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Abstract
Global warming is expected to intensify carbon loss, as ecosystem respiration (RECO) rates
increase exponentially with rising temperatures. However, a comprehensive analysis of the
response of the apparent temperature sensitivity of RECO (Q10) to rising temperature is lacking.
This study leverages observational data from 254 sites from the FLUXNET2015 and AmeriFlux
datasets to address this knowledge gap. We found a strong influence of non-temperature factors on
the seasonality of RECO. The similar seasonality of this effect and temperature can lead to
underestimating or overestimating Q10. In this study, Q10 was quantified using a temporal moving
window and a linear-mixed effect model to account for the effects of non-temperature factors on
RECO. Our results show that Q10 decreases from 1.55± 0.24 (mean± one standard error) at 5 ◦C
to 1.35± 0.18 at 25 ◦C over all sites. The mean slope of Q10 to temperature across all sites is about
−0.02 ◦C−1. In this study, we found lower values of Q10 and a lower decreasing rate of Q10 with
rising temperature compared to previous studies. Our study suggests that Q10 might be
systematically overestimated due to the confounding effect of non-temperature factors, potentially
leading to overestimated simulation of RECO rate. Our study also emphasizes the necessity of
developing a process-based model, rather than simply incorporating the influences of
non-temperature factors into Q10.

1. Introduction

The response of the biosphere to global warming has
garnered significant attention due to the crucial role
terrestrial ecosystems play in regulating the global
carbon cycle and atmospheric carbon dioxide (CO2)
concentration (Dow et al 2022, Tang et al 2022, Zhang
et al 2023). Ecosystem respiration (RECO), as the
primary source of CO2 emissions from terrestrial eco-
systems, determines the carbon balance of ecosys-
tems in conjunction with gross primary production
(Yu et al 2022). Increasing temperature is expected
to accelerate the RECO rate, stimulating additional

CO2 emissions (Chen et al 2021). Intrinsic temper-
ature sensitivity describes the response of inherent
kinetic properties to ambient temperature (Davidson
and Janssens 2006). The apparent temperature sens-
itivity of RECO (Q10), which represents the propor-
tional increase in RECO rate per 10 ◦C rise in tem-
perature under environmental constraints (Davidson
and Janssens 2006, Niu et al 2021, Sun et al 2023), is
an important parameter commonly used inmodeling
the RECO rate. Knowing howQ10 evolves with global
warming is critical for understanding the direction
and magnitude of carbon-climate feedback (Chen
et al 2021, Johnston et al 2021).
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A recent study based on this method found a
homogenization in Q10 in a warming world (Niu
et al 2021). However, this global analysis is still
incomplete since the influence of non-temperature
factors on RECO is not accounted for. Seasonal vari-
ation in RECO can be influenced by temperature,
as well as biomass, ecosystem structure, and sub-
strate availability, all of which also exhibit seasonal
fluctuations (Brown et al 2004, Jia et al 2014). For
instance, about 50% of total plant respiration comes
from leaves (Slot and Kitajima 2015), and the sea-
sonal variation in RECO rate can be partially attrib-
uted to leaf phenology. This oversight could misat-
tribute seasonal fluctuations in RECO rates entirely
to temperature changes, potentially leading to an
underestimation or overestimation of Q10. This issue
might also clarify the high variability in Q10 val-
ues observed across different ecosystems and seasons,
ranging from as low as 1.0 to as large as 9.0 (Demyan
et al 2016, Mu et al 2017, Yang et al 2022, Zhang
et al 2024).

Moreover, global warming has led to irrevers-
ible transformations within ecosystems worldwide,
substantially impacting RECO. Vegetation greening,
growing season prolongation, and exacerbated atmo-
spheric water vapor pressure deficit can affect above-
ground RECO by altering ecosystem structure, bio-
mass, and carbohydrate supply (McDowell and Allen
2015, Yuan et al 2019, Grossiord et al 2020, Liu et al
2020, Yan et al 2024). Permafrost melting, soil tex-
ture change, and phosphorus and nitrogen content
variation can affect below-ground RECO (Pries et al
2015, Bond-Lamberty et al 2024, Chen et al 2024).
Therefore, previous quantification of Q10 without
excluding the influence of non-temperature factors
might lead to large uncertainty in predicting RECO
in a warming world.

Previous studies commonly overlook the role of
non-temperature factors when calculating Q10 val-
ues. Therefore, we first investigated the effect of non-
temperature factors on RECO and its disturbance on
calculated Q10. Our objective is to quantify Q10 while
excluding the confounding effect of non-temperature
factors and to evaluate the impact of rising temperat-
ure on Q10. A temporal moving window and linear-
mixed effect model were used to exclude the non-
temperature effects on RECO while calculating Q10.
In this context, the term ‘rising temperature’ merely
refers to short-term warming, specifically within a
period of less than 15 d, as determined by the size
of our temporal moving window. Due to the lim-
ited duration of observations, the effects of long-term
warming are beyond the scope of this study. The
availability of continuous hourly or half-hourly eddy
covariance observations from flux towers, along with
a wide range of temperatures, allows us to invest-
igate the warming effect on Q10 based on site-level
data.

2. Materials andmethods

2.1. Eddy covariance data
We used hourly or half-hourly RECO rate and
air temperature data from the AmeriFlux and
FLUXNET2015 datasets (Chu et al 2023, Pastorello
et al 2020). In case of overlap between different data-
bases, the one with longer observation was chosen.
We analyzed only those sites that provided at least
1 year of complete RECO rate and meteorological
data (gaps < 5%), 254 sites covered a wide range
of temperatures and ecosystem types were preserved
(figures 1(a) and (b)). Both AmeriFlux dataset and
FLUXNET2015 dataset have undergone a standard-
ized set of quality control and gap-filling. Only meas-
ured air temperature data and gap-filled air temper-
ature data with good quality (QC = 0 or QC = 1)
and nighttime net ecosystem exchange (NEE) data
(incoming shortwave radiation potential is equal to
0) were used in this study to ensure the reliability of
our results. To ensure enough sampled data, meas-
ured NEE data and gap-filled NEE data with good
and medium quality were used in this study.

2.2. Calculation ofQ10
The Van’t Hoff function (Mahecha et al 2010) for
RECO rate is given as,

R= RrefQ
T−Tref

10
10 , (1)

where R is the RECO rate, Rref is the reference RECO
rate at Tref, and Tref is the reference temperature, in
this study, 10 ◦C is chosen as Tref; Q10 is the RECO
temperature sensitivity.

The air temperature and RECO rate data used for
calculating Q10 were sampled in the following steps.
First, data sampling was conducted in a 15 d moving
window to minimize the effect of non-temperature
factors on the seasonal variation in RECO rate. Then,
a 10 ◦Cwindow with a 2 ◦C step size was used to cap-
ture the effect of airT on; theQ10 calculated in a given
window was considered to be theQ10 at the median T
of the temperature window. Temperature data with a
difference of <6 ◦C between the 90th and 10th per-
centiles were excluded. Note that this sampling pro-
cedure was conducted for each site.

We calculated the apparent temperature sensitiv-
ity of RECOusing a linear transformation of the Van’t
Hoff function with a linear mixed-effect model (Li
et al 2023) each site and each temperature window,

lnRi,j =
(
lnQ10,i,j + lnεkQ10,i,j

)(T−Tref

10

)
+ lnRref,i,j + lnεkRref,i,j

, (2)

where, Ri,j is the RECO rate in temperature window
j (Ij) at site i (Si), Rref,i,j is the reference RECO rate at
reference temperature Tref in Ij at Si, and Q10,i,j is the
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Figure 1. Studied sites cover a wide range of temperature and ecosystem types. (a) The spatial distribution of studied sites, the
base map is the mean annual air temperature derived from the CRU monthly mean temperature dataset from 1971 to 2022. The
colored points represent ecosystem types. (b) The density distribution of the mean annual air temperature of all flux stations that
were used in this study. (c) Temporal distribution of observation years across all sites. See the full name of the ecosystem type in
table S1.

mean temperature sensitivity across all temporal win-
dows numbered by k in Ij at Si. Rref is the RECO rate
at a constant temperature, thus, the change in Rref is
caused by non-temperature factors. In equation (2),
the non-temperature effects were excluded in the
linear mixed-effects model by treating the inter-
cept as a random variable with averages of lnRref

and defining εkRref,i,j
in Ij at Si as temporal window-

specific deviation from these averages, while εkQ10,i,j

is the Q10,i,j deviation. Linear mixed-effects model-
ing was conducted using the R package ‘lmer’ (Bates
et al 2015).

2.3. Quantification of the effect of
non-temperature factors on the seasonality of
RECO
RECO rate at a constant temperature (Tc), can be
used as an indicator for detecting non-temperature
effects. The choice ofTc was based on the climate con-
ditions of specific sites to capture the seasonal change
in RTc. Tc is 10 ◦C for sites with mean annual air tem-
perature (Tsite,m) lower than 10 ◦C, and it is 15 ◦C for
sites with Tsite,m greater than 10 ◦C but below 15 ◦C,
while it is 20 ◦C for other sites. The ratio between the
amplitude of seasonal variation in monthly mean RTc

(RTc,mon) and the amplitude of seasonal variation in
monthly mean RECO rate (Rmon) was calculated for
each site and each year. The difference between max-
imum and minimum RTc,mon (Rmon) within a year
is the amplitude of the seasonal variation in RTc,mon

(Rmon), i.e ∆RTc,mon (∆Rmon). There are some miss-
ing values forRTc,mon because of high seasonal change
in air temperature, only temporally overlapped values
were reserved.

2.4. Quantification of the coupling between RTc
and temperature
The coupling between RTc and temperature was
detected at each site and each year. First, the median
of all temperature data for a site was chosen as the
constant temperature. Then, the mean of temperat-
ures in a 15 d moving window and the mean RECO
rate at a constant temperature (Tc, with a variation of
±0.5 ◦C to ensure sufficient data sampling) in a 15 d
moving window were calculated. At last, Spearman’s
correlation was calculated to quantify the coupling
between RTc and temperature.

Spearman’s rank correlation was used to examine
the coupling between RTc and temperature. The t-test
was used to test the significance of each correlation
coefficient. The optimal index fitting and simple lin-
ear regression between site mean annual temperature
and Q10 is conducted in Python using the Scipy lib-
rary (Virtanen et al 2020).

3. Results

3.1. The role of non-temperature factors in
seasonality of RECO
The seasonal variation of RECO rate can be affected
by non-temperature factors. In figure 2(a), points ‘a’,
‘b’, and ‘c’ represent three distinct time points. Point
‘a’ corresponds to the earliest date, point ‘c’ to the
latest date, and point ‘b’ is positioned at the same
date as point ‘c’. The temperatures at time points ‘a’
and ‘b’ are the same; therefore, the difference in the
RECO rate between ‘a’ and ‘c’ can be attributed to
two parts, temperature and no-temperature effects.
The RECO rate at a constant temperature (RTc),
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Figure 2. The seasonal variation of ecosystem respiration caused by non-temperature factors. (a) The schematic diagram shows
the temperature effect and non-temperature effect on seasonal variation in RECO rate. The data is derived from site FR-Fon and
its ecosystem type is deciduous broadleaf forest. (b) Seasonal change of RTc,mon/RTc,m across different ecosystem types in the
northern hemisphere. The colors of the dashed lines represent ecosystem types. (c) The density distribution of the ratio between
seasonal variation amplitude of RTc,mon (∆RTc,mon) and seasonal variation amplitude of Rmon (∆Rmon), the total number of
site-year is 1647. The vertical red dashed line represents the mean ratio value.

was chosen to detect the effects of non-temperature
factors on the seasonality of RECO rate. All ecosystem
types in the Northern Hemisphere show a clear sea-
sonal variation in RTc,mon (the mean value of RTc for
a month), with the occurrence of peak andminimum
values differing among ecosystem types (figure 2(b)).
The normalized RTc,mon (RTc,mon/RTc,m, RTc,m is the
mean of RTc,mon values within a year) ranges from
0.5 to 1.5. The peak value occurs commonly in sum-
mer (June to August), while the minimum typically
occurs in winter, except in savannas. Notably, there
are two peak values for woody savannas and ever-
green broad-leaf forests. Similar seasonal variations
in RTc,mon are also observed at sites in the Southern
Hemisphere (figure S1), with differences in timing
due to the reversed seasons compared to theNorthern
Hemisphere. Our results suggest that the seasonal
pattern ofRTc,mon closelymirrors that of temperature.

The seasonal variation in RTc,mon was compared
with the seasonal variation in the monthly mean
RECOrate (Rmon) by calculating the ratio between the
amplitude of seasonal variation inRTc,mon (∆RTc,mon)
and the amplitude of seasonal variation in Rmon

(∆Rmon, see details in the method section). Our
results show that the seasonal variation in Rmon is
primarily governed by RTc,mon, with a mean ratio
of about 0.83 (figure 2(c)). It is important to note
that this ratio might exceed 1.0 under specific con-
ditions. This occur when the promoting effect of
non-temperature factors, such as biomass and soil
moisture, on RECO is low at high temperatures and
reversed at low temperatures. For example, the neg-
ative correlation between temperature and precipita-
tion can lead this ratio to exceed 1.0 in EBF (figure
S2), as water availability plays a dominant role in
RECO variation. Further analysis indicates that the
dominant role of RTc,mon is more significant in arid
regions than in other regions, with the exception of

tropical regions (figure S2). Our results confirm the
dominant role of RTc,mon in the seasonal variation
of Rmon, implying that the methods for calculating
Q10 in most previous studies (Tjoelker et al 2001,
Fouché et al 2014, Johnston et al 2021, Niu et al 2021)
might overestimate or underestimateQ10 values since
they did not consider the impact of non-temperature
factors, such as seasonal variation in substrates.

3.2. Impact of non-temperature factors on site-year
Q10
We then investigated the effect of the coupling
between RTc and temperature on site-yearQ10, which
is the Q10 calculated using full-year hourly or half-
hourly air temperature and RECO rate data. The
coupling between RTc and temperature was quan-
tified based on Spearman’s correlation coefficient.
Results show that there is a strong positive coup-
ling between temperature and RTc (figure 3(a)),
Specifically, 57.9% of all site years demonstrated
Spearman’s correlation coefficients greater than 0.5
(out of a total of 1505 site-years). This effect was par-
ticularly pronounced in deciduous broad-leaf forests,
evergreen needle-leaf forests, and mixed forests,
where more than 60% of the correlation coeffi-
cients exceeded 0.5. Additionally, more than 50%
of Spearman’s correlation coefficients for cropland,
closed shrubland, grassland, savanna, and wetland
were also greater than 0.5. Conversely, woody savanna
exhibited the highest negative coupling, with 32.4%
of Spearman’s correlation coefficients falling below
−0.5.

The positive coupling was especially strong for
temperate and continental sites (figure S3), likely
because of the similar seasonal variation between
temperature and RTc in these regions. This similar
seasonal variation in temperature and RTc is due
to the tight correlation between temperature and
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Figure 3. The relationship between site-year Q10 and the coupling between RTc and temperature. (a) The distribution of
correlation coefficients between RTc and temperature for different ecosystem types, all correlation coefficient values are contained
even without passing the significance test. The different colors represent different ranges of correlation coefficient values. Blue,
orange, green, and red correspond to the intervals (0.5, 1], (0, 0.5], (−0.5, 0], and [−1,−0.5], respectively. (b) The relationship
between site-year apparent temperature sensitivity and Spearman’s correlation coefficient between RTc and temperature (see
methods for details).

precipitation (figure S4), as both temperature and
precipitation play a significant role in controlling
plant phenology (Moles et al 2014), additionally,
water availability can impact RECO substantially (Liu
et al 2018, Zhang et al 2018). For example, posit-
ive correlations between precipitation and temper-
ature were found in most CRO, CSH, ENF, GRA,
MF, and SAV sites (figure S4), where positive coup-
ling between RTc and temperature was also found.
The negative coupling between RTc and temperat-
ure was found in sites that have negative correlations
between temperature and precipitation, such as EBF
and WSA. Further, we found a significant positive
correlation between Q10 and the coupling between
temperature and RTc (r = 0.38, p< 0.001) was found
(figure 3(b)). As the correlation coefficient increased,
Q10 rose from 0.89 ± 0.45 (mean ± one standard
error) when r < −0.9, to 3.00 ± 0.98 when r > 0.9.
These results suggest that the coupling between tem-
perature and RTc within a year complicates the estim-
ation of Q10, highlighting the need to exclude the
effect of seasonal change of RTc.

3.3. The response ofQ10 to rising temperature
We quantified Q10 while minimizing the confound-
ing influence of non-temperature effects by employ-
ing a temporal moving window and applying a lin-
ear mixed-effect model for each site and temperat-
ure window. Figure 2(a) shows that the effect of non-
temperature factors on seasonality is obvious at the
seasonal scale, with the time scale decreasing, the
effect of non-temperature factors on change in RECO
rate is negligible compared to temperature. Therefore,
a 15 d moving window was used for data sampling

tominimize the non-temperature effect on calculated
Q10 (see details in themethod section).Our results are
consistent with previous studies (Tjoelker et al 2001,
Johnston et al 2021), showing a decline in Q10 with
short-term warming (figure 4(a), merely Q10 values
with p-values less than 0.05 were considered). The
mean value ofQ10 decreases from 1.55 at 6 ◦C to 1.36
at 26 ◦C, with a decreasing rate of 0.01 per degree.
However, our results show that the decreasing rate
of Q10 with rising temperature is much slower than
a previous study (Niu et al 2021), which found Q10

decreases from 2.4 at 9 ◦C to 1.8 at 17 ◦C. We further
calculated the slope ofQ10 to temperature for each site
and categorized the slope values according to different
ecosystem types (figure 4(b)). The results show that
all ecosystem types except wetlands andmixed forests
show relatively higher decreasing rates. Additionally,
the slope values also show high variability with the
same ecosystem type, such as evergreen needle forests
and grassland. This high variability might be due to
the difference in hydrothermal conditions across sites.

4. Discussion and conclusion

In this study, we found that non-temperature factors
dominate the seasonality of the monthly mean of
RECO rate and a strong coupling between RTc and
temperature in a large number of the sites. This
indicates that the effect of non-temperature factors
will be attributed to the change in temperature if
the effect of non-temperature factors on the RECO
rate is not eliminated, leading to underestimations
or overestimations of site-year Q10. Therefore, we
calculated after minimizing the confounding effect
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Figure 4. The response of Q10 to rising temperature. (a) The relationship between Q10 and T; the solid line is the linear regression
line based on mean Q10 values, and the gray shaded area represents a 99% confidence interval. The red points represent mean
values and the error bars correspond to one standard error. (b) The slope of Q10 to temperature for each site across different
ecosystem types and the ecosystem type is sorted by temperature, with higher mean annual temperature on the right. The median
slope value is represented by the black line in each box, while the mean value is represented by the green plus sign. The lower and
upper whiskers correspond to the 10th and 90th percentiles, respectively.

of non-temperature factors on RECO rate, the Q10

values we calculated are smaller than those in previ-
ous studies (Demyan et al 2016, Mu et al 2017, Yang
et al 2022, Zhang et al 2024). Consistent with previ-
ous studies, we found that Q10 decreases with rising
temperature (Tjoelker et al 2001, Johnston et al 2021,
Bruhn et al 2022). However, we found that the rate at
which Q10 decreases with temperature is significantly
slower than in a previous study (Niu et al 2021), which
may be due to their overestimation of Q10 caused by
not removing the effect of non-temperature factors.
Several mechanisms have been proposed to explain
the decline in Q10 with rising temperature, includ-
ing biochemical changes, structural changes, and lim-
itations on substrate availability (Atkin and Tjoelker
2003, Bradford et al 2008, Niu et al 2012).

A 15 d moving window was used for sampling
data to minimize the confounding effect of non-
temperature factors onQ10 in this research. Variations
in non-temperature factors, including soil moisture
(Brocca et al 2010), leaf area index, and biomass (Liu
et al 2023), are considerably less pronounced at the
sub-monthly scale than at seasonal or annual scales.
This indicates that the impact of non-temperature
factors on the RECO rate isminimal compared to that
of temperature, effectively decoupling the influence of
temperature from the influences of non-temperature
factors on the RECO rate at the sub-monthly scale.
A previous study investigated the impact of moving
window size on Q10, showing that Q10 calculated in
a 15 d window is equivalent to that in a 7 d win-
dow (Reichstein et al 2005). This further suggests that
the confounding effect of non-temperature factors on
calculated Q10 is negligible within 15 d. Therefore, a
15 dmoving window is capable of excluding the effect

of non-temperature factors onQ10. Evidence suggests
that RECO responds differently to rising temperat-
ures under different conditions (Li et al 2020), and
thusQ10may vary across different temporal windows.
In this research, it should be noted that our calculated
Q10 represents the mean Q10 under different condi-
tions because a linear mixed effect model was used to
calculate Q10 values.

In conclusion, this study provides significant
insights into the impact of rising temperature onQ10.
Notably, we highlight the role of non-temperature
factors in the seasonality of RECO and the import-
ance of excluding their confounding effect when
calculating Q10. This underscores the necessity
to explore the direct relationship between non-
temperature factors—such as ecosystem biomass,
substrate availability, and ecosystem structure—and
RECO, rather than simply incorporating their effects
intoQ10, in other words, their impacts on how RECO
responds to rising temperatures. Our research reveals
relatively lower Q10 values and a weaker negative
effect of rising temperature on Q10 compared to pre-
vious studies (Demyan et al 2016, Mu et al 2017, Niu
et al 2021, Yang et al 2022, Zhang et al 2024), sug-
gesting that the increasing rate of RECO with rising
temperature might have been overestimated in the
past. Furthermore, the possibility of warming-carbon
positive feedback in a warming world still involves
large uncertainties, as global warming is altering
water availability, ecosystem structure, and pheno-
logy (McDowell and Allen 2015, Yuan et al 2019,
Grossiord et al 2020, Liu et al 2020, Yan et al 2024),
which should also be considered in the warming-
carbon feedback analysis. Moreover, it is necessary
to investigate the impact of long-term warming on

6



Environ. Res. Lett. 20 (2025) 034008 Z Liu et al

Q10 for better understanding of the carbon-climate
feedback as the global warming has been projected to
continue in the coming decades (IPCC 2022).
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