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Thermal responses of dissolved organic
matter under global change

Ang Hu1, Kyoung-Soon Jang 2, Andrew J. Tanentzap 3, Wenqian Zhao1,
Jay T. Lennon 4, Jinfu Liu1, Mingjia Li1, James Stegen 5,MiraChoi2, Yahai Lu 6,
Xiaojuan Feng 7 & Jianjun Wang 1

The diversity of intrinsic traits of different organic matter molecules makes it
challenging to predict how they, and therefore the global carbon cycle, will
respond to climate change. Here we develop an indicator of compositional-
level environmental response for dissolved organic matter to quantify the
aggregated response of individual molecules that positively and negatively
associate with warming.We apply the indicator to assess the thermal response
of sediment dissolved organic matter in 480 aquatic microcosms along
nutrient gradients on three Eurasian mountainsides. Organic molecules con-
sistently respond to temperature changewithin and across contrasting climate
zones. At a compositional level, dissolved organicmatter in warmer sites has a
stronger thermal response and shows functional reorganization towards
molecules with lower thermodynamic favorability for microbial decomposi-
tion. The thermal response is more sensitive to warming at higher nutrients,
with increased sensitivity of up to 22% for each additional 1mg L-1 of nitrogen
loading. The utility of the thermal response indicator is further confirmed by
laboratory experiments and reveals its positive links to greenhouse gas
emissions.

Dissolved organic matter (DOM) represents one of the largest active
carbon reservoirs in aquatic ecosystems and fuels biogeochemical
cycles1–4. DOM turnover is critical for understanding global scale bio-
geochemistry, especially responses to increasing temperatures and
other planetary-scale drivers5–9. It is generally recognized, based on
kinetics and metabolic theory, that increasing temperatures should
accelerate decomposition rates, which in turn liberates CO2 to the
atmosphere10–12. The intrinsic temperature sensitivity of reaction rates
is increased at lower temperatures making soil carbon potentially
more vulnerable to decomposition at higher latitudes under future
climate change13,14, while there are higher vulnerability in decomposi-
tion at both high and low latitudes as indicated by H/C ratio of DOM in

aquatic ecosystem15. The observed “apparent” temperature sensitivity
of decomposition therefore reflects a combination of the intrinsic
traits (e.g., bioavailability) of organic compounds and environmental
constraints13,16, which can also be affected by other global change
drivers, especially nutrient enrichment17,18 in additive or multi-
plicative ways.

A major challenge to modeling organic matter decomposition is
the lack of understanding about how diverse molecules respond to
temperature and other global change drivers. DOM is a complex pool
of thousands of distinct molecules, with unique traits such as ther-
modynamic properties and reaction rates19–21. Past work has relied on
broad classification schemes where DOM is classed as labile versus
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recalcitrant, or active versus slow versus passive10,18. We hypothesized
that climate change could reorganize the functional composition of
DOM due to the different temperature responses of individual mole-
cules such as suggested by the compositional changes under warming
in soils22. However, few quantitative approaches exist to profile the
responses of DOM to climate change at the molecular and composi-
tional levels, and further lead to poor understanding of the molecular
mechanisms, such as thermodynamic favorability, underlying these
responses. Specifically, no quantification metric is available with
respect to how each molecule responds to temperature change and
how the magnitude and direction of molecular-level responses jointly
determine the compositional-level response of a DOM assemblage.

Here, we quantified the response of DOM assemblages to tem-
perature (hereafter, thermal responses), and assessed how their
responses were jointly affected by elevated temperature and nutrient
enrichment (Figs. 1, 2) using a large-scale climate change experiment
deployed in three contrasting climate zones (Fig. S1). Briefly, we
selected five to six different elevations on separatemountainsides. The
mountainsides spanned a subtropical wet environment in the south-
easternmargin of the Tibetan Plateau to a temperate arid environment
in the northern Tibetan Plateau to a subarctic one in Northern Europe,
with annual mean temperatures ranging between −3.4 and 12.9 °C and
annual precipitation between 31 and 1,025mm(Fig. S1).We established
480 aquaticmicrocosms composed of identical natural lake sediments
and artificial lake water with ten different nutrient levels at each ele-
vation. After a month of incubation, we characterized sediment DOM
assemblages and their intrinsic molecular traits using Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR MS).

We developed a novel indicator, termed compositional-level
environmental response (iCER) of temperature (hereafter, “iCER” for
simplicity), to quantify the thermal responses of DOM assemblages for
each sample based on changes in the abundance of molecules along
temperature gradients (Figs. 1 and 2). There were two primary proce-
dures in developing the indicator (Fig. 2). First, we calculated the
direction andmagnitude ofmolecule-specific environmental response
(MER) of temperature (hereafter, “MER” for simplicity). The MER is
defined as the effect size for the change in relative abundance of each
molecular formula as a function of temperature across time, space or
treatments. Positive and negative MER values are associated with
molecules that accumulate and deplete with elevated temperatures,
respectively (hereafter defined as warm-accumulating and warm-
depleting molecules, respectively; Fig. 2a). Second, we used an algo-
rithm to integrate the MERs of individual molecules into an indicator
representing the compositional-level thermal response. The iCER is
calculated from the weighted average of all MERs in a given DOM
assemblage. Thus, iCER reflects the response of a DOM assemblage to
temperature change in terms of the difference in magnitude of posi-
tive and negativeMERs. Positive and negative iCER values indicate that
DOM is dominated by warm-accumulating and warm-depleting mole-
cules, respectively, while an iCER of zero suggests the two groups of
molecules equally dominate (Fig. 2b). We expected that the MERs
would be consistent across regions and climate zones (that is spatial
transferability), enabling our results to be scaled across regional and
continental scales (Fig. 1). We also expected that the iCER of DOM
would be positively correlated with elevated temperature (Fig. 2b) and
that molecular traits such as thermodynamic properties would
stronglymediate the changes in the iCERunder global change (Fig. 2c).
More procedural details can be found in Methods Section and the
relevant codes to calculateMER and iCER are available at http://github.
com/jianjunwang/iDOM and Zenodo data repository (https://doi.org/
10.5281/zenodo.8435631).

Results
Thermal responses varied substantially among DOMmolecules, which
could be attributed to their intrinsic traits such as thermodynamic

properties and bioavailability (Fig. 3). MER, quantified with the
Spearman’s correlation coefficient, varied from -0.90 to 0.89, with
negative and positive median values of -0.44 and 0.30 in all three
climate zones (Figs. 3a and S2). As proportion of the molecules with
more negative MERs became increasing, warm-depleting molecules
weremore thermodynamically favorable for oxidation (i.e., declined in
Gibbs free energy; Figs. 3b and S3). Except for subtropical wet climate
zone, warm-depleting molecules with more negative MERs were also
characterized by increased modified aromaticity index (AIMod) and
declined H/C ratio (Fig. S4). A greater fraction of the warm-depleting
molecules could be classed as aromatic-like and highly-unsaturated-
like compounds with high oxygen content. For example, between 43-
52%of allmolecular formulaewith statistically significantMERs smaller
than -0.25 across the three climate zones fell into these compound
classes (Fig. 3c). In contrast, warm-accumulating molecules with more
positive MERs were characterized generally by smaller modified aro-
maticity index (AIMod) and larger H/C ratio, and were dominated by
aliphatic, peptide and highly-unsaturated-like compounds with low
oxygen content (Fig. 3c, S4). Compared to warm-depleting molecules,
Gibbs free energy was larger for warm-accumulating molecules with
values between 75 and 90 kJ (mol C)−1, and increased towards larger
MERs in the temperate arid climate but showed no clear changes in the
other climates (Fig. 3b). Under less oxic conditions of sediments rela-
tive to overlying water23–25, the decomposition of high H/C aliphatic
and peptide-like molecules was thermodynamically less favorable as
indicated by these compound classes having the largest Gibbs free
energy values (Fig. S5).

These disparate thermal responses of individual molecules were
generally consistent from intra-regional to inter-regional scales
(Fig. 4), which indicates their spatial transferability. At the inter-
regional scale, each molecule showed consistent responses to water
temperature between each of the two climate zones with the high
Pearson correlation coefficients of 0.73 to 0.82 and linear regression
slopes of 0.30 to 1.34 (P ≤0.05; Fig. 4a). These close associations
between MERs in different climate zones were also true across com-
pound classes (Fig. 4a). At the intra-regional scale, we aggregated
samples from each climate zone into twogroups by randomly splitting
the 10 nutrient levels in half. As expected, each molecule had more
consistent MERs between the two groups within each region than
between regions (Fig. 4b, c). This result was indicated by higher mean
Pearson r values of 0.80, 0.98 and0.90, and linear regression slopes of
0.84, 0.98 and 0.91 in the subtropical wet, temperate arid and sub-
arctic climate zones, respectively (P ≤0.05; Fig. 4b, c).

Using the iCER, we further quantified the thermal response of
each DOM assemblage based on the molecules with statistically sig-
nificant (P ≤0.05) MERs. Among the three contrasting climate zones,
the iCERs were over four-times lower in the subarctic than subtropical
wet climate zones, with the mean values of -0.120 and -0.027,
respectively (t-test, P ≤0.001; Fig. S6). This divergence suggests that
the influence of temperature on the functional reorganization of DOM
composition is distinctly different between the subtropical wet and
subarctic climate zones. More specifically, the relative abundance of
warm-accumulating molecules increased in the warmer subtropical
climates, whereas they became depleted in the colder subarctic cli-
mate. In contrast to the above two climate zones, iCER showed the
lowest mean value of -0.211 and the highest standard deviation of
0.326 in the temperate arid climate zone (Fig. S6). This result suggests
that there was large variation in iCER values along the elevational
gradient and thus high temperature sensitivity (Figs. 5 and S7). This is
consistent with the uniqueness of the region, which is located in the
arid region of northwestern China and is considered as among the
most sensitive to climate change26. This region has experienced a
warming-drying climate in recent decades, and the intensified aridity
could in turn enhance warming effects27,28. We also observed that, at
elevations above 3000m, iCERs were similar and had values <−0.4
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Molecule-specific environmental response (MER): The response of a DOM molecule to environmental 
change, such as temperature. MER could be quantified as effect size such as correlation coefficients for 
the change in relative abundance of each molecular formula as a function of temperature across time, 
space or treatments. MER consists of either positive or negative values that are determined by the 
positive and negative correlation coefficients such as Spearman’s correlation. A molecule refers to a 
molecular formula which may harbor a multitude of structural isomers that cannot be resolved with the 
FT-ICR MS technique.

(a)

(b)

Warm-accumulating molecules: The molecules that are accumulated with elevated temperatures and 
have positive MERs.
Warm-depleting molecules: The molecules that are depleted with elevated temperatures and have 
negative MERs.
Spatial transferability: The statistical assessment to determine whether a DOM molecule shows the same 
MER in different spatial regions, such as across regional and continental scales. 
Molecular traits: The structural features of an individual DOM molecule deduced from molecular formula 
that can be assigned precisely from ultrahigh resolution mass spectrometry. These molecular-level traits 
include thermodynamic properties and bioavailability, and can be upscaled to an entire sample (i.e., 
compositional-level) with weighted means.
Compositional-level environmental response (iCER): The response of a DOM assemblage to environ-
mental change such as temperature. iCER collapses the MERs of individual molecules and upscales 
them to an entire sample with weighted means. Regarding temperature changes, the positive and 
negative iCER values indicate that DOM is dominated by warm-accumulating and warm-depleting 
molecules, respectively, while an iCER of zero suggests the two groups of molecules equally dominate.

Fig. 1 | Main study aims and glossary of the associated terms. a Outline of the
main study aims. A1 refers to the procedures of indicator development for the
compositional-level environmental response (iCER) of temperature. A2 refers to
the mechanisms underlying thermal responses explained by intrinsic molecular
traits ofDOMat bothmolecular- and compositional-levels. A3 refers to the changes
in thermal responses with environmental change factors such as temperature
change and nutrient enrichment. A4 refers to the links between thermal responses

and ecosystem functioning such as carbon stock and decomposition processes.
The red and blue circles represent warm-accumulating and warm-depleting mole-
cules, respectively. The shading of circles from light to dark represents the mag-
nitude of thermal responses from low to high, respectively. b The term glossary
defines the terms indicated by circled numbers of 1–6 in the outline of main study
aims (a).
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especially under low nutrient conditions, whichmight be explained by
the major limiting factor of low temperature in high-altitude arid
areas29,30.

In each climate zone, we found strikingly consistent responses to
warming. Specifically, iCER generally decreased with elevation across
all nutrient levels for each of the three elevational gradients (P ≤0.05;

Figs. 5a and S7). This finding agrees with our previous hypothesis that
predicts higher iCER values in warmer sites (Fig. 2b). Furthermore, we
quantified the sensitivity of thermal responses to warming by mea-
suring the linear slope between iCER and temperature. We found that
the warming effects on iCER could be accelerated by nutrient enrich-
ment in all three climate zones. Specifically, the slopes between iCER

Fig. 2 | Conceptual illustration of an indicator of compositional-level thermal
responses (iCER) and the expectedmechanismsof functional reorganizationof
DOMunder climate change. aCalculation of molecule-specific thermal responses
(MER) of DOM. MER is defined as the effect size estimated from correlating each
molecule’s relative abundance with temperature in a region and/or temporal per-
iod. Effect size can be measured using statistical methods such as the Spearman’s
correlation coefficient ρ. Two examples are shown for positive (red) and negative
(blue) thermal responses, which indicate warm-accumulating and warm-depleting
molecules, respectively. b Compositional-level thermal responses (iCER) of DOM
under climate change. The iCER values, indicated by black points, are calculated as
the average of relative abundance-weighted MERs of multiple DOMmolecules in a
region and/or temporal period. The pie chart describes the hypothesized func-
tional reorganization of DOM composition along the temperature gradient from
being dominated bywarm-depleting towarm-accumulatingmolecules. Pie sections
of a circle indicate the relative abundance of molecules with positive (red) and
negative (blue) thermal responses (i.e., Spearman ρ). An iCER value of 0 indicates a

perfect equivalence between the two groups of molecules with positive and
negative MERs. An example of functional reorganization under warming in a DOM
assemblage is shown in c. Specifically, a DOM pool consists of diverse molecules
(gray circles) that can be assembled into a local assemblage by biological and
environmental filtering, such as temperature. A molecule that accumulates in a
DOM assemblage at high temperatures will respond positively to warming (red
circles) in contrast to a molecule depleted at high temperatures (blue circles). The
shadingof circles from light todark represents themagnitudeof thermal responses
from low to high, respectively. The intrinsic molecular traits (e.g., thermodynamic
properties) of these molecules are hypothesized to determine the functional
reorganization of DOM composition with temperature change. That is, the thermal
responses of DOM assemblages may increase towards warmer sites, where DOM
molecules may become thermodynamically less favorable (i.e., higher Gibbs free
energy for the half reaction of organic carbon oxidation) and with lower biode-
gradability (“D”).
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and temperature were significantly positively correlated with nutrient
enrichment (Fig. 5b), indicating that the sensitivity of thermal
responses to warming is stronger at higher nutrient levels. For each
1mg L−1 of nitrogen added to the microcosms, the temperature sensi-
tivity increased the most by 21.8% in the subtropical wet climate zone
(Fig. 5b). The sensitivity in the temperate arid and subarctic climates
still increased by 11.4% and 7.0%, respectively, even the high mean
slopes of 0.07 and 0.05 caused by warming among the three climate
zones (Fig. 5b).

Last, we linked iCER to ecosystem functioning such as carbon
stock and decomposition processes. We found consistently positive
correlations between iCER and organic carbon stock in each climate
zone (Fig. S8). For example, iCER increasedwith sediment total organic

carbon after incubation in the subtropical wet and temperate arid
climates, with the Pearson correlation coefficients of 0.41 and 0.53,
respectively (P ≤0.05; Fig. S8). These correlations were also generally
true across all nutrient levels for each of the three climate zones
(P ≤0.05; Fig. S8).

Considering that field microcosms were open and complex eco-
systems with not only carbon decomposition but also new carbon
inputs, we applied laboratory experiments allowing a focus exclusively
on decomposition of sediment organic carbon. We established 84
aquatic microcosms composed of identical natural lake sediments but
differentmicrobial communities inoculated from lake sediments in the
subtropical climate, temperate to subtropical transitional climate, and
temperate climate zones (Fig. 6a). After a month of incubation under
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Fig. 3 | Molecule-specific thermal responses (MER) of DOM and their correla-
tion with molecular traits. a The distribution of MERs for DOM molecules in the
subtropical wet (Laojun Mountain, China), temperate arid (Dangjin Mountain,
China) and subarctic (Balggesvarri Mountain, Norway) climate zones. n is the
number of molecules with MERs. We further showed the gradual changes in
molecular traits (b) and the percentage of molecular richness (i.e., molecular peak
number) for each compound class (c) along the continuum of negative (blue) to
positive (red) MERs in the three climate zones. We considered Gibbs free energy
(GFE) as a molecular trait representative of the thermodynamic favorability of a
molecule for oxidative degradation. To create the MER continuum, we first cate-
gorized all molecules into 100 equal-sized bins (i.e., 1% of molecules per bin)
according to their magnitude of positive or negative MERs. We then sequentially
removed molecules from the bins with lower magnitude of MERs and generated
100 removal scenarios. Themeasurements ofmolecular traits or composition were
plotted against the lowest MERs of the remaining molecules for each removal

scenario. In the first removal scenarios, the warm-accumulating and warm-
depleting molecules had all molecules with ρ >0 and ρ <0, respectively, but their
lowest MERs were not zero. Blue and red dashed lines in (b) highlight the cutoff of
100% significantly negative and positive MERs for the remaining molecules,
respectively. Data in (b) arepresented as themeans ± s.e averaged acrossmolecules
for each removal scenario. In the first removal scenarios, n = 1,431, 3,829 and 1,417
molecules for the warm-depleting molecules in the three climate zones, respec-
tively; n = 979, 1,620 and 914 molecules for the warm-accumulating molecules in
the three zones, respectively. These n numbers were then sequentially reduced by
removal of one bin of molecules and not provided here considering hundreds of
numbers. The area colors from gray to red in (c) represent compound classes with
different GFE varying from high to low. We visualized the full MER continuum to
profile the changes inmolecular traits or composition, andx scales inpanels b and c
were different from panel a.
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the temperature gradients of 5 to 35 °C, we characterized DOM com-
position and carbon decomposition of sediments.

Compared to field experiments, the results of thermal responses
in laboratory experiments were generally consistent for both mole-
cular and compositional levels. For example, warm-accumulating
molecules with more positive MERs were characterized by increased
Gibbs free energy and were dominated by highly-unsaturated-like
compoundswith lowoxygen content,whilewarm-depletingmolecules
with more negative MERs were largely classed as aromatic and
condensed-aromatic-like compounds (Fig. 6b, c). Thermal responses
of individual molecules showed significant spatial transferability
across the contrasting climate zones (Fig. 6d). The iCER values
increased with temperature for each climate zone (P ≤0.05; Fig. 6e)
and were strongly correlated with molecular traits such as Gibbs free
energy (P ≤0.05; Figs. S9 and S10). We further related iCER to the
decomposition rates, and found that there were generally positive
correlations between iCER and the fluxes and release rates of CO2 &
CH4, especially in the subtropical and temperate climate zones (Pear-
son r =0.43 to 0.50, P ≤0.05; Fig. 6f, g). In contrast to field experi-
ments, the decomposition of warm-accumulating molecules was
thermodynamically more favorable in laboratory experiments, as
indicated by the lower Gibbs free energy of 62 to 82 kJ (mol C)−1 and a
lower fraction of aliphatic-like compound such as 4-13% of all

molecular formulae with significant MERs (Figs. 3b, c and 6b, c). There
was also a lower fraction of aromatic-like compounds within warm-
accumulating versuswarm-depletingmolecules, that is, 21-36% and 50-
75% of all molecular formulae with significant MERs, respectively
(Fig. 6c), which is consistent with the positive correlation between
iCERs and carbon decomposition rates.

Discussion
Quantitative assessment of climate change impacts on dissolved
organic matter is critical for understanding and predicting con-
sequences of global change13,31. Temperature sensitivity of biological
processes is particularly important, and has been studied in the con-
text of carbon fluxes14 and greenhouse gas dynamics32 at the ecosys-
tem-level, but also in terms of microbial activity, such as rates of
growth, respiration and carbon uptake, at the subcellular and indivi-
dual levels33,34. However, it is challenging to quantify the impacts of
climate change on the composition and fate of DOM, especially con-
sidering the distinct traits of individual molecules. Here we developed
the indicator iCER to estimate the responses of DOM assemblages to
temperature change, and have applied it to a replicated field experi-
ment on mountainsides of three distinct climate zones and also a
laboratory microcosm experiment. iCER can uncover how the func-
tional composition of DOM is reorganized by quantifying the balance
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equivalent to the mean value of 0.81, 0.99, and 0.91 in the subtropical wet (Laojun
Mountain, China), temperate arid (Dangjin Mountain, China) and subarctic (Balg-
gesvarri Mountain, Norway) climate zones, respectively. Lines in (a) and (c) were
visualized with linear regression models. Statistical significance of the model fits
with one-sided F-statistics is indicated by solid (P ≤0.05) or dotted (P >0.05) lines.
Dashed line marks 1:1 relationship.
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in the weighted responses of warm-accumulating and warm-depleting
molecules to changing temperature. We foresee that this iCER repre-
sents a simple yet robustmetric for comparing spatial and/or temporal
variation in the thermal responses of DOM at regional to global scales.

The indicator iCER gives mechanistic insights into the processes
governing DOM assemblages in the perspective of molecular level,
which is less likely possible via the measurements of bulk dissolved
organic carbon. Generally, the thermal response of DOM increased
towards warmer conditions such as at low elevations. Such thermal
responses were determined by intrinsic molecular traits linked to
processes of production and/or decomposition of DOM. Both ther-
modynamics and the classical explanations of intrinsic recalcitrance of
molecules13 may underlie the thermal responses of DOM. For instance,
in the laboratory microcosm experiments with only decomposition
processes and without external and endogenous carbon inputs, larger
iCER was generally associated with higher rates of greenhouse gas
release, suggesting greater decomposition of sediment organic carbon
in warmer conditions. Warming likely enabled biodegradation of
aromatic-like molecules under conditions with more kinetic energy
(i.e., higher temperature). These molecules with higher energy avail-
ability are thermodynamically more favorable for decomposition as
temperatures warm and could thus be readily decomposed by
microbes35. However, in the fieldmicrocosm experiments, larger iCERs
were related to higher sediment total organic carbon after incubation,
suggesting higher carbon stock in sediments in warmer conditions.
This result is largely because new carbon was also being produced,
mainly from algal growth, in the field microcosms alongside decom-
position processes. Mechanistically, warming strongly selected for
molecules with higher Gibbs free energy, which are linked to less
thermodynamically favorable removal of electrons per carbon atom
due to the higher amount of activation energy required for the process

of organic carbon oxidation35–38. The decrease in thermodynamic
favorability in warmer conditions implies that the aliphatic and
peptide-like molecules may be slowly decomposed and could have
longer persistence in extended periods of time. These results suggest
that our iCER indicator can help identify hotspots of where the global
carbon cycle will be vulnerable to future climate change.

Furthermore, the warming effect was strengthened by eutrophi-
cation. A 1mgL−1 increase in nitrogen loading increased warming
effects by up to 21.8%within the nitrogen loading ranges of 0 to 36mg-
N L−1 across the studied climate zones. This level of nutrient enrich-
ment is comparable to trends in enrichment seen in aquatic environ-
ments within the past decade due to atmospheric nitrogen deposition
such as in China39. The interaction between temperature and eutro-
phication is largely because these two factors both stimulate the pri-
mary productivity of algae (see Supplementary Figs. 1–5 in Wang
et al.40), which generates fresh organic carbon that in turn can influ-
ence the composition and bioavailability of DOM41,42. Collectively, our
work indicates that global changes associated with warming and
eutrophication reorganize the functional composition of DOM inways
that are likely to influence future carbon and other elemental cycling.
Such impacts suggest a possibility of including the thermal responses
within predictive models such as substrate-explicit models that
mechanistically link organic carbon traits or chemistry to biogeo-
chemical processes43.

For the potential application of new indicator, we expect the
thermal responses in the perspective of molecular level could inspire
future studies. This is highlighted by the consistent magnitude of each
molecule-specific thermal responses (MER) across the three highly
divergent mountain environments studied here. The result provides
compelling evidence that the responses of molecules to temperature
are transferable and generalizable caused by its intrinsic mechanisms
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Fig. 5 | Nutrient enrichment accelerates DOM thermal responses (iCER) at
warmer temperatures. aWe plotted the indicator of compositional-level thermal
responses (iCER) against elevation for each nutrient level in the subtropical wet
(Laojun Mountain, China; right lines), temperate arid (Dangjin Mountain, China;
middle lines) and subarctic (Balggesvarri Mountain, Norway; left lines) climate
zones. Statistical significance of linear model fits with one-sided F-statistics is
indicated by solid (P ≤0.05) or dotted (P >0.05) lines. For better visualization, we

omitted the data points but detailed scatter plots and statistics are shown in Fig. S7.
b Nutrient enrichment accelerated iCER sensitivity to elevated temperature. The
iCER sensitivity was measured by the slope of the relationship between iCER and
water temperature and was plotted against nutrient enrichment with a significant
linear regression (P ≤0.05). Solid and open circles indicate the statistically sig-
nificant (P ≤0.05) and non-significant (P >0.05) slopes of iCER-temperature rela-
tionships in a, respectively.
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of molecular traits, and are thus important for, and amenable to,
inclusion in predictive models. To help enable this vision, we have
provided an MER database (http://github.com/jianjunwang/iDOM) to
calculate iCERs in existing and future organic matter chemistry data-
sets derived from high-resolution methods such as FT-ICR MS. Our
indicator is readily calculated from a molecule relative abundance
table of each sampled DOM assemblage, and so could be used for any
data sets with environmental differences across time, space or
treatments.

There are, however, potential limitations to allow translation of
MERs between laboratories, sample types or geographical regions44,45.
For instance, our findings were based on the sediments of one lake
(that is, Taihu Lake), whichmay not be representative of full breadth of
global DOM chemistry. We encourage future studies to include

additional axes of variation suchas differences in sedimentmineralogy
and initial DOM composition, so that iCER for any types of samples
could be quantified across global environments. In addition, our
results were based on a one-month incubation period, whereby we did
not capture influences of seasonal dynamics in the physical (e.g.,
temperature, light) and biological (e.g., microbial phenology)
environment46. Thermal responses of resistant compounds were likely
underestimated in our study because more readily decomposable
compounds would have been preferentially degraded during our one-
month study period47. There are also well known limitations of the
uncharacterized and unrecovered fractions during DOM extraction
and the variation in ionization efficiency of different compounds for
FT-ICR MS, as summarized in numerous previous publications48–51,
although this approach is currently the most powerful approach for

Fig. 6 | DOM thermal responses and links to decomposition processes in the
laboratory experiments. a Laboratorymicrocosm experiments established under
the temperature gradients of 5 to 35 °C by using the common sterilized Taihu Lake
sediment, but with different microbial communities inoculated from lake sedi-
ments in three contrasting climate zones. At the molecular level, we showed the
gradual changes in molecular traits (b) and the percentage of molecular richness
(i.e., molecular peak number) for each compound class (c) along the continuum of
negative (blue) to positive (red) MERs for each zone. The measurements of mole-
cular traits (Gibbs free energy, GFE) or composition were visualized by plotting
against the lowest MERs of remaining molecules. Blue and red lines in (b) highlight
the cutoff of 100% significantly negative and positive MERs for the remaining
molecules, respectively. Data in (b) are presented as the means ± s.e averaged
across molecules for each removal scenario. In the first removal scenarios,
n = 2488, 2671, and 1548 molecules for the warm-depleting molecules in the three

zones, respectively; n = 1147, 1514, and 2017molecules for the warm-accumulating
molecules in the three zones, respectively. These n numberswere then sequentially
reduced by removal of one bin ofmolecules. We assessed the spatial transferability
of MERs across contrasting climate zones (d). The relationships of MERs between
pairwise climate zones for all molecules (black line) and the subsets of molecules
within each category of compound classes (colored lines). Dashed line marks 1:1
relationship. The area colors in (c) and line colors in (d) from gray to red represent
compound classes with different GFE varying from high to low. At the composi-
tional level, we plotted the indicator of compositional-level thermal responses
(iCER) against temperature (e), andfluxes of CO2 (f) andCH4 (g) in the three climate
zones. Release rates of CO2 and CH4, ranged 0.72-4.15 and 0–0.20 µgC g−1 d−1

respectively, were not visualized in the plots due to their strong correlations with
gas fluxes (Pearson r >0.99). Statistical significance of linear model fits with one-
sided F-statistics is indicated by solid (P ≤0.05) or dotted (P >0.05) lines.
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characterizing the molecular-level components of complex organic
matter52. These limitations, however, less likely affected our main
findings because we had the consistent initial conditions for each
mountain. Future applications of the iCER approach andMERdatabase
are encouraged to have more considerations, such as calculating iCER
with supports from other experimental strategies such as long-term
incubation duration and time-series sampling45, and observational
monitoring along natural environmental gradients.We lastly propose a
multivariate extension to the iCER approach that considers multiple
environmental factors such as pH. This represents an important fron-
tier of organicmatter studies as global change impacts on carbon cycle
involve interactions among multiple environmental drivers53.

Methods
Field experimental design
To examine thermal responses of DOM under global change, we con-
ducted field experiments alongmountainsides in the three contrasting
climate zones. We took advantage of space-for-time substitutions
derived from natural temperature gradients along the elevations to
understand the responses of ecosystem functions to global change54.
Our field experiments therefore provided ambient temperature gra-
dients rather than artificial warming treatments. The comparative field
microcosm experiments were conducted on Laojun Mountain in the
southeastern margin of the Tibetan Plateau in China (26.6959N;
99.7759 E) in September-October 2013, on Dangjin Mountain in the
northern Tibetan Plateau in China (39.4203N; 94.2950 E) in
September-October 2018, and on Balggesvarri Mountain in Northern
Europe in Norway (69.3809N; 20.3483 E) in July 2013, designed to be
broadly representative of subtropical wet, temperate arid and sub-
arctic climate zones, respectively, asfirst reported inWang et al. 40 (Fig.
S1). In the Laojun Mountain region, mean annual temperatures (MAT)
and mean annual precipitations (MAP) ranged from 4.2 to 12.9 °C and
1,005 to 1,020mm, respectively. In the Dangjin Mountain region, MAT
and MAP ranged from -3.4 to 7.2 °C and 31 to 84mm, respectively. In
the Balggesvarri Mountain region, MAT and MAP ranged from -2.9 to
0.7 °C and 539 to 597mm, respectively. The experiments were char-
acterized by an aquatic ecosystem with consistent initial organic
matter concentration and composition but different locally colonized
microbial communities and newly produced endogenous organic
matter. The common sterilized sediment can be considered as a
standardized “culture medium” for microbial colonization. Theoreti-
cally, the standardized sediment can be produced from any lake with
any kind of DOM composition. This approach provides greater con-
fidence that a change in peak intensity for a givenmolecule wasmainly
due to the differences in colonized microorganisms across micro-
cosms (i.e., samples) and the two main environmental gradients of
temperature and nutrients rather than because of differences in initial
starting conditions. This approach avoids the confounding effects of
other factors, such as variation in sediment mineralogy, carbon con-
tent, and initial organic matter composition. Homogeneous initial
experimental conditions enable the results to be directly compared
across elevations, nutrient conditions, and among the three study
regions in different climate zones. More importantly, we found DOM
composition after the field incubation had great variations regarding
H/C and O/C ratios and showed substantial overlap with global natural
freshwaters15 (Fig. S11).

On eachmountainside, we selected five to six different elevations.
The elevations were 3,822, 3,505, 2,915, 2,580 and 2,286m a.s.l. on
Laojun Mountain in China, 3905, 3477, 3050, 2670, 2214 and 1750m
a.s.l. on Dangjin Mountain in China, and 750, 550, 350, 170, and 20m
a.s.l. on Balggesvarri Mountain in Norway (Fig. S1). At each elevation,
we established 30 aquatic microcosms (1.5 L bottle) composed of 15 g
of sterilized lake sediments and 1.2 L of sterilized artificial lake water at
one of ten nutrient levels of 0, 0.45, 1.80, 4.05, 7.65, 11.25, 15.75, 21.60,
28.80, and 36.00mgNL−1 of KNO3 in the overlyingwater17,40.Wemixed

the sediments with artificial lake water and nutrients to start the field
experiments, and at least one day is needed to stabilize the micro-
cosms. We used the control without nutrient addition (0mgN L−1) to
indicate the baseline concentrations of nutrient and organic matter in
each microcosm. There were three replicated microcosms of each
nutrient level at each elevation. The lake sediments were obtained
from the centre of Taihu Lake, China, and were aseptically canned per
bottle after autoclaving. The sediments with total organic carbon of
0.59% were collected in October 2012 for microcosms on Laojun and
Balggesvarri Mountains, and the sediments with total organic carbon
of 0.65% were collected in October 2017 for microcosms on Dangjin
Mountain. Nutrient levels for the experiments were selected based on
conditions of the eutrophic Taihu Lake, and the highest nitrate con-
centration was based on the maximum total nitrogen in 2007
(20.79mgL−1). We chose the nutrient level of this year because a
massive cyanobacteria bloom in Taihu Lake happened in May 2007
and initiated an odorous drinking water crisis in the nearby city of
Wuxi. To helpmaintain stoichiometric ratios, a gradient of KH2PO4was
also added to the N-added bottles receiving KNO3 so that the N/P ratio
of the initial overlyingwater was 14.93. This N/P ratio was similar to the
annual average ratio (14.49) in Taihu Lake during 2007, which was the
time period and environment used as the reference for our N-addition
treatments. We thus used “nutrient enrichment” to indicate a series of
targeted nutrient levels of both nitrate and phosphate, the former of
which was used to represent nutrient enrichment in the statistical
analyses. The bottom 10% of the total bottle height was buried into the
local soils to buffer against large air temperature variation and partly
to reduce UV exposure to sediments. To simulate the natural envir-
onment as closely as possible, we did not have filters over the open
bottles.

The microcosms were left in the field allowing airborne microbes
to freely colonize the sediments and water, and the sediments and
water were sampled after one month17,40. To avoid the effects of daily
temperature variation, we measured the water temperature within 2 h
before noon at all elevations in the day before the final sample col-
lection. Water temperature ranged from 11.4 to 21.1 °C, 10.4 to 23.0 °C
and 19.6 to 25.2 °C on the Laojun, Dangjin and Balggesvarri Mountains,
respectively. At the end of the one-month experimental period, we
aseptically sampled the water and sediments of 480 bottles (that is, 16
elevations × 10 nutrient levels × 3 replicates). The samples were frozen
at -20°C after sampling until the analyses of chemical variables and
DOMcomposition. For themeasurements of dissolvedorganic carbon,
sediment samples were freeze-dried and extracted with ultrapure
water, and the sediment supernatants or water samples were filtered
through pre-cleaned 0.45-μm polycarbonate filters (Millipore). We
focus on the soluble phase (that is DOM) because the dissolved com-
ponents in sediments were highly dynamic and exchangeable between
liquid and solid phases, and this soluble phase represents one of the
largest carbon pools in aquatic ecosystems and actively interacts with
microbial processing especially in sediments. It should be noted that
we did not include other blanks during the experiments or sampling,
but did minimize the potential contaminations by using pre-cleaned
containers.

Laboratory incubation experiments
We further conducted laboratory incubation experiments to investi-
gate thermal responses of DOM under warming treatments by using
more controlled conditions to avoid the confounding effects of natural
fluctuations. Compared to field experiments, the new laboratory
experiments eliminated the effects of uncontrolled natural environ-
ments and endogenous primary production from algal growth, and
allowed us to focus exclusively on decomposition of sediment organic
carbon. We established aquatic microcosms with the common ster-
ilized Taihu Lake sediments, but with different microbial communities
inoculated from lake sediments across the contrasting climate zones,
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and incubated them under a temperature gradient of 5 to 35 °C in
September 2021 (Fig. 6a). Specifically, we obtained surface sediments
from an unnamed lake in southern China (22.53194N; 107.77140E),
Daputang Lake in mid-eastern China (32.08694N; 118.92170E), and
Dongshan Lake in northeastern China (49.57444N; 128.50330E) in July-
August 2021, and used them to inoculate the microcosms with the
representative microbial pools from the subtropical climate, tempe-
rate to subtropical transitional climate, and temperate climate zones,
respectively (Fig. 6a). The MAT in three climate zones were 22.7, 15.5,
0.3 °C, and MAP were 1576, 1009, and 589mm, respectively.

In total, we had 84 microcosms (that is, 3 climate zones × 7 tem-
perature levels × 4 replicates). For eachmicrocosm, 5 g of the common
sterilized Taihu Lake sediments (dry weight) was weighted into 20ml
vials and the sterile demineralized water was added to create the
headspace volume of 30% (v/v). The inoculum derived from one of the
sediments in these three climate zones was then added into the vials.
Specifically, the 2% sediment suspension for inoculation was prepared
by mixing 1 g dry weight of fresh sediment into 50ml of sterile demi-
neralized water in a blender for 1min. The suspensions were cen-
trifuged at 1000 × g for 2min, and 1mL of supernatants were added
into the vials. The Taihu Lake sediments with total organic carbon of
0.55%were collected from the lake centre in July 2021, and sterilized as
described infieldexperiments. The vialswere sealed tightly usingbutyl
stoppers with aluminum crimps, and then flushed with ultrapure N2 to
create an anoxic condition. Thesemicrocosmswere incubated for one
month in the dark at one of seven temperature levels of 5, 10, 15, 20, 25,
30, and 35 °C. There were four replicates for each treatment. For the
gas measurements, CO2 and CH4 concentrations in the headspace
were analyzed at the days of 5, 12, 19, 26, and 33 using gas chromato-
graphy (7890B, Agilent Technologies, USA) equipped with a flame
ionization detector. At each time interval, the vials were replenished
with ultrapure N2 again in the headspace after the gas sampling. At the
end of the 33-day incubation, we aseptically sampled the sediments of
84 microcosms for DOM composition.

Chemical variables
We measured total organic carbon (TOC) and dissolved organic car-
bon (DOC) in the sediments using the methods as described by Wang
et al.40. Briefly, TOCconcentrationsweredetermined using a solid TOC
analyser (SSM-5000A, Shimadzu, Japan), and DOC concentrations
were estimated with a Shimadzu combustion carbon analyzer TOC-V
CPN. We did not measure the initial dissolved nutrients such as N, P,
and DOC in the overlying water and the sediments due to the mixture
of water and sediments at the start of the experiments as the micro-
cosms stabilized (Fig. S12). We note that, although the initial condi-
tions of sediments are important to quantify the allover effects of
incubations (i.e., the net effect on carbon balance), they less likely
affect our main findings because the incubations all started with the
same sediments whereby it is assumed that the physicochemical
environment hadmuch less variation than the variation caused by the
experimental treatments. In turn, we only focused on variation across
treatments in the end-state conditions.

We also measured carbon decomposition processes such as
greenhouse gas fluxes and their release rates. The rates of greenhouse
gas release (R, in microgram C per gram per day) were determined
based on the headspace volume, sediment dry weight, and incubation
time from the equation:

R=
dc
dt

×
V
Mv

×
Mw

m
ð1Þ

where dc
dt

indicates the linear regression slope of the changes in CO2 or
CH4 concentrations with incubation time (ppm d−1), V is the volume of
headspace at standard pressure condition (mL),Mw is the molarmass
of C (g mol−1),Mv is the molar volume of gas (22.4 Lmol−1 at standard

temperature and pressure conditions), and m represents the dry
weight of lake sediment (g).

FT-ICR MS analysis of DOM samples
DOM of sediment samples was solid-phase extracted for FT-ICR MS
measurement50 with some modifications. Briefly, an aliquot of 0.7 g
freeze-dried sediment was sonicated with 30ml ultrapure water for
2 h, and centrifuged at 5,000 g for 20min. The sonication treatment
combined with solid-phase extraction can increase the dissolution
rates and extraction efficiency of DOM and minimize DOM decom-
position during extractionwithin a shorter period. Half of the resulting
supernatant was filtered through a pre-cleaned 0.45-μm Millipore fil-
ter, and the filtered water was acidified to pH 2 using 1M HCl and
further extracted using Oasis HLB cartridges (Waters, Ireland). Car-
tridges were drained, rinsed with ultrapure water and methanol (LC-
MSgrade), and conditionedwith pH2ultrapurewater.Cartridgeswere
further rinsedwithpH2ultrapurewater anddriedwithN2gas. Samples
were finally eluted with 1.5ml of methanol into precombusted amber
glass vials, and dried with N2 gas. Extraction efficiency (61 ± 5.9% on
average, n = 6)was calculated for a subset of representative samples by
redissolving an aliquot of dried methanol eluate and measuring the
DOC concentration. Due to small sample size and low initial DOC
concentration, the extraction efficiency could not be determined for
all the samples. The ultrapure water sample was also prepared as a
procedural blank for DOM extraction and FT-ICR MS analysis. All the
sample and blank extracts were immediately stored at -20 °C. Before
FT-ICR MS analysis, the extracts were redissolved with 190μl 1:1 mix-
ture of methanol and ultrapure water, along with 10μl internal stan-
dard of 5-bromo-3-iodo-7-azaindole solution (100μgmL−1 in DMSO).
Based on DOC concentration and extraction efficiency, these metha-
nol extracts were further diluted with 1:1 mixture of methanol and
ultrapure water to a DOC concentration of ~60mgC L−1 immediately
preceding MS analysis.

Highly accurate mass measurements of DOM extracts were con-
ducted using FT-ICR MS (solariX XRTM system, Bruker Daltonics, Bill-
erica, MA) equipped with a 15 Tesla superconducting magnet and a
standard electrospray ionization (ESI) interface (Apollo II, Bruker Dal-
tonics). The DOM samples were directly infused into the mass spec-
trometer at a flow rate of 120μL h−1 using a syringe pump. The mass
spectrometer was externally calibrated using an arginine solution
(10μgmL−1 in methanol) and also the selected peaks of Suwannee
River fulvic acid with calibration errors below 0.1 ppm before sample
measurement. The FT-ICR MS spectra for the samples were recorded
from m/z 150 to 1,200 with 100 scans per spectrum in negative ion
mode with a time-domain transient size of 4 mega words and phase-
corrected with the absorption mode, thereby yielding a resolving
power of 800,000 at the m/z of 400. The conditions for FT-ICR MS
analysis were as follows: a capillary voltage of 3.5 kV, the drying gas
flow of 4 Lmin−1, the drying gas temperature of 200 °C, the ion accu-
mulation timeof 0.3 sec, the transient length of 1.398 sec, and the time
of flight of 0.7 sec for all experiments. Instrumental blanks (methanol
solvents) were used to clean up the ion source and to avoid cross-
contamination and/or a carryover from the preceding samples. Sam-
ples of each mountain or the laboratory experiment were analyzed
together within 1–4 weeks to reduce potential shifts in instrument
tuning. It should be noted that FT-ICRMSmeasurements showed high
reproducibility across our dataset, with linear regression R2 of 0.955 to
0.982 between the relative peak intensities of replicates (Fig. S13). We
performed reproducible analysis with duplicate injections for only
threeDOMsamples, rather thanall samples, because therewere a large
number of samples in this study. The sampleswere runon the sameFT-
ICR MS in a random order and with the same settings.

The FT-MS data sets were processed using Data Analysis software
(Bruker Daltonics version 4.2) and the software Formularity (v1.0)55

with the Compound Identification Algorithm52 to assign the molecular
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formulae. All FT-ICR mass spectra were internally calibrated using
organic matter homologous series separated by 14Da (-CH2 groups)
within 0.2 ppm. The empirical molecular formulae were calculated
from the masses of singly charged ions extracted from raw spectra,
with 156,991 and 21,189 peaks every 1,050 mass units across m/z 150-
1,200 for the field (n = 480 samples) and laboratory (n = 84 samples)
experiments, respectively. Only the peaks with a signal-to-noise ratio
of 10 and higher were considered. Molecular formula assignments
were basedon several basic criteria52,56,57. Elemental combinationswere
allowable for C1-∞H1-∞O1-∞N0-4P0-1S0-2 with a mass accuracy of less than
0.3 ppm, and other elements or an isotopic signature were excluded.
The so-called “nitrogen rule” and the double bond equivalent (DBE)
rule (to be integers) were applied, and the following elemental ratio
criteria were implemented when assigning molecular formulae:
0.333 ≤H/C≤ 2.25, O/C≤ 1, N/C<0.5, S/C <0.2, P/C <0.1, (S + P)/
C < 0.2. To facilitate correct formula assignment, the formula with the
lowestmass error and the lowest number of heteroatomswas selected
when multiple formula candidates were found. Molecular formulae
from the blank extract were excluded from further processing.

In total, 29,500 peaks (19% of all peaks) and 8,721 peaks (41% of all
peaks) had formula assignments for the field and laboratory experi-
ments, respectively, and these formulae are referred to as “molecules”
throughout themanuscript. In each sample, 2,848 ± 1,380 (42 ± 5.7% of
all peaks; mean ± s.d.) and 3,079 ± 361 (44 ± 3.2% of all peaks) mole-
cular formulae on average were putatively assigned for the field and
laboratory experiments, respectively. The assigned molecules were
categorized into seven compound classes based on van Krevelen
diagrams58 and modified aromaticity index (AIMod)

59,60, namely, Low O
unsaturated: AIMod < 0.5, H/C < 1.5, O/C <0.5; High O unsaturated:
AIMod < 0.5, H/C< 1.5, O/C =0.5–0.9; Aliphatics: H/C = 1.5–2.0, O/
C < 0.9, N = 0; Peptides: H/C = 1.5–2.0, O/C <0.9, N > 0; Fatty acids &
carbohydrates: H/C > 2.0 or O/C ≥0.9; Aromatics: AIMod = 0.5–0.67;
Condensed aromatics: AIMod ≥0.67.

The relative abundance (or intensity) of molecules was calculated
by normalizing signal intensities of assigned peaks to the sum of all
intensities within each sample. The chemical characteristics of mole-
cules were evaluated by 15 molecular traits related to molecular
weight, stoichiometry, chemical structure, energy content, and oxi-
dation state. These traits were mass, the number of carbon (C), AIMod,
DBE59,61, double bond equivalent minus oxygen (DBE-O)59,61, double
bond equivalent minus oxygen per carbon ((DBE-O)/C), double bond
equivalent minus AI (DBE-AI)59,61, standard Gibbs Free Energy for the
half reaction of carbon oxidation (GFE)38, Kendrick Defect
(kdefectCH2)

62, nominal oxidation state of carbon (NOSC)38, O/C ratio,
H/C ratio, N/C ratio, P/C ratio and S/C ratio. These traits were calcu-
lated for each molecule using the R package ftmsRanalysis63 and
scripts at https://github.com/danczakre/ICRTutorial. In general, lower
values of H/C ratio and higher values of DBE, DBE-O, (DBE −O)/C, DBE-
AI, and AIMod all indicate a higher recalcitrance (i.e., lower bioavail-
ability) of DOM20,64,65. It should be noted that the persistence of DOM
should be determined by both DOM intrinsic traits and environmental
constraints; for example, anoxic or reduced conditions are favorable
for the potential persistence of bioavailable DOM due to the high
amount of energy required to consume organic matter20,24,38. A large
Kendrick Defect and NOSC can indicate a higher degree of oxidation.
GFE, one of the thermodynamic properties, is associated with the
oxidative degradation of organic molecules by heterotrophic
organisms38, and calculated by first estimating the NOSC from the
equations38:

NOSC= � ðð�Z +4a+b� 3c� 2d + 5e� 2f Þ=aÞ+4 ð2Þ

GFE=60:3� 28:5 ×NOSC ð3Þ

where a, b, c, d, e and f are the number of atoms of elements C, H, N, O,
P and S, respectively, in a givenmolecule, and Z is the net charge of the
molecule and equals zero when formula lists contained only the neu-
tral forms of the measured negatively ionized molecular formulae.
Values of GFE are usually positive, indicating that the oxidation of
organic molecules must be coupled to the reduction of a terminal
electron acceptor, and a higher value implies a less thermodynamically
favorable molecule37. For the compositional-level trait metrics,
weighted means of formula-based molecular traits (for example the
Masswm for Mass) were calculated as the sum of the trait of the
individual molecule (Massi) and relative abundance Ii divided by the
sum of all intensities with the R package FD V1.0.1266 using the
equation:

Masswm =

P
Massi × Ii
� �

PðIiÞ
ð4Þ

Development of the indicator of compositional-level environ-
mental responses (iCER)
We developed a new indicator, termed compositional-level environ-
mental response (iCER) of temperature (hereafter, “iCER” for simpli-
city), to quantify the degree to which DOM assemblages respond to
temperature change for each sample. The indicator development
involved two primary procedures: (1) calculating the direction and
magnitude of a molecule-specific environmental response (MER) of
temperature (hereafter, “MER” for simplicity), and (2) producing the
indicator of compositional-level thermal responses. The input of our
procedures is the relative abundance table of each sampled DOM
composition, and the outputs are the iCER values of each sample. We
described methods for each of these procedures in turn.

As iCER is dependent on theMER, it is necessary to use statistically
independent data sets for their calculations, that is one data set to
calculate MERs, and the other data set for iCERs. These two indepen-
dent data sets ensure that the relative abundance of individual mole-
culeswouldnot be repeatedly used forMER and iCER calculations, and
thus iCERs could be further calculated from the MERs. We randomly
partitioned the whole data set into the two independent subsets, i.e.,
one data set of DOM and environmental factors was used for produ-
cing MERs (termed “MER dataset”), and the remaining data set was for
iCER calculation (termed “iCER dataset”). For the data splitting, we
applied the common split ratio of 80:20 used in species distribution
modeling or machine learning67. In the current practice, 80% of the
samples (that is, MER dataset) in each mountain or climate zone were
used to calculate the MERs of individual molecules, and the remaining
20% of the samples (that is, iCER dataset) were then used to calculate
the iCER of each sample based on the relative abundance of individual
molecules and their MERs. This data partitioning and indicator calcu-
lationswere randomly performed for 999 times, and theMER and iCER
were averaged across randomization for the subsequent statistical
analyses.

Our procedures begin by calculating MERs for individual mole-
cules usingMER dataset in each climate zone. MERs were quantified as
the correlation coefficient ρ between the relative abundance of each
molecular formula and water temperature using the Spearman’s cor-
relation. Larger positive and negative Spearman ρ indicate that mole-
cules have strong positive and negative thermal responses,
respectively. We used water temperature at the time of sample, i.e., at
the last day of the incubations, rather as this captures the conditions
during which our incubations occurred better than MAT. To reduce
Type I errors in the correlation calculations created by low-occurrence
molecules, themajority rulewas applied, that is,we retainedmolecules
observed in more than a third of the total samples (≥ 40 samples on
Laojun and Balggesvarri Mountains, and ≥ 48 samples on Dangjin
Mountain). 2,410, 5,449 and 2,331 molecules were filtered on Laojun,
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Dangjin and Balggesvarri Mountains, respectively, and then used in
subsequent analyses. We used the rank-based, non-parametric Spear-
man’s correlation coefficient ρ, rather than the linear regression slope,
for measuring MER because the relative abundance of molecules dis-
played a non-normal (skewed) distribution. It is also common practice
to use a correlation coefficient as an effect size index. A correlation
coefficient has the added benefit of being unitless, and is easy to
compare among studies. Otherwise, MER is unable to transfer across
spatial scales.

The next step in the procedures calculates iCER values for each
sample using iCER dataset in each climate zone. We synthesized the
MERs of a suite ofmolecules into a compositional-level indicator iCER,
which was calculated as the sum of the product of the MER value for
each individual molecule (MERi) and relative abundance Ii divided by
the sum of all intensities with the R package FD V1.0.1266 using the
equation:

iCER=

P
MERi × Ii
� �

PðIiÞ
ð5Þ

Furthermore, we recalculated the iCERs usingmoleculeswith only
statistically significant (P ≤0.05) MERs. We found that these iCERs
were strongly positively correlated with those calculated using all
MERs (r >0.98, P ≤0.001) but had steeper slopes with increasing ele-
vation (P ≤0.05, Fig. S14). These significantly responsive molecules
were generally dominant in the DOM molecular composition and
accounted for 42.6, 87.2 and 60.4% of the total number of molecular
formulae and 40.9, 91.9 and 62.7% of the relative abundance of for-
mulae on Laojun, Dangjin and Balggesvarri Mountains, respectively.
Thus, utility of these significantly responsive molecules as the repre-
sentation of DOM pool could achieve better predictions of iCER’s
sensitivity to temperature change. For this reason, we focused on
iCERs calculated with the molecules of statistically significant MERs in
the subsequent statistical analyses.

Statistical analyses
At themolecular-level, we were interested in how the composition and
traits (e.g., thermodynamic properties and bioavailability) of DOM
changed towards stronger thermal responses of individual molecules.
We created a continuum of thermal responses by sequentially
removing the molecules with lower absolute MER values, and then
examined the continuous and/or sharp transitions in molecular com-
position or molecular traits along the continuum. Practically, we first
calculated MERs for each molecule, separated the molecules into two
groups with positive and negative MERs, and sorted the molecules of
each group in each mountain or climate zone along thermal response
gradients, that is, from the lowest to highest absolute values of MER.
We categorized themolecules into 100 equal-sizedbins for each group
according to themagnitude ofMER values, that is, 1% ofmolecules per
bin. The Bins 1 and 100 had the molecules with the lowest and highest
mean values of MERs, respectively. We then sequentially removed one
bin of the molecules with lower magnitude of MERs, and generated
100 removal scenarios (e.g., Bins 1-100, 2-100,…, 99-100, and 100). For
each removal scenario, we measured the following measurements for
the remaining molecules: (1) the percentage of molecules removed,
the percentage of statistically significant MERs, the mean MERs, the
median MERs, and the lowest MERs, (2) the mean values of individual
molecular traits including GFE, AIMod, H/C, O/C, and NOSC, and (3) the
percentage of molecular richness (that is, molecular peak number) for
each compound class. Thesemeasurements ofmolecular composition
or traits were visualized by plotting against the lowest MERs of
remaining molecules. For these analyses, we used all molecular for-
mulae, not just thosewith statistically significantMERs. This is because
that we needed a continuum of MERs to reveal the continuous and/or
sharp transitions in molecular composition or traits. Additionally, we

confirmed that the results were robust to bin size by repeating the
analyses with a size of 2% of all molecules (Fig. S15).

We further assessed whether a given molecule showed the same
MER among different spatial regions (that is, “spatial transferability”),
where different environmental gradient may happen such as nutrient
levels or climates. The degree of spatial transferability was quantified
by the statistical relationships between theMERs of two samplegroups
at the inter-regional (i.e., across mountains or climate zones) or intra-
regional (i.e., withinmountains or climate zones) scales. The statistical
relationships could be Pearson correlation coefficient r or linear
regression slope. At the inter-regional scale, we defined three sample
groups based on mountain regions, and examined the statistical rela-
tionships between theMERs of every twomountains for all molecules,
and for the subsets of molecules within each category of compound
classes. At the intra-regional scale, we categorized the 150 (or 180)
microcosms of each mountain region into two sample groups by
randomly splitting the 10 nutrient levels in half, and examined the
statistical relationships between the MERs of the two groups. We
performed the random partitioning of the data based on nutrient
levels (that is, n = C5

10 = 252 randomization times), but not samples,
which ensures the maximum environmental heterogeneity among
samples at the intra-regional scale. Considering that full range of MER
values (that is, from -1 to +1) are required for statistical analyses, all
molecules with MER values were included to quantify the degree of
spatial transferability.

At the compositional-level, we visualized the relationships
between iCER and elevation with linear models across different nutri-
ent levels. We further calculated the Pearson correlation coefficients
between iCER and variables relevant to compositional-level DOM
traits, and DOM processes such as sediment TOC after incubation and
decomposition processes (i.e., greenhouse gas fluxes). The relation-
ships between iCER and compositional-level DOM traits were also
visualized by principal component analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The DOMand associatedmeta data, and the thermal response data for
the field and laboratory experiments have been deposited at https://
doi.org/10.5281/zenodo.8435631. The environmental data of Taihu
Lake is available under restricted access according to data manage-
ment policy and is accessible via request from Taihu Laboratory for
Lake Ecosystem Research (http://thl.cern.ac.cn/).

Code availability
The scripts and example data in the procedures of calculating iCER
indicator are available at http://github.com/jianjunwang/iDOM and
https://doi.org/10.5281/zenodo.8435631.

References
1. Tranvik, L. J. et al. Lakes and reservoirs as regulators of carbon

cycling and climate. Limnol. Oceanogr. 54, 2298–2314
(2009).

2. Catalá, T. S. et al. Turnover time of fluorescent dissolved organic
matter in the dark global ocean. Nat. Commun. 6, 5986
(2015).

3. Begum, M. S., Park, J. H., Yang, L., Shin, K. H. & Hur, J. Optical and
molecular indices of dissolved organic matter for estimating bio-
degradability and resulting carbon dioxide production in inland
waters: a review. Water Res. 228, 119362 (2023).

4. Wagner, S. et al. Linking the molecular signature of heteroatomic
dissolved organic matter to watershed characteristics in world riv-
ers. Environ. Sci. Technol. 49, 13798–13806 (2015).

Article https://doi.org/10.1038/s41467-024-44813-2

Nature Communications |          (2024) 15:576 12

https://doi.org/10.5281/zenodo.8435631
https://doi.org/10.5281/zenodo.8435631
http://thl.cern.ac.cn/
http://github.com/jianjunwang/iDOM
https://doi.org/10.5281/zenodo.8435631


5. Kellerman, A. M., Dittmar, T., Kothawala, D. N. & Tranvik, L. J. Che-
modiversity of dissolved organic matter in lakes driven by climate
and hydrology. Nat. Commun. 5, 3804 (2014).

6. Dittmar, T. et al. Enigmatic persistence of dissolved organic matter
in the ocean. Nat. Rev. Earth Environ. 2, 570–583 (2021).

7. Battin, T. J. et al. The boundless carbon cycle. Nat. Geosci. 2,
598–600 (2009).

8. Lynch, L. M. et al. River channel connectivity shifts metabolite
composition and dissolved organic matter chemistry. Nat. Com-
mun. 10, 459 (2019).

9. Creed, I. F. et al. The river as a chemostat: fresh perspectives on
dissolved organicmatter flowing down the river continuum.Can. J.
Fish. Aquat. Sci. 72, 1272–1285 (2015).

10. Jane, S. F. & Rose, K. C. Carbon quality regulates the temperature
dependence of aquatic ecosystem respiration. Freshw. Biol. 63,
1407–1419 (2018).

11. Gudasz, C. et al. Temperature-controlled organic carbon miner-
alization in lake sediments. Nature 466, 478–481 (2010).

12. Yvon-Durocher, G. et al. Reconciling the temperature dependence
of respiration across timescales and ecosystem types. Nature 487,
472–476 (2012).

13. Davidson, E. A. & Janssens, I. A. Temperature sensitivity of soil
carbon decomposition and feedbacks to climate change. Nature
440, 165–173 (2006).

14. Crowther, T. W. et al. Quantifying global soil carbon losses in
response to warming. Nature 540, 104–108 (2016).

15. Hu, A.Han, L. Lu, X. Zhang,G.&Wang, J.Globalpatterns anddrivers
of dissolved organicmatter across Earth systems: Evidence fromH/
C andO/C ratios. PREPRINT (Version 1) available at Research Square
https://doi.org/10.21203/rs.21203.rs-3324551/v3324551
(2023).

16. Kurek, M. R. et al. High voltage: the molecular properties of redox-
active dissolved organic matter in northern high-latitude lakes.
Environ. Sci. Technol. 57, 8617–8627 (2023).

17. Hu, A. et al. Ecological networks of dissolved organic matter and
microorganisms under global change. Nat. Commun. 13,
3600 (2022).

18. Creed, I. F. et al. Global change-driven effects on dissolved organic
matter composition: Implications for food webs of northern lakes.
Glob. Change Biol. 24, 3692–3714 (2018).

19. Kothawala, D. N., Kellerman, A. M., Catalan, N. & Tranvik, L. J.
Organic matter degradation across ecosystem boundaries: the
need for a unified conceptualization. Trends Ecol. Evol. 36,
113–122 (2021).

20. D’Andrilli, J., Cooper, W. T., Foreman, C. M. & Marshall, A. G. An
ultrahigh-resolution mass spectrometry index to estimate natural
organic matter lability. Rapid Commun. Mass Spectrom. 29,
2385–2401 (2015).

21. Kellerman, A. M., Kothawala, D. N., Dittmar, T. & Tranvik, L. J. Per-
sistenceof dissolvedorganicmatter in lakes related to itsmolecular
characteristics. Nat. Geosci. 8, 454–457 (2015).

22. Wilson, R. M. et al. Soil metabolome response to whole-ecosystem
warming at the Spruce and Peatland Responses under Changing
Environments experiment. Proc. Natl Acad. Sci. USA 118,
e2004192118 (2021).

23. Garayburu-Caruso, V. A. et al. Using community science to reveal
the global chemogeography of RiverMetabolomes.Metabolites 10,
518 (2020).

24. McDonough, L. K. et al. A new conceptual framework for the
transformation of groundwater dissolved organic matter. Nat.
Commun. 13, 2153 (2022).

25. Cui, Y., Wen, S., Stegen, J. C., Hu, A. & Wang, J. Chemodiversity of
riverine dissolved organicmatter: Effects of local environments and
watershed characteristics. Water Res. 250, 121054 (2023).

26. Gao, X., Huang, X., Lo, K., Dang, Q. &Wen, R. Vegetation responses
to climate change in theQilianMountainNatureReserve,Northwest
China. Glob. Ecol. Conserv. 28, e01698 (2021).

27. Deng, H. et al. Wetting trend in Northwest China reversed by war-
mer temperature and drier air. J. Hydrol. 613, 128435
(2022).

28. Huang, J., Yu, H., Guan, X., Wang, G. & Guo, R. Accelerated dryland
expansion under climate change. Nat. Clim. Change 6, 166–171
(2015).

29. Yang, B., He,M.,Melvin, T. M., Zhao, Y. & Briffa, K. R.Climate control
on tree growth at the upper and lower treelines: a case study in the
Qilian Mountains, Tibetan Plateau. PLoS ONE 8, e69065
(2013).

30. Song, L. et al. Changes in characteristics of climate extremes from
1961 to 2017 in Qilian Mountain area, northwestern China. Environ.
Earth Sci. 81, 177 (2022).

31. Bradford,M. A. et al. Managing uncertainty in soil carbon feedbacks
to climate change. Nat. Clim. Change 6, 751–758 (2016).

32. Carey, J. C. et al. Temperature response of soil respiration largely
unalteredwithexperimentalwarming. Proc.Natl Acad. Sci. USA 113,
13797 (2016).

33. Walker, T.W. N. et al. Microbial temperature sensitivity and biomass
change explain soil carbon loss with warming. Nat. Clim. Chang 8,
885–889 (2018).

34. Johnston, A. S. A. &Sibly, R.M. The influenceof soil communities on
the temperature sensitivity of soil respiration. Nat. Ecol. Evol. 2,
1597–1602 (2018).

35. Williams, E. K.&Plante, A. F. Abioenergetic framework for assessing
soil organic matter persistence. Front. Earth Sci. 6, 143 (2018).

36. Gunina, A. & Kuzyakov, Y. From energy to (soil organic) matter.
Glob. Change Biol. 28, 2169–2182 (2022).

37. Stegen, J. C. et al. Influences of organic carbon speciation on
hyporheic corridor biogeochemistry and microbial ecology. Nat.
Commun. 9, 585 (2018).

38. LaRowe, D. E. & Van Cappellen, P. Degradation of natural organic
matter: a thermodynamic analysis. Geochim. Cosmochim. Acta 75,
2030–2042 (2011).

39. Gao, Y. et al. Anthropogenic reactive nitrogen deposition and
associatednutrient limitation effect ongrossprimaryproductivity in
inland water of China. J. Clean. Prod. 208, 530–540 (2019).

40. Wang, J., Pan, F., Soininen, J., Heino, J. & Shen, J. Nutrient enrich-
mentmodifies temperature-biodiversity relationships in large-scale
field experiments. Nat. Commun. 7, 13960 (2016).

41. Herzsprung, P. et al. Improved understanding of dissolved organic
matter processing in freshwater using complementary experi-
mental and machine learning approaches. Environ. Sci. Technol.
54, 13556–13565 (2020).

42. Sarmento, H., Morana, C. & Gasol, J. M. Bacterioplankton niche
partitioning in the use of phytoplankton-derived dissolved organic
carbon: quantity is more important than quality. ISME J. 10,
2582–2592 (2016).

43. Song, H. S. et al. Representing organic matter thermodynamics in
biogeochemical reactions via substrate-explicit modeling. Front.
Microbiol. 11, 531756 (2020).

44. Hawkes, J. A. et al. An international laboratory comparison of dis-
solved organic matter composition by high resolution mass spec-
trometry: Are we getting the same answer? Limnol. Oceanogr.
Methods 18, 235–258 (2020).

45. Schädel, C. et al. Decomposability of soil organic matter over time:
the Soil Incubation Database (SIDb, version 1.0) and guidance for
incubation procedures. Earth Syst. Sci. Data 12, 1511–1524
(2020).

46. Nelson, C. E. Phenologyof high-elevationpelagic bacteria: the roles
of meteorologic variability, catchment inputs and thermal

Article https://doi.org/10.1038/s41467-024-44813-2

Nature Communications |          (2024) 15:576 13

https://doi.org/10.21203/rs.21203.rs-3324551/v3324551


stratification in structuring communities. ISME J. 3, 13–30
(2008).

47. Fang, C., Smith, P., Moncrieff, J. B. & Smith, J. U. Similar response of
labile and resistant soil organic matter pools to changes in tem-
perature. Nature 433, 57–59 (2005).

48. Tanentzap, A. J. et al. Chemical and microbial diversity covary in
fresh water to influence ecosystem functioning. Proc. Natl Acad.
Sci. USA 116, 24689 (2019).

49. Goldberg, S. J. et al. Refractory dissolved organic nitrogen accu-
mulation in high-elevation lakes. Nat. Commun. 6, 6347
(2015).

50. Dittmar, T., Koch, B., Hertkorn, N. & Kattner, G. A simple and effi-
cient method for the solid-phase extraction of dissolved organic
matter (SPE-DOM) from seawater. Limnol. Oceanogr. Methods 6,
230–235 (2008).

51. Liigand, P., Liigand, J., Kaupmees, K. & Kruve, A. 30 Years of
research on ESI/MS response: trends, contradictions and applica-
tions. Anal. Chim. Acta 1152, 238117 (2021).

52. Kujawinski, E. B. & Behn, M. D. Automated analysis of electrospray
ionization fourier transform ion cyclotron resonance mass spectra
of natural organic matter. Anal. Chem. 78, 4363–4373
(2006).

53. Rillig, M. C. et al. The role of multiple global change factors in
driving soil functions and microbial biodiversity. Science 366,
886–890 (2019).

54. Wang, J. et al. Embracing mountain microbiome and ecosystem
functions under global change. N. Phytol. 234, 1987–2002
(2022).

55. Tolić, N. et al. Formularity: software for automated formula
assignment of natural and other organic matter from ultrahigh-
resolution mass spectra. Anal. Chem. 89, 12659–12665
(2017).

56. Koch, B. P., Dittmar, T., Witt, M. & Kattner, G. Fundamentals of
molecular formula assignment to ultrahigh resolution mass data of
natural organic matter. Anal. Chem. 79, 1758–1763 (2007).

57. Stubbins, A. et al. Illuminated darkness: molecular signatures of
Congo River dissolved organic matter and its photochemical
alteration as revealed by ultrahigh precision mass spectrometry.
Limnol. Oceanogr. 55, 1467–1477 (2010).

58. Kim, S., Kramer, R.W.&Hatcher, P.G.Graphicalmethod for analysis
of ultrahigh-resolution broadband mass spectra of natural organic
matter, the van krevelen diagram. Anal. Chem. 75, 5336–5344
(2003).

59. Koch, B. P. & Dittmar, T. From mass to structure: an aromaticity
index for high-resolutionmass data of natural organicmatter.Rapid
Commun. Mass Spectrom. 30, 250 (2016).

60. Spencer, R. G. M. et al. Source and biolability of ancient dissolved
organic matter in glacier and lake ecosystems on the Tibetan Pla-
teau. Geochim Cosmochim. Acta 142, 64–74 (2014).

61. Koch, B. P. & Dittmar, T. From mass to structure: an aromaticity
index for high-resolutionmass data of natural organicmatter. Rapid
Commun. Mass Spectrom. 20, 926–932 (2006).

62. Hughey, C. A., Hendrickson, C. L., Rodgers, R. P., Marshall, A. G. &
Qian, K. Kendrickmass defect spectrum: a compact visual analysis
for ultrahigh-resolution broadband mass spectra. Anal. Chem. 73,
4676–4681 (2001).

63. Schneidman-Duhovny, D. et al. ftmsRanalysis: an R package for
exploratory data analysis and interactive visualization of FT-MS
data. PLoS Comput Biol. 16, e1007654 (2020).

64. Cai, R. & Jiao, N. Recalcitrant dissolved organicmatter and itsmajor
production and removal processes in the ocean.Deep Sea Res. Part
I: Oceanogr. Res. Pap. 191, 103922 (2023).

65. Šantl-Temkiv, T. et al. Hailstones: a window into the microbial and
chemical inventory of a storm cloud. PLoS ONE 8, e53550
(2013).

66. Lavorel, S. et al. Assessing functional diversity in the field – meth-
odology matters! Funct. Ecol. 22, 134–147 (2007).

67. Naimi, B. & Araújo, M. B. sdm: a reproducible and extensible R
platform for species distribution modelling. Ecography 39,
368–375 (2016).

Acknowledgements
We appreciate Lizhou Dai, Chengyan Zhang, Kaiyuan Wu and Feiyan
Pan for field sampling and laboratory analyses, and Ji Shen, Janne
Soininen, Yongqin Liu, Xiancai Lu, Qinglong Wu, Yunlin
Zhang, Ganlin Zhang and Guoping Zhao for kind supports and
comments. We thank Lei Han, Shuyu Jiang, Fanfan Meng, Xingting
Chen, Lu Zhang, Jicheng Zhong, and numerous members of ONEs
group for their kind support in laboratory experiments and the
associated analyses. We thank Taihu Laboratory for Lake Ecosystem
Research for kindly providing data of Taihu Lake. This study was
supported by National Natural Science Foundation of China
(42225708 to JW, 92251304 to JW, 42377122 to AH, 42077052 to
AH), the Second Tibetan Plateau Scientific Expedition and Research
Program (STEP, 2019QZKK0503 to JW) and Research Program of
Sino-Africa Joint Research Center, Chinese Academy of Sciences
(151542KYSB20210007 to JW), Science and Technology Planning
Project of NIGLAS (NIGLAS2022GS09 to JW) and the Southern
Marine Science and Engineering Guangdong Laboratory (Zhuhai)
(SML2023SP218 to JW). AJT was supported by a H2020 ERC Grant
(sEEIngDOM 804673). KJ was supported by the National Research
Foundation of Korea (NRF) funded by the Ministry of Science and ICT
(MSIT) (NRF-2021M1A5A1075510) and KBSI (C230430) grants. JCS
was supported by the United States Department of Energy (US DOE)
Office of Science Early Career Research Program at Pacific North-
west National Laboratory (PNNL). PNNL is operated by Battelle for
the US DOE under contract DE-AC05-76RL01830. JTL was supported
by National Science Foundation (DEB-1934554, DBI-2022049), US
Army Research Office Grant (W911NF-14-1-0411, W911NF-22-1-0014),
and the National Aeronautics and Space Administration
(80NSSC20K0618).

Author contributions
J.W. conceived the idea. J.W., J.L., W.Z., and M.L. carried out the field
trips and provided the physiochemical data. K.J., W.Z., J.L., and M.C.
analyzed the DOM. A.H. and J.W. performed the statistical analyses. A.H.
wrote the first draft of the manuscript. A.H. and J.W. finished the
manuscriptwith the comments fromA.J.T., J.T.L., J.C.S., Y.L., and X.F. All
authors contributed to the intellectual development of this study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-44813-2.

Correspondence and requests for materials should be addressed to
Jianjun Wang.

Peer review information Nature Communications thanks Carsten
Simon, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Article https://doi.org/10.1038/s41467-024-44813-2

Nature Communications |          (2024) 15:576 14

https://doi.org/10.1038/s41467-024-44813-2
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-44813-2

Nature Communications |          (2024) 15:576 15

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Thermal responses of dissolved organic matter under global�change
	Results
	Discussion
	Methods
	Field experimental�design
	Laboratory incubation experiments
	Chemical variables
	FT-ICR MS analysis of DOM samples
	Development of the indicator of compositional-level environmental responses�(iCER)
	Statistical analyses
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




