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Abstract. Global warming may enhance soil organic carbon (SOC) turnover and CO2 release, potentially accelerating further 

warming in a positive feedback loop. The temperature sensitivity (TS) of soil respiration is a key determinant for the climate 

feedback of soils. However, it is uncertain how TS may change under continued warming due to potential microbial thermal 

acclimation and changes in substrate quality and availability. We examined TS in an incubation experiment using intact soil 10 

cores that had undergone 13 years (decadal) of in situ geothermal warming spanning a broad warming gradient of +0 °C to 

+75 °C.  

The observed loss of SOC stock (medians ± SE, kg C m-2) compared to ambient had increased with decadal warming, from -

4.9 ± 2.4% at +1–3 °C to -19.3 ± 1.5% at +7–10 °C. Across incubation temperatures from 5 to 35 °C in the lab experiment, 

area-based TS generally declined with decadal warming intensity while SOC-normalized TS was similar across treatments. 15 

This suggests that SOC depletion rather than microbial thermal acclimation was the dominant control for reduced respiration 

rates with warming. TS showed variation with temperature range and was generally lower between the 5–15 °C and 25–35 °C 

incubation temperature changes and markedly higher in the 15–25 °C change. Best-fit standard field models for soil respiration 

(Van’t Hoff and Lloyd & Taylor models, R2 = 0.842–0.929) failed to capture these shifts in TS, while a sigmoidal function 

closely captured the observed TS dynamics (R² = 0.970–0.998). Our study suggests that using fixed Q10 TS values to upscale 20 

C budgets is inadequate. Although area-based respiration rates declined with warming, the observed decline in soil respiration 

with warming suggests a latent reduction of further SOC loss over time following prolonged exposure to warming.  

1 Introduction 

Understanding the response of soil organic carbon (SOC) pools to warming is important for predicting soil-atmosphere 

feedback mechanisms in a future warmer climate. This is especially important for high-latitude terrestrial soils on the northern 25 

hemisphere (above 60°N), which contain over 400 Gt C or about a fourth of global SOC to a 1 m depth (Ito et al., 2016).  In 

the past decades alone, these regions have experienced double the warming than the rest of the world (IPCC, 2022). Extreme 

warming events, such as the winters of 2016 and 2018, when polar region surface temperatures rose 6°C above the previous 

decade (IPCC, 2023), are also projected to become more frequent in a future, warmer world. As temperatures rise more 
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drastically and recurrently in the Arctic and subarctic, there is a potential for larger effects on SOC pools within these regions. 30 

Recent global syntheses show that SOC losses due to warming are most pronounced in high-latitude regions, where large initial 

SOC stocks and rapid temperature increases make these ecosystems particularly vulnerable to accelerated C loss (Crowther et 

al., 2016). 

While strong soil warming can lead to rapid net loss of SOC within a few years (Poeplau et al., 2017; Poeplau et al., 2020; 

Verbrigghe et al., 2022) indicating a strong, apparent TS, it is largely unknown how SOC pools in high latitude mineral soils 35 

respond to warming over decades. It is also unclear whether the TS of soil respiration is maintained or altered as SOC pools 

develop and soil microbial communities potentially acclimate within these decadal timescales. Here, we use the term thermal 

acclimation to describe any decline in the TS of soil respiration under prolonged warming not attributed to substrate depletion, 

without assuming specific physiological or community-level mechanisms (Tucker et al., 2013; Alster et al., 2023; Qu et al., 

2024; Sun et al., 2023). However, decadal or long-term warming manipulation experiments that go beyond 5 years are rare 40 

and the experimental warming in such experiments typically never exceeds more than a maximum of 6°C above ambient 

(Ziegler et al., 2017; Li et al., 2024; Du et al., 2023; Liang et al., 2024).  

Empirical studies from geothermal gradient systems show that microbial activity remains intrinsically temperature-sensitive 

even after decades of warming, but that sustained C loss eventually leads to substrate depletion, which constrains microbial 

biomass and respiration (Walker et al., 2018; Melillo et al., 2017). On the other hand, other studies have observed evidence of 45 

microbial thermal acclimation over time, where respiration rates decline relative to initial responses under prolonged warming 

(Li et al., 2023; Crowther and Bradford, 2013; Cruz-Paredes et al., 2023). Together, these findings suggest that long-term 

warming effects on soil respiration may be shaped by both reductions in substrate availability and shifts in microbial TS.  

Predicting the warming effect on SOC turnover by enhanced heterotrophic respiration has   often relied on applying a single, 

universal modeled TS constant (Q10) (von Lützow and Kögel-Knabner, 2009; Foereid et al., 2014; Meyer et al., 2018). Deriving 50 

Q10  in this way is typically based on temperature response functions such as Van’t Hoff (1900) or other Arrhenius-derived 

equations (Robinson et al., 2017; Čapek et al., 2019; Azizi-Rad et al., 2022; Numa et al., 2021), assuming that a static Q10 

applies uniformly across temperature ranges and time. Other response functions, like the Lloyd and Taylor (1994) model, 

allow for slight flexibility in TS. Many Earth system models that assume universal TS fail to capture the adaptive behavior of 

these processes, potentially misrepresenting future C balance projections (Cruz-Paredes et al., 2023). While seasonally varying 55 

TS for soil and ecosystem respiration have been incorporated into ecosystem-scale models (Torn et al., 2025), these efforts 

often focus on intra-annual variability (e.g. seasonal temperature shifts). Such approaches may reflect short-term systemic 

changes. However, they do not account for the potential changes in turnover rates over temporal scales relevant to observed 

climate warming (e.g. decades), nor do they fully incorporate variation across a broad range of different warming intensities.  
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To reconcile this knowledge, gap the major objective of this study was to investigate how the TS of soil respiration was 60 

impacted by the combined effects of short-term warming (5, 15, 25, and 35 °C) and decadal soil warming at multiple levels 

along a large geothermal gradient (+0 to +75°C). The uniquely large decadal warming gradient used enabled an analysis of 

potential thresholds for changes in temperature sensitivities in underlying processes (O’Gorman et al., 2021). We hypothesized 

that the TS of soil respiration over our broad warming range would be dampened with increasing decadal warming level due 

to a depletion of SOC coupled with thermal acclimation.   65 

To test the hypothesis, we incubated intact soil cores from a unique natural soil warming site in Iceland. We sampled mineral 

Andosols exposed to warming along a naturally occurring soil temperature gradient that was created after an earthquake 13 

years ago, spanning from +0 to +75°C of decadal warming above ambient. With this experiment, we go beyond the typical +1 

to +3 °C used in most previous climate-warming manipulation experiments. This extended gradient enabled us to identify 

whether thresholds or shifts in SOC responses to warming exist at higher, less-studied temperatures, with the goal of expanding 70 

our understanding of SOC loss and potential soil microbial thermal acclimation over decadal time scales. 

2 Materials & Methods 

2.1 Study site description 

Located in southern Iceland, adjacent to the village of Hveragerði, the study site (64.007°N, 21.175°W, 83-168m a.s.l.) lies 

within one of the two “ForHot” grassland experimental field sites (Sigurdsson et al., 2016). A 6.3 magnitude earthquake in 75 

May of 2008 (Halldórsson and Sigbjörnsson, 2009) created a new geothermal hotspot within the bedrock under the unmanaged 

grassland ecosystem at the site (termed the “Medium-Term Warmed” site, MTW, in earlier studies, e.g. N. Verbrigghe et al. 

(2022). At the time of sampling the soil had been warmed for ~13 years, which we therefore here term “decadal warming”.  

The whole mineral soil profile is warmed by thermal diffusion from the bedrock, creating an area around the hotspot where 

soil temperatures at 10 cm depth ranged from +75°C at the center to no warming (+0°C) ~60m away. The climate at the site 80 

is subarctic and characterized by high and prolonged periods of precipitation with naturally short growing seasons ranging 

from 90 to 130 days, typically starting in May and ending in August. For the year the incubation samples were collected (2021), 

the mean annual air temperature (MAT), measured at 0.75 m above the ground surface, and mean volumetric soil water content 

(SWC), measured at 5 cm below the ground surface, at the field site were 7.3°C and 25.5%, respectively. The total annual 

precipitation measured was 1415 mm at the closest Icelandic Meteorological Office (2024) synoptic station in Hjarðarland, 35 85 

km from the site. Within the soil sampling period (September 30 to October 2, 2021), the mean air temperature was 6.6°C and 

the mean SWC was 29.0% while total precipitation for September and October 2021 were 206 and 72 mm, respectively.  

The vegetation is dominated by Agrostis capillaris (Sigurdsson et al., 2016) with a mix of other monocot and dicot species, 

Anthoxantum odoratum, Poa pratensis, Carex nigra, Gallium boreale, Ranunculus acris and mosses up to ca. +20°C warming 
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(Loock, 2017; Kristinsson, 2010) and thereafter mostly by mosses only as the soil in the rooting zone becomes too warm for 90 

most of the vascular plants. Due to the decadal soil warming, there have been shifts in length and variability of the growing 

season. In ambient plots, the typical growing season length for the region is still present, while plots exposed to warming of 7-

10°C above ambient have both an earlier start and later end of the growing season, extending it by more than 40 days beyond 

the typical 90-130 days (Leblans et al., 2017; Mortier et al., 2024). 

The soil type at this site is Brown Andosols, which is comprised of volcanic particulate with a silty loam texture. It possess 95 

relatively high clay content which is dominated by allophane and ferrihydrite, Al/Fe-humus complexes, which give these soils 

a rather low bulk density, high water holding capacity and, thus, hydraulic conductivity (Arnalds, 2015; Johannesson, 1960). 

During the non-growing season, the topsoil in unwarmed (+0°C) and low-level warming (+1-3°C) plots may freeze for a couple 

of months in the winter with sporadic periods of persistent snow cover usually taking place in late winter and early spring 

(Sigurdsson et al., 2016). The soil depth at the site is generally shallow, ranging from a maximum of 54.1 cm in the ambient 100 

permanent plots to a minimum of 27.4 cm in the high-warming permanent plots (Sigurdsson et al., 2016). Several of our 

sampled plots also had soil depths < 25 cm, particularly those closest to the geothermal hotspot. 

2.2 Sample selection & collection 

Soil sampling was done from September 30 to October 2, 2021. Within 60 m of the geothermal hotspot, 70 soils samples at 14 

individual sampling locations were collected along a geothermal soil temperature (Tsoil) gradient (Figure 1). At each sampling 105 

location five replicates were collected within 10 centimeters of each other. We classified 6 decadal warming levels with average 

Tsoil ranges of ambient (+0°C above ambient, i.e. no warming), low (+1 to 3°C above ambient), mid (+7 to 10°C above 

ambient), mid-high (+15 to 20°C above ambient), high (+25 to 35°C above ambient), and the geothermal hotspot (+75°C above 

ambient) based on the permanent plot classification described by Sigurdsson et al. (2016). Due to space limitations at the site 

and to avoid disturbing permanent sampling plots, 3 sampling locations were available for the ambient, low, and mid warming 110 

levels, while only 2 sampling locations were available for the mid-high, and high levels, and only one sampling location was 

available for the geothermal hotspot. 
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Figure 1. Aerial view of the study site with the 14 decadal warming sampling locations displayed with the temperature increase 

for each compared to control plotted in the computer program QGIS (version 3.34) using an orthomosaic composite created  

by Amir Hamedpour (2021) from a series of unmanned aerial vehicle (UAV) images in bands red, blue, green (RBG) at a 115 

spatial resolution of 5 mm 
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Incubation soil core rings with a height of 3.5 cm and a diameter of 6 cm were used to excavate each soil sample as intact as 

possible from the topsoil layer. This 3.5 cm section was chosen because it isolates the biologically active horizon most 

responsive to warming (Wasner et al., 2025; Sun et al., 2025). It also provides a consistent sampling depth across plots, which 

is essential for comparable SOC and bulk-density measurements (FAO, 2020; Crowther et al., 2016; Poeplau et al., 2018). 120 

Because the soil profile at this site is shallow and Icelandic Andosols typically have limited vertical development (Arnalds, 

2015), maintaining a uniform sampling depth is especially important.  

Before extracting the soil cores, all aboveground vegetation within the 6 cm ring area was clipped at the soil surface and placed 

in 20 × 25 cm paper bags for later biomass assessment. After fieldwork, soil cores and aboveground vegetation was weighed 

to ensure field capacity weights could be maintained during later soil core incubations. The vegetation bags were then oven-125 

dried at 55 °C for at least 96 h and then weighed again to obtain dry mass. During core extraction, roots protruding outside of 

the base of the core sample were trimmed so that only material contained within the intact core (i.e., roots and soil) was 

retained. The soil samples were taken from a soil depth of 5 (± 0.5) cm below the soil surface, thus covering the topsoil layer 

only. Directly following extraction, the intact soil cores were wrapped in plastic film and sealed with adhesive tape to maintain 

soil structure, and were stored at 4 °C to induce dormancy until the start of the incubation experiment three months later. 130 

2.3 Temperature sensitivity incubation experiment 

The  investigation of TS of soil respiration, incubated between 5–35 °C in increments of 10 °C, was based on the intact soil 

core method to minimize disturbance of the soil structure that otherwise can bias results (Kan et al., 2022). Before starting the 

experiment, all samples were water saturated with millipore deionized water and then drained to field capacity. They were 

then transferred to 0.35 L glass jars and covered with parafilm to minimize water loss during a pre-incubation period of 24 h 135 

at 5 °C. During the pre-incubation and incubation periods, all of the samples were stored in a temperature-controlled climate 

chamber (± 0.1 °C from target temperature), which was flushed continuously with outdoor, ambient air at a rate of 100 L min -

1 to avoid a build-up of the CO2 concentration inside the chamber prior to measurements that could in turn lead to erroneous 

fluxes upon measuring. All samples were exposed to a stepwise incubation scheme with a maximum of 24 h for incubation at 

each temperature step (5 °C, 15 °C, 25 °C, and 35 °C) to minimize the potential confounding effect of the natural loss of SOC 140 

over an extended period of incubation time. Gas flux measurements were always performed at least 12 h after the start of each 

temperature step to ensure that the whole sample had reached the incubation temperature. At the end of each incubation step, 

samples were weighed and deionized water was added to samples where water loss occurred to bring them back to field 

capacity in preparation for the next incubation step.  

During gas flux measurements, the jars containing the intact soil cores were transferred to a water bath maintained at the 145 

incubation temperature (± 0.8 °C). The parafilm cover was then replaced with customized lids fitted with tubing to pre-flush 

the samples with ambient outdoor air (400–440 ppm CO2) for a minimum of 7 min at a flow rate of 4 L min-1 prior to each flux 
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measurement. The CO2 concentration of the intake air from the flush line was monitored between measurements to ensure it 

remained within this ambient range (≤ 440 ppm CO2) before initiating the pre-flush, following established protocols 

recommending equilibration with ambient air prior to measurement (Parkin and Venterea, 2010; Pumpanen et al., 2004; Jian 150 

et al., 2021). Given that mean atmospheric CO2 during the experimental period was assumed to be ~420 ppm, this range should 

have adequately reflected normal variability, with ambient CO2 typically fluctuating by ± 20–30 ppm around the mean 

depending on local atmospheric mixing and seasonal dynamics (NOAA, 2024). Thus, flux measurement concentrations at time 

zero kept within this ambient range would not have created an artificial soil–headspace CO2 gradient large enough to influence 

diffusion beyond real-world atmospheric conditions (Fang and Moncrieff, 2001; Phillips et al., 2017; Bond-Lamberty et al., 155 

2018). Therefore, we can be confident that our pre-flush procedure produced a natural, steady-state soil–headspace gradient 

prior to each measurement (Maier et al., 2022). 

The gas flux measurements were performed by switching from the pre-flushing loop to the measurement loop (air flow 0.5 L 

min-1) where the CO2 dry fraction concentration was measured at 1 Hz by an LGR-ICOS Microportable Greenhouse Gas 

Analyzer (GLA131-GGA, LGR-ABB, Canada) for a measurement period of 180 s. The analyzer was also flushed with ambient 160 

air for a minimum of 30 s prior to flux measurement. All 70 soil samples at each incubation temperature were measured within 

the 12-hour period with samples randomized to safeguard against temporal bias between treatments (Boyd et al., 2022). Flux 

measurements where technical errors were observed (e.g. too high initial CO2 concentration or non-steady pattern of CO2 

increase over time) were re-measured at the end of each incubation period so that erroneous measurements could later be 

replaced during data analysis. This was the case for a total of 48 measurements (i.e. 14.6 % of the samples) over all four 165 

temperature incubation steps.  

2.4 Laboratory SOC, soil, and vegetation analysis 

Once the incubation flux measurements were completed, the intact sore soil cores were sieved at a coarseness of two mm to 

separate the roots, stones (> 2 mm), and soil particulates (< 2 mm). The rocks, roots, and soil were then weighed, and the 

separated roots and soil were then placed in an oven at 55°C for two weeks after which dry weights were obtained and all 170 

sample fractions of soil, roots, stones, and water could be calculated (Figure S1). A sub-sample of sieved dry soil (3 g) from 

each sample was milled using a Planetary Ball Mill PM 400 (RETSCH, Germany) for subsequent SOC concentration 

examination (%C). 50 mg of milled soil per sample was extracted for the SOC concentration analysis, which was performed 

using a FlashEA Nitrogen and Carbon analyzer (Thermo Scientific, Denmark) under the standard combustion process. Dry 

soil bulk density (𝜌𝑏𝑢𝑙𝑘; g cm⁻³), using the corrected sample core volume (cm³), was calculated in Eq. 1: 175 

𝜌𝑏𝑢𝑙𝑘  =   
𝑚𝑑𝑟𝑦 𝑠𝑜𝑖𝑙

𝑉𝑐𝑜𝑟𝑒 −  (
𝑚𝑠𝑡𝑜𝑛𝑒
𝜌𝑠𝑡𝑜𝑛𝑒

 + 
𝑚𝑟𝑜𝑜𝑡
𝜌𝑟𝑜𝑜𝑡

)
          (1) 
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where 𝑚𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 is the dry soil mass in the sample in g, 𝑉𝑐𝑜𝑟𝑒 is the total volume of the soil sample core in cm³, 𝑚𝑠𝑡𝑜𝑛𝑒 is the 

stone mass in the sample in g, 𝜌𝑠𝑡𝑜𝑛𝑒 is the stone density in g cm⁻³, 𝑚𝑟𝑜𝑜𝑡 is the fresh root mass in the sample in g, 𝜌𝑟𝑜𝑜𝑡  is the 

fresh root density in g cm⁻³. We used a 𝜌𝑠𝑡𝑜𝑛𝑒 of 2.2 g cm⁻³ for vesicular basalt clasts typical of the area (Scott et al., 2023; 

Franzson et al., 2010; Thien et al., 2015) and 𝜌𝑟𝑜𝑜𝑡  of 1.0 g cm⁻³ for fresh roots (Taseski et al., 2021).Topsoil SOC stock (g C 180 

cm-2) was then determined by correcting SOC concentration (% C) by converting it to g C 100 g dry soil-1 and then multiplying 

by 𝜌𝑏𝑢𝑙𝑘  (g cm-3) and the fixed sample height (3.5 cm). SOC stock was then converted to kg C m⁻2 to be more readily 

comparable to both area-based fluxes and vegetation biomass stock with the areal unit of m⁻2. 

The resulting metrics were SOC concentration (% C), dry soil bulk density (𝜌𝑏𝑢𝑙𝑘 ; g cm-3), SOC stock (kg C m-2), and 

vegetation biomass stock (kg m-2), each with standard error (±SE) from the median. A Kruskal–Wallis rank sum omnibus test, 185 

with five degrees of freedom, was performed to test for differences between decadal warming levels within these metrics using 

the “kruskal.test” function in the stats package (version 4.4.2) from R Core Team (2025). When a significant Kruskal–Wallis 

result was found, Dunn’s post hoc test for multiple comparisons was applied using the “dunnTest” function from the FSA 

package (version 0.9.6; Ogle et al., 2025) in R Core Team (2025), with p-values adjusted using the Holm method to control 

the family-wise error rate. This procedure outputs adjusted p-values and standardized Z-statistics for each pairwise comparison, 190 

enabling assignment of compact letter displays for group separation in subsequent visualizations. 

2.5 Respiration analysis & empirical modeling 

In total, 328 flux measurements were performed, where the duplicate measurement with most linear extent and with the initial 

CO2 concentration closest to ambient was chosen. A total of 48 duplicate measurements were excluded in this process. Before 

data analysis, an additional 6 measurements (2.1% of 280 remaining measurements) were identified as erroneous based on 195 

high starting CO2 concentrations during flux measurement (i.e., > 9% above ambient) and values falling more than two 

standard deviations from the mean within each decadal warming level. This left a total of 274 measurements to be included in 

further data analysis.  

To estimate the CO2 flux, linear regression models were fit to the measured dry air concentration of CO2 (𝐶𝑑𝑟𝑦) over time (𝑡) 

for each incubation measurement, using a fixed deadband of 30 seconds, i.e. leaving a time window of 150 s for the model fit. 200 

These were preformed using the AICcmodavg package (version 2.3.3; Mazerolle, 2023) in R Core Team (2025). The fluxes 

by sample area (𝐹𝐴) in µmol CO2 m-2 s-1 were calculated as follows: 

𝐹𝐴  =
∆𝐶𝑑𝑟𝑦

∆𝑡
 ⋅  

𝑉𝑡𝑜𝑡𝑎𝑙 ⋅ [𝑃  ⋅ (1 − 
𝑊

1000
)]

𝑅 ⋅ (273.15 + 𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟)
 ⋅  

1

𝐴
         (2) 

where 
∆𝐶𝑑𝑟𝑦

∆𝑡
 is the slope in ppm CO2 s-1 of the linear regression. 𝑉𝑡𝑜𝑡𝑎𝑙 is the total volume of the sample chamber, tubing, and 

gas analyzer in L, 𝑃 is air pressure in atmosphere (atm), 𝑊 is the water vapor concentration in mmol H2O mol-1 air at time 205 
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zero to account for the water vapor pressure, 𝑅 is the universal gas constant (0.08206 L atm K-1 mol-1),  𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟  is the air 

temperature inside the sample chamber in °C, and 𝐴 is the soil sample area in m2. 

Fluxes were also calculated per g dry soil (𝐹𝑆) in µg CO2-C g soil-1 h-1 and per g SOC (𝐹𝐶) in µg CO2-C g SOC-1 h-1 using Eq.. 

3 and 4, respectively: 

𝐹𝑆 =
∆𝐶𝑑𝑟𝑦

∆𝑡
  ⋅  

𝑉𝑡𝑜𝑡𝑎𝑙 ⋅ [𝑃  ⋅ (1 − 
𝑊

1000
)]

𝑅 ⋅ (273.15 + 𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟)
 ⋅  

3600 ⋅ 12.01

𝑚𝑑𝑟𝑦 𝑠𝑜𝑖𝑙
        (3) 210 

𝐹𝐶 =
∆𝐶𝑑𝑟𝑦

∆𝑡
  ⋅  

𝑉𝑡𝑜𝑡𝑎𝑙 ⋅ [𝑃  ⋅ (1 − 
𝑊

1000
)]

𝑅 ⋅ (273.15 + 𝑇𝑐ℎ𝑎𝑚𝑏𝑒𝑟)
 ⋅  

3600 ⋅ 12.01

𝑚𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 ⋅ 𝑆𝑂𝐶
        (4) 

where 3600 is the conversion from seconds to hours, 12.01 is the molar weight of C, and 𝑆𝑂𝐶 is the weight fraction of the 

organic carbon to 𝑚𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 . 

Because each incubation step differed by 10 ºC, observed TS (𝑇𝑆𝑜) values for soil respiration, using the actual Q10 formula, 

were calculated directly from the observed 𝐹𝐴 fluxes from Eq. 2 using Eq. 5 for the three incubation temperature intervals of 215 

5 to 15ºC, 15 to 25ºC, and 25 to 35ºC: 

𝑇𝑆𝑜 = (
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑅𝑠2

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑅𝑠1
)

(
10

𝑇2−𝑇1
)

          (5) 

where 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑅𝑠1  and 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑅𝑠2  are the measured soil respiration rates (𝐹𝐴 ) at the lower (𝑇1 ) and higher (𝑇2 ) 

incubation temperatures, respectively. Since the difference between 𝑇2 –  𝑇1 = 10 in our incubations, Eq. 5 can simply be 

reduced to 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑅𝑠2  /  𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑅𝑠1 . Because 𝑇𝑆𝑜 is calculated on a per-sample basis over a 10 °C step, SOC 220 

normalization would cancel out and yield identical values to those of our area-based fluxes; therefore, we only report 𝑇𝑆𝑜 from 

area-based fluxes, using SOC-normalized modeling separately to assess SOC effects on the temperature response across 

decadal warming levels. 

Temperature responses using the respiration rates of all four incubation temperature steps were modeled using Van’t Hoff 

(1898) and Lloyd-Taylor (1994) functions shown in Eq. 6 and 7, respectively. 225 

𝑅𝑠 = 𝑅0 ⋅ 𝑒𝑥𝑝(𝛽 ⋅ 𝑇)           (6) 

In the Van’t Hoff model, 𝑅𝑠 is the soil respiration rate at a given temperature in ºC (T), R0 is the soil respiration rate at a 

reference temperature of 0°C, and β is a fitted slope parameter. 
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𝑅𝑠 = 𝑅0 ⋅ 𝑒𝑥𝑝
[

𝛽

(𝑇+273.15)−𝑑
]
           (7) 

For the Lloyd-Taylor model, 𝑅𝑠 is the soil respiration rate at a given temperature (T) converted to Kelvin, 𝑅0  is the soil 230 

respiration rate when T = the fitted parameter 𝑑, and 𝛽 is an additional fitted slope parameter. 

Since we often observed a large increase in soil respiration rates between the 15 and 25 °C incubations followed by apparent 

saturation, we also tested the performance of a sigmoidal function (Eq. 8), which includes both a  temperature inflection point 

reflecting peak sensitivity as well as saturation after the inflection point (Toms and Lesperance, 2003).    

𝑅𝑠 = 𝑏 +
𝑐

1+ (
𝑇

𝑑
)

𝑎            (8) 235 

In this model, 𝑅𝑠 is the soil respiration rate at a given temperature in °C (T), and 𝑎, 𝑏, 𝑐, and 𝑑 are fitted parameters that adjust 

the model curve extent in relation to temperature, y-intercept, curve steepness at the inflection point, and where the maximum 

boundary is first met at the start of the asymptotic phase within the sigmoidal function, respectively.  

Model fitting for area-based (𝐹𝐴) and SOC-normalized (𝐹𝑆) soil respiration was performed using a nonlinear least squares “nls” 

function in the minpack.lm package (version 1.2.4; Elzhov et al., 2022) in R Core Team (2025). Since the total number of 240 

observations varied across decadal warming levels, respiration rates were averaged by level for each incubation step prior to 

model fitting.  This approach was chosen to minimize bias towards levels with more observations, as treatments with larger 

sample sizes can disproportionately influence the weight of outliers in model fit residuals (Christiansen et al., 2012). Models 

were first fitted using all data for parameterization, giving globally (i.e. site-level) optimized parameters estimates for each 

model. Model fitting was then repeated in a step-wise approach using the decadal warming level information, where one, 245 

multiple, or all parameters for each model was fit either globally or individually by each decadal warming level. Parameters 

R0 and β in the Van’t Hoff model, R0, β, and 𝑑 in the Lloyd-Taylor model, and b, c, and d in the sigmodal model were adjusted 

with all data, globally, and by decadal warming level. Parameter a of the sigmoidal function was only adjusted globally, since 

the model became non-convergent when we attempted to adjust this parameter by decadal warming level. We calculated the 

coefficient of determination (R2), root mean square error (RMSE), and Akaike’s information corrected criterion (AICc) for 250 

each model, and selected the best response function based on whichever had the lowest AICc (Vicca et al., 2014).  

Initial 𝐹𝐴 calculations were expected to have relatively nominal model uncertainty due to high instrument precision (< 1 ppm 

CO₂ at 1 Hz) and low detection limitation (0.3, 0.6, and 0.9 ppm CO₂ for 1, 2, and 3 standard deviations, respectively). 

However, we assumed that SOC-based flux normalization would introduce some additional uncertainty by propagated error 

through supplemental instrumentation when measuring SOC concentrations and soil bulk densities.  We repeated model fitting 255 

for SOC-normalized respiration after excluding hotspot (+75 °C) data, where the lowest replication and, therefore, greatest 
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variability was anticipated. Removing this level allowed us to test whether model selection, specifically the preference for 

global versus treatment-specific parameterization, was sensitive to elevated uncertainty at the extreme end of our warming 

gradient.  In turn, this helped to further clarify whether the hypothesized decline in area-based soil respiration with increasing 

decadal warming was principally determined by substrate depletion (model preference for global parameterization in SOC-260 

normalized respiration) or other possible underlying mechanisms such as thermal acclimation (model preference for treatment-

specific parameterization). 

Instead of modeled Q10 (𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑄10), traditionally calculated using the 𝛽 parameter from the Van’t Hoff model as shown 

in Eq. (9): 

𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑄10 = 𝑒𝑥𝑝(𝛽 ⋅ 10)          (9) 265 

we estimated the modeled TS (𝑇𝑆𝑚) for the best fit Van’t Hoff, Lloyd-Taylor and sigmoidal models at each temperature change 

(5 to 15°C, 15 to 25°C, and 25 to 35°C) for the individual decadal warming level using the optimized parameters selected from 

these models (Eq. 10): 

𝑇𝑆𝑚 = (
𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑅𝑠2

𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑅𝑠1
)

(
10

𝑇2−𝑇1
)

          (10) 

where 𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑅𝑠1  and 𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑅𝑠2  are the modeled respiration rates at the lower ( 𝑇1 ) and higher ( 𝑇2 ) incubation 270 

temperatures, respectively. Again, since the difference between 𝑇2 –  𝑇1 = 10 at the three temperature changes, Eq. 10 can be 

reduced to 𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑅𝑠2 / 𝑚𝑜𝑑𝑒𝑙𝑒𝑑 𝑅𝑠1. 

3 Results 

3.1 SOC, soil bulk density, and vegetation biomass 

SOC concentration (%C) declined significantly with increasing decadal warming level (Figure 2A; chi-squared = 173.7, p = 275 

1.2e-35) from a median of 6.30 ± 0.18% (±SE) at ambient decadal warming (+0 °C) to 1.68 ± 0.04% in samples taken from the 

geothermal hotspot (+75 °C). A substantial reduction was already evident at +1–3 °C with a SOC concentration of 4.38 ± 0.21% 

found at this low decadal warming level. However, there was no clear indication of further loss at either +7–10 °C or +15–

20 °C decadal warming with SOC concentrations of 4.67 ± 0.08% and 4.84 ± 0.08% at these mid and mid-high levels, 

respectively. Before soil bulk density correction, SOC concentrations appeared to level-off at these low, mid, and mid-high 280 

decadal warming levels, with a non-statistically significant difference (Table S1) in concentration of < 0.5% being observed 

between these groups.  This varied substantially from the initial > 1.4% decrease that was seen between the ambient (+0 °C) 

and low (+1-3 °C) decadal warming levels, as well as the > 1.5% decline in SOC concentrations that were observed between 
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the mid-high (+15-20 °C) and high (+25-35 °C) decadal warming levels. This significant decline resumed again at +25–35 °C 

decadal warming with an SOC concentration of 2.88 ± 0.06% in the high level, continuing to the lowest values observed at 285 

+75 °C decadal warming in the hotspot level.  

Soil bulk density exhibited a general increasing trend with warming (Figure 2B; chi-squared = 118.3, p = 7.1e-24), rising from 

a median of 0.70 ± 0.01 g cm-3 at ambient (+0 °C) to 0.89 ± 0.02 g cm-3 at +1–3 °C decadal warming in the low level. It then 

dipped at +7–10 °C (0.79 ± 0.01 g cm-3) in the mid decadal warming level, and edged up at +15–20 °C (0.81 ± 0.01 g cm-3) in 

the mid-high level. Values were highest at the +25–35 °C high decadal warming level (0.97 ± 0.02 g cm-3) and slightly lower 290 

at +75 °C decadal warming at the hotspot (0.93 ± 0.01 g cm-3). Pairwise tests (Table S2) indicated the two warmest levels were 

not different from each other but were higher than cooler treatments, with ambient having the lowest soil bulk density. 

After correcting for soil bulk density (Figure 2B), SOC stocks in kg C m-2 the top soil (3.5 cm), derived from SOC 

concentrations (kg C m-3; Figure S2) and sample depth, also declined significantly (Table S3) with increasing decadal warming 

level (Figure 2C; chi-squared = 171.9, p = 2.9e-35). Median SOC stock decreased from 1.55 ± 0.02 kg C m-2 in ambient (+0 295 

°C) decadal warming plots to 0.55 ± 0.02 kg C m-2 at the geothermal hotspot (+75 °C). Substantial reductions were evident 

aside from a slight recovery at the mid-high (+15–20 °C) decadal warming level where stocks were 1.31 ± 0.02 kg C m-2. This 

was consistent with the brief resurgence at this decadal warming level that was observed in SOC concentrations in %C. After 

correcting for soil bulk density, however, a more gradual decrease in SOC stocks occurred between the ambient (+0 °C), the 

low (+1–3 °C), and mid (+7–10 °C) decadal warming levels compared to SOC concentrations in %C. Instead of the more 300 

consistent, plateau in SOC concentrations (%C) from +1-20 °C decadal warming at the low, mid, and mid-high levels, SOC 

stocks for the low and mid decadal warming levels were 1.47 ± 0.03 kg C m-2 and 1.25 ± 0.01 kg C m-2, respectively. SOC 

stocks then declined again quite drastically to 0.92 ± 0.02 kg C m-2 for +25–35 °C decadal warming at the high level, ultimately 

reaching the lowest SOC stock of 0.55 ± 0.02 kg C m-2 from +75 °C decadal warming at the hotspot. 
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Figure 2. SOC concentration in %C (A), dry soil bulk density (𝜌𝑏𝑢𝑙𝑘) in g cm-3 (B), and SOC stock in kg C m-2 (C) per dried 305 

soil core for each decadal warming level. Medians per level indicated by a black line across each box with the interquartile 

range of point distribution from 25 to 75 percent from the median as box upper and lower limits, and 95% upper and lower 

standard errors shown as black bars above and below each box. Data outliers that fall outside the bounds of the standard errors 

are plotted as independent black points. Compact letter display (CLD) in the top right of boxes indicate significant differences 

(p ≤ 0.05) between groups. 310 

(B) (A) 

(C) 
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Vegetation biomass stock (kg m-2) increased significantly with decadal warming up to +15–20 °C, before declining below 

ambient at the high and hotspot levels (Figure S3; chi-squared = 162.0, p = 3.8e-33). Median total biomass rose from 3.6 ± 0.1 

kg m⁻² in ambient plots to 5.7 ± 0.2 kg m⁻² at +15–20 °C, while aboveground biomass increased from 3.5 ± 0.2 to 5.5 ± 0.3 kg 

m⁻² over the same range. Total and aboveground biomass actually peaked in the +1–3 °C decadal warming level with median 

stocks of 6.7 ± 0.2 and 6.5 ± 0.2 kg m⁻², respectively. At the hotspot, both total and aboveground biomass declined sharply to 315 

1.6 ± 0.1 kg m⁻². These values were significantly lower than all other treatments, and were actually the lowest for all decadal 

warming levels. Post-hoc tests confirmed that vegetation biomass at +15–20 °C was significantly higher than at ambient, low, 

and hotspot levels, but not distinguishable from +7–10 °C (Table S4). This pattern suggests that moderate warming enhanced 

plant growth and biomass accumulation, but extreme warming suppressed vegetation productivity, likely due to shifts toward 

stress-tolerant, low-biomass plant communities. Importantly, the increase in biomass at intermediate warming levels did not 320 

translate into higher SOC stock, indicating that decomposition processes outpaced OM inputs under prolonged warming. 

3.2 Areal and SOC-normalized soil fluxes 

On an areal basis, there was a clear decline in the soil CO2 fluxes with decadal warming from ambient to the +75°C where the 

model slope and overall flux level decreased with intensity of decadal warming (Figure 3A-3F) following closely to the 

observed pattern of the decrease in SOC stock with intensified decadal warming (Figure 2C). 325 

In the ambient soil there was a mean respiration flux of > 5.5 µmol CO2 m-2 s-1 at 35°C, while in the hotspot warming level 

respiration never exceeded 2 µmol CO2 m-2 s-1 at any of the incubation temperatures (Figure 3A-3F).  Means of soil respiration 

per gram soil in µg CO2–C g soil-1 h-1 (Figure S8), followed the same response pattern to incubation temperature across decadal 

warming levels as the CO2 fluxes on areal basis indicating that the sampled amount of soil in grams per area did not change 

much across the treatments.  330 

Respiration rates were highest under the warmest incubation condition of 35 °C and lowest at 5°C with the change in rate being 

the greatest between 15°C and 25°C. Unlike area-based fluxes, soil respiration rates by SOC (Figure 3G-3L) were much more 

similar across the decadal warming levels, with a maximum difference of < 25 µg CO2–C g SOC-1 h-1 across levels under the 

same incubation temperature. However, there was a slight decreasing tendency of rates in the mid-high and high levels before 

increasing again in the hotspot treatment. 335 
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Figure 3. Mean soil respiration rates by area in µmol CO2 m-2 s-1 (A-F) and mean soil respiration rates per g SOC in µg CO2-

C g SOC-1 h-1 (G-L) for each incubation temperature (indigo = 5°C, blue = 15°C, lime-green = 25°C, orange = 35°C) with 

standard error indicated by the black bars. The best fit model for soil respiration by area (sigmoidal model with parameters b 

and c fit by decadal warming level and parameters a and d fit globally) and the best fit model for soil respiration by SOC 340 

(sigmoidal model with parameters a, b, c, and d fit globally) plotted as black lines against the respective (area-based or SOC-

normalized) mean respiration rates. Values for both models AICc, RMSE, and R2 are displayed in the upper right-hand corner 

of F and L panels under the hotspot decadal warming level. 

(A) (B) (C) (D) (E) (F) 

(G) (H) (I) (J) (K) (L) 
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3.3 Modeling temperature responses 

Across all 20 area-based soil respiration temperature response models tested in our analysis (Table 1 & Figure S9-28), a 345 

sigmoidal model (Figure 3A-3F & Figure S25) showed the best overall fit based on lowest AICc (R2 = 0.998, RMSE = 0.064, 

AICc = 26.06). In the best fit model, parameters b and c were fitted individually by decadal warming level while parameters 

a and d were fitted globally. In comparison, the best Van’t Hoff and Lloyd-Taylor models had R2 values ranging 0.918–0.929 

(Table 1 & Figure S9-20). For both Van’t Hoff and Lloyd-Taylor, the best fit models only allowed R0 to be fitted by decadal 

warming level, while remaining parameters for both models were fitted globally. The individual parameter estimates for all 350 

tested models on area-based fluxes can be found in Table S9. The best fit sigmoidal model for area-based soil respiration 

parameters 𝑏 and 𝑐 fitted by decadal warming level showed a distinct pattern with increasing decadal warming (Figure 4). The 

𝑏 parameter, which controls the starting point, or y-intercept of the temperature response model, was highest at ambient 

temperature and declined in a near-linear fashion with decadal warming. 

 355 

Figure 4. Best fit sigmoidal model for area-based soil respiration with parameters b (hollow black dots) and c (filled black 

dots) adjusted by decadal warming level. Parameters a and d were fit globally (i.e., constants at site-level) with values indicated 

in the legend (top right). 
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Still, the values were the closest to each other between the low (+1–3°C), mid (+7–10°C),  and mid-high (+15–20°C) decadal 

warming levels indicating that the baseline, initial respiration between these levels were rather similar and followed the 360 

observed pattern of SOC changes (Figure 2).  The adjusted 𝑐 parameter, which governs the steepness of the sigmoidal rise, 

peaked at the low decadal warming level (+1–3 °C), was next highest under ambient conditions, and declined across the higher 

warming levels. This pattern mirrors the TS observed for the 15–25 °C incubation interval across the decadal gradient (Figure 

5). 

Table 1. Model fit statistics for the Van’t Hoff, Lloyd-Taylor, and sigmoidal models describing area-based soil respiration 365 

(µmol CO2 m-2 s-1) in response to stepwise instantaneous temperature increases. Model type is listed in the “Model” column, 

while the corresponding fit statistics are presented under the columns labeled “R²”, “RMSE”, and “AICc”, respectively. In 

globally (i.e., site-level) parameterized models, parameters were fit to all data, regardless of decadal warming level. These 

models are labeled “global” in the “Parameter Adjusted” column. For decadal warming level (i.e., treatment-level) 

parameterized models, the parameters listed under this column in italics “by treatment” were adjusted individually by decadal 370 

warming level. Any parameters not listed “by treatment” here were fit globally. For each model type, the best-performing 

parameterization with the lowest AICc is shown in bold. The best overall model with the lowest AICc across all model types 

and parameterizations is indicated by asterisks (“**”). 

Soil Respiration (µmol CO2 m-2 s-1) Model Fit Statistics 

Model Parameter Adjusted R2 RMSE AICc 

Van’t Hoff global 0.505 0.996 75.13 

Van’t Hoff R0 by treatment 0.918 0.405 50.35 

Van’t Hoff β by treatment 0.881 0.490 59.47 

Van’t Hoff R0 & β by treatment 0.921 0.399 86.46 

Lloyd-Taylor global 0.515 0.986 77.53 

Lloyd-Taylor R0 by treatment 0.929 0.376 52.07 

Lloyd-Taylor β by treatment 0.927 0.384 53.04 

Lloyd-Taylor d by treatment 0.922 0.395 54.35 

Lloyd-Taylor R0  & β  by treatment 0.931 0.370 95.00 

Lloyd-Taylor R0 & d  by treatment 0.932 0.369 94.97 

Lloyd-Taylor β & d  by treatment 0.932 0.370 95.00 

Lloyd-Taylor R0, β & d  by treatment 0.932 0.368 248.15 

Sigmoidal global 0.574 0.924 77.65 

Sigmoidal b by treatment 0.939 0.349 54.52 

Sigmoidal c by treatment 0.948 0.324 50.92 

Sigmoidal d by treatment 0.933 0.368 56.98 

Sigmoidal** b & c by treatment 0.998 0.064 26.06 

Sigmoidal b & d by treatment 0.972 0.236 88.82 

Sigmoidal c & d by treatment 0.954 0.305 101.08 

Sigmoidal b, c & d by treatment  0.999 0.048 242.04 
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Table 2. Model fit statistics for the Van’t Hoff, Lloyd-Taylor, and sigmoidal models describing SOC-normalized soil 

respiration (µg CO2-C g SOC-1 h-1) in response to stepwise instantaneous temperature increases. Model type is listed in the 375 

“Model” column, while the corresponding fit statistics are presented under the columns labeled “R²”, “RMSE”, and “AICc”, 

respectively. In globally (i.e., site-level) parameterized models, parameters were fit to all data, regardless of decadal warming 

level. These models are labeled “global” in the “Parameter Adjusted” column. For decadal warming level (i.e., treatment-

level) parameterized models, the parameters listed under this column in italics “by treatment” were adjusted individually by 

decadal warming level. Any parameters not listed “by treatment” here were fit globally. Due to model non-convergence, fit 380 

statistics for the Lloyd-Taylor model where all parameters were adjusted by decadal warming level (“R0, β & d by treatment”) 

are not reported (“--”). For each model type, the best-performing parameterization with the lowest AICc is shown in bold. The 

best overall model with the lowest AICc across all model types and parameterizations is indicated by asterisks (“**”). 

 

Due to a slight visible decline in SOC-normalized respiration being observed with increasing decadal warming, we also tested 385 

models on SOC-normalized respiration to see if this decline was statistically significant enough for model selection to favor 

decadal warming level over global (i.e., site-level) parameterization. For SOC-normalized soil respiration temperature response 

models (Table 2 & Figure S29-47), again a sigmoidal model (Figure 3G-L & Figure S40) gave the best fit statistics based on 

lowest AICc (R2 = 0.970, RMSE = 7.346, AICc = 177.16). In this model, parameters a, b, c, and d were fit globally. For 

Soil Respiration (µg CO2-C g SOC-1 h-1) Model Fit Statistics 

Model Parameter Adjusted R2 RMSE AICc 

Van’t Hoff global 0.842 16.787 210.70 

Van’t Hoff R0 by treatment 0.856 16.031 226.89 

Van’t Hoff β by treatment 0.858 15.896 226.48 

Van’t Hoff R0 & β by treatment 0.862 15.667 262.58 

Lloyd-Taylor global 0.863 15.633 210.19 

Lloyd-Taylor R0 by treatment 0.876 14.829 228.40 

Lloyd-Taylor β by treatment 0.875 14.917 228.69 

Lloyd-Taylor d by treatment 0.873 15.014 229.00 

Lloyd-Taylor R0  & β  by treatment 0.883 14.423 270.88 

Lloyd-Taylor R0 & d  by treatment 0.883 14.416 270.86 

Lloyd-Taylor β & d  by treatment 0.883 14.424 270.88 

Lloyd-Taylor R0, β & d  by treatment    --    --    -- 

Sigmoidal** global 0.970 7.346 177.16 

Sigmoidal b by treatment 0.980 6.011 191.13 

Sigmoidal c by treatment 0.974 6.782 196.92 

Sigmoidal d by treatment 0.974 6.846 197.37 

Sigmoidal b & c by treatment 0.988 4.681 232.20 

Sigmoidal b & d by treatment 0.983 5.434 239.36 

Sigmoidal c & d by treatment 0.978 6.307 246.51 

Sigmoidal b, c & d by treatment 0.992 3.764 451.73 
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comparison, the best Van’t Hoff and Lloyd-Taylor models had R2 values ranging from 0.842 – 0.863 (Table 2 & Figure S29-390 

39) and also had all parameters fit globally. The individual optimized model parameters for all tested models on SOC-

normalized fluxes can be found in Table S10. 

3.4 Temperature sensitivity of soil respiration 

Since the best fit Van’t Hoff model (Table 1) for soil respiration had a globally fitted β parameter, and because the TS in the 

model depends solely on β, 𝑇𝑆𝑚 were the same across all decadal warming levels and incubation temperatures (Figure 5A-395 

5C).  Similarly,  𝑇𝑆𝑚 from the best Lloyd-Taylor model (Table 1) were the same across decadal warming levels and nearly 

parallel between each temperature incubation change, largely due to intrinsic regulation of TS within the Lloyd-Taylor Eq. 

(Figure 5D-5F). 

The best fit sigmoidal model, which was also the best model overall (Table 1), included parameters b and c fitted individually 

by each decadal warming level. This made it the only model in which 𝑇𝑆𝑚 showed a flexible response to both decadal warming 400 

and the three incubation intervals (Figure 5G-5I). 

In contrast to the constant (Van’t Hoff; Figure 5A-5C) or near-constant (Lloyd-Taylor; Figure 5D-5F) 𝑇𝑆𝑚 of the Van’t Hoff 

and Lloyd-Taylor models,  𝑇𝑆𝑜  displayed nearly the same kind of dynamic behavior seen in the sigmoidal 𝑇𝑆ₘ, varying 

systematically among decadal warming level and between incubation interval. For both the 5–15°C (Figure 5A, 5D, & 5G) 

and 25–35°C (Figure 5C, 5F, & 5I) incubation temperature intervals, 𝑇𝑆𝑜   was < 1.5 for all decadal warming levels, with a 405 

decreasing trend in 𝑇𝑆𝑜 with increasing decadal warming apart from the hotspot. Conversely, the incubation 15–25°C interval 

(Figure 5B, 5E, & 5H) showed generally higher TS as well as an increasing trend with decadal warming level until +15–20°C. 

After which it only decreased slightly and remained around ~2.   

Table 3. Identified rates of soil respiration (µmol CO2 m-2 s-1) at 19.9°C inflection point on the slope of the sigmoidal models 

with parameters b and c fitted by decadal warming level and parameters a and d fitted globally for all data.   410 

 

Soil Respiration at Sigmoidal Model Inflection Points (19.9°C) 

Decadal Warming Level Soil Respiration Rate at Inflection (μmol CO2 m-2 s-1) 

     Ambient (+0°C, e.g. no warming) 3.80 

     Low (+1-3°C above ambient) 3.32 

     Mid (+7-10°C above ambient) 3.24 

     Mid-High (+15-20°C above ambient) 2.95 

     High (+25-35°C above ambient) 2.10 

     Hotspot (+75°C above ambient) 1.36 
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Figure 5. TS (unitless) of soil respiration. 𝑇𝑆𝑜  explaining observed TS between 5-15 °C incubation interval (A, D, & G) 

indicated as filled blue circles, 15-25 °C incubation interval (B, E, & H)  as filled lime-green circles, and 25-35 °C incubation 

interval (C, F, & I) as filled orange circles with ±SE indicated by the corresponding colored bars. Modeled TS (𝑇𝑆𝑚) for the 

best fit Van’t Hoff (A, B, & C), Lloyd-Taylor (D, E, & F), and sigmoidal (G, H, & I) models shown in black with 5-15 °C 415 

incubation interval, 15-25 °C incubation interval, and 25-35 °C incubation interval as hollow circles. Model abbreviations for 

Van’t Hoff (VH), Lloyd-Taylor (LT), and sigmoidal (sig) models shown next to corresponding 𝑇𝑆𝑚 in legend. Temperatures 

on the x-axis are the average temperature above ambient per each decadal warming level. 

(A) (B) (C) 

(D) 

(G) 

E 

(F) 

(H) (I) 

(E) 
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As a consequence of the near-constant temperature sensitivities of the best fit Van’t Hoff and Lloyd-Taylor models for soil 

respiration, the modeled 𝑇𝑆𝑚  differed the most from the observed 𝑇𝑆𝑜  for these two models, with especially large 420 

discrepancies for the 15–25°C incubation interval (Figure 5). Overall, both models overestimated TS for the 5–15°C (Figure 

5A & 5D) and 25–35°C (Figure 5C & 5F) incubation intervals, but underestimated TS for the 15–25°C interval (Figure 5B & 

5E). 𝑇𝑆𝑚  from the sigmoidal model (Figure 5G, 5H, & 5I) for soil respiration were generally much closer to the observed 𝑇𝑆𝑜. 

The sigmoidal model was also able to capture the visible increase in soil respiration response within the 15–25°C incubation 

interval, i.e. noted by the model inflection point found at 19.9°C (Table 3).  The inflection point for the sigmoidal model for 425 

soil respiration by SOC was in the same location (~20 °C and with a respiration rate of ~110 µg CO2-C g SOC-1 h-1) across 

decadal warming levels since the best fit model had all parameters fit globally. 

4 Discussion 

Here we present the first systematic investigation of soil respiration response and TS across an extended, decadal-scale 

warming gradient (+0 to +75 °C) in a subarctic grassland, using intact soil cores to preserve field-relevant conditions. By 430 

combining field-derived decadal warming exposure with controlled laboratory incubations across four incremental 

temperatures, we assessed the TS of soil respiration. Through empirical modeling, we showed that compared to traditional 

models a sigmoidal response function more accurately captured the short-term respiration patterns across a decadal warming 

gradient, allowing us to identify thermal optima, characterize response thresholds, and reveal that declining respiration with 

warming was primarily driven by SOC depletion, with little indication of soil microbial thermal acclimation. 435 

4.1 SOC depletion under decadal warming 

Changes in SOC input with soil warming may also play a critical role for SOC dynamics (Prommer et al., 2020). Interestingly, 

the SOC concentration (%C) declined in a nonlinear fashion across the decadal warming levels (Figure 2A), with two distinct 

thresholds of accelerated loss. The first major drop occurred between ambient (+0 °C) and low (+1-3 °C) warming. 

Concentrations appeared to be consistent between the low (+1-3 °C) to mid-high (+15-20 °C), until a second steep decline 440 

followed after +25 °C. For SOC stocks in kg m⁻² (Figure 2C) this decline was more gradual, with a rebound observed between 

+15-20 °C. This stepwise trajectory suggests that warming can shift soils toward new SOC steady states, interrupted by abrupt 

losses. While previous studies at our site identified a linear relationship between warming and topsoil SOC loss up to +6 °C in 

the first five years of warming (Verbrigghe et al., 2022), our broader decadal warming gradient revealed a more complex, 

nonlinear pattern of depletion. By extending the thermal gradient beyond temperatures typically deemed most climate relevant, 445 

we were able to detect distinct thermal thresholds important for projecting potential SOC losses under stronger and/or more 

prolonged warming. This pattern for SOC depletion with more pronounced warming is particularly important, as such 

conditions are already episodically emerging in high-latitude ecosystems.  
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Despite observed increases in plant biomass production and extended growing seasons under warming at this site (Leblans et 

al., 2017; Mortier et al., 2024) SOC stocks have not increased (Figure 2C) at decadal warming levels where vegetation growth 450 

was actually higher than ambient. We did see a rise in vegetation biomass stock with warming up to +20 °C (Figure S3; Table 

S4) reflecting likely augmented organic matter (OM) deposition into these soils within these warming conditions. While 

vegetation stocks indicate increased plant growth rates with increased decadal warming of up to 15-20 °C above ambient, the 

likely increase in OM deposition from increased litter input to the soil was not reflected in the total SOC content. These 

discrepancies suggest that accelerated decomposition quite possibly outpaced heightened OM inputs within this warming range 455 

(Meeran et al., 2023). The rise in fresh plant inputs may have also induced positive priming of native SOC, which tends to 

intensify under warming (Crowther et al., 2016; Tao et al., 2024), resulting in net SOC losses despite greater primary 

productivity relative to ambient. 

Besides biological feedbacks, mineral factors may also influence SOC loss. Higher soil bulk density (Figure 2B) points to a 

minor compaction effect (Fleming et al., 2006) explaining the more gradual SOC stock depletion with warming compared to 460 

SOC concentration (%C) after correcting for differences in soil bulk density. This shift toward a more mineral-rich and carbon-

poor matrix is consistent with steady declines in %C (Figure 2C). The slight increase in soil bulk density with warming may 

reflect soil compaction, OM loss, or reduced root biomass, which in turn could explain the relatively elevated SOC observed 

in the +15–20 °C range despite overall declining trends. This behavior likely reflects Andosol traits whereby high 

microporosity and strong mineral–organic associations enhance surface area sorption, allowing soils to retain higher SOC 465 

fractions and buffer losses at intermediate warming (Calabi-Floody et al., 2015; Chevallier et al., 2010; Matus et al., 2014; 

Shimada et al., 2022). More carbon may now be processed through biomass and respiration, but less could be retained in the 

soil once an upper limit on mineral-associated SOC is reached (Matus et al., 2024; Sadatshojaei et al., 2021; Wang et al., 2021). 

Such a limit could help to explain why larger plant inputs (Figure S3; Table S4) do not necessarily translate to increased SOC 

storage (Figure 2A).  470 

4.2 Respiration responses and underlying controls 

To contextualize the magnitude of measured respiration rates in this study, we compared both SOC-normalized and area-based 

values at 15 °C to those reported for high-latitude soils within similar conditions. SOC-normalized respiration rates across 

warming levels ranged from approximately 65 to 105 µg CO₂–C g⁻¹ SOC h⁻¹ (Figure 3G-3L), aligning well with previously 

reported values for subarctic and boreal soils, which typically span 50–150 (200) µg C g⁻¹ SOC h⁻¹ at comparable temperatures 475 

(Karhu et al., 2014; Karhu et al., 2010; Hartley et al., 2007; Hartley et al., 2008; Ťupek et al., 2024; Wang et al., 2021; Bradley-

Cook et al., 2016). Likewise, area-based respiration rates ranged from ~1.6 to 3.8 µmol CO₂ m⁻² s⁻¹ across warming levels 

(Figure 3A-3F), consistent with published values for high-latitude soils, generally falling within the range of ~1.3–

6.0 µmol CO₂ m⁻² s⁻¹ at 10–15 °C (Protti-Sánchez et al., 2025; Smith and Johnson, 2004; Ge et al., 2017; Cahoon et al., 2016; 

Maljanen et al., 2019; André and Bondesson, 2014). This concordance supports the reliability of our incubation approach and 480 
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indicates that the observed respiration patterns are not the result of anomalously high or low baseline activity. Rather, they 

reflect genuine shifts associated with warming exposure.  

We observed that soil respiration rates (Figure 3A-3F) declined markedly with increasing decadal warming, particularly for 

area-based fluxes. Ambient and low warming treatments exhibited the highest respiration, which then progressively diminished 

with further temperature exposure, pointing to reduced activity under sustained warming. However, normalizing respiration 485 

by SOC (Figure 3G-3L) largely eliminated this decline with increasing decadal warming level. Based off of this continuity in 

SOC-normalized respiration we can infer that reductions in area-based respiration were driven primarily by substrate 

availability rather than by thermal acclimation. Our findings align with results from other long-term warming experiments 

which similarly observed stable microbial respiration per gram of SOC and found that microbes maintained their respiratory 

capacity per unit SOC at warming levels of up to +6 °C. They concluded that substrate depletion, not downregulation, as the 490 

dominant control for respiration loss (Walker et al., 2018; Hartley et al., 2007; Hartley et al., 2008; Radujković et al., 2018).  

Under warming and substrate-limited conditions, soil microbes appear to alter their carbon allocation strategies, potentially 

reflecting a decline in carbon use efficiency (CUE). Microbial CUE may diminish such that a greater proportion of assimilated 

carbon is respired for maintenance instead of redirected to biomass production (Walker et al., 2018; Tucker et al., 2013; Zhang 

et al., 2024; Liang et al., 2024) reinforcing the central role of microbial metabolism in SOC accrual. Their high affinity for 495 

stabilizing SOC coupled with a further reduction in bioavailability with warming exposes a considerable limitation on soil 

respiration.  However, this stabilization potential may be limited by nutrient constraints, such as nitrogen (Figure S4-S5; Table 

S5-S6), which reduce microbial efficiency and amplify mismatches between carbon inputs and losses (Meeran et al., 2023). 

4.3 Modeling respiration responses and implications for SOC dynamics 

Commonly used models, such as Van’t Hoff and Lloyd-Taylor, thus far have struggled to capture the behavior of change in 500 

respiration rates with direct warming where first temperature response is low, then it increase at a greater rate until they reach 

a point where they drop off again (Alster et al., 2023). This was also the case in our study where the sigmoidal function proved 

to be the most reliable in capturing the best fit across our full temperature range, i.e. yielding low activity at cooler 

temperatures, rapid increases between ~15–25 °C, and saturation on the highest end for both respiration by area (Figure 3A-

3F; Table 1) and normalized by SOC (Figure 3G-3L; Table 2). The best fit model for area-based fluxes indicated apparent 505 

changes in TS through the decreasing trend we observed in parameters b and c (Figure 4). Furthermore, when respiration rates 

were normalized by SOC the best fit models selected for global (i.e., site-level) parameterization (Table 2). With this selection, 

SOC-normalized respiration appeared relatively consistent across the decadal warming gradient supporting the interpretation 

that reductions in areal respiration were driven primarily by declining substrate availability rather than microbial thermal 

acclimation. This has major implications for projecting future SOC under warming because we can more accurately model the 510 
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observed behavior of soil reparation to better reflect these processes in our predictive estimates of SOC turnover (Wieder et 

al., 2013; Berardi et al., 2024; Schwarz et al., 2024). 

4.4 Temperature sensitivity across warming gradients and timescales 

A key finding from our incubations was that 𝑇𝑆𝑜 differed across decadal warming levels and incubation temperature intervals 

in distinct, context-dependent ways (Figure 5), reflecting the combined effects of immediate temperature and prolonged 515 

warming exposure on microbial activity (Weedon et al., 2023; Bastida et al., 2019). This variable behavior underscores the 

combined effects of differing warming intensity and exposure time, emphasizing the profound influence both have on SOC 

turnover. Respiration responses were more temperature sensitive at lower decadal warming levels, while at increasing levels 

of warming the response was dampened, likely reflecting microbial communities adapted to substrate-limited environments 

where resources are preferentially allocated to maintenance over growth or productivity (Tucker et al., 2013; Karhu et al., 520 

2014; Li et al., 2023; Čapek et al., 2019; Crowther and Bradford, 2013).  This is consistent with previous research showing 

diminished responsiveness under low-temperature conditions following prolonged warming (Sampath et al., 2023; Du et al., 

2023). Thus, soils exposed to less warming remain more responsive to low temperature changes, while those that have 

undergone extended warming appear more fundamentally constrained. 

TS across all decadal warming treatments peaked between incubation temperatures of 15–25 °C. Although peak magnitude 525 

varied relative to long‑term warming intensity, peak position within this instantaneous thermal window was conserved (e.g., 

the highest 𝑇𝑆𝑜 occurred at +7–10 °C decadal warming within this 15–25 °C incubation interval). The heightened TS observed 

within this 15–25 °C interval points to a thermal optimum for microbial activity, where fundamental shifts in physiology and/or 

community composition (Zhang et al., 2024) may maximize respiration under favorable but sub-saturating thermal conditions  

(Alster et al., 2023). Such responses may reflect microbial adaptation via physiological changes, such as altered enzyme 530 

allocation or ribosomal downregulation under warming (Söllinger et al., 2024). These patterns indicate that prolonged warming 

altered the magnitude of the response but not the temperature at which maximum sensitivity occurred. This is consistent with 

a shared thermal optimum and a narrowing functional range for respiration that remained stable despite differences in decadal 

warming extent. Notably, this elevated sensitivity appeared thermally bounded, with temperature sensitivities decreasing at 

both lower (5–15 °C) and higher (25–35 °C) incubation intervals. The differential responses across these intervals indicate that 535 

the reduction in respiration under extended warming is not a uniform suppression. Rather, it likely reflects emergent shifts in 

ecosystem structure, physiological regulation, and carbon-use strategies driven by thermal conditions and changing substrate 

composition. An apparent restriction of the effective temperature window, coupled with accelerated decomposition within it, 

suggests that brief episodes of vigorous activity (“hot moments”) may play an increasingly influential role in annual SOC 

turnover. This is particularly relevant for periods of profound warming where soils are pushed into this window of amplified 540 

biological responsiveness. TSₒ remained the most stable across decadal warming levels in the 25–35 °C interval suggesting 

that respiration also approaches a saturation point at higher temperatures, supported by known thermal limits to cellular 
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function (Wang et al., 2021; Liu et al., 2018; Knapp and Huang, 2022). Together, these results imply that SOC turnover is 

likely to be most responsive under mid-range decadal warming conditions when in situ soil temperatures fall within this 15–

25 °C thermal optimum. 545 

5 Conclusions 

Limitations to our study include soil sampling limited to one time point (early autumn) rather than seasonally comprehensive 

sampling, a focus on the topsoil horizon (i.e., upper 5 cm), slightly unbalanced replication between decadal warming levels 

(i.e., fewer plots at the warmest end of the geothermal gradient), and absence of microbial or substrate‑level measurements to 

mechanistically disentangle microbial thermal acclimation from changes in carbon quality. Nonetheless, our incubation of 550 

intact cores across a natural geothermal gradient showed how decades of warming alter SOC dynamics and TS in a subarctic 

grassland. 

SOC losses increased with decadal warming but followed a nonlinear pattern with abrupt thresholds at +10 °C and + 20 °C 

warming, respectively, where SOC losses decreased dramatically. SOC-normalized respiration was relatively constant across 

decadal warming treatments, suggesting that substrate depletion rather than physiological downregulation is primarily 555 

responsible for the area-based respiration decline. This was further supported by all decadal warming levels showing the 

highest TS within the same instantaneous 15–25 °C interval. In conclusion, across the broad decadal warming range in our 

study no evidence of thermal microbial acclimation was found, suggesting that other factors (e.g. direct climate variables, plant 

community composition and activity, etc.) drive SOC loss in response to warming.  

The consistently higher TS in the 15–25 °C interval, was well-captured only by a sigmoidal response function stressing the 560 

fundamental limitation of applying models with fixed TS (e.g., Q10) to upscale or predict SOC loss potential. Reliable 

projections of SOC turnover will require adaptive, process-based models that allow TS to change dynamically with temperature 

and are able to reproduce non-linear, stepwise development of SOC stocks with warming. This imperative is especially true in 

high-latitude systems, where rapid and persistent warming is progressively amplifying both vulnerability and uncertainty over 

time.  565 

Code and data availability 

The data and core R code supporting the findings of this study are currently being prepared for public release and are intended 

to be deposited in the DeiC Dataverse repository, where they will be assigned DOIs once preparation is complete. Preparation 

includes documentation, organization, and archiving of the datasets and analysis code to facilitate their use by readers and 

enable reproducibility of the results. Public access to the data and code, together with the associated repository records and 570 
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