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ABSTRACT
Global warming is expected to transfer carbon from soil organic matter to atmospheric CO2, with microbial communities playing 
a crucial role in regulating this exchange. While the immediate impact of temperature on microbial functions is well understood 
and causes soil carbon losses, the long-term response remains unclear, with losses stabilising over time, reducing the overall 
effect of chronic warming on soil organic carbon (SOC) stocks. Here, we examined the temperature dependence of microbial 
respiration and growth after 9 years of +5°C warming in a temperate forest. Using these temperature dependences and field tem-
perature data, we modelled in situ carbon fluxes and changes in SOC stocks. Results showed that the direct effect of temperature 
initially increased respiration and growth, projecting a potential 31% SOC stock loss if the trend had persisted. However, the grad-
ual optimisation of microbial traits to warming balanced the direct temperature effects, enhanced carbon use efficiency and off-
set CO2 emissions. Together, these microbial trait shifts limited the heat-induced SOC loss to 15%, closely aligning with empirical 
observations. These findings suggest that microbial trait optimisation can moderate carbon emissions, providing a parsimonious 
mechanistic explanation for observations worldwide and underscoring the need to integrate microbial dynamics into models.

1   |   Introduction

Soils store over 2000 Pg of carbon globally, amounting to a 
several times larger pool than that currently held in the atmo-
sphere (Le Quéré et  al.  2018). This reservoir results from the 
long-term balance between primary production carbon input 
from plants and loss via microbial decomposition of soil or-
ganic matter (Davidson and Janssens 2006). Climate warming 
disrupts this balance, as microbial decomposition rates respond 

more strongly to temperature than primary production (Smith 
and Dukes 2013). As a result, higher temperatures are expected 
to lead to a net transfer of carbon from soils to the atmosphere 
(Melillo et al. 2017; Soong et al. 2021), potentially reducing soil 
organic carbon (SOC) stocks and accelerating climate change 
(Heimann and Reichstein 2008). However, the situation is more 
complex than initially anticipated: warming-induced carbon 
losses tend to decline over time (Melillo et al. 2002; Verbrigghe 
et al. 2022), diminishing the long-term impact of warming on 
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SOC stocks. Soil microbial decomposers are thought to play a 
key role in this attenuation, but their contribution remains un-
certain (Bradford 2013; Wieder et al. 2018), leaving the biologi-
cal feedback that governs land-atmosphere carbon exchange yet 
to be explained.

To understand the impact of chronic warming on SOC stocks, 
a mechanistic understanding of both the direct and indirect ef-
fects of temperature on microbial decomposition is essential, 
along with their integration into models. Short-term experi-
ments have consistently shown microbial respiration increases 
with temperature (Cruz-Paredes et  al.  2021; Schindlbacher 
et al. 2015), reflecting the direct effect of temperature on de-
composition rates. This knowledge has been incorporated 
into biogeochemical and Earth system models through tem-
perature reduction functions (Bauer et al. 2008; Brangarí and 
Rousk 2025; Sierra et al. 2015). However, despite recent advances 
in representing complex interactions between abiotic and biotic 
factors in models (Abramoff et  al.  2018; Ahrens et  al.  2015), 
their treatment of temperature effects remains simplistic. The 
widespread use of universal and unresponsive reduction func-
tions fails to capture the recently uncovered biological variance 
across climates and responses to climate change. For example, 
soil respiration and microbial growth depend differently on 
temperature (Birgander et al. 2013; Brangarí and Rousk 2025; 
Tian et al. 2023), leading to variations in microbial carbon use 
efficiency (CUE) across temperatures. This affects the frac-
tion of carbon respired back into the atmosphere versus that 
incorporated into microbial biomass, with the potential to be 
stored as SOC. Studies have reported reduced (Li et  al.  2019; 
Tian et al. 2023), increased (Frey et al. 2013; Zheng et al. 2019) 
or unchanged (Hagerty et al. 2014; Simon et al. 2020; Walker 
et al. 2018) CUEs in response to chronic warming. These differ-
ences may arise from the alignment between microbial thermal 
traits and environmental temperatures (Donhauser et al. 2020; 
Nottingham et  al.  2022), with mismatches reducing micro-
bial performance and CUE, and indirect effects of tempera-
ture on microbial composition and resource availability (Frey 
et al. 2013; García et al. 2023; Propster et al. 2023). The uncer-
tain impact of direct and indirect effects of temperature on SOC 
stocks, coupled with the lack of a clear conceptual framework 
linking physiological, ecological and functional principles 
(Bradford  2013; Lennon et  al.  2024; Trivedi et  al.  2013), hin-
ders our ability to integrate trait adaptation into models and 

predict how climate change is, and will continue, modulating 
soil-atmosphere carbon exchange.

Here, we investigated microbial thermal traits in a global change 
field experiment, where the soil of a temperate mixed decidu-
ous forest had been continuously warmed 5°C above ambient for  
9 years. Our main objective was to determine whether changes 
in thermal traits caused by chronic warming could help explain 
the initially large warming-induced SOC losses that diminished 
over time, thereby providing a mechanistic explanation for an 
important biological feedback modulating the land-atmosphere 
carbon exchange. We experimentally determined the tempera-
ture relationships of respiration and growth for the dominant 
decomposer organisms in soils (i.e., bacteria and fungi) from the 
ambient and warming treatments. These relationships served 
as proxies for microbial thermal traits specific to the soil and 
treatment, as they described microbial utilisation of carbon at 
different temperatures—whether respired or incorporated into 
microbial biomass—making them crucial for understanding 
how SOC cycling responds to temperature changes. From these 
relationships, we derived CUE and trait indices of minimum 
temperature (Tmin) and temperature sensitivity (Q10). Integrating 
these thermal relationships with high-resolution soil tempera-
ture and moisture data collected in the field, we estimated in situ 
soil heterotrophic respiration and microbial growth throughout 
a natural year, being able to assess annual carbon budgets. By 
comparing these to estimates without thermal optimisation, we 
could differentiate direct and indirect effects of temperature on 
carbon fluxes. Finally, we used a basic input–output SOC con-
ceptual model to quantify the implications of shifts in microbial 
thermal traits for carbon cycling under warming. We expected 
that such shifts would explain the initially large losses that di-
minished over time, providing a microbial-based mechanistic 
explanation for this attenuation and for the observed 15% reduc-
tion in SOC stocks after 9 years of warming (Table 1).

2   |   Materials and Methods

2.1   |   Field Experiment and Sample Collection

Soil samples were collected from the Soil Warming × Nitrogen 
Addition (SWaN) Study located at the Harvard Forest 
Long-Term Ecological Research (LTER) site in Petersham, 

TABLE 1    |    Main soil characteristics and their statistics.

Total C [mg C/g] Total N [mg N/g] C:N pH WC [g/g] ρ [g/cm3] SOC [g C/m2]

Ambient ORG 319 ± 26 13.7 ± 1.3 22.5 ± 0.3 4.05 ± 0.06 1.02 ± 0.09 0.22 ± 0.02 5879 ± 346

Ambient MIN 63 ± 5 3.1 ± 0.2 20.5 ± 0.7 4.86 ± 0.06 0.37 ± 0.02 0.54 ± 0.04

Warming ORG 264 ± 42 10.9 ± 1.8 22.1 ± 1.1 4.05 ± 0.11 0.60 ± 0.09 0.27 ± 0.03 5010 ± 602

Warming MIN 55 ± 4 3.0 ± 0.3 18.8 ± 0.8 5.02 ± 0.03 0.31 ± 0.02 0.54 ± 0.04

p-T * ns ns ns *** ns ns

p-D *** *** *** *** *** *** —

p-N ns ns ns ns ns ns ns

Note: The table presents mean values ± standard error. It includes total carbon, total nitrogen, carbon to nitrogen ratio, pH, water content, bulk density and soil organic 
carbon stocks in the organic (ORG) and mineral (MIN) soil horizons. The p-values are the values of significance for differences between temperature treatments (T), 
soil depths (D) and nitrogen treatments (N). Significance levels: ***p < 0.001; *p < 0.05; ns, not significant. Refer to Table S1 for detailed statistics.
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Massachusetts, USA. Initiated in 2006, the fully factorial 
experiment includes twenty-four 3 × 3 m plots randomly as-
signed to one of four treatments with six replicates each: 
‘control’, ‘heated’, ‘N-addition’ or ‘heated × N-addition’ (see 
Supporting Information S1; Contosta et al. 2011). Soils in all 
heated plots had been continuously warmed to ca. 5°C above 
ambient (Figure S1) using buried electrical cables, represent-
ing a plausible warming scenario projected for the end of the 
century under climate change (IPCC 2021). In ambient plots, 
the temperature range recorded spanned from −1.0°C to 
23.2°C, while in warmed plots, the range extended from 3.7°C 
to 27.1°C. For the purpose of this study, we specifically focused 
on the differences generated by temperature differences. 
To assess the warming effect, we grouped the ‘heated’ and 
‘heated × N-addition’ treatments and hereafter are referred to 
as ‘warming’. The ‘control’ and ‘N-addition’ treatments were 
also pooled and are referred to as ‘ambient’. Soil cores were 
collected in October 2015 from each one of the experimental 
plots, with one core per plot, except for one heated replicate 
plot, where cable damage in 2009 had resulted in it no longer 
being heated. Cores were extracted using a 5.7 cm diameter 
stainless steel corer to a depth of 10 cm, encompassing both 
an organic layer (upper 3–5 cm) and the mineral horizon un-
derneath (10 cm), which were separated immediately upon 
collection. The soil samples were gently homogenised, sieved  
(2 mm) and stored in gas-permeable plastic bags at ~5°C during 
shipping and until analyses were initiated within 10 days after 
sampling.

2.2   |   Microbial Analyses

We measured the temperature relationships for respiration 
rates and for growth rates of the bacteria and fungi as pre-
viously described (Cruz-Paredes et  al.  2021), incubating the 
samples at the screening temperatures of 4°C, 16°C, 25°C and 
35°C. Incubation times were kept short (0.75–7 h at 35°C, de-
pending on the method used; see Supporting Information S1 
for details) to ensure comparable levels of carbon and nu-
trient use. Times were adjusted for temperature using a Q10 
of 2, meaning that the duration was doubled for every 10°C 
decrease in incubation temperature. This approach was se-
lected to isolate the direct effect of temperature on microbial 
rates and minimise the influence of altered conditions (Cruz-
Paredes et  al.  2021; Hartley et  al.  2008; Kirschbaum  2006; 
Rousk and Bååth 2011). This maximised the preservation of 
field characteristics of soils and microbial communities, along 
with the respective effects of treatments on microbial traits, 
carbon and nutrient resources.

Soil respiration rates were assessed through gas chromatog-
raphy, quantifying the accumulation of headspace CO2 in the 
incubation vials (as in Rousk and Frey 2015). Bacterial growth 
was estimated by the leucine incorporation method (Rousk and 
Bååth 2011), using the tracking of trace concentrations of added 
radiolabels into bacterial proteins. Fungal growth was assessed 
using the acetate-in-ergosterol method (Rousk and Bååth 2011), 
in which actively growing fungi incorporate radiolabelled ace-
tate into the fungal-specific lipid ergosterol. The incorporation 
of these radiolabelled tracers was then quantified and converted 
to fungal and bacterial carbon production per unit time (Soares 

and Rousk 2019), which was summed to total microbial growth. 
See Supporting Information S1 for additional details on labora-
tory techniques.

2.3   |   Microbial Temperature Relationships

The rates of respiration, bacterial growth and fungal growth 
performed at the different screening temperatures were sub-
jected to fitting using the Lloyd and Taylor model (Lloyd 
and Taylor  1994) for respiration and the Ratkowsky model 
(Ratkowsky et  al.  1983) for growth. For consistency, the 
Ratkowsky model was additionally used to estimate the 
thermal trait indices Tmin and Q10 for both respiration and 
growth. This combined approach allowed for optimal fitting 
of data across the entire temperature range under study and 
facilitated comparison among treatments (see Supporting 
Information S1 for details).

Microbial CUE was then determined by dividing the tempera-
ture relationships of the total microbial production (i.e., bacte-
rial and fungal growth combined) by the total amount of carbon 
used (i.e., the sum of total microbial growth and respiration). To 
establish the temperature relationship of in situ CUE, we stan-
dardised the temperature relationships per unit of surface area 
and depth, calculated their CUEs across temperatures and then 
averaged them for each temperature treatment. Subsequently, 
we estimated the ‘optimal’ temperature (tipping point) of CUE, 
marking the temperature at which microbial functioning be-
comes compromised as temperature nears the limits of micro-
bial physiology of the community.

2.4   |   Modelling In Situ Microbial Biomass 
Production and Microbial CO2 Emissions

To model in situ microbial process rates, we combined high-
resolution soil temperature data (measured hourly through-
out a full annual cycle in both ambient and warmed plots at 
the field site; Figure  S1) with the intrinsic temperature re-
lationships derived from the Ratkowsky and the Lloyd and 
Taylor models. To incorporate the effects of water limitation 
on carbon fluxes, we utilised soil moisture data continuously 
recorded in the field and applied the moisture reduction func-
tion implemented in the CENTURY model (see Supporting 
Information S1 for details).

For each treatment, microbial process rates were estimated 
by coupling the temperature response functions with the 
corresponding in situ soil temperature records: ambient tem-
perature relationships with ambient temperature data and 
warming temperature relationships from all heated plots with 
the warmed temperature data. Bacterial and fungal growth 
were combined to obtain total microbial production. Fluxes 
were scaled to the field level by normalising per unit of soil 
surface area and accounting for soil bulk density and SOC 
concentration.

We then assessed the direct effect of warming by comparing the 
flux estimates using the temperature relationships derived from 
the ambient temperature treatments at ambient temperature 

 13652486, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70579 by H

arvard U
niversity H

arvard L
ibrary Inform

ation A
nd T

echnical Services, W
iley O

nline L
ibrary on [09/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 11 Global Change Biology, 2025

(scenario in all unheated plots) to those using ambient tempera-
ture traits but simulated as exposed to the temperature recorded 
in the warmed plots at +5°C (crossed scenario). To distinguish 
the indirect effect of temperature (i.e., due to the changes in mi-
crobial temperature sensitivities and resource availability) from 
the direct, we compared the rate estimates simulated by using 
the temperature relationships derived from the ambient tem-
perature treatments at +5°C (crossed scenario) to those using 
the warm-tolerant temperature relationships parameterised 
with the same warmed temperature data (scenario in warmed 
plots).

The total annual production of microbial carbon and respired 
carbon was estimated by summing up each hourly rate, deter-
mined with a 1-h time step, over the entire year.

2.5   |   Modelling SOC Stocks

The impact of temperature treatments on SOC stocks was as-
sessed through a fundamental conceptual model that delineates 
the mass balance of carbon between input and output fluxes 
within the soil system. Soil heterotrophic respiration served 
as the exclusive output flux from soils, with litter and root ex-
udates acting as the input. Autotrophic respiration was not con-
sidered due to its negligible impact on SOC stocks at the plot 
scale. Microbial growth was conceptualised as a loop flux in the 
soil system, involving the utilisation of SOC to generate new mi-
crobial biomass, considered a form of SOC, without altering the 
pool's size.

Following the establishment of the model structure, we quan-
tified changes in SOC stocks over time for each treatment. For 
this, we used the modelled in  situ annual rates for microbial 
respiration (output) and microbial growth (loop). Annual inputs 
were estimated to sustain equilibrium in the ambient treatment, 
ensuring no change in SOC stocks and considered uniform 
across treatments (i.e., the 9-year warming had no significant 
impact on plant inputs at the time of sampling; unpublished re-
sults in SWaN).

We first estimated SOC changes in the ambient and warmed 
treatments by modelling their cumulative effects on SOC 
stocks over 9 years. In addition to these, we examined two 
crossed scenarios. The first scenario isolated the direct ef-
fect of temperature by applying microbial traits derived from 
ambient plots to the warmed temperature regime (‘ambient 
+5°C’). The second scenario investigated the effects of a re-
alistic microbial trait adaptation to the warmed temperature 
regime by simulating a gradual transition (linear) in traits 
from the ambient to the warm-adapted state (‘ambient +5°C 
to warming’), which is considered to represent the actual and 
most mechanistic representation of the microbially induced 
carbon transformation over time.

2.6   |   Model Considerations

The estimation of carbon fluxes and SOC stocks in natural en-
vironments using temperature relationships established in the 
laboratory is a simplification with associated caveats. Even 

though the model incorporates the role of soil moisture as a 
key control on microbial growth and respiration (Brangarí 
et al. 2020; Sierra et al. 2015), this study did not explicitly ac-
count for treatment-specific differences in water limitation 
or the potential optimisation of microbial responses to mois-
ture. However, point measurements from the SWaN study 
site indicate negligible reductions in soil moisture in warmed 
plots for most of the year (Knorr et al. 2024), supporting the 
assumption of similar moisture conditions across treatments. 
Moreover, the temperature-driven variation in our estimates 
remains robust, as temperature and moisture act as indepen-
dent rate modifiers (Cruz-Paredes et al. 2021) and treatment 
effects are persistent across seasons and soil depths (Tian 
et al. 2023). In addition to temperature and moisture, micro-
bial rates are influenced by resource availability. Our model 
implicitly captures these effects, as the short-term incubations 
used to derive temperature relationships aim to preserve field 
conditions, including treatment-specific differences in nutri-
ent and carbon availability. Oxygen was not explicitly consid-
ered, given that it is unlikely to be limiting in the well-drained 
silty loam soils of the Harvard Forest. Despite its simplicity, 
the use of Lloyd and Taylor and Ratkowsky formulations has 
consistently proven effective in capturing immediate tem-
perature effects on carbon fluxes across a wide range of set-
tings, from controlled experiments to complex field conditions 
(Bååth 2018; Del Grosso et al. 2005; Li et al. 2021; Lloyd and 
Taylor 1994; Portner et al. 2010; Ratkowsky et al. 1983; Rijkers 
et al. 2022).

The input–output model also simplifies the representation of or-
ganic matter in soils, considering a single, homogeneous SOC 
pool in the top 10 cm of the soil profile and focusing on fluxes  
derived from measured relationships for heterotrophic respi-
ration and microbial growth. As a result, direct comparisons 
with field chamber measurements, which include autotrophic 
respiration from plants and potential contributions from deeper 
layers, are not straightforward. Nevertheless, by focusing on 
the core microbial processes that govern SOC dynamics, the 
model provides valuable insights into complex soil-ecosystem 
responses to warming.

2.7   |   Statistics

Treatment effects in temperature relationships were assessed 
using three-way analyses of variance (ANOVA), considering 
temperature, depth and N-addition as fixed factors. For analy-
ses of production per unit soil surface area and the temperature 
sensitivity of CUE, we used two-way ANOVA with temperature 
and N-addition as factors. Similarly, to evaluate the direct and 
indirect effects of temperature, we applied two-way ANOVA 
with warming treatment and model assumptions (e.g., simula-
tions combining temperatures and trait relationships) as fixed 
factors. Statistical significance was reported using p-values and 
F-values, with subscripts indicating the degrees of freedom for 
the effect and error terms, respectively. Although the figures 
display only the ambient and warming treatments, and nitrogen-
fertilisation treatments are not plotted separately, all four treat-
ment combinations were included in the statistical analyses. To 
meet assumptions of normality and homogeneity of variance, 
data were log-transformed prior to analysis. All statistical tests 
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were conducted using JMP 17.0.0 for Mac (SAS Institute, Cary, 
NC, 1989-2023).

3   |   Results

3.1   |   Shifts in Microbial Traits Under Chronic Soil 
Warming

Rates of heterotrophic soil respiration and microbial growth, 
as measured in lab incubations across a temperature gradient, 
exhibited consistent patterns across soil depths and warming 
treatments (Figure  1). Respiration rates increased monotoni-
cally throughout the measured temperature range (Figure 1a), 
and were well matched by the Lloyd and Taylor model (Lloyd 
and Taylor  1994) (all R2 ≥ 0.99). The indices for thermal traits 
Tmin and Q10 for respiration were unaffected by warming (all 
p > 0.1) (Table S2). Bacterial and fungal growth rates increased 
with temperature until an optimum value—around 30°C 
for bacteria and 35°C–40°C for fungi—beyond which rates 
dropped (Figure  1b,c). These patterns were well described by 
the Ratkowsky model (Ratkowsky et  al.  1983) (all R2 ≥ 0.93). 
Warming caused significant shifts in growth-temperature rela-
tionships, indexed as higher Tmin values for bacteria (p < 0.05) and 
fungi (p < 0.001) (Figure 1, Table S2), along with increased Q10 
values for both groups (p < 0.01). These temperature-dependent 

respiration and growth relationships were consistent across 
soil horizons (all p > 0.1) and nitrogen addition treatments (all 
p > 0.1). Additionally, exposure to chronic warming generally 
altered the absolute rates of respiration and growth at all tem-
peratures during incubations, quantified here as rates per gram 
of SOC at 25°C (bottom panels in Figure  1). Respiration rates 
consistently decreased by 23% in all warmed soils (p = 0.01, 
Table S3) (Figure 1d). In contrast, fungal growth rates increased 
by about 20% (p = 0.03) (Figure 1e,f) and bacterial growth rates 
did not detectably respond (p = 0.85).

On average, CUE increased with temperature (Figure  S2), 
reaching a maximum of 17% at 14°C in warmed plots and 14% at 
12°C in the ambient treatment (p = 0.02; Table S4), followed by 
a slow decrease with further temperature rise. CUE in warmed 
plots exhibited an increase of approximately +2.1% CUE units 
across the studied temperature range.

3.2   |   Implications of Microbial Traits for Field 
Carbon Fluxes

Modelled in situ microbial respiration rates per unit SOC were 
~13% higher throughout the year in warmed compared to ambi-
ent plots (Figure 2a), whereas microbial growth rates were con-
sistently ~39% higher (Figure 2b).

FIGURE 1    |    Temperature dependences of microbial respiration and growth. The figure shows the temperature relationships associated with the 
organic (ORG) versus mineral (MIN) soil horizons under the field temperature treatments ‘Ambient’ versus ‘Warming’ as measured in short-term lab 
incubations across a temperature gradient. Panels (a), (b) and (c) display the normalised rates of soil respiration, bacterial growth and fungal growth, 
respectively, along with the best-fit curves obtained from the Lloyd and Taylor model (for respiration) and the Ratkowsky model (for growth). Panels 
(d), (e) and (f) show the non-normalised rates at 25°C for respiration, bacterial growth and fungal growth, respectively. Error bars represent standard 
errors. The p-values indicate the significance of the differences between temperature treatments (p-T), soil depths (p-D) and nitrogen addition treat-
ments (p-N). Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant. Refer to Tables S2 and S3 for sensitivity indexes and detailed 
statistics.
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Assessing the modelled annual gross fluxes at the field scale, 
we estimated the influence of field temperature treatments on 
the in situ annual cumulative rates per land area (solid bars 
in Figure 2). Modelled annual soil emissions (Figure 2c) were 
unaffected by warming (p > 0.1, Table  S5); however, annual 
microbial growth, considering bacteria and fungi together, ex-
hibited a 33% increasing trend in warmed soils (Figure  2d), 
although this effect was not statistically significant (p = 0.14). 
These distinct patterns yielded an 18% increase in the annual 
plot-level CUE in warmed plots, from 13.3% to 15.7% (p = 0.03) 
(Figure 2e).

The simulated effects of soil moisture limitation on in situ mi-
crobial activity were primarily evident during the peak of the dry 
season (Figure 2), from late June to mid-September (Figure S3a). 
During this period, microbial rates showed a slight but non-
significant decrease compared to the scenario that considered 
only temperature effects (Figure S4a,b) (p > 0.1, Table S7). This 
resulted in a minor reduction (~7%) in the cumulative carbon 
fluxes by the end of the year (Figure S4c,d) and minimal differ-
ences in CUE (< 1%) (Figure S4e).

3.3   |   Direct and Indirect Effects of Temperature on 
Carbon Cycling and SOC Stocks

Modelling in situ heterotrophic respiration using the tempera-
ture relationships obtained from the lab incubations indicated 

that the direct effect of warming (i.e., considering only 
the temperature increase, without shifts in thermal traits) 
would increase annual heterotrophic CO2 emissions by 55% 
(p = 0.049, Table S6) (Figure 2c) and annual microbial growth 
by 53% (p = 0.048) (compare the empty bars with dashed lines 
to blue bars in Figure  2d). These fluxes counteracted each 
other, resulting in unchanged CUE (p = 0.78) (Figure 2e). The 
cumulative impact of these microbial warming responses 
over 9 years, however, would lead to a substantial 31% re-
duction in modelled stocks of SOC by direct warming effects 
(Figure 3b,e).

When examining the indirect effect of temperature (i.e., con-
sidering both the temperature increase and the shift in thermal 
traits; compare the empty bars with dashed lines to red bars in 
Figure 2), the model revealed a moderate 36% decrease in total 
respiration (p = 0.07) and a slight 13% decrease in total microbial 
growth (p = 0.81), together resulting in a complete neutralisation 
of the direct effects of temperature (all p > 0.05). These responses 
combined to produce an 18% increase in CUE in the warmed 
soils (Figure  2c), resulting in a new equilibrium between car-
bon inputs and outputs, and consequently, no further changes to 
SOC stocks (Figure 3c,e).

The scenario where microbial thermal traits would undergo a 
linear shift over 9 years of warming, transitioning from ambient 
to warming-optimised traits while exposed to a +5°C through-
out, projected a progressive reduction of heat-induced CO2 

FIGURE 2    |    Modelled annual dynamics of soil respiration and microbial growth. Panels show soil heterotrophic respiration (panel a) and micro-
bial growth (panel b) throughout a natural year in the organic (ORG) and mineral (MIN) soil horizons under ‘Ambient’ and ‘Warming’ treatments 
and total annual rates for respiration (panel c), growth (panel d) and carbon use efficiency (panel e). Rates obtained by combining empirical ther-
mal relationships with high-resolution field-collected soil temperature data and incorporating the effect of moisture limitation. Stacked bars show 
the implications of the temperature treatments across both soil horizons. Bars with dashed patterns show the direct effect of temperature on rates, 
obtained by combining the ambient temperature relationships (unheated) with field temperatures of the warmed plots (+5°C). Error bars represent 
standard errors. The p-values indicate the significance of the differences between temperature treatments (p-T) and nitrogen addition treatments (p-
N). Significance levels: *0.01 < p < 0.05; ns, not significant. Refer to Table S5 for detailed statistics and to Table S6 for detailed statistics on differences 
between direct and indirect effects.
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emissions, ultimately resulting in a 15% reduction of SOC stocks 
(Figure 3d,e).

4   |   Discussion

The consequences of climate warming for SOC storage are yet 
to be fully understood. Although warming initially accelerates 
microbial decomposition and CO2 release to the atmosphere, 
long-term field studies consistently report a dampening of 
this response within the first decade after warming (Melillo 
et al. 2017, 2002; Verbrigghe et al. 2022). Microbial temperature 
relationships established in the laboratory cannot readily ex-
plain these dynamics. However, our simple modelling approach 
permitted upscaling laboratory data to the soil-ecosystem level, 
enabling an assessment of the in situ microbially induced car-
bon cycling dynamics affecting land-atmosphere exchange and 
matching the SOC reductions observed at the Harvard Forest. 
While the framework was not designed to identify specific driv-
ers of changes in microbial thermal traits, it provides a basis for 
interpreting their implications for carbon cycling over time and 
their consequent effects on soil carbon stocks.

Warming treatments induced shifts in the thermal traits that 
defined the temperature relationships of both bacterial and fun-
gal growth, as evidenced by significant differences in Tmin and 
Q10 indices, while the temperature relationship for respiration 
was unaffected (Figure 1). Similarly, when assessing the annual 
rates in plots subjected to 9 years of +5°C warming, microbial 

growth was stimulated compared to the ambient plots, leading 
to higher cumulative microbial biomass production, yet with a 
residual impact on soil respiration, resulting in equivalent levels 
of modelled microbial CO2 emissions by the end of the year for 
both treatments (Figure 2). As a direct outcome of these two op-
posing responses—moderately increased microbial growth and 
maintained respiration—the CUE of soil microorganisms sub-
jected to chronic warming increased by 18%. Simulations also 
revealed that the direct effect of temperature would have led to 
a cumulative increase of over 50% in both microbial growth and 
microbial CO2 emissions in warmed plots. These increases align 
with the principles of basic thermodynamics and reports of im-
mediate responses to rising temperatures (Birgander et al. 2013; 
Kirschbaum  2006; Nottingham et  al.  2022; Schindlbacher 
et al. 2015). However, when also accounting for indirect effects 
of warming (i.e., including changes in microbial thermal traits), 
the actual impact on microbial growth was reduced by nearly 
half and eliminated for microbial respiration.

Explaining the causes of these patterns poses a challenge. 
Reductions in microbial growth rates in long-term warmed 
plots have previously been associated with decreased resource 
availability (Domeignoz-Horta et  al.  2022; Melillo et  al.  2017, 
2002; Walker et al. 2018) and increased nitrogen availability in 
warmed plots (Frey et al. 2013; Tian et al. 2023) has been reported 
to increase total soil respiration (Knorr et al.  2024). However, 
the asymmetric impact on microbial rates, where respiration 
is more strongly downregulated than growth, suggests that 
resource availability alone does not explain the observed trait 

FIGURE 3    |    Predicted carbon cycling and changes in SOC stocks using the input–output model. Panels (a), (b) and (c) present a conceptual sketch 
with the annual fluxes for the ‘Ambient’, ‘Ambient +5°C’ and ‘Warming’ scenarios based on the annual microbial respiration, annual growth and 
plant input estimates. Panel (d) depicts the sketch of the scenario where ‘Ambient +5°C’ gradually transforms into ‘Warming’, indicating the shift in 
microbial traits over time. Panel (e) illustrates the changes in SOC over 9 years for all scenarios (left y-axis) and the modulation of heat-induced CO2 
emissions assuming gradual optimisation of traits (right y-axis). The thickness of arrows in the figure indicates the size of fluxes, while the size of 
boxes represents the changes in SOC stocks.
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shifts. Instead, 9 years of warming likely induced a combination 
of physiological, evolutionary and community-level changes ac-
cumulated over time (Bradford 2013; Martiny et al. 2023; Pold 
et al. 2020), resulting in microbial communities with traits op-
timised for efficient growth (Roller and Schmidt  2015) under 
warmed conditions, thereby minimising carbon losses. The ob-
served changes in microbial community structure under chronic 
warming (Figure S5) are consistent with a causal relationship 
where compositional changes led to a shift in functional traits. 
This finding is consistent with studies at the Harvard Forest that 
reported shifts in microbial community composition and diver-
sity in heated plots (Anthony et al. 2021; Frey et al. 2008; Pec 
et al. 2021).

These observed shifts in thermal traits have profound and per-
sistent implications for SOC stocks. The fact that warm-adjusted 
microbial traits do not lead to increased microbial emissions 
compared to the ambient, yet still result in SOC losses, is not 
immediately intuitive. However, a gradual optimisation of ther-
mal traits does provide a simple explanation for the mitigation 
of CO2 emissions over time and the reduction in SOC stocks 
observed (Figure 4), underscoring the importance of temporal 
dynamics in ecosystems. Following the application of warm-
ing treatments, microbial traits initially remained aligned with 
ambient conditions (no trait adaptation). As a consequence, the 

direct effect of temperature led to accelerated microbial metabo-
lism and enhanced CO2 emissions, driven by the direct effect of 
temperature, causing an estimated ~4.5% loss in SOC during the 
first year, which, if sustained, would have resulted in a 31% loss 
over 9 years (Figures 3 and 4). However, the gradual optimisa-
tion of microbial traits progressively reduced CO2 emissions, re-
sulting in a stabilisation of SOC stocks around the observed 15% 
reduction. This phenomenon is consistent with earlier observa-
tions of enhanced soil emissions occurring only in the initial 
years after warming treatment application (Melillo et al. 2002), 
followed by a gradual cessation of this effect (Melillo et al. 2017; 
Verbrigghe et al. 2022). It would be valuable to explore whether 
these patterns emerge as properties of trait optimisation in mi-
crobially explicit models that incorporate complex biotic and abi-
otic interactions. It also remains unassessed if the reported state 
of stability with microbial traits aligning with field temperatures 
will persist, a question that should guide future investigations.

Longer-term observations suggest that such stability may not 
be maintained, as other processes, mechanisms and their dy-
namics come into influencing soil carbon cycling. A 26-year 
soil warming experiment at the Harvard Forest reported alter-
nating phases with and without carbon loss over time (Melillo 
et al. 2017). Following the stabilisation of soil respiration in the 
warmed plots during the first decade, a reversal of the trend 

FIGURE 4    |    Conceptual model of microbial and carbon responses to chronic warming. The schematic illustrates how long-term warming alters 
the temperature relationships of microbial growth and respiration (shown as absolute rates) within composite microbial communities and the result-
ing consequences for soil organic carbon stocks over time. Distinguishing between direct and indirect effects of temperature (T) provides a compre-
hensive explanation for the initially accelerated carbon losses, which were gradually mitigated over time by trait optimisation.
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was observed, with emissions once again exceeding those of the 
unheated plots. This oscillatory behaviour may be explained 
by differences in the timing of temperature-trait adaptation to 
warming, driven mainly by soil microorganisms during the first 
decade and subsequently by vegetation, which caused a renewed 
disequilibrium in the plant–soil-microbe system and an associ-
ated increase in respiration. Such dynamics could potentially 
be captured by the model if supplemented with microbial trait 
estimates and plant-level responses, leading to further SOC re-
ductions at the site (as in Knorr et al. 2024; Muratore et al. 2025), 
although this was not tested. Several non-microbial factors can 
also interact to influence the timing and magnitude of soil car-
bon loss (Melillo et al. 2017), including changes in the amount 
and quality of soil carbon pools (Davidson and Janssens 2006; 
Frey et  al.  2013) and in root-derived carbon inputs to the soil 
(Muratore et al. 2025).

In conclusion, our study shows that shifts in microbial tem-
perature relationships have the potential to mitigate warming-
induced carbon emissions in soils, where a combination of 
direct and indirect effects of temperature on microbial traits 
can explain the observed patterns. Our analysis suggests that 
the gradual optimisation of microbial thermal traits over time 
alone could reduce soil CO2 emissions, dampening SOC losses 
from 31% (as predicted under constant traits) to just a 15% re-
duction after 9 years of warming, closely matching SOC stock 
estimates at the time of sampling. Our findings can thus offer 
a parsimonious explanation for the biological feedback driving 
warming effects on soil carbon globally, calling for validation in 
independent ecosystems to enable a broader generalisation. Our 
study also accentuates the significance of accounting for the dy-
namic alignment of microbial traits to environmental change, 
highlighting the limitations of biogeochemical and Earth sys-
tem models that assume static and universal microbial traits 
when projecting SOC responses to global warming.
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