37 2,79

APE 
18

O DNA 0,02241 0,00922 0,02509 0,01692 0,02186 0,00917

16S gene copies (copies/ g dry soil) 4,53E+09 7,16E+08 4,29E+09 2,33E+09 4,60E+09 1,39E+09

Warmed

Undisturbed +6°C Roots +6°C No roots +6°C

Mean ± SD (n=4) Mean ± SD (n=4) Mean ± SD (n=4)

DOC (mgC/g dry soil) 0,01 0 0,02 0,02 0,03 0,02

TDN (mgN/g dry soil) 0 0 0,01 0,01 0,01 0,01

Cmic (mgC/g dry soil) 0,5 0,31 0,41 0,15 0,41 0,11

Nmic (mgN/g dry soil) 0,06 0,04 0,08 0,02 0,08 0,02

Exoglucanase (nmol/ h / g dry soil/ mg Cmic) 426,85 247,97 668,14 186,95 443,93 297,5

Exochitinase (nmol/ h / g dry soil/ mg Cmic) 1277,39 1164,43 1214,27 127,06 879,63 312,78

Phosphatase (nmol/ h / g dry soil/ mg Cmic) 7527,75 5991,95 6386,58 1797 5021,04 4328,72

Protease (nmol/ h / g dry soil/ mg Cmic) 91,4 50,43 155,17 65,19 105,94 52,85

Total N (mgN/g dry soil) 0,26 0,07 0,27 0,05 0,29 0,08

Total C (mgC/g dry soil) 2,78 1,26 2,86 0,5 2,96 0,92

Soil water content (% /g fresh soil) 35,59 5,72 35,39 1,87 38,04 2,09

APE 
18

O DNA 0,03129 0,00862 0,03747 0,02531 0,03897 0,02030

16S gene copies (copies/ g dry soil) 5,46E+09 1,49E+09 4,91E+09 2,68E+09 4,49E+09 2,27E+09

DOC: Dissolved organic carbon; TDN: Total dissolved nitrogen; Cmic: Microbial biomass carbon; Nmic: Microbial biomass nitrogen. 
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Table S2: List of measured extracellular enzymes including associated functions and used 

substrates. 

 

  
  

Enzyme Enzyme function Substrate 

Exoglucanase (cellobiosidase) Release of cellobioside from 

cellulose

4-Methylumbelliferyl β-

Dcellobioside

Exochitinase (N-acetyl-
βglucosaminidase)

Chitin decgradation 4-Methylumbelliferyl N-
acetyl-β-Dglucosaminide

LeucineAminopeptidase 

(Protease)

Protein and peptide 

degradation

L-Leucine-7-amido-4- 

methylcoumarin

Acid Phosphatase Releases inorganic P from 

organic phosphorus

4-Methylumbelliferyl 

phosphate
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Figure S1: Aerial image of the long-term warmed field site. Four replicated grasslands (GO1-
4 = biological replicates) were geothermally warmed for > 50 years and located in the 
Grændalur valley close to Hveragerði, Iceland. The average distance between warmed (E = + 

°6C) and ambient plots (A) was 24.8  7.2 m (mean  standard deviation, min = 17.8, max= 
33). The arrow indicates the direction of the north. The drone image was provided by Amir 
Hamedpour (Svarmi, Agricultural University of Iceland) and included with his permission.  
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Figure S2: Family-level changes in the number of growing taxa in undisturbed cores in 
response to long-term warming. Points represent relative changes (0 = no change, 1 = 
increase by 100 %) in the number of growing taxa per family including standard errors. Bold 
colored points denote significant shifts (Kruskal-Wallis test and false detection rate (fdr) 
correction for multiple comparisons, n= 4 biological replicates) and transparent points non-
significant ones. The vertical line depicts the mean of the reference treatment (Undistributed 
core at ambient conditions) used to calculate relative changes.  
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Figure S3: Proportional 18O assimilation of the top 15 families in undisturbed cores. 
Heatmap showing the top 15 families based on their proportional 18O assimilation in 
undisturbed cores at ambient (A) and long-term warmed conditions (B). Individual boxes 
represent replicates per treatment (n= 4 biological replicates). Proportional 18O assimilation 
ranges from 0 - 1 and estimates how much a single taxon contributes to the total community's 
growth. It was calculated using re-computed relative abundances of only growing taxa (sum: 
relative abundances growing taxa = 1) and their relative growth rates (RGR). Proportional 18O 
assimilation was then agglomerated at the family level and visualized for the top 15 families. 
Hence, proportional 18O assimilation can be considered as the proportion of bacterial growth 
a family was responsible for. If family identity could not be assigned (NA), phylum names were 
provided. Bubbles below each replicate box show the cumulative growth summarized over all 
displayed families. Asterisks represent significant differences between ambient or warmed 
conditions based on Wilcoxon rank tests using false detection rate (fdr) correction for multiple 
comparisons (n= 4).  
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Figure S4: Mean taxon-specific growth rates in undisturbed cores did not change with long-
term warming when accounting for inactive taxa or focusing taxa growing at both 
temperature levels. (A) Mean taxon-specific growth rates including active (APE 18O > 0) and 
inactive taxa (APE 18O < 0) that passed prevalence filtering. (B) Mean taxon-level growth rates 
of taxa growing at ambient as well as warmed conditions (shared taxa). Statistics (n=4 
biological replicates) were inferred from two-way ANOVA (factors: Warming ambient/ +6°C, Core 

undisturbed/ root ingrowth/ root exclusion) followed by Tukey post hoc tests (A) or two-sided Student's t-
test (B). Points represent means and error bars standard errors. Small points represent taxon-
specific growth rates.  

 
 

 

  



 

 
108 

 
 

Figure S5: Total and relative bacterial growth increased with long-term warming. (A) Total 
bacterial growth, expressed as the amount of produced 16S rRNA gene copies per gram of 
dry soil per day summed across all growing taxa (Relative growth rate (RGR)ASV * 16S rRNA 
gene copies per g dry soil ASV). (B) Relative growth rates of the growing bacterial community 
(bacterial mass-specific growth), calculated by dividing total bacterial growth (16S rRNA gene 
copies g -1 dry soil day -1) by total bacterial community size [16S rRNA gene copies g -1 dry 
soil]). Bars and large points represent means including standard errors (error bars). Small 
points represent individual samples. Statistics (n=4 biological replicates) were inferred from 
two-way ANOVA (factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion) followed 
by Tukey post hoc tests.  
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Figure S6: Total microbial and bacterial community growth increases with the number of 
growing taxa. Comparison of relative community growth (mass-specific) of the total microbial 
(A, based on DNA content and 18O enrichment of DNA, also including fungi) and only the 
bacterial community (B) with the richness of growing taxa across all samples (n = 24). The 
trend line shows the best fit from a linear regression including its equation and statistic 
results. 
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Figure S7: Comparison of mean growth rates of taxa shared between treatment pairs or 
exclusively active in either one of them. (A) Mean taxon-specific growth rates of taxa 
exclusively growing in the presence or absence of roots (left panel) and of taxa growing in the 
presence of both (right panel), determined for ambient and warmed temperatures, 
respectively. Asterisks reflect statistics (n=4 biological replicates) inferred by three-way 
ANOVA, (factors: Warming ambient/ +6°C, Core root ingrowth/ root exclusion, Experiment undisturbed cores, in situ 

cores) followed by Tukey post hoc tests. (B) Mean taxon-specific growth rates of taxa exclusively 
growing at either ambient or warmed temperatures (left panel) and of taxa growing at both 
temperature regimes (right panel), determined for each core type, respectively. Asterisks 
reflect statistics (n=4 biological replicates) inferred by three-way ANOVA, (factors: Warming 

ambient/ +6°C, Core root ingrowth/ root exclusion, Experiment undisturbed cores, in situ cores) followed by Tukey 
post hoc tests. Points represent means and error bars standard errors.   
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Figure S8: Number of taxa responsible for 50% of the community’s growth. Taxa were 
ranked according to their proportional 18O assimilation in descending order until cumulative 
growth reached 50%. Bars represent means and error bars standard errors (n= 4 biological 
replicates). Statistics are derived from two-way ANOVA (Warming: F= 7.4, p= 0.01; Core: F= 
9.69, p= 0.001; factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion).  
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Figure S9: Upset plot showing the number of shared and unique taxa among soil core types 
and warming levels. Each vertical line represents a unique combination of treatments, and 
the size of the bar indicates the number of shared taxa for each subset of treatments. The 
bars the left indicate the total number of taxa per treatment. The plot shows that a significant 
portion of the growing taxa across treatments consists of unique taxa. 
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Figure S10: Diversity and relative size of growing communities of root ingrowth and 
exclusion cores. (A) The number of unique growing amplicon sequence variants (ASVs) The 
median is represented by the center line of the box, while the upper and lower quartiles are 
indicated by the box limits. The whiskers represent 1.5 times the interquartile range; any 
outliers are shown as separate points. (B) The proportion of growing taxa of the total 
community expressed as the percentage of 16S rRNA gene copies. Bars represent means and 
error bars standard errors. Asterisks reflect statistics (n=4 biological replicates) inferred by 
two-way ANOVA ( Table 2, factors: Warming ambient/ +6°C, Core undisturbed/ root ingrowth/ root exclusion) 
followed by Tukey post hoc tests.  
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Figure S11: The dominance of certain taxa is affected by whether roots or no roots are 
present. Heatmap showing taxa (amplicon sequence variants, ASVs) with the highest 
proportional 18O assimilation across root ingrowth (ambient & warmed, A) and root exclusion 
cores (ambient & warmed, B) conditions, visualized across individual samples (boxes, n=4). 
Proportional 18O assimilation is calculated using re-computed relative abundances of only 
growing taxa (sum: relative abundances growing taxa = 1) and their relative growth rates (RGR). 
Proportional 18O assimilation can be considered as the proportion of bacterial growth an ASV 
is responsible for. ASVs were ranked based on their proportional 18O assimilation per 
replicate. After retaining the top 15 ASVs across all replicates per treatment (total root ingrowth: 
94 ASVs, total root exclusion: 80 ASVs), we visualized the top 25 ASVs using heatmaps. Bubbles 
below each replicate show the cumulative growth summarized over all displayed ASVs. ASVs 
were only considered if they were growing in at least two samples per treatment. If genus or 
family identity could not be assigned (NA), phylum names were provided.  
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Figure S12: Development of 18O soil water enrichment over the incubation period of five days 
at ambient temperatures (A, 10.7 °C) and + 6 °C of warming (B). Soil water enrichment (dashed 
line) was predicted using a negative exponential model based on the decrease of the 
measured isotopic label (points, solid line) of the added 18O-water.  
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Summary and Synthesis  

Soil microorganisms are the drivers of all biogeochemical processes in soil [1]. Through their 

activities, they control whether soil organic carbon is sequestered or lost to the atmosphere 

as CO2 or CH4. Despite their crucial role in the climate system, many aspects of the microbial 

response to drought, warming, and elevated atmospheric CO2 remain elusive. Open questions 

include whether different global change factors act in an additive or interactive way in their 

impact on the soil microbiome. Or how the soil microbiome is shaped by the plant’s response 

to climate change. We also lack an understanding of which part of the soil microbiome is 

active and growing under different environmental conditions. This includes the growth of 

individual members of the microbial community as well as their response to the altered 

conditions in a future climate. This knowledge gap is particularly large for drought-affected 

soils. In contrast to community-aggregated measurements, taxon-specific data may help us 

develop a better understanding of the mechanisms behind shifts in microbe-driven processes 

due to climate change and ultimately improve our ability to predict and manipulate them.  

In the frame of this thesis, I aimed to address these questions and knowledge gaps by 

investigating the growth response of individual populations of bacteria and archaea 

(hereafter: bacteria) under drought, warming, and elevated atmospheric CO2. This comprised 

the development of vapor-qSIP, a non-invasive method to measure in situ taxon-specific 

growth, and its application to two field climate change experiments located in grasslands in 

Austria (Chapter 2) and Iceland (Chapter 3).  

In Chapter 2, I studied how a severe summer drought (six weeks) affected taxon-specific 

bacterial growth rates and the composition of the active bacterial community in a current and 

potential future climate. To this end, I took advantage of the ClimGrass experiment [2–6], 

located in a montane grassland in Central Austria. It represents a type of managed grassland 

of agricultural relevance that is typical to wide areas of alpine countries in Europe. ClimGrass 

is one of the few existing multifactorial climate change experiments where drought is 

simulated in combination with potential future climate conditions (+ 3 °C, + 300 ppm CO2). In 

this study, we were, for the first time, able to measure taxon-specific bacterial growth in dry 

soils without increasing soil moisture by combining qSIP [7] with the 18O water vapor 

equilibration method [8] (vapor-qSIP). Drought caused the majority (> 90 %) of bacterial taxa 

active in control soils to stop growing, reducing the percentage of active taxa in the total 
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community from 35 % to 4 %. Few bacterial taxa persisted in drought-affected soils but at 

reduced growth rates. Other taxa increased in abundance and showed strong signs of drought 

tolerance. The bacterial growth in drought-affected soils was dominated by specific groups of 

the phylum Actinobacteriota. A single member of the genus Streptomyces accounted for 2 – 

38 % of the community growth under drought conditions. Six years of pre-exposure to future 

climate conditions altered the drought response of the growing bacterial community. More 

taxa persisted in drought-affected soils and the size of the active community (9 %) was more 

than twice as large as compared to drought simulations in a current climate. Future climate 

conditions might have pre-conditioned the soil microbiome to drought via more frequent 

drops in soil moisture in previous years as a consequence of the warming treatment [9] or 

may have increased plant belowground carbon allocation, at least until the beginning of the 

drought simulation [10, 11]. Elevated atmospheric CO2 may have also positively affected the 

microbial drought response via reduced plant water uptake due to lower stomatal 

conductance [12]. In our study, pre-exposure to future climate conditions seemed to have 

improved the drought tolerance of the bacterial community with implications for soil 

functioning and soil-carbon cycling. This highlights the importance of capturing interactive 

climate change effects on the soil microbiome to improve predictions of future soil-climate 

feedbacks.  

The main aim of Chapter 3 was to elucidate the bacterial growth response to long-term 

warming and how it is impacted by indirect warming effects mediated by root-microbe 

interactions. The research conducted in this chapter was undertaken at the ForHot 

experiment [13–24] in Southern Iceland where a natural soil temperature gradient developed 

due to geothermal activity. The studied (Sub)Arctic grassland has experienced sustained soil 

warming for at least 50 years but probably since 1706 [13]. Consistent with a previous study 

[17], long-term warming increased the relative growth of the entire microbial community. So 

far, this has been interpreted as a constant acceleration of microbial activities without signs 

of thermal acclimation [16]. Focusing on the bacterial community, we observed, in contrast, 

that the increase in community growth was not associated with generally higher taxon-

specific growth rates but a larger number of actively growing taxa. The composition of the 

total and active bacterial community was significantly different in long-term warmed soils and 

the community growth was dominated by different taxa. Although many additional taxa 
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started growing at elevated temperatures (+ 6°C), their growth rates were indistinguishable 

from the growth rates of taxa active at ambient temperatures. In this study, we also examined 

shifts in root-microbe interactions with the aid of in situ installed root ingrowth (1 mm mesh) 

and root exclusion (30 µm mesh) cores that were harvested after 10 months during peak 

vegetation season. Root presence promoted higher bacterial growth rates at ambient 

temperatures whereas this effect was lost with long-term warming. The growth rates of 

putative root-associated taxa even decreased with warming, possibly due to lower 

belowground carbon allocation indicated by a previously reported reduction in fine root 

biomass and fine root production in long-term warmed soils [19, 23]. Putative bulk soil-

associated taxa seemed to be limited less by substrate availability but more by temperature. 

Overall, negative warming effects on plant roots may have reduced the carbon supply to root-

associated bacteria, restricting the extra energy needed for accelerated growth at elevated 

temperatures. This underlines the impact of indirect effects on the warming response of soil 

bacteria but also that their magnitude may differ between taxa with different life history 

strategies.  

In this thesis, I have developed a novel approach (vapor-qSIP) to estimate taxon-specific 

growth under near in-situ conditions. In chapters 2 and 3, I applied this method to elucidate 

interactive or indirect climate change effects on the soil microbiome. The population-resolved 

approach and focus on active bacteria also allowed me to gain new insights into microbial 

dynamics beyond community-aggregated measurements. Several commonalities were 

observed between the two studies. Although the conclusions drawn should be treated with 

caution due to the limited number of experiments and until support from additional studies 

is available, I present five learnings about the soil microbiome based on the results of this 

thesis.  

1. The composition of the active microbial community reacts more sensitively to 

environmental change than that of the total microbial community. Effects of future climate 

conditions and root presence as well as their interaction with drought and warming were only 

visible when examining the growing subsection of the total community. Shifts in the total 

community could only be observed in response to warming and drought. Hence, monitoring 

only the total community composition, as done in most microbiome studies, may lead to 
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underestimations of climate change effects. This advocates the use of activity-based 

community composition approaches in future climate change studies.  

2. The growth response of individual taxa across different conditions indicates their life 

history traits. A soil microorganism may only grow when it possesses the traits necessary to 

thrive in a current environment and becomes inactive when conditions are no longer 

favorable. Comparatively few taxa were still growing in drought-affected soil, such as 

members of the genera Streptomyces, Oryzihumus, Rhodococcus, and Marmoricola. This 

suggested that they possess traits that enable drought tolerance, albeit not revealing the 

nature of these traits. Similarly, members of the Chitinophagaceae performed better in the 

presence of roots which may indicate that they either live in association with roots or profit 

indirectly from them. Hence, tracing the growth response of individual taxa across various 

conditions can narrow the gap between taxonomy and function, especially with a future 

integration of qSIP with metagenomics [25–27] and metatranscriptomics. 

3. The realized growth niche of many microbial taxa is narrow. Many bacterial taxa were 

only growing in a single climate change treatment although they were often part of the total 

community in other treatments. For instance, out of 3,553 ASVs that showed growth in at 

least two replicates, more than two-thirds were exclusively active in only one treatment of 

the experiment in Austria. A similar pattern, yet less pronounced, was observed in the long-

term warmed soils in the (Sub)Arctic. Although most of these taxa were probably rare, this 

observation suggests that a different subset of bacteria becomes more competitive and starts 

growing when environmental conditions change. If different taxa become active under 

different conditions based on their set of traits, mediating soil processes, our findings support 

that microbial diversity plays an important role for the maintenance of soil functioning with 

environmental change.  

4. The percentage of active bacteria in soil is higher than predicted by the paradigm of 

largely inactive soil microorganisms. We found that either 4 – 45 % or 1 - 7 % (using a more 

conservative analysis approach) of the bacterial community was actively growing. This 

contrasts the existing paradigm in soil microbiology that only 0.5 to a maximum of 2 % of the 

microbial biomass is active [28]. Here, the share of 16S rRNA gene copies belonging to growing 

taxa was used to determine the size of the growing community. The use of DNA as a bacterial 

biomass proxy is debatable, albeit there exists current support for it [29]. Together with 
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recent data [30–32], this points to a different understanding of microbial activity in soils and 

the distribution of active soil microbes.  

5. Population-resolved data improves the understanding of microbial community dynamics. 

Drought has been shown to reduce microbial activities such as growth [8] and respiration [33–

35] whereas warming has been observed to increase them [17]. An obvious interpretation of 

these results may be that the same soil microorganisms grow either better or worse when 

exposed to warming or drought, i.e., they divide faster or slower. However, the actual 

population dynamics behind these community-aggregated measurements remained a black 

box, even if combined with analyses of the total community composition. Taxon-specific 

growth data from our experiments suggests that shifts in microbial processes seem to be 

associated with changes in the number and identity of growing taxa, manifesting through a 

fluctuating size of the active community. For instance, long-term warming did not accelerate 

the average growth rates of bacterial populations but the number of growing taxa and, 

consequently, total bacterial community growth. Depending on the environment, distinct 

active communities formed, and microbial growth was dominated by different taxa. Although 

several taxa persisted in drought-affected soils and showed lower growth rates, many others 

have become inactive and gave rise to different, probably more competitive, taxa rather than 

adjusting their growth. This expands our mechanistic understanding of the phenotypic 

response of the soil microbiome to climate change and the variety of individual reactions 

behind it.  

In summary, I was able to demonstrate which bacteria and archaea might still be growing in 

future soils that will be increasingly affected by warming, drought, and higher CO2 

concentrations with the ongoing climatic change. This may help us to better predict 

associated changes in microbial processes and manipulate soil microbiomes to mitigate 

negative climate change effects.  
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